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In order to explain possible influence oj climatic changes on the oceanographic properties oj 
the Adriatic Sea, available historic datasets (hydrographic, sea level and meteorological ones) are 
studied. Three important time sca/es are investigated separately: secular , interannual and sea­
sona/. At a secular time scale, basic climatic ,oscillation was determined analysing long-term 
records oj meteorological and sea level data far the Trieste station. Interannual variations oj sea 
swface temperature and sea level along the eastern Adriatic coast as well as data series oj temper­
ature and salinity for the vertical profile in the open middle Adriatic were described using the cor­
relation matrix based principal component analysis. The results were compared to the conditions 
in the atmosphere, leading to the conclusion that changes in atmospheric pressure account fora 
significant part oj low frequency sea level changes. Additionally, thermohaline fluctuations in the 
swface layer were correlated with the atmospheric forcing, while the intermediate layer responded 
to the pressure gradient between the northern and southern Adriatic . At a seasonal scale, thermo­
haline fluctuations (described in terms oj the principal component scores) in comparison to the 
heat and water fluxes point to the fact that atmosphere strongly affects the seawater properties oj 
the swface layer. In this layer, temperature and salinity vertical gradients are well related to the 
swface fluxes ali the year round. In deeper layers this influence is observed only under vertically 
homogenous conditions. From heat and salt balances in this layer, it follows that two different sea­
sons could be distinguished: a cold season with important vertical processes and a warm season 
with prevailing horizonta! exchanges. 

INTRODUCTION 

There are several reasons why the Adriatic 
Sea is a suitable a.rea for studies of possible 
influence of climatic changes on the oceano­
graphic properties. The most important reason 
is the long-term dataset of hydrographic mea­
surements. 

The earliest research of the Adriatic Sea 
dates back to the past century. However, sys­
tematic and regular measurements in the mid­
dle and southem Adriatic began in the 1950s 
(BULJAN and ZORE-ARMANDA, 1976, 

1979; ZORE-ARMANDA et al., 1991). The 
best investigated a.rea is the transect Split-Gar­
gano in the middle Adriatic, which is a region 
with a strong temporal variability of thermoha­
line structure caused by seasonally dependent 
circulation. This a.rea is exposed to influences 
from both the northem and the southem Adri­
atic. The dynamics of the study transect is also 
controlled by the topographic effect on the 
Palagruža Sili (ZORE-ARMANDA and 
BONE, 1987). A comprehensive review paper 
on the dynamics of the Adriatic Sea is given in 
the work by ORLIĆ et al. (1992) . Generally, 
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current flows from the Adriatic into the Medi­
terranean in the surface and bottom layers, 
while the Mediterranean water enters the Adri­
atic in intermediate layer. In winter, in the 
northern Adriatic, very cold dense water is 
formed, which sinks to deep layers of the 
Jabuka Pit, and is advected across the 
Palagruža Sill (ZORE-ARMANDA, 1963). 
The transect area is also under the influence of 
saltier water advected from the southern Adri­
atic. The most important feature of the Mediter­
ranean waters advecting into the Adriatic (in 
the intermediate layer) is their high salinity 
(BULJAN and ZORE-ARMANDA, 1976). 
This high salinity is a property of the Levantine 
Basin, which has one of the highest salinity 
rates among the world oceans (>39 psu) 
(MORCOS, 1972; TZIPERMAN AND 
MALANOTTE-RIZZOLI, 1991). Advection of 
the Mediterranean water, called "ingression" 
(BULJAN, 1953), carries Mediterranean saltier 

that the impact of climatic change could play 
an important role in long-term trends in hydro­
graphic properties of the Adriatic Sea. 

This paper attempts to describe long-term 
changes of relevant meteorological parameters 
and to relate these changes to oceanographic 
parameters. The outline of the paper is as fol­
lows. Methodology section introduces various 
methods such as: trend analysis, basic climatic 
oscillation, principal component analysis 
(PCA) and heat and salt balances analysis. The 
analysis is performed on three time scales . Data 
section provides a historical dataset. Next sec­
tion discussed the application of the analyses 
performed in research. Results obtained by this 
methodology are related to fluctuations of heat 
and water fluxes at the air-sea interface for both 
interannual and seasonal time scales. A particu­
lar attention was paid to the surface water flux, 
since it determines vertical eddy diffusion coef­
ficients. Conclusions are presented in the last 

water into the Adriatic, causing a strong section. 
increase in salinity in the middle Adriatic. 
Since the temperature of Levantine intermedi-
ate water (LIW) is higher than that of the Adri-
atic water, "ingressions" are reflected upon the 
temperature as well (ZORE-ARMANDA, 
1969a). Additionally, ingressions also cause an 
increase in nutrients which enhance production 
(BULJAN, 1964, 1974; PUCHER-PET­
KOVIĆ and ZORE-ARMANDA, 1973). Relat­
ing these phenomena to the climate, ZORE­
ARMANDA (1969b, 1991) stated that the most 
important factor enhancing the water exchange 
between the two basins is the horizonta! pres­
sure gradient over the eastern Mediterranean. 
At the same time, the location of the Icelandic 
cyclone and the Siberian anticyclone centers 
were found responsible for pressure differences 
(ZORE-ARMANDA 1969c, 1972). lt was 
observed that such changes could be related to 
the conditions of a wide area of the northem 
Atlantic and Europe (ZORE-ARMANDA, 
1974). An increasing trend was observed in 
horizonta! pressure gradient over the Adriatic, 
causing increasing trend of salinity in the inter­
mediate layer in the middle Adriatic (ZORE­
ARMANDA, 1969b). It is therefore suggested 

METHODOLOGY 

Trend analysis and basic 
climatic oscillation 

Basic climatic oscillation was determined 
using the function of the first harmonic: 

where a0 + a I t denotes linear trend, a2 and "ljJ 
amplitude and phase of first harmonic. In order 
to eliminate seasonal cycle from input data x,, 
monthly mean values were filtered using sym­
metric digital filter : 

11 

Yt = ~ wkxt+k Li ' w_k = wk. (2) 
k = -11 

For the weights (wk ), values of 24m214 filter 
(THOMPSON, 1983) was chosen. The filter is 
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symmetric, so the total length is 49 ( 48 
months). 

The basic climatic oscillation (1) allowed 
to determine the role trend and/or oscillation 
for the description of data series, depending on 
significance of particula.r terms in equation (1 ). 

Principal component analysis 

Principal component analysis (PCA) 
(PREISENDORFER, 1982) was used to anal­
yse spatial and temporal variability of sea level 
and sea surface temperatures and to describe 
the vertical structure of seawater temperature 
and salinity. The PCA attempts to find a rela­
tively small number of independent quantities 
(factors or principal components) which con­
vey as much of the original information as pos­
sible without redundancy. Instead of a large 
number of initially, nonorthogonal (manifest) 
variables the dataset containing a small number 
of orthogonal (latent) variables is given. It is 
then possible to use a small number of principal 
components instead of a large number of origi­
nal variables. The most important property of 
principal components is that they are orthogo­
nal, namely, the correlation between any two 
different components is zero. 

The PCA was performed on the correlatioh 
matrix of standardised variables zk(i) of obser­
vation vectors X(i): 

. x/i)-x(i) 
z/t) = (') 0,-r l (3) 

k = l, 2, ... , n; i = 1, 2, ... , N . 

Correlation matrix is: 

n 
R--= I ~ zk(i)zii) 

I} n, LJ 
k = I 

(4) 

i, j = I ,2, ... , N , 

or in the matrix notation: 

-I T R = n (ZZ ) , (5) 

where T denotes the transpose. 
Principal component analysis ( or any other 

factor analysis) is used only if the correlation 
matrix of the original variables is significant. In 
order to test the significe of the correlation 
matrix, the BARTLETT test (FULGOSI, 1988) 
with s degree of freedom was used: 

2 ( 2N+5) I I x (s) = - n-J--
6

- ln R, 
6) 

-NN-I s - 2 I 

where n denotes the number of data, N the 
number of variables and I RI the determinant of 
the correlation matrix. The determinant of the 
correlation matrix isa product of eigenvalues: 

If quantity i2 (s) exceeds a particular level of 
significance of )Ć- test, then the application of 
PCA to the matrix R is justified. 

As it is know from linear algebra, a real 
symmetric matrix (in our case matrix R) has 
only real eigenvalues and there exists a real 
orthogonal matrix <I> so that <I>- 1 R <I> is diagonal. 
The diagonal elements are then eigenvalues 
and the columns are the eigenvectors. Eigen­
values and eigenvectors were determined as a 
solution of matrix equation: 

(8) 

The solution of matrix equation is obtained 
using iterative JACOBI's method (SPIEGEL, 
1972). In JACOBI's method, the solution of 
equation (8) is completed after obtaining a 
finite product of "rotations" of matrices of the 
form: 

-sina] 
cosa (9) 

All other elements in matrix <I> 1 are identical 
with those of the unit matrix. If the four entries 
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in equation (9) are in positions (i,i), (i,k), (k,i) 
and (k,k) and choosing such a transformation 
angle that: 

tan2a ik = 2rik 

rii-rkk 
(10) 

corresponding elements of <J)- 1R<I> may easily 
be computed. Each step of the JACOBI algo­
rithm makes a pair of off-diagonal elements 
equal zero. Successive matrices of this form 
approach the required diagonal form. The diag­
onalization on R is therefore performed by 
stepwise orthogonal transformation, each step 
of the form: 

(11) 

After g rotations this procedure approaches the 
diagonal matrix form. The colurnn of E has 
been arranged in such a way that 11.1 is the larg­
est eigenvalue of R, 11.2 the next largest value of 
R, and so forth. The same procedure has been 
performed for matrix <I> of eigenvectors. After 
the solutions of eigenvalues and eigenvectors 
are found, the factor matrix of component load­
ings can be determined: 

F =<l> E112 
r ' 

(12) 

where r is the number of factors (principal 
components) taken into consideration. The 
dimension of matrices F and <I> are (N x r). 

In order to find out how much of the vari­
ance of the original field is accounted for by p1in­
cipal components, the value Pr = (11.r / N) 100% 
is determined, where the individual variance is 
determined by the eigenvalue: 

(13) 

The sum of the P„ show how much of the origi­
nal variance has been explained by the r princi­
pal components. The significance of principal 
components were tested with Rule N* (OVER­
LAND and PREISENDORFER, 1982), using 
Monte Carlo simulation of the random matrix 
of the same size as the original data matrix. 

After the above procedure, initial correla­
tion matrix of standardised variables R is pre­
sented by (Nxr) factor matrix of component 
loadings F and diagonal matrix of r eigenval­
ues E, while initial vector of manifest variables 
can be expressed as a linear combination of r 
eigenvectors: 

kii) = F-1• zii), i= 1, ... , n; k = 1, ... , N (14) 

The zii) observations refer ton different limes 
and, therefore, kii) represents time variation of 
the coefficient (PC score) associated with the 
eigenvector. 

In most applications of PC techniques, a 
large portion of variance can be accounted for 
by retaining only the first few eigenvalues (first 
few principal components). In that case the first 
few terms (r components) only approximate the 
observation vectors, e.g. a large fraction of the 
total variance is explained by small number of 
eigenvectors. 

Another important part of the technique 
described above is the possibility of rotation in 
PC coordinate frame. A rotation of PCs can be 
useful for offering a better insight into the 
behavior of observation variables. In most of 
the analyses, unrotated PCs are difficult to 
interpret (in sense of physical causes). 1n order 
to achieve a simple structure (RICHMAN, 

* Rule N compares the eigenvalues obtained from rea/ data matrix with those ohtained ji·om random data matrix. 
Those eigenvalues from rea/ data matrix which describe an equal or smaller percentage of total variance than 
corresponding eigenvalues ohtainedji·om random data matrix are not signifkant. 
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1986) rotation is therefare commonly used. 
V arimax rotation was applied in this work. A 
more detailed discussion of rotation can be 
faund in FULGOSI (1988). 

Heat and salt balance equations 

Temperature and salinity variations are 
governed by the heat and salt balance equa­
tions: 

(15) 

/3 dS as ver ashor 
Pw -a =-a-+-a-t z :Y 

Horizonta! component of heat and salt fluxes 
(H110r, S110,.) include both advective and diffu­
sive eff ects and cannot be calculated with data 
from the Split-Gargano transect alone. Neglect­
ing convection, the vertical part between sur­
face (z=0) and a bottom reference level (z= -h) 
is: 

I ar 
- h -j;-dz I a ar 

-( KH -)dz 
_J)z Jz 

(16) 
o a o a as f _!_dz f -(Ks -)dz • 

-h Ot _ h O Z Oz 

Using parametrisation: 

{ 

QNEI' z = O 
H = ar ver K C - z <o' HPw pw az 

(17) 

{

p w f3 so ( E - p) z=O 
sv,r = as 

Ksp wf3 i)z z <o, 

it was possible to determine vertical heat and 
salt fluxes and their seasonal rate of change 

caused by vertical processes. From heat and 
salt balance equations difference between total 
rate of change of heat and salt content on the 
one hand, and the rate caused by vertical pro­
cesses, is attributed to horizontal processes . 

In order to calculate vertical change of heat 
and salt it was necessary to determine vertical 
eddy diffusion coefficients far temperature and 
salinity (KH and Ks) in the surface layer. Using 
the boundary conditions in the finite difference 
farm and temperature and salinity at surface 
and at 1 O m depth, it was possible to determine 
vertical eddy diffusion coefficients KH and Ks 
on the basis of climatological data. 

In order to smooth seasonal variability, 
represented by data from different years and 
different stations, the function of the farm: 

Y2 (t) = A0 +A1 sin(
2
; t + cp1) 

+ A2 sin(
4
; t + cp2 ), 

(18) 

was least-square fitted to data at seasonal scale 
far every depth z. The same function was fitted 
to PC scores which resulted in the loss of 
orthogonality. It was not possible to approxi­
mate salinity data by a harmonic function, so 
that salinity means were determined by averag­
ing inside months. Fluctuations in the field of 
temperature and salinity were compared to the 
fluctuations of the processes at the air-sea inter­
face. Harmonic analysis was applied to most of 
the data in order to compare temperature fluc­
tuations to the processes at the air-sea interface. 
When comparing atmospheric and salinity data, 
monthly mean values were taken. 

DATA 

The meteorological dataset 

The mean monthly meteorological dataset 
used in this work includes air temperature, 
wind speed, air humidity, air pressure, precipi­
tation and sea surface temperature (Tables 1 
and 2) at stations along the eastern Adriatic 
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Table 1. Meteorological dataset 

STATION METEOROLOGICAL PERIOD OF SOURCE 
PARAMETERS MEASUREMENT 

AIR TEMPERATURE 
AIR PRESSURE ISTITUTO 

TRIESTE PRECIPIT ATION 1841-1991 TALASSOGRAFICO-
HUMIDITY 1871-1991 TRIESTE 
WIND SPEED 
EV APORATION 

SENJ AIR TEMPERATURE 
SPLIT AIR PRESSURE NATIONAL HIDRO-
HVAR PRECIPIT ATION 1961-1980 METEOROLOGICAL 
DUBROVNIK HUMIDITY OFFICE - ZAGREB 
PALAGRUŽA WIND SPEED 

EVAPORATION 

Table 2. Sea swface temperature dataset 

STATION SEASURFACE 
TEMPERATURE 

SEASURFACE 
TEMPERATURE 

TRIESTE AT 200 cm 

SEA SURFACE 
TEMPERATURE 
AT40 cm 

PIRAN 
RAB SEASURFACE 
SENJ TEMPERATURE 
SPLIT 
HVAR 
DUBROVNIK 

coast (Fig.1). Using this dataset , surface heat 
and water fluxes were determined. 

Net heat exchange (QNET) in the air-sea 
interface is a sum of radiative and turbulent 
fluxes. The radiative component of the heat 
fluxes comprises solar (Qs) and upward long­
wave (QL) components. Turbulent heat fluxes 
are sensible (QH) and latent (QE) heat fluxes . 
All heat exchanges are calculated using 
monthly means values of bulk variables (for 
Hvar station) following GILL (1982): 

Qs = Q;(l-a,), 

QL = -0.985 cr r: (0.39- 005e112 )(10- 0.06C 2 
), 

QE = -LE, (19) 
QH = CH ep Pa v(T. - Tw). 

PERIODOF SOURCE 
MEASUREMENT 

1934-1991 ISTITUTO 
T ALASSOGRAFICO -
TRIESTE 

1988 

NATIONAL HIDRO-
1961-1980 METEOROLOGICAL 

OFFICE - ZAGREB 

where Q/is the incoming shortwave radiation 
and a is the albedo of the sea surface. The 
meanings of other terms in the above equations • 
are given in Appendix. 

The monthly means of shortwave radiation 
were calculated on the basis of empirical rela­
tion by PENZAR and PENZAR (1991): 

where terms Q50 and a have the following 
meanmgs: 

Q50 ~- global radiation for a bright sunny day 
on the fifteenth day of the month (GRBEC, 
1989); 
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Fig. 1. Locations of metevrological and oceanographic stations along the eastern Adriatic coast. The box outlines the 
transect Split-Gargano in the middle Adriatic Sea 

a - empirical constant with values 0.202 
for April-October and 0.363 for November­
March period. 

The seasonal cycle of net heat flux (Fig.2) 
shows that from April to September the sea 
receives the heat from the atmosphere, reaching 
maximum in July (134.6 W m-2). The sea loses 
most heat in December (112.1 W m-2). At 
annual scale, the loss of heat is caused by long­
wave radiation (60%), evaporation (33%), and 
much less with conduction (7% ). The annual 
average for this particular station is + 7.9 W m-2. 

Comparing these data with data found in litera­
ture (PICCO, 1991; SUPIĆ, 1993) it is evident 
that for different stations, although from the 
same geographic area, different heat fluxes 
were obtained. In the process of determination 
of individua! components of thermal equilib­
rium, the selection of formula seems very 
important. Heat fluxes for the whole Mediterra­
nean, GARRETT et al. (1993) showed differ-

ent results from those in this work. The 
discrepancies are related to selection of formu­
lae used in calculation. 

300 
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:::, 
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:!J!. 50 ••• 

o 
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-100 
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-1501!---=-2 --=3- -,-4--=5~_,6,---,7:---8~-=---=----o",:-9 10 11 
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12 

Fig. 2 . Annual cycles of heatf1uxes: solar radiation (Qs}, 

tata/ outgoing (QT) radiation and net lzeat flux 
QNET· Tata! outgoing radiation is the sum of 
longwave, latent and sensible heat 

The problem of evaporation over the Adri­
atic Sea was discussed elsewhere (GRBEC et 
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al., this issue). The SMITH (1980) formula was 
applied in this work. Mean seasonal cycles for 
the stations along the Adriatic coast are pre­
sented in Fig.3. 

6 
~'°'~ OUBROVN1K 
-U.. HVAR 

o~, -2--3--4,---5--6--7--8--9 -,-o-,-, -,2-, 

Month 

Fig. 3. Annual cycles oj evaporation for stations along the 
eastern Adriatic coast 

Table 3. Salinity and temperature dataset 

STATION AT THE 
SPLIT-GARAGANO 
TRANSECT 

PELEGRIN P:08 
(O, 10,20,30,50,75 m) 

STONČICA P:09 
(O, 10,20,30,50,75, 100 m) 

SUŠAC P:10 
(0, 10,20,30,50,75,100, 
120m) 

P:11 
(0, 10,20,30,50,75, 100, 
150, 170 m) 

PALAGRUŽA P:12 
(O, 10,20,30,50,75, 100, 
110 m) 

GARGANO P: 13 
(0,10,20,30,50,75, 100, 
110m) 

PERIOD OF SOURCE 
MEASURE-
MENTS 

INSTITUTE 
OF 
OCEANO-

1961 -1980 GRAPHY 
AND 
FISHERIES 
- SPLIT 

Hydrographic and sea level dataset 

The hydrohraphic dataset used in tbis work 
spans the time interval from January 1961 to 
December 1980. Data were collected on the 
regular montbly or seasonal cruises at oceano­
grapbic stations of tbe transect Split-Gargano 

(see Fig. 1). Measurements were made mostly 
once a month ( only exceptionally several time 
per month). Only tbe data with the same num­
ber of measurements for standard oceano­
graphic depths (0, 10, 20, 30, 50, 75 and 100m) 
at stations 8,9,10,11,12 and 13 were used, 
while the data from the depths below 100m 
were rare, and were not considered (Table 3). 

In addition to temperature and salinity, 
mean sea level data from permanent coastal 
stations (see Fig. l. and Table 4) were consid­
ered. 

Table 4. Mean sea level dataset 

MEANSEA 
LEYEL 

STATION PERIOD OF SOURCE 
MEASURE-
MENT 

TRIESTE 1988 ISTITUTO 
TALAS-
SOGRAFICO -
TRIESTE 

KOPER NATIONAL 
ROVINJ HIDRO-
BAKAR METEOROLOG!-
SPLIT 1961-1980 CAL 
DUBROVNIK OFFICE-
BAR ZAGREB 

Sampling errors in the 
hydrographic dataset 

Measurements of oceanographic variables 
are practically never continuous. Many of them 
bave long measurement periods but include 
only few measurements . For example, tempera­
ture and salinity, at the open sea stations, were 
measured once per month. Therefore, "mean" 
montbly values represent only one value. Witb 
a finite number of samplings (mainly one), we 
must find an appropriate value in order to elim­
inate undersampling errors. Contrary to sea 
temperature and salinity, meteorological data 
were measured once an hour. Because tbe pur­
pose of tbis work is to compare tbe conditions 
of sea and atmospbere, in order to bave compa­
rable time series, sampling errors of tempera­
ture and salinity must be dete1mined. Tbe 



Grbec: Influence of climatic changes on oceanographic properties of the Adriatic Sea 11 

sampling errors were analyzed using the daily 
mean sea temperature from the coastal station 
Split in the period 1961-1980. At this station 
sea temperature was measured twice a day. The 
mean monthly sea temperature from daily mea­
surements (T 30) at coastal station Split was 
compared to data obtained by measurements 
performed at the Split station on the same dates 
when sea temperatures were measured at the 
Stončica station (T1). Maximum positive dis­
crepancy between those monthly values (T30 -

T 1) was 3.15 °C, while maximum negative dis­
crepancy was -2.80 °C. These considerable dif­
ferences (Fig. 4) point to the fact that data 
should be filtered to ensure comparability of 
the data series at the annual scale. Moving 
average with n=12, applied to the dataset 
resulted with smaller differences between T30 
and T 1. Larger filtering window diminishes 
differences but reduces the data set (Fig.5) and 
the window n=12 seems to be an optimal 
choice for this dataset. 

_.., .. 3.15 

2.5 

-2 

____.,. - 2.80 

•3•5 o!;:----4..,..o ___ s_o __ 1_20 ___ 1s-o--2-00 ___ 24o 

1961-1980 (months) 

Fig . 4 . The dijference hetween mean monthly tempera­
tures T30 and T1 (coasta/ station Split) 

O.S T~ . I.i, 
! : 

; 1\ \ I , 

o 

' j 
-0.5 I I. ! 

I • . I' i1' 1/ ! I I 
~• ! I ~ I 

·1=----~-:--::------:,------------
0 48 96 144 192 240 

1961-1980 (months) 

Fig. 5. Comparison of the difference (T30 • T1) (n=O) to 
filtered differences with moving average of n=l2 
and n=24 window 

Due to measurement circumstances at the 
sea, in situ oceanographic measurements are 
given an epithet of "nice weather oceanogra­
phy". Indeed, when weather types are attributed 
to dates of measurements at Stončica station it 
is clear that most of measurements were đone 
on anticyclonic weather conditions (A. BAJIĆ, 
personal communication). 

RESULTS AND DISCUSSION 

Secular variations 

Basic climatic oscillations were deter­
mined for the meteorological time series with 
long oscillation periods. At the secular time 
scale, significant air pressure and sea level 
trends amounting to (1.01 ± 0.04) hPa/100 
years and (14.4 ± 0.6) cm/100 years respec­
tively, were obtained (Fig.6). Decreasing linear 
trend of precipitation with oscillation period of 
57.7 years was found. Temperature changes at a 
secular scale were stationary with a climate 

101s.51 ---------~1;::,.~ .• ~ .. ... ;:,~,,.,;::_=;1~ 
~ I T • ... ,,... 1 

ri 
10175 

i 
5, 1016.5 
~ 
:, 
~ 1015.5 

a 1014.5 
~ 

1013.5 

1012.5'------------------' 

15.5------ -------- --

- 1s l o 

~ 14.5 !\ 
~ ' \i\ !~', 

f 14i 

~ 13.s ! 
I 

V 

~ 
~ 

13 ~ ------ ------ ----' 

4.5 1 --------- -;::::==.=:::;-~ 
l• •- uo- u ,·'1100 YM"I 

~ 

V 

1.
5

1840 1860 1880 1900 1920 1940 1960 1980 

Fig. 6. Basic climatic oscil/ation of air pressure, air tem­
perature and precipitationfor Trieste station 
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wave of 121 years. Approximately the same 
length was found for pressure secular changes, 
while climatic oscillation for precipitation 
amounted to half of the mentioned period. The 
amount of these secular changes points to the 
fact that oceanographic parameters which 
depend on meteorological parameters could 
show the same secular changes as well. 

Interannual variations 

Interannual sea surface temperature and 
mean sea level variations 

The time series of mean monthly anomaly 
of sea surface temperature (SST) and mean sea 
level (MSL) were subject to the principal com­
ponent analysis in order to quantify the influ­
ence of possible climatic changes in the 
different regions in the Adriatic sea. For both 
time series, eigenvalues and factor matrix of 
the component loadings were dete1mined 
(Tables 5 and 6) on the basis of significant cor­
relation matrices. Applying the Rule N, only 
the first two components are significant for 
SST, while for MSL the first principal compo­
nent describe sufficient variance (93.4%), hav­
ing significant loading for all variables. 
Varimax rotation resulted in simple structure 
only in SST field, while components from MSL 
were left unrotated. 

Table 5 . Eigenvalues (J..) of thefirst two principal compo­
nents and their contrihution (%) to the to ta/ vari­
ance in sea surface temperature (SST) and mean 
sea level (MSL) field and eigenvalues of the ran­
dom proces s ( RP) far the matrix of the same size 
as original one 

Principal SST MSL RP 
component 

PCr >-r % >-r % 1,r % 

I 4.84 69.1 6.54 93.4 

2 1.12 16.0 0.25 3.6 0.85 12.2 

PC analysis in the SST field separated two 
regions: the northern Adriatic on the one hand 
and the middle and the southern Adriatic on the 
other hand (note that the southern is repre­
sented only with the Dubrovnik station). 
According to spatial distribution of component 

loadings in the northern Adriatic, station Rab 
differs from the other stations. The value of this 
component loading points to the fact that those 
processes which cause long term SST variabil­
ity should have less impact on the Rab station. 
It can be explained by surface cooling, which, 
under the influence of bora, is weaker with the 
distance from the coast. 

Table 5 . Eigenva/ues (J..) of the.first two principal compo­
nents and their contribution (%) to the tata/ 1'C1ri­
ance in sea swface temperature (SST) cmd mean 
sea lei•e/ (MSL) .field and eigenvalues of the ran­
dom process ( RP) for the matrix of the same size 
as original one 

SST COMPONENT LOADINGS 

STATION PC 1 PC2 

TRIESTE 0.92 0.23 

PIRAN 0.92 0.19 

RAB 0.74 0.54 

SENJ 0.84 0.30 

SPLIT 0.49 0.80 

HVAR 0.36 0.86 

DUBROYNIK 0.09 0.87 

MSL COMPONENT LOADINGS 

STATION PC 1 PC2 

TRIESTE 0.97 -0.17 

KOPER 0.95 -0.21 

ROVINJ 0.98 -0.04 

BAKAR 0.95 -0.20 

SPLIT 0.98 0.14 

DUBROYNIK 0.97 0.21 

BAR 0.96 0.27 

Contrary to SST field, in the MSL field 
there are no spatial differences because interan­
nual variation of MSL are similar throughout 
the Mediterranean basin (MAZZARELA and 
PALUMBO, 1989). The correlation matrix R 
(not shown), as well as factor matrix of compo­
nent loadings, display spatial homogeneity of 
the sea level. This means that throughout the 
Adriatic, hydrostatic pressure influences MSL 
with the same amount. 

Temporal variation of SST and MSL fields 
were described with orthogonal PC scores. In 
order to explain possible atmospheric influ-
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ences the PC scores were related to those pro­
cesses that could cause variability. Since the 
starting manifest variables are mean monthly 
anomalies of the SST and MSL, correlation 
coefficients are calculated for anomaly series, 
and moving averages (n=12) are displayed in 
figures for clarity. In the SST field, the highest 
conelation coefficient is between the first PC 
and the air temperature for Trieste station 
(Fig.7). Going southward, the correlation coef­
ficients between this component and the air 
temperature decreases while at the same time 
correlation coefficient between second PC and 
air temperature increase (Table 7) explaining 
stronger advection effect in the southern region 
than in the northern one. A significant part of 
MSL variations (PC1) is explained by changes 
of atmospheric pressure over the Adriatic (Fig. 
8) and the water flux at the air-sea interface 
(Table 8). A small amount of MSL interannual 
changes (PC2) are in good relation to interan­
nual SST variations. A considerable correlation 
coefficient amounting to 0.49 (significant at the 
0.01 level) is found between the (PC1)ssT and 
(PC2)MSL· This points to the fact that in the 
northern Adriatic, MSL is affected by both 
pressure and temperature changes (Fig. 9). 

Table 7. Correlation coefficients hetween first two princi­
pal components from the SST jield and air tem­
perature 

r PC,AT* ATTRIESTE ATHYAR AT DUBROVNIK 

PC 1 0.67 0.58 0.48 

PC2 0.20 0.44 0.33 

AT= air temperature 

Table 8. Correlation coefficients hetween the first two 
principal components ji-o,n the MSL jleld, air 
pressure (p) and water jlu..x ( E-P) 

PC 1 

PTRIESTE 

PDUBROVNJK 

(E-PlTRIESTE 

(E-P)ouBROVNIK 
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Fig . 8 . lnterannual variahility of the jirst principal com­
ponentfi·om the MSlfield (PC 1)MSL and air pres­
surefor Trieste station (p)TRJESTE 
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Interannual temperature 
and salinity variations 

In this subsection, the results of applying 
PCA to the seawater temperature (ST) and 
salinity (SAL) are presented in order to explain 
spatial and temporal variability. For this pur­
pose, hydrographic parameters for station 
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Fig . 1 O. Number of measurements per decade at Stončica station in the period I 961-1980 
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Stončica were used. Number of data are pre­
sented in Fig.10. For the reasons mentioned 
earlier in previous chapter, data were filtered 
before they were subject to principal compo­
nent analysis. Eigenvalues (Table 9) and factor 
matrices of component loadings (Table 10) 
were determined for the first two principal 
components. Both for temperature and salinity, 
Varimax rotation was appliM 7 (Fig.11). 

o!----------+---- - ---'--'!: 

On the basis of distribution of PC loadings 
it was possible to distinguish two layers whose 
variability contributes with different amounts 
to the total variability in the temperature and 
salinity field. The first principal component has 
significant loadings for layer 30-lO0m. The 
second principal component has significant 
loadings in the surface layer down to 20m. 
PCA therefore recognizes two layers: the sur­
face layer and the intermediate one. The corre­
sponding component scores are presented in 
Fig.12. Temperature and salinity fluctuations in 
these two layers were explained comparing PC 
scores to atmospheric fluctuations . In the sur­
face layer, significant correlation coefficient 
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Fig. 11 . Space representation (in coordinate _fi-ame of 
principal components) of fa ctors matrix for the 
sa/inity field before (PC) and afier Varimax rota­
tion (R-PC) 
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Table 9. Eigenvalues (J,,,,) oj the jirst two principal compo­
nents and their contribution (%) to the total vari­
ance in salinity (SAL) and sea temperature (ST) 
jield and eigenvalues oj the random process 
(RP) of the same size as the original one 

Principal SAL ST RP 
component 

PCr Ar % Ar % kr % 

1 6.01 87.2 5.40 77.2 

2 0.64 9.2 I.OS 14.S 0.85 12.2 

Table JO . Factor matrix ojcomponent loadings ajter Vari ­
max rotation in salinity (SAL) and sea tempera­
ture jields (ST) 

ST COMPONENT LOADINGS 

DEPTH PC 1 PC2 

sooo 0.16 0.96 

SI0 0.21 0.97 

S20 0.45 0.82 

S30 0.75 0.59 

sso 0.89 0.34 

S75 0.95 0.22 

SlO0 0.92 0.12 

SAL COMPONENT LOADINGS 

DEPTH PC 1 PC2 

soo 0.16 0.92 

SI0 0.33 0.89 

S20 0.63 0.68 

S30 0.83 0.48 

sso 0.92 0.33 

S75 0.95 0.23 

SJO0 0.91 0.20 

(0.31) was found between PC2 from the salinity 
field and E-P, with a three month lag. In the 
temperature field, significant correlation was 
found between the principal component for sur­
face layer and net heat flux with 2 months lag. 

In the intermediate layer salinity fluctua­
tions (PC 1) are not affected by vertical pro­
cesses and can be explained with horizonta! 
advection of the saltier Mediterranean water. 
Higher salinity in the Mediterranean causes 
higher salinity in the middle Adriatic. As 
already known (ZORE-ARMANDA, 1972) the 
mechanism of exchange between the Adriatic 
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Fig . 12 . lnterannual variability of the first two principal 
components in the salinity a) and temperature 
jield b) 

and the Mediterranean can be explained by the 
horizonta! pressure gradient between the north­
ern and the southern Adriatic (pressure differ­
ences between Trieste and Palagruža). In the 
years with higher pressure differences, higher 
salinity in the intermediate layer of the middle 
Adriatic can be expected. A higher pressure 
gradient does not always correspond to higher 
salinity, due to various influences. Comparing 
the horizonta! pressure gradient with salinity 
fluctuations in the intermediate layer (Fig.13) 
two characteristic periods are evident. In the 
period 1961-1970 salinity fluctuations are not 
accompanied by pressure gradient fluctuations . 
In this period their correlation was not signifi­
cant because salinity in the Mediterranean was 
mainly increased due to the Assuan damm con­
struction. It caused the fresh water input 
decrease from 41 to 11 km3 year- 1 (GERGES, 
1976) which reflected upon higher salinity of 
the eastern Mediterranean. In the period 1973-
1980, salinity fluctuations seem to respond to 
pressure gradient fluctuations and the correla­
tion coefficient between them was 0.55 (signif­
icant at the 0.001 level). 
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Besides by higher salinity, the LIW can be 
also detected in the intermediate layer of the 
middle Adriatic by higher temperature, so that 
the Mediterranean influence can also be seen 
through temperature. Like salinity fluctua­
tions, the fluctuations of temperature also show 
two characteristic periods. In the second 
period, from 1973-1980 temperature fluctua­
tions like the salinity ones, seem to reflect 

TRAIISECT 
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P:13 

ingressions. The correlation coefficient bet­
ween temperature and pressure gradient in this 
period was 0.68 (significant at the 0.001 level). 

At an interannual scale, it was possible to 
compare the salinity fluctuations with MSL 
fluctuations (Fig.14). Both are the consequence 
of the water flux . Surface salinity and sea level 
changes are not directly related, but years of 
lower precipitation are characterized by higher 
salinity and higher density. At the same time 
lower precipitation causes lower sea level. 
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Seasonal variations 

Salinity and temperature data from the 
transect Split-Gargano were analyzed on an 
annual time scale, so that the data set extended 
from t=l to t=365 days. Frequencies of data for 
every station, shown by ten-day periods are 
presented in Fig.15. 

In order to determine thermohaline fluctu­
ations at the seasonal scale, temperature 
T(x,z,t) and salinity S(x,z,t) fields are deter­
mined where x represent station, z depth, and t 
sampling day of the year. These data matrices 
were used to determine seasonal cycles using 
the equation (18). Comparing the vertical tem­
perature profile at stations 09 and 11 (Fig. 16), 
very small differences were found . So, the 
whole transect could be presented with a single 
seasonal cycle. The new data matrix was 
formed (T(z,t) and S(z,t)) to represent the 
whole transect depending on the depth and the 
sampling date (t=l, .. ,365). The mean annual 
cycle is determined by the harmonic analysis 
of temperature for ali depths (Fig. 17). In the 
surface layer, 92% of the variance is explained 
by the equation (18), 91 % and 78% at depths 
10 and 20 m, respectively and from 72% to 
37% at the depth from 30 to 100 m. Minimum 
and maximum temperatures occur with the 
phase lag relative to the heat flux from surface 
to the bottom. At the depth of 10 meters maxi­
mum temperature bas a delay of 9 days in rela­
tion to the surface layer while at 20 meters 
maximum temperature has 48 days delay. The 
layers at 75 and 100 meters have a phase lag of 
93 days relative to the surface. Minimum tem­
perature in surface layer occurs in February, 
and at 7 5 and 100 meters at the beginning of 
March. The function of two harmonics shows 
the seasonal cycle of temperature at all depths 
showing isothermy in autumn and rather small 
temperature changes at 100 meters, which does 
not fali bellow 12 °C. Going to deeper layers, 
annual maximum occurs later in autumn while 
minimum at all depths occurs in the same 
month. This procedure seems to be sufficient 
for variables with a strong seasonal signal (like 
temperature and sea level) but it cannot be ade-

quate for other variables like salinity. This is 
confirmed when salinity data at seasonal scale 
are described with the function of two or more 
harmonics. Due to large standard deviation 
(Fig. 18) caused by large interannual salinity 
fluctuations, it is not possible to show seasonal 
salinity cycle with this analysis. Therefore the 
seasonal salinity cycle is determined by aver­
aging within each month. The seasonal cycle 
(Fig. 19) shows salinity increase with depth. At 
the surface layer down to 10 meters there are 
two minima, in May and July. At the depth of 
20 meters the secondary maximum disappears 
while the August maximum becomes more 
important. 
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Large monthly salinity fluctuations are 
often reported in literature, but salinity is still 
conservative parameter at the monthly scale. 
Its large "monthly" fluctuations are due to 
large interannual fluctuations related to advec­
tion from the Mediterranean, while for exam-
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ple in the Gulf of California such fluctuations 
are caused by different long-term phenomena. 
The thermohaline fluctuations in the Gulf of 
California studied in a series of papers (BRA Y, 
1988; RIPA and MARINONE, 1989; CASTRO 
et a!., 1994) depend on phenomena like El­
Nifio, while the Adriatic is influenced by 
"ingression", which is the phenomenon of 
longer duration than El-Nifio. So, monthly 
mean values obtained from data from the same 
month for ali years had very large standard 
deviations. 

Principal component analysis 
of temperature and salinity field 

Standardised salinity and temperature val­
ues are represented with a set of data Yz(t) 
where t denotes an individual day and z the 
depth. Principal component analyses was per­
formed on these matrices. 

Table 11 . Eigenvalues (A) oj the jirst three principal com­
ponents and their contrihution to the total vari­
ance (%) in salinity (SAL) and temperature 
jields (ST) and eigenvalue oj the random pro­
cess (RP) jor the matrix of the same size as origi­
nal one 

Principal SAL ST RP 
component 

PCr Ar % Ar % Ar % 

I 5.09 72.7 4.89 69.9 

2 1.13 16.2 1.57 22.5 

3 0.32 4.6 0.28 4.0 0.81 11.5 
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Fig. 19. Mean annual cycles of salinity at the standard 
oceanographic depths jor the Spli-Gargano 
transect. Mean annual cyc/es were determined 
averaging over the months 

The first three eigenvectors together 
describe 96.3 % of the temperature variance 
and 94.8% of the salinity variance (Table 11). 
Using three main components, the component 
loadings for temperature and salinity are deter­
mined and presented in Table 12. and Fig.20. 
The vertical distribution of temperature shows 
expected thermocline at the depth of 30-40 m 
(Fig.20a), while the one related to salinity 
shows halocline at almost the same depth 
(Fig.20b). Standardised values of the PC scores 

Tahle 12. Factor matrix of component loadings after 
Varimax rotation in salinity and temperature 
fields 

SAL COMPONENT LOADINGS 

DEPTH PC1 PC2 PC3 

soo 0.16 0.96 0.13 

SlO 0.22 0.78 0.50 

S20 0.41 0.49 0.72 

S30 0.65 0.31 0.65 

S50 0.74 0.23 0.55 

S75 0.89 0.16 0.37 

SJO0 0.98 0.20 0.14 

ST COMPONENT LOADINGS 

DEPTH PC 1 PC2 PC3 

soo 0.13 0.98 0.10 

SlO 0.15 0.97 0.15 

S20 0.29 0.78 0.49 

S30 0.56 0.54 0.60 

S50 0.76 0.27 0.55 

S75 0.91 0.16 0.32 

SlO0 0.98 0.13 0.02 
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Fig. 20. Vertical structure of the first three principal components loadings in temperature a) and salinity h) field 

are, because of the time scale, related to partic­
ular days. In order to present PC scores for each 
day of the year, harmonic function (equation 
18) was fitted to the data, taking into account 
the fact that A0 = O. It is necessary to nate that 
orthogonality of the main components is lost 
through this process. This analysis was possible 
only for temperature. The harmonic functions, 
which were fitted to the component scores, 
explain 93% of the variance of PC2 (significant 
at the 99% level), 38% of the PC1 and 30 % of 
PC3, both significant at the 95% level. 

In the surface layer, discrepancies of the 
component scores and the interpolated seasonal 
values of temperature, except for few values 
only, were not considerable. The largest dis­
crepancies in the surface layer occurred in July 
and August. The largest positive discrepancies 
were found in the summer time and at the 
beginning of the cold season (Fig.21a). In the 
deeper layers considerable discrepancies were 
found in autumn in November (PC1) (Fig.2lb) 
and in October (PC3)(not shown). The maxi­
mum discrepancies were delayed in deeper lay­
ers, relative to the surface. 
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It was not possible to obtain the stat1st1-
cally significant fit for the PCs in the salinity 
field. Interpolated seasonal course, equation 
(18), describes less than 25 % of the variance 
pointing to the large interannual salinity fluctu­
ations (ZORE-ARMANDA et al., 1991). The 
corresponding PC scores, shown in Fig. 22, 
were determined by averaging over the months, 
and are presented using the cubic spline func­
tion (FRITSCH, 1971). 

0.8 

0.6 

0.4 

"' 0.2 a, 

o 
(.) o "' u 

o.. -0.2 

-0.4 

-0.6 

-0.8 

-1 

.. - ·,. 
'- .... -"· (PC,)PL 

2 3 4 5 6 7 8 9 10 11 12 
Month 

Fig. 22. Mean annua/ cycles of the PC scores for the sur­
face (PC2JsAL and intermediate (PC1JsAL layers 
in the salinity field shown as cuhic spline inter­
polation of monthly mean values 

In the temperature field, component scores 
which correspond to the surface layer (PC2) 

were co1Telated with the heat flux for the Hvar 
station (correlation coefficient was r=0.82 for 
the time lag of 31 days ). Function (18) was fit­
ted to the heat flux data and the obtained values 
were compared to the component scores of the 
PCA. 

Component scores of PC1, which corre­
spond to the deeper layers, lag four months 
behind the heat flux. Component scores had 
two maximum values : in May and in Novem­
ber (Fig.23). Maximum values in May are the 
consequence of the fast transport of heat in 
deep layers as the thermocline layer is not yet 
fonned to prevent the vertical mixing process. 
In summer, when thermocline is formed, 
deeper layers do not receive heat, and lower 
temperatures are present. The temperature drop 
below the thermocline, when the thermocline is 
fully developed, is attributed to upwelling. 
Lower temperatures are observed below the 

the1mocline layer throughout the summer 
(ZORE-ARMANDA, 1969a). Besides the heat 
flux, the influence of wind on temperature of 
the water column is also considerable (Fig.24). 
Increase of wind speed in autumn corresponds 
to an increase in temperature of deeper layers. 
The heat from the warm surface layers is trans­
ported to the deeper layers by wind induced 
mixing. 
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In the salinity field, component scores cor­
responding to the surface layer (PC2) during the 
heating season are proportional to P-E differ­
ences, while in auturnn and winter PC2 scores 
and P-E differences are opposed in phase 
(Fig.25). Earlier investigations (PUCHER­
PETKOVIĆ and ZORE-ARMANDA, 1973) 
proved that north Italian rivers, especially the 
Po River, influenced waters of the Jabuka Pit. 
When the thermocline is well developed, lighter 
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north Italian waters reside in the surface layer 
and are transported by the SE current to the 
Split-Gargano transect (ZORE-ARMANDA, 
1956). They bring about a decrease of salinity in 
the surface layer. As a consequence of ice melt­
ing, the largest Po runoff is observed in May 
coinciding with salinity spring minimum at the 
transect (Fig.26). In summer, due to current sys­
tem in the interrnediate layer (ZORE­
ARMANDA, 1969b), advection of saltier water 
from the southern Adriatic (Mediterranean) is 
observed. Less sahne water resides at the sur­
face, since the mixing is prevented by the fully 
developed thermocline, and in the summer 
period in the middle Adriatic the influence of 
the Po River inflow could be observed. In addi­
tion to seasonal forcing, component scores 
which correspond to salinity, are also controlled 
by specific dynamic conditions at the Palagruža 
Sill. 
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It is evident that vertical mixing processes have 
essential role on therrnohaline properties of the 
whole water column. These vertical processes 
are under direct atmospheric influence. In addi­
tion, thermohaline properties are also under 
considerable influence of horizonta! advection 
process, which depends both on oceanographic 
and meteorological conditions. 

Seasonal heat and salt exchange 

The results of PCA helped to resolve three 
characteristic layers: 0-20, 20-50 and 50-100 
m. For these layers, temperature and salinity 
mean values were determined (Fig.27) by verti­
cal integration between the top and the bottom 
of each layer. The integral was approximated 
using the trapezoidal rule. Vertical eddy diffu­
sion coefficients in the surface layer were 
deterrnined using turbulence forrnulae: 

E-P= Ks as 1 . 
<S> az z = o 

(21) 

Surface boundary conditions were applied with 
climatological values for heat and water fluxes 
QcuM and (E-P)cuM calculated for the Hvar 
station. 

Vertical gradients of temperature and 
salinity were determined from the difference 
between the surface and 1 O meters depth. Cor­
relation coefficient between the vertical heat 
gradient and the heat flux is 0.91 (significant at 
the 99% level). It allowed usto determine verti­
cal eddy diffusion coefficient for heat using the 
least square method. Mean annual cycles of 
vertical eddy diffusion coefficient is shown in 
Fig.28. The value obtained by the least squares 
method (Fig.29) is: 

(22) 

The net heat flux obtained by climatological 
values of buli< variables and the one obtained 
by turbulence fmmula are presented in Fig.30. 
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The relationship between the water flux 
and surface salinity has already been discussed. 
Vertical eddy diffusion coefficient for the sur­
face layer is deterrnined again, using different 
relations for the water flux trough the year, as 
indicated in the schema: 

{ 

(E- P) September - April 
E -P = 

E-(P+Rp0 ) May - August 

(23) 

were Rpo denotes the quotient between the Po 
River inflow and the area of the Adriatic shelf. 
Talcing the Po runoff into account, correlation 
coefficient between water flux and vertical 
salinity gradient in the surface layer was 0.83, 
(significant at the 99% level) (Fig.31), enabling 
determination of the vertical eddy diffusion 
coefficient (Fig. 32). The value obtained by the 
least squares method (Fig. 33) is: 

This value is an order of magnitude lower than 
the eddy diffusion coefficient obtained using 
turbulence formulae for heat flux . Using the 
value Ks=0.406 10-4 m2s-1, water flux (E-P) 
was determined and compared with the one 
estimated by climatological mean values 
(Fig.34). The value of KH is well within the 
typical oceanic range (RIPA and MARINONE, 
1989) and to that one calculated for the north­
ern Adriatic (MALAČIĆ , 1991; SUPIĆ, 1993). 
In earlier investigations in the middle Adriatic, 
vertical eddy diffusion coefficient was not cal-
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culated for the whole year on the basis of the 
long-terrn data set. Far summer season ZORE­
ARMANDA (1963) has obtained a somewhat 
larger value. 

Finally, it was possible to determine verti­
cal contribution to heat and salt in particular 
layers of the water column and to compare it 
with the rate of change of heat and salt content 
which was determined using equations (15-17) 
and Stirling's fo1mula of centered finite differ­
ences (SCHEID, 1968). 

The results far the upper layer are pre­
sented in Fig.35. Therrnohaline changes in that 
layer are the consequence of vertical processes, 
being under the atmospheric influence through­
out the year. However, in summer season ther-
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mohaline changes are also under the horizonta! 
advective control. From March to May heat 
content changes, following the changes that 
originate from vertical processes. In this period 
there is no heat transport from either the south­
ern or northern Adriatic, according to well 
known circulation patterns. After development 
of the therrnocline, the two curves separate. 
The cooling of the surface layer is weaker than 
that due to vertical heat content change. The 
difference is attributed to the horizontal advec­
tion of water from the northern Adriatic. This 
water is warmer in the summer season than the 
water of the middle Adriatic. This horizontal 
contribution to the heat content change in upper 
20m in the summer is observed in salt content 
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change as well, since the water from the north­
em Adriatic is less saline. It causes large salin­
ity changes and minimum salinity values in the 
surface layer in the summer time. 

In the middle layer, between 20 and 50 m 
(Fig. 36), it is more difficult to explain the rela­
tionship between vertical and horizonta! contri­
bution to the heat and salt rate change, 
especially in the season of the fully developed 
thermocline. The differences are partly due to 
the value of the vertical eddy diffusion coeffi­
cient. In this layer, significant difference is 
observed between salt content change due to 
vertical processes and the total salt content 
change. This difference accounts for the salin­
ity increase due to advection of saltier southem 
Adriatic or Mediterranean waters. 

While in the surface layer (the above ther­
mocline) processes are under the direct atmo­
spheric influence, in the deeper layer are 
considerably influenced by horizonta! pro­
cesses which are also the consequences of 
atmospheric influence. 

CONCLUSIONS 

At the secular time scale significant 
increase trends were observed for air pressure 
and sea level and the decrease trends were 
observed for precipitation. Secular changes of 
air temperature are well described by the basic 
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climatic wave with a 121 year period. The pres­
sure increase trend shows the same basic oscil­
lation (104.1 years) while precipitation has 
57.7 years period. The sea level trend is a part 
of a very long period (1170 years) which at the 
secular scale can be considered linear. So, sec­
ular changes point to the possibility that associ­
ated oceanographic parameters could have 
secular changes as well. The sea level changes 
in the same way all along the Adriatic, while 
the changes of sea temperature are very small 
and significant only in the northern Adriatic. 
The sea level increase at the secular scale can­
not be related to the decrease of precipitation 
and the increase of air pressure over the Adri­
atic. This means that secular changes of the sea 
level are the consequence of global changes. 

The sea surface temperature is the conse­
quence of atmospheric heating influenced by 
local disturbances from wind and surface cool­
ing which is stronger in the northern than in the 
middle and southem Adriatic. As there is no 
significant temperature increase at the secular 
scale, surface temperature increase could not be 
expected. However, in the surface layer sea­
sonal cooling caused by the wind and evapora­
tion in the northem Adriatic is stronger than in 
the middle and southern Adriatic. With stron­
ger influence of air temperature on sea temper­
ature possible secular changes m the 
atmosphere are easier to observe here than in 
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other Adriatic areas. In deeper layers tempera­
ture changes are the consequence of horizontal 
advection. Due to advection increase, tempera­
ture increase could be expected in the interme­
diate layer of the Adriatic. 

From the analysis of salinity field it can be 
concluded that PCA was successfully applied 
to these data, separating only two layers whose 
salinity properties change due to different pro­
cesses. In the surface layer salinity change 
occurs due to water flux influence. In the inter­
mediate layer salinity is under considerable 
influence of horizontal advection. Salinity 
change in the intermediate layer is highly cor­
related to horizontal pressure gradient between 
the northern and southern Adriatic. Therefore, 
at a secular scale, salinity increase in the inter­
mediate layer is a consequence of horizontal 
pressure gradient increase. 

Thermohaline processes are under the 
influence of vertical and horizonta! processes. 
In the surface layer in summer thermohaline 
properties change with vertical and horizonta! 
processes with advection of warmer and less 
salty northern Adriatic water. Horizonta! pro-

cesses are considerable only during the pres­
ence of the thermocline when fresh water 
remains in the surface layer and, brought by 
currents, reaches the Palagruža sill. In other 
seasons thermohaline is under the influence of 
vertical processes. Deeper layers are character­
ized by the advection from the southern Adri­
atic or Mediterranean during summer while in 
other seasons vertical processes predominate. 
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Appendix Ks -vertical eddy diffusion coefficient 
of salt: (m2 s-1) 

a - Stefan-Boltzman's constant: 5.67 10-8 L -Iatent heat of sea water: 2.5 106 

(W m-2 K-4) , (Jkg-1) , 

Pw - water density: 1024 (kg m-3), n -number of data 

Pa - air density: 1.25 (kg m-3), N -number of variables 
a - albedo of sea surface PCr -r's principal component 
(3 - compressibility of sea water: 7.2 10-4 Pr -contribution of first r principal 

(psu) components (%) 
}.i -eigenvalues QE -Iatent heat of evaporation: (W m-2) 

(s) -average surface salinity (psu) QH -sensible heat flux: (W m-2) 

C -cloudiness in tenths, QL -Iongwave heat flux: (W m-2) 

CH -stanton number: 10-3 QNET -net heat flux at the air-sea interface: 
ep -specific heat of moist air: 1010 (W m-2), 

(J kg-I K-1) R -correlation matrix of original variables 
Cpw - specific heat of the sea water: 3990 Sver -vertical component of salt flux 

(Jkg-1 oc-1), Ta -air temperature (0 C), 
E -diagonal eigenvalues matrix Tw -sea surface temperature (°C), 
E -evaporated water mass (m s-1), Tw' -sea surface temperature (K), 
F -factor matrix of component loadings V -wind speed (m s-1) 

H ver -vertical component of the heat flux xii) -observed variables 
KH -vertical eddy diffusion coefficient y(t) -basic climatic oscillation 

of heat: (m2 s-1) Yz(t) -harmonic function 
kliJ -standardised PC scores zliJ -standardised variables 
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Istražen je utjecaj mogućih klimatskih promjena na oceanografska svojstva Jadrana. Analizirani su raspoloživi 
vremenski nizovi razine i površinske temperature mora, saliniteta i temperature mora na vertikalnom profilu srednjeg 
Jadrana. Moguće klimatske promjene pokušale su se odrediti analizom sekularnih meteoroloških nizova sa postaja 
na istočnoj obali Jadrana definiranjem osnovne klimatske oscilacije tlaka zraka, temperature zraka, oborine i razine 
mora. Rezultati su upućivali na činjenicu da, od atmosfere zavisni parametri u moru mogu pokazivati slične tren­
dove, odnosno oscilacije. Stoga je tražena, na višegodišnjoj vremenskoj skali zavisnost promjena u moru od 
promjena u atmosferi. Pokušavajući objasniti glavne modove promjena u moru (opisanih metodom glavnih 
komponenata), uočeno je da su termohalina svojstava površinskog sloja, pod utjecajem atmosfere, i to znatnije u 
sjevernom nego južnom Jadranu. Intermedijalni sloj pod djelovanjem je dužjadranskog gradijenta tlaka zraka o čijoj 
veličini ovisi jačina ingresije. Na sezonskoj skali, osim što su određeni koeficijenti izmjene topline i soli u 
površinskom sloju, analizom promjena topline i soli odvojene su fizikalno dvije različite sezone: hladni dio godine s 
prevladavajućim vertikalnim procesima i topli dio godine s prevladav,tjućom horizontalnom advekcijom. Poznava­
jući procese koji na različitim vremenskim skalama mijenjaju svojstva mora, te uz pretpostavku dobivenih oscilacija 
i trendova u atmosferi, moguće je očekivati porast saliniteta cijelog vodenog stupca uzrokovanog smanjenjem obo­
rine (površinski sloj) i porastom gradijenta tlaka zraka (intermedijami sloj). Osim toga, uzrok porasta temperature 
mora, osim u sjevernom Jadranu, može biti posljedica horizontalnih, a ne vertikalnih procesa. Porast razine mora, 
posljedica je globalnih promjena, a ne lokalnih. 
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