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Time series of sea surface temperature (SST), measured over some 20-ye-
ar interval at 21 stations along the east Adriatic coast, are analysed. By means
of the Fourier analysis the average annual cycle of temperature is documented
and the year-to-year variability of various SST-related parameters is described.
It is shown that amplitudes of the first harmonic of the annual cycle are
decreasing and its phases increasing in an offshore direction. The amplitudes
range from 5.4 to 8.0 °C, the phases vary from 7.2 to 7.5 months (implying
maximal time lag of nine days). The variability is mostly controlled by the
autumn/winter cooling process. Amplitude of the first harmonic is anomalou-
sly low at Senj, whereas the corresponding phase does not depart from the
typical coastal values. The finding is due to the exceptionally low summer SSTs
that occur in the vicinity of Senj. At the Sv. Ivan station (near Rovinj) the
spring/summer heating is significantly faster than the autumn/winter cooling.
This can be ascribed to the influence of the Po River waters, which spread over
the open Adriatic in spring/summer, but are mostly confined to the western
coast in autumn/winter. The year-to-year changes of all the parameters consi-
dered are found to be much smaller than the multi-year average values, and in
some cases prove to be small even if compared with the spatial variations of
the long-term averages.

Sezonska promjenjivost povrsinske temperature mora
duz isto¢ne obale Jadrana

U radu su analizirani vremenski nizovi povrsinske temperature mora,
prikupljeni tijekom dvadesetak godina na 21 postaji duz isto¢ne obale Jadrana.
Primjenom Fourierove analize istraZena je srednja sezonska promjenjivost
temperature kao i viSegodidnje promjene razli¢itih pripadnih parametara. Po-
kazalo se da amplitude prvog harmonika opadaju, a faze rastu, u smjeru od
obale. Amplitude se mijenjaju od 5,4 do 8,0 °C, faze variraju od 7,2 do 7,5
mjeseci (3to znaci da maksimalni vremenski pomak iznosi devet dana). Ova je
promjenjivost uglavnom uvjetovana jesensko/zimskim procesom hladenja.
Amplituda prvog harmonika izuzetno je niska u Senju, dok se pripadna faza ne
razlikuje bitno od tipi¢nih obalnih vrijednosti. To je povezano s niskim tem-
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peraturama koje se u ovom podrudju javljaju ljeti. Na postaji Sv. Ivan (u blizini
Rovinja) proljetno/ljetno zagrijavanje znatno je brZe od jesensko/zimskog hla-
denja. Pojava se mozZe pripisati utjecaju rijeke Po, ¢ije vode se razlijevaju
otvorenim Jadranom u proljeée i ljeto, do¢im su uglavnom zbijene uz zapadnu
obalu tijekom jeseni i zime. Utvrdeno je da su visegodi$nje promjene svih
razmatranih parametara znatno manje od pripadnih dugogodisnjih srednjaka,
a u nekim sluéajevima male su ¢ak i u usporedbi s prostornim promjenama tih
srednjaka.

1. Introduction

Temperature of the Adriatic Sea has been the subject of intensive investiga-
tions ever since the early study carried out by Lorenz (1863). A part of the work
concentrated on the open Adriatic, being based on shipborne measurements
which are usually performed over large portions of the sea with, however, rather
poor time sampling intervals. Results deduced from the offshore oceanographic
data have been summarized by Buljan and Zore-Armanda (1976). Complemen-
tary investigations utilized shore-based measurements, which are restricted to
the surface level of stations distributed along the Adriatic coast, but provide time
series of daily, or even hourly mean values. A number of coastal stations has
been covered in the literature: Trieste (Polli, 1940; Picotti, 1955), Rovinj (Vatova,
1948), Koper (Bernot, 1960), Split/Marjan (Buljan, 1961; Zore-Armanda et al.,
1991), Fano (Scaccini-Cicatelli, 1975, and earlier references by the same author),
and Hvar (Stipani¢i¢, 1975). Moreover, on several occasions an intercomparison
of data taken at different coastal stations has been performed. Bernot (1965)
analysed five-year time series collected at Koper and Trieste, Zore-Armanda
(1969) discussed data collected over a six-year interval at 14 stations along the
east Adriatic coast, whereas Stipani¢i¢ (1977) compared measurements originat-
ing from Senj, Split and Dubrovnik (without specifying time interval during
which the data were registered).

A pronounced signal in time series of the sea temperature is, of course, the
annual one. Hann (1901), inspired by a data set originating from the Adriatic
Sea, pioneered the use of the Fourier analysis to describe the annual cycle. Later
on, the method was applied to temperature data collected in the European shelf
waters (Dietrich, 1953), and was used to investigate annual thermal variability
of the world oceans (see Levitus, 1987, and references cited therein). Following
Hann, several authors submitted the Adriatic shipborne measurements to the
Fourier analysis with the aim of extracting the annual signal (Mosetti, 1964;
Skrivanié, 1975; Stravisi, 1983). Furthermore, Buljan (1961) used five years of
temperatures, registered daily at Split/Marjan, to compute the amplitude and
phase of the first harmonic of the annual cycle.

Recently, some twenty-year long time series of sea surface temperature
(SST), measured on a daily basis at 21 stations along the east Adriatic coast,
became available. The data have been subjected to the Fourier analysis. Results
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obtained are described in this paper. In the second section the data and methods
of their analysis are described. The third section focuses on average annual cycle
of SST. The fourth section describes the year-to-year variability. In the final, fifth
section the results for the east Adriatic coast are summarized, and are compared
with the western coast measurements and remotely sensed data.

2. Data and methods

As already mentioned, SST data base for this investigation consisted of
measurements performed at 21 stations distributed along the east Adriatic coast
(Figure 1). Measurement intervals for which the data were available are indi-
cated in Figure 2. All the data except those of Split/Marjan were provided by the
Maritime Meteorological Center (Split), whereas the Split/Marjan data were
supplied by the Institute of Oceanography and Fisheries (Split). Primary data
control and quality checks were carried out by the two institutions.

SST was measured at a 30 cm depth, in a water column at least 5 m deep,
using standard bucket thermometers. Precision of such measurements is es-
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Figure 1. Topography of the Adriatic Sea and position of sampling points (1-21). The station
names are given in Figure 2. Also depicted are the Po River mouth and the Fano station.
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Figure 2. Intervals for which data were available at stations indicated in Figure 1. Solid lines
represent intervals over which measurements were performed three times a day, dotted lines mark
intervals with only two readings made per day.

timated at +0.1 °C. Station locations were selected so as to avoid areas in-
fluenced by pronounced currents and strong freshwater inflows. At most sta-
tions measurements were performed three times a day, at 7, 14 and 21 h EMT.
Exceptions are Blitvenica and Split/Marjan, and partially Rijeka and Makarska,
where readings were made at 7 and 14 h EMT only (Figure 2).

The two measurement strategies do not yield daily mean values which would
be completely comparable. Assuming daily SST change that amounts to 2 °C,
with the minimum occurring at 4 h and maximum at 16 h EMT (Zore-Armanda,
1978), daily mean value computed from three measurements would surpass
mean obtained from two measurements by 0.06 °C. Consequently, we refrained
from pooling all the data together.

From daily mean values monthly means were computed and used as input
data for further analysis. This comprised developing in the Fourier series the
annual cycles averaged for a number of selected stations, as well as those ob-
tained for each particular station/year. A function of the form
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T(t) = A, + Aysin (_23‘2 [ — ‘Pl) + Assin (2 Et - (pz) (1)
12 12
was least-squares fitted to twelve monthly means/averages T; (i = 1, 2...12).
Here, T denotes temperature, ¢ is time counted from the beginning of the year
(in months), and the meaning of other symbols is obvious.
Henceforth, phases will be defined via the moment at which a harmonic
reaches its maximum:

14 6
M, = (§+<pk) or’ k=12 (2)

Analogously to time, this value is expressed in months and is counted from the
beginning of the year (e. g. M; = 7.0 months implies that the maximum in the
first harmonic occurs on 1 August). Percent variance contribution of a particular
harmonic to the annual cycle will also be computed, according to:

600 A2
P = - — k=12 (3)
D (Ti— A

i=1

Exclusiveness of the first harmonic implies that the heating and cooling proces-
ses are symmetrical, whereas significant contribution from the second harmonic
— characterized by a proper phase — would signify that one process is being
speeded up, the other slowed down.

3. Average annual variations

In order to analyse typical annual cycle of SST, we have averaged monthly
mean values over two time intervals. The first interval is thirteen years long
(1962-1974) but covers data for nine stations only. The second interval is much
shorter (1970-1974), yet it comprises data from twelve stations altogether.

For the first time interval, average annual cycles and their representation by
the first harmonic are shown in Figure 3. The variance contribution of the first
harmonic is extremely high, over 98 % at all the stations considered (Table 1).
The greatest contribution of the second harmonic is found at the Sv. Ivan station,
where heating is significantly faster than cooling.

The second time interval is more suitable for an analysis of spatial distribu-
tion of SST-related parameters. Monthly averages for the 1970-74 interval are
given in Table 2. Minimal SSTs occur in February or in March, whereas maxi-
mal values occur in August at all the stations. Spatial distributions of average
SST in February and August are shown in Figure 4. In winter there are pro-
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Table 1. Mean annual temperatures (Ao, °C), amplitudes (A1 and A2, °C), phases (M1 and Ma,
months) and percent variances (P1 and P2, %) of the first and second harmonic of the annual cycle,
averaged over the 1962—74 interval.

Station Ao Al Ml Pl Az Mz P2
Piran 157 82 7.2 995 05 01 04
Sv. Ivan 158 7.2 7.5 984 09 07 15
Sen) 149 b4 75 981 06 04 14
Rab 16.4 6.8 7.2 987 08 05 12
Sibenik 175 56 7.4 989 05 0.2 08
Split 1723 6.1 74 990 06 05 0.9
Hvar 178 56 7.6 996 03 02 03
Sestrice 176 54 76 994 04 00 05
Dubrovnik 179 57 73 995 02 07 0.1

Table 2. Monthly averages of sea surface temperature recorded between 1970 and 1974 (°C).

Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

" Piran 9.0 87 90 119 168 21.6 234 244 21.7 17.3 139 109
Sv.Ivan 101 97 97 11.1 148 197 232 24.1 220 17.8 145 12.1
Rijeka 11.2 103 10.1 11.7 152 19.6 240 24.5 20.0 16.7 14.2 12.2
Senj 105 104 10.2 11.3 149 19.1 19.8 209 184 159 14.0 122
Rab 10.8 10.6 11.0 129 167 21.4 230 24.0 213 174 145 122
Veli Rat 13.1 124 120 135 163 20.5 229 24.0 223 19.0 165 144
Sibenik 12.8 12.7 12.7 142 174 21.2 226 23.5 21.8 187 16.3 14.5

Split 12.1 11.8 12.0 136 17.0 21.0 228 236 21.5 18.6 156 13.1
Makarska 12.2 11.8 12.1 13.5 17.1 204 22.8 24.1 21.7 18.6 16.2 13.5
Hvar 13.3 12.7 127 14.2 168 204 224 236 225 19.8 172 14.8

Sestrice 13.3 12,5 125 14.0 168 20.5 224 23.2 220 197 17.1 14.8
Dubrovnik 13.3 13.0 13.2 14.6 17.2 21.0 229 23.6 224 189 163 14.3

nounced differences between the north and south: over the North Adriatic SST
rapidly increases in a southward direction, to become almost uniform over the
Middle Adriatic. The minimum occurs at Piran (8.7 °C), the maximum at
Dubrovnik (13.0 °C). Close to the coast SST is somewhat lower than farther
offshore (compare values found at the coastal station Split and the offshore
station Hvar). The summer SSTs show a more uniform distribution. They are
slightly higher in the north (Rijeka, 24.5 °C) than in the south (Sestrice, 23.2 °C).
There is a pronounced singularity in the vicinity of Senj, where average August
SST is as low as 20.9 °C.

Results of the Fourier analysis for the 1970-74 interval are given in Table 3.
At all the stations the variance contribution of the first harmonic is somewhat
lower than for the long time interval (see Table 1). It ranges between 92.6 %
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Figure 3. Average annual cycle of SST (solid line) and its representation by the first harmonic

(dashed line) at nine stations, for the 1962-74 interval.
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Figure 4. Spatial distribution of SST's, averaged for February (left) and August (right) over a 5-year
interval (1970-74).
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Table 3. Mean annual temperatures (Ao, °C), amplitudes (A1 and Az, °C), phases (M1 and Mo,
months) and percent variances (P1 and P2, %) of the first and second harmonic of the annual cycle,
averaged over the 1970—74 interval.

Station Ao Al Ml Pl A2 M2 PZ
Piran 157 80 7.2 985 0.9 0.6 1.2
Sv. Ivan 157 73 74 969 13 1.0 3.0
Rijeka 158 67 7.3 926 1.8 0.8 6.7
Senj 148 53 7.3 959 09 05 3.1
Rab 163 67 72 974 10 08 22
Veli Rat 172 58 175 9.8 1.0 09 3.0
Sibenik 174 55 173 978 07 07 18
Split 169 60 72 978 08 09 2.0
Makarska 170 60 7.3 979 0.8 09 17
Hvar 175 55 7.5 988 0.6 1.1 1.1
Sestrice 174 54 175 988 0.6 07 1.1
Dubrovnik 176 54 173 974 08 11 23

(Rijeka) and 98.8 % (Hvar and Sestrice). The sum of the percent variances of the
first and second harmonic is close to 100 % everywhere. Mean annual tempera-
ture is generally increasing from the north to the south, with the minimum
found at Senj (14.8 °C). The maximal value at Dubrovnik (17.6 °C) is about 2 °C
higher than the mean annual temperature at Piran, the northernmost station.

PHASES (MONTHS)

AMPLITUDES (°C)

Figure 5. Spatial distribution of amplitudes (left) and phases (right) of the first harmonic of the
SST annual cycle, computed for the 1970-74 interval.
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Spatial distribution of amplitudes of the first harmonic is shown in Figure 5§
(left). The amplitudes are decreasing from the north towards the south. The
maximum occurs at Piran (8.0 °C). At the southernmost stations Sestrice and
Dubrovnik the amplitude equals 5.4 °C. The singularity at Senj is again obvious,
with the minimal amplitude (5.3 °C) being recorded there. A decrease of am-
plitudes in an offshore direction is also visible. The amplitude at a coastal station
- Split - is 0.5 °C greater than at the nearby insular station Hvar. Although the
amplitudes are generally decreasing towards the south, the value found at the
northern insular station Veli Rat is smaller than at the Split station. However,
there is no difference between the amplitudes recorded at Rijeka, a coastal
station in the north, and at the nearby insular station Rab.

Spatial distribution of phases of the first harmonic is also shown in Figure
5 (right). At all the stations the maximum in the first harmonic occurs in the
first half of August, the minimum in the first half of February. The phases range
between 7.2 and 7.5 months (implying maximal time lag of nine days). There is
a pronounced difference between the inshore and offshore stations. Along the
eastern Adriatic coast phases do not surpass 7.3 months, irrespective of the
geographical latitude. Farther offshore phases increase to 7.4 and 7.5 months,
indicating that the open sea lags behind the coastal waters.

By comparing Figures 4 and 5 it may be noticed that spatial distribution of
amplitudes of the first harmonic resembles for the most part the winter SST
pattern. However, Senj makes an exception: the minimum of the amplitude of the
first harmonic is related there to the low summer SST. Monthly averages listed in
Table 2 indicate that spatial distribution of phases, shown in Figure 5, is also
influenced by the autumn/winter cooling rather than the spring/summer heating.

4. Year-to-year variability

With the aim of investigating the year-to-year variability of the annual cycle,
we have subjected monthly mean SSTs for all the station/years to the Fourier
analysis. Mean annual values thus obtained for six stations are shown in Figure
6. The most pronounced variations are observed at Dubrovnik, where their
range amounts to 2.1 °C. At a nearby insular station, Hvar, minimal variations
are found (range - 1.3 °C). In the years 1966 and 1978 extreme values occurred
at all the stations considered, in some other years extremes were recorded at a
part of stations only. Over the two decades of measurement a cooling trend -
more pronounced in the south than in the north — was registered.

Time series of amplitudes of the first harmonic are depicted in Figure 7. The
variability is less pronounced at the insular stations (Hvar — 1.4 °C, Rab - 1.8
°C) than at the coastal stations (where the range surpasses 2 °C). The universal
1978 minimum of Figure 6 is also visible here, being obviously caused by an
anomalously cold summer. The 1966 maximum of Figure 6 appears here as
minimum in the north (warm winter event), maximum in the south (warm
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Figure 6. Year-to-year variability of the mean annual SST at six stations.

summer event). Of some interest is also the maximal amplitude of the first
harmonic, recorded everywhere in 1963 (Figure 7). Most probably, it was due to
the combined warm summer and cold winter events, which might produce
minima of the mean annual values recorded in the north, maxima in the south
- (see Figure 6).

Obviously, an interpretation of time series shown in Figures 6 and 7 requires
information on the summer and winter temperatures. These were computed by
averaging monthly mean values over three successive months (January,
February and March - winter, July, August and September — summer). Results
are shown in Figure 8. They support previous interpretation of SST-related
parameters obtained for the years 1963, 1966 and 1978. Moreover, they single
out as interesting years 1964 (combined cold summer and warm winter in the
south), 1965 and 1967 (warm summer and cold winter in the south) and 1972
(cold summer and warm winter in the north).

-
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Figure 7. Interannual variability of amplitudes of the first harmonic of the SST annual cycle at six
stations.

Year-to-year variability of phases of the first harmonic is documented in
Figure 9. The first harmonic peaks in August, with the exception of the years
1972 (Rab and Split) and 1977 (Dubrovnik) when the maximal values appeared
at the end of July. The early appearance of the maximum in 1972 is detectable
everywhere, as are the late appearances in 1962 and 1967. Results of analysis of
the longer time series available for the Split/Marjan station (not shown) indicate
that the 1972 event was quite exceptional. Figure 9 shows that variations of
phases of the first harmonic are smallest at Piran, where their range equals 15
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Figure 8a. Time series of the average summer (July, August, September) and winter (January,
February, March) temperatures at stations Piran, Senj and Rab.
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Figure 8b. As in Figure 8a, except for stations Split, Hvar and Dubrovnik.






