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Abstract

:

The paper compares air and sea surface temperatures in recent years on two islands in the Adriatic Sea. The data measured at the climatological station Krk on the island of Krk and the main meteorological station Lastovo on the island of Lastovo are used. The island of Krk is located in the north of the Adriatic Sea and Lastovo in the south. Since a significant increase in air and sea surface temperatures has been observed over the last thirty years, the goal is to establish how they reflect at these two stations, 313 km apart. The goal of the analysis is to monitor the changes in these two islands to reduce the negative impacts they may cause. The analysis of sea temperatures showed that global warming has a greater impact in the northern Adriatic than in the southern Adriatic. Air and sea surface temperatures have a faster upward trend on Krk than on Lastovo. Similar to the Mediterranean Sea, a positive trend was observed in the Adriatic Sea for both sea surface temperature and air temperature.
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1. Introduction


The total area of the Mediterranean Sea is 2.5 × 106 km2 and has a volume of 3.75 × 106 km3. The Mediterranean Sea is divided into the following 12 units: (1) the Alboran Sea; (2) the Mar Menor Sea; (3) the La Mar Chica Sea; (4) the Adriatic Sea; (5) the Ionian Sea; (6) the Libyan Sea; (7) the Cilician Sea; (8) the Levantine Sea; (9) the Ligurian Sea; (10) the Tyrrhenian Sea; (11) the Balearic Sea; and (12) the Aegean Sea.



The Mediterranean region has been identified as one of the most sensitive regions in the world to climate change [1]. Coll et al. [2] consider that the Mediterranean Sea displays some of the richest diversity in the world. According to analyses by Pascual et al. [3] the oceanographic barriers in the Mediterranean Sea seem to reduce gene flow globally. The Mediterranean area is considered one of the most vulnerable regions on the planet due to the uncontrolled and unsustainable development of tourism, vulnerable ecosystems, socio-economic instability, and the impact of climate change. A particular danger is the consequence of global warming, which affects the intensification of droughts and, thus, the reduction in agricultural productivity [4,5,6,7].



Pastor et al. [8] point out that the Mediterranean basin has been classified as a hot spot for climate change. The Mediterranean Sea plays a fundamental regulatory role in the broader regional climate. Although they found warming throughout the whole Mediterranean basin, the spatial variability found leads to the division of the basin into few distinct subareas regarding warming. This warming rate has the highest values in the eastern Mediterranean and the northern half of the western Mediterranean, and the lowest trend to the south of Italy.



The sea surface temperature in the Mediterranean results from an equilibrium dominated by energy generation due to solar radiation in subtropical high-pressure conditions that prevail over a large area in summer and significant heat losses during evaporation. As a result of the former interaction, the values of the sea surface temperature in the Mediterranean increase in the east and south direction [9].



With about 10,000 islands and islets, the Mediterranean Sea can be considered one of the largest archipelagos in the world [1]. Within Croatia’s territorial water in the Adriatic Sea, there are 79 islands, 525 islets, and 642 rocks, and rocks awash, which cover an area of 3259.56 km2 [10].The Adriatic Sea is a deep and shallow bay of the Mediterranean Sea. It covers an area of 138,595 km3 with a volume of 35 × 103 km3. On these bases, the Adriatic Sea is only 5.5% of the total area of the Mediterranean Sea and only 0.93% of its volume.



The physical properties and processes that occur in the Adriatic Sea are under the direct influence of atmospheric processes, the inflow of inland waters, and its specific topography. In the shallowest part on the north, the inflow of water from the river Po, as well as numerous strong karst springs and submerged rivers (the source of the Rječina River, the rivers Lika and Gacka, etc.) are particularly important for physicochemical processes. In the southernmost part, an important control factor is the interaction of the Adriatic and Ionian Seas. The Adriatic Sea has a lower level of salinity than other parts of the Mediterranean. It contains about a third of the freshwater that enters the entire Mediterranean Sea. Therefore, the Adriatic Sea is the only of the twelve aforementioned seas with the so-called positive water balance, i.e., more freshwater enters than is lost by the evaporation of seawater.



The climate in the entire Adriatic Sea is Mediterranean. The effects of the continental and maritime climate in the northern part are different from those in the central and southern part of the Adriatic. Therefore, according to the Köppen–Geiger climate classification, the northern part belongs to Cfa (moderately warm humid climate with hot summers), and the middle and southern part to Csa (Mediterranean climate with hot summers) and, to a lesser extent, to the Csb area (Mediterranean climate with warm summer) [11,12,13,14,15].



This paper will analyse the recent development of sea and air surface temperatures on two islands in the Croatian part of the Adriatic Sea: (1) Krk; (2) Lastovo. The island of Krk is located in its northern part, while the island of Lastovo is on the open sea in the southern part. The aim of this paper is to establish differences in the behaviour of recent air and sea surface temperatures on two small islands based on existing, unfortunately quite limited, data. Figure 1 shows a map of Croatia indicating positions of the islands and the air distance between the locations of the meteorological stations Krk and Lastovo.



The island is a landmass surrounded by water. Due to its separation from the continental landmass, each island is a climatologically and hydrologically limited unit with a unique local water balance. Due to the possible and expected negative consequences of variations and climate changes, and especially the effect of global warming, particularly endangered locations are small islands in the Mediterranean, covering less than 1000 km2 [16,17,18]. The fact is that each island reacts distinctively to climate change depending on its location, topography, geological structure, vegetation coverage, etc.



The statistical characteristics of recent air temperatures in Lastovo are described in detail in several articles [19,20,21]. Analysing the characteristic (minimum, mean, and maximum) annual and monthly air temperatures in 1948–2020, a statistically significant increase is observed in all three indicators. It is found that the sudden rise in the minimum annual air temperatures began at the earliest, i.e., in 1972, while the sharp rise in the maximum annual air temperatures began nine years later in 1981. The sharp jump in the mean annual temperatures measured at the meteorological station Lastovo began in 1992.



In some locations, almost identical behaviour of air temperatures is found on some other islands located in the central and southern Adriatic, such as: (1) Korčula [22,23]; (2) Hvar [24,25,26]; (3) Vis [20,26]; (4) Biševo [20]; and (5) Palagruža [20,27].



Sea surface temperature is one of the essential climate variables contributing to the characterization of the local, regional and global climate. The study and analysis of sea surface temperature and its influence on air temperature have been receiving growing interest in the last two decades [28,29,30]. The main mechanism by which the ocean interacts with the atmosphere is through heat and moisture exchanges. Those processes exert a major influence on the development of extreme weather events.



Sea surface temperature in the Adriatic has been studied less frequently than air temperature since these measurements are performed at a significantly smaller number of locations and the observations are performed in a much shorter time series with frequent interruptions. According to Iona et al. [31], insufficient spatial and temporal coverage of in situ data has led to large uncertainties and differences in the approaches used, especially for estimates at the scale of a large basin. Despite the sparse data, most scientists emphasize that there is a trend toward warming sea surface temperatures in the Mediterranean [8,30,31,32].



Analyses of recent sea surface temperatures of the central Adriatic islands Hvar, Vis, and Split show that the series of the mean annual sea surface temperatures behave similarly to air temperatures. At the three former locations, a difference in the beginnings of a sharp rise in temperature is observed. A sharp rise in air temperature began in 1992, while a sharp rise in sea surface temperatures began six years later, in 1998 [24,25,26]. Thus, processes of air and sea temperature change have been observed in several places and intensify throughout the Croatian part of the Adriatic, varying locally under the influence of local environmental conditions.



The fact is that research on existing and potential adverse consequences of climate change on the islands and coastal areas of the Republic of Croatia is insufficient concerning their national and regional significance. Benac et al. [33] emphasize that other coastal countries, members of the European Union, approach this crucial issue more systematically. This paper should serve as a contribution to efforts to understand in more detail the differences in air and sea temperature rises across the Adriatic and possibly mitigate the potential dangers of global warming. One of the measures is that the detection of changes may lead to a better awareness of the importance of continuous monitoring of key parameters, and hydrological and hydrogeological measurements that would give a more complete picture of the actual situation. It will also be possible to implement long-term sustainability measures in the form of reducing the vulnerability of karst aquifers and protecting existing water resources, especially on islands with unique and limited local water resources.




2. Materials and Methods


2.1. Description of Locations


The island of Krk, with an area of A = 405.22 km2, is the second largest island in the Adriatic Sea. Its coastline is 219.12 km long, and it consists of numerous bays, coves and natural harbours. The indentation coefficient of the coast of the island of Krk is 2.6 [10,34]. The indentation coefficient of an island is defined as the ratio between the coast and the circumference of a circle that encloses a space equal to the surface of the island. The highest peak of the island is 568 m above sea level (above sea level). According to the 2011 census, the island of Krk, with 19,374 inhabitants, is the most populated island in the Adriatic and one of the few with an increasing population.



The relief of the island is extremely diverse. There are three basic geomorphological units: (1) karst plateau in the northeast; (2) hilly southeaster part; and (3) lower undulating karst plateau in the west. It is composed mainly of carbonate rocks predominantly from the Cretaceous period. Limestone Paleogene breccia and foraminiferal limestone can be observed in smaller areas [33,34]. The vulnerability of the coast of the island of Krk will increase by further sea level rise due to global warming [33]. According to the Köppen–Geiger climate classification, Krk belongs to the Cfa climate type.



The coordinates of the climatological station Krk are 45°01′14″ north latitude and 14°33′54″ east longitude. The station is located near the city centre, and the altitude of the station is 28 m above sea level. It is about 20 m air distance from the sea and about 90 m from the location for measuring the sea surface temperature. Krk is a Mediterranean town with 6821 inhabitants and a large number of tourists during the summer. Krk and its wider surroundings are exposed to gusts of bora wind during the winter, which affects the temperatures of both the air and the sea surface.



Lastovo is located on the open sea in the middle of the southern part of the Adriatic Sea. Its location is ideal for studying the climate of the open part of the southern Adriatic. It is the most remote island in the Croatian part of the Adriatic Sea. The area of the island is A = 40.82 km2, and the length of the coastline is 48.97 km [10]. It is 10 km long and 5.8 km wide. The highest peak on the island, Hum, has an altitude of 417 m above sea level. The indentation coefficient of the shores of Lastovo is 2.10.



Lastovo is the fifteenth largest and eighteenth most populated Croatian island in the Adriatic. According to the 2011 census report, there were 792 inhabitants. It is surrounded by 46 islets, cliffs, and underwater reefs. Lastovo is composed of carbonate rocks. Limestone predominates, with dolomite in the western part. Numerous karst depressions are filled with sand accumulations and flag deposits mixed with humus soils [35].



According to Köppen–Geiger’s climate classification, the island of Lastovo belongs to the Csa climate type. This type of climate refers to the Mediterranean climate with hot summers, while in the coldest winter month the mean monthly temperature is never lower than 0 °C. The mean monthly temperature is higher than 22 °C in at least one month, while the air temperature is higher than 10 °C throughout at least 4 months. During the wet months of the year, at least three times more precipitation falls in autumn and winter than in the summer dry months, while in the driest month of the year, less than 30 mm of precipitation falls on average. Southeast (south) and northwest (mistral) winds dominate. The northeast (bora) wind blows less often, most commonly occurring during the winter months. It is very cold, thus affecting the cooling of the sea surface temperature. The vegetation of the island is well preserved and very rich in numerous Mediterranean species. Frequent droughts occur in this type of climate, so it is treated as a semi-arid variant of the Mediterranean climate. The term “olive climate” is also commonly used, characterized by mild, humid winters with plenty of rainfall and dry hot summers.



The small area of the island, the significant distance from the mainland, and the karst landscape make Lastovo very vulnerable, especially endangered by global climate change. Even small changes in air and sea surface temperatures, as well as a reduction in precipitation or their redistribution during the year, can cause significant negative consequences for both the environment and its socio-economic balance.



The main meteorological station Lastovo was founded in 1948. Its geographical coordinates are 42°46′06″ north latitude and 16°54′00″ east longitude. It is located at an altitude of 186 m above sea level on top of a hill above the village of Lastovo, so its climatic characteristics are not affected by any anthropogenic effects. The sea surface temperature on Lastovo is measured in the bay of Zaklopatica. The geographical coordinates of this location are 42°46′25″ north latitude and 16°52′24″ east longitude. This place is 2110 m air distance northwest from the main meteorological station Lastovo. The air distance between the climatological station Krk and the main meteorological station Lastovo is 313 km, while the distance between the central parts of these two islands is 320 km.




2.2. Data and Methods Used


The main goal of this paper is to analyse the differences in behaviour (primarily the intensity of the rise) between air temperature and sea surface temperature in the northern and central and southern parts of the Adriatic Sea. To fulfil this task, simultaneous reliable measurements of sea and air surface temperatures at two meteorological stations, at least, are required. Unfortunately, it was not possible to fully follow this assumption because the measurements of sea surface temperature for the entire Adriatic, and especially for the northern part, have been quite rare and with numerous interruptions. Notwithstanding this limiting fact, it seemed paramount not to begin by considering this issue to allow us to use the existing data as soon as possible, no matter how insufficient they may be.



The problem of data availability is the result of a sparse network of measurement stations, little investment in measurement infrastructure, and, most importantly, a lack of understanding of the benefits of climate observations for development [36]. This problem is even more pronounced in hard-to-reach and geographically remote areas. The lack of data also means a lack of available information for conducting an analysis of climate and the impacts of climate change in an area. Since science requires evidence [37], the focus must be on expanding measurement systems and data availability. In this way, timely solutions can be found to reduce sensitivity to climate change. Therefore, this paper should be considered as an incentive for colleagues of a wider Croatian and Mediterranean scientific community to deal with this issue in an interdisciplinary, more systematic, and organized manner.



All meteorological data used in this paper are official data obtained from the State Hydrometeorological Institute in Zagreb, for which we express our gratitude. For the climatological station Krk, the characteristic (minimum, mean and maximum) daily air temperatures in the period 1981–2020 are available, with downtime from 1987–1997. There were no interruptions at the main meteorological station Lastovo during the period 1948–2020.



Table 1 presents the data on available sea surface temperature measurements at the two analysed stations. Apparently, the measurement of sea surface temperature on Lastovo started in January 2007 and on Krk in August 2010. Measurement data over 113 months and eight full years are available for Lastovo and 78 months and five full years for Krk. Simultaneous measurements are available at both analysed stations over 76 months.



The conventional method of measuring sea surface temperature in Croatia is performed using a thermometer immersed at a depth of about 30 cm in a representative place where the water is not shallower than 1.8 m. The thermometer is kept at that depth for three minutes. When brought to the surface, it must be read quickly, minding not to make a reading error due to parallax. The sea surface temperature is measured three times, the same as the air temperature, i.e., at 7, 14, and 21 h (local time).



The mean daily air and sea surface temperature, Tmean, at climatological stations in Croatia is determined by the following expression:


Tmean = [T7 + T14 + (2 × T21)]/4,



(1)




where in, T7, T14, T21, temperatures were measured at 7, 14, 21 h (local time), respectfully. Among many other methods of calculating daily mean temperature [38], this method is most widely used in Central and Eastern European countries [39,40].



The relatively short series with interruptions in the observation limit the possibility for the application of more complex statistical analyses. Therefore, only the linear regression directions are calculated, as follows:


T = (a × t) + b,



(2)




where, T, denotes the analysed temperature, t, the year, or month in the analysed time series, while, a, b, represent the coefficients of the direction of linear regression defined by applying the theory of least squares. The coefficient, a, represents the slope of the regression direction whose dimension is °C per year or per month. It can serve as a good quantitative indicator of the average intensity of the trend of rising or falling values of temperatures of the analysed time series. In addition, the value of the square of the linear correlation coefficient, R2, is calculated for each regression direction. Due to the aforementioned shortness of the analysed time series of air and sea surface temperatures, as well as numerous interruptions in measurements, there is no use in checking the statistical significance of linear trends with some of the existing nonparametric tests (Mann–Kendall and/or Spearman Rank Order Correlation—SROC). However, F-test and t-test were used to calculate the statistical significance of differences between averages. The F-test was used to determine the statistical significance of differences in variance, while the t-test was used to quantitatively assess the statistical significance of mean value differences over two-time periods [41,42]. In both tests, the value of p < 0.01 was chosen as the level of significance of differences.





3. Results and Discussion


This chapter analyses the available series of air and sea surface temperatures on two small islands in the Adriatic Sea. As the island of Krk is in the northern part, and Lastovo in the south, it is realistic to assume that, based on analyses of temperatures measured at their locations, it will be possible to conclude, or at least make relatively reliable assumptions, about differences in global warming in the northern and southern parts of the Adriatic Sea. As previously stated, this paper aims to study the differences in the behaviour of the observed temperatures on the two islands in the Adriatic Sea, in pursuit of conclusions about the future development of the process.



3.1. Analysis of Characteristic Annual Air Temperatures


At the climatological station Krk, the characteristic (minimum, mean, and maximum) annual air temperatures in the periods from 1981–1986 to 1998–2020 (hence a total of 29 years) are available. Due to this fact, the comparison is made only for these periods to the corresponding characteristic air temperatures observed at the main meteorological station Lastovo, which had a continuous series of 73 years in the period 1948–2020 [19,20,21].



In the analysed 29 years, the minimum annual air temperatures on the Krk ranged from −9.0 to −1.0 °C with an average value of −5.33 °C. At the same time, the average minimum annual air temperature on Lastovo was 4.45 °C higher and was −0.88 °C, ranging from −4.5 to 1.8 °C. Therefore, the average value of the difference between the minimum annual air temperatures of Lastovo and Krk is 4.45 °C and ranges from 2.3 to 8.4 °C. Based on the series of the minimum annual air temperatures shown in Figure 2A, it is possible to observe very slight trends of the minimum annual air temperatures increase at both analysed stations, more intense on Lastovo than on Krk, which resulted in a slight increase in differences between their annual minimum air temperatures. It seems there was no trend of the minimum annual air temperature increase at the two observed stations. The value of the square of the coefficient of linear correlation between the minimum annual air temperatures of Lastovo and Krk is R2 = 0.4361 (Figure 3A).



In the case of the mean annual air temperature series, shown in Figure 2B, the situation is substantially different. At both stations, a substantial trend of increases in the mean annual air temperatures is observed. The minimum and mean annual values between the two stations show a significant difference in the mean values (Table 2). The trend is slightly higher on Krk than on Lastovo, which resulted in a slight downward trend in the differences between the mean annual air temperatures on Lastovo and Krk. The mean annual air temperatures on Krk ranged from 13.58 to 16.16 °C with an average value of 15.04 °C. At the same time, the mean annual air temperature on Lastovo was 1.29 °C higher, i.e., 16.33 °C, and it ranged from 15.14 to 17.41 °C. Therefore, the differences between the mean annual air temperatures of Lastovo and Krk range from 0.79 to 1.89 °C with an average value of 1.29 °C. The value of the square of the coefficient of linear correlation between the mean annual air temperatures of Lastovo and Krk is high and amounts to R2 = 0.8431 (Figure 3B).



The analysis of the series of the maximum annual air temperatures shown in Figure 2C indicates the presence of a slight upward trend at both stations, yet more substantial on Krk, which causes a slight downward trend between the maximum annual air temperatures of Lastovo and Krk. Maximum annual air temperatures on the Krk ranged from 34.1 to 38.8 °C with an average value of 36.39 °C. On Lastovo, the maximum annual air temperatures ranged from 32.5 to 38.3 °C. The average mean annual air temperature on Lastovo was 35.87 °C, which is 0.52 °C lower than on Krk. For each year, the differences ranged from −3.3 to 1.5 °C. The value of the square of the coefficient of linear correlation between the maximum annual air temperatures of Lastovo and Krk is R2 = 0.2137 (Figure 3C).




3.2. Analysis of the Mean Monthly Air Temperatures


The analysis of the ratio of the mean monthly air temperatures on Lastovo and Krk during the 12 months of the year provides a more detailed picture of their relationship, which changes in different parts of the year. Figure 4 shows histograms of average values of the mean monthly air temperatures of Lastovo (brown) and Krk (blue) and a number of their differences (red) in the period 1981–1986 and 1998–2020. From this presentation, it is possible to notice that the average mean air temperatures are always higher on Lastovo than on Krk, but the ration changes drastically within a year. The greatest differences occur during the cold parts of the year, most strongly in December, followed by November, then January, and February. The difference is lowest in June when the average mean monthly air temperatures are almost identical. In that month, the average mean air temperature on Lastovo was higher than on Krk, only by 0.004 °C. The differences increase from July to December and decrease from January to June.



From the ratio of mean monthly air temperatures of Lastovo (ordinate axis) and Krk (abscissa axis) in the period from January 1981 to December 1986 and from January 1998 to December 2020, shown in Figure 5, a high coincidence of mean monthly air temperatures is observed. The value of the square of the linear correlation coefficient is very high, that is R2 = 0.9805. For 61 months (17.5% of the total of 348 months considered), the mean monthly air temperatures on Krk are higher or equal to those on Lastovo. This mostly happens during June and less frequently in May and July.




3.3. Analysis of the Mean Daily Air Temperatures


The analysis of the daily course of mean air temperatures at the two stations was performed in the period from 1984 to 2018. In the former, the mean annual air temperature was 13.58 °C on Krk and 15.16 °C on Lastovo. The year 1984 was the coldest of the observed 29-year period. In the warmest, 2018, the mean annual air temperature on Lastovo was 17.41 °C, and on Krk 16.16 °C. Graphic representations of mean daily temperatures of Lastovo (brown), Krk (blue) and their differences between the mean daily temperatures of Lastovo and Krk are shown in Figure 6A (for 1984) and Figure 6B (for 2018). Comparing data from the two stations in two different years revealed significant differences in variances and means (Table 3). Duration curves of the differences between the mean daily air temperatures are plotted in Figure 7. The duration curve indicates what percentage of the time (or a number of days) the observed variable equals or exceeds a certain value of interest. The red curve shows 1984 and the purple 2018. The number of days per year when the mean daily air temperatures on Krk are higher than those on Lastovo ranged between 79 (1984) and 111 (2018) days per year.




3.4. Analysis of the Mean Annual, Monthly and Daily Sea Surface Temperatures


Barbosa and Andersen [43] emphasize that sea surface temperature is a key climatic parameter important for monitoring, detecting, and predicting climatic variations in each region. In addition, the sea plays a fundamental role as a regulator of the climate system through interactions between the sea and the atmosphere, such as the exchange of energy and moisture [8].



The Adriatic Sea is considered a sea sensitive to climate change [44]. Studies in the Adriatic Sea have shown decadal variations in sea surface temperature [44,45,46]. Analysis of mean monthly sea surface temperatures revealed: (i) a cooling trend prior to 1979; and (ii) a significant warming thereafter, especially after 2008 [44]. The warming is more pronounced in the summer months, although the increasing trend is also observed in the winter months, with large variations from year to year. The variability is attributed to synoptic conditions, but also to energy transfer between subtropical and polar regions [44,47]. According to Grbec [44], sea surface temperature changes in the Adriatic are primarily a consequence of the simultaneous response to atmospheric influences and, to a lesser extent, to the spatial distribution of winds (bora) and the alternation between open and coastal waters. By analysing the surface temperature of the sea near Krk and Lastovo, we will try to determine the changes in the northern and southern parts of the Adriatic. Since the series of measurements considered are short and interrupted, reliable conclusions can be drawn only with long-term measurements. Long-term measurements are a prerequisite for the evaluation of long-term changes, especially when there is large decadal variability [46].



As already stated in the introduction, statistically significant trends of increase in mean annual sea surface temperatures, accompanied by statistically significant increases in air temperatures, were established at the stations in the central and southern Adriatic Hvar, Komiža, and Split. The short number of years and numerous interruptions in observations disenabled more detailed analyses of the change in mean annual sea surface temperatures at the Krk and Lastovo stations.



Table 4 records the values of the mean annual sea surface temperatures of Lastovo and Krk and their differences. On Lastovo, during the available eight years, the average annual temperatures ranged from 18.28 to 19.46 °C. On Krk, in the available five years, the average annual sea surface temperatures ranged between 16.76 and 17.84 °C. The average annual sea surface temperature was higher from 1.31 to 2.28 °C on Lastovo than on Krk. The differences in the mean annual air temperatures between Lastovo and Krk are also marked bold green in the last column. They are lower than the differences in the mean annual sea surface temperatures. They range from 0.94 to 1.84 °C.



A graphical representation of the series of the mean monthly sea surface temperatures of Lastovo (brown) and Krk (blue) and the series of their differences (red) for all available months is shown in Figure 8A, while Figure 8B shows the series of data only when measurements were taken at both stations. There is an apparent trend of the increase in average monthly values of sea surface temperature at both stations, while the differences between Lastovo and Krk are smaller.



Figure 9 presents histograms of average monthly sea surface temperatures of Lastovo (brown) and Krk (blue) and several differences (red) in the period from August 2010 to December 2020 for the months when measurements were made at both stations. The average values of sea surface temperature are higher on Lastovo than on Krk in all months, except June when the average mean sea surface temperature of Lastovo was lower by 0.25 °C than that on Krk. In December, the average mean sea surface temperature of Lastovo is higher than that on Krk by 3.26 °C, being the largest difference. It is possible to conclude that the sea around Krk warms up faster, but also cools down faster than around Lastovo.



Figure 10 shows the relationship between the pairs of the mean monthly sea surface temperatures on Lastovo (ordinate axis) and Krk (abscissa axis) in the period from July 2010 to December 2020, when there were measurements at both stations. The high value of the square of the linear correlation coefficient, R2 = 0.942, proves the similarities of the sea surface temperature regime at these two locations. In 76 pairs of values of the mean monthly sea surface temperatures, only in five months were the mean monthly sea surface temperatures higher on Krk than on Lastovo. This happened three times in June, and once in May and July. The relationship between the average values of the mean monthly sea surface temperatures on Krk (ordinate axis) and on Lastovo (abscissa axis) in the period from July 2010 to December 2020, for the months when there were measurements at both stations, is shown in Figure 11.



A series of the mean daily sea surface temperatures on Lastovo (brown) and Krk (blue) and a series of their differences (red) observed during 366 days in 2020 are plotted in Figure 12 to gain better insight into the ratio of the mean daily sea temperatures at the two locations. If we compare it to those in Figure 6A,B, which plot the mean daily air temperatures at those two locations, we can see that the variations in the mean daily sea surface temperatures are much milder than the variations in air temperatures, as expected, given the heat capacities of water and air. During 2020, the number of days with the sea surface temperature on Krk equal to or higher than that on Lastovo was N = 63 (17.2%). This phenomenon can be observed during the warm part of the year from late April to late August, most commonly occurring in June.




3.5. Analysis of the Relationship between the Mean Monthly and Daily Air Temperatures and Sea Surface Temperatures


This subchapter analyses the relationship between mean monthly and daily air temperatures and sea surface temperatures observed at the Krk and Lastovo stations. These analyses indicate differences in the behaviour of the air–sea temperature relationship in the northern and southern Adriatic. Figure 13 shows histograms of the average values of the mean monthly sea surface temperatures (blue) and air temperature (green), and a series of their differences (red) observed on Krk in the period from July 2010 to December 2020 for pairs of months (N = 78) when both climatological parameters were monitored.



Figure 14A,B show histograms of the average monthly mean sea surface temperatures (blue) and air temperatures (green) and the series of their differences (red) observed on Lastovo in the period from January 2007 to December 2020 (13A) (N = 113) and from July 2010 to December 2020 (13B) (N = 78). It is important to note that on Krk, the average monthly sea surface temperatures lower than the average monthly air temperatures occur over five months, from April to August. On Lastovo, this happens only over three months, from June to August. The previously stated conclusion is additionally and, in more detail, confirmed by the relationship between average monthly air temperatures (ordinate axis) and sea surface temperature (abscissa axis) at the stations Krk (blue colour) and Lastovo (brown colour) presented in Figure 15.



The duration curves of the differences between the mean daily sea surface temperatures of Lastovo (brown) and Krk (blue) calculated for 2020 are plotted in Figure 16. It is important to note that on Krk, the air temperature was 120 days (32.8% of the year) higher or equal to the sea surface temperature, while on Lastovo the sea surface temperature in the same year was lower or equal to the air temperature of 88 days or 24.0% of the year.





4. Conclusions


In a series of 29 analysed years, the minimum annual air temperatures were, on average, 4.45 °C higher on Lastovo than on Krk, while the maximum annual air temperatures on Krk were, on average, higher than those on Lastovo by 0.52 °C. The average value of the mean annual air temperatures on Lastovo was 1.29 °C higher than on Krk. The series of the minimum and maximum annual air temperatures at both locations showed a slight increase, while the series of the mean annual temperatures showed a more pronounced upward trend. It is important to note that the series of differences between all three characteristic air temperatures of Lastovo and Krk are slightly smaller. From the latter, it might be concluded that the global warming process has a stronger impact on air temperatures in the northern than in the southern Adriatic. The position of the measurement site also has a certain influence on the different behaviour of sea surface temperatures during the year. On Krk, it is measured in the port, while on Lastovo it is measured in an almost uninhabited bay.



The average mean monthly air temperatures on Lastovo are higher throughout the year than those on Krk. The greatest differences occur in the cold season (November to February), while the difference in June is insignificant. The situation is similar to the average mean monthly sea surface temperatures, which, in June, is lower on Lastovo than Krk.



Although, due to the different and incomplete available time series, it was impossible to draw reliable conclusions in this paper, it seems that both air temperature and sea surface temperature have a faster upward trend on Krk than on Lastovo. On Krk, the sea surface temperature heats up faster (at the end of May and the beginning of June), but it also cools down faster than on Lastovo. The cooling process on Krk starts at the end of July or the beginning of August, while on Lastovo it occurs at the end of August or even at the beginning of September, in some years.



On Krk, the average sea surface temperatures are lower than the average air temperatures during the five months from April to August, while on Lastovo this happens only during the three months from June to August.



The analysis performed in this paper should be a serious incentive for more detailed and complex interdisciplinary study of air and sea temperature throughout the Adriatic. A prerequisite for fulfilling this important task is the establishment of new locations for the sea surface temperature measurements to be performed.



In this paper, as well as in many others [8,30,31,32], a positive trend for both sea surface temperature and air temperature for the Mediterranean and Adriatic Sea had been detected, with a lag between them [48,49]. In addition to the increase in sea temperature, an increase in salinity has also been observed as a result of reduced river inflow and increased evaporation [50]. Substantial changes indicate a weakening of the Adriatic-Ionian thermohaline cell, especially in the north-western part and could be a consequence of the ongoing climate change in the Mediterranean [50,51]. This fact points to the impact that the long-term sea surface temperature warming trend in the Adriatic Sea has already had on marine fauna and the implications of climate change on the population and development of the Adriatic islands.



The small number of stations where sea surface temperature is measured and the short series of observation significantly affect the possibility of adopting reliable and effective measures to mitigate the negative effects of climate change on the islands and coast, not only of the Adriatic Sea but the entire Mediterranean [52]. Advancing knowledge about relationship between air and sea surface temperatures in different locations, especially small islands and coastal areas, can be of great help in analysing, understanding, and coping with the observed and expected future climate change in various sea–land environments and/or landscapes. Limited water and soil resources on our karst islands and coastline with insufficiently controlled and often unsustainable anthropogenic activities (e.g., mass tourism, land use conversion, excessive groundwater abstraction, urbanization, apartment zing, etc.) are increasingly reducing the possibility to adapt not only to existing but also to future climate changes.



It is important to state the conclusions regarding the behaviour of sea surface temperature in the south-eastern part of the Mediterranean Sea were obtained based on the analysis of the series measured in the period 1948–2008. Maiyza et al. [5] observed the presence of a cycle of changing upward and downward trends that fluctuated from 8 to 15 years and acknowledged the possibility that they might be associated with 11-year cycles of solar activity.



This paper pointed out the need to approach monitoring much more systematically, especially of the sea surface temperature in the Adriatic, and to intensify interdisciplinary scientific research on the relationship of air temperature and other climatic parameters with sea surface temperatures, in order to better prepare for an uncertain climate future, which carries several, potentially very dangerous, challenges.
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Figure 1. Study area location map. 
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[image: Atmosphere 13 01158 g001]







[image: Atmosphere 13 01158 g002 550] 





Figure 2. Time series of the minimum (A), mean (B), and maximum (C) annual air temperatures at Krk and Lastovo and their differences in the period 1981–1986 and 1998–2020. 






Figure 2. Time series of the minimum (A), mean (B), and maximum (C) annual air temperatures at Krk and Lastovo and their differences in the period 1981–1986 and 1998–2020.



[image: Atmosphere 13 01158 g002]







[image: Atmosphere 13 01158 g003 550] 





Figure 3. Relationship between the minimum (A), mean (B), and maximum (C) annual air temperatures at Lastovo (ordinate axis) and Krk (abscissa axis). 
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Figure 4. Histograms of the average values of the mean monthly air temperatures at Lastovo (brown) and Krk (blue) and their differences (red) in the period 1981–1986 and 1998–2020. 
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Figure 5. Relationship between the mean monthly air temperatures at Lastovo (ordinate axis) and Krk (abscissa axis) from January 1981 to December 1986 and from January 1998 to December 2020. 
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Figure 6. Time series of the mean daily air temperatures at Lastovo (brown) and Krk (blue) and a series of their differences (red) observed in 1984 (A) and 2018 (B). 
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Figure 7. Duration curves of the differences between the mean daily air temperatures at Lastovo and Krk calculated for 1984 (red) and 2018 (purple). 
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Figure 8. Time series of the mean monthly sea surface temperatures at Lastovo (brown) and Krk (blue) and their differences (red) for all available data (A), and only for those when measurements were taken at both stations (B). 
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Figure 9. Histograms of the average values of the mean monthly sea surface temperatures at Lastovo (brown) and Krk (blue) and their differences (red) from August 2010 to December 2020, for the months when measured at both stations. 
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Figure 10. Relationship and trend between the pairs of the mean monthly sea surface temperatures at Lastovo (ordinate axis) and Krk (abscissa axis) from July 2010 to December 2020, when measured at both stations. 
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Figure 11. Relationship between the average values of the mean monthly sea surface temperatures at Krk (ordinate axis) and Lastovo (abscissa axis) from July 2010 to December 2020, for the months (I–XII) when measured at both stations. 






Figure 11. Relationship between the average values of the mean monthly sea surface temperatures at Krk (ordinate axis) and Lastovo (abscissa axis) from July 2010 to December 2020, for the months (I–XII) when measured at both stations.



[image: Atmosphere 13 01158 g011]







[image: Atmosphere 13 01158 g012 550] 





Figure 12. Time series of the mean daily sea surface temperatures at Lastovo (brown) and Krk (blue) and their differences (red) observed during 366 days in 2020. 
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Figure 13. Histograms of the average values of the mean monthly sea surface temperatures (blue colour) and air temperature (green) and their differences (red) observed at Krk from July 2010 to December 2020. 
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Figure 14. Histograms of the average values of the mean monthly sea surface temperatures (blue) and air temperature (green) and their differences (red colour) observed at Lastovo from January 2007 to December 2020 (A), from July 2010 to December 2020 (B). 
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Figure 15. Relationships between the average values of the mean monthly air (ordinate axis) and sea surface (abscissa axis) temperatures at Krk (blue) and Lastovo (brown) with marks of each month (I–XII). 
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Figure 16. Duration curves of the differences between the mean daily sea surface temperatures at Lastovo (brown) and Krk (blue) calculated for 2020. 
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Table 1. Available complete monthly sea surface temperatures measured at Krk and Lastovo.






Table 1. Available complete monthly sea surface temperatures measured at Krk and Lastovo.





	
Year

	
Krk

Available Months

	
N

	
Lastovo

Available Months

	
N






	
2007

	
-

	
0

	
I–XII

	
12




	
2008

	
-

	
0

	
I–XII

	
12




	
2009

	
-

	
0

	
-

	
0




	
2010

	
VIII–XII

	
5

	
I–XII

	
12




	
2011

	
I–XII

	
12

	
I–XII

	
12




	
2012

	
I–V; XI–XII

	
7

	
I–XII

	
12




	
2013

	
I–XII

	
12

	
I–XII

	
12




	
2014

	
I–XII

	
12

	
I–XII

	
12




	
2015

	
I

	
1

	
I

	
1




	
2016

	
-

	
0

	
-

	
0




	
2017

	
-

	
0

	
-

	
0




	
2018

	
VII–X; XII

	
5

	
VI–X; XII

	
6




	
2019

	
I–XII

	
12

	
I–II: V–XII

	
10




	
2020

	
I–XII

	
12

	
I–XII

	
12




	
Σ

	
78 months

	
113 months








Red marks the year with complete measurements; I–XII months in a year.
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Table 2. Results of probability, p, of the F-test and t-test between minimum, mean, and maximum annual air temperatures on Krk and Lastovo (Figure 2).
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Station

	
F-Test

	
t-Test






	
MIN

	
Krk

	
0.1062

	
9.8703 × 10−12




	

	
Lastovo




	
MEAN

	
Krk

	
0.3504

	
4.2878 × 10−10




	

	
Lastovo




	
MAX

	
Krk

	
0.6531

	
0.1549




	

	
Lastovo








Red number means that, p < 0.01.
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Table 3. Results of probability, p, of the F-test and t-test between mean daily air temperatures on Krk and Lastovo in 1984 and 2018 (Figure 6).
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Station

	
Year

	
F-Test

	
t-Test






	
Krk

	
1984

	
7.2478 × 10−6

	
1.0908 × 10−6




	
2018




	
Lastovo

	
1984

	
0.0077

	
1.5228 × 10−6




	
2018








Red number means that, p < 0.01.













[image: Table] 





Table 4. The mean annual sea surface temperature of Lastovo and Krk and their differences.
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	T. Sea (°C)
	LASTOVO
	KRK
	Difference

(Lastovo-Krk)





	2007
	18.66
	-
	-



	2008
	18.73
	-
	-



	2009
	-
	-
	-



	2010
	18.28
	-
	-



	2011
	18.98
	16.93
	2.05 (1.08)



	2012
	18.97
	-
	-



	2013
	19.04
	16.76
	2.28 (1.84)



	2014
	19.46
	17.59
	1.87 (0.94)



	2015
	-
	-
	-



	2016
	-
	-
	-



	2017
	-
	-
	-



	2018
	-
	-
	-



	2019
	-
	17.76
	-



	2020
	19.15
	17.84
	1.31 (1.19)







Differences between the mean annul sea surface temperatures.Differences between the mean annual air temperatures.
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