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Abstract:  During the last decades, raises in temperature have been identified in several places in Greece, even in mountainous 
forest areas. Heraklion city is located in the island of Crete in East Mediterranean. In Heraklion, the impact of climate 
change is evident. The aim of this work is to identify and quantify the changing trends of mean, maximum and 
minimum temperature and other temperature-related parameters, as the frequency of hot and cold days on an annual, 
seasonal and monthly basis. The analysis was conducted by employing the Mann-Kendall test and the Sen’s slope 
method. The results indicate that the air temperature in Heraklion has significantly increased the last six decades. The 
climate became hotter, especially during summer and autumn, while in spring and winter remained rather unchanged. 
The increased mean temperature values are attributed to the significant increase in minimum temperatures especially 
during summer and autumn, while such increase in spring did not affect the seasonal mean temperature trends. The 
observed temperature increase during the last six decades has not occurred uniformly but was resulted from a 
significant decrease observed during the period 1955 to 1980’s and a rapid increase thereafter which persists until 
today. 
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1. INTRODUCTION 

Mediterranean has been identified as a climate change (Giorgi 2006, Diffenbaugh and Giorgi 
2012) and biodiversity hotspot (Myers et al. 2000). Thus, even slight changes in climate can induce 
irreversible changes in the basin’s flora and fauna affecting the ecosystems’ expansion, composition 
and functions. According to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change (IPCC2013) a global warming on the order of 0.8 ºC is observed since 1960’s and an even 
greater temperature increase is expected within the next decades, mainly in summer (by 0.6 ºC to 
1.5 ºC from 2016 to 2035), with the greater changes identified in the continental Mediterranean 
areas. 

The warming effect is magnified in urban areas compared to other land uses. Founda et al. 
(2004) reported positive temperature trends that differ between forest or rural areas compared to 
urban ones, since they are less affected by urbanization and land use changes (Proedrou et al. 1997, 
Philandras et al. 1999). The temperature increase, attributed to human activities due to population 
growth (Jones et al. 1990, Fujibe 1995, Karaca et al. 1995) is higher in great urban centers (Wigley 
and Farmer 1982, Colacino and Rovely 1983, Karaca and Aslan 1993).  

Temperature and precipitation trend analysis is quite common (Serra et al. 2001, Turkes and 
Sumer 2004, Zer Lin et al. 2005, Smadi 2006, Partal and Kahya 2006, Smadi and Zghoul 2006, Al 
Buhairi 2010, Sun et al 2010, Croitoru et al. 2012) and necessary, since both parameters affect the 
functional processes of the organisms, especially their biological cycles. The temperature warming 
is a global phenomenon (Jones et al. 2001, Keim et al. 2003, Trombulak and Wolfson 2004, 
Chmielewski et al. 2004, Todisco and Vergni 2008), however the trends are not uniform in all areas 
and present space specific variability resulting even to temperature decrease in some regions of the 
globe (Giles and Flocas 1984, Makrogiannis et al. 1998, Gadgil and Dhorde 2005). 
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The time period each time adopted and the space-specific characteristics are of major importance 
when analyzing the temperature trends. In Mediterranean and the Middle East, Tanarhte et al. 
(2012) reported warming in all studied areas, but the trends changed to positive only after 1970-
1980’s, since, previously, minor cooling trends were evident. They also mentioned that across the 
different regions of the Mediterranean the warming trends varied, being higher in the western 
(+0.2 ºC to +0.4 ºC per decade) and lower or insignificant in the central and eastern (at least until 
1990’s) parts of the basin. Feidas (2017) reported a general temperature decrease during the period 
1955-1975 and a rapid increase thereafter, with great temporal variability, stating also that the 
central and west Mediterranean becomes warmer, while the temperature change in the eastern part 
of the basin is rather vague. In west Mediterranean, a cooling trend was identified in 1950-1990, 
while warming trends were detected in specific areas of Turkey, Serbia or simultaneous warming 
and cooling trends occurred in regions of Greece or Egypt. In Algeria, Zeroual et al. (2017) 
recorded gradual warming with increases in mean, maximum and minimum temperature during the 
period 1972-2013, while in Libya positive temperature trends were also detected (Elsharkawy and 
Elmallah 2016). Similarly, in Italy, Fioravanti et al. (2016) employed data from 50 sites and 
observed warming trends during the period 1977-2016, whereas the previous years (1931-1997) 
there was no obvious temperature change. However, in central Italy, Bartolini et al. (2012) found an 
increase of annual temperature by +0.09 ºC for the 50-year period, 1955-2007, with, however, more 
rapid warming in summer and spring and lower though positive trends in winter and autumn. 

In Malta, Galdies et al. (2016) mentioned positive annual mean, maximum and minimum 
temperature trends, +0.02, +0.09 and +0.02 ºC/y, respectively, during the period 1967-2013, while 
in Turkey warming trends of mean, maximum and minimum temperature were detected by Cinar 
(2015), with rates of about +0.071, +0.125 and 0.083 °C/y, respectively. In Cyprus, Pasiardis and 
Theofilou (2011) found no significant, however positive, maximum temperature trends (with rates 
+0.0097 °C/y for Nicosia and +0.0034 °C/y for Limassol) and significant minimum temperature 
increase (with rates +0.0156 °C/y for Nicosia and +0.0374 °C/y for Limassol). 

The increasing aridity in different regions of the Greek peninsula was addressed by Tsiros et al. 
(2020) who found increased values of the Aridity Index during the climatic period 1960-1997, 
compared to previous periods (1900-1930 and 1930-1960). In Greece, Feidas (2017) analyzed data 
from 20 ground stations for the period 1955-2017 and satellite data of the period 1979-2013 and 
found annual and seasonal warming trends in both cases. In the same study increase of mean annual 
temperature was found, by +0.038 and +0.037 °C/y for the ground and satellite data, respectively, 
varying by season from +0.019 °C/y in winter to +0.064 °C/y in summer for the ground data and 
from +0.024 °C/y in autumn to +0.045 °C/y in spring, for the satellite data. Also, Proutsos et al. 
(2010) analyzed temperature data from 9 mountainous climatic stations (installed in altitudes from 
510 m to 1,310 m) for the period 1960-2006 and found significant negative trends in annual mean 
and minimum temperature attributes and insignificant trends in maximum temperature in northern 
Greece. In the same work, however, significant positive temperature trends were detected in 
Southern Greece for maximum temperature with insignificant changes in mean and minimum 
temperatures. 

The aim of this study is to investigate the temperature trends in Heraklion, during the last six 
decades. Temperature attributes and related parameters such as average minimum (Tmin), maximum 
(Tmax) and mean (Tmean) temperatures, diurnal temperature range (DTR), numbers of hot and cold 
days, play an important role in natural vegetation succession and conservation, drought tolerance, as 
well as in human health. Therefore, any changes in these parameters can affect the species 
dynamics in plant communities, i.e. vegetation composition, spatial and temporal distribution and 
also the quality of life for the citizens in urban areas as Heraklion. To evaluate the impacts of rising 
temperatures on natural vegetation and human wellbeing, it is of critical importance to continuously 
monitor climate conditions in order to implement, timely, adaptation and mitigation actions. 
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2. MATERIALS AND METHODS 

The city of Heraklion is located in Greece and specifically in the island of Crete, which is the 
southernmost prefecture of Europe, in East Mediterranean. It is characterized by Mediterranean 
climate with hot and dry summers and cold winters. Specifically, according to Climatic Zone 
Classification of UNESCO (1979) and UNEP (1992), the area belongs to the sub-humid (SH) 
climate zone with Aridity Index (AI) values presented to decrease from 0.56 (for the period 1900-
1930) to 0.52 (for the period 1960-1997), indicating that more arid conditions persist the recent 
years compared to the beginning of the century (Tsiros et al. 2020). The annual precipitation is low, 
about 490±114 mm, unevenly distributed, occurring mainly in winter (50.4%) and autumn (27.8%) 
and less in summer (only 2.8%) and spring (19.0%). In general the summer months in Heraklion are 
extremely dry, with July being the driest (3 mm), while June and August are also extremely dry (4 
and 5 mm, respectively). According to the pluviothermic diagram (Fig. 1), the dry season occurs 
from early April until late September. 

 

Figure 1. The pluviothermic diagram for the city of Heraklion derived from meteorological data  
of the period 1955-2017. 

The monthly values of minimum (Tmin), maximum (Tmax) and mean (Tmean) temperature 
attributes used in this study, were obtained from the meteorological station of Heraklion South 
Greece (35.34º N, 25.18º E, 39 m a.s.l.). The data used in this work cover the period 1955-2017, 
without gaps. The meteorological station belongs to the Hellenic Meteorological Service is located 
near the city of Heraklion. It operates since 1955 and is part of the WMO climatic network (ID: 
16754). The station is affected by urbanization especially during the last decades. Indicatively, the 
temperature changes appear to follow different patterns before and after 1985 as shown in Fig. 2, 
which present the average seasonal and annual values of mean air temperature in the region. 
Temperature related parameters were also estimated by using daily averages. Specifically, the 
numbers of cold and hot days were estimated as the sums of days with minimum or maximum 
temperatures exhibiting the values of the monthly climatic averages (of the period 1955-2017) 
minus or plus 1.5 sd, respectively. All data were analyzed on a monthly, seasonal and annual basis, 
considering December of the previous year to February as winter months, March to May as spring, 
June to August as summer and September to November as autumn. The climate trends were 
detected by employing the Mann-Kendall non-parametric test (Mann 1945, Kendall 1975) for 
different confidence levels (α=0.001, 0.01, 0.05 and 0.1). Mann-Kendall method is widely used for 
climatic and environmental time series analysis and trends evaluation (Chen et al. 2007, Tigkas 
2008, Karpouzos et al. 2010, Proutsos et al. 2010, 2011), since it is a reliable method to identify 
monotonic linear and non-linear trends in non-normal data sets (Helsel and Hirsch 1992). The slope 
of each trend was evaluated by the Sen method (Q Sen slope; Sen 1968), which can be used by 
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accepting the existence of a linear trend in the analysed data set (Gilbert 1987, Sirois 1998). The 
slope Q is then estimated as a median of all possible slopes. For the trends identification under 
different levels of confidence and the estimation of the Q slopes, the MAKESENS 1.0 software was 
applied (Salmi et al. 2002). 

 

Figure 2. Seasonal and annual changes of mean temperature for the period 1955-2017 in Heraklion. 

3. RESULTS AND DISCUSSION 

3.1 Temperature and related parameters 

The annual Tmean of the study area that was derived from the analysis of 63 years data for the 
time period 1955-2017 is 18.9 ºC (sd: 5.7 ºC) as shown in Table 1. The seasonal Tmean variations are 
rather expected for the Mediterranean type climate of the area, presenting highest values in summer 
25.7 ºC (sd: 2.1 ºC) and lowest in winter 12.7 ºC (sd: 2.7 ºC), with intermediate values for the 
transitional seasons of spring (16.9 ºC, sd: 3.9 ºC) and autumn (20.3 ºC, sd: 3.7oC), which are 
characterized by higher sd values indicating higher variability. The warmer month of the year is 
July with 24.6 ºC (sd: 1.7 ºC), whereas January is the cooler with 12.1oC (sd: 2.4 ºC). The annual 
Tmax is 22.0 ºC (sd: 5.8 ºC) and ranges seasonally from 16.0oC (sd: 3.3oC) in winter to 28.4 ºC (sd: 
2.6 ºC) in summer, with intermediate and more variable values in spring (20.3 ºC, sd: 4.5 ºC) and 
autumn (23.5 ºC, sd: 4.0 ºC). Tmin also presents a similar pattern varying seasonally from 9.7 ºC (sd: 
2.8 ºC) in winter to 21.1 ºC (sd: 2.6 ºC) in summer with an annual average of 15.0 ºC (sd: 5.3 ºC). 
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Table 1. Monthly, seasonal and annual values and standard deviations of mean (Tmean), maximum (Tmax) and minimum 
(Tmin) temperature, diurnal temperature range (DTR) and numbers of cold and hot days derived from daily data of time 

period 1955-2017 from the climatic station of Heraklion - Crete. 

Month 
Tmean (oC)  Tmax (oC)   Tmin (oC)   DTR (oC) No. of 

cold days* 
No. of 

hot days** average sd  average sd   average sd   average sd 
January 12.1 2.4  15.3 3.0  9.1 2.6  6.2 2.6 2.0 1.7 
February 12.3 2.7  15.6 3.4  9.0 2.7  6.6 2.7 1.7 1.7 
March 13.7 2.7  17.0 3.5  9.9 2.6  7.1 2.9 1.7 2.3 
April 16.7 2.8  20.2 3.7  12.1 2.8  8.1 2.9 1.2 2.6 
May 20.4 2.6  23.6 3.5  15.2 2.6  8.4 2.9 1.7 2.6 
June 24.5 2.3  27.3 3.0  19.3 2.5  8.0 2.6 1.8 2.4 
July 26.4 1.7  29.0 2.3  22.0 2.2  7.0 2.6 2.0 2.2 
August 26.3 1.5  28.9 2.0  22.1 2.0  6.7 2.5 1.9 2.2 
September 23.8 1.9  26.7 2.4  19.6 2.3  7.1 2.6 2.1 1.9 
October 20.3 2.6  23.6 3.4  16.8 2.5  6.8 2.9 2.0 2.2 
November 16.8 2.6  20.2 3.2  13.7 2.7  6.6 2.7 1.9 1.8 
December 13.8 2.5  17.0 3.1  10.9 2.6  6.1 2.6 1.8 1.8 
              
Season              
Winter 12.7 2.7  16.0 3.3  9.7 2.8  6.3 2.6 5.5 5.3 
Spring 16.9 3.9  20.3 4.5  12.4 3.4  7.9 2.9 4.6 7.4 
Summer 25.7 2.1  28.4 2.6  21.1 2.6  7.3 2.6 5.7 6.7 
Autumn 20.3 3.7  23.5 4.0  16.7 3.5  6.8 2.7 6.0 6.0 
              
Annual 18.9 5.7  22.0 5.8   15.0 5.3   7.1 2.8 21.7 25.5 
* The number of cold days is defined from the days with Tmin lower than average Tmin-1.5 sd of each timestep i.e. month, season, e.t.c. 
** The number of hot days is defined from the days with Tmax greater than average Tmax+ 1.5 sd of each timestep i.e. month, season, e.t.c. 

 
The highest diurnal temperature range (DTR) is observed in spring (7.3 ºC, sd: 2.9 ºC) and the 

lowest in winter (6.3 ºC, sd: 2.6 ºC), presenting annual average 7.1 ºC (sd: 2.8 ºC). More 
specifically, the higher DTR is recorded in May (8.4 ºC, sd: 2.9 ºC) indicating more unstable 
diurnal temperature conditions, while in December DTR becomes minimum.  

The total number of cold days recorded during the 63-year period (1955-2017) was 1,370. From 
the total number, 840 cold days were recorded during the first 31-year climatic period (1955-1985) 
and the rest 530 cold days in the second 32-year climatic period (1986-2017). Similarly, the number 
of hot days recorded from 1955 to 2017 was 1,604 distributed almost evenly between the two 
climatic periods, i.e. 800 hot days in 1955-1985 and 804 in 1986-2017. 

3.2 Mean temperature Tmean trends 

The annual pattern of Tmean (Table 2) appears to increase from 1955 to 2017, with an average 
rate of +0.008 ºC/y. The annual trend, however, is statistically significant only at α=0.10 (Z=1.91) 
and did not occur gradually throughout the whole study period (1955-2017). Its values were 
decreasing from 1955 to about the mid 1980’s and increasing thereafter, until nowadays. By 
dividing the data set to two climatic periods (1st climatic period from 1955 to 1985, n=31 years and 
2nd climatic period from 1986 to 2017, n =32 years) and analyzing the trends for each period, a 
cooling trend was detected for the annual Tmean persisting during the 1st climatic period with an 
negative rate -0.022oC/y (statistically significant at α=0.01, Z=-2.58). The trend changed to positive 
(warming) during the 2nd climatic period with an average rate of +0.039 (statistically significant at 
α=0.001, Z=+3.65). 

The seasonal Tmean values are also increasing in the last 63 years, in all seasons except winter. 
The trends were positive and statistically significant during summer and autumn with values+0.012 
(α=0.01, Z=+2.74), +0.014 ºC/y (α=0.05, Z=+2.55), respectively. In spring, the rate was also 
positive and in winter negative, but not significant in both cases. 

The seasonal pattern presented already for the total study period from 1955 to 2017 is quite 
different when analyzing the two climatic periods separately. During the 1st climatic period (1955-
1985) Tmean becomes cooler at all seasons. However, significant negative trends are identified in 
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winter (α=0.05, Z=-1.96) and summer (α=0.001, Z=-3.37) with average cooling rates -0.027 and 
-0.035 ºC/y, respectively. In the 2nd climatic period only wither remained unchanged, while in all 
other seasons significant and rapid warming trends are recorded, i.e. +0.045oC/y (α=0.01, Z=+2.71) 
in spring, +0.032 ºC/y (α=0.01, Z=+2.74) in summer and +0.044 ºC/y (α=0.05, Z=+2.55) in 
autumn. 

 
Table 2. Mann-Kendall test Z statistics and Sen’s slope Q estimates of the monthly, seasonal and annual mean 

temperature (Tmean), for the time period 1955-2017 and for the two climatic periods 1955-1985 and 1986-2017 at 
different levels of confidence. Statistically significant values are highlighted in grey and the significance level is 

indicated with + for a=0.1, * for a=0.05, ** for a=0.01 and *** for a=0.001. 
Time period: 1955-1985 1986-2017 1955-2017 
Trends statistics: Z Q (oC/y) Z Q (oC/y) Z Q (oC/y) 
Month       
January -0.95 -0.020 0.73 0.020 0.52 0.005 
February -1.70+ -0.051 1.51 0.030 -0.09 -0.001 
March -0.88 -0.019 2.45* 0.049 0.77 0.005 
April -0.20 -0.007 1.31 0.026 1.38 0.009 
May -0.58 -0.009 2.74** 0.046 1.12 0.008 
June -1.84+ -0.025 1.48 0.021 1.42 0.007 
July -2.58** -0.035 2.06* 0.034 2.67** 0.017 
August -3.16** -0.049 2.90** 0.042 3.02** 0.020 
September -0.20 -0.003 2.45* 0.030 4.57*** 0.026 
October 0.03 0.002 1.41 0.047 1.96+ 0.022 
November -2.55* -0.051 2.77** 0.058 0.02 0.000 
December -2.21* -0.041 1.44 0.037 -0.75 -0.006 
       
Season       
Winter -1.96* -0.027 1.25 0.026 -0.09 -0.001 
Spring -0.68 -0.012 2.71** 0.045 1.19 0.007 
Summer -3.37*** -0.035 2.74** 0.032 3.24** 0.014 
Autumn -1.53 -0.019 2.55* 0.044 2.29* 0.014 
       
Annual -2.58** -0.022 3.65*** 0.039 2.32* 0.008 

 
The monthly analysis indicated, statistically significant Tmean changes for the period 1955-2017 

in July (Z=2.28, α=0.05), August (Z=2.86, α=0.01), September (Z=4.44, α=0.001) and October 
(Z=1.92, α=0.1) with increasing rates +0.014, +0.019, +0.025 and +0.020 ºC/y, respectively. 
However, during the 1st climatic period the Tmean trends were negative and significant for February 
(-0.051 ºC/y, α=0.10, Z=-1.70), June (-0.025 ºC/y, α=0.10, Z=-1.84), July (-0.035 ºC/y, α=0.01, 
Z=-2.58), August (-0.049 ºC/y, α=0.01, Z=-3.16), November (-0.051 ºC/y, α=0.05, Z=-2.55) and 
December (-0.041 ºC/y, α=0.05, Z=-2.21). In the 2nd climatic period the monthly Tmean trends 
became positive and statistically significant for March (+0.049 ºC/y, α=0.05, Z=+2.45), May 
(+0.046 ºC/y, α=0.01, Z=+2.74), July (+0.034 ºC/y, α=0.05, Z=+2.06), August (+0.042 ºC/y, 
α=0.01, Z=+2.90), September (+0.030 ºC/y, α=0.05, Z=+2.45) and November (+0.058 ºC/y, 
α=0.01, Z=+2.77). 

In general, Tmean presents a cooling trend during the 1955-1985 period, on an annual, seasonal 
and monthly basis. The pattern changes radically during the consecutive climatic period (1986-
2017) and a warming trend is evident, which is led by a rapid increase of Tmean. These findings are 
in line with other studies concerning the east part of the Mediterranean basin. Specifically, 
Sahsamanoglou and Makrogiannis (1992) mentioned cooling trends in the east Mediterranean for 
the period 1955-1988 with rates on the order of -0.01 to -0.02 ºC/y. Additionally, Feidas (2017) 
identified cooling Tmean trends for the period 1955-1975 in the Mediterranean basin and Reparis and 
Philandras (1988) and Philandras (1994) found also negative Tmean trends persisting in 1960’s and 
1970’s becoming positive after the 1970’s. Tanarhte et al. (2012) also mentioned a slight 
temperature decrease in the Mediterranean and the Middle East before 1970-1980. Elsharkawy and 
Elmallah (2016) reported decrease in summer Tmean in coastal Libya with an average rate of 
-0.016 ºC/y for the period 1966-2010 by analyzing data from 19 sites. 
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3.3 Maximum temperature Tmax trends 

Since 1955, annual Tmax has increased with a rate of +0.009 ºC/y (α=0.1, Z=+1.90) as presented 
in Table 3. The seasonal trend is significant in summer with increasing rate +0.012 ºC/y (α=0.1, 
Z=+2.11), but for the rest seasons not significant changes were detected. The monthly Tmax values 
were significantly increased in July (α=0.05, Z=+2.03), August (α=0.1, Z=+1.90) and September 
(α=0.001, Z=+3.4), whereas during the latter month the highest rate of increase in Tmax was 
observed, at +0.026 ºC/y.  

 
Table 3. Mann-Kendall test Z statistics and Sen’s slope Q estimates of the monthly, seasonal and annual maximum 
temperature (Tmax), for the time period 1955-2017 and for the two climatic periods 1955-1985 and 1986-2017 at 
different levels of confidence. Statistically significant values are highlighted in grey and the significance level is 

indicated with + for a=0.1, * for a=0.05, ** for a=0.01 and *** for a=0.001. 
Time period: 1955-1985 1986-2017 1955-2017 
Trends statistics: Z Q (oC/y) Z Q (oC/y) Z Q (oC/y) 
Month       
January -1.43 -0.038 0.70 0.020 0.14 0.001 
February -1.75+ -0.073 1.31 0.037 -0.05 -0.001 
March -0.88 -0.031 1.96* 0.049 1.06 0.008 
April -0.70 -0.021 0.57 0.017 1.06 0.010 
May -0.51 -0.016 1.86+ 0.036 1.23 0.010 
June -1.67+ -0.028 0.65 0.007 0.89 0.005 
July -2.41* -0.057 1.99* 0.041 1.93+ 0.017 
August -3.13** -0.079 2.48* 0.036 1.79+ 0.015 
September -1.33 -0.024 1.93+ 0.028 3.51*** 0.026 
October -0.48 -0.025 1.25 0.043 1.30 0.018 
November -2.69** -0.076 1.96* 0.049 0.12 0.001 
December -1.53 -0.047 1.57 0.034 -0.65 -0.008 
       
Season       
Winter -2.03* -0.041 1.22 0.029 -0.02 0.000 
Spring -0.92 -0.017 2.09* 0.040 1.44 0.009 
Summer -3.50*** -0.048 2.19* 0.026 2.11* 0.012 
Autumn -2.01* -0.046 1.96* 0.037 1.71+ 0.013 
       
Annual -2.65** -0.043 3.19** 0.035 2.12* 0.010 

 
The aforementioned findings are in line with other studies. Proutsos et al. (2010) found 

significant warming while studying the Tmax trends in mountainous sites of S. Greece for the period 
1960-2006. On the contrary, no significant changes were detected in N. Greece. In Turkey, Cinar 
(2015) mentioned a changing rate of +0.0708 ºC/y, while in Cyprus Pasiardis and Theofilou (2011) 
recorded positive but not significant trends at about +0.0097 ºC/y in Nicosia and +0.0034 ºC/y in 
Limassol. Additionally, in other parts of the Mediterranean basin the results are similar. In France 
(the Pyrenees) Pérez-Zanón et al. (2017) found positive Tmax trends for the period 1910-2013 with a 
rate of +0.11 ºC per decade, which was even higher (+0.57 ºC per decade) during the last years 
(1970-2013). Moreover, Galdies et al. (2006) found warming trend for Tmax +0.09 ºC/y in Malta and 
Boccolari and Malmusi (2013) mentioned increasing (though not significant) Tmax trend in N. Italy 
(Modena) for the period 1861-2010 of about +0.1 ºC per decade, which was much higher (+0.9 ºC 
per decade) during the last years (1981-2010).  

During the 1st climatic period (1955-1985), Tmax decreased with an annual rate of -0.043 ºC/y 
(α=0.01, Z=-2.65). The cooling trend was also identified on a seasonal and monthly basis. All 
seasons except from spring present significant cooling with Tmax trends ranging from -0.041 ºC/y 
(α=0.05, Z=-2.03) in winter to -0.048 ºC/y (α=0.001, Z=-3.50) in summer. Significantly cooler in 
terms of Tmax were the months February (-0.073oC/y, α=0.05, Z=-1.75), June (-0.028 ºC/y, α=0.1, 
Z=-1.67), July (-0.057 ºC/y, α=0.05, Z=-2.41), August (-0.079 ºC/y, α=0.01, Z=-3.13) and 
November (-0.076 ºC/y, α=0.01, Z=-2.69) of the 1st climatic period. 

During the 2nd climatic period, the annual Tmax rapidly increased (α=0.01, Z=+3.19) with an 
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average warming rate +0.035 ºC/y, ranging seasonally from +0.026 ºC/y (α=0.05, Z=+2.19) in 
summer to +0.040 ºC/y (α=0.05, Z=+2.09) in spring. Significant trends were identified for all 
seasons except winter. All months present positive trends but significant warming is detected in 
March (+0.049 ºC/y, α=0.05, Z=+1.96), May (+0.036 ºC/y, α=0.1, Z=+1.82), July (+0.041 ºC/y, 
α=0.05, Z=+1.99), August (+0.036 ºC/y, α=0.05, Z=+2.48), September (+0.028 ºC/y, α=0.1, 
Z=+1.93) and November (+0.049 ºC/y, α=0.05, Z=+1.96). Specifically, it is evident that during the 
summer months the warming trend of the 2nd climatic period occurred slower compared to the 
cooling trend of the 1st period.  

It should be noted that the average number of the hot days (defined as the days of the month with 
Tmax greater than the monthly climatic Tmax average of the period 1955-2017 plus 1.5 sd) are on 
average 25.5 days per year for the whole study period (1955-2017). During the 1st climatic period, a 
significant decrease of the annual number of hot days was detected with an average rate of -0.65 
days per year (α=0.001, Z=-3.31). On a seasonal basis, significant changes are identified only for 
summer (-0.20 hot days per year, α=0.05, Z=-2.05). No significant changes are recorded in the 2nd 
climatic period or when analyzing the whole period 1955-2017 either on an annual or seasonal 
basis. 

3.4 Minimum temperature Tmin trends 

The trend analysis indicated that Tmin has significantly (α=0.001, Z=+4.66) increased the last 63 
years (1955-2017) with a rate of +0.016 ºC/y as depicted in Table 4. The seasonal trends were also 
positive for summer, autumn and spring with rates +0.024 ºC/y (α=0.001, Z=+6.06), +0.020 ºC/y 
(α=0.001, Z=+3.72) and +0.014 ºC/y (α=0.01, Z=+3.13), respectively. From April to September 
significantly increased Tmin values were observed compared to 1955, with greater changing rates in 
July, September (+0.032 ºC/y) and August (+0.028 ºC/y). 

The changes of Tmin mainly occurred during the 2nd climatic period (1986-2017) and no 
significant annual, seasonal or monthly trends were detected during the previous period (1955-
1985), with the exception of July, when an increase (+0.023 ºC/y, α=0.05, Z=+2.04) was recorded. 
During the 2nd climatic period, the warming rate for the annual Tmin was significant (α=0.001, 
Z=+3.58) with a rate of +0.033 ºC/y. The warming trends persisted in all seasons except winter 
which remained rather unchanged. During the rest seasons of the 1986-2017 period the warming 
rates were significant, varying from +0.031 ºC/y (α=0.05, Z=+2.29) in spring to +0.045 ºC/y 
(α=0.01, Z=+2.81) in autumn. On a monthly basis, all months presented significant warming trends 
except from the winter months (December, January and February). The changing rates were ranging 
from +0.024  ºC/y in May (α=0.1, Z=+1.70) and June (α=0.05, Z=+2.01) to +0.063 ºC/y (α=0.05, 
Z=+2.35) in November. 

Increasing Tmin trends were also recorded by other research studies in the Mediterranean. In 
France (the Pyrenees), Pérez-Zanón et al. (2017) identified warming rates for Tmin +0.06 ºC per 
decade for the period 1910-2013 with the rate becoming even greater (+0.23oC per decade) in the 
last decades (1970-2013). In Malta, Galdies et al. (2016) also found warming trend for Tmin 
(+0.02 ºC/y). Boccolari and Malmusi (2013) mentioned increasing but not significant trends in N. 
Italy, on the order of +0.1 ºC per decade for the period 1861-2010. These trends, however, were 
magnified to +0.8 ºC per decade in the last decades (1981-2010). In Turkey, Cinar (2015) recorded 
warming Tmin trend +0.1248 ºC/y and in Cyprus Pasiardis and Theofilou (2011) reported significant 
trends of +0.0156 ºC/y and +0.0374 ºC/y for Nicosia and Limassol, respectively. 

It is worth noted that the number of cold days (defined as the days with Tmin greater than the 
monthly climatic average of Tmin for the period 1955-2017 minus 1.5 sd) show decreasing trends, 
on an annual basis, with a rate of -0.35 cold days per year for the period 1955-2017, which is 
greater (-0.50 cold days per year) during the 2nd climatic period (1986-2017) and no significant 
trend during the 1st period (1955-1985). The number of winter cold days remains rather unchanged 
but in all other seasons presents significant reduction with rates varying from -0.068 cold days per 



European Water 69/70 (2020) 11 

 

year (α=0.01, Z=-3.21) in winter to -0.150 cold days per year (α=0.001, Z=-5.72) in summer for the 
1955-2017 time period and from -0.114 cold days per year (α=0.05, Z=-2.28) in winter to -0.125 
cold days per year in summer (α=0.01, Z=-2.72) and autumn (α=0.05, Z=-2.05) for the 2nd climatic 
period. During the 1st period, significant decreasing trends (-0.160 cold days per year, α=0.05, 
Z=-2.04) on the number of cold days were only observed in spring, while at the rest seasons no 
significant changes occurred. Most significant were the decreasing numbers of cold days in July and 
September with rates -0.065 cold days per year (α=0.001, Z=-5.66) and -0.042 cold days per year 
(α=0.001, Z=-3.74), respectively. 

 
Table 4. Mann-Kendall test Z statistics and Sen’s slope Q estimates of the monthly, seasonal and annual minimum 
temperature (Tmin), for the time period 1955-2017 and for the two climatic periods 1955-1985 and 1986-2017 at 
different levels of confidence. Statistically significant values are highlighted in grey and the significance level is 

indicated with + for a=0.1, * for a=0.05, ** for a=0.01 and *** for a=0.001. 
Time period: 1955-1985 1986-2017 1955-2017 
Trends statistics: Z Q (oC/y) Z Q (oC/y) Z Q (oC/y) 
Month       
January 0.03 0.002 0.31 0.006 1.23 0.009 
February -0.51 -0.019 1.22 0.019 0.58 0.006 
March 0.20 0.004 1.75+ 0.046 0.95 0.007 
April 1.27 0.017 1.70+ 0.035 2.81** 0.015 
May 1.43 0.026 1.70+ 0.024 2.53* 0.017 
June -0.34 -0.006 2.01* 0.024 3.59*** 0.018 
July 2.04* 0.023 2.06* 0.036 5.74*** 0.032 
August -0.34 -0.005 3.29** 0.047 4.54*** 0.028 
September 0.78 0.013 2.51* 0.030 4.69*** 0.031 
October 0.51 0.016 1.78+ 0.035 3.00** 0.026 
November -0.31 -0.009 2.35* 0.063 1.21 0.010 
December -0.78 -0.014 1.57 0.038 0.35 0.002 
       
Season       
Winter 0.11 0.002 0.73 0.010 1.11 0.006 
Spring 1.22 0.017 2.29* 0.031 2.74** 0.012 
Summer 0.51 0.004 3.19** 0.038 6.10*** 0.024 
Autumn 0.10 0.001 2.81** 0.045 3.40*** 0.020 
       
Annual 0.54 0.004 3.58*** 0.033 4.45*** 0.016 

4. CONCLUSIONS 

The results of this study shows that the air temperature in Heraklion - Crete has significantly 
increased the last 63 years (1955-2017) with annual warming trends +0.008 ºC/y, +0.010 ºC/y and 
+0.016 ºC/y for mean, maximum and minimum temperature, respectively. The increasing 
temperature trends were not uniform throughout the 63-year period. During the 1st climatic period 
(1955-1985), significant cooling trends were evident and after mid 1980’s the temperature trends 
changed to positive and rapid warming conditions are occurring until today. The climate in 
Heraklion became hotter, especially during summer and autumn, while in spring and winter 
remained rather unchanged. The increased average temperature changing rates are attributed to the 
significant increase in minimum temperatures, especially during summer and autumn, while their 
increase in spring did not affect the seasonal mean temperature trends. The number of hot days 
presented significant decrease during the period 1955-1985, while the number of cold days 
remained unchanged, presenting however significant reduction during the last decades (1986-2017). 
Such warming patterns are probably attributed to urbanization and land use changes occurred in the 
city of Heraklion during the last decades and further research is necessary in order to identify the 
impact of the changing climate in urban Mediterranean sites, due to the significance of its effect on 
the citizens. 
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