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Abstract

:

This paper analyzed the variations of two air temperature indices, diurnal temperature range (DTR) and annual temperature range (ATR), calculated based on observations at the Zagreb Grič Observatory over a period of 133 years (1887–2019). In intense climate changes strongly manifested by the increased air temperature, these two climate indices were determined to significantly impact human health and the environment. This effect is especially evident in urban areas. The Zagreb Grič Observatory is located in the center of Zagreb and has not changed its location during the observed period. It has a long homogeneous series of climatological observations, enabling a detailed study of climate variation in the city, which is strongly influenced by various urbanization processes. In 133 years, both of the analyzed indicators showed a statistically insignificant downward trend. The Rescaled Adjusted Partial Sums (RAPS) method revealed statistically significant differences in DTR’s time series between three sub-periods: 1887–1953, 1954–1989, and 1990–2019. The time series of ATR during 133 years behaved statistically differently in four sub-periods: 1887–1905; 1906–1926; 1927–1964; and 1965–2019. The analysis of monthly values of DTR showed that the DTR values are the highest in the warm part of the year, from May to August, when they are twice as high as those during the cold period from November to December. With an increase in precipitation, the DTR values decrease, while they increase as the mean annual temperature increases.






Keywords:


diurnal temperature range (DTR); annual temperature range (ATR); Mann–Kendall test; F-test; t-test; Zagreb Grič Observatory












1. Introduction


The daily range of surface air temperature reflects the differences between each location’s day and night temperatures. The term diurnal temperature range, abbreviated as DTR, is mostly used in the international scientific literature. Therefore, it is used in this paper, as well. DTR is accepted as an important meteorological indicator related to global climate change. The annual range of surface air temperature is calculated as the difference between the mean monthly temperatures measured in the warmest and coldest months of each year. The term annual temperature range, abbreviated as ATR, is used in the international scientific literature and throughout this paper. ATR indicates the difference between summer and winter mean monthly temperatures. It is also used as an indicator of global climate change. The importance of studying variations in DTR and ATR values as a critical uncertainty in studying climate change was emphasized by [1].



Trends and variations in climate indices differ depending on the time scale used. The variations in longer (monthly, seasonal, yearly, decadal, etc.) time scales have been studied in detail, and much is known about their potential environmental consequences. Changes in shorter time scales, for example, a day or a week, have not been studied as much. This situation has changed significantly in recent decades, as it has been established that these changes can severely and perilously affect human health and the whole environment [2,3]. Ref. [4] points out that it is crucial to understand the relationship between DTR and its effect on organisms in light of accelerated climate changes and global warming. Evolutionary adaptation to sudden changes in air temperature cannot protect humans, animals, or plants. It was pointed out that analyses of the effects of climate change on aquatic and terrestrial ecosystems must focus on studying the mechanisms by which changes in DTR affect biogeography and species survival.



Ref. [5] considers, “Contrary to rising temperatures, the diurnal temperature range has decreased over the past several decades.” There are many reasons for concern regarding the changes in DTR as a consequence of climate change, and they necessitate a detailed planetary study. Increasing DTR values have been shown to cause an increase in the number of deaths or serious health problems in humans and animals [2,6,7,8,9,10]. Some papers have presented evidence that even short-term exposure to a large range of DTR causes premature mortality [11].



The range of DTR variations significantly affects the processes of photosynthesis [12], the life cycle of insects [13], and the seasonal dynamics of the microbial population in the soil [14]. Ref. [15] found that the amplitude between night and day temperatures, i.e., the size of the DTR, has a less significant influence on the growth and yield of vegetation than the mean daytime temperature. In the USA, Ref. [16] studied the influence of land use and land cover on DTR variation. The analysis indicated that the DTR observed at meteorological stations was strongly affected by land use and land cover within a radius of 10 km from the station, where observations were observed. The influence of cloud cover, soil moisture, precipitation, and water vapor on DTR was studied by [17,18] using measurements at about 6500 stations worldwide. They found that cloud cover combined with the secondary effect of soil moisture can reduce DTR by 25 to 50% compared to clear weather. Atmospheric water vapor affects night and day temperatures similarly and therefore has little influence on DTR. A cloud system with a low base affects the reduction in DTR the most.



Ref. [19] emphasizes that DTR represents a significant indicator of climate change. By analyzing the variations of DTR in the continental part of the USA during the past 100 years, they found that the trends are of different behavior in each region. Mean annual values of DTR have been steadily decreasing over the last decades, but the intensity of the decrease varies by season. DTR has a statistically significant downward trend during autumn and summer, while the decrease has been small during winter and spring. Ref. [20] examined the change in DTR at many stations across the planet from 1901 to 2000. They confirmed the lowering of the DTR value during the last century. They concluded that such behavior could not be just natural but also related to climate changes caused by anthropogenic influences. They believe that while minimum and maximum temperatures are strongly related to changes in mean global temperatures, DTR can provide additional information to help explain recent climate changes in individual locations.



It is widely accepted that DTR has been decreasing globally during the second half of the 20th century. However, Ref. [21] analyzed this parameter at European stations and came to somewhat different conclusions. They found that the trend of annual DTR values had been reversed from a decrease to an increase. In Western Europe, the trend of growth began in the seventies, while in Eastern Europe, this phenomenon appeared somewhat later, during the eighties of the last century.



Analyzing temperatures and DTR on the Indian subcontinent in 1931–2002, Ref. [22] determined significant increasing trends in both the minimum and maximum temperatures. The existence of trends of an increase and decrease in DTR, which are mostly not statistically significant, was confirmed. Only during the summer in Kashmir was its statistically significant lowering found. They connected the variation in DTR values to the appearance of cloud systems that affected the reduction in DTR in the entire subcontinent during the winter and summer seasons and was especially significant during summer in Kashmir.



Using temperature data measured at 33 stations in the Aral Sea basin, [23] analyzed changes in DTR during the two decades, 1991 to 2000 and 2001 to 2010. They found that the DTR values during the second decade were higher than those during the first decade. They definitively determined that the drying up of the Aral Sea significantly affected the dynamics of the DTR increase in the region. The biggest increases occurred during spring and summer. Ref. [24] analyzed time series trends (1954–1995) of mean minimum, and maximum temperatures and DTR observed at two mountain stations in Croatia: Zavižan (1954 m a.s.l.) and Puntijarka (988 m a.s.l.). An increasing trend was confirmed for all three analyzed parameters.



Increasing cloudiness and precipitation affect the reduction in DTR. Analyses showed that DTR decreased particularly intensively in West Africa in the Sahel region during drought [25]. The trend of lowering DTR in the Sahel area stops with the onset of precipitation and vegetation development. This fact leads to the conclusion that deforestation and natural or anthropogenic vegetation removal, followed by soil drying, significantly affect the change in DTR. Therefore, Ref. [25] believes that better anthropogenic management of the vegetation and soil system in the Sahel area could help mitigate the negative consequences of the increase in DTR.



Ref. [26] analyzed the trends of DTR and ATR in the entire territory of the USA during the period of 1951–2000. Analyses were performed on US Standard Regions for Temperature and Precipitation defined by the NOAA/National Climatic Data Center. Their research suggests that most regions had increasing trends from 1951 to 1980. In 1961–1990, in most regions, both indicators were stable. During 1971–2000 in seven climate regions, a significant trend of decreasing ATRs was determined. The authors cite atmospheric variability and the occurrence of continental polar air masses as possible reasons for the different behavior of ATRs. They believe that warmer winters can affect the production of more atmospheric moisture in some regions, resulting in more cloud cover. ATR values showed significant variations in space and time during the analyzed period (1951–2000), so it was impossible to draw consistent conclusions.



In accordance with the presented insight into the state-of-the-art and providing research and experiences, it is clear that the inclusion of DTR and ATR in climatological time series analysis is well motivated.



This article analyzes the series of annual and monthly DTRs and ATRs calculated based on air temperatures observed at the Zagreb Grič Observatory during 133 years (1887–2019). The results presented here should contribute to a better understanding of this important climate indicator. This is particularly important for Zagreb, where a strong increase in air temperature has been observed during the last decades [27,28]. This paper compares the DTR variations with the simultaneous air temperature and precipitation variations measured at the Zagreb Grič Observatory.




2. Materials and Methods


Analyzed Location and Used Materials


The paper used official climatological data from Zagreb’s Croatian Meteorological and Hydrological Service. A series of minimum, mean, and maximum daily air temperatures and monthly and annual precipitation measured at the Zagreb Grič Observatory (45°48′52″ N; 15°58′19″ E; H = 157 m a.s.l.) (Figure 1) were analyzed for the period from 1 January 1887 to 31 December 2019. These are homogeneous sequences observed in a location whose environment remained unchanged and natural despite the city’s rapid development [29,30,31,32].



The results of numerous studies of the behavior of a series of air temperature indices of different lengths and time scales measured at the Zagreb Grič Observatory were published in a series of papers [33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48].



Long and reliable precipitation series of various time increments, measured at the Zagreb Grič Observatory, enabled numerous and different analyses of the precipitation regime published in a series of papers [49,50,51,52,53,54,55,56].



This paper investigated whether and to what extent the relationship between air temperature and precipitation affected DTR changes during 133 years or 1596 months from 1887 to 2019.



The daily range of the surface air temperature in a day, i, given as DTRi, represents the difference between the maximum, Tmax,i, and the minimum, Tmin,i, daily temperature of each day, i, within the analyzed period:


DTRi = Tmax,i − Tmin,i



(1)







The annual (monthly) DTRs are calculated as the mean of daily DTRs during the analyzed period.



The annual range of air temperatures in the year, j, given as ATRj, is the difference between the maximum mean monthly temperature, Tmax,j, and the minimum mean monthly temperature, Tmin,j, of each year, j (Snow and Snow, 2005).


ATRj = Tmax,j − Tmin



(2)







The following statistical methods were used to analyze the time series of DTR, ATR, air temperature, and precipitation observed at the Zagreb Grič Observatory: (1) linear regression and correlation; (2) tests (F-test; t-test, Mann–Kendall test); (3) RAPS.



The linear regression method was used to quantitatively express the association (correlation) between the dependent, y, and independent, x, variables. The linear regression equation reads as follows:


y = (a • x) + b



(3)







The mathematical procedure for finding the regression line that passes through a, given a set of points, is based on minimizing the sum of the squares of the deviations of the given points from that line, and is called the method of least squares. This method was used to analyze the trend of different series: DTR, ATR, air temperature, T, and precipitation, P, as a dependent variable, and time, t, as an independent variable, in 133 analyzed years. The coefficient, a, represents the slope of the regression line whose dimension is °C/year or mm/year during the analyzed time series. Therefore, it indicates the average rate of increase or decrease in values for the analyzed time series.



The linear regression method was used to analyze the strength of the relationship between the daily range of DTR, as a dependent variable, and precipitation, P, or temperature, T, as an independent variable.



The statistical significance of linear trends in the paper was determined using the non-parametric Mann–Kendall test (M-K test) [57,58] using the pyMannKendall package for Python [59]. The null hypothesis is that no statistically significant monotonic trend exists in the analyzed time series. An alternative hypothesis is that there is a trend. The probability values, p < 0.05, and p < 0.01, were adopted as criteria for accepting the hypothesis of a statistically significant linear trend.



The Rescaled Adjusted Partial Sums (RAPS) method [59,60,61] is used to analyze time series using the summary deviation curve. The graphic display based on the RAPS transformation overcomes the small systematic and random changes, errors, and variability within the analyzed time series, and indicates the existence of several sub-periods with similar characteristics, more trends, sudden jumps or drops in value, irregular fluctuations, the existence of periodicity, etc. The expression for the calculation reads as follows:


RAPSk = Σk ((Yk − Yav)/SY)



(4)




where Yav is the average value of the considered time series, which consists of n, members and SY, the standard deviation of the series, while k = 1, 2, …, n, represents the counter during the summation.



The statistical significance of the differences between the average values of two adjacent sub-periods defined by the RAPS method (two adjacent subseries) was determined using the F-test and t-test [62,63]. The F-test was used to examine the equality of variances of two normally distributed populations (two subsets). In contrast, the t-test was used to quantitatively assess whether the average values of two adjacent time subsets are statistically significantly different. In both tests, the probabilities, p < 0.05 and p < 0.01, were chosen as the level for accepting the hypothesis that the average values of the subsets are statistically significantly different.





3. Results and Discussion


3.1. Analysis of Series of Annual Values of Temperature Indices, Precipitation, and DTR


Differences in the behavior of the time series of characteristic annual temperatures (minimum, mean, and maximum) indices, precipitation, and DTR in the period of 1887–2019 are analyzed on a time scale of one year. Table 1 contains the average values of the analyzed annual climatological parameters, the slope of linear regression, a; the linear correlation coefficient, R; and the probabilities defined by the M-K test, p, in 1887–2019.



Figure 2 shows a series of annual DTRs observed at the Zagreb Grič Observatory from 1887 to2019. A statistically insignificant downward trend is observed. However, the RAPS method indicates three sub-periods in which the values of average neighboring DTRs are statistically significantly different, as shown in Figure 3. There was no trend in the first sub-period from 1887 to 1953. Annual DTR values varied between 6.90 °C (1937) and 8.71 °C (1921), with an average value of 7.94 °C. In the second sub-period, from 1954 to 1989, the average value dropped to 7.37 °C, and the annual values varied between 6.61 °C (1975) and 8.19 °C (1961). A trend of increasing annual DTR values appeared in the recent sub-period, from 1990 to 2019. The average value was 8.01 °C and the annual values ranged between 7.12 (1996) and 8.98 °C (2017).



Figure 4A–C show the series of minimum annual air temperatures, Tmin, (Figure 4A), mean annual air temperatures, Tav, (Figure 4B), and maximum annual air temperatures, Tmax, (Figure 4C) observed at the Zagreb Grič Observatory during the period of 1887–2019. The figures show regression lines defined by the least squares method. It is observed that there is a statistically significant upward trend in all three temperature indices. It is the largest for the time series of minimum annual temperature (but more significant for the annual average temperature because the correlation coefficient is higher: 0.641 > 0.439).



The RAPS method determines that in each of the analyzed temperature indices, there are two sub-periods whose average values are statistically significantly different. The results of the F-test and t-test can be found in Table 2. It is important to note that sudden jumps appeared first in a series of minimum annual temperatures in 1970. They appeared in a series of mean annual temperatures (in 1988), and at the latest, with a series of maximum annual temperatures (in 1998).



Figure 5 shows the annual precipitation series, P, observed at the Zagreb Grič Observatory from 1887 to 2019. There is no trend in this climate parameter.



Table 3 shows the values of the linear correlation coefficients, R, between the annual series of DTR and precipitation, P, and mean annual temperatures, T, for the entire period (1887–2019) and three sub-periods (1887–1953; 1954–1989; 1990–2019). It is important to note that the values of the linear correlation coefficients, R, are by far the highest in the recent sub-period for both observed relationships. It should be emphasized that with an increase in annual precipitation, DTR values decrease, while they increase when the mean annual temperature increases.




3.2. Analysis of Variations of Monthly DTRs


To document and understand the variation of DTR in more depth than allowed by annual values alone, the monthly means of DTR are analyzed in this section”. In shorter time scales, it is possible to establish their different behavior and, in this way, to explain better the factors that influence the development of the analyzed parameter. Therefore, in this section, the variations of DTRs are analyzed monthly.



Table 4 shows the mean monthly minimum (DTRmin), average (DTRav), and maximum (DTRmax) values of DTR in 1887–2019, together with the slope of linear regression (a), the linear correlation (R) and the probability from the M-K test (p) for the DTRav time series. In the period of 1887–2019., i.e., a, r, and P are related to the DTRav time series. The highest values occur during the warm part of the year in July (DTRJul = 10.19 °C) and are 2.22 times higher than in December (DTRDec = 4.58 °C). Statistically insignificant increasing trends are observed in March, April, and May, while the trend in December is statistically significant at the p < 0.05 level. In the remaining eight months, there are decreasing trends that are mostly statistically insignificant, except in the case of August and September, when they are significant at the p < 0.01 level.



Table 5 shows the values of average monthly values of air temperatures, Tav, precipitation, Pav, linear correlation coefficient, R, probability, p, defined by the M-K test, for the series of mean monthly air temperatures, Tav, and monthly precipitation, P, in the period of 1887–2019. In the series of average monthly air temperatures, during the period of 1887–2019, in all months except September, there are no statistically significant trends at <0.01 level. In the monthly precipitation series, P, no statistically significant trends of either increase or decrease in any month during the analyzed period of 1887–2019.



The behavior of the time series of monthly DTRs in the three sub-periods (1887–1953; 1954–1898; 1990–2019) defined by the RAPS method (see Figure 3) will be further analyzed. Table 6 gives the monthly averages of DTRav in these three sub-periods and the p-values for the inter-period differences in variance (from the F-test) and mean (from the t-test). In none of the analyzed cases did the F-test show that the variances in the adjacent sub-periods are statistically significantly different. The t-test showed that the average values of neighboring DTRs differed significantly during the seven months from February to August. They differ statistically insignificantly in January and December. The DTR in the second sub-period of 1954–1989 was in nearly all months smaller than in the other two periods. DTR was the largest in 1990–2019 in the eight months from November to June, whereas the largest values from July to October were observed in 1887–1953”. The average monthly values of DTRav in the three sub-periods can be visually compared in Figure 6.



When the behavior of DTRs is analyzed on a monthly scale, it is observed that the variations vary during the year. They are the lowest in the second sub-period, while in the first and third sub-periods, they are relatively similar, although a difference is observed during each month of the year. In the eight months from November to June, the values are higher in the recent third sub-period, while the situation is reversed from July to October.



Table 7 gives the monthly averages of the mean temperature in the earlier defined three sub-periods and the p-values for the inter-period differences in variance (from the F-test) and mean (from the t-test). None of the cases analyzed by the F-test showed statistically significant differences in the variances in adjacent sub-periods. The t-test reveals no significant differences in the mean values between 1887–1953 and 1954–1989, whereas there is significant warming in all months from 1954–1989 to 1990–2019. Figure 7 visually confirms the warmth of the 1990–2019 period compared with 1954–1989 and 1887–1953. It can be seen that the third, i.e., the recent period is the warmest, which can be explained both by the effect of global warming and the effect of the urban heat island.



Table 8 gives the averages of monthly precipitation in the three sub-periods together with the p-values for the inter-period differences in variance (from the F-test) and mean (from the t-test). The F-test only showed a statistically significant difference in variance in two cases: in June, a significant decrease in variance from 1954–1989 to 1990–2019, and in September, a significant increase from 1954–1989 to 1990–2019. The t-test also shows only two cases in which the average precipitation differs significantly between two adjacent periods: an increase from 1954–1989 to 1990–2019 in September, and a decrease from 1887–1953 to 1954–1989 in October. The mean values of monthly precipitation in the three sub-periods are graphically displayed in Figure 8.



Table 9 gives the linear correlation coefficients of monthly mean DTR with both precipitation P and the mean temperature Tav for the entire period (1887–2019). In each month of the year, the relationship between DTRs and precipitation, P, is inversely proportional, unlike the relationship between DTRs and average monthly air temperatures, in which DTR values and temperature increase simultaneously. The absolute values of the linear correlation coefficients, R, behave similarly. They are highest in the warm part of the year and lowest in the cold, especially from November to January.



Table 10 shows the linear correlation coefficients of monthly DTR with monthly precipitation (P) and monthly mean temperature (Tmean), in three sub-periods: 1887–1953; 1954–1989; 1990–2019. In each month of the year and the three analyzed sub-periods, the relationship between DTRs and precipitation is inversely proportional, unlike the relationship between DTRs and mean monthly air temperatures, where DTR and the mean temperature are positively correlated in all months but February. The values of the linear correlation coefficients, R, between DTR and precipitation are the highest in the first sub-period and the lowest in the second. The values of the linear correlation coefficients, R, between DTR and mean monthly air temperatures are the highest in the third sub-period and the lowest in the first.



Figure 9 shows graphically three series of differences, Δ = Tav − DTRav, between average monthly air temperatures, Tav, and average, DTRav, defined in three sub-periods. It is important to note that the differences, Δ, increase over time in each month of the year. They are the lowest in the first sub-period and the highest in the third. Average air temperatures, Tav, are lower than DTRav, in January, February, and December. In March, the average air temperatures, Tav, are lower than DTRav, in the first (1887–1953) and second (1954–1989) sub-periods. The situation changes in the third (1990–2019) sub-period, so the average air temperature, Tav, becomes slightly higher than DTRav.




3.3. Analysis of Variations of Daily DTRs


Figure 10 shows a series of daily minimum, DTRmin, average, DTRav, maximum, DTRmax, and average daily air temperatures, Tav, from 1 January 1887 to 31 December 2018. The dates when minimum and maximum average DTR and mean air temperature, Tav, appear are noted. The average value of the mean air temperature, Tav, is observed to be lower than that of DTR from 25 November to 21 March, which is 118 days a year. When the average values of daily DTRs are compared with the average values of mean air temperatures, Tav, as shown in Figure 11, it is possible to better observe and understand the interaction between these two climate indices during the days of the year.



While the climate indices analyzed in Figure 10 and Figure 11 are presented in chronological order, Figure 12 shows three duration curves calculated for three different sub-periods defined by the RAPS method. In the second sub-period (1954–1989), the values of DTRs are much lower than in the other two sub-periods. It should be pointed out that in the third sub-period (1990–2019), when DTR < 7.7 °C, DTRs are higher than in the first sub-period (1887–1953). For DTR > 7.7 °C, the duration curves for the first and third sub-periods mostly match. The conclusion is that in the recent period, the value of DTRs increased during the colder period of the year.



Figure 13 graphically shows a three-time series of average daily values of differences, Δ, among concurrent average mean daily air temperatures, Tav, and DTRav, in three sub-periods: 1887–1953; 1954–1989; 1990–2019. Figure 14 shows the duration curves for the three-time sub-series shown in Figure 13. It is clear that the differences, Δ, are by far the largest in the recent sub-period. It is important to note that they are higher in the second sub-period (1953–1989) than in the first (1887–1953).



It is a definite conclusion that with the increase in air temperature, the values of DTRs also increase, as well as the difference, Δ, between air temperatures and DTRs.




3.4. Analysis of Variations of Annual ATRs


Figure 15 shows the time series of ATRs from 1887 to 2019. The values range between the minimum, ATR = 17.0 °C (2014), and the maximum, ATR = 29.5 °C (1929). The average value in the 133-year-long period is ATRav = 23.29 °C. The downward trend is not statistically significant.



The RAPS method defines the following sub-periods within the analyzed sequence of 133 years: 1887–1905; 1906–1926; 1927–1964; and 1965–2019. Figure 16 shows these four subseries, and the average values of each of them are plotted. In Table 11, the average monthly values, ATRav, for the four sub-periods are shown together with the probabilities at which the inter-sub-period differences between the mean values (based on the t-test) and the variances (based on the F-test) would arise by chance. Based on the previous analysis and available sources, we could not establish any regularity or pattern in the behavior of ATRs and their connection with global warming processes and the influence of the urban heat island.



Minimum mean monthly temperatures during the year in the analyzed period of 133 years (1887–2019) occurred in November (1 time or 0.8%), December (32 times or 24.1%), January (78 times or 58.6%), and February (22 times or 16.5%). Maximum average monthly temperatures occurred in June (4 times or 3.0%), July (88 times or 66.2%), and August (41 times or 30.8%).





4. Conclusions


The process of climate change, which manifests itself most obviously as global warming, is present on the entire planet. One should accept that it manifests differently in various regions, locations, and time scales when studying it. The reasons for this are numerous and are found in the complexity of interactive natural and human-managed processes. Climate change processes are very complex, and one could say that they are still not sufficiently explained. Internal climate variability is a consequence of internal natural processes. Simultaneously with internal processes, the climate is also affected by external factors caused by anthropogenic intervention. It is sometimes difficult to precisely separate the interior from external factors and assess how and to what extent they affect climate change at different locations. That is why various methods are used to better explain this important issue. In the last thirty years, DTR and ATR methods, as relatively new, have been applied.



Ref. [5] concludes, “The global decrease in DTR is attributed to an anthropogenic signal, primarily driven by greenhouse gas forcing. Aerosol forcing had a detectable positive (negative) impact on the DTR in Europe (East Asia)”. They stress that it remains unclear whether humans have a detectable influence on the DTR and to what extent anthropogenic greenhouse gases may be driving such changes.



At the Zagreb Grič Observatory, a downward trend in DTR and ATR was confirmed during the analyzed period of 133 years (1887–2019) (Figure 2 and Figure 15). However, the analysis of DTRs using the RAPS method indicated that they behave differently in three sub-periods (Figure 3): 1887–1953, 1954–1989, and 1990–2019. This behavior of DTRs at the Zagreb Grič Observatory agrees with the conclusions presented in the work of Makowski et al. (2008). ATR values for 133 years behaved differently in four sub-periods (Figure 16): 1887–1905; 1906–1926; 1927–1964; 1965–2019. An attempt was made to determine the reasons for this behavior of the analyzed indicators by analyzing the relationship between annual and monthly DTRs and mean yearly and monthly air temperatures and precipitation. However, no firm conclusions can be drawn. The fact is that numerous factors, such as cloud cover, fog, urban heat island effect, aerosol concentration, water vapor, greenhouse gas emissions, land use change, vegetation cover, changes in atmospheric circulation properties, snow melting, intensity and amount of precipitation, etc., significantly affect the variability of DTR and ATR. Unfortunately, there are no continuous measurements of any of these indicators, and it is impossible to make reliable conclusions about why variations appeared between different sub-periods.



The analyses performed in this paper indicated the necessity of a much subtler study of all climate indicators, especially DTR in urban areas, considering its significant impact on the environment and human health. The analysis of ATRs and DTRs represents an emerging approach to explaining the causes and consequences of global warming. Creating a system of continuous monitoring of numerous parameters will be necessary to make reliable conclusions, some factors are natural while others are anthropogenic, and the latter appear to be becoming more and more numerous and influential. The example of varying DTRs and ATRs discussed here indicates the complexity and importance of the issue. Intensive and creative interdisciplinary cooperation between multiple scientific disciplines (e.g., climatology and meteorology, hydrology, ecology, etc.) will help to better explain climate change and its impact on processes in different types of environments and to mitigate the negative consequences of climate change.
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Figure 1. Study area map. 
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Figure 2. Annual DTR at Zagreb Grič (1887–2019). 
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Figure 3. Annual DTR at Zagreb Grič in three sub-periods: (1) 1887–1953; (2) 1954–1989; and (3) 1990–2019. 
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Figure 4. (A) Annual, Tmin, at Zagreb Grič (1887–2019). (B) Annual, Tav, at Zagreb Grič (1887–2019). (C) Annual, Tmax, at Zagreb Grič (1887–2019). 
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Figure 5. Annual, P, at Zagreb Grič (1887–2019). 
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Figure 6. Average monthly DTR at Zagreb Grič in three sub-periods: (1) 1887–1953; (2) 1954–1989; (3) 1990–2019. 
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Figure 7. Average monthly, Tav, at Zagreb Grič in three sub-periods: (1) 1887–1953; (2) 1954–1989; and (3) 1990–2019. 






Figure 7. Average monthly, Tav, at Zagreb Grič in three sub-periods: (1) 1887–1953; (2) 1954–1989; and (3) 1990–2019.



[image: Atmosphere 14 01346 g007]







[image: Atmosphere 14 01346 g008] 





Figure 8. Average monthly, P, at Zagreb Grič in three sub-periods: (1) 1887–1953; (2) 1954–1989; and (3) 1990–2019. 
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Figure 9. Average monthly, Δ = Tav − DTR, at Zagreb Grič in three sub-periods: (1) 1887–1953; (2) 1954–1989; and (3) 1990–2019. 
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Figure 10. Average daily, DTRmin, DTRmean, DTRmax, and Tav, based on data from 1 January 1887 to 31 December 2018. 
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Figure 11. The relationship between daily, DTRav, and Tav, based on data from 1 January 1887 to 31 December 2018. 
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Figure 12. Duration curves of average daily, DTRav, in three sub-periods: (1) 1887–1953; (2) 1954–1989; and (3) 1990–2019. 
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Figure 13. Average daily, Δ = Tav − DTR, based on data from 1 January 1887 to 31 December 2018. 
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Figure 14. Duration curves of average daily, Δ = Tav − DTR, in three sub-periods: (1) 1887–1953; (2) 1954–1989; and (3) 1990–2019. 
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Figure 15. Annual ATR at Zagreb Grič (1887–2019). 
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Figure 16. Annual ATR at Zagreb Grič in four sub-periods: (1) 1887–1905; (2) 1906–1926; (3) 1927–1964; and (4) 1965–2019. 
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Table 1. The average annual values of the time series of Tmin; Tmean; Tmax; P; DTR; the slope of linear equation, a; the coefficient of linear correlation, R; and the results of probability, p, from the M-K test for the whole period of 1887–2019.
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	Average
	A
	R
	p





	Tmin
	−11.58 °C
	0.048 °C/year
	0.439
	<0.01



	Tmean
	11.71 °C
	0.0155 °C/year
	0.631
	<0.01



	Tmax
	33.81 °C
	0.0152 °C/year
	0.294
	<0.01



	P
	881.4 mm
	0.0224 mm/year
	0.005
	>0.05



	DTR
	7.80 °C
	−0.0014 °C/year
	0.110
	>0.05










 





Table 2. The average values of Tmin, Tmean, Tmax, and DTR for the sub-periods defined by the RAPS method, and the results of the probability, p, of the F-test and t-test between consecutive sub-periods.
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Sub-Period

	
Average (°C)

	
p (F-test)

	
p (t-test)






	
Tmin

	
1887–1969

	
−13.07

	
<0.01

	
<0.01




	
1970–2019

	
−9.11




	
Tmean

	
1887–1969

	
11.36

	
>0.05

	
<0.01




	
1970–2019

	
12.81




	
Tmax

	
1887–1969

	
33.42

	
>0.05

	
<0.01




	
1970–2019

	
35.76




	
DTR

	
1887–1953

	
7.94

	
>0.05

>0.05

	
<0.01

<0.01




	
1954–1989

	
7.37




	
1990–2019

	
8.01








The red number means that p < 0.01.













 





Table 3. Coefficients of linear correlation, R, of the time series of the differences between annual values of DTR and rainfall, P, (DTR-P), and DTR, and mean annual temperature, Tmean, (DTR-Tmean), for the whole analyzed period (1887–2019), and three sub-periods defined by RAPS method (1887–1953; 1954–1989; 1990–2019).






Table 3. Coefficients of linear correlation, R, of the time series of the differences between annual values of DTR and rainfall, P, (DTR-P), and DTR, and mean annual temperature, Tmean, (DTR-Tmean), for the whole analyzed period (1887–2019), and three sub-periods defined by RAPS method (1887–1953; 1954–1989; 1990–2019).





	

	
Sub-Period

	
R






	
DTR-P

	
1887–2019

	
−0.445




	
1887–1953

	
−0.513




	
1954–1989

	
−0.341




	
1990–2019

	
−0.604




	
DTR-Tmean

	
1887–2019

	
0.361




	
1887–1953

	
0.204




	
1954–1989

	
0.367




	
1990–2019

	
0.564











 





Table 4. The average values of the time series of monthly minimum, DTRmin, mean, DTRav, and maximum, DTRmax, slope of linear equation, a, coefficient of linear correlation, R, and the results of probability, p, of the M-K test, for the whole period of 1887–2019.






Table 4. The average values of the time series of monthly minimum, DTRmin, mean, DTRav, and maximum, DTRmax, slope of linear equation, a, coefficient of linear correlation, R, and the results of probability, p, of the M-K test, for the whole period of 1887–2019.





	Month
	DTRmin

(°C)
	DTRav

(°C)
	DTRmax

(°C)
	a

(°C/Year)
	R
	p





	Jan.
	2.28
	5.15
	7.42
	−0.0016
	−0.0592
	p > 0.05



	Feb.
	3.77
	6.35
	9.90
	−0.0023
	−0.0755
	p > 0.05



	Mar.
	4.68
	7.90
	11.02
	0.0005
	0.0173
	p > 0.05



	Apr.
	7.04
	8.98
	11.83
	0.0018
	0.0728
	p > 0.05



	May
	7.40
	9.53
	11.93
	0.0011
	0.0520
	p > 0.05



	June
	6.80
	9.80
	12.32
	−0.0018
	−0.0806
	p > 0.05



	July
	8.03
	10.19
	12.75
	−0.0037
	−0.1562
	p > 0.05



	Aug.
	7.80
	9.84
	11.96
	−0.0077
	−0.2860
	p < 0.01



	Sep.
	6.36
	8.70
	11.55
	−0.0056
	−0.2254
	p < 0.01



	Oct.
	4.27
	7.23
	10.41
	−0.0014
	−0.0548
	p > 0.05



	Nov.
	2.49
	5.27
	8.03
	−0.0031
	−0.1217
	p > 0.05



	Dec.
	2.15
	4.58
	7.44
	0.0042
	0.1786
	p < 0.05







The red number means that p < 0.01. The blue number means that 0.05 > p > 0.01.













 





Table 5. The average values of mean monthly air temperature (Tav) and monthly precipitation (Pav), the corresponding coefficients of linear correlation (R) and the probability results from the M-K test (p) for the whole period of 1887–2019.






Table 5. The average values of mean monthly air temperature (Tav) and monthly precipitation (Pav), the corresponding coefficients of linear correlation (R) and the probability results from the M-K test (p) for the whole period of 1887–2019.





	Month
	Tav (°C)
	R
	P
	Pav (mm)
	R
	p





	Jan.
	0.71
	0.328
	p < 0.01
	50.2
	0.081
	p > 0.05



	Feb.
	2.75
	0.293
	p < 0.01
	37.1
	0.096
	p > 0.05



	Mar.
	7.40
	0.277
	p < 0.01
	53.5
	−0.131
	p > 0.05



	Apr.
	12.0
	0.392
	p < 0.01
	65.7
	−0.094
	p > 0.05



	May
	16.5
	0.295
	p < 0.01
	82.0
	−0.069
	p > 0.05



	June
	19.9
	0.404
	p < 0.01
	95.3
	−0.020
	p > 0.05



	July
	21.9
	0.366
	p < 0.01
	83.7
	−0.0001
	p > 0.05



	Aug.
	21.2
	0.378
	p < 0.01
	81.7
	0.007
	p > 0.05



	Sep.
	17.2
	0.165
	p > 0.05
	87.0
	0.017
	p > 0.05



	Oct.
	12.0
	0.219
	p < 0.05
	87.6
	−0.167
	p > 0.05



	Nov.
	6.64
	0.294
	p < 0.01
	84.0
	0.003
	p > 0.05



	Dec.
	2.32
	0.217
	p < 0.01
	63.4
	0.014
	p > 0.05







The red number means that p < 0.01. The blue number means that 0.05 > p > 0.01.













 





Table 6. The average values of DTRav for the sub-periods are defined by the RAPS method, and the results of the probability, p, of the F-test and t-test between the consecutive sub-periods.






Table 6. The average values of DTRav for the sub-periods are defined by the RAPS method, and the results of the probability, p, of the F-test and t-test between the consecutive sub-periods.





	
Month

	
Sub-Period

	
DTRav

	
p (F-Test)

	
p (t-Test)






	
Jan.

	
1887–1953

	
5.22

	
>0.05

>0.05

	
>0.05

<0.05




	
1954–1989

	
4.84




	
1990–2019

	
5.38




	
Feb.

	
1887–1953

	
6.54

	
>0.05

>0.05

	
<0.01

<0.01




	
1954–1989

	
5.56




	
1990–2019

	
6.86




	
Mar.

	
1887–1953

	
8.02

	
>0.05

>0.05

	
<0.01

<0.01




	
1954–1989

	
7.27




	
1990–2019

	
8.39




	
Apr.

	
1887–1953

	
9.07

	
>0.05

>0.05

	
<0.01

<0.01




	
1954–1989

	
8.50




	
1990–2019

	
9.35




	
May

	
1887–1953

	
9.63

	
>0.05

>0.05

	
<0.01

<0.01




	
1954–1989

	
9.17




	
1990–2019

	
9.74




	
June

	
1887–1953

	
10.01

	
>0.05

>0.05

	
<0.01

<0.01




	
1954–1989

	
9.20




	
1990–2019

	
10.06




	
July

	
1887–1953

	
10.47

	
>0.05

>0.05

	
<0.01

<0.01




	
1954–1989

	
9.63




	
1990–2019

	
10.25




	
Aug.

	
1887–1953

	
10.29

	
>0.05

>0.05

	
<0.01

<0.01




	
1954–1989

	
9.05




	
1990–2019

	
9.80




	
Sep.

	
1887–1953

	
8.99

	
>0.05

>0.05

	
<0.01

>0.05




	
1954–1989

	
8.38




	
1990–2019

	
8.45




	
Oct.

	
1887–1953

	
7.30

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
7.09




	
1990–2019

	
7.23




	
Nov.

	
1887–1953

	
5.19

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
5.19




	
1990–2019

	
5.57




	
Dec.

	
1887–1953

	
4.43

	
>0.05

>0.05

	
>0.05

<0.05




	
1954–1989

	
4.48




	
1990–2019

	
5.03








The red number means that p < 0.01. The blue number means that 0.05 > p > 0.01.













 





Table 7. The average values of the mean monthly air temperatures, Tav, for the sub-periods defined by the RAPS method, and the results of the probability, p, of the F-test and t-test between the consecutive sub-periods.






Table 7. The average values of the mean monthly air temperatures, Tav, for the sub-periods defined by the RAPS method, and the results of the probability, p, of the F-test and t-test between the consecutive sub-periods.





	
Month

	
Sub-Period

	
Tav

	
p (F-Test)

	
p (t-Test)






	
Jan.

	
1887–1953

	
0.076

	
>0.05

>0.05

	
>0.05

<0.01




	
1954–1989

	
0.43




	
1990–2019

	
2.47




	
Feb.

	
1887–1953

	
2.09

	
>0.05

>0.05

	
>0.05

<0.05




	
1954–1989

	
2.61




	
1990–2019

	
4.39




	
Mar.

	
1887–1953

	
7.00

	
>0.05

>0.05

	
>0.05

<0.01




	
1954–1989

	
7.01




	
1990–2019

	
8.74




	
Apr.

	
1887–1953

	
11.68

	
>0.05

>0.05

	
>0.05

<0.01




	
1954–1989

	
11.66




	
1990–2019

	
13.19




	
May

	
1887–1953

	
16.25

	
>0.05

>0.05

	
>0.05

<0.01




	
1954–1989

	
16.16




	
1990–2019

	
17.57




	
Jun.

	
1887–1953

	
19.15

	
>0.05

>0.05

	
>0.05

<0.01




	
1954–1989

	
19.40




	
1990–2019

	
21.24




	
Jul.

	
1887–1953

	
21.70

	
>0.05

>0.05

	
>0.05

<0.01




	
1954–1989

	
21.30




	
1990–2019

	
23.09




	
Aug.

	
1887–1953

	
20.98

	
>0.05

>0.05

	
>0.05

<0.01




	
1954–1989

	
20.51




	
1990–2019

	
22.73




	
Sep.

	
1887–1953

	
17.14

	
>0.05

>0.05

	
>0.05

<0.01




	
1954–1989

	
17.06




	
1990–2019

	
17.49




	
Oct.

	
1887–1953

	
11.74

	
>0.05

>0.05

	
>0.05

<0.05




	
1954–1989

	
11.85




	
1990–2019

	
12.69




	
Nov.

	
1887–1953

	
6.23

	
>0.05

>0.05

	
>0.05

<0.01




	
1954–1989

	
6.41




	
1990–2019

	
7.83




	
Dec.

	
1887–1953

	
2.00

	
>0.05

>0.05

	
>0.05

<0.01




	
1954–1989

	
2.37




	
1990–2019

	
2.98








The red number means that p < 0.01. The blue number means that 0.05 > p > 0.01.













 





Table 8. The average values of monthly rainfall, Pav, for the sub-periods defined by the RAPS method, and the results of the probability, p, of the F-test and t-test between the consecutive sub-periods.
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Month

	
Sub-Period

	
Pav

	
p (F-Test)

	
p (t-Test)






	
Jan.

	
1887–1953

	
49.4

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
53.8




	
1990–2019

	
47.9




	
Feb.

	
1887–1953

	
46.5

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
47.9




	
1990–2019

	
47.4




	
Mar.

	
1887–1953

	
52.6

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
57.7




	
1990–2019

	
50.7




	
Apr.

	
1887–1953

	
66.8

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
65.9




	
1990–2019

	
63.0




	
May

	
1887–1953

	
82.7

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
87.6




	
1990–2019

	
73.8




	
Jun.

	
1887–1953

	
92.8

	
>0.05

<0.05

	
>0.05

>0.05




	
1954–1989

	
105.4




	
1990–2019

	
88.8




	
Jul.

	
1887–1953

	
81.3

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
89.3




	
1990–2019

	
82.5




	
Aug.

	
1887–1953

	
75.8

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
92.5




	
1990–2019

	
81.9




	
Sep.

	
1887–1953

	
82.4

	
>0.05

<0.01

	
>0.05

<0.05




	
1954–1989

	
80.2




	
1990–2019

	
105.4




	
Oct.

	
1887–1953

	
97.5

	
>0.05

>0.05

	
<0.05

>0.05




	
1954–1989

	
69.6




	
1990–2019

	
87.3




	
Nov.

	
1887–1953

	
82.7

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
81.4




	
1990–2019

	
90.1




	
Dec.

	
1887–1953

	
62.8

	
>0.05

>0.05

	
>0.05

>0.05




	
1954–1989

	
65.4




	
1990–2019

	
62.3








The red number means that p < 0.01. The blue number means that 0.05 > p > 0.01.













 





Table 9. Values of the linear correlation coefficient, R, for the time series of differences, DTR-P, and DTR-Tmean, for the whole period of 1887–2019.






Table 9. Values of the linear correlation coefficient, R, for the time series of differences, DTR-P, and DTR-Tmean, for the whole period of 1887–2019.





	R
	DTR-P
	DTR-Tmean





	Jan.
	−0.223
	0.112



	Feb.
	−0.425
	0.242



	Mar.
	−0.425
	0.587



	Apr.
	−0.557
	0.630



	May
	−0.554
	0.593



	Jun.
	−0.469
	0.480



	Jul.
	−0.541
	0.515



	Aug.
	−0.504
	0.569



	Sep.
	−0.558
	0.553



	Oct.
	−0.422
	0.298



	Nov.
	−0.192
	0.360



	Dec.
	−0.156
	0.334










 





Table 10. The linear correlation (R) between DTR and precipitation (DTR-P) and between DTR and mean temperature (DTR-Tmean) in the three sub-periods (1887–1953; 1954–1989; 1990–2019), defined by the RAPS method.






Table 10. The linear correlation (R) between DTR and precipitation (DTR-P) and between DTR and mean temperature (DTR-Tmean) in the three sub-periods (1887–1953; 1954–1989; 1990–2019), defined by the RAPS method.





	
R

	
DTR-P

	
DTR-Tmean




	
1887–1953

	
1954–1989

	
1990–2019

	
1887–1953

	
1954–1989

	
1990–2019






	
Jan.

	
−0.228

	
−0.057

	
0.010

	
0.044

	
0.111

	
0.484




	
Feb.

	
−0.432

	
−0.262

	
−0.657

	
−0.044

	
0.275

	
0.581




	
Mar.

	
−0.495

	
−0.373

	
−0.325

	
0.486

	
0.645

	
0.701




	
Apr.

	
−0.664

	
−0.315

	
−0.646

	
0.220

	
0.584

	
0.485




	
May

	
−0.522

	
−0.385

	
−0.598

	
0.598

	
0.557

	
0.650




	
Jun.

	
−0.559

	
−0.449

	
−0.081

	
0.559

	
0.296

	
0.532




	
Jul.

	
−0.644

	
−0.452

	
−0.415

	
0.717

	
0.326

	
0.330




	
Aug.

	
−0.453

	
−0.277

	
−0.778

	
0.624

	
0.632

	
0.832




	
Sep.

	
−0.627

	
−0.411

	
−0.569

	
0.613

	
0.457

	
0.648




	
Oct.

	
−0.354

	
−0.604

	
−0.565

	
0.320

	
0.117

	
0.522




	
Nov.

	
−0.140

	
−0.239

	
−0.321

	
0.260

	
0.382

	
0.431




	
Dec.

	
−0.221

	
−0.138

	
−0.045

	
0.193

	
0.562

	
0.247











 





Table 11. The average values of ATRav for the sub-periods defined by the RAPS method, and the results of the probability, p, of the F-test and t-test between four consecutive sub-periods (1887–1905; 1906–1926; 1927–1964; 1965–2019).






Table 11. The average values of ATRav for the sub-periods defined by the RAPS method, and the results of the probability, p, of the F-test and t-test between four consecutive sub-periods (1887–1905; 1906–1926; 1927–1964; 1965–2019).





	
Sub-Period

	
ATRav (°C)

	
p (F-Test)

	
p (t-Test)






	
1887–1905

	
24.15

	
>0.05

>0.05

<0.05

	
<0.01

<0.01

<0.01




	
1906–1926

	
21.23




	
1927–1964

	
23.66




	
1965–2019

	
22.09








The red number means that p < 0.01. The blue number means that 0.05 > p> 0.01.
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