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Abstract

:

This study aims to assess the impacts of climate change on the cultural heritage of two Greek areas for both the present time and the future. As the climate is constantly evolving, cultural heritage is continuously exposed to the risk of damage and deterioration. Therefore, museum directors and boards as well as the national ministries must be informed so that measures and practices are adapted to the new climatic conditions. Greece is a country with immense cultural wealth, both tangible and intangible, which stretches back four and a half thousand years. As a homeland of important historical and cultural resources, Greece is vulnerable to climate change. Two up-to-date indices were applied to two Greek areas with high cultural value: Thessaloniki and Delphi. In order to evaluate the suitability of the microclimate and to assess the damage risk, the Heritage Microclimate Risk (HMR) index and the Predicted Risk of Damage (PRD) index were used for two variables: temperature and relative humidity. The study was carried out for three different time periods, the period 1980–2000 (hereafter, the reference period) and the future periods 2039–2059 and 2079–2099. For the reference period, data from three different sources were incorporated in the study (observed, reanalysis, and model data). The simulated data were derived from the Regional Climate Model RegCM4 with a fine spatial resolution of 10 × 10 km. In addition, the emission scenario RCP4.5 was used for the model’s future simulations. The present and future ideal outdoor climate conditions for the monuments were also estimated and are presented in this work. Overall, the future estimations revealed that the ideal outdoor temperature conditions will be higher compared to the reference period, meaning that the monuments will have to adapt to new warmer climate conditions. In addition to the new temperature conditions to which the monuments will have to adapt, the study showed that the monuments will be exposed to “moderate-maximum” risk more often in the future.






Keywords:


climate change; cultural heritage; present simulations; future simulations; Greece












1. Introduction


Cultural heritage refers to tangible and intangible assets that constitute the legacy of a society, which are inherited from past generations for the benefit of future ones [1]. Cultural heritage plays an important role in enhancing public education, shaping socio-cultural capital through community identity, and supporting economic growth and employment [2,3,4]. The preservation as well as the transmission of this nonrenewable heritage to future generations is our responsibility. According to the literature, damage to a cultural heritage site can mean the loss of irreplaceable cultural, social, and economic assets to local, national, and global communities [5]. Heritage assets have always been and will continue to be subjected to interactions with their environment such as weathering processes [6]. Climate change is an additional potential threat as it exacerbates the expected rates of decay and/or contributes to the appearance of new decay phenomena [7]. In addition to the negative impacts of climate change on production systems, its impact on cultural heritage includes the aggravation of physical, chemical, and biological mechanisms, changes in air and sea temperatures as well as humidity, sea level rise, flooding, extreme weather events, coastal erosion, etc. [4,8,9,10,11,12,13,14,15,16]. The United Nations Educational, Scientific and Cultural Organization World Heritage Convention [17] has recognized the effects of climate change as a significant threat to cultural heritage both in the present and in the future, stimulating a growing body of related research.



The Greek heritage on which this work focuses includes more than 21,000 monuments and archaeological sites, 18 of which have been recognized by UNESCO as World Heritage Sites. In addition to the high importance of the country’s cultural identity, Greek monuments attract a large percentage of tourists every year, strengthening one of the main economic sectors of Greece, tourism. While the country’s cultural heritage plays an important social and economic role, climate change poses serious threats to the protection and preservation of these non-renewable heritages and resources [4]. Under all the emission scenarios considered, global surface temperature will continue to increase, accompanied by an increase in the frequency and intensity of extreme heat waves, marine heat waves, heavy precipitation, droughts, etc. [18,19,20,21,22]. Future projections show that the Mediterranean region in which Greece is located is particularly vulnerable to climate change, mainly because of intense warming and drought, especially during the summer season [23,24]. More specifically for our country, results from numerous studies have shown that the Greek territory may suffer because of climate change over the 21st century [25]. Tolika et al. [26], using various regional climate models under three SRES emission scenarios, revealed that the temperature will increase in the study region and will be more intense during summer. Later, Zanis et al. [27], utilizing simulation from regional climate models under the A1B SRES emission scenario, indicated an annual increase in temperature, which was more intense at the end of the century. In addition, the hot days, tropical nights, (Abbreviations) and consecutive dry days will increase [22] alongside an increase in flooding and forest fires in urban areas [25]. The future projections of the regional climate model RegCM4 under the RCP4.5 scenario for the Greek area showed an increase in temperature of 2.0–3.0 °C until the middle of the 21st century, with a peak increase of 3.6 °C at the end of the 21st century [28].



The methods of assessment of cultural heritage and resources threatened by climate change are classified into qualitative (i.e., interviews, focus groups) and quantitative (i.e., field surveys, questionnaires, Geographic Information Systems (GIS), models, and simulations) [4]. In general, there are a large number of studies on the effects of climate change on cultural heritage following several research approaches. Some of them use spatial analysis methods and Geographic Information Systems (GIS) [29,30] and study the possible climatic effects on the cultural heritage in terms of floods, fires, etc. Other studies are directed toward the virtual modeling of buildings and the study of the microclimatic conditions of an indoor environment [31,32,33]. Moreover, energy consumption [34,35], economic and societal impacts [36], and people’s comfort and health are also studied [37,38]. Numerous studies apply indicators to assess the risk of the outdoor and indoor microclimate [39,40,41,42,43].



Thus, the awareness of the great importance of cultural monuments to the country both socially and economically, as well as the negative effects that climate change could potentially have on them, motivated our research. Therefore, recognizing the risk of climate to the cultural heritage, the main research questions of this study are: As the climate changes, is the cultural heritage of Greece at risk? If so, what are its effects in terms of the monuments? The main goal of this work is to evaluate the suitability of the outdoor microclimate and to assess the damage risk by applying two indices. We attempted to study the effects of the outdoor microclimate on the monuments in two Greek cultural areas for the present time and the future. The future ideal outdoor climatic conditions were estimated in order to provide useful information to the museum directors and boards for the development of efficient, updated methods and policies to address the potential climate change in the future. To achieve this objective the Heritage Microclimate Risk (HMR) index for assessing the level of risk of the microclimate and the Predicted Risk of Damage (PRD) index for assessing the risk of damage to the cultural heritage were applied. These indices, primarily developed by Fabbri and Bonora [42] for the indoor microclimate, are able to define the potential microclimate risk within a room, as well as the probability that these conditions can cause damage to the objects of value therein conserved (collections, paintings, etc.). The results of their study showed that the two indices can be adopted in the decision-making processes because they make it possible to understand and define the microclimatic conditions necessary to preserve the objects. In our work, we adapted the indices for the evaluation of outdoor climate conditions and applied them to two climate variables, temperature and relative humidity. Apart from the fact that this is the first time that the HMR index is being used for the Greek area and for the outdoor microclimate analysis, the main reasons for its selection are the following:



	
The database necessary for the calculation of the HMR value can be a monitoring campaign or a virtual simulation [42].



	
The HMR index can be applied to any climate parameter, while the ideal climate conditions can be determined from time series data.



	
In addition to the risk induced by the outdoor–indoor environmental parameters, it also includes the risk from the daily–hourly fluctuations of the microclimatic parameters.






In the next section of this study, the methodology for the HMR and PRD index computation is analyzed as well as the data that are being used. Moreover, the statistical characteristics and results of the indices are presented for the stations under study. Finally, the conclusions derived from the study as well as a literature discussion of them can be found in the last section of this research article.




2. Materials and Methods


2.1. Study Area


The regions of Thessaloniki and Delphi were the case studies of the present work. The selection of the stations was based on their high cultural value. The city of Thessaloniki is located in northern Greece and placed along the northeast coast of Thermaikos gulf. The climate of the city is characterized by Mediterranean temperature conditions, with generally hot, dry summers and mild and wet winters. The average minimum (Tmin), mean (Tmean), and maximum (Tmax) temperature values for the period 1980–2000 were 12.3 °C, 16.3 °C, and 20.9 °C. The city of Thessaloniki is characterized by a rich heritage of Early Christian and Byzantine Art (Figure 1). For several centuries Thessaloniki was the second most important city of the Byzantine Empire, played an important role in Christianity during the Middle Ages, and was decorated with impressive buildings. Various architectural styles, such as the traditional Macedonian architecture or the neoclassical and eclectic styles up to the modern architecture of the interwar period, indicate the richness of the tradition of the city [44]. In 1988 UNESCO declared 15 of the ‘finest monuments’ of the city to be World Heritage Sites, representative samples of this period of its history.



Delphi, the second case study, lies between two towering rocks of Mt. Parnassus, known as the Phaidriades (Shining) Rocks, in the regional unit of Phocis in Central Greece, north of the Corinthian gulf (Figure 1). The area of Delphi is characterized by a continental climate because of its geographical location. The summers are warm and dry, and the winters are long and cold. The average minimum (Tmin), mean (Tmean), and maximum (Tmax) temperature values for the period 1980–2000 were 11.4 °C, 14.5 °C, and 17.5 °C. According to history, the Pan-Hellenic sanctuary of Delphi, where the oracle of Apollo spoke, was the site of the omphalos, the “navel of the world” (UNESCO). Delphi in the 6th century B.C. was indeed the religious center and symbol of unity of the ancient Greek world. Today it is a major archaeological site with well-preserved monuments. It was designated a UNESCO World Heritage site in 1987.




2.2. Data


In order to achieve a detailed assessment of the present and future temperature and relative humidity conditions in the case studies, hourly data derived from three sources were used, which primarily correlated. Regarding the period 1980–2000, observational data from the meteorological station of the Aristotle University of Thessaloniki (AUTH) for Thessaloniki’s region were used. Accordingly, the fifth-generation ECMWF reanalysis ERA5-Land data for Delphi’s region were used. ERA5-Land is a reanalysis dataset providing hourly high-resolution information of surface variables over several decades at ~9 km grid spacing. This reanalysis dataset was produced by replaying the land component of the ECMWF ERA5 climate reanalysis.



The present-day data archive is enriched with 3-hourly data from an up-to-date regional climate model that we are running in our department. The RCM RegCM4 (40) constitutes a hydrostatic, compressible model with a sigma-p vertical coordinate [45,46], which was developed by the National Center for Atmospheric Research (NCAR). The dynamical core of the model is similar to that of the hydrostatic version of the NCAR-PSU Mesoscale Model version 5 (MM5) [47]. The simulation was driven by the HadGEM2 general circulation model (GCM). Table 1 indicates the main physics parameterizations of the model according to Velikou et al. [28]. The spatial resolution of the model is 25 × 25 km; however, in this study, it was used with a dynamical downscaling to a finer resolution of 10 × 10 km providing detailed simulations of the climate parameters in Greece. This fine spatial analysis proved in the case of a sharply orographic country such as Greece to be far better and more efficient in simulating the climate [48]. To assess the impact of future climate changes on the cultural heritage of the two case studies, the future projections of the aforementioned regional climate model were used. As for the present day and for the future projections, the model was applied after its dynamical downscaling in order to provide future time series for the finer analysis of 10 × 10 km. An updated emission scenario RCP (Representative Concentration Pathway) (RCP4.5) was used for the model’s output. In RCP4.5 the future greenhouse gas emissions will rise until 2040 and then decline, thus characterizing this RCP as a “medium”.




2.3. Heritage Outdoor MicroClimate Risk (HMRout) Index


To evaluate the suitability of the microclimates and to assess the risk of damage that the monuments may suffer from the climatic conditions themselves, two new indices of preventive conservation of the cultural heritage were studied. The Heritage Microclimate Risk (HMR) index and the Predicted Risk of Damage (PRD) index were primarily introduced and applied to indoor climatic assessment by Fabbri and Bonora [42]. According to the literature [42], in cases where the cultural objects have adapted themselves to the historical microclimate, the minimum and maximum values (“higher” and “lower” thresholds) of the index are defined by the monitoring campaign or by virtual environmental simulation. The Heritage Microclimate Risk (HMR) index takes a value between: HMRlow = −1 (the risk condition relative to the “lower threshold”) and HMRhigh = +1 (the risk condition relative to the “higher threshold”) (Table 2). Thus, we can understand if the climatic conditions are risky because they tend toward low or high ideal climate conditions. The HMR is the product of the sum of two other indices: HMRenv (HMR-environmental) and HMRosc (HMR-oscillation).



The fact that the HMR index depends on the characteristics of the microclimate [1] motivated us to update and apply it to outdoor microclimate conditions. In this work, we considered that the cultural objects have adapted to the outdoor microclimate conditions, and we applied the indices in the evaluation of outdoor climate conditions. Therefore, the Heritage Microclimate Risk (HMR) index, hereafter, Heritage Outdoor Microclimate index HMRout, is defined as the outdoor microclimate risk of the cultural heritage and makes it possible to assess the risk related to the microclimate. In addition, in this study, the risk of the outdoor microclimate (HMRout index) was computed and analyzed on a seasonal scale for 21-year periods. The HMRout index was applied to the two climate variables, temperature and RH, which were calculated individually.
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We considered that the objects have adapted to a range of climate conditions (hereafter, ideal climate conditions) where any change in them could cause deterioration of the heritage monuments [6,54]. Therefore, the “higher” and “lower” thresholds are the limits of the ideal climate conditions and are measured as follows:



H_HMRenv.out (higher threshold) is the maximum value from the outdoor data series (excluding the “scattered values” [1]. In this study, H_HMRenv.out is identified as the maximum value from the average seasonal temperature or RH.



L_HMRenv.out (lower threshold) is the minimum value from the outdoor data series (excluding the “scattered values” [1]. In this study, L_HMRenv.out is the minimum value from the average seasonal temperature or RH.



H_HMRenv.out and L_HMRenv.out are the limits of the outdoor ideal climate conditions.



HMRenv.out.data is defined as:
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HMRfluc is defined as:


    H M R   f l u c   = 1 ×           H   Δ     f l u c   −   H M R   f l u c . d a t a         H   Δ     f l u c   −     L   Δ     f l u c       × 2    











H_Δfluc is the maximum value of hourly fluctuation from the outdoor data series (excluding the “scattered values” [1] In this study H_Δfluc is the maximum value from the average seasonal hourly fluctuation of temperature or RH.



L_Δfluc is the minimum value of hourly fluctuation from the outdoor data series (excluding the “scattered values” [1]. In this study L_Δfluc is the minimum value from the average seasonal hourly fluctuation of temperature or RH.



HMRfluc data is defined as:


    H M R   f l u c . d a t a   =     Δ Μ   f l u c . d a t a     N    











ΔΜfluc.data is defined as:


    Δ Μ   f l u c . d a t a   =   ∑  k = 1   n      ∑  j = 1   24        X   d a y , k , h o u r j   −   X   d a y , k , h o u r ( j + 1 )          











According to Fabbri and Bonora [42] if HMRenv > 0, then the sign of the HMR index will be “+”, while if HMRenv < 0, the sign will be “−“, considering HMRenv as the predominant cause of risk between HMRenv (HMRenv.out) and HMRosc (HMRfluc).




2.4. Predicted Risk of Damage (PRD) Index


The PRD index is defined as a forecast of the risk of damage, and it assesses the probability of damage caused by the microclimatic conditions [42]. It depends on the microclimate, on the HMR, and on the type of material. The diverse materials (inorganic, organic, etc.) have different behaviors and are exposed to different risks. In this study, the PRD index was applied to inorganic materials because most monuments in the Greek area are made of stone and marble. According to the literature [42] the values of “a” and “b” were determined on an empirical basis from the standards reported by UNI 10829 [55] and EN 15757 [56], and they differ by the type of material (inorganic, organic, etc.).
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3. Results


3.1. Correlation of Model-Observational and Model-Reanalysis Data


Initially, aiming to assess the ability of the model data to simulate the present climate conditions (temperature and RH), the model outputs with the available data (observational data for Thessaloniki (AUTH) and reanalysis data for Delphi (ERA5)) were compared. For that purpose, four criteria were selected: the mean biases of the two meteorological parameters, the standard deviation differences, the median, and the percentiles (25th and 75th) of all datasets. Table 3 and Table 4 show the results for the reference period 1980–2000 and for the two case studies. All the differences (biases) were calculated as (Model-Observed (Reanalysis)).



The mean biases of the average seasonal temperature indicated that the model underestimated (negative differences) the average seasonal temperature for spring, summer, and autumn for both case studies (Thessaloniki and Delphi). In contrast, for the winter period, the model overestimated the average seasonal temperature in both case studies, simulating a “warmer” winter than it actually is. More specifically, the differences for winter, spring, summer, and autumn were 0.7 °C, −2.5 °C, −2.2 °C, and −0.6 °C, respectively, for Thessaloniki. The largest difference was found for spring and the smallest one for the autumn period, which highlighted a lower and higher simulation skill, respectively, for the two periods. In Delphi, the simulated temperature overestimated the reanalysis by 0.7 °C for winter, and it underestimated it by −1.3 °C, −1.0 °C, and −1.7 °C for spring, summer, and autumn. Additionally, the standard deviation differences revealed that the examined model can simulate quite efficiently the temperature variability (in all stations and seasons). Overall, when the model overestimated the standard deviation then the simulated time series presented a larger variability than the observational/reanalysis ones. Thus, the standard deviation differences showed that the simulated time series presented a larger variability than the observational ones for winter and summer and a smaller variability for spring and autumn for Thessaloniki. A larger divergence of simulated data from the mean value (larger variability) was observed for winter, while a smaller one (smaller variability) was observed for spring and autumn for Delphi. Additionally, the simulated and reanalysis time series showed a similar variability (zero difference) for summer.



Moreover, the median and 25th and 75th percentiles were investigated. In detail, the differences of the median for the periods of winter, spring, summer, and autumn were 1.0 °C, −2.3 °C, −2.2 °C, and −0.8 °C in Thessaloniki. The model overestimated the median for winter and underestimated it for the other seasons. Accordingly, the interquartile range differences were 3.5 °C, −1.7 °C, 1.4 °C, −2.3 °C. The above findings outlined a greater model dispersion for the winter and summer (positive differences) and a smaller one for spring and autumn (negative differences). In Delphi the differences of the median for winter, spring, summer, and autumn were 1.1 °C, −1.1 °C, −0.8 °C, −0.3 °C, while the differences of the interquartile range were −0.9 °C, −2.1 °C, −0.9 °C, −2.4 °C, respectively. In this case, the model indicated a lower dispersion for all the seasons. In summary, the model showed a warm bias of mean seasonal temperature for winter and a cold bias for the other seasons, but the variability was almost the same for both case studies.



In the case of RH, the mean biases showed that the model overestimated (positive differences) the average seasonal RH in all seasons, simulating a more humid climate in both examined areas. The actual differences found for winter, spring, summer, and autumn were 16.0%, 16.0%, 8.0%, and 14.0% in Thessaloniki and 10.0%, 16.0%, 11.0% and 16.0%, respectively, in Delphi. The smallest differences were found for the summer period in Thessaloniki and for the winter and summer in Delphi, showing a better simulation skill of the model. Moreover, the standard deviation differences for the periods of winter, spring, summer, and autumn were −4.0%, −4.8%, −0.7%, −1.0% in Thessaloniki and −0.6%, −1.7%, −0.3% and −0.7% in Delphi, respectively. It was found that the model underestimated the variability of the time series for all seasons and both case studies. Therefore, the simulated time series presented smaller stdev values than the observational or reanalysis ones and thus a smaller divergence from the mean value.



Additionally, a generic overestimation of the median was observed for all the seasons and for both case studies. The comparison of the results revealed that the model performed better (smaller differences) regarding the median for the summer (6.4%) than for winter, spring, and autumn (15.4%, 16.0%, and 14.8%) for Thessaloniki. In Delphi, the model was found more efficient (smaller differences) in reproducing the median of winter (11.3%) than the median of spring, summer, and autumn (15.4%, 13.0%, and 14.2%). Moreover, the analysis of the 25th and 75th percentiles showed that the interquartile range differences for winter, spring, summer, and autumn were −3.7%, −3.8%, 9.4%, and −2.2%, respectively, in Thessaloniki. The model’s data seemed to present a smaller dispersion for winter, spring, and autumn (positive differences) and the largest dispersion for summer. Finally, in the case of Delphi, the model data had a lower dispersion in all seasons (−7.1%, −13.6%, −6.6%, and −18.2%), meaning that in a possible future overestimation or underestimation, the interquartile range will be smaller than the potential real ones.




3.2. Cultural Heritage’s Ideal Climate Conditions


3.2.1. The Ideal Climate Conditions during the Reference Period—Correlation between Model-Observed Data and Model-Reanalysis Data


As mentioned in the previous section, the HMRout index consists of two individual indices, the HMRenv.out and the HMRfluc indices. According to Fabri and Bonora, [42] the HMRenv.out index is the predominant cause of risk between the HMRenv.out and the HMRfluc indices. For this reason, separate diagrams (Figure 2) were created presenting L_HMRenv.out and H_HMRenv.out. L_HMRenv.out and H_HMRenv.out represent the minimum and maximum values from the reference period (1980–2000) and they reflect the ideal climate conditions for the monuments. In order to evaluate if the examined model was skillful in reproducing these ideal conditions over the two case studies, L_HMRenv.out and H_HMRenv.out and the range between them were analyzed and compared for observational, reanalysis, and model data.



The results showed that in the case of temperature, the model overestimated both L_HMRenv.out and H_HMRenv.out for the winter period, simulating warmer ideal conditions than they actually were in both case studies. Conversely, it underestimated them for the periods of spring, summer, and autumn. Specifically, in Thessaloniki, the actual differences of L_HMRenv.out and H_HMRenv.out between model and observational data during spring, summer, and autumn were −1.5 °C, −2.0 °C and −0.7 °C and −3.0 °C, −2.0 °C, −1.0 °C, respectively. The previous simulation of a “warmer” winter (Table 3) resulted in a warm bias for ideal temperature conditions, simulating a higher L_HMRenv.out and H_HMRenv.out for both case studies with differences of 1.4 °C and 1.2 °C, respectively. Consequently, the model indicated a higher skill in reproducing L_HMRenv.out and H_HMRenv.out for autumn than for winter, spring, and summer. In Delphi, the biases of L_HMRenv.out for spring, summer, and autumn were −1.5 °C, −2.0 °C, and −0.7 °C. Respectively, the H_HMRenv.out biases were −3.0 °C, −2.0 °C, and −1.0 °C for the three aforementioned seasons. In the case of winter, the differences in ideal temperature conditions were 0.7 °C and 0.2 °C. The model presented a better skill in simulating L_HMRenv.out in spring and H_HMRenv.out in winter than in other seasons. Additionally, the biases of the range of ideal temperature conditions (L_HMRenv.out and H_HMRenv.out) during winter, spring, summer, and autumn were −0.2 °C, −1.5 °C, 0.0 °C, and −0.3 °C in Thessaloniki and −0.5 °C, −1.3 °C, −0.3 °C, and 0.0°C in Delphi. It was observed that the calculated range of L_HMRenv.out and H_HMRenv.out between the model and observational or reanalysis data was very similar (small differences). In spring, the model showed the lowest skill in reproducing the range of ideal climate temperature conditions for both regions. It should be noted that for spring the range between L_HMRenv.out and H_HMRenv.out was the largest compared to the other seasons and was not well simulated by the model.



Similarly, for RH (Figure 2c,d) the model in general overestimated (positive differences) both L_HMRenv.out and H_HMRenv.out, presenting larger RH values. It showed a lower skill in simulating the ideal RH conditions than the ideal temperature conditions. The largest differences of L_HMRenv.out and H_HMRenv.out between model and observational data were observed during the winter (22.5% L_HMRenv.out) and (7.3% H_HMRenv.out) and spring (22.3% and 9.6%). The smallest differences were observed during the summer (6.8% and 5.4%). In Delphi, the largest biases of L_HMRenv.out and H_HMRenv.out were observed in spring (21.0% and 13.2%) and autumn with differences of 16.7% and 15.4%, respectively. Smaller biases were found for the other two seasons. Additionally, it should be noted that the season with the highest ideal RH conditions was winter and the lowest was summer in both case studies. Thus, Thessaloniki and Delphi are characterized by mild, wet winters and hot, dry summers, which are conducive to fires. Regarding the biases of the range of ideal RH conditions (L_HMRenv.out and H_HMRenv.out), the smallest differences were found in summer and autumn. In detail, during winter, spring, summer, and autumn the calculated differences were −15.2%, −12.7%, −1.4%, and −3.3% in Thessaloniki and −2.7%, −7.8%, −0.1%, and −1.3%, respectively, in Delphi. In general, we should highlight that the model better simulated the range in the case of Delphi than in the case of Thessaloniki. However, the model showed a higher skill in reproducing the range of ideal RH conditions for summer for both regions.




3.2.2. Future Estimations of Ideal Temperature and RH Conditions


As mentioned above, one of the main objectives of the present analysis was the study of the potential changes in the ideal climate conditions over the two domains of interest until the end of the 21st century. Thus, after the assessment of the present-day ideal thermo-hygrometric conditions, an equivalent attempt was made to determine the potential future changes in the ideal climate for the examined cultural heritage monuments, since any change in climatic parameters could dramatically increase the risk of damage [6]. The estimations of the model’s future projections were computed and analyzed and are illustrated in Figure 3 for both L_HMRenv.out and H_HMRenv.out and for two future periods (in comparison to the model’s reference period findings).



Regarding temperature, it was found that the ideal conditions are expected to change for all the seasons in the future. L_HMRenv.out and H_HMRenv.out will be higher compared to the reference period for both Thessaloniki and Delphi (Figure 3a,b). This means that the monuments will have to adapt to new, warmer climate conditions. The model future projections indicated that L_HMRenv.out is expected to increase by an average of 2.0 °C during the period 2039–2059 and by an average of 2.5 °C during the period 2079–2099 for both study regions. Additionally, H_HMRenv.out will be on average 2.0 °C and 2.6 °C higher for the two future periods for both case studies. In general, the potential simulated increase will be more intense in the 1st future period (compared to the reference one) than in the 2nd future period (in comparison to the 1st future one). This could be attributed to the fact that the emissions in RCP4.5, which was used for the model’s output, peaked around 2040 and then declined.



More specifically, in winter the model showed that L_HMRenv.out and H_HMRenv.out will be 1.1 °C and 2.0 °C higher during the 1st future period compared to the reference period in Thessaloniki (Figure 3a). During the 2nd future period H_HMRenv.out will increase by 2.4 °C. It should be noted that no change was observed for L_HMRenv.out between the 1st and 2nd future periods. An increase in L_HMRenv.out and H_HMRenv.out was also observed in spring, summer, and autumn. In general, the model underestimated the ideal temperature conditions of observational and reanalysis data (Figure 2a), but it predicted a significant increase compared to the model’s reference period. During summer, an increase of 2.2 °C and 2.4 °C is expected to occur for L_HMRenv.out and H_HMRenv.out (1st future period) and an increase of 2.6 °C and 3.4 °C (2nd future period), respectively. Regarding the range of the ideal temperature conditions, the model estimated an average increase of 1 °C by the end of the 2nd future period for winter and summer in Thessaloniki. In Delphi, the model projected that both indices will increase by 1.9 °C and 2.1 °C during the 1st future period and 1.8 °C and 2.7 °C during the 2nd future period in winter (Figure 3b). It was observed that during the last 20 years of the 21st century, L_HMRenv.out will not change significantly compared to the period 2039–2059. However, H_HMRenv.out continued to increase, resulting to a larger range between ideal temperature conditions. For summer the results showed that L_HMRenv.out and H_HMRenv.out are expected to increase by 2.1 °C and 2.2 °C during the 1st future period and by 3.4 °C and 2.7 °C during the 2nd future period. Contrary to the other seasons, a decrease (of −0.7 °C) in the range of ideal summer temperature conditions was found during the period 2079–2099.



On the other hand, the future estimations of the ideal RH conditions did not present any significant change overall. It was observed that L_HMRenv.out and H_HMRenv.out are expected to increase or decrease depending on the season and region. Similar to the reference period, the highest future L_HMRenv.out and H_HMRenv.out values were found in winter, while summer was the season with the lowest L_HMRenv.out and H_HMRenv.out values. Regarding the future RH range, the largest one was found during the summer months for both domains of interest. In winter the model showed that L_HMRenv.out and H_HMRenv.out will be 0.6% and 0.5% higher during the 1st future period and 1.1% and 1.4% higher during the 2nd future period in Thessaloniki (Figure 3c). The model simulated an increase of 1.4% and a decrease of 2.9% in the ideal RH conditions for the summer (period 2039–2059). This resulted in a decrease in the range by 4.3% compared to the reference period. During the 2nd future period L_HMRenv.out and H_HMRenv.out will be 0.2% and 1.2% higher in comparison to the 1st future period. A similar change in future ideal summer RH conditions was also observed in Delphi. L_HMRenv.out and H_HMRenv.out will be lower during the period of 2039–2059 (−0.6% and −2.2%). On the other hand, L_HMRenv.out will be −0.1% lower and H_HMRenv.out 1.5% higher compared to the equivalent present time values. In conclusion, the ideal temperature conditions are expected to change in the future, posing new adaptation challenges to the monuments. On the other hand, no particular change was observed for the future ideal RH conditions.





3.3. Seasonal Analysis of HMRout and PRD Index for the Two Future Periods 2039–2059 and 2079–2099


From the aforementioned findings, it was evident that the future ideal temperature conditions will increase, posing new adaptation challenges to the structural monuments under a much warmer climate. In this section, the future risk of the microclimate (HMRout) index and the Predicted Risk of Damage (PRD) index to heritage were computed and analyzed on a seasonal scale. Figure 4 and Figure 5 depict the seasonal analysis of the HMRout index and PRD index for temperature for both future periods and case studies. The classification of the HMRout index regarding the risk level was primarily introduced by Fabbri and Bonora [42] and considers not only extreme risk conditions (minimum and maximum) but also intermediate risk conditions (low, moderate, medium, and high). The PRD index was applied to inorganic materials in the present study because of the fact that most of the monuments in the Greek area are made of stone (usually limestone) and marble [57,58]. The results showed that the Predicted Risk of Damage (PRD) for inorganic materials was directly dependent on the HMRout index, meaning that when the HMRout index reaches its maximum value, the risk of damage reaches 100%. The number of years (in %) where the HMRout index took a value >0.4 or >−0.4 were also estimated by calculating the difference as (Reference period—1st future period (2nd future period)) (not shown).



Regarding temperature, the HMRout index is expected to be often (11.6%) >0.4 or <−0.4 (orange and red color) in the future, defining a moderate to maximum risk for the heritage [42] in both case studies. These findings revealed that in addition to an increase in future ideal temperature conditions, an increase in “moderate-maximum” risk years is also expected. In Thessaloniki, the HMRout index will take a value between “moderate-maximum” risk more often during winter, spring, summer, and autumn, with values of 14.3%, 21.4%, 9.5%, and 4.8% (for both future periods). The most intense increase in the “moderate-maximum” years was observed in spring when the HMRout index will be higher (lower) to 0.4 (−0.4), 19% more often during the 1st future period and 23.8% during the 2nd one. On the other hand, the least intense increase in the “moderate-maximum” years was observed in autumn (9.5%—1st future period, 0.0%—2nd future period). In addition, the number of years (%) where the HMRout index took a value between “moderate-medium” risk ((>0.4 and ≤0.8) or (<−0.4 and ≥−0.8)) and the number of years with “high-maximum” risk ((>0.8 and ≤1.00) or (<−0.8 and ≥−1.00)) were estimated separately. During the spring (the season with the higher rise of the “moderate-maximum” risk years), the results showed that the number of years with “moderate-medium” risk will increase (23.8%—1st future period and 28.6%—2nd future period) while the number of years with “high-maximum” risk will decrease (4.8%—1st future period and 9.5%—2nd future period). This means that the risk will not reach “high-maximum” values for spring in the future. Nevertheless, the highest increase in the “high-maximum” years was observed in winter during the 1st future period (14.3%—1st future period and 4.8%—2nd future period). It was observed that the rise of “high-maximum” years was smaller in the 2nd future period. This is probably explained by the fact that the emissions in RCP4.5, which was used for the model’s output, peaked around 2040, and then they declined. In general, the future estimations showed that the number of years characterized by “moderate-maximum” risk were expected to increase because of the increase in the “moderate-medium” years and not because of the “high-maximum” years (except the winter) in Thessaloniki.



Accordingly, for Delphi, the future estimations indicated that the HMRout index will take a value >0.4 or <−0.4, 9.5% more often during the 1st future period and 10.7% more often during the 2nd one. More specifically, the number of years characterized by “moderate-maximum” risk will increase by 28.6%, 11.9%, and 4.8%, respectively, during winter, spring, and summer and will decrease by 4.8% during autumn, for both future periods. Winter results (the season with the higher increase in the “moderate-maximum” years) also revealed that the number of years with both “moderate-medium” and “high-maximum” risk will increase by 23.8% and 4.8%, respectively, during the 1st future period. An increase of 14.3% is expected for the 2nd future period for both “moderate-medium” and “high-maximum” risk years as well. Spring future estimations showed that the “moderate-medium” and “high-maximum” risk years will increase by 9.5% and 4.8%, respectively, during the 1st future period. During the 2nd future period, the HMRout index will take a value between “moderate-maximum” risk 4.8% less often, while it is expected to take a value between “high-maximum” risk 14.3% more often than the reference period. In general, it was observed that the number of years with “moderate-medium” risk will be greater than the “high-maximum” risk years during the 1st future period, while the “high-maximum” risk years will prevail in the 2nd future period, indicating more extreme climatic conditions. In contrast, no significant change in the frequency of occurrence of the “moderate-maximum” years was found for summer and autumn.



Regarding the relative humidity (Figure A1 and Figure A2), the results were differentiated. In general, the HMRout index will have 6.0% less “moderate-maximum” risk in the future for both regions. In Thessaloniki, the number of years with “moderate-maximum” risk will decrease in general for both future periods, in spring (21.4%), summer (9.5%), and autumn (9.5%). Conversely, future winters will be characterized by an increase of 9.5% in the “moderate-maximum” risk years. More specifically, the years with “moderate-medium” risk and the years with “high-maximum” risk are expected to increase by 4.8% for both two future periods. However, during the summer the years of “moderate-medium” risk will decrease, while the years of “high-maximum” risk will increase by 9.5% in the 2nd future period. This means that while the number of years at risk will decrease, there will be an increase in the number of years with extreme values (“high-maximum” risk).



In Delphi, the results indicated that in the future, the number of years characterized by “moderate-maximum” risk will increase during the spring (7.1%) and summer (4.8%) and will decrease during the winter (26.2%) and autumn (2.4%) for both future periods. During the 1st future period, the HMRout range is expected to be lower, while during the 2nd future period, the “moderate-maximum” risk years will have a higher frequency of occurrence, reaching 28.5% for spring. Furthermore, it is interesting that in some seasons the “moderate-medium” risk years will decrease, while the “high-maximum” risk years will increase. In detail, the HMRout index will take a value >0.8 (<−0.8) more often during winter (7.1%), spring (4.8%), and autumn (19.0%) for both future periods. A decrease in “high-maximum” risk years is expected for the summer.





4. Discussion


Without a doubt, significant concern regarding the impact of climate change on cultural heritage [17,59] has increased during the past decade. Thus, numerous researchers have approached the subject multi-perceptively. According to the most recent IPCC report [21], especially in Europe, the temperature will increase at a rate exceeding global mean temperature changes. Therefore, an adaptation of cultural heritage to climate change is necessary to mitigate the effects of climate change [60]. Kapsomenakis et al. [61], studying the threats of climate change for 244 UNESCO cultural and natural heritage sites in the Mediterranean region, showed that the majority of heritage sites were categorized as vulnerable with an increasing threat rate from man-driven global warming and extreme events. Previously, Ravankhah et al. [62], in their study on the impacts of climate change on the historic center of Rethymno in Greece, underlined that for cultural heritage risk assessment and management, there is a significant need to define both past and future risks due to climate change. Additionally, Nastou and Zerefos [63] investigated the impacts of climate change on the Greek theater of Dionysus and highlighted the need for awareness in the adaptation to the current weather conditions, resilience, and devotion to the sustainability of the heritage for its transmission to the next generations. Management practices will have to evolve, and long-term strategies will have to be developed to manage cultural heritage in a changing climate [64]. However, crisis management lags in prevention and adaptation, with a weak provision for monitoring and feedback in Greece [65]. This gap motivated the present study to apply the HMRout and PRD indices to two Greek areas with rich cultural heritage: Thessaloniki and Delphi. Although the aforementioned indices were primarily proposed and applied to indoor microclimates [42,43], this work highlights that they can also be applied to outdoor microclimates.



Assessment of the model’s ability to simulate the present climate conditions indicated that the model underestimated the average seasonal temperature for spring, summer, and autumn and overestimated it for winter, simulating a “warmer” winter than it actually is. This led to the assumption that the low temperatures are not as extreme as they actually are, and therefore, the environmental risk to monuments due to low temperatures is likely to be underestimated. These results partially agreed with the findings of Velikou et al. [28], who found a significant underestimation of the average temperature in central and northern Greece. The investigation of the sensitivity of the RegCM4 model to the Mediterranean region revealed that these underestimations and overestimations could be attributed to the model’s physics parameterizations (Table 1). For example, Velikou et al. [28] indicated that changes in the planetary boundary layer scheme and the use of a mixed convective precipitation scheme can satisfactorily reproduce the temperature by reducing winter and summer warm biases over the European region. In addition, the simulated times series showed a larger variability than the observational ones for winter and summer in the case of Thessaloniki and for the winter in Delphi. This meant a larger divergence of simulated data from the mean value and therefore more extreme values than those of the observational/reanalysis time series. In the case of RH, the model overestimated the average seasonal RH in all the seasons, simulating a more humid climate in both examined areas. Therefore, in an eventual assessment of the risk due to humidity, it would probably overestimate it. These results were in agreement with the findings of Anwar et al. [66], who used the same model for the African region and found a positive RH bias for all seasons. In addition, the simulated time series showed fewer extreme values than those of the observational/reanalysis ones.



However, the significant underestimation of the range of the ideal RH conditions for winter and spring (mainly for Thessaloniki), contrary to the smaller summer differences, indicated a strong seasonal variability and could lead to a negative impact on the materials of the cultural heritage assets, accompanied by temperature, precipitation, and wind changes [60]. Thus, a detailed investigation of the future climate conditions is essential for the preservation of the monuments. The increase in the future ideal temperature conditions (>2.0 °C) in both examined regions underlines the need for adaptation measures to this new future warmer climate. Moreover, the increase in the future ideal temperature and RH conditions due to changes in the microclimate characteristics (the exceedance of low and high thresholds indicating the ideal conditions) may generate expansions, which can cause serious stress and cracks in the monuments [67]. Nevertheless, in Europe porous stone monuments will experience less frost damage [68]. In addition, the higher future values of RH combined with a temperature increase could significantly affect the chemical composition of particular materials of cultural heritage samples [69]. However, potential future drier summer periods seem likely to increase structural problems from desiccated soils and salt weathering of porous stone [68].



Finally, the results of the future HMRout and PRD index values showed that when the heritage outdoor microclimate risk (HMRout) tended to the maximum risk, the Predicted Risk of Damage (PRD) for inorganic materials increased. In addition to the new temperature conditions to which the monuments have to adapt, an increase in “moderate-maximum” risk years (approximately 12%) is also expected for both case studies, indicating that the average seasonal temperature will often be close to the extreme values (L_HMRenv.out and H_HMRenv.out). Trying to interpret the HMRout index, our findings indicated an increase in the number of years at risk because of the change in average seasonal temperature (HMRenv.out) and its fluctuation (HMRfluc). Thus, this could potentially result in an additional increase in the occurrence of thermoclastism events. Thermoclastism occurs because of the expansion and contraction of the surface mineral grains caused by the potential seasonal fluctuations as well as the changes in the air temperature and direct insolation [70]. This was reinforced by the findings of several other studies pointing out that the risk of thermoclastism is projected to increase in the Mediterranean region because of climate change [64,67], notably for the widely used marble [71]. Regarding RH, the HMRout results showed that even though, in general, the years of “moderate-maximum” risk will decrease (−6%), there are cases where the number of years with “moderate-medium” risk will decrease, while the “high-maximum” risk years will increase (summer—Thessaloniki; winter, spring, and autumn—Delphi), indicating an increase in years with extreme values (“high-maximum” risk). Since the Mediterranean region is expected to become even drier in the future, a reduction in the risk of biological degradation is also expected, as environmental conditions influence the composition and activity of biotic communities, with the type of substrate playing a secondary role [72].




5. Conclusions


In the present research, the impacts of climate change on two Greek regions were investigated for the present (1980–2000) and two future periods (2039–2059 and 2079–2099). In order to evaluate the suitability of the microclimate and assess the damage risk, two up-to-date indices (HMR and PRD) were applied to evaluate the suitability of the microclimate and to assess the potential damage risk to cultural objects. In addition, the current and future ideal outdoor climate conditions for the monuments were estimated and presented in detail in this work. The RCM, RegCM4 model with a fine spatial resolution of 10 × 10 km and an emission scenario RCP4.5 were used for the future climatic simulations.



Overall, the main output of this study is that the future ideal temperature conditions will be higher compared to the reference period for both Thessaloniki and Delphi, posing new challenges for monument adaptation. In addition to the new temperature conditions to which the monuments will have to adapt, the study indicates that the monuments will be exposed to “moderate-maximum” risk more often in the future. However, no significant change is predicted for future ideal RH conditions, while the HMRout results showed that in general, the years of “moderate-maximum” risk will decrease. The results derived from the present study can be used to provide useful information to the museum directors and boards for the development of efficient, updated methods and policies to address the potential climate change in the future.



We further intend to focus on other Greek areas with rich cultural heritage and offer useful information for the Heritage Microclimate Risk due to present and future climate conditions. The next step of this work consists of the application of the HMR index for other climate parameters, e.g., precipitation, in order to have an overall assessment of the effects of climate change on the cultural heritage of these regions.
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Abbreviations




	AUTH
	Aristotle University of Thessaloniki



	T
	Temperature



	RH
	Relative Humidity



	HMRout
	Heritage Microclimate Risk for the outdoor environment



	HMRenv
	HMR-environmental



	HMRfluc
	HMR-fluctuations



	Menv.out.data
	The sum of the data for the study period from each variable considered (e.g., temperature and relative humidity)



	N
	The total of the time series data for each variable considered



	H_HMRenv.out
	The maximum value from the time series data



	L_HMRenv.out
	The minimum value from the time series data



	HMRfluc.data
	HMR-fluctuation data



	ΔMfluc.data
	ΔΜ fluctuation data. The sum of the hourly fluctuation data from the time series data



	Δfluc.high
	Δ fluctuation high. The maximum value of hourly fluctuation from the time series



	Δfluc.low
	Δ fluctuation low. The minimum value of hourly fluctuation from the time series



	X
	The considered variable (e.g., temperature)



	K
	The number of days of the monitoring campaign, from the first day to the last day n



	J
	The daily hours, from 0:00 to 24:00



	PRD
	Predicted Risk of Damage



	Winter
	December, January, February



	Spring
	March, April, May



	Summer
	June, July, August



	Autumn
	September, October, November



	Hot days
	The number of days where the maximum temperature is greater than 35 °C



	Tropical nights
	The number of days where the minimum temperature is greater than 20 °C



	Dry days
	The number of consecutive days where precipitation is lower than 1 mm
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Figure A1. Seasonal analysis of the HMRout index (bars) and PRD index (rhombus symbol) for the RH for the 1st future period—2039–2099 (left panels) and for the 2nd future period—2079–2099 (right panel) for Thessaloniki. 
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Figure A2. Seasonal analysis of the HMRout index (bars) and PRD index (rhombus symbol) for the RH for the 1st future period—2039–2099 (left panels) and for the 2nd future period—2079–2099 (right panel) for Delphi. 
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Figure 1. Geographical distribution of the stations under study. The geographical coordinates and altitude are provided for each station. The pictures below and to the right show some of the important monuments of Thessaloniki, and the pictures below and to the left show monuments from the archaeological site of Delphi. 
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Figure 2. L_HMRenv.out (bottom value in the bar) and H_HMRenv.out (top value in the bar) of the observational, reanalysis, and model data for the reference period (1980–2000) and for the two case studies (Thessaloniki—left panel, Delphi—right panel). 
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Figure 3. L_HMRenv.out (bottom value in the bar) and H_HMRenv.out (top value in the bar) of the model data for the reference period and for the two future periods (2039–2059 and 2079–2099) for the two case studies (Thessaloniki—left panel, Delphi—right panel). 
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Figure 4. Seasonal analysis of the HMRout index (bars) and PRD index (rhombus symbol) for the temperature for the 1st future period—2039–2099 (left panels) and for the 2nd future period—2079–2099 (right panels) for Thessaloniki. 
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Figure 5. Seasonal analysis of the HMRout index (bars) and PRD index (rhombus symbols) for the temperature for the 1st future period—2039–2099 (left panels) and for the 2nd future period—2079–2099 (right panels) for Delphi. 
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Table 1. Physics parameterizations of the RegCM4 model.
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	Physics Parameterizations





	Cumulus Convection Scheme [49]



	Convective Closure Scheme [50]



	Planetary Boundary Layer Scheme [51]



	Ocean Flux Scheme [52]



	Land Surface Model [53]
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Table 2. The risk level of the Heritage Microclimate Risk index.
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	HMR
	−1.00
	−0.80
	−0.60
	−0.40
	−0.20
	0.00
	+0.20
	+0.40
	+0.60
	+0.80
	+1.00



	Risk Level
	Maximum
	High
	Medium
	Moderate
	Low
	Minimum
	Low
	Moderate
	Medium
	High
	Maximum
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Table 3. Mean seasonal differences and mean standard deviation differences of temperature (model (RegCM)-observational (AUTH) data and model (RegCM)-reanalysis (ERA5) data) for the reference period (1980–2000) and for the two case studies (Thessaloniki—left, Delphi—right). Below are the median, 25th, and 75th percentiles of the observational, reanalysis, and model data for the reference period (1980–2000) and for the two case studies (Thessaloniki—left, Delphi—right).
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Thessaloniki

	
Delphi




	

	
Winter

	
Spring

	
Summer

	
Autumn

	
Winter

	
Spring

	
Summer

	
Autumn






	
Diff.

	
0.7

	
−2.5

	
−2.2

	
−0.6

	
0.7

	
−1.3

	
−1.0

	
−1.7




	
Stdev Diff.

	
0.2

	
−0.2

	
0.1

	
−0.1

	
0.1

	
−0.2

	
0.0

	
−0.1




	

	
RegCM

	
AUTH

	
RegCM

	
AUTH

	
RegCM

	
AUTH

	
RegCM

	
AUTH

	
RegCM

	
ERA5

	
RegCM

	
ERA5

	
RegCM

	
ERA5

	
RegCM

	
ERA5




	
25th

	
5.1

	
7.3

	
9.5

	
11.0

	
20.4

	
23.5

	
12.9

	
12.7

	
5.6

	
4.2

	
8.5

	
8.6

	
19.0

	
19.6

	
12.8

	
11.9




	
Median

	
7.9

	
6.9

	
12.1

	
14.4

	
23.1

	
25.3

	
16.0

	
16.8

	
7.9

	
6.8

	
10.8

	
11.9

	
21.4

	
22.1

	
15.3

	
15.6




	
75th

	
10.3

	
9.0

	
14.6

	
17.8

	
25.2

	
26.9

	
18.8

	
20.9

	
9.7

	
9.2

	
13.2

	
15.4

	
23.3

	
24.8

	
17.6

	
19.1
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Thessaloniki

	
Delphi




	

	
Winter

	
Spring

	
Summer

	
Autumn

	
Winter

	
Spring

	
Summer

	
Autumn






	
Diff.

	
16.0

	
16.0

	
8.0

	
14.0

	
10.0

	
16.0

	
11.0

	
16.0




	
Stdev Diff.

	
−4.0

	
−4.8

	
−0.7

	
−1.0

	
−0.6

	
−1.7

	
−0.3

	
−0.7




	

	
RegCM

	
AUTH

	
RegCM

	
AUTH

	
RegCM

	
AUTH

	
RegCM

	
AUTH

	
RegCM

	
ERA5

	
RegCM

	
ERA5

	
RegCM

	
ERA5

	
RegCM

	
ERA5




	
25th

	
80.7

	
62.3

	
75.6

	
58.2

	
56.4

	
54.3

	
77.0

	
61.4

	
84.4

	
70.7

	
78.1

	
54.9

	
59.2

	
44.2

	
80.9

	
59.2




	
Median

	
89.9

	
74.5

	
84.0

	
68.0

	
67.9

	
61.5

	
86.4

	
71.6

	
93.9

	
82.6

	
86.5

	
71.1

	
68.9

	
55.9

	
89.1

	
74.9




	
75th

	
98.7

	
83.8

	
91.4

	
77.8

	
79.7

	
68.2

	
94.7

	
81.3

	
96.8

	
90.2

	
94.5

	
84.9

	
79.3

	
70.9

	
90.1

	
86.6
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