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GRAPHICAL ABSTRACT 1 

 2 

ABSTRACT 3 

Climate change affects temperature and its variability, creating increased thermal stress on the 4 

materials of monuments located outdoors. This study investigates future temperature trends and their 5 

impact on the marble of the Triumphal Arch of Galerius in Thessaloniki, Greece, using data from the 6 

Coordinated Downscaling Experiment for European Domain (EURO-CORDEX) under the 7 

Representative Concentration Pathway 4.5 (RCP4.5) emissions scenario. The analysis compares the 8 

past period (1971–2000) with two future periods (2021–2050, 2071–2100), confirming the increase 9 

in temperature and temperature variability. High-resolution simulations (up to 1 km) of selected 10 

critical summer periods were conducted using the Weather Research and Forecasting model (WRF-11 

ARW). The results show an increase in the number of days with significant temperature fluctuations, 12 



 

 

leading to higher thermal stress on marble. For example, during July 2092, there was an estimated 1 

1.5% increase in thermal stress compared to July 2027. These findings highlight the importance of 2 

combining high-resolution climate simulations, future trends assessments, and analyses of climate-3 

related impacts on structural materials. Such an approach is essential for preserving and protecting 4 

cultural heritage monuments under changing climate conditions. 5 

Keywords: EURO-CORDEX, high-resolution simulations, temperature extremes, thermal 6 

variability, cultural heritage, marble weathering 7 
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1. Introduction 1 

Climate change affects cultural heritage, posing significant challenges for its preservation and 2 

protection. Shifts in environmental factors, such as temperature, play a critical role in the maintenance 3 

and longevity of materials constituting monuments and cultural assets (Sesana et al., 2020). Rising 4 

temperatures and changes in temperature variability have been documented as key drivers of 5 

increased thermal stress on materials (Koch and Siegesmund, 2004; Siegesmund et al., 2021). 6 

According to Bonazza et al. (2009), the most notable change observed over this century is a general 7 

increase in the risk of thermal stress across the Mediterranean and Europe, making it essential to 8 

incorporate climate forecasts into cultural heritage conservation strategies. 9 

Projected temperature increases due to climate change are expected to significantly heighten thermal 10 

stress on marble, especially in Mediterranean regions, where over 300 thermal stress events per year 11 

are anticipated in the future (Bonazza et al., 2009). Monuments made of marble will be especially 12 

vulnerable, particularly in areas with a high density of such monuments, such as Greece (Bonazza et 13 

al., 2009). Damage to calcite marble is linked to temperature fluctuations and the microstructural 14 

changes they induce, underscoring the need to understand these mechanisms in order o develop 15 

effective conservation strategies (Sassoni and Franzoni, 2014; Siegesmund et al., 2021).  16 

Although future climate impacts have been assessed in numerous studies – either specifically for 17 

materials such as marble (Bonazza et al., 2009), or more broadly for heritage sites (Tringa and Tolika, 18 

2023) – most of these analyses are constrained by lower spatial resolutions. Recent advances, such as 19 



 

 

those demonstrated in studies integrating high-resolution meteorological data into smart city services 1 

(Surendran et al., 2021) and in deep learning models for wind speed (Surendran et al., 2023) and long-2 

term rainfall prediction (Subramanian et al., 2024) illustrate the benefits of employing fine-scale data 3 

and sophisticated modeling techniques to capture local climatic variability. These examples 4 

underscore the potential of downscaling approaches to significantly enhance our understanding of 5 

microclimatic effects in regions with complex geographical features. High-resolution approaches 6 

(e.g., 1 km) are crucial for understanding local microclimatic effects, especially in regions with 7 

complex geographical features and rich cultural heritage like Greece (Politi et al., 2018; Tringa and 8 

Tolika, 2023). Recent studies, such as Ascenso et al. (2024), underscore the importance of 9 

downscaling for assessing the local impacts of climate change, although such approaches remain 10 

limited. Moreover, the relationship between climate parameters and their effects on monument 11 

materials has not been extensively investigated, despite its importance (Bonazza et al., 2009).  12 

Climate change alters parameters such as temperature, exerting increasing stress on outdoor 13 

monuments, which now face more adverse conditions. The motivation for this work lies in the 14 

pressing need to protect vulnerable heritage monuments from escalating thermal stress through 15 

refined climate projections. The present study aims to combine (1) an analysis of future climate trends, 16 

(2) high-resolution spatial and temporal modeling of climate variables through atmospheric models, 17 

and (3) an examination of how these changes affect structural materials - focusing on the calcite 18 

marble of an archaeological monument that has stood in Thessaloniki for 1,700 years. Accordingly, 19 

our key objectives are to (1) quantify how projected temperature variability intensifies thermal stress 20 



 

 

on calcite marble, (2) apply downscaling techniques for high-resolution (1 km) climate modeling in 1 

Greece, and (3) link specific climate parameters to the microstructural damage mechanisms of marble. 2 

Through these steps, we estimate the future thermal stress on the monument’s materials, providing 3 

critical quantitative information for shaping strategies aimed at minimizing the impacts of climate 4 

change on cultural heritage monuments. The scope of our analysis focuses on Thessaloniki’s iconic 5 

marble heritage, offering a blueprint for broader conservation efforts in regions with similar climatic 6 

and cultural conditions. By enhancing the spatial and temporal resolution of climate models,  we 7 

create a more accurate framework for understanding how climate change threatens cultural assets and 8 

for designing effective protection strategies. 9 

2. Materials and methods 10 

2.1 Monument and material of study 11 

The Triumphal Arch of Galerius is one of the most characteristic monuments of Thessaloniki (Figure 12 

1). Built around 303 AD, it was dedicated to Galerius and the four emperors of the Tetrarchy (political 13 

system established by the Roman emperor Diocletian in the late 3rd century AD). The monument, 14 

recognized for its artistic and political significance, is part of the Galerian Complex, which also 15 

includes other notable structures such as the Rotunda and the Hippodrome. It was originally part of 16 

the emperor’s palace and features marble reliefs depicting Galerius’s victorious campaigns against 17 

the Persian king Narses (Rees, 1993).  18 



 

 

 1 

Figure 1. Map of Greece indicating the location of the Arch of Galerius, a photograph of the 2 

monument from the southwest, and a focus on its marble decoration. 3 

In this study, we examine the marble used in the monument. This marble is coarse-grained, with 4 

visible crystals, and consists almost entirely (over 99%) of calcite (Samara et al., 2020). Although the 5 

monument is considered the best preserved of its kind from this era in Europe, it has suffered 6 

considerable damage, particularly in its marble sculptural decorations. Calcite marble is highly 7 

sensitive to environmental changes, so temperature fluctuations can accelerate its deterioration 8 

(Sassoni and Franzoni, 2014). The interior shows signs of intracrystalline decomposition, increased 9 

porosity, and disrupted internal cohesion (Samara et al., 2020).  10 

Temperature plays a crucial role in the microstructure and grain growth of calcite marble, with higher 11 

temperatures leading to larger grains (Covey-Crump and Rutter, 1989) – a condition that worsens the 12 



 

 

marble’s state. The material is porous and contains calcite crystals of diverse sizes, ranging from fine 1 

grains (0.3–1.5 mm) to larger ones (2–4 mm); smaller crystals fill the gaps, forming a dense structure 2 

(Samara et al., 2020). However, its coarse-grained nature makes it more prone to decay because large 3 

calcite crystals create discontinuities and microcracks (diameter < 10 μm), accelerating the 4 

decomposition process and increasing its vulnerability to external factors (Samara et al., 2020).  5 

Rising temperatures further increase porosity through thermal expansion and the formation of 6 

microcracks (Luque et al., 2011). In fact, on building facades in many European countries – where 7 

summer temperatures range between 40–50 C– calcite marbles exhibit higher porosity and more 8 

microcracks (Malaga-Starzec et al., 2002). Such materials, once more porous, have lower mechanical 9 

strength and are more susceptible to cracking and bending (Malaga-Starzec et al., 2002). Overall, the 10 

marble’s structure, porous nature, and microcracks make it vulnerable to physical and chemical 11 

weathering, leading to further deterioration of its condition. 12 

2.2 Methodology and objective 13 

The methodology followed in this study consists of the following steps: First, future temperature 14 

trends were estimated using EURO-CORDEX data (Jacob et al., 2020) under the RCP4.5 scenario, 15 

applying both the climate indices developed by the Expert Team on Climate Change Detection and 16 

Indices (ETCCDI) (Zhang et al., 2011) and basic statistical indicators. Statistical analysis was then 17 

performed to estimate the mean monthly temperature range, to select the most critical future months 18 

in terms of increased temperature fluctuations. Following this, a dynamical downscaling method 19 



 

 

using the WRF model (Skamarock et al., 2019) was performed for these critical summer months, 1 

enabling the estimation of temperature at a resolution up to 1 km. Finally, the high-resolution 2 

temperature variability outputs from the WRF model were used in an equation that calculates thermal 3 

stress in calcite marbles, thus assessing the impact of future temperature changes (due to climate 4 

change) on marble materials.  5 

2.3 Method of estimating climate trends 6 

This work focuses on assessing changes in temperature. The study of temperature trends was 7 

conducted for three 30-year periods: the historical period (1971-2000, baseline), the near future period 8 

(2021-2050), and the far-future period (2071-2100), following Ioannidis et al. (2024). Initially, 9 

climate data were obtained from EURO-CORDEX (https://euro-cordex.net/060378/index.php.en) 10 

under the RCP4.5 climate scenario (Thomson et al., 2011). The RCP4.5 scenario represents a middle-11 

range scenario regarding emissions and radiative forcing (van Vuuren et al., 2011), where radiative 12 

forcing stabilizes at 4.5 W m-2 relative to pre-industrial levels by the year 2100, without exceeding 13 

this value.  14 

The EURO-CORDEX climate data used in this study have a spatial resolution of 0.11 (~12.5 km) 15 

and daily temporal resolution. The Global Circulation Model (GCM) is based on MPI-MMPI-ESM-16 

LR (Stevens et al., 2013), while the Regional Climate Model (RCM) is the downscaled RCA4 model. 17 

Some indices developed by the ETCCDI were employed, focusing on moderate weather phenomena 18 

that occur regularly during a typical year. Data processing – specifically the statistical analysis 19 

https://euro-cordex.net/060378/index.php.en


 

 

focusing on the geographical area of Thessaloniki while maintaining the original spatial analysis of 1 

EURO-CORDEX was conducted using the CDO library (Schulzweida, 2023). Table 1 presents the 2 

ETCCDI indices used in this study. 3 

Table 1: The climate indices used and their descriptions. 4 

Indices Description Units 

FD number of days in a year where tasmin < 0 °C days 

ID number of days where tasmax < 0 °C days 

TXx monthly maximum value of daily maximum temperature (tasmax) °C 

TNn monthly minimum value of daily minimum temperature (tasmin) °C 

DTR annual mean of the daily differences between tasmax and tasmin °C 

The above climate indices are combined with the following key statistical indicators to measure data 5 

dispersion. 6 

Standard deviation (SD): 7 

                                  SD = √
1

N
∑ (xi − x̅)2N

i=1                                (1) 8 

The SD measures how spread out the values are around the mean, indicating the average distance of 9 

the sample values from the mean. This provides insights into the variability of climate variables. 10 

Interquartile Range (IQR): 11 

                                     IQR = Q3 − Q1                                   (2) 12 

The IQR is defined as the difference between the 75th percentile (Q3) and the 25th percentile (Q1), 13 

reflecting the range within which 50% of the data values lie. It is considered a robust measure of 14 

dispersion because it is less affected by extreme values than SD.  15 

For the periods 2021–2050 and 2071–2100, a statistical analysis was conducted to identify which 16 



 

 

future months might experience an increased DTR, under the same climate scenario and with the 1 

same global and regional climate models used to estimate future trends. Specifically, the average 2 

monthly variability was calculated for each month of these future periods rather than the maximum 3 

variability, since the focus was on finding the months with the largest number of days showing 4 

relatively high variability, rather than a single extreme high variability event on one or a few days. 5 

Based on this statistical analysis, the selected future periods were June 2023, July 2027, June 2048, 6 

July 2050, July 2077, and July 2092. 7 

2.4 Dynamical downscaling method 8 

The model used for both past and future simulations was WRF-ARW (Version 4.4, September 2024). 9 

WRF is a non-hydrostatic, open-source mesoscale model developed by the National Center for 10 

Atmospheric Research. The model is applied when higher-resolution simulations are required, using 11 

the dynamical downscaling method. Thus, starting from the resolution of General Circulation Models 12 

(GCMs), we can achieve the finer resolution of Regional Climate Models (RCMs), especially when 13 

studying phenomena at the local scale. 14 

The grids used for the future simulations are shown in Figure 2, while different grids were employed 15 

for the historical simulations (Table 2) because the input data were of higher resolution, making the 16 

27 km grid unnecessary. As a result, the future simulations utilized four grids, whereas the historical 17 

simulations used three. WRF model simulations are based on the physical modeling of key 18 

phenomena in the troposphere and the lower stratosphere, with the corresponding equations solved 19 



 

 

numerically on a three-dimensional computational grid. This approach requires substantial 1 

computational resources and involves processing large volumes of data. Therefore, the model 2 

simulations were conducted for short-term periods (future months rather than years) using a high-3 

performance parallel computing system with remarkably high overall capacity (the BwUniCluster 2.0 4 

supercomputing system). 5 

 6 
Figure 2. The WRF grids for future simulations: d01 (27 km), d02 (9 km), d03 (3 km), and d04 (1 7 

km). 8 

The physical processes and parameterization schemes of the WRF model were selected based on 9 

previous climate simulations and sensitivity analyses conducted by other researchers in the 10 

Mediterranean region (Castorina et al., 2022). All schemes and model configuration details are 11 

presented in Table 2. 12 

Table 2: Summary of the model setup and input data for past and future climate simulations. 13 



 

 

Period past future 

Input data ERA5 Reanalysis 
NCAR CESM Bias-

Corrected CMIP5 Output  

Input data sources  

https://cds.climate.copernicus.eu/da

tasets/reanalysis-era5-pressure-

levels?tab=overview (Hersbach et 

al., 2023a) 

 
https://cds.climate.copernicus.eu/da

tasets/reanalysis-era5-single-

levels?tab=overview (Hersbach et 

al., 2023b) 

 

https://data.ucar.edu/dataset/

ncar-cesm-global-bias-

corrected-cmip5-output-to-

support-wrf-mpas-research 

(Monaghan et al., 2014) 

 

Horizontal resolution of input data 0.25×0.25 1×1 

Interval of input data  6 hours 6 hours 

Nesting One-way nesting 

Domains 

d01 (9 km, 485×257 cells) 

d02 (3 km, 475×247 cells) 

d03 (1 km, 463×235 cells) 

d01 (27 km, 374×243 cells) 

d02 (9 km, 364×229 cells) 

d03 (3 km, 352×217 cells) 

d04 (1 km, 340×205 cells) 

Map projection Lambert Conformal 

Vertical layer 31 27 

Geographic data resolution 30s 

Microphysics Thompson scheme 

Longwave radiation RRTMG scheme 

Shortwave radiation RRTMG scheme 

Surface layer MM5 scheme 

Land surface Noah Unified model 

Planetary boundary layer Mellor-Yamada-Janjic (MYJ) scheme 

Cumulus parameterization Kain-Fritsch (new Eta) scheme 

2.5 Method of estimating thermal stress in marble 1 

Thermal stress (στ), considering only temperature variations in the marble material, can be calculated 2 

using the equation proposed by Bonazza et al. (2009) (Equation 3). This equation incorporates factors 3 

such as the Young’s modulus (E), the coefficient of thermal expansion (α), Poisson’s ratio (ν), and the 4 

daily air temperature range (daily ΔΤair = DTR), with an additional 20 C to account for the surface 5 

temperature. Specifically, it assumes that the daily air temperature range on the marble’s surface is 6 

https://cds.climate.copernicus.eu/datasets/reanalysis-era5-pressure-levels?tab=overview
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-pressure-levels?tab=overview
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-pressure-levels?tab=overview
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview
https://data.ucar.edu/dataset/ncar-cesm-global-bias-corrected-cmip5-output-to-support-wrf-mpas-research
https://data.ucar.edu/dataset/ncar-cesm-global-bias-corrected-cmip5-output-to-support-wrf-mpas-research
https://data.ucar.edu/dataset/ncar-cesm-global-bias-corrected-cmip5-output-to-support-wrf-mpas-research
https://data.ucar.edu/dataset/ncar-cesm-global-bias-corrected-cmip5-output-to-support-wrf-mpas-research


 

 

20 C higher than the daily air temperature range. Equation 3 is used to assess the risk of thermal 1 

stress under future climate change scenarios, given the expected rise in temperatures. 2 

                         στ = Ε ·  α · (daily ΔΤair + 20  C) / (1– ν)                        (3) 3 

In this study we used the equation by Bonazza et al. (2009), who applied it in a Mediterranean region 4 

(Malta) like Thessaloniki and examined Carrara marble, which is primarily calcite-based –just like 5 

the marble of the Arch of Galerius. Accordingly, we assume Ε=70 GPa, α=8 10-6 K-1, and ν=0.25. The 6 

daily temperature outputs from the WRF model at 1 km were then used to calculate the maximum 7 

and minimum daily temperatures, estimate the mean daily DTR (or ΔΤair in Equation 3), and compute 8 

the στ value for each period. 9 

3. Results and Discussion  10 

3.1 Analysis of future climate trends and implications for the monument 11 

Table 3 presents the results of future temperature trends under the RCP4.5 scenario, using ETCCDI 12 

indices. According to the trend analysis, the RCA4 regional model shows a marked decrease in frost 13 

days (FD) compared to the 1971–2000 baseline period. Ther largest percentage reduction occurs 14 

between 2021-2050, and although the decrease remains significant by the end of the century (2071-15 

2100), it is not as pronounced as in the earlier period. Ice days (ID) disappear over the long-term. The 16 

high percentage change in ID arises from the extremely small number of such days in the historical 17 

record. This trend toward fewer frost days reflects milder winters and fewer extreme cold events, as 18 

noted by Katopodis et al. (2020), Georgoulias et al. (2022), and Ioannidis et al. (2024). The diurnal 19 



 

 

temperature range (DTR) increases slightly – values of 0.09 and 0.10 may seem small but align with 1 

the overall warming trend. 2 

The annual maximum of the daily maximum temperatures (TXx) increases significantly, especially 3 

toward the end of the century, suggesting more frequent and intense heat events. Its standard deviation 4 

(SD) also increases slightly yet steadily, indicating a greater variability in the future. The interquartile 5 

range (IQR) of TXx grows more noticeably during 2071-2100, pointing to a wider spread in the 6 

central 50% of extreme temperature values. 7 

The annual minimum of the daily minimum temperatures (TNn) rises, showing that the coldest 8 

temperatures are becoming less cold, consistent with Politi et al. (2023). The percentage change for 9 

TNn is negative because its baseline (reference) value was below zero. Meanwhile, the SD of TNn 10 

exhibits a substantial percentage increase, indicating that the coldest days and nights will have greater 11 

variability. Although absolute minimum temperatures (TNn) generally increase, the pronounced rise 12 

in SD suggests these low values will be more spread out around their mean. Finally, the IQR of TNn 13 

decreases by mid-century (indicating more clustered extremely cold values), but returns to positive 14 

values at century’s end, signaling a slight widening of the distribution of the lowest temperatures.  15 

Overall, both cold and hot temperature extremes become warmer, particularly at the cold end, and in 16 

many cases more variable – features characteristic of how climate change impacts extreme events. 17 

 18 

 19 

 20 



 

 

Table 3: Temperature indices trends under the RCP4.5 scenario for the near future (2021-2050) and 1 

the far future (2071-2100), based on the reference period 1971-2000. 2 

Indices Units 

Difference 

(2021-2050 vs. 

1971-2000)  

Difference 

(2071-2100 vs. 

1971-2000) 

% Change 

2021-2050 

% Change 

2071-2100 

FD  days -11.53 -6.57 -38.65 -21.91 

ID  days -0.05 -1.08 -14.29 -308.57 

TXx  °C 2.33 2.55 5.81 6.35 

TXx SD  °C 0.12 0.10 7.89 6.57 

TXx IQR  °C 0.08 0.32 3.39 13.56 

TNn °C 0.34 0.79 -10.59 -24.61 

TNn SD °C 0.98 0.87 54.14 48.07 

TNn IQR °C -1.03 0.07 -52.02 3.54 

DTR °C 0.09 0.10 0.77 0.85 

Rising temperatures and the substantial decrease in extremely cold days have various implications 3 

for the Arch of Galerius monument. Higher maximum, temperatures increase thermal stress on the 4 

marble. Even a slight increase in the diurnal temperature range (DTR) signifies greater fluctuations 5 

between day and night, which in turn intensifies thermal stress – especially in porous materials like 6 

calcite marble, known to be extremely sensitive to ambient temperature variations (Åkesson et al., 7 

2006; Luque et al., 2011). Repeated expansion and contraction can lead to the formation or widening 8 

of cracks, thereby accelerating deterioration (Blavier et al., 2023).  9 

Although the significant reduction in frost days (FD) and the near elimination of ice days (ID) may 10 

limit freeze-thaw phenomena – which mechanically affect the structure of marble – periods of ice 11 

days (though less frequent) could become more intense locally, particularly as variability increases at 12 

the colder extremes (see SD). An increase in SD and IQR (especially at higher temperature extremes) 13 

indicates more unstable thermal loads on the material. Sudden transitions between extremely hot and 14 



 

 

cooler phases can intensify mechanical stress. Moreover, on the frost days, there is greater variability, 1 

meaning that certain (rarer) cold spells might still be severe enough to cause cracking. Therefore, 2 

temperature remains a critical factor in the deterioration of marble monuments. 3 

3.2 Dynamical downscaling and implications for the monument 4 

Dynamical downscaling is performed to study temperature at a higher spatial resolution, considering 5 

microclimatic conditions and thereby making temperature assessments more reliable. The use of high-6 

resolution models (1 km) enables a more accurate depiction of local climate characteristics and 7 

microclimatic phenomena (Ascenso et al., 2024). Below, we compare several future months to 8 

illustrate the trend in temperature variability. 9 

In Figure 3, the overall trend shows that most points –specifically 75% of the June days examined 10 

(June 5–25) – lie above the reference line 𝑦 = 𝑥. This indicates that on most of these days in 2048, 11 

the DTR is higher compared to 2023. More precisely, most 2048 DTR values range from about 7 C 12 

to 9 C, whereas in 2023 they range from 3 C to 8 C, pointing to lower variability. Only a few days 13 

show a smaller 2023 DTR, suggesting that conditions are not entirely uniform for all dates. The 14 

predominance of higher daily variability in 2048 compared to 2023 signifies more intense thermal 15 

fluctuations in the future, linked to climate change impacts, with more extreme daytime maximum 16 

temperatures on day and cooler nighttime minimum temperatures. 17 



 

 

 1 

Figure 3. Scatter plot showing the daily temperature range from June 5 to June 25 in 2023 2 

compared to 2048. 3 

Figure 4 highlights the influence of climate change and the importance of spatial resolution in future 4 

temperature projections. The DTR for July 2077 (Figure 4b) is higher than that for July 2027 (Figure 5 

4a) at all spatial resolutions, confirming the findings from the previous figure (Figure 3) that DTR 6 

increases over time, reflecting potential climate change impacts with more pronounced day-night 7 

temperature differences. In both years, the 1 km resolution displays significantly higher DTR 8 

compared to the lower resolutions (27 km, 9 km). This is because higher-resolution data captures 9 

local temperature variations more accurately (Ascenso et al., 2024), whereas coarser resolutions (e.g., 10 

27 km) smooth out temperatures due to their larger grid size. Qiu et al. (2020) demonstrate the strong 11 

added value of high resolution (5 km) in long-term climate modeling, as it improves the simulation 12 

of extreme temperatures and local details through a more accurate representation of topography. 13 



 

 

 1 

Figure 4. Box plot illustrating the daily temperature range for the spatial resolutions of 27 km, 9 2 

km, 3 km, and 1 km for July (a) 2025 and (b) 2077. 3 

3.3 Temperature impact on the monument’s material 4 

Thermal stress (στ) was calculated using Equation 3 for specific future years in July – namely 2050, 5 

2077, and 2092. The difference between these future years and the baseline year of 2027was then 6 

computed. Figure 5 shows maps depicting the differences in thermal stress for these future periods 7 

compared to July 2027. The results indicate that thermal stress is higher in July 2092 by 1.5% 8 

compared to July 2027, followed by July 2050 (1.45%) and July 2077 (0.65%). This means that, over 9 

time, DTR (diurnal temperature range) does not necessarily increase in a strictly linear manner; it can 10 

show either upward or downward trends. Nonetheless, the overall trend points to a future increase in 11 

DTR (see Subsection 3.1). In absolute terms, a 1.5% increase over 65 years (2092–2027) may not 12 

seem large. However, given that the monument was in poor conservation condition for many years 13 

(Samara et al., 2020), meaning it had already suffered some degree of deterioration, even a small 14 

percentage rise in thermal stress can accelerate marble decay or raise the likelihood of cracks. 15 



 

 

Moreover, because this material is of high cultural and historical value, such an increase can be 1 

particularly significant. This increase is based on the moderate RCP4.5 scenario; thus, if a more 2 

adverse scenario (e.g., RCP8.5) were to occur, thermal stress would be even greater. Finally, in 3 

archaeological terms, 65 years is a brief period, and even a minor increase in stress can have a 4 

cumulative effect over time. 5 

The maps presented below are derived from the WRF model at a 1 km spatial resolution. High-6 

resolution climate simulations yield more pronounced and detailed outcomes, as illustrated in Figure 7 

5, where thermal stress is notably greater between 7/2092 and 7/2027. Employing this level of 8 

resolution enhances the precise analysis of climate parameters, allowing for accurate microclimatic 9 

simulations and more reliable assessments of deterioration risk. Moreover, it provides a clearer 10 

understanding of the impacts of climate change on sites housing cultural heritage, such as the 11 

monument of the Arch of Galerius in Thessaloniki. 12 

 13 



 

 

 1 

 2 

Figure 5. Difference in thermal stress (στ) for July in the future years 2050, 2077, and 2092 3 

compared to July 2027, at a 1 km resolution. 4 

4. Conclusions 5 

This study confirmed the significant impact of climate change on temperature and thermal stress 6 

experienced by cultural heritage monuments, focusing on the Arch of Galerius in Thessaloniki, 7 

Greece. High-resolution simulations (WRF-ARW) and future trend analyses based on EURO-8 

CORDEX data under the RCP4.5 scenario revealed an increase in both temperature and diurnal 9 



 

 

temperature range (DTR) in the future periods (2021-2050 and 2071-2100) compared to the reference 1 

period (1971-2000).  2 

Our analysis showed a 75% increase in the number of days with higher DTR in June 2048 compared 3 

to June 2023, alongside a 1.5% rise in thermal stress in July 2092 relative to July 2027. These findings 4 

are in line with Bonazza et al. (2009), who predict that in the Mediterranean region, the number of 5 

events where thermal stress exceeds 20 MPa could increase by up to 50 events per year, with total 6 

values potentially surpassing 300 events per year in the future. Together, these results underscore the 7 

critical impact of climate change on the thermal performance of marble, highlighting the need for 8 

localized assessments and adaptive conservation strategies for cultural heritage. 9 

The use of high spatial resolution (1 km) uncovered notably higher DTR values, capturing local 10 

variability more accurately than lower resolutions (27 km and 9 km). Guo et al. (2018) emphasize 11 

that the higher resolution of RCMs provides more detailed spatial information compared to GCMs, 12 

which are unable to capture these fine-scale features to the same extent – a factor that is crucial for 13 

the more accurate simulation of indices such as the DTR. However, Avila-Diaz et al. (2020) perform 14 

dynamical downscaling with various high-resolution models and emphasize that while high 15 

resolution enhances the simulation of physical processes, it is not the sole and most critical factor 16 

determining model performance, as model physics and downscaling procedures also play significant 17 

roles. These findings highlight the importance of local temperature fluctuations for the structural 18 

integrity of marble materials, as elevated DTR intensifies thermal stresses that can lead to cracking, 19 

microstructural failures, and accelerated deterioration of monuments. 20 



 

 

While the study provides a robust methodological framework for assessing the impacts of climate 1 

change on monuments, several limitations should be noted. First, the analysis was confined to the 2 

RCP4.5 scenario, which, although realistic, does not capture the full spectrum of potential future 3 

climate conditions. Second, the simulation periods, though extensive, may not fully represent extreme 4 

events that could occur outside the selected intervals. Third, the focus on temperature and DTR 5 

excludes other important climatic factors such as humidity, precipitation, and pollution, which also 6 

contribute to material degradation. Additionally, uncertainties inherent in regional climate models and 7 

input data may affect the precision of the projections. 8 

Considering these limitations, future research should expand the framework by incorporating 9 

additional climatic variables (e.g., humidity, precipitation, and pollution) and employing an ensemble 10 

of Regional Climate Models (RCMs) to better capture uncertainty and variability. Moreover, 11 

extending the simulations to include critical future periods and other geographical areas will be 12 

essential for a more comprehensive risk assessment. Upcoming researchers are encouraged to explore 13 

the integration of these enhanced climate impact assessments with advanced conservation strategies, 14 

potentially incorporating real-time monitoring systems and adaptive maintenance practices, to ensure 15 

the long-term preservation of cultural heritage monuments under rapidly changing climatic conditions.  16 
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