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Abstract

:

Al Ain, near Abu Dhabi, United Arab Emirates, is characterized by hot desert climate with high temperatures, aridity, and almost no rain. Several truncated earthen walls were discovered at the historic house of Sheikh Mohammed Bin Khalifa, a component of the World Heritage Cultural Sites. These remains are preserved in situ, outdoors, protected in glass showcases for public display. As this situation is not documented in the literature, the local Authority has requested to study the showcase environment to optimize conservation. The solar radiation and the projected shades have been modeled over one year; the temperature and humidity inside and outside the showcases, as well as the moisture content, have been measured to assess the potential preservation risks. The paper presents the results, i.e., the direct solar radiation generates extreme conditions of greenhouse effect with extremely high temperatures and forces evaporation from the remains. During the night, the excess moisture condenses on the inner surface of the glass panes, forming large drops that affect viewing and are dangerous for conservation. The repetition of evaporation–condensation cycles accumulates soluble salts on the remains. The paper discusses mitigation strategies (e.g., shading, ventilation, and cooling, to reduce the greenhouse effect) to improve conservation and fruition.






Keywords:


conservation of cultural heritage; earthen archaeological remains; conservation outdoors; outdoor showcases; conservation in hot desert regions; greenhouse effect in showcases












1. Introduction


All heritage places are vulnerable to sea level change and violent weather events, but perhaps archaeological sites are the most vulnerable of all. Archaeological sites which are exposed in areas which are particularly subject to severe winds/sun and sea spray/wave action will require documentation and further action to preserve the burial. Before excavation, most archaeological sites were in a naturally protected environment where they could survive for millennia. After excavation of the burial, they are exposed to weather or to minimal protection, e.g., a roof to protect against rain, but with impacts such as overheating, their environmental conditions have been changed, and thus their expectation of life has been dramatically shortened. The changing patterns of rain, storms and temperature will further impact exposed archaeological remains, and their stabilisation, protection, and use by their associated communities and for research and cultural tourism face many challenges [1]. Archaeological heritage management differs from other forms of heritage management. Its foremost priority remains the preservation of archaeological sites and the material culture they yielded. In the context of economic development, rapid urbanization, and global tourism, historical houses and museums naturally became the safe keepers of the archaeological heritage while providing the general public with a space where the relics could be exhibited [2]. In this respect, many architectural monuments, and even urban districts, are simultaneously archaeological zones because of the underground remains of predecessor buildings [3].



Bait Mohamed Bin Khalifa House (BMBK) [4,5] is a historic house museum, part of The Cultural Sites of Al Ain, UAE, which is a UNESCO World Heritage serial property. The house was built for the late Sheikh Mohammed bin Khalifa Al Nahyan (born 1909–died 1979), the father-in-law of the late Sheikh Zayed bin Sultan Al Nahyan, Founding Father of the United Arab Emirates, and it was rehabilitated in 2021 by the Department of Culture and Tourism—Abu Dhabi, and adapted into a community centre for residents and visitors. It has a permanent exhibition illustrating the nation’s social and architectural past from the 1950s and 1960s.



The house was built in 1958, merging traditional architecture and design with modern materials and building techniques, and for this reason, it is a rare example of a transitional style of architecture. The period of the 1930s–1960s represents, for Abu Dhabi, a time of social and cultural change following the early exploration and discovery of oil. The economic growth helped to stimulate planned urban development and new technological innovations were introduced, particularly in the field of construction, such as the use of reinforced concrete. The traditional vernacular architecture was constructed using local materials like mudbrick, local limestone, gypsum and mortar, and palm trunks and branches. During this transitional period of architecture, new materials like cement and concrete blocks, and new technologies like reinforced concrete, were used in construction, often mixing different techniques and materials or using them in an experimental way, creating a sort of hybrid architectural style.



The house was composed of two two-storied buildings and one service block, organized around a courtyard enclosed by a boundary wall, which is now lost. The house was built up over time. Seven different phases were identified based on building investigations. Archaeological investigations during landscaping and ground reduction works revealed a number of truncated earlier mudbrick, stone, and concrete block walls along the eastern perimeter of the site. It also provided evidence for cooking and food preparation in this area, with several fire pits and a partially buried oven. The archaeological remains were part of an ancient house. The walls were made of local limestone stone and mud, built with the rammed earth technique named pisé, which is especially vulnerable to dampness [6]. The buried remains are around 40 cm high and constitute the foundation of a wall. The oven, called a tanoor (which means “bakery”), was used to cook bread. Its has a circular shape, with mud/clay stones and bricks, and an internal covering of lime plaster. It was built with the bottom below the ground level to avoid wind and to benefit of the natural refractory property of the local ground, thus keeping the selected cooking temperature.



The rehabilitation of the house included the repair and restoration of the buildings and the preservation and exhibition of the archaeological finds that provide an understanding of domestic life in the courtyard as well as the development of the site. These features were exhibited in glass showcases: two outdoors and two indoors. The first outdoor showcase, called the ‘walkway showcase’, preserves earthen foundations of an earlier structure. The second outdoor showcase, called the ‘tanoor’, preserves a circular oven made with mud and brick. Inside the building, in the interpretation room, a linear showcase shows stone foundations of an earlier structure or boundary wall, and another showcase in the classroom shows some remains of old earthen walls. The major problems concerning the outdoor showcases, which are exposed to the intense solar radiation, are different from those of the indoor showcases, which are not considered in this paper.



The two showcases are located in a courtyard, with some garden plants that require minimal watering. In this situation, some water (either from irrigation, or on the occasion of some rare precipitation), may migrate through the porosity of the soil and reach the archaeological remains, increasing their moisture content.



The showcases were built to exhibit the archaeological remains, and at the same time preserve them from harsh environmental conditions, and in particular aeolian erosion, which is typical in desert climates [7,8,9,10]. However, the showcases have generated a particular internal microclimate, different from the original environmental conditions of the relics, and their compatibility had to be assessed.



In the literature, several studies focus on outdoor monuments in mild climates. On the other hand, many archaeological remains are exposed to extreme conditions in a desert climate, and their conservation risk is poorly documented and little known. For instance, hot deserts exist in Australia, and the Heritage Collections Council has published Guidelines to inform about the conservation problems, but without recipes for mitigation. A few examples are reported. The ‘diurnal’ fluctuations are more damaging than relatively large seasonal changes in temperature, where there is plenty of time for materials to adjust to the changed conditions. The other and probably most significant influence of temperature is its relationship with relative humidity (  R H  ). High fluctuating temperatures will induce high fluctuating relative humidities, but in the opposite direction, such changes in   R H   are, in most cases, much more damaging than changes in temperature. As with temperature, a high   R H   increases deterioration rates of most materials by providing more water to take part in chemical reactions. The main problems caused by too high   R H   (i.e.,   R H > 70 %  ) are the probability of fungal growth, the corrosion of metals, and the crizzling of glass objects. If   R H   is too low (i.e.,   R H < 40 %  ), desiccation of organic materials will occur. When there are extreme fluctuations of   R H  , this creates a dangerous situation. Fluctuations in internal   R H   levels can be caused by an external fluctuating temperature on a building, direct sunlight being able to enter a building and falling on an object or display case, the turning on and off of incandescent spot lights, an air-conditioning system being turned on during the day and off at night, etc. [11].



At BMBK, two showcases were built around the relics to protect them against the wind erosion, rare precipitation, and unintentional tourism-related injuries. However, the new environmental situation was unknown, and the existing standards do not include directives for this particular situation. The international standards consider the climate in museums and exhibition or storage rooms [12,13,14,15]; the temperature in churches and other places of worship [16]; the ventilation in heritage buildings [17]; and the technical characteristics of showcases in indoor environments [18,19], while the ASHRAE Handbook [15] makes brief comments on some problems of the showcases.



However, despite lacking specific indications to follow, there are some recommendations on research and diagnosis to perform. ICOMOS wrote that before making a decision on structural intervention, it is indispensable to determine first the causes of damage and decay, and then to evaluate the safety level of the structure [20]. Similarly, UNESCO, ICCROM, ICOMOS, and IUCN wrote that it is necessary to establish what information is needed in order to identify and analyse potential risks and to see how they can be reduced [21]. In 2017, at the General Assembly in Salalah, Oman, ICOMOS drafted the Guidelines for the management of public archaeological sites [22]. In the preamble, ICOMOS underlines its opposition to transform the Guidelines into regulations or standards, because archaeological sites are under the rightful control of stakeholders residing in the country and region in which they are located. This explains why there are not standards on this topic. However, the Guidelines recommend some key actions, e.g., (i) to study the environmental impact. An environmental impact assessment should be performed for any proposed development activity that might affect the quality of the environment. (ii) Monitoring system feedback. The results of the monitoring system and programme should be used as decision support tools by site management. (iii) Transparency in monitoring and management. Monitoring results should be made available to all stakeholders on a regular basis [22]. The list drafted by UNESCO of the main risks and impacts on cultural heritage in view of the global warming and climate changes includes the crystallization and dissolution of salts caused by wetting and drying affecting standing structures, archaeology, etc., and biological attacks of organic materials by insects, moulds, and fungi, invasive species such as termites [23]. Indeed, the showcases built around the remains constitute a climate change on the microscale: they protect against wind erosion, rain and accidental impacts, but they might generate other potential risks.



Following the above recommendations, and the novel standard EN 17652 [24], the Conservation Section, Department of Culture and Tourism (DCT), Abu Dhabi, decided to investigate the new environmental conditions and the interactions with the remains, as the first prerequisite to assess potential risks and develop a long-term preservation plan including management, maintenance and prevention. To this aim, DCT appointed a consulting firm working all over the world to provide services, such as surveys, studies, design and technical assistance in fields including cultural heritage and physical infrastructures, and in turn this firm contacted experts in conservation and environmental diagnostic for cultural heritage, with experience in UNESCO commissions and international standardization, to perform a monitoring campaign. This campaign had four tasks: (i) to investigate the micro-environment inside the two outdoor showcases; (ii) to improve public enjoyment by avoiding the formation of drops that prevent the viewing of the archaeological remains; (iii) to improve conservation by verifying whether the extreme environmental conditions that are generated inside the showcases, and their cyclical repetition every day, and every year, constitute a risk for the conservation of the archaeological remains; (iv) to suggest mitigation measures.



With this paper, for the first time, a comprehensive case study concerning outdoor showcases in a hot desert climate, under strong solar irradiation along the Tropic of Cancer, is published. The specific aims are to present the results after one year of environmental monitoring at BMBK; to present the results of a model concerning the daily and annual solar motions in the Tropic, the projected shades and the solar radiation impinging on the two showcases; to discuss the consequences of the extreme greenhouse effect that develops inside the showcases; to discuss the forced evaporation and the subsequent condensation of moisture on the glass panes; to discuss possible mitigation measures; to consider their feasibility and transferability to other similar cases.




2. Study Area


2.1. Description of the Site


The pergola (Figure 1) was originally planned for the comfort of visitors and to separate the walkway from the main courtyard, when needed. It must be specified that the purpose of the installation was a general use, but not specifically to improve the microclimate of the showcases, even if it was considered that the pergola could be useful in reducing the solar radiation. It is oriented approximately north–south (i.e.,   168 ∘  ) and is composed of a steel structure 4 m high and 2 m wide, with fixed louvres on the ceiling, and operable louvres on the western side. The operable louvres can be kept standing vertically (as in Figure 1c); lying horizontally, protruding from the ceiling (as in Figure 1d); or even inclined at an angle of   30 ∘  . Although the lateral louvres’ panels were part of the original pergola design, they were installed later, at the end of the monitoring campaign, which was carried out in the situation of Figure 1a,b. The slats are fixed normal to the louvres’ panels and provide a partial shade, because part of the solar radiation passes through the gaps between slats.



Some flowerbeds with small plants and a tree are located on both sides of the pergola, and regular watering contributes to the increase in the moisture content of the soil. It is to be investigated whether some irrigation water migrates underground and reaches the archaeological remains in the showcases.



The walkway showcase is located in the middle of the pergola, and the top is made of two thick glass panes at ground level, so that it is possible to walk on it. The tanoor is located at the edge to the east of the walkway showcase and the pergola, and is shaped like a box with an inclined top.



The walkway showcase (Figure 2) was created as a cavity dug into the flooring of a pergola, to expose the buried archaeological remains. The cavity is topped with two glass panes (259 cm total length, 99 cm width, 3 cm thickness) that cover it at ground level. The glass panes have four holes (2 cm diameter) to be picked up and removed. If some water for cleaning, or rainwater collected on the flooring, reaches the glass panes, it may percolate inside. When condensation occurs, drops of water form on the lower surface of the glass. If the condensation is modest, some micro droplets form on the glass, thus fogging the visibility. This phenomenon of light condensation is called misting, or fogging or hazing, used synonymously. Misting involves small amounts of condensed water, and evaporates quickly when the solar radiation hits the glass pane. However, if the glass temperature falls below the dew point, the condensation occurs at higher rates, forming large drops of water that continue to grow over time, fed by further condensation or coalescence (Figure 3). When the drops grow, they become heavy and fall on the archaeological remains. This phenomenon of abundant condensation is called dewing, and the falling drops are dangerous for conservation.



The tanoor showcase (Figure 2) lies on the eastern side of the pergola, close to the walkway, and is covered by the shade of the pergola in the afternoon. The box is made with concrete blocks 20 cm thick, plastered with cement and painted. The topping glass pane (  205 × 205   cm, 8 mm thickness) lies around 1 m above ground level (i.e., 109 cm on the lower side and 115 cm on the higher side of the supporting walls; the walls are 18 cm thick), and is inclined at an angle of   9 ∘  . The inclination brings some advantages compared to a horizontal surface, because the water falling on the upper surface of the pane, or condensing on the lower surface, is partially or totally drained away. Rainwater cannot penetrate inside the showcase if the glass pane is sealed. The drops formed by condensation on the lower pane surface will partly fall and partly flow along the pane and converge in the lowest part of the glass, where they could be collected with a small internal gutter. Even in the absence of a gutter (like now), the condensed water flows along the lowest vertical wall (on the southern side) without falling directly on the earthen remains. The northern and southern walls are provided with narrow slits for natural ventilation, with a mesh to prevent insects from entering. The slits are located on two opposite walls, which increases the efficiency of ventilation. However, the mesh reduces the dynamical cross section and the efficacy of ventilation, introducing a resistance to airflows. Therefore, ventilation is generally poor, except in windy conditions. The exact orientation of the tanoor walls is as follows: north side   348 ∘  , east side   78 ∘  , south side   168 ∘  , west side   258 ∘  . The surface area of these walls is as follows: north   2.9   m 2   ; east and west   2.4   m 2   ; south   1.8   m 2   .



The small structural differences between the two showcases are very relevant to the conservation aims, i.e., the walkway is more vulnerable, without ventilation and with more frequent dewing; the tanoor is a little more efficient, a little less vulnerable to external rain and internal drops, and is provided with some ventilation slits. These items will be discussed in the next sections.




2.2. Local Climate


Al Ain is located at the edge of the tropical belt, and is defined as hot arid subtropical desert climate, i.e., BWh in the Köppen–Geiger climate classification [25,26].



The city of Al Ain has evolved from settlements around oases that were irrigated by underground water channels (Aflaj) that bring water from the nearby mountains. Archaeological investigations have shown that over the last 4500 years, the groundwater levels have followed a decrease related to an increasing trend of aridity [27]. Currently, the city is bounded to the west by desert areas, and has developed rapidly over the past two decades. This has determined a marked urban heat island effect [28].



The average temperature ranges between   18.5   ∘  C   in January and   37.2   ∘  C   in July (monthly mean during the period 1995–2022, using daily data of the weather station of Al Ain International Airport [29]). From May to October, the monthly average temperature is greater than   30   ∘  C  . The precipitation is very scarce, with few rainy days (nearly two instances of daily rainfall per year) and a low amount of rain (yearly average is 31 mm in the period 1995–2022). Precipitation generally occurs from January to April. From May to August and in October and November, there is almost no rainfall. The climate is arid, and the atmospheric mixing ratio (  M R  ) is very low, ranging between a 8.7 g/kg monthly average in January and 18.5 g/kg in July, with a 13.4 g/kg annual average. The same can be said for the dew point (  D P  ) with   12.5   ∘  C   in January,   25.2   ∘  C   in July and   19   ∘  C   annual average. The relative humidity (  R H  ) is very low during the day, and high during the night. The   R H   annual average is nearly 56%.



During the monitoring period, the temperature ranges within the usual values of the region (red line and gray band in Figure 4a,b). From 22 April 2022 to 30 May 2023, there were only five rainy days (black arrows), four of which happened in usually rainy periods (blue lines in Figure 4a). The   M R   values recorded during this monitoring period are reported in Figure 4c.





3. Methods


3.1. Model Simulation of the Solar Radiation


The simulation is based on the astronomical formulae to calculate the apparent motions of the Sun and the solar radiation crossing the atmosphere and impinging on horizontal or vertical surfaces, or surfaces with selected inclinations and directions as described elsewhere [8,30,31]. The solar coordinates are constituted of altitude and azimuth. The altitude   H ⊙   is the angular distance representing the elevation of the Sun over the local horizon, and is the complement to the zenith angle    Z ⊙  =  90 ∘  −  H ⊙   . The altitude is computed by the formula


  sin  H ⊙  = sin  δ ⊙  sin ϕ + cos  δ ⊙  cos ϕ cos τ  



(1)




where  ϕ  is the latitude,  τ  the hour angle   τ =  180 ∘  t / 12  , computed from the time duration t, in hours and tenths of hour, from or to the culmination of the Sun at the true midday, and   δ ⊙   is the declination angle given for the calendar day j by the formula


   δ  ⊙ , j   =  δ  ⊙ , 0   cos   2 π j  365   



(2)




where j is computed from the day   j = 0   at the winter solstice, when    δ  ⊙ , 0   =  23 ∘   27 ′   .



The azimuth   A ⊙   is the angular distance between the vertical circles containing the Sun and the local meridian with the south point, computed from the local meridian. In this reference,    A ⊙  < 0   in the morning, when the Sun is moving on the eastern sector;    A ⊙  = 0   at noon, and    A ⊙  > 0   in the afternoon, on the western sector. The azimuth   A ⊙   is given by the formula


  sin  A ⊙  =   cos  δ ⊙  sin τ    1 −  sin  δ ⊙  sin ϕ + cos  δ ⊙  cos ϕ cos τ      



(3)







The calculations have been made with reference to the local astronomical time (  A T  ), with noon (i.e., 12:00 h) coincident with the upper culmination (i.e., when the Sun crosses the local meridian, i.e., the south of the local horizon). This temporal frame simplifies the calculations, but differs by some minutes from Coordinated Universal Time, UTC +4 h, the time zone of Al Ain [32]. It must be specified that this time shift has no influence on the calculation of the impinging energy and its cumulated values.



The atmospheric attenuation is exponential and varies with wavelength  λ  (Bouguer–Lambert law), i.e.,


  I  ( λ )  =  I 0  exp  ( − α  ( λ )  m )   



(4)




where   I 0   is the intensity of incident radiation the atmosphere,   I ( λ )   is the intensity after having crossed the optical air mass m (i.e., the mass equivalent to the path of atmosphere crossed by the solar beams related to solar altitude), and   α ( λ )   is an absorption coefficient that varies with the wavelength and represents the atmospheric absorption and scattering.



All the above formulae, and related plots, have been computed with Excel Microsoft software version 15.33 (2017).



3.1.1. Solar Motions


Daytime is the time elapsed between sunrise and sunset, when    H ⊙  = 0   in the morning and in the afternoon. At the equator, the Sun rises in the east, and sets in the west, vertically, and the daytime period always lasts about 12 h, in all seasons. At the latitude of Al Ain, daytime has a modest variability with the seasons, and lies from around 10.5 h at the winter solstice to 13.5 h at the summer solstice (Figure 5). Daytime at the winter solstice is 23% shorter than at the summer solstice. At higher latitudes, the variability of daytime increases. For instance, at   45 ∘   latitude, daytime at the winter solstice is 55% that of the summer solstice. If one excludes the time with cloud cover or precipitation, the average number of sunshine hours per month (average 1991–2021) is about 1 h less [33].



The declination angle   δ ⊙   between the Earth–Sun line and the equatorial plane varies seasonally between   ± 23 .  45 ∘   . The coordinates of Al Ain are   24 .  22082 ∘    north latitude and   55 .  7471 ∘    east longitude. As a consequence of this particular latitude (that is in close proximity to the Tropic of Cancer, i.e.,   23 .  43621 ∘    north latitude), at the summer solstice (21st June), the culmination of the Sun is close to the zenith. When this happens, the Sun is overhead, almost perpendicularly above Al Ain, and shadows almost disappear underfoot. A similar situation has been described for the Great Sphinx and Pyramids, Giza Plateau, Egypt, (  29 .  976480 ∘    north latitude) [34].



The key features of the apparent solar motion around Al Ain are shown in Figure 6. The Sun is represented in terms of the altitude and the azimuth during the summer and the winter solstices, as well as the equinoxes (note that the astronomical situation at the spring and autumn equinoxes is the same).



At the winter solstice, sunrise and sunset occur at 6:56 h and 17:34 h UTC + 4 and the culmination is at 12:14 h measured UTC + 4. In that day, the difference between the official time (i.e., UTC + 4) and   A T   is 14 min. The altitude of the Sun follows a parabolic trajectory, and reaches the maximum    H ⊙  = 42 .  44 ∘    at noon.



At the equinoxes, sunrise and sunset are at 6:21 h and 18:28 h, respectively, and noon is at 12:24 h UTC + 4, i.e., 25 min later than   A T  . The Sun follows a sharper trajectory and the elevation reaches    H ⊙  =  67 ∘   .



At the summer solstice, sunrise and sunset are at 5:30 h and 19:08 h respectively, and noon is at 12:18 h UTC + 4, i.e., 18 min later than   A T  . Using spherical coordinates, the Sun follows a triangular trajectory, and at noon reaches    H ⊙  = 89 .  14 ∘   , close to the zenith. The graph representing the azimuth   A ⊙   is also impressive, because the Sun is overhead. It approaches the local meridian close to the zenith, and enters the opposite sector passing from   −  90 ∘    to   +  90 ∘   , which gives an apparent sharp transition.




3.1.2. Solar Energy Impinging on the Showcases


The comparison between the solar energy impinging on the glass pane of the tanoor and the walkway at the winter solstice, the equinoxes, and the summer solstice (Figure 7) gives interesting results. At the winter solstice, when the Sun is low over the local horizon, the inclined glass pane of the tanoor collects more energy than the horizontal pane of the walkway. This difference is strongly reduced at the equinoxes. Finally, the situation reverses slightly at the summer solstice, when the Sun approaches the zenith, because the horizontal glass pane of the walkway is almost perpendicular to the solar beams, while the inclined tanoor is not, and collects less energy. The incoming energy increases from the winter solstice to the summer one, passing through the equinox as an intermediate phase. However, the energy at the equinoxes is not centrally located between the values at the two solstices, but is shifted towards the summer solstice. More precisely, at the equinoxes, at noon, the peak of energy is 5% less than that of the summer solstice for the walkway and 11% for the tanoor; at the winter solstice is 30% less for the walkway and 40% for the tanoor.



Looking at the hourly distribution of the solar energy impinging on a horizontal plane with unobstructed horizon during the daytime, the largest amount lies within   ± 3   h around noon, i.e., from 9 to 15 h   A T  . In the official time frame UTC + 4, this interval is slightly variable over the calendar year and is represented by the so-called equation of time, which gives the difference between the apparent Sun (as we see it) and the mean Sun (as given by the clock) [35].



On the horizontal plane, the situation is different from vertical surfaces. The general case of a vertical cylinder in Al Ain is represented in Figure 8. At the winter solstice, the maximum irradiation is from south around noon, while almost the whole northern sector, from west to east, is unreached because the Sun is below the horizon. At the summer solstice, the maximum intensity is reached around the east in the morning, and then around the west in the afternoon; the northern sector has gained solar energy, while the south is not reached because the Sun is overhead, and the beams are parallel to vertical surfaces. A comparison between the vertical and the horizontal plane (e.g., walkway) shows that the latter, going from winter to summer, gradually increases the amount of the collected energy. On the other hand, the vertical surfaces have a different, more complex behaviour. For instance, a vertical surface facing south, and a horizontal surface, have similar trends at the winter solstice, but opposite trends at the summer solstice. This situation may confuse the ideas of those who rely on daily personal sensations, but do not verify them with calculations or measurements.



The solar irradiation impinging on the vertical walls of the tanoor during the two solstices and the equinoxes is reported in Figure 9. For simplicity, in the legend of the figure, the walls are named with the closest compass direction, i.e., the north side faces   348 ∘  , east   78 ∘  , south   168 ∘  , and west   258 ∘  . However, the calculations have been made with the exact compass values. At the winter solstice, the southern wall (i.e., the smallest one) receives the most intense irradiation. The western side lies in the shade. At the equinoxes, the southern and the eastern sides receive relevant amounts of energy, with the western side being shaded in the afternoon. On the summer solstice, the most significant impact is on the eastern side.





3.2. Microclimate Monitoring


A microclimate monitoring system was installed in order to perform a one-year microclimatic measurement campaign from 22 April 2022 to 30 May 2023. The monitoring included the temperature of the external air (  T E  ), the temperature of the air inside the showcases (  T S  ) and the temperature of the lower surface of the glass panes (  T G  ), which was measured because when   T G   reaches or drops below the dew point, the glass surface starts misting, or forming drops by condensation. The relative humidity of the air outside and inside the showcases (  R  H E   ,   R  H S   ) was also measured, as well as the soil moisture content (  S M C  ) in the walkway showcase, which is more affected by glass misting. As   S M C   is measured with a dielectric sensor, the output is given in % volumetric water content (VWC), i.e., water volume/soil volume. All sensors were connected to two data loggers (Figure 10a) and sampled every 15 min. The external   T E   and   R  H E    sensors were protected with a standard multiplate solar shield (Figure 10b) according to EN 15758 [36] and EN 16242 [37] standards, and WMO N. 8 [38]. The types, measuring principles, range, accuracy, and standard reference of all sensors are reported in Table 1. The sensors comply with the European Standards EN 15758 [36] for temperature, EN 16242 [37] for relative humidity, and EN 16682 [39] for moisture content.



The recorded data were processed and plotted with Python (pandas and matplotlib libraries).



From the temperature and relative humidity record, other parameters useful for environmental diagnostic purposes were obtained by calculation [8].



The mixing ratio (  M R  ) is the (dimensionless) ratio of the mass of water vapour to the mass of dry air in any selected volume of air. It represents how many grams of water vapour are mixed with 1 kilogram of dry air. It is invariant to changes of temperature, volume and pressure, and changes only when some external vapour is added to the system, or removed from it, or when some external air is mixed with it. This parameter is useful for recognizing when evaporation or condensation occur, and the exchanges between different air masses. It is measured in g/kg. This parameter is calculated by the formula:


  M R = 38.015 × R H ×   10   7.65 T   243.12 + T     p − 0.06112 × R H ×  10   7.65 T   243.12 + T         ( g / kg )   



(5)




where p is the atmospheric pressure (hPa) and T the air temperature (    ∘  C  ).



The two showcases considered in this study are very similar to each other in size and location; they are exposed to the same atmospheric input, but the tanoor is equipped with slits for natural ventilation, while the walkway is not. Their comparison of their MR allows us to clarify the role of ventilation, whether this has been implemented according to need, and whether ventilation is a valid methodology.



The dew point (  D P  ) is the temperature to which moist air must be cooled at constant atmospheric pressure and constant water vapour content in order for saturation to occur. When the glass pane temperature reaches the dew point, i.e.,    T g  = D P  , it starts misting for condensation. When the glass temperature falls below this threshold, i.e.,    T g  < D P  , condensation occurs at high rate, forming and growing large water drops.   D P   is measured in     ∘  C  . This parameter is calculated by the formula:


  D P =   243.12 × ln   10   7.65 T   243.12 + T    ×   R H  100     17.62 − ln   10   7.65 T   243.12 + T    ×   R H  100         ( ∘  C )   



(6)







Theoretically, condensation occurs when the glass temperature falls below the dew point (red area). However, the presence of contaminant on the glass, (e.g., dust, aerosols) and the uncertainty band of sensors may allow misting for    T  g W   − D  P W  < 2   ∘  C   (yellow).



Both   M R   and   D P  , as well as    T G  − D P  , and related plots, have been computed with Python software version 3.12.



For these variables, the methodology is illustrated in Figure 11.




3.3. Soluble Salt Monitoring


The soluble salts on the remains constitute a cumulative quantity destined to increase over time. To fix the first benchmark, in May 2022, during the microclimate campaign, samples of the remains were taken according to EN 16085 standard [40] to measure the concentration of soluble salts. The chemical analyses were performed with scanning electron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDS). This evidenced a patina, with medium–fine grain size, mainly based on calcium sulphate, in hydrated and nonhydrated form, which can be correlated to gypsum derived from sulphation. This patina is not very compact, and is distributed unevenly on the sample under examination. In addition, low concentrations of chlorine and sodium ions were detected, due to contamination of soluble salts, in particular sodium chloride.



The concentration detected in 2022 will be compared with the values that will be found in the subsequent years to assess the growing rate. This is a long–term investigation that should be continued for decades, by repeating the chemical analyses every year or two, but always strictly at the same time of day and same season to avoid misinterpretations due to the daily and seasonal cycles.





4. Results and Discussion


4.1. Soil Moisture Content


The record of the soil moisture content (  S M C  ) (Figure 12) shows some peaks (cyan arrows) in 2022. The peaks indicate that some irrigation water has reached the remains. At the beginning of the year 2023, a sharp and long decrease (i.e., evaporation during some maintenance works of the walkway) is visible (yellow arrow). After these works, the   S M C   returned to a new equilibrium, lower than in 2022 (i.e., from around 17% to 10%).



The present drip irrigation system needs tuning. The allowable amount of irrigation water can be recognized from the plot of the   S M C   sensor, i.e., to reduce watering until the peaks disappear from the graph. To avoid water leakage, it is advisable to use plants that require less water, e.g., cacti, or keep them at a prudent distance from the remains.




4.2. Daily and Annual Cycles in the Showcases


The situation of the two showcases at the two extreme conditions of the year (in terms of solar radiation) is commented with the help of the recorded data. The dataset includes the temperature and the humidity variables, inside and outside the showcases, at the winter and summer solstices. As usual, daily figures refer to a 24 h time cycle, starting from midnight, i.e., 00:00. For consistency, comments and explanations will start from midnight, even if midnight is not a turning point.



4.2.1. Daily Cycles at the Two Solstices


At the winter solstice, the walkway shows a complex situation (Figure 13a). For the heat accumulated during the previous day, the temperature (  T W  ) inside the showcase is some   4   ∘  C   higher than the external air (  T  e x t   ), while the temperature of the glass pane (  T g  ) reaches an intermediate value, being in contact, and exchanging heat, with both the internal and the external environments. For the evaporation forced by the solar radiation during the previous day, the mixing ratio (  M R  ) inside the showcase is almost twice the external value   M  R  e x t    , which lies around 8.5 g/kg. The high moisture content raises the dew point (  D P  ), which exceeds the glass temperature   T g  . When    T g  ≤ D P   (i.e., the green line is below the red line in the figure), the moisture condenses on the glass, forming drops on the inner part of the pane [8,41]. All the variables (except   M  R  e x t    ) have decreasing trends. Sunrise constitutes a turning point. From sunrise (6:56 h UTC + 4) to near noon, all variables (except   M  R  e x t    ) change trend, and increase at a high rate until noon. The solar radiation raises the temperature of the glass   T g  , the showcase becomes a small greenhouse with high temperature and forced evaporation, which is evident from the increase in   M R   that increases by   Δ M R = 14  g / kg  , where the symbol  Δ  denotes a difference between two values of the related variable, in this case a difference in   M R  . However, during the morning,   T g   increases faster than   D P  , and when    T g  > D P  , the drops on the glass pane start to evaporate. On the external environment, the soil warming generates convective air motions with vertical exchanges of upper and lower air masses, which are evidenced by the decrease in moisture content of the external air (  M  R  e x t    ) that continues over the whole afternoon. At sunset, when the solar radiation disappears and the soil cools, the convective motions stop, and   M  R  e x t     increases and returns to its basic value in the lower atmosphere.



It should be noted that at 11:30 h UTC + 4, the interior of the walkway and the glass reach their maximum temperatures, about 14–15     ∘  C   higher than the external air, because the shadow of the pergola reaches the showcase, which starts cooling. Cooling is very rapidly in the first 30 min. After, the showcase reaches a certain equilibrium, determined by the general cooling outside, and the gradual return of the sunshine. However, when the Sun moves away from the ceiling of the pergola, it has a lower altitude   H ⊙   and is weaker. At 16:00 UTC + 4 the cooling dominates and a decreasing trend start for all the variables, except   M  R  e x t    , as already commented. The sunset (i.e.,    H ⊙  = 0  ) occurs at 17:34 h UTC + 4, and generates two relevant turning points, i.e., (i) the external air temperature that starts cooling; (ii) the glass temperature   T g   that becomes lower than the   D P  , starting misting and dewing on the glass pane.



At the winter solstice, the tanoor (Figure 13b) shows a similar but simpler situation. The showcase and glass temperatures reach higher peak values (i.e.,    T T  = 47   ∘  C   and    T g  = 44.4   ∘  C  ), for a slightly different energy balance. The location is eastwards, gaining some 15 min of additional sunshine, and the glass pane is   9 ∘   inclined. However, the key difference is given by the ventilation slots that allow air exchanges with the exterior (Figure 11b). During the nighttime, the   M R   inside the showcase is only 2 g/kg higher than   M  R  e x t    .



During the day, the balance between evaporation and ventilation increases the   M R   by   Δ M R = 5  g / kg  . The relatively low values of   M R   generate low values of   D P  , which always remains   D P <  T g   , thus excluding condensation. The fact that glass is not affected by condensation is positive for the view and enjoyment of the archaeological remains. However, the fact that the showcase overheats by   Δ T = 20   ∘  C   in excess with reference to the external temperature and forces some evaporation from the archaeological remains, which is later dissipated through the ventilation slits, is not positive for conservation (i.e., accumulation of soluble salts on the remains).



In summer, the insolation is strong and lasts longer. The summer solstice is herewith considered to give an overview of what happens over the period from May to October.



At the summer solstice, the walkway (Figure 13c) responds to the solar forcing as follows. During the nighttime, the glass temperature is an intermediate level between the internal and external air temperatures, i.e.,    T W  <  T  g w   <  T  e x t    . During the daytime, the solar radiation overheats the glass, which becomes warmer than the showcase interior. Near noon, from 12:15 h to 15:30 h UTC + 4, the shadow of the pergola erodes the peaks of   T W   and   T  g w   , causing rapid cooling, i.e.,   Δ  T W  = 5   ∘  C  . However, when the Sun moves away from the ceiling of the pergola, the radiation is strong enough to establish again the previous equilibrium. In the middle of the day, the showcase becomes similar to an oven, reaching   70   ∘  C  , i.e., with   Δ  T W  = 23   ∘  C   excess temperature with reference to the external air. This extreme temperature forces evaporation from the showcase bottom and the earthen remains, increasing the moisture content of the air inside the showcase. This forced evaporation lasts from sunrise to 16 h, when the showcase starts to cool. However, although   M  R W  ≫ M  R  e x t    , the dew point   D  P W    is unable to reach and exceed the glass temperature (i.e.,   D  P W  ≪  T  g w    ), and condensation cannot form on the glass.



The tanoor (Figure 13d) is located east of the pergola; therefore, the strong solar radiation is mainly limited to the morning, which confers a skew distribution to the temperatures and the   M R  . The behaviour is initially similar to the walkway, with increasing trends in the morning until 12:45 h UTC + 4, when the showcases reach the temperature    T T  = 63   ∘  C  . Then, it enters the shade of the pergola, and the temperature   T T   begins to fall with a continuous trend. The ventilation slits keep the mixing ratio inside the showcase   M  R T    similar to the outside values   M  R  e x t    , although with some difference, i.e.,   Δ M R = 5  g / kg   higher inside.



At the winter solstice (Figure 14a), in the open air, the relative humidity   R  H  e x t     has a linear, increasing trend during the nighttime, then a rapid decrease after sunset for the solar warming of the ground, and finally reaches a plateau around   R  H  e x t   = 27 %   in the afternoon. After the sunset,   R  H  e x t     shows a sharp rise by   Δ R  H  e x t   = 17 %  , followed by a slow linear increase. The tanoor follows a similar trend. We have seen (Figure 13b) that the temperature inside the tanoor was initially higher than the external air, but had a similar mixing ratio, and this combination gives a slightly lower relative humidity inside the showcase (i.e.,   R  H T  < R  H  e x t    ), and the two trends, i.e.,   R  H  e x t     and   R  H T   , differ between them by around   Δ R H = 10 %  . However, at noon, when the tanoor enters the shade of the pergola and cools,   R  H T    has a sharp increase, i.e.,   Δ R  H T  = 10 %  , followed by a gradual increase that will continue till the next sunrise. The walkway is at saturation, or very close to saturation (i.e.,   R  H W  = 95 %  ), throughout the whole day, except for the short period in the morning in which the solar radiation impinges on it, causing a sharp decrease in   R  H W    up to 64%. However, when the glass is reached by the shadow of the pergola, the   R  H W    immediately rises to 90%, and later to (near) saturation, around 95%. It must be specified that at these extreme values of temperature and humidity, the uncertainty band of   R H   sensors increases, so that it is impossible to distinguish between values close to saturation (e.g., 95%) and saturation (i.e.,   R H = 100 %  ).



At the summer solstice (Figure 14b), the three plots   R  H  e x t    ,   R  H W   , and   R  H T    show the same qualitative behaviour. In particular,   R  H  e x t     and   R  H T    have very similar quantitative values, favoured by the ventilation slits, while the closed tanoor has values on average 30% higher (i.e.,   R  H T    from 20% to 40% higher) than the other two.




4.2.2. Annual Cycles


Walkway. The annual cycle of temperature in the walkway is represented in Figure 15a. The upper border of the band constitutes the daily maxima; the lower border constitutes of the daily minima; the thickness of the plot represents the amplitude of the daily cycles. The daily cycles are determined by the strong solar heating in association with the greenhouse effect, followed by the nocturnal cooling. From May to October, near to midday, the showcase is like an oven, with   T W   = 60–70     ∘  C  , sometimes reaching   75   ∘  C  .



The interpolation line (red line) represents the annual cycle of the daily averages and has a sinusoidal behaviour. The maximum of the annual cycle is reached in July, and the minimum in January. The frequency distribution of the showcase temperature during the monitoring period is indicated in the histogram (Figure 15b). The mode is close to    T W  = 40   ∘  C  , while the range lies between   15 ∘   and   75   ∘  C  .



The distribution of the difference   Δ  T  W − e x t     between the showcase temperature and the external temperature (  Δ  T  W − e x t   =  T W  −  T  e x t    ) is represented in Figure 16a. In this plot, the central interpolation line represents the 50th percentile (i.e., the median) of   Δ  T  W − e x t    ; the band around it (contoured by two black lines at the 7th and 93rd percentiles) includes the events from the 8th to 92nd percentile. The vertical lines crossing the grey area are the most extreme values. The choice of the above percentiles has been made according to the European Standard EN 15757 ([12,42]). The largest differences (  Δ  T  W − e x t   =  T W  −  T  e x t    ) are reached from April to October, and the smallest from November to March, when the Sun is low over the horizon, and the greenhouse effect is modest. Only exceptionally, in winter, the difference vanishes or changes sign.



The difference   Δ  T  W − g     between the showcase temperature (  T W  ) and the temperature (  T g  ) of the glass pane (  Δ  T  W − g   =  T W  −  T g   ) is represented in Figure 16b. In the morning, when the solar radiation impinges on the glass and activates the greenhouse effect, the glass becomes hot;    T g  >  T W   , and   Δ  T  W − g   < 0  . When the showcase enters the shade, it starts to cool, and the showcase remains a little warmer than the glass, that exchanges heat with the (colder) air; therefore,   Δ  T  W − g   > 0  .



Inside the showcase, the record of   R  H W    (Figure 17a), being generated by the joint action of the temperature   T W   and the mixing ratio   M  R W   , has an irregular character, although with some general features. Winter is characterized by high   R  H W    levels, with saturation or near saturation in the night, and minimum values around 70% near noon. In summer, and the mid-seasons,   R  H W    is highly variable during the day, lying from extreme dryness (i.e.,   R  H W    around 20%) to high humidity levels (e.g.,   R  H W    = 70–80%). The extreme dryness reached around midday is responsible for the enhanced evaporation, which in turn tends to raise the humidity levels. The histogram of the frequency distribution (Figure 17b) highlights this extreme variability.



The mixing ratio inside the showcase   M  R W    (Figure 18a) is characterized by a sinusoidal annual cycle, with maximum values, and largest daily cycles, in summer. The minimum values, and the most reduced daily cycles, are in the cold season. This is explained because the glass is less heated, the greenhouse effect is modest (being limited to a few     ∘  C  ) and the maximum amount of   M  R W    is limited by the saturation.



In the frequency diagram (Figure 18b), the   M  R W    data (blue columns) are reported together with the external data   M  R  e x t     (green columns). Inside the showcase,   M  R W    has a broad distribution, with maxima around 20–30 g/kg and a long tail exceeding 80 g/kg. Outside the showcase,   M  R  e x t     reaches the modal value around 10 g/kg, and the distribution ends at 20 g/kg. The impressive difference between internal and external values is due to the evaporation forced in the showcase when it is overheated, with the upper temperature around    T W  = 70   ∘  C   (maximum allowable   M  R W    at    T W  = 70   ∘  C  :   M  R W  = 190  g / kg   at saturation), while the external temperature   T  e x t    is in general below   40   ∘  C   (maximum allowable   M  R  e x t     at    T W  = 40   ∘  C  :   M  R W  = 45  g / kg   at saturation).



The plot of the difference   Δ R  H  W − e x t     between the relative humidity inside the showcase   R  H W    and the external values   R  H  e x t     (Figure 19a) shows that on average, the humidity level in the showcase is higher than in the external air. This situation does not have a well-defined seasonal trend, except that the maxima of   Δ R  H  W − e x t     are reached in winter. Sometimes, and especially in spring, some negative values may occur. This variable (i.e.,   R H  ) is affected by marked daily cycles (i.e., the thickness of the band), with differences between the internal and external level reaching 50%. The difference between the showcase and the external air is explained as follows. During the day, for the high temperature levels reached inside the showcase, the inside   R  H W    drops and extracts moisture from the ground and the earthen remains by evaporation. During the nocturnal cooling, this excess of moisture reaches saturation and condenses, generating large   R  H W    cycles.



The plot of the difference   Δ M  R  W − e x t     between the mixing ratio inside the showcase   M  R W    and the external values   M  R  e x t     shows that on average,   M  R W    is permanently higher in the showcase than in the open air (Figure 19b). This difference is explained by the forced evaporation inside the showcase during the daily overheating. The difference is smaller in winter, because the Sun reaches lower elevations, which in turn causes less overheating and less internal evaporation.



The difference between the temperature of the glass (  T  g W   ) and the dew point (  D  P W   ) inside the showcase (Figure 20a) determines the conditions for condensation. Over the year, the pie plot in Figure 20b shows that for most of the time, the temperature of the glass is above the critical point for condensation. However, conditions for nocturnal misting, or even dewing, occur frequently, and especially in winter.



Tanoor. The first comparison is with temperature in the most extreme situation of the summer solstice (Figure 21). From sunrise to 10 h, the temperature in the tanoor rises more quickly than in the walkway because the tanoor has a slightly tilted glass pane, as well as some external walls that absorb additional solar radiation, as already commented. After 10 h, natural ventilation brings in cooler air from outside and lets out warmer air from inside. Near noon, the temperature in the tanoor is lower than in the walkway, but is much higher than in the open air, i.e.,    T W  >  T T  ≫  T  e x t    . Afterward, the walkway—and later, the Tanoor—enter the shade of the pergola. After a while, the walkway is again hit by the Sun, which has moved in the meantime, while the tanoor is not, and this causes two distinct behaviours of the related temperatures and cooling phases.



The exchanges of air between the showcase and the external environment are beneficial to lower the inside temperature   T T  . However, this does not affect the actual cause of the overheating, i.e., the greenhouse effect that is generated when the glass pane is hit by solar radiation. Inside the showcase, the temperature   T T   is in average about   5   ∘  C   higher than   T g  , and this situation remains almost unchanged throughout the year (Figure 22a). The glass pane, having the lower side in contact with the warmer showcase interior, and the upper side in contact with the open air, reaches an equilibrium temperature intermediate between them, i.e.,    T T  <  T g  <  T  e x t     (Figure 22b). Short periods with negative differences (i.e.,    T g  >  T T   ) occur in the early morning, when the solar radiation starts the heating cycle.



An overview of the most extreme situation for the mixing ratio in the two showcases and in the external air at the summer solstice (Figure 23) clearly shows the importance of some ventilation. The   M R   inside the tanoor is slightly higher than in the open air, but does not reach the extreme values of the walkway.



Over the year, the mixing ratio changes seasonally, with maximum in summer and minimum in winter (Figure 24a), and the same can be said for the difference between the internal and external values (Figure 24b).



In the tanoor, the   M R   values are always much lower than those observed in the walkway, confirming that even a modest natural ventilation avoids the accumulation of large amounts of water vapour inside the showcase. However, this does not mean that the evaporation from the archaeological remains is reduced, because a slightly lower temperature, associated with a much lower   M R  , implies a lower   R H  , as shown in the next figure (Figure 25a). In the walkway, the   R H   is always higher than in the open air, while in the tanoor, it is lower for most of the time. (Figure 25b).



For the tanoor, the risk that the glass temperature falls below the dew point, with the consequence of glass misting or dewing, is rare (Figure 26a) and for short (nocturnal) periods, being 5% of the total time for misting and 1% for dewing (Figure 26b). This natural ventilation may be a satisfactory remedy against misting, but is not sufficient to counteract the glass overheating, the related greenhouse and the forced evaporation.






5. Mitigation Remedies


The problem of dewing is not only limited to aesthetics, i.e., reduced vision of the exhibits and their enjoyment, but is also risky for the protection and conservation of the remains. Large water drops form and grow on the lower side of the glass panes, and then fall on the earthen remains. The repetition of daily evaporation–condensation cycles is dangerous for conservation, i.e., forced evaporation, dryness, accumulation of soluble salts, and salt crystallization on the surface and subsurface layers.



It should be noted that high humidity levels constitute a habitat potentially favourable for the development of moulds, algae, and other pests [11,43,44]. Although dampness is a necessary requisite, the daily temperature cycles reach high levels and determine a crude pasteurization process [45]. Further study is required to assess the possible types and species of tropical moulds that could survive in such extreme conditions.



5.1. Theoretically Possible Solutions


Some mitigation remedies are possible, based on the optimization and control of the glass temperature and ventilation, which should be well balanced between them. It may be possible to apply a single remedy, but is better to apply a combination of them. The result will depend both on the choice and on how carefully the methods will be applied.



It is fundamental to control the temperature of the glass panes. Two issues should be considered, i.e., the greenhouse effect by day, and the condensation by night.



During the day, the impact of the solar radiation and the showcase overheating should be reduced. This goal may be reached in various ways, e.g., applying glass panes partially reflecting the solar radiation; shading the glass panes with fixed shields, curtains or mobile carpets; cooling the hot glass panes with sprinkling water at selected time intervals, or scheduling a flow of fresh water flowing on the glass surface. However, it must be considered that cold water can cause glass tensions and breakage. Daytime interventions are preferable because they are finalized to reduce the cause.



During the night, the condensation of the excess moisture may be avoided in two ways: (i) by reducing the excess of moisture with some ventilation, (ii) by increasing the glass pane temperature when it approaches the dew point. The latter can be reached using electrically heated glass panes, and triggering self-heating when the glass is approaching the dew point [46]. During the monitoring period, mist and drops were avoided if the glass temperature was raised of some   10   ∘  C  . This option is less preferable because it reduces the effect, not the cause.



Ventilation is a key issue. The tanoor showcase, equipped with natural ventilation slits, is in a less critical situation than the walkway. Better ventilation introduces fresh air and removes excess moisture, thus reducing the formation of condensation and dew. It should be paid attention, however, that if only ventilation is adopted, the daily evaporation will transport and accumulate soluble salts on the surface of the archaeological remains, with dangerous consequences for conservation. This remedy would avoid the aesthetic problem of not seeing the exhibits during periods of condensation, but must be applied carefully.



The conservation plan should balance, and combine, some ventilation with reduced overheating of the glass during the day. During the night, electrical glass heating might be used, if necessary, to stop condensation. These interventions will be highly beneficial not only for the vision of the remains, but especially for their conservation.




5.2. Adoption of Solar Shields


Solar radiation shields and projected shadow constitute a valid mitigation remedy, because they reduce the solar radiation and the related greenhouse effect. This section is devoted to investigate the benefits from horizontal or vertical shields. The first request is to know month by month the inclination of the solar beams at culmination (Figure 27).



It is useful to consider the efficiency that a solar shield can have when kept horizontal, vertical, or inclined   45 ∘  , and its projected shadow, at noon, at the two solstices that constitute the two most extreme situations (Figure 28).



At the winter solstice, at noon, the solar altitude is    H ⊙  = 42 .  44 ∘    and shadows are slant, projected with the same angle toward north, and their length is a little longer (i.e., 10% more) than the height of the vertical bodies from which they are generated. This situation favours a screen for solar radiation placed vertically on the south side, rather than a horizontal one (Figure 28a,b).



At the summer solstice, at noon, the Sun is overhead and shadows fall almost vertically. This situation favours a screen for solar radiation placed horizontally, while a vertical one is useless (Figure 28c,d).



The basic solution to shade the showcases near midday throughout the whole year is a combination of a vertical shield for winter, and a horizontal shield for summer (Figure 28e). Alternatively, a horizontal shield extended towards the southern side is effective against the inclined solar beams in winter (Figure 28f). More elegant solutions may be found, using a   45 ∘   inclined shield (Figure 28g), or a louvred pergola, but with slats inclined   45 ∘   (Figure 28h).



When measurements began, the pergola had installed louvres only on the ceiling (Figure 1a,b), while near the end of the monitoring period, operable louvres were added on the side (Figure 1c,d), which were ordered before the study but delivered after. The slats are perpendicular to the louvre plane, and their dimensions are 2.8 mm thickness; 25 mm horizontally spacing, i.e., the gap between slats; and 25 mm width, i.e., the vertical extension. The maximum shading should occur at noon, when solar radiation is strongest. However, with the slats oriented vertically (as in Figure 28b,d) and the above dimensions, the louvres provide partial shade, since a seasonally varying fraction of radiation passes through the gap between slats.



When the Sun is overhead, the thickness of slats stops 11% of the radiation income. When the solar altitude decreases over the horizon, the slats increase shading, which becomes total when the Sun reaches   45 ∘  , from November to January, as shown in Figure 27 and Figure 29a. An example of the shadow falling at noon on the walkway in mid-May or mid-July, when    A ⊙  =  84 ∘    and   tan  Z ⊙  = 0.1  , is reported in Figure 29b. It can be seen that 80% of the solar radiation passes through the louvred ceiling and reaches the floor, while 20% is stopped.



The shading efficiency can be increased if the width of the slats equals the gap width multiplied by   2   (i.e., the diagonal of a square, as in Figure 28h) and the slats have a convenient inclination (i.e.,   45 ∘  ), as discussed in the previous section.




5.3. Adoption of Window Glass Filters


It is known that to improve indoor climate or to save energy, special glasses and window films are produced to selectively absorb and/or reflect the incident light. Window films can be attached either inside or outside of windows. Solar control films are popularly used in summer, to reduce the amount of solar heat entering a building and the need for air conditioning, and in winter, the reflection reduces the heat escaping through glazing. The spectral transmission of solar radiation through different materials is known [47]. In principle, this may seem an easy solution, but needs to be carefully evaluated.



The solar spectral irradiance outside the atmosphere and the quantity that reaches the Earth surface at sea level, after atmospheric absorption and scattering, are reported in Figure 30 [48]. It includes ultraviolet (UV, from 300 to 380 nm), visible light (VL, from 380 to 780 nm), and the near-infrared (NIR, red, from 780 nm to 2300 nm) region of the electromagnetic spectrum. About half of the energy lies in the VL region, and the other half in NIR. The UV ranges from 1% to 7%, depending on the time of day and season.



The greenhouse effect occurs when some radiation is absorbed and transformed into heat, remaining trapped in a closed environment. Glass is transparent to visible light but absorbs infrared (IR) and NIR radiation, which overheat the glass. The VL passes through the glass and reaches the bodies behind. A small fraction of VL is reflected by the bodies, making them visible, while a large part is absorbed, and raises their surface temperature. The bodies release this excess energy with IR radiation, which is absorbed by the glass, further increasing its temperature level.



To improve indoor climate or to save energy, special glasses and solar control films (SCF, popularly called window films) are produced to increase the absorption and/or reflection of impinging light. Window films are passive thin films attached to the inside or outside of windows, and defined by the standard EN15752-1 [49] in terms of their installation position (i.e., internally or externally to a single-glazed window, or in the case of double or triple glazing). The same standard defines their optical properties, i.e., reflectance (i.e., the fraction of solar radiation reflected by the glass and film system), absorptance (i.e., the fraction of solar radiation absorbed by the glass and film system), and transmittance (i.e., the fraction of solar radiation passing through the glass and film system), properties for the UV, visible, and thermal ranges. The standard EN 15752-1 refers to the SCF made of adhesive backed polymeric films based on biaxially oriented polyester film, while the glass products that have an adhesive-backed polymeric film applied are regulated by EN 15775-1 [49]. Their performance depends on the combined effect of the glass substrate and the applied SCF. A critical issue is to reach conditions of overheating and potential thermal shock breakage, that is increased by the solar absorptance of the SCF. Therefore, their application should be carefully evaluated [50].



In hot desert climate, window films have been applied to windows with double glazing, and never with single glazing [50,51,52,53,54,55]. It must be said that in this region, the strongest solar radiation occurs near midday at the solar solstice, when the Sun is overhead, i.e., perpendicular to the soil, but grazing the windows, i.e., it provides almost no energy. Therefore, in summer, the BMBK showcases overheat, while windows are not reached, or receive minimal amounts. Solar beams perpendicular to windows are only found near sunrise and sunset, when the solar altitude is low, and this occurs limited to windows exposed to east and west. The radiation that windows receive at the solstices and equinoxes is represented in Figure 8, for each compass exposure. The maximum power is reached at noon by windows exposed to south, at the winter solstice. This value is very similar to that reached by a horizontal surface in this period, because in this season, at this latitude, the solar elevation at noon is around   45 ∘  , and the beams are equally distributed on the horizontal and the vertical surfaces. Over the year, the highest midday value on a south-facing window corresponds to the lowest value on a horizontal showcase; when a horizontal showcase is reached by the largest solar input, vertical windows are unreached.



Using a special glass, or applying a film, has pros and cons that need to be considered. Both reflection and absorption decrease the amount of light entering the showcase and the visibility of the exhibit. Reflection is troublesome to eyes. Absorption increases the glass temperature, and this is a crucial point. At present, the glass reaches 70–80     ∘  C  , and a further increase can cause serious problems with the dimensional expansion and tensions generated inside the glass pane, thus increasing the risk of breaking. Glass has an amorphous structure and some internal defects can start to break, especially with repeated cycles. Tempered glasses must be used to resist to high thermal stresses. External shading can generate an uneven distribution of tensions between the hottest and less hot parts, and cause the glass to break. Applying a film increases the risk of breakage, especially if it is applied to the internal surface. To decrease the risk, the film should be highly reflective (e.g., 70% or more) and applied to the upper glass surface, with a mirror effect that is noisy and makes it impossible to see inside. In conclusion, glass or films with reflectance index should be excluded for the visual impact, while those with high absorptance are dangerous and must always be subject to careful evaluation. So far, there is no direct experience of applications for external showcases in the tropics, and the high temperatures, and the related risk of breakage, do not encourage its application.





6. Conclusions


In hot climates, the solar radiation is strong, and is very rarely attenuated by cloud cover. During insolation, the thick glass panes accumulate heat and generate a strong greenhouse effect. The glass temperature and the temperature inside the showcases reach very high peak values, and then they cool, but remain always above the external air temperature. The greenhouse, in combination with the poor ventilation, transforms showcases into ovens. These extreme temperatures lower the   R H   level inside the showcases, forcing evaporation from the archaeological remains, which are dried up and accumulate soluble salts. Inside the showcases, the evaporation increases the concentration of moisture and raises the dew point, and when the glass pane cools during the night, an intense condensation occurs on the glass, forming water drops that fall on the earthen remains. In the long term, the repeated cycles of warm–cold and dry–humid have a negative impact on the archaeological remains kept in showcases, both for the mechanical deformation and salt action. These mechanisms may lead to structural disaggregation, and dampness constitutes a risk for mould and pest colonization.



The negative mechanisms are driven by the intense solar radiation in combination with the glass that generates the greenhouse effect. The solar radiation is the forcing factor and must be reduced either with shade, or by cooling the hot glass panes. This should be the key objective in Al Ain and whenever showcases are exposed to strong solar radiation.



The high temperatures reached inside may be mitigated with some internal ventilation (e.g., tanoor), with the further advantage that the ventilation removes some excess of moisture, as well as the frequency, duration, and intensity of nocturnal condensation and dewing. However, ventilation should be controlled in the context of the temperatures of the glass pane and the showcase. During the night, when the glass temperature is approaching the dew point, some ventilation is useful to remove some moisture, reduce the dew point and avoid condensation. This is especially beneficial for keeping the archaeological remains visible. During the day, ventilation is useful if it is able to control the showcase temperature; however, this is unlikely with small slits. During the day, ventilation may have a dangerous effect when the temperature of the showcase is high, because it would favour evaporation, and therefore dryness and accumulation of soluble salts on the earthen remains. Some ventilation is important, but should be controlled in relation to the showcase temperature, or the control system should be accurately tuned after holistic environmental monitoring.



This study has considered two outdoor showcases in Al Ain, and the conclusions are relevant for other similar situations in the tropics. However, even in temperate climates, predictions of climate changes and worsening scenarios may suggest adopting showcases as a possible mitigation remedy to protect outdoor monuments from extreme weather conditions, e.g., gale winds, driven rain, hail, dryness, and so on. This study highlighted the key problems of outdoor showcases, and has discussed how to encounter them.



The key recommendations derived from this study are:




	
In sunny regions, extreme microclimate conditions may develop inside the showcases exposed outdoors, which are potentially noxious for the conservation of the exhibits;



	
In sunny regions, the glass panes of showcases exposed outdoors are responsible for developing severe greenhouse effects;



	
In sunny regions, the use of external showcases is not recommended;



	
If outdoor showcases are necessary, it is important to prevent the glass from overheating;



	
Protection based on preventing solar radiation from directly hitting the glass is an effective mitigation;



	
Natural ventilation openings that ensure free exchanges of air between the showcase and the outdoor environment may constitute an efficient mitigation remedy to reduce showcase overheating, but can increase the accumulation of soluble salts.
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The following symbols, abbreviations, and suffixes are used in this paper:







	  A ⊙  
	solar altitude



	  δ ⊙  
	declination angle



	  Z ⊙  
	zenith angle



	 Δ 
	difference between two values of a selected variable



	Abbreviations
	



	AAIA
	Al Ain International Airport



	AT
	astronomical time



	BMBK
	Bait of Sheikh Mohammed Bin Khalifa



	DP
	dew point



	MR
	mixing ratio



	RH
	relative humidity



	SMC
	soil moisture content



	T
	temperature



	  T g  
	temperature of the glass pane



	UTC
	Coordinated Universal Time



	Suffixes
	



	ext
	external



	T
	tanoor



	W
	walkway
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Figure 1. The pergola and the two showcases. (a) Side view of the pergola as it was during the monitoring period, with the family quarters in the background. Small vegetation and a tree are planted in proximity of the pergola. (b) Detail of the glass top of the walkway showcase in the middle of the pergola and the tanoor showcase on the right side. (c) The pergola as it is now, with the operable louvres in vertical position to separate the walkway from the courtyard. (d) The operable louvres in horizontal position, protruding from the ceiling, to connect the eastern and western courtyards. Note that in both the vertical and horizontal positions the shade is partial, part of the solar radiation passing through the gaps between slats. 
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Figure 2. Scheme of the two showcases, i.e., walkway (W) in the pergola, and tanoor (T) on the eastern side of the pergola, and the location of the monitoring system. T/RH: temperature (T) and relative humidity (  R H  ) sensors; ext: external sensors; Tg: temperature of the glass pane; SMC: soil moisture content. 
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Figure 3. Dewing at the walkway showcase. 
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Figure 4. (a) Temperature and precipitation in Al Ain. Gray band: daily minimum and maximum temperatures (average 1995–2022) recorded by WMO Al Ain station at the International Airport; red line: average daily temperatures measured at BMBK, this study; blue lines: daily mean precipitation over 1995–2022 period (right y-axis) recorded by the WMO station; the black arrows highlight rainy days during this monitoring. (b) External temperature, recorded in this study close to the showcases from April 2022 to May 2023; red line: best fit. (c) External mixing ratio, calculated using the data of this study; red line: best fit. 
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Figure 5. Daytime length calculated from sunrise to sunset, and monthly insolation (average number of sunshine hours) at Al Ain. Personal elaboration of insolation data (average 1991–2021) from [33]. 
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Figure 6. The coordinates i.e., altitude (red) and azimuth (blue) of the Sun during its apparent motion around the local sky of Al Ain at the two solstices and the equinoxes. Daytime (from sunrise to sunset) is white, night-time grey. 
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Figure 7. Solar energy impinging per second and square meter on the tanoor (dashed line) and the walkway (continuous line) showcases at the winter solstice (blue), the equinoxes (green), and the summer solstice (red). 
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Figure 8. Solar energy impinging per second and square meter on the surface of a vertical cylinder at Al Ain, at the winter solstice, the equinoxes, and the summer solstice. The figure is representative of the energy falling on any vertical surface (e.g., wall, window) facing a selected compass direction. 
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Figure 9. Solar energy impinging per second and square meter on the four vertical walls of the tanoor, at the winter solstice, the equinoxes, and the summer solstice. Wall names are attributed with the criterion of the closest compass direction, but calculations are based on actual directions. 
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Figure 10. (a) Data logger measuring microclimate parameters for the walkway showcase. (b) Temperature and relative humidity sensor, with solar shield, located near the tanoor showcase. 
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Figure 11. Flow diagrams to illustrate the methodology to investigate (a) the greenhouse effect; (b) the combined effect between the evaporation from the archaeological remains and the air exchanges between the showcase and the exterior; (c) the glass misting and dewing. 
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Figure 12. Soil moisture content measured at the walkway. Blue arrows: plant watering. Yellow arrow: perturbation for maintenance works. 
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Figure 13. Temperatures and mixing ratios at the two solstices. (a) Walkway, winter solstice; (b) tanoor, winter solstice; (c) walkway, summer solstice; (d) tanoor, summer solstice. Daytime (from sunrise to sunset) is white, nighttime grey. 
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Figure 14. Relative humidity in the two showcases and external values at the two solstices. (a) Winter solstice; (b) summer solstice. Daytime (from sunrise to sunset) is white, nighttime grey. 
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Figure 15. (a) Walkway showcase temperature during the recording period. Vertical blue segments are the (compresses) daily   T W   cycles. The red interpolation line shows the annual cycle of the daily   T W   averages. (b) Frequency distribution of the showcase temperature during the monitoring period. 
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Figure 16. (a) Difference between the walkway showcase temperature and the external temperature (  Δ  T  W − e x t    ) during the recording period. Blue line: recorded data; red line: median, i.e., 50th percentile on weekly basis; light gray areas: band from 8th to 92th percentile; dark gray area: bands of the most extreme events, i.e., 0th to 7th percentile and 93rd to 100th percentile. (b) Difference between the showcase temperature and the glass temperature (  Δ  T  W − g    ). 
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Figure 17. (a) Relative humidity inside the walkway showcase during the recording period. Vertical blue segments are the (compresses) daily   R H   cycles. (b) Frequency distribution of the   R H   values inside the showcase during the monitoring period. 
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Figure 18. (a) Mixing ratio inside the walkway showcase during the recording period. Vertical blue segments are the (compresses) daily   M R   cycles. The red line is the best fit interpolation. (b) Frequency distribution of the   M R   inside the showcase, and in the external air, during the monitoring period. 
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Figure 19. (a) Difference between the relative humidity inside the walkway showcase and the external values. Colour code as in Figure 16. (b) Difference between the mixing ratio inside the walkway showcase and the external values. 
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Figure 20. (a) Difference between the glass temperature and the dew point inside the walkway showcase (blue lines). When the values enter the yellow band, the glass starts misting; when they enter the red band, the glass starts dewing. The red line is the best fit interpolation. (b) Percent of time in which the glass pane is transparent (i.e., no condensation), or is misting or dewing. 
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Figure 21. Overview of the three temperatures (walkway, tanoor, and external air) and the solar irradiation impinging on the walkway and the tanoor at the summer solstice. 
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Figure 22. (a) Temperature inside the tanoor showcase. Red interpolation line: annual cycle of the daily   T T   averages. (b) Difference between the showcase temperature and the glass temperature. Colour code as in Figure 16. 
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Figure 23. Overview of the mixing ratios in the walkway, tanoor, and open air, at the summer solstice. 
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Figure 24. (a) Mixing ratio inside the tanoor showcase. (b) Difference between the values of the   M R   inside the showcase and the   M R   of the external air. Colour code as in Figure 16. 
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Figure 25. (a) Relative humidity inside the tanoor showcase. (b) Difference between the values of the   R H   inside the showcase, and the   R H   of the external air. Colour code as in Figure 16. 
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Figure 26. (a) Difference between the glass temperature and the dew point in the Tanoor showcase. When the values enter the yellow band, the glass starts misting; when they enter the red band, the glass starts dewing. (b) Percent of time in which the glass pane is transparent (i.e., no condensation), or is misting or dewing. 
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Figure 27. Inclination of the solar beams on the first day of every month, January to June (left box) and July to December (right box). Yellow circles: single months; red circles: solstices. 
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Figure 28. Efficiency of a vertical or a horizontal shield at the winter solstice (a,b) and the summer solstice (c,d), on a north–south cross section, at noon. (a) Winter solstice and horizontal shield; the solar beams (red arrow) are inclined (i.e.,    H ⊙  =  42.44 ∘   ) and the showcase is reached by them. (b) Winter solstice and vertical shield, the showcase is shaded. (c) Summer solstice and horizontal shield; the Sun is overhead (i.e.,    H ⊙  =  89.14 ∘   ) and the showcase is shaded. (d) Summer solstice and vertical shield; the Sun is overhead and the showcase is reached by the solar radiation. (e) A combination of a vertical and horizontal shield. (f) Wider horizontal shield, extended towards the southern side. (g) An inclined shield may constitute a good solution, equivalent to the combination of a vertical and horizontal shield, as in (e). (h) Shade obtained in the pergola using slats angled   45 ∘  , i.e., normal to the winter beams, and at the same time able to stop the vertical beams in summer. 
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Figure 29. (a) Solar radiation passing at noon through the louvred panels, crossing the gaps between the slates (left scale) and stopped by the slates (right scale). Circles indicate the first day of the month, e.g., J: 1st January; F: 1st February, and so on. (b) An example of the walkway near noon in mid-May or mid-July, when 80% of the radiation passes through the ceiling and 20% is stopped. (c) Overview of the solar radiation passing through the louvred ceiling and the projected shade on the walkway floor on selected dates of the calendar year. 
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Figure 30. Solar spectral irradiance outside the atmosphere (upper line) and the quantity that reaches the Earth surface at sea level, after absorption and scattering. UV: ultraviolet from 300 to 380 nm; VL: visible light from 380 to 780 nm); NIR: near-infrared from 780 nm to 2300 nm (adapted from [48].). 
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Table 1. Technical characteristics of the used sensors.
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	Acronym
	Variable
	Unit
	Measuring Principle
	Range
	Accuracy
	Interval
	Standard





	T
	temperature
	   ∘  C
	resistance

(Pt 100)
	   − 40 ÷ 75   ∘  C   
	   ± 0.25   ∘  C   

   ± 0.2   ∘  C   

   ± 0.25   ∘  C   
	  − 40   ∘  C   to   0   ∘  C  

  0   ∘  C   to   70   ∘  C  

  70   ∘  C   to   75   ∘  C  
	EN 15758



	   R H   
	relative humidity
	%
	capacitive
	   0 % ÷ 100 %   
	   ± 2.5 %   

   ± 5 %   

   ± 5 %   
	10% to 90%

below 10%

above 90%
	EN 16242



	   S M C   
	soil moisture content
	% (VWC)
	dielectric (70 Mhz)
	0% to 55% (volumetric)
	   ± 3.1 %   
	  0   ∘  C   to   50   ∘  C  
	EN 16682
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