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Abstract

:

Green roofs ought to be perceived as ensuring a wide-ranging contribution to the sustainable urban environment. The aim of the study was; (1) to investigate and analyse the differences in the surface temperature between four models of green roofs of the extensive type and a conventional roof (covered with bitumen) under the conditions of a continental climate; (2) to assess the influence of environmental parameters (climatic water balance, air temperature, relative humidity, moisture content in the profile) on changes in the temperature of the extensive type green roof profile (substrate and vegetation mat). The study (1) was carried out during the period of June–December 2016 using a thermal imaging camera. As a result, the greatest differences in temperature were noted in June and July, with a maximum difference between the temporary surface temperature of a green roof and a conventional roof of up to 24 °C. The (2) study was conducted on a green roof profile with sedum plant vegetation. The measured parameters were: the temperature of the surface, the temperature and humidity at depths of 3 cm and 15 cm, and active radiation in the photosynthesis process (PAR). As the result, the range of daily changes in the surface temperatures and the vegetation mat were higher than the range of changes in the air temperature. Atmospheric precipitation decreased the thermal gradient in the soil, as well as the temperature fluctuations in the course of a day as a result of the increase in humidity following a rainfall. During the summer period, over the course of a day, the surface temperature was 5 °C higher than the air temperature. The largest correlation was obtained between the air temperature and the temperature of the surface as well as the temperature of the structural layers.
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1. Introduction


In 2008, for the first time in history, half of planet Earth’s population resided in cities, whereas in the EU three-quarters of the population already fall into this category [1]. Currently, large cities are facing problems of smog and the consequences of climate change—the phenomena of urban heat islands, storms, urban flooding and flash floods [2,3,4]. These phenomena are a threat to the inhabitants of cities and can generate measurable losses. In addition to the risk of flooding, extreme temperatures may also be dangerous. Climate changes, urbanization and the increased population density of cities has led to an increase in the frequency and intensiveness of heat waves [5]. Considering all of the negative effects of extreme heat, there is a real need to take actions aimed at decreasing the outside temperature in urban areas. An increase in green areas (so-called green infrastructure) has been found to be an effective way of lowering the temperature in cities [6,7]. Green roofs represent one of the possible measures that can be taken to achieve achieving this aim [8,9,10]. Many studies have indicated the potential benefits of green roofs to the internal environment of a building, such as energy savings [11,12] or lowering the temperature in rooms by a few degrees [13]. One of the advantages of green roofs is the protection of the structural layers of the roof against solar radiation, enabling the lowering of temperature and minimizing temperature fluctuations. A traditional roof cover absorbs solar radiation during the day, leading to an increase in temperature, which falls in the evening along with the lowering of air temperature. Daily temperature fluctuations cause thermal stresses in materials and decrease their durability. Green roofs minimize temperature fluctuations by creating a barrier between solar radiation and structural layers. Studies carried out by [14] in Ottawa, Canada, showed that following 22 months of observation, the median temperature fluctuations in an uncovered roof membrane were 42–47 °C, whereas a green roof reduced temperature fluctuations in the roof membrane to a median of 5–7 °C the entire year. In addition to thermal aspects, there are many other arguments supporting the application of green roofs, terraces and walls on a large scale in urban areas: they counteract climate changes and reduce the emission of CO2 into the atmosphere, nullify the negative effects of urbanization, reduce smog [15,16,17], retain rainwater and delay runoff [18,19,20,21], suppress noise, create friendly living and leisure space, and improve the aesthetics of buildings [22,23]. In Poland, work is currently in progress on preparing urban adaptation plans for climate change in which green roofs are among the basic adaptation strategies. Structurally speaking, green roofs comprise a series of layers: a waterproof membrane on the roof, a drainage system, a substrate layer and plants [24,25]. The type of substrate and its depth play an important role in green roofs [26,27]. The substrate is a specific and modified mixture, which is usually lighter than soil, porous, mainly inorganic and capable of sustaining plant growth [28,29]. The depth of the substrate can range from a few centimetres to a metre. Depending on the depth of the substrate, the type of plants and irrigation requirements, two types of green roofs can be distinguished, i.e., extensive and intensive.



Extensive green roofs are also referred to as ecological or light roofs, have a substrate layer that is 2–20 cm deep, require minimal or no irrigation, and are usually planted from moss, succulents, grass and certain green plants [24,30]. This type of green roof has the widest range of use, is cost effective and may be implemented on most roofs. Accordingly, it has significant potential for use in Poland, as a tool supporting the improvement of thermal conditions in urban areas. Intensive green roofs are deeper than 20 cm, are often designed as gardens intended for use by people, and usually require irrigation and conservation [24,31]. Extensive green roofs have a higher potential for acceptance than intensive green roofs, in which structural load limits apply. When selecting plants appropriate for extensive green roofs, the priority is tolerance to stress and the cooling properties of the vegetation. A decreased availability of substrate moisture may limit evapotranspiration and cause the warming of leaves, which influences thermal conditions (this can differ between species) [32,33]. A limitation of extensive solutions is the fact that a shallower substrate has a lower and finite ability to retain rainwater [34] and is prone to drying out faster, causing plant stress during long periods of drought. The range of water capacity recovery between events is connected with the evapotranspiration and retention capacity of the profile. These parameters are dependent on the history of rainfall (intensity, duration, time between events), climatic conditions (net radiation, temperature, humidity, wind) vegetation characteristics (species, leaf area index, growth stadium) and the properties of the substrate (porosity, permeability, water-holding capacity) [35,36,37,38]. Some of these parameters are strictly connected with the climatic conditions on a local scale. As a consequence, their identification is of high importance from the perspective of assessing green roof operation as well as their proper use [39,40].



The study presented in this paper was performed in two stages. In the first stage, changes in the surface temperature were measured on four models of an extensive green roof and a conventional roof (covered with bitumen) under the conditions of a humid continental climate. The aim of the second stage was to assess how the thermal behaviour of the construction layers of a green roof changed under humid continental climate. Based on the results from the second stage, an analysis of the influence of environmental parameters (CBW, air temperature, relative humidity, wind speed, moisture content in the profile) on changes in the temperature of a green roof profile covered with sedum was performed.




2. Materials and Methods


2.1. Characteristics of the Test Stands


Models of extensive green roofs were made in four stands, with one prepared as a control (reference-conventional roof) sample (Figure 1). The dimensions of all stands were 2 m/1 m/0.2 m (length/width/depth), with the stands tilted at an angle of 2%, and having an inside capacity of 0.4 m3. In each stand, a drainage pipe of 8 cm in diameter was installed.



The construction of each model consisted of seven layers, (from the bottom to the top): (1) a wooden base; (2) root-resistant hydroisolation; (3) a protective membrane (DuPont Typar SF 32, GRK 2, 110 g/m2); (4) a drainage mat (Terrafond Garden 20, 2 cm); (5) a filtration layer (Polyfelt TS 20, GRK 2, 125 g/m2); (6) 15 cm of mineral substrate and (7) a prefabricated vegetation mat (2.5 cm layer) Xeloflor XF317 (Table 1). The vegetation mat used in this study is a common solution composed of moss, sedum and herbs. According to the producer, the seed mixture of the vegetation mat comprises: Sedum album, Sedum acre, Sedum kamtschaticum, Sedum spurium, Sedum reflexum, Sedum sexangulare, Dianthus deltoides, Dianthus carthusianorum, and Thymus vulgaris (Xero Flor 2016 personal communication [41]). In this case, only sedum plants survived the first year of test stand operation. In the construction of the green roofs, three types of substrates (Table 1) were applied in accordance with FLL guidelines (2008). In Stand 2 (GR 2), a substrate which had been specially selected in terms of limiting phosphate in runoff was implemented [42].




2.2. Analysis of the Surface Temperature of Green Roofs and a Conventional Roof


Comparisons of the temperature between a conventional roof and green roofs were performed during the period from June to December 2016 on the test stands located at WULS-SGGW Water Centre in Warsaw (52°9′34.475″ N 21°3′1.52″ E). For the measurement of surface temperature a thermal imaging camera was used. Thermal images were taken for each test stand six times per month (always during the same hour) in the observation period of seven months. In total, 42 thermal images were collected for each stand. Radiant temperature was measured using a Flir SC620 thermal imaging system operating in the range of 7.5–13 µm, which enabled the acquisition of images with a resolution of 640 × 480 pixels. With this camera it is possible to obtain full-colour pictures in the visible spectrum and process thermal imaging pictures in a selected colour scale (Photo 2). Individual images were registered on a memory card. The camera was placed at a level of 150 cm from the surface of the model. The measurement points were marked, and the same distance was maintained for all measurements performed in the subsequent terms. The thermograms registered in a numeric manner were analysed using the FLIR Quick Report 1.2 program. The radiometric temperatures were calculated accounting for the correction of: the actual emission coefficient (the emission coefficient for tar paper was assumed at 0.92, whereas for soil as well as vegetation cover, the value of 0.95 was assumed [43]). The air temperature was assumed to be the temperature of the surroundings, since the surroundings were the same for the entire test area and this did not affect the differentiation of individual fragments of the test field [43].



In order to compare the radiation temperatures between the test stands, box transects—(white box in Figure 2), each consisting of 2000 points, were indicated on the thermal images. Transects were located in the middle of the width of the roof. On the basis of the radiation temperatures obtained along the measurement boxes, all data were then compiled for each month and analysed. Histograms have been drawn up for a summer day (4 of April 2016) and for a winter day (22 of February 2016).



In order to characterize the green roof behaviour in relation to the urban heat island (UHI) phenomenon, the results of the surface temperature analysis have been summarized by the appropriate indexes. Based on the relevant work of [44,45], two indexes were defined, as follows: the first index, called surface temperature reduction (STR), was obtained by the ratio of the surface temperature of the i-th plot to the surface temperature of the reference Plot (the traditional bituminous roof). The STR can be evaluated in terms of average values (subscript av) or maximum values (subscript max):


STRav=Tav,i.Tav,ref. STRmax=Tmax,i.Tmax,ref.



(1)







The second index, called the external temperature ratio (ETR), was obtained as the ratio of the i-th plot surface temperature to the average temperature of external air. Accordingly, ETR can be evaluated in terms of maximum values (subscript max) and minimum values (subscript min).


ETRmax=Tmax,i.Tav,air ETRmin=Tmin,iTav,air



(2)







The analysed data were collected during June-December 2016.




2.3. Temperature and Moisture Content Changes in the Layers of The Green Roof


During the period of Apil–December 2017 and January–March 2018, the second phase of the study regarding the changes in the temperature in the profile of a green roof was carried out on one of the test stands. Additionally in the vegetation period of April–September 2017, the influence of environmental factors (i.e., air temperature, relative humidity, climatic water balance (P-E), moisture content of the vegetation mat and substrate) on temperature changes in the profile was determined. The air temperature, wind speed and air humidity were measured at the meteorological station of the WULS-SGGW Water Centre in Warsaw, situated next to the models of green roofs. The temperature of the surface was measured using a non-contact infrared radiometer (IR type 400) sensor (Apogee Instruments 2013). The temperature and humidity at depths of 3 cm and 15 cm were measured using a Decagon Type GS3 needle probe. The probes were placed horizontally at each of the depths. The data were registered at 10-minute intervals using an EM 50 data recorder. Active radiation in the photosynthesis process (PAR) was measured using a photon flux sensor (Model QSO-S) placed at a height of 1 m next to the model. For the vegetation period in 2017, the climatic water balance (CWB) was calculated [46]. In this study, the CWB was defined as the difference between rainfall P and ETo reference evapotranspiration calculated using the Penman-Monteith equation [38,47];


ETo=0.408(Rn−G)+γ900T+273u2(es−ea)Δ+γ(1+0.34u2)



(3)




where: ETo—reference evapotranspiration [mm], Rn—radiation [MJ m−2 day−1], G—soil heat flux density [MJ m−2 day−1], T—average daily temperature measured at a height of 2 m [ °C], u2—wind speed at a height of 2 m [m s−1], es—saturated water vapour pressure [kPa], ea—current water vapour pressure [kPa], (es−ea)—water vapour pressure deficit, Δ—the slope of the vapour pressure, and γ—psychrometric constant [kPa °C−1] according to the formula in [48].




2.4. Climatic Conditions


The climate of Warsaw is a mix of humid and mild sea air and dry and raw continental air (transition climate). Two different air masses pass above the city and are exchanged at a high frequency, which causes variable weather. The average annual air temperature is 7–8 °C, with the minimum temperature reached in January and the maximum reached in July. There are approximately 40 hot days, with the average temperature above 25 °C. The annual rainfall is approximately 520 mm, with the maximum rainfall in July and the minimum in February. Warsaw is covered in snow for 50–60 days a year and the number of frosty days (average temperature below 0 °C) is 33. The average wind speed in the city is approximately 4 m s−1 [49].




2.5. Statistical Analyses


Normality was assessed using the Shapiro-Wilk test. As the values of temperature and moisture content are not normally distributed, their values were subjected to analysis using the Kruskal-Wallis test. The Spearman rank coefficient was used to determine the relationship between the temperature content in the individual layers and the moisture content in the layers, radiation, wind speed, relative humidity, air temperature and CWB. All statistical analyses were carried out using STATGRAPHICS Centurion XVI software.





3. Results


3.1. Comparing the Temperature of a Green Roof and Conventional Roof


The first phase of the study performed during the June–September period of 2016 showed that the average surface temperatures of green roofs were 25.7–26.9 °C, whereas it was 32.6 °C for the roof covered with bitumen. The Kruskal-Wallis test showed statistically significant differences between the individual group medians during June–December (p = 0.00). During the November–December period, the average temperature of the green roofs ranged from 5.4–5.8 °C, and 6.6 °C for the conventional roof. At a minimum air temperature of −3 °C, the average temperature of the green roofs was 3 °C, but −5.9 °C for the conventional roof counterpart. Green roofs with a varied substrate layer composition (GR1-GR5) did not show significant differences in the temperature of the top layer. The average increase in the temperature difference between the green roof models during the July–September period was 1.2 °C, whereas for the November–December period, it was 0.4 °C.



The use of the previously defined indexes enabled comparison between the temperature changes of the tested green roofs and the conventional roof. Both indexes were obtained as average values calculated in the analysed month. The red dotted line represents the threshold at which the green roofs behave like a reference roof with a STR coefficient equal to one (Figure 3). During the summer, both the average and maximum surface temperature of green roofs were significantly lower than the conventional roof, because STRav and STRmax were invariably smaller than the unit value. The smallest values of STRmax were achieved in June and July and were similar in the case of the four green roofs. The maximum ratios did not exceed 0.70 for the four surfaces (Figure 3b). The maximum temperatures of the surfaces of green roofs 1 and 2 were higher in the summer months than green roofs 4 and 5. The highest average values of 0.89–0.94 were observed in September. The maximum STR values were obtained in November (0.78–0.94) and were lower than the reference roof.



A comparison of surface temperature and external air temperature, characterized by the ETR index, is shown in Figure 4. In June and July, the surface temperature of conventional roof was much higher (ETRmax = 2.3 in July) than the temperature of an air and green roofs (ETRmax = 1.6 in July) (Figure 4a). The smallest differences between an air temperature, surface of the conventional roof and surface of green roofs were observed in August–September. In September, the temperature of green roofs was close to the air temperature (ETRmax = 1.1, while ETRmin = 0.7). In November, the largest differences between ETRmin and ETRmax were observed in case of both, the conventional roof and green roofs.



The selected two histograms of the warmest and coldest day in the course of this research showed that in July, the difference between surface temperature of the green roof and the conventional roof is significant, while in December the differences are small (Figure 5). On the 4 of July, with an air temperature of 30 °C, the average temporary temperature of the green roof was 27.0 °C (max 33 °C) and the conventional roof was 52.6 °C (Figure 5a). In contrast, in December the average temporary temperature of the green roof was −3.8 °C and the conventional roof was −5.3 °C (Figure 5b).




3.2. Analysis of Changes in the Moisture Content and Temperature of a Green Roof Profile


The yearly course of temperature in a green roof profile (GR1) showed a high convergence with the air temperature trends (Figure 6). The average yearly air temperature was 9.8 °C, the average temperature of the active surface was 10.2 °C, 10.9 °C for the vegetation mat, and 11.1 °C for the substrate. In the spring period (1 of April 2017–30 of June 2017), the measurements showed that the highest average temperature occurred in the vegetation mat (16.7 °C) and fell with increasing depth (16.1 °C). The average temperatures in the green roof profile were higher than the average air temperature (13.9 °C) by 2.8 °C, in the vegetation mat and by 2.2 °C in the substrate. During the summer period (1 of July–30 of September), the pattern of the average temperature distribution was similar to that of the spring period. The highest average temperature occurred in the vegetation mat (19.2 °C) and decreased along with depth, while the average temperature of the substrate was 19.0 °C. The active surface in the summer period increased in temperature to 18.5 °C at an average air temperature of 17.9 °C. In the summer and spring periods, over the course of a day the temperature of the active surface was the highest, which was caused by the most intensive supply of solar radiation [50].



In the cool half of the year, i.e., from October–December and from January–March, an increase in temperature along with depth was observed. In the autumn period (October–December), the temperature of the biologically active surface was 6.9 °C, 0.3 °C higher than the air temperature (Figure 6). The temperature of the vegetation mat and substrate, was 0.7 °C, 0.8 °C higher than the air temperature. In the winter months (January–March), the highest temperature occurred in the substrate at a depth of 15 cm and ranged from −7.0 °C–10.0 °C. The average monthly temperature for winter at this depth was 0.96 °C, 1.1 °C, higher than the air temperature. The active surface (−1.3 °C) and vegetation mat (−0.7 °C) were characterized by the lowest temperatures. The obtained daily values showed that the biggest differences during the day between the maximum and minimum temperature during the day, were obtained in May and June (the average temperature for the substrate in May was 7.9 °C and in June 8.2 °C; for the vegetation mat the average temperature amplitude in May was 21.7 °C, in June 23.2 °C; for the active area, the average temperature amplitude for May was 22.2 °C, and 23.9 °C in June) (Figure 7). The lowest differences in daily amplitude were recorded in December (the average temperature of the substrate was 1.6 °C, 2.0 °C for the vegetation mat, and 2.2 °C for the biologically active area). The high variation in temperature, especially during summer periods, can result from the different properties of the green roof layers, i.e., the geotextile, drainage system and root protection membrane.



A typical temperature threshold for these elements is 50 °C. Decreasing the temperature at the depth of the substrate may contribute to longer functioning of the materials used for roof construction.



The monitoring data obtained during this study enabled detailed analysis of the daily changes in temperature for the selected days during a summer and winter period, and two days with a rainy event. During the night and morning hours of a summer day (1 of August 2017) the surface temperature was lower than the air temperature, whereas the temperature of the vegetation mat was similar to the air temperature (Figure 8a). The highest variation in temperature was noted for the active surface (SD = 7.6 °C) and the lowest for the substrate (SD = 2.8 °C). An increase of the active radiation (PAR) and air temperature was also confirmed by the statistically significant increase of the temperature of the active surface and vegetation mat (p<0.05). The Spearman rank correlation coefficient showed that over the course of a summer day, solar radiation has the highest influence on the temperature of the active surface (r = 0.89), the temperature of the vegetation mat (r = 0.67) and the temperature of the substrate (r = −0.88). By analysing rainy days (19–20 of August 2017), it was observed that the occurrence of rainfall during a warm day caused a temperature decrease of the active surface and vegetation mat (by 20 °C and 15 °C respectively) over four hours, with a simultaneous drop in air temperature of 10 °C (Figure 8b). During the occurrence of rainfall, the amount of radiation decreased, influencing the lower fluctuation of the air temperature. The next rainfall event, which occurred during the night and morning hours (data), did not cause considerable changes in the temperature in the active surface and vegetation mat. This was caused by the cool air conditions and an increase in the moisture content in the layers of green roof (Figure 8c).



The lowest variation in temperature over the course of the two rainfall days was observed in the substrate (SD = 3.15 °C), whereas the highest were observed in the active surface (SD = 5.71 °C) and vegetation mat (SD = 4.9 °C); the standard deviation of the air temperature was 4.82 °C. An important aspect is the difference in temperature of 10 °C on the 19 of August prior to the occurrence of the rainfall between the air and the active surface as well as the mat with a moisture content below pF 4.2 (Figure 9a). Such large differences in the green roof temperature were not observed on the 1 of August (Figure 8a), during which time the moisture content was within the optimal range. During a winter day (27 of February 2017), the smallest differences in temperature was noted in the substrate (−2.3 °C) (Figure 8c); this layer was characterized by the smallest standard deviation (1.14 °C). The difference between the air temperature and the temperature of the substrate was −7.9 °C. While the temperature of the vegetation mat fell under −10 °C, that of the substrate did not fall below −5 °C.




3.3. Influence of Environmental Factors on Temperature Changes in the Green Roof Profile


In the vegetation period April–September 2017, the relationship between the temperature in the profile of an extensive green roof and meteorological parameters as well as the moisture content in the profile was determined. In the study period from the 1 of April to the 30 of September 2017, in all analysed months, the amount of rainfalls was higher than the multiannual average. The month which diverged significantly from the average of the multiannual period (46.4 mm) was September, during which the total rainfall reached 146.88 mm. The maximum noted rainfall took place on the 17 of September 2017 and amounted to 54.10 mm. During periods with very high rainfall, the amount of solar radiation was lower. In periods of low rainfall intensity, along with an increase in air temperature, low values of relative air humidity (RH) occurred. The lowest values of relative humidity were recorded in June, and were the result of significant energy influxes, accompanied by high wind speeds and the lack of atmospheric precipitation. The maximum monthly values of evapotranspiration were obtained in the summer months (Figure 9b). The greatest differences P-E were noted in September (+105.2 mm). Over the course of the study, values of rainfall higher than evapotranspiration were noted in July and September. In the remaining months a shortage occurred, with the highest amount of −40.9 mm in May. The average air temperature during the period of study (April–September 2017), was 15.9 °C. The month with the highest average daily temperature was July (19.5 °C), and the lowest was April (8 °C). The daily distributions of this parameter in the vegetation period was dependent on the amount of energy reaching the active surface. In April, the values of the moisture content of the substrate were optimal (near the field capacity) and ranged from 0.25–0.27. From the 11 of May the moisture content of the green roof began to decrease reaching the permanent wilting point moisture content at the end of May. From the 21 of May–26 of June 2017 the climatic water balance (CWB) was −154.16 mm, and was confirmed by the highly dry condition of the substrate and vegetation mate. It should be stressed that the vegetation mat was very sensitive during this period to precipitation (Figure 9a, green line). The rainfall occurring in this period, which was up to 10 mm with long breaks between rainfalls and high temperatures, did not cause an increase in the moisture content of the substrate. Rainfall in the period from the 26 of June–8 of July 2017 (CWB = 34.29) caused an increase in the moisture content, which reached half of the total water holding capacity of the green roof. During the period between the 8–28 of July 2017 the moisture content of the substrate remained around half of the water holding capacity; the CWB in this period was 31.23 mm. During the period of the 28 of July–20 of August 2017 the moisture content of the substrate began to fall to the level of a complete water deficit (pF 4.2). During this time, the green roof was supplied with rainfall of 19.74 mm, the air temperature remained above 20 °C and the average radiation was 400.3 Wm−2. Rainfalls on the 28–29 of August 2017 (8 mm and 33.5 mm) caused an increase in the moisture content to its optimal level (near field capacity), which was maintained until the end of September.



Negative correlations revealed that along with an increase in air temperature and radiation, the moisture content in the profile decreased; while an increase in CWB, relative humidity and wind speed caused an increase in moisture content in the profile (p < 0.05) (Table 2).



In order to determine the relationships between the temperature in the green roof profile and the meteorological parameters as well as moisture content, the correlation coefficient was calculated for all months of the vegetation season in year 2017 (Table 3). In the entire vegetation period, a strong correlation between the temperature of the profile of a green roof and the temperature of the surface of an extensive type roof and the air temperature measured at a height of 200 cm was noted. These values ranged from 0.77–0.99. Generally, it can be noted that the highest values of the correlation coefficients were observed for the relationships between temperature of the active surface and the environmental parameters. The highest positive values of correlation between PAR and the temperatures in the profile of green roof were obtained for May and June (p < 0.05 for all levels). This tendency is rather expected because the highest average values of solar radiation were observed in these months (414 Wm−2 in May and 444 Wm−2 in June) and simultaneously this period was characterized by the low moisture content of the green roof. Significant correlations were not observed for PAR and any measured temperature of the green roof in April and September, which were months with the lowest values of solar radiation in the 2017 vegetation period (237 Wm−2 in April and 147 Wm−2 in September).



The highest negative correlation was obtained for CWB and the temperature of the profile in the month of May, which was the month of the highest water deficit at −40.9 mm. In April, the CWB significantly affected the temperature of the active surface, whereas in June it affected the temperature of the vegetation mat. During the course of this study, the correlation coefficients were statistically significant for wind speed and the temperature of the profile in the months of June and July, whereas the correlation coefficients for relative humidity were statistically significant for May, June and August (the months with the lowest relative air humidity values of 60.5%, 56.8% and 64.3% respectively). The highest values of temperature correlation coefficients with moisture in the profile were obtained for May, which was the month with the highest water deficit in the green roofs. In the months of April, July and August, the correlation was significant, whereas in June, when the moisture content remained below the threshold for accessible water for the longest duration, the correlation was not significant. During the rainy September month (CWB+101.65 mm), the correlation coefficients were not statistically significant.





4. Discussion


Studies pertaining to innovative solutions in the building sector led to the evaluation of green roofs as a tool for lowering the temperature of urbanized areas and increasing energy savings, along with a number of other benefits in different fields. The study presents a broad analysis of the surface temperature of an experimental green roof in a moderate climate, accounting for the winter and summer periods. The first stage of the study involved comparing the surface temperature of extensive-type green roofs with a roof covered with bitumen. The greatest differences in surface temperature were obtained during the summer periods, at maximum temperature increases. At an air temperature of 30 °C, the temperature of the conventional roof reached 53 °C compared to 27 °C for the green roofs. This confirms the studies of other authors showing that green roofs reduce the temperature of the roof surface which heated on hot days [15,51,52,53,54]. This increased peak and the high summer temperatures associated with it, have a significant influence on the durability of the roof membrane, and therefore its lifespan [55]. However, during warm periods it was found that the thermal behaviour of the green roof differs significantly from the conventional roof. It was found that the wet and covered surface of the soil is constantly cooler than the surrounding air during a representative warm day, as well as for most of the day in heat wave conditions. Compared to the conventional roof, the presence of a plant-layer system has created an inverted temperature profile. That shows the ability of the green roof to act as a passive cooling system, in the case of permanent lack of moisture availability [56]. In this study, changes in the temperature of a green roof profile covered with vegetation of the sedum type were analysed. Sedum plants are often used on green roofs in moderate climates due to their high resistance to drought [38,54]. Research carried out by [57] showed that in a Mediterranean climate, the cooling effect in the summer rather than the temperature moderating effect in the winter, is a more important function of the green roof. Therefore the sedum-only roof plots were a more effective choice, since the sedum achieved higher cover alone than in combination with annuals. In general, species that are able to maintain higher cover in the summer, and reduce substrate moisture more slowly during the spring, may be the best choice for green roofs that are used for their thermal benefits in regions with hot and dry summers. Plants, thanks to their specific properties (CAM—crassulacean acid metabolism), limit water loss during the day by closing their stoma apparatuses and reopen them at night [53,54]. Thanks to the CAM mechanism, plants are relatively resistant to drought and this can lead to a lowering of the temperature on summer days at night time. Some studies compared the cooling ability of different plant species, and found that succulent sedum species (such as S. acre L. and S. kamtschaticum Fisch. & C.A.Mey.) provided the greatest cooling effect [58,59,60,61]. However, these studies were performed in wet and cool climates [58,59,60] or warm and rainy climates [58]. The cooling ability of different species may depend on the amount of groundcover they provide [61], and sedum may be particularly effective because it thrives in the dry conditions of a green roof. In the analysed summer days, the post-heating up temperature of the active surface at night was 0.3 °C lower on days with optimal moisture content, but 0.9 °C higher than the air temperature on days with critical moisture content (pF < 4.2). Similar results were obtained by [53], where night cooling amounted to approximately 0.5 °C and such relationships were not observed during dry periods. Some authors draw attention to the fact that the use of sedum is advised against in the moderate climate with winter temperatures falling below zero, as these plants are frost-sensitive and take long to colonize [59]. Moreover, monoculture is present in sedum, and the plants are not interesting as far as biological diversity and the function of a green roof are concerned. Instead of choosing green roofs with strictly sedum, some authors recommend the selection of a combination of plants with grasses and herbs [62,63]. In the case of this study, the plants initially present in the mat mixture (moss and herbs) did not survive the first year of test stands operation. The obtained results emphasize that the level of water content in the substrate is a variable which significantly influences the temperature of green roof surfaces, and is an effective medium for regulating temperature. Many authors have drawn attention to the fact that the consequential irrigation of green roofs significantly contributed to decreasing the temperature peaks of the surface; in the case of the a lack of irrigation, the results were accordingly varied [39]. The obtained results showed that the roof with vegetation can significantly contribute to the alleviation of UHI in the summer.




5. Conclusions


The obtained results comprise a picture of the course of temperature changes in the profile of a green roof over a long period of time in relation to environmental parameters such as precipitation, air temperature, wind speed, solar radiation and moisture content in the profile, characterized by different levels of influence.

	
A change in the direction of the profile temperature most frequently occurred in March from the surface deeper into the profile, and in September from the deeper layers towards the surface.



	
On a sunny day, the temperature reaction in the surface layer due to the solar factor is almost immediate. Due to the intense insolation during the day, the soil surface heats up the most and it is from this layer that heat is transferred to the deeper layers of the soil. On the other hand, at night this layer cools the fastest as a result of effective emanation, while a significantly higher temperature remains deeper within.



	
An analysis of the data showed that the course of daily changes in the temperature of the active surface and vegetation mat is usually higher than the range of changes in the air temperature. It is also important to account for the delay in the temperature in the substrate in relation to the air temperature.



	
An important regulator of the thermal conditions in the profile is atmospheric precipitation. It decreases the thermal gradient in soil, as well as temperature fluctuations over the course of a day as a result of an increase in moisture content following rainfall. Based on the obtained data, it was concluded that on a day with a wet surface, small fluctuations in temperature occurred over the course of the day as compared to a day characterized by low moisture content.
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Figure 1. The view of the open air experiment (test stands): green roof models, reference model (in the middle). 
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Figure 2. Thermal image of the green roof models (a) and conventional roof (b) (white box-transects box). 






Figure 2. Thermal image of the green roof models (a) and conventional roof (b) (white box-transects box).



[image: Sustainability 11 02498 g002]







[image: Sustainability 11 02498 g003 550]





Figure 3. Monthly average daily values of (a) SRTav and (b) STRmax for the four green plots, (GR1-GR5-green roof models, RR3.- reference roof). 
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Figure 4. Monthly average daily values of (a) ETRmax and (b) ETRmin for the four green plots (GR1-GR5-green roof models, RR3-reference roof). 
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Figure 5. The frequency of the surface temperature on (a) the 4 of July 2016 and (b) the 22 of December 2016 (GR1 green roof, RR3-reference roof). The frequency distribution histogram is plotted vertically as a chart with bars that represent numbers of observations temperature in white box within certain ranges (bins) of values. 
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Figure 6. Daily variation in the temperature of the surface (TB), the vegetation mat (TM), the substrate (TS) and air (T) in the period of April 2017–March 2018 observed for GR 1. 
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Figure 7. Daily temperature amplitudes (Tmax. − Tmin.): of the surface (TB), vegetation mat (TM) and substrate (TS) during the period April 2017–March 2018 for GR 1. 
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Figure 8. Daily temperature changes on a summer day (1 of August 2017) (a), rainy days (19–20 of August 2017) (b) and on a winter day (27 of February 2017) (c). 
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Figure 9. Average daily values of (a) moisture content in the vegetation mat and substrate, (b) climatic water balance, (c) atmospheric rainfall and relative humidity, and (d) air temperature (minimum and maximum) and active photosynthetic radiation in the vegetation period (April–September) 2017. 
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Table 1. Characteristics of the test stands.
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Abbreviated Name

	
GR1 1

	
GR2 2

	
GR4, GR5

	
RR3






	
Extensive vegetation, 2.5 cm thick

	
Precultivated XF317 moss-sedum-herbs vegetation mat (Sedum album, Sedum acre, Sedum kamtschaticum, Sedum spurium, Sedum reflexum, Sedum sexangulare, Dianthus deltoides, Dianthus carthusianorum, and Thymus vulgaris).

	
None




	
Vegetation layer, —extensive substrate, 15 cm thick

	
SPG E-E—mixture of rinsed sand, gravel, limestone, crushed brick, broken fine lime, low peat and compost;

	
SPG E-M—mixture of washed sand, gravel, limestone, crushed red brick;

	
SPG E-M—Type 2 mixture of rinsed sand, rinsed gravel, limestone grit, crushed brick, low peat;




	
Filtration layer

	
Polyfelt TS 20 polypropylene geotextile of GRK 2 strength class, density of 125 g/m2;




	
Drainage layer

	
Terrafond Garden 20 L drainage mat, 2 cm height.




	
Protective layer

	
DuPont Typar SF 32 polypropylene geotextile with a GRK 2 strength class and density 110 g/m2;




	
Waterproof layer

	
Heat sealing tar paper resistant to the growing through of plant roots in accordance with the PN-EN ISO 13,948 standard;




	
Base

	
OSB board, 16 mm in thickness, with cracks not exceeding 5 mm.
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Table 2. Spearman’s rank correlation coefficients between meteorological parameters (n = 183) and moisture content in vegetation mat, and substrate (CWB—climatic water balance, RH—relative humidity, PAR—photosynthetically active radiation, T—air temperature, W—wind speed, MM—mat moisture, MS–substrate moisture). Spearman correlation coefficient r and probability p (in brackets), p-values below 0.05 indicate statistically significant non-zero correlations at the 95.0% confidence level.
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	CBW [mm]
	RH [%]
	PAR [Wm−2]
	T [°C]
	W [ms−1]





	MM
	0.5170 (0.0000)
	0.5720 (0.0000)
	−0.6062 (0.0000)
	−0.7136 (0.0000)
	0.1599 (0.0310)



	MS
	0.4367 (0.0000)
	0.5002 (0.0000)
	−0.5337 (0.0000)
	−0.6873 (0.0000)
	0.1544 (0.0373)
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Table 3. Spearman’s rank correlation coefficients between environmental parameters (n = 30) and temperature in the profile of a green roof (TB—surface temperature, TM—mat temperature, TS—substrate temperature, CWB—climatic water balance, RH—relative humidity, PAR—photosynthetically active radiation, T—air temperature, W—wind speed, MM—mat moisture, MS–substrate moisture). Spearman correlation coefficient r and probability p (in brackets), p-values below 0.05 indicate statistically significant non-zero correlations at the 95.0% confidence level.
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T [°C]

	
PAR [Wm−2]

	
CBW [mm]

	
W [ms−1]

	
RH [%]

	
MS [m3m−3]

	
MM [m3m−3]






	
T B

	
0.97 (0.0000)

	
0.16 (0.3851)

	
−0.42 (0.0253)

	
−0.17 (0.3532)

	
−0.30 (0.1119)

	
−0.64 (0.0005)

	
−0.58 (0.0016)




	
T M

	
0.95 (0.0000)

	
0.08 (0.6776)

	
−0.36 (0.0536)

	
−0.21 (0.2556)

	
−0.24 (0.1928)

	
−0.62 (0.0008)

	
−0.55 (0.0033)




	
T S

	
0.88 (0.0000)

	
0.01 (0.9818)

	
−0.29 (0.1157)

	
−0.19 (0.2978)

	
−0.16 (0.3812)

	
−0.69 (0.0002)

	
−0.57 (0.0020)




	
May 2017




	
T B

	
0.99 (0.0000)

	
0.66 (0.0003)

	
−0.85 (0.0000)

	
−0.29 (0.1153)

	
−0.69 (0.0001)

	
−0.79 (0.0000)

	
−0.83 (0.0000)




	
T M

	
0.99 (0.0000)

	
0.66 (0.0003)

	
−0.82 (0.0000)

	
−0.28 (0.1210)

	
−0.69 (0.0002)

	
−0.80 (0.0000)

	
−0.84 (0.0000)




	
T S

	
0.96 (0.0000)

	
0.56 (0.0020)

	
−0.75 (0.0000)

	
−0.23 (0.2033)

	
−0.63 (0.0006)

	
−0.83 (0.0000)

	
−0.88 (0.0000)




	
June 2017




	
T B

	
0.77 (0.0000)

	
0.58 (0.0015)

	
−0.31 (0.0909)

	
−0.49 (0.0083)

	
−0.41 (0.0291)

	
−0.09 (0.6275)

	
−0.29 (0.1163)




	
T M

	
0.69 (0.0002)

	
0.67 (0.0003)

	
−0.37 (0.0459)

	
−0.47 (0.0115)

	
−0.51 (0.0053)

	
−0.18 (0.3068)

	
−0.40 (0.0304)




	
T S

	
0.76 (0.0000)

	
0.38 (0.0397)

	
−0.20 (0.2901)

	
−0.30 (0.1097)

	
−0.24 (0.1896)

	
−0.21 (0.2370)

	
−0.29 (0.1213)




	
July 2017




	
T B

	
0.94 (0.0000)

	
0.48 (0.0090)

	
0.09 (0.6364)

	
−0.44 (0.0150)

	
−0.21 (0.2324)

	
−0.58 (0.0016)

	
−0.56 (0.0021)




	
T M

	
0.95 (0.0000)

	
0.41 (0.0248)

	
0.15 (0.3987)

	
−0.44 (0.0160)

	
−0.19 (0.2970)

	
−0.64 (0.0004)

	
−0.60 (0.0009)




	
T S

	
0.95 (0.0000)

	
0.19 (0.2901)

	
0.24 (0.1841)

	
−0.45 (0.0143)

	
−0.01 (0.9781)

	
−0.69 (0.0002)

	
−0.63 (0.0005)




	
August 2017




	
T B

	
0.95 (0.0000)

	
0.47 (0.0096)

	
−0.16 (0.3870)

	
−0.12 (0.5246)

	
−0.43 (0.0182)

	
−0.58 (0.0016)

	
−0.73 (0.0001)




	
T M

	
0.95 (0.0000)

	
0.43 (0.0196)

	
−0.10 (0.5814)

	
−0.11 (0.5494)

	
−0.40 (0.0279)

	
−0.59 (0.0013)

	
−0.74 (0.0001)




	
T S

	
0.94 (0.0000)

	
0.32 (0.0754)

	
−0.02 (0.8954)

	
−0.06 (0.7387)

	
−0.30 (0.0999)

	
−0.56 (0.0020)

	
−0.68 (0.0002)




	
September 2017




	
T B

	
0.95 (0.0000)

	
0.12 (0.4924)

	
0.17 (0.3734)

	
−0.14 (0.4656)

	
0.05 (0.7746)

	
−0.26 (0.1672)

	
−0.24 (0.1880)




	
T M

	
0.92 (0.0000)

	
0.04 (0.8377)

	
0.22 (0.2467)

	
−0.15 (0.4284)

	
0.14 (0.4656)

	
−0.29 (0.1219)

	
−0.27 (0.1522)




	
T S

	
0.90 (0.0000)

	
0.05 (0.8004)

	
0.18 (0.3409)

	
−0.03 (0.8791)

	
0.09 (0.6412)

	
−0.31 (0.0923)

	
−0.30 (0.1035)
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