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Abstract


Urban infill can lead to increased urban air and surface temperatures. Landscape elements (LEs) which can maintain cooler surface temperatures also reduce night-time re-emission of heat; however, reflected solar radiation (albedo) from these LEs during the day potentially increases heat loads on nearby objects, pedestrians or buildings. Albedo is traditionally measured using two pyranometers, however their expense can be prohibitive for researchers and landscape professionals. A low cost albedometer was developed consisting of a pair of black- and white-painted temperature sensors (Thermochron® iButtons). The albedos of 14 LEs typically found in suburban landscapes in Perth, Western Australia, were measured. Three approaches were tested: The first two used white-painted polystyrene (WPP) as a reference (one taking view factors into account, and one ignoring the albedo of the background material), whilst the third approach used upwards-facing iButtons as a reference, similar to conventional pyranometer methods. The WPP approaches controlled for weather effects, providing a consistent albedo over a longer daytime period than recommended by the standard ASTM-E1918-16. Measured albedos were similar to literature values. This instrument could be used as an alternative to more expensive pyranometers and could assist landscape professionals to design for, and manage, urban heat.
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1. Introduction


In the context of climate change and global warming, our urban air and surface temperatures are increasing [1,2]. Urban warming leads to increased cooling costs [3,4], predicted to rise even more in the coming decades due to the increased uptake of air conditioning units as global incomes rise [5]. Urban infill has decreased the size of residential gardens or landscapes, leading to increased impermeable surfaces and overall loss of vegetation [6].



Improved design of urban spaces, with consideration for interactions between buildings and landscapes, has the potential to reduce urban heat and to increase human thermal comfort [7]. An inverse relationship has been demonstrated between measures taken to reduce UHI and adverse health effects [8]. Building and pavement materials, as well as outdoor green spaces, have been identified as being important considerations for reducing heat [8,9]. The use of green infrastructure has been studied for its ability to manage increased ambient and surface temperatures [10,11,12,13], for saving energy through reduced cooling costs [9], and has also been shown to reduce human thermal stress [12,14]. However, an urban environment cannot consist only of green infrastructure. Landscape designs are based on spatial organisation and the morphology of materials [15], hence research into material properties and how they affect heat in the urban environment is important.



Surface treatments or landscape elements (LEs) which are able to maintain cooler surface temperatures, can reduce the amount of thermal energy re-emitted during the night (through application of the Stefan–Boltzmann law [16]), thus reducing the night-time surface urban heat island (UHI). However in urban environments where sky view factors are lower, there are many radiative exchanges between buildings, infrastructure, people and landscapes, and more highly reflective materials have been shown to cause both increases in building energy use [17] and decreases in human thermal comfort [18,19,20]. Higher albedo surfaces have also recently been associated with increased levels of ozone and PM10 (particulate matter less than 10 µm), although they reduce the UHI intensity [21]. When designing urban landscapes, it is important that landscape professionals understand, and can quantify, the effect of this radiation from LEs.



Solar reflectance, or albedo, is a measure of the proportion of reflected solar radiation (SR) from an object to the total incident SR, where the solar spectrum ranges from 0.3 to 2.5 μm. The albedo of an object depends on its surface properties and can vary with the wavelength of the incident radiation. Albedo is the integration of the reflectivity of an object across all SR wavelengths [22]. It is also a temporal measurement and can be given as an integration across the multiple sun angles which occur over a specific time period. It can vary significantly with wavelength, in particular if the atmosphere is cloudy, contains water vapour or dust, or if the Sun is at a low angle in the sky. Albedo is a dimensionless number between 0 and 1, where 0 represents total absorption of all SR, and 1 represents complete reflection of all SR. Spectral albedo is the albedo at a specific wavelength, while diffuse albedo is the albedo across all solar wavelengths, the latter is referred to in this study.



Because a large proportion of the Sun’s energy falls in the visible spectrum, high albedo objects appear light or white and low albedo ones as dark or black. Researchers have found that albedo is generally high in the early morning and late afternoon but lower and more consistent during the middle of the day [23,24]. Albedo is also greatly affected by the solar radiation intensity and incident angle, as well as the surrounding environment, which decreases the accuracy of field measurements [25]. Consequently, most reported albedos are usually measured at solar midday [23,25] or during a few hours in the middle of the day [26,27]. Albedo changes as surfaces age and this response should be recognised, especially for modelling purposes [28].



A few methods can be used to measure albedo on the local scale. In the field, back to back pyranometers [29] directly compare the incident and reflected radiation. Single pyranometers can also be used by following standard ASTM-E1918-16 [30] where the pyranometer alternately measures incident and reflected radiation. In the laboratory a spectrometer and standard ASTM-E903-12 [31] can be used. However, these commercial albedometers are expensive, being over A$3000 for the back-to-back, not including the required data readers or loggers.



Due to these costs, one researcher has investigated a low-cost option to measure the albedo of snow and ice at 15 locations [32]. They used two low-cost illuminance sensors and determined an albedo index which was later compared with actual albedo values. Similarly, in this study a low-cost temperature sensor (under A$50) was modified in order to detect reflected solar radiation. Other researchers have improved on existing standard measurement methods for finding the albedo of smaller LEs, although still using expensive pyranometers. One used a shade ring to remove the effect of surrounding radiation and performed accurate calculations of view factors and of the effect of albedometer shade on the albedo result [26]. Others have used white and black reference masks to prevent surrounding radiation from being measured [33,34], whilst another used baffles for the same reason [35,36]. Whilst these methods appear to be successful, they are relatively labour intensive, involving adding and removing masks, baffles or shade rings in order to obtain one measurement. In this study, a simpler methodology for using the low-cost instrument to measure albedo will be developed, with three approaches being considered. In order to validate this instrument, the albedo of a number of LEs typical of urban landscapes in Perth, Western Australia, were measured concurrently. The results are compared with literature values for similar materials. The test work was undertaken as a part of a larger study exploring the total emitted and reflected radiation from the same LEs. This instrument could be used to measure and monitor albedo in the field for long time periods and/or over many LEs, providing comprehensive data for landscape professionals.




2. Materials and Methods


2.1. Instrumentation


The low-cost temperature sensor and logger is called a Thermochron, and is a type of iButton [37] (Figure 1a). It consists of a silicon chip contained in a stainless steel can (17 mm in diameter and 6 mm high), which it uses as a communications interface. Communication is via a 1-Wire protocol through a probe connected to a computer. A mix of three iButton types were used, the DS1921G low temperature iButtons (−40 to +85 °C, accuracy ±1.0 °C), the DS1922T, high temperature iButtons (0 to +125 °C, accuracy ±0.5 °C) and one DS1923 Hygrochron, temperature and relative humidity iButton (−20 to +85 °C, accuracy ±0.5 °C, 0% to 100%). Data can be logged at user set intervals from 1 min to 255 min for the DS1921G, and from 1 s to 273 h for the DS1922T. The different iButton types were chosen randomly to be painted with either a matt black or a gloss white acrylic paint. They were each inset into a small polystyrene block of dimensions 40 mm × 40 mm × 20 mm and held in place within the block by insertion of a small piece of soft foam. Their surfaces were recessed by approximately 1 mm into the surface of the block (Figure 1b).



Based on the absorptivity measurements of black acrylic paint by [38], black iButtons could be expected to have a consistent absorptivity of around 0.95 for wavelengths from 0.3 μm to 8 μm. In the longwave spectrum, where most LEs emit radiation (from 8 μm to 14 μm), both white and black paint also have a high absorptivity, (white paint and black paint on aluminium are 0.91 and 0.88, respectively [39]). Because albedo is measured for solar wavelengths only, any temperature rise due to longwave radiation will be removed when the white iButton temperature is subtracted from the black iButton temperature. The reason pyranometers do not measure this longwave radiation is because they have a glass dome over the black paint which cuts off radiation above 2.8 μm.



In terms of the solar spectrum, the observed spectral reflectance of white acrylic paint given by [40], shows reflectance is consistently 0.95 across the visible spectrum (vis, 0.4–0.7 μm). In the near infra-red spectrum (NIR, 0.7–2.5 μm), reflectance ranges from 0.95 down to 0.90 over wavelengths from 0.7 μm to 1.35 μm, and then drops from 0.9 at 1.35 μm to ~0.25 at 2.5 μm (Figure 2a). The solar spectrum, however, peaks at around 0.5 μm and decreases to around 20% of the peak by 1.30 μm (equivalent to 1300 nm in Figure 2b). The spectral intensity over the range 1.30 μm to 2.5 μm is less than ~20% of the peak and cumulatively comprises an estimated 25% of the energy in the total NIR range (Figure 2b). Hence, the effect of the reduction in white paint reflectance after 1.30 μm, on the total amount of energy reflected, is very small, and the spectral response of the white painted iButton can be said to be linear.



The temperature difference measured between a matt-black-painted iButton and a glossy-white-painted iButton (TB − TW), is thus projected to be consistent over the solar spectrum. This was observed in a study by [41], where TB − TW was found to have a linear relationship with the SR measured using a pyranometer.



A reference pair of iButtons were used facing upwards to measure the incident SR. They were covered with a thin layer of polyethylene, which reduced convective losses but was a good transmitter of both short- and longwave radiation [42]. For the other iButtons, which were facing downwards, polyethylene layers were not used, as natural convection is very small for this configuration and tests were performed under low wind (forced convection) conditions. To reduce heat loss through the top of the polystyrene block, the upward facing back of each block was covered in aluminium foil (Figure 1b), which reflects well at all wavelengths.




2.2. LEs and Location


Fourteen LEs, typical of residential and urban landscapes in the Perth area, were measured. A reference material of white-painted polystyrene (WPP) was also measured, and a black-painted polystyrene material was included for comparison with literature values. The LEs used were those described in a previous study [43] and are listed in Table 1. They were all 1200 mm × 1200 mm and were either thermally coupled to the ground on a 50-mm-thick layer of yellow sand, or placed directly onto the turf grass. Each were separated by 1 m of managed and irrigated turf grass of type kikuyu (Pennisetum clandestinum) (Figure 3).



The non-native plants were petunias (Petunia x hybrida) and were in 100 mm pots closely packed together to give nearly 100% coverage of the sand. The native plants were saltbush seedlings (Atriplex nummularia) and were in 50 mm × 50 mm containers and similarly closely packed together.



Weather conditions were monitored via a nearby weather station at Murdoch University [44].




2.3. Test Procedure


Each black and white iButton pair was suspended 200 mm above the centre of each LE using a thin metal L-shaped rod (Figure 4). This height was chosen as a balance between minimising the amount of shadow the iButton cast onto the LE and maximising the exposure of the iButton to the LE, hence minimising its exposure to the surrounding grass.



The LEs and iButtons were set up from 17:00 on 19 January 2019 to 21:00 on 21 January 2019, on an oval at the Booragoon Primary School (−32.035918°, 115.826655°). The logging intervals of the iButtons for all tests were set to 600 s. Data were analysed for 20 and 21 January. A comparison was made between the days of the 20th and the 21st.



Three approaches to determine the albedos of each LE were undertaken. The first two both examined the reflected radiation from the LEs compared with that from the WPP, whilst the third compared this with the incident SR. In the first approach (Approach 1), the amount of radiation from the background material upon which the LEs were situated (in this case, grass) was taken into account. In the second approach (Approach 2), this background radiation was assumed to be insignificant. The third approach (Approach 3), assumed there was a linear relationship between TB − TW of each iButton pair facing downwards over the LEs, with the TB − TW of the reference iButtons facing the sky. Approach 3 would be an easier method to employ for future tests, hence it was investigated as an alternative to the WPP methods. Albedos from all three approaches were compared with the literature values of albedo for similar materials. All temperatures were measured in °C, and SR and radiant exitance from the iButtons were given in W·m−2.



2.3.1. Uncertainty in iButton Pair Readings


Three types of iButtons were used throughout this study; three high-temperature Thermochrons (0–125 °C) with accuracy ±0.5 °C; one Hygrochron (measures temperature and relative humidity) with accuracy ±0.5 °C; and 30 low-temperature Thermochrons (−40–85 °C) with accuracy ±1 °C. The types of iButtons were arbitrarily assigned to be painted either black or white, and the pairs were randomly allocated to each LE. The uncertainty in TB − TW due to instrument error alone could therefore be up to ±2 °C. A test was conducted to discover the actual uncertainty. From 15:10 on the 19th to 04:40 on 20 January 2019, the iButtons were kept at the same ambient conditions and away from SR sources. The differences in measured temperature were calculated and compared.




2.3.2. View Factors


The view factor (VF) is an important parameter as the iButton temperature is caused by what is in its field of view (FOV). The VF is a dimensionless number representing the fraction of the iButtons FOV which contains the LE. This is a function of the both the height and FOV of the iButton, and of the size of the LE. The FOV of the iButton is estimated to be around 150°. Ideally, the iButton would receive radiation from the LE only, however, depending on the physical configuration, it can measure both the LE plus the background material on which the LE is placed.



The VF for the LEs were calculated using an online tool by Howell [45] (using the rectangle-to-rectangle in a parallel plane function). For ease of calculation, the iButton was assumed to be a square with side lengths of 7.5 mm. This square gave a similar area to that of the actual circular iButton face, which has a radius of 8.5 mm.




2.3.3. Albedo Found Using WPP as a Reference—Approach 1


When measuring LEs under real world conditions, it is difficult to control for varying weather conditions. Under these circumstances a reference material could be used which would be subject to the same ambient conditions as the tested LEs. In this study, the reference used was the WPP. The albedo of white paint could be expected to be higher than the albedo of any of the other LEs, thus making it an ideal reference material.



The albedo of each LE was determined by comparing temperatures logged by a pair of black- and white-painted iButtons facing directly downwards above a large sheet of white-painted polystyrene (WPP), with a similar pair of iButtons above each LE.



Let the ratio of the difference between the black and white iButtons over the LE, divided by the difference between the black and white iButtons over the WPP, be called the Delta iButton Ratio (DiR), and this is given in Equation (1):


  D i R =    T  B , L E + b   −  T  W , L E + b      T  B , W P P + b   −  T  W , W P P + b      



(1)




where    T  B , L E + b     and    T  W , L E + b     are the temperatures of the black and white iButtons above the LE plus background, respectively; and    T  B , W P P + b     and    T  W , W P P + b     are the temperatures of the black and white iButtons above the WPP plus background, respectively. These are the actual logged temperatures for each iButton.



  D i R   is the ratio of the reflected radiations based on the incident radiant energy to the iButtons being linearly proportional to TB − TW, [41]. This can also be written as a ratio of albedos (Equation (2)):


  D i R =    α  L E + b      α  W P P + b      



(2)




where    α  L E + b     and    α  W P P + b     are the albedos of the LE plus background and the WPP plus background, respectively.



The total reflected radiation is comprised of the amount reflected by both the LE and the background, depending on the relevant VFs. Hence    α  L E + b     can be written in terms of the VFs as in Equation (3):


   α  L E + b   =  α  L E   V  F  L E   +  α  b , L E   V  F  b , L E    



(3)




where    α  L E     and    α  b , L E     are the albedos of the LE and the background around the LE, respectively; and   V  F  L E     and   V  F  b , L E     are the view factors of the LE and the background around the LE, respectively.



Similarly,    α  W P P + b     can be written as Equation (4):


   α  W P P + b   =  α  W P P   V  F  W P P   +  α  b , W P P   V  F  b , W P P    



(4)




where    α  W P P     and    α  b , W P P     are the albedos of the WPP and the background around the WPP, respectively; and   V  F  W P P     and   V  F  b , W P P     are the view factors of the WPP and the background around the WPP, respectively.



For a background which extends for a reasonable distance away from the LE, VF terms for the background can also be approximated as Equation (5):


  V  F  b , L E   = 1 − V  F  L E   ;  



(5)




and, similarly, for WPP as Equation (6):


  V  F  b , W P P   = 1 − V  F  W P P   .  



(6)







Substituting Equations (3), (4), (5) and (6) into Equation (2), and solving for    α  L E     gives Equation (7):


   α  L E   =   D i R [  α  W P P   V  F  W P P   +  α  b , W P P    (  1 − V  F  W P P    )  ] −  α  b , L E    (  1 − V  F  L E    )    V  F  L E     .  



(7)







Equation (7) can be used to find the albedo of a LE if the albedos of the WPP and the backgrounds surrounding both the WPP and the LE are known. In this study the backgrounds for both the LE and the WPP were the same turf grass, and the literature value of 0.26 [46] was used. It is worth noting that if the albedo of the background is unknown, it may be measured using iButtons and the equation from the following section (Approach 2). The albedo used for WPP was 0.75, which was that of the white-coated smooth polyurethane foam given by Reagan and Acklam (1979) as cited in [39], and similar to the 0.77 for white paint given by [47]. When using Approaches 1 and 2, the value of the albedo chosen for WPP will determine the values for all the other albedos. Hence, although their relative albedos will remain the same, the absolute albedos for each LE may differ depending on the value of    α  W P P     that is chosen.




2.3.4. Assumption of Negligible Background Radiation—Approach 2


If the LEs are relatively large compared with the height of the iButtons, then the radiation from the background material would be minimal, and it may be possible to neglect it in the calculations. This is done by assuming both   V  F  L E     and   V  F  W P P     are large and close to a value of 1.   V  F  L E     is then approximately equal to   V  F  W P P    , and hence    (  1 − V  F  L E    )    is approximately equal to    (  1 − V  F  W P P    )  ,   and approximately equal to zero. Equation (7) then becomes Equation (8):


   α  L E   =  α  W P P        T  B , L E + b   −  T  W , L E + b      T  B , W P P + b   −  T  W , W P P + b     .  



(8)







Equation (8) can then be used to provide a close approximation of    α  L E     given the literature value of    α  W P P     and the measured iButton temperatures over the LE and the WPP.




2.3.5. Albedo Found Using Direct Incident Solar Radiation as a Reference—Approach 3


A simpler way to determine albedo would be to directly compare the TB − TW for reference iButtons facing directly upwards (receiving full SR), with TB − TW for pairs of black- and white-painted iButtons facing directly downwards over each LE (receiving the reflected SR). By converting the temperature difference of these pairs into a radiation (in W·m−2), the albedo is calculated from the ratio of these two radiations. This is the same approach used for determining albedo using back-to-back pyranometers.



The time period over which albedo measurements can reliably be taken using Approach 3 was based on the field measurement standard ASTM-E1918_16 [30]. This specifies that albedo should be measured when the angle of the Sun is less than 45° from the normal, or when solar radiation is at least 70% of that occurring at solar midday. On 20 and 21 January 2019, the altitude of the Sun was greater than 45° between 09:13 and 15:40. The time over which albedo measurements were averaged was chosen to be between 09:10 and 15:40.



Before a comparison between the temperatures of the reference and the LE iButton pairs could be made, the temperature data needed to be converted into a radiation flux or radiant exitance. This is because the calibration of reference iButtons undertaken by [41] found there was a non-zero intercept in the linear regression. The SR from the weather station from 09:10 to 15:40 on 21 January 2019 was used to calibrate the reference iButtons using a linear regression, giving two coefficients equivalent to the slope and intercept of the data. The radiant exitance for each measured TB − TW, for the reference iButtons, was then calculated.



This same calibration equation, however, could not be used for the downwards facing iButtons, as heat loss due to convection from upwards and downwards facing surfaces are different [48]. Unlike the reference iButtons, the downwards iButton surfaces were also unprotected from the elements. A new calibration curve was found by forcing the average measured WPP albedo to be equal to 0.75, for data from 21 January. This was done by using the calculated reference iButtons radiation as the incident radiation, and then solving for new coefficients for a linear regression of the WPP TB − TW data. The Microsoft Excel linear regression tool, Solver, was used to determine these coefficients.



The albedo was the ratio of these two radiations and was calculated for each LE. The standard deviation (SD) of the data for each LE was found.



A commercial albedometer was not available to compare with this new instrument, hence resultant albedos were compared with the literature values only.






3. Results and Discussion


3.1. Weather Data for the Test Period


The wind speed, ambient temperature, relative humidity and solar radiation during the measurement period over the two days are shown in Figure 5 and Figure 6. Wind speed and solar radiation were similar on both days, with wind speed being minimal and SR being typical for that time of year in Perth. Sunrise was at 05:30 and sunset at 19:25. The ambient temperature and relative humidity varied significantly between days. The maximum temperatures were 41.7 °C and 27.8 °C, and relative humidity 38% and 80% on 20 and 21 January, respectively, whilst the minimum temperatures were 29.6 °C and 23.1 °C, and relative humidity 18% and 54% on 20 and 21 January, respectively. This variation provided a good opportunity to test the consistency of the iButtons’ ability to measure albedo under different conditions.




3.2. iButton Pair Uncertainty


The average measured uncertainty in TB − TW for each iButton pair is shown in Figure 7. Error bars are the SD of the data. Variations were slightly less than expected, based on the manufacturer’s error data. These uncertainties were used to correct the paired data before the albedo calculations.




3.3. View Factor Results


The VF of each LE was found to be 0.92. The VF of the LE plus the surrounding grass (1 m around all sides of the LE) was 0.99. The 1% of radiation from sources beyond the grass was assumed to be negligible. Thus, when calculating the amount of radiation received by the iButton from the LE only, 8% of the iButtons readings were attributable to grass, leaving the remaining 92% being attributable to the LE only.




3.4. Albedo with WPP Reference and Using VFs—Approach 1


On the morning of 20 January, the irrigation system for the oval came on at around 04:30 for an hour, which thoroughly wet all of the LEs. However, this gave the opportunity to investigate how albedo was affected by moisture. Data from 07:30 to 17:30 on 20 January were analysed, and the effect of moisture on the measurements was observed up until around 13:30 as seen in Figure 8 for the soft LEs, and in Figure 9 for the hard LEs. Hence to determine the albedo of the dry LEs, this day’s data was truncated for analysis from 13:30 to 17:30. A wet surface can be very reflective depending on the angle of the incident radiation and on the viewing angle. The reflective ability of a surface, such as wood for example, can also vary depending on the quantity of moisture. When very wet, planed wood can be shiny. As it dries, the absorbed moisture in the wood causes it to become a darker and duller colour, until finally when dry, it returns to its original colour and reflectiveness. This process is seen clearly in the variation of the decking albedo shown in Figure 8. Therefore, when measuring albedo, researchers must be aware that moisture may drastically affect the data.



The iButtons above the LE and WPP are subject to the same fluctuations in weather. The individual TB − TW values varied noticeably as weather conditions changed, but the ratio of these differences is reasonably consistent, effectively cancelling out the effect of weather. This is beneficial for two situations: Firstly, for measuring across days, where ambient conditions may differ, such as in this study where the ambient temperatures were quite different from 20 to 21 January; and secondly, to counteract the changes in weather conditions across the day. Hence, where previous researchers found the albedo to be higher in the morning and the afternoon, but lower and more consistent during the middle of the day, Approach 1 showed albedo varied only slightly throughout the day as seen in Figure 10 for soft (natural) LEs, and Figure 11 for hardscape LEs. This approach thus allows albedo to be measured with reasonable precision, at almost any time of the day.



Figure 12 compares the average albedos calculated for the afternoon of 20 January, and for the whole day of 21 January. The error bars are the SD of the data for each LE. Within the uncertainties, the albedos are the same for each LE. Hence, the large change in both temperature and humidity between days appears to have had no effect on the measured albedos. These results are similar to [23] who found no effect on albedo due to changes in air temperature or wind speed.




3.5. Albedo with WPP Reference But Negligible Background—Approach 2


If the LE is relatively large when compared with the height of the iButton, such that the VF is quite large, then it may be acceptable to ignore the effect of the radiation from the background material. A VF of 0.95 has been suggested by [26] as being effective for albedo measurements. Equation (8) was used to investigate whether the VF of 0.92 in this study, was large enough for the background of turf grass to be considered negligible. Results comparing the two days are shown in Figure 13. Similar to Approach 1, Approach 2 shows no significant difference between days.




3.6. Albedo Using Incident SR Reference—Approach 3


The reference iButton data were calibrated against the Murdoch weather station SR to give the relationship shown in Equation (9):


  S R = 61.409 ×  (   T B  −  T W   )  + 17.283 .  



(9)







Equation (9) was then used to find the equivalent radiation or radiant exitance from the sky facing reference iButtons for each measurement time. The radiant exitance for each of the downwards facing iButton pairs over the LEs was found using Equation (10), where the coefficients of the linear regression were derived by forcing the average albedo of WPP to be 0.75:


  R a d = 49.985 ×  (   T B  −  T W   )  + 17.210  



(10)




where Rad is the radiant exitance from the iButtons in W·m−2.



Both Equations (9) and (10) take into account the heat lost from the iButtons due to convection. Data from Approach 3 is shown in Figure 14 for soft (natural) LEs and in Figure 15 for hardscape LEs. The data looks similar to that from other researchers, where the albedo is higher at the beginning and end of the day, and lower and more consistent during the middle. This effect is more noticeable in the LEs with higher albedo like the WPP and the white rocks. It is also more apparent at the end of the day for the denser LEs, such as the pavers and the concrete. This curvature may be related to the shadow of the measurement device, which is corrected for in Approach 1 and 2 as both the LE and WPP experience the same shadowing.



Another way to compare the consistency of the results from all of the approaches was to fit the data for each LE with a second order polynomial. The coefficient of the x2 term is a measure of how much the data deviates from a horizontal line, i.e., a measure of the data’s curvature. The closer the x2 term is to zero, the more linear is the data. The average second order coefficient across all LEs for Approach 3 was 2.65 (SD 1.27), whilst for Approach 1 it was 0.78 (SD 0.47), and for Approach 2 0.76 (SD 0.46). Hence the coefficient values confirm that Approaches 1 and 2 provide a fairly consistent albedo through the day from 07:30 to 17:30.



Figure 16 shows a comparison of the average albedos for each LE, between the two measurement days. Similar to the other approaches, the albedos are the same between the days, within the uncertainties, however the exception in this case is dry soil. The average value of dry soil was consistently lower on 20 compared with 21 January across all three approaches; however, this was still within the uncertainties in the first two approaches. There are two possible reasons for this. Firstly, although the wet soil was thought to have dried out by 13:30, it is possible that it was still damp and continued drying out over the rest of the day, becoming extremely dry by 21 January. Figure 8 supports this as the dry soil albedo trend is still slightly upwards from 13:30 to 17:30 on 20 January. The higher moisture content would have darkened its surface colour and hence lowered its albedo. Whilst the soil beneath the turf grass and the plants may also not have dried out completely, the surfaces which were being measured were the blades of grass and the leaves, and not the underlying soil. Hence, the effect of moisture cannot be seen in their albedo values. Secondly, the uncertainties used are the standard deviations of the data; however, for Approach 3, these standard deviations may not have been large enough to take into account the error in the calculation of the calibration coefficients. Thus, uncertainties for Approach 3 may be slightly undervalued.




3.7. Comparison of the Three Approaches


Figure 17 shows the data from the three approaches for 21 January 2019. The error bars are the SD of the data for each LE. These results show that there is an insignificant difference in the measured albedo between Approaches 1 and 2, once the VF is 0.92 or above. The actual albedo of the background material, however, is an important factor in these results. The background material in this study was turf grass with an albedo of 0.26. This would naturally have less of an effect where the albedo of the LE was higher, and more of an effect where the albedo of the LE was lower. For future measurements, if the albedo of the background material is considerably larger than that of the LE, its effect on the iButtons would be much more significant, regardless of the VF. Conversely, if the albedo of the LE is much greater than that of the background, the average albedos from Approach 2 would become closer to the values from Approach 1.



Hence, further study of the background albedo and the VFs is recommended before using Approach 2 and this simpler equation (Equation (8)). However, understanding the conditions where Approach 2 applies, would enable more flexibility in future field measurements where instrument height, LE size and VFs may be restricted or difficult to determine.



For all the LEs, values of albedo calculated using Approach 3 were the same as those measured using the WPP approaches (Figure 17). This direct approach however, relied on determining the calibration coefficients of the iButtons for a downward orientation, which implies knowledge of the albedo of the WPP. Assuming the calibration coefficients for the iButtons are a fixed value, this approach is relatively easy to use, however data must be collected only during the limited times of day as per ASTM-E1918_16 [30]. Approach 3 is similar to that used by [32] who used two low cost illuminance sensors, one facing up and one facing down. Their results were within ±0.1 of the albedos measured with commercial instrumentation. However, their sensor had a more limited FOV (55°) than the iButtons (~150°), which restricted the times and latitudes over which it could be used.




3.8. Comparison with Literature Values


The albedo of numerous common materials has been measured by other researchers using the more standard pyranometers. A selection of these albedos is given in Table 2 along with the data from this study for 21 January 2019 for comparison. It is worth noting that because albedo is affected by surface properties, the same type of LE may provide a range of albedo values due to surface aging, colour variation or difference in surface roughness. This is seen in the range of literature values given for commonly measured LEs such as concrete, which ranged from 0.17 [22] up to 0.39 [27], and asphalt which ranged from 0.05 [22] up to 0.19 [27]. Table 2 shows that all three of the methods used in this study yield albedos which lie within the ranges given in the literature, for those LEs where literature values were found. Literature values were not found for grey pavers nor for white crushed rocks. Whilst the iButtons and this methodology may not be as precise as a commercial albedometer, they are not intended to replace it but rather to provide a reasonable value for albedo, both easily, and at a low cost.




3.9. Limitations and Benefits of the iButtons and Their Methodology


3.9.1. Benefits


Although both an instrument and a methodology to measure albedo already exist, the purpose of this study was to develop a low-cost instrument which would potentially be accessible to more researchers and enable multiple units to be purchased in order to measure the albedo of many LEs concurrently. The simpler method developed in this study is less labour intensive than both the standard method [30], and the methods developed by other researchers [26,33,35,36], because multiple LEs can be measured over long time periods without user input. The high FOV of the iButtons will permit measurements to be taken at most latitudes and times of year, in contrast to the illuminance sensors used by [32], which were limited by their low FOV.



Where measurements need to be taken in low sky view factor (SVF) areas, the iButtons will measure reflected radiation from the surroundings. The method developed by [26] removes this effect by including a shading ring—a curtain of black fabric of albedo 0.05—around the LE. Similarly [36], uses a baffle around the albedometer itself to block out surrounding radiation. White and black masks of known albedo are used by [35], with the user required to physically cover and uncover the test material with first a black mask, and then a white mask, before testing again with no mask. However, the surrounding radiation does not need to be considered when using the methodology developed in this study, i.e., a comparison with WPP, as it merely adds to the incoming radiation to both the WPP and the LE, and is thus automatically incorporated in the albedo calculation. Future work using the iButtons method, however, should include measurements of albedo in low SVF areas, to confirm that SVF is accounted for in this methodology. Similar to the effect of reflected radiation from the surroundings, it was not necessary to take into account the reduced reflected radiation due to the shadows of the iButtons and the supporting arm on the LEs. These shadows were equivalent on both the WPP and the LEs, hence the comprehensive calculations done by [26] to remove this effect were not required in this study.




3.9.2. Limitations


The accuracy of a more expensive pyranometer albedometer is expected to be greater than the iButtons, as it would be compliant with the specifications set out in ISO 9060:2018 [52] and therefore have been subject to more rigorous and robust testing. Consequently, the iButtons are not designed to replace this instrument but rather to provide a best estimate of the albedo under real world conditions. The consistency of the iButton albedometer has not been tested over a long period of time. The selection of paint type and its quality may affect the longevity of the instrument. Hence, frequent calibration of the iButtons with a commercial pyranometer may be required. The iButtons have an irreplaceable internal battery which is not ideal if frequent measurements are required over a long time period. Battery life is dependent on sampling frequency and external temperatures. In contrast, pyranometers do not require external power or batteries, however they do require an external data logger. The measurement surface of a pyranometer is protected by a glass dome, while sun shields protect the body from solar heat gain [29]. Modifications such as these could be made to the iButtons, however these would increase the cost, defeating the intended purpose of this study. Without a protective dome, the iButton is more susceptible to heat loss via convection, hence is best used by comparison with measurements of a reference material such as the WPP.



This test work was undertaken in a high SVF area, and although this method should also be applicable to low SVF areas as mentioned in Section 3.9.1, this should be confirmed in future work. Measurements were taken under clear skies only, so the methodology has not been tested under cloudy conditions.






4. Conclusions


Material properties of urban landscape elements (LEs) can affect the amount of solar radiation present in the environment, and have the potential to affect urban heat, building energy use and the thermal comfort of pedestrians. A low-cost temperature sensor was modified to detect incident and reflected solar radiation. A methodology was developed to use this sensor to measure the albedo of LE samples placed in an open field. This methodology was validated by testing different LEs, typically found in residential and urban environments of Perth, Western Australia, and through comparison of results with literature albedo values for similar materials. Temperature data from black- and white-painted iButtons suspended over the LEs were compared with those over a reference material of white painted polystyrene (WPP). The albedos measured using this approach were more consistent across a longer period of the day (07:30 to 17:30) than were found using an approach more in line with ASTM E1918-16 [30], where reference iButtons measured the incident solar radiation and were compared with radiation from those over each LE. The implication is that using the WPP approach, albedo can be measured with reasonable precision at any time within these hours, compared to the hours required for the ASTM (09:10 to 15:40 in this case).



The effect of the albedo of the background material can be ignored when the view factor of the LE from the iButton is 0.92 or greater. This is less than the 0.95 suggested by [26] as being an effective view factor. However, these results may not apply where the albedo of the background material is significantly higher than that of the LE. Further investigation of this is recommended.



Changes in ambient temperature or relative humidity between test days had no effect on the measured albedo values. Measurements in other seasons, and on cloudy days, are recommended in order to capture the effects of lower angle and quantity of solar radiation, respectively. Using the low-cost instruments and the approaches developed in this study, the albedo of LEs can be measured successfully in outside areas with high SVF. In low SVF areas where reflected radiation from nearby objects would be a problem for standard albedometer measurements, the albedos of LEs are expected to be the same as those measured in high SVF areas when the WPP approach is used. Tests should be undertaken to confirm this, providing the potential for albedo to be measured in situ using this method. If confirmed, the albedo of aging and aged materials could thus be more easily monitored on site. The presence of moisture on the LEs dramatically affects the albedo, so surface conditions should be checked before measurements are taken. Albedo is an important factor for both pedestrian comfort and building energy use in residential and urban areas. Hence, knowledge of the albedo of LEs in situ will assist landscape professionals to both design for, and manage, urban heat.
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Figure 1. (a) Black- and white-painted iButtons showing the top and back (unpainted) surfaces; and (b) iButtons inset into polystyrene blocks with the upwards facing surface covered in aluminium foil. 
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Figure 2. These figures have been reproduced from [40]: (a) spectral reflectance of 1.5 mm thick TiO2-white acrylic paint; (b) normalized irradiance across the solar spectrum typical of North American insolation (originally from ASTM G 173-03). 
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Figure 3. Aerial view of LEs on the oval. 
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Figure 4. iButtons in their polystyrene casing suspended on a thin metal rod above the centre of the artificial grass. The edges of the 50-mm-thick sand layer are visible. 
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Figure 5. Relative humidity and solar radiation for the two-day test period. 
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Figure 6. Ambient temperature and wind speed for the two-day test period. 
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Figure 7. The average uncertainty in TB − TW for each iButton pair. 
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Figure 8. Effect of moisture on the albedo of soft (natural) landscape elements (LEs) found by reference to white-painted polystyrene (WPP) and using calculated view factors (Approach 1)–20 January 2019. 
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Figure 9. Effect of moisture on the albedo of hardscape LEs found by reference to WPP and using calculated view factors (Approach 1)–20 January 2019. 
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Figure 10. The albedo of soft (natural) LEs found by reference to WPP and using calculated view factors (Approach 1)–21 January 2019. 
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Figure 11. The albedo of hardscape LEs found by reference to WPP and using calculated view factors (Approach 1)–21 January 2019. 
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Figure 12. Comparison of average albedos from 20 and 21 January 2019, found using known background albedo plus calculated view factors (Approach 1). Data are sorted by 21 January. Error bars are the standard deviation of the data for each LE (range 0.02–0.05). 
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Figure 13. Comparison of average albedos from 20 and 21 January 2019, found using known background albedo plus calculated view factors (Approach 2). Data are sorted by 21 January. Error bars are the standard deviation of the data for each LE (range 0.02–0.04). 
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Figure 14. Albedo of soft (natural) LEs calculated by reference to the incident solar radiation. 
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Figure 15. Albedo of hardscape LEs calculated by reference to the incident solar radiation. 
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Figure 16. Comparison of average albedos from 20 and 21 January 2019, found using known background albedo plus calculated view factors (Approach 3). Data are sorted by 21 January. Error bars are the standard deviation of the data for each LE (range 0.02–0.05). 
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Figure 17. Comparison of albedos found using the three approaches, measured on 21 January 2019. Ranked by order of incident solar radiation as a reference. Data are sorted by Approach 3 on 21 January. Error bars are the standard deviation of the data for each LE (range 0.02–0.05). 
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Table 1. Landscape element description.






Table 1. Landscape element description.











	LE Name
	Description (Total Surface Area Dimensions of All LEs Are 1200 mm × 1200 mm)
	Depth (mm)
	Sub Layer *





	Artificial turf grass
	Synthetic Tuff turf Multi, 1200 mm × 1200 mm, pile 12 mm
	12
	sand



	Asphalt
	Westbuild, asphalt pack 20 kg, quantity 5
	50
	sand



	Black-painted polystyrene
	Polystyrene sheet (1200 mm × 1200 mm × 40 mm) painted with exterior low sheen black (4 Seasons, British paints), and then spray painted with flat black enamel (Rust guard, White Knight)
	40
	turf grass



	Concrete (×40 mm)
	Grey concrete slab 600 mm × 600 mm × 38 mm, quantity 4
	38
	sand



	Crushed rock (white)
	Tuscan path pebbles, snow white 20–25 mm, 20 kg, quantity 4
	50
	sand



	Decking
	Decking Merbau 90 mm × 19 mm, (13 lengths mounted on 3 pine joists height 90 mm)
	19
	turf grass



	Petunias (non-native)
	Annual ground cover (Petunia x hybrid), 150 mm diameter pots, quantity 65
	100–150
	



	Pine bark mulch
	Richgro pinebark, 70 L, quantity 2
	50
	sand



	Pavers (grey)
	Paver MyPave, charcoal 400 mm × 400 mm × 40 mm, quantity 9
	40
	sand



	Pavers (red)
	Ezi-Pave Burnished Red (Midland Brick) 232 mm × 153 mm × 50 mm, quantity to make up 1200 mm × 1200 mm
	60
	sand



	Pavers (sandstone)
	Paver MyPave, cream 400 mm × 400 mm × 40 mm, quantity 9
	40
	sand



	Saltbush (native)
	Old man saltbush seedlings (Atriplex nummularia), 50 mm diameter pots, quantity lots
	100–150
	



	Soil (dry)
	Richgro Professional base mix (soil), 25 L, quantity 6
	50
	turf grass



	Soil (moist)
	Richgro Professional base mix (soil), 25 L, quantity 6
	50
	turf grass



	Turf grass
	Kikuyu (Pennisetum clandestinum), managed and irrigated
	NA
	turf grass



	White-painted polystyrene
	Polystyrene sheet (1200 mm × 1200 mm × 40 mm) painted with exterior gloss white (4 Seasons, British paints)
	40
	turf grass







* sand = 50 mm of yellow sand on top of turf grass.













 





Table 2. A selection of common literature LE albedos, compared with albedos found in this study. Approach 1 is albedo using WPP reference and calculated VFs; Approach 2 is albedo using WPP reference and assumption VF = 1; Approach 3 is albedo using incident SR reference.
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LE

	
Albedo

	
Albedo Approach 1

	
Albedo Approach 2

	
Albedo Approach 3




	
Literature Values






	
Artificial grass

	
0.08 b, 0.05–0.1 g

	
0.10

	
0.12

	
0.11




	
Asphalt

	
0.19 a,c, 0.18 b, 0.05–0.10 e

	
0.09

	
0.11

	
0.11




	
Black paint

	
0.070 f, 0.02–0.15 g

	
0.14

	
0.16

	
0.15




	
Black-painted polystyrene

	




	
Cement brick (yellow)

	
0.30 h,

	
0.38

	
0.39

	
0.35




	
Sandstone (yellow)

	
0.40 h




	
Pavers (cream)

	




	
Concrete

	
0.39 a, 0.35 b, 0.27 c, 0.30 d, 0.17–0.27 e

	
0.32

	
0.34

	
0.30




	
Crops

	
0.15–0.25 e

	

	

	




	
Vegetated fields

	
0.10 d

	

	

	




	
Deciduous plants

	
0.2–0.3 g

	

	

	




	
Petunia

	

	
0.21

	
0.22

	
0.20




	
Saltbush

	

	
0.19

	
0.20

	
0.22




	
Crushed rocks (white)

	

	
0.53

	
0.53

	
0.54




	
Pavers (grey)

	

	
0.13

	
0.15

	
0.14




	
Pine bark mulch

	
0.18 a

	
0.17

	
0.18

	
0.15




	
Plywood

	
0.30 b

	
0.30

	
0.31

	
0.27




	
Wood (freshly planed)

	
0.40 d




	
Decking

	




	
Polystyrene painted with white elastomeric paint

	
0.69 c

	
0.75

	
0.75

	
0.75




	
White paint

	
0.596 f, 0.5–0.9 g




	
White pigment

	
0.85 d




	
Smooth white coated polyurethane foam

	
0.75 d




	
Pure white paint

	
0.77 i




	
White-painted polystyrene

	




	
Red brick

	
0.30 d

	
0.30

	
0.31

	
0.27




	
Brick clay with cement (red)

	
0.31 h




	
Pavers (red)

	




	
Soil (dry clay or gray)

	
0.20–0.35 e

	
0.26

	
0.28

	
0.23




	
Soil (dry)

	




	
Soil (moist gray)

	
0.10–0.20 e

	
0.09

	
0.11

	
0.10




	
Soil (moist)

	




	
Turf grass

	
0.22 a, 0.26 b,c

	
0.20

	
0.22

	
0.22








a [27], b [46], c [49], d [39], e [22], f [36], g [50], h [51], i [47].
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