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Abstract

:

Strategies to conserve water have been implemented by many municipalities in the US Southwest to minimize quantities of water used for irrigating urban landscapes. Some of them encourage and even enforce homeowners to remove the turfgrass to reduce the irrigation water demands. This strategy not only ignores the numerous benefits derived from the turfgrasses but also fails to recognize the energy savings for the buildings surrounded by green landscapes. Quantitative analysis of the effect and importance of different types of landscapes on urban heat load and the subsequent energy consumption inside those buildings is of great practical need. Field experiments were conducted at New Mexico State University to assess the effect of different landscapes on heat transfer and ambient air and surface temperatures from June 2017 to October 2018. Two standard wood frame walls covered with stucco and surrounded by either Kentucky bluegrass or by hardscape were set up and equipped with sensors, measuring wall and air temperature, relative humidity, wind speed and the solar and far infrared radiation balance. Our results show that overall heat load from the xeric landscape is noticeably higher than the one from the grass landscape. Based on these data, we assessed the potential for energy savings by utilizing turfgrass landscaping.
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1. Introduction


In this paper, we quantify the effect of landscaping on the temperature and heat exchange with the external building walls. We compare the combined effects of solar heat, convection and radiation at the walls surrounded by either turfgrass or xeric landscapes. While the amount of direct solar heat is the same for both cases, heat transfer by convection and surface radiation strongly depend on the type of landscape. Namely, this consideration is responsible for the so called “heat island effect”. The goal of this study was to evaluate the hypotheses that there is a noticeable difference in total heat flux on the walls of buildings surrounded by turfgrass and xeric landscapes. To the best of our knowledge, there have been no previous quantitative evaluations of the effect of landscape on the heat transfer to urban structures. This quantity is of key importance since it determines the energy consumption for cooling buildings in hot climate zones. We show that grass landscaping can reduce the amount of total heat exchange with urban structures by more than 50% during the daytime in the hot season. These results are especially important in the context of the existing strategies in the US Southwest to minimize quantities of water used for irrigating urban landscapes [1] that do not account for the effects produced by turfgrass on heat loading on buildings [2].



The United States Environmental Protection Agency defines “heat islands” as urban, built-up areas that can be up to 12 °C warmer than adjacent rural areas. Heat islands increase summertime peak energy demand, air conditioning costs, air pollution and greenhouse gas emissions [3]. More critically, the structure and function of urban environmental framework change, influencing the health of urban residents [4,5]. The effect of the heat island is assessed in [6] by using a numerical model. The presence of the urban heat island was first reported over a century ago [7]. Howard’s estimations demonstrated the normal urban temperature excess of London to be 2.0 °F, the excess being most prominent around evening time, when it reaches up to 3.7 °F. Moreover, the adjusted surface energy in urban zones essentially alters micro and mesoscale stream fields [8]. In the interim, it is found that China is additionally encountering serious urban heat island effect in many modern cities, particularly as the normal temperature contrast on the outskirt of Beijing was 3.3 °C from 1961 to 2000, and urban heat island impact of Shanghai comes to 7.4 °C [9,10]. By and large, the heat island impact was greatest in the winter and lowest in the spring. During a summer day, the circumstance was reversed with the city being 0.3 °F cooler than the surrounding open country [11]. In San Francisco, the largest heat island effect was estimated, and the temperature contrast between a huge park region and the downtown area was over 10 °C [12,13] demonstrating that the magnitude of the heat island effect is directly connected to the city size. The authors of [14] ascribed the heat island effect essentially to the level of development of the urban environment. Reference [15] underscored the effect of buildings and surface covers as having enormous heat trapping and heat storage capability. The contention is that the city can retain a lot of heat, in contrast to the countryside, during the day, and some of this heat is retained through the night. The data on the heat island effects and the relationship between landscape characteristics and land surface temperature have been summarized in [16]. Further reports show [17,18] that hard surfaces and built structures in urban locations can change neighborhood climate through the urban heat island effect. The impact of these changes could have implications at the regional level [19]. This effect alludes to the generally higher surface temperatures that occur in urban locations due to cover changes and emerging urbanization [20]. The urban heat island effects are for the most part best observed at night, as rates of urban cooling are slower than cooling over a ‘‘rural’’ area due to slower discharge of heat from the developed urban surfaces [21]. Separate to this effect, the total impacts of these changes decrease the change between daytime and nighttime temperatures [22] due to heat capacitance of developed urban areas.



The hotter temperatures likely result in increased air-conditioning use, hence expanding electric power consumption [23]. The expanded urban effect may also debilitate the maintainability of water supplies as in water-stressed locales, urban inhabitants may consume more water for open spaces [24]. Expanded water utilization, moreover, serves as a strategy to moderate high urban temperatures through evapotranspiration [25,26]. Common examination of the urban heat effect is for the most part centered on canopy-layer temperatures, which incorporate the air between the urban surface and offending building height [27]. An exceptional subset examination concentrates on the surface urban heat island, utilizing surface temperature, deduced size [28,29,30] and its relation to urban surface physical characteristics [31].



The urban cover, or spatial composition within the city locations (i.e., the relative sums of the component cover, such as timberland compared to concrete surfaces [32]), is critical in deciding the intra-urban effect [33,34]. The field of local environment effect has long been concerned with measuring spatial arrangement and has measured the spatial characteristics of cover patches and their connections to one another [35,36]. Minimization of urban heat island and the rate of surface zone secured by green vegetation is discussed in [37]. Urban temperature, particularly surface temperature, is a vital aspect of urban surface and one of the foremost variables influencing urban climate, regulating and controlling different environmental forms [38,39]. Urban locations involve a significantly diverse climatology compared to their rural locations [40,41]. The physical properties of cities and buildings result in altered surface radiation and heating budget, which needs to be accounted for in modeling considerations [42,43]. To begin with, building clusters influence solar radiation such that different reflections between buildings and streets affect radiation to space. In this manner, cities ordinarily have a lower albedo than crops or grasses. It is obvious that the perspective proportion of building stature to street width may be a parameter for the sky view [44,45,46]. We investigated the effect of different landscapes (irrigated turf vs. non-irrigated xeric or hardscape) on ambient air temperature and heat flux of building surrounds in the desert Southwest. From these temperature data we can model several scenarios of the energy requirements to cool or heat the buildings. Despite these documented heat-island effects, no research has been performed to determine the consequences in terms of overall energy consumption associated with these strategies. Research is needed to quantify the effect and importance of different types of landscapes on urban ambient temperatures around buildings and the subsequent energy consumption inside those buildings.




2. Materials and Methods


2.1. Materials


A study was conducted at New Mexico State University (NMSU) (USDA Plant Hardiness Zone 8) from June 2017 to October 2018 to investigate the effect of irrigated turf and non-irrigated xeric landscapes on heat transfer and air and surface temperatures of residential walls. Monthly average air temperatures, precipitation and reference evapotranspiration for short grass (ETos) during the research period were collected at a weather station located in close proximity to the study site, and these are listed in Table 1 and Table 2.



Two identical wood frame walls measuring 2.0 × 2.0 m and covered with stucco were set up on two different landscape surfaces. The walls were covered with stucco approximately 0.125 m thick. They were built following standards for the area (14.7.4 NMAC, 2009 New Mexico Earthen Building Materials Code; filed 28 December 2010, repealed 15 November 2016). Both walls were located at the same elevation facing south and were surrounded by either grass or gravel (xeriscape) with no other structures to avoid possible border effects. The first wall was placed on Kentucky bluegrass (Poa pratensis L.), located at New Mexico State University’s turfgrass research facility (Figure 1a). The second frame was positioned on light gravel mixed with coarse crushed rocks with no vegetation. The area was part of a xeric landscape on NMSU’s campus, located about 500 m northwest from the turfgrass research facility (Figure 1b).



Kentucky bluegrass (20 by 30 m) was irrigated during the growing season by means of Toro pop-up sprinkler heads at 100% of reference evaporation for short grass (ETos). During winter months, the area was irrigated once every two weeks. Kentucky bluegrass was mowed two to three times per week at a height of 7.5 cm with clippings collected, and the grass was fertilized at recommended application rates to prevent nutrient stress. Sensors measuring wall and air temperatures, relative humidity, wind speed and the solar and far infrared radiation balance were placed to take relevant measurements. The sensors were connected to data loggers housed in weatherproof enclosures and located near the structures. All data were recorded every 30 min and averaged over one hour by means of a CR1000 logger (Campbell Scientific Inc., Logan, UT, USA). The battery of the logger was recharged using a solar panel. Manufacturers and accuracy of measurements are summarized in Table 3.



	(a)

	
Wall temperature was continually recorded by four thermocouples equipped with radiation shields and mounted to each wall: two thermocouples were placed 0.8 m apart at a height of 0.5 m and two placed 0.8 m apart at a height of 1.00 m above ground.




	(b)

	
Temperature and the reference temperature were incorporated into the measurement (CR1000 Data logger operator’s manual, Campbell Scientific Inc., Logan, UT, USA). The reference air temperature sensor 107 temperature probe (BetaTherm 100K6A1IA Thermistor) was installed and housed in a radiation shield on the wall on the north-facing side (shade measurement) at a height of 2 m.




	(c)

	
To measure air temperature above the landscape, two Hobo pendant loggers (Temperature/Light Data Logger) with shields were used at the distance of 10 m from the wall at heights of 0.5 and 1.0 m. The logger uses a coupler and optical base station with USB interface for launching and data readout with a computer.




	(d)

	
Relative humidity sensors were installed and covered with shields on top of both walls at a height of 2.0 m.




	(e)

	
Wind speed and direction were measured at a height of 2.0 m using a 014A three-cup anemometer at the turfgrass facility weather station. The anemometer monitored horizontal wind speed for the range of 0 to 45 m s−1 with a threshold of 0.45 m s−1 and was connected directly to a Campbell Scientific datalogger, which measured the 014A’s pulse signal and converted it to mph or m s−1.




	(f)

	
A NR-LITE2 thermopile sensor was used for measuring solar and infrared radiation net radiation exchange (i.e., both short wave and long-wave components). The NR-LITE2 was installed on the south-facing side of the walls at a height of 2.0 m.








2.2. Methods


In steady operation, heat transfer between the landscapes to the walls by convection, net environmental radiation and solar radiation is equal to the heat transfer into the wall and ultimately into the house or building. Data are used to calculate heat transfer rate Q (W·m−2) on the outside of the walls, which is a contributing factor to temperature changes inside buildings. Unit area heat transfer rate or thermal flux, also referred to as heat flow rate intensity, is a rate of energy flow per unit of area.



The total heat exchange with the walls consists of three components, illustrated in Figure 2 and expressed in Equation (1).


   Q = Qconv . + Qrad . + Qsolar   



(1)







Qconvection is the flow of heat through bulk, macroscopic movement of fluid from a hot region to a cool region, as opposed to the microscopic transfer of heat between atoms involved as in conduction. The free convection with air surrounding the wall can be expressed as


    Qconvection    =  h     (  Tas − Tw  )    



(2)




where (h) is the convective heat transfer coefficient of the process (W·m−2 °C−1), and (Tw) and (Tas) are the average temperatures of the four thermocouples mounted on the wall and the surrounding air temperature, respectively. An experiment was conducted at New Mexico State University (USDA Plant Hardiness Zone 8); a nominal free convection coefficient of 5 W/m2-C is assumed for both walls. Surface radiation, Qradiation   ,     is propagated by electromagnetic waves mainly in the infrared region. Radiation emitted by a body is a consequence of thermal agitation of its composing molecules and can be generally expressed by:


    Qradiation    =   ϵ ′  σ     (    Tas  4  −   Tw  4   )    



(3)







It must be noted that the temperatures appearing in Equation (3) must be in absolute units (kelvin). The emissivity coefficient (ϵ) of the turfgrass and hardscape is uniquely related to the surfaces and for radiation exchange between two grey surfaces:


    ϵ ′  =  1   (   1   ε   wall     )  +  (   1  ϵ    landscape     )  − 1     



(4)







The Stefan–Boltzmann constant in imperial units is σ = 5.6703·10−8 (W·m−2K−4). We also used the emissivity coefficient, ϵ = 0.9 for the grass and 0.95 for the xeric landscape [47]. Note that radiation exchange is between surfaces, so it is assumed that surrounding surfaces seen by the wall are the same as air temperature (we recognize this as an approximation). Equations (3) and (4) can be used to calculate radiation in either direction, depending on which surface temperature is highest. In a rigorous treatment, radiation is very complex, in that exchange is with surfaces at different temperatures and with different view factors. Hence, for tractable calculations, simplifications were made. Qsolar irradiance is the power per unit area received from the sun in the form of electromagnetic radiation in the wavelength range of the measuring instrument. The solar irradiance integrated over time is called solar irradiation or solar exposure, expressed as:


   Qsolar =  (  1 − α  )   ∗ view   factor ∗ qr    



(5)







The absorptivity α is an optical property of a landscape, which describes how much radiation was absorbed in relation to amount of radiant energy incident on the surface. The values used for the absorptivity of the grass and xeric landscaping are 0.7 and 0.38, respectively. Radiation absorption occurs for optically opaque materials on their surface and for semi-transparent materials on the surface and in the bulk of the material. For the landscape, radiation transmission is zero, so the radiant energy, which is not absorbed, is reflected, or (1 − α). The walls surrounding both landscapes are assumed to see 50% of the landscape below the horizon and 50% above the horizon, so a view factor of 0.5 was applied for coupling the landscape radiant exchange with the walls. Since the horizon for both landscapes is the same, the component of radiation above the horizon was not included in the current analysis for simplicity. Appendix A contains all the data from June 2017 to October 2018 as shows in Figure A1, Figure A2, Figure A3 and Figure A4 (average temperatures for wall and surrounding air, net radiation, wind speed and relative humidity) for both grass and xeric landscapes. In addition, we used the weather station at New Mexico State University’s turfgrass research center, which measured the actual real time solar flux which arrives at the ground surface, for values of qr.





3. Results


3.1. The Overall Heat Fluxes


We applied Equations (1)–(4) to calculate the rate of heat exchange with the walls according to the directions shown in Figure 2 and followed the numerical modeling presented in detail by [47]. After that we calculated the average of the rate of energy received by the wall for each month of study during daytime (8:00 a.m.–8:00 p.m.) and nighttime (8:30 p.m.–7:30 a.m.) and these results are shown in Figure 3. Figure 3 illustrates average heat transfer received by the two walls under study: one surrounded by a xeric landscape and one surrounded by a grass landscape in the period from June 2017 to October 2018. The solar irradiation produces the main effect on the amount of the heat flux; we evaluated the heat flux at two different times from (8:00 a.m.–8:00 p.m.) and (8:30 p.m.–7:30 a.m.). The highest heat flux in 2017 was in June and August and in 2018 in May and June; the lowest heat flux was in October 2017 and 2018. Figure 3 illustrates comparison of the heat flux at two landscapes. Note that direct solar does not account for the calculation since both walls experience the same exposure. In contrast, diffuse reflected solar radiation was included since the two landscapes have differing radiative characteristics. The walls are assumed to exchange longwave radiation with the environment, but the environment is divided into two regions: the hemisphere below the horizon and the hemisphere above the horizon. Since the hemisphere above the horizon is the same for both walls, that component was not included in the calculation. The hemispheres below the horizon are different for two walls because of the different radiation properties between the two landscapes, and a view factor of 0.5 was used, based on the assumption that the landscape area immediately in front of the wall represents the major portion of the lower hemisphere that the wall “sees”. The value for solar radiation that is used in the calculation is based on actual hourly and daily measurements at the latitude corresponding to the experiment. Other calculations are based on recorded data but averaged over daytime and nighttime separately. These daily values were folded into an average heat flux for the period shown in the figure, ~1 month. Another approximation is the assumption that the landscape temperature for longwave radiation exchange is the same as the air temperature above the ground plane. Thus, since some heat exchange components are included in the calculations, values shown in Figure 3 are not as absolute values and serve for comparison only.




3.2. Heat Transfer to Walls and Solar Radiation Effect


To determine the effect of the solar radiation on the amount of heat transferred to the wall we chose one hot and one cold month (2017 and 2018) using data shown in Figure 3. Both walls were at the same angle as the solar receiver, where the walls were placed in a way that allowed them to receive most of the solar radiation throughout the day, i.e., maximum irradiation at solar noon. After that, we used the weather station at New Mexico State University to obtain the solar radiation in these months, as shown in Figure 4. Taking June 21 and October 5 as representative hot and cold days in 2017 and 2018, we note the difference on June 21 between grass and xeric landscapes to be ~25 W·m−2 in 2017 and ~110 W·m−2 in 2018 in the peak time (10:00 a.m.–4:00 p.m.) with solar radiation ~1000 W·m−2 in both 2017 and 2018. For October 5 in both 2017 and 2018 the difference between landscapes was ~15 and the average solar radiation was ~750 W·m−2.




3.3. Wall Temperature and Relative Humidity


The relative humidity is the ratio of the current absolute humidity to the highest possible absolute humidity, which depends on the current air temperature. The effect of relative humidity on wall temperatures can be examined independently. The change in relative humidity can affect the thermocouple (E type) located on the wall. Figure 5 illustrates the relationship between measured relative humidity and the mean wall temperature. One can see that there is no certain correlation pattern between the curves. For 21 June 2017 we see positive correlation while other three plots indicate negative correlation. The effect could be better illustrated by plotting the difference in mean wall temperature of the two landscapes vs. relative humidity.




3.4. Air Temperature Surrounded and Wind Speed


Convective heat exchange to the walls, according to Equation (2), depends on the convective heat transfer coefficient and the wind speed because h is influenced by wind speed in addition to buoyant flow of air rising from the hot ground. In this case, we need to study the effect of wind speed and the surrounding landscape air temperature. Figure 6 illustrates this relationship between wind speed and surrounded air temperature, Tas. While it would be reasonable to expect that higher wind speed should narrow the wall temperature difference, this conjecture cannot be supported by the data in Figure 6.





4. Discussion


The experimental results show that cumulative average heat fluxes acting on the wall surrounded by the xeric landscape are 124 and 113 W·m−2 in June and August of 2017 and 149 and 151 W·m−2 in May and June of 2018. For the grass landscape in the same periods of time, the monthly average heat fluxes are substantially lower: 76 and 73 W·m−2 in June and August of 2017 and 83 and 73 W·m−2 in May and June of 2018. The difference between the grass and xeric landscape in June 2017 and 2018 is ~64 W·m−2. This means that urban areas are affected by this increase and cause an increase in the urban temperature. The building surrounded by the xeric landscape is also affected by the amount of heat transferred, which leads to an increase in the heat load inside the building. The lowest heat transfer month in both 2017 and 2018 years was October, as shown in Figure 3. The cumulative heat fluxes acting on the wall surrounded by the xeric landscape in Octobers of 2017 and 2018 were 56 and 26 W·m−2, respectively. The cumulative heat fluxes acting on the wall surrounded by the grass landscape during the same months were 14 W·m−2 in 2017 and 2 W·m−2 in 2018. These results are influenced by the heat capacities of the two landscapes and their retained heat. In other words, the xeric landscape stores heat during the hot daytime and radiates during nighttime. The xeric landscape has the highest heat exchange with the walls because of its elevated temperature and radiative properties. In this case, the xeric landscape adds between 150 to 100 W·m−2 in the hot season and 50 to 20 W·m−2 in the cold season to the building surrounded by the xeric landscape. This indicates that walls surrounded by the xeric landscape increase the temperatures in urban areas, and this causes the urban heat island impact [47]. This effect is also called the difference of land surface temperature (LST) in urban relativity [48].




5. Conclusions


The results presented in this study clearly show the effect of landscape on heat effects on a wall under a variety of real environmental conditions. While it is not possible to modify the landscape in built-up metropolitan areas, in single family dwellings, the landscape is generally under the control of the landowner, unless covenants or city ordinances prevent such choices. In consideration of the total effect of landscape choices, however, it would appear that xeriscaping is not necessarily the choice that minimizes both energy and water consumption. This argument is particularly germane in semi-arid areas where municipalities have encouraged conversion of lawns to xeriscape, solely based on water consumption devoted to lawns, shrubbery and trees. It is beyond argument that trees can have a very beneficial effect in shading of walls and roofs when the foliage has developed. Hence, there can be a discussion of the pros and cons of conversion to xeriscape based on the information presented in this study.
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Figure A1. Monthly average temperature for wall and air surrounded by different landscapes (grass and xeric) June 2017 to October 2018. 






Figure A1. Monthly average temperature for wall and air surrounded by different landscapes (grass and xeric) June 2017 to October 2018.
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Figure A2. Monthly average net radiation for different landscapes (grass and xeric) September 2017 to October 2018. 






Figure A2. Monthly average net radiation for different landscapes (grass and xeric) September 2017 to October 2018.
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Figure A3. Monthly average wind speed for different landscapes (grass and xeric) September 2017 to October 2018. 






Figure A3. Monthly average wind speed for different landscapes (grass and xeric) September 2017 to October 2018.
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Figure A4. Monthly average relative humidity for different landscapes (grass and xeric) August 2017 to July 2018. 






Figure A4. Monthly average relative humidity for different landscapes (grass and xeric) August 2017 to July 2018.
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Figure 1. Stucco covered wooden framed wall surrounded by turfgrass (a) and hardscape (b). 
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[image: Land 10 00733 g001]







[image: Land 10 00733 g002 550] 





Figure 2. The heat balance on the outside the wall. 
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Figure 3. Monthly heat transfer Q from different landscapes during 2017 and 2018 (daytime top and nighttime bottom) from June 2017 to October 2018. 
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Figure 4. Heat transfer and solar radiation from different landscapes on June 21, 2017 and 2018 (a,b); and on October 5 (c,d) in 2017 and 2019. 
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Figure 5. Mean wall temperature (Tw) and relative humidity on walls surrounded by different landscapes (a,b) in June and (c,d) in October 2017 and 2018. 
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Figure 6. Surrounding air temperature (Tas) and wind speed from different landscapes (a,b) in June and (c,d) in October 2017 and 2018. 
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Table 1. Monthly climate data and reference evapotranspiration for short grass (ETos) at the research site during 2017.
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Month

	
Temp Max

	
Temp Min

	
Temp Avg.

	
Precipitation

	
ETOS




	

	
C

	
F

	
C

	
F

	
C

	
F

	
mm

	
in

	
mm

	
in






	
June

	
36.6

	
98

	
20.0

	
68

	
28.3

	
83

	
1.3

	
0.1

	
242

	
9.5




	
July

	
34.3

	
94

	
21.2

	
70

	
27.8

	
82

	
82.3

	
3.2

	
213

	
8.4




	
August

	
32.8

	
91

	
19.7

	
68

	
26.3

	
79

	
45.0

	
1.8

	
186

	
7.3




	
September

	
31.8

	
89

	
17.3

	
63

	
24.5

	
76

	
6.9

	
0.3

	
158

	
6.2




	
October

	
27.2

	
81

	
11.9

	
53

	
19.5

	
67

	
24.4

	
1.0

	
130

	
5.1




	
November

	
23.4

	
74

	
6.8

	
44

	
15.1

	
59

	
8.4

	
0.3

	
78

	
3.0




	
December

	
16.2

	
61

	
0.1

	
32

	
8.2

	
47

	
2.3

	
0.1

	
51

	
2




	
Total

	

	

	

	

	

	

	
171

	
6.8

	
1058

	
41.5
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Table 2. Monthly climate data and reference evapotranspiration for short grass (ETos) at the research site during 2018.
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Month

	
Temp Max

	
Temp Min

	
Temp Avg.

	
Precipitation

	
ETOS




	

	
C

	
F

	
C

	
F

	
C

	
F

	
mm

	
in

	
mm

	
in






	
January

	
16.0

	
61

	
−1.0

	
30

	
7.5

	
45

	
0.3

	
0.01

	
67

	
2.7




	
February

	
19.1

	
66

	
3.6

	
38

	
11.3

	
52

	
15.8

	
0.62

	
84

	
3.3




	
March

	
22.6

	
73

	
6.3

	
43

	
14.5

	
58

	
1.5

	
0.06

	
138

	
5.4




	
April

	
27.8

	
82

	
11.4

	
53

	
19.6

	
67

	
0.0

	
0.00

	
198

	
7.8




	
May

	
33.1

	
92

	
14.9

	
59

	
24.0

	
75

	
0.0

	
0.00

	
228

	
9.0




	
June

	
36.9

	
98

	
20.7

	
69

	
28.8

	
84

	
14.7

	
0.58

	
241

	
9.5




	
July

	
35.3

	
95

	
21.4

	
71

	
28.3

	
83

	
46.7

	
1.84

	
200

	
7.9




	
August

	
34.6

	
94

	
21.2

	
70

	
27.9

	
82

	
26.9

	
1.06

	
183

	
7.2




	
September

	
24.6

	
76

	
31.3

	
88

	
17.8

	
64

	
36.8

	
1.45

	
129

	
5.1




	
October

	
23.2

	
74

	
11.8

	
53

	
17.5

	
64

	
57.67

	
2.27

	
87

	
3.4




	
Total

	

	

	

	

	

	

	
200

	
7.9

	
1555

	
61.3
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Table 3. Sensors used in the study to measure wall and air temperature, humidity, wind and radiation at the turf site (Location 1) and xeric landscape site (Location 2).
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	Measured Parameter
	Sensor Type
	Accuracy
	Brand, Model and Manufacturer Location





	
	(a)

	
Wall temperature






	Thermocouples
	± 0.5%
	Type E, REOTEMP Instruments Corp., San Diego, CA, USA



	
	(b)

	
Reference air temperature






	Rugged temperature probe
	± 0.2 °C
	107, Campbell Scientific Inc., Logan, UT, USA



	
	(c)

	
Air temperature






	Pendant temperature Data logger
	± 0.53 °C
	Hobo, UA-002, Bourne, MA, USA



	
	(d)

	
Relative humidity






	Temperature and relative humidity probe
	± 2%
	CS215, Campbell Scientific Inc., Logan, UT, USA



	
	(e)

	
Wind speed and direction






	Three-cup anemometer
	Range of 0 to 45 m/s (0 to 100 mph).
	014A, Campbell Scientific Inc., Logan, UT, USA



	
	(f)

	
Solar and far infrared radiation balance






	Blackened thermopile
	Spectral range: 0.2 to 100 μm

Directional error (0 to 60 °C at 1000 W m−2): < 30 W m−2
	NR-LITE2, Campbell Scientific Inc., Logan, UT, USA
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