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Abstract

:

Extreme summertime heat is becoming a major issue for aircraft operations. As global temperatures continue to rise, some of the heaviest planes on the longest flights may eventually be unable to depart during the hottest part of summer days. During summer days, some airports have to reduce the payload of aircraft, including cargo and/or passengers in the hotter days of summer. Nonetheless, there is no existing body of research on the potential for airport cooling. Furthermore, extreme heat on the ground also affects airport workers; loading and unloading luggage and servicing platforms between flights could become more arduous. With global warming proceeding, it is becoming increasingly urgent to find a suitable strategy to cool airport environments, perhaps by irrigation of a vegetated landscape. All airports have large enclosed areas (usually of grass) acting as a buffer between airport activities and the adjacent industrial, commercial and residential land utilization. This paper describes the trial of irrigating the buffer area of Adelaide airport and analyzes the performance of irrigation cooling for Adelaide airport, examining whether this can benefit human thermal comfort. Results indicate that irrigation provides cooling, and the cooling effect reduces along with the increasing instance from the middle of the irrigation area. At 15:00, the average air temperature was 1.8 °C cooler in the middle of the irrigation area than in the non-irrigation area, and the relative humidity was 5.8% higher during the trial period. On an extremely hot day (the maximum air temperature was 45.4 °C), it was 1.5 °C cooler in the middle of the irrigation area than upwind the of irrigation area, and 0.8 °C cooler than downwind of the irrigation area at 13:00. Human thermal comfort (HTC) is unfavorable in the runway, but greater improvements can be made through promotion of irrigation.
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1. Introduction


Constant rise in urban temperature is a critical issue and challenge for scientists and urban planners, presenting a need to adapt control measures. Urban greening has been a key strategy in promoting urban cooling [1,2]. In light of the rising temperatures due to climate change and the urban heat island (UHI) [3,4], it is important to recognize the role of irrigated public open space as a mitigating strategy for reducing urban heat and promoting human thermal comfort (HTC) [5,6]. In a previous study, simulation data analysis results showed that the combination of water bodies and vegetation had a synergistic cooling effect [7,8]. Public open spaces have a unique role in climate change adaptation in several ways. As reported earlier by Lloyd et al. [9], the Australian government have devoted a great deal of human, material and financial resources to water-sensitive urban construction in recent years. Water-sensitive urban design (WSUD) is ‘a thoughtful way of urban design which is to minimize the hydrological influences of urban development on the adjoining environment’ [8,9,10]. Stormwater management is a part of the WSUD approach that aims at collecting stormwater to supply water sources for non-potable uses [3,10]. Water-sensitive urban design technologies could be used to retain and/or re-integrate stormwater in the urban environment, thereby promoting evapotranspiration, and providing valuable urban cooling [11,12]. It has begun to gain traction as a sustainable urban water management approach, and certain cooling benefits have been recently elaborated [13,14]. However, opportunities to use cooling in an applied way to improve safety and economics, for example, of transport systems, have not yet been explored very well.



Generally, each major city has an airport, and many of them have more than one. All airports have large enclosed areas (usually of grass fields) acting as a buffer between airport activities and the adjacent industrial, commercial and residential land utilization. The principal intention of the buffer area is to safeguard security of the airport activities, and to reduce the public exposure from high frequency and levels of noise [15]. This buffer area must be designed and managed in a way that does not hinder airport operations, including mitigating the risk of bird strike, flooding and the generation of dust. The utilization of this buffer area needs to satisfy the airport operation, the airline operators and the civil aviation regulators [16]. Most global cities and airports are dealing with low-density air and an increase in aircraft operational performance for geographical reasons of climate and altitude. Nevertheless, climate change can make the situation even worse. Extreme heat is one of the apparent characteristics of climate change [17]. In a previous study [18], Steffen et al. pointed out that approximately one third of the world’s population is currently exposed to dangerous heat waves for more than twenty days per year due to global warming. Researchers found that extreme heat also has an impact on airport operations to the extent that extreme summertime may lead to a loss in aircraft maximum takeoff weight by 5% and a reduced payload of 1% as a global average [19]. Research studies have proved that at higher temperatures, air has a lower density. Therefore, aircraft engines need to generate more thrust to take off (Figure 1).



A previous study examined the negative impact of extreme summer temperatures on aviation through a modelling approach for Phoenix airport [20,21]. In reality, more than 40 flights were cancelled when the temperature increased to about 48.9 °C in Phoenix, Arizona on 20 June 2017, because it was too hot for the planes to fly. Finding ways to generate cooling air at airports is very significant for safety and economics reasons. With global warming proceeding, it is becoming increasingly urgent to find a suitable strategy for cooling the surrounding environment at airports. Coffel et al. [22] have also reported in their study that a steadily rising mean and extreme temperature due to climate change can impact air transportation in coming decades. They reported that as temperature rises at a constant pressure, air density declines, which results in less lift generation by an aircraft wing at a given airspeed, potentially imposing a weight restriction on departing aircraft [22].



Adelaide is a center of managed aquifer recharge (MAR) using the aquifer storage and recovery (ASR) method of MAR [23,24]. There are more than 30 ASR schemes operating around Adelaide, most of which are used to collect stormwater [25]. Therefore, a significant proportion of urban run-off is captured rather than being discharged to the sea. The Adelaide airport stormwater ASR scheme has been running since May 2015. Stormwater is harvested from the nearby Brownhill Creek and injected into the Tertiary 2 aquifer located 200 m underground. South Australian Water (SAW) has an Environment Protection Authority (EPA) licence to inject 300 million litres of stormwater per year from the creek into the T2 aquifer, via four bores, and an approval to extract 270 million litres per year from these bores following injection. Adelaide has some of the highest summertime temperatures experienced in any Australian capital city according to the Bureau of Meteorology database [26]. The average summertime mean maximum temperature is 30.5 °C for Adelaide, compared to 27.5 °C for Melbourne and 27.3 °C for Sydney. An earlier study suggested that large scale irrigation can modify the local climate, and especially at arid or semi-arid locations [27]. There is a unique opportunity to cool the airport and surroundings by reusing stormwater from the ASR scheme to irrigate the vegetation in the buffer area of Adelaide Airport. A two-round trial was established at the Adelaide international airport to enable the quantification of the benefits associated with irrigating open space using stormwater from the ASR scheme. The aim of this trial is to quantify the performance of irrigation cooling for Adelaide airport and to examine whether this can benefit human thermal comfort.




2. Materials and Methods


2.1. Experimental Site


The experimental site of Adelaide Airport is located near the storm water aquifer storage and recovery (ASR) distribution network. It contains a 3.5 ha irrigation area (blue area in Figure 1) with a surrounding unirrigated control area (Figure 2). With the pressure available from the ASR distribution system pump station, the cannon sprinkler head has a radial throw of around 37 m. The irrigators are equipped with a 250 m hose reel that enables irrigation coverage of just over 3.5 ha.



Storm water distribution pipelines for the trial were connected, and the trial grass areas were established in SAW during earlier work. The first round of irrigation commenced in mid-December 2015 and continued until the end of April 2016. The second round of irrigation trial, undertaken from November 2017 to the end of May 2018, applied 5 L/m2 water over a period of four hours from 23:00 to 05:00 on specified days. Due to the potential risk of attracting birds to the airport, the irrigators were only operated during the mandatory Adelaide Airport aircraft curfew period between the hours of 23:00 and 05:00. In addition to instruments from the previous SAW trial, a network of microclimate stations was established by Monash University on and adjacent to the irrigation plot.



Relevant data were acquired by Campbell Scientific automatic weather stations (AWS), a Hobo Logger cluster and an eddy covariance (EC) system. The current study mainly focused on three important and representative areas at Adelaide Airport: the irrigated area (Figure 2), the non-irrigated area (all other grassed areas) and the runway. The three main temperature measures used were land surface temperature (LST), air temperature, and physiological equivalent temperature (PET). Air temperature is an objective measure of the atmospheric thermal environment and often used as a key measure for heat health thresholds and to characterize energy use demands in urban areas [28]. It is also important to consider human thermal comfort (e.g., PET), as it is essential for creating thermally comfortable environments and is a better indicator of heat stress than air temperature at the airport. The observation periods of each set of equipment are shown in Table 1.




2.2. Automatic Weather Stations (AWS) Analysis


AWSs (CR1000) were used in the second trial, AWS 1 was in the middle of the irrigation area, and AWS 2 was located at the airport apron as shown in Figure 3. The daily average, daily minimum, and daily maximum air temperature/surface temperature/relative humidity along with 15 min measurements were collected and stored in the equipment. The AWS 2 on the apron was purposefully deployed with instruments that allowed for human thermal comfort (HTC) indices to be calculated close to where airport workers undertake their duties.




2.3. Hobo Logger Cluster Analysis


In the earlier trial (trial 1), to compare the cooling effectiveness between the irrigated and non-irrigated area, a total of 43 Hobo Logger sites were used (Figure 4) during the summer of 2015–2017. However, issues with the mounting structure caused 7 of these to have repeated failings of the mounting structure, which for air crash safety reasons, were designed to collapse easily under lateral pressure. The loggers and solar radiation shields were placed at a height of approximately 1.2 m above the ground surface. The loggers were configured to take a temperature and relative humidity reading every 5 min. Sensor data were manually downloaded monthly and stored on a PC for later analysis.




2.4. RayMan Model


In current study, physiological equivalent temperature (PET) was used as the key measure for human thermal comfort (HTC). The RayMan model was used to calculate PET [29]. Hourly average air temperature, mean radiant temperature (MRT), wind speed, and relative humidity were used to calculate hourly PET for each AWS. The mean radiant temperature was calculated from black globe temperature, air temperature and wind speed. The following variables were used for all PET calculations in this research: height = 1.75 m, weight = 75 kg, age = 35, sex = male, clothing = 0.6, and activity = 80 W. The clothing value of 0.6 is equal to somebody wearing trousers and a long-sleeved shirt.





3. Results and Discussion


3.1. Variability of Air Temperature between the Irrigated and Non-Irrigated Area


Using data collected in the first-round of trial, temperature and humidity data from 20 December 2015 to 11 April 2016 were analyzed. The contour maps of mean average air temperature and relative humidity at 1.2 m during the whole four months period at 05:00 and 15:00 are shown in Figure 5 and Figure 6 (the black rectangle is the irrigation area). The contour maps were creating by four steps: triangulation, linear interpolation, drawing of contour lines and connecting.



There was a substantial difference in air temperature and relative humidity across the site in daytime and nighttime (Table 2). At 05:00, the average air temperature was 1.4 °C warmer in the middle of the irrigation area at Hobo no. 24 than at Hobo no. 41 in the non-irrigation area, and the average relative humidity was 4.8% lower. At 15:00, the average air temperature was 1.8 °C cooler in the middle of the irrigation area at Hobo no. 24 than at Hobo no. 2 in the non-irrigation area, and the relative humidity was 5.8% higher. Previous research has found that pavement watering is an effectual approach for limiting maximum daily heat stress in urban roads, which observed maximum effects of up to 0.79 °C reduction in 1.5m air temperatures and a 4.1% increase in 1.5 relative humidity [30]. In the current study, the cooling effectiveness of irrigating the grass in buffer area in daytime and nighttime was compared. Irrigation can provide cooling and moisturizing effects in daytime, and an opposite effect in nighttime. Compared to the airport area, Lee et al. (2018) [31] conducted a study on temperature reduction by water spray systems within urban street canyons and noted that the most effective cooling area was the area just under the spray nozzles. However, in a narrow street canyon, people in the middle of the street may feel the cooling effect because of the dispersion and accumulation of cooled air. Simulations demonstrated that air under the nozzles was saturated, and this revealed that under drier conditions, the water spray systems will have a higher cooling performance. It was also found in this study that using large water droplets created a wider cooling area in the middle of the street canyon [31].



With the large number and spatial spread of Hobo loggers, the air temperature at 1.2m of each hour during the entire period of four months were analyzed. At 13:00 on 31 December 2015, the highest air temperature was 45.4 °C at Hobo no. 41, shown in Figure 7 (the black rectangle is the irrigation area). The lowest air temperature was 37.2 °C at Hobo no. 30 in the irrigation area. The difference between the highest and lowest was 8.2 °C. These observations show that irrigation can provide a significant cooling effect on extremely hot days.



To investigate the temperature differentiation across the trial area, the hottest day was selected and assessed in detail to investigate the temperature differentiation between the irrigation and non-irrigation area. The air temperature (1.2 m above surface) and cooling effect from 00:00 to 24:00 on 31 December 2015 are shown in Figure 8. The wind direction was north-west on this day. Three sensors along a transect were used for this assessment: Hobo no. 12 upwind of the irrigation area, Hobo no. 25 in the middle of the irrigation area, and Hobo no. 19 downwind of the irrigation area (Figure 4).



There was a substantial difference in air temperature across the site on 31 December 2015. At 03:00, it was 3.4 °C warmer in the middle of the irrigation area than upwind of irrigation area and 2.4 °C warmer than downwind of the irrigation area. At 13:00, it was 1.5 °C cooler in the middle of the irrigation area than upwind of the irrigation area, and 0.8 °C cooler than downwind of the irrigation area. The temperature was much lower in the middle of irrigation area than the non-irrigation area in the daytime. In conclusion, these finding revealed that there was a substantial difference in air temperature across the site. Although there was only a limited range of cooler air, as shown by the downwind temperature being slightly higher than the middle temperature, the influence from the evapotranspiration within the irrigation area can provide a significant cooling effect for this area. The results of a previous study also generally showed a warming process and an acceleration of the atmospheric evaporative demand, which took place since the mid-1970s. The latter had a significant positive trend, while the period before the break point of the 1970s had a cooling effect. Moreover, the warming effect was more pronounced for minimum temperatures [32]. The current results are also consistent with previous work where similar trends for heat mitigation by irrigation in urban areas were reported [33,34].




3.2. Comparison of AWS Data from the Airport Apron and Irrigated Areas of Adelaide Airport


Paved surfaces play a crucial role in the daily operation of the airport because they provide areas for aircraft operation and maintenance. Land surface type (LST) measurement is a relatively straightforward way to assess the effect of land surface types (e.g., paved/built surfaces such as in a city or on an airport runway) on local climate.



3.2.1. Land Surface Temperature, Air Temperature and Relative Humidity


Land surface temperature (LST) is an effective way to capture and assess built surface temperatures with extensive spatial coverage, like a runway. Land surface temperature and air temperature are highly correlated, and, therefore, the LST is a convenient way to capture spatially comprehensive temperatures over built and/or urban surfaces [12,31]. Air temperature is an important metric because it is an objective measure of the thermal environment in urban areas. Furthermore, air temperature is often used as a key measure for heat health thresholds and to characterize energy use demands in urban areas. Land surface temperature, air temperature and humidity data above the airport apron (AWS 2) and irrigated grass (AWS 1) from 2 February 2018 to 25 February 2018 were analyzed. Figure 9 and Table 3 show the overall results from the AWS measurements during this period.



During the daytime, the average air temperature, relative humidity and land surface temperature in the apron were 29.9 °C, 31.1% and 42.8 °C, respectively. In contrast, the average air temperature, relative humidity and land surface temperature in the irrigated area were 27.8 °C, 36.5% and 31.1 °C, respectively. Between 7 and 8 February, the air temperature reached 37.9 °C, and the land surface temperature reached 56.5 °C. Comparing the land surface temperature in the runway and in the irrigated grass, on all days, the maximum land surface temperature of each day was much higher in the runway than in the irrigated grass (Figure 9). An earlier study also observed that water-sensitive urban design facilities and irrigation can reduce surface and air temperature, as described in previous research [13]. An earlier study reported that the surface temperature can drop by an average of 5.9 °C in the afternoon and increase by 2.3 °C in the morning by watering the pavement [33]. In a follow-up study, the influence of the runway by cooling the airport buffer area will be simulated by a modeling approach.




3.2.2. Physiological Equivalent Temperature (PET)


The AWSs were purposefully deployed with instruments that allowed for HTC indices to be calculated. It is important that both air temperature and HTC were considered simultaneously, as HTC indices are affected by meteorological variables other than air temperature. PET is considered as the most comprehensive bio-meteorological index to assess the outdoor human thermal environment, as it is based on the human energy balance and thermo-physiological concepts [34,35]. The physiological equivalent temperature also has the advantage of a widely known unit (°C), which makes the PET index more comprehensible [36]. HTC indices such as PET show the specific meteorological and non-meteorological processes that lead to discomfort. The data from 7 to 9 February were selected to analyze HTC (Figure 10), as these were the three sequential extremely hot days (temperature > 35 °C). At 15:00, the average PET on the runway apron was 43.7 °C and the average air temperature was 34.9 °C. The daytime PET was much larger than air temperature. The reasons that PET was significantly large are related to the fact that HTC is affected by unfavorable MRT, wind speed and relative humidity in the runway. Overall, the magnitude of PET variability was greater than air temperature, and the general pattern of PET was similar (with some notable differences) to the observed air temperature variability. Comparing the PETs among the runway and irrigated grass, the daytime (08:00–20:00) average PETs were 39.3 °C and 33.8 °C. Irrigating the grass can improve HTC in the daytime. Nevertheless, the magnitude of nighttime PET variability was found to be smaller than daytime PET, with an average range of 2.4 °C and an average daily variability of 5.5 °C.



Water-sensitive urban design features can provide positive benefits for improving HTC and thermal comfort assessment (TCA) through reductions in air temperature and surface temperature, but important enhancements can also be obtained through amplifying the effect of shade and ventilation [13,37,38]. Other studies explored the role of street trees in cooling the urban microclimate and improving HTC, and noted that street tree canopies increases the cooling effect as street canyon geometry shallows and broadens [38,39]. However, in this study, HTC has a lesser effect of shade and ventilation in the airport apron, which is an open area without trees. Thus, air temperature and surface temperature are the two major parameters for HTC in the airport apron.






4. Conclusions


The MAR captures urban runoff and stores more water underground. This has positive advantages for urban ecology and flood mitigation. Therefore, decreasing stormwater and greywater discharge into urban watercourses should undoubtedly be conducted, regardless of the thermal benefits. ASR schemes can be used to capture and store stormwater and greywater supplies. This water can then be re-integrated during heatwave conditions to provide cooling effectiveness. Findings revealed that irrigation provides cooling, and the cooling effect reduces along with the increasing instance from the middle of the irrigation area. Consistent temperature differences were observed between the irrigated and unirrigated areas at the experimental site during trial experiments. Temperature difference on extreme hot days tended to be larger, and it might be expected that this could have a significant influence on the airport operation if the entire buffer area was irrigated. It is also expected that full expansion of the irrigation area across the airside land could achieve a greater reduction in air temperature, as the influence from the current unirrigated areas could be reduced. This could be simulated and quantified in the following trials through modelling approaches. Human temperature comfort was also unfavorable in the runway, but greater improvements can be made through promotion of irrigation. The AWS data show that the peak value of PET was much larger than air temperature, which could be related to small amounts of shade in the runway. As PET is influenced by some basic weather parameters, such as air temperature, mean radiant temperature (MRT), wind speed and relative humidity, irrigating the buffer area can help improve HTC through reducing air temperature in the runway.
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Figure 1. The influence of temperature on aircraft (Retrieved from https://www.nytimes.com/2017/06/20/business/flying-climate-change.html). 
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Figure 2. Irrigation trial site in relation to the Adelaide Airport land parcel (Adapted from Nearmap, 2017). 
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Figure 3. The location of AWS sites during the second trial (the irrigation area is located within the blue rectangle) (Adapted from Nearmap, 2017). 
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Figure 4. The location of Hobo Loggers during the 2015–2017 trial (irrigation area located within the blue rectangle) (Adapted from Google map, 2015). 
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Figure 5. Contour maps of average 05:00 (a) and 15:00 (b) air temperature (°C) for the irrigated portion of Adelaide airport for the period of from 20 December 2015 to 11 April 2016. 
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Figure 6. Contour maps of average 05:00 (a) and 15:00 (b) relative humidity (%) for the irrigated portion of Adelaide airport for the period of from 20 December 2015 to 11 April 2016 
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Figure 7. Contour map of air temperature (°C) at 13:00 at Adelaide airport (on 31 December 2015). 
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Figure 8. Temperature (a) and differential (b) from upwind to downwind between the irrigation and non-irrigation area (on 31 December 2015). 
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Figure 9. Relative humidity (a), air temperature (b), and land surface temperature (c) data from 2 February 2018 to 25 February 2018 of AWS 1 and 2. 






Figure 9. Relative humidity (a), air temperature (b), and land surface temperature (c) data from 2 February 2018 to 25 February 2018 of AWS 1 and 2.



[image: Sustainability 12 08123 g009]







[image: Sustainability 12 08123 g010 550] 





Figure 10. Physiological equivalent temperature (PET) in the runway and grass from 7 February 2018 to 9 February 2018. 
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Table 1. A summary of the observation periods.
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	No.
	Equipment
	Date
	Note





	1
	Hobo Loggers 1–43
	8 December 2015–11 April 2016
	First round trial



	2
	AWS 1–2
	1 February 2018–1 March 2018
	Second round trial
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Table 2. Averages over the observation period of from 20 December 2015 to 11 April 2016.
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Station

	
Air Temperature (°C)

	
Relative Humidity (%)






	
05:00

	
Hobo no. 24

	
17.2

	
74.0




	
Hobo no. 41

	
15.8

	
78.8




	
Difference

	
1.4

	
4.8




	
15:00

	
Hobo no. 24

	
25.2

	
50.7




	
Hobo no. 2

	
27.0

	
44.9




	
Difference

	
1.8

	
5.8
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Table 3. A summary of the observations from AWS 1 & 2.






Table 3. A summary of the observations from AWS 1 & 2.





	
Title

	
Air Temperature (°C)

	
Land Surface Temperature (°C)

	
Relative Humidity (%)




	
Apron

	
Irrigated Grass

	
Apron

	
Irrigated Grass

	
Apron

	
Irrigated Grass






	
Whole period average

	
23.7

	
23.6

	
31.6

	
23.1

	
51.6

	
57.3




	
Daytime average

	
25.5

	
24.9

	
37.4

	
27.9

	
47.0

	
52.3




	
Daytime average (max temperature over 30 °C)

	
29.9

	
27.8

	
42.8

	
31.1

	
31.1

	
36.5




	
Maximum

	
37.9

	
37.2

	
56.5

	
43.5

	
93.7

	
95.5




	
Minimum

	
11.0

	
13.7

	
17.6

	
8.2

	
16.3

	
19.4
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