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Abstract:

 Net radiation is an essential forcing of climate in the lower layers of Earth’s atmosphere. In this paper, radiation balance is measured in clay soil and green grass, and is compared with three urban materials. These materials: asphalt, concrete and white painted elastomeric polystyrene roofing sheet are widely used in Mexicali, Baja California, México. This study was carried out during August of 2011, the hottest time of the year. The 24-hour average values of net radiation found were: 137.2 W·m−2 for asphalt, 119.1 for concrete, 104.6 for clay soil, 152 for green grass and 29.2 for the polystyrene insulation. The latter two types of materials are likely to be the most effective in reducing urban heat island effects. This variation in the radiation balance has widespread implications for human living conditions, as land cover change tends to be towards surfaces that have higher levels of net radiation.
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1. Introduction

The energy that is known as net radiation has a significant influence on thermal comfort and negative health affects on humans, because may impact upon the potential energy used for maintaining indoor living spaces comfortably, meaning additional thermal energy use due to external factors in the city urban configuration [1,2]. Net radiation is a fundamental variable that determines the climate of the lower layers of the atmosphere and is dependent on the physics and chemistry of the atmosphere as well as the presence of clouds. Other factors include surface characteristics, such as: albedo, emissivity, temperature, humidity and thermal properties of the underlying soil. In climate zones with extreme summers such as the arid South Western United States and Northwest of Mexico it is undesirable to add any anthropogenic energy contribution. Such anthropogenic energy due to land cover and land use change the available energy because the net radiation at the Earth’s surface determines the amount of energy that can be used for physical and biological processes, such as evapotranspiration and air and soil warming [3,4,5].

Given the importance of this magnitude and its relation to landscape change, accurate measurements of net radiation are essential in studies of global and urban climate change. This net energy at the Earth’s surface plays a significant role in the surface thermal conditions and energy balance [6]. Over any landscape, whether modified or urbanized, the use of net radiation as a critical variable in models of surface-atmosphere exchange is routine but its measurement is not [7]. Therefore, the use of solar sensors is one of the best allied tools for the study of landscape and land use changes because they can provide important results for other land cover applications, such as agriculture and forestry [8].

Land cover changes such as urban landscaping, agriculture crops or hard scapes for building and parking lots promote variations in the energy and radiation balance. Compared to rural or natural land cover, urban surface characteristics result in increased surface runoff, reduced latent heat flux and increased sensible heat flux to the urban atmosphere, all of which affect human comfort and activity [9,10]. Knowledge of how vegetation and land cover influence energy exchange processes and thus the urban climate is essential in forecasting how ecosystems will react and respond to future physical and biological disturbances as designed or unintended consequences [11]. In particular, urbanization is one of the most extreme ways in which humans alter land cover and land use, as it results in dramatic differences after cities have been established. Urbanization provokes the most complete transformations of land cover, generating a complex spatial surface materials mosaic that is in part driven by real estate marketing and the consequences of planning policies [12]. Nevertheless, any modifications to natural features, such as landforms, soils, vegetation and flows of energy and water are closely related to ecological and social factors.

Due to the above listed modifications, the surface temperatures and near-surface air temperatures over urban patches are generally higher than those over rural areas, thus resulting in an urban heat island (UHI) [13,14,15]. Some factors at the meso-scale contribute to the development of an UHI, whereas other UHIs are related to natural factors, such as weather and location. Other factors are related to human activity, such as urban geometry and materials, anthropogenic heat flux and deforestation [16,17]. All of the aforementioned factors may induce varying amounts of energy in the interface between the atmosphere and the urban surface.

So in order to mitigate the effects of radiometric balance, i.e., the net energy, we have already documented that green roofs and cool roofs are commonly reported to provide urban heat mitigation potential, livability and sustainability of urban environments [18,19,20]. Consistently, Radhi et al. [21] found that white and light colored materials better cope with surface UHIs, that cool materials are beneficial in expanding solar regions and that materials with a low heat storage capacity are a significant atmospheric UHI reducer. This matches with the polystyrene results of this study. Additionally, Yahia and Johansson [22] reported an important effect caused by vegetation and landscape elements and their relationship with outdoor thermal comfort in a dry city; also, vegetation surface reduces ground night heat release and diurnal heat gain because it obstructs the flux of long-wave radiation between the urban surface and the lower atmosphere, even in cold cities [23]. These remarks coincide largely with the main findings from this research, especially the finding that insulated white roofs reflect most of the sunlight; they do not store energy and emit less heat both day and night, thus allowing less net energy in the lower atmosphere. For this reason, in this paper we are focusing on white painted elastomeric polystyrene roofing sheet and its urban climate benefits.



2. Method

To perform this research, the methodology was divided into two parts. In the first part, the design of the microclimate experiment was established. In the second, measurement campaigns were realized.


2.1. Description of the Study Area

This research was conducted in a semi-desert area located in northwestern Mexico, in the city of Mexicali, which is the capital of Baja California. Mexicali is located at 32.55°N, 115.47°W and four meters above sea level and experiences average July high temperatures of 42.2 °C and average January high temperatures of 21.1 °C. The population of Mexicali is 936,826 inhabitants [24,25]. In general this is an area with extreme climate conditions that are dominant both in northwestern Mexico and in the southwestern United States. The estimated 2030 population is 1,276,000 [26], a growth that indicates the importance of this research on urban radiation balance change.



2.2. Materials

One option to analyze the impact to the urban climate due to urban infrastructure is through the measuring of radiometric balance that can be performed with the radiometer NR01, an instrument that serves to measure the four separate components of the surface radiation balance, and has a high research degree reference compared with conventional past-generation net sensors. Net all-wave radiation (QN) consists of the balance of four radiation components in two wavelength bands: QN = KN + LN = (K↓+K↓)+(L↓+L↑), where KN and LN represent net shortwave radiation and net longwave radiation, and K↓, K↑, L↓ y L↑ are the downward shortwave radiation, upward shortwave radiation, downward longwave radiation and upward longwave radiation, respectively. The arrows denote the direction of the radiation flux densities: components transporting energy to the surface are positive, and those removing energy are negative: [27]. A CR3000 datalogger (Campbell Sci. Logan Utah, U.S.A.) was programmed to register the data from the sensor. To identify the materials used, the following abbreviations were used: native land (clay), asphalt (asp), concrete (con), grass and expanded polystyrene with white elastomeric paint (poly). The urban surface materials analyzed are described in Table 1.

Table 1. Coverage materials and measurement dates. Summer season.


	Material
	Measurements Dates





	Clay
	5–7 August 2011



	Asp
	9–11 August 2011



	Con
	12–14 August 2011



	Poly
	18–20 August 2011



	Grass
	24–26 August 2011












2.3. Experimental Design

The design for measuring radiation balance consisted a wooden box measuring 1 m × 1 m × 0.55 m deep to hold the materials to be tested. The construction of the box was made of wood because it has a low thermal conductivity value thus minimizing the thermal influence of the box boundary. Clay was evaluated first, and after urban land cover specimens of 1 m × 1 m were placed over this clay to be measured too. The studied materials included concrete, asphalt, grass and an expanded polystyrene sheet (0.05-m-thick) painted with elastomeric waterproof coating. The last material is widely used in Mexicali for roof insulation. Figure 1 shows the experimental arrangement.

Figure 1. Experimental setting for tests Concrete (left) and grass (right).
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2.4. Collection of Data

The four-component net radiation sensor NR01 was placed on the studied cover materials at a height of 0.20 m in the center of each specimen to obtain the visual range of the sensor regarding 1 m2 of each material placed. Shadowing effects, due to short distance between sensor and the surfaces, are the same throughout the experiment, its influences are constant and could slightly modify the magnitude but not the behavior. All five materials were tested in clear days for two days and then the second material for two days and so on. Sampling was every 5 minutes and those values were averaged every hour during the day. Another set of readings was taken during the next 24 hours to replicate, compare and obtain two representative days and was averaged for a single day.




3. Results

The data were grouped by radiative components. High values for this semi-arid location are recorded because of the sunny days [28,29]. Figure 2a shows the downward shortwave radiation and Figure 2b displays the upward shortwave radiation. The greatest percentage of reflection is exhibited by poly material due to its surface and insulation characteristics (Figure 2b), whereas the dark coverage of the asphalt absorbs highest quantities of radiation. The explanation of Figure 2c is that the atmosphere traps the energy emitted by the Earth and returns it to the planet surface in longwave, a phenomenon known as the greenhouse effect. At any particular time and place, L↓ is controlled by cloud cover, cloud type and depth, as well as ambient values of vapor pressure, temperature and atmospheric precipitable water [30]. Regarding the upward longwave of each surface (Figure 2d), poly and grass demonstrate similar behaviors and both emit the lowest thermal radiation. However, clay and asphalt surfaces emit infrared radiation with higher values.

Figure 2. Solar radiation flux: downward shortwave (a), upward shortwave (b), downward longwave (c) and upward longwave (d).
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Finally, Figure 3 shows the net radiation (RN). When considering all materials studied, this variable is smallest for poly.

Figure 3. Net radiation flux resulting from each material (QN).
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The results allow for comparisons and analysis. Figure 2a indicates that the weather on each day of testing was sunny with K↓ reaching 1000 W·m−2. The results highlight that the material that reflects the most shortwave energy over a 24-hour average is poly (−193.37 W·m−2), whereas the least reflecting material was asphalt (−43.61 W·m−2). As shown in Figure 2b and Table 2, the materials surfaces reflect solar radiation in the following ascending order: asphalt, grass, concrete, clay and poly. The last material exhibits pronounced differences from the other four specimens and reflects 66% of the downward radiation, whereas clay and concrete are in the same order (23% and 25%) and at the end asphalt with 14% (Table 5). Asphalt is the coverage that reflects the least solar radiation, and thus, it is one of the urban materials that store the most energy. This energy is then re-emitted as heat during the night, thus contributing significantly to the formation of urban heat islands [31]. On the other hand, poly and grass are the surfaces that contribute the least amount of thermal energy during a 24-hour average (Figure 2d). It is further noted that, although the averages of upward longwave radiation are between −511.77 and −554.29 W·m−2, the lowest longwave energy emissions were obtained with poly and grass, and the lowest QN flux was reported for the insulation surface, i.e., 29.28 W·m−2 (Table 2).

Table 2. NR01 solar components and net total radiation in W·m−2.


	Material
	K↓
	K↑
	L↓
	L↑
	QN





	Clay
	326.70
	−76.38
	413.77
	−551.76
	104.61



	Asphalt
	305.26
	−43.61
	433.13
	−554.29
	137.29



	Concrete
	302.47
	−74.47
	433.82
	−539.87
	119.14



	Poly
	291.24
	−193.37
	444.43
	−511.77
	29.28



	Grass
	281.51
	−63.83
	460.08
	−523.94
	152.06








Table 5. Average of NR01 components divided by K↓.


	Material
	K↑/K↓
	L↓/ K↓
	L↑/ K↓
	QN/ K↓





	Clay
	−0.23
	1.27
	−1.69
	0.32



	Asphalt
	−0.14
	1.42
	−1.82
	0.45



	Concrete
	−0.25
	1.43
	−1.78
	0.39



	Poly
	−0.66
	1.53
	−1.76
	0.10



	Grass
	−0.23
	1.63
	−1.86
	0.54










This conclusion may be associated with the thermal properties of these materials in that asphalt has high heat capacity and low diffusivity. Moreover, the poly surface exhibits exceptionally low heat capacity because it is an insulator and its diffusivity is high (Table 3) [32]. These thermal characteristics are desirable in pavements and cool roofs to mitigate the effects of heat islands in urban environment [33].

Table 3. Thermal properties of materials.


	Material
	Conductivity

W·m−1·K−1
	Heat Capacity

J·m−3·K × 103
	Diffusivity

m2·s1 × 106





	Clay
	0.25
	1.42
	0.18



	Asphalt
	0.75
	1.94
	0.38



	Concrete
	1.51
	2.11
	0.72



	Exp. Poly.
	0.03
	0.02
	1.5



	Grass
	-
	-
	-










Table 4 displays the four components normalized with respect to the net radiation energy during each experiment. It can be observed that K↓ is almost 10 times greater than the QN (Table 2, 291.24/29.28 = 9.94) for poly. This surface reflects the higher value (Table 3, 193.37/29.28 = 6.60). Furthermore, this material has a high rate of thermal emission from its available low net radiation (Table 2, −511.77/29.28 = 17.47).

Table 4. Average of NR01 components divided by QN.


	Material
	K↓/QN
	K↑/ QN
	L↓/ QN
	L↑/ QN





	Clay
	3.12
	−0.73
	3.95
	−5.27



	Asphalt
	2.22
	−0.31
	3.15
	−4.03



	Concrete
	2.53
	−0.62
	3.64
	−4.53



	Poly
	9.94
	−6.60
	15.17
	−17.47



	Grass
	1.85
	−0.41
	3.02
	−3.44










As could be observed in Table 5, the columns that identify the largest differences are K↑/K↓ and QN/K↓, especially for poly because these ratios depend mainly on the downward shortwave component.





4. Discussion

At this point the discussion could be focused on the components that explain the materials behavior in short time due to its prompt response, i.e., the shortwave components K↓ and K↑. The longwave radiation is difficult to analyze in short cycles and is very complex for some aspects among them advective influences, surrounding surfaces, thermal materials properties, but despite these mentioned aspects we can deduce from Table 2 that the averages −511.77 and −523.94 and the mathematical model of Stefan-Boltzmann, that surface temperatures for poly and grass were the lowest of all tested materials because upward longwave flux is a function of emissivity and surface temperature. Downward longwave is a function of the atmosphere condition and therefore long period analyses are necessary to explain its impact. Since the measurements dates are not same, the values of K↓ and L↓ have differing initial values. Nevertheless, when a t-test is carried out, the mean difference (0.05 significance level) between the values of the downward shortwave radiation indicates no significant statistical difference. Measurements of the downward longwave radiation exhibited no significant difference in the measurements of asphalt, concrete, and poly. Even so differences were found between grass and clay. As was mentioned before, measurements were taken during clear days, but there are factors such as water vapor content and atmospheric aerosols (GHG) that may have a contribution to the differences. Figure 2 and Figure 3 present the radiation balance of each surface, where these figures have a similar behavior respect to daily pattern of K↓, and QN, with the highest records at solar midday for most surfaces. Withal, poly surfaces in terms of QN differ with respect to the rest materials tested, by the smallest value and the delay time at its maximum value. Upward shortwave radiation K↑, as a function of reflectivity, shows a diurnal behavior dependent on the subjacent surface and the angle of inclination of the solar rays. Upward and downward longwave radiation does not show the characteristic waveform of the other fluxes and display slightly more variation in the upward longwave radiation.

Despite that the experimentation was realized in different days, the results shown are clear about what each surface brings to the shortwave radiation because the behavior of the upward component depends on the irradiation and reflectance. In order to deepen the analysis of each radiative component in their respective day of experimentation, each was normalized respect to QN and K↓. We can see that for each component poly acquires a very high proportion of QN (Table 4) and moreover, only K↑/K↓ has a very high ratio and QN/ K↓ a very low ratio (Table 5).

The results indicate that, after the radiative balance was calculated, the material with the least net energy was the most highly reflective material (poly). Contrary to this, the materials with the greatest amount of net flux were the least reflective materials (asphalt, concrete and clay). This finding is consistent with the data presented in Figure 2d, Figure 3 and the tables presented. Poly was also relevant in a previous study in which all net energy became sensible heat flux mainly (QN = Qh) [34]. Grass represents a heat sink because it has the lowest thermal emission values (Table 4 and Figure 2d).

This research has been developed at a micro scale with some limitations due to the set-up of arrangement experimental. The next step in this research study will be to repeat the testing in this same city, at a period of 30 days, on a larger scale (92,700 m2), this will require cranes to install the radiometric sensor at a height of 20 meters on a complex of 306 houses with white roofs (32% of insulated and waterproofed with elastomeric white paint) in which the houses have the same design and will be compared with an old urbanized area with heterogeneous surfaces and houses designs (172 houses with the same grid of 92,700 m2 and 14% of white-insulated roofs). Additionally, eddy covariance and thermography equipment will be installed. The simultaneity of the proposal study will minimize uncertainties in longwave components, the effects of shading by radiometric sensor positioning, and advective influences will may discussed on the new study areas. So, the new findings would help planners and designers to minimize the thermal impact in Mexicali.



5. Conclusions

In summary, a suitable combination of poly and grass (or green bodies) with other urban materials could help to minimize the urban thermal impact, such as the urban heat island, because both emit less outgoing longwave radiation. In particular, poly is a convenient way to increase the surface reflectance of the city and can be a compensating factor to minimize the thermal impact due to dense materials such as asphalt and concrete. It is evident that more measurements with NR01 are necessary because the observations are definitely rather too short to issue a recommendation on the most suitable materials for further urbanizing in Mexicali.
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