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Abstract

City temperatures are rising, a phenomenon known as the Urban Heat Island (UHI) effect. The

research examines the role of the color of landscape gravel in the mitigation of the UHI effect in

cities. The three treatments of light-colored gravel, dark-colored gravel, and no gravel were

tested over three days. Treatments’ temperatures logged by sensors every 15 minutes at 14.5 cm

above the surface (= the air temperature), 2 cm below the surface (= surface), and 12 cm below

the surface (= soi). Differences in air, surface, and soil temperatures were tested for significance

by a Generalized Linear Mixed Model in their warmest and coolest 3-hour period. Contrary to

the prediction that the high albedo characteristics and lower emissivity of light-colored gravel

would have the lowest air, surface, and soil temperatures during both day and night, the results

showed that no single treatment reduces these temperatures during their warmest and coolest

periods, but shows a trade-off. White gravel resulted in significantly higher air temperatures

during the day, but the coolest at night. Dark gravels resulted in the hottest surface temperature

during the day and the coolest at night. With regard to the UHI, the results suggest no gravel is

the best treatment. The daytime air temperature above the no-gravel treatment was about 2 C

cooler than other treatments. During the coolest period, the no-gravel treatment was the warmest,

but only by 0.2 C. Since the experiment was during fall, differences in the warmest air

temperature would be amplified during summer.
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Introduction

Most large cities in the United States have been warming twice as fast compared to the

global warming rate (Stone et al., 2012). Tucson is one of the cities with the highest exponential

population growth and urbanization rates in the Southwestern United States. As shown in figure

1, the average mean temperature of Tucson shows the warming trend rate of 2.5 ℃ for this

century. In recent years, the heat island phenomenon has been responsible for 75% of the

observed warming in Tucson (Comrie 2000). The city experiences the impact of urbanization

through the urban heat island phenomenon. This phenomenon is defined as the high heat

capacity of surfaces in urban areas relative to their ability to absorb heat and the heat distribution

to the environment compared to rural areas.  The effect of urban

heat islands due to urbanization and population boom in Tucson was

studied from 1969-1998 by Comrie (2000). When looking at the

minimum temperature of Tucson urban versus Tucson rural weather

stations, urban stations showed a 73% higher increase (2.9 C rise

versus 0.7 C rise) (Comrie 2000).

Adverse effects of the urban heat island phenomenon to

cities include increased electricity consumption and decreased health. A one-degree Celsius

increase in ambient temperature may require between 0.5% and 8.5% increased power

consumption (Santamouris et. al, 2015). Consequently, the rise in temperature caused by the

urban heat island phenomena means increased electricity consumption. The urban heat island

phenomenon also causes the nighttime increase in temperature in urban islands. Long-term air

conditioning usage causes environmental impacts, such as utility companies increasing fuel

consumption to meet energy demands, leading to excess emissions and heating, a feedback loop
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that worsens the problem (Salamanca et. al, 2014). The urban heat island effect can also even

cause death due to the intensity of the heat. (Heaviside, 2017; Tan, 2009).

The urban heat island effect can be explained in the concept of solar energy. Solar

radiation is the amount of radiant energy emitted by the sun on the earth. About 31% of this

energy is scattered and radiated back into space while the rest passes through the atmosphere.

The energy that passes through the atmosphere is absorbed, dispersed, and reflected via clouds,

gasses, and evaporation. This process is called diffuse solar radiation. The remaining solar

radiation reaches the earth's surface and is absorbed in a process called direct beam solar

radiation. The absorbed energy then radiates back to space through the thermal emission of

energy. The heating of the land surface during the day is conducted onto the ground and released

at night. "Averaged over day and night, the net absorption of radiation is largely balanced by

fluxes of energy that the land surface delivers to the atmosphere" (Dickinson 2003). This

influences the climate, in which the more the land surfaces absorb the incident solar radiation,

the more it emits thermal energy to the atmosphere.

Factors that lead to increased urban heat islands are the physical properties of landscape

surfaces such as low albedo, high thermal capacity, and little vegetation for evapotranspiration

(Taleghani et. al, 2019). Albedo is a measurement of the reflection of solar radiation by a surface

(Dickinson 2003). Low albedo means the surfaces absorb the solar radiation and store it, leading

to warmer temperatures for the earth's surfaces. Plants reduce the sensible heat flux (by shading)

and promote latent heat flux (by evapotranspiration), which further cools down the environment

(Taleghani et al., 2019). In summation, the increase of urban heat islands is partly due to

decreased albedo in urban areas, which arises from the lack of vegetation and the physical

landscape of the given city.

2



Many methods have been proposed to respond to the demand for energy-efficient

methods to cool off the outdoor environment. These include reflective surfaces, urban design,

and urban greening (Leal Filho et al., 2018). In general, these methods aim to change the land

cover, especially planting trees and shrubs (Taleghani et al., 2019; Stone et al., 2012). In Tucson,

however, increased vegetation is less feasible due to a lack of water resources. Therefore,

increasing the albedo of urban surfaces is less water-intensive and more straightforward than

other proposed methods. However, there have not been many studies on this factor (Leal Filho et

al., 2018). In this project, the proposed method for landscape modification against the urban heat

island phenomenon examines the role of the landscape gravel in the proposed method of high

albedo in mitigating heat effort in cities. In turn, inform homeowners and the private sector to

help regulate the thermal absorption of heat on their properties by their choice of landscaping.

High albedo, light-colored gravels, by definition, has high solar reflectance, which is the

proportion of incoming energy of all wavelengths, that is reflected by the surface. Since high

albedo surfaces radiate instead of absorbing heat, they are cooler in temperature. The albedo

factor of light-colored gravel reduces net incoming shortwave energy, which reduces the amount

of energy absorbed by the surface and radiates back to space as longwave radiation, resulting in a

lower surface temperature and less sensible heat transfer (Campra, 2008). In a model simulation

study, increasing albedo by 50% decreased the temperature (at 1.5 m above ground level) by 0.01

to 0.06 C of Seoul, Korea (Wie et al., 2020). This study suggests that increasing the albedo factor

of the landscape as a whole can lower the temperature (Wie et al., 2020). The light-colored

reflective surface can potentially increase the albedo of cities through reflectance, thereby

reducing local heating effects (Leal Filho et al., 2018).
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Landscape gravels are commonly used around houses and urban areas. This research

project aims to assess three experimental treatments of light-colored and dark-colored gravel,

and no gravel in keeping the ambient temperature cooler in Tucson. Furthermore, which color of

gravel is best for reducing the urban heat island effect and whether the proposed heat mitigation

plan of increasing the albedo factor in the city is efficient. The research question considers

whether the color of gravel affects the surface, air, and soil temperature of landscape gravel and

the influence of this relationship on these temperatures between day and night. In prediction, if

the usage of lighter-colored gravel is implemented, the lighter-colored gravel, due to higher

albedo and lower emissivity, would result in lower daytime temperatures of surface and soil

while the air temperature would be  slightly hotter. Air, soil, and surface temperatures would be

lower for the nighttime because less heat was absorbed and re-radiated during the night.
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Methodology

Figure 2: The representation of the experimental setting: Three treatments of light-gravel,

dark-gravel, and no-gravel (left to right). The testing plots have three loggers, each located at

different heights and depths.

The experiment was conducted at a study site located on the rooftop of the University of

Arizona's Environmental and Natural Resources 2 Building. The rooftop has a weather station

that collects data from the surrounding environment of the testing site for reference. The three

experimental treatments were a 2.5 cm layer of dark-colored gravels (marketed as ‘½ inch Desert

Brown’), 2.5 cm layer of light-colored gravels (‘½ inch Apache Gold’), and no gravel. The

gravel colors were selected based on the most popular light- and dark-colored gravel choices,
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according to the landscaping vendor. The effect of the three treatments on the ambient air,

surface, and soil temperatures were tested on circular plots 1 meter in diameter with two

replicates for each treatment, for a total of six plots (Fig. 2).  All plots were exposed to full sun

and did not receive shade from any structures. Over three days, 10/30/2021 through 11/1/2021,

temperatures were logged every 15 minutes from HOBO MX2201 (+/- 0.5 Celsius accuracy)

data loggers 12 cm below the surface (soil), 2 cm below the surface (surface), and 14.5 cm above

the surface (air). Infrared temperatures of the surface were also measured at sunrise, midday, and

sunset by an infrared thermometer (Berrcom Model JXB-178). The collected data were then

compared the mean temperature of each treatment for air, surface, and soil during the warmest

and the coolest three hour periods for each day.  The experiment ran for three days (72 hours),

with each day a replicate, and differences between means were tested for significance by a

Generalized Linear Mixed Model using the R statistical platform (R Core Team, 2021).
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Results

Figure 3: An example of the data collected during three days for the six experimental plots. This graph shows the air

temperatures above the light-colored gravels (red), dark-colored gravels (blue), and no gravel (gray). The temperatures were

logged every 15 minutes from the sensors.  Similar data was collected for surface and soil temperatures.
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Figure 4: Differences between air, soil and surface temperatures in their warmest and coolest three-hour hours were

tested for significance by a Generalized Linear Mixed Model.  Treatments with the same letter (e.g., a or b) are not

significantly different. Note that the scale of the temperature on the x-axis varied widely between each treatment.

Figure 5: Differences between the sunrise and noon infrared temperatures of three treatments were tested for

significance by a Generalized Linear Mixed Model.  Treatments with the same letter (e.g., a or b) are not

significantly different. Note that the scale of the temperature on the x-axis varied widely between each treatment.

Figure 3 shows an example of the data collected by the loggers for the air temperature in

all six plots. The surface temperatures, however, showed a marked drop and rise in the afternoon

for three of the plots, an anomaly caused by the shadow of the stick holding the logger.

Consequently, the data from three of the surface temperature loggers that were not used (Fig. 6).

Also, after the experiment, a discovery of three soil temperature loggers were buried at different

depths, and subsequently data from those three loggers were not used as well. Fortunately, these
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errors were distributed equally among the treatments, and the data used to compare the three

treatments for surface and soil temperatures.

Figure 6: The picture shows the shadow effect on the testing plots.

As shown in Figure 3, the light-colored gravel had the highest mean air temperature

during the warmest hours, and the lowest during the coolest hours. Note, however, that the

coolest differences are very small, and not significant between light- and dark-colored gravels.

In contrast, the dark-colored gravels had the highest surface temperature during the warmest

hours, and the lowest during the coolest hours. For the soil temperatures, the light-colored gravel

was the lowest during the warmest hours, and the highest during the coolest hours. Again, note

that the coolest differences are very small, and not significant between light- and dark-colored

gravels. With regard to the Urban Heat Island effect, the no-gravel treatment showed

significantly lower mean air temperature (36.8 C) during the warmest hours, compared to

dark-colored gravel (37.8 C) and light-colored gravel (38.9 C).  The no-gravel treatment was

higher (12.9C) during the coolest hours, but it was not significantly different than the

dark-colored gravel (12.8 C) and only 0.3 degrees higher than the light-colored gravel (12.6 C).

In summation of the light-colored treatments, it demonstrated a trend of cooler temperature in the

daytime when compared to other treatments for soil and surface temperature. Unexpectedly, the
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light-colored gravel treatment demonstrated an inverse temperature trend for the nighttime from

the daytime, compared to other soil and surface temperature treatments.
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Discussion and Conclusion

This research project aimed to determine which landscape treatment is best for reducing

the urban heat island effect. Though expected the high albedo light-colored gravel to be most

effective in mitigation of both of the warmest and coolest hours in cities, the results showed that

the no-gravel treatment to be most effective in terms of reducing what most city residents

actually feel, the air temperature during warmest hours of day. The hypothesis was partially

supported for the light-gravel treatment’s daytime and nighttime temperatures. The daytime air

temperatures above the light-colored gravel was significantly higher than the other treatments,

demonstrating that the amount of incoming solar energy can be redirected but not diminished by

landscape gravels in this experiment. This reflected heat radiated to the atmosphere causes the

light-gravel treatment’s mean air temperature 1.1- 2.3 degrees warmer when compared to other

treatments. The light-colored gravels reflected the short-wave solar radiation from the surface,

keeping the soil below significantly cooler, 1.2-1.6 degrees, but at the same time significantly

heating the air above more than the other treatments. There is also the element of glare off of

light-colored surfaces, not measured in this study but a detrimental effect of reflective surfaces.

Another surprising result was the effectiveness of the darker-colored gravel and no-gravel

treatments at radiating long-wave (infrared) radiation during the coolest hours.  The light-colored

gravel may have had the coolest surface and soil temperatures during the warmest hours, but the

darker-colored gravel and no-gravel treatments quickly dumped their heat and, by sunrise, had

significantly cooler temperatures. The difference in long-wave radiation is most apparent during

the warmest hours, when the darker-colored gravel and no-gravel treatments are giving off more

infrared energy (Fig. 5). The low temperature of the dark-gravel treatment due to the high

emissivity and the low albedo factor, which radiated more infrared energy as the evidence of the
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mean infrared temperature of dark-gravel treatment 4.1 degrees higher than the light-gravel

treatment at midday. With the same principle, the no-gravel treatment, though only dirt, also has

low albedo due to dark color, having the coolest soil temperature followed by dark-gravel and

light-gravel treatments. Indicated by this relationship of the dark-gravel treatment, the

dark-treatment would amplify the urban island effect by its emitting energy at night and increase

stored heat in the soil in the daytime. Overall for the soil temperature, the high reflectance of

light-gravel treatment reduced the absorbed heat to the soil more than the high emissivity of

dark-gravel treatment of 1.2 degrees for the light-gravel treatment compared to the 0.1 degrees of

the dark-gravel treatment. In this sense, the light-gravel treatment significantly reduces the

energy absorbed by the Earth, but this reflected heat in the daytime does not significantly reduce

the stored heat in the soil in the nighttime.

In conclusion, these results suggest that the no-gravel treatment is best for reducing the

UHI effect, and keeping Tucson cooler,  Furthermore, the no-gravel treatment allows for the

natural establishment of plants, native or exotic, and many previous studies show that the

shading and evapotranspiration of plants is the most effective cooling strategy (Taleghani et al.,

2019). When no-gravel treatments are supplemented by landscape treatments that guide rainfall

runoff into basins with plants, the payoff should be lower ambient temperatures for Tucson as

well as other cities suffering from the Urban Heat Island effect. The albedo factor regarding the

earth surface elibrium should be further studied. For this study, it is unclear whether the increase

in the emitting energy increased, but the store energy decreases would benefit the earth surface

equilibrium, extended to the heat management of plan of increase albedo factor. The light-gravel

treatment significantly reduces the energy absorbed by the Earth, but this reflected heat in the

daytime does not significantly reduce the stored heat in the soil in the nighttime.
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Future ways to expand upon the project would be to conduct this experiment in the

summer and on a larger scale and in the summer. The experiment was carried out in fall when the

sunshine duration was shorter compared to the summer. The experiment should be replicated on

a larger scale, with plots at least 10 m in diameter, similar to a typical landscaping treatment in a

yard in Tucson. The wind speeds are faster than one m/sec in the afternoon, which correlated

with air temperatures of all three treatments converging on similar measurements, suggesting that

testing plots were too small to accurately assess the air temperatures because wind speeds

appeared to mute any differences between treatments because of the mixing of air above

treatments (Fig. 7).

Figure 7: The wind speed data from the weather station located on the rooftop of the study
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