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Abstract: The albedo of surfaces in urban areas plays an important role in regulating the urban
microclimate and needs to be measured. Artificial urban surfaces, e.g., pavements with lower albedo
than natural surfaces such as grass or soil, are a key contributor to the Urban Heat Island (UHI) effect.
However, widespread measurement of pavement albedo in the field remains challenging due to
limited available daylight hours to record the measurements, the need for clear sky conditions, and
slow data collection speed. A new portable system called Discrete SPectrAl RefleCtometer (D-SPARC)
was developed to overcome these difficulties. D-SPARC was calibrated in the lab using 25 concrete
specimens of known albedo and found to be accurate to within ±0.05, which is similar or better than
recently developed aerial or satellite methods. The calibrated D-SPARC device was then used to
acquire measurements on ten pavement sections during both the day and night and compared to
the results from an albedometer. The RMSE during the day was 0.06 and during the night was 0.02.
Each measurement with D-SPARC took about 4 min per test location as compared to 15 min with the
albedometer. D-SPARC can be used to conveniently and rapidly measure pavement albedo over a
road network with reasonable accuracy and minimal traffic disruption.
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1. Introduction

The albedo of a surface is the fraction of incident solar radiation that is reflected by it,
i.e., albedo is a ratio and hence has no units. Albedo plays an important role in regulating
the urban microclimate through the development of the Urban Heat Island (UHI) effect,
and is thus an important parameter that needs to be measured. The UHI effect results in
higher air temperatures in urban areas as compared to adjacent rural areas. One of the main
reasons for the development of UHI is the replacement of natural surfaces with artificial
ones (including roofs, walls, and pavements), which have a lower albedo [1,2]. Due to the
lower albedo, surfaces in urban areas absorb a greater fraction of incident solar radiation.

The additional radiation absorbed leads to a higher surface temperature, which in turn
heats the air around the surface and hence develops the UHI effect. Qin et al. [3] showed
that surface temperature linearly correlates with albedo, while Sen and Roesler [4] and Sen
and Khazanovich [5] demonstrated through simulations that air temperature also increases
with surface temperature within an urban canyon. The typical albedo of new asphalt
pavements has been reported to be approximately 0.05–0.10, which increases to 0.15–0.20
within a year of construction [6,7], while that of new concrete pavements is 0.35–0.40 and
older concrete is 0.20–0.30 [8]. However, significant variation in albedo has been observed
in the field [6,9,10] and therefore, accurately characterizing the UHI effect requires rapid
measurement of albedo at several points within a city.

Several techniques have been developed to measure the albedo of pavement surfaces.
These can broadly be classified as either laboratory or field methods. There is one main
laboratory method, described in ASTM E903 [11], which uses a spectrophotometer and
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integrating spheres to measure the spectral reflectance of a pavement material sample.
The measured spectral reflectance is then averaged over a standard solar spectrum to
calculate the material’s albedo. This method does not depend on outdoor conditions and
can be used to evaluate laboratory samples quickly and accurately. However, this requires
taking cores from pavements, which can be expensive and time-consuming, and the coring
process generates slurry that can affect the albedo of the specimen.

Consequently, several field methods have been proposed in the literature. These can be
sub-divided into two major categories: remote and ground-based sensing. Remote sensing
methods typically use satellite-based measurements of radiation emitted by surfaces to
calculate albedo [12–15]. They are useful in measuring the change in albedo over time,
however, they are limited in their resolution, with high-resolution data sets capable of
resolving the albedo of individual pavements being difficult and expensive to obtain. Ban-
Weiss et al. [16] used such high-resolution spectral images from airplanes together with
field calibration points to develop maps of individual roofs in seven cities in California.
These airplanes fly at altitudes lower than satellites and provide better resolution than
satellites, albeit at a higher cost. In comparison, Gaitani et al. [17] obtained spectral images
from Unmanned Aerial Vehicles (UAVs). As UAVs fly at an even lower altitude than
airplanes, they provide high-resolution data, but still require an expensive, high-resolution
spectral camera.

Ground-based methods typically use either a portable reflectometer (as described in
ASTM C1549 [18]) or a double pyranometer (also called an albedometer, as described in
ASTM E1918 [19]). Portable reflectometers that cover the entire solar spectrum are expen-
sive, hence most of the literature has focused on measuring albedo using an albedometer.
Several studies [6,20–24] have directly applied ASTM E1918 to measure pavement albedo.
This requires a pavement area of at least 4 m × 4 m size, which is difficult to practically
construct in the laboratory and inconvenient to cordon off in the field. Thus, several studies
have been published to enable albedometers to be used for surfaces of smaller size [25–28].

While methods using an albedometer have very high resolution with the ability to
directly measure the albedo of individual surfaces, they take a long time to set up and
move around, slowing down the pace at which measurements over a road network can
be taken. Moreover, they typically require a traffic lane to be closed during testing, which
increases costs and reduces the number of points that can be collected. Furthermore,
these albedo measurements require clear skies, which makes planning difficult and less
predictable for survey times. Finally, these methods are sensitive to the zenith angle of the
sun and the available testing period is limited to a few hours a day (4–6 h depending on
the season as recommended by ASTM E1918). In order to rapidly measure the albedo of
road networks, especially in urban areas with ground-based techniques, it is critical that
these three shortcomings be addressed while also ensuring a reasonable cost and time for
each measurement. This paper describes the development of a new, low-cost instrument
that addresses all of these concerns and provides a device that helps engineers to rapidly
measure the albedo of pavements over a large area with reasonable accuracy.

Study Objectives

A new instrument, called the Discrete SPectrAl RefleCtometer (D-SPARC), was devel-
oped to measure pavement albedo. There were four primary goals during its development:

1. The instrument should be capable of measuring albedo at any time of the day or night,
and not just the 4–6 h permitted by ASTM E1918;

2. The instrument should be able to measure albedo irrespective of the level of cloudiness
in the sky;

3. The instrument should be able to quickly and conveniently measure the albedo at
many points along the pavement section; and

4. The measured albedo should be reasonably accurate with respect to the “true” value
measured using ASTM E1918.
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In addition to these primary goals, two secondary goals were also considered impor-
tant; the cost of the instrument should be as reasonable to enable it to be adopted by a
wide user group, and easy to carry and operate by a single user. The principle of D-SPARC
was to use a set of portable light sources to measure the light reflected by the surface of
pavement at discrete wavelengths, and then estimate the overall albedo of the surface
through a calibration process.

This paper describes the development, mechanism, calibration, and verification of
D-SPARC. The aim was to demonstrate that the instrument met the aforementioned goals
while also being simple and quick to use. In the following sections, the layout, data pro-
cessing, and calibration process of the instrument are described, followed by its application
to pavement surfaces in the field. The paper concludes by summarizing how the primary
and secondary goals were met.

2. Methodology
2.1. Layout and Components

The D-SPARC instrument consisted of three units: Transmitter Unit (TU), Receiver
Unit (RU), and Controller and Storage Unit (CSU). The TU would produce light in a
specific bandwidth, which would be partially reflected from the pavement surface and be
measured by the RU. The TU and RU were separated by an 18 mm high barrier to avoid
light from being received directly. The CSU would trigger the lights in the TU, receive the
reflected light data from the RU, and store the data for processing. The three units were
organized into two 180 mm × 90 mm × 40 mm boxes that could be held and operated by a
single operator. A schematic diagram showing the arrangement of these units is shown in
Figure 1, while a picture of the instrument is shown in Figure 2. In addition to these three
units, a 12 V battery, a measurement button that could be used by the operator to take a
measurement, a measurement indicator to show when measurements were being taken,
and connecting wires were also part of the setup. The button and indicator were housed on
a lid that protected the CSU.

Figure 1. Schematic diagram of the Transmitter Unit (TU), Receiver Unit (RU), and Controller and
Storage Unit (CSU) of D-SPARC in (a) plan and (b) profile view.
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Figure 2. Image of D-SPARC showing (a) a measurement being performed and (b) the internal layout
of the circuit.

An important assumption made in developing D-SPARC was that pavements are per-
fectly diffuse reflectors that obey Lambertian reflectance. Thus, the bidirectional reflectance
distribution function (BRDF) of light incident on the pavement from the TU was constant,
and the exact angular position of the RU with respect to the TU did not affect the reflected
light received by the RU. This assumption was also made in all the existing methods for
measuring albedo discussed in the introduction and is generally correct.

All three units were made from readily-available electronic components assembled
onto circuit boards. The circuit diagram for it is shown in Figure 3, with the components
corresponding to each unit, the battery, the measurement button, and the measurement
indicator labeled. The TU, serving as a portable light source, consisted of three common
anode Red-Green-Blue (RGB) and a set of three Infrared (IR) light-emitting diodes (LEDs),
shown as RGB1, RGB2, RGB3, and IR, respectively. The RGB LEDs can be activated as
separate red, green, and blue LEDs connected in parallel with a common anode, as shown.
These RGB LEDs were used instead of nine independent LEDs (three red, three green,
and three blue) to keep the circuit and device compact. The IR LEDs were grouped together
with a common anode as well, and this group was in-turn placed in parallel with each of
the RGB LEDs. Technical details about each of the LEDs are shown in Table 1.

Figure 3. Circuit diagram of D-SPARC units and components.

Table 1. Technical LED details of D-SPARC unit.

Component Peak Wavelength (nm) Spectral Bandwidth (nm)

RGB LED (red) 645 25

RGB LED (green) 515 30

RGB LED (blue) 460 25

IR LED 940 30
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The LEDs were connected to the 12 V battery at the anode. This separate battery
provided enough power to maximize the brightness of the emitted light. The red, green,
and blue cathodes of the RGB LEDs were connected to one NPN transistor each (shown as
Q1, Q2, and Q3), as were the three IR LEDs (Q4). These transistors were connected to the
CSU at their base and to each other in a common emitter configuration, so that the CSU
could independently activate the red, green, blue, and IR LEDs.

The RU’s role was to detect and measure the intensity of reflected light from the
pavement surface. The RU consisted of four photo-transistors: two (labeled VisPhoto1
and VisPhoto2) that were sensitive to light in the visible range for the RGB LEDs, and two
(labeled IRPhoto1 and IRPhoto2) in the IR range for the IR LEDs. Two of each were used
in order to provide redundancy. Technical details of the photo-transistors are provided
in Table 2. The photo-transistors were placed in series with 10 kΩ resistors to create a
photo-detecting circuit that generated a voltage proportionate to the magnitude of reflected
light received. The CSU recorded this voltage scaled between 0 and 5 V.

Table 2. Technical details of the D-SPARC photo-transistors.

Component Wavelength of Peak
Sensitivity (nm)

Range of Spectral
Bandwidth (nm)

Visible range phototransistors
(VisPhoto1 and VisPhoto2) 570 440–800

IR range phototransistors
(IRPhoto1 and IRPhoto2) 940 400–1100

The last component of D-SPARC was the CSU, which interfaced with the user to
control the RU and TU and store the results to a memory card. The CSU consisted of
a microcontroller with a separate 5 V power source and a memory card reader/writer.
Additionally, the measurement button and indicator were connected to the CSU. When the
user pressed the measurement button, the CSU would initiate data collection and storage,
and turn on the indicator until the automated data collection was completed.

2.2. Data Collection Process

To collect field data, the user holds the box containing the TU and RU components
against the pavement surface, so that the opening in top of the box is flush against the
pavement surface. Data collection is then initiated by pressing and releasing the measure-
ment button (i.e., LEDs and photo-transistors are activated). The D-SPARC instrument then
cycles through the process shown in the flow chart in Figure 4.

Figure 4. The D-SPARC data collection process.

During the measurement process, sunlight or any artificial light should not enter the
box and contaminate the measurements to the maximum extent possible. Thus, the TU/RU
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box was covered with a dark cloth to minimize external light sources. Next, the RU mea-
sures any radiation from any residual external sources and that emitted by the pavement
itself via the phototransistors. This radiation is called the ’background radiation,’ and needs
to be subtracted out from the reflected light from the pavement. This is the first ’Record
Voltages’ step shown in Figure 4. The background radiation voltages are recorded across
the corresponding 10 kΩ resistor of each phototransistor and subsequently written to a file.
This process is shown in the flow chart on the right side of Figure 4.

After the background radiation is recorded for the pavement surface, each set of LEDs
(R, G, B, and IR) is turned on in sequence. After a set of LEDs is turned on, the instrument
waits for one second so that the LEDs reach equilibrium. Phototransistor voltages are then
recorded and the LEDs turned off. The next set of LEDs is then be turned on, and the
process repeated till all four sets of LEDs are cycled through and voltages recorded for
the distinct bandwidths of light. The user can collect multiple measurements by simply
pressing the measurement button again and the process described in Figure 4 will be
repeated. Typically, a few measurements at a point should be taken and averaged to
eliminate noise in the readings.

2.3. Data Processing

At the end of each measurement cycle, a 5 × 4 matrix of measured voltages (in
V) similar to that shown in Figure 5a is recorded and stored in a file. Each row of this
matrix consists of the four voltages measured by the four phototransistors. The first row
corresponds to the background radiation, and the next four rows to each of the four sets of
LEDs (R, G, B, and IR).

Figure 5. Example of data processing steps with typical data: (a) matrix of measured voltages
obtained at the end of each measurement cycle (b) matrix of measured voltages with the background
radiation subtracted off and (c) response vector generated after processing the measured voltages.

The data processing of the measured voltage matrix consists of two steps:

1. Remove the background radiation from the measured reflected radiation values; and
2. Reduce the four phototransistor responses for each of the set of LEDs to a single,

representative response.

In the first step, the first row of the background radiation values is subtracted from
each of the remaining four rows to obtain the reflected radiation responses to each LED
in the form of a 4 × 4 matrix, similar to the one shown in Figure 5b. The response of the
phototransistors was assumed to vary linearly with the intensity of reflected light. In reality,
phototransistors respond non-linearly, especially at higher intensities. This assumption was
made to simplify the analysis, but will contribute to some error during daytime, when a
greater amount of external light from the sun may enter the instrument due to its imperfect
opacity. In the second step, the maximum of each row is taken as a representative value,
and thus the 5 × 4 unprocessed matrix is reduced to a 4 × 1 vector of the form shown in
Figure 5c, with each row representing the response of the RU to each set of LEDs in the TU.
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3. Results and Discussion
3.1. Calibration

After processing the acquired data as described above, a 4 × 1 response vector (in
V) (R, G, B, IR) is obtained, corresponding to the reflected intensity of radiation from red,
green, blue, and infrared LEDs, respectively. In order to convert these into the albedo α
of the surface, the responses were fitted to a calibration function of the form shown in
Equation (1), where βi, i ∈ {0, 1, 2, 3, 4} are regression coefficients with units V−1 (except
β0, which has no units). This is the same type of equation used by [16] for aerial-based
albedo measurement.

α = β0 + β1R + β2G + β3B + β4 IR (1)

To calibrate D-SPARC device with Equation (1), 25 laboratory specimens of known
albedo (varying from 0.30 to 0.50 from the spectrophotometer instrument) were measured
with D-SPARC and their responses stored and processed as described previously. Three
independent measurements were taken for each specimen and then averaged. The pro-
cessed results are shown in Figure 6. It can be seen that the green and blue LEDs evoked
the strongest response, followed by the red LED, with the IR LED evoking only a small
response. This indicates that the concrete specimens reflected a large part of the blue and
green light and a small part of the red, while mostly absorbing all the IR light.

Figure 6. Maximum reflected radiation responses for each calibration specimen.

The measured data was fitted to Equation (1) to obtain Equation (2) below. The coeffi-
cient of determination (R2) was 0.58. A comparison of the measured and predicted albedo
is shown in Figure 7, together with an error band showing an error of ±0.05. Despite the
lower R2 value, D-SPARC was able to accurately predict all the albedos to within ±0.05.

α = −0.0735 + 0.0230R + 0.2652G− 0.1745B− 0.0031IR (2)
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Figure 7. Comparison of measured and predicted albedo from laboratory specimen measurements.

3.2. Field Verification

The calibration function was verified in the field through an albedo survey of ten
different in-service streets and parking lots paved of asphalt, concrete, and in one case,
bricks. All the sites were within a walking area of 0.15 km2 within the campus of the
University of Illinois, as shown in Figure 8a. Some examples of albedo being measured over
various surfaces using both D-SPARC and an albedometer are also shown in Figure 8c,d.
The field survey consisted of three activities:

1. Activity 1: The albedo of a site was measured on a clear, sunny day with an albedome-
ter as per ASTM E1918. For each of these section, a 4 m× 4 m homogeneous segment
was measured for one minute and the average albedo calculated.

2. Activity 2: The albedo of the same sites were estimated using the D-SPARC instru-
ment on a day with broken clouds. At each of the sites, three well-spaced measure-
ments (approximately 1 m apart) were taken and the albedo of each estimated from
Equation (2). For each site, the three measurements were averaged. Albedo data
derived from this stage was designated as ‘Day’.

3. Activity 3: The same process as in Activity 2 was performed, but measurements were
taken at night. Albedo data calculated from this activity was designated as ‘Night’.

The results from the field survey are shown in Figure 9. The R2 between the albedome-
ter measurements and the D-SPARC predictions at day and night were 0.75 and 0.89,
respectively. The root mean square error (RMSE) of the day and night predictions were
0.06 and 0.02, respectively, which compare favorably to the error of 0.06–0.14 reported
by [16] as well as [17] in their efforts to estimate albedo from aerial spectral measurements.
Although the relative errors in Figure 9 look high, it may be noted that all the measured
albedo values were between 0.16 and 0.30, which are low. Thus a high relative error ac-
tually results in a small absolute error, which is why RMSE was chosen as the metric for
verification.
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Figure 8. Field survey of albedo. (a) Selected locations within the University of Illinois campus;
(b) using D-SPARC on an aged asphalt pavement (c) using D-SPARC on a concrete pavement; and
(d) using an albedometer on an asphalt pavement.

Figure 9. Measured and predicted albedos from the field survey.

The error during the day was higher than at night, and moreover the values measured
at night were also systemically lower than during the day. This is possibly due to some
limited amount of sunlight entering the instrument during the day despite the presence
of the dark cloth over the instrument, which was not perfectly opaque. This additional
light would lead to a higher error from the linearity assumption made while removing
the background radiation from the phototransistor responses, leading to higher predicted
values. During the night, all the errors were less than the±0.05 level of accuracy established
during calibration as there was no possibility of any sunlight entering the instrument.

3.3. Discussion and Limitations

The albedo field survey using the D-SPARC device met the primary goals of the study
that were originally outlined, as follows:
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1. D-SPARC was able to measure albedo at any time of the day or night and not just the
narrow solar window permitted by ASTM E1918;

2. The instrument can be used even in cloudy weather conditions;
3. The survey with the albedometer took about 15 min per measurement when per-

formed by an experienced operator, including setting up the instrument at each site
and moving between locations. In comparison, performing the same survey using
D-SPARC by the same operator took just 4 min per site (with three measurements
per site), a significant improvement in productivity. Furthermore, the albedometer
required a 4 m × 4 m uniform section of the pavement to be cordoned off, while the
D-SPARC instrument can be used on a 180 mm × 90 mm section without the need to
block traffic (e.g., on the shoulders).

4. The RMSE (0.06 during the day and 0.02 at night) compare favorably with other values
reported in literature, and are low enough to provide reasonable accuracy in return
for the convenient and fast measurement possible with D-SPARC especially with the
desire to acquire network level albedo data.

Additionally, the D-SPARC instrument was built with readily-available and inex-
pensive electronic components. Finally, it can be operated by a single user, making it
convenient and simple to acquire field data. However, D-SPARC still has several limita-
tions. The biggest limitation was the higher errors observed during the day due to sunlight
entering the instrument. Different materials that are more opaque to sunlight need to
be investigated. Secondly, the range of IR radiation in both the TU and RU was limited,
and components capable of handling far IR light need to be incorporated in the future.
Finally, D-SPARC was only tested for dry surfaces. The performance when the surfaces are
damp (for example, after a spell of rain), needs to be studied in the future.

4. Conclusions

The albedo of pavements is an important optical property impacting the UHI effect in
cities, which leads to significant effects for building energy use, air quality, and thermal
human comfort. Ground-based field measurements of pavement albedo are usually taken
with an albedometer, which presents the following challenges: cordoning off a large
(4 m × 4 m) uniform section of the road, limited testing window of a few hours before
and after noon, and clear sky conditions. While the first challenge has been tackled by
previous studies, this study developed a new ground-based instrument, called Discrete
SPectrAl RefleCtometer (D-SPARC) that allows for rapid measurement of pavement albedo
at any time of the day or night and under cloudy weather conditions while still providing
reasonable accuracy to an aerial systems.

The D-SPARC device has three main components to acquire data for calculation of
pavement albedo. The Transmitter Unit (TU) consists of three sets RGB and infrared LEDs
that are used to illuminate a 180 mm × 90 mm area of pavement. A Receiver Unit (RU)
measures the light reflected by the surface through phototransistors. Finally, a Controller
and Storage Unit (CSU) is responsible for manually triggering the data collection system as
well as storing the data. The entire instrument is divided into two compact boxes that can
easily carried around by a single operator.

The D-SPARC device was first calibrated in the laboratory using specimens of known
albedo. The response of the phototransistors to each of the LEDs was used to develop a
calibration function, which predicted the lab-measured albedo within an error of ±0.05.
Next, ten field sites were surveyed for their albedo using both an albedometer (daytime
only) and the D-SPARC instrument during both the day and night. The RMSE between the
albedometer and D-SPARC measurements was 0.06 for the daytime albedo values, and 0.02
at night. These errors compared favorably with recent literature on aerial spectral imaging.
The higher error during the day was attributed to some sunlight entering the instrument
during the day, which resulted in a non-linear response from the RU. In the future, efforts
to reduce this sunlight, as well as incorporation of far IR wavelengths and effect of damp
surfaces will be investigated.
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