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The temperature of materials would be raised when the materials are exposed to the sunlight. Recently, it
has been experimentally confirmed that such temperature rise may be restrained when coating the mate-
rials with paint admixed with fine silica spheres. Experimental consideration of this type of paint has
been conducted, but how the paint controls the temperature rise has merely been clarified theoretically.
The best diameter of the silica spheres to be admixed is not well understood, either. In this study, we
hypothesized that the scattering of light would be attributed to restrain the temperature rise and tried
to estimate the optimum size of the silica spheres. We confirmed that our hypothesis would be justified.
In the calculation of the scattering intensity, the diameter of spheres in conjunction with the wavelength
of incident lights would be the predominant parameter to the scattering effects. Our results might explain
that our experimentally observed phenomenon is caused by the scattering of light, i.e., electromagnetic
waves.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that the insolation to buildings raises the tem-
perature in rooms inside since part of the energy in the sunlight is
thermally transferred to materials of outer wall of the buildings.
As a consequence, the crisis of electric power supply could be caused
by air conditioning in mid-summer. If room temperature is con-
trolled without strong air conditioning, the consumption of energy,
therefore, might be reduced and the heat island effects could be low-
ered. Recently, some experiments demonstrated that the room tem-
perature could be kept low when the outer wall of buildings were
coated with paint admixed with fine silica spheres whose diameters
are in micron scale (Figs. 1a–1e). The mechanism of the temperature
suppression with the silica-sphere-admixed paint has not been well
investigated, although the interaction between silica spheres and
the sunlight would be important in the observed phenomenon.

Studies about the interaction between spheres and the light
have been done to focus on the diffraction of light by obstacles.
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Oster (1948) introduced light scattering theories in chemistry,
Xu (1997) introduced Mie scattering for randomly distributed
multiple spheres to estimate far field solution, Xu and Wang
(1998) analyzed light scattering using amplitude scattering ma-
trix, Miyazaki and Jimba (2000) studied light diffraction by bi-
sphere, Miyazaki et al. (2003) solved light diffraction by double-
layered microsphere lattice, Miyazaki et al. (2004) find character-
istic spectral response by the double-layered microsphere lattice,
etc. Since the interaction of silica spheres with the sunlight has
not been attempted, it is necessary to focus on the above phe-
nomenal experience to theoretically clarify what are the control-
ling factors. We could find coating compounds optimum to coated
materials, once the mechanism of the interaction between silica
spheres and the sunlight.

In this study, we aimed to find out the mechanism of the tem-
perature suppression. We hypothesized that the electromagnetic
waves in a certain frequency range were scattered to restrain the
transmission of radiated energy in the insolation to insolated
materials. For verifying the hypothesis, we used the Mie theory
to calculate the intensity of scattered light by a set of packed
spheres, since the diameter of spheres comparable to the incident
sunlight wavelength are dealt with. As a result, we found that the
amplitude of scattered light depends on the wavelength of incident
light and the sizes of spheres. We conclude that these two param-
eters are the most important factors for achieving our objectives.
ating using paint admixed with silica spheres – An approach from infrared
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Fig. 1a. The variation of the temperature of the air on August 26, 2007, of the roofs of the building-A coated with regular paint and of the building-B coated with paint
admixed with fine silica spheres. The roof of the building-A shows much higher temperature then that of the air.

Fig. 1b. The variation of the temperature of the air and the same buildings as in (a) on August 28, 2007. The roof of the building-A was recoated with the paint admixed with
fine silica spheres on August 27, 2007. The roof of the building-B has almost the same temperature as in the air as in (a).

Fig. 1c. Photo of the building-B on August 26, 2007.

Fig. 1d. Photo of the building-A on August 26, 2007.
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2. Scattering of light

When an electromagnetic wave is incident upon a material at a
frequency near the eigenfrequencies of atoms, molecules or bind-
ings of the material, the atoms or molecules resonate or oscillate
intensely, resulting in the temperature rise of the material. Since
the light is an electromagnetic wave, the scattering of the sunlight
Please cite this article in press as: Ohkawa, E., et al. Suppression of insolation he
band electromagnetic scattering. J. Phys. Chem. Earth (2011), doi:10.1016/j.pc
would be attributed to the restraint phenomenon of the tempera-
ture rise. Therefore, we focus on the temperature rise that could be
controlled if the electromagnetic waves around the eigenfrequen-
cies are attenuated. Considering these possible interactions, we
hypothesize that the intensity of light incident upon the paint layer
ating using paint admixed with silica spheres – An approach from infrared
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Fig. 1e. A thermocouple is affixed to measure the temperature of the roofs.
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is weakened due to the scattering of light by silica spheres near the
eigenfrequencies of the atomic or molecule vibrations when prop-
agating through the layer. Since the material used to cover building
is not fixed, we assumed that the temperature rise of metal is con-
trolled by the electromagnetic radiation of the wavelength in the
near-infrared band.

For the verification of the hypothesis, we first examine the rela-
tion between an incident wave and the scattered wave for a vary-
ing combination of wavelength of the incident wave and the
diameter of a silica sphere. We used the Mie theory (Born and
Wolf, 1999) to estimate the scattered wave caused by each sphere
in the paint. In the Mie theory, it has been theoretically solved for
the diffraction of a plane monochromatic wave incident upon a
uniform sphere in a homogeneous medium. Then, we extend the
theory to the situation in which multiple spheres of the same phys-
ical property are aligned or in a space of homogeneous medium.
However, in this study, the interaction of scattered wavefield with
the other spheres in the plane of wavefront was not considered for
simplicity.
3. Scattering by single microsphere

First, the scattering of an electromagnetic wave by a single
microsphere is examined by using the Mie theory. Using the Mie
theory, theoretical solution to the scattered light by the single
microsphere has been given in the spherical coordinates (r, h, /)
whose origin is set at the center of a spherical scatterer (Fig. 2)
as follows (Born and Wolf, 1999).
Fig. 2. Cartesian coordinates for the incident and scattered electromagnetic waves.
Incident waves travels along the z-axis and the single scatterer is located at the
origin of the spherical coordinate system.
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where parameters denoted by E, k, B and functions 1 and P are for
the electrical field, wavenumber, coefficient, the Riccati’s Bessel
function of the third kind and the associated Legendre function,
respectively. The dash denotes the differentiation of the function
by the parameter. The subscripts r, h, / and l are respectively for
the spherical coordinates and for the order of the expansion in
the solutions. The right-shoulder superscripts (S) and (I), and the
left-shoulder superscripts e and m are for the scattered, properties
of the surrounding material, coefficient that appears in TE and TM
modes in electromagnetic wave propagation, respectively. The
right-shoulder superscripts (II) that did not appear in Eq. (1) is for
the material filling the sphere. The functions 1 and P superscripted
by (1) are expressed as follows.
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where Hl and Pl are the lth order Hankel function of the first kind
and the Legendre function, respectively. The coefficients in Eq. (1)
for both TE and TM modes can be expressed as follows.
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The function wl is the lth order modified spherical Bessel function of
the first kind. Parameters q and n̂ are the dimensionless scale factor
and the relative complex refractive index of the surrounding mate-
rial against the sphere, respectively. They are expressed as follows.

q ¼ 2p a

kð1Þ

n̂ ¼ n̂ðIIÞ

n̂ð1Þ

where a, n̂, k, and are the radius of the sphere, the refractive index
and the wavelength of the incident electromagnetic plane wave,
respectively.

In this study, we suppose that the surrounding homogeneous
material (I) and the sphere (II) are the air and silica, respectively.
Therefore, we assume that the specific inductive capacities and
the electrical conductivities of the materials (I) and (II) are:
e(I) = 1.0, e(II) = 1.95, r(I) � 0 (S/m), and r(II) = 1.0 � 10�15(S/m) in
the following calculation. The speed of light in the vacuum is also
assumed as c = 3.0 � 108 (m/s). The direction of the incident plane
wave and the electrical field vector are assumed to be in the posi-
tive direction along the z-axis and along the x axis, respectively, in
the Cartesian coordinates. The amplitude of the electrical field was
set to the unity. We used a simulation package (Press et al., 1992)
the evaluation of the special functions in Eqs. (1) and (2). In the
ating using paint admixed with silica spheres – An approach from infrared
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Fig. 3. Radiation pattern of scattered wavefield at distance r = 0.1 lm (q = 0.6p) using Eq. (1). The length on the surface to the origin indicates the strength or the intensity.

Fig. 4. Radiation pattern of scattered wavefield at distance r = 0.1 lm (polar display
against h) projected onto x–y plane. The difference between two dimensionless
scale factors is clearly visible on this figure. For longer wavelength or smaller scale
factor, the radiation pattern gradually approaches to that of Rayleigh scattering.
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numerical calculations, we ignored the influence of scattering
sources higher than 20th order and truncated the summation in
Eq. (1).

We first confirmed that our simulations would give the ade-
quate estimates to the scattering intensity as many of the other
researchers have shown in the thick literature. Fig. 3 depicts the
scattering intensity when the dimensionless scale factor is set to
0.6p for a distance of 0.1 lm. Fig. 4 shows the difference of the
scattering intensity projected on the z–x plane as a function of scat-
tering angle for the two values of the dimensionless scale factor.
Since the scatterer works as a secondary wave source, these inten-
sity distributions could be regarded as radiation patterns from the
scatterer for a plane wave incidence. In both cases, the radius of the
scatterer was set as 0.5 lm. Our numerical results clearly indicate
that longer the wavelength becomes, weaker the scattering inten-
sity and the scattering-angle dependency become. This means that
the scattering approaches to that of Rayleigh scattering when the
wavelength becomes longer. These results support what has been
found by the other authors (Blumer, 1925; LaMer and Barnes,
Please cite this article in press as: Ohkawa, E., et al. Suppression of insolation he
band electromagnetic scattering. J. Phys. Chem. Earth (2011), doi:10.1016/j.pc
1946a,b; Oster, 1948). We therefore concluded that our numerical
simulation functions with an accuracy enough to deal with the fol-
lowing scattering properties by multispheres even in the trunca-
tion of infinite series to the 20th order.
4. Scattering by multispheres

On the basis of the scattering by a single sphere, we next exam-
ine the scattering by multiple spheres since many spheres are con-
tained in the paint. When the number of spheres increases,
scattered waves could be scattered by the other scatterers. How-
ever, we used the Born approximation (Fig. 5) to avoid the com-
plexity caused by multiple scattering in our estimation. The
Cartesian coordinates are set to an incident plane wave just like
in the case of a single sphere. For estimating the effects of multiple
spheres, we first examined the effect of a single scattering layer in
which many scatterers of the same radius are aligned in a gridded
way (Fig. 6) to form a single layer parallel to the wavefront or per-
pendicular to the direction of wave propagation direction. Since
the electromagnetic waves are influenced by each scatterer for
an area larger than the size of the scatterer, we assumed scattering
radius of the first Fresnel zone for a plane that is distant at twice
the radius of the scatterer in the direction of z-axis. In other words,
the spheres form a reflector plane perpendicular to the incident
electromagnetic waves as shown in Fig. 6. Our formulation is not
exact as briefly described in Born and Wolf (1999), but is equiva-
lent to the assumption that the following relationship holds for
the scattering.
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In Eq. (3), E(1) and E(S) denote the incident and the scattered electro-
magnetic waves, respectively. The function EðSÞxy indicates the wave
scattered by a plane of spherical scatterers as in Fig. 6. The function
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Fig. 5. Born approximation for a cloud of scatterers. In this study, spherical scatterers are assumed to form a cloud.

Incident Wave

Incident Wave

Fig. 6. (Top) Multiple ceramic spheres are aligned on each node of a regular grid to
form a plane of scatterers. (Middle) Electromagnetic waves travel along the z-axis of
the Cartesian coordinate system and are incident onto the assumed plane of
scatterers. (Bottom) The stack of the planes of scatterers are assumed to form a solid
plane of finite thickness as shown in this figure.

Fig. 7. Transmitted energy through a plane of scatterers shown in the middle of
Fig. 6. The diameter of each spherical scatterer constituting the plane is assumed to
be 0.5 lm.
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Gð~r;~r0Þ is in general the free-space Green’s function but is replaced
by Eq. (1). The value p is a constant.

In the present study, the radius of the sphere is assumed to be
0.5 lm using the peak grain size that was used for the experiments
in Figs. 1a–1e. The wavelength range is fixed from 0.75 to 2.5 lm
for the near infrared light, and the size of the Fresnel zone is chosen
as 6.5 times the radius of the sphere that is for the light of 2.5 lm
at a distance of the diameter of sphere. Fig. 7 depicts the total en-
ergy caused by a single layer of the scatter plane composed of
90,000 spheres (300 each for x and y coordinates) for confirming
energy conservation. Ei and Es denote the incident and the forward
Please cite this article in press as: Ohkawa, E., et al. Suppression of insolation he
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scattered energies, respectively. For longer wavelength in the near-
infrared band, the transmitted energy is slightly higher than for the
shorter wavelength because of the geometrical scattering that may
become ascendent. We assumed that the energy not transmitted
through the plane of scatterers would be either reflected back or
absorbed to radiate back. Therefore the total reflected energy
may be regarded as the fraction of the transmitted energy to the
unity for every wavelength.

Our first assumption is that the temperature rise of metal is
controlled by the electromagnetic radiation of the wavelength in
the near-infrared band. Therefore, in the following verification of
our hypothesis, we concentrated on the wavelength band to the
near infrared one. We also assumed that the spectrum of the inso-
lation to the coated material could be expressed as in Fig. 8 and
that the thickness of each plane of scatterers were set to the diam-
eter of the spheres and the total thickness of the coating was set to
100 lm. As shown in Fig. 7, a single layer of scatterer has very low
reflection coefficient but the stack of low-reflective layers could
have high reflection coefficient due to multiple reflections even if
the material filling the gap between each scatterer is vacant.

When a reflection coefficient is given as R for each layer of scat-
terers, the total reflection (RN) and transmission (TN) coefficients for
the number of layers of N are given as follows (Claerbout, 1976).
ating using paint admixed with silica spheres – An approach from infrared
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Fig. 8. The spectrum of solar radiation generally observed on the surface of the
Earth for the range of near-infrared band (Japan Solar Energy Society, 1985). The
amplitudes are normalized to the unity at 0.7 lm wavelength.

Fig. 9. The variation of reflection coefficients against the radius of the silica sphere.
The definite integration in the fixed interval in Fig. 8 is set to the unity. As the radius
of the spherical sphere becomes closer to the shorter limit of the fixed interval of
the wavelength, the reflection from the stack of planes becomes stronger.
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TN ¼
1� R

1þ ðN � 1ÞR

RN ¼
NR

1þ ðN � 1ÞR

ð4Þ

For the insolation of the wavelength in the infrared band, the
total reflection coefficient as a function of the radius is shown in
Fig. 9. Finer becomes the sphere, higher becomes the reflection
coefficient of the stack of the sphere layers, i.e., lower the transmis-
sion energy.
5. Discussions

The objective of the present study is to clarify the mechanism
that controls the temperature rise of the metal in the insolation
by coating paint with fine silica spheres of micron scale. Also we
wanted to know an effective size of the spheres. For this objective,
we hypothesized that the scattering of light attributes to lower the
temperature rise in the near-infrared band that is near the charac-
teristic frequency of the metallic bond. We then applied the Mie
Please cite this article in press as: Ohkawa, E., et al. Suppression of insolation he
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theory and solved the diffraction problem when a plane electro-
magnetic wave is incident to a silica sphere.

First we confirmed that the radiation pattern of scattered wave
is a function of dimensionless scale factor q and r relative complex
refractive index of the surrounding material against the sphere n.
When either the dimensionless scale factor q becomes much great-
er than the unity or relative complex refractive index becomes
much smaller than the unity, the entire scattered waves are inten-
sified as described in Born and Wolf (1999). When the phenome-
non becomes the Rayleigh scattering for the dimensionless scale
factor that becomes much smaller than the unity, further simplifi-
cation becomes possible (Born and Wolf, 1999). However, the pres-
ent study deals with the scattering that cannot be simplified using
the asymptotic solutions.

In the electromagnetic scattering, scattering cross section is lar-
ger than the physical size of a scatterer. Since we deal with the
spherical scatterer, we define a scattering radius as a radius of
the circular scattering cross section. It was confirmed that careful
selection of scattering radius to be the size of the first Fresnel zone
could give us a scattered plane wave field for a group of gridded
scatterers in a plane. We also tried to simplify the calculations
using the Born approximation using the exact solutions of mono-
spherical scattering problem as a free-space Green’s function. The
number of spheres to constitute a scatterer plane is determined
after confirming a plane scattered wavefield to be formed. Finally,
the stack of the plane of scatterers is assumed to model the layer of
paint. We think this approach must be revisited to see if our
assumptions are adequate or not again since the regular-gridded
arrangement of scatterers is not realistic nor the filling between
scatterers is assumed to be the air.

Using a simple multiple reflection theory, our results demon-
strate that smaller the sphere becomes, weaker is the transmitted
energy through the stack of scatterer layers using a simple multiple
reflection theory. However, we do not think that the reflection
coefficients in the results (Fig. 9) could explain almost the same
temperature variation as the air temperature observed in the field.
We think that the present study deals only with the initial and
fundamental approximation but could explain the observed phe-
nomenon for the practice of real painting using silica spheres
(Figs. 1a–1e). Although we ignored the multiple scattering effects
in our numerical calculations, the results also indicates that the
scattering of scattered waves may play an important role to fully
explain the observed phenomenon as for the multiple reflections
we included in the calculations. Although the infinite series was
truncated in the present study up to the 20th order, the influence
of disregarded higher-order terms would not be negligible for the
dimensionless scale factors become much less than the unity. We
think that systematic and experimental studies must be conducted
to testify our numerical results.

The assumptions and the simplifications we made was: (i)
absorption of near-infrared band lights would raise the tempera-
ture of the absorbing material, (ii) transmitted energy through
the stack of scatterer layers would all be absorbed by the metal,
(iii) the light was incident perpendicular to the surface of the stack
of the scatterer layers, and (iv) electromagnetic field could repre-
sent the intensity of light, (5) the infinite series in Eq. (1) could
be truncated at the 20th order, etc. These assumptions need to
be confirmed to assure the validity of the present calculations.
Also, any fluorescence-like resonance scattering phenomena were
ignored to constrain our discussions in the linear physical phenom-
ena. Since the wavelength of lights we have dealt with in the pres-
ent study is comparable to the size of spheres, resonance scattering
could take place. The effects of resonance scattering should be
checked to confirm the validity of our study. An assumption that
the spherical scatterers are suspended in the air should be modi-
fied so that the scatterers are buried in the paint. Since the lights
ating using paint admixed with silica spheres – An approach from infrared
e.2011.03.011
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passing through the paint would be weakened absorbed by the
paint material, the reflection and transmission coefficients would
surely become different from the present results. The transmission
coefficients, however, would be lowered than in the present study.

6. Conclusions

The present study tried to explain the phenomenon that the
temperature rise of metal roof is lowered when the roof is coated
by paint admixed with fine silica spheres. We also would like to
find the effective size of the silica spheres based on a hypothesis
that the scattering of light in the near-infrared band attributes to
the moderation effects on heating by the solar radiation.

The hypothesis was tested using the Mie theory. Due to the
complexity in the theory, we tried to simplify the calculations
using pseudo-Born approximation, truncation at finite order of
the infinite series, reflection coefficients, etc. Our results demon-
strate that the scattering effects must be one of causes to explain
the observed moderation of the temperature rise in the insolation
when the stack of layers of silica spheres exist. The transmission of
the electromagnetic waves, whose wavelengths are in near infra-
red, i.e., the characteristic frequency of metallic bond, are weak-
ened due to scattering. We also estimated the total reflection
coefficients when the thickness of the scatterer layers is 100 lm
becomes higher as the radius of each sphere approaches to shorter
wavelength of the near-infrared band.

We would like to conclude that the first approach to explain the
phenomenon is successful but the further verification is necessary
to overcome the imitations that may be caused by our
simplification.
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