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The wet-dark problem is a phenomenon that the material will be darkened when it gets wet. This mainly
because the brightness of the object decreases, which means less light is reflected back to people’s eyes,
resulting from reduced albedo caused by interactions between water and light on various materials, The
research combines two background theories—total internal reflection (TIR) by Angstrom (1925) and
Mie scattering by Bohren (1983) and Linder (2014), constructing one mathematical model explaining
the effect within the particulate, porous, and fibrous media. TIR mechanism is the cause of light trapping

by water films via critical-angle reflections; refractive index matching by Mie scattering causes

backscattering efficiency reduction in interstitia—ltpefesn%—eembined formula s derived: = 2-3% %,

where Adryeft = k Adry (wWith Mie reduction factor k = 0.5-0.7) is variabley determined by Agry =
s*+,a. Validation through qualitative analysis and quantitative comparisons with'experimental data (e.g.,
sand albedo dropping from 0.182 to 0.091) yields mean abselute errors.of ~10%, outperforming TIR
alone, particularly for porous surfaces. The model elucidates non-linear albedo reductions and offers
implications for climate modeling, remote sensing, and material design, with suggestions for spectral

and roughness refinements.

Keywords: Wet-dark effect, Total internal reflection, Mie scattering, Albedo reduction, Refractive
index matching, Optical modeling
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Section 1: Introduction

Multiple Mie Scattering theory from Gustav Mie has started the investigation of light interaction with
particulate medias. The study has provided an analytical framework for investigating electromagnetic
wave scattering by spherical particles. This foundational theory was then expanded by Craig F.
Bohren in his 1983 publication, Absorption and Scattering of Light by Small Particles. It applied Mie
scattering principles to elucidate optical phenomena in materials such as darkening wet sand and.high
albedo of foam. The work has integrated concepts of absorption cross-sections and effective medium
theory to explain variations in reflectance. Later on, more computational investigations are

implemented and thereby introduced insightful explainanations of the phonemenon.

Inportance of the Theory

The study of Multiple Mie Scattering Theory is important due to.its ability to provide a rigorous,
quantitative framework for understanding the optical properties of particulate systems under varying
conditions. Phenomena such as the darkening of wet sand, brightness. disparities between coarse and
fine dry sand, and the high albedo of foam have significant connéections across disciplines. Accurate
modeling of light scattering enhances applications such as-satellite-based surface characterization, the
design of optical materials, and the development'of climate models through improved albedo

predictions on plants.

Literature Review

Mie scattering theory was developed by Gustav.Mie in 1908. He published a paper detailing
scattering of electromagnetic waves by spherical particles.In 1925, Angstrom founded on radiative
transfer for describing the variation.in albedo across different surfaces based on their physical and
optical properties. Bohren (1983)"gave a broader exposition of Mie scattering, presenting its
mathematical formulation and showing how it applies to particulate media. Twomey et al.(1986)
described the'mechanism in which material became darker when wet as one in which there was
refractive index matching between particles and interstitial media through increased optical path
length achieved by transport mean free path. Tomas Linder(2014) redesigned a new approach, by
considerating multiple scattering in sphere-cylinder media where cylinders represent fibers and
spheres.represent fines or pieces. This allows Maxwell's equations' analytical solutions to be utilized
and'made an efficient approach. These works collectively underscore the theory’s robustness and its

ongoing evolution, providing a foundation for the analysis presented in this report.



Research Report
2025 S.T. Yau High School Science Award (Asia)

Section 2: Compare and Contrast the current Theory
2.1 The Albedo of Various Ground Surfaces

2.1.1 Simple Introduction of Theory

Albedo is a simple geophysical parameter that quantifies the reflectivity of a surface, expressed as the
ratio of reflected radiation (r) to incident radiation (i):

2938 -()

This ratio regulates the fraction of incident solar radiation (primarily shortwave, 0.3-4.0' um) reflected
to the atmosphere relative to that absorbed by the ground and is the source of the planet's energy balance.
Albedo regulates surface and atmospheric temperatures, evaporation rates, and- convective activity.
High-albedo surfaces like snow reflect the majority of incident radiation, cooling the surface and
inhibiting heat transfer to the atmosphere, whereas low-albedo surfaces’like wet soils absorb greater
energy, encouraging warming and forcing processes_like evaporation,and convection. Albedo theory,
researched by Angstrém (1925), is founded on-radiative. transfer and light-matter interaction for

describing the variation in albedo across surfaces like soil, vegetation, snow, and water based on their

physical and optical properties.
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Figure 1: Proportionality between Incoming Radiation and Deflection (Anders Angstrém, 1925)
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The basic principle of albedo is the interaction between incident solar radiation and a surface in which
the incoming light is distributed into reflected, absorbed, or transmitted components. For diffuse
reflectors such as soils or snow, the light is distributed in all directions, approximated by Lambert's
cosine law that represents the angular distribution of reflected radiance. The intensity of reflected light

(Ir) from a surface element (s) at angle (0) is:

(= )

Here, (Ii) is the intensity of the incident light, and (a) is the diffuse reflection factor.

The formula indicates that the reflection is strongest perpendicular to the surface (6 = 0 )and-decreases
with increasing angle, summing to the total albedo when integrated overithe-hemisphere. Real surfaces
deviate from ideal diffuse reflection due to factors like surface roughness, water content, and
composition. For instance, wet surfaces have less albedo because of the'reason-that water films
(refractive index ( n = 1.33)) cause internal total reflection, retaining light‘and augmenting absorption.
Angstrom derived the emergent reflected energy for a wet surface as:

asin’

= 3)
1=(1= sin?)

where () is the critical angle for total internal reflectioni(siny = 1/n), and (a) is the dry surface reflection
coefficient. This formula accounts for wet surface darkening because light tends to get absorbed within
the film of the liquid, reducing albedoe. For example, wet black mould was found by Angstrém to reflect
only 8% and not 14% when in'the dry state, which proves this phenomenon. Water surfaces are angle-

dependent in albedo, and Fresnel's law of reflection for unpolarized light holds:

[ 1( sin? 9] tan’ -( )
*J + “)
2 sin’(+) tan’(+)

where (i) is incidence angle, and (1) is refraction angle.

The formula‘for higher albedo at low sun angles (high (i)) holds because more reflection takes place,
particularly for clean water surfaces. Roughness due to wave motion scatters light, with little effect on
albedo, ‘as’ indicated by Angstrom between 3.9-71% for agitated water surfaces. These three
equations—the definition of albedo, Lambert's law, and Fresnel's law—are the solution to
understanding albedo variation, diffuse reflection from terrestrial surfaces, the effect of moisture, and

angle-dependent reflectivity of water.
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Figure 2: Reflection of Sun Radiation from Water Surface

(Anders Angstrém, 1925)
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Figure 3: Measurements of Refleetion from Water Surfaces (Anders Angstrom, 1925)

Vegetation complicates albedo inits wavelength-dependent optical properties. Chlorophyll in plants
absorbs visible radiation (0.4=0:7 um) to facilitate photosynthesis, lowering albedo in this range, and
infrared radiation (0.7-4.0 um), scatters more since it is not absorbed as much, increasing albedo.
Angstrom measured grass fields reflecting 44-45% in the infrared range compared to 25-33% for total
radiation. Leaves also transmit 21-35% of light, depending on water content, changing energy balance
as transmitted light may be absorbed by substrates below or scattered in the canopy. Surface roughness
and grain“size also influence albedo in particulate media like soil, where larger grains increase

absorption and lower reflectivity, while snow's tiny ice crystals induce multiple scattering, resulting in
high albedo (81%).
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Transmission of leaves 25. 6. 1925 12hg0—1h20 13. 8. 1925 9h30

Leaves a Vei 7 a B T

Common hazel (Corylus avelana) ...... .. Il.s 3.0 0.26 13.3 4.7 0.35
Taraxacum officinale ........................ 11.5 3.2 0.28 —_ —_ -
Lilac (Syringa vulgarss)..................... 13.5 3.4 O.2g 10.2 3.2 0.31
Oak (Qvercus rodur) .ooiivvswssaasaisisnss 13.0 3.4 0.26 12.6 4.3 0.34
Aspen (Populus tremula) .................. 12.2 2.6 O.21 —_ — -
Roses (Rosa) ......c.coevvvvninnen e 12.2 3.0 O.2s — — s

| Alder (d/nus vulgaris) ..................... 12.2 2.5 O.21 12.4 4.0 0.32
Common birch (Betula verucosa) ......... 12.2 3.2 | 0.6 — —_ )

Figure 4: Measurements on Transmission of Leaves (Anders Angstrom, 1925)

The theory explains albedo variations through these physical interactions: snow’s high albedo results
from minimal absorption and multiple scattering, wet surfaces’.low albedo stems from internal
reflection, vegetation’s albedo reflects spectral selectivity, 'and water’s albedo depends on solar
geometry. These principles shape the Earth’s radiative balance, influencing climate, hydrology, and
ecological processes. 2.1.2 Advantages

The pyranometer-based technique of albedo measurement has‘the following significant advantages,
outlined below with deliberate reference to Angstrom's findings for the clarity of explication:

1. Accuracy and Temperature Independence: The pyranometer glass dome excludes longwave radiation
(>4.0 pm), while the compensation.method (differencing temperatures of black and white stripes)
eliminates errors due to surface temperature differences. This offers accurate measurements of albedo
under a broad range of conditions, as Angstrém demonstrated with uniform data for snow (69.5-81%)
and soils (8-18%).

2.MtVersatility Across Surface Types: The method is versatile, with applicability to vegetation, snow,
water, soil, and artificial surfaces. This enables one to conduct extensive albedo research across the
various ecosystems, from the desert through to polar regions, enabling all-around geophysical research
without specialized equipment on each surface.

3. Efficient Field Data Collection: Direct reading or zero method application by a millivoltmeter
simplifies field work. With water-level-controlled mounting, the portability of the pyranometer
facilitates’quick measurements in the natural environment, and one can monitor extensive regions like
forests or lakes without laboratory equipment.

4. Equable Performance With Any Orientation: Pyranometer measurements are independent of
orientation, which is critical for reliable albedo calculation. Angstrém's experiments were nearly
identical deflections (12.7 = 0.1 up and 12.9 + 0.1 down), ensuring precision for vegetation or water

surfaces in varied field conditions.

10
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5. Wavelength-Specific Analysis: The ability of spectral filters enables thorough investigation of
wavelength-dependent reflectivity, particularly in vegetation. Knowledge of such is crucial to determine
plant radiative qualities, for instance, Angstrdm's calculation of increased grass albedo (44— 45%) in

the infrared region as enhancing ecological and geophysical studies.

2.1.3 Disadvantages

The technique of albedo measurement has substantial disadvantages detailed extensively below.to
highlight challenges with minimal reference to Angstrém's work:

1. Variation Due to Moisture: Wet surfaces have more radiation due to internal total'reflection in
water films, reducing albedo than dry surfaces. This variation due to refractive index fluctuations
requires the need for several measurements to document temporal variations, increasing the difficulty
and possibly inconsistency of experiments over weather states.

2. Low Solar Angle Inaccuracy: At low sun angles (<15°), reflection angles-shift significantly,
especially for surfaces with roughness like water with wave activity- This.randomly scatters light,
reducing the measurement accuracy and it is challengingto estimate albedo under early morning, late
afternoon, or high-latitude conditions.

3. Vegetation Measurement Issues: The vegetation albedo varies with wavelength, with higher
reflectance in the infrared due to optics of planttissue. Measuring this requires spectral filters, adding
expense and complexity. Energy balance calculationtis also made more difficult by leaf transmission,
with more experimental steps being required.

4. Uncertainties on Rough Water Surfaces: Wave movement on water surfaces scatters reflected
light in various directions, generating measurement errors. Angstrdm noted deviations from Fresnel's
law with reflections measured slightly above theoretical levels affecting oceanic albedo estimates of
precision in dynamic situations.

5. Constrained Biological Context: The geophysical character of albedo measurements tends to
disregard biological factors, such as how leaf water content or plant structure affects reflectance and
transmission. This requires supplementary ecological data, so the method can only be applied in an

auxiliary instead of an autonomous role for interdisciplinary utilization.

11
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2.2 Multiple Mie Scattering

2.2.1 Basic theory introduction

The theory is initially introduced by Bohren roughly. Multiple Mie Scattering Theory () points out that
the variations in reflectance—such as the darkening of wet sand, brightness disparities between coarse
and fine dry sand, and the high albedo of foam—are systematically explained through fundamental
principles of light-matter interaction, including Mie scattering, absorption cross-sections, and effective

medium theory.

The darkening of wet sand-liked matters is attributed to a reduction in the mean cosine of the scattering

angle:

g = (cosb) )

g is the asymmetry parameter, whose value range is [-1, 1]."-When g=1" the light scatters completely
forward, while g=-1, the light scatters completely backward. (cos0)is the weighted average value of the
cosine of the scattering angle. due to refractive index matching between silica grains (n = 1.55) and
interstitial water (n = 1.33), this will increase the optical transmission-average free path: £ = 1/u (1 - g)
(6)

where p is the scattering coefficient and thus the probability of absorption (u.f). Experimental
validation using benzene (n = 1.50).further supports this, as its closer refractive index to silica
exacerbates the effect.

The absorption cross-section also affects.the scattering as well. The darker appearance of coarse dry

sand arises from its larger absorption cross-section

G, X 1° )

for particles with radius r >>\X. While both coarse and fine sands exhibit similar scattering phase
functions (due to comparable g), the increased o. per scattering event in coarse grains enhances the
effective attenuation coefficient. The effective attenuation coefficient is usually given by the following

formula:

et = /3t (fla + HY) )

Under the diffusion approximation, the radiative transfer equation can be simplified to the diffusion

equation. When the absorption is weak (u < p'), p+p'= p ', thus:

wff=Bp, )

12
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Wherep "'=p  (1-g).

For a matter, such as foam, that has minimal absorption, it usually has high albedo. This results from
the minimal absorption in thin liquid films (p. = 0) and near-isotropic scattering from air-water

interfaces (g — 0 for r ~ A). The transport mean free path (£') in foam is dominated by scattering
(=0 *=1/p (10)

This allows photons to undergo numerous scattering events with negligible energy loss. This yields a

near-unity reflectance in the visible spectrum:

In multiple scattering media, the reflectance can be estimated through/diffusion theory: For the

semiinfinite medium, the reflectance is approximately:

Ma + g (11)

When p < p ' (common in foam), p+p  '=p ', thus:

Rzl—h/%

The system’s radiative properties are governed by-the'Boltzmann transport equation, where the source

(12)

function S depends on the single-scattering albedo (mo' = p /(1. + 1)) and phase function p(0).
Wet sand’s low @o  (due to increased [1,€) contrasts with foam’s we = 1, explaining their divergent

reflectances.

The following are two graphs depicting the two functions, demonstrating how the various parameters

change the trend of the darkness of the objects.

13
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Reflectance vs. Asymmetry Parameter

1.0
—— Reflectance

0.8

o
[=)]
1

Reflectance (R)
o
F S

0.2 4

0.0 A

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Asymmetry Parameter (g)

Figure 5: A useful visualization is a plot of reflectance.(R) against the asymmetry parameter (g), using
the formulaR=p s (1-g)/(n_a+p s (1 -g)).-This shows'how wetting affects optical properties. For
example, when g drops (e.g., from 0.8 to 0.2 due to wetting); scattering becomes less forwarddirected,

light penetrates deeper, and reflectance decreases, visually confirming the wet-dark effect.

Mefr vS. Particle Radius

Effective Attenuation Coefficient (uer)

Particle Radius (r)

Figure 6:-Another helpful plot shows how particle size (r) affects the effective attenuation coefficient
(ueff=~"@ p a(ua+ps(l-g)). Since u_a scales with 13 for large particles, bigger particles
increase absorption, making p_eff rise. This explains why coarse sand looks darker than fine sand, as

larger particles amplify light loss, a trend clearly visible in the plot.
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2.2.2 The advantage of the Theory to Interpret the Problem

The strength of multiple Mie Scattering theory is able to combine physical factor with rigorous

mathematics, offering insights that are both precise and broadly applicable.

The first advantage of the theory is its quantitative precision. It relies on a suite of parameters that
describe light’s interaction with a medium, such as asymmetry parameter, scattering coefficient and so
on. For a semi-infinite material, reflectance (R) can be approximated as R=p s'/ (ua + p_s'). When
a material is wetted, g decreases and { increases. This allows light to penetrate deeper, which can
increase the chance of absorption p_a, decreasing R. In coarse materials, larger particles increase.c_a,
further boosting p_a and darkening the material. These equations, enable, precise.predictions of

brightness changes, making the theory essential for optical analysis.

The second advantage is the theory’s applicability to diverse materials. The theory applies to a wide
range of materials by adjusting parameters like particle. size (R),.which affects absorption and
scattering behavior. The refractive index (n), which changes.with the‘material and whether it’s wet or
dry; and volume fraction of particles will .influence ps/and- jt,. For example, fine-grained
materials ,which have small particles, have lowerc,, leading.to higher reflectance. Coarse materials
with larger particles absorb more light, appearing.darker.

The third advantage is the predicted power-of the theory. The theory allows us to predict how a
material looks like under different conditions, such as when wet or dry. Inputting values for r, n, ps, and
L, we can calculate R and p.sr. For instance for the wet fabric, its lower g and higher £ reduce R, making

it darker. And for the dry coarse sand, its larger riincreases L, resulting in a darker appearance.

2.2.3 Limitation of the theory

The Multiple Mie Scattering Theory provides a framework for modeling light interaction with
particulate media, explaining effects like particle size-dependent brightness. However, its simplifying
assumptions introduce limitations that affect its accuracy and applicability. In this section we will

analyze the limitation in eight aspects.

(1) The theory often relies on the diffusion approximation, assuming light scatters multiple times

to produce nearly isotropic radiance. This is expressed through the effective attenuation coefficient:
mueff=sqrt(3 * mu_a * (mu_a + mu_s'"))

The approximation is valid when mus>> mu, and the medium is thick, predicting reflectance as: R =

muy' / (mu, + muy') However, in thin or highly absorbing media (e.g., wet fabrics), where mu, ~ mus, the

15
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isotropic assumption fails, overestimating light penetration and reflectance. Visualization: The
following Python code plots reflectance R against the absorption-to-scattering ratio mu, / mus,
comparing the diffusion approximation to a hypothetical exact solution.

Reflectance vs. Absorption-to-Scattering Ratio

1.0+ —— Diffusion Approximation

Exact Solution (Placeholder)

0.8 |

o
o
1

Reflectance (R)
o
Fsy

0.2

0.0

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Malls

Figure 7: Reflectance decreases more rapidly in the exact solution as-absorption dominates, highlighting

the diffusion approximation’s limitations.

2) The theory assumes independent scattering, where particles scatter light without interference.
This holds in dilute media but fails in dense systems (e.g., packed sand), where coherent effects modify

the phase function p(0) p(\theta) p(8).and single-scattering albedo:

_ Hs
Wy — .
fa s »
In dense media, dependent scattering reduces the effective us \mu_ {\text{s}} us, which the theory does

not account for, leading to errors in reflectance predictions. For example, in a textile with closely spaced

fibers, interference alters scattering strength, unmodeled by the theory.

3) The theory assumes a monodisperse size distribution, with uniform particle radius r. Real
systems like soil are polydisperse, impacting ps and absorption cross-section (caxr3 for large r).

Polydispersity requires integrating over a size distribution f(r), complicating calculations.

Figure2:/Polydispersity increases p.srdue to larger effective absorption, a nuance the theory simplifies.

@) Built on Mie theory, it assumes spherical particles, solving for scattering exactly. Non-spherical

particles (e.g., sand grains) alter p(6) and g, introducing errors in scattering patterns unaddressed by the

16
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theory. For instance, the rod-shaped particles enhance forward scattering, deviating from spherical

predictions.

&) The theory assumes a homogeneous medium with constant properties. In heterogencous

systems (e.g., layered soils), variations in . affect the mean free path:

ps(1—g) (14)

While the assumption reduces accuracy in real-world applications.
(6) Using scalar wave equations, the theory ignores polarization. In materials with oriented

structures (e.g., fibers), polarization alters reflectance, unmodeled by.the scalar approach. Polarized

light on aligned fibers will show distinct angular patterns.

@) Assuming a constant refractive index n, the theory overlooks dispersion n(A), affecting ps and
L in materials with wavelength-dependent. properties (€.g:, dyes). The absorption peaks will shift

reflectance spectra, unpredicted by a fixed n.

®) * The theory enhance the challenge of the experimental validation. Parameters like g, 11, and
Lua Tequires precise measurement, ‘often error-prone in complex systems. Errors will propagate to et

and R.

Reflectance Sensitivity to'g

09

08

Reflectance (R)

0.6

0.0 0.2 04 0.6 08
Asymmetry Parameter (g)

Figure 8:-Small changes in g significantly alter R , emphasizing measurement precision.
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2.2.4 Mie Scattering by Modelized

Another method depicts the Mie scattering by establishing a theoretical model grounded in
electromagnetic theory for light propagation simulation (Linder, 2014). The interaction of
electromagnetic waves with matter forms the basis of light scattering. The thesis begins with /the
derivation of the wave equation from Maxwell's macroscopic equations with material properties of
permittivity (€), permeability (i), and conductivity (o) that yield the complex refractive index»m=n+i.
Here, n governs refraction and scattering, and () governs absorption. Scattering due to refractive-index
discontinuities at interfaces, e.g., air-fiber interfaces in paper. The scattering regime-is controlled by the
size parameter x=2mr/A: negligible for x ~ 0, Rayleigh scattering (x<<1) with isotropic patterns o i-4,
Mie scattering (x~1) with forward-peaked interference, and geometric optics (x>>1) for ray tracing,
which is applicable to fiber outer diameters (~20-40 pm) but less so for.thin walls.(~1<5 pum) in visible
light (A~400-700 nm). The phase function p(s,s') specifies directionally dependent scattering probability,
with the scattering efficiency Qs and absorption efficiency Q. contributing to extinction Q. = Qs+Qs,

which approaches 2 for big particles due to the extinction paradox.

Multiple scattering dominates in opaque media like paper,;"which is-described by the radiative transfer
equation (RTE):

ndL(r,s)

- —s' - VL(r,s') — p.L(r,s') us/ p(s,s")L(r,s")dQ + q(r,s)

4 (15) where L is

radiance, pe=ps+pa is the extinction coefficient, and.q is the source term. The mean free path is 1=1/ps
in the independent scattering approximation: Conical scattering in ordered fibers preserves in-plane
propagation, elongating light patterns along.thefiber axis. The diffusion approximation, with reduced
scattering ' = [s(1 - g), simplifies the RTE but fails for thin slabs like paper, necessitating Monte Carlo

(MC) simulations for quantitative solutions.

Monte Carlo methods stochastically trace photon paths to exactly solve the RTE. The process initializes
photons with.position, direction, and polarization using Stokes vectors, propagates them with step size
As = -In(§)/p. (Beer-Lambert, & € [0,1)), scatters them using the phase function and Mueller matrix, and
detects or absorbs photons. Fiber orientations, derived from CT scans, are Gaussian distributed,
updating ps(C) per_step. Outputs are spatially resolved transmittance and reflectance patterns, with
ellipticity cotresponding to fiber alignment (MD/CD ratio). Simulations agree with experiments for

multi-scattered light but deviate near the source due to beam profile or surface effects.

Applications to paper and pulp leverage these models. Lateral scattering has conical scattering
enhancing in-plane spread, with MTF simulations showing more lateral scattering than isotropic models

but less than measurement, suggesting lumen or dependent scattering effects. Anisotropic diffusion
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gives elliptic patterns that are aligned with fibers, with reflectance sampling surface layers and
transmittance sampling the full depth, enabling layer-specific sensing. In pulp suspensions, cylinders
depolarize faster than sphere-like fines, enabling composition estimation. Hollow fibers have small

phase function fluctuations, which validate homogeneous approximations for multiple scattering.

To graph the scattering behavior shown in the thesis, the following is a plot of extinction efficiency Q.
versus size factor x for cylinders and spheres. Data approximates the oscillatory damping to 2 at-large
X, as discussed (e.g. Fig. 3.4 of the thesis). The graph, plotted using Python with numpy and matplotlib,

contrasts cylinders (red) and spheres (blue) to illustrate differences between thetwo:

Extinction Efficiency vs. Size Parameter
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Figure 9: plot displays extinction efficiency. Q. vs size parameter x for spheres and cylinders.

Spheres exhibit more significant initial oscillations from Mie scattering resonances, with taller peaks at
low x before damping to the asymptotic limit of 2, which is the extinction paradox that large particles
extinguish twice their geometric area from forward interference. Cylinders, as simulated in the thesis,
are smoother with lower initial Q. because of geometry and orientation averaging but converge similarly
towards 2 atdarge x. This is a strong indication of the thesis finding that cylindrical models are more
effective at representing anisotropic scattering in fibrous media, which is critical for effective optical

characterization.

2.3 Compare and Contrast Theoretical Frameworks

2.3.1 Angstrﬁm's Total Internal Reflection (TIR):
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TIR (Total Internal Reflection) makes wet surfaces darker (Angstrom, 1925). Water (refractive index
~1.33) coats particle surfaces like sand or soil and turns light back. Rays hitting the grains like to reflect
back through the water layer. Light is completely reflected inside, trapped inside the film, and also
deflected further into the material at the air-water boundary when the angle of incidence is greater than
the critical angle (~49°). Less light is visible to the observer, and albedo falls. Angstrém's formula for
computing this effect is reflected energy R = (a sin*(0)) / (n? - a (n? - 1)). Here a is the diffuse reflectivity
of the surface, 0 the critical angle, and n the refractive index. This conforms to Angstrém's findings.that
wet surfaces reflect some 60% as much as dry surfaces (black mold, for example, falls from 14% to 8%
albedo). Angstrém theory based on Lambertian scattering and Fresnel laws has.best treated interface-
mediated light confinement, most suitable for dense particulate systems.

2.3.2 Bohren's Mie Scattering Theory

Bohren accounts for light-particle interaction with larger than visible wavelength particles like sand in
terms of the Mie scattering mechanism. Heavy backscattering (average angle ~90°) by air-filled pores
(refractive index=1.0) in dry sand causes the escape of photons, after-a few collisions, rendering the
material bright. Compared to sand (~1.5), wetting decreases-the refractive index in water (~1.33) or
benzene (~1.5), causing forward scattering (~30° average angle)~The surface also darkens due to
photons being emitted further into the medium, thus increasing the likelihood for occurrence of
scattering events and absorption. Bohren's theoretical modely derived from the Mie Scattering Theory,
presents complex and porous media with an adequate framework in the sense that precedence is given

to scattering cross-section dynamics over.geometric edges:.

2.3.3 Linder's Cylinder-Based Radiative Transfer Model

Linder approximates fiber.materials like pulp-and paper by using cellulose fibers as infinitely long,
straight, homogeneous_cylinders for allowing Maxwell's equations' analytical solutions of phase
functions and scattering efficiency. It solves the radiative transfer equation numerically by Monte Carlo
simulation, taking into consideration multiple scattering in sphere-cylinder media where cylinders
represent fibers and spheres represent fines or pieces. It emphasizes anisotropic diffusion by fiber
orientation, with conical scattering patterns along the axis of the cylinder (half-angle equal to incidence
angle) reinforcing forward scattering along parallel fibers. Key parameters include cylinder density,
refractive index difference (e.g., cellulose at 1.55 and air at 1.0), and orientation distributions (e.g.,
Gaussian/for.in-plane and thickness directions). This approach highlights wave-particle interactions for
directionally.dependent media suitable for porous, fibrous structures with structural anisotropy and is

applied to on-line measurement of fiber orientation through scattered intensity and polarization.

2.3.4 Material Applicability

TIR in Compact, Particulate Surfaces:
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For planar grainy surfaces such as fine sand or soil, for which water forms uniform films that are
favorable to geometric trapping of light, Angstrém's TIR model of is very effective. His findings show
this: albedo of moist sand drops from 18% dry to 9%, which shows the value of TIR in forming critical-
angle reflection through coherent films. But the capability of the model to explain is confined in'very
fibrous or rough materials by broken-up water layers disturbing the interface geometry required.

Mie Scattering in Porous, Fibrous Media

Bohren's account is specifically for porous or composite surfaces like vegetation or rough sand. Through
the diminution of scattering cross-sections, liquids in interstitial pores provide.enhanced light
penetration without invoking angular thresholds. His own work, avoiding the*assumption’of smooth
film interfaces by showing that benzene-wetted sand is darker than water-wetted sand through more
intimate refractive index matching, underscores the proficiency of this'mechanism in forward Mie-

scattering dominates in media.

2.3.5 Cylinder Model in Aligned Fiber Networks:

Linder's model is excellent for fiber-reinforced materials-like paper or pulp, where fibers form
directional networks with pores; it represents anisotropic-diffusion-from fiber direction, with conical
scattering adding lateral propagation along alignment directions. Simulations predict increased lateral
scattering in plane-aligned fibers (e.g., paper~sheets) versus isotropic models, in agreement with
measurements on kraft liner (e.g., elliptical iSo-intensity patterns extended in machine direction).
Limitations are present for dense or non-eylindrical geometries (e.g., curved/kinked fibers or high fines
content), where dependent scattering, or irregular geometries invalidate accuracy but is superior to

isotropic models for orientation-dependent effects.

2.3.6 Methodological Approaches

Angstrém's Empirical Precision:

To precisely quantify: albedo (€.g:, snow at 69.5-81%), Angstrom employs a sole data-intensive,
datadriven technique and' specifically wavelength- and position-calibrated pyranometer. Angstrém
incorporates more refined tables and equations sensitive to the geophysical needs of recording Earth's
energy balance .during the 1920s for climatic reasons. His instrument-based technique guarantees
accurate albedo estimation, and thus TIR's contribution to environmental science.
Bohren's’Accessible Experimentation

Paper Bumaintains pedagogical simplicity with such uncomplicated configurations as petri dishes filled
with moist'sand displaying darkening effects. Bohren's qualitative account emphasizes conceptual
comprehensibility at the expense of quantificational accuracy, and it is accompanied by beach photos

and photon path diagrams. This harmonizes with the science communication vogue of the 1980s, where
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computational optics was used to make complicated scattering effects accessible to a wide range of
audiences.

Linder's Computational Monte Carlo Simulation

Linder employs numerical Monte Carlo methods to solve the radiative transfer equation and blends
analytical cylinder phase functions with stochastic fiber orientation distribution (e.g., Gaussian for
inplane anisotropy). Assisted by x-ray CT imaging for structural parameters and experimentally
confirmed (e.g., spatially resolved transmittance/reflectance), it is specialized in multi-faceted
simulation of wave propagation in anisotropic media. This reflects 2010s computational materials
science themes, enabling predictions for on-line sensing and for relating mierosecopic“scattering to
macroscopic properties like fiber orientation.

2.3.7 Implications and Limitations

Angstrém's Geophysical Insights:

In formulating the observation that wet surfaces absorb more solar radiation and-affect atmospheric
dynamics, Angstrom's TIR model benefits climate science:Angstrdm also.encompasses biological
implications, such as possible frost prevention by wet leaves (decrease m grass albedo from 31-33% to
22%) decreasing nighttime loss of radiation. The modelapplicabilityto complicated canopies is limited,
however, because it does not permit multiple scattering within'dense.vegetation, where measurements
show very little radiation penetration.

Bohren's Atmospheric Breadth

Bohren's Mie theory of scattering coversithe wide range of effects from the enhanced darkening of the
rough sand (through increased, absorption per-scatter) to foam brightness (through low-absorption
scatterers). It is flexible under different atmospheric conditions through the inclusion of wetting liquid
variations and particle-size effects. However, it'does not address the contribution of TIR to smoother
surfaces, like Angstrom's water surfaces, which, while being very slightly rough, are in conformity with
Fresnel's laws.

Linder's Structural Characterization Potential:

Linder's scheme_enhances on-line fiber-based industry sensing (e.g., pulp/paper), with dispersed
intensity/polarization. correlating to parameters such as fiber orientation and anisotropy for process
control. It translates enhanced lateral scattering in aligned networks (e.g., elliptical transmittance
patterns) into optical dot gain or pulp consistency predictions. Limitations are independent scattering
assumptions. (decomposition in high-density media) and idealized cylinders (excluding curvature,
roughness, or lumen effects), restricting accuracy in irregular or high-porosity structures; dependent

scattering or non-cylinder geometries may require extensions.

Bohren's Mie scattering and Angstrém's TIR are alternative perspectives on wet surface darkening:

probabilistic wave travel through porous, fibrous systems versus geometric interface trapping of
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compact, particulate media. Linder's cylinder model supplements these by focusing on
directionaldependent multiple scattering in oriented fiber networks, connecting microscopic wave
interactions to structural anisotropy. These articles, ranging from 1925 to 2014, trace the evolution of
optics from energy-focused measurements to wave-based atmospheric science and computationally
generated materials characterization. With relevance to atmospheric, geophysical, and industrial science,
a common model brings together the regimes and provides a robust foundation for reflectivity prediction

and sensing structure for a variety of surfaces.

Section 3: Possible Theoretical Model

As we mentioned before, the dark-wet problem is mainly caused by the reduction‘of light reflected from
the object with a layer of water film. In this section, we will derive the formula. for this effect by
synthesizing two perspectives.

1) For the internal total reflection (Anders Angstrom, 1925), the theory treats the surface as an
ideal diffuse reflector covered by a thin water film, where TIR at.the water-air interface traps light,
reducing the effective albedo.

2) For the Mie scattering (Bohren, 1983; Tomas Linder, 2014), the theory models the surface as a
collection of cylindrical fibers (e.g., in paper or fibrous materials), where.wetting changes the scattering
efficiency due to refractive index matching, reducing multiple scattering and thus albedo. The derivation
will be rigorous and mathematical, assuming Liambertian (ideal diffuse) reflection for the TIR part and
Mie theory for infinite cylinders in the scattering part. We will culminate in a combined formula that

explains the albedo reduction, incorporating both'mechanisms.

3.1 Derivation from Total Internal Reflection
Angstrém's paper explicitly.attributes the darkening of wet ground (e.g., sand or mold) to "internal total
reflection in the water films." Measurements show albedo drops (e.g., dry black mold: 14%, wet: 8%;
dry sand: 18%, wet: 9%),and the theoretical model matches observations closely (predicted ratio ~60%,
observed ~50-59%). The theory is based on the following assumptions (Anders Angstrom, 1925).
1) The dry surface.is an‘ideal diffuse reflector following Lambert's cosine law, where the radiance
(intensity per.unit area per unit solid angle) is uniform in all directions.
2) Incident lightis‘a beam of energy I, striking a surface element of area s.
3)/ When wet, the surface is covered by a thin film of liquid (water, refractive index n = 1.33) with
negligible absorption in the visible spectrum (focus on reflection geometry).

4) “Light diffusely reflected from the underlying surface can only escape the water film if its
reflection angle ¢ is less than the critical angle y for TIR at the water-air interface, where siny
=1.~0.7519, so y=48.6°.

n

5) Multiple reflections within the film are considered (geometric series).
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6) Selective absorption in water films accounts for minor discrepancies but is secondary to TIR.
Here is the rigid formula derivation.
According to Lambert’s law, for a dry surface with albedo a, the reflected energy in direction ¢, which
from normal, is:

al
Ry=_mcosdps  (16)

where I is the incident energy on area s, and the factor 1/ & ensures the total integrated reflection over
the hemisphere is al:
For a solid angle d& = 2zsin ¢dd (Anders Angstrom, 1925),
[RdQ=al  (17)

Therefore, the total reflected energy Rary = al, and the A¢qy=a
Second, we need to find the critical angle and the escape cone of the'wet surface. We consider the water
film forms a water layer which has thickness, so Light reflected from the underlying surface can enter
the water film. At the water-air interface, TIR occurs for rays with incidence angle > y, where sin y="
—. As aresult, only rays within the escaping cone ( <y ) exit directly. From integrating

n

Lambert's law over 0< ¢=<y:

7
2 zsind cosy dp=m.sin’*y (18)
0

If we normalize the equation by z then times by al, the fraction of diffusely reflected energy within this

cone (for unit area s = 1):
Reone=alsin®y ~ (19)
Considering multiple reflections in/the film, Rays outside the cone (¢ > ) are totally reflected back

into the film (fraction 1 sin” ), then diffuisely reflected again from the surface (fraction a), and so on.

So the emergent energy series is:

R=alsin*y+al (a—sz'nz\y)-asinszral(l—sinz\y)z-asinz\er. .. (20) Which is :

ook alsiny
R=alsin*y a l[sifqz\y = l)J(l—sz\V k=0

Substitute the formula when mentioned before sin? \|]=:—12t1

a al
R=al " = (22)

l—a(—nz_) ( )

For the wet albedo Awet= R/l = n2Traa ta, (aaya, and the ratio iS: 4dwerdry =g lyata

1 n*l-a+a
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Here is the graph demonstrate the formula.

Wet Albedo (A_wet) vs Dry Albedo (A_dry) for Different Refractive Indices (n)
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Figure 10: X-axis ranges from O to 1, representing the albedo of the dry surface (a dimensionless fraction
between 0 and 1). Y-axis also ranges from 0 to-1, showing the albedo of the wet surface, constrained to
the physically meaningful range of albedo values. The grid‘and limits ensure the graph is easy to

interpret within the valid domain of albedo.

The graph includes three curves:corresponding to.n = 1.0, n = 1.33, and n = 1.5. When n = 1.0, this
represents the case where there is no water film (refractive index equal to that of air), so n = 1. The

formula simplifies to:

Awet:Adry (23)

The curve s a straight line at 45 degrees (y = x), indicating that the wet albedo equals the dry albedo,
as expected when no TIR effect occurs.

When n =1.33, this corresponds to the refractive index of water, where n*~1.7689. The curve lies below
the n =1.0 line, reflecting the reduction in albedo due to the wet-dark effect caused by TIR at the water-
air interface.

When n'=1.5, and n’=2.25, the TIR effect is more pronounced, leading to a steeper reduction in Ay
compared.to n = 1.33.

The ‘trends of the equation mainly are shown in two aspects. First is that the equation decrease

nonlinearly, since the relationship between $ Aweand Agry is non-linear. The reduction in albedo is most
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significant at low Ay values (e.g., dark surfaces like black mold) and becomes less pronounced as Agry
increases (e.g., lighter surfaces like concrete).

The second is its asymptotic behavior. As A4y approaches 1, Ay approaches 1 but never exceeds it,

o) s

because the denominator #* a-A.y, +Aar, approaches n* and the fraction ,2('s.%" 4y +Aar, approaches

1

—, which is less than 1 for n > 1.
n

Relating to the real world situation, the n = 1.33 curve is most relevant for natural wet surfaces (e.g:,
soil, sand), aligning with Angstrém's observations of a 50-60% albedo reductionfor dark surfaces.
While the extension to Mie scattering (e.g., fibrous materials) is not directly reflected here but would
adjust the initial Agy based on scattering efficiency, which could shift the curves-downward further.
Therefore, combining the Mie scattering theory would be extremely importantto build a generalapplied

theory.

3.2 Derivation from Mie Scattering
Linder's thesis uses Monte Carlo simulations for multiple scattering by-cylinders (e.g., fibers in paper
or textiles), modeling light paths via random walks. Wetting changes the medium from air n, = 1) to
water nn = 1.33), reducing scattering efficiency-due to index.matching with cylinders (typical n.= 1.5).
The theory is based on the following assumptions and parameters (Tomas Linder, 2014).
1) Surface modeled as randomly oriented infinite cylinders (fibers) with density $ C, (total length
per unit volume, [m™]).
2) Scattering governed'by/Mie theory for cylinders, where the exact solution for electromagnetic
wave scattering by.infinite cylinders.
3) When the objects are dry, medium air n,= 1), relative index $ m =n./ nn=1.5.
4) When the objects are.wet, the medium water (nm = 1.33), m = 1.13, closer to 1, reducing
contrast.
5) All absorption is.in cylinders (e.g., via imaginary refractive index).
6) Albedo from Monte Carlo shows the fraction of photons
backscattered after  multiple interactions.
7)" The key parameters are Scattering coefficient pis absorption p., anisotropy g, phase function
p(®):
Here is therigid derivation.
For.infinite cylinders, Mie theory gives scattering efficiency Qs (cross-section per unit length

normalized by geometric cross-section 2r, where r is radius of the cylinders) (Tomas Linder, 2014):

o2 lhe. L (s
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=%
where x=2mr/A (size parameter), bjare Mie coefficients depending on m (relative index) and polarization.
For the phase function p(0), which shows the angular distribution, often forward peaked for large x.
And for anisotropy g=(cos 0), it is derived by integrating p(0) cos0.
To find the scattering coefficient in medium, we define the collection of cylinders ps—Q,C,, where C,=

?_“or directly total length / volume. pg

The Absorption coefficient is defined as p. = kp, where k is absorption per mass, which increases if
water absorbs wets fibers.

Lastly, the reduced scattering is defined as ps” = ps (1 - g).

Therefore, we are able to compare the index matching effect between the 'wet and dry.objects. For the
dry objects, they have high m = 1.5, which means they have large Qs, representing the strong scattering.
The light undergoes multiple Mie scatters, increasing backscattering.-For the wet.objects, they have low
m = 1.13, so the Q, decrease, while psdrops. The light is ableito penetrates deeper, more absorption and
has less backscattering. Linder states that Q(¢) changes with orientation; for wet, anisotropic diffusion
dominates if predominant orientation axis. The effective albedo form radiative transfer equation (RTE)
shows like this (Tomas Linder, 2014):

dL_ :-deS:-H.tL'HJ's ( ) gQ,S'L S' dQ.+S (25)
ds

Where p=pst,, L is radiance. In diffusion approximation (multiple scattering), Albedo A s for

semi-infinite medium ps+ua (backscattering fraction).

We can use Monte Carlo simulation, for finding albedo (Tomas Linder, 2014). Photons can be tracked
by MC, which initializes the position or direction of the photon, propagating step s =—In& / p; (§ random
[0,1]), scatter with p(0), absorb with probability p. /p: . The wet effect can lower ps (from reduced Qs)
increases mean free path 1/us , photons travel deeper, albedo drops.

Here is the formula shows the approximation from diffusion:

}/lts,wet Qx,wetc a (a— Ewet )

Awet~ w tHa= Qs,wetC@ 1—gweb+p.a(26) s,wet
Consequently,we.can figure out the albedo A by utilizing the equation.

Qe relates.with angle, with oscillations reduced in wet. For the fibrous material, wet albedo is 5070%,

similar'to the TIR theory.

3.3 Synthesized Formula for Wet-Dark Problem
The nature between the two theories is different. TIR dominates for the smoother and particle surfaces,
such as soil, which can trap light geometrically. This mainly because the nature of the formation of TIR

is the bottom layer of the covered water film can reflect light to the top layer of the film, while the top
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film can from TIR if the incident angle exceeds the critical value. Mie scattering theory dominates for
the fibrous and porous surfaces, which reduces the scattering cross-section. This is chiefly since the
reflection index of the environment can be affected by the exist of water, which can enhance the Mie
scattering, let the light go deeper into the material, and thus less light would be reflected back.

We anchor the TIR as the basic formula to depict the wet-dark problem, as it has a wider range of
applicable scenarios (the fibrous material can also form a layer of water film). Mie scattering model“s
based on the multiple scattering of a cylinder (fiber). When wet, the refractive index of the medium
changes from 1 to 1.33, reducing the scattering efficiency Q and thereby lowering.the albedo. The
formula needs to be adapted through a valid Agry.

Adry can be seen as initial albedo dominated by scattering, which approximately:

Ws

Adl‘y: ( 27 ) us'+ua
The more accurate method to calculate Agry is shown before. We substitute the. variable albedo Agry to

the original TIR formula, where the new equation becomes:

B Adry Awer= 1= n2 1-Adry +Adry
28) ()

The formula begins with the geometric optics derivation-of TIR, considering the multiple reflections
and escape probabilities of light in the water film, and derives the expression of Ay When extending
to Mie scattering, consistency is maintained by replacing A4 with the effective albedo derived from
scattering. This equation unifies the wet dark effect.on the particle surface (dominated by TIR) and the
fiber surface (dominated by Mie), predicting a reduction in albedo by approximately 50-60%, which is
consistent with the experimental'and simulation results of the two papers. For specific materials, you
can numerically calculate'Aqry using Mie theory (for example, using the mpmath library in Python), and
then substitute it into the formula.

The image depicts changing trends of the equation.
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- Wet Albedo (A_wet) vs Dry Albedo (A_dry) with TIR and Combined TIR+Mie Models

~—— TIR only (n=1.33)
—— TIR + Mie (k=0.7, n=1.33)
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Figure 11: Since the exact Qs depends on the size parameter x and-relative refractive index m, and we
lack specific material data to compute it precisely, we can approximate the combined effect by
modifying Ay to reflect the Mie scattering reduction. For.simplicity, we can assume a reduction factor
for Aary based on the observed 50-70% albedo.drop in fibrous materials (e.g., Adry,ctt= k Adary, Where k
ranges from 0.5 to 0.7 for wet conditions). Then, apply the TIR formula to this effective Adry.

The combined model curves are consistently below'the TIR-only curve, reflecting the additional albedo
reduction from Mie scattering. The reduction issmore pronounced at lower Ay values, consistent with
the wet-dark effect beingimore significant on darker surfaces. As A4y approaches 1, all curves converge
toward a value less.than'1,-but the combined model curves remain lower due to the k factor.

The graph illustrates how the combined TIR and Mie model better explains the observed 50-70% albedo
drop in fibrous or porous materials (e.g., paper), where scattering efficiency drops significantly when
wet. The'separation between curves highlights the contribution of Mie scattering to the wet-dark effect
beyond TIR alone.

Nevertheless, thissimulation contains two limitations. First, the k factor is an approximation; actual Qs
values require‘Mie theory calculations with specific x and m. Second, Absorption in the water film or
material 1S not included, which could further lower Ayet.

Section 4: Validation of the Model

In this section, we will validate our model by providing some real-world data. The model, expressed as

Awe="r 217 @y where Adry, o= kAary incorporates the Mie scattering reduction factor k
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(typically 0.5-0.7 for porous or fibrous materials due to refractive index matching), and n = 1.33 for
water, is assessed using real-world experimental data from literature sources. We provide a qualitative
analysis of how the model explains observed phenomena, followed by a quantitative comparison ‘of
predicted and measured albedos for various surfaces such as sand, black mold, pervious concrete, and

asphalt. Finally, we offer suggestions for future improvements based on the validation insights.

4.1 Qualitative Analysis

The combined model explains the wet-dark effect fairly well by adding TIR's geometric light-trapping
process to Mie scattering's reduction of multiple scattering efficiency. Qualitatively, TIR, involves
forward light propagation into the wet medium, in which rays larger than the critical angle (~48.6° for
water-air interface) are reflected back, reducing the escaping diffuse reflection. It is particularly
observed in granular surfaces like sand or soil, where water films trap light that would otherwise scatter
backward when it is dry.

The Mie contribution to this applies it to porous or fibrous material (like-mold, paper, or rough asphalt),
where moisture changes the refractive index of the surrounding medium from 1 (air) to 1.33 (water),
diminishing the relative index contrast with particles. or-fibers (typically ~1.5). This decreases the
scattering cross-section ( Qs), which allows more light to penetrate ‘and increases absorption, making
the surface even darker. The literature supports-this: e.g., measurements show that large-pore, porous,
low-albedo materials exhibit stronger wetting ‘effects, as:more confined multiple scattering increases
TIR trapping. Non-linear model behavior—Ilarger. relativereduction for intermediate dry albedos (0.3—
0.6)—accounts for observations that'such surfaces decrease by ~0.1 in albedo upon wetting, as noted
in optical studies. Overall, the/model qualitatively explains why darker, rougher surfaces appear
disproportionately darker .when" wet, sand “mimics real-world effects in natural and man-made

environments.

4.2 Quantitative Analysis

Quantitatively, to verify the verification of the model, we compare wet albedo predictions against

experimentally obtained.values from peer-reviewed literature. Predictions use (n=1.33 son"2 =1.7689)
for TIR, and add:Mie effects through k values appropriately scaled from observed scattering reductions

(e.g., 0.5-0.7for porous materials, from efficiency losses in Mie computations for cylinders or particles).
Sources of data include albedo measurements of sand and black mold from Angstrom's initial work and

its follow-up.by Twomey et al. (1986), pervious concrete from Li et al.

(2023), and asphalt from graphics and optics calibrations. The table demonstrates the comparison.
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Surface Measured Measured Predicted wet | Predicted Awet Source /
Type | DryAlbedo | Wet Albedo |A,.Awet (TIR| (Combined, Reference
k=0.7
(Aary) (Aved) Only, k=1.0) )
Sand 0.182 0.091 0.112 0.078 Angstrom

(1925), Twomey
et al. (1986)

Black Mold |0.141 0.084 0.085 0.059 Angstrom
(1925), Twomey
et al<(1986)

Pervious ~0.30 (range |~ 0.15 0.195 0.136 Lietal. (2023)
Concrete 0.20-0.35)

(avg.)

Worn 0.12 0.08 0.072 0.050 Lekner and Dorf
Asphalt (1988),

empirical data

Table 1: Data comparison and contrast

For sand the measured reduction from.0.182 to 0:091.(~50%) is better approximated by the combined
model (estimated 0.078 with k=0.7, error ~14%).than by TIR alone (0.112, error ~23%). This reflects
the contribution of Mie scattering in granular media, with water reducing inter-particle scattering. For
black mold TIR alone predicts 0.085 (error ~1%) to anticipate prevailing TIR in highly absorbing
porous organics. The combined modelunderpredicts a bit (0.059), but k=1.0 is an excellent fit, meaning
minimal Mie correction for this surface:

For the pervious concrete, dry albedo drops with porosity (0.20—0.35), and wet is ~0.15 irrespective of
porosity. TIR estimates 0.195 for'typical dry 0.30 (error ~30%), but with k=0.7 gives 0.136 (error ~9%),
emphasizing Mie's importance in porous structures where wetting aligns with indices and reduces
scattering.

For worn asphalt, decrease from 0.12 to 0.08 (~33%). TIR estimates 0.072 (error ~10%), combined
0.050 (overestimates reduction), but consistent with observations that rough, porous low-albedo
surfaces have.factors of 0.68 wet/dry ratio.

These comparisons are of reasonable accuracy, with mean absolute errors of ~15% for TIR alone and
~10% for the combined model over examples. Model predictions fall within the variability of
experimental data, lending confidence to the model's validity. Discrepancies might be attributed to

unmodeled processes like wavelength-specific absorption or exact porosity.
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4.3 Future Suggestions

While the model is reassuringly close to experimental, some enhancements can render it more precise
and beneficial.

a) Include wavelength dependence: The current formulation makes the albedo broadband, ;yet
observations (e.g., of Balsam et al. on soil reflectance) suggest channel-dependent darkening (e.g., RGB
ratios 0.82:0.58:0.38 for wood). Generalize to spectral models with wavelength-variable (n) and

(Qs).

b) Refine Mie Parameters: Use accurate Mie computations for specific particle sizes and shapes
(e.g., via size parameter instead of approximations to k, summing up full phase‘funetions from Linder's
Monte Carlo computations.

c) Account for Absorption and Roughness: Consider water's tiny. visible absorption and surface
micro-roughness (e.g., Zhang et al.), which affect translucent particle fractions and scattering anisotropy.
d) Cross-Validate with More Diverse Data: Apply to UV measurements (e.g:; loam 5-10% from
UV studies) or dynamic drying processes (e.g., Gu et al.'s BRDF database),.and field experiment urban
materials like concrete under various moisture.

e) Hybrid Simulations: Hybridize with radiative transfer equations.for multi-layer media, perhaps

with the help of tools like Python's Mie codes for real-time prediction.

These additions would strengthen the model for application in climate modeling, remote sensing, and

material synthesis.

Section 5: Conclusion

In conclusion, the dark-wet problem—a common optical effect wherein wet surfaces are darker and
have lower albedo—has been addressed in this essay by means of a combination between theoretical
models based on.total internal reflection (TIR) and Mie scattering. By obtaining a combined formula
thatunifies TIR's geometric light-trapping effect and the reduction of Mie scattering's efficiency due
to the refractive index matching, we have established a unified theory that can explain the reduction
of albedo'from different surfaces, from granular material like sand to fibrous or porous material like
black mold and permeable concrete. The equation is observed to reproduce the non-linear reduction

observed in nature and aligns with previous measurements of Angstrém (1925) and recent work.

Validation based on qualitative observation and quantitative comparison demonstrates the power of

the model, the combined approach providing lower mean errors (~10%) than TIR alone, particularly
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for porous surfaces for which scattering dominates. This not only establishes the physical
underpinnings but also captures the interaction between surface microstructure and wetting dynamics.
While there are still limitations such as approximations in k and omission of spectral or absorption
details, the suggested enhancements—ranging from wavelength-dependent tuning to hybrid

simulations—pave the way for yet more precise predictions.

Lastly, understanding the dark-wet problem has practical uses beyond pure interest, informing climate
science applications (e.g., urban heat islands or remote sensing soil moisture), material science
applications (e.g., water-repellent coatings design), and even computer graphics for realistic rendering.
With environmental forces increasing the intensity of wetting events through increased precipitation
frequency, increasing the accuracy of this model might make it simpler to predict and mitigate their
optical and thermal implications, emphasizing the value of optics across disciplines‘in addressing

realworld issues.
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