
 

 

Spectral reflectance properties of sand layers covering an underlying 

target– experimental measurements and mathematical modelling 
 

Gorm Krogh Selj,a, * Alexander Mikkelsena 
aNorwegian Defence Research Establishment, Instituttveien 20, 2007 Kjeller, Norway 

ABSTRACT   

Adapting to natural backgrounds is important, yet very difficult, to achieve effective camouflage. One interesting aspect 

is the optical depth of biomaterials as a function of both geographical region, in which the biomaterials exist, and 

wavelength. The effective optical thickness of sand, for instance, will vary from scene to scene, and the amount of light 

that is reflected and transmitted is lower in the visible wavelength region than in the near-infrared region. Such variations 

in optical properties should be accounted for to ensure that synthetic camouflage material has high adaption to natural 

backgrounds over a large set of natural scenes as well as over a large range of wavelengths. The aim with this study has 

been to study optical reflectance properties of thin sand layers as a function of their thickness, given in weight per area. 

Sand is a biomaterial abundant in many parts of the world and relevant for many camouflage purposes. In specific, we 

have studied spectral reflectance (350–-2500 nm) of 1–6 layers of sand covering a generic target object with known spectral 

signature. We also present mathematical models aiming to be able to estimate the reflectance of the sand layer samples, 

for a given layer thickness. The models are easy to use and we show that the models are able to reproduce the spectral 

reflectance properties of the sand samples. The model also allows for an estimation of the optical extinction coefficient as 

a function of wavelength and for a given sand type. This opens for a further estimation of transmittance and absorptance 

of the sand layers based on the experimental reflectance data, and we explore this in the paper. We also explore how the 

model is able to capture optical properties of sand and compare with corresponding optical properties of other natural 

materials, often found in thin layers, such as leaves and snow. We think our results will be a valuable contribution to 

developing multi-layered camouflage material that accounts for the variation of optical depth. 
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1 INTRODUCTION 

Sand reflectance is interesting from a camouflage point of view as various types of sand are found in many parts of the 

world. Sand reflectance of incident light differs from light reflected by other natural materials or constituents, such as 

vegetation, soil, snow and ice, as well as from many synthetic products, by its unique spectral signature in the wavelength 

region 350 – 2500 nm, containing light in the UV, visible range, near-infrared range and SWIR. In addition, sand materials 

are porous, easily moveable (also by winds), meaning that they are interesting candidates as natural camouflage materials 

in many situations as well as the assumption that a thin sand layer will transmit some of the incident light, makes it 

interesting to characterize its optical properties further.  

In the years to come, electro-optical sensors are thought to become cheaper, more capable, globally distributed and smaller 

and lighter. In addition, data analysis methodologies become more accessible, tailored and sophisticated, and remote 

sensing applications, including drones, are expected to become more important. In light of this expected development, we 

expect that successful concealment of an object will become increasingly challenging and will require camouflage 

materials (or strategies) that are well adapted to the optical characteristics of the backgrounds considered relevant.  

The interaction of incident solar radiation with sand materials (of various thickness and granularity) will be interesting to 

study in order to develop camouflage strategies in sand-dominated areas [1-8]. In addition, precise interpretations of 

signatures captured by remote sensors will be important in land mapping based remote sensing application as is likely to 
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rely on a thorough understanding of land optical materials, such as sand. Sand is a granular material with complex 

microstructure and varying density. Since sand materials are normally not optically opaque, but semi-transparent, some 

incident light may penetrate a (thin) sand layer as a function of wavelength and layer thickness. The wavelength distribution 

and amount of incoming light transmitted through a sand layer will affect the signature that any optical sensor will capture. 

It is also of interest to compare the light transparencies of various layer-like materials found in nature [9-14], to gain more 

knowledge on how much light different materials will reflect, transmit and absorb as a function of wavelength and 

thickness. It has already been reported on optical similarities between soil-materials and snow when they have been studied 

on length scales much larger than the wavelength [13]. This study aims to build further knowledge on optical characteristics 

of one of the natural materials, sand, that is naturally found in layers.  

In this paper, we have measured spectral reflectance of a given sand material when the sand material has been used as layer 

material on top of an underlying reference textile with well-defined signature. The sand was placed in layers of varying 

thickness on top of the textile to study how much of the initial textile reflectance signature is left in the reflectance spectra 

as the sand layer was increased in steps. We have also applied a mathematical model, the extinction model [9, 15], to the 

reflectance data. We investigated the applicability of the mathematical model, used in a predicative sense, to see if it is 

able to model sand optical parameters, such as extinction coefficients and reflectivity, correctly. We also investigated the 

potential of the model giving reliable estimations and answers to problems that are considered difficult to solve by direct 

experiments, such as sand layer transmittance and absorptance. Extinction coefficients of sand were calculated for selected 

wavelengths (500nm, 800 nm, 1200 nm, and 1800 nm) by using a mathematical model for thin and optically semi-

transparent materials [11, 15] win combination with our experimental data. The application of the model to experimental 

reflectance data allows for wavelength-dependent estimations of sand inherent reflectivity (inherent property of sand, no 

influence from any background object) and transmittance characterizations.  

We expect the results found in this preliminary study to be of value in several applications involving light penetration in 

thin materials [16]. One candidate is further improvements in advanced camouflage products [17-20] or in camouflage 

assessment techniques[17, 18, 21-34]. Other potential applications may be within solar energy harvesting [35-43], in which 

a thin layer of sand material on the solar module surfaces may hamper the energy harvesting effectivity substantially, in 

fields related to planetary sciences[41, 44, 45], as well as for remote sensing applications [13, 27, 46-50] of land areas or 

objects where the mapping accuracy, including sand and soil type predictions [51-53], may be affected by thin sand (or 

soil) layers covering vegetation or other interesting infrastructure.  

2 EXPERIMENTAL SETUP AND METHOD 

2.1 Spectral measurements   

The reflectance spectra of the sand layer samples were measured outdoors in natural light (sunny, clear sky) by a field 

spectrophotometer (Spectra Vista SVC 1024 UV/VIS/NIR/SWIR) between 350 and 2500 nm. The spectrometer was 

connected to a laptop to control the measurements via the program SVC HR1024 (v. 1.7). The distance between the samples 

and the spectrophotometer was around 1 meter, yielding a measurement area of about 5x5 cm2. The spectrophotometer 

was slightly tilted to reduce the degree of specular reflectance from the samples. A Lambertian white reference plate 

(Spectralon calibrated diffuse reflectance standard, PerkinElmer) was used between each measurement series to calibrate 

the instrument. We measured the samples at least five times, with a fixed measurement time of 1 second. The spectral 

results presented in the paper (section 4.1) are an average of five or more spectral measurements for each sample. All 

reflectance measurements were performed on hard ground (sand-covered open field) in Canjuers, France, during summer. 

An overview of the experimental setup is presented in Figure 1.  
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Figure 1. Experimental setup. (a) field spectrophotometer (Spectra Vista SVC 1024 UV/VIS/NIR/SWIR) and (b) sand layers 

on top of a green reference target (are approximately 3.3 m2). The sand layer samples were measured individually outdoors 

under stable illumination conditions (clear sky). A white reference plate (Spectralon calibrated diffuse reflectance 

standard, PerkinElmer) was used before measuring the reflectance of each sand layer. 

 

Figure 2. Sand layers on top of a green reference textile for spectral reflectance measurements. The top left image shows the 

textile with no sand placed onto it (“textile reference”). The sand volume units used are shown in the top left corner of the 

remaining samples and the sand was evenly distributed over the equally sized sample areas, respectively.  

We measured the reflectance of each of the different sand layer thicknesses individually (with a green textile 

underneath), and a measurement series of pure sand (no textile underneath). The samples (sand layers) measured are 

shown in Figure 2. The samples, altogether 7, consisted of the reference textile covered with no sand, 1, 4, 8, 16, and 32 
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volume units of sand, as well as the pure sand sample (no textile underneath). A volume unit consisted of 1 liters of sand, 

and the sand volumes were evenly distributed over the equally sized reference textile areas, respectively. All sand 

samples used in the textile coverages were obtained from the ground next to the reference textile, and the sand is 

assumed to be of the same type in the measurements. The mass density of the sand was not measured, but we assumed 

the sand density to be of 1.631 g/cm3 (US customary measurement system) in our transmittance modelling calculations. 

However, the modelling is meaningful regarding sand layer transmittance estimations as long as all the layers we used in 

our experiments were of the same type and by controlling the sand volume for each layer. The estimated (optical 

transmittance) material parameter, the extinction coefficient k, will however be influenced by the estimated mass per 

density value of each sand layer we used in this experiment. Therefore, we have estimated sand mass (of each sand layer) 

as well as measured each sand sample area (see Fig. 2) as accurately as we were able to. The spectrophotometer saved 

the spectral data as .sig files that we analyzed and plotted in Origin Pro 2021 (v. 9.8.0.200). All the spectral measurement 

results presented in this paper are mean values from several measurements. 

3 THEORETICAL MODEL OF LIGHT REFLECTANCE OF SAND LAYERS 

The spectral reflectance data in this paper is fitted with a mathematical model, here named the extinction model. In this 

section, we will introduce the model and show how it can estimate the spectral properties of samples based on multilayered 

spectral measurements.  

3.1  The extinction model 

The extinction model has been used in recent studies to model the light reflectance and transmittance from thin and layered 

samles as a function of layer thickness (given by the layer mass/area) [9-12]. Wilhelm [15] derived the extinction model 

to describe quantitatively the reflectance, transmittance, and absorptance in terms of specific reflection and absorption 

characteristics of fibers. The model is based on the Stokes equations[54] for transmittance 𝑡𝑛 and reflectance 𝑟𝑛 of n plates: 

 𝑡𝑛 =
𝑐−𝑐−1

𝑐𝑑𝑛−𝑐−1𝑑−𝑛, (1) 

 𝑟𝑛 =
𝑑−𝑑−𝑛

𝑐𝑑𝑛−𝑐−1𝑑−𝑛, (2) 

where c and d are constants that only depend on the reflectance and transmittance of the single plates. The equations above 

were fitted to textile materials of different thicknesses expressed as weight per area by defining 𝑐 = 1/𝛼 and 𝑑 = 𝑒𝑘. Here 

the constant 𝛼 is the reflectivity of the material when the thickness goes towards the extreme limit, k the extinction 

coefficient, while the constant 𝑒−𝑘𝑤 is the remaining energy fraction after absorption in a unit weight per area w of the 

material.  Substituting n with w, which is the weight per unit area, and using the new definitions yield[15]: 

 𝑡𝑤 =
(1−𝛼2)𝑒−𝑘𝑤

1−𝛼2𝑒−2𝑘𝑤 , (3) 

 𝑟𝑤 =
𝛼(1−𝑒−2𝑘𝑤)

1−𝛼2𝑒−2𝑘𝑤 . (4) 

The corresponding absorptance is then given by the following relationship: 𝑎𝑤 = 1 - 𝑟𝑤 - 𝑡𝑤.  

For semi-transparent samples (such as snow, vegetation, and thin artificial material) we have to account for the optical 

characteristics of both the i) sample and the ii) underlying background[9, 14]. The spectral characteristics of the background 

must therefore be included for correct modeling. If the reflectance of the background is given by 𝛽, expressions for the 

reflected, transmitted, and absorbed light of the system (sample and background)are given by[15]:   

 (
𝐼𝑟

𝐼0
)

syst.
= 𝑟𝑤 + 𝑡𝑤

2 𝛽 + 𝑡𝑤
2 𝑟𝑤𝛽2 + 𝑡𝑤

2 𝑟𝑤
2𝛽3 + ⋯ = 𝑟𝑤 +

𝑡𝑤
2 𝛽

1−𝑟𝑤𝛽
 , (5) 

 (
𝐼𝑡

𝐼0
)

syst.
= 𝑡𝑤(1 − 𝛽) + 𝑡𝑤𝑟𝑤𝛽(1 − 𝛽) + 𝑡𝑤𝑟𝑤

2𝛽2(1 − 𝛽) + 𝑡𝑤𝑟𝑤
3𝛽3(1 − 𝛽) … =

𝑡𝑤(1−𝛽)

1−𝑟𝑤𝛽
 , (6) 

 (
𝐼𝑎

𝐼0
)

syst.
= 1 − (

𝐼𝑟

𝐼0
)

syst.
− (

𝐼𝑡

𝐼0
)

syst.
=

𝑎𝑤(1+𝛽)(𝑡𝑤−𝑟𝑤)

1−𝑟𝑤𝛽
 . (7) 
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4 RESULTS – REFLECTANCE 

4.1  Reflectance of multiple layered sand samples 

Figure 3 shows the measured reflectance of the individual sand layers given by the sand volume used to cover the 

underlying green reference target. The green curve shows the reflectance of the uncovered reference textile, and the red 

curve shows the reflectance of pure sand (no textile underneath), whereas the remaining curves in Fig. 3 show the 

reflectance for the different sand layer thicknesses (with the reference textile beneath). It was not possible to measure the 

sand layer thickness during the experiment, but the layers are instead characterized by the amount (i.e. volume) of sand 

used to create each layer. We see from Figure 3 that the reflectance spectra of the various sand layer thicknesses (as well 

as the bare reference textile) were all different over the wavelength range, meaning that varying the sand thickness, when 

covering some underlying target, seems to alter (i.e. reduce) the spectral reflectance signature that is measured.  

Furthermore, we note that the reflectance characteristics of the five sand layers (1 L to 32 L) were in general obtaining 

reflectance values between those of the bare reference textile (green curve) and pure sand (red curve). This observation 

agrees with what we would expect as all the reflectance curves of the sand layers covering the reference textile should be 

some mix of reflectance signatures of the reference textile and sand. In Figure 3 we see that as the sand layers got thicker, 

the corresponding reflectance curves got more similar relative to the reflectance curve of pure sand. Correspondingly, the 

impact of the reference textile signature on the measured reflectance (of the reference textile covered with sand) was 

rapidly reduced as the sand layers got thicker. We also note that there was one wavelength, at about 860 nm, where all the 

reflectance curves obtained the same reflectance values, meaning that all the sand layers, the bare textile and the pure sand 

sample were undistinguishable by their reflectance value at that particular wavelength. In addition, at the wavelength region 

between ca. 2050 nm and 2150 nm the reflectance values of the five sand layers did not obtain values between that of the 

bare textile reflectance (green curve) and that of the pure sand (red curve), but seemed to be slightly higher in reflectance 

than both. This was not as expected, and there was no obvious explanation to this other than potentially measurement 

errors (in that particular wavelength range). 

From Figure 3 we see that the reflectance of the sand layer samples had the largest variations for wavelength regions 

around 650 nm and for the wavelength range of approximately 900 nm to 1300 nm. In particular, the variation in 

reflectance was significant in these two region when altering the sand layer thickness as in our study. We also find, when 

inspecting the curves in Figure 3, that the reflectance altered noticeably between 0 L (no sand, green curve), 1 L (purple 

curve), 4 L (orange curve), 8 L (brown curve), but to a less degree (albeit observable) between 8 L (brown curve), 16 L 

(pink curve), 32 L (grey curve) and pure sand (red curve). We could not measure the corresponding sand layer 

thicknesses. Still, they can be estimated (assuming the sand volume was evenly distributed throughout the textile area) to 

be 0.3 mm (1 L, thinnest layer), 1.2 mm (4 L, second layer), 2.4 mm (8 L, third layer), 4.8 mm (16 L, fourth layer), and 

9.7 mm (32 L, fifth layer). The observed variations in measured reflectance with altered sand layer thickness is 

interesting as we would like to know more about what sand layer thickness that cover a buried target to a sufficient 

degree, and what is the expected layer thickness (of some layer constituent) that alters the measured signature from being 

dominated by the target signature to being dominated by the layer constituent signature. 

 

Proc. of SPIE Vol. 12736  1273609-5



 

 

Figure 3. Spectral reflectance measurements of sand layers covering a green reference target, given by the amount of sand (in 

liters). Reflectance of no sand layer is given by the green line, 1 liter sand to cover the target (purple line), 4 liters (orange 

line), 8 (brown line), 16 liters (pink line), 32 liters (grey line), and pure sand with no target underneath (red line) between 345 

nm and 2500 nm. The shaded bands behind the lines represent the standard error of the reflectance mean (errors smaller than 

the lines might not be visible in the plot). 

From the results in Figure 3, we may speculate if the sand layer thickness that shifts the signature from target-like to sand 

material-like could be around the thicknesses from 4 to 8 layers. Comparing the reflectance measurements (Fig. 3) with 

images in the visual range of the corresponding sand layers (Fig. 2), there seems to be a clear visual impression between 

the image of the 4 L thickness and the 8 L thickness regarding how much of the underlying target we can see (in the visual 

wavelength range). However, it is not possible to draw any conclusion based on the visual impressions given in Figure 2. 

Interestingly, we also see from Figure 3 that even for the thickest sand layer, 32 L (grey curve), the corresponding 

reflectance curve did not seem to overlap with the reflectance curve of pure sand (red curve), indicating that there is some 

amount of light that penetrated the sand layer, reaching the underlying reference target and then being reflected back from 

that target through the sand layer and back to the external spectrophotometer. Particularly at wavelengths around 950 nm 

to 1300 nm the transition of incoming light through a relatively thick sand layer seemed most prominent.   

In figure 3, we see that the reflectance data of the thinnest of the sand layers, 1 L (purple curve) had the highest uncertainty 

(SE) in the sand layer measurements. This is because it was difficult to homogeneously distribute the smallest amount of 

sand (1 L) onto the textile area. The images of the sand layers in Figure 2 also clearly shows how the large degree on non-

homogeneity of the sand distribution for the sand layer, and that the homogeneity of the sand layers, in general seemed to 

increase when the amount of sand was increased.  

 
4.2  Fitting the extinction model to the reflectance data 

Having converted the number of layers to mass per area (see Table 1 for numeric values), we fitted the extinction model 

(Eq. 5) to the measured reflectance data of the individual sand layers, as shown in Figure 4. We selected eight test 

wavelengths over a range from 550 nm to 2200 nm to carry out a preliminary test of the model fit to the data. We fitted 

the data by adjusting two fitting parameters: the reflectivity (𝛼) and extinction coefficient (k), following the approach used 

in other studies [10-12]. The 8 wavelengths were chosen based on the reflectance curves of the sand layers (Fig. 3) and to 

be spread out to cover VIS, near infrared (NIR), and shortwave infrared (SWIR) wavelength ranges. The fitting parameters 

and the selected wavelengths are shown in Table 1. In Figure 4, we show the experimental reflectance data of the five sand 

layers (1 L of sand corresponding to a layer thickness of 0.05 g/cm2, and up to 32 L corresponding to 1.6 g/cm2) plotted 

against the estimated mass per area for the wavelengths 550 nm, 800 nm, 1200 nm, and 1800 nm. In Figure 3 we also plot 

the corresponding model fit (blue curves) when the extinction model was applied to the experimental data.  
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From Figure 4 we see that at 550 nm (Fig. 4 (a)) the reflectance values were low (ca. 6 %) initially (i.e. for the thinnest 

sand layer, approximately 0.05 g/cm2) and increasing for the second and third sand layer thickness (8-9 % reflectance at 

0.2 and 0.40 g/cm2, respectively), and remained relatively constant when the sand layer was further increased up to the 

two thickest layers at 0.79 and 1.58 g/cm2. This corresponds with what we see from the reflectance values in Figure 3 at 

550 nm where the reflectance changed during the first thinnest layers (0 L to 4 L in Fig. 3) and then converged towards a 

fixed value for the thicker sand layers. Furthermore, we see that the model fitted the experimental data well (blue curve) 

at 550 nm.  

The remaining three wavelengths shown in Figure 4 ((b) 800 nm, (c) 1200 nm, and (d) 1800 nm) all show the same 

reasonably well model fit to the experimental data. At these three wavelengths the reflectance decreased with increasing 

sand layer thicknesses, that is the reflectance values in Figure 4 (b) - 4(d) decreased as the weight per area was increased. 

As for the model fit at 550 nm, the model fit at 800 nm, 1200 nm, and 1800 nm converged towards a fixed reflectance 

value for increasing weight per area of sand. 

 

Figure 4. Reflectance plotted against mass per area for the sand layers at (a) 500 nm, (b) 800 nm, (c) 1200 nm, and (d) 1800 

nm. The blue solid line represents the estimated reflectance from fitting the data to the extinction model.  

The extinction model (blue curves in Fig. 4) fitted well with our experimental reflectance data for all the selected 

wavelengths. The reflectivity parameter used for fitting data to the model is similar to the reflectance of the samples at the 

highest mass per area, i.e. for the thickest sand layers. The fitting parameter is similar to the asymptotic reflectance value 

when the sand layer thickness approaches infinity. At the same time, the extinction coefficient describes how quickly the 

sample reflectance converges towards the reflectivity value as a function of increased thickness. High extinction coefficient 

values mean that the sample absorbs much of the incoming light and that a thinner layer is sufficient to effectively reduce 

the reflectance contribution from the underlying target, on the measured reflectance. This means that a sample with high 

extinction coefficient would obtain a flat reflectance-versus-thickness curve. This is also why we see that the extinction 
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coefficient, k, from the fitting procedure (Table 1) is high at wavelengths where the samples had smaller variations in 

reflectance with thickness, and low at wavelengths where the reflectance changed more markedly with thickness of the 

sand layer sample.  

From Figure 4 this observation seems to correspond with the visual impression of the 4 curve fits (550 nm, 800 nm, 1200 

nm, and 1800 nm). In Figure 4 we see that the 550 nm fit curve (blue curve, Fig. 4 (a)), which obtained the highest/lowest 

value of the extinction parameter, converged already at about 0.4 g/cm2. In contrast, the 1800 nm fit curve (blue curve, Fig 

4 (d)) did not converge entirely even at the highest mass per area value at 1.58 g/cm2. This means that at 1800 nm some 

light still reaches the underlying textile sample through the thickest sand layer (1.58 g/cm2) used in this study, and that 

ideally reflectance measurements on even thicker sand layers should have been conducted. This means that some incident 

light at 1800 nm will penetrate a sand layer of about 3 cm (with the sand mass density as used in our calculations) and with 

a sand type similar to what we used to cover the reference textile. In summary, this shows that the extinction coefficient 

seems to be a valuable parameter in estimating how thick a sand layer needs to be at different wavelengths in order to the 

masked object to achieve the same signature as the sand itself. 

 
Table 1. Extinction model fitting parameters. Reflectivity (α) and extinction coefficients (k, unit: cm2/g) from fitting the 

reflectance of sand layers with the extinction model for various wavelengths (λ) between 500 and 2200 nm. The boundaries 

of the fitting parameters were set to [0.01, 0.99] for the reflectivity and [0.01, 10] for the extinction coefficient. 

λ (nm) α k 

500 0.09 4.6 

650 0.2 3.5 

800 0.28 2.2 

1000 0.32 2.9 

1200 0.39 2.6 

1500 0.44 1.5 

1800 0.51 1.3 

2200 0.40 1.0 
 

Figure 5 shows the spectral reflectance measurements (solid lines) and the estimated values (dotted lines) based on fitting 

the experimental reflectance data to the extinction model. We see that the experimental data (0.05 g/cm2, red line; 0.2 

g/cm2, blue line; 0.4 g/cm2, green line; 0.79 g/cm2, turquoise line; 1.58 g/cm2, purple line) captured in the wavelength 

region 345 – 2500 nm fitted well with the corresponding reflectance estimations based on the model (Fig. 5, dotted lines). 

For the three thinnest sand layers (0.05 g/cm2, red line; 0.2 g/cm2, blue line; 0.4 g/cm2, green line; 0.79 g/cm2) we see from 

the reflectance curves in Figure 5 that there were minor, but distinguishable, differences between the experimental data 

(Fig. 5, solid lines) and model fit (Fig. 5, dotted lines). For the remaining two, and thicker, sand layer thicknesses, we see 

that the overlap between the experimental data and the model was even better.   

The results in Figure 5 show how well the model fitted the reflectance data for various sand layer thicknesses and for 

different wavelengths throughout the wavelength region between 345 nm and 2500 nm, covering the optical regions of 

UV, visual light, NIR, and SWIR. The model also fitted well many of the spectral reflectance features such as reflectance 

peaks, troughs and valleys, and slopes. Sand layer samples of thickness up to 1.58 g/cm2 (corresponding to a sand layer 

thickness of ca. 9.7 mm) were used in this study and was found to be sufficient at wavelengths such as 550 nm, 800 nm, 

and 1200 nm, but not for 1800 nm. Hence, we expect the model fit to potentially be further improved if measurements at 

sufficiently thick sand layers is conducted over the whole wavelength range in future studies.  

Figure 5 also highlights a weakness in the model that limits its general applicability. We see that all the curves in Figure 5 

(both the sand layers on top of the textile, the bare textile and the pure sand with no textile underneath it) obtain near-

identical reflectance values at ca. 780 nm. As we will see later in this paper (section 4.3) the estimation of the material 

parameter, the extinction coefficient, becomes more uncertain as the data points of all the layers and textile become too 

identical. In such cases, even small measurement errors will affect the model estimation accuracy to a higher degree. A 

possible solution to this apparent model limitation would be to vary the signature of the underlying textile (white, black, 

colored) between sand layer measurement series.  

Proc. of SPIE Vol. 12736  1273609-8



 

 

Figure 5. Comparing model reflectance estimations with the experimental reflectance measurements in the wavelength region 

345 - 2500 nm. The solid lines show the measured reflectance for the five different sand layer thicknesses and the dotted lines 

show the corresponding estimated reflectance values from the model.  

4.3     Model estimations of the extinction coefficients and reflectance of sand 

In Figure 6 we present the model estimations of the extinction coefficient, k, (red dots) and the reflectivity, α, (blue dots) 

of sand based on the experimental reflectance data. Applying the extinction model to the experimental data, makes it 

possible to estimate the two inherent sand material parameters (k and α) for all wavelengths between 345 nm and 2500 nm. 

Generally, the higher the extinction coefficient, the thinner a sand layer (covering an object) needs to be until no light 

reaches the underlying object, and the reflectance measured is solely given by the sand optical properties, and the 

corresponding reflectance value is converging towards the reflectivity of sand (reflectivity of sand is the reflectance of an 

infinitely thick sand layer). 

Regarding the estimations of the extinction coefficient, k, Figure 6 shows that it is largest in the visible wavelength region 

(ca. 400-750 nm), and that it varies a lot even within that region. For wavelengths longer than 900 nm, the extinction 

coefficient curve has a decreasing trend towards higher wavelengths, which means that the model estimates the sand layers 

to be less transparent in the visual range than in NIR and SWIR and also that the sand layers are expected to be more 

transparent (to incident sunlight) as the wavelength increases. This corresponds with what we found in the reflectance 

measurements (Fig. 3) where the reflectance of the sand layers (on top of the reference textile) converged more rapidly 

towards a stable reflectance value (i.e. towards the reflectivity of sand, the inherent optical material parameter) as a function 

of sand layer thickness for the wavelengths in the visible range compared to longer wavelengths. 
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Figure 6. Model estimations of the sand reflectivity (reflectance of an infinitely thick sand layer, blue curve) and the 

corresponding extinction coefficient over the entire wavelength range. The estimated parameters are based on fitting the 

extinction model to the experimental reflectance data.   

In the visible wavelength region, we see that the estimated k-values (Fig. 6, red curve) greatly varied, being at the largest 

at 400 nm, then decreasing until ca. 500 nm, followed by an increase to a local maximum at ca. 550 nm, and then further 

decreasing at longer wavelengths. The experimental reflectance data in Figure 3 can explain to the estimated k-values in 

the visible range: In Figure 3, the measured reflectance varied less with increasing sand layer thickness at 400 nm (large 

estimations of k in Fig. 6) than at 500 nm (smaller estimations of k in Fig. 6). Moreover, the reflectance varied less with 

sand layer thickness at 550 nm (local peak estimation of k in Fig. 6) than with sand layer thickness from 550 nm towards 

(reduced estimations of k in Fig. 6). This correlates with the interpretation that the higher the extinction coefficient of sand, 

the more rapidly a sand covered target will be masked when the sand layer thickness is gradually increased.  

In Figure 6 we also note that there are some wavelength regions in which the estimations of the extinction coefficient (red 

circles) seem to be undefined or un-reliable. For example at ca. 390-400 nm and at ca. 770-780 nm, the curve of the 

estimated extinction coefficient is non-continuous, showing vertically asymptotic behavior. A possible explanation to the 

apparent un-physical behavior of the extinction coefficient at these two wavelength regions can be found in Figure 3. If 

we inspect the same regions in Figure 3 (390-400 nm and 770-780 nm) we see that all the reflectance curves show a 

complete or near-complete overlap in the two regions. This means that the reflectance of the reference target and the 

reflectivity of sand (e.g. the reflectance of pure sand) were identical. Hence, as the reference target and the material used 

to cover it obtain the same reflectance in these regions, it makes no sense to try to estimate the amount of incident light 

that is being extinct by the sand layers as any new layer on top will give the same (more or less) reflectance value. The 

model seems limited to the underlying reference target having a sufficiently different reflectivity than the material to be 

investigated (i.e. the thin layer material). Whenever the signature of the underlying object differs little from the layer 

materiel, the effect of measurement errors on the model accuracy is also expected to increase. A possible solution to this 

issue, would be to perform several series of reflectance measurements where the underlying reference material is altered 

from one series to the next, and, obviously, that the reference materials to be used have a unique and sufficiently different 

reflectance signature.  

In the wavelength region between ca. 2050 nm and 2150 nm, we observe another region in which the estimated extinction 

coefficient values seem uncertain. Again, if we go back to the experimental reflectance data (Fig. 3) we see that in this 

wavelength region the reflectance curves of the sand layers (1 L, 4 L, 8 L, 16 L, and 32 L) no longer obtained reflectance 
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values that were bounded by the corresponding reflectance values of the reference textile and the pure sand sample. In 

other words this means that all the measured reflectance values of the sand layers were higher (Fig. 3) than both the 

reference textile and the pure sand sample, which is contra-intuitive, and may be a potential cause that the model 

estimations are noisy and unreliable for wavelengths between ca. 2050 nm and 2150 nm.  

Regarding the estimated reflectivity values, α, shown in Figure 6 (blue), we see that the reflectivity curve increases as a 

function of wavelength. As the reflectivity of sand is defined as the reflectance when the sand layer thickness approaches 

infinite, it is interesting to compare the estimated reflectivity values (Fig. 6, blue) with the experimental reflectance data 

of pure sand (infinitely thick layer) in Figure 3 (red curve). The measured reflectance of the pure sand layer in Figure 3 

should therefore be equal to the reflectivity of sand. The estimated sand reflectivity and experimentally measured sand 

reflectivity show a great deal similarity, which is further illustrated in Figure 7.  

 

Figure 7. Reflectivity estimated by the extinction model (blue) compared with the experimentally measured reflectivity of 

sand (red).  

 
4.4 Model estimations of transmittance and absorptance of multiple layered sand layer samples 

In Figure 8 we present model estimations of reflectance (R), transmittance (T) and absorptance (A) of one of the sand 

layers in this study (second thinnest layer; 4 L sand onto reference textile yielding 0.2 g/cm2). Note that the modelled 

values of R-T-A are for the 0.2 g/cm2 sand layer solely, and does not take into account the reflectance properties of the 

reference textile. Therefore, we see that the reflectance estimations (Fig. 8, red) obtained lower values for all 

wavelengths relative to the measured reflectance of the same sand layer thickness (Fig. 3, orange), as in the reflectance 

measurements, the underlying reference textile also contributed to the reflectance. The estimated transmittance (Fig. 8, 

blue) shows a higher transmittance for wavelengths higher than 900 nm relative to the shorter wavelengths in the visible 

range. This is as we would expect from the experimental results in Figure 3 where the reflectance converged more 

rapidly to a fixed reflectance value (the reflectivity) at 500 nm and 650 nm than at 1000 nm and 1800 nm as a function of 

increasing sand layer thickness. Although not shown explicitly in Figure 8, the amount of incident light that eventually 

comes back to any external sensor (after having being transmitted through the sand layer, then reflected from the 

underlying textile and transmitted back through the sand layer) will be given by a two-way transmittance function and 

modulated by the reflectivity of the underlying target [10, 11]. 

 

Note that the extinction coefficients from fitting the reflectance data of the samples (Fig. 4) with the extinction model were 

in agreement with the absorptance values of the samples (Fig. 8). The extinction coefficient was high at wavelengths where 

the samples absorbed a high percentage of the light (per mass density unit), and low at wavelengths with low absorptance. 

For example, at 500 nm, the estimated extinction coefficient was higher than at 1000 nm, and 1800 nm (4.6 > 2.9 > 1.3, 
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Table 1), and this corresponds with the corresponding values of the estimated absorptance at 500 nm, 1000 nm, and 1800 

nm (green curve, Fig. 8).  

 

Figure 8. Model estimated reflectance (red), transmittance (blue) and absorptance (green) of a sand layer thickness of 0.2 

g/cm2, which corresponds to 4 L of sand distributed over the reference textile area. The modelled reflectance, transmittance, 

and absoptance are for the sand layer solely, and does not contain contributions from the underlying reference textile 

reflectance. 

5 CONCLUSIONS AND FUTURE WORK 

In this work, we have measured the reflectance of sand layers, of varying thicknesses, on top of a reference textile in the 

wavelength region from 345 nm to 2500 nm. The reflectance measurements of sand layer samples of varying thicknesses, 

made it possible to study how sand layers, covering an underlying target, will affect the spectral reflectance properties of 

the target when being measured through the sand coverage.  

At selected wavelengths between 500-2200 nm, the measured reflectance of the sand layer samples were fitted to a 

mathematical model, known from previous studies as the extinction model [10-12, 15]. The model treats the sample layers 

as stacked (thin) plates with wavelength-dependent reflectivity and energy loss. The extinction model fitted the measured 

reflectance data well at the selected wavelengths. Using the fitting parameters (reflectivity and extinction coefficient, Table 

1 and Fig. 6) we could also estimate the transmittance and absorptance of light in the sand layer material. We found that 

the sand layers we measured were less transparent, given by the extinction coefficient, k, to incident light in the visible 

range (500 nm, k = 4.6 cm2/g), than in the NIR-range (1000 nm, k = 2.9 cm2/g), and in the SWIR-range (1800 nm, k = 1.3 

cm2/g), meaning that a sand layer of less than 2 mm yielded a substantial masking of the underlying reference textile 

signature in the visible range, whereas in the SWIR range a corresponding sand layer thickness of more than 1 cm would 

be needed.   

It is interesting to see that the extinction model seems applicable to describe light penetration into layers of sand material. 

The model has earlier been shown to be valuable in modelling penetration of incident light into very different materials 

such as biomaterials (oak [10] and birch [11] leaves), synthetic materials [9, 10], and snow [12]. Hence, the model fit 

shown in this study therefore seem to support results from other studies, in which it has been reported on similarities in 

optical properties of granular materials, such as soil and snow, when studying them on length scales much larger than the 

wavelength [13]. It is also interesting to be able to compare the rough estimates of thicknesses needed of some layer 
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material in order to mask an underlying reference textile reflectance signature to some given degree. For wet snow it has 

been showed [12] that thicknesses between 5-10 cm are needed in the visible range, for leaves such as oak [10] or birch 

[11] 2-3 layers is sufficient in the visible range, and as we have seen in this study a sand layer of 2-3 mm thickness will be 

effective in the visible range. At higher wavelengths, such as 1800 nm, the corresponding thicknesses are approximately 2 

cm (snow), 3-4 layers (oak leaves) and 1 cm (sand).  

Overall, the results of this study show that the extinction model has great potential for estimating reflectance of sand layers 

also at layer thicknesses that have not been measured. The estimations of the extinction coefficients seemed promising and 

may be valuable in cases where it is of interest to estimate how thick a sand layer needs to be before the reflectance 

signature of an underlying object is reduced by some given (and wavelength-dependent) factor. It is also worth underlining 

that the results in this study are preliminary and assigned with some uncertainty, particularly regarding sand layer 

uniformity and thickness variations in the experiments (particularly the thinnest sand layer), the low number of sand layered 

studied, number of measurements performed at each sand layer, sand density estimations, and sand volumes used per layer. 

Still, the overall impression from our experiments is that the extinction model seems promising in modelling light 

penetration through natural materials such as sand, and that it has potential applications within other fields such as 

agriculture [10, 11, 14, 43, 55-62], remote sensing applications [13, 46-48, 50, 53, 57, 63], planetary science [41, 44, 45] 

or solar energy harvesting [35-45] and that further studies are likely to improve the model fit and material optical 

parameters (reflectivity and extinction coefficient) further.  

Future studies should investigate more on how well suited the model is when applied to transmittance and absorptance 

data of sand (or other soil materials). It would also be of interest to apply the model to data from different sand types and 

sand with varying moisture content. In addition, the experiments presented in this study should be followed up with more 

data for each layer thickness, increased number of individual layers, and finally by varying the signature of the underlying 

reference material.  
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