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ABSTRACT   

The development of state-of-the-art surveillance technology forces nations to develop camouflage with advanced 
capabilities. Owing to the abundance and wide distribution of leaves, their spectral properties are often mimicked by 
camouflage material to decrease the conspicuity of the user operating in woodland theaters. Before interacting with the 
covered object or soil, light usually interacts with several leaf layers, for example through tree canopies. Knowledge of the 
spectral characteristics of multi-layered leaves is therefore essential to utilize remote sensing applications and for the 
endeavor to develop undetectable camouflage materials mimicking nature. The literature is currently scarce on research 
investigating both the spectral characteristics of multi-layered leaves and camouflage material. In this work, we intend to 
reduce the knowledge gap with studies on the spectral properties of multiple layers of oak leaves and a generic camouflage 
net. We measured the reflectance and transmittance of samples with 1–8 layers between 250–2500 nm and found that 
wavelengths and samples differ in penetration depths. The penetration depth ranged from just a couple of layers for visible 
light to tree or six layers at infrared wavelengths for the camouflage net and leaf samples, respectively. Moreover, we fitted 
the reflectance data of the samples with an uncomplicated plate model, here named the extinction model, which we used 
at selected wavelengths to estimate the transmittance and absorptance values of the multi-layered samples. The model 
predicts the spectral values of the samples with high accuracy, especially those of the leaf samples, and proves to be a 
promising tool that may replace experiments due to time restrictions or limited resources.       
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1 INTRODUCTION 
With the rapid development of modern technology comes modern surveillance systems produced at a lower cost with 
increased sensitivity and spectral resolution. Eyes, once the sole sensor for visible light detections is now often replaced 
by advanced sensors able to detect electromagnetic radiation ranging from UV to radio wavelengths. Worldwide 
proliferation and the enhanced capabilities of sensors have become a challenging security issue for military forces striving 
to remain undetected. Camouflage counters surveillance by minimizing detectability or recognition by observers and 
increases chances of survivability on the battlefield. Including humans, there is a plethora of examples in nature where 
creatures utilize camouflage to shield themselves from predators or to become effective predators themselves[1-3], and we 
have spent a long time investigating camouflage techniques from nature to copy them for ourselves[4].  

Depending on various factors, for instance nationality and theater of operation, there is a large variety of camouflage 
designs and techniques[5, 6]. A common camouflage approach is to aim for crypsis through background resemblance[7]. 
Leaves are prominent in woodland theaters around the world. Camouflage material mimicking the solar reflectance of 
leaves will thus have low contrast with backgrounds in woodland theaters and be a good strategy to counter advanced 
surveillance systems. Leaves exhibit four basic features in their reflectance spectra: (1) a green peak around 550 nm owing 
to the absorption of chlorophyll ; (2) a sharp reflectance increase near 680 nm (red edge) stemming from multiple 
reflections of the leaf cell structure and reduced chlorophyll absorption; (3) an infrared plateau between ~800 – 1300 nm 
where the reflectance varies little; and (4) distinct water absorption bands in the infrared region around 1450 and 1940 
nm[8-11]. Researchers using special pigments in a bionic membrane recently managed to mimic the reflectance spectrum 
of leaf [12, 13].   
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In this work, we study the spectral properties of pedunculate oak leaves (Quercus robur), widely distributed in Europe, as 
well as a generic camouflage net. One of the main motivations for the study is to understand the spectral properties of 
multiple layers (various thicknesses) of oak leaves and typical camouflage. Better insight into the multi-layered behavior 
of leaves and camouflage material is useful from both a fundamental and practical point of view. In nature, light often 
interacts with multiple leaves before hitting the soil or a concealed object, e.g. under a tree canopy. To understand canopy 
reflectance and penetration depth, or to develop camouflage material mimicking woodland backgrounds, the characteristics 
of multi-layered leaves are key. As an example, selected reflectance bands of canopies are effectively used in remote 
sensing technology to monitor properties such as vegetation moisture content and quality (i.e. stress, decay stage, 
chlorophyll content) related to crop production or fire behavior models[14-18]. However, many of the vegetation indices 
used to estimate these values include wavelengths that can differ in their canopy penetration depths. Without knowledge 
of the canopy penetration depths, the indices could be inaccurate in places with high canopy depth (large leaf area index).  

A camouflage net is a typical camouflage material that is widely used to passively reduce the detectability of soldiers, 
vehicles, and valuable targets. It is functional, light, relatively cheap, and offers protection over a large range of 
wavelengths. Over the last decades, various camouflage net functionalities have been developed and researched, including 
thermal properties[19-21], models for signature prediction[22], propagation of radar wavelengths[23], and their 
effectiveness in synthetic aperture radar (SAR) images[24]. Apart from our previous work on the reflectance of a multi-
layered camouflage net[25], the literature is scarce on the spectral behavior of multilayered camouflage material. A 
motivation for this study is thus to further the knowledge on multilayered camouflage nets, advancing our previous work 
to include both reflectance and transmittance measurements. Multilayered systems allow for advanced artificial 
camouflage, e.g. functional mimicry of natural camouflage such as a chameleon robot[26] or electrically actuated 
camouflage devices that can modulate their visible and IR specular-to-diffuse transmittance ratios[27]. Modern camouflage 
nets often consist of multiple layers enabling improved or additional functionalities such as electromagnetic signature 
control[28, 29], thermal suppression[30], insulation[31, 32], or cooling mechanisms[33-35].  

Another motivation for this work is to test an uncomplicated mathematical model for estimating the spectral properties of 
layered samples. Being able to easily and properly estimate spectral properties of multilayered camouflage material and 
biomaterials is useful to save both time and resources. Presently there are many advanced leaves models, ranging from 
plate models to computer-based and ray tracing models[36, 37].  The plate model is a straightforward approach to predict 
the spectral characteristics of a stack of leaves (or textiles). In the plate model, leaves are modeled as parallel transparent 
plates and the spectral properties of multiple leaf layers are calculated from the known spectral characteristics of the 
material constituting the layers. There are different plate models of various complexities, including the models proposed 
by Stokes[38], Kubelka and Munk[39, 40], Tuckerman[41], Rampton and Grow[42], Schaich[43] and Sokoetsky[44]. 
Modified models based on these methods have proven useful to estimate the spectral properties of textiles[45, 46] and 
stacked leaves[25, 47, 48].  

In this work, we use a plate model (here named the extinction model) developed by Wilhelm and Smith[45] for 
multilayered textiles to here estimate the transmittance and absorptance of oak leaf and camouflage net samples. The model 
was fitted to the measured reflectance data of 1–8 layers of the samples using two fitting parameters: the sample reflectivity 
and extinction coefficient. The former is the reflectance of the sample when the thickness approaches infinity, while the 
latter captures the energy absorption of the sample material.  The work is a continuation of our previous study where we 
compared a  generic camouflage net to birch leaves and used a simple mathematical plate model to predict the reflectance 
of the camouflage net material[25]. In contrast to the extinction model used here, the model utilized in our previous work 
did not include absorption and multiple-scattering effects, and the model was only compared with reflectance 
measurements.  
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2 EXPERIMENTAL SETUP AND METHOD 

2.1 Spectral measurements   

The reflectance and transmittance spectra of the samples were measured by a spectrophotometer (PerkinElmer Lambda 
750S UV/VIS/NIR) between 250 and 2500 nm with a 10 nm interval. A deuterium lamp (part. number L6022728, 
PerkinElmer) and a tungsten lamp (part. number B0114620, PerkinElmer) were used as illuminants between 250–319.2 
nm and 319.2–2500 nm, respectively. To imitate the diffuse nature of the radiation illuminating the background through 
the sample, we used a spectrophotometer with an integrating sphere (60 mm diameter InGaAs integrating sphere, 
spectralon coating, PerkinElmer part. number L6020203). An overview of the experimental setup is presented in Figure 1. 
Before each measurement series, we calibrated the spectrophotometer by fixing a white reference plate (PELA9058 - 
Calibrated white plate, Spectralon®. 2" calibrated diffuse reflectance standard, PerkinElmer) on the reflectance port and 
by running a calibration program in the instrument software (UV WinLab v. 6.4.0.973). For the transmittance 
measurements, the reference plate stayed in the reflectance port while a sample was placed at the transmittance port (Figure 
1). The reference plate was replaced by samples for the reflectance experiments. All reflectance measurements were 
performed with a black background (reflectance 4–5 %) placed behind the samples (Figure 1(d)).  

We measured the reflectance and transmittance of 1–8 layers of each sample. More than 8 layers did not have any notable 
effect on the spectral properties of the samples. Each measurement was usually repeated 2–3 times on different samples, 
e.g. we changed the oak leaves between the repeated measurements. The spectrophotometer saved the spectral data as .txt 
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.  

The oak leaves examined in this study were collected directly from trees in the summer and brought to the laboratory for 
measurements less than 2 hours later. We kept the leaves in a sealed plastic bag before and between measurements to 
maintain their water content. By changing samples between measurements, we also reduced moisture loss in the oak leaves 
caused by radiation. We also studied a generic camouflage net in this paper. The net was perforated, unicolorous and, 
consisted of a single layer. Before measuring the samples, they were cut in parts of areas around 7x7 cm, i.e. slightly larger 
than the maximum port opening of the spectrophotometer (5×6 cm). To reduce repetitive effects from overlapping holes 
of stacked net layers, we randomly oriented each layer of camouflage net between each measurement.   

 

Figure 1. Experimental setup. (a) spectropho¬tometer (PerkinElmer Lambda 750S UV/VIS/NIR), (b) an oak leaf on 5 mm 
grid paper, and (c) the background reflectance spectrum. The samples were fastened at the reflectance port for the reflectance 
measurements and at the transmittance port during the transmittance experiments. A white reference plate (PELA9058 - 
Calibrated white plate, Spectralon®. 2" calibrated diffuse reflectance standard, PerkinElmer) was placed at the reflectance 
port during calibration and the transmittance measurements. 

2.2 Sample mass per area  

We weighted the leaves and net samples on a tabletop scale (TE3102S, Sartorious, readability 0.01 g, reproducibility 
±0.01 g, and linearity ±0.02 g). The measured samples were then placed on a 5 mm grid paper and photographed from 
above. To estimate the area of the samples, we analyzed the images in Adobe Photoshop CS6 (v. 13.1.2) and compared 
the number of pixels in the samples with the number of pixels in the squares on the grid paper. Partial pixel areas (± 3 
pixels from the sample selection edge) were estimated to be ~0.8% of the total sample area (~3.8–6.5 ×106 pixels). 

Proc. of SPIE Vol. 11865  1186505-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 18 Oct 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

Measurement errors  due to curvature of the samples and parallax (camera lens and grid paper lines not parallel) were 
estimated to be less than 3% of the total sample area and less than 0.7% of the measured 1 cm2 paper grid area (~0.7–2.7 
×105 pixels). The mean mass per area of each sample was then calculated from the weight and area measurements. Table 
1 presents the mean mass (m), area (A), mass per area (m/A) and estimated errors (E) of the oak leaves and net samples. 
The mass per area values express thicknesses of the samples when used in the extinction model (see Sec. 3).  

Table 2. Mean mass (m), area (A), mass per area (m/A) and estimated errors (E) of the oak leaves, and net samples. 

Sample m (g) Em A (cm2) EA m/A (mg/cm2) Em/a (mg/cm2) 

Oak leaves 0.72 0.02 43.3 1.6 16.5 0.8 

Net 0.27 0.02 24.2 0.9 11.2 0.90 

3 THEORETICAL MODEL 

The spectral 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 

Wilhelm[45] originally derived the extinction model to describe quantitatively the reflectance, transmittance, and 
absorptance by textiles in terms of specific reflection and absorption characteristics of fibers. The model is based on the 
Stokes equations[38] for transmittance 𝑡𝑡𝑛𝑛 and reflectance 𝑟𝑟𝑛𝑛 of n plates: 

 𝑡𝑡𝑛𝑛 = 𝑐𝑐−𝑐𝑐−1

𝑐𝑐𝑑𝑑𝑛𝑛−𝑐𝑐−1𝑑𝑑−𝑛𝑛
, (1) 

 𝑟𝑟𝑛𝑛 = 𝑑𝑑−𝑑𝑑−𝑛𝑛

𝑐𝑐𝑑𝑑𝑛𝑛−𝑐𝑐−1𝑑𝑑−𝑛𝑛
, (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 𝑐𝑐 = 1/𝛼𝛼 and 𝑑𝑑 = 𝑒𝑒𝑘𝑘. Here 
the constant 𝛼𝛼 is the reflectivity of the material when the thickness goes towards the extreme limit, k the extinction 
coefficient, while the constant 𝑒𝑒−𝑘𝑘𝑘𝑘 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[45]: 

 𝑡𝑡𝑘𝑘 = (1−𝛼𝛼2)𝑒𝑒−𝑘𝑘𝑘𝑘

1−𝛼𝛼2𝑒𝑒−2𝑘𝑘𝑘𝑘
, (3) 

 𝑟𝑟𝑘𝑘 = 𝛼𝛼(1−𝑒𝑒−2𝑘𝑘𝑘𝑘)
1−𝛼𝛼2𝑒𝑒−2𝑘𝑘𝑘𝑘

. (4) 

The corresponding absorptance is then given by the following relationship: 𝑎𝑎𝑘𝑘 = 1 - 𝑟𝑟𝑘𝑘 - 𝑡𝑡𝑘𝑘.  

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[25, 48]. The spectral characteristics of the 
background must therefore be included for correct modeling. If the reflectance of the background is given by 𝛽𝛽, expressions 
for the reflected, transmitted, and absorbed light of the system (sample and background) is given by[45]:   

 �𝐼𝐼𝑟𝑟
𝐼𝐼0
�

syst.
= 𝑟𝑟𝑘𝑘 + 𝑡𝑡𝑘𝑘2𝛽𝛽 + 𝑡𝑡𝑘𝑘2 𝑟𝑟𝑘𝑘𝛽𝛽2 + 𝑡𝑡𝑘𝑘2 𝑟𝑟𝑘𝑘2𝛽𝛽3 + ⋯ = 𝑟𝑟𝑘𝑘 + 𝑡𝑡𝑘𝑘2 𝛽𝛽

1−𝑟𝑟𝑘𝑘𝛽𝛽
 , (5) 

 �𝐼𝐼𝑡𝑡
𝐼𝐼0
�

syst.
= 𝑡𝑡𝑘𝑘(1 − 𝛽𝛽) + 𝑡𝑡𝑘𝑘𝑟𝑟𝑘𝑘𝛽𝛽(1 − 𝛽𝛽) + 𝑡𝑡𝑘𝑘𝑟𝑟𝑘𝑘2𝛽𝛽2(1 − 𝛽𝛽) + 𝑡𝑡𝑘𝑘𝑟𝑟𝑘𝑘3𝛽𝛽3(1 − 𝛽𝛽) … = 𝑡𝑡𝑘𝑘(1−𝛽𝛽)

1−𝑟𝑟𝑘𝑘𝛽𝛽
 , (6) 

 �𝐼𝐼𝑎𝑎
𝐼𝐼0
�

syst.
= 1 − �𝐼𝐼𝑟𝑟

𝐼𝐼0
�

syst.
− �𝐼𝐼𝑡𝑡

𝐼𝐼0
�

syst.
= 𝑎𝑎𝑘𝑘(1+𝛽𝛽)(𝑡𝑡𝑘𝑘−𝑟𝑟𝑘𝑘)

1−𝑟𝑟𝑘𝑘𝛽𝛽
 . (7) 
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4 RESULTS – REFLECTANCE 

4.1  Reflectance of multiple layered samples 

Figure 2 presents the measured reflectance of 1–8 layers of the oak leaf and the camouflage net samples (for clarity, we 
do not present all eight layer configurations). The measured reflectance of the oak leaves did not change significantly when 
increasing the number of layers above a single layer for wavelengths shorter than ~720 nm, between ~1400–1500 nm, 
and for wavelengths longer than ~1880 nm. The reflectance of the oak leaf samples differed most between ~800–1300 
nm. At 900 nm, for example, the measured reflectance of a single layer (red solid line, Fig. 2 (a)) and 8 layers (orange 
dash-dot-dashed line, Fig. 2 (a)) of oak leaves was 46% and 78%, respectively. For these wavelengths (~800–1300 nm), 
the penetration depth of the leaves was 6 layers, i.e. 6 layers of leaves were sufficient to block the reflectance contribution 
from the black background. More than 6 layers of leaves did not change the reflectance noticeably at any measured 
wavelengths. Liquid water has absorption peaks of increasing size around 970, 1200 1450, and 1950 nm[49]. These 
absorption peaks correspond well with the valleys observed in the reflectance spectra of the leaves.   

 
Figure 2. Spectral reflectance measurements of 1 (red solid lines), 2 (blue dashed lines), 3 (green dotted lines), 6 (violet dash-
dotted lines) and 8 layers (orange dash-dot-dashed lines) of (a) oak leaves and (b) camouflage net between 250 and 2500 nm. 
A black background was used for these measurements (reflectance between 4–5%). 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). 

For most of the measured wavelengths, the camouflage net Fig. 2 (b) reflected less light than the oak leaves. We also 
observed that the shape of the reflectance curves differed considerably. For example, the reflectance curve of the net 
samples did not have such a sharp reflectance increase above 700 nm as the oak leaves. The sharp reflectance increase of 
leaves is related to their internal structure[9].  We found that the reflectance of the net slightly increased with 
wavelengths between 800–2200 nm, while the reflectance of the leaves decreased over the same wavelength range. 
Comparing the reflectance curves of net samples, we observed that 3 layers were sufficient to cancel background 
reflectance contributions over all wavelengths (Fig. 2 (b)). For wavelengths shorter than ~900 nm and larger than ~2100 
nm, more than 2 layers of the net material did not change the sample reflectance. This indicates that the camouflage net 
was less transparent and/or absorptive than the oak leaves, and that fewer layers are required to hide the reflectance 
signature from any object underneath. Note that the reflectance of the sample material, i.e. the samples’ reflectivity, is 
found when the sample thickness goes towards infinity. For thin samples, the reflectance measured by the 
spectrophotometer contains reflected light from both the sample and the background. If the reflectivity of the background 
is very different from that of the sample, the measured reflectance will also change markedly with sample thickness.  
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4.2  Fitting the extinction model to the reflectance data 

After converting the number of layers to mass per area (see Table 1 for values), we fitted the extinction model (Eq. 5) to 
the measured reflectance data of 1–8 layers of oak leaves and camouflage net. We selected 12 various wavelengths spread 
between 400–2200 nm at which we fitted the data by adjusting two fitting parameters: the reflectivity (𝛼𝛼) and extinction 
coefficient (k). The wavelengths were chosen based on the reflectance curve of the oak leaves (Fig. 1 (a)), e.g. to center at 
interesting tops and valleys.  The fitting parameters and selected wavelengths are presented in Table 2. In Figure 3 we 
present the measured sample reflectance plotted against mass per area for the oak leaves (blue squares) and camouflage 
textile (green circles) at 550, 900, 1270, and 1660 nm. The estimated reflectance values after fitting the model to the data 
are presented in the same figure (red dashed and black dotted lines).    

 
Figure 3. Reflectance plotted against mass per area for oak leaves (blue squares) and camouflage net samples (green circles) 
at (a) 550 nm, (b) 900 nm, (c) 1270 nm, and (d) 1660 nm. The red dashed lines (oak leaves) and black dotted lines (camouflage 
net) represent the estimated reflectance from fitting the data with the extinction model. The shaded bands and vertical error 
bars represent the standard error of the reflectance mean and mass per area mean, respectively (errors smaller than the lines 
might not be visible in the plot). 

At 550 nm (Fig. 3 (a)), the reflectance of both samples is low (close to the background reflectance ~4%) and does not 
change markedly with mass per area. The reflectance changes more at 900 nm (Fig. 3(b)), 1270 nm (Fig. 3(c)) and 1660 
nm (Fig. 3(d)), especially for the oak leaf samples (blue squares). At 900 nm, the reflectance of an oak leaf sample increases 
from ~45% to ~80% when the sample mass per area increases from 17 – 165 mg/cm2.  

The extinction model (dashed and dotted lines) fits well with the reflectance data at all the selected wavelengths. The 
reflectivity fitting parameter is similar to the reflectance of the samples at high mass per area values, i.e. the asymptotic 
reflectance value when the sample thickness goes toward infinity, while the extinction coefficient describes how fast the 
sample reflectance goes towards the reflectivity value with increased thickness. A high extinction coefficient means that 
the sample absorbs much of the incoming light and that a small thickness is necessary to hinder reflectance contributions 
from the background. In other words, a sample with a high extinction coefficient would exhibit a flat reflectance vs. 
thickness curve. That is why the extinction coefficient from the fitting procedure (Table 2) is high at wavelengths where 
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the samples exhibited small reflectance variation with thickness, and low at wavelengths where the reflectance changed 
considerably with thickness. We chose a boundary of 1.0 for the extinction parameter to avoid large numbers for flat 
reflectance vs. mass per area curves. In Fig. 3, the camouflage net sample has a flatter reflectance curve at 990, 1270, and 
1660 nm compared to the oak leaves. Consistently, at these wavelengths, the k-value of the net is larger than that of the 
leaves (Table 2).  

Table 2. Fitting parameters. Reflectance (α) and extinction coefficients (k, unit: cm2/mg) from fitting the reflectance of oak 
leaves and camouflage net with the extinction model for various wavelengths (λ) between 400 and 2220 nm. The boundaries 
of the fitting parameters were set to [0.001, 1.0]. 

λ (nm) αoak koak αnet knet 
400 0.04 0.997 0.05 0.058 
550 0.08 0.999 0.06 0.073 
700 0.09 0.999 0.06 0.071 
750 0.67 0.021 0.10 0.080 
900 0.81 0.011 0.24 0.071 

1070 0.81 0.011 0.27 0.065 
1270 0.69 0.018 0.30 0.059 
1450 0.20 0.076 0.31 0.058 
1660 0.41 0.039 0.25 0.064 
1840 0.35 0.045 0.31 0.056 
1930 0.05 1.000 0.31 0.055 
2220 0.20 0.066 0.26 0.062 

 

 
Figure 4. Spectral reflectance measurements of 1 (red lines), 2 (blue dashed lines,) and 8 layers (green dotted lines) of (a) oak 
leaves and (b) camouflage net between 250 and 2500 nm. The symbols represent estimated reflectance values at selected 
wavelengths calculated from fitting the measured reflectance data with the extinction model. A black background was used 
for the reflectance measurements (reflectance between 4–5%). 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). 
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Figure 4 presents the spectral measurements of 1 (red lines), 2 (blue dashed lines), and 8 layers (green dotted lines) of (a) 
oak leaves and (b) camouflage net between 250 and 2500 nm together with the estimated reflectance values (square, circle 
and triangle symbols) from fitting the reflectance data with the extinction model. The figure demonstrates how well the 
model fits the reflectance data for various sample thicknesses at different wavelengths, including reflectance tops, valleys, 
and slopes. Samples with 8 different layers (thicknesses) were used for the reflectance fitting, however, it is not necessary 
to measure and use so many layers if the sample has a high extinction coefficient, i.e. if the measured reflectance value of 
the sample quickly reaches a constant value when increasing the number of layers. For example, at 550 nm, the reflectance 
of the oak leaves and camouflage net samples did not change markedly when increasing the number of layers beyond 1–2 
layers. At this wavelength, more than 3 layers will not change the fitting parameters significantly. At such conditions, if 
possible, it would be more useful to measure thinner samples. 

5  RESULTS – TRANSMITTANCE 

5. 1 Transmittance of multiple layered samples 

To better understand the spectral properties of the samples, we also measured the transmittance of 1–8 layers of the samples 
between 250–2500 nm. Figure 5 presents the measured transmittance of 1 (red solid lines), 2 (blue dashed lines), 3 (green 
dotted lines), 6 (violet dash-dotted lines), and 8 layers (orange dash-dot-dashed lines) of (a) oak leaves and (b) camouflage 
net samples. The camouflage net transmitted more light than the oak leaves in the UV and VIS wavelength bands, and 
above ~1350 nm. We found that the transmittance of the leaf samples dropped at wavelengths with high water 
absorption[50], and had a characteristic transmittance peak around 550 nm where the plant pigments absorb less light[8, 
9].  

 
Figure 5. Spectral transmittance measurements of 1 (red solid lines), 2 (blue dashed lines), 3 (green dotted lines), 6 (violet 
dash-dotted lines), and 8 layers (orange dash-dot-dashed lines) of (a) oak leaves and (b) camouflage net between 250 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). 
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Below 700 nm and around 1930 nm, the transmittance of the leaf samples with 2 layers was close to zero. For wavelengths 
longer than 1400 nm, the penetration depth of the leaf samples was 6 layers, while between 700–1400, more than 8 layers 
were required to block light from transmitting through the sample. The low reflectance (Figure 2) and transmittance of the 
oak leaf samples below 700 nm (UV and VIS region) and at the longest wavelengths (above 2300 nm) indicates high 
absorptance at those wavelengths. The absorptance of the samples will be discussed in Sec. 6.   

Below 700 nm, the transmittance of the camouflage net approached zero when the thickness was 4 layers (Figure 5 (b)). 
At longer wavelengths, the penetration depth of the net sample was 6 layers. When considering the effect of the background 
on the measured reflectance (Fig. 2), the two-way transmittance has to be considered, i.e. the amount of light that transmits 
through the sample, hits the background, then transmits back through the sample again. As an example, the measured 
transmittance of 8 layers of oak leaves is lower than 8%. Assuming that the transmittance is the same both ways, the 
sample’s two-way transmittance is less than 0.64% (0.082× 100%). Because the background reflectance was lower than 
5%, the amount of measured reflectance contribution from the background should be less than 0.0064×0.05×100% = 
0.00032%. This contribution is so small that it can be neglected, and it is therefore not necessary to measure the reflectance 
of thicker samples (more layers).   

5.2  Comparing estimated and measured transmittance 

 
Figure 6. Transmittance plotted against mass per area for oak leaves (blue squares) and camouflage net samples (green circles) 
at (a) 550 nm, (b) 900 nm, (c) 1270 nm, and (d) 1660 nm. The red dashed lines (oak leaves) and black dotted lines (camouflage 
net) represent the estimated transmittance from fitting the data with the extinction model. The shaded bands and vertical error 
bars represent the standard error of the transmittance mean and mass per area mean, respectively (errors smaller than the lines 
might not be visible in the plot). 

Figure 6 shows transmittance data at 550, 900, 1270, and 1660 nm against mass per area. The data is compared with the 
estimated transmittance (dashed and dotted lines) that was calculated by Eq. 6 and by using reflectivity and extinction 
coefficient values (Table 2) from fitting the reflectance data (Fig. 2) with the extinction model. The estimated transmittance 
values were similar to the measured transmittance data, especially at 900, 1270, and 1660 nm. At 550 nm, the model 
overestimated the transmittance of the thinnest camouflage net samples (mass per area less than ~70 mg/cm2, 
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corresponding to 5 layers) and underestimated the transmittance of the thinnest oak leaf samples (mass per area less than 
~40 mg/cm2, corresponding to 2 layers). We believe that the discrepancy between the model and data at this wavelength 
is due to the nearly constant reflectance data (Fig. 3 (a)) and errors in the measurements. When the sample reflectance is 
nearly constant over several sample thicknesses, measurement errors might become more prominent than reflectance 
differences, hence concealing the true reflectance trends.  

At 900, 1270, and 1660 nm, the model slightly underestimated (up to 10%) the transmittance of the thinnest samples (1 
layer), while the estimated transmittance of the thicker samples fitted well with the measured transmittance data. We do 
not have sufficient data to conclude whether the discrepancy was caused by measurement errors or a limitation of the 
model. Future studies should investigate this by using samples of various thicknesses and densities. To reduce sources of 
errors, homogeneous samples unaffected by moisture or other time-related changes would then be preferable.  

 
Figure 7. Spectral transmittance measurements of 1 (red lines), 2 (blue dashed lines) and 8 layers (green dotted lines) of (a) 
oak leaves and (b) camouflage net between 250 and 2500 nm. The symbols represent estimated transmittance values at selected 
wavelengths calculated from fitting the measured reflectance data with the extinction model. 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).    

Figure 7 shows the measured transmittance of 1 (red squares), 2 (blue circles), and 8 layers (green triangles) of the oak 
leaf and camouflage net samples between 250 and 2500 nm. To understand how well the extinction model estimates the 
samples’ transmittance, the estimated values (dashed and dotted lines) are calculated and added to the figure at selected 
wavelengths. For the oak leaf samples, the difference between the estimated and measured transmittance values was small. 
The biggest discrepancy was observed between ~400–750 nm where the model underestimated the transmittance. As 
discussed above, this is likely due to errors in the reflectance measurements (on which the extinction model was used) 
becoming dominant when the change in reflectance against thickness is small. Discrepancies between the estimated and 
measured transmittance data were also observed for the camouflage net samples (Figure 7 (b)). The discrepancies were 
largest for the samples with 1 and 2 layers at wavelengths below 750 nm. That is the wavelength range where the 
reflectance data of the camouflage net samples collapse on a single reflectance curve (Fig. 2 (b)). For wavelengths longer 
than 750 nm, the extinction model underestimated the transmittance value of the 1 and 2-layered net samples by up to 
12%. Based on our findings, it seems that the extinction model is more accurate when the model is fitted to data that differ 
considerably with thickness. The reflectance of the camouflage net hardly varied when the sample thickness was larger 
than 3, i.e. the model had a maximum of 3 data points where the data differed significantly more than the error. For more 
accuracy of the estimated transmittance, it is therefore better to use the model on thinner or lighter samples.   
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6 RESULTS – ABSORPTANCE 

6. 1  Absorptance data 

From the reflectance (𝑟𝑟) and transmittance (𝑡𝑡) measurements, we calculated the absorptance of the samples by using the 
relationship: 𝑎𝑎 = 1 − 𝑟𝑟 − 𝑡𝑡. Figure 8 presents the absorptance of 1 (red solid lines), 2 (blue dashed lines), 3 (green dotted 
lines), 6 (violet dash-dotted lines), and 8 layers (orange dash-dot-dashed lines) of oak leaves and camouflage net samples 
between 250 and 2500 nm. For the oak leaf samples, the absorptance was around 90% below 700 nm, while it dropped to 
~0-14% at 800 nm. Below 700 nm, the high absorptance was due to chlorophyll in the leaves[8]. The absorptance then 
increased with wavelength and revealed some absorptance peaks corresponding to water absorptance lines[50]. These same 
absorptance peaks were not present for the camouflage net samples (Figure 8 (b)) as they do not contain water. Instead, 
the net had some prominent absorptance peaks around 1660, 2140, and 2250 nm.  

 
Figure 8. Spectral absorptance of 1 (red solid lines), 2 (blue dashed lines), 3 (green dotted lines), 6 (violet dash-dotted lines), 
and 8 layers (orange dash-dot-dashed lines) of (a) oak leaves and (b) camouflage net between 250 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). 

As expected, the absorptance of both samples greatly increased with the thickness (layers), and the thickness required to 
saturate the sample absorptance varied with wavelength. For example: 1 layer below 400 nm; 2 layers between 400–720 
nm, around 1930 nm, and above 2430 nm; 3 layers around 1450 nm; 8 layers or more between 400 – 1300 nm. For the 
camouflage net samples, 4 and 6 layers were required to saturate the sample absorptance below and above 700 nm, 
respectively. 
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6. 2 Comparing estimated and measured absorptance 

 
Figure 9. Absorptance plotted against mass per area for oak leaves (blue squares) and camouflage net samples (green circles) 
at (a) 550 nm, (b) 900 nm, (c) 1270 nm, and (d) 1660 nm. The red dashed lines (oak leaves) and black dotted lines (camouflage 
net) represent the estimated absorptance from fitting the data with the extinction model. The shaded bands and vertical error 
bars represent the standard error of the absorptance mean and mass per area mean, respectively (errors smaller than the lines 
might not be visible in the plot). 

We also compared the absorptance data of the samples at selected wavelengths with estimated absorptance values (Fig. 9) 
calculated by using the extinction model on the measured reflectance data (Fig. 2). The estimated absorptance values fitted 
well with the data, especially for thicker samples (larger than 2 layers). At 550, 900, 1270, and 1660 nm, the model slightly 
overestimated the absorptance for the thinnest samples (Fig. 9). The only exception was the estimated absorptance values 
of the thinnest camouflage samples at 550 nm that were lower than the absorptance data. These discrepancies were 
expected owing to the estimated reflectance (Fig. 3) and transmittance values at these wavelengths (Fig. 6) and the 
relationship used for the absorptance 𝑎𝑎 = 1 − 𝑟𝑟 − 𝑡𝑡.  

Figure 10 shows the absorptance of the oak leaf and camouflage net samples of 1 (red lines), 2 (blue dashed lines), and 8 
layers (green dotted lines) between 250 and 2500 nm together with the estimated absorptance values (symbols) at selected 
wavelengths between 400 and 2200 nm. Apart from the valley around 550 nm, we found that the estimated absorptance 
matched the absorptance data of the oak leaves at all the chosen wavelengths and sample thicknesses. For the camouflage 
net samples with 1 and 2 layers (red squares and blue circles, Figure 10 (b)), the estimated absorptance values were lower 
than the measured values below 800 nm, and slightly higher than the measured values above 800 nm. The camouflage net 
sample with 8 layers had similar absorptance at the selected wavelengths (400 – 2200 nm).  

Note that the extinction coefficients from fitting the reflectance data of the samples (Fig. 2) with the extinction model were 
in agreement with the absorptance values of the samples (Fig. 10). 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 400 nm, the extinction coefficient of 1 layer thick oak leaf and camouflage net samples were 
0.997 and 0.058, respectively, while their absorptance were 96% and 67%.  
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Figure 10. Spectral absorptance measurements of 1 (red lines), 2 (blue dashed lines), and 8 layers (green dotted lines) of (a) 
oak leaves and (b) camouflage net between 250 and 2500 nm. The symbols represent estimated absorptance values at selected 
wavelengths calculated from fitting the measured reflectance data with the extinction model. Note that some of the data points 
(symbols) overlap and are therefore not visible in the plot. 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). 

7 CONCLUSIONS AND FUTURE WORK 

In this work, we have measured the reflectance and transmittance of layered samples of oak leaves and a generic 
camouflage net on a black background at wavelengths 250–2500 nm.  By measuring samples of different thicknesses, we 
were able to study how thickness affects the spectral properties of the sample materials. In the UV and visible regions, 
both the oak leaf and camouflage net samples reflected a small part (less than 8%) of the incoming light, and we observed 
no significant change in reflectance with sample thickness. Further transmittance measurements revealed that little light 
was transmitted at these wavelengths, signifying that the samples absorbed most of the UV and visible light. The high 
absorption was expected for the leaves owing to pigments absorbing light for photosynthesis[8].  

We observed that the samples reflected more of the incoming light at NIR and SWIR wavelengths, and there were 
considerable differences in penetration depth. Between ~800 and 1300 nm, the penetration depth was 6 and 3 layers of the 
oak leaf and camouflage net samples, respectively.  At these wavelengths, we found that the samples transmitted a large 
portion of the light (up to 55% for a single layer) and hence exhibited low absorptance. From a concealment point of view, 
these samples (oak leaves or net) have to be thicker to conceal an object exposed to a sensor detecting IR or SWIR 
wavelengths compared to UV or VIS sensors. Moreover, the camouflage net tested in this study required fewer layers than 
the oak leaves to conceal the reflectance from an object underneath. However, at certain wavelengths corresponding to 
water absorption peaks (e.g. 1450 nm), the oak leaf reflectance markedly decreased and 1-2 layers of oak leaves were 
sufficient to conceal underneath objects.  
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To compare the samples, we measured their mass per area (Table 1). The mass per area of the oak leaves were ~50% 
larger than that of the camouflage net, however, the net samples had the highest transmittance compared to the oak leaves. 
That was probably because the net was perforated. During measurements, there might have been some degree of 
overlapping holes in the net samples, however, we ensured that this effect was reduced by randomly orienting the net 
layers between measurements.  At selected wavelengths between 400–2200 nm, the measured reflectance of the samples 
(with thicknesses 1–8 layers) were fitted to a mathematical model named the extinction model. In the model, the layers are 
modeled as stacked plates with wavelength-dependent reflectivity and energy loss. The energy loss is given by an 
extinction coefficient k, where 𝑒𝑒−𝑘𝑘𝑘𝑘 is the remaining energy fraction after absorption in a unit weight per area w of the 
material. The extinction model fitted the reflectance data accurately at the selected wavelengths. Using the fitting 
parameters (reflectivity and extinction coefficient, Table 2), we estimated the transmittance and absorptance of the oak 
leaf and camouflage net samples at the selected wavelengths. At these wavelengths, we compared the estimated values 
with the measured transmittance and absorptance (measured indirectly) values. We found that the estimated values 
matched the measured values, especially for the oak leaf samples. The model overestimated the transmittance values of 
the thinnest camouflage net samples below ~800 nm, and slightly underestimated the values at wavelengths longer than 
800 nm, and conversely for the absorptance values. We hypothesize that the model estimated the transmittance and 
absorptance of the oak leaf samples with higher accuracy than those of the camouflage nets because the reflectance of the 
leaves provided better data for the model, i.e. more data points where the reflectance changed markedly with thickness.  

Overall, the extinction model showed great potential for estimating the transmittance and absorptance values of samples 
based on a few reflectance measurements, especially if the reflectance of the measured sample changes markedly with 
thickness. Utilizing the model allows for fewer experiments and can save valuable time and resources. If researchers lack 
equipment, modeling could also be a useful substitution for spectral measurements. Here we fitted the model to reflectance 
data, however, it could likewise be fitted to transmittance or absorptance data if more convenient. In contrast to the model 
utilized in our previous study[25], the extinction model considers multiple reflections between layers and absorption 
effects. These effects are important for samples with high reflectivity and absorptance. Moreover, the extinction model 
does not need to be fitted to measurements performed on backgrounds.  

Future studies should investigate how the model works when fitted with transmittance or absorptance data, and test samples 
that are thinner/lighter and with other surface characteristics. It would also be interesting to study samples of different 
densities, moistures and extend the estimation of spectral values from few selected wavelengths to include all measured 
wavelengths. In our experiments, we always used a black background. The extinction model should also be tested with 
samples on different backgrounds, e.g. whiter backgrounds. Another key area for further investigation is the effect of layer 
spacing on the spectral properties of stacked samples. Layer spacing is an important architectural variable of canopies and 
can vary significantly depending on the environment.  
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