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Abstract. The optical depth of biomaterials and natural backgrounds varies with their envi-
ronment and incoming light properties. Deciduous trees, for instance, have canopy thicknesses
that vary significantly from one place to another. Leaves constituting canopies absorb most of the
light in the visible region, while transmitting a large ratio of the incoming near-infrared light.
Such variations in the spectral properties of biomaterials pose complicated challenges for devel-
oping camouflage material and precise land area mapping by remote sensors. We aim to address
these challenges by investigating multi-layered birch leaves, a biomaterial abundant throughout
Northern Europe. We measured and compared the reflectance, transmission, and absorptance of
moist birch leaves between 250 and 2500 nm and compared their values with the spectral proper-
ties of three different synthetic materials. We found that the spectral properties of the synthetic
materials matched those of the birch leaf at certain wavelengths and material thicknesses. The
results highlight the importance of choosing appropriate material thickness when designing cam-
ouflage and having knowledge of the thickness variation of the biomaterial constituting the back-
ground. Furthermore, the results are of relevance for wavelength-dependent detections based on
spectral anomalies of artificial objects when recorded through vegetation layers. Moreover, we
tested the spectral data of the materials against an earlier published extinction model. With few
exceptions, the model fit the spectral data well and could be used to estimate the spectral proper-
ties of the materials as a function of their thickness. We also compared the accuracy of the extinc-
tion model with two other models and discussed their value and practicality. Our findings will be
valuable for the development of camouflage materials as well as advanced multi-layered fabric
technology and remote sensing applications. © The Authors. Published by SPIE under a Creative
Commons Attribution 4.0 International License. Distribution or reproduction of this work in whole or
in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.OE.60
.11.117102]
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1 Introduction

Effective concealment in natural backgrounds is an important capability in the animal kingdom and
warfare alike. The main purpose of camouflage is to blend in with the environment and attract a
minimum of attention from any given observer or sensor. Effective camouflage is normally
achieved through matching with the characteristic background, resulting in minimized contrasts
between camouflage materials and natural constituents in the background of relevance. Spectrally,
this means reducing material contrast to the background by capturing the background reflectance
and transmittance properties, ensuring that the camouflage material and the background reflects
and transmits light similarly over any relevant wavelength range.1–5 Spatial matching with the
background is normally ensured through frequency and orientation optimization.5–10

In the years to come, electro-optical sensors are expected to become smaller, more wide-
spread, cost-effective, and capable. As sensors and analysis of sensor data are increasingly more
sophisticated and easily accessible (including from drones), remote sensing capabilities are
expected to be of enhanced relevance to military units. Concealing a person or object is
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increasingly difficult and demands multi-spectral as well as spectrally optimized camouflage
material to provide protection against several sensor threats.3,11–13

Camouflage nets typically consist of fabrics arranged in multiple layers when viewed from
the perspective of incident light rays and may be comprised of a background material covered
with leaf-like patches. Textiles for uniforms are typically made of single layer, and their effective
optical thickness is a result of a compromise of several needs, rather than just the desired spectral
reflectance properties. In comparison, multi-layered camouflage fabrics provide several favor-
able properties such as suppression of thermal contrast outliers,14 improved thermal comfort,15

electromagnetic signature control,16 increased shadowing effects, and preventing revealing
effects such as unnaturally flat surfaces in natural cluttered backgrounds.

According to known literature, several studies have been carried out assessing camouflage
net effectiveness11,12,17–20 and camouflage textile effectiveness3,5,6,8,21–24 but mainly considering
spectral reflectance (or pattern) background matching. Little has been reported on spectral trans-
mission properties of camouflage materials as a function of both (i) the number of layers in a
stack and (ii) wavelength. However, some studies have reported on spectral transmission mea-
surements for textile fibers25–28 and spectral reflectance as a function of the number of stacked
layers.17 Still, in natural backgrounds consisting of many thin biomaterial structures, such as
deciduous leaves, transmission effects have been found to significantly affect measured spectral
reflectance, all depending on wavelengths considered.29,30

In particular, it has been shown that incident light in the visible, near-infrared (NIR), and
short-wave infrared radiation (SWIR) penetrates thin biomaterial structures, such as in deciduous
canopies, to different depths because of wavelength-dependent transmittance.29,30 It is our
hypothesis that light in the NIR and SWIR wavelengths when measured by any remote sensor
is also expected to contain reflected light from any underlying structures such as soil, concealed
objects, or other parts of the background. On the other hand, light detected in the visible spec-
trum (and in ranges at 1450 and 1900 nm dominated by water absorption) is expected to be
dominated by reflected light from the vegetation. Due to the optical behavior of thin biomate-
rials, there will most likely be characteristic differences in optical properties when synthetic
concealment materials are compared to natural materials. These differences must be better under-
stood with additional measurements and theoretical models. Several models aiming to better
understand the electromagnetic interactions with natural leaves have been developed over dec-
ades, ranging from simple plate models30–32 to advanced ray tracing models.33,34 However, none
of these models directly compares the spectral properties of stacked natural leaf-structures with
layers of synthetic camouflage material (e.g., leaf-like fabrics for camouflage nets or textiles for
uniforms).

There are two main purposes with this study: (1) to compare measurements of biological and
synthetic materials and (2) to explore the applicability of theoretical models that can be used in a
predicative sense. The first point relies on experimental measurements of reflectance, transmit-
tance, and absorption properties for stacked layers of (i) natural birch leaves and (ii) synthetic
camouflage fabrics. The second point aims to better understand the feasibility of mathematical
models, describing optical properties of stacks of thin semitransparent material, that have not
earlier, to the best of the authors’ knowledge, been applied to data from experiments carried out
on materials such as leaves and thin synthetic materials. The aim is to increase the knowledge on
thin-layered structures, and how their numbers of layers affect their characteristic optical proper-
ties. In addition, the models tested are thought to be useful in predicting inherent optical proper-
ties of materials where direct measurements can sometimes be very difficult or cost-ineffective.

We studied brown birch leaves (Betula pendula) due to seasonal availability and because
such leaves are abundant throughout Northern Europe in several months of every year. The study
also adds to the existing knowledge on the construction of synthetic materials that can capture
the complex optical properties of thin biomaterial structures. Furthermore, mathematical models,
as earlier suggested in the literature,25,30 were used to fit experimental data yielding a deeper,
basic knowledge on light transmittance in thin, semitransparent structures, and perforated layers.
We have modified the model suggested by Lillesaeter30 to also account for multiple reflections
among the layers and compared these two models to the extinction model25 where also light
absorptance is accounted for. The results found that in this study are thought to be valuable
to any further improvements and developments in advanced (and multi-layered) camouflage
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products. The results are also expected to be of interest for remote sensing purposes where veg-
etated land areas, such as given by tree canopies are mapped throughout a full year cycle as well
as plant water content mapping.4,35–39

In this study, we report on the following: 2 to 3 layers of brown birch leaves and synthetic
camouflage material were sufficient to prevent the background from influencing the measured
reflectance in the visual band. In the NIR wavelength range, however, leaves were found to
transmit light until a thickness of seven or eight layers, whereas the synthetic materials were
less transparent, resulting in a reduced number of layers needed to hinder background contri-
butions (perforated: 2 to 4, textile: 5 to 6). The three theoretical models used were adequate in
their ability to fit experimental data, albeit with important differences. The extinction model was
found to be the better model among the three (best fit to the experimental data) by accounting for
absorption effects, in addition to multiple scattering and characteristics of the background.

2 Experimental Setup and Method

2.1 Spectral Measurements

A PerkinElmer spectrophotometer (Lambda 750S UV/VIS/NIR) was used to measure the reflec-
tance and transmission of birch leaves and textile samples (Fig. 1) for incoming light of wave-
lengths between 250 and 2500 nm.We used a deuterium lamp (Part. No. L6022728, PerkinElmer)
between 250 and 319.2 nm and a tungsten lamp (Part. No. B0114620, PerkinElmer) between
319.2 and 2500 nm as illuminants. The relative spectral power of the illuminants is presented

Fig. 1 Experimental setup: (a) spectrophotometer (Lambda 750S, PerkinElmer) with sample set
up for transmittance measurements. (b) The samples (moist birch leaves in the image) were fas-
tened by a sample holder, here set up for transmittance measurements. (c) For the transmittance
measurements, a Spectralon® 2″ calibrated diffuse reflectance standard (PerkinElmer) was fas-
tened in the reflectance port by a sample holder. For the reflectance measurements, the reflec-
tance standard was replaced with a sample. The reflectance standard was also used to calibrate
the equipment before reflectance or transmittance measurements. (d) The weight of each material
was measured on a tabletop scale (TE3102S, Sartorius). (e) A moist birch leaf placed on a grid
paper for area measurements where the horizontal and vertical lines are 5 mm apart. (f) Measured
relative spectral power for the spectrophotometer illumination source.
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in Fig. 1. The spectrophotometer had an integrating sphere (60-mm diameter InGaAs integrating
sphere, spectralon coating, PerkinElmer Part. No. L6020203) that was applied to imitate the dif-
fuse nature of the radiation illuminating the background through the samples.

The birch leaves studied in this paper were collected in the autumn from the ground (time
after tree-detachment was more than a week) after a period with rain, so it is fair to assume that
they were close to fully saturated with water. The leaves were brown (i.e., non-chlorophyllic) and
had some darker spots [see Fig. 1(f)]. We chose to measure the largest leaves (large enough to
cover the beam opening in the spectrophotometer that was∼50 × 60 mm) and the leaves with the
smallest and least number of dark spots (i.e., most homogeneous). The dark spots were smaller
than 1 mm2 and spread around the whole leaf. We believe that the influence of the dark spots on
the spectral measurements is negligible due to the small area of the spots compared to the sample
size. All leaves used in this study had dark spots of comparable size and numbers, and we did not
observe any significant spectral differences when repeating the spectral measurements on differ-
ent leaves.

Leaves both have diffuse and specular characteristics where the former mainly stems from
multiple scattering effects from the leaf interior while the latter arises at the leaf surface.40 The
reflection of a leaf usually consists of a high specular peak (glint) confined within a narrow solid
angle and a uniform diffuse reflection in the other directions. The spectrophotometer used here
could not measure the variation in reflectance/transmittance with observation and illumination
directions. Instead, the instrument measured the directional hemispherical reflectance of the
leaves, i.e., incident light (from a well-defined angle) reflected in all directions and averaged
by the integrating sphere. The overall spectral signature of the leaves measured in this paper
is thus a combination of diffuse and spectral components.

After the leaves were collected, the water content of the leaves was saturated in a water bath for
1 min. To prevent large reduction in water moisture (drying) of the leaves, the leaves were stored in
a sealed plastic folder before and between measurements. Before each measurement, the leaves
were individually suspended in water for 10 s and then mechanically air-dried for 30 s by hand.
The leaves were then stacked together (for measurements of more than one layer) and fastened in
the spectrophotometer. The absolute water content of the leaves used in the study was not mea-
sured, however, the method described above ensured that the water content of the leaves were
approximately saturated and close to identical before measurements. By measuring the fresh leaf
mass fw, the oven-dry leaf mass dw, and the leaf area A, we estimated leaf water content (LWC)
and equivalent water thickness (EWT) of the leaves to be: LWC ¼ ðfw − dwÞ∕fw ¼ 79%� 9%

and EWT ¼ ðfw − dwÞ∕A ¼ 16.5� 1.9 mg∕cm2. Before the dry leaf measurements, we dried
the leaves in an oven at 105°C for 24 h, as recommended in Ref. 41. The mass and area mea-
surements are described in Sec. 2.2.

In addition to the leaves, the spectral characteristics of three types of textiles were studied:
(1) a brown-colored and perforated textile (hereafter referred to as perforated textile #1 or P1
textile), (2) a green perforated textile (hereafter referred to as perforated textile #2 or P2 textile),
and (3) a white textile without perforations. The P1 textile had larger holes than the P2 textile but
fewer holes per area. The mass per area and density of the leaves and textiles were measured
(their values are presented in Table 1 together with error estimates).

We cut the samples into square patches of size ∼5 × 5 cm to fit inside the reflectance or
transmittance port (depending on the type of measurement) of the spectrophotometer and cover
the beam opening. For the reflectance measurements, a sample holder fastened the samples ver-
tically at the reflectance port of the spectrophotometer (Fig. 1). Most of the reflectance mea-
surements were performed using a black background behind the samples (10 layers of a
perforated black textile constituting an opaque background layer). A white background (two
layers of a white textile) was used for extra reflectance measurements of single-layered samples.
The measurements performed on a white background were carried out to be able to calculate the
two-way transmittance using Lillesaeter’s model,30 as discussed in Sec. 3.2.

The spectrophotometer also allowed for transmittance measurements. During the transmit-
tance measurements, the reflectance port on the integrating sphere (opening used for reflectance
measurements) was covered by a white reference standard (PELA9058: calibrated white plate,
Spectralon®. 2″ calibrated diffuse reflectance standard, PerkinElmer), while the sample was fas-
tened at the transmittance port [see Fig. 1(a)]. We measured the reflectance and transmittance of
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1 to 8 layers for each textile and the birch leaves. With few exceptions, the reflectance and trans-
mittance measurements of each sample were repeated 2 to 3 times. The spectral results were then
averaged before they were analyzed in Origin (v. 2019b). Before each measurement series, the
spectrophotometer was calibrated by using a white reference background (PELA9058: calibrated
white plate, Spectralon®. 2″ calibrated diffuse reflectance standard, PerkinElmer).

2.2 Mass per Area and Density Estimation

The mass per area was estimated for each sample. First, we measured the weight of each sample
on a tabletop scale (TE3102S, Sartorious, readability 0.01 g, reproducibility �0.01 g, and lin-
earity�0.02 g) in the laboratory (Fig. 1). We then photographed the samples on 5 mm grid paper
[Fig. 1(e)]. The images were analyzed in Photoshop CS6 (v. 13.1.2 × 64). Through pixel count-
ing, the area of the samples was estimated. Partial pixel areas (�3 pixels from the sample selec-
tion edge) were estimated to be ∼0.7% of the total sample area (∼0.6 to 1.2 × 107 pixels).
Measurement errors due to curvature of the samples and parallax (camera lens and grid paper
lines not parallel) were estimated to be <2% of the total sample area and <0.7% of the measured
1 cm2 paper grid area (∼2 to 3 × 105 pixels). The mass per area of each sample was then calcu-
lated from the weight and area measurements (presented in Table 1). The presented result for
each sample is an average of at least three different weights and area measurements.

The thicknesses of the samples were measured manually with a caliper (TESA Renens
Lausanne, 0 to 25 mm) with an estimated precision of ∼5 μm. Because the samples were com-
pressible (estimated to �5 μm), the caliper was tightened to apply a fixed pressure for all sam-
ples. To estimate the layer thickness of the samples, we performed at least 10 thickness
measurements on a single layer of each sample type (leaves, P1, P2, and white textiles).
The measurements were taken at different sample positions, and on 2 to 3 different samples
(e.g., different leaves). From the measurements, we then calculated the average thickness value
and standard deviation of the samples. The measured thickness and estimated density values (and
errors) of the samples are presented in Table 1.

3 Theoretical Models

The experimental results presented in this paper have been fitted or compared with three different
models. The models are simple to calculate and do not require advanced programming. For the
benefit of the reader, we give a brief presentation of each model. For more details, we refer to the
literature.25,30

3.1 Extinction Model

The extinction model was derived by Wilhelm25 and used to describe quantitatively the reflec-
tance, transmittance, and absorptance by textiles in terms of specific reflection and absorption

Table 1 Mass per area (m∕A), density (ρ), thickness (t ), and estimated errors (E ) of the birch leaf
and textile samples. The mass per area values have multiple error sources such as weight accu-
racy, area precision (partial pixel areas and sample curvature), and parallax. The error in sample
thickness was estimated by calculating the standard deviation of at least 10 different measure-
ments and added a compressibility error of �5 μm and precision error of �5 μm, while the density
error of the samples is estimated from the combined errors in mass per area and thickness.

Sample m∕A (mg∕cm2) Em∕a (mg∕cm2) ρ (g∕cm3) Eρ (g∕cm3) t (mm) Et (mm)

Moist birch leaf 20.9 ±1.1 1.38 ±0.30 0.15 ±0.03

Perf. textile 1 28.9 ±1.1 0.47 ±0.03 0.62 ±0.02

Perf. textile 2 11.2 ±0.9 0.27 ±0.04 0.42 ±0.03

White textile 9.0 ±0.6 0.76 ±0.10 0.12 ±0.01
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characteristics of fibers. The model builds on the Stokes equations for transmittance tn and
reflectance rn of n plates:

EQ-TARGET;temp:intralink-;e001;116;711tn ¼
c − c−1

cdn − c−1d−n
; (1)

EQ-TARGET;temp:intralink-;e002;116;656rn ¼
d − d−n

cdn − c−1d−n
; (2)

where c and d are the constants that only depend on the transmittance and reflectance of the
single plates. The equations above were fitted to textile materials of different thicknesses
expressed as weight per area by defining c ¼ 1∕α and d ¼ ek. Here the constant α is the reflec-
tivity of the material when the thickness is taken to the extreme limit, k is the extinction coef-
ficient, whereas the constant ek is the energy lost by absorption in a unit weight per area of
material. The extinction coefficient k describes the absorptance characteristics of thin materials
and can be considered a spectral fingerprint of the material. Substituting n with w, which is the
weight per unit area, and using the new definitions yield:25

EQ-TARGET;temp:intralink-;e003;116;538tw ¼ ð1 − α2Þe−kw
1 − α2e−2kw

; (3)

EQ-TARGET;temp:intralink-;e004;116;483rw ¼ αð1 − e−2kwÞ
1 − α2e−2kw

: (4)

The absorptance can then be calculated from the following relationship: aw ¼ 1 − rw − tw.
It is often necessary to measure samples with an underlying background. The spectral char-

acteristics of the background must then be included, especially if the sample has high transpar-
ency. If the reflectance of the background is given by β, expressions for the reflected, transmitted,
and absorbed light of the system (sample and background) is given by25

EQ-TARGET;temp:intralink-;e005;116;400

�
Ir
I0

�
syst:

¼ rw þ t2wβ þ t2wrwβ2 þ t2wr2wβ3 þ : : : ¼ rw þ t2wβ
1 − rwβ

; (5)

EQ-TARGET;temp:intralink-;e006;116;341

�
It
I0

�
syst:

¼ twð1 − βÞ þ twrwβð1 − βÞ þ twr2wβ2ð1 − βÞ þ twr3wβ3ð1 − βÞ: : : ¼ twð1 − βÞ
1 − rwβ

; (6)

EQ-TARGET;temp:intralink-;e007;116;303

�
Ia
I0

�
syst:

¼ 1 −
�
Ir
I0

�
syst:

−
�
It
I0

�
syst:

¼ awð1þ βÞðtw − rwÞ
1 − rwβ

: (7)

3.2 Lillesaeter Model

A simpler model (compared to the extinction model) on the reflectance of multi-layered samples
was presented by Lillesaeter.30 Lillesaeter considered the reflectance of a single-layered sample
placed on a background, which can be expressed as

EQ-TARGET;temp:intralink-;e008;116;204r1 ¼ rþ βτ2; (8)

where r is the sample reflectance and β is the reflectance of the background. By measuring the
reflectance of a single-layered sample on a dark and light background (background reflectance
βD and βL, respectively), one get the following relationships:

EQ-TARGET;temp:intralink-;e009;116;137r1L ¼ rþ βLτ
2; (9)

EQ-TARGET;temp:intralink-;e010;116;93r1D ¼ rþ βDτ
2; (10)

which can be used to find the reflectance of the sample r and the two-way transmission:30
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EQ-TARGET;temp:intralink-;e011;116;735τ2 ¼ r1L − r1D
βL − βD

: (11)

The two-way transmission and the reflectance of the sample can then be used to estimate the
reflectance of n-layered samples with the following equation:

EQ-TARGET;temp:intralink-;e012;116;678rn ¼ r½1þ τ2 þ : : : τ2ðN−1Þ� þ βτ2N: (12)

3.3 Multiple Scattering Model

The Lillesaeter model (presented in Sec. 3.2) does not account for multiple scattering between
the sample and the background [Eq. (8)]. Multiple scattering is expected to have a considerable
contribution to the measured spectral characteristics of thin material samples that are transparent,
especially when the background has a high reflectance. Multiple scattering should therefore be
implemented in a realistic model.

When multiple scattering between the sample (reflectance r) and background (reflectance β)
is included, the reflectance of the system (sample and background) is expressed by

EQ-TARGET;temp:intralink-;e013;116;524rm1 ¼ rþ βτ2 þ rβ2τ2 þ r2β3τ2 þ : : : ¼ rþ βτ2

1 − rβ
: (13)

The total reflectance measured from a single-layered sample placed on the light and dark
background is then

EQ-TARGET;temp:intralink-;e014;116;454rL ¼ rþ βLτ
2

1 − rβL
; (14)

EQ-TARGET;temp:intralink-;e015;116;398rD ¼ rþ βDτ
2

1 − rβL
: (15)

These equations [Eqs. (14) and (15)] can then be combined and solved for the sample reflec-
tance and the two-way transmission:

EQ-TARGET;temp:intralink-;e016;116;349r ¼
�
1þ rLβL −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4τ2β2L − 2rLβL þ r2Lβ

2
L

q �
∕2βL; (16)

EQ-TARGET;temp:intralink-;e017;116;292τ2 ¼ ½ðβD − βLÞðβLrD − 1ÞðrD − rLÞðβDrL − 1Þ�∕½βL þ βDð−1þ βLðrD − rLÞÞ�2: (17)

The mathematical expressions given in Eqs. (16) and (17) constitute modified expressions, of
the original Lillesaeter model, as given in Eqs. (11) and (12), thereby augmenting the model to
capture more of the underlying reflectance mechanisms of thin material samples.

4 Spectral Properties of Multiple Layers of Leaves and Textiles

In this section, we present experimental results from the spectral measurements on 1 to 8 layers
of moist birch leaves and textiles between 250 and 2500 nm. The absorptance a of each sample
was calculated using the relationship: a ¼ 1 − r − t, where r and t are the measured reflectance
and transmittance values, respectively.

4.1 Moist Birch Leaves

Figure 2 shows the spectral reflectance, transmittance, and absorptance of multiple layers (1 to 8)
of dead birch leaves that were moistened by water to the point of saturation. The reflectance and
transmission values of the moist birch leaves (Fig. 2) were highest in the following wavelength
bands: 800 to 1400 nm, 1600 to 1850 nm and had a smaller top in the 2100 to 2400 nm band. In
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the visible region, leaf pigments predominantly absorb most of the incoming light,42 while from
1300 nm (SWIR), the reflectance and transmission are attenuated by the water content of the
leaf.40 We found that the reflectance of the wet leaves was markedly reduced around 1450 and
1950 nm. Liquid water has absorption peaks of increasing size around 970, 1200 1450, and
1950 nm,43 which corresponds well with the absorptance plot of the birch leaves [Fig. 2(c)].

The leaves studied in this work were brown and detached from the tree for a significant time
(1 to 2 weeks). When a leaf senesces and decays, e.g., after being removed from a tree, the plant
tissues degrade, pigments break down, and the enzymatic activity in the leaf increases.44 This
dramatically changes the optical properties of the leaf and is easily assessable visually as the leaf
change to autumn colors. The birch leaves studied in this work for instance (Betula pendula),
changed color from green to yellow to brown during the senescence process. Green autumn birch
leaves typically contain 40 to 50 μg chlorophyll per cm2, whereas yellow leaves before falling
have a chlorophyll concentration <10 μg∕cm2.45 Due to reduced chlorophyll concentration, yel-
low birch (Betula pendula) leaves reflect all colors of visible light more strongly than green
leaves; up to twice as much light compared to that of the green leaves at 550 nm.46 We did
not observe the typical reflectance peak for green leaves around 550 nm, nor a steep reflectance
increase from VIS to NIR wavelengths, usually in the wavelength range ∼670 to 770 nm
[Fig. 2(a)]. This indicates that the chlorophyll concentration in the measured leaves was low.

Between 750 and 1450 nm, the reflectance in a leaf is affected by alterations in the leaf
intercellular structure, whereas components such as water, cellulose, protein, nitrogen, and lignin
mostly affect the reflectance in SWIR regions.47 Hovi et al.48 studied the seasonal trends of silver
birch leaves (Betula pendula) and found that the reflectance of silver birch leaves increased
markedly during autumn in the visible range, while slowly but steadily during the summer and
autumn in NIR and SWIR. We could not find any reported studies on the spectral properties of
silver birch leaves (as used in this work) following tree detachment, however, there are some
studies on the reflectance of paper birch leaves 72 h following branch cutting.49 In the 72-h
period, few changes in reflectance were observed in VIS, however, the reflectance in NIR
increased markedly due to dehydration. Foley et al.50 investigated the leaf reflectance of five

Fig. 2 Spectral properties of one (red solid), two (blue dashed), three (green dotted), six (violet
dash-dotted), and eight (pink dash-dot-dotted) layers of moist birch leaves: experimental data
(mean values) on (a) reflectance, (b) transmission, and (c) absorptance values plotted against
wavelength. The semitransparent areas around the curves represent SEM values of the data
(errors smaller than the lines might not be visible in the plot).
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tropical trees that were clipped and thereafter assessed regularly for up to 7 days. In the visible
spectrum, leaf reflectance did not change until wilting of the leaf was observed, whereas the NIR
and SWIR wavelength regions were affected immediately by small changes in water content
(caused by structural changes within the leaf and by changes in light absorption by water).
Although the birch leaves measured in our work were detached from the tree for a significant
time, the water content of the leaves (estimated to 79%� 9%) was still high due to rainy days
and low temperatures (0°C < 10°C) while the leaves were on the ground, and due to water sat-
uration of the leaves in the lab before measurements. The high water content dominates the
SWIR regions of the spectra with deep reflectance (and transmittance) valleys and high absorp-
tance values (Fig. 2). We speculate that the effect of water on the measured reflectance in SWIR
is higher than other degrading effects (intercellular structure and content), however, this should
be investigated in future works.

As the effective leaf thickness (and thereby any potential and real-world canopy depths)
increased, light in the visible spectrum (400 to 700 nm), between 1400 and 1500 nm and
1900 and 2500 nm did not transmit significantly beyond the first two leaves. Correspondingly,
we see that the number of stacked leaves did not affect the measured reflectance of the leaves
much in the same wavelength bands. For other wavelengths bands, (700 to 1400 nm and
1500 to 1900 nm), on the other hand, light was transmitted through the leaf stack until the number
of leaves reached seven or eight. The transmission through a stack of eight leaves [pink dash-dot-
dotted line, Fig. 2(b)] is <5%, i.e., the two-way transmission of the sample is <0.25%. Lillesaeter30

and Berard et al.29 also found that 7 to 8 layers of green birch leaves were necessary to reduce most
of the transmission through the leaf stack.

In the same wavelength range, (700 to 1400 nm and 1500 to 1900 nm), the wet birch leaves
also reflected more light as the number of stacked leaves increased. For instance, the measured
reflectance of a single-layer birch leaf [red solid line, Fig. 2(a)] was around 18% at 1000 nm,
while for a stack of 8 birch leaves [pink dash-dot-dotted line, Fig. 2(a)] at the same wavelength,
the measured reflectance was found to be around 32%. That is, the observed increase in reflec-
tance most likely occurred because the black (and low-reflective) background contributed less to
the experimental reflectance data being captured as the number of leaves in the stack increased.

Our findings confirm the hypothesis that objects located underneath canopies with water
saturated leaves and with a leaf area index (LAI) of <2 (i.e., an effective thickness less than
two leaf layers) may potentially be revealed because a significant amount of light is transmitted
through leaves in NIR and SWIR and back to any external remote sensor. In a deciduous canopy
(with brown leaves) that is effectively more than three leaf layers thick (assuming a homo-
geneous LAI > 3), most of the light in the visible spectrum will be absorbed or reflected by
the leaf material, and only small portions of the visible light will be transmitted. LAI values
between 3 and 4 are typical for horizontal-leafed species, and generally, light transmission
in canopies decreases fast with LAI to around 10% once LAI is larger than 4.51 Although a
canopy has a high LAI value, LAI varies across space due to variable tree spacing and leaf
arrangements. As a consequence, there might be canopy areas with gaps between leaves where
a larger portion of the light transmits and reach the ground beneath. Conversely, there might also
be canopy areas where more leaves overlap resulting in a higher LAI. Canopies also have larger
distances between the constituting leaves than what was measured in this study (leaves in contact
with each other). We speculate that an increased distance between the leaves will yield more light
scattering and decreased transmission through the leaves. The effect should be investigated in
future studies.

For camouflage purposes, we note that the spectral reflectance in the visual range of an object
(and hereby the color appearance to any observer) will not be much affected under a canopy
where the object is covered by at least two leaf layers (i.e., a homogeneous LAI > 2). The first
single leaf layer in a canopy, when viewed from above/outside, will constitute effective conceal-
ment to any object hiding underneath it because the reflectance of such a leaf canopy, when
viewed from any outside observer, will keep its color appearance regardless of the number
of leaves in the canopy exceeding two. The visible light reaching a canopy of birch leaves,
as measured in this experiment, will be attenuated by the first and second leaf layers. Any visible
reflectance signatures that are captured (e.g., by a sensor) will therefore be more dominated, and
more indicative, by the top layers of a canopy (or any leaf coverages) of a hidden object.
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In the NIR and SWIR range, however, there is a greater risk (to any object hiding underneath
vegetation or canopies) that incident light reaching, e.g., a canopy, will be able to penetrate the
leaves, interact with any object underneath, and be reflected back through the canopy to any
external sensor. This means that information received by a sensor in those wavelength bands
(700 to 1400 nm and 1500 to 1900 nm) is more likely, than in the visible band, to be a mix
of canopy signatures and object/background signatures. There will thus be large differences in
canopy penetration depth between the visible wavelengths and the NIR wavelengths, as we have
also seen in the experimental results in this study.

Such differences in canopy penetration depths are due to differences in (i) wavelengths and
(ii) effective numbers of leaf layers. The differences are also expected to be of relevance for
remote sensing purposes where vegetated areas are continuously mapped and classified, and
where differences in red light reflectance and corresponding NIR light are used as spectral veg-
etation indices.29,52–54

4.2 White Textile

Figure 3 presents the spectral characteristics of the white textile. Compared to a moist birch leaf,
the textile is more reflective (reflectance up to 94%), and less transparent over most of the mea-
sured wavelengths. Except for the UV (under 380 nm) and longest wavelengths (over 2100 nm),
the absorptance of the textile was low (<10%). The reflectance and transmission of the textile are
thus varying little over these wavelengths. In the SWIR range, the biggest change in the textile’s
reflectance and transmission occurs around 1660 nm where there is a characteristic valley, i.e., an
absorption top.

Similar to the birch leaves, 7 to 8 layers of the textile is sufficient to hinder reflectance con-
tributions from the background at NIR and SWIR wavelengths: the reflectance values measured
from a stack of 6 layers of the textile [violet dash-dotted line, Fig. 3(a)] is similar to that of a stack
with 8 layers [pink dash-dot-dotted line, Fig. 3(a)]. The textile is not perforated, however, it was

Fig. 3 Spectral properties of one (red solid), two (blue dashed), three (green dotted), six (violet
dash-dotted), and eight (pink dash-dot-dotted) layers of the white textile sample: Experimental
data (mean values) on (a) reflectance, (b) transmission, and (c) absorptance plotted against wave-
length. The semitransparent areas around the curves represent SEM values of the data (errors
smaller than the lines might not be visible in the plot).
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the thinnest of the three textiles with a thickness of about 0.12 mm. In comparison, the moist
birch leaves had a thickness of about 0.15 mm (Table 1). Because of the thin layers, a high
number of white textile layers were necessary to significantly reduce the transmission of light.

The absorptance data for the textile [Fig. 3(c)] peaked around the following wavelengths:
300, 420, 1150, 1400, 1660, 2150, 2250, and 2450 nm. Although the absolute absorptance of
the textile is low (compared to the reflectance and transmission) in the 380- to 2100-nm range,
the relative change in absorptance is significant when the number of layers is increased. As an
example, at 1000 nm, the absorptance of a single layer of the white textile is around 0.5%, while
for 8 layers, the absorptance is more than 4%.

4.3 Perforated Textile #1

We found that the reflectance of a single layer of the perforated textile #1 (abbreviated P1) varied
little (reflectance value around 40%) between 800 and 2200 nm [Fig. 4(a)]. In the UV and VIS
wavelength bands, the reflectance of the textile decreased toward zero with shorter wavelengths.
This is similar to the reflectance characteristics measured for the birch leaf [Fig. 2(a)] that
reflected little light at these wavelengths due to pigment absorption.

We found that 2 to 3 layers of the P1 textile were sufficient to hinder significant reflection
from the background and back through the textile. The transmission of a single layer of the P1
textile was around 27% at 1000 nm, whereas for two layers of the textile, the transmission was
reduced to 6%. One reason for the large transmission decrease might be due to the textile’s high
mass per area (Table 1). Although the textile is perforated, the textile is thick (around 0.62 mm)
compared to the other textiles and the moist birch leaves. The thickness of the textile and the high
material absorption [Fig. 4(c)] ensured that little light was transmitted through a stack of two
layers of the P1 textile. Because the effective area of the small holes was (much) less than the
area of the remaining solid textile material, it is likely the number of free light pathways through
the material was effectively reduced when the number of layers exceeded one. Compared to a

Fig. 4 Spectral properties of one (red solid), two (blue dashed), three (green dotted), six (violet
dash-dotted), and eight (pink dash-dot-dotted) layers of the perforated textile #1 sample:
Experimental data (mean values) on (a) reflectance, (b) transmission, and (c) absorptance plotted
against wavelength. The semitransparent areas around the curves represent SEM values of the
data (errors smaller than the lines might not be visible in the plot).
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single layer of the white textile [red solid line, Fig. 3(b)], a single layer of the P1 textile trans-
mitted slightly less light [red solid line, Fig. 4(b)] for all measured wavelengths larger than
350 nm. Except for the large absorptance bands of water (around 1450 and 1950 nm) and leaf
pigments (UV-VIS wavelengths), a single layer of the white or the P1 textile transmitted less
light than brown and moistened birch leaves.

4.4 Perforated Textile #2

Figure 5 presents the spectral properties of the perforated textile #2 (referred to as P2). Except the
prominent reflectance valleys observed for a single-moist birch leaf (caused by water absorb-
ance), the reflectance spectra of a single layer of the P2 textile [red solid line, Fig. 5(a)] resembles
that of the moist birch leaf [red solid line, Fig. 2(a)]. Similar to a single layer of birch leaf, the
measured reflectance of a layer of the P2 textile is low (<10%) and increases with the wavelength
in the UV and VIS bands. At longer wavelengths, the reflectance of the P2 textile varied little
around 20%.

Unlike the birch leaves, the P2 textile required only 3 to 4 layers (compared to 7 to 8 layers
for the leaves) to hinder most of the reflectance from the background at NIR and SWIR wave-
lengths. For example, at 1000 nm, the transmission through 3 layers of the P2 textile was 10%
[green dotted line, Fig. 5(b)], yielding a two-way transmission of only 1%. At NIR and SWIR
wavelengths, a single layer of the P2 textile [red solid line, Fig. 5(b)] transmitted considerably
less light than a single-layer birch leaf [red solid line, Fig. 2(b)].

Both the P1 and P2 textiles studied in this paper were perforated with small holes and were
relatively thick: 0.62 and 0.42 mm, respectively. Moreover, the mass per area of the P1 textile is
more than twice that of the P2 textile (Table 1). We believe that the difference in sample thickness
is one of the main reasons why the P1 textile transmitted less light compared to the P2 textile
[Figs. 4 and 5(b)]. We discuss the spectral characteristics of the textiles and birch leaf in Sec. 5
where their corresponding reflectance, transmission, and absorptance data are plotted together

Fig. 5 Spectral properties of one (red solid), two (blue dashed), three (green dotted), six (violet
dash-dotted), and eight (pink dash-dot-dotted) layers of the perforated textile #2 sample:
Experimental data (mean values) on (a) reflectance, (b) transmission, and (c) absorptance plotted
against wavelength. The semitransparent areas around the curves represent SEM values of the
data (errors smaller than the lines might not be visible in the plot).
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versus mass per area, yielding the possibility to compare experimental data and the mathematical
extinction model.

5 Spectral Properties versus Mass Per Area

At some selected wavelengths (700, 1000, and 1450 nm), chosen by the authors as they show
different physics, we show the reflectance, transmittance, and absorptance data of the moist birch
leaf and the textiles as a function of their corresponding mass per area, enabling us to compare
different types of sample materials directly. We chose the wavelengths to represent different
sensor bands, i.e., 700 nm for VIS light detected by the eye, 1000 nm for NIR light sensed
by night vision sensors, and 1450 nm for SWIR light and corresponding with one of the water
absorption peaks. The data have been fitted to the extinction model (presented in Sec. 3.2), i.e.,
Eqs. (5)–(7). The fitting parameters of the model are the sample reflectivity α, describing reflec-
tance characteristics of a sample when the thickness is very large, and the extinction coefficient k.
A higher extinction coefficient value implies that the absorptance is large per mass per unit area,
i.e., the transmission decreases fast with an increase in mass per area (corresponding with an
increased number of layers for each specific material type).

5.1 Visible Light: 700 nm

For incoming light at 700 nm, we found that the extinction model fitted well with the spectral
characteristics of the birch leaf and the textiles (Fig. 6). The biggest difference between the
model and experimental data occurred for single-layered samples (small mass per area) where
the model usually predicted slightly higher reflectance values than the data and slightly smaller
transmission values than the transmission data. At 700 nm and for samples with similar mass per
area, we found a significant difference in the measured reflectance between the various sample
types. The measured reflectance ranged from around 6% for the P2 textile [green circles,
Fig. 6(a)] to 93% for the white textile [violet stars, Fig. 6(a)]. The reflectance of the P2 textile
was closest to that of the moist birch leaf, which reflected little light at this wavelength due to leaf
pigment absorption.40

The reflectance of all the samples except the white textile varied little with mass per area,
however, the reflectance of the white textile seemed to reach a plateau around 90 mg∕cm2. We
would probably observe a more significant change in reflectance of the other by measuring thin-
ner samples. It is also worth mentioning that the difference in reflectance between the samples
and background (black) was the largest for the white textile. By choosing a white background,

Fig. 6 Spectral properties versus mass per area for moist birch leaves (red squares), perforated
textile #1 (sand triangles), perforated textile #2 (green circles), and white textile (violet stars) sam-
ples at 700 nm: measured (a) reflectance, (b) transmission, and (c) absorptance of the samples
(mean values) plotted against mass per area. The data points are fitted to the extinction model for
each sample (solid lines) with different reflectance coefficients (α) and extinction coefficients (k )
with dimension cm2∕mg. The semitransparent areas around the curves represent SEM values of
the data (errors smaller than the lines might not be visible in the plot), while the horizontal error
bars represent the error of the samples’ mass per area.
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we would probably observe a smaller increase in reflectance of the white textile versus mass per
area and a larger increase in reflectance for the other samples. Regardless of the reflectance of the
background, we expect the samples to reach a plateau around the same mass per area when the
transmittance of the samples is the same.

Interestingly, the white textile was also the only sample without a constant exponential rela-
tionship between the transmission and mass per area [Fig. 6(b)]. We speculate that this is because
the white textile was very thin and had a high reflectance, resulting in multiple-reflection effects.
For instance, through the white textile, we cannot neglect the intensity of the light that has the
following optical patch: transmission through the first layer, reflection at the second layer, then
reflection at the back of the first layer, and followed by reflection at the second layer again before
transmitting through the surface of the first layer. Based on the reflectivity and transmission of a
single layer of the white textile, we estimate the intensity of this double-reflected light at 700 nm
to: Iwt_m2ð700 nmÞ ¼ t2wt700r

3
wt700

≈ 0.332 × 0.933 ¼ 0.09 ¼ 9%.
At 700 nm, we found that the P2 textile had the largest absorptance, almost 95%, whereas the

white textile absorbed the least, around 7% [Fig. 6(c)]. Here the absorptance of the white textile
increased linearly with the mass per area, unlike the other samples that reached a plateau around
100 mg∕cm2 (corresponding to 3 to 4 layers) for the birch leaf and the P1 textile, and around
40 mg∕cm2 (corresponding to 3 to 4 layers) for the P2 textile. We refer to these values as the
absorption threshold value AmaxðλÞwhich is expected to be wavelength-dependent for most sam-
ples. The transmission through these samples at Amaxð700 nmÞ was <1% [Fig. 6(b)].

The P2 textile had the largest extinction coefficient k ¼ 0.11, whereas the white textile had
the smallest extinction coefficient k ¼ 0.02. This means that at 700 nm, the transmission of the
P2 textile decreased most when the mass per area was increased. Although the reflectance values
of the P1 textile at 700 nm were much lower than those of the birch leaf, the P1 textile had the
same extinction coefficient k ¼ 0.05 and the same transmission curve as the birch leaf at this
wavelength [Fig. 6(b)]. In the VIS region and particularly at the red-end of the spectrum, the P1
textile is thus thought to be a promising material candidate for camouflage applications, as it
resembles important transmission characteristics. If necessary, the reflectance of the textile can
also be adjusted (e.g., using different dyes) to resemble the reflectance of the desired back-
ground, hence reducing revealing spectral reflectance contrasts between object and the
background.

Around 60 mg∕cm2, corresponding to almost three layers of moist birch leaves (Table 1), the
white textile had the same transmission value as the leaf (and the P1 textile). It is potentially
useful to have a material with properties such as the white textile where the transmission can be
tailored to mimic the transmission of natural biomaterial samples (e.g., leaves) by changing the
mass per area, i.e., effectively changing the thickness of a layer (or layers) of a given material.

5.2 NIR: 1000 nm

In the NIR region and compared to the measurements at 700 nm [Fig. 6(a)], we found that all the
samples, except the white textile, had a higher change in reflection when the mass per area was
increased [Fig. 7(a)]. We believe that this difference was mainly due to the increased transmis-
sion through these samples at 1000 nm compared to the transmission at 700 nm. For incoming
light of 1000 nm, the reflectance of the P2 textile is closest to that of the birch leaf, with reflec-
tance values around 20% to 30%. At 50 mg∕cm2 (corresponding to 2 to 3 leaf layers), the reflec-
tance of the birch leaf and the P2 textile overlap.

At 1000 nm, none of the textiles transmitted light similar to birch leaves [red squares,
Fig. 7(b)]. The textiles had lower transmission or a higher extinction coefficient than the leaves
(meaning that the transmission decreases faster when the mass per area increases). For example,
the white textile [violet stars, Fig. 7(b)] had the same extinction coefficient as the birch leaf, but
the transmission values are lower and the curve shape is non-linear (as discussed in the previous
section). Based on the linear fit by the extinction model, an extrapolation of the data suggests that
a thinner sample (smaller mass per area) of the P1 textile [brown triangles, Fig. 7(b)] could
transmit light similar to a single layer of the moist birch leaf.

The extinction model fit well with all our data measured at 1000 nm. As mentioned earlier,
the most significant differences between the model and the data were observed for single-layered
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samples (small mass per area), where the model usually estimated slightly higher reflectance
values and lower transmission values than the experimental data.

For all samples except the white textiles, the absorptance at 1000 nm increased with mass per
area until a plateau was reached (as the transmission decreased towards zero). We did not observe
an absorptance plateau for the white textile. That is probably because we did not measure suf-
ficient number of the textile layers to reduce the transmittance through the textile stack to values
below 1%, this value seems to be characteristic transmission values in which the corresponding
absorption will reach plateau values, i.e., the absorptance threshold value, given by AmaxðλÞ.
Eight layers of the white textile (almost 100 mg∕cm2) transmitted around 3% of the incoming
light [violet starts, Fig. 7(b)]. For more layers, we speculate that the absorptance of the white
textile would plateau like the other samples. That is because more layers of the white textile are
necessary to sufficiently decrease the transmission through the textile stack. (For more details,
we refer to the discussion in Sec. 5.4.)

5.3 SWIR: 1450 nm

We also fitted the experimental data with the extinction model for incoming light with a wave-
length of 1450 nm (Fig. 8). The fit is good for all data, except some small deviations observed for
the smallest transmission data (high mass per area) and the absorptance data of the first layer of
the samples. Due to the absorptance band of water at 1450 nm, the moist birch leaf transmits little
light (<10%) and varies little with mass per area, i.e., with the number of leaf layers [red squares,
Fig. 8(a)]. The textiles reflected more light and reached a reflectance plateau around 70 mg∕cm2

for the white and P1 textile, and around 40 mg∕cm2 for the P2 textile [Fig. 8(a)].
The decreased transmission of the samples versus an increase in mass per area [Fig. 8(b)] was

similar for the samples (extinction coefficients 0.03 to 0.06). The transmission data from the
birch leaves and the P2 textile are partly overlapping, both with an extinction coefficient equal
to 0.06. At 50 mg∕cm2, corresponding to slightly more than two birch leaf layers, the trans-
mission curves of the white textile overlaps with that of the birch leaf and P2 textile [Fig. 8(b)].

At 1450 nm, the absorptance of the samples reaches a plateau around 90 mg∕cm2 for the
leaves and P2 textile, and around 120 mg∕cm2 for the P1 textile. As observed at 700 and
1000 nm, the white textile did not reach an absorptance plateau below 90 mg∕cm2 at 1450 nm
(corresponding to 8 layers). The transmission through a white textile stack of 90 mg∕cm2 is
close to 2%. More layers of the textile are therefore necessary to reach an absorptance plateau,
which we speculate would occur at mass per area values above 150 mg∕cm2. This value is
expected for higher values than the P1 textile because the P1 textile had a slightly higher extinc-
tion coefficient of the two materials.

Fig. 7 Spectral properties versus mass per area for moist birch leaves (red squares), perforated
textile #1 (sand triangles), perforated textile #2 (green circles), and white textile (violet stars) sam-
ples at 1000 nm: measured (a) reflectance, (b) transmission, and (c) absorptance of the samples
(mean values) plotted against mass per area. The data points are fitted to the extinction model for
each sample (solid lines) with different reflectance coefficients (α) and extinction coefficients (k )
with dimension cm2∕mg. The semitransparent areas around the curves represent SEM values of
the data (errors smaller than the lines might not be visible in the plot), while the horizontal error
bars represent the error of the samples’ mass per area.

Mikkelsen and Selj: Spectral characteristics of moist birch leaves and synthetic materials. . .

Optical Engineering 117102-15 November 2021 • Vol. 60(11)



Overall, we find that the P2 textile best resembled the spectral characteristics of the moist
birch leaf at 1450 nm. The P2 textile reflected slightly more of the lights than the leaf but the
transmission of light through multiple layers of the textile resembles that of the leaves for similar
mass per area values.

5.4 Result Trends and Understanding the Model Parameters

From the results presented in Sec. 5.1, we found some common trends among the results (at the
three given wavelengths) that we will discuss here.

Samples that had the same extinction coefficient (k) seem to reach an absorption plateau
around the same mass per area value, i.e., they have the same absorption threshold value
AmaxðλÞ for a given wavelength. For instance, the moist leaves and the P1 textile both have k ¼
0.05 at λ ¼ 700 nm. Both these samples reach an absorption plateau around 90 mg∕cm2

[Fig. 6(c)]. At the same mass per area value, these two samples had a transmission value close
to 1% [Fig. 6(b)]. For the three wavelengths studied in this paper, we found that the samples
reached an absorption plateau when their transmission was ∼1%, which seems to be a trans-
mission threshold level. Overall, we observed that samples with a large extinction coefficient
absorbed more light compared to samples with a lower extinction coefficient [Figs. 2 and 5(c)].
The transmission of samples having a high k value thus decreases fast toward zero when their
mass per area (or the number of layers) increases.

Some of the investigated samples did not have a mass per area value large enough for them to
reach the absorption plateau, i.e., the mass per area was smaller than their absorption threshold
values. Using the extinction model on the transmission data, it is possible to extrapolate the data
to estimate in which mass per area values the transmission is expected to reach 1% levels and
thus the sample’s AmaxðλÞ value. As an example, we estimated the absorption threshold value of
the white textile [from the fit in Fig. 6(b), violet line] to be around 150 mg∕cm2 at 700 nm.

In addition to the extinction coefficient (that accounts for sample absorption), the extinction
model also uses the reflectivity (α) of the sample as a fitting parameter. The reflectivity, which is
a property of the material, must not be confused with the sample reflectance, a value that changes
with the thickness of the sample. When the sample is homogeneous and sufficiently thick, the
sample’s reflectance and reflectivity values coincide. In other words, when the reflectivity of a
sample is known or estimated (e.g., from a model), one then knows the maximum reflectance of
the sample (that it will converge to) when its thickness or number of layers approaches infinity.
To resemble the reflectance of a natural biomaterial sample (e.g., a leaf), it is not always suffi-
cient for the synthetic sample to match the reflectivity of the biomaterial. Even if their reflectivity
values are similar, the samples can have different reflectance values when the sample is thin,

Fig. 8 Spectral properties versus mass per area for moist birch leaves (red squares), perforated
textile #1 (sand triangles), perforated textile #2 (green circles), and white textile (violet stars) sam-
ples at 1450 nm: measured (a) reflectance, (b) transmission, and (c) absorptance of the samples
(mean values) plotted against mass per area. The data points are fitted to the extinction model for
each sample (solid lines) with different reflectance coefficients (α) and extinction coefficients (k )
with dimension cm2∕mg. The semitransparent areas around the curves represent SEM values of
the data (errors smaller than the lines might not be visible in the plot), while the horizontal error
bars represent the error of the samples’ mass per area.
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perforated, or have too few layers due to different transmission and absorption values (related to
the extinction coefficient). For many practical purposes such as remote sensing applications and
camouflage, sensors capture the reflectance and not necessarily reflectivity values (of any two
different objects, natural or synthetic).

In our studies, none of the textiles matched the reflectivity of the moist leaves at the chosen
wavelengths (700, 1000, and 1450 nm). For all the textiles and studied wavelengths, the P2
textile was closest at matching the reflectivity of the leaf at 1000 nm with αP2ð1000Þ ¼ 0.27

compared to the reflectivity of the leaf αLð1000Þ ¼ 0.32 [Fig. 7(a)]. Due to differences in trans-
mission and absorption properties between the samples, their reflectance values overlapped at
40 mg∕cm2 (corresponding to almost two leaf layers and four textile layers). This shows that
even if the reflectivity values of two samples are different, their reflectance can still overlap at
some thickness (mass per area or layers) if the sample with the lowest reflectivity also has lower
transmission and/or extinction coefficient than the other sample.

Biomaterials are very diverse regarding their spectral properties. The properties of a bioma-
terial sample, e.g., a specific leaf, might change due to factor such as environment and climate
variations, water content, diseases, and leaf thickness. To mimic biomaterial samples, it is there-
fore important to tailor the spectral properties of the synthetic material to fit the typical reflec-
tance and transmission values of the biomaterial expected at a certain scene. For instance, the
effective thickness of a leaf canopy can vary greatly depending on the location and time of year.
Having a camouflage material that resembles the spectral properties of the scene for different
thicknesses will thus be a valuable advantage.

6 Two-Way Transmission: Model Comparison

To compare the different models presented in Sec. 3, we calculated the two-way transmission of
the different samples using the models and spectral measurements. For the Lillesaeter model, we
calculated the two-way transmission [using Eq. (11)] and the following measurements: (1) reflec-
tance of the black background (βD); (2) reflectance of the white background (βL); (3) reflectance
of a single layer of each of the samples on the black background (r1D); and (4) reflectance of a
single layer of each of the samples on a white background (r1L). The multiple-scattering model
[Eq. (17)] required the same measurement inputs as the Lillesaeter model.

The extinction model [Eqs. (5)–(7)] can be fitted to reflectance, transmission, and absorptance
measurements of a sample plotted against the number of layers (or other related properties, e.g.,
mass per area or thickness) at a chosen wavelength. If the samples are placed on a background, the
reflectance of the background must also be measured. To check the accuracy of the two-way trans-
mission calculated from the extinction model (compared to experimental data and the other two
models), we fitted the model to the reflectance and transmissionmeasurements of the samples (on a
black background) for 1 to 8 layers at selected wavelengths: 400, 700, 1000, 1300, 1450, 1850, and
2200 nm. One of the fitting parameters, the reflectivity of the samples, was set equal to the mea-
sured reflectance of 6 to 8 layers of each sample. After fitting the model to the data (choosing the
best extinction coefficient), we used the fitting parameters (sample reflectivity and extinction coef-
ficient) to calculate the transmission of each sample and thus the two-way transmission.

Figure 9 presents the estimated two-way transmission of each sample using the different
models. Their values are compared with the measured two-way transmission (multiplication
of the transmission through each sample when faced forward and backward). The multiple-
scattering model fits best with the birch leaf measurements [Fig. 9(a)], especially for wave-
lengths shorter than 1400 nm. At longer wavelengths, all three models slightly underestimate
the two-way transmission. The extinction model underestimates the transmission for all wave-
lengths except UV and VIS, whereas the Lillesaeter model overestimates the transmission
between 850 and 1350 nm. At these wavelengths, the absorptance of the birch leaf was lowest
[Fig. 2(c)], i.e., the sum of the light that was reflected and transmitted was highest. When the
reflectance and transmittance of a sample are high, more light from multiple scattering between
the sample and background is reflected back to the sensor. The Lillesaeter model does not
account for multiple scattering. Consequently, it underestimates the reflectance of the system
(sample + background) and overestimates the transmission.
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For the P1 textile [Fig. 9(b)], both the Lillesaeter and multiple scattering models overestimate
the two-way transmission over all wavelengths, whereas the extinction model best fits the data
(although it slightly underestimates the transmission). The reflectance of the P1 textile [Fig. 4(a)]
is for most of the wavelengths, more than twice that of the birch leaf [Fig. 2(a)]. This is an
important difference for the light attenuation induced by multiple scattering, i.e., the light inten-
sity is reduced for each time light scatters between the sample and the background, given by their
multiplied reflectivity: rβ. The Lillesaeter model does not capture these scattering effects, hence
the large difference we observe between the two-way transmission values of this model and the
multiple-scattering model. The multiple-scattering model likely overestimates the transmission
through the P1 textile because the textile has a high absorptance [Fig. 4(c)], whereas absorptance
is not included in the model itself.

The Lillesaeter model fits better to the measured two-way transmission data of the P2 textile
[Fig. 9(c)] than to the P1 textile. We believe that is because the P2 textile reflects less light than
the P1 textile. Considering the P1 textile, the model only overestimates the data between 700 and
2100 nm. That is where the reflectance [Fig. 5(a)] and transmission values were highest
[Fig. 5(b)]. For wavelengths longer than 800 nm, the multiple-scattering model underestimates
the two-way transmission [green dashed line, Fig. 9(c)], however, not by more than 20%. The
extinction model overlaps the data points for all wavelengths and is thus the model that best fits
the two-way transmission data of the P2 textile.

The white textile has the highest reflectance [Fig. 3(a)] of all the samples. As expected, due to
the sample’s high reflectance and multiple scattering effects, the estimated two-way transmission
is much higher for the Lillesaeter model compared to the other models and the measurements
[Fig. 9(d)]. Both the multiple-scattering model and extinction model fit well with the two-way
transmission data.

Fig. 9 Two-way transmission versus wavelength for: (a) moist leaf, (b) perforated textile #1,
(c) perforated textile #2, and (d) white textile. The measured transmission (mean values, solid
blue lines) is compared with three models: Lillesaeter’s model (red dotted lines), multiple scattering
model (green dashed lines), and the extinction model (black circles). The semitransparent areas
around the curves represent SEM values of the data (errors smaller than the lines might not be
visible in the plot).
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To summarize, we find that the Lillesaeter model, which is the simplest of the three models,
deviates most from the measurements. Because it does not account for inevitable multiple scat-
tering between the sample and background, it should not be used for measurements on samples
placed on a high-reflecting background, especially not if the sample also has a high reflectance,
as seen for the white textile in our study. The multiple-scattering model is, as we would expect,
more accurate in estimating the two-way transmission of the samples, as it also captures more of
the relevant scattering physics of thin, multi-layered samples. To avoid significant errors, we
therefore recommend using the multiple-scattering model over the Lillesaeter model. Both mod-
els are simple and time-effective, and only require four types of reflectance measurements: mea-
surements of two different backgrounds and one reflectance measurement of a single layer of the
specific sample on each of the two backgrounds. However, the two models are hampered by the
fact that they do not account for sample and background absorptance. When the two-way trans-
mission of the sample is estimated, it is easy to calculate the reflectance or transmission of multi-
ple-layers of the sample.

The extinction model is more advanced and realistic as it accounts for absorption, multiple
scattering, and characteristics of the background. It requires more measurements than the other
two models, e.g., reflectance measurements of the background and multiple layers of the sample.
The reflectance measurements can be supplemented (to improve the accuracy of the model) or
substituted by transmission and/or absorptance measurements (e.g., if that is more practical). For
the samples tested here, we found that the extinction model often underestimates the transmis-
sion [Figs. 2 and 5(b)] and overestimates the reflectance [Figs. 2 and 5(a)] of a single layer of the
samples. However, the difference is small, and the model fits well with the reflectance and trans-
mission data for multiple layers of the samples.

7 Conclusions

In this study, we measured and compared the spectral characteristics (between 250 and 2500 nm)
of samples of 1 to 8 layers of brown, moist birch leaves with three different synthetic materials
relevant for camouflage purposes. Birch leaves are interesting from an optical point of view as
they are found throughout Northern Europe in several months of each year. Our results show that
the birch leaves transmitted light, in the NIR and part of the SWIR region, up to 7 to 8 layers
thick. For other wavelengths, in the visible range, the leaves were less transparent and only 2 to 3
layers were then required to prevent reflection effects from a black background. On the other
hand, and depending on the wavelength, the thickest of the synthetic materials (perforated tex-
tiles P1 and P2) required 2 to 4 layers, whereas the thinnest materials required 5 to 6 layers to
hinder reflectance contributions from the background.

To compare the spectral properties of the different samples of biomaterials and synthetic
materials, we measured their mass per area and tested their reflectance, transmission, and absorp-
tance data against an extinction model. The model uses the reflectance of the background, the
spectral data of each sample measured for multiple layers, and two fitting parameters: the sam-
ple’s reflectivity and extinction coefficient (a high extinction coefficient value implies that the
sample absorptance is large per mass per unit area, i.e., the incident light is absorbed more rapid
for a given sample thickness). The model fitted very well with the spectral data. We only
observed some minor deviations from the data at very small transmission values (<1%) and for
the reflectance data for some of the single-layered samples. The former is probably due to accu-
racy limitations in the transmission measurements.

The extinction model estimates the reflectance, transmission, and absorptance of a sample
based on multi-layered measurements of at least one of these three spectral properties. This is
especially valuable if it is not possible to measure the remaining two properties, e.g., due to time
limitations, lack of resources, or for samples not fitting well into lab measurement setups. Using
the model, one may therefore overcome challenges induced by temperature (snow and ice sam-
ples) and sample material brittleness (granular materials and similar). With a sufficient number of
data points, the model also estimates the spectral properties of a sample versus its thickness (i.e.,
number of layers). By adjusting the thickness of camouflage material, it is possible to match the
spectral properties of a biomaterial of a certain mass per area. For example, at 700 nm, we
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measured that a stack of birch leaves and a stack of P2 textile layers had the same reflectance
when their mass per area was ∼40 mg∕cm2 (corresponding to approximately two birch leaf
layers and almost four P2 textile layers). Moreover, we discussed (Sec. 5) how the extinction
model can estimate the mass per area when the white textile approach an absorption (and reflec-
tance) plateau. Overall, we observed that all samples approached an absorption plateau when
their transmission was less than approximately 1%. The samples with the highest extinction
coefficient absorbed more of the incoming light and their corresponding transmission decreased
fastest when the mass per area was increased, as expected.

To resemble spectral characteristics of biomaterials at various optical depths, synthetic mate-
rials, such as those relevant for camouflage purposes, should match both the wavelength-
dependent extinction coefficient and reflectivity of the biomaterial. Similar reflectivity ensures
that different materials will have the same reflectance when they are homogeneous and suffi-
ciently thick. If the materials also have the same extinction coefficient, their transmission versus
thickness will be similar, ensuring small deviations between their reflectance and absorptance
values as their thickness varies.

We also compared the extinction model with two simpler reflectance models that do not
account for absorption effects and therefore require fewer measurements as input: (i) a model
proposed by Lillesaeter30 that requires reflectance measurements of the samples at two different
backgrounds and (ii) a modified version of the Lillesaeter model that accounts for multiple scat-
tering effects. In a previous work, we have used the former model to estimate the reflectance of
multi-layered camouflage nets.17 To compare the models, we now calculated the two-way trans-
mission of the different samples by utilizing each model. We then plotted the results together
with the measured data. Overall, the extinction model had the smallest deviation from the trans-
mission data. The multiple scattering models also fitted the data reasonably well, whereas the
Lillesaeter model often overestimated the transmission, especially when the samples had high
reflectance values. Because the Lillesaeter model does not account for multiple-scattering
effects, we believe that it should not be used on samples with high reflectance and transparency,
especially not when placed on backgrounds with high reflectance values.

We expect that our findings and discussions will be useful for the development of synthetic
materials made to mimic natural biomaterials, such as materials for camouflage purposes. The
results highlight the importance of choosing appropriate material thickness when designing cam-
ouflage. Furthermore, the results are considered to be of importance for wavelength-dependent
detections based on spectral anomalies of artificial objects when sensed through vegetation
layers. The results should also be relevant for advanced multilayered fabric technology and
remote sensing applications where detailed knowledge on the effect of canopy backgrounds
on the data captured is vital for precise land mapping.29,54,55 Future studies should investigate
further how the spectral characteristics of textiles change with textile densities and weaving. This
would be useful for choosing textile material properties that will best match the spectral behavior
of biomaterial. In addition, the extinction model should be further tested. It would also be valu-
able to study the spectral properties of green leaves, leaves versus water content, and thickness,
and compare those to camouflage material. Finally, to expand the utility of the extinction model,
extended full spectrum should be found, covering all measured wavelengths.
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