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Spontaneous emission plays a fundamental role in a variety of optical detection and imaging systems. However,
due to the intrinsic complexity of its modeling and the additional challenges posed by heterogeneous layered
scattering environments along the light propagation direction, accurately characterizing its behavior remains a
significant challenge. To address this issue, this paper proposes a novel approach to calculate and analyze the
polarimetric characteristics of spontaneous emission in complex scattering media. The approach integrates a
bidirectional reflectance distribution function (BRDF) model to determine the initial polarization state of
emission, followed by Monte Carlo photon-tracking simulations to model propagation and scattering processes.
Physically interpretable polarimetric observables are employed to extract polarization signatures for effective
target differentiation. Simulated results show that the method precisely captures polarization variations induced
by structural heterogeneity. Notably, the optimal target discrimination performance of most polarimetric ob-
servables is achieved at a detection angle of approximately 70°. This study not only provides essential theoretical
basis for the theoretical advancements and technological innovations in the field of polarimetric imaging and
optical sensing, but also offers a practical and feasible method for achieving target detection and recognition in
complex scattering media environments by harnessing the polarization characteristics of spontaneous emission.

1. Introduction

In the field of remote sensing, the infrared spontaneous emission of
targets serves as a fundamental basis for target discrimination, recog-
nition, and imaging, as it carries critical information such as material
properties and temperature distribution [1]. Differences in radiation
intensity and spectral characteristics [1] of various targets in the
infrared band can be directly utilized to construct target feature data-
bases. Moreover, selective control of spontaneous infrared emission has
become increasingly important for applications such as infrared cam-
ouflage and thermal regulation, further underscoring the significance of
understanding and exploiting thermal emission characteristics in im-
aging systems [2-4]. While thermal infrared imaging provides a valu-
able means for continuous observation [5], the effectiveness of
conventional intensity-based detection methods is often compromised.
As infrared spontaneous emission signals propagate through the atmo-
sphere, scattering and absorption effects induced by inhomogeneous
media [6], such as aerosols [7] and clouds [8], lead to signal attenuation
and spectral distortion, making it particularly challenging to distinguish
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camouflaged targets from complex backgrounds.

To overcome these limitations, polarization, as an intrinsic physical
property of light, provides a new approach due to its high sensitivity to
microstructural features of media and surface characteristics of targets
[9,10]. Unlike intensity signals that merely reflect energy distribution,
the state of polarization (SoP) [11] contains additional information such
as the orientation of the optical vector and the degree of polarization
(DoP) [12-14], which offers significant advantages in applications such
as target recognition and media property retrieval [15-17]. For
instance, in imaging through turbid media [6,18-20], intensity signals
are easily distorted by scattering-induced attenuation, whereas polari-
zation information, represented by various polarimetric observables
[21,22], can effectively mitigate the impact of scattering distortion and
thereby enhance imaging resolution. In remote sensing [23], polariza-
tion characteristics enable the discrimination of targets with different
material properties, overcoming the limitations of traditional
intensity-based imaging in distinguishing camouflaged targets from
complex backgrounds. These characteristics of polarization make it a
promising approach to addressing the inherent limitations of

Received 28 July 2025; Received in revised form 23 August 2025; Accepted 6 September 2025

Available online 11 September 2025

0143-8166/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0009-0008-3936-4852
https://orcid.org/0009-0008-3936-4852
https://orcid.org/0000-0003-1979-3584
https://orcid.org/0000-0003-1979-3584
https://orcid.org/0000-0001-7282-2503
https://orcid.org/0000-0001-7282-2503
mailto:guozhongyi@hfut.edu.cn
www.sciencedirect.com/science/journal/01438166
https://www.elsevier.com/locate/optlaseng
https://doi.org/10.1016/j.optlaseng.2025.109342
https://doi.org/10.1016/j.optlaseng.2025.109342

H. Ding et al.

conventional optical technologies [24-27].

Building upon these complementary advantages, the integration of
polarization characteristics with infrared spontaneous emission offers a
promising pathway to further enhance target detection and imaging
performance [28-30]. Infrared light combined with polarization
detection can provide high-dimensional information that is highly sen-
sitive to surface and structural details [31,32]. The combination of these
two mechanisms enables the development of advanced remote sensing
systems capable of operating effectively under complex atmospheric
conditions. Nevertheless, realizing this technological integration pre-
sents two major challenges. On the one hand, modeling the infrared
spontaneous emission of targets is inherently complex and computa-
tionally demanding. On the other hand, as radiative photons emitted by
targets propagate through inhomogeneous media such as atmospheric
aerosols and clouds, the random evolution of their polarization states is
coupled with depolarization effects, significantly amplifying the impact
of scattering interference on target recognition and imaging quality, and
thus posing substantial challenges for the development of reliable
remote sensing systems under such complex conditions [33,34].

To address these challenges, this study proposes a novel remote
sensing system that integrates an infrared spontaneous emission model,
which combines a geometric-based surface representation method
known as the microfacet circle approach with the bidirectional reflec-
tance distribution function (BRDF) [35-37], together with a layered
polarimetric radiative transfer model. In the first stage, the proposed
infrared spontaneous emission model is employed to investigate the
polarization characteristics of self-emitted photons from the target sur-
face. In the second stage, the propagation behavior of these photons
through an inhomogeneous atmospheric environment is analyzed using
the layered polarimetric radiative transfer model. Finally, the polari-
zation information carried by the photons received by the detector is
utilized to derive various polarimetric observables, which quantitatively
reveal polarization characteristics from multiple perspectives, thereby

myy + My + Moy + Moo
_ 1 My3 + My — i(My4 + May)

T4 mgzy + M3y + i(m41 + m42)
M3 + My — i(M3q — My3)

My3 + Ma3 + i(My4 + Ma4)
my; — Myg + Mgy — Ma2
Mgz — Myy + (Mg + My3)
M3y — Mz + (M4 — May)

enhancing imaging quality. Through the integration of these three
stages, a comprehensive remote sensing framework is established to
effectively address target detection tasks in complex inhomogeneous
scattering environments.

2. Theory and method
2.1. Polarization representation and Mueller matrix analysis

The State of Polarization (SoP) is typically represented by the Stokes
vector (SV), a 4 x 1 vector comprising the total intensity I and Q, U, and
V correspond respectively to the differences between the 0° and 90°
polarization components, the 45° and 135° polarization components,
and the right-circular and left-circular polarization components.

S=1[1,Q,U, V" @

From the SV, a polarimetric observable, DoP, representing the de-
polarization characteristics of light, can be derived.

DoP:\/QZ—&-UZ—&—VZ/I. @

The SoP changes after incident light interacts with a target. The
relationship between the incident polarization Sj, and the emergent
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polarization Sy can be described as:

Sout= MS;y, 3

where M in Eq. (3) is the Mueller matrix(MM), which is a 4 x 4 matrix
encoding the target’s polarimetric response. And M can be described as:

4

The MM not only modulates the incident SV but also provides rich
information about the target’s polarimetric properties. Various observ-
ables, such as overall polarizance(P},), degree of spherical purity (Ps),
and descriptors derived from the determinant(DET) and trace(TRA) of
MM, can be directly computed to characterize the sample:

| m ||
p, -1l 5)
s /3 (
DET = M| (6)
TRA = my; + My + M3z + Myq, @)

here M is obtained by normalizing M with respect to my;, DET is the
determinant of the normalized MM, and mis the 3 x 3 sub-matrix ob-

tained by removing the first row and first column of M.

Beyond these direct observables, MM contains more complex infor-
mation such as retardance and depolarization, which require decom-
position techniques for extraction. Among them, parallel decomposition
interprets a depolarizer as an incoherent sum of up to four polarization-
pure systems [38,39]. whose weights correspond to the eigenvalues of
the covariance matrix H, derived from MM:
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Based on these eigenvalues, Py, P, P3 can be calculated to provide a
comprehensive description of depolarization behavior:
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Here, 1o, 41, 42 and A3 are the four eigenvalues of matrix H. In
particular, the depolarization index P, derived from IPPs, serves as an
effective metric of overall depolarization:

1
Py=—
RV
Compared to scalar depolarization indices alone, IPPs enable a more
nuanced discrimination of depolarization mechanisms, and are thus
widely adopted in polarization studies [38,40].
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Fig. 1. Schematic of the BRDF.

2.2. BRDF modeling for rough surfaces with polarization

The bidirectional reflectance distribution function (BRDF) [41],
originally formulated by Nicodemus in the 1970s, quantitatively relates
the incident irradiance from a specific direction to the reflected radiance
in another direction. Mathematically, it is defined as:

dL,(6,.v,)

— T 13
dE;(6;, ;) a3)

foror (63,3 0r,y,54) =

where S, and S; represent the SV of the reflected radiance and the
incident irradiance, respectively.

As shown in Fig. 1, the variables 6 and y denote the zenith and az-
imuth angles for both incidence (subscript i) and reflection (subscript r),
and n represents the normal vector. Here, @ denotes the angle between
the object surface normal and the microfacet normal, with the n-axis
aligned along the microfacet normal direction. § represents the angle
between the incident light direction and the microfacet normal. The
relationships of a and # with respect to the incidence and reflection
angles (6;, 6, y;, w,) can be expressed as follows:

__cos0; + costy,

cosa 2057

14)

cos(2p) = cosb;cosb;, + sind;sind,cos(y, — ;) (15)

The BRDF is a deterministic function used to characterize the surface
reflectance behavior. In particular, the microfacet theory models a
rough surface as an ensemble of small, planar facets, each behaving as an
ideal specular reflector governed by Fresnel laws. The distribution of
these microfacets is typically assumed to follow a Gaussian function
based on surface height statistics [35]:

1 7\a1;22(x

e 2

D =— 16
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The roughness of a target surface, as opposed to perfect smoothness,
complicates scattered light interactions due to geometric occlusions
referred to as the shadowing-masking effect. As surface roughness in-
creases, this effect becomes more pronounced, significantly influencing
the scattering behavior. Therefore, it is essential to incorporate shad-
owing considerations into the microfacet-based BRDF model to accu-
rately represent rough surface characteristics. As for polarization light,
the BRDF of a rough surface incorporating shadowing is mathematically
expressed as:

1 e% 1
"~ 87 62cos*a cosdrcosti

fi(Oi, w35 6r, 9,5 4) G(0:, w33 0, y,; A)my, a7
where G(6; vy 6, w;) [42] denotes the geometric attenuation factor
caused by shadowing and masking and m;; (i,j = 1, 2, 3, 4) are the ele-
ments of the 4 x 4 MM—M(6;, v, 05, w;). Assuming that the material
surface is isotropic and that y; = 0, the shadowing function can then be
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approximated as:
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where the calculation formulas for each variable are as follows:
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where, o), 0y, u, and v, are empirical parameters closely related to the
surface roughness. Typically, these parameters are set to the following
values: 6, = 0.0136,6, = 0.0136,u, =9.0,v, =1.0 and y; = 0.

The MM can be derived from Fresnel equations and the corre-
sponding Jones matrix formulation [43].

In the present experiment, all materials involved are opaque, and
thus, according to Kirchhoff’s law of thermal radiation, emission is
inherently related to reflection. Under the condition of thermal equi-
librium, energy conservation dictates that the amount of energy absor-
bed by a target is equal to the amount it emits. Consequently, the
emissivity of the target can be defined as:

e=E— (23)

here, E denotes the identity matrix, and the elements F;(i,j = 1, 2, 3, 4)
can be calculated using the following equation:

Fy = //ﬁj(ei,l//izeml//r%/l)dﬁ @4

Q

Then, the SV: S, corresponding to the spontaneous emission from
the target, can then be computed using the following formula:

ssr = 6‘Sina (25)

2.3. Theory of photon scattering and propagation

Based on the ratio of the incident light’s wavelength to the size of
scattering particles, light scattering can generally be categorized into
Rayleigh, Mie, and geometric regimes. Among them, Mie scattering is
particularly applicable for modeling photon-particle interactions in
media such as atmospheric or underwater environments. As discussed
previously, the alteration of the SoP due to such interactions can be
described using the MM. In the context of Mie scattering, the MM cor-
responding to single scattering events depends on the scattering angle 6
relative to the incident direction of light [44]. By employing the MM
shown in Eq. (26), and the relation between incidence and output light
shown in Eq. (3), the SoP of scattering light can be calculated. This
angular dependence is expressed mathematically as:

my;(0) mix(6) 0 0
_ | mx(0) my(0) 0 0
M(0) = 0 0 ms3(0) msy(0) @
0 0 my3(0) myy(0)

When polarized light propagates through a medium, its SoP is typi-
cally defined within a global coordinate system, usually aligned with the
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Z-axis. However, during interactions with individual scattering parti-
cles, the SoP must be described relative to a local coordinate system
associated with the particle. To accurately model the scattering process,
it is therefore necessary to transform between the global and local co-
ordinate systems [45]. In the case of a single scattering event, the pro-
cess involves three stages: 1) rotating the SV from the global to the local
coordinate system. 2) applying the scattering interaction in the local
frame. 3) rotating the resulting SV back to the global coordinate system.
This overall transformation can be described as:

M = R(7, M(O)R(r,), @7)
where R is the rotation matrix. This transformation is achieved using
rotation matrices, which modify the reference frame of the polarized
light. The MM of a rotation operation has a standard form that depends
on the rotation angle, and is mathematically equivalent to that of a
linear retarder. The rotation matrix is given by:

1 0 0 0

|0 cos(2y) sin(2y) O
R(y) = 0 -—sin(2y) cos(2y) 0|’ @8

0 0 0 1

In Eq. (27), y1 and y3 denote the pre-scattering and post-scattering
rotation angles, respectively, and 6 is the scattering angle. These an-
gles can be determined using the rejection sampling method [46]. For a
single scattering event, the light is first transformed from the global
coordinate system to the local coordinate system, interacts with a par-
ticle, and is then transformed back to the global system. This process is
described by Eq. (27), where 6 and y are derived via rejection sampling.
In realistic scattering media, photons undergo multiple scattering
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events, with each particle interaction modulating the SoP of the light.
The final SoP after N scattering events is given by Eq. (29):

N
Sout = HR(}’l)M(a)R(J’z)SSP (29
k=0

where Sq; is the SV generated by the target’s spontaneous emission.

2.4. Scattering model and simulation procedure

This section details the scattering model and simulation procedure.
Four distinct polarization states of incident light, represented by SV
[1,0,0,017, [1,1,0,0]7, [1,0,1,0]T and [1,0,0,1]T respectively, with a
wavelength of 10 pm, are sequentially launched toward the target. For
each polarization state, 10® photon samples are used to balance
computational efficiency and accuracy. The target scene comprises three
materials with distinct polarimetric characteristics: copper shaped as the
letters “HFUT,” a circular opaque plastic region with a radius of 1 m, and
a square stone region measuring 2 x 2 m The copper layer has a complex
refractive index of 1.1800 + 13.5600i and a surface roughness of 0.8; the
opaque plastic layer is defined by 1.6848 + 0.0210i with a roughness of
0.2; and the stone layer has a refractive index of 1.6101 + 0i with a
roughness of 0.8. These materials are deliberately selected to capture
distinct refractive indices and surface roughness characteristics, thereby
covering a broad range of typical polarization responses. While only
three types of opaque objects are modeled, they are sufficient to reveal
the general performance trends of the polarization observables in scat-
tering environments.

During the interaction between light and target, a portion of the
photons is absorbed and subsequently re-emitted into the scattering
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Fig. 2. (a) Picture of layered atmospheric scattering model. (b) Flow of the Monte Carlo simulation. (c) Schematic diagram of the relative position between the

detector and the target in the model.
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Table 1
The PND for 0-10 km measured in Hefei, Anhui, China.

Clear sky Overcast sky
Altitude(km) PND(particle/cms) PND(particle/cm3)
0~1 2036.04 9730.02
1~2 890.55 3737.01
2~3 381.35 1259.05
3~4 173.40 461.15
4~5 104.54 167.54
5~6 76.62 76.62
6~7 61.18 61.18
7~8 58.84 58.84
8~9 59.44 59.44
9~10 57.47 57.47

medium as spontaneous emission. The SoP of these emitted photons is
computed using the method described in Section 2.2.

As shown in Fig. 2(a), to simulate atmospheric inhomogeneity, the
10 km-thick scattering medium is divided into ten horizontal layers,
each 1 km thick. As can be seen from Table 1, the physical parameters
for each layer are configured based on real-world particle number dis-
tribution (PND) data measured in Hefei [47], covering the particle size
ranges: 0.02-0.05 pym, 0.05-0.1 ym, 0.1-0.125 pm, 0.125-0.25 pm,
0.25-0.5 pym, 0.5-0.8 pym, 0.8-1.0 pm, 1.0-1.25 pum, 1.25-5 um, and
5-100 pm. Specifically, in the simulation process, the extinction coef-
ficient of the medium is used to determine the attenuation of photons
before and after each scattering event. Since the extinction coefficient
varies with altitude, the degree of attenuation also differs at each scat-
tering step, and this effect accumulates continuously as scattering pro-
ceeds. To accurately capture this behavior, the attenuation is
dynamically updated throughout the photon’s propagation path. By
employing the Monte Carlo method, these layer-dependent attenuation
effects are naturally incorporated into the model, enabling a more
realistic representation of the atmospheric environment and leading to
more accurate results.

Photon propagation within the scattering medium is modeled as a
sequence of single scattering events. The scattering direction after each
interaction is determined using the rejection sampling method, while
the scattering distance is initially calculated using the following equa-
tion:

Ing

[—
U,

(30)

where ¢ is a uniformly distributed random number between 0 and 1. This
method works effectively in homogeneous media but becomes inade-
quate for layered structures, as it cannot accurately capture cross-layer
transitions. Therefore, an improved approach based on transmittance
is employed for stratified media. According to the Beer-Lambert law, the
total transmittance is the product of transmittances across all layers, and
the total distance Iy = I; + I + I3 is derived from the logarithm of the
combined transmittance. Based on the equation shown above, the total
scattering distance can be written as:

ls:ll+lj+13:ll+(j—l)lg+137 31)

where j=(j-1)I denotes the scattering distance sum of all the complete
layers traversed along the scattering direction in a single scattering.

Consider a photon interacting with a particle at position Py(X0,y0,Z0)
propagating in the direction dy(uxo,uyo,uzp). The subsequent scattering
distance is determined based on the azimuthal angle ¢, which leads to
three distinct scenarios:

Casel: cos(¢) =0
In this case, the photon travels parallel to the current layer, so the

next scattering event occurs within the same layer. The path length can
be directly computed using Eq. (30).
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Case2: cos(¢p) > 0

Here, the photon is forward-scattered. If it does not cross into the
next layer, the remaining distance within the current layer is [;=(zo+j)/
uzo, while the distance to the next layer is [,=1/uzo. If i 1 < I, scattering
remains within the current layer; otherwise, the photon enters the
subsequent layer. The distance I3 is determined according to Eq. (32),
with the step function u(j-1) applied iteratively. The total scattering
distance [ is then obtained by combining [, Iy, I3 intoEq. (31).

-1
_In(&) — Lu 6+ — (12 T u"j*")u(j - 1)
— k=1

[ S} )
u,’

(32)

Case3: cos(¢) < 0

For backscattered photons, the initial distance is 1= + 1-z¢)/uzo.
The calculation procedure follows the same framework as Case 2. In this
scenario, all distances I, lp, I3 are negative, reversing the judgment
conditions. Near the ground, both forward and backward scattering are
considered, accounting for the layer-dependent extinction coefficient u,
[48].

Once the scattering direction and distance are determined, the
photon’s new position is updated accordingly, and further scattering is
evaluated recursively.

Based on the above-described photon scattering calculation method,
the Monte Carlo algorithm is employed to track all photons throughout
the entire simulation process. The detailed flow of the Monte Carlo
simulation is illustrated in Fig. 2(b), which outlines key steps such as
photon propagation, scattering direction and distance calculation, and
polarization state updates. Within this simulation framework, the SoP of
the scattered photons detected by the sensor can be obtained. Building
upon this result, various polarimetric observables are then computed
using the theoretical framework described in Section 2.1 to assess their
imaging performance and target recognition capability. According to
previous experimental studies [31], when the observation angle is
smaller than 30° or approaches 90°, the DoP of spontaneous emission
decreases significantly and strong depolarization occurs. Subsequent
scattering processes further exacerbate this effect, making it difficult to
obtain reliable results for other polarimetric observables. Therefore, to
further investigate the impact of observation angle on imaging perfor-
mance, simulations are conducted at six different viewing angles (30°,
40°, 50°, 60°, 70°, and 80°), enabling a comprehensive analysis of the
angular response.

3. Results and analysis of the simulation

3.1. The difference in imaging effect under different observation angles of
incident light without any scattering medium

Different target regions exhibit distinct complex refractive indices
and surface roughness, resulting in varying polarimetric characteristics
of spontaneous emission, as described in Eq. (25). Consequently, the
imaging performance across these regions is strongly influenced by the
choice of polarimetric observable. Moreover, as indicated by Eq. (17),
the observation angle is critical in determining how effectively different
observables capture target-specific feature. To explore these de-
pendencies, simulations are conducted across multiple observation
angles.

As illustrated in Fig. 3, ten polarimetric observables are extracted
through pixel-wise decomposition of the MM. The results reveal signif-
icant differences in the ability of these observables to characterize target
features under various observation angles. At low observation angles,
both the intensity I and the observable P, exhibit poor performance in
distinguishing between marble and plastic, failing to effectively reveal
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Fig. 3. The polarimetric observables at different angles in a non-scattering
medium environment.

material boundaries or structural variations. Although the imaging
performance of P; fluctuates noticeably as the observation angle in-
creases, it lacks a consistent and interpretable trend, which limits its
practical value in complex scattering environments.

In contrast, the observable Py maintains a relatively stable perfor-
mance across the full range of observation angles. Regardless of changes
in viewing geometry, it consistently preserves image quality, suggesting
that Py is less sensitive to angle-induced scattering effects. Nevertheless,
its ability to highlight material differences remains at a satisfactory
level.

The DoP shows more promising results. With increasing observation
angle, DoP exhibits a marked enhancement in imaging quality. Although
its material discrimination capability slightly decreases at very high
angles, it generally remains robust, making it a reliable indicator for
distinguishing targets with different depolarization behaviors. Further-
more, observables such as P, P5,P3,DET and TRA demonstrate non-
monotonic angular dependence: their imaging performance initially
improves with angle, reaching a peak, and subsequently declines beyond
a certain threshold. In most cases, the best discrimination performance is
observed around an observation angle of 70°.

In summary, these results highlight the potential of polarimetric
observables for distinguishing objects with different polarization char-
acteristics. However, whether these observables outperform traditional
intensity-based imaging in mitigating scattering-induced interference
still requires further verification through simulation. Moreover, the re-
sults indicate that different observables exhibit varying sensitivities to
different target materials, underscoring the importance of observable
selection in polarization-based imaging systems.
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3.2. Differences in imaging effects under different incident light
observation angles in clear atmospheric environments

To further investigate the polarization characteristics inherent in
spontaneous emission, this study systematically evaluates the imaging
performance of various polarimetric observables under different obser-
vation angles in the presence of a complex scattering medium. Although
the observation angles are carefully selected to ensure relatively optimal
overall imaging quality, the experimental results indicate that both the
intensity I and the observable Ps still exhibit suboptimal performance.
Specifically, as shown in Fig. 4, these two observables fail to clearly
present target details and provide very limited target-relevant features,
making them inadequate for meeting the accuracy and validity re-
quirements of subsequent analysis. The relatively poor performance of I
can be attributed to its lack of resistance to scattering, which makes it
highly susceptible to scattering-induced noise and background inter-
ference, thereby masking material-dependent differences. Similarly, P
is strongly influenced by random fluctuations in polarization state and
shows high sensitivity to observation angle, resulting in unstable image
contrast and inconsistent feature delineation. Compared with other
polarization observables—such as DoP, TRA, or DET—that are more
robust to scattering effects and better capture material-specific polari-
zation signatures, I and P fail to provide reliable or interpretable in-
formation. Consequently, I and P are excluded from further in-depth
investigation in this study.

Fig. 5 presents the imaging results of the remaining polarimetric
observables across multiple observation angles. Each column corre-
sponds to a specific observation angle, facilitating direct visual com-
parison of how each observable responds to changes in viewing
geometry. This analysis enables a more comprehensive understanding of
the angular dependence of polarimetric imaging performance in
scattering-dominated environments, and provides valuable insights for
observable selection in practical remote sensing applications.

A comprehensive analysis of the imaging results for DoP,P,,Py,P3,P;,
Py, DET, and TRA under observation angles of 30°, 40°, 50°, 60°, 70°,
and 80° reveals distinct response characteristics among different
polarimetric observables when applied to target imaging. Notably, DoP
exhibits a significant improvement in imaging performance within the
30°-70° observation angle range, as also demonstrated in Fig. 3. The
imaging contrast and boundary clarity consistently improve with
increasing angle in this range. However, beyond 70°, the influence of the
scattering environment becomes more pronounced, overshadowing the
benefits gained from increased observation angle. This unique angular
response behavior, along with regional variations in imaging quality,
effectively highlights the interplay between observation angle and
scattering environment in determining imaging performance.

In comparison, although the overall imaging performance of Py, P,
and Pj is inferior to that of DoP, these observables are still capable of
delineating part of target contours within the 40°-80° range. Referring

1 DoP Pa P P

e, [
P Ps Py DET TRA
|@ @ EHE HFLT

Fig. 4. The polarimetric observables in a clear-sky environment at an obser-
vation angle of 70°.
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Fig. 5. The polarimetric observables at different angles in a clear-sky
environment.

to Fig. 3, it is evident that scattering effects significantly influence their
imaging outcomes. As the observation angle increases, these observables
demonstrate an initial enhancement in resistance to scattering inter-
ference, followed by a decline beyond a certain threshold. This non-
monotonic trend suggests that their effectiveness is closely tied to
both angular geometry and the complexity of the scattering
environment.

The observable P shows a gradual variation in image brightness and
uniformity with changing observation angle. It achieves relatively high
imaging performance within the 30°-60° range but experiences notable
degradation beyond 70°, similar to the behavior observed for P4, P, and
P3. In contrast, P, demonstrates enhanced contrast and more distinct
target edges within the 50°-70° range, suggesting its potential advan-
tage for target feature enhancement under specific angular conditions.

The DET exhibits characteristic bright spots at observation angles of
60° and 70°, indicating complex interactions with the scattering envi-
ronment. This suggests its potential value in identifying intricate po-
larization scattering patterns. Meanwhile, TRA maintains relatively
stable imaging performance across all observation angles, with minimal
target deformation. As further evidenced by the imaging results pre-
sented in Figs. 3 and 5, DET exhibits superior stability against variations
in observation angle compared to other polarimetric observables. This
indicates that DET is less susceptible to angle-induced degradation
caused by scattering effects, thereby offering a significant advantage for
consistent target detection and recognition across varying observation
angles conditions. In contrast, TRA shares a similar angular trend with
DoP—both display a rise followed by a decline in imaging performance
as the angle increases. However, TRA’s response curve is noticeably
smoother, suggesting a more gradual transition and better overall
stability.

To further support the above conclusions, the imaging data are
normalized and plotted with the observation angle as the horizontal axis
to enable a more intuitive comparison of the polarimetric characteristics
of three target materials—copper, plastic, and stone. Smooth curves are
used to connect the data points, as illustrated in Fig. 6. A representative
set of polarimetric observables, namely DoP, P, and TRA, is selected for
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Fig. 6. Imaging responses of DoP, Pp,, and TRA of the target under different
observation angles.

visualization. In the plot, three colored curves (red, orange, and purple)
correspond to different regions of the target. The results clearly reveal a
consistent trend: all three observables exhibit a rise-and-fall behavior
with increasing observation angle, reaching their respective peaks
within the 50°-80° range. More specifically, the DoP curves for all three
materials show a steady increase with angle, peaking around 60°-70°.
Among them, copper consistently exhibits the lowest DoP values, fol-
lowed by stone, while plastic shows the highest. This can be attributed to
differences in surface roughness among the selected materials—copper
having the roughest surface and plastic the smoothest. A similar trend is
observed for TRA, with all three materials reaching a maximum around
60°-70°, and copper maintaining relatively high TRA values across the
entire angular range. In contrast, the P, values show a more moderate
variation between 50° and 70°, yet copper still consistently exhibits the
highest P}, values at all angles.

These variations in peak positions and inter-material differences
highlight the strong material discrimination capability of these polari-
metric observables. They effectively capture the angular scattering
characteristics of different surface types, thereby enhancing the poten-
tial for target classification and identification in complex environments.

Overall, most polarimetric observables demonstrate effective target
contour delineation and satisfactory imaging quality within the low-to-
mid observation angle range (30°-60°). As the observation angle in-
creases, DoP,P,,P,,P3, and P, exhibit enhanced performance, with DoP
achieving the highest material differentiation around 70°. However,
beyond this threshold (70°-80°), a noticeable decline in performance is
observed for several observables—such as DoP and TRA—due to the
dominant influence of scattering effects, which begin to outweigh the
benefits of larger angles. This angular dependence underscores the
importance of selecting observables with stable performance across
varied conditions. In particular, DET exhibit strong robustness against
scattering-induced degradation, maintaining stable imaging perfor-
mance across all tested angles. Collectively, these results affirm the
potential of polarimetric observables for improving target detection and
recognition in complex scattering environments.

4. Conclusion
This study presents a comprehensive remote sensing framework that

integrates infrared spontaneous emission modeling with a layered
polarimetric radiative transfer model, aiming to analyze and enhance
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imaging performance in scattering-dominated environments. Based on
realistic atmospheric conditions, the system simulates the spontaneous
emission behavior of targets and reconstructs the MM to extract ten
commonly used polarimetric observables. These observables are then
systematically evaluated under multiple observation angles to assess
their angular sensitivity as well as their effectiveness in target detection
and recognition.

The results demonstrate the strong potential of polarimetric ob-
servables for target detection and recognition in complex scattering
environments. While intensity I and the observable P; fail to effectively
distinguish targets under such conditions, other observables-such as DoP,
Pa,P5,P3,P3,P, DET, and TRA—exhibit notable advantages in analysing
polarization information relevant to target structure and material
properties. Among them, DoP achieves the highest imaging clearest
boundary delineation at an observation angle of approximately 70°,
revealing its superior angular response. Observables Ps and P, maintain
relatively stable and detailed imaging performance within the 30°-60°
range, underscoring their robustness under moderate angular condi-
tions. Moreover, P, is less sensitive to angular variations within the
50°-70° range, further confirming its stability across practical obser-
vation scenarios. Meanwhile, DET maintain consistent imaging effect
across the full angular range and demonstrating potential for detecting
complex polarization scattering phenomena. These findings collectively
highlight the importance of observable selection in polarization-based
imaging systems and validate the effectiveness of polarization observ-
ables in enhancing target detectability under atmospheric interference.

Overall, the study confirms the effectiveness of polarimetric ob-
servables derived from infrared spontaneous emission in achieving
target detection under complex scattering conditions. Furthermore, it
reveals the coupling mechanism between polarization characteristics,
observation angle, and the scattering medium. Future work will focus on
extending the model to dynamic environmental conditions, improving
computational efficiency, and conducting cross-validation with experi-
mental measurements and field data.
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