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ABSTRACT
In hazy weather, light’s penetration power is wavelength related,
the longer wavelength, the less attenuation. Although traditional
polarimetric image-dehazing algorithms have demonstrated their
ability in enhancing grayscale images, but their ignorance of the
spectral difference will lead to serious color distortion when uti-
lizing these algorithms for color images. To conquer that problem,
we propose a new method base on spectral segregation. 15 spectral
bands are selected and dehazed with the polarimetric dehazing algo-
rithm separately to obtain the best dehazing effects. The blue, green
and red channels of the dehazed image, which are acquired through
image fusion of the spectral bands, are adjusted with different coeffi-
cients to correct the color distortion. 10 infrared bands are added to
the short-wavelength channels to enhance the details of the objects
especially the trees. Experiment and data analysis demonstrate the
effectiveness of our method in increasing visibility and preserving
color information. The amount of color distortion can be reduced by
89.6% compared with the polarimetric image-dehazing algorithm
without spectral segregation.
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1 INTRODUCTION
For the past few years, the average AQI (air quality index) of densely
populated areas in China has continued to rise especially in first-
tier cities like Beijing and Shanghai [1] due to the worsening air
pollution [2]. The atmospheric scattering caused by haze will lead
to the declination of contrast and visibility of the image captured
in hazy weather which will make it inconvenient for observation
or image processing [3]. These potentialities have motivated the
development of polarimetric image-dehazing methods [4-6].

The polarimetric image-dehazing methods [3], unlike the prior
information based methods which need prior information about the
imaged scene like distances [7] or images took on different weather
conditions [8], can fulfill the requirements of real-time dehazing.
The polarization-based methods also have superior dehazing effect
over pure image enhancement methods [9, 10] which will induce
an inevitable loss of detailed information due to the lack of physical
model of atmospheric scattering. Traditional polarization-based
methods, although have been proven to be effective in image de-
hazing, ignore the spectral difference of penetration power of the
incident light which will lead to serious color distortion. Based on
our previous study [11, 12], the ability of light to penetrate the hazy
particles is related with wavelength, the longer wavelength the less
attenuation. Therefore, images in near-infrared bands have better
clarity in hazy weather. Traditional image-dehazing method pro-
cess the three color channels: the blue, the green and the red with
the same algorithm leaving the dehazing result of the blue channel
worse than the other two. According to the dark channel theory
[13], the brightness of the blue channel will be higher leaving the
dehazed image blue-shifted [5, 6].

To solve the problem of color distortion, we present a method
that separately processes the different spectral channels of the
imaged scene. Due to the relation of light’s penetration power with
wavelength, our method increases the dehazing strength of the
short-wavelength bands and decreases the dehazing strength of
the long-wavelength bands to balance the dehazing level. Infrared
bands are added to the blue and the green channels to further
correct the blue-shift. The dehazing result is obtained through
image fusion of the spectral bands. The addition of infrared bands
will also enhance the details of the dehazed image.

2 PRINCIPLES AND METHOD
Based on the aforementioned facts, the spectral difference enables
the decomposition of the dehazing process. 15 visible bands are
chosen to be dehazed, 5 bands for each channel. In conjunction with
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the decomposition, a polarimetric dehazing algorithm is needed for
each band. Based on our atmospheric scattering model [3, 11, 12],
the total intensity of the image radiance I received by the sensor in
hazy weather can be divided into two parts:

I = D +A, (1)

where D is the direct transmission of radiance from the imaged
scene which is non-polarized and A is the airlight scattered by at-
mosphere which is partial polarized. The airlightA is the unwanted
interference. The direct transmission D is the object radiance L
after attenuation which is the information we need. The proposed
method utilizing the polarimetric difference of D and A to separate
the interference A and compensate for the attenuation of D. D
decreases with observation distance which can be expressed as

D = L · e−βz , (2)

where e−βz is the transmittance of atmosphere [14], z is the ob-
servation distance, β is the scattering coefficient which is assumed
to be distance invariant. The airlight A increases with observation
distance according to

A = A∞

[
1 − e−βz

]
(3)

where A∞ is the airlight radiance corresponding to an object at an
infinite distance.

The dehazing algorithm proposed by Schechner et al. [15] calcu-
lates L by

L =
I −A

1 −A/A∞
,

=
I⊥ + I ∥ −

(
I⊥ − I ∥

)
/p

1 −
(
I⊥ − I ∥

)
/pA∞

(4)

where I⊥ is the image representing the beat state of the polarizer,
I ∥ is the image representing the worst state of the polarizer, p is
the degree of polarization of A. Manual operation and subjective
evaluation is needed during data collection which is unable to meet
the requirements of real-time dehazing.

Our algorithm employs the Stokes vector to solve the above
problem, the first element S0 represents the total radiance received
by the sensor, the second and third elements S1 and S2 represent
the linear polarimetric characteristic of the incident light. Then the
angle of polarization representing the best and worst state of the
polarizer θ⊥ and θ ∥ could be calculated by

θ⊥ =
1
2
arctan

S2
S1
, (5)

θ ∥ = θ⊥ +
π

2
, (6)

Then we calculate I⊥ and I ∥ employing the Mueller matrix which
can be expressed as

I⊥ =
1
2
(
S0 + S1cos2θ⊥ + S2cos2θ⊥

)
, (7)

I ∥ =
1
2

(
S0 + S1cos2θ ∥ + S2cos2θ ∥

)
, (8)

We need to estimate p and A∞ to complete the dehazing algo-
rithm. Under the assumption that e−βz in the sky is zero, p and
A∞ can be estimated using the region in the image that represents
the sky. An automatic algorithm on the basis of the polarization

measurements of the original images is used to extract the sky
region, the estimated p and A∞ can be given by

p =
1
Ω

∑
(x,y)∈Ω

[
I ∥ (x ,y) − I⊥ (x ,y)

I⊥ (x ,y) + I ∥ (x ,y)

]
, (9)

A∞ =
1
Ω

∑
(x,y)∈Ω

[
I⊥ (x ,y) + I ∥ (x ,y)

]
, (10)

where Ω represents the number of pixels in the sky region, (x ,y) is
the coordinates of the sky pixels. Under more normal circumstances,
scattering particles of large radius like thewater droplets will absorb
the energy from the incident light and become light sources which
will generate secondary radiance [16]. Two correction factors are
introduced to revise p andA∞ to perfect our atmospheric scattering
model, which are given by

pc = p · ε1, (11)

A∞c = A∞ · ε2, (12)
where pc and A∞c are the corrected p and A∞. The value of ε1
should be 1 < ε1 < 1/p, meanwhile, the value of ε2 should make
sure that A∞c < S0.

In a color image, the blue channel is 440nm-485nm, the green
channel is 500nm-565nm, the red channel is 625nm-740nm. Five
visible bands are selected for each channel with spectral interval of
6nm, 460.3nm, 530.3nm and 680.7nm are the center bands for the
blue, green and red channels respectively. Coefficients are added to
each spectral band to balance the dehazing level of the three color
channels: B, G and R which can be given by

B = (L449.9nm + L455.9nm + L461.8nm + L467.8nm + L473.7nm )×CB ,

CB = (0.1, 0.15, 0.2, 0.25, 0.3)T (13)

G = (L519.9nm + L525.8nm + L531.8nm + L537.8nm + L543.7nm )×CG ,

CG = (0.1, 0.2, 0.3, 0.2, 0.1)T (14)

R = (L668.8nm + L674.8nm + L680.7nm + L686.7nm + L692.6nm )×CR ,

CR = (0.3, 0.25, 0.2, 0.15, 0.1)T (15)
where L449.9nm - L692.6nm are the dehazing results of 449.9nm-
692.6nm, CB , CG and CR are the image fusion coefficients for the
blue, green and red channels.

Infrared bands are added to the blue and the green channels
to further correct the color distortion and enhance details. Due
to the seriousness of noise, 10 infrared bands: 895.2nm, 896.6nm,
898.1nm, 899.6nm, 901.1nm, 902.6nm, 904.1nm, 905.6nm, 907.1nm
and 908.6nm are superimposed to increase the SNR which can be
given by

NIR = 0.1 ×
∑

IN IR , (16)

where NIR is the superimposing result of the infrared bands, IN IR
represents the 10 infrared bands after dehazing. The enhanced blue
channel Ben and green channel Gen can be given by

Ben = B + 0.3 × NIR, (17)

Gen = G + 0.15 × NIR, (18)
The blue, green and red channels will be fused to lead to a well-

restored color dehazing result.
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Figure 1: (a) The original image. (b) The dehazed image only by polarimetric dehazing algorithm. (c) The RGB distribution of
the original image. (d) The RGB distribution of the dehazed image.

Figure 2: (a)/(b)/(c)/(d) The raw images of 0◦/45◦/90◦/135◦ polarizer orientation angle of 461.8nm. (e) The dehazed image of
461.8nm.

3 EXPERIMENT RESULTS
The raw data was captured on building 2 of Xi’an Institute of Op-
tics and Precision Mechanics in Xi’an, Shaanxi Province, China
using a polarimetric spectral imager with 380nm-1000nm’s spectral
bandwidth and 1.5nm spectral resolution. This experiment was
conducted in hazy weather with AQI of 193 [17] which indicates
severe air pollution and poor visibility [1]. The spectrometer used
in our experiments can work under normal color camera mode.
The original image captured by our imager working under color
model is shown in Figure 1(a), the dehazing result by the polari-
metric dehazing algorithm without spectral segregation is shown
in Figure 1(b). In Figure 1(b), more details could be observed after
dehazing, but the whole image displays blue-shifted colors. RGB
distribution is employed to get more quantitative data, the RGB
distribution of Figure 1(a) and 1(b) are shown in Figure 1(c) and
1(d). The distribution area is enlarged but shifted to the blue axis
which is in coordination with the above conclusion.

The original images and dehazing results of the center band for
each color channel and the infrared band 901.1nm are demonstrated.
The original polarized images of 461.8nm are shown in Figure 2(a)-
2(d), Figure 2(e) shows the dehazed image with ε1 = 2.1 and ε2 = 1.1.
The original polarized images of 531.8nm are shown in Figure 3(a)-
(d), Figure 3(e) shows the dehazed image with ε1 = 1.9 and ε2 = 1.5.
The original polarized images of 680.7nm are show in Figure 4(a)-
4(d), Figure 4(e) shows the dehazed image with ε1 = 2.1 and ε2 = 1.8.
The original polarized images of 901.1nm are shown in Figure
5(a)-5(d), Figure 5(e) shows the dehazed image with ε1 = 1.5 and
ε2 = 2.4. Generally, the dehazed images clearly exhibit significant
improvements in contrast over the original images on 461.8nm-
901.1nm, the quality of the images before and after dehazing are

both increasing with wavelength which is in consonance with our
results in [11, 12].

The proposed method acquires the color dehazed image through
weighted fusion of the 25 bands. Figure 6(a) is the original color
image captured by the imager, Figure 6(b) is the dehazed image
by our method. The dehazed image demonstrates the effectiveness
of our method through the enhancement on image contrast and
good preservation of detailed information, the color information
and the edges of the objects are well restored. Two regions in the
scene are selected and magnified in Figure 6. The distance of the
building in red rectangle A and the trees in yellow rectangle B are
860m and 321m respectively. Distance map is show in Figure 7.
The building in the dehazed image is much easier to recognize and
many details not seen in the raw image emerge after the dehazing.
Great improvements of details are achieved in the trees in area B.

The RGB distribution of the dehazed image by our method is
shown in Figure 8. The distribution is wider compared with Figure
1(d) and has not shifted to the blue axis which means the proposed
method has better ability in scattering correction and color preser-
vation.

The amount of blue-shift AMTbs is introduced to quantitatively
evaluate the color distortion which is expressed as

AMTbs =

��DNblus − DNavд
��

DNavд
(19)

where DNblus is the average DN value of the blue channel, DNavд
is the average DN value of the whole image. The AMTbs of the
original image shown in Figure 1(a) is 1.85%, the AMTbs of the
dehazed image shown in Figure 1(b) and 6(b) are 18.19% and 1.89%
respectively. The color of the dehazed image by our method is well
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Figure 3: (a)/(b)/(c)/(d) The raw images of 0◦/45◦/90◦/135◦ polarizer orientation angle of 531.8nm. (e) The dehazed image of
531.8nm.

Figure 4: (a)/(b)/(c)/(d) The raw images of 0◦/45◦/90◦/135◦ polarizer orientation angle of 680.7nm. (e) The dehazed image of
680.7nm.

Figure 5: (a)/(b)/(c)/(d) The raw images of 0◦/45◦/90◦/135◦ polarizer orientation angle of 901.1nm. (e) The dehazed image of
901.1nm.

Figure 6: (a) The original color image. (b) The dehazed image by our method. (c) and (d) The red rectangle area before and after
dehazing. (e) and (f) The yellow rectangle area before and after dehazing.

preserved and the amount of blue-shift can reduce by 89.6% com-
pared with the polarimetric dehazing algorithm without spectral
segregation.

4 CONCLUSIONS
In this paper, we analyze the strengths and weaknesses of the tradi-
tional polarimetric dehazing algorithms and explain the cause for
blue-shift through spectroscopy. A new dehazing method utilizing
both polarimetric and spectral information of the imaged scene
is proposed. The dehazing process is separated into 25 different

spectral bands: 15 visible bands and 10 infrared bands. In order
to balance the dehazing level, the dehazing strength of the short-
wavelength bands are increased and that of the long-wavelength
bands are decreased. The infrared bands are superimposed to reduce
noise before being added to the blue and the green channels. The
final dehazed image, which is obtained through weighted fusion,
is well dehazed and has rich details. Comparison with the tradi-
tional polarimetric dehazing algorithm demonstrates its excellent
ability in color retention. A parameter is proposed to quantitatively
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Figure 7: Distance of the 2 marked areas in figure 6.

Figure 8: The RGB distribution of Figure 6(b).

evaluate the color distortion, experiment results indicate that our
method can reduce the amount of blue-shift by 89.6%.
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