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Quality enhancement of images acquired in hazy conditions is a signiﬁcant research area in civil and
military applications. The polarimetric dehazing methods have been exploited to dehaze hazy images
and have proven to be effective in enhancing their quality. In this paper, by combining the polarimetric
imaging technique and the dark channel prior technique, a robust haze-removal scheme is presented for
the ﬁrst time. On the one hand, the polarimetric imaging technique has advantages in recovering detailed information well, especially in dense hazy conditions; on the other hand, the dark channel prior
technique provides a much more precise and convenient way to estimate the airlight radiance through
extracting the sky region automatically. The experiments verify the practicability and effectiveness of the
proposed dehazing scheme in quality enhancement of hazy images. Furthermore, comparison study
demonstrates that the proposed scheme is superior to some sophisticated methods in terms of the
visibility and contrast. We believe this scheme is beneﬁcial in the image dehazing applications, especially
for real-time applications.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Images of outdoor scenes captured in hazy weather conditions
are mainly degraded by the atmospheric absorption and scattering. The scene radiance is attenuated along the path of the light,
and it is mixed with the atmospheric light scattered by haze particles, which is called the airlight [1–3]. These images usually show
poor visibility and low contrast, which subsequently is an issue in
many outdoor applications, such as remote sensing [4], accident
investigation [5], etc. For this reason, researchers are focusing their
attention on exploiting dehazing methods for enhancing the
quality of hazy images.
A large number of methods have been developed for haze removal from images. These methods can be generally classiﬁed into
two categories according to the number of images employed in
dehazing process. One is based on the single-image haze-removal
mechanism [6–13]; the other is based on the multi-image hazeremoval mechanism [14–22]. For the ﬁrst category, the quality of
hazy images can be effectively improved with these methods, but
they usually rely on some assumptions and/or prior knowledge
since there are many unknown parameters which must be derived
n
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from the single input image. Originally these methods required
signiﬁcant computational time and lost some crucial information.
Recently, due to the demand for real-time dehazing applications,
many single image dehazing methods have been optimized and
developed for real-time dehazing [10,12]. Within the second of the
above-mentioned categories, polarimetric dehazing methods have
been shown to be the most effective at enhancing the quality of
hazy images [16–22]. Schechner et al. described the principle of
the polarimetric dehazing method and demonstrated that this
method can effectively enhance the quality of hazy images [16,17].
The airlight radiance can be estimated through two or more
images with different polarization orientations, since it is invariably partially polarized [23]. This was followed by enhancements in image quality with very promising results [18,19]. Subsequently, Mudge et al. also published in this ﬁeld but their
methods are similar to Schechner's [20]. Meanwhile, these methods have been extended to underwater imaging applications
[24,25]. Owing to the favorable results and high computational
efﬁciency, the polarimetric dehazing methods are especially
attractive.
In general, the airlight radiance (A) and the global atmospheric
light radiance (A1) are two key parameters involved in the polarimetric dehazing methods. However, whereas several automatic
ways of estimating A have been reported in single image haze
removal techniques, until now the estimation of A and A1 could
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not be realized automatically during the process of polarimetric
dehazing imaging. In this paper, with the inspiration of the dark
channel prior technique, a new haze-removal scheme is proposed
in which A and A1 can be estimated automatically. This is particularly important for the case of real-time polarimetric dehazing
applications. Experimental results indicate that the dehazing
capability of this scheme is signiﬁcantly improved when compared
with other reported dehazing methods. Comparison experiments
not only prove the effectiveness of this scheme in enhancing the
quality of hazy images, but also demonstrate its robustness.

the image that has the least airlight [16]. In the sky region, there is
no scene radiance, therefore A¼I. Then the degree of polarization
(DOP) of the airlight (pA) can be obtained by

⎛ I ⊥ (x, y) − I∥ (x, y) ⎞
⎛ A⊥ (x, y) − A∥ (x, y) ⎞
sky
sky
⎟.
pA = mean ⎜ ⊥
⎟ = mean ⎜⎜ ⊥
⎟
∥
∥
⎝ A (x, y) + A (x, y) ⎠
⎝ Isky (x, y) + Isky (x, y) ⎠

(2)

2. Theoretical backgrounds

The airlight radiance of each pixel over the whole image can be
estimated using A(x, y) ¼(I⊥(x, y)  I‖(x, y))/pA. Meanwhile, A1 can
be estimated from the brightest pixels in the sky region. Once A
and A1 are known, the dehazed image can be obtained according
to Eq. (1). However, the sky region needs to be marked out
manually in their method [16,17].

2.1. Polarimetric dehazing method

2.2. The identiﬁcation of sky region

In computer vision, a widely used model for describing a hazy
image is mathematically expressed by I(x, y)¼L(x, y)  t(x, y) þA1
 (1  t(x, y)) [3]. In the polarimetric dehazing method, the above
parameters have speciﬁc physical meaning. (x, y) is the pixel coordinate, I is the observed intensity by the camera, L is the scene
radiance without being attenuated, t is the medium transmission
and A1 is the global atmospheric light radiance. Note that t denotes the portion of light reaching the camera, and it can be represented as t(x, y)¼ exp[  βz(x, y)], where β is the extinction
coefﬁcient of the atmosphere with the assumption that it is distance-invariant. z is the distance between the scene and the
camera. The term L  t is the direct transmission, indicating the
scene radiance that reaches the camera. The airlight radiance,
arising from the scattered light, can be expressed as A¼ A1  (1  t).
Combining these relations, L can be derived as [16]

The analysis for the polarimetric dehazing process always involves the estimation of the airlight radiance, especially the DOP of
the airlight. Although the methods for estimation of DOP without
the sky region in the images have been discussed in detail in [19],
it is quite complicated. Considering the fact that the demands for
dehazing techniques are generally in outdoor applications, in this
case the acquired images always include a region (no matter how
much the size is) which just corresponds to the sky region. In
principle, those related parameters for dehazing can be obtained
easily by just considering those pixels in the sky region. However,
prior to the work presented in this paper there has been no reported method for extracting the sky region automatically.
In 2011, He et al. proposed a single-image dehazing method,
namely the Dark Channel Prior method, which can achieve better
dehazed images than previous methods [8]. In this method, the
dark channel prior is utilized to estimate the medium transmission. The key idea of the dark channel prior is that in most of the
skyless patches for haze-free images, at least one color channel has
some pixels whose intensities are very low and close to zero.
However, due to additional airlight, the dark channel image of a
hazy image is brighter than its haze-free version. So the dark
channel image of a hazy image roughly approximates the thickness of the haze [8]. What is important is that the brightest region
of the dark channel image is exactly the sky region, which can be
easily and automatically identiﬁed. This paper builds on the work
from the dark channel prior method and applies it to the polarimetric dehazing method in order to effectively identifying the sky

L (x, y) =

I (x, y) − A (x, y)
.
1 − A (x, y)/A∞

(1)

Eq. (1) shows that L can only be obtained if A and A1 are
available. Furthermore the polarimetric dehazing effect directly
depends on how accurate one can estimate A and A1. Hence, estimating A and A1 accurately becomes a key goal in the polarimetric dehazing method.
Mudge et al. described their method based on a polarimeter
[20]. Four images are captured simultaneously, then I⊥ and I‖ are
deduced according to Stokes parameters. Here I⊥ is the image taken at the angle that has the most airlight and I‖ corresponds to

Fig. 1. The ﬂowchart of the identiﬁcation of the sky region.
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region. The detailed steps for automatic identiﬁcation of the sky
region are illustrated in Fig. 1.

pA =

1
Ω

∑
(x, y)∈ Ω
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S12 (x, y) + S22 (x, y)
S0 (x, y)

(4)

⎡ S (x, y) ⎤
arctan ⎢ 2
⎥,
⎣ S1 (x, y) ⎦

(5)

and
3. Proposed polarimetric dehazing scheme

θA =

3.1. The Stokes parameters-based dehazing model

1
2Ω

∑
(x, y)∈ Ω

Two images I⊥ and I‖ are utilized to estimate the desired
parameters in [16,17]. However, in practice it is arduous to accurately determine the angle position of I⊥ and I‖. To avoid this, the
Stokes parameters-based polarimetric dehazing method is proposed here [21,22]. This can be realized using three different polarized images taken under the same scene.
Three images with the linear polarizer oriented at 0°, 45° and
90° are acquired, and the intensities are denoted by I0(x, y), I45(x, y)
and I90(x, y), respectively. The Stokes parameters can be written as
[26]

where Ω is the selected sky region, and Ω is the number of pixels
in the sky region.
After obtaining pA and θA, A can be calculated as follows. For
simplicity, 0° and 90° directions are deﬁned as the x and y axis,
respectively, and thus θA is the angle between the polarization
orientation of the airlight and the x axis. We use Ap to denote the
polarized radiance of the airlight, in this case the polarized radiance of the airlight in the x and y direction can be expressed as
Apx ¼Ap  cos2θA and Apy ¼Ap  sin2θA. Apx and Apy can also be expressed as

S0 (x, y) = I0 (x, y) + I90 (x, y)

Apx (x, y) = I0 (x, y) − S0 (x, y) ⎡⎣ 1 − p (x, y) ⎤⎦/2

S1 (x, y) = I0 (x, y) − I90 (x, y) ,

Apy (x, y) = I90 (x, y) − S0 (x, y) ⎡⎣ 1 − p (x, y) ⎤⎦/2 ,

S2 (x, y) = 2I45 (x, y) − S0 (x, y)

(3)

where S0 is the total intensity of the incident light; S1 is the
intensity difference between the horizontal and vertical linearly
polarized components; and S2 is the intensity difference between
the 45° and  45° linearly polarized components with respect to
the x-axis. Fig. 2 is a group of images taken in thin hazy condition.
3.2. Estimation of the airlight radiance (A)
In order to estimate the airlight radiance A, one should ﬁrstly
estimate the DOP of the airlight (denoted as pA) and AOP (angle of
polarization) of the airlight (denoted as θA). These should be estimated only from the sky region of the image which is not affected by the radiance from the main scene. However, it is very
laborious and time-consuming to extract the sky region from every group of input images manually, especially for real-time dehazing applications. The Dark Channel Prior technique is well
suited to extract the sky region automatically, and such a feature
could provide an efﬁcient and robust scheme to simplify the whole
polarimetric dehazing method.
Fig. 3(a) is the dark channel image of S0 which is calculated by
adding Fig. 2(a) and Fig. 2(c). In Fig. 3(a), the brightest 0.5% of the
pixels are identiﬁed and shown in red. In order to see these pixels
clearly, the S0 image is also given as shown in Fig. 3(b). With the
help of these pixels, one can easily estimate pA and θA. According
to the Stokes parameters, there exists

(6)

where

p (x, y) =

S1 (x, y)2 + S2 (x, y)2
S0 (x, y)

(7)

is the DOP of the total radiance of the airlight and object light over
the whole image. Based on above relationships, Ap can be derived
as:

I0 (x, y) − S0 (x, y)[1 − p (x, y)]/2
cos2 θA
I (x, y) − S0 (x, y)[1 − p (x, y)]/2
= 90
.
sin2 θA

Ap (x, y) =

(8)

Then A can be easily obtained by using A (x, y)¼Ap(x, y)/pA.

3.3. Estimation of the global atmospheric light radiance (A1)
This section discusses how to estimate A1, i.e., the intensity of
the brightest pixel in the sky region. In Section 3.2, the brightest
0.5% of the pixels have been identiﬁed in the dark channel image.
These pixels are sorted in descending order according to their
intensities in the S0 image. S0 (x0, y0) represents the highest intensity among these pixels, located at coordinate (x0, y0) in the
image. A small patch Δ centered at (x0, y0) is deﬁned, in which the
intensity of every pixel is denoted as S0 (m, n), such that every S0
(m, n) in Δ satisﬁes the inequality

Fig. 2. Original hazy images. (a–c) are the polarized images of 0°, 45° and 90°, respectively.
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Fig. 3. (a) The selected pixels marked in the dark channel image; (b) The selected pixels marked in the S0 image. (For interpretation of the references to color in this ﬁgure,
the reader is referred to the web version of this article.)

S0 (m, n) −

1
Δ

∑

S0 (m, n) ≤ δ ,

(m, n)∈ Δ

(9)

A1 can be represented by the mean intensity of S0:

A∞ = S0 =

1
Δ

∑

4.2. Evaluation and discussions

S0 (m, n).

(m, n)∈ Δ

compare our scheme with other popular dehazing methods:
Schechner's method [16,17], He's Dark Channel Prior [8], Rahman”s
Multiscale Retinex for Color Restoration (MSRCR) [27] and Histogram Equalization in Matlab.

(10)

δ is a constant with small value, in this experiment δ is 4, and |
Δ| is the number of pixels in the small patch Δ.
It should be pointed out that, if the inequality (9) cannot be
satisﬁed for the determined pixel with the highest intensity, the
next brightest pixel should be tried until the inequality (9) is
satisﬁed.
For the color image, the estimation of A and A1 will be executed for the three color channels respectively. Finally the dehazed
image will be constructed from the dehazed three color channels.

4. Experiments and discussions
4.1. Experimental results
Three different cases corresponding to thin, medium and dense
haze are studied in order to assess the dehazing performance of
this method. The corresponding dehazing results are shown in
Figs. 4–6, respectively. These ﬁgures also show results used to

Two evaluation methods are used in order to objectively evaluate the quality of the dehazed images. The method for visibility
restoration computes two indicators e and r to compare two input
images: the hazy image and the dehazed image [28]. (i) The indicator e is the rate of edges newly visible after haze removal
which can be calculated using e¼(nr  no)/no, where nr and no are
the visible edges in the images after and before haze removal,
respectively; (ii) The indicator r is the mean ratio of the gradients
at visible edges which can be calculated using r¼ VLr/VL0, where
VLr and VL0 are the visibility level of objects in the images after
and before haze removal, respectively. It expresses the quality of
the contrast restoration directly.
The indicators e and r are calculated on Figs. 4–6. Table 1 shows
that values for e of the proposed scheme are larger than most
other values. This indicates that more new edges are recovered
after haze removal by the proposed scheme. The larger e values of
Fig. 6(b) and 6(e) are attributed mainly to the noise after haze
removal, especially for the distant objects which are affected signiﬁcantly by noise. Fig. 7 shows the magniﬁed parts on the rectangles in Fig. 6(a) corresponding to Fig. 6(b), (e) and (f),

Fig. 4. Dehazing results for thin haze. (a) Hazy image; (b) Schechner; (c) He; (d) MSRCR; (e) Histogram Equalization; (f) Ours.
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Fig. 5. Dehazing results for medium haze. (a) Hazy image; (b) Schechner; (c) He; (d) MSRCR; (e) Histogram Equalization; (f) Ours.

Fig. 6. Dehazing results for dense haze. (a) Hazy image; (b) Schechner; (c) He; (d) MSRCR; (e) Histogram Equalization; (f) Ours.
Table 1
Evaluation results by the method proposed in Ref. [28].
Indicators

No.

Schechner

He

MSRCR

His. Equ

Ours

ea

Fig. 4
Fig. 5
Fig. 6

2.1729
5.1202
8.9533

1.0206
2.379
3.3738

1.0485
1.6175
2.6068

1.1373
4.1831
9.8413

2.0147
5.9079
5.1721

Fig. 4
Fig. 5
Fig. 6

2.0367
2.0318
1.5401

0.9315
1.1645
1.3419

1.9325
1.9381
1.6467

1.8105
2.7535
3.8516

2.1353
3.2832
2.0812

ra

a

Higher value represents a higher quality.

respectively. It shows that the visibility of our result is better than
that of Schechner's. The visibility of our result nearly equals that of
Histogram Equalization, but there is less noise. In most instances,
the value of the indicator r of the proposed scheme is higher than
that for the other methods, showing that this novel method outperforms the other methods in terms of the quality of contrast
restoration. The maps of the mean ratio of the gradients at the
visible edges of Fig. 5 are shown in Fig. 8. Fig. 8 depicts that the
outlines of the buildings in the distance and the electric wires are
more distinct and the gradients are increased more.
The Natural Image Quality Evaluator (NIQE) is proposed as a
no-reference image quality assessment model [29]. The quality of
the test image is expressed as the distance between an MVG of the
test image and that of natural images, so the smaller the value, the
better the image. The results are shown in Table 2. It shows that
the hazy images display the worst quality. The images dehazed by
our scheme have the best qualities among these results.

Meanwhile, the Contrast of images obtained using different
methods is calculated to compare the performance of these
methods. The contrast can be obtained by

C (I ) =

1
N

∑x, y [I (x, y) − I ]2
I

.

(11)

where N is the pixel number in the image, I is the mean intensity
of the image and I(x, y) is the intensity of the pixel (x, y). The results are shown in Fig. 9. This clearly shows that the proposed
scheme outperforms other methods, especially in the dense haze
condition. The reason for this may be that in dense haze condition
the polarimetric dehazing methods contain more information
about the objects, and it can effectively distinguish the objects
from the noise, which enhances the details signiﬁcantly. These
results indicate that the proposed scheme works well for haze
removal.

5. Conclusions
In this paper, a new haze-removal scheme for quality enhancement of hazy images has been proposed. The framework of
the scheme is based on the polarimetric imaging technique. The
dark channel prior technique is applied to the polarimetric dehazing method. The dark channel prior technique can detect the
haze-opaque region automatically, i.e., generally the sky region,
which can be used to estimate the DOP and AOP of the airlight
through Stokes parameters. This can improve the estimation
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Fig. 7. The comparison of noise in dehazing results with different methods. (a) and (b) are the magniﬁed parts corresponding to the rectangles in Fig. 6(a), respectively.

Fig. 8. The maps of ratio of the gradients at visible edges in dehazed images. (a) Hazy image; (b) Schechner; (c) He; (d) MSRCR; (e) Histogram Equalization; (f) Ours.

Table 2
Evaluation results by the method proposed in Ref. [29].
Method

No.

Hazy

Schechner

He

MSRCR

His. Equ

Ours

NIQEa

Fig. 4
Fig. 5
Fig. 6

5.2189
7.3385
6.9143

5.0167
5.0412
5.7907

4.0054
5.8083
5.6526

4.1479
5.6751
5.6922

4.0541
4.7646
4.5113

3.9622
4.3797
3.2409

a

Higher value represents a lower quality.

accuracy of the airlight radiance and advance the automatic indentation of the sky region. Meanwhile, three different polarized
images are utilized to determine the Stokes parameters, to avoid
the issues with obtaining I‖and I⊥. The experiments verify that the
scheme can greatly enhance the quality of hazy images, and considerably restore the detail information. The comparison study
demonstrates that the scheme outperforms the other methods in
terms of the quality of the images.
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Fig. 9. The comparison of contrast values of different methods.
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