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Abstract: A sandstorm image has features similar to those of a hazy image with regard to the
obtaining process. However, the difference between a sand dust image and a hazy image is the
color channel balance. In general, a hazy image has no color cast and has a balanced color channel
with fog and dust. However, a sand dust image has a yellowish or reddish color cast due to sand
particles, which cause the color channels to degrade. When the sand dust image is enhanced without
color channel compensation, the improved image also has a new color cast. Therefore, to enhance
the sandstorm image naturally without a color cast, the color channel compensation step is needed.
Thus, to balance the degraded color channel, this paper proposes the color balance method using
each color channel’s eigenvalue. The eigenvalue reflects the image’s features. The degraded image
and the undegraded image have different eigenvalues on each color channel. Therefore, if using
the eigenvalue of each color channel, the degraded image can be improved naturally and balanced.
Due to the color-balanced image having the same features as the hazy image, this work, to improve
the hazy image, uses dehazing methods such as the dark channel prior (DCP) method. However,
because the ordinary DCP method has weak points, this work proposes a compensated dark channel
prior and names it the adaptive DCP (ADCP) method. The proposed method is objectively and
subjectively superior to existing methods when applied to various images.

Keywords: sandstorm image enhancement; color balance; eigenvalue decomposition; normalized
eigenvalue; dark channel prior; adaptive dark channel prior

1. Introduction

A sandstorm image has different features from a hazy image, although they are
obtained by means of a similar process. In general, a hazy image seems dimmed and
darkened by haze particles. However, these images have no color cast due to the color
channels not being degraded. A sandstorm image is obtained in the atmosphere, as with
hazy image. However, these images have a yellowish or reddish color cast due to the
color channel being degraded by sand particles. Many algorithms have been studied to
improve hazy images. Sand dust images and hazy images are obtained by means of a
similar procedure. In general, dehazing methods are used to enhance the sand dust image.
However due to sandstorm image having a color cast, if a color channel compensation
step is not employed, the enhanced image will have color distortion. Therefore, to enhance
a sandstorm image naturally, a color balancing step is needed. Owing to hazy images
and color-balanced sandstorm images having similar features, the dehazing algorithm is
needed to improve the sandstorm image. There have been many studies into enhancing
hazy images. He et al. [1] improved hazy image using the dark channel prior (DCP)
method, which estimates the dark region of each color channel, and used the DCP method
to estimate the image’s backscatter light and transmission map. The DCP [1] method is
frequently used in dehazing fields. However, when the DCP is estimated, a certain size
block is used, and because of this, the enhanced image has a halo effect, such as the square
effect. To compensate for this effect, He et al. [1] used guided image filtering [2]. Meng et al.
enhanced an image using boundary constraints on the transmission map [3]. Meng et al.
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method is similar to the DCP method [1] with regard to estimating the transmission map.
However, the transmission map estimated by Meng et al.’s method has less of a halo
effect than the DCP method, especially in the sky region [3]. Zhu et al. tried to dehaze
images using the color attenuation prior (CAP). Zhu et al.’s method constructs a model
which depicts the scene depth of the hazy image and estimates the transmission map [4].
Additionally, Zhu et al.’s method is good at dehazing, but it does not consider the scattering
coefficient of the image [4]. Dhara et al. improved the hazy image using adaptive air light
refinement and nonlinear color balancing [5].

The dehazing algorithm is able to enhance a hazy image in the case of no color distor-
tion. However, most sand dust images have color distortion that is yellowish or reddish.
To enhance distorted sand dust images, existing dehazing algorithms have limitations
such as new color distortion due to the lack of a color compensation step. Therefore, to
enhance the distorted image efficiently, the color compensation procedure is considered.
Gao et al. enhanced distorted sand dust images using color correction and a transmission
map [6]. To compensate for the color distortion, Gao et al. used the comparison with
each color channel’s mean and the red color channel’s mean. Additionally, to estimate the
transmission map, they used the reverse blue channel prior (RBCP) method [6]. Gao et al.’s
color correction method is good at improving a degraded sand dust image, but, in cases of
severely distorted sand dust images, Gao et al.’s color correction method is not sufficient,
because of the rare color component. Cheng et al. proposed a sand dust enhancement
algorithm using blue channel compensation and a guided image filter [2,7]. This method
corrects the color distortion using blue channel compensation and white balancing [7,8].
Shi et al. tried to improve sand dust images using the mean shift of the color components
and normalized gamma correction [9]. This method is efficient in distorted sand dust image
enhancement, but new color distortion can be shown, due to mean shift. Shi suggested a
sand dust image improvement method using the normalized gamma correction and mean
shift of the color ingredients [10]. The weak point of this method is that it can cause color
distortion by mean shift. Naseeba et al. proposed a dehazing algorithm using a combina-
tion of the three modules (depth estimation module (DEM), color analysis module (CAM),
and visibility restoration module (VRM)) [11]. Naseeba et al.’s DEM used the median
filter to refine the transmission map, thus reducing the halo effect, and their CAM used
the gray world assumption [11,12]. Al-Ameen proposed a sand dust image enhancement
method using tuned fuzzy intensification [13]. This method corrects the color using the
three thresholds of the color channel [13]. This is efficient in the correction of the color
channel. However, during the tuning procedure, a constant value is used, which causes a
halo effect similar to color distortion, and thus this method is not a suitable method for
various images.

Recently, machine learning-based dehazing algorithms have been studied. Ren et al.
enhanced images using multiscale convolution neural networks (CNNs) [14]. This method
enhances the image using two types of network: one is prediction and the other is re-
finement [14]. Wang et al. enhanced images using the atmospheric illumination prior
method [15]. This method estimates the atmospheric illumination of the hazy image by the
luminance channel and enhances the image using a multiscale CNN [15].

Many dehazing methods have been studied. Each method is good at improving the
undistorted dust image. However, as with a sand dust image, if a certain color channel
is degraded, a new distortion can occur, although the image is enhanced. So, to enhance
a distorted sand dust image, a color correction procedure is needed. Consequently, this
paper to enhance the sand dust image naturally without a halo effect proposes two steps.
The first is a color correction step using the measure which can reflect the characteristic
of image, and the other is adaptive transmission map estimation. The images corrected
by the proposed method have features similar to those of hazy images. So, to enhance
these images, the image adaptive dehazing algorithm is applied. The proposed method is
subjectively and objectively superior to existing methods as a result of the comparison.
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2. Proposed Method
2.1. Color Balance

Sandstorm images have features similar to those of hazy images. However, they have
a color cast that is yellowish or reddish. Because sandstorm image color channels are
degraded and imbalanced, to enhance the sandstorm image naturally, the color balancing
process is needed. If the color correction step and the dehazing step are switched, then
the enhanced image appears to be dimmed due to balancing the color channel, and the
hazy ingredients are also increased, and so, to enhance the sand dust image naturally, the
color correction step is preprocessed before the dehazing procedure. If the color channels
are balanced, the image seems to naturally be without a color cast. The eigenvalue is used
in various image processing areas [16,17]. Tripathi et al. [17] analyzed images using the
eigenvalue due to the eigenvalue containing image features. Therefore, this paper balances
the degraded color channel using the eigenvalue. The eigenvalue reflects features of the
image, such as the contrast. If the contrast of the image is low, the mean value of the image
is also low. The eigenvalue also reflects the different features as with the contrast of the
image. Figure 1 shows the image features and the eigenvalue for the different contrasts of
the image. As shown in Figure 1, if the image’s mean value is high, the contrast is high, and
the eigenvalue is also high. If not, the eigenvalue is low. Sand dust images can be divided
into two categories, which are an undegraded color channel and a degraded color channel.
As shown in Figure 1a, the undegraded sand dust image has balanced color channels,
and the eigenvalues of the channel are uniform. However, as shown in Figure 1b, the
color-degraded sand dust image has low contrast in the blue channel and the eigenvalue of
this channel is lower than that of the other color channels.
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image; (b) the eigenvalues of the degraded sand dust image.

In other words, the eigenvalue is able to indicate the image’s features. Additionally, to
enhance the degraded sand dust image, color channels need to be balanced. This paper
uses the eigenvalue of the image to balance the color channel. The eigenvalue of the image
is obtained as follows:

I·V = λ·V, (1)

where V is a nonzero vector, I is the image matrix, and λ is the eigenvector. Additionally,
Equation (1) is also described as follows:

I·V− λ·U·V = 0, (2)

where U is the unit matrix. Additionally, as V is a non-zero vector, the image’s eigenvalues
are obtained by the determinant. During the eigenvalue decomposition process, the image
size is fit in max between the row and col. The image’s eigenvalue is obtained as follows:

det(I− λ·U) = 0, (3)

The variation of the eigenvalue with respect to the image is shown in Figure 1. As
shown in Figure 1, if the image’s mean value is low, it is dark, and the image’s eigenvalue is
also low. However, if the image is bright, its mean value and eigenvalue are high. Therefore,
the eigenvalue reflects the features of the image. The sandstorm image’s color channels
are imbalanced. The red channel is the brightest and the blue channel is the darkest. If the
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color channels are balanced, the image has a natural color without color cast. As shown in
Figure 1, the brightest image has the highest eigenvalue. Additionally, the darkest image
has the lowest eigenvalue. Using the relationship between the eigenvalue and the image’s
contrast, this paper proposes the color balance method for the degraded sand dust image
using each channel’s eigenvalue. As mentioned above, due to the red channel being the
brightest among the color channels, its eigenvalue is the highest. Meanwhile, due to the
blue channel being the darkest among the color channels, its eigenvalue is the lowest.
Therefore, to apply the channel’s eigenvalues efficiently, a normalization step is needed.
The obtaining step of the image’s normalized eigenvalue is described as follows:

λc
n =

max
c

(λc
max)

λc
max

, (4)

where λc
n is the normalized eigenvalue, λc

max is the maximum eigenvalue in each color chan-
nel, max

c
(λc

max) is the maximum eigenvalue of each color channel’s maximum eigenvalues,

and c ∈ {r, g, b}. If the eigenvalue is high, then the difference is greater in the degraded
color channels. Thus, this paper uses the normalized eigenvalue with the maximum eigen-
values of each color channel. Additionally, to compensate for the degraded color channel,
the normalized eigenvalue λc

n is applied as follows:

Ic
B(x) = λc

n·Ic(x), (5)

where Ic
B(x) is the balanced image, Ic(x) is the input image, and x is the location of the

pixel. Using Equation (5), the undegraded color channel is maintained and not enhanced,
while only the degraded color channel is enhanced. The more degraded the channel is, the
more enhanced it is.

Figure 2 shows the color-balanced image using the proposed method. As shown in
Figure 2, the proposed color balancing method improves the color channel and the images
without a color cast. Additionally, the tables below the images indicate the maximum
eigenvalue of each color channel. As shown in the tables, the degraded image’s eigenvalues
are lower than those of the less degraded or undegraded channels. However, the balanced
image’s eigenvalues of the color channels are similar to each other. Therefore, making the
channel’s eigenvalue uniform is a reasonable method for balancing the color channel.
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2.2. Estimation of the Adaptive Dark Channel Prior

The color-balanced image using the proposed method is similar to the hazy image
because the sand dust image is obtained by the same process as the hazy image. Thus, to
enhance the balanced image, a dehazing step is needed. Additionally, to enhance the hazy
image, the DCP method [1] is frequently used. The DCP estimates that, in the clean image,
at least one channel among the three color channels is close to zero, and it is described as
follows [1]:

ID(x) = min
c

(
min

y∈Ω(x)
(

Ic
B(y)
Ac )

)
, (6)

where ID(x) is the DCP image, Ω(x) is the patch image (kernel size is 15× 15), c ∈ {r, g, b},
and Ac is the backscatter light of the balanced image. The DCP method estimates the
image’s darkest region, and it is used to estimate the atmospheric light [1]. Additionally,
the propagation path of the light is estimated by the transmission map, and it is obtained
by the reverse of the DCP method [1]:

t(x) = 1− 0.95·ID(x), (7)

where t(x) is the transmission map, and the constant value, 0.95, applies the “aerial
perspective” [1,18,19] in the image. The DCP [1] estimates the image’s dark region, but
it can generate a halo effect in the enhanced image. If the image has a sky region, due
to the sky region being bright in most areas, DCP is estimated brightly, while the DCP is
estimated darkly elsewhere. Because the relationship between the transmission map and
the DCP is a tradeoff, if the DCP is bright, then the transmission map is dark, and it causes
a halo effect in the enhanced image. This is caused by the transmission map being applied
in reverse in the dehazing procedure.

Therefore, this paper proposes the adaptive DCP (ADCP) method to compensate for
the DCP, and it is described as follows:

IAD(x) =
ID(x)

α + max(ID(x), 1− ID(x))
, (8)

where IAD(x) is the adaptive DCP, if the image has a sky region, and the intensity of
ID(x) is higher than that of 1 − ID(x) because of the sky region being bright. Thus, if
the result of the max operation between ID(x) and 1 − ID(x) is applied in the estimation
procedure of DCP, the bright sky region is able to be compensated in the estimated DCP
image. Additionally, the α controls the intensity of IAD(x). If the α is close to zero, IAD(x)
is bright. Therefore, α is able to control the intensity of IAD(x). If the ID(x) has a sky region,
then it is bright, and the mean value is also high. Therefore, when using the mean value
of ID(x) as a measure, the image adaptive DCP and transmission map are obtained, and
these are able to estimate the haze region suitably, despite the fact that the image has a sky
region. The α is obtained as follows:

α = max(m(ID(x)), 1−m(ID(x))), (9)

From Equations (8) and (9), although the image has a sky region and the ID(x) is
bright, due to the α also being high, the IAD(x) is dark, and it is thus able to estimate the
image’s dark region without any hindrance. In Figures 3 and 4, the differences between
the existing DCP and the proposed ADCP methods when using them to estimate the
transmission map and to enhance hazy images are presented (blue dotted square indicates
the proposed method). As shown in Figures 3 and 4, the DCP images estimated by the
proposed ADCP method are darker than those estimated by the existing DCP method,
despite the images having a sky region.
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As a result, the enhanced image using the proposed ADCP method has no halo effect
when compared with the DCP method—in particular, the transmission map estimated
using the existing DCP method [1] has a halo effect in the sky region, but the transmission
map estimated using the proposed ADCP has no halo effect. Additionally, to refine the
transmission map, the guided image filter is applied [2] with a kernel size is set to 8, while
eps is set to 0.42.

2.3. Enhancement of the Sandstorm Image

The degraded sand dust image is compensated by the proposed balancing method.
Additionally, due to it having features similar to those of hazy images, to enhance the image,
a dehazing algorithm is applied. The dehazing model [20–23] is described as follows:

Jc(x) =
Ic
B(x)− Ac

max(t(x), t0)
+ Ac, (10)

where Jc(x) is the enhanced image, Ic
B(x) is the color-balanced image, t(x) is the transmis-

sion map estimated using the ADCP method, t0 is set to 0.1, and Ac is the backscatter light
of the color-balanced image, which is obtained by He et al.’s [1] method. Additionally, to
refine the enhanced image, this paper uses the guided image filter [2]:

Jc
GF(x) = GF{Jc(x), K, EPS}, (11)

Jc
rei(x) = (Jc(x)− Jc

GF(x))·τ+ Jc
GF(x), (12)

where Jc
GF(x) is the guided filtered enhanced image; K is the kernel size, set to 2; EPS is

set to 0.42; τ is set to 5; Jc
rei(x) is the refined and enhanced image; and GF{·} is the guided

image function.
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3. Experimental Results and Discussion

The distorted sand dust image is balanced using the proposed method. Additionally,
due to the balanced image having features similar to those of a hazy image, the dehaz-
ing algorithm is applied using the proposed ADCP method. This section indicates the
suitability of the proposed method in sand dust image enhancement subjectively and
objectively. The proposed method and state-of-the-art methods are compared subjectively
and objectively. Additionally, to compare their application in various circumstances, the
detection in adverse weather nature (DAWN) dataset is used [24]. The DAWN dataset [24]
consists of 323 sand dust images.

3.1. Subjective Comparison

To compare the proposed method and the existing methods, two steps were carried
out. The first step is the comparison of color correction, and the other is the comparison
of the enhanced images. To compare the color correction, three color correction method
types are used. Shi et al. [9] corrected the distorted color using mean shift of the color
components, while Shi et al. [10] used mean shift of the color ingredients and gamma
correction to balance the color. Additionally, Al-Ameen [13] rectified the color using
three thresholds.

In Figures 5 and 6, the corrected color images using each method for the sand dust
image in various circumstances are shown. In Figure 5, in the case of Shi et al.’s method [9],
bluish color distortion is observed in the corrected image. Shi et al.’s method [10] also
demonstrates a bluish color degradation, but this distortion is less than that enhanced
by the method presented in [9]. Al-Ameen’s [13] method results in the appearance of
yellowish or reddish color degradation, despite having a color correction operation. The
proposed method appropriately corrects the image so that it is neither yellowish nor
reddishly degraded.

In Figure 6, the various distorted images, such as reddish, greenish, and dust, and the
corrected images are shown. Shi et al.’s method [9] corrects the degraded sand dust image
with a bluish color shift. Shi et al.’s method [9] uses the mean shift of the color components,
and it causes a bluish artificial color shift. Shi et al.’s [10] method also demonstrates a bluish
color shift in the corrected image due to the mean shift. Al-Ameen’s method [13] only
enhances the lightly distorted image. Additionally, in some enhanced images, an artificial
color shift that is yellowish and reddish can be observed. As shown in Figure 6, the color
correction of lightly degraded sand dust images is an easy process. The proposed method
enhances both lightly and severely degraded sand dust images. The image in the tenth
row has a reddish color shift and low contrast. The existing methods correct the image, but
the contrast is darker. However, the proposed method enhances the degraded image, and
the contrast of the enhanced image is higher when compared to the other methods.

As shown in Figures 5 and 6, the existing methods have limitations in the enhancement
of degraded sand dust images in various circumstances. Additionally, the corrected image
has a color shift, such as reddish, yellowish, and bluish. However, the proposed method is
able to enhance the various sand dust images without an artificial color shift.

The images enhanced by state-of-the-art dehazing methods and the proposed method
are compared. Because a sand dust image resembles a dusty or hazy image, state-of-the-art
dehazing methods are also included in the comparison. He et al. enhanced hazy images
using DCP [1], Meng et al. improved hazy images using compensated DCP [3], Ren et al.
improved images using MSCNN [14], Dhara et al. improved hazy images using adaptive
air light refinement and nonlinear color balancing [5], Shi et al. enhanced sand dust images
using the mean shift of the color ingredients [9], Gao et al. enhanced sand dust images
using RBCP [6], and Al-Ameen improved sand dust images using three thresholds [13].
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Figures 7 and 8 show the enhanced sand dust images using various methods. In
Figure 7, He et al.’s method [1] is not able to enhance the sand dust image, and there
is still color distortion because this method has no color correction step. Meng et al.’s
method [3] also does not enhance the degraded sand dust image due to it having no color
balance step. Ren et al.’s method [14] produces color distortion owing to it having no color
correction procedure, as with other dehazing methods. Dhara et al.’s method [5] improves
lightly distorted sand dust images. This method produces a yellowish color shift in some
enhanced images. Shi et al.’s method [9] enhances the sand dust image. However, the
enhanced image demonstrates color distortion due to the mean shift to correct the color
distortion, which is bluish. Gao et al.’s method [6] is able to enhance sand dust images,
and this method has no color distortion. However, in the enhanced images, the hazy effect
still remains. Al-Ameen’s method [13] causes color degradation due to this method not
using an image adaptive measure, instead using a constant measure, although it has a
color balance procedure. However, the color channel is corrected exceptionally on lightly
distorted sand dust images. The proposed method enhances the sand dust image well,
without color degradation.
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In Figure 8, the enhanced degraded sand dust images using the existing dehazing
methods are shown. Figure 8 also includes the dust image without color shift to compare
the dehazing performance between existing dehazing methods and the proposed dehazing
method. He et al.’s [1] method is used in the dehazing area frequently. However, the
color shift occurs due to the weak point of the DCP, although the image is not color-
degraded. Meng et al.’s [3] method also produced a color shift in the sky region. Ren et al.’s
method [14] causes less color shift in the sky region than the methods of He et al. [1] and
Meng et al. [3]. Dhara et al.’s method [5] causes a greenish color shift in the sky region.
Additionally, this method also causes distorted colors, such as bluish, reddish, and greenish
distortion. Shi et al.’s method [9] produces a color shift in the sky region. Gao et al.’s
method [6] enhances the degraded sand dust images without color shift. However, the
enhanced image using this method appears to be dimmed due to the unsuitable dehazing
procedure. Al-Ameen’s method [13] improves the image in cases of lightly degraded
sand dust images and dust images without a color cast. The proposed method enhances
the degraded sand dust images in various circumstances without an artificial color shift,
despite the images having a sky region.

As shown in Figures 7 and 8, to obtain naturally enhanced sand dust images, an image
adaptive color correction procedure and a dehazing step are needed.
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3.2. Objective Comparison

The sand dust images enhanced by the existing methods and the proposed method are
compared subjectively in Figures 7 and 8. Additionally, to compare these images objectively,
the natural image quality evaluator (NIQE) [25], the underwater image quality measure
(UIQM) [26], and the novel blind image quality assessment (NBIQA) [27] measure are
used. The NIQE measure [25] shows the naturally enhanced image as a score; if the score is
low, the image is enhanced well. The UIQM [26] expresses the improved image’s contrast,
colorfulness, and sharpness as a combined score; if the image is enhanced naturally, the
score is high. Additionally, the NBIQA [27] indicates the improved image’s naturalism
using features of the image. If the image is enhanced well, then the NBIQA [27] score
is high.

In Tables 1 and 2, the NIQE [25] scores are shown for the images in Figures 7 and 8.
In Table 1, the NIQE scores of the images in Figure 7 are shown. The dehazing methods
obtained a high NIQE score due to these methods having no color correction step. Gao
et al.’s method [6] has a color correction step, but the NIQE score is high in some images
due to the dehazing procedure being insufficient. Al-Ameen’s method [13] has a high NIQE
score, although the color balance does not work adaptively in some images. Although
the Meng et al. method [3] has no color balancing step, owing to its dehazing procedure
operating adaptively, the NIQE score of Meng et al. [3] is lower than that given to the
methods of Gao et al. [6] and Al-Ameen [13] in some images. Shi et al.’s method [9]
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enhances the images better than Gao et al.’s [6] method in some cases. However, with
regard to the NIQE score, Shi et al.’s method [9] had a higher score than Al-Ameen’s
method [13] in some images. The NIQE score of the images enhanced by Al-Ameen’s [13]
method is better than that of existing dehazing methods in some images due to this method
being able to correct the color in lightly degraded images. Dhara et al.’s method [5] has
lower NIQE scores than the existing dehazing methods in some images. The proposed
method operates in the color correction step and dehazing procedure effectively, and as a
result, the NIQE score is also the lowest among the existing methods.

Table 1. Comparison of the NIQE [25] score of the images in Figure 7 (If the score is low, the image is enhanced well).

[1] [3] [14] [5] [9] [6] [13] Proposed Method

19.233 19.175 19.415 19.043 19.487 19.570 19.130 16.748

20.253 16.766 19.469 19.293 20.343 20.658 20.163 15.064

19.014 18.976 19.038 18.675 19.219 18.994 18.811 15.548

20.088 19.907 20.067 19.882 20.075 20.243 20.417 19.066

20.241 20.274 20.235 20.068 20.248 20.231 20.171 19.249

18.829 18.081 18.889 18.366 18.777 19.371 18.970 16.816

20.017 19.853 20.151 19.949 20.263 20.476 20.073 18.119

19.144 19.346 18.899 18.613 19.274 19.327 19.191 16.726

19.044 19.063 19.115 18.73 18.885 19.006 18.518 16.168

19.283 18.701 19.243 18.521 19.223 19.271 18.962 17.197

AVG 19.514 19.014 19.452 19.114 19.579 19.715 19.441 17.070

Table 2. Comparison of the NIQE [25] scores of the images in Figure 8 (If the score is low, the image is enhanced well).

[1] [3] [14] [5] [9] [6] [13] Proposed Method

18.534 18.798 19.355 18.729 19.867 19.606 19.581 16.853

19.764 19.309 20.790 19.259 20.412 21.081 21.087 15.420

18.870 18.576 19.513 18.860 19.183 19.964 19.864 16.490

19.980 21.001 20.087 19.405 20.017 20.235 19.982 17.185

20.313 20.249 20.430 20.189 20.285 20.528 20.329 17.756

19.379 19.413 19.416 19.074 19.158 19.458 19.213 16.822

20.021 19.900 20.011 19.502 19.772 20.377 20.547 17.583

19.769 19.752 19.814 19.702 19.657 19.749 19.484 19.585

19.619 19.391 20.084 19.761 19.646 20.175 19.993 18.351

19.633 19.564 19.785 19.447 19.597 19.814 19.674 16.058

AVG 19.588 19.595 19.929 19.393 19.759 20.099 19.975 17.174

Table 2 shows the NIQE scores of the images in Figure 8. The dehazing methods have
high NIQE scores, although the images have no color distortion. The proposed method has
a lower NIQE score than other methods due to the proposed method enhancing both the
distorted and undistorted images well.

As shown in Tables 1 and 2, to enhance the sand dust images naturally, both a color
correction step and a dehazing procedure need to be applied adaptively to the image.

In Tables 3 and 4, the UIQM scores of the images in Figures 7 and 8 are shown. If the
image is enhanced appropriately, the UIQM score is high. Table 3 shows the UIQM scores
of the images in Figure 7. The UIQM scores of the dehazing methods are low due to these
methods having no correction procedure and the color degradation still being present. Gao
et al.’s method [6] has a color correction step, but its UIQM score is lower than that of He
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et al.’s method [1]. Meng et al.’s [3] method does not have a color balancing step, but the
UIQM scores are higher than those of Gao et al.’s method [6] and Al-Ameen’s method [13]
in some images, despite these methods having a color correction procedure. Although Ren
et al.’s [14] method has color shift due to there being no color correction step, the UIQM
score is higher than that of Gao et al.’s method [6] in some images, owing to the suitable
dehazing step. Shi et al.’s method [9] has a higher UIQM score than Gao et al.’s [6] method,
although the color shift does occur in some images. Dhara et al.’s method [5] has higher
UIQM scores than other dehazing methods in some images, although some artificial color
shift does occur. The proposed method has higher UIQM scores than other methods.

Table 3. Comparison of the UIQM [26] scores of the images in Figure 7 (If the score is high, the image is enhanced well).

[1] [3] [14] [5] [9] [6] [13] Proposed Method

0.899 1.023 0.940 1.195 0.803 0.729 0.998 1.434

1.034 1.786 1.358 1.424 1.031 0.880 1.176 1.728

0.910 0.982 0.977 1.249 0.896 0.848 0.929 1.764

0.714 1.020 0.923 1.260 0.967 0.537 0.929 1.456

0.489 0.689 0.653 1.036 0.504 0.477 0.746 1.205

0.942 1.242 1.007 1.291 1.047 0.671 1.009 1.532

0.847 0.870 0.732 1.115 0.792 0.561 0.661 1.434

0.779 0.845 0.839 1.160 0.780 0.754 0.829 1.554

0.795 0.780 0.801 1.066 0.907 0.745 0.962 1.497

0.740 1.083 0.973 1.187 0.748 0.698 0.824 1.642

AVG 0.815 1.032 0.920 1.198 0.848 0.690 0.906 1.525

Table 4. Comparison of the UIQM [26] scores of the images in Figure 8 (If the score is high, the image is enhanced well).

[1] [3] [14] [5] [9] [6] [13] Proposed Method

1.087 1.234 1.016 1.230 0.979 0.745 0.767 1.355

1.042 1.261 1.145 1.296 0.838 0.842 1.096 1.523

1.162 1.269 1.121 1.347 1.111 0.725 0.902 2.036

0.719 0.710 0.930 1.237 0.582 0.655 0.773 1.374

0.772 0.862 0.788 1.105 0.746 0.622 1.021 1.590

0.635 0.794 0.637 0.990 0.799 0.533 0.765 1.289

0.771 0.977 0.768 1.124 1.064 0.656 1.018 1.523

0.486 0.651 0.518 0.745 0.789 0.373 0.745 0.897

1.072 1.031 0.727 1.141 0.921 0.498 0.632 1.532

0.781 0.948 0.827 1.150 0.652 0.608 0.756 1.709

AVG 0.853 0.974 0.848 1.137 0.848 0.626 0.848 1.487

In Table 4, the UIQM scores for the images in Figure 8 are shown. In Table 4, the
existing dehazing method has a low UIQM score. The proposed method has a higher
UIQM score than other methods.

As shown in Tables 3 and 4, to enhance sand dust images, both a color correction
procedure and an image adaptive dehazing step are needed.

Tables 5 and 6 indicate the NBIQA [27] scores for the images in Figures 7 and 8. If
the quality of the enhanced image is good, the NBIQA score is high. Table 5 shows the
NBIQA score for the images in Figure 7. He et al.’s method [1] has a low NBIQA score.
Ren et al.’s [14] method also has a low NBIQA score due to this method having no color
correction step, although the dehazing procedure is suitable. The NBIQA score of the Meng
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et al. method [3] is lower than that of other methods in some images due to this method
having no color compensation step. Dhara et al.’s method [5] obtains a lower NBIQA score
than Shi et al.’s [9] method in some images. Shi et al.’s method [9] demonstrates a higher
NBIQA score than the other dehazing methods in some images. The NBIQA score of Gao
et al.’s [6] method is higher than that of the dehazing method, although the enhanced image
looks dimmed. Al-Ameen’s method [13] has a low NBIQA score, despite this method
having a color correction step, due to the image correction method not being adaptive. The
NBIQA score of the proposed method is higher than that of the other methods.

Table 5. Comparison of the NBIQA [27] scores for the images in Figure 7 (If the score is high, the image is enhanced well).

[1] [3] [14] [5] [9] [6] [13] Proposed Method

15.961 14.917 15.117 14.463 16.433 20.287 15.876 30.956

26.738 28.765 19.299 23.850 28.286 30.500 27.309 46.397

30.899 33.576 35.614 34.871 25.662 33.300 34.105 58.195

12.539 16.164 13.191 15.036 14.420 12.931 13.661 30.976

11.101 10.146 14.982 10.170 9.339 8.301 9.843 30.389

23.568 27.072 22.228 25.479 23.061 28.588 23.893 46.592

16.410 16.476 25.715 16.188 16.390 19.635 33.136 33.297

16.448 15.275 15.502 14.053 17.041 20.096 19.918 32.065

23.882 21.058 29.307 20.475 22.658 22.452 31.271 47.476

16.776 25.764 16.465 18.119 18.355 20.963 18.273 46.264

AVG 19.432 20.921 20.742 19.270 19.165 21.705 22.729 40.261

Table 6. Comparison of the NBIQA [27] scores for the images in Figure 8 (If the score is high, the image is enhanced well).

[1] [3] [14] [5] [9] [6] [13] Proposed Method

22.958 22.816 20.553 22.717 15.587 28.302 28.003 33.029

25.339 26.852 22.153 24.468 19.835 23.221 24.131 38.015

30.132 33.477 29.156 33.253 28.233 34.438 34.856 52.989

22.840 14.358 15.293 16.306 14.428 18.508 18.533 26.684

23.770 26.949 27.920 28.419 23.038 28.196 28.787 46.803

15.379 16.711 17.924 33.225 16.180 17.893 17.255 47.888

14.231 16.850 13.679 15.370 15.021 16.978 16.424 32.719

16.552 10.538 10.057 9.097 7.548 8.291 6.713 24.283

11.809 11.438 5.942 7.823 10.265 10.864 11.428 27.201

11.696 13.810 10.082 15.806 10.786 13.407 15.204 30.182

AVG 19.471 19.380 17.276 20.648 16.092 20.010 20.133 35.979

In Table 6, the NBIQA scores of the images in Figure 8 are shown. In Table 6, although
the enhanced images have a color shift, the NBIQA scores of the existing dehazing methods
are higher than those of other methods in some images. The proposed method has a higher
NBIQA score than other methods.

As shown in Tables 1–6, depicting the NIQE [25], UIQM [26], and NBIQA [27] scores,
to enhance sand dust images naturally, image adaptive color correction step and dehazing
procedure are needed.

Tables 7 and 8 show the average NIQE [25], average UIQM [26], and average NBIQA [27]
scores of the resulting images using the proposed method and the existing methods with
the DAWN dataset, which includes 323 images [24], and Figures 7 and 8. In Table 7, the av-
erage scores of the images shown in Figures 7 and 8 on each measure are shown. Al-Ameen
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method’s [13] UIQM score is higher than that of other methods, and the dehazing methods
have a low score. The proposed method has a high UIQM score. Shi et al. method [9] is
worse than Al-Ameen’s [13] method with regard to some scores. Dhara et al.’s [5] method is
better than Shi et al.’s [9] method with regard to some scores. The NIQE scores of dehazing
methods are lower than those of the existing sand dust image enhancement methods in
most cases, although these have no color correction step. Because existing sand dust image
enhancement methods do not improve the image suitably, these have a higher NIQE score
than dehazing methods. The NBIQA scores of the dehazing methods are lower than those
of the sand dust image enhancement methods. The proposed method has a higher UIQM
and NBIQA score and a lower NIQE score than the other methods.

Table 7. Comparison of the average NIQE [25], average UIQM [26], and average NBIQA [27] scores for the images in
Figures 7 and 8 (In the case of the NIQE measure [25], if the score is low, the image is enhanced well. In the case of the
UIQM [26], if the value is high, the image is improved well. If the NBIQA [27] score is high, the image is also improved well).

[1] [3] [14] [5] [9] [6] [13] Proposed Method

UIQM [26] 0.834 1.003 0.884 1.168 0.848 0.658 0.877 1.504

NIQE [25] 19.551 19.305 19.691 19.254 19.669 19.907 19.708 17.140

NBIQA [27] 19.451 20.151 19.009 19.959 17.629 20.858 21.431 38.120

Table 8. Comparison of the average NIQE [25], average UIQM [26], and average NBIQA [27] scores on the results of the
DAWN dataset [24] (In the case of the NIQE measure [25], if the score is low, the image is enhanced well. In the case of the
UIQM [26], if the value is high, the image is well improved. The NBIQA [27] score indicates that if the score is high, the
image is well enhanced).

[1] [3] [14] [5] [9] [6] [13] Proposed Method

UIQM [26] 0.777 0.928 0.840 1.184 0.870 0.671 0.938 1.421

NIQE [25] 19.795 19.698 19.892 19.583 19.714 19.931 19.803 17.971

NBIQA [27] 17.623 17.573 16.946 16.821 16.195 17.579 17.149 38.720

In Table 8, the average scores of the enhanced images in the DAWN [24] dataset are
shown. As shown in Table 8, dehazing methods have limitations in the enhancement of
the degraded sand dust images. Dhara et al.’s method [5] has a better performance than
other comparison methods in some scores, although the enhanced images have artificial
color distortion. The proposed method outperforms other methods with regard to scores,
as shown in the performance comparison.

In Table 9, the comparison of the computation times of the existing color correction
methods and the proposed method is shown. The system environment comprises an Intel
Core i7 8700 processor @ 3.20 GHz CPU with 32 GB of RAM. As shown in Table 9, the
Al-Ameen [13] method is faster than the other methods.

Table 9. Comparison of the computation time of the existing color correction methods and the
proposed method.

Methods Image Size Time (s) Image Size Time (s)

[9]

350 × 620

0.131

731 × 1280

0.506

[10] 0.257 0.997

[13] 0.079 0.422

Proposed method 0.109 0.497

In Table 10, the comparison of the processing time of the existing dehazing methods
with a color correction procedure and the proposed color correction and dehazing method
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is presented. As shown in Table 10, the Al-Ameen method [13] is the fastest method due to
this method having no dehazing stage, similar to DCP [1].

Table 10. Comparison of the computation time between the dehazing methods with color correction
procedure and proposed color correction and dehazing method.

Methods Image Size Time (s) Image Size Time (s)

[9]

350 × 620

1.468

731 × 1280

6.262

[13] 0.079 0.422

Proposed method 1.346 5.869

As shown in Tables 9 and 10, the computation time of the Al-Ameen [13] method is
faster than that of the proposed method. However, the proposed method is faster than
the Shi et al. [9] and Shi et al. [10] methods. Additionally, the Al-Ameen [13] method is
the fastest due to this method having no dehazing step. However, in the enhanced image
using the Al-Ameen method [13], much degradation occurs.

As observed in the experimental results, to enhance the sand dust image naturally,
both color correction and a dehazing procedure are needed.

4. Conclusions

An image distorted by sand particles has a yellowish or reddish color cast due to the
imbalance of the color channel. To correct the imbalance of the color channel, this paper
used the normalized eigenvalue. Each color channel of the degraded image has different
features. In other words, the red channel of the degraded image is bright and its eigenvalue
is high, but the blue channel of the degraded image is dimmed and its eigenvalue is low.
Using these properties, this paper proposed a normalized eigenvalue via the maximum
eigenvalue on each color channel, and it is applied in color balance. Additionally, due
to the balanced image having features similar to those of a hazy image, to enhance the
image, the dehazing algorithm is applied using the proposed ADCP method, which
compensates for the existing DCP. The enhanced image has good quality both subjectively
and objectively, in comparison with state-of-the-art methods. As observed in the sand dust
image enhancement step, to enhance the sand dust image naturally, color correction and
adaptive transmission map estimation are needed. The proposed method will contribute
appropriately to the various degraded image enhancement areas. Future research needs to
explore more suitable color correction methods and adaptive transmission map estimation
for degraded sand dust image enhancement. Especially in severely distorted sand dust
images, the blue channel is rare, and because of that, the corrected image has an artificial
color shift. Therefore, to enhance sand dust images, including rare blue components, work
on adaptive color compensation is needed. Additionally, an adaptive transmission map
such as an image’s distinguishable feature as with the ratio of the sky region in the image
needs to be estimated.
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