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A Principal Component Based Haze Masking
Method for Visible Images
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Abstract—Land surfaces are commonly obstructed by haze in
remote sensing images, which reduces the available land cover
information. Haze detection is therefore important for locating,
avoiding, or restoring hazy regions. In this letter, a principal
component (PC)-based haze masking (PCHM) method is devel-
oped for the masking of haze in visible remote sensing images
covering land surfaces at middle latitudes. Owing to the evidence
of haze in the second PC, the PCHM method results in accurate
haze masks. The complete procedure comprises two steps: haze
construction and spatial optimization. The validity of the PCHM
method is demonstrated through its application to several hazy
visible images clipped from Landsat Enhanced Thematic Mapper
Plus scenes. The quantitative assessments verify the superiority
of the proposed method over the haze optimized transformation
method for the production of binary haze masks. In addition, the
resulting haze masks are compared with a MODIS cloud product,
which further proves the necessity and validity of the proposed
method.

Index Terms—Haze masking, principal component (PC), spatial
optimization, visible remote sensing images.

I. INTRODUCTION

OST archived remote sensing images are affected by

cloud or haze, which obstructs land surface information.
Haze refers to the spatially varying semitransparent cloud and
aerosol layer [1]. A variety of atmospheric particles, including
water droplets, ice crystals, or fog/smog particles, can form
haze [2]. Hereafter, opaque atmospheric layers are referred to
as “thick cloud,” semitransparent atmospheric layers, including
thin clouds, are referred to as “haze,” and “cloud” is a general
concept covering both thick cloud and haze.

Thick cloud usually shows evident characteristics, such as
high reflectance, low temperature [3]-[5], and the presence of
shadows [6]—[8]. However, these characteristics are not evident
for haze. Haze is transparent, vague, and is without evident
boundaries and accompanying shadow; the signal of hazy pix-
els includes both haze and the surface underneath [9], [10].
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According to the low contrast of hazy regions, Du et al. [11]
suggested that haze is distributed in the low-frequency layer,
and in their study, they used wavelet analysis to decompose
a hazy image. However, the low-frequency layer might also
contain a component of the land cover. Thus, a single-scene-
based haze masking method is introduced in this letter, but the
application is limited to ice/snow-free scenes.

Zhang et al. [1] proposed an image transformation to char-
acterize the haze spatial distribution in Landsat scenes, which
is named the haze optimized transformation (HOT). HOT is
based on the high sensitivity of the spectral response to both the
optical wavelength and the haze optical depth. It is a supervised
procedure that requires the assistance of clear pixels.

The automated cloud-cover assessment (ACCA) algorithm
designed for Landsat data provides the percentage of clouds in
a single FOV, but no cloud map is available [12], [13]. Further-
more, the ACCA score ignores the thin cirrus and haze in the
FOV; therefore, it usually underestimates the cloud amount [7].
The Moderate-resolution Imaging Spectroradiometer (MODIS)
cloud product (MOD35) is generated by thresholding on 19
visible and infrared channels [3]; however, the spatial resolution
is too coarse to mask regional and light haze. There is a need to
explore a method for masking haze in images with a moderate
(10-100 m) or high (less than 10 m) spatial resolution [14].
Moreover, the infrared channels, such as the near infrared
(0.75-1.4 pm) and thermal infrared (8—13 pm) channels, are
usually absent in sensors with high spatial resolutions [15].
The detection methods, depending on infrared channels, are
therefore not suitable for high-spatial-resolution imagery and
some moderate-resolution imagery. Therefore, in this letter, we
intend to develop an unsupervised haze masking method by
using only the visible channels.

The visible channels are highly correlated, and haze can
be easily confused with land surfaces in all these channels.
Thus, a space is sought to separate the clear surfaces and
haze. It is known that the principal component (PC) space is a
typical orthogonal space. In fact, we find that haze shows higher
brightness than clear surfaces in some PCs in a scene that is
located at middle latitudes. Furthermore, in order to generate
haze masks with high accuracy, the spatial characteristics of
haze are also considered. A PC-based haze masking (PCHM)
method is therefore developed by combining the spectral and
spatial features for visible images. It is noted that there are
two limitations for the proposed PCHM method: 1) it is only
suitable for locally regional haze masking, where “locally”
means that there must be clear surfaces existing in the scene and
“regional” means that the scene with a moderate or high spatial
resolution is not very large, which usually covers an area of less
than 1000 km?; and 2) it only works in ice/snow-free regions
that are located in a middle latitude.
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Fig. 1. (a) Hazy image clipped from an ETM+ scene. (b) Samples in the RGB
space and the separating plane between the hazy and clear pixels.

Section II illustrates the PCHM method in detail. In
Section III, we take Landsat images to verify the effectiveness
of the proposed method, and the results are compared with
the HOT results and the MODIS cloud product (i.e., MOD35).
Section IV concludes this letter.

II. PCHM METHOD

The haze reflectance is mainly attributed to the atmospheric
scattered energy, which is very sensitive to the wavelength. In
the visible spectrum, the scattered energy of the red light is
less than that of the blue light; therefore, the images in the red
channels show clearer edges than those in the blue channels.

Fig. 1(a) shows a hazy image that is clipped from an En-
hanced Thematic Mapper Plus (ETM+) scene, with the true
color composed of the first three channels, i.e., the ETM1
(0.48 pm), the ETM2 (0.56 pm), and the ETM3 (0.66 pm).
The hazy pixels that are located on the northwest side of the
lakes show higher brightness than the surrounding pixels. We
manually select the hazy and clear pixel samples from Fig. 1(a)
and plot them in the RGB space that is composed of the ETM3,
the ETM2, and the ETM1, as shown in Fig. 1(b). The hazy
and clear samples can be separated by a plane in the 3-D
RGB space, and the separating plane intersects each axis of the
RGB space in Fig. 1(b). This indicates that the hazy and clear
pixels cannot be well separated in any single visible channel.
Considering the differences of the atmospheric scattering in
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Fig. 2. (a) Scatter plot of the samples in the PC1-PC2 space. (b) Histogram
of the hazy samples in PC2.

each channel, it is reasonable to suppose that there exists a new
space in which the hazy and clear pixels can be well separated.

In the transformed orthogonal space, significant information
is preserved in the first few PCs, and noise and trivial informa-
tion are left in the other components. The following section will
discuss the effect of the PC transformation for the separation of
hazy and clear pixels [16].

A. PCs of Hazy Visible Imagery

Denote a data matrix X, ., with i samples and m compo-
nents, and the centralized matrix with a zero mean of X is X.
Suppose the transform matrix is P, the formulation of the PC
transformation can be written as

Y = PX. ey

The selected hazy and clear samples are plotted in the orthog-
onal space that is composed of the first and second components,
which is named the PC1-PC2 space, as shown in Fig. 2(a).
Clearly, almost all of the hazy samples have positive values in
PC2, and thus, they are located at the top of the PC1-PC2 plane,
whereas the clear samples are located at the bottom of the plane.
Fig. 2(b) shows the histogram of the hazy samples in PC2,
which indicates that more than 95% of the hazy samples are
positive in PC2. This suggests that the hazy pixels are enhanced,
whereas the clear pixels are suppressed in PC2, which indicates
that they are separable in this axis.
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Visually, for a locally regional hazy image, the land surface
information dominates the image, but the influence of haze on
each channel is evident.

Quantitatively, (2) shows the transformation matrix P of the
test image shown in Fig. 1(a). The columns of X represent the
blue, green, and red channels, respectively, and the elements in
each row of P weigh these three channels in the corresponding
component. It can be observed that the red channel makes the
biggest contribution to PC1, the blue channel makes the biggest
contribution to PC2, and the weight of the red channel in PC2
is negative. Correspondingly, the atmospheric scattering in the
blue channel is the most severe of the three channels, which
suggests that the radiation increase due to haze in the blue
channel is the highest. This explains why haze is enhanced
in PC2

0.37 048 0.80
P=| 08 028 —-0.54]. 2)
—-0.48 0.83 —0.28

The HOT method, as used for detecting haze, is expressed as
HOT = TM; sin 8 — TM3 cos 6 3)

where 6 is the slope angle of the clear line, which is a well-
defined surface response vector under clear atmospheric condi-
tions in the spectral space that is composed of the first (blue)
and third (red) channels of a Landsat TM image.

Comparing (2) and (3), it can be found that PC2 and HOT
are consistent in essence. The difference is that P is calculated
from the whole image, whereas 6 is estimated from selected
clear samples. The former is an unsupervised procedure, and
the latter is a supervised procedure.

B. PCHM Method

Due to the separability of the hazy and clear pixels in PC2,
the PCHM method is proposed. It consists of two steps: the
haze base construction, which is based on PC2 and the orig-
inal spectral features, and the haze mask optimization, which
takes some spatial features into consideration. Three filters are
contained in the first step and two in the second step. Here, a
filter refers to a thresholding procedure rather than a traditional
spatial or frequential filter.

a) Haze Base Construction: The haze base refers to a gray
or binary image in which all the hazy pixels are enhanced or
marked. It is a coarse haze mask, in which some false hazy
pixels may be confused. Three filters are included in this step.

1) PC filter PC2: The PC transformation is executed on
the input hazy image that is composed of the three visible chan-
nels. Due to the good separability of the hazy and clear pixels,
as verified before, PC2 is taken as the first filter criterion. Pixels
with positive values in PC2 are all considered hazy candidates,
and the others are marked as clear pixels. This procedure results
in a gray image T'(PC2), in which the hazy candidates reserve
their values in PC2, and the other pixels are 0.

2) Blue target filter Rblue_level: As aforementioned, the
blue channel contributes the most in the calculation of PC2.
Thus, blue targets, such as blue buildings and some lakes, show
high brightness, which is similar to the hazy pixels in PC2, and
should be excluded from the final hazy pixels. For the blue
targets, their mean radiation in the three visible channels is
usually lower than that of the hazy pixels. Therefore, the ratio
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of PC2 and the mean radiation of the three channels mI can be
taken as a criterion to exclude the blue targets.

Here, in order to unify the data range and avoid the issue
of setting different thresholds, we use Otsu’s automatic mul-
tithresholding method [17] to segment the given variables to
certain levels. Thus, mean radiation m/ is first segmented to
five levels, and the result is rating image mlI_level whose
dynamic range is [1, 5]. The ratio Rblue for excluding the blue
targets is then obtained by

Rblue = T'(PC2)/mI_level. 4)

As with the mean radiation, Rblue is segmented to six levels,
which is written as Rblue_level. Pixels with Rblue_level
values larger than 3 or 4 in our experiments are consid-
ered clear blue targets and false hazy pixels. Binary image
B(Rblue_level) is the result of this filter, in which the clear
blue targets are labeled 0 and the others 1.

3) Man-made object filter Ired_level: Other than the
blue targets, another factor that causes commission error is
man-made objects such as buildings, roads, etc. These objects
usually have high radiation values, as with the hazy pixels. The
key difference is that man-made objects usually have extremely
high radiation in the red channel, whereas the atmospheric
scattering in the red channel is the weakest in the three visible
channels; therefore, the radiation values of hazy pixels in the
red channel are moderate. Thus, the radiation in the red channel
is taken as another criterion to exclude false hazy pixels. As
with the blue target filter, we segment the radiation of an
image in the red channel into four levels, and the pixels with
values larger than 3 are considered clear man-made objects,
whereas the others are marked as hazy pixels. Binary image
B(Ired_level) is the result of this filter, in which clear man-
made objects are labeled 0 and the others 1.

Integrating the given three filters and the spectral features,
the haze base can be expressed as

Haze Base = [mI_level - T(PC2)-
B(Rblue_level) - B(Ired_level)] > 0. (5)

The HazeBase, which resulted from Step 1 of the algorithm
that is reported in the following, is a binary mask, with hazy
candidates marked as 1 and the clear pixels marked as 0.

Step 1: Haze base construction

Input: visible imagery with three channels.
Require: PCs PCi(i = 1, 2, 3),
segmented mean radiance mI_level,
ratio Rblue, segmented ratio Rblue_level,
and segmented red radiance Ired_level.
1: if PC2 > 0 then T'(PC2) = PC2,;
else T(PC2) = 0, output clear pixels.
2: if Rblue_level < 4 or 3 then B(Rblue_level) = 1,
else B(Rblue_level) = 0, output clear blue targets.
3:if Ired_level < 3 then B(Ired_level) = 1,
else B(Ired_level) = 0, output clear man-made objects.
Output: a primary binary haze mask:

Haze Base = [mI_level - T(PC2) - B(Rblue_level)
-B(Ired_level)] >0
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b) Spatial Optimization: In the obtained haze base, almost
all the hazy pixels are extracted, and most of the false hazy
pixels are excluded. However, it is inevitable that there will
still be some minor targets that are confused with the hazy
candidates. Hence, spatial optimization is performed to refine
the haze mask, in which two filters are included.

4) Area filter: Haze is a type of a macroscopic atmospheric
condition, which usually covers tens of thousands of square
meters. In a moderate resolution satellite image, objects with
areas of less than 100 pixels are removed from the haze base,
and the others are left.

5) Shape filter: Haze is usually an area object rather than
a linear or point object. Here, the bounding ellipse of an object,
which has the same normalized second central moments as the
object, is taken as the criterion to measure its shape. For an area
object, the ratio R,;, of the minor and major axis lengths of the
ellipse and the minor axis length b should not be too small. In
our experiments, objects with R,; values of less than 0.2, or
b values of less than 10, are considered clear narrow objects,
such as roads or river banks.

Almost all the hazy pixels are extracted after the area and
shape filters are performed, but haze should be spatially con-
tinuous and smooth in a local region. Hence, three operations
aiming to ensure the spatial continuity and smoothness fol-
low the two given spatial filters: 1) morphological closing;
2) smoothing by a mean filter; and 3) filling of the image holes.

Step 2: Spatial optimization

Input: the primary binary haze mask Haze Base

4: if Area > 100 then reserve the object; else abandon the
object.

S5:if Ry > 0.2 and b > 10 then reserve the object; else
abandon the object.

Postprocessing: morphological closing, smoothing by a
mean filter and filling of the image holes.

Output: an optimized binary haze mask.

The procedure of the PCHM method is now complete, and a
spatially continuous and smooth haze mask is obtained after the
two given steps, i.e., the haze base construction and the spatial
optimization, are performed.

III. EXPERIMENTS

For the experiments, we select six ETM+ images distributed
in three different provinces of China, i.e., Jiangxi, Jiangsu, and
Hubei, with the latitude ranging from N 24.3° to N 35.3°.
Four of the six images are shown in Fig. 3, and the regions
that are surrounded by the yellow lines are the detected haze.
The first row of Fig. 3 shows the masking results of the
proposed PCHM method. The thresholds of the five filters in
this method are set following the instructions in Section II.
Visually, most of the marked hazy pixels are true and that most
of the true hazy pixels are marked. Since no true haze masks are
available, the reference masks for the quantitative assessment
are generated by manual drawing according to a naked-eye
preliminary interpretation. The precision ratio and the recall
ratio are taken as measurements and are calculated for these six
images, respectively, as listed in Table I. The precision ratios of

) N

Fig.3. Four ETM+ images from three different provinces in China. First row:
the results of the PCHM method. Second row: the results of the HOTso method.
(a) and (e) Number 1 ETM+ image from Jiangxi on March 26, 2003. (b) and (f)
Number 2 ETM+ image from Jiangsu on October 8, 2002. (c) and (g) Number
3 image from Hubei on October 13, 2002. (d) and (h) Number 4 ETM+ image
from Hubei on October 13, 2002.

TABLE 1
QUANTITATIVE ASSESSMENT RESULTS

Precision ratio (%) Recall ratio (%)

No- “BCHM  HOTso PCHM HOTso
1 9373 85.14 8157 5687
2 93.82 6542 8409  99.85
3 86.00  71.10 7775 72.60
4 86.45 7737 80.97  40.47
5 9036 7929 69.85  66.42
6 93.85  73.14 7320 50.86

the PCHM method are approximately 90%, which verifies the
correctness of the results. Moreover, the recall ratios range from
70% to 80%, which confirms the completeness of the results.

As aforementioned in Sections I and II, HOT is an effective
supervised haze enhancement method that only uses the visible
channels. Hence, we compare the proposed PCHM method with
the HOT method through experiments. The HOT method results
in a gray image, in which the hazy pixels are enhanced and
the others are suppressed, whereas our proposed method results
in a binary haze mask. Thus, for comparability, a threshold is
first set to binarize the HOT image, and then, the same spatial
optimization that is used with the PCHM method is performed
on the binary HOT image. The spatially optimized binary HOT
(HOTso) results are shown in the second row of Fig. 3. Visually,
some obvious hazy pixels are missed. Moreover, clear forests
and lakes are wrongly marked as haze in Fig. 3(a) and (e) and
Fig. 3(d) and (h). This can be attributed to the high radiation
values of the clear forests and lakes in the blue channel, and
HOT does not remove them from the hazy candidates. The pre-
cision ratios and the recall ratios are also calculated and listed
in Table I. It should be noted that the recall ratio of Fig. 3(f) is
high at 99.85%, but the precision ratio is only 65.42%. This is
because Fig. 3(f) is an overestimation of the true haze. Overall,
the PCHM method outperforms the HOTso method according
to both the visual and quantitative assessments.

The result of the PCHM method is compared with the
MODIS cloud product as follows. Fig. 4(a) shows a MODIS
FOV covering Hubei, which is observed on the same day as
the ETM+ scene shown in Fig. 4(b). The cloud confidence
mask based on bits 1 and 2 is shown in Fig. 4(c), and the
enlargement of Hubei is shown in Fig. 4(d). It is shown that
most pixels are marked as confident clear, the Yangtze River
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Fig. 4. Comparison between the PCHM result and the MODIS product.
(a) MODIS FOV. (b) ETM+ scene that is located in Hubei. (¢) MODIS cloud
mask product with four levels. (d) Corresponding MODIS cloud mask in Hubei.
(e) ETM+ image that is located in Wuhan. (f) Corresponding MODIS cloud
mask in Wuhan.

basin is marked as probably clear, and some vegetation regions
are incorrectly marked as uncertain. Furthermore, the evident
haze that is located in Wuhan, which is the capital city of Hubei,
as shown in Fig. 4(e), is missed in Fig. 4(f). Moreover, both bits
9 and 11 flag all the pixels in Hubei as clear, and as such, they
are not shown in the figures. The MODIS product, therefore,
cannot be applied to the thin cloud detection in a province or
a city region. Fig. 4(e) is the detection result of the proposed
PCHM method, whose precision ratio is 86.45% and whose
recall ratio is 80.97%. This suggests that the PCHM method
that uses only the visible channels can result in satisfactory haze
masks in a city region.

IV. CONCLUSION

The PCHM method has been developed for use with visible
remote sensing images. Two steps are included: the haze base
construction and the spatial optimization. In the first step, three
filters are used to screen the hazy pixels. A binary base with all
possible hazy pixels marked is obtained from the first step. In
the second step, the remaining nonhazy pixels are first effec-
tively removed by using two spatial filters, which are according
to the area and shape. Morphological closing, smoothing by
the mean filter, and the filling of the holes are then executed
to obtain the final spatially continuous and smooth haze mask.

ETM+ images were employed to verify the proposed PCHM
method, and the experimental results suggest that the PCHM
method can effectively yield haze masks with a satisfactory cor-
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rectness and completeness from both the visual and quantitative
assessments. Furthermore, the comparative analysis shows that
the PCHM method outperforms HOT in the resulting binary
hazy masks, and the MODIS product is too coarse to mark
locally regional haze. Exploring the extension of the PCHM
method on images with high resolutions and finding an adaptive
way to tune some empirical thresholds will be the subject of our
future work.
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