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a b s t r a c t

To realize highly precise and automatic cloud detection from multi-sensors, this paper proposes a cloud
detection algorithm-generating (CDAG) method for remote sensing data from visible to short-wave infra-
red (SWIR) bands. Hyperspectral remote sensing data with high spatial resolution were collected and
used as a pixel dataset of cloudy and clear skies. In this paper, multi-temporal AVIRIS (Airborne
Visible/Infrared Imaging Spectrometer) data with 224 bands at visible to SWIR wavelengths and a
20 m spatial resolution were used for the dataset. Based on the pixel dataset, pixels of different types
of clouds and land cover were distinguished artificially and used for the simulation of multispectral sen-
sors. Cloud detection algorithms for the multispectral remote sensing sensors were then generated based
on the spectral differences between the cloudy and clear-sky pixels distinguished previously. The possi-
bility of assigning a pixel as cloudy was calculated based on the reliability of each method. Landsat 8 OLI
(Operational Land Imager), MODIS (Moderate Resolution Imaging Spectroradiometer) Terra and Suomi
NPP VIIRS (Visible/Infrared Imaging Radiometer) were used for the cloud detection test with the CDAG
method, and the results from each sensor were compared with the corresponding artificial results,
demonstrating an accurate detection rate of more than 85%.
� 2016 The Authors. Published by Elsevier B.V. on behalf of International Society for Photogrammetry and
Remote Sensing, Inc. (ISPRS). This is an open access article under the CC BY-NC-ND license (http://creati-

vecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Covering more than 50% of the global surface, clouds play an
important role in the radiative balance of the planet because of
their absorption and scattering of solar and infrared radiation
(Harshvardhan et al., 1989; King et al., 2013). Clouds influence
the energy transfer between the sun and earth’s surface by block-
ing radiation between them, causing the information in a cloud-
covered region lost or blurred and reducing the data utilization
rate (Carslaw et al., 2002; Goodwin et al., 2013; Hagolle et al.,
2010; Yang et al., 2012; Sun et al., 2016). Cloud cover greatly
affects the accuracy and reliability of parameter inversion, blocking
the combination of different detected images and the quantitative
inversion of detailed surface parameters (Kazantzidis et al., 2011,
2012; Li et al., 2011; Sun et al., 2016). It is important to acquire
cloudless images automatically because of the large amount
required for multi-temporal and large-scale studies. However, this
acquisition is difficult due to climatic factors and a large observa-

tion range (Greenhough et al., 2005; Li et al., 2016). To date, only
some microwave sensors can eliminate cloud cover and obtain
qualified images in the acquisition of geospatial information
through remote sensing technology (Chang and Li, 2005; Yang
et al., 2013). Thus, the elimination of cloud cover regions by an effi-
cient detection method is an urgent priority in remote sensing data
processing (Nakajima et al., 2011; Sun et al., 2010).

A variety of cloud detection methods have been developed over
the years, of which the threshold, radiative transfer and statistical
methods are the most notable. The threshold cloud detection
method has been widely applied because of its simple algorithm,
fast operation and high precision of detection and is the most
widely used cloud detection method (Hagolle et al., 2010;
Jedlovec et al., 2008; Zhu et al., 2015). The most representative
methods include ISCCP (International Satellite Cloud Climatology
Project), CLAVR (CLouds from the Advanced Very High Resolution
Radiometer (AVHRR), NOAA) and APOLLO (AVHRR Processing
scheme Over cLouds, Land and Ocean) (Kriebel et al., 2003;
Murino et al., 2014).

The ISCCP algorithm described by Rossow et al. (1985), Rossow
and Schiffer (1991), Rossow and Garder (1993) assumes that the
observed visible and infrared radiances are caused by only two
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types of conditions, cloudy and clear, and that the ranges of radi-
ances and the variability associated with these two conditions do
not overlap (Rossow and Garder, 1993). Comparing the observed
pixel values with those of clear sky through a visible band of
0.6 lm and an infrared window of 11 lm, a cloud pixel can be
identified if at least one radiance value is distinct from the inferred
clear value by an amount larger than the uncertainty in the clear
threshold value. Uncertainty can be caused both by measurement
errors and natural variability. This algorithm was constructed to
be cloud-conservative, minimizing false cloud detections but miss-
ing clouds that resemble clear conditions (Zhu et al., 2015; Sun
et al., 2016).

The NOAA CLAVR algorithm (Stowe et al., 1991), adopting a
pixel matrix of 2 ⁄ 2 as the identification unit, can be used for glo-
bal cloud detection. A cloud pixel is identified when all four pixels
in the 2 ⁄ 2 pixel matrix pass the cloud detection test; otherwise,
clear sky is identified. When only 1–3 pixels pass the test, the pixel
matrix is mixed. A pixel matrix can be identified as clear sky when
the pixels in a cloud or mixed matrix meet the conditions for ice/
snow, oceanic specular reflection or a bright desert background.
The algorithm is divided into four classes according to the underly-
ing surface properties and observation time: ocean and land during
the day and night, respectively (Greenhough et al., 2005; Kriebel
et al., 2003; Lin et al., 2015).

The APOLLO algorithm described by Saunders and Kriebel
(1988), Kriebel et al. (1989) and Gesell (1989) uses the detection
data from the five full-resolution AVHRR channels to set a thresh-
old in each channel according to the object characteristics to iden-
tify cloudy pixels. Based on the data, a pixel is identified as a cloud
pixel when the threshold set by the reflectance is higher or the
threshold set by temperature is lower. A pixel can be identified
as clear sky if the reflectance ratio of channels 2 and 1 is between
0.7 and 1.1, the temperature difference between channels 4 and 5
is above a set threshold, and the spatial uniformity over the ocean
is greater than a set threshold (Saunders and Kriebel, 1988); other-
wise, the pixel is identified as being polluted by clouds. Completely
covered cloudy pixels can be distinguished from partially covered
pixels if they are tested with different thresholds (Kriebel et al.,
2003; Sun et al., 2016).

In addition, other methods that are also widely used for cloud
detection from satellite data. Zhang et al. developed a haze opti-
mized transformation (HOT) algorithm to detect hazy/cloud spatial
distributions in Landsat images, and this transformation was
designed to minimize terrestrial surface effects (Zhang et al.,
2002; Zhang and Guindon, 2003). A scene-average Automated
Cloud Cover Assessment (ACCA) algorithm has been used for
Landsat-7 ETM+ data since its launch by NASA in 1999; by applying
a number of spectral filters, and the ACCA algorithm can well esti-
mate the overall percentage of clouds in each Landsat scene (Irish
et al., 2006). Hégarat-Mascle and André (2009) proposed an auto-
matic detection algorithm for cloud and cloud shadow on visible
high resolution optical images based on the use of Markov Random
Field formalism on graphs and performed well on the experiments
with fast convergence and low false alarm rates. Li et al. (2012)
developed a new variational gradient-based fusion method for
cloud detection with visible and short-wave infrared (SWIR) bands
that enables spatial enhancement and dehazing of visible imagery.
A spatial-temporal reflectance fusion method was also proposed
for cloud detection by using the difference between the spatial
and temporal information. Sedano et al. (2011) presented a new
cloud detection method for high resolution remote sensing data
based on pixel-based seed identification and object-based region
growing. Evaluation results showed that it can get a high detection
accuracy for clouds of different types over various land surfaces.
Lin et al. (2015) introduced a new method for radiometric normal-
ization and cloud detection of optical satellite images based on the

major axis of a scatterplot and the invariant pixels which can be
determined by the proposed weighted PCA technology. Evaluation
results indicated that it can perform well for multi-temporal
images containing various landscapes. Sun et al. (2016) proposed
a universal dynamic threshold cloud detection algorithm
(UDTCDA) supported by a priori surface reflectance database and
was applied to MODIS and Landsat 8 images for cloud test. Evalu-
ation results showed that it can reduce the effects of mixed pixels
and complex surface structures and obtain a high precision in
cloud detection.

Clouds are generally characterized by a higher reflectance and
lower temperature than the underlying earth surface. As such, sim-
ple visible and infrared window threshold approaches perform
considerably well in cloud detection (Ackerman et al., 2010). In
the threshold method, the determination of the threshold is a
key factor that affects the classification accuracy. Traditional cloud
detection thresholds are determined by the surface reflectance dif-
ference between the underlying surfaces and clouds, whereas the
detection data are the apparent reflectance; however, the influence
of the atmosphere in the radiative transfer process makes the sur-
face reflectance different from the apparent reflectance. The differ-
ence in reflectivity and point-to-pixel expansion make the
threshold unable to be effectively determined and affect the detec-
tion precision. In addition, we must study different cloud detection
algorithms for different sensor data, which not only takes great
effort but also reduces the application scope of the data, which is
not conducive to future work. The automatic detection of clouds
is not a simple task. A changing solar elevation angle and instru-
ment viewing angles, limited spectral channels, instrument noise,
and varying surface properties often limit the success of traditional
cloud detection schemes when applied over a large area (Jedlovec
et al., 2008). With the development and progress of science and
technology, the realization of automated cloud detection has a
wide range of applications and remote sensing requirements.

AVIRIS (Airborne Visible/Infrared Imaging Spectrometer) has
measured spectral images for scientific research and applications
every year since 1987 and was the first imaging spectrometer to
measure the reflected solar spectrum from 400 nm to 2500 nm.
AVIRIS measures the upwelling radiance through 224 contiguous
spectral channels at 10 nm intervals across the spectrum. In the
400–2500 nm spectral range, molecules and particles from terres-
trial, aquatic and atmospheric environments interact with solar
energy through absorption, reflection, and scattering processes;
therefore, this wavelength range is most commonly used for cloud
detection (Green et al., 1998). AVIRIS has characteristics of high
spatial resolution, spectral resolution and calibration accuracy.
The spectral, radiometric, and spatial calibration of AVIRIS was
determined in the laboratory and monitored inflight each year.
More than 4 TB of AVIRIS data have been acquired since the initial
flights that covered most parts of North America (Fig. 1), including
vegetation, towns, lakes, bare soil, snow, glaciers and other land
surface types (Green et al., 1998; Van der Meer, 1994). AVIRIS is
currently the major source of high-spectral-resolution images.
Fig. 2 shows the apparent reflectance differences between clouds
and typical surfaces within the spectral range of 400–2500 nm of
AVIRIS data.

Aiming at the above mentioned problems, this paper puts for-
ward a cloud detection algorithm generating (CDAG) method for
remote sensing data obtained at visible to SWIR wavelengths based
on hyperspectral and high-spatial-resolution remote sensing data
from AVIRIS. Most cloud detection algorithms judge the existence
of clouds based on the results obtained from many cloud detection
tests, using multispectral data acquired by sensors. In fact, an ima-
ger that has more bands can be expected to detect clouds effi-
ciently and accurately (Nakajima et al., 2011). The CDAG
algorithms make full use of every band in the visible to SWIR
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wavelengths, and apply these bands to one or more spectral bands/
or derived metrics.

The algorithms mainly carry out the following functions: pixel
dataset establishment, data simulation, band operation, statistical
analysis and weighted synthesis. The factors influencing cloud
recognition not only involve the temporal and spatial distribution,
but also the height, thickness and composition of the cloud. The
pixel dataset containing various types of cloudy pixels and land
cover is established in the preprocessing and mainly includes thin
clouds, thick clouds, broken clouds, the edges of clouds, and clouds
over water, vegetation, bare land, snow, glacier, etc. The pixels
dataset from a hyperspectral sensor is transformed into a
multispectral-version dataset using a band combination technique
based on the spectral response function (SRF) of sensors and other
parameters. The cloud detection algorithms for the multispectral
remote sensing sensor are generated automatically in the next step
based on the spectral difference between the clouds and underly-
ing surfaces, and the synthetic cloud detection result is then

obtained according to the threshold and accuracy. In the experi-
ments, the algorithm is applied to Landsat 8 OLI (Operational Land
Imager) level 1T, Terra MODIS (Moderate Resolution Imaging Spec-
troradiometer) level 1B and Suomi NPP VIIRS (Visible/Infrared
Imaging Radiometer) level 1 data, and accuracy statistics are pre-
sented. The CDAG algorithms are applicable to a variety of multi-
sensor data and can eliminate or reduce the influence of clouds
on image data.

2. Pixels dataset establishment

AVIRIS has been flown on two aircraft platforms: Q-bay of a
NASA ER-2 aircraft, measuring images that are 11 km wide with
a 20 m spatial resolution from an altitude of 20 km, and a Twin
Otter turboprop, yielding a ground swath of approximately 2 km
wide with a 4 m spatial resolution from an altitude of 4 km. Since
the first spectral images were measured in 1987, AVIRIS data have

Fig. 1. AVIRIS data coverage area (from http://aviris.jpl.nasa.gov/).

Fig. 2. Reflection spectra of clouds and typical surfaces from AVIRIS for clouds, soil, vegetables, and water, respectively.
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been widely used in the monitoring of the atmosphere, geological
formations, soil, snow, ice and for satellite simulation, calibration,
etc. (Baugh et al., 1998; Vane et al., 1993; Wei et al., 2015). The
CDAG method was used to establish an apparent reflectance pixel
dataset of cloudy and clear skies from 32 AVIRIS images acquired at
different times and over different regions from 2007 to 2011. The
32 AVIRIS images were mainly acquired over South Carolina, Wis-
consin, Nebraska, Michigan, Maine, Florida and other regions, cov-
ering the northeastern, southeastern and southwestern U.S.
According to the associated statistics, the cloudy pixel dataset con-
sisted of 398 blocks with a total of 425,283 pixels, and the clear-
sky pixel dataset had 370 blocks with a total of 677,636 pixels.
The cloudy and clear-sky pixels from AVIRIS were used as the
ground truth for separating cloudy and clear-sky pixels by the
cloud detection algorithm. Typical examples of the pixel dataset

are shown in Tables 1 and 2, in which the images are shown with
wavelengths of 1681 nm, 841 nm, and 540 nm in red, green, and
blue, respectively. The last column in the table compares the spec-
tral curve of a pixel in the three images, and the red dot in the
image is the selected pixel point.

To establish a more integrated cloud detection algorithm, a suf-
ficient number of comprehensive cloud and surface types must be
taken into account. To establish the cloud pixel dataset, we select
thin clouds, thick clouds, broken clouds, and cloud edges, as well
as the clouds over different types of underlying surfaces such as
high vegetation coverage, bright surfaces, water, and mountains.
Table 1 lists typical examples of cloudy pixels and is divided into
thick clouds, thin clouds and broken clouds. Based on the spectral
curves, the reflectance of thick clouds is higher than those of thin
clouds and broken clouds, and there are also differences in the

Table 1
Typical examples of cloudy pixels in the pixel dataset.
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reflectivity of clouds over different underlying surfaces. The reflec-
tance of thin clouds is lowest and is most affected by the underly-
ing surface. In thin clouds, the reflectance above water is generally
lower than the other two curves, especially in the near-infrared
(NIR) spectral range.

Underlying surface characteristics change over time, especially
in vegetation areas. To avoid temporal inconsistencies, the clear-
sky pixel dataset is established on the basis of multi-temporal
images. The clear-sky pixel dataset contains a variety of terrains,
including mountains, plains, and oceans, and also includes

Table 2
Typical examples of clear-sky pixels in the pixel dataset.
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different land use types, such as woodlands, grasslands, paddy
fields, dry fields, salt flats, urban areas, industrial land, bare soil,
reservoirs, lakes, canals, and tidelands. Table 2 lists typical exam-
ples of clear-sky pixels which are divided into the following four
categories according to the type of surface: water, vegetation,
artificial surface and others. Water includes oceans, rivers and
lakes; vegetation includes farmland, grass and forest; artificial
surfaces include industrial lands, roads and towns; other typical
surfaces include bare soil, snow and coastlines. Comparing the
spectral curves of typical surfaces, the reflectance of water is the
lowest, and there is a discrepancy between the three types of water
because of the difference in surface properties, suspended solids
content and nature. Snow, vegetation and artificial surfaces have
higher reflectance and are prone to misjudgment.

Based on this comprehensive comparison, the reflectance of
each band in areas with thick clouds is significantly higher than
in cloudless regions, but the thin clouds and broken clouds are
easily confused with the high-reflectance surfaces. Therefore, if a
pixel dataset is not comprehensive, false positives for high-
reflectance surfaces and false negatives for thin broken clouds
can easily occur. Various surface types and a sufficient number of
pixels are helpful in the study of cloud detection algorithms for
use with different surface types and make the cloud detection algo-
rithm more comprehensive.

3. Data simulation

Data simulation is a key step in the creation of a simulated mul-
tispectral pixel dataset for cloudy and clear skies at visible to SWIR
wavelengths from a hyperspectral pixel dataset. Pixels of different
types of clouds and land cover were artificially distinguished and
used for the simulation of multispectral sensors. Compared with
hyperspectral data, multispectral data has lower spectral resolu-
tion and a larger spectral coverage range, which could cover sev-
eral spectral band subdivisions. A hyperspectral pixel dataset was
simulated in order to obtain the apparent multispectral reflectance
data of different types of clouds and land cover.

In this step, hyperspectral pixel datasets are combined into
broader multispectral pixel datasets. Typically, data simulation is
the process of combining several narrow hyperspectral bands to
create one broader multispectral band, which is a redistribution
of energy from the existing SRF in terms of energy transmission.
In this process, the output energy of a multispectral band is related
to its spectral response and the spectral energy corresponding to
the hyperspectral data wavelength range. Each sensor used to
obtain remote sensing images has a unique spectral characteristic
that is embodied in its spectral band range and spectral responsiv-
ity. The spectral data for the remote sensing images are simulated
using hyperspectral source data that covers the spectral range of
the analog sensor to quantitatively simulate images from the ana-
log sensor with known spectral properties. AVIRIS overcomes the
limitations in band number, wavelength range and detailed infor-
mation expression of traditional multispectral remote sensing and
can be used as a data source to simulate remote sensing images.
The spectral responses of the existing hyperspectral instrument
AVIRIS are accurately approximated with Gaussian functions. This
paper selected an AVIRIS pixel dataset as the data source for data
simulation, which is the process of combining several hyperspec-
tral bands to create one analog multispectral data input (Blonski
et al., 2003; Green and Shimada, 1997; Zanoni et al., 2002).

Fig. 3 compares the spectral response curves between the mul-
tispectral sensor and AVIRIS. The first graph compares the Landsat
8 OLI Band 3 and AVIRIS spectral response curves in the wave-
length range of 520–600 nm, the middle graph compares the VIIRS
M8 and AVIRIS spectral response curves in the wavelength range of

1200–1260 nm, and the last graph compares the MODIS Band 7
and AVIRIS spectral response curves in the wavelength range of
2060–2180 nm.

Applying the band synthesis approach to the AVIRIS pixel data-
set produces a multispectral sensor’s pixel dataset whose apparent
reflectance values are consistent with the apparent reflectance val-
ues of a coincident multispectral dataset when atmospheric radia-
tive transfer effects are taken into account (Blonski et al., 2003;
Green and Shimada, 1997). To obtain broadband multispectral
data, we established the relationship between the hyperspectral
data and multispectral data based on the predefined spectral
response. The equations governing the data simulation process
are shown here for completeness of the presentation. In this
method, each band of the multispectral images is simulated by a
weighted sum of the hyperspectral image bands. A total of 8 Land-
sat 8 OLI channels, 11 VIIRS channels and 20 MODIS channels are
simulated from 400 nm to 2500 nm with 10 nm spectral resolu-
tion. In the current approach, calculation of the weights is based
on finding the best approximation of a multispectral response
through a linear combination of the hyperspectral responses.

RMSI
i ðkKÞ ¼

XNHSI

j¼1

CijR
HSI
j ðkkÞ for k ¼ 1; . . . ;n; i ¼ 1; . . . ;NMSI ð1Þ

where NMSI is the multispectral instrument band to be simulated
and NHSI is the AVIRIS band; the spectral response of the ith MSI
band RMSI

i is defined at n wavelengths kk; the spectral response of

the jk HSI band RHSI
j is also known for these wavelengths; the linear

combination coefficients Cij are derived by solving the least squares.

LMSI
i ¼

PNHSI
j¼1 CijDjL

HSI
jPNHSI

j¼1 CijDj

for i ¼ 1; . . . ;NMSI ð2Þ

where LMSI
i is the pixel radiation value of the multispectral data (or

the DN values or apparent values), LHSIj is the pixel AVIRIS radiation
value, and Dj is the bandwidth of the AVIRIS data.

Through data simulation, a cloudy pixel is selected from the
cloud pixel dataset, and the apparent multispectral reflectance val-
ues are obtained. The graph in Fig. 4 compares the apparent reflec-
tance of cloudy pixels between AVIRIS and simulated multispectral
data. From the apparent reflectance curve, the changes in reflec-
tance of the Landsat 8 OLI, VIIRS and MODIS data are consistent
with the change in the AVIRIS image.

An example of the image simulation is shown in Fig. 5 for the
simulation of Landsat 8 OLI images from AVIRIS images, and his-
tograms of the images are compared in Fig. 6 based on the spatial
resolution difference. Similarities existed between the actual and
simulated histograms, as expressed in both the shapes and posi-
tions of the peaks.

4. Cloud detection algorithm

4.1. Automatic generation method

The generation procedure of the cloud detection algorithm is
shown in Fig. 7. The cloud detection algorithm generated in this
paper is based on the difference in the reflection spectrum of
clouds and underlying surfaces at visible to SWIR wavelengths.
The reflectance properties of clouds are very similar to common
features on the earth’s surface, and the analysis of a particular band
cannot detect the spectral difference at times. In this paper, all the
bands and band combinations in the spectral range of 400–
2500 nm are taken into account, and the multispectral pixel data-
set is used as the truth in order to determine the spectral difference
between cloudy and clear skies.
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The algorithms generally used for cloud detection include
single-band cloud detection, band-ratio cloud detection and the
cloud detection index. To realize a more comprehensive cloud
detection algorithm with fewer errors, this paper uses the band
combinations that are normally used in the traditional cloud detec-
tion algorithms, considering minute spectral differences between

the underlying surface and clouds, and also adds two tests: the
band-difference and band-ratio tests. These added tests can high-
light cloud information and partially eliminate the influence of
the solar elevation angle and satellite observation angle. Overall,
the cloud detection algorithms used in this paper include the
single-band test, multi-band test, band-ratio test, and band-
difference test.

Because the time and region of an image affect the threshold
values employed to detect clouds, these methods have some tem-
poral and spatial limitations. Considering these limitations, this
paper utilizes the spectral difference according to the sensor pixels
dataset to be detected to determine a self-adaptive threshold. Lim-
ited by the 3% surface error rate, the threshold with the highest
cloud pixel detection accuracy is taken as the best threshold. The
surface error rate refers to the proportion of clear-sky pixels that
are misjudged as cloudy pixels in the clear-sky pixel dataset. The
threshold obtained in this way is more reasonable and applicable.
Taking the single-band test as an example, all bands in the
400–2500 nm wavelength range of the sensor to be detected are
involved in the single-band test. Firstly, we determine the cloud
pixel reflectivity range of the band participated in band test, and
the cloud pixel reflectance range is used as the threshold range.
Secondly, the threshold value is changed in a step-wise manner
over the threshold range, and the statistics of the accuracy of the
cloudy pixels and the surface error rate, in which the step size of
the threshold change is 0.01. The accuracy of cloudy pixels and
the surface error rate changes with the threshold; when the accu-
racy of cloudy pixels reaches the highest value and is hardly

Fig. 3. SRF comparison of AVIRIS and multispectral data. In each graph, the hyperspectral AVIRIS components are shown as solid lines, and the spectral responses of the
multispectral data are shown as dotted lines.

Fig. 4. Apparent reflectance contrast of a cloud pixel between the AVIRIS image and
simulated multispectral image.
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affected by the threshold changes, the corresponding reflectance is
the best threshold. As shown in Fig. 8, when the threshold reaches
a value for which the accuracy changes little with increases in the
threshold but the surface error rate increases significantly, then the
value with the lowest misjudgment rate is taken as the best
threshold. This automatic threshold determination method
reduces the impact of subjectivity and makes the threshold more
reasonable and reliable.

Surface error rate¼ Clear� sky pixels misclassifcation of cloud pixels
Total clear-sky pixels

ð3Þ

Accuracy of cloud pixels ¼ The correct recognition of cloud pixles
Total cloud pixels

ð4Þ
The degree of coincidence of the tests generated in the previous

step is assessed, and if the detection results of the two tests are the
same, then one of them is deleted. The remaining algorithms are
sorted according to the accuracy of the cloudy pixels. The detection
results for a single pixel are largely dependent on the threshold. In
many cloud detection algorithms, the results only include cloud
and sky. For a cloud detection algorithm with q0:66 > 0:21, it is
incorrect to consider the pixel as a cloud pixel because it is near
pixel q0:66 ¼ 0:20, which is clear sky. This affects the credibility
of the data related to many factors, such as the equipment noise,
ground spectral radiation characteristics, atmospheric humidity
and aerosol sacttering (Greenhough et al., 2005; Shi et al., 2008).
CDAG presents the detection results according to the data credibil-
ity. In other words, considering any random value of [0, 1] as the
credibility of the cloud detection results, the greater the value,
the more credible the results. As shown in the following formula,
if the observed value is greater than MAX, then we define the pixel
as a completely cloudy pixel with a credibility of 1; if the observed
value is less than MIN, then we define the pixel as a completely
clear-sky pixel with a credibility of 0; if values are between MIN
and MAX, then the credibility is between 0 and 1 and determined

by the distance from the pixel value to the threshold. The individ-
ual confidence flag indicates the confidence level for each single
pixel test result.

Sðx;a; b; cÞ ¼

0 ðx 6 MINÞ
ðT � xÞ=ðT �MINÞ ðMIN 6 x 6 TÞ
ðx� TÞ=ðMAX � TÞ ðT 6 x 6 MAXÞ
1 ðx P MAXÞ

8>>><
>>>:

ð5Þ

4.2. Generation algorithms

To verify the cloud detection algorithm generation technology
proposed in this paper, we chose the three most widely used mul-
tispectral data for validation: Landsat 8 OLI level 1T, Suomi NPP
VIIRS level 1 and Terra MODIS level 1B.

4.2.1. Landsat 8 OLI cloud detection algorithms
Landsat 8 carries two sensors, OLI and TIRS (Thermal Infrared

Sensor), which obtain over 500 image scenes per day. The OLI spec-
tral bands remain broadly comparable to the Landsat 7 Enhanced
Thematic Mapper plus (ETM+) bands (Sun et al., 2015). Compared
to the ETM+, the OLI has two additional reflective wavelength
bands. A new shorter wavelength blue band (0.43–0.45 lm) is
intended to improve the sensitivity to chlorophyll and other sus-
pendedmaterials in coastal areas and enhance atmospheric aerosol
properties. Another new shortwave infrared band (1.36–1.39 lm)
can be used for cirrus cloud detection due to its strong absorption
by water vapor. Other OLI bands consist of spectral bands that are
narrower in most cases than the corresponding ETM+ bands (Roy
et al., 2014; Zhu et al., 2015). In particular, the OLI NIR band is clo-
ser in width to the MODIS NIR band, which avoids the 0.825 lm
water vapor absorption feature that occurs in the ETM+ NIR band.
This paper uses the bands in the visible to SWIR wavelengths for
cloud detection by the OLI sensor (Gao et al., 1993). The DN (Digital
Number) of Landsat 8 OLI data can be converted to TOA spectral
reflectance using the reflectance rescaling coefficients provided

Fig. 5. False color Landsat 8 OLI image with 30 m spatial resolution of the Monona, Wisconsin, area at Path 24 and Row 30 acquired on July 15, 2015 (right), and the image
synthesized from the AVIRIS data with 1 m spatial resolution acquired on August 10, 2011 (left). The two images are shown with bands 5, 4, and 3 composited. The area
contains not only numerous roads but also vegetated spaces and a noticeable water surface, of which a dark signature is apparent in the histograms for the infrared bands.
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in the metadata (Sun et al., 2015). The band and bandwidths used
as part of the cloud algorithm are listed in Table 3.

The cloud detection algorithm was generated automatically fol-
lowing the band test, coincidence degree determination and cre-
ation of the series of tests based on the multispectral pixel
dataset. Table 4 gives the cloud detection algorithm for the Landsat
8 OLI data. The generated algorithm is comprehensive with an
extensive range of coverage. Among these tests, the single-band
test represents the case when the pixel value of the apparent
reflectance is greater than the threshold value of the corresponding
band, indicating that the pixels might be cloudy. The multi-band
test lists the test bands used and the corresponding threshold val-

ues. When the apparent reflectance values of two bands are greater
than the threshold value, the pixels are defined as cloudy. When
the apparent reflectance ratios of two bands are between the min-
imum and maximum thresholds in cloud detection, in other words,
when the ratio is greater than 1 and less than 1.08 in the VIIRS
band-ratio test case study, the pixels might be cloudy. The band-
difference test is similar to the band-ratio test.

4.2.2. Suomi NPP VIIRS cloud detection algorithms
The Suomi NPP satellite, launched on October 28, 2011, was the

first satellite in the next-generation polar orbiting satellite system
of the U.S. The NPP satellite, loaded with 5 earth observing systems

Fig. 6. Histograms of reflectance values for the actual Landsat 8 OLI and for the image simulated through spectral band synthesis from the AVIRIS data.
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including VIIRS, is also the next-generation earth observation satel-
lite used to replace the Terra and Aqua satellites with extended use
(Hillger et al., 2014). VIIRS is the result of the development and
improvement of AVHRR and MODIS. The VIIRS sensor consists of
22 bands: 9 visible and NIR bands, 12 infrared and far-infrared
bands, and a DNB (Day/Night Band). In addition, each pixel has a
12-bit quantization, and the total data rate reaches 10.5 Mbps
(Hutchison et al., 2013). VIIRS is mainly used to monitor radiation
changes of the land, atmosphere, ice and ocean in the visible and
infrared bands, providing data for monitoring fires, vegetation,
ocean color, ocean surface temperature and other surface changes
(Kopp et al., 2014). This paper selected 11 bands from the VIIRS
data with a wavelength range in the visible and SWIR region, and

the specific bands and bandwidths are listed in Table 3. Table 5
gives the cloud detection algorithm for the VIIRS data.

4.2.3. MODIS cloud detection algorithms
MODIS is an important sensor carried on the Terra and Aqua

satellites, the data from which can be obtained for free. MODIS is
a new optical remote sensing instrument that combines images
and spectra. MODIS level 1B data consist of 36 discrete spectral
bands covering a wide spectral range from 0.4 lm (visible) to
14.4 lm (thermal infrared) (Murino et al., 2014). and can provide
information on land surface conditions; cloud properties; ocean
color; phytoplankton; biogeography; chemistry; water vapor;
aerosols; ozone; surface, atmospheric and cloud top temperatures;
and cloud top height characteristics. In addition, MODIS level 1B
data are temporally complementary, with at least 2 replicates
obtained during the day and night, providing significant compre-
hensive analysis capabilities to earth science fields (Guo et al.,
2013). A total of 20 bands in the visible to SWIR wavelengths were
selected in this paper, and the specific bands and bandwidths are
listed in Table 3. Table 6 gives the cloud detection algorithm for
the MODIS data.

4.3. Weighted synthesis cloud results

Different underlying surfaces have different influences on cloud
detection results, and different cloud detection algorithms have
different detection contributions to the final results that mainly
depend on the accuracy of the tests. If the credibility of the union
is directly obtained, it will increase the errors of the cloud detec-
tion results, such that the misclassified pixels from every test will
affect the final results. If the intersection of the detection results is
obtained directly, cloud pixel information will be lost, which will

Fig. 7. Cloud detection procedural diagram.

Fig. 8. Threshold determination.
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misjudge the correct amount of cloudy pixels and thus increase the
leakage assessment of the cloudy pixels. Considering the above fac-
tors, this paper generates a cloud probability map by weighting the
different test results with the accuracy of the cloud detection algo-
rithms. The probability level of the cloud probability map indicates
the probability of determining cloudy pixels, with larger values
representing a more credible presence of cloudy pixels. A probabil-
ity of 1 indicates that the pixel is completely cloudy; a probability
of 0 indicates that the pixel is completely clear sky. We could also
limit the results to meet the needs of different users and obtain the

best cloud detection results. For example, the determination of
ocean surface temperature is very sensitive to any type of cloud
pollution, but some applications can tolerate pollution from thin
cirrus clouds. Formula 6 calculates the probability of clouds, where
Fi is the cloud detection result, Qi is the accuracy corresponding to
the cloud detection algorithms, and N is the total algorithm num-
ber of the multispectral data.

G ¼
PN

i¼1QiFiPN
i¼1Qi

ð6Þ

Table 4
Landsat 8 OLI cloud detection algorithm.

Single band Multi band Band ratio Band difference

Band2 > 0.20 Band1 > 0.24&Band5 > 0.26 0.91 < Band6/Band7 < 1.83 0.21 < Band1- Band8 < 0.86
Band3 > 0.20 Band1 > 0.24&Band6 > 0.20 0.21 < Band2- Band8 < 0.89
Band4 > 0.21 Band2 > 0.16&Band5 > 0.26 0.23 < Band3- Band8 < 0.96
Band6 > 0.29 Band2 > 0.20&Band6 > 0.20
Band7 > 0.25 Band3 > 0.12&Band5 > 0.32

Band4 > 0.14&Band5 > 0.35
Band5 > 0.40&Band6 > 0.30
Band5 > 0.40&Band7 > 0.14

Table 5
NPP VIIRS cloud detection algorithm.

Single band Multi band Band ratio Band difference

Band1 > 0.31 Band1 > 0.29&Band7 > 0.30 0.12 < Band6/Band4 < 0.48 0.29 < Band1- Band9 < 1.02
Band2 > 0.25 Band1 > 0.29&Band8 > 0.22 1.00 < Band7/Band5 < 1.15
Band3 > 0.25 Band1 > 0.31&Band10 > 0.08
Band4 > 0.25 Band1 > 0.29, Band11 > 0.12
Band5 > 0.30 Band2 > 0.27&Band8 > 0.22
Band7 > 0.52 Band2 > 0.27&Band10 > 0.14
Band8 > 0.46 Band3 > 0.23&Band8 > 0.24

Band3 > 0.16&Band9 > 0.08

Table 6
Terra MODIS cloud detection algorithm.

Single band Multi band Band ratio Band difference

Band1 > 0.29 Band1 > 0.28&Band5 > 0.24 0.95 < Band2/Band1 < 1.15 0.19 < Band1-Band18 < 0.85
Band3 > 0.23 Band1 > 0.28&Band6 > 0.16 0.11 < Band1-Band19 < 0.45
Band8 > 0.29 Band2 > 0.34&Band10 > 0.20 0.22 < Band3-Band20 < 0.72
Band10 > 0.24 Band3 > 0.16&Band17 > 0.28 0.28 < Band9-Band20 < 0.95
Band11 > 0.24 Band5 > 0.24&Band10 > 0.30 0.23 < Band10-Band20 < 0.705

Band6 > 0.16&Band10 > 0.30
Band6 > 0.22&Band17 > 0.28
Band7 > 0.08&Band8 > 0.28
Band8 > 0.25&Band17 > 0.27
. . .. . .

Table 3
Landsat 8 OLI, MODIS, and NPP VIIRS bands for cloud detection.

OLI bands (lm) VIIRS bands (lm) MODIS bands (lm) MODIS bands (lm)

Band1 (0.433–0.453) BandM1a (0.412) Band1 (0.620–0.670) Band11 (0.526–0.536)
Band2 (0.450–0.515) BandM2a (0.445) Band2 (0.841–0.876) Band12 (0.546–0.556)
Band3 (0.525–0.600) BandM3a (0.488) Band3 (0.459–0.479) Band13 (0.662–0.672)
Band4 (0.630–0.680) BandM4a (0.555) Band4 (0.545–0.565) Band14 (0.673–0.683)
Band5 (0.845–0.885) BandM5a (0.672) Band5 (1.230–1.250) Band15 (0.743–0.753)
Band6 (1.560–1.660) BandM6a (0.746) Band6 (1.628–1.652) Band16 (0.862–0.877)
Band7 (2.100–2.300) BandM7a (0.865) Band7 (2.105–2.155) Band17 (0.890–0.920)
Band9 (1.360–1.390) BandM8 (1.240) Band8 (0.405–0.420) Band18 (0.931–0.941)

BandM9 (1.378) Band9 (0.438–0.448) Band19 (0.915–0.965)
BandM10 (1.610) Band10 (0.483–0.493) Band26 (1.360–1.390)
BandM11 (2.250)

a Represents a double-gain band.
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5. Experimental results and accuracy evaluation

5.1. Experimental results

This paper selects a plurality of Landsat 8 OLI, MODIS level 1B
and NPP VIIRS images of different regions and at different times
in 2010–2014 for validation, which includes not only thin, thick
and broken clouds but also marine, land, sand, snow and other
types of underlying surfaces. Validation of the CDAG is performed
on many different scales because different types of errors are
revealed with each approach. Selecting images at different times
and of different underlying surfaces makes the verification results
more comprehensive, accurate and reliable. Of the images selected,
OLI has 26 scenes, MODIS has 35 scenes and VIIRS has 43 scenes.

5.1.1. Landsat 8 OLI experimental results
Fig. 9 displays the cloud detection results of two Landsat 8 OLI

scenes. Fig. 9A shows the results from Inner Mongolia, China, over
highly vegetated areas acquired on June 16, 2014, with a center
longitude at 120�E and a center latitude at 50�N; Fig. 9B shows
the results from Nagasaki, Japan, acquired on January 17, 2014,
with a center longitude at 130�E and a center latitude at 33�N.
The territories of these two Landsat 8 OLI scenes are complicated,
including a variety of land cover types such as oceans, mountains,
and towns. In each OLI scene, the upper left image shows an entire
false color composited OLI image with bands 5, 4, and 3 as red,
green and blue, respectively, and the upper right image shows
the corresponding cloud detection result for the whole scene, with
the white parts representing the cloudy pixels and the black parts
representing the clear-sky pixels. The lighter areas the image cor-
respond to more credible results. The lower left and lower right
images are enlargements of the yellow boxes in the upper left
and upper right images, and the size of this area is 25 � 25 km2.
A different degree of cloud cover can be observed in the two Land-
sat 8 OLI scenes by visually comparing the CDAG results with the

false color composites (Fig. 9A and B), which appears to work well
in identifying clouds (white) with a cloud form that is complete
and natural and clear sky (black). Thick clouds, as well as thin
and broken cloud coverage, can be detected in the enlargements
of the two Landsat 8 OLI scenes in the lower right corner and above
in Fig. 9A and B.

To better observe the details and detection results, this paper
selects a representative sub-image from the original false color
image with underlying surfaces that include snow, soil, vegetation
and water to display the results. In each scene of Fig. 10, the left
side contains composite false color Landsat 8 images, and the right
side contains the cloud detection results; brighter images corre-
spond to more credible results. Fig. 10A is an image of the Malacca
Strait region with thin and broken clouds covering the ocean and
land areas. These detection results could identify thin and broken
clouds over the ocean area without a misjudgment of ocean and
land. Generally, it is easy to misjudge a bright surface area as
cloudy pixels. In the urban area shown in Fig. 10B, high circus
clouds cover the urban area in the composite false color image that
are easily identified in the detection results with the corresponding
overall outline and range. There are broken clouds in
Fig. 10C and D, and the cloud detection results recognize broken
clouds and a cloud edge region completely. There are thin clouds
in Fig. 10E and F, and the contrast and false color composite images
reveal that the detection results can identify most of the thin
clouds. The algorithm can separate urban land from clouds, which
could effectively remove thick clouds but miss part of the thin
clouds in some regions. The above analysis of the cloud detection
results demonstrates that the CDAG method described in this
paper can yield better detection results over different underlying
surfaces with different cloud detection algorithms and that clouds
could be accurately and reliably identified at different times over
different underlying surfaces.

To further evaluate the effectiveness of the proposed method in
cloud detection, the cloud detection algorithm for Landsat 8 OLI

Fig. 9. Cloud detection results of two Landsat 8 OLI scenes. A: Results of Inner Mongolia, China, at Path 123 and Row 25 acquired on June 16, 2014. B: Results of Nagasaki,
Japan, at Path 113 and Row 37 acquired on January 17, 2014. In each OLI scene, the (upper left) shows an entire false color composited OLI image, and the (upper right) shows
the corresponding cloud detection result for the whole scene. Black pixels are clear sky. The (lower left) and (lower right) images are enlargements of the (upper left) and
(upper right) images, with a size of 25 � 25 km2. The false color composited image of two Landsat 8 OLI scenes is shown with bands 5, 4 and 3 as red, green and blue,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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generated from this method was compared with a new version of
Fmask (Function of mask). The Fmask algorithm was originally
developed for masking clouds, cloud shadows, and snow for Land-
sats 4–7 and is now expanded to the Landsat 8 scenario by taking
advantage of the cirrus band. Using an object-based cloud and
cloud shadow matching algorithm, Fmask is capable of providing
cloud, cloud shadow, and snow masks for each individual image.
The cloud mask is computed from a probability mask and a
scene-based threshold. Cloud shadows are calculated using a com-
bination of previous methods (object matching and lapse rates)
and a flood-fill transformation. The Fmask algorithm works well
at high latitudes, accurately separating clouds from shadows or
turbid water, and can also detect thin clouds and their shadows.
This algorithm has been widely used and has been integrated into
the Landsat surface reflectance Climate Data Record (CDR)
provided by the Earth Resources Observation and Science (EROS)
Center of the U.S. Geological Survey (USGS) (Maiersperger et al.,
2013; Zhu and Woodcock, 2012, 2014; Zhu et al., 2015). To verify
the cloud detection results produced by the CDAG algorithms,
parts of the Landsat8 OLI cloud detection results were chosen to
compare with the Fmask cloud detection results. To maintain the
consistency of these two results, only cloud detection results from
Fmask were used. A comparison of these results is shown in Fig. 11.

In each scene, the left shows the false color composite image with
bands 5, 4 and 3; the middle shows are the cloud results of the
CDAG algorithms; and right shows the Fmask results. Generally,
the CDAG and Fmask algorithms accurately identify most of the
cloudy pixels. However, the clouds identified by Fmask are slightly
larger in extent than those identified in the CDAG results. The
major reason for this difference is that Fmask uses a scene-based
threshold and applies this same threshold to all pixels, which
misclassified some clear pixels as clouds. Fig. 11A and E shows that
the Fmask results overestimated the cloud region. As a result, very
thin and small pieces of clouds are easily missed. Fig. 11B–F in the
yellow box show that some thin clouds were misjudged as clear
land pixels.

5.1.2. VIIRS experimental results
Multi-temporal VIIRS images were adapted to the CDAG algo-

rithm, and the test results demonstrate that the CDAG algorithm
can accurately identify clouds over different underlying surfaces
in the VIIRS data, especially thin clouds. The detection results of
each scan have the shape of a bow tie because the scan is further
from the nadir. The striping at the edge of the image is due to
the aggregation and deletion of overlapping pixels in order to
reduce the ‘‘bow-tie effect” when imaging. Fig. 12 presents the

Fig. 10. Cloud detection results of Landsat 8 OLI scenes. A: Results of the Malacca Strait region at Path 129 and Row 54 acquired on January 17, 2014. B: Results of the Hakata-
wan region at Path 113 and Row 37 acquired on January 17, 2014. C: Results of Japan at Path 123 and Row 25 acquired on June 16, 2014. D: Results of Guilin, China, at Path
124 and Row 42 acquired on June 16, 2014. E: Results of Shandong Province, China, at Path 122 and Row 35 acquired on August 9, 2013. F: Results of Japan at Path 107 and
Row 34 acquired on January 30, 2014. In each scene, the left shows a false color composited Landsat 8 image with bands 5, 4 and 3 as red, green and blue, respectively, and the
right shows the detection results. Cloud detection results in black represent clear sky pixels, and white represents cloudy pixels. The brighter the image, the more credible the
results. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Comparison of the CDAG and Fmask results for Landsat 8 OLI data. A: Results of the Hirado-shima region at Path 113 and Row 37 acquired on January 17, 2014. B:
Results of the Hulun Buir region at Path 123 and Row 25 acquired on June 16, 2014. C: Results of the Gunma-ken region at Path 107 and Row 35 acquired on June 16, 2014. D:
Results of the Hulun Buir region at Path 123 and Row 25 acquired on June 16, 2014. E: Results of the Krabi region at Path 123 and Row 25 acquired on January 17, 2014. F:
Results of the Ibaraki-ken region at Path 107 and Row 35 acquired on June 16, 2014. In each scene, the left shows a false color composited Landsat 8 OLI image with bands 5, 4
and 3 as red, green and blue, respectively, in the middle of the CDAG results, and the right shows the Fmask result. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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cloud detection results of the VIIRS data. In Fig. 12A and B, all of the
clouds are broken and well recognized, and the result is not
affected by the underlying surface. There is a large region of thin
clouds in the images of Fig. 12C–F that was easily identified. This
algorithm can correctly identify thin clouds and their edges over
areas of vegetation and water, and the results with the VIIRS data
are well recognized overall.

5.1.3. MODIS experimental results
Fig. 13 displays the cloud detection results from the MODIS

data, in which the false color image is composited from bands 2,
1 and 4. Based on this image, the algorithm can effectively identify
the clouds over different underlying surfaces such as soil, water,
vegetation and sandy land. The detection of thin clouds and cirrus
clouds is greatly improved. There are a large number of thin clouds
in the cloud edge region. These clouds have lower reflectance and
are not easy to detect. The cloud detection algorithm proposed in
this paper can effectively detect thin clouds based on the different
characteristics of thin, cirrus and thick clouds and other underlying
surfaces. In Fig. 13, the underlying surface of image E consists of
the Gobi Desert and the desert in the Arabic region of image D,
both of which have a typical tropical desert climate and are cov-
ered with thin clouds to different degrees in the image. Broken

clouds can also be detected over different underlying surfaces, as
shown in images C and E.

MOD35 is a product of the MODIS data that detects objects
based on the reflection of short-wave radiation by clouds and sur-
faces and of infrared radiation by itself. A description of this algo-
rithm can be found in Ackerman et al. (1998) and Frey et al. (2008).
MOD35 detects clouds from instruments that rely on a series of
sequential tests of the radiances or their associated brightness
temperatures. To verify the cloud detection results, parts of the
MODIS cloud detection results are chosen to compare with the
quasi-synchronous MODIS cloud detection products (MOD35).
The comparison results are shown in Fig. 14. In the MOD35 cloud
mask, only four credibility ratings are provided. Numerical values
are assigned to each rating: white represents clouds with a credi-
bility of greater than 0.99, red represents uncertain clear skies with
a credibility between 0.95 and 0.99, blue represents probable clear
skies with a credibility of 0.66–0.95, and black represents confident
clear sky with a credibility of less than 0.66. Fig. 14A shows the
region near Lake Baikal, and Fig. 14B shows the coastal area of
the Bohai Sea; the upper right corner of both images distribute a
certain amount of thin clouds and broken clouds. In the corre-
sponding MOD35 image, the Lake Baikal lakeside is misjudged as
uncertain clear, and some areas of the Bohai coast are misjudged

Fig. 12. Cloud detection results of NPP VIIRS scenes. A: Results of the VIIRS scene acquired on June 1, 2013. B: Results of the VIIRS scene acquired on June 5, 2013. C: Results of
the VIIRS scene acquired on June 3, 2013. D: Results of the VIIRS scene acquired on June 3, 2013. E: Results of the VIIRS scene acquired on August 1, 2013. F: Results of the
VIIRS scene acquired on June 3, 2013. In each scene, the left shows a false color composited VIIRS image with bands 7, 5 and 4 as red, green and blue, respectively, and the
right shows the detection results. Cloud detection results in black represent clear sky pixels, and white represents cloudy pixels. The brighter the image, the more credible the
results. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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as cloudy, as shown in the yellow box. Fig. 14C displays result for
Tibetan region in China; part of the area over water is misjudged
as cloudy, and some broken clouds were missed in the MOD35
image, as shown in the yellow box. Based on the above comparison
of the cloud detection results and MOD35 results, the CDAG algo-
rithm proposed in this paper has less misjudgment over some
water surfaces.

The visual interpretation and analysis of these three datasets
demonstrates that the cloud detection algorithm in this paper is
suitable for multi-sensor cloud detection and can achieve good
results over different types of underlying surfaces. The detection
of thin clouds and broken clouds has also been improved.

5.2. Accuracy evaluation

To evaluate the algorithm more comprehensively, qualitative
analysis is performed on a large number of cloud detection results.
The three types of data are vectorized manually, and the vectoriza-
tion results are compared as reference images with the cloud
detection results to calculate the accuracy of the cloudy and
clear-sky pixels, the misjudgment ratio and the error ratio. Taking
the vectorization images as reference data to compare with cloud
detection results (Goodwin et al., 2013; Sun et al., 2016). Here,
the following four indexes are selected for cloud detection assess-
ment at the pixel level:

Fig. 13. Cloud detection results of MODIS level 1B scenes. A: Results of the Hohhot region, China, acquired at 0320 UTC time on August 13, 2012. B: Results of the Mongolia
region acquired at 0400 UTC time on August 14, 2012. C: Results of the Baiyang Lake region, China, acquired at 0315 UTC time on September 13, 2012. D: Results of the Badain
Jaran Desert region acquired at 0350 UTC time on September 23, 2012. E: Results of the Taklimakan Desert region acquired at 0505 UTC time on September 27, 2012. F:
Results of the Andaman Sea region acquired at 0345 UTC time on January 15, 2013. G: Results of the Shanxi Province, China, acquired at 0335 UTC time on April 27, 2012. H:
Results of the Arab region acquired at 0705 UTC time on January 15, 2013. In each scene, the left shows a false color composited MODIS image with bands 2, 1 and 4 as red,
green and blue, respectively, and the right shows the detection results. Cloud detection results in black represent clear sky pixels, and white represents cloudy pixels. The
brighter the image, the more credible the results. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Cloud pixels correct rate ¼ TP
Cloud pixels in reference data

ð7Þ

Clear sky pixels correct rate ¼ TN
Clear sky pixels in reference data

ð8Þ

Error rate ¼ FP
Clear sky pixels in reference data

ð9Þ

Missing rate ¼ FN
Cloud pixels inreference data

ð10Þ

where the true positive (TP) represents both the reference data and
the detection method classify the pixel as a cloud; true negative
(TN) represents both the reference data and the detection method
classify the pixel as clear sky; False positive (FP) represents the ref-
erence data classifies the pixel as clear sky, but the detection
method classifies the pixel as a cloud; False negative (FN) represents
the reference data classifies the pixel as a cloud, but the detection
method classifies the pixel as clear sky.

Table 7 presents the quantitative evaluation results for the
Landsat 8 OLI, NPP VIIRS, and MODIS data. The image number of

Fig. 14. Comparison of the MODIS cloud detection results with the quasi-synchronous MODIS cloud detection products (MOD35). A: Result of Lake Baikal acquired at 0400
UTC time on August 15, 2010. B: Result of the Bohai Sea coastal area acquired at 0320 UTC time on October 22, 2012. C: Result of Tibet, China, acquired at 0505 UTC time on
September 27, 2012. In each scene, the left shows a false color composited MODIS image with bands 2, 1 and 4 as red, green and blue, respectively, and in the middle of the
cloud test results, the right shows the MOD35 result in which white represents clouds, red represents uncertain clear sky, blue is probable clear sky, and black is confident
clear sky. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 7
Quantitative analysis of CDAG cloud detection results with three different detection
images, including Landsat8 OLI, MODIS, and NPP VIIRS data corresponding to
Figs. 10, 11, and 12, respectively.

Data Image
number

Cloudy pixels
correct rate

Clear sky pixels
correct rate

Error
rate

Missing
rate

Landsat
8 OLI

A 0.932 0.981 0.019 0.068
B 0.978 0.997 0.003 0.022
C 0.952 0.980 0.020 0.048
D 0.906 0.978 0.022 0.094
E 0.874 0.895 0.105 0.126
F 0.915 0.897 0.103 0.085

NPP VIIRS A 0.932 0.902 0.068 0.098
B 0.894 0.957 0.106 0.043
C 0.922 0.960 0.078 0.040
D 0.902 0.889 0.098 0.111
E 0.946 0.898 0.054 0.102
F 0.925 0.875 0.074 0.125

MODIS A 0.911 0.947 0.053 0.089
B 0.939 0.964 0.036 0.061
C 0.917 0.941 0.059 0.083
D 0.893 0.967 0.033 0.107
E 0.974 0.905 0.095 0.026
F 0.933 0.899 0.101 0.067
G 0.982 0.998 0.002 0.018
H 0.884 0.999 0.001 0.116
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the three types of data in the table corresponds to the images in
Figs. 10, 11, and 12, respectively. The accuracy evaluation matrix
shows that this method has good measurement precision for the
three types of data, with an overall precision of 0.85, and a lower
degree of misjudgment of clear skies. The type and amount of
cloud can also influence the overall precision. Images with a higher
amount of thick clouds have greater precision, and those with few
clouds have lower precision. The accuracy of images with a greater
amount of thick clouds and broken clouds is relativity stable with
relatively high precision compared to the image with more thin
clouds. Less misjudgment and small fluctuations in the error rate
and missing rate meet the requirements for daily use. Various sur-
face types in images can also affect the precision. Images with large
urban areas have higher misjudgment rates than those with farm-
lands or forests. The above experiments and studies clearly demon-
strate that the algorithm proposed in this paper is comprehensive
and can yield reliable cloud detection results when applied to
Landsat 8 OLI, Terra MODIS, and NPP VIIRS data.

6. Summary and conclusions

This paper presents a CDAG method for cloud detection from
multi-sensor remote sensing data, and the detection results were
associated with the accuracy of the algorithms. The CDAG method
is based on high spatial resolution, and the hyperspectral remote
sensing data automatically generates the cloud detection algo-
rithm through data simulation, band tests, statistical analysis, algo-
rithm sorting, etc. Different tests are used for the synthesis of cloud
probability results according to the accuracy and threshold. The
results were verified by a plurality of Landsat 8 OLI, Terra MODIS
and Suomi NPP VIIRS images and by a comparison with Fmask
cloud product and quasi-synchronous MODIS cloud products
(MOD35), which yielded good results. A statistical comparison
with the vectorization results yielded an overall precision of
selected images of greater than 85%. In general, the CDAG method
can effectively reduce the cloud effect; identify thick, thin and bro-
ken clouds over different surface types; and remove the effects of
various surface types, such as vegetation, water, snow and desert.
The detection precision could be further improved by different
detection tests, making it efficient, accurate and suitable for
business-oriented applications.

Automating cloud detection for multi-sensor data is difficult
because clouds have similar spectral information to some surfaces.
The CDAG method makes use of the spectral information in visible
to SWIR wavelengths to generate cloud detection results based on
the spectral differences between cloudy and clear-sky pixels. Addi-
tionally, the threshold of the CDAG method is automatically deter-
mined based on the error rate of the pixel dataset, which reduces
the impact of human factors. Moreover, the different cloud detec-
tion algorithms must be evaluated for different sensor data, which
is time-consuming and not conducive to the expansion of future
work. The method proposed in this paper is applicable to various
sensor data and requires only a SRF of the detected multispectral
data. In addition, the CDAG method can process a large amount
of remote sensing data in batches with simple operation, high effi-
ciency, a fast running speed and a high degree of automation.
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