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Abstract: The formation and evolution of clouds are associated with their thermodynamical and
microphysical progress. Previous studies have been conducted to collect images using ground-based
cloud observation equipment to provide important cloud characteristics information. However,
most of this equipment cannot perform continuous observations during the day and night, and
their field of view (FOV) is also limited. To address these issues, this work proposes a day and
night clouds detection approach integrated into a self-made thermal-infrared (TIR) all-sky-view
camera. The TIR camera consists of a high-resolution thermal microbolometer array and a fish-eye
lens with a FOV larger than 160◦. In addition, a detection scheme was designed to directly subtract
the contamination of the atmospheric TIR emission from the entire infrared image of such a large
FOV, which was used for cloud recognition. The performance of this scheme was validated by
comparing the cloud fractions retrieved from the infrared channel with those from the visible channel
and manual observation. The results indicated that the current instrument could obtain accurate
cloud fraction from the observed infrared image, and the TIR all-sky-view camera developed in this
work exhibits good feasibility for long-term and continuous cloud observation.

Keywords: ground-based cloud observation; thermal-infrared camera; cloud detection; all-sky-
view image

1. Introduction

Continuous clouds observation and the retrieved parameters can be applied to several
research fields, such as solar energy prediction [1–3], performance evaluation of pho-
tovoltaic power generation [4], aviation/navigation, meteorology research, as well as
atmospheric science and climate research [5–8]. Depending on the platform, cloud obser-
vation can be classified into space-based remote sensing [9,10] (e.g., satellite observation)
and ground-based observation. In general, satellite observation has deficiencies in spatial
and temporal resolution: geostationary satellites provide coarse spatial resolution images
of several square kilometers [11], while polar satellites usually capture only 1-2 images
per day [12]. By contrast, ground-based clouds images can provide information regarding
the localized clouds presented in a given area with high spatial and temporal resolution.
In addition, ground-based remote sensors cost less than space-borne platforms, making
ground-based cloud observations more feasible and popular.

Clouds’ macro parameters, such as cloud fraction, clouds height, and clouds type, have
been widely used in several research fields; however, they are still obtained mainly through
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manual observation by well-trained people, particularly in the field of meteorology [13–15].
However, a large bias was found by manual observation in the low cloud fraction sce-
nario due to the arbitrary observation parameters. Some researchers have pioneered the
development of cloud observation instruments to replace manual observers [16–30]. These
instruments can be classified into two categories based on the optical bands used, that is,
visible and thermal-infrared (TIR). The visible spectrum of 450–650 nm is commonly used
for cloud observation. This type of instrument consists of a normal digital charge-coupled
device (CCD) camera that responds in the visible spectrum and a fish-eye lens, such as
the total-sky imager (TSI) [16], the Automatic Cloud Observation System (ACOS) [17] and
the WIde-field aLL-sky Image Analyzing Monitoring (WILLAM) system [18,19], etc. The
camera of TSI faces toward the ground, acquiring all-sky images through the reflection of
a spherical mirror. The cameras of other devices in this category are installed facing the
sky directly, and a sun banner is installed to protect the CCD camera from solar radiation,
such as the all-sky imager (ASI) [20,21] and the wide-angle high-resolution sky imaging
system [22,23]. In addition, owing to the application of the high-dynamic-range technology
(HDR), a cutting-edge design was used to protect the CCD from being damaged and to
obtain all-sky images without using a sun banner [24].

The other category is imaging in the TIR band (8–14 µm) for the entire sky. Devices
working in this spectral band can directly detect the TIR emission of both clouds and the
atmosphere, excluding the scattered light of the sun or starlight. Therefore, this category
of cloud observation instruments, for example, the infrared clouds imager (ICI), can
identify the clouds and estimate the cloud fraction during the day and night [25]. ICI is a
passive sensor that measures the downwelling atmospheric radiance with a narrow field
of view (FOV) of approximately 18

◦ × 13.5
◦
, and records sky images at 320× 240 pixels.

Although the FOV can reach 50◦ in second-generation equipment, it is still relatively
small. Many infrared cameras have the same issue of a narrow FOV, such as the cameras
used in Refs. [24–26]. In order to capture whole sky images, most infrared systems need
to capture the sky images in different zenith directions by a scanning unit and splice
images into a whole sky image, such as the whole sky infrared cloud measurement system
(WSIRCMS) [26,27]. The all-sky infrared visible analyzer (ASIVA) [28,29] is a special
instrument that can obtain a large FOV infrared sky image without using a scanning unit.
However, owing to the complex structural design, ASIVA is quite expensive. In addition,
the thermal-infrared cloud camera (IRCCAM) system [30] can capture the cloud conditions
for the full upper hemisphere with a small FOV. The infrared camera with the FOV 18

◦ × 24
◦

of the system is located on top of a frame, looking downward on a gold-plated spherically
shaped aluminum mirror so that the entire upper hemisphere is imaged on the camera.
The complete system is 1.9m tall, and the distance between the camera and mirror is about
1.2m. Therefore, in practice, the installation of the system is relatively complex.

Instruments operating in the visible spectrum are daytime-only systems and cannot
provide the correct characteristic parameters of the clouds at night. In addition, the
imaging of visible instruments is greatly affected in haze weather [24]. Compared with
visible spectrum observation, TIR devices exhibit more distinct advantages. The imaging
of these devices is less affected by aerosols, and they can provide consistent and reliable
retrieval under various air conditions during the day and night. Unfortunately, TIR systems
also exhibit the disadvantages of small FOV and low image pixels, which also require a
scanning unit to obtain the all-sky image. The scanning units require regular maintenance.
Furthermore, the whole sky image splicing process occupies additional computer resources
and is also time-consuming.

To address these issues, an instrument using a TIR all-sky-view camera for long-term
and continuous cloud observation is developed in this work. This instrument consists of a
TIR microbolometer array and a germanium lens, which can obtain infrared sky images
with a FOV greater than 160◦. In addition, this proposed instrument is merged into our
previous all-sky camera (ASC) system [24] to form a new system termed ASC-200. The
previous ASC system is a cloud observation device working in the visible spectrum and
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cannot provide useful information at night. The visible observation module of the ASC
retained in the ASC-200 is used as a reference for the TIR observation module.

The remainder of the paper is organized as follows: The structure of ASC-200 is
introduced in Section 2. The principle and algorithm of cloud detection in the infrared
spectrum are described in Section 3. The experimental results and the relevant discussions
are presented in Section 4. Section 5 shows a summary of the conclusions.

2. Description of the ASC-200 System

The ASC-200 system is a second-generation ASC instrument by adding a thermal-
infrared all-sky-view camera module to the previous ASC system, as shown in Figure 1a,b.
ASC-200 consists of two cameras facing toward the sky, one works in the visible band
(450–650 nm), and the other is used for TIR measurement (8–14 µm). The time resolution of
ASC-200 was 10 min during the day and night. In the daytime, the visible and TIR cameras
simultaneously capture the all-sky images. At night, only the TIR camera continues to operate.
The working period of the visible camera depends on the sunrise and sunset times at which
the instrument is located. The major goal for developing ASC-200 is to make up for the
inability of the ASC system to perform observations at night. Simultaneously, multi-spectrum
band observations can provide more cloud parameter information.
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Figure 1. (a) All-sky camera 200 (ASC-200) and (b) ASC-200 in the meteorological observation station.

The ASC-200 instrument contains the following parts: a visible observation subsystem,
a TIR observation subsystem, an internal environmental regulation unit, and a data analysis
module. The visible observation subsystem adopts the same mechanical design and image
processing method as the ASC instrument. The camera consists of a CCD sensor with
a resolution of 2000× 1944 and a fish-eye lens. It can capture a 180◦ sky hemisphere,
as shown in Figure 2b. This subsystem is not similar to the TSI instrument utilizing a
sun tracker to block solar radiation. Instead, a shutter was installed between the CCD
sensor and the fish-eye lens. When the camera is working, the shutter is open, and the
ambient light is allowed to pass through. On the contrary, when the shutter is closed, no
light can enter the sensor. Therefore, direct sunlight causes little damage to the sensor.
Simultaneously, the ASC uses an algorithm proposed by Debevec et al. [31] to create an
HDR radiance map. This algorithm uses several images with different exposures to fuse
to an HDR image, whose pixel values are proportional to the true radiance values in the
scene. More details can be found in our previous paper about the ASC system [24].
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The TIR observation subsystem is the most notable part of this system, with the TIR
all-sky-view camera (TIRASVC) as its key component. TIRASVC consists of a thermal
microbolometer array sensitive in the 8–14 µm spectral region and a customized germanium
fish-eye lens. The focal length of the lens is 4 mm, and the FOV is over 160◦. The TIR image
resolution is 640× 512 pixels. The large FOV and high resolution allow the subsystem to
provide spatial cloud statistics over a wide range with no need for scanning and splicing.
Therefore, such a mechanism of this subsystem not only lowers the complexity and the
cost of the system but also reduces the image post-processing tasks. Figure 2a shows a TIR
all-sky image. In addition, the TIR lens is waterproof; thus, it can be directly exposed to
the ambient with no protective device.

To monitor and regulate the system’s working status, an internal environmental
conditioning unit (ECU) is added to measure the internal and external conditions of the
system. It consists of a set of temperature and relative humidity sensors. The ECU is used
to maintain the internal temperature ranging between ◦C and 55◦, which is suitable for
the normal operation of the ASC-200 system. The working mechanism of the ASC-200 is
controlled by a data analysis module, which is a small computing platform of the advanced
RISC (Reduced Instruction Set Computer) machine (ARM) framework, and is installed
inside the instrument. The sky images and preliminary analysis results can be stored
inside the instrument or transmitted to the client via wired or wireless means. All the
designs improve the ability of the equipment to adapt to the complex working environment
and extend working hours without human intervention. More than 10 sets of ASC-200
instruments have been installed in different meteorological observation stations to assist
meteorological staff in cloud observation.

3. Retrieval of Clouds Information from TIR Image
3.1. Atmospheric Infrared Radiation Characteristics

Infrared radiation has long been known to have broad prospects for providing valuable
cloud properties and atmospheric data [25,32,33]. The effect of the atmosphere on infrared
radiation varies with the spectral band. In particular, owing to the low atmospheric
emission and low absorption, the spectral band of 8–14 µm is referred to as the long
wave infrared (LWIR) atmospheric window. To further illustrate the characteristics of the
atmospheric window, the atmospheric spectrum radiance and atmospheric transmittance
versus the wavelength were simulated by the atmospheric radiation transfer software
MODTRAN [34], and the results are shown in Figure 3. The figure shows the simulated
transmittance (blue line) and radiance (red line) of a clear sky for the zenith path to space by
using the 1976 US Standard Atmosphere [35] of a rural atmosphere model with a visibility
of 23 km and a ground altitude of 100m. The CO2 mixing ratio was set to 390 ppmv.
The water vapor and ozone column use the default values. As shown in Figure 3, the
atmospheric window (8–14 µm) has a very high atmospheric transmittance and a low
atmospheric emission, except for the region around 9.6 µm due to ozone O3 absorption.
However, the ozone in the troposphere is not highly variable in space or time. Therefore,
the influence of O3 would not be compensated in this study.
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In the atmospheric window, the absorption and emission of infrared radiation by the
atmosphere are mainly dominated by water vapor and clouds. In cloudless weather,
the radiation received on the ground is small and varies with the water vapor con-
tent [25,36]. Previous researches show that a second-order polynomial relationship exists
between downwelling infrared radiation and precipitable water vapor (PWV), as formu-
lated below [29,37]:

L = a × PWV2+b × PWV + c (1)

where L is the downwelling infrared radiance in the 8–14 µm spectral band, and a, b and c
are the fitting coefficients.

If clouds present, the radiation received by the ground-based TIR camera at the
atmospheric window corresponds to the altitude-dependent cloud temperature and cloud
emissivity [36], but it is insensitive to changes in the effective radius of clouds particles [38].
Clouds are strong infrared emitters, and optically thick clouds emission is similar to that of
a blackbody at or near the temperature of the clouds [36]. If the optical thickness is greater
than eight, the clouds can be treated as blackbodies and the radiation will not increase with
the optical thickness [37]. After removing the atmosphere emission, the residual radiance
can be used to identify the presence of clouds. With these characteristics, the LWIR spectral
region is an ideal spectrum for cloud detection.

3.2. TIR Clouds Imaging

On the clear sky, the perceived radiance by the ground-based TIR camera is dependent
on the PWV and the path length through the atmosphere. The path length increases with
the sensor zenith angle (SZA). For a narrow FOV TIR camera, the received radiation varies
little with the path length through the atmosphere. However, with a larger FOV, the influ-
ence of the atmospheric path cannot be neglected. Figure 4 shows a series of MODTRAN
simulation results of atmospheric transmittance variations with the SZA. The downwelling
atmospheric transmittance is largest at zenith direction. This demonstrates that the at-
mospheric transmittance decreases with the increase in the zenith angle. From previous
studies, we know that the lower atmospheric transmittance, the higher infrared radiation
in the atmosphere. Therefore, the atmospheric radiance received by the ground-based
camera is the lowest in the zenith direction, and it gradually increases with the increase in
SZA, and the radiance measured on the horizon is almost equal to the surface radiance.
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If clouds are present, cloud radiation and the atmospheric path length together con-
tribute to form an infrared clouds image. The increase in effective atmospheric path causes
an increase in perceived radiance, especially near the edge of the camera’s field of view. As
a result, on a cloudless day, the radiance at the center of the infrared image is the smallest
and gradually increases from the center to the edge; while on a cloudy day, even if there are
clouds at the zenith, the radiation is possibly less than or equal to that of the cloudless areas
at the edge of the image. The increase in radiance with zenith angle poses a problem when
attempting to remove the background atmospheric radiance. Therefore, a fixed threshold
cannot be applied to the infrared sky images to segment the cloud pixels or sky pixels.
As the FOV of the TIR camera is over 160◦, the influence of the path length through the
atmosphere should be considered and corrected before cloud discrimination.

The TIR camera can be affected by the installation environment. To provide an accurate
reading of the downwelling radiance of infrared images, the TIR camera stabilizes itself to
adapt to the changes in the environmental radiance by calibrating the response of each pixel.
Every pixel is calibrated by the shutter of the camera, which is used as a calibration source
for the offset during the deployment. Generally, the pixel value of the infrared raw image is
a digital number (DN), which is not calibrated to a meaningful unit. The absolute radiance
in Wm−2 sr−1 can be calibrated using a blackbody reference to obtain the gain of the
camera. Radiometric calibration typically requires a quantitative relationship between the
camera output and the source radiance or temperature. This is usually done by measuring
the camera’s output when it views one or more blackbody sources. Since cloud detection
depends less on absolute calibration than many radiometric sensing applications, the
approximate linear relationship is used to calibrate the TIR camera in previous application
studies [32,38]. Then, the raw image can be converted into a radiance image by a linear
calibration equation, as shown below:

Lλ = G × DN + offset (2)

where G and offset are the conversion gain and offset, respectively, which are related to the
TIR camera. Lλ represents the value of the radiation received by the infrared camera.

3.3. Determination of the Clouds Region

The clouds and the atmospheric emission together form an infrared sky image; hence,
detecting the clouds from the infrared raw sky image requires removing the atmospheric
emission. Therefore, a threshold can be applied to the image to identify clouds from
the remaining residual radiance. Based on MODTRAN radiative transfer calculations,
Brentha et al. [25] used the measurements of PWV and the near-surface air temperature to
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remove atmospheric emission from infrared images then identified the clouds based on
the residual radiance with a threshold filter. Smith et al. [38] proposed a new function for
calculating the clear-sky atmospheric emission shown in Equation (3) to identify cloudy
pixels in an infrared sky image, which only uses the TIR camera data without requiring the
knowledge of the total amount of atmospheric water vapor.

T =(Th − a)
(

θ

90

)b
+a (3)

where T is the brightness temperature; Th is the horizon temperature; a and b are fitting
parameters; θ is the SZA. The brightness temperature is a descriptive measure of radiance
in terms of the radiance temperature. Brightness temperature and radiance are related
through Planck’s radiation law and expressed as follows:

Lλ(T) =
2hc2

λ5
1

e
hc

kλT−1
(4)

The above equation shows that the radiance emitted by an object is a function of the
brightness temperature T of the object, the wavelength λ, Planck constant h (6.626 ×10−34 J·S),
the speed of light c (2.998 ×108 ms−1) in a vacuum and the Boltzmann constant
k (1.38 × 10−23 JK−1). Based on Equations (3) and (4), the brightness temperature of the
clear sky at any SZA can be calculated, and the atmospheric temperatures can be removed
from infrared sky images to identify clouds pixels.

In this study, atmospheric emission is eliminated based on the raw infrared sky image.
This method does not require calibration of the TIR camera system, nor does it need to
convert the raw images into radiometric images or brightness temperature images; thus,
the error caused by the calibration can be avoided. Figure 5a is an infrared cloudless all-sky
image captured by the ASC-200 system on March 12th, 2019, local time (LT), at the Baoshan
Meteorological Bureau, Shanghai. Figure 5b presents the DN distribution of different
SZA along with one azimuthal position (blue line in Figure 5a) on the cloud-free day at
different times. It is worth noting that the area of the sky within the circle in Figure 5a,
rather than the part outside of the circle, is the region of interest. Figure 5b shows that the
atmospheric emission has a smooth increase with the SZA. This is mainly influenced by the
effective water vapor, which increases with the length of the path through the atmosphere.
During the daytime, the profiles of the emission distribution show considerable agreement.
However, at night, there is a large deviation (shown by the yellow line in Figure 5b), which
is caused by the variations of temperature and humidity [38]; however, the DN points are fit
to a second-order polynomial correlation for the entire day. In Figure 5b, the peak between
400 and 500 pixels at 15:50 LT is due to the sun exactly appearing in the azimuth indicated
by the blue line in Figure 5a. Figure 5c presents the DN distribution in the case of a clear
sky (black line), partially cloudy sky(red line) and overcast sky (blue line) along the same
azimuthal position on Jan 27th, 2019 LT, at the Baoshan Meteorological Bureau, Shanghai.
Figure 5c shows that image radiance is significantly higher in the cloudy and overcast sky
than in the clear sky. At other times during the measurement period, the observation data
showed the same characteristics. These indicate that, even at different times, atmospheric
emission reflected in infrared images is still fit to a quadratic polynomial correlation, and
the radiation of the cloudy sky is significantly greater than the clear sky.
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under different sky conditions.

According to previous researches [30,38], the clear-sky radiance increases with the
SZA. The statistical results of the historical observation data of the ASC-200 confirm that
the radiance received by the ground-based TIR camera fit to a quadratic polynomial along
one azimuth position in the infrared sky image coordinate system. Therefore, before
developing an accurate angular dependence of the water vapor removal algorithm, the
characterization of the per-pixel pointing angle and instantaneous field of view needs to be
included. The pointing angle of each pixel can be determined by the method proposed in
Nugent’s research [39]. As the path length through the atmosphere increases with the SZA
following a cos θ relationship (θ represents the zenith angle), the clear-sky emission can be
described by a polynomial equation about the SZA.

Lsky= a × (
PWV
cos θ

)2+b(Tk) ×
PWV
cos θ

+c(T k) (5)

where b(T k) and c(T k) are empirical parameters related to the near-surface ambient
temperature Tk. The increase in atmospheric emission with the zenith angle results in an
increase in the pixel gray value in the infrared raw sky image.

Combining Equations (2) and (5), as well as the statistical characteristics of the gray
value of the infrared raw sky image (shown in Figure 5), we propose a clear-sky emission
simulation model based on the gray values of the infrared raw sky image as follows:

Dsky= a × (
DN

θ=0
◦

cos θ
)2+b(Tk) ×

(DN
θ=0

◦

cos θ

)
+c(T k) (6)

The above equation fits the data from an infrared sky image by plotting each pixel
value as a function of its angle to the zenith. DN

θ=0
◦ represents the pixel value at the zenith
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in the sky image; b(T k) and c(T k) are parameters related to ambient temperature Tk; a is
the system parameter. According to the above equations, the pixel values of the infrared
clear-sky image at different zenith angles can be simulated. The simulation results and
actual observation values along one azimuth position of the sky are shown in Figure 6a.
The DN image of the whole clear sky simulated by Equation (6) is shown in Figure 6b.
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After determining the clear-sky emission, cloud pixel recognition can be determined
by applying empirical thresholds to the subtracted clear-sky images. The framework of
the proposed method is shown in Figure 6c. The images in Figure 7 showing the different
conditions of the sky, such as cloud-free (Figure 7(a1)), cloudy (Figure 7(a2,a3)), and
overcast sky (Figure 7(a4)) were captured at different times on 3rd April 2019, LT, at the
Baoshan Meteorological Bureau, Shanghai. Among them, Figure 7(a1,a2) were collected
during the daytime (16:00 and 11:00 LT), while Figure 7(a3,a4) were collected at night (23:10
and 23:40 LT). Figure 7(b1–b4) show the cloud recognition results for infrared cloud images
using the proposed method. The black areas in the result maps represent the invalid pixels
of the infrared sky image and the areas blocked by obstacles. The black areas are created to
determine the areas of the sky hemisphere in the ASC-200 image after the instrument was
installed. The blue and white areas represent the blue sky and the clouds in the resulting
image, respectively.
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Figure 7. (a1–a4) are the original infrared sky images, and (b1–b4) show the segmentation results of clouds detection,
indicating the clouds (in white) and clear sky (in blue).

Figure 7(b1,b2) show the cloud segmentation results of the clear sky and cloudy
images in the daytime. Additionally, Figure 7(a3,a4) present the detection results of the
cloudy and overcast sky images at night. The clear-sky emission was properly estimated
and removed from the infrared sky images. Therefore, most of the sky cloud pixels were
correctly classified. One may notice that the results for the cloudy sky (Figure 7(b2,b3))
show that some pixels of the transition area between the sky and clouds cannot be classified
correctly. However, these pixels account for a small proportion and have little impact on
cloud recognition results. In general, the proposed method can effectively identify most of
the cloud pixels from infrared sky images, no matter in the daytime or at night.

4. Results and Discussion

To assess the performance of the proposed infrared clouds detection system, we
conducted observational comparison experiments in several locations and obtained the
test data. In this section, the cloud fraction from the infrared channel was compared with
the data from the visible channel and those obtained via manual observations. Then, the
observation accuracy for different cloud types was analyzed to provide a reference for the
use of the cloud fraction data from the ASC-200 instrument.

4.1. Dataset Description

Sky images were collected from the experiments at Baoshan Meteorological Bureau,
Shanghai (31◦24′ N, 121◦27′ E), from 8th March to 31st May 2019. Simultaneously, profes-
sional human observers conducted cloud observations four times a day, i.e., at 8:00, 11:00,
14:00, and 17:00 LT. Therefore, the comparison is only performed for daytime data of the
TIR camera because only daytime data are available for the visible camera and manual
observation. In the experiment, the well-trained meteorologists divide the all-sky into
ten oktas based on the visible images and calculate the cloud fraction according to the
proportion of the sky covered by clouds based on their experience. This means that a clear
sky is denoted by zero-ten oktas, whereas an overcast sky is set as ten-ten oktas. There-
fore, to compare the cloud fraction observed by the different methods, the infrared and
visible sky images corresponding to human observation times were selected to calculate
the cloud fraction.

The experiment lasted 84 days, from 8th March to 31st May. Except for the missing
data due to ASC-200 failure and rainy days, 316 groups of available data were filtered
based on manual observation time. This means that this dataset has a total of 632 sky
images, of which 316 are infrared images, and 316 are visible images, and the captured
times of the infrared and visible images correspond to each other.
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To estimate the cloud fraction, it is essential to identify the cloud pixels in a sky image.
After obtaining the clouds’ segmentation image, the cloud fraction Pcloud can be calculated
according to the following formula [24]:

Pcloud= Mcloud/Nall−sky (7)

where Mcloud is the number of cloud pixels, and Nall−sky is defined as:

Nall−sky = Msky+Mcloud (8)

In the formula, Msky represents the number of sky pixels in an all-sky image (invalid
pixels and sun pixels are not included, such as the black and yellow areas in Figure 7(b1–b4).
According to the clouds’ segmentation results from the clouds detection method mentioned
in Section 3, the infrared cloud fraction data can be estimated.

The visible image segmentation algorithm of ASC-200 is the same as the ASC system.
In our previous studies [40], a novel convolutional neural network (CNN) model named
SegCloud was developed for accurate cloud segmentation. The SegCloud network was
constructed by an encoder and a decoder network. The encoder network transforms the
input images to high-level cloud feature representation. The decoder network is used to
restore the obtained high-level cloud feature maps to the same resolution of input images
and achieve end-to-end cloud image segmentation. In this study, the pixels of visible cloud
images are segmented into four categories (sky pixels, cloud pixels, sun pixels and invalid
pixels). Compared with the conventional visible cloud recognition methods, the CNN
model extracts not only the R-G-B color information of sky images but also high-level
feature information. Therefore, the performance of the Segcloud model is effective and
accurate. Validation experiments were conducted, and the identification of cloud pixels
was also demonstrated by Xie et al. [40].

4.2. Consistency Analysis of the Observation Results

To quantify the accuracy of the TIR camera, the cloud fraction of the TIR camera
was matched to the results of visible and manual. To be comparable with the human
observation results, the cloud fraction results of both TIR and visible data are divided into
integers between zero and ten with the rounding method. Figure 8a,b show the results
of fitting the infrared results to the manual and visible results, respectively. Because the
rounding method was applied to obtain the cloud fraction of the infrared and the visible
images, many groups of cloud fraction data have the same value and overlap in Figure 8.
From the fitting results, the coefficient of determination (R squared) of infrared and manual
observation is 0.896 (Figure 8a), which is 0.888 (Figure 8b) between infrared and visible
results. This indicates that the proposed TIR camera demonstrates good consistency with
the manual and the visible images.
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Although the cloud fractions of the infrared images have a good correlation with
visible and manual observations (consistency rates of this dataset are more than 80%),
there are still discrete points that deviate from the 1:1 line. In Figure 8a, the reason for
the discrepancy between the infrared and manual results could be the subjective factors
affecting the manual results. In Figure 8b, some infrared results are larger than the visible
results (points below the 1:1 line), and some are less than the visible results (points above
the 1:1 line). Since the results in Figure 8b are not influenced by subjectivity, the reasons
for the difference between the infrared and the visible images will be analyzed in the
following contents.

On the other hand, in order to make the discrepant cases clearer, the differences
between the infrared cloud fraction and the visible and the manual results were counted,
as shown in Figure 9. The percentages of the difference of the IR-Manual within zero-ten
and one-ten oktas are 64.3% and 16.8%, respectively. Meanwhile, the percentages of the
difference of IR-VIS within zero-ten and one-ten oktas are 62.8% and 19.6%, respectively.
The percentage of the differences of IR-Manual less than three-ten oktas is 91.2%, and it is
88.3% between the infrared and the visible results. This indicates that most of the results
of IR-Manual and IR-VIS are not large, but there are still differences between the infrared
and the other two manners. For the purpose of optimizing the ASC-200 system in future
research, it is important to analyze the cases with large differences between infrared and
visible cloud fractions.
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infrared and manual observations (IR-Manual).

One of the typical cases with a large difference between the infrared and the visible is
shown in Figure 10. Figure 10(a1,b1) show the visible and TIR cloud images, respectively,
and there is thin cirrus (the area marked with the red boxes) in the sky. Figure 10(a2,b2)
are the visible and the infrared clouds detection results, respectively. Using the SegCloud
recognition model proposed in our previous study [40], the visible cloud messages can be
easily captured (marked with the red box in Figure 10(a2)). In the visible images, the white
area represents the cloud information and the blue area represents the sky area, and the
yellow area represents the region of the sun. However, it is difficult for the infrared images
to identify the cloud region marked with the red box in Figure 10(b2). This is because the
TIR camera has poor detection capability for the radiance from cirrus. In this situation, the
infrared cloud fraction is less than the visible cloud fraction.
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Figure 10. Comparison of the cloud detection results of infrared and visible sky image with cirrus in
the sky. (a1,b1) show the visible and the TIR cloud images, and (a2,b2) show the results of the cloud
identification of the two cloud images.

In another situation, as shown in Figure 11, the weather condition is hazy. The visible
all-sky image is greatly affected by the existence of aerosols. In Figure 11(a1), due to the
presence of aerosols, the whole image seems to be added with a layer of shadow, and the
difference between the clouds and the sky area is greatly reduced. In particular, the sky
information at the edge of the visible image is completely submerged. As a result, the
cloud-free area on the edge of the visible image is mistakenly identified as clouds, such as
the detection results in Figure 11(a2). On the contrary, the infrared image at this time is less
affected. In Figure 11(b1), the clouds’ texture information can be clearly distinguished at the
edge of the infrared image. The cloud pixels of the infrared image can be correctly identified
by the proposed clouds discrimination algorithm, and the result is shown in Figure 11(b2).
In this situation, the visible cloud fraction is more than the infrared cloud fraction.
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Sometimes the scattering of sunlight by particles in the atmosphere causes the all-
visible image to glow blue, even in the areas with clouds. In this case, the clouds in the
visible image were incorrectly identified as blue sky, resulting in the cloud fraction of
visible less than infrared. In addition, the dust protection cover in front of the lens can also
lead to a difference in cloud recognition between the visible and infrared images.

4.3. Recognition Accuracy of Different Types of Clouds by Infrared Observation

To analyze differences in cloud fraction of different types of clouds, the cloud fraction
data from visible and infrared sky images with different types of clouds were compared
in this study. A dataset containing 333 sets of sky images with different cloud types was
established with the help of professional meteorological observers and based on the sky
visible images (at the same time, the types of clouds in visible and infrared are the same).
The dataset was collected at the Anhui Air Traffic Management Bureau in Hefei city for
seven months (from 1st June to 31st December 2019 LT). This period is long enough for
ASC-200 to capture different types of cloud images. Due to the correlation between cloud
type and cloud-based height (CBH), the classification accuracy was improved by using the
CBH data, which was measured by the laser ceilometer VAISALA CL31.

In the international cloud classification system published by the World Meteorological
Organization (WMO) (1987), clouds are classified into ten types. Based on visual similarity,
meteorological observers combined some clouds genera to reduce the chance of error in
manual classification. Therefore, the cloud conditions are classified into six categories:
altocumulus (AC), cirrus (CI), cumulus (CU), stratocumulus (SC), stratus (ST), and cloud-
free (CF). Due to the lack of available data, as well as the difficulty in detecting very thin
clouds, some types of cirrostratus were merged, such as the genera CI and cirrostratus. In
Table 1, the characteristics of several types of clouds are briefly described. Meanwhile, the
CBH data of different types of clouds in the dataset are presented in the table.

Table 1. Characteristics of various clouds.

Clouds Types Description Clouds-Based Height (m)

AC High patched clouds with small cloudlets,
mosaic-like, white 2700–5500

CI High, thin clouds, wisplike or sky covering,
whitish 6000–7500

CU Low, puff clouds with clearly defined edges 600–1600

SC Low or mid-level, lumpy layer of clouds, broken
to almost overcast 700–2400

ST Low or mid-level layer of clouds, uniform,
generally overcast, gray 200–500

The differences in cloud fractions for various visible and infrared clouds are listed
in Table 2. The table includes the number of samples and ratios where the difference in
cloud fraction between the two wavelength bands is greater than two-ten oktas. As shown
in Table 2, when there is cirrus in the sky, the number of samples with the difference of
infrared and visible cloud fractions greater than two-ten oktas is 15, accounting for 26% of
the total number of samples. In other cases, the number of samples with cloud fraction
difference greater than two-ten oktas between the two bands is relatively small. This shows
that the consistency of infrared and visible cloud factions for different cloud types is good
except for the CI.
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Table 2. Consistency of infrared and visible cloud fractions for different cloud types.

Clouds Types AC CI CU SC ST CF

Samples 58 57 49 57 52 60
Diff > 2 5 15 6 0 2 0
Ratio 8.6% 26% 12.2% 0% 3.8% 0%

The above data analysis indicates that TIR technology is able to obtain reliable cloud
fraction data, and the observation results are independent of cloud types, with the exception
of thin cirrus clouds. Furthermore, infrared imaging does not vary with sunlight. Therefore,
the TIR all-sky-view camera can be used to obtain infrared sky images during the day and
night continuously. Especially, aerosols have less impact on infrared imaging; therefore,
TIR cameras can provide more accurate cloud information on hazy days. In the practical
application, some special problems are usually unavoidable, such as the scattering of
sunlight by particles in the atmosphere. Therefore, it is interesting and meaningful to use
the information of the infrared and the visible spectra to get more accurate information of
the cloud fraction.

5. Conclusions

In this study, a TIR all-sky-view camera and clouds discrimination algorithm was
developed for infrared cloud fraction estimation. In contrast to other similar instruments,
the TIR camera comprises a high-resolution thermal microbolometer array and a fish-eye
lens with a large FOV of over 160◦, and it can obtain the all-sky image without scanning
and splicing. Therefore, it greatly reduces the complexity of the system and reduces
the development and maintenance costs. In addition, the previous visible module is
merged to provide a reference for the TIR observation, which formed the second-generation
instrument of all-sky-view cameras named ASC-200. The visible subsystem of the ASC-200
works from the local sunrise to sunset time, while the infrared camera can continuously
capture images of the sky both during the day and night. The proposed calculation
algorithm for the infrared cloud fraction can remove the contamination of the atmospheric
emission from the total TIR all-sky raw images. The performance of the algorithm was
validated by comparing the cloud fractions retrieved from the visible channel and infrared
channel and human observation. The results show good agreement, except for the cirrus
clouds due to their weak TIR emissions.

The ASC-200 system has a number of useful benefits for cloud detection, such as the
observation area (coverage), image resolution, and observation period. It can be employed
in various fields of research, such as atmospheric science, meteorology, civil aviation, and
clean energy (solar power stations). Its multi-sensor imaging technique in the infrared and
the visible spectra can provide more valuable information to retrieve cloud parameters. At
the same time, addressing existing problems of the system, such as solar scattering and
haze affecting the visible module, and the TIR module does not detect cirrus with high
accuracy, will be an important part of our future work.
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