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Abstract: Comparing cloud cover (CC) products from different satellites with the same ground-based
CC dataset provides information on the similarities or differences of values among satellite products.
For this reason, 42-month CC products from Moderate Resolution Imaging Spectrometer’s (MODIS)
Collection 6.1 daily cloud cover products (MODO06_L2, MYD06_L2, MOD08_D3, and MYD08_D3) and
Himawari-8 are compared with the ground-based camera datasets. The comparison shows that CC
from MODIS differs from ground measurement CC by as much as 57% over Chiba, Japan, when low
CC is observed by the camera. This indicates MODIS'’s ability to capture high-level clouds that are
not effectively seen from the ground. When the camera detects high CC, an indication of the presence
of low-level clouds, CC from MODIS is relatively higher than the CC from the camera. In the case
of Himawari-8 data, when the camera observes low CC, this difference is around 0.7%. This result
indicates that high-level clouds are not effectively observed, but the Himawari-8 data correlates well
with camera observations. When the camera observes high CC, Himawari-8-derived CC is lower by
around 10% than CC from the camera. These results show the potential of continuous observations of
nighttime clouds using the camera to provide a dataset that can be used for intercomparison among
nighttime satellite CC products.
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1. Introduction

Atmospheric clouds are composed of minute liquid droplets and ice crystals in the
atmosphere. When electromagnetic radiation from the Sun and Earth interacts with clouds,
this radiation is either absorbed, reradiated, scattered, or reflected. As a result, clouds
can enhance the Earth’s atmospheric cooling or warming effects. The extent of cloud
cover (CC) is one of the parameters that regulate the amount of net radiative flux in
the atmosphere [1,2]. Cloud type and albedo also control the net radiation balance in
the atmosphere [3]. Radiative feedback from clouds has high uncertainties, particularly
due to the uncertainty of the impact of low-level clouds on warming. Currently, the
resulting positive feedback is still variable among model simulations and not properly
constrained by observations [4-6]. Thus, there is a need for continuous observations from
both the ground and space. At nighttime, longwave effects dominate since clouds reradiate
longwave radiation from the ground. Low-level clouds such as cumulus, cuamulonimbus,
and stratocumulus are easily observed by ground-based image sensors such as cameras.
On the other hand, satellites cannot efficiently detect low-level clouds when ground and
cloud-top temperatures are similar. In terms of the radiative effects, previous studies have
shown that these low-level clouds have a higher longwave effect than mid-level clouds
(e.g., cirrocumulus) [7,8].

Satellites are common sources of CC data, which yields CC products valuable for
deducing cloud optical properties and modeling cloud radiative transfer [9-12]. To min-
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imize the errors in measuring net radiative effects in the atmosphere, the dataset from
continuously operated ground-based cameras can aid in ground-truthing satellite data.

Polar-orbiting satellites can provide CC data over an area during an overpass. For the
Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Terra/Aqua satellites,
data are obtained around 10:30 and 22:30 (for Terra) and around 13:30 and 01:30 (for
Aqua) local time. Much more frequent data are available from geosynchronous satellites.
Himawari-8, for instance, provides a full disk scene every 10 min [13]. Such data with a
finer temporal resolution enables studying and tracking clouds” dynamics and behavior.
Compared to polar-orbiting satellites, the volume of data from geosynchronous satellites
can be enormous, and the analysis of these datasets is computationally intensive. Still, the
data provides more precise information on the temporal changes of CC over an area and
the capability of elucidating the seasonal characterization of CC values, and hence, the
radiative effects of clouds in different months.

Based on years of satellite observations of clouds, previous studies have reported an
increase and a decrease in global CC from 1983 to 2001 [14] and a decrease in CC between
40° S and 40° N in the frame of the International Satellite Cloud Climatology Project
(ISCCP) [15]. In terms of cloud occurrence, a previous investigation showed that the global
annual mean cloud amount is around 63%, with the oceans having 23% more CC than
land [16]. Cloud climate data records from 1984-2009 also show good agreement on global
cloud amounts and a weak negative trend of 0.5-1.9% per decade [17]. Currently, the Global
Energy and Water Cycle Experiment (GEWEX) provides coordinated intercomparison of
publicly available cloud products (gridded monthly statistics) retrieved from different
imagers, IR sounders, and lidars [18].

Comparisons between space-based satellite and ground-based cameras have been
performed before to validate satellite cloud products. CC data from the surface radiation
network (SURFRAD) and MODIS Level 2 dataset have been reported to have correlation
coefficients ranging from 0.80 to 0.91 based on a one-year dataset [19]. Comparing daily
average CC from active remote sensing of clouds with MODIS products over the South
Great Plains and Manus showed a correlation coefficient of 0.93 and 0.81, respectively [20].
A comparison between the MODIS and meteorological data in China showed a correlation
coefficient of 0.678 and 0.70 for morning and afternoon observations, respectively [21].
These results have demonstrated that data from ground-based instruments can be used for
routine ground-truthing of satellite products. In a previously reported work comparing a
geosynchronous satellite sensor (Spinning Enhanced Visible and Infrared Imager, SEVIRI)
and a ground camera (hemispherical sky imager) that reports CC in terms of okta, the daily
mean deviation was found to be 8 & 16% [22]. The same dataset is also compared with a
polar-orbiting satellite sensor (Advanced Very High-Resolution Radiometer, AVHRR), and
the reported deviation is 6 £ 14%. The correlation is found to degrade with the occurrence
of broken clouds.

In our previous work, we compared nighttime CC values from the Atmospheric
Infrared Sounder (AIRS) satellite with those from camera observations [23]. The comparison
showed a linear relationship between AIRS and the camera, with a significant offset of
around 36% when CC is 0%. Since the ground-based camera cannot detect high-level
clouds, a clear sky image from the camera does not exclude any possibility of high-level
clouds such as cirrus [23]. Thus, we attribute the observed offset to high-level clouds. In the
present work, we focus on describing and quantifying how the CC from different satellites
varies with the CC from the camera. The end goal is to ensure greater confidence in using
CC from both satellite and camera observations. The different responses between satellite
and ground instruments indicate possible corrections to be implemented. Furthermore, as
satellite products are combined into global datasets for modeling purposes, the relationship
between collocated ground-based and global CC products is worth exploring to examine
how this relationship differs if ground-based CC is compared with CC from satellite
products (granules or global). In this work, cloud fraction products from MODIS Collection
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6.1 (Level 3 MODO08_D3, MYD08_D3, MOD06_L2, and MYDO06_L2) are used to compare
with the CC from the camera.

The objectives of this work are the following: (1) to quantify the relationships between
ground-based CC observations and corresponding CC observations from satellites; (2) to
explore the relationship between CC from the camera and from collocated granules and
global CC products; (3) to implement cloud detection algorithm, evaluate, characterize
nighttime CC from the Himawari-8 geosynchronous satellite.

2. Cloud Observations from Ground-Based Cameras and Satellites
2.1. Camera Observations of Clouds

Cameras ranging from visible to thermal-infrared (IR) spectral regions have been
employed to detect clouds in the atmosphere [7,24-33]. Some of these cameras are often
operated during the daytime, and different threshold algorithms to detect clouds are
implemented on the images. These algorithms include the evaluation of the ratio, difference,
or normalized ratio of the pixel’s values from the red and blue channels [34-36]. Other
methods depend on the saturation values when the image is converted from the natural
red-green-blue (RGB) to a hue-saturation-value (HSV) image [31], hybrid or adaptive
thresholding [37,38], or pixel “distance” in the RGB space [39,40].

Long-term detection and monitoring of the nighttime sky can be achieved by using a
visible compact digital camera [23,26,41]. Images from this camera can be analyzed for CC
by applying a simple thresholding method to the grayscale pixel values. The appropriate
threshold value is obtained by constructing histograms of pixel values from a set of totally
clear and totally cloudy sky images. Analysis of the images can lead to the detection of
clouds from nighttime sky images and the quantification of the temporal trends of CC.

The ideal approach, when using camera systems within the framework of networking
and collaborative work on nighttime sky observation, is to use only one camera model and
a cloud detection algorithm that uses a fixed threshold pixel value. In the present work,
we employ a threshold pixel value of 17 in eight-bit grayscale images. When different
camera models are used, trustworthy datasets generated from various locations have
to be intercalibrated to determine threshold pixel values that may be different from the
present value.

2.2. Ground Camera System

The camera system used in this work is a commercially available camera (Canon
A2300) located on the fifth floor of the Center for Environmental Remote Sensing (CEReS)
building at Chiba University, Japan (35.6278° N, 140.1031° E). The camera is set to face
north and is pointed at an elevation angle of 30°. The camera is programmed to take images
of the sky every 5 min. Each sky image is in Joint Photographic Group (JPG) with pixel
values ranging from 0 to 255. The conversion from RGB to grayscale is attained using
the definition provided by the International Telecommunication Union Recommendation
ITU-R BT.601-7. The purpose of pointing the camera in the north direction is to avoid moon
signals, which tend to be categorized as clouds because of the high pixel values from the
luminous celestial object.

2.3. Moderate Resolution Imaging Spectrometer (MODIS) Data

Cloud detection from the MODIS data follows the previously adopted algorithm by
employing brightness temperature (BT), brightness temperature difference (BTD), and
reflectance from different channels [42,43]. In this algorithm, clouds are grouped into the
following five types: thick high, thin, low clouds, high thin, and high-thin cirrus clouds.
Briefly, nighttime clouds over land are determined by applying several tests using the BTs
at13.9 and 6.7 um, and BTDs of 3.7-12 um, 8-11 um, 11-12 um, and 3.7-11 pm [21]. The BTs
at 13.9 and 6.7 pm are used to detect thick high clouds. The 11-12 pm, 3.7-12 pm, 8-11 um,
and 3.7-11 um BTDs are used to detect thin cirrus, separate thin cirrus, and clear conditions,
detect cirrus, and to detect partial clouds or thin clouds, respectively [42—44]. Threshold
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values of BTs and BTDs from each group have been used to derive the confidence indicator
for each pixel [42,43]. Low and high nighttime cloud tests use BTD between 11 and 3.9 pm
and between 3.9 and 12 pum, respectively. The thin cirrus cloud test uses the BTD from
11 and 12 pm, while the clear sky test employs the BID between 7.2 and 11 um. Previous
studies have summarized these tests and their corresponding thresholds [43,44]. The
minimum confidence for each group is determined. The final cloud mask confidence is
computed as the geometric mean of the minimum confidence of the groups. Cloud mask
levels of >0.99, >0.95, >0.66, and <0.66 indicate confidently clear, probably clear, undecided,
and cloudy, respectively. In the present work, cloudy pixels are defined as those with cloud
mask levels of less than or equal to 0.95.

The MODIS Level 2 cloud mask is computed by calculating the fraction of the 1 km
pixels that are cloudy. Then, CC maps are produced at either 1 or 5 km pixel resolution. In
the Level 3 daily cloud mask product, the cloud mask fraction is calculated by taking an
unweighted average of the 5 km x 5 km Level 2 CC in each 1° x 1° Level 3 grid box [45].
The output is a global CC distribution of 1° x 1° resolution.

In this work, CC is obtained from the following MODIS Collection 6.1 Level 1 (Land
and Atmosphere) datasets: MODO06_L2, MYDO06_L2, MOD08_D3, and MYD08_D3. MOD06
products are composed of data granules, each of which is collected for a 5 min along-track
orbit (2000 km). The results are provided with pixel sizes of either 1 or 5 km. In processing
CC from the MODO06 and MYDO06 datasets, the present work uses 5 km pixel resolution
to compute the CC in the region bounded by 140.1035° E, 35.6278° N, 140.3035° E, and
35.3278° N, corresponding to a 20 km x 20 km area north of the camera’s location. For the
global daily products (MODO08 and MYDO08), the CCs from 140° E, 35° N, 142° E, and 33° N
are compared with CCs from the ground. This area is 200 km x 100 km (corresponding to
2 pixels), covered with a pixel resolution of 100 km x 100 km. The comparison of CC from
MODO06 and MYDO06 in the 200 km x 100 km area with CC from the ground is also explored
to quantify the ground and satellite CC relationship over a larger area. This approach is
exploratory but consistent with the objectives of this study.

2.4. Himawari-8 Data

The Advanced Himawari Imager (AHI) onboard the geosynchronous Himawari-
8 satellite obtains data from 0.47 to 13.3 um in 16 bands every 10 min. Such a high
temporal resolution has the advantage of enabling comparisons with the CC estimated
from ground-based cameras with high temporal resolution. The spatial resolution of
gridded, full-disk data of Himawari-8 in the NIR region is 2 km [13]. In the present analysis
of Himawari-8 data, we use the cloud mask algorithm as described in the appendix of
Yamamoto et al. [46] to determine the CC from the Himawari-8 data. We employ the BT
test at 11.2 um and BTD tests for band combinations of 7.3-11 um, 7.3-11 um, 11.2-3.9 pum,
11.2-12.4 pm, and 3.9-12.4 um. These tests are few compared to the standard MODIS
cloud masking algorithm [23,24,26,27]. Briefly, the tests are grouped to detect high- and
mid-level clouds (G1: 11.2 and 7.3-11 um); low-level clouds (G2: 11.2-3.9 um); thin cirrus
(G3: 11.2-12.4 um and 3.9-12.4 pm). Since the present work focuses on nighttime data, the
reflectances from the visible and near-infrared bands (0.64 and 0.86 pm) are ignored. The
minimum confidence of each group is determined and represents the value used for the
cloud masking, which is the geometrical mean of the representative values for each group.
The sky is considered clear (cloudy) if the geometrical mean is greater than 0.95 (less or
equal to 0.95). The CC is then calculated as the ratio of the total number of cloudy pixels
and the total number of pixels.

2.5. National Institute for Environmental Studies (NIES) Lidar

The NIES lidar at Chiba University has been continuously gathering data since March
2007. The vertical lidar is operated at 10 Hz, emitting laser pulses of wavelengths 532 and
1064 nm, and laser energies of 30 and 20 m], respectively. Attenuated backscatter coefficient,
depolarization ratio, and attenuated backscatter ratio (1064/532 nm) are obtained every



Remote Sens. 2022, 14, 960

50f16

15 min. The distance between the camera and lidar used to be around 187 m. On 27 March
2019, the lidar instrument was transferred next to the CEReS building, and the horizontal
separation from the camera is currently ~23 m.

Although the vertical lidar and the northward camera observations are carried out
in different directions, clouds detected from the lidar are still helpful when the clouds are
stratified and the cloud coverage is more or less homogeneous over the southeastern Kanto
Plain area, which includes Chiba, Tokyo, and Tokyo Bay. In addition, we often observe
clear sky conditions spreading over these areas during the nighttime. In such cases, the
data from each instrument complement each other.

3. Methodology

We compute the CC values from the ground-based camera by converting the RGB
images to grayscale images using the thresholding technique. A threshold pixel value of
17 effectively separates pixels of a clear sky from those of a cloudy sky [23,26,41]. CC is
computed as the ratio of the number of pixels with pixel values >17 to the total number of
pixels in the image. The resulting CC is then compared with Himawari-8 and MODIS CC
products. For Himawari-8, CC has a temporal resolution of 10 min and can be compared
with CC from the ground-based camera. The CC data from MODOS (Terra) and MYDO08
(Aqua) are compared to ground-based CC observed at 22:30 (£15 min) and 01:30 (15 min)
Japan Standard Time (JST), respectively. In real situations, the MODY08 and MYDO08 mean
CC values can include information from larger time difference exceeding +15 min [45],
depending on the general overpass times for Terra and Aqua satellites. The MODO06 and
MYDO06 CC data are compared to the average CC from the camera within £15 min around
each overpass time.

The night cloud fraction from MODIS (MODO06_L2, MYD06_L2, MOD08_D3, and
MYDO08_D3) is obtained from the Level 1 and Atmosphere Archive & Distribution System
Distributed Active Archive Center (LAADS DAAC) website (https:/ /ladsweb.modaps.
eosdis.nasa.gov (accessed on 11 October 2021)). For MODO06 and MYDO06 data, CC values
are computed for pixels that fall in both the 100 km x 100 km area (bounded by 140° E, 35°
N, 141° E and 33° N) and the 20 km x 20 km area (140.1035° E, 35.6278° N, 140.3035° E,
and 35.4278° N). For MODO0S data, CC from the pixel that contains the location of Chiba
University (140.1035° E, 35.6278° N) and the pixel just north of it (i.e., two pixels covering
200 km 100 km) are averaged to obtain the CC and compared with the value from the
ground camera.

Nighttime clouds can be detected from Himawari-8 satellite data using bands 2 (3.9 um),
10 (7.3 um), 14 (11.2 um), and 15 (12.4 pm). CC from the images of these bands over the
200 km x 200 km area (i.e., 100 x 100 pixels in 35.63°-33.63° N and 140.1°-142.1° E) and
the 200 km x 100 km area (i.e., 100 x 50 pixels in 35.63°-33.63° N and 140.1°-141.1° E) are
computed using the cloud masking algorithm for Himawari-8 data [22] and then compared
with CC from MODO8. In this work, nighttime CC data observed in June and December
2017 are computed and compared with ground CC. These two months represent a summer
and winter month, with high and low CC, respectively, over the Chiba area [24]. Since
Himawari-8 and camera data are available every 10- and 5-min interval, respectively, the
number of points in these two months is sufficient to observe and quantify the relationship
between these two datasets. Himawari-8 data are downloaded from the CEReS server
(http:/ /www.cr.chiba-u.jp/databases/GEO/HS8_9/FD/index.html (accessed on 15 June
2021)). To have a similar notion of comparison between CC from the camera and CC from
MODIS, CC from Himawari-8 obtained at the same time of the night, e.g., all 20:00 JST data
of the month, are subjected to a seven-point running average. This averaging technique is
equivalent to the seven-day averaging implemented on the MODIS data except that the
mean CC from Himawari-8 data results from every 10 min measurements.
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The differences in the measurements from the datasets (satellite and ground camera)
can be quantified by calculating the mean of differences (d) and the mean absolute error (¢)
defined as

=

- 1
d= E . (CCcam,i - Ccsat,i) (1)

1

Il
—_

R

e = E Z|Ccmm,i - CCsat,i s (2)
i=1

where CCqy, i and CCg,y ; are the i-th CC from the ground camera and satellite, respectively.

Equation (1) provides the information on which parameter generally exceeds the other, i.e.,

if d > 0, CC,pyy i is higher than CCq,;; on average. Equation (2) provides the mean of the

absolute difference.

4. Results and Discussion
4.1. Ground Camera vs. MODO08 and MYDO08 CC Products

Nighttime CC data from MODOS8 (Terra) and MYDO08 (Aqua) from 24 February 2000
to 31 December 2020 have been downloaded and analyzed. During nighttime, Terra and
Aqua overpass at around 22:30 and 01:30 JST, respectively. In this work, we compare the
nighttime MODO08 and MYDO08 CC in the 200 km x 100 km area (two pixels of the MODIS
database) with the ground camera data. The comparison of CC data from MODO08 and
MYDO08 with the camera provides an easier way for users to work since the locations are
fixed. For Terra and Aqua, the mean absolute differences between the CC from the top
pixel (36-37° N, 140-141° E) and the bottom pixel (35-36° N, 140-141° E) are 7.7 & 8.8%
and 5.7 & 7.1%, respectively. The small mean absolute difference indicates that a similar
mean nighttime CC occurs over 200 km x 100 km and 100 km x 100 km areas. Figure 1
shows the difference in Terra MODIS CC between the two pixels.

B
Q

N
Q
1

Cloud Cover Difference (%)
8 o

A
=]

01/00 01/02 01/04 01/06 01/08 01/10 01/12 01/14 01116 01118 01/20 01/22
Date

Figure 1. CC difference from Terra MODIS between the top (35-37° N, 140-140° E) and bottom
(35-37° N, 140-140° E) pixels.

The twenty-year, seven-day running averaged data of the daily mean nighttime CC
from MODOS8 (Terra) and MYDO08 (Aqua) shows a CC range from 40% to 100% (Figure 2a,c)
over the area bounded by 35° N-37° N and 140°-141° E (two pixels). The CC from MODIS
also shows the seasonality of CC over the twenty years. The seven-day running average
data of CC from the camera from 1 June 2017 to 31 December 2020 during Terra and Aqua
overpasses are superimposed and show a similar temporal pattern to the satellite data.
This result is consistent with previous measurements comparing the ISCCP reanalysis data
with those from global surface synoptic weather stations and ships [47]. Over Chiba, clear
and cloudy skies tend to occur during the winter (December—February) and summer (June—
August) months, respectively [23]. The variation range of CC from camera observations
is 0% to 100%, while that of MODIS data is from around 40% to 100%. This result may
indicate that the MODIS algorithm is sensitive to detecting high-level clouds that are not
effectively detected by the camera.
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Figure 2. (a) Temporal change and (b) comparison of the mean nighttime CC from the camera and
MODO8 (Terra); (c) temporal change and (d) comparison of the mean nighttime CC from the camera
and MYDO08 (Aqua). Two pixels of MODO08 and MYDO08 (200 km x 100 km) above and including the
camera location have been analyzed. The CC from Terra and Aqua shows a difference of 55% and
57%, respectively, when the camera observes low CC. The dashed line is the y = x fit.
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When low-level clouds are present, the camera can effectively detect these clouds,
leading to higher CC values from the camera. However, the observed distribution of CC
points from MODO08 and MYDO08 is above the x = y line. This deviation indicates that CC
from MODIS overestimates CC from the camera for low-level clouds and suggests that
MODIS observes high-level clouds (e.g., cirrus). The deviation is smaller when CC from
the ground-based camera is compared with nighttime CC from AIRS [23]. CC from AIRS
showed a 36% CC when the camera observes a clear sky (0% CC). AIRS also shows lesser
CC (around 80%) when the camera CC is nearly 100%, indicating that low-level clouds are
not well detected by AIRS.

Figure 2b,d show the relationship of the seven-day running average between the
camera-derived CC and two-pixel CC from Terra and Aqua, respectively. The seven-day
running average has been applied to both the camera and satellite CC values. On average,
a difference of 55% to 57% of satellite CC is found when CC measurements from the ground
are low (~0%). This result indicates that high-level clouds, which the satellite can effectively
detect, are not well observed by the camera. When the camera observes low-level clouds,
i.e., when the CC from the camera approaches 100%, the observed CCs from MODIS are
higher than the CC from the camera. This result implies that MODIS may still be observing
high-level clouds. The mean of difference (d) between Terra (Aqua) and the ground camera
is —15.3 4= 14.3 (—23.4 + 15.6). The negative value of d indicates that the CC from the
ground camera is generally lower than the value obtained from the MODO08 (Terra) and
MYDO08 (Aqua) datasets. The mean absolute error (¢) that results from comparing Terra
(Aqua) and the ground camera datasets is 16.56 (23.48). The higher value of e for Aqua
indicates more spread in the data points. We will further clarify this point in Section 4.2.

The large difference between satellite (Terra and Aqua) and ground camera seen for
low CC camera values is similar to a previous study correlating daytime MODIS CC with
CC from five Surface Radiation Network (SURFRAD) sites [19]. In this previous work, one
factor that led to a difference between MODIS CC and SURFRAD network site data was the
difference in the field of view between the satellite and ground instruments. The variance
between MODIS and ground CC measurements is also evident when small convective
or broken clouds are observed at different zenith/nadir angles. However, relatively high
correlation coefficients ranging from 0.80 to 0.91 were obtained when the monthly average
CCs from MODIS and the ground camera were compared.

The overestimation also implies that each instrument has different sensitivity in
detecting clouds at different heights. While the satellites can easily detect high-level clouds,
the ground camera is more sensitive to low-level clouds. In our previous study comparing
ground-based CC with mean nighttime CC from AIRS, the difference between CC from
AIRS and camera is around 36%, and we attribute this to the presence of cirrus clouds that
are not quite visible from the camera data. Hence, we need to investigate and correlate
the same set of ground CC data with different satellite CC products, elucidating trends
and differences among various satellite sensors and algorithms. The voluminous data
from satellites and the scarcity of ground-based CC data are the current challenges that
international collaborations can adequately address.

4.2. Ground Camera vs. MODO06 and MYDO06 CC Products

Figure 3a,b show the relationship between the two datasets over an area of 20 km x 20 km.
Two observations can be deduced when nighttime MODO6 (Terra) and MYDO06 (Aqua) CCs are
compared to the CC from the ground camera. First, when the camera measures low CC, Tera
and Aqua’s CC values tend to be higher. Terra CC exhibits a smaller difference (24%) than Aqua
CC (45%). This result can indicate low CC due to cirrus or high-level clouds CC during the
22:30 overpass of Terra. A similar result can be observed in Figure 2b,d. On the other hand, CC
values from Aqua (01:30 overpass) are higher when the CC from the camera is low. Generally,
CC decreases at night since ground temperature decreases and less thermal energy is released
to the atmosphere [23]. Thus, the higher CC detected by Aqua for low camera CC infers the
development of high-level clouds that the camera cannot effectively observe as compared with
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the Terra overpass time, though further studies are required to determine the spatiotemporal
variation of nighttime clouds.
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Figure 3. Comparison between CC from (a) Terra (MODO06) and (b) Aqua (MYDO06) over a
20 km x 20 km area with the CC from the camera. A seven-point (~seven-day) running average is
applied to both datasets to extract the relationship between the CC from MODIS and camera.

Cirrus reflectance cannot be retrieved from MODIS at nighttime. However, as shown
in Figure 4, cirrus/high-level clouds can be confirmed from NIES lidar data. Figure 4a,b
show a sample of CC from MODIS (Aqua) and the ground camera at 17:00 on 9 February
2018. In the sky image from the camera (Figure 4b), the grayscale pixels with pixel values of
less than 17 can be attributed to the clear sky. The CC values from the camera and satellite
are 10% and 81%, respectively. However, the time-height indicator plot of attenuated
backscatter coefficient from the NIES lidar (Figure 4c) shows high-level clouds with a cloud
top at around 9 km.

Cloud Cover (%)
Fixel Value

120 125 130 135 140 145 150 155
Langituda

Ay
)

nuated Backscatter CarHiciant (m™er’

00:00 02:24 04:48 07:12 09:36 12:00 1424 16:48 12::12 21:3€ 00:00
Time (UTC)

Figure 4. (a) MODIS (Aqua) CC and (b) grayscale camera images on 9 February 2018 17:00 UTC
(10 February 2018 02:00 JST), and (c) the corresponding lidar attenuated backscatter coefficient at
1064 nm. The small gray box in (a) indicates the location of Chiba University campus. The gray box
in (c) indicates the time when the satellite and camera data were collected.

The mean of difference, d, that results from comparing Terra (Aqua) and the ground
camera datasets is —8.6 = 35.1 (—18.9 & 42.7). The mean absolute error, e, comparing
Terra (Aqua) and the ground camera, is 24.6 (34.1). These values are lower than the values
obtained when MODO08 and MYDO08 data are compared with the CC from the ground
camera. This implies that a smaller pixel size (5 km x 5 km) of MOD06 and MYDO06
datasets can provide a better comparison with the ground camera. Nevertheless, we
observe a relatively large spread in the scatter plot, which indicates high CC variability
within the assigned region.

The relationship between the CCs from the detailed MODIS products (MODO06 and
MYDO06) and those from the camera is examined over the 200 km x 100 km area (Figure 5a,b).
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As expected, the results are similar to the relationships found with MOD08 and MYDO08
(see Figure 2b,d). However, in Figure 5, the spread of the MODO06 and MYD06 points is
evidently larger than the MODO08 and MYDO08 CC products, indicating high CC variability
over the same 200 km x 100 km area. Most of the points are located over the x = y line, but
a number of points can be observed below the y = x line.

CC from Terra (MODOG)
CG from Aqua (MYDOS)

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100 CC from Camera (%)

CC from Camera (%)

Figure 5. Comparison of the camera-derived CC from (a) MODO6 (Terra) and (b) MYDO06 (Aqua)
over a 200 km x 100 km area. A seven-point (~ seven-day) running average has been applied to both
datasets to extract the relationship between the CC from MODIS and camera. The dashed line is the
y = x fit.

4.3. Comparison of CC from Himawari-8 and Camera

Comparing the CC from Himawari-8 with the CC from the ground-based camera
shows a much better agreement, with a resulting intercept of 0.7% (Figure 6). The upper and
lower groups of points in Figure 6 are the data from June and December 2017, respectively.
When camera CC reaches 100%, the CC from Himawari-8 is underestimated by around
10%. The high CC from the camera usually indicates that low-level clouds are observed [23].
Thus, the lower CC of Himawari-8 means that some of the low-level clouds are not well
detected by the satellite due to similar temperatures of the cloud top and the ground. The
low CC from Himawari-8 when the camera observes low CC indicates that cirrus clouds are
not effectively detected by the algorithm used in this study. This result can be considered a
disadvantage, but since the CCs from the camera and Himawari-8 are similar to the low
CC observed by the camera, this result also shows that Himawari-8 is fairly sensitive to
thin clouds near the ground.

100 1 1 1 1 1 1 1 1 1 ’I

y=0.83"x+0.7

(=]
o
1

CC from Himawari (%)
(=2
Q

0 10 20 30 40 50 60 70 80 90 100
CC from Camera (%)

Figure 6. Comparison of the mean CC from Himawari-8 over a 200 km x 200 km area (10,000 pixels)
and the ground camera for the month of June and December 2017. The mean CC from Himawari-8 is
obtained by applying a seven-point average of all data at a particular time. The dashed line is the
y =x fit.

In the same two-month observation periods, CC from MODO06 (Terra) and MYD06
(Aqua) show high CC when the CC from the ground camera is low (Figure 7). The graph



Remote Sens. 2022, 14, 960

11 of 16

shows similar clusters to those seen in the Himawari-8 observations (Figure 6). The left and
right clusters are the observations from December and June 2017, respectively. In December,
the CC from Terra and Aqua is around three times higher than the Himawari-8 CC for a
similar coverage area.
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Figure 7. Average CC from Terra and Aqua (5 km pixel resolution in the 20 km x 20 km area) and
from the ground camera observed in June and December 2017.

In terms of errors, comparing the CC from Himawari-8 and the ground camera yields
a mean of difference, d, of 8.47 and a mean absolute error, ¢, of 10.37. These values are
relatively lower than the values obtained from the comparison of CC between MODIS and
the ground camera. Furthermore, the smaller pixel size (2 km x 2 km) of Himawari-8 data
can better capture the temporal trends of clouds and with a more extensive spread.

When the CCs from Himawari-8 over the 200 km x 100 km area are compared with
the CC from the camera, a similar result is generally observed (Figure 8), implying that the
total variation of the CC between the 200 km x 100 km and 200 km x 200 km areas is not
significant. With this smaller area being considered, the mean difference, d, of 12.20 and the
mean absolute error, ¢, of 30.98 are observed. The CCs from Himawari-8 are underestimated
by as much as <10% when the camera observes low-level clouds. When the camera observes
low CC, the CCs from Himawari-8 are less spread, indicating lower CC variation within a
distance of ~100 km over the Kanto Plain area.

100 1 1 1 1 1 1 1 1 1 "J
.6‘
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Figure 8. Comparison of the mean CC from Himawari-8 over a 200 km x 100 km area (5000 pixels)
and the ground camera for the months of June and December 2017. The mean CC from Himawari-8
are obtained by applying a seven-point average of all data at a particular time. The dashed line is the
y = x fit.
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The high temporal characteristic of Himawari-8 is an advantage that can be used to
observe the temporal variation of clouds and compare them with ground measurements.
In this work, we show that the comparison of the mean CC from Himawari-8, obtained
by performing a seven-point running average, shows similar patterns to ground CC for
both the summer (June 2017) and winter (December 2017) months. Figures 9a and 10a
are the mean CC from Himawari-8 from June and December 2017, respectively, shown
with the corresponding mean ground CC (Figures 9b and 10b) and NIES lidar attenuated
backscatter coefficient (Figures 9¢ and 10c).
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Figure 9. Temporal plots of the CC data observed in June 2017 from (a) Himawari-8, (b) ground
camera, and (c) the corresponding attenuated backscatter from the NIES lidar. Green and black
downward arrows indicate the day with the clear sky and totally cloudy sky, respectively. Red and
black triangles indicate the day when low- and high-level clouds are observed.
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Figure 10. Temporal plots of the CC data observed in December 2017 from (a) Himawari-8, (b) ground
camera, and the corresponding (c) attenuated backscatter from the NIES lidar. Green and black
downward arrows indicate the day with the clear sky and totally cloudy sky, respectively. Red and
black triangles indicate the day when low- and high-level clouds are observed.

Mean CC measurements from Himawari-8 and the ground camera show similar
and different patterns depending on the location of the clouds. Similar CC patterns
are often observed during clear sky (2 June and 5, 18, 20, 21, and 27 December, green
downward arrows in Figure 9a,b and Figure 10a,b) and 100% cloudy (3, 12, 18, 26 June,
and 24 December, black downward arrows in Figure 9a,b and Figure 10a,b) conditions.
The satellite and ground CC exhibit similar low CC after midnight, especially during
clear conditions.

When clouds are near the ground (~2 km), Himawari-8 observations have zero or
lower CC than ground CC, indicating Himawari-8’s limitation in detecting these low clouds.
Such situations are observed on 8, 15, 16 June, and 4 December (red triangles in Figure 9a,b
and Figure 10a,b). On 15 June, for example, a ground CC of less than 40% was observed
before midnight. However, the Himawari-8-derived CC is zero. CC < 40% implies the
existence of broken clouds. This result suggests that Himawari-8 has some limitations in
detecting these broken clouds near the ground.

When high-level (>8 km) clouds exist (6, 14,17, 20 June, and 7, 14, 15, and 28 December,
represented by black triangles located at the bottom axes of Figure 9a,b and Figure 10a,b),
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Himawari-8 CC is higher than ground CC. When multiple cloud layers exist, as on 26 and
28 June, CC values from both satellite and ground differ from each other. CC from each
sensor comes from the clouds nearest the instrument [23].

5. Conclusions

Data from the continuous monitoring of nighttime skies using a commercially available
camera has provided information on the variation of nighttime CC from the ground. A
comparison between the ground and MODIS (MODO08 D3 and MYDO08 D3) CC datasets
has shown that MODIS observes presumably high-level clouds by as much as 57% when
ground CC is at 0%. This difference is larger than the previously reported comparison
between the ground and AIRS CC. This result indicates that different satellites (and hence,
different algorithms) have different capabilities in detecting clouds, and thus, each satellite
CC product needs to be compared with ground CC separately. The comparisons of the CC
from MODIS and ground camera show a higher mean of differences for MODO08 (d = 15.26)
and MYDO8 (23.41) compared to the MODO6 (8.55) and MYDO06 (18.90) datasets. We have
observed relatively smaller mean absolute errors for MODOS8 (e = 16.56) and MYDO0S (23.48)
compared to MODO06 (24.58) and MYDO06 (34.12). Providing an exact reason for these
differences is still a topic that we need to explore in the future.

The comparison of CC from the camera and Himawari-8, on the other hand, shows
a near 1:1 correspondence, though a scattered distribution of data points exists around
the line fitting the two measurements. However, the mean of differences (d = 8.47) and
the mean absolute error (¢ = 10.37) are smaller than those obtained from MODIS. For
higher CC (~90%) measured by the camera, Himawari-8-derived CC has led to a slight
underestimation (<17%). Moreover, Himawari-8 has apparent limitations in detecting
low-level (~2 km) clouds with a CC < 40%. Detecting these low CC is currently a challenge
that we need to address in the near future by improving cloud masking algorithms. The
ground-based camera has a greater CC than the CC from Himawari-8 when high-level
clouds occur.

As a whole, these results indicate that knowledge of the variability of CC over a
particular region can be an important piece of information when comparing satellite and
ground-based CC. Both ground and satellite observations should show similar variability
in CC, though some inevitable difference appears in the detection capability of low- and
high-level clouds. This work further indicates the importance of the ground-based CC
in providing a picture of these variations. We can explore and quantify the variations of
CC with latitude and longitude from both satellite and camera by continuously operating
such cameras at different locations around the globe. Correlating detected clouds from
the camera and space-born lidars is one of the next steps our group will undertake in the
future. Currently, our group has started a collaborative network with other researchers in
Asia to achieve this goal. The data obtained from different locations can be processed using
an established algorithm, ensuring and providing a uniform dataset valuable for inter-
calibrating CC products from other satellites. This approach will enable bias corrections
among satellite CC products, especially for low-level clouds.
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