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Abstract: As an important meteorological element, clouds play an important role in the radiative
transfer process and atmospheric and water circulation. The Loess Plateau is the largest arid and
semi-arid area in China, with a fragile ecological environment. However, few scholars have studied
the spatial and temporal variations in cloud properties in the Loess Plateau. Therefore, in this study,
cloud properties in the Loess Plateau were analyzed at the annual, seasonal, and diurnal scales based
on Himawari-8 cloud products. The results show that cloud frequency (CF), cloud optical thickness
(COT) and cloud effective radius (CER) show obvious spatial discrepancies in the Loess Plateau.
Regions with high CF and COT values are mainly concentrated in the southern part of the Loess
Plateau. In general, areas with high CER values also have low COT values. The highest CF values are
observed in summer, and the highest COT values mainly appear in autumn. However, the highest
CER values mainly appear in spring and winter. In terms of the diurnal variation, the CF is high
at midday and low in the morning and afternoon, while the diurnal variation in COT values is the
opposite: there are high COT values in the morning and afternoon and low values at midday. The
CER values show an increasing trend from morning to afternoon and reach a maximum at 17:00
BJT. High CF values in the southern Loess Plateau and in summer relate to surface water and heat
conditions; the vegetation cover, total column water vapor and temperature values are relatively
high in this area. High COT values in the southern Loess Plateau are associated with sufficient water
vapor levels and high levels of aerosol optical thickness. However, high CER levels in the northern
Loess Plateau and in spring and winter may be caused by a higher nucleation rate related to the
colder temperature. Moreover, more factors could influence CER, i.e., water vapor and aerosols, but
they show complex relationships with the CER which need further explored.

Keywords: cloud frequency; cloud optical thickness; cloud effective radius; Himawari-8

1. Introduction

Clouds usually appear with high frequency, and they cover about 60% of the Earth [1].
They influence the Earth’s energy balance by absorbing or emitting longwave radiation and
reflecting or scattering shortwave radiation [2,3]. Slight changes in the macro- or micro-
properties of clouds have significant effects on radiation balance, energy balance, interac-
tions between the atmosphere and the surface, and even climate change [4-6]. Therefore,
spatio-temporal variations in cloud properties are fundamental to our understanding of
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the mechanisms of cloud radiative forcing effects, so as to more effectively evaluate the role

To capture the temporal and spatial variations in cloud properties, different detection
methods and datasets have been used. The most straightforward way to observe cloud
changes is manually from the ground, which was the only way to measure cloud cover in
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the past. Today, cloud properties and cloud fractions can be determined automatically from
the ground, e.g., with a total sky imager (TSI) covering the entire hemispherical sky [8].
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However, ground stations are sparsely and unevenly distributed, and the representation of
ground stations is weak in regional studies [9]. With the development of remote sensing,
an effective method of cloud detection has emerged. The macro- and micro-properties
of clouds can be inverted based on different sensors. Clouds and the Earth’s Radiant
Energy System (CERES) and International Satellite Cloud Climatology Project (ISCCP) both
produce cloud datasets based on remote sensing data; they focus on cloud and radiation
parameters, and the projects began in the early stages, i.e., in 1982 for ISCCP and in 1998
for CERES. Although updated versions of CERES (Edition 4) and ISCCP-FH have been
released in recent years, they still have coarse resolutions of about 110 km, and they are not
suitable for use in regional studies [10-12]. With the development of sensors and with an
increasing number of satellites being launched, cloud datasets based on individual satellites
or combinations of different satellites have been released, and their spatial resolutions
have been improved. Examples include products of MO(Y)DO06 from the polar-orbiting
satellite based on sensor of Moderate Resolution Imaging Spectroradiometer (MODIS), and
Patmos-X (Pathfinder Atmospheres—Extended) which was produced by integrating more
observations from an Advanced Very High-Resolution Radiometer (AVHRR) flown on
different satellites. Geostationary satellites such as Himawari-8, Geostationary Operational
Environmental Satellite (GOES) and Meteosat Second Generation (MSG) also provide
cloud products [13-15]. Cloud datasets based on polar-orbiting satellites or geostationary
satellites have relatively high spatial resolutions, i.e., the spatial resolutions of MODO06 and
Himawari-8 are 1 km and 5 km, respectively. The Cloud Aerosol Lidar and Infrared Satellite
Observation (CloudSat) satellite with an active cloud profile radar (CPR) and the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) on board the Cloud Aerosol Lidar
Infrared Pathfinder Observation (CALIPSO) satellite can provide vertical cloud structures,
meaning that CloudSat and CALIPSO are better methods of capturing the 3D structures of
clouds, such as cloud top height, cloud base height and the number of cloud layers, but the
temporal resolutions of CloudSat and CALIPSO are too low to capture temporal variations
in clouds [16-18]. By comparing different cloud products from different satellites, we can
conclude that clouds inverted by sensors on polar-orbiting satellites and geostationary
satellites are both suitable for regional cloud characteristic analysis because they both
represent clouds with relatively high spatial and temporal resolutions. In addition, cloud
datasets from geostationary satellites have higher temporal resolutions than those from
polar-orbiting satellites, making them suitable for diurnal variation analysis.

Cloud cover and cloud microphysical properties have regional characteristics which
influence the regional radiative balance and local climate, which also involve cloud for-
mation [19,20]. For example, Liu [21] and Wang et al. [18] found that the distribution of
cloud properties has significant regional characteristics over the Tibetan Plateau: the cloud
optical thickness and cloud water paths decrease from the southeast to the northwest.
Zhou et al. [22] also found that the cloud occurrence frequency over the Tibetan Plateau
is higher from evening to midnight and reaches the minimum value in the morning. In
the Loess Plateau (LP), unique land-surface processes and land—atmosphere interactions
take place, because it is the transition zone from plain to plateau, crossing arid, semi-arid
and semi-humid zones, and climate change has been significant in recent years [23]. In
addition, in the Loess Plateau, land cover has also changed significantly due to the imple-
mentation of ecological restoration projects that altered land—-atmosphere processes in this
area [24-26]. Therefore, to enhance our comprehension of local atmospheric circulation,
land-atmosphere interactions and local climate change, we investigated the temporal and
spatial characteristics of clouds over the Loess Plateau. Diurnal variation in clouds regulates
the diurnal changes in longwave and shortwave radiation flux and precipitation, which
helps us to better understand the regional characteristics of radiation budget, climate and
even local meteorology. We analyzed the annual, seasonal and diurnal features of clouds,
and Himawari-8 cloud products were used because of their higher temporal resolutions
with 10 min. The potential factors that affect the spatial and temporal characteristics of
clouds were also discussed. These findings can help us to understand changes in the
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local cloud-radiation—climate system and the process of local atmospheric circulation and
regional climate change over the Loess Plateau.

2. Materials and Methods
2.1. Research Area

The Loess Plateau is located in the north—central part of China (100°52'E-114°31'E,
33°41'N-41°16'N), with an altitude of 84 m to 5206 m above sea level (Figure 1) [27]. It is
the largest area of loess accumulation in the world. There are thousands of ravines in this
area, which are fragmented and form typical landforms such as the Yuan, Liang and Mao
loess [28]. In terms of climate type, it has a semi-humid and semi-arid climate, with most of
the precipitation concentrated in the summer [29]. In most areas of the Loess Plateau, the
aerosol optical thickness has obvious inter-annual variation, and the largest dust aerosol
load occurs in spring. The annual average temperature and precipitation values in the
whole region also have obvious spatial discrepancies: they are higher in the southern part
than in the northern part of the Loess Plateau [30,31].
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Figure 1. Location and digital elevation model (DEM) of the Loess Plateau and two sub-regions (A,B).

2.2. Himawari-8 Satellite Cloud Products

Himawari-8 (H-8) is a new-generation geostationary satellite operated by the Japan
Meteorological Agency, equipped with the Advanced Himawari Imager (AHI) sensor. It
was launched around 140°E above the equator on 17 October 2014, but it started running
in 2015 [32]. The spatial coverage of H-8 is 60°N—-60°S, 80°E-160°W, and it acquires data
every 10 min for the full disk [33]. Compared with sensors on polar-orbiting satellites,
such as MODIS and AVHRR, observations from H-8 have higher temporal and spatial
resolutions [34]. Products based on the H-8 satellite can be downloaded for free from
http:/ /www.eorcjaxa.jp/ptree/, accessed on 19 June 2022. In this study, we used the H-8
cloud products of cloud optical thickness and cloud effective radius. They both have a
temporal resolution of 10 min and a spatial resolution of 5 km. We selected data from July
2015 to February 2022 for our analysis. Details of the dataset are shown in Table 1.
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Table 1. List of data used in this study and relevant details.

Data Source Datasets/Parameters I;l"ee :;ﬁféi; Ressrt,)?ltli:ilon Download
Himawari o dfctve rdon CER) 10 s o ecsesedon
CloudSat Cloud phase 164 2.5 km (along-track) x http:/ /www.cloudsat.cira.colostate.edu/,
(2B-CLDCLASS-LIDAR) p 1.4 km (cross-track) accesged on 16 Noyember 2022
ECMWEF(ERAS5) Total column water vapor (TCWV) Hourly 0.25° x 0.25° hitps:// cdschm%tf;r:\o&;er;né%%;eu/ s accessed on
NASA(MERRA?) Aerosol optical thickness (AOT) Hourly 0.5° x 0.625° https:// d‘*‘ﬁgﬁnfl‘l‘fr"’ygz%‘zé accessed on 6
MoDIS oDy Nermalad difeceseaton vy i hips/ b modip ol o
Nation]ejlla;faibce;iTeflateau Temperature (TMP) Monthly 1km http://data .tDpe i;rilcb;r; /zbgczcessed on 26
Nation]gle‘gk&eéi?eflateau Potential evapotranspiration (PET) Monthly 1km http:// data.lt)}z (i;;(b;? /zbgczcessed on 26

2.3. Ancillary Datasets

To better explain the temporal and spatial distribution characteristics of clouds, we
selected the total column water vapor, representing the water content condition in the
atmosphere; the normalized difference vegetation index; temperature; potential evapotran-
spiration; and the aerosol optical thickness, representing the conditions of surface water,
heat and aerosols to determine the possible reasons for regional cloud characteristics over
the Loess Plateau. Details of the auxiliary dataset are also shown in Table 1.

2.4. Methods

In this study, we used the H-8 cloud dataset from July 2015 to February 2022. Annual,
seasonal and diurnal variations in cloud optical thickness, cloud effective radius and cloud
frequency were analyzed. Seasons were separated based on spring (March-May), summer
(June-August), autumn (September—-November) and winter (December-February). To
clearly show the diurnal variation, the time we used was Beijing Standard Time (BJT)
(UTC + 8). Due to the limitations in Advanced Himawari Imager (AHI) observations, H-8
only provides daytime cloud products [7]. According to the sunrise and sunset times in the
four seasons, we selected 7:00-18:00 BJT in spring and summer, 7:00-17:00 BJT in autumn
and 8:00-17:00 BJT in winter as the daytime.

Although there is no cloud frequency dataset in H-8, we calculated the cloud frequency
(CF) on the space and time scales. To capture the distribution of CF, we calculated CF
in the specific time period for every pixel (see Equation (1)). For example, an annual CF
map was created by dividing the number of cloud occurrence times by the total number of
observation times in a year for every pixel. However, to determine the CF at the temporal
scale, firstly, we calculated the spatial CF by dividing the number of cloud pixels by the
total number of pixels in the region, and the average spatial CF was used as the mean CF in
the corresponding time period (see Equation (2)). To determine the cloud optical thickness
(COT) and cloud effective radius (CER), they were averaged in space or time to present the
temporal changes and spatial distribution, respectively.

The cloud frequency in time and space can be calculated as follows:

Ncloudftp i
CF, = — 7 (1)
v Nz,
ZNT (Ncloud t/Ntotul t)
CFT _ &t=1 ’ , (2)

Nr

where CF;; is the cloud frequency for a pixel with the position of (i, j). Nejoud—tp,ij is the
number of cloud occurrences for the calculated time period at the pixel and Nt ; is the
number of observed instances during the calculated time period at the same pixel. CFr
is the mean CF in a specific time period. N4, is the number of cloud pixels at time ¢,
Niotal ¢ is the number of pixels for the whole region at time t and Nr is the total number of
observed instances for the calculated time period.
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To explore the relationship between potential influence factors and cloud properties,
in this paper, Geodetector was used. Geodetector is a statistical tool used to measure spatial
stratified heterogeneity (SSH), which refers to phenomena within the strata that are more
similar than those between the strata. The Geodetector method can quantify to what extent
a certain variable X can explain the spatial heterogeneity of response variable Y, and it can
be used to investigate the interaction between two explanatory variables X; and X to a
response variable Y. The SSH of Y and to what extent the explanatory variable X explains
the SSH of Y can be measured using the Geodetector g-statistic [35,36]:

L
2
Y. Nha’h
h=1

g=1- No? ©)

where g is the explanatory power of variable X on Y. The value range is [0, 1], and the
larger the value, the stronger the explanatory power of X on Y. h= 1,...,, L represents the
strata of explanatory variable X. Nj, and N are the number of units in strata & and the
whole region. o7 and ¢ are the variances in strata h and the whole region, respectively.

3. Results
3.1. Annual and Seasonal Cloud Properties over Loess Plateau

We calculated the annual and seasonal means of CF, COT and CER in space, and
the results are shown in Figure 2. The spatial mean of the annual CF was 46.59%. Based
on Figure 2a—e, we could see that the CF shows a similar spatial pattern: there were
higher CF values in the southern Loess Plateau, and there were comparatively lower
CF values in the northern Loess Plateau for all time scales. Moreover, different patterns
could also be observed between the four seasons. The highest spatial mean CF value was
observed in summer (63.47%), and the lowest value was observed in winter (28.00%). The
spatial distribution of CF in summer showed that areas with high values were mountain
ranges: Lvliang mountain and Taihang mountain over the eastern Loess Plateau and
Qilian mountain over the western Loess Plateau, which indicates that topographic relief
contributes to cloud generation over the Loess Plateau.

The annual and seasonal mean COT values in space are shown in Figure 2f—j. The
spatial mean of the annual COT value was 18.07, and the COT values were 14.66, 18.83,
22.23 and 11.49 in spring, summer, autumn and winter, respectively. Based on Figure 2fj,
the annual and seasonal COT values showed similar patterns to CF: high COT values were
observed in the southern Loess Plateau, and low COT values were observed in the northern
Loess Plateau. Moreover, higher COT values were observed in autumn, and lower COT
values were observed in winter. The CER spatial distribution is shown in Figure 2k-o; it
can be seen that the CER values in space showed an opposite pattern to the COT values.
The annual average CER was larger in the northern Loess Plateau (30.07 pm) and smaller
in the southern Loess Plateau (17.70 um). Among the four seasons, the largest spatial mean
CER value was observed in winter: 27.83 um.

3.2. Diurnal Variation in Cloud Properties over Loess Plateau

The diurnal variations in CF, COT and CER were calculated by averaging all 10 min
data between 2015 and 2021 for each hour. We also calculated the yearly and seasonal
diurnal variations. The yearly diurnal variation is displayed in Figure 3a. It can be seen
that the CF value in the Loess Plateau was low in the morning at around 7:00-11:00 BJT and
in the afternoon at around 17:00-18:00 BJT, and it was comparatively higher between 12:00
and 15:00 BJT. The maximum value of CF was observed at 15:00 BJT. However, the diurnal
variation in COT was opposite to the variation in CF; higher COT values were observed in
the morning and afternoon, and they were lower at midday. The CER value increased from
7:00 to 17:00 BJT, reaching a maximum value at 17:00 BJT.
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Figure 2. Spatial distribution of annual and seasonal CF, COT and CER in the Loess Plateau. CF (a—e).
COT (f-j). CER (k-o).
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Figure 3. The diurnal variations in CF, COT and CER in the Loess Plateau. (a) Annual mean CE, COT
and CER. (b) Seasonal mean CF. (c) Seasonal mean COT. (d) Seasonal mean CER.

Figure 3b—d present the diurnal variations in three cloud parameters on the Loess
Plateau in four seasons. The diurnal variations in each parameter in four seasons were
similar to the variation on the annual scale. However, the variation differed between the
four seasons. The highest CF value was observed in summer, and the lowest was observed
in winter. The CF values in autumn and spring were similar, especially at midday, around
12:00-15:00 BJT. In the comparison of the diurnal CF values in summer and winter, the
largest differences between the two seasons were mainly in the morning or afternoon hours,
ie., 8:00 BJT and 17:00 BJT. From 8:00 B]T to 15:00 BJT, the CF was relatively stable, and the
difference between spring and autumn was relatively small. The highest COT value was
observed in autumn, and the lowest was observed in winter for all hours. Between 8:00 and
16:00 B]T, the ranking of COT values in the four seasons showed consistency with autumn
> summer > spring > winter. However, the difference in COT values between the four
seasons was high around midday between 12:00 and 15:00 BJT and relatively low around
8:00-10:00 BJT and 16:00-17:00 BJT, especially in spring and winter. Although the CER
values in the four seasons showed an increasing trend from morning to afternoon, which is
similar to the annual mean for CER, the differences between seasons were also significant
in the morning, at midday and in the afternoon. In the morning, at 7:00 BJT, the CER values
were similar in spring and summer, and they were similar in autumn and winter at 8:00
BJT. However, in summer and autumn, there were similar CER values between 9:00 B]T
and 14:00 BJT; the same went for the CER in spring and winter between the same times.
After 14:00 BJT, the CER values in the four seasons were similar.



Remote Sens. 2023, 15, 2603

8of 17

3.3. Spatial Characteristics of Diurnal Cloud over Loess Plateau

To further explore the spatial distribution of diurnal cloud properties, we separated
daytime into three periods. From 7:00 to 11:00 BJT was classed as morning time, 12:00 BJT to
15:00 BJT was classed as midday, and 16:00 BJT to 18:00 BJT was classed as afternoon. Based
on all of the overpass times, we calculated the average values of cloud properties using all
observations for the period between 2015 and 2021, and the results are shown in Figure 4.
As can been seen from Figure 4a—c, there were lower CF values in the morning (38.94%) and
afternoon (40.02%) and higher values at midday (53.68%). There was a north-south contrast
in CF in the three time periods, and an obvious spatial trend was observed at midday.
The CF values over the entire Loess Plateau were greater than 5.37%, and the maximum
value reached 75.53% at midday. High CF values were mainly concentrated over mountain
ranges: Taihang mountain and Lvliang mountain. The COT value (Figure 4d—f) showed
a similar spatial trend to CF, but it was not as obvious as that of CE. COT showed higher
values in the morning (20.29) and afternoon (19.73) and lower values at midday (16.51).
Moreover, the maximum COT values mainly appeared in the morning in the southern
part of the Loess Plateau, while the COT value of the whole area at noon was less than
28. In contrast to the COT value, the diurnal variation in CER showed a different pattern
(Figure 4g—i). In the afternoon, most of the Loess Plateau showed a relatively large CER
value, with a maximum CER value of 33.38 um. Comparing the three periods, we could see
that the higher CER value in the afternoon (28.65 pm) was mainly distributed in the eastern
part of the Loess Plateau. Meanwhile, we could conclude that the areas with low values of
CER were generally consistent with the areas with high values of COT by comparing the
distribution of the COT and CER values.

(a) Morning (d) Morning (g) Morning
40°N

i
35°N

(b) Midday (e) Midday (h) Midday ——
40°N

(c) Afternoon () Afternoon (i) Afternoon

40°N|

35°N|

104°E 108°E 112°E 104°E 108°E 112°E 104°K 108°E 112°E
[ ]

5 12 19 26 33 40 47 54 61 69 767 14 21 28 35 42 49 5615 17 19 21 23 25 27 29 31 33

CF (%) cor CER (um)

Figure 4. Spatial distribution of diurnal variations in CF, COT and CER in the Loess Plateau. (a—c) CFE.
(d—f) COT. (g-i) CER.

Overall, both in terms of spatial and temporal variation, CF, COT and CER exhibited
significant differences. The spatial distributions of CF, COT and CER generally presented
clear north-south contrast patterns. High values of CF and COT were observed in the
southern Loess Plateau, where low values of CER were observed. The CF value in summer
was much higher than that in other seasons, and the difference in the CF between the
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north and the south part of Loess Plateau was small in summer. Meanwhile, the highest
COT value was observed in autumn, and the highest COT values mainly appeared in the
southern Loess Plateau. In spring and winter, the CER values were higher than those in
other seasons, and the areas with the highest CER values were mainly in the northern Loess
Plateau. Regarding the diurnal variation in cloud properties, the CF values were low in the
morning and afternoon and high at midday. The COT values were high in the morning
and afternoon and low at noon. In contrast, the CER values showed an increasing trend
from 7:00 BJT to 17:00 BJT and reached a maximum at 17:00 BJT. Moreover, the intra-day
time variation was consistent with the intra-day spatial variation.

4. Discussion

Based on the spatial distribution of cloud properties, the CF and COT values showed
clear patterns, being high in the south and low in the north of the Loess Plateau. The
formation and development of clouds is closely related to the water vapor status and
stability of the environmental atmosphere [37]. After the implementation of projects
returning farmland to forests and grasslands in the Loess Plateau, the vegetation coverage
significantly improved in most areas, but vegetation coverage still shows a pattern of being
high over the southeastern Loess Plateau and relatively low over the northwestern Loess
Plateau [28,38]. Although atmospheric circulation mainly influences the atmospheric water
vapor over a region, Zhang et al. [39] pointed out that the increase in vegetation contributed
37.40% of the increase in precipitation over the Loess Plateau, compared with external
atmospheric circulation changes, which contributed about 62.60%. General atmospheric
circulation patterns and environmental conditions both influence cloud formation and
precipitation. Vegetation influences cloud formation by influencing the temperature, soil
moisture and evapotranspiration, which ultimately influence the amount of water vapor
delivered to the atmosphere [40-42]. Therefore, to explore the potential surface water
and heat condition factors for the cloud distribution pattern over the Loess Plateau, we
calculated the annual and seasonal mean total column water vapor (TCWYV) and its related
parameters of temperature (TMP), normalized difference vegetation index (NDVI) and
potential evapotranspiration (PET); these are shown in Figure 5. By comparing the annual
and seasonal spatial distribution of CF with the NDVI and total column water vapor,
we found that they showed similar patterns, especially in summer (Figure 5h,r). The
annual average potential evapotranspiration also increased from northwest to southeast
(Figure 5k), presenting the same pattern as CF distribution. Moreover, the temperature of
the Loess Plateau was also high in the south and low in the north (Figure 5a), which relates
to evapotranspiration and soil moisture, which influence the water vapor content in the
atmosphere.

To further quantify the relationship between surface water and heat conditions and
cloud frequency, we used Geodetector, which provides reasonable and explainable results
to understand the spatial patterns of variables, as shown in Figure 6a. We quantified the
contribution of the total column water vapor, NDVI, temperature and potential evapo-
transpiration on CF at the annual scale. The factor detection results show that the total
column water vapor (with a g-statistic of 0.44) and the NDVI (with a g-statistic of 0.38)
are the most powerful factors in the explanation of CF. However, interaction detection
showed that interactions of temperature and potential evapotranspiration with the total
column water vapor had a larger impact on cloud frequency, with g-statistics of 0.65 and
0.74, respectively. The statistical results from Geodetector show that the dominant factors in
cloud distribution are total column water vapor and NDVI. However, interactions between
temperature and potential evapotranspiration, and total column water vapor both have
significant influences on cloud distribution. Overall, all surface water and heat indicators
showed similar spatial patterns to cloud frequency, and the statistical results also enhanced
the relationship between these variables and cloud frequency. Therefore, we can conclude
that surface water and heat conditions influence the cloud patterns over the Loess Plateau
to some extent.
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Figure 6. Interaction detection of influence factors based on Geodetector for CF (a) and COT (b).

We also selected two typical regions over the Loess Plateau in which the NDVI and
total column water vapor over areas were different to explore the relationship between
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surface conditions and cloud frequency. The locations of the two regions, A and B, are
shown in Figure 1. Region A is in the northern Loess Plateau and is a desert area with
low vegetation cover, and region B is located in the southern Loess Plateau, where the
NDVI and total column water vapor values are relatively high. Based on Figure 5a,fk,
region A had a lower temperature, NDVI and potential evapotranspiration than region B.
Theoretically, the CF value in region B, where the total column water vapor was relatively
high, was significantly higher than that in region A. The comparison of CF in Figure 7a
indicates the same results: the CF value in region B is much higher than that in region A.
Comparing diurnal variation in CF in different seasons (Figure 7b), it can be concluded that
the CF value was higher in summer than in autumn in region A; however, it was different
in region B, where the CF value was very similar in summer and autumn. We calculated
the total column water vapor in summer and autumn; the values were 21.93 kg/m? and
9.90 kg/m? in region A and 32.58 kg/m? and 19.33 kg/m? in region B. The discrepancy
rate of total column water vapor in summer and autumn was higher in region A than
in region B, and total column water vapor values for region B were high in summer and
autumn. Although the water vapor in region A was relatively low in summer, the soil in
region A was loose and porous, and the permeability was low, which means that water
evaporated easily [43,44]. In addition, the temperature (Figure 5c) and rainfall reached the
maximum values in summer, and the rising temperature increased the amount of water
vapor in the atmosphere, leading to cloud formation, which contributed to the high CF
value in summer [45,46].

In addition, the CF value in the whole Loess Plateau was also high in the summer.
Based on Figure 5g-t, the total column water vapor values for the four seasons in the whole
Loess Plateau were 5.91 kg/m?, 15.35 kg/m?, 7.71 kg/m? and 2.48 kg/m?, respectively,
which indicated that the water vapor in summer was much larger than that in other seasons,
creating good conditions for the formation of clouds. Regarding the diurnal variation in
clouds, the CF value was greater at midday than in the morning and afternoon. This may
have been related to the rapidly rising temperature at midday; a rising temperature leads
to warm air rising, expanding and cooling. Finally, it will cool off to create condensation, at
which point water vapor turns into clouds.

The analysis in Section 3 indicates that the COT value was higher in the southern Loess
Plateau. COT is closely related to water vapor content, temperature and aerosol optical
thickness [47]. Gao [48] found that with an increase in aerosol optical thickness (AOT), the
COT value showed an increasing trend in the Loess Plateau. Aerosols contribute to higher
cloud droplet number concentration, leading to higher COT values [49]. We calculated the
seasonal and annual mean values of the aerosol optical thickness (Figure 5u-y). Based on
Figure 5u, the aerosol optical thickness was high in the southern Loess Plateau. We also can
see from Figure 5p that the southern part of the Loess Plateau had a high total column water
vapor value. As such, the high total column water vapor and aerosol optical thickness
values may have been the reason for the high COT value in the southern Loess Plateau. We
also used Geodetector to quantify the influence of total column water vapor, aerosol optical
thickness, NDVI, temperature and potential evapotranspiration and the interaction between
these variables on COT (Figure 6b). The results show that the g-statistics were 0.54 and
0.39 for total column water vapor and aerosol optical thickness, respectively. In addition,
interaction detection showed that the interactions between potential evapotranspiration and
total column water vapor (with a g-statistic of 0.67), temperature and total column water
vapor (with a g-statistic of 0.62) and total column water vapor and aerosol optical thickness
(with a g-statistic of 0.60) showed larger g-statistics than one variable. The statistical results
also indicate that the total column water vapor and aerosol optical thickness are the main
factors affecting COT, and the interaction between total column water vapor and other
factors will also have a great influence on the COT. In addition, we also found that the
diurnal variation was characterized by greater COT values in the morning and afternoon.
One reason for this may have been the lower temperatures in the morning and the strong
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Figure 7. The diurnal variations in CF, COT, and CER in the Loess Plateau in the two subregions.
(a—c) Annual and seasonal mean of CF in regions A and B. (d-f) Annual and seasonal mean of COT
in regions A and B. (g-i) Annual and seasonal mean of CER in regions A and B.

The pattern of CER contrasted with that of CF and COT. The CER values were larger
in the northern Loess Plateau and relatively small in the southern Loess Plateau (Figure 2k).
The CER was mainly influenced by aerosols, water vapor and thermal stability [54]. From
Figure 5p,a, we can find that the total column water vapor and temperature are relatively
small in the northern Loess Plateau. Based on Figure 7g, the CER value in region A was
greater than in region B in the daytime. Region A is a desert area, and the total column water
vapor, as well as the temperature, was relatively low. High values of CER in region A were
mainly observed in spring and winter (Figure 7h). We also calculated ice cloud and water
cloud frequency over the Loess Plateau based on CloudSat data in 2015 (see Figure 8). From
Figure 8, there was a higher frequency of ice clouds over the northern Loess Plateau than
over the southern area. Ice clouds also occurred more often in spring and winter, especially
in the northern part of the Loess Plateau. This could have been associated with the colder
temperature (Figure 5b,e) in spring and winter and the higher nucleation rate [55,56]. In
addition, more dust and pollutants produced by human activities are present in the air in
spring and winter because of sandstorms in spring and the use of heating in winter. They
combine with water vapor and form large and dense cloud particles more easily. Over
region B, in contrast, the CER values were larger in spring and summer (Figure 7i), which
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was more likely related to the sufficient water vapor and high aerosol optical thickness in
spring and summer in region B [56]. However, Zhao et al. [57], Qiu et al. [58] and Jung
et al. [59] found that CER is closely associated with the aerosol type, aerosol amount, cloud
type, and water vapor, and their relationship is complicated. For example, aerosols as
cloud condensation nuclei affect the CER value [49]. Moreover, the influence of aerosols on
CER is also related to the environment [60]. Gao [48] found that the water cloud effective
radius increased with increasing aerosol optical thickness, while the ice cloud effective
radius was negatively correlated with aerosol optical thickness in the Loess Plateau. Under
different cloud water content levels, CER showed different relationships with aerosol
optical thickness [61]. Thus, the relationship between these influence factors and CER
needs to be investigated further. Therefore, this analysis provides limited insight into the
influence of different parameters on cloud parameters; it cannot be used to demonstrate a
strong causal relationship between them.
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Figure 8. Spatial distribution of cloud phase frequencies over the Loss Plateau. (a-d) Spatial distribu-
tion of water cloud frequency in four seasons. (al-d1) Spatial distribution of ice cloud frequency in
four seasons.

5. Conclusions

Clouds play a vital role in the climate system, water cycle and surface solar radiation
simulation and prediction, especially in arid and semi-arid regions, where clouds are
potentially sustainable water resources. The macro- and micro-physical properties of
clouds have regional characteristics that influence the local radiation budget, climate
and meteorology. This paper analyzed the temporal and spatial characteristics in cloud
frequency (CF), cloud optical thickness (COT) and cloud effective radius (CER) in the Loess
Plateau based on H-8 satellite cloud products from July 2015 to February 2022.

On both the annual and seasonal scales, all three parameters showed clear north—
south discrepancies in space. The spatial distribution of CF had distinct features, with
higher values in the southern Loess Plateau and lower values in the northern Loess Plateau.
However, the spatial differences between the four seasons were obvious. The CF values
were highest in summer and lowest in winter. The COT values showed similar patterns
with CF: high values were observed in the southern Loess Plateau, and low values were
observed in the northern Loess Plateau. Higher COT values were observed in autumn, and
lower COT values were observed in winter. In addition, the spatial distribution of CER
showed the opposite pattern to CF and COT. The CER in the northern and southern parts of
the Loess Plateau reached the maximum and minimum annual average values, respectively.
The largest CER value was observed in winter. In terms of the diurnal variations, the CF
value was low in the morning and afternoon and high at noon, and the CF value was the
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highest at around 15:00 BJT. However, the diurnal variation in COT showed the opposite
pattern to CF, being high in the morning and afternoon and lower at midday. The CER
values increased between 7:00 BJT and 17:00 BJT. The maximum value of CER appeared at
17:00 BJT.

The potential reasons for the regional cloud characteristics over the Loess Plateau were
also explored further. By comparing CF values with the normalized difference vegetation
index, total column water vapor, potential evapotranspiration and temperature over the
Loess Plateau, we found that CF showed a similar spatial distribution to these variables, and
all of them had high values in the southern part of the Loess Plateau. Based on the results
of factor detection and interactive detection modules from Geodetector, we also found
that the total column water vapor, normalized difference vegetation index, temperature
and potential evapotranspiration have great explanatory power for CF. Therefore, large
CF values in the southern Loess Plateau are related to surface water and heat conditions.
The higher COT value in the southern Loess Plateau was consistent with the sufficient
water vapor and high aerosol optical thickness in this area. However, the large value of
the CER in the northern part of the Loess Plateau and in spring and winter may have been
associated with the higher nucleation rate caused by colder temperatures. Water vapor
and aerosols also influence the CER, but they have complex relationships with it. In terms
of diurnal variations, the low CF values in the morning and high values at noon could be
explained by the fact that the temperature rapidly rose, and the water vapor values were
sufficient at midday. However, the diurnal variation in COT showed the opposite pattern
to that of CE. The high COT values in the morning and afternoon might have been affected
by the low temperature in the morning and the intense radiation cooling in the afternoon.

This paper studied the temporal and spatial variation characteristics of cloud prop-
erties over the Loess Plateau. The potential reasons for the regional cloud characteristics
over the Loess Plateau were also analyzed, but the explanation for the temporal and spatial
characteristics in cloud properties was not comprehensive enough, and future research
needs to be carried out so that we can better understand the physical and dynamic reasons
behind these temporal and spatial features in cloud properties.
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