www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

The relationship between cloud
distribution characteristics and
meteorological elements over
China
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The meteorological elements in the cloud background field influence and change with the cloud

macro and micro characteristics, so it is of great significance to study the relationship between

them. Using CALIOP Level 2 VFM products and ERAS5 reanalysis data, this paper studies and analyzes
the relationship between the distribution characteristics of different types and phases clouds and
meteorological elements over China through statistical methods. The results show that: In the two-
dimensional probability density function distribution of cloud occurrence probability and relative
humidity-temperature, there are two significant high value regions, which can be divided into tropical
clouds and temperate clouds. Further linear fitting of cloud and relative humidity-temperature two-
dimensional probability density function shows that transparent altocumulus and altostratus show a
similar linear trend, which indicates that the relationship between temperature and relative humidity is
consistent in the background field with high frequency of mixed-phase clouds. Tropical and temperate
cirrus may correspond to in-situ origin cirrus and liquid origin cirrus, respectively. Further analysis

of the relationship between specific humidity and temperature in the cloud background field shows
that with a high cloud occurrence probability, water vapor content was exponentially correlated with
temperature. The ratio between the actual fitted water vapor and the saturated water vapor calculated
by Tetens formula is defined as the water vapor content saturability in the cloud background field.

It is found that the water vapor content saturability in the cloud background field increases with the
decrease of temperature, and this trend is more obvious in cirrus.
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Any change in cloud distribution characteristics may cause changes in meteorological elements of its
background field, and likewise, changes in meteorological elements can in turn cause adjustments in cloud
distribution characteristics'~. Previous studies have shown that meteorological elements such as temperature
and humidity are key influencing factors in cloud thermal dynamic processes®* and micro physical processes®.
Cai et al.” found that the distribution boundary of ice clouds and water clouds is very close to the isotherm of
—14"C at the height of 3-7 km, and this relationship may be related to the mechanism by which water clouds
transform into mixed-phase clouds with the assistance of ice nucleating particles (INPs). Relative humidity (RH)
is an extremely important factor in cloud parameterization. Many meteorological elements (such as vertical
velocity) and aerosols affect the distribution characteristics of clouds by influencing RH®. In addition, RH is also
closely related to the ice supersaturation process during cloud formation’. D ‘Alessandro et al.!'® compared the
cloud phases and RH distribution of —67 C to 0 ‘C over the Southern Ocean in the summer of the Southern
Hemisphere, and compared it with the global climate simulation, and found that the deviation between the RH
of the ice cloud and the liquid saturability was as high as 20%—-40% at —20 ‘C to 0 ‘C. This indicates that for
low liquid mass fraction (<0.1), the assumption of liquid saturability model for coexistence of ice and liquid
is not accurate. Therefore, the study of meteorological elements in the cloud background field is conducive to
improving the parameterization scheme of global atmospheric models to simulate the physical process of cloud
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formation, so as to comprehensively evaluate the characteristics of clouds and their impacts on climate in global
climate and weather forecasting models.

Schoeberl et al.!! studied the relationship between the cloud distribution of tropical tropopause layer (TTL)
and the ice-related high relative humidity (RHi), and found that high (>80%) RHi region generally existed
in TTL, and the region with the highest RHi was consistent with the extensive cirrus cloud distribution. By
analyzing the statistical relationship between cirrus micro-physics and large-scale meteorology, Muhlbauer
et al.!2 found that almost half of cirrus occurrence near observation sites can be explained by three different
weather conditions, namely, upper ridges, mid-latitude cyclones with frontal systems, and subtropical currents.
The probability density function (PDF) of cirrus micro-physical properties, such as particle size distribution,
ice number concentration, and ice water content, show significant differences across weather systems. Klein
and Hartmann!® found that there was a strong correlation between low cloud cover over the ocean and the
potential temperature difference between 700 hPa and sea level, that is, low tropospheric stability. Wood and
Bretherton!* further proved that there was a positive correlation between liquid stratospheric cloud cover and low
tropospheric stability. The matter-backscattering ratio of cirrus is negatively correlated with temperature!>-'®and
the shape ratio of particles in cirrus is also strongly correlated with temperature, in which the depolarization
rate increases with the decrease of temperature!>?. CALIOP Level 2 VEM products, which classifies clouds
and aerosols through scene classification algorithms (SCA), provides cloud climate data with wider coverage
and higher resolution’. VFM products can be used to further study the relationship between the distribution
characteristics of different types and phases clouds and meteorological elements. Therefore, this paper uses
ERAS5 data as the background field of meteorological elements and combined with CALIOP VFM data to study
the relationship between cloud distribution characteristics and meteorological elements.

This paper is organized as follows: Section. 2 presents the satellite observation and reanalysis data used
to analyze the relationship between cloud distribution characteristics and meteorological elements. Section 3
describes the relationship between cloud distribution characteristics of different types and phases and RH.
Section 4 describes the relationship between cloud distribution characteristics of different types and phases and
specific humidity (SH). Section 5 summarizes and looks forward to the full paper.

Data and method

Data

Cloud types in VFM products are divided into eight categories”: low overcast (transparent), low overcast
(opaque), transition stratocumulus, low broken cumulus (transparent), altocumulus (transparent), altostratus
(opaque), cirrus (transparent) and deep convective (opaque). The sample selected in this paper is a laser beam
that can penetrate clouds to the ground, and the research only targets clouds with optical thickness ranging from
0.02 to 3”. Some deep convective clouds cannot be detected in the vertical direction by laser radar owing to their
large thickness. Therefore, they are not included in the statistical analysis in this paper. In addition, CALIOP
L2-VFM provides corresponding quality assessment. According to the cloud-aerosol recognition algorithm, the
identification results are marked with confidence, which are classified into four categories: high, medium, low
and untrustworthy. Among them, over 90% are highly trustworthy, and 90% are calculated by the CAD data
recognition algorithm in VFM products®!. The data used in this paper is the highly trustworthy part of the VFM
products.

Level 2 VEM vertical mask products from CALIPSO and ERA5 (ECMWF Reanalysis v5) meteorological
element data from June 2006 to June 2020 are combined in this study. The relationship between the distribution
characteristics of different types and different phases of clouds and meteorological elements in China and
surrounding areas (0-55°N,70-140°E) was analyzed.

Research and method

In this paper, China and its surrounding areas (0-55°N, 70-140°E) are selected as the research area (Fig. 1). The
red line in the figure is the outline of the Qinghai-Tibet Plateau, and the contour recognition is based on the
3000 m contour line of ETOPO5 Global Surface Relief?>23.

The horizontal resolution of the VEM product used in this paper is 333 m, and the 1°x1° products can
obtain quite a lot of samples in the grid: the average number of observed profiles after 1°x1° gridding is above
123,000, and the average number of observed tracks is above 4407, Therefore, it is subjected to quality control and
gridding, that is, by dividing 1°x1° grids, scattered particles of different heights detected by each profile in each
grid are taken as samples. Then, the grid data of 1°x1° were statistically analyzed to form a cloud sample data set
of 1°x1° for 15 years, and then the spatial-temporal characteristics of various types of clouds were statistically
analyzed. For the ERA5 reanalysis data with a resolution of 0.25°x0.25°, this paper uses the nearest neighbor
interpolation method to match the 0.25°x0.25° reanalysis data with the horizontal resolution of 333 m satellite
data. The most recent 0.25° reanalysis data is used in the VFM products to form cloud and meteorological
element matching samples in the cloud background field, which are used to analyze the relationship between the
cloud and meteorological elements, that is, the statistical analysis in Sects. 3-4.

Results

The relationship between relative humidity and cloud types distribution characteristics
Combining RH and temperature (Fig. 2), the probability of cloud occurrence presents two significant high
value regions along with the change trend of the two meteorological elements. When the temperature is colder
than 0 °C, low clouds mainly occur under conditions of low temperature and high RH. When the temperature
is warmer than 10 C, clouds mainly occur under conditions of high temperature and high RH (Fig. 2a-d).
For transparent altocumulus (Ac, tra) and opaque altostratus (As, op) (Fig. 2e and f), when the temperature
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Fig. 1. Terrain of the study area (This map was created by NCAR Command Language Version 6.5.0
(download the software at https://www.ncl.ucar.edu/Download/). Terrain data is derived from the Shuttle
Radar Topography Mission (SRTM), data download https://srtm.csi.cgiar.org/SELECTION/inputCoord.asp).

(a) low,tra (b) low, op (o) Scl . (d) Fq .
|7 " 9l -] =
F ] 1 4 ] E
£2 N ¥ BN A1
5 ‘g P 604 | 5\ N -
2 7oA. o | ‘ = 1
© . 40 4 b 40
[}

o a0 4 30 4 30 4 30 4
10 0 10 20 10 0 10 20 5 0 5 10 15 20 5 0 5 10 15 20
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)
(e) Ac,}ra ) (f) As, op
g 70 70 4 L 80 1
%‘ 70 4
2 60 F 60 1 r
E ~ 50 -
s ] S N F 50
2
T 40 Fo 40 40 -
@
T o] L 30 4 T
16 12 8 4 0 4 20 15 10 6 0 5 70 60
Temperature (°C) Temperature (°C) Temperature (°C)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fig. 2. The PDF distribution of RH and cloud temperature: (a) low overcast (transparent), (b) low overcast
(opaque), (c) stratocumulus, (d) low broken cumulus (transparent), (e) altocumulus (transparent), (f)

altostratus (opaque) and (g) cirrus.

is colder than — 10 ‘C, the clouds mainly occur under conditions of low temperature and high RH. When the
temperature is warmer than 0 ‘C, the probability of cloud appearance increases as the RH decreases. Moreover,
the probability of occurrence of the two types of cloud shows a significant linear trend. Therefore, the linear
fitting of the two-dimensional PDF of RH and temperature of Ac and As was further carried out (Fig. 2e and
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f), and it was found that the cold temperature and high frequency region of Ac could be well fitted to a straight
line with a slope —3.61 and an intercept 1.75. The warm temperature and high frequency region can better fit a
straight line with a slope of —8.05 and an intercept of 72.64. As also shows a similar linear trend, which indicates
that the RH and temperature present a linear change in the background field with high frequency of the two
kinds of mixed-phase clouds, Ac and As. The slope of linear change at different temperatures is close but the
intercept is different, that is, the relationship between temperature and RH is consistent but RH is different. The
occurrence probability of cirrus is also divided into two parts by temperature, in which it mainly appears at —40
C and increases with the increase of RH. The secondary part appears at —60 C to —70 C, and the probability
of occurrence also increases with the increase of RH. Further, the two-dimensional PDF of RH and temperature
of cirrus is linearly fitted, and it is found that the cold temperature high frequency region of cirrus could be
well fitted to a curve, and the warm temperature high frequency region could be well fitted to a straight line,
indicating that under cold temperature conditions, in the background field with high frequency of cirrus, the RH
and temperature show corresponding curve changes. Under warm temperature conditions, in the background
field with high cirrus occurrence frequency, the RH and temperature show a linear change. Such different trends
may be related to the differences in the formation mechanisms of the two types of cirrus.

In view of the distribution characteristics of double high-value regions shown by two-dimensional PDF of
RH and temperature of cloud types, clouds of the same type conforming to the characteristics of the two high-
value regions are defined as cold-temperature clouds (i.e., the left box of Fig. 2) and warm-temperature clouds
(i.e., the right box of Fig. 2) respectively according to the temperature differences, and the horizontal distribution
characteristics of the two are further analyzed. It is found that in Fig. 3(a) - (f), except cirrus, the cold clouds in
all types of clouds are mainly distributed in the north of 40 °N, the mixed-phase clouds extend southward to the
Qinghai-Tibet Plateau, and can be defined as temperate clouds, while the warm clouds are mainly distributed
in the low latitude area, and the northern boundary is near the Tropic of Cancer, and can be defined as tropical
clouds. For cirrus, it shows the opposite distribution characteristics, cold cirrus is mainly distributed in the
low latitude region, and the northern boundary is also near the Tropic of Cancer, so it is defined as tropical
cirrus, while warm cirrus is mainly distributed in the temperate region. Tropical cirrus and temperate cirrus
may correspond to two types of cirrus with different formation mechanisms and micro-physical properties:
in-situ origin cirrus and liquid origin cirrus®. He et al.”® indicated that liquid origin cirrus is mostly formed by
heterogeneous nucleation, while in-situ origin cirrus is mostly formed by homogeneous nucleation?®. Cai et al.”
found that cirrus at middle and high latitudes are more likely to be formed by heterogeneous nucleation, while
cirrus at low latitudes are more likely to be formed by homogeneous nucleation. The horizontal distribution
difference of cirrus in Fig. 3(g) also corresponds to such a relationship, that is, cirrus in temperate regions
correspond to liquid origin cirrus formed mainly by heterogeneous nucleation. Cirrus in the tropics correspond
to in-situ origin cirrus formed primarily by homogeneous nucleation. In the two-dimensional PDF distribution
of temperature and RH (Fig. 3g), tropical cirrus exhibit a characteristic of high RH, further confirming that
they might correspond to in-situ origin cirrus directly formed in the form of ice under low-temperature and
high-humidity conditions. Temperate cirrus exhibit the characteristic of low RH, further confirming that they
correspond to liquid origin cirrus formed by the freezing of liquid droplets in the cloud under conditions of
high temperature and low humidity. The different formation mechanisms of these two types of cirrus may be the
reason why the RH and temperature in cirrus background field show curve and linear trend respectively under
cold temperature and high temperature conditions. Krimer et al.?’ also drew a similar conclusion. They found
that the RH in cirrus shows typical latitude differences, with the RH in cirrus being higher in tropical regions
and lower in temperate regions. The difference between temperate and tropical distribution of this cloud type
indicates that temperature rather than RH is the main meteorological factor associated with the distribution
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Fig. 3. is the same as Fig. 2, but shows the horizontal distribution of clouds in the PDFs high value area of RH
and temperature (the black dashed line is the Tropic of Cancer 23.5°N, the red solid line is the terrain of the
Qinghai-Tibet Plateau).
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characteristics of the cloud type. Moreover, the background field temperature is mainly caused by latitude
differences, and the relationship between RH and cloud distribution characteristics may be due to temperature
changes.

The relationship between relative humidity and cloud phases distribution characteristics

As shown in Fig. 4, the PDF distribution of RH and temperature corresponding to ice cloud is similar to cirrus,
which is also mainly divided into two parts by temperature, in which the temperature mainly occurs at —40
C to —30 C, and increases with the increase of RH. The secondary part appears at =60 C to —70 ‘C, and the
probability of occurrence also increases with the increase of RH. Combining the two high-value regions of cloud
occurrence probability, the RH of ice cloud increases with the decrease of temperature, which is consistent with
the conclusion reached by Alexei and George?®. The trend of water cloud occurrence probability with the change
of the two meteorological elements does not show obvious characteristics of the two high-value regions, but it
also shows roughly two types of trend. When the temperature is colder than 0 ‘C, the colder the temperature and
the higher the RH, the greater the probability of cloud occurrence. When the temperature is warmer than 0 C,
the warmer the temperature and RH, the greater the probability of cloud occurrence.

In view of the distribution characteristics of the double high-value region shown by two-dimensional PDF
of the RH and temperature of the ice cloud, the same type of clouds conforming to the characteristics of the two
high-value regions are divided into cold ice clouds (i.e., the left box of Fig. 4) and warm ice clouds (i.e., the right
box of Fig. 4) according to the temperature difference, and the horizontal distribution characteristics of the two
are further analyzed (Fig. 5). The results are consistent with the distribution characteristics of cloud types. Cold
ice clouds are mainly distributed in temperate areas, with the southern boundary around 30 °N, while warm ice
clouds are mainly distributed in tropical areas, and the northern boundary is also near the Tropic of Cancer.
Based on the cloud height data in the VFM products, the ice cloud height in China and its surrounding areas
was calculated. It was found that in areas south of 35°N, the ice cloud height is generally above 9 km. Zhang et
al.?® found that clouds with cloud top height below 9 km are more closely related to topography, while the cloud
above 9 km has little relationship with topography, so the ice cloud is less affected by the topography of the
Qinghai-Tibet Plateau, resulting in the southern boundary of the ice cloud region is relatively flat. This difference
in latitude distribution is more obvious than that of cloud types, and the 25 °N-30 °N latitude zone is a significant
dividing zone between temperate and tropical ice cloud coverage.

The relationship between specific humidity and distribution characteristics of cloud types
RH is a physical quantity calculated from the actual water vapor pressure and saturated water vapor pressure,
which is related to temperature. Therefore, the cloud distribution characteristics displayed are also greatly
affected by temperature, and the relationship between humidity and cloud climatology characteristics cannot be
fully expressed. In order to reveal the relationship between water vapor content in background field and cloud
distribution characteristics, the variable SH is introduced, and the SH corresponding to cloud types is analyzed
by PDF.

Comparing SH with temperature, it can be seen from two-dimensional PDF distribution (Fig. 6) that as the
temperature decreases, the water vapor content in the background field where all kinds of clouds are located
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Fig. 4. is the PDF distribution of RH and cloud temperature in the cloud background field: (a) ice cloud, (b)
water cloud.
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Fig. 5. is the same as Fig. 4 but shows the horizontal distribution of ice clouds in the PDF high value area of
RH and temperature (black dotted line is the Tropic of Cancer 23.5°N, red dotted line is 30°N).
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Fig. 6. is the same as Fig. 2, but shows the PDF distribution and exponential fitting of specific humidity and
temperature in the cloud background field (the filling color is a two-dimensional PDF of SH and temperature
in the background field, the black solid line is the actual fitting line, the brown dotted line is the 95% prediction
interval, and the green solid line is the Tetens saturated water vapor pressure formula curve).

decreases. For clouds at different levels, the SH in the background field of low clouds is mainly between 2 and
14 g - kg~', and the probability of cloud occurrence is higher under warm temperature and high SH conditions,
while the SH of medium cloud is between 1 and 6 g - kg™, and the probability of cloud occurrence is higher
under cold temperature and low SH conditions. For high clouds such as cirrus, the water vapor content is
obviously less than other clouds, and it is more in the background field condition where the SH is less than 0.1
g+ kg~'. Figure 6 also reflects the positive correlation between water vapor content and temperature change
for different types of clouds. In order to reveal the positive correlation between SH and temperature in the
background field where the cloud distribution is located, this distribution is further fitted. The fitting results
pass the 99% significance test, and all samples are within the 95% prediction interval. As shown in Fig. 6, in
the background field of all types of clouds, water vapor content and temperature shows an obvious exponential
correlation. In addition, Tetens saturated water vapor pressure formula® is introduced and combined with the
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Fig. 7. is the same as Fig. 2, but shows the change of water vapor content saturability with temperature in the
cloud background field.
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Fig. 8. is the same as Fig. 4, but it is the fitting of the PDF distribution index of specific humidity and
temperature in the ice cloud background field (the filling color is the two-dimensional PDF of specific
humidity and temperature in the background field, the black solid line is the actual fitting line, the brown
dotted line is the 95% prediction interval, and the green solid line is the Tetens saturability water vapor
pressure formula curve).

actual fitting curve, it can be found that for all types of clouds, the water vapor content in the background field is
basically unsaturated, and the water vapor content in the cirrus background field is close to saturability.

The ratio between the actual fitted water vapor and the saturated water vapor calculated by Tetens formula is
defined as the water vapor content saturability in the cloud background field. As shown in Fig. 7, the water vapor
content saturability in the cloud background field increases with the decrease of temperature, and this trend is
more obvious in cirrus.

The relationship between specific humidity and distribution characteristics of cloud phases
For different cloud phases, as shown in Fig. 8, the water vapor content in the background field of ice clouds is
significantly less than that of water clouds. And ice clouds are mainly distributed in the background field with
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Fig. 9. is the same as Fig. 4, but shows the change of water vapor content saturability with temperature in the
cloud background field.

water vapor content much less than 0.1 g - kg™ *. The background field of different cloud phases also shows that
the water vapor content has a certain relationship with temperature. In order to reveal the positive correlation
between SH and temperature in the background field where the different phases of clouds distribution are located,
and further fit the distribution, it can be found that the water vapor content and temperature present obvious
exponential changes at the location of cloud distribution, indicating that the water vapor content is exponentially
correlated with temperature in the background field where clouds can be formed. And this exponential change
relationship is particularly obvious in water clouds. By comparing the Tetens formula with the actual fitting
curve, it can be found that for ice clouds, the water vapor content in the background field gradually becomes
saturated with the decrease of temperature, while the water vapor in the background field is saturated below
—10°C and unsaturated above —10°C.

The saturability of water vapor content in the background field of different phase clouds increases with the
decrease of temperature (Fig. 9). The fluctuation range of water vapor saturability of ice clouds is between 0.8
and 2.9, indicating that a part of ice clouds is still unsaturated, and the proportion of unsaturated ice clouds
increases with the increase of ice cloud temperature. This is consistent with the conclusion once obtained by
Alexei and George (2006). The fluctuation range of water vapor saturability of water cloud is between 0.8 and
1.5. The minimum water vapor saturability of water cloud is close to that of ice cloud, but the maximum water
vapor saturability is significantly different.

Conclusion

In order to more accurately understand the relationship between cloud climate characteristics and meteorological
elements in China and its surrounding areas, this paper uses CALIOP VFM, a high-resolution data product that
can uniformly classify cloud types and cloud phases, and combines ERA5 reanalysis data to study the relationship
between cloud types and cloud phases distribution characteristics and meteorological elements in China and
surrounding areas during the 15-year period from June 2006 to June 2020. The main conclusions are as follows:

(1) Clouds occurrence probability presents two significant high value regions with the changing trend of RH
and temperature. Clouds are mainly divided into tropical clouds and temperate clouds in the high val-
ue region of cloud occurrence probability, and the northern limit of tropical cloud coverage is near the
Tropic of Cancer. Tropical cirrus clouds show high RH, which may correspond to the in-situ origin cirrus
formed directly in the form of ice under low temperature and high humidity conditions, while temperate
cirrus clouds show low RH characteristics, which corresponds to the liquid origin cirrus formed by freezing
droplets in the cloud under high temperature and low humidity conditions. The relationship between RH
and cloud distribution characteristics is mainly based on the change of temperature, and the temperature
change mainly comes from the difference of latitude.

(2) Inthebackground field with a high probability of cloud occurrence, the trend of specific humidity and tem-
perature presents a positive correlation. The background field of low cloud is more inclined to high temper-
ature and high humidity, while the background field of medium and high cloud is mainly low temperature
and low humidity. Further analysis shows that water vapor content is exponentially correlated with temper-
ature, and this correlation is particularly obvious in water clouds. The ratio of the actual fitted water vapor to
the Tetens saturated water vapor was defined as the water vapor saturability in the cloud background field.
It was found that the water vapor saturability in the cloud background field increased with the decrease of
temperature, and this trend was more obvious in cirrus.
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Data availability
The datasets analyzed during the current study are available in the CALIPSO official website [https://www-calip

so.l

arc.nasa.gov/] and Climate Data Store [https://cds.climate.copernicus.eu/].
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