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Abstract: The investigation of atmospheric characteristics is of great significance in properly exploit-
ing air and water resources, and quantitatively estimating and nowcasting precipitation. Microwave
radiometers are widely used in this field because they can operate unattended for a long time under
almost all weather conditions, and obtain high-quality remote sensing data. This research focuses
on the applications of ground-based microwave radiometers in retrieving meteorological charac-
teristics of the Qinghai-Tibet Plateau (QTP) during the East Asian winter monsoon (EAWM), such
as humidity and temperature structures, stability /convection indices, and cloud and precipitation
retrievals. Vertical structures of atmospheric temperature, pressure, humidity, and other variables
were investigated under clear-sky and snowy-sky conditions. The statistical characteristics of sta-
bility /convection indices in the QTP region, such as convective available potential energy (CAPE)
and convective inhibition (CIN), were investigated, with a special focus on snowy-sky conditions.
The relationship between potential cloud water resources and atmospheric and thermodynamics and
instability conditions were taken into consideration. The results showed that the peak CAPEs under
clear-sky and snowy-sky conditions were 1349.11 J/kg and 1165.12 ] /kg, which were relatively larger
than the corresponding values during the summer monsoon. CINs during the EAWM were small
enough to be negligible. For quantitative precipitation forecasting (QPF), brightness temperatures at
30.0 GHz and 51.24 GHz sampling channels were sensitive to the snowfall process. Within 1 h before
snowfall, the precipitable water vapour (PWV) and liquid water content (LWC) increased sharply by
0.05 cm and 0.12 mm, respectively, while the CAPE and downwards CAPE decreased by 225.60 J/kg
and 180.31 J/kg, respectively. The findings of this article may be meaningful for characterizing
meteorology and precipitation in the QTP and similar regions during the winter monsoon.

Keywords: ground-based microwave radiometer (MWR); radar remote sensing; precipitation forecast;
quantitative precipitation estimation (QPE); Qinghai-Tibet Plateau (QTP)

1. Introduction

The Qinghai-Tibet Plateau (QTP), an inland plateau in Asia, is the largest plateau in
China and the highest altitude in the world, known as the roof of the world. The dynamic
and thermal effects of the QTP topography have an important impact on the weather and
climate, atmospheric circulation, and water cycle worldwide. The generation, development,
and eastward movement of mesoscale systems in the QTP may cause catastrophic weather,
such as heavy rainfall in plateau and downstream areas [1]. Therefore, it is necessary to
strengthen QTP atmospheric detection and obtain more abundant meteorological infor-
mation, such as atmospheric temperature, pressure, and humidity. The remote sensing
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detection of water vapour and liquid water content in the atmosphere has important appli-
cations in the fields of weather forecasting, artificial weather, and flight safety. Microwave
remote sensing not only has the advantages of visible light and infrared remote sensing, but
also has the unique advantages of all-weather and all-day conditions. For example, it can
penetrate cloud cover, and dense fog and rainfall. Therefore, microwaves can be used to
detect atmospheric conditions in the atmosphere and clouds with high detection sensitivity.

Microwave radiometers (MWRs) adopt microwave remote sensing technology and are
sensitive to the detection of atmospheric parameters such as temperature and humidity [2,3].
This has practical significance for weather forecasting and artificial precipitation services.
According to the working platform, MWR can be divided into two types, namely, space-
based and ground-based systems. Based on satellite remote sensing technology in high-
altitude orbits, the detected data have high spatial resolution and wide coverage, especially
in land and marine areas where people are scarce [4,5]. However, satellite detection is
limited by the earth’s geometry. It has high resolution at high altitudes, while the resolution
at low altitudes is relatively poor [6,7]. In particular, the shielding and strong absorption of
clouds, as well as the opacity of the atmosphere to millimeter-wave-band electromagnetic
waves, reduce the atmospheric detection accuracy at the bottom of the satellite troposphere.
However, due to the limitation of the Earth’s geometry, satellite remote sensing has high
resolution at high altitudes, while the resolution at low altitudes is relatively poor. In
particular, atmospheric detection at the bottom of the satellite troposphere is reduced
due to the occlusion and strong absorption of clouds and the opacity of the atmosphere
to the millimeter-wave-band electromagnetic wave [8]. In contrast, ground-based MWR
is a supplement to satellite detection. The ground-based MWR can not only detect the
temperature profile and water vapour density profile of the atmosphere in real time,
but also retrieve the atmospheric integral water vapour content (PWV) and liquid water
content (LWC) [2,9,10]. It can also conduct high-precision correction through the radio wave
refraction error, and further investigate the spatial-temporal change rate and horizontal
heterogeneity of the atmospheric refractive index. Compared with other traditional ground-
based meteorological observation methods, such as sounding balloons and radars, MWR
can achieve uninterrupted high temporal resolution and high detection accuracy of the
atmosphere with low operation cost and no electromagnetic pollution [11,12]. Therefore,
ground-based MWR has been extensively used in the field of radiosonde observation.

In 1988, Warner [13] studied and discussed the accuracy of measuring liquid water
by MWR and confirmed its feasibility, which opened up a new way for measuring the
continuous distribution of vapour and liquid water in the atmosphere. Snider [14] obtained
the seasonal variation characteristics of total atmospheric water vapour and cloud liquid
water through long-term experiments and tested the relationship between total atmospheric
precipitable water vapour, cloud liquid water, and precipitation. Heggli et al. [15] used
MWR to measure the continuous variation of supercooled water content in winter storm
clouds and studied the weather background information of forming supercooled water
droplets in clouds. Madhulatha [16] developed a nowcasting technique to investigate
severe convective activity over southeast India using ground-based microwave radiometer
observations. Gascon et al. [17] investigated a convective winter episode of the Iberian
Peninsula using a multichannel microwave radiometer. Continuous observations showed
that the vertical evolution of a precipitation event is similar to a ‘zipper’; that is, the
temperature and dew point temperature profiles are closed from the surface to 400 hPa and
reopen at the end of the precipitation.

The existing research on MWR precipitation detection mainly focuses on rainfall, but
research on snowfall is rare due to ice deposition or antenna attenuation [18,19]. Radiomet-
ric retrievals of a variety of dynamic weather condition phenomena, including upslope
supercooled fog, snowfall, a complex cold front, a nocturnal bore, and a squall line, have
been successfully verified [20]. Zhang et al. [21] investigated the uncertainties of microwave
radiometer retrievals in snow conditions and explored the discrepancies of MWR retrievals
in zenith and off-zenith methods. He found that the temperature bias, relative humidity
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bias, and vapour density bias decreased from 4.6 K, 10%, and 10% with a corresponding
RSME of 5.7 K, 33% and 2.14 g/m? in the zenith method to —0.6 K, —2% and 0.1 g/m? with
a smaller RSME of 2.0 K, 20%, and 0.66 g/m?>. Moisseev et al. [9] quantified the effect of
riming on snowfall using ground-based observations. The MWR-retrieved liquid water
path (LWP) [22] was used to cross-validate the derived rime mass fraction. Jeoung et al. [6]
recently investigated the microphysical properties of near-surface, shallow, and deep snow
clouds using ground-based radar and radiometer data. To date, there have been few re-
ports on the atmospheric detection of snowfall events in the QTP region [23]. The study
of the evolutionary characteristics of the atmospheric parameters of snowfall not only
serve the development of air-water resources, but also help to predict severe convective
weather [24,25]. Therefore, it is necessary to strengthen QTP atmospheric detection, espe-
cially in snowy environments. In this study, atmospheric exploration of the QTP during
the East Asian winter monsoon (EAWM) from ground-based microwave radiometers was
conducted. A special focus on the hydrometeorological characteristics of snowy processes
were fully investigated and compared with clear days. The remainder of this paper is
organized as follows. Section 2 presents the experimental conditions and data processing
methods used in this study. Section 3 discusses the characteristics of the atmospheric
vertical structures and atmospheric stability indices. Hour-scale variations in water vapour
and liquid water content on the QTP were provided. Next, two retrieval applications
based on radiosonde and meteorological observation data are provided, namely, short-term
precipitation forecasting and quantitative precipitation estimation. Section 5 concludes the
main findings of this work.

2. Materials and Methods
2.1. Introduction of Experimental Conditions

Atmospheric exploration for snowfall was carried out in Darlag, Guoluo Tibetan
Autonomous Prefecture, China (33.55 °E, 99.95 °N). Darlag is located in the QTP region,
belonging to the Bayan Har Mountains, with an average elevation of 4200 m (Figure 1). It
has an alpine and semi-humid climate with a diurnal temperature difference of 15-25 °C.
The field site is located in the source area of the Three Rivers, namely, the Yangtze, Yellow,
and Lancang-Mekong Rivers, with abundant water resources in the air. The potential for
runoff excavation is 30-60 mm. The warm season from June to September mainly consists
of liquid precipitation, accounting for 77.7% of the annual average precipitation. The snow
period is from October to May of the next year. The snowfall period can be as long as
162 days, with a maximum snow depth of 120 mm, which is suitable for snow observations.
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Figure 1. Geographical location of the field site of meteorological observations, (a—c) refer to position
of field site, MWR and LUFFT weather station.

From 19 October 2019 to 8 January 2020, 22 field tests were performed on the Qinghai—
Tibet Plateau. Among them, 11 sets of atmospheric explorations of snowfall observations
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and 11 sets of clear-day comparisons were collected (Table 1). During the East Asian winter
monsoon (EAWM), the minimum night temperature at the field site is approximately
—30 °C. Considering personnel safety and equipment accuracy, radiosonde observations
were generally carried out in the daytime.

Table 1. Schedule of field experiments of meteorological observations.

Precipitation
No. Date Type
Start Time Duration
1 19 October 2019 Clear day / /
2 21 October 2019 Clear day / /
3 22 October 2019 Snowy day 14:48:38 01:08:30
4 23 October 2019 Snowy day 17:32:13 00:52:10
5 24 October 2019 Snowy day 14:15:15 01:34:55
6 25 October 2019 Clear day / /
7 31 October 2019 Snowy day 16:56:08 00:47:55
8 4 November 2019 Snowy day 14:30:49 00:16:25
9 5 November 2019 Snowy day 14:03:02 02:17:20
10 15 November 2019 Clear day / /
11 16 November 2019 Clear day / /
12 17 November 2019 Clear day / /
13 18 November 2019 Snowy day 17:44:04 00:26:25
14 19 November 2019 Snowy day 15:35:34 01:23:25
15 24 November 2019 Snowy day 10:12:23 02:15:50
16 28 November 2019 Clear day / /
17 29 November 2019 Snowy day 17:42:00 00:49:55
18 30 November 2019 Snowy day 12:34:18 01:23:30
19 14 December 2019 Clear day / /
20 16 December 2019 Clear day / /
21 25 December 2019 Clear day / /
22 8 January 2020 Clear day / /

A ground-based MWR (manufactured by Radiometrics Corporation, model MP3000A)
and weather station with intelligent weather sensors (manufactured by LUFFT measure-
ment and Control Technology Co., LTD, model W5401-UMB) were adopted to measure
zenith direction atmospheric information and near-ground rainfall information. In addition,
the MWR is equipped with a variety of meteorological sensors to measure the atmospheric
temperature, relative humidity, atmospheric pressure, and precipitation on the instrument
surface. The existence of clouds is judged by measuring the infrared temperature in the
zenith direction. MP-3000A MWR is a 35-channel microwave radiometer that consists
of a temperature profile and water vapour profile subsystems. The temperature profile
subsystem uses 14 high-frequency channels (51-59 GHz) for sky brightness temperature
(BT) observation, while the water vapour profile subsystem accepts 21 low-frequency chan-
nels (22-30 GHz) for BT detection. In the present snowfall observation, 8 low-frequency
channels were chosen for sky brightness temperature observation, namely, 22.234, 22.500,
23.034, 23.834, 25.000, 26.234, 28.000, and 30.000 GHz. The ground-based microwave ra-
diometer completes a whole sky scanning observation every 3 min, with a detection range
of 0-400 K and a resolution of 0.1. For the weather station, both liquid and solid precip-
itation can be identified with a sampling period of approximately 5 s, and its sampling
accuracy of near-surface precipitation intensity is 0.1 mm/h. The spatial resolutions of the
atmospheric profiles of the MWR at 0-500 m, 500 m-2 km and 2-10 km are 50 m, 100 m
and 250 m, respectively.

2.2. Introduction of Data Processing Methods
2.2.1. Forwards and Inversion Algorithm

The atmospheric temperature and humidity profile is the basic physical quantity to
describe the thermodynamic and dynamic processes of the atmosphere. The atmospheric
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detection of MWR can be divided into two stages, namely, forwards modeling and inversion
(Figure 2). The forwards process refers to calculating the radiant brightness temperature
through known historical sounding data, including ground water vapour pressure, at-
mospheric pressure and dew point temperature and atmospheric pressure at different
altitudes. In the forwards stage, historical radiosonde observations should be interpolated
into 58 high-level layers. Subsequently, according to the atmospheric microwave absorption
characteristics, the atmospheric absorption coefficients at different heights can be obtained.
Finally, a radiative transfer model is used to calculate the brightness temperature of each
layer of atmospheric radiation to the surface at 35 sampling frequencies [26]. In this study,
the radiative transfer model was solved using MonoRTM (Atmospheric and Environmental
Research, Inc., Lexington, KY, USA), and descending BT can be expressed as follows [27,28].

Tof = Tew - 7(20,00) + / Ka(2)T(2)7(20, 2) sec(8) dz (1)

Z0

T(z0,2) = exp {—/2 K, (z) secO dz} )

20
where Ty ¢ denotes the radiation brightness temperature received by the microwave ra-
diometer, 7(zp,00) and 7(zp,z) denote the atmospheric transmittance from the ground-based
MWR antenna zj to the universe and that from zy to height z. T denotes the cosmic
background radiation temperature and can be taken as 3 K. K; (z) denotes the volumetric
absorption coefficient. § denotes the zenith angle of MWR.
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Figure 2. Flow chart of remote sensing atmospheric detection by MWR.

For the inversion algorithm, the information obtained by ground-based MWR is the ra-
diation energy reaching the ground through layer-by-layer atmospheric buffing, absorption,
reflection, and scattering. The relationship between the MWR-obtained radiation energy
and atmospheric parameters can be constructed by statistical regression and neural network
algorithms. The essence of artificial neural network calculation theory is the nonlinear
statistical regression between a set of prediction indices. Some scholars have shown that the
neural network algorithm has good performance in solving the nonlinear relationship be-
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tween atmospheric temperature, humidity, and atmospheric liquid water and water vapour
content. It has a fast operation speed and a higher inversion accuracy than the statistical
regression algorithm. Thus, a neural network (NN) is trained and developed to construct
the nonlinear relationship between atmospheric parameters and the obtained brightness
temperature (BT) [29,30]. In this study, atmospheric vertical structures such as tempera-
ture, humidity, water density and liquid water content were derived through a built-in
back-propagation (BP) neural network-based model. The historical radiosonde observa-
tions for NN training were obtained from Darlag, Qinghai Meteorological Administration
(2011-2018) [31]. Detailed information can be found in the work of Wei et al. [31].

2.2.2. Atmospheric Parameters

To better understand the atmospheric characteristics of the Tibetan Plateau during
the EAWM, especially in the precipitation (snow) environment, two types of parameters
need to be considered. One is the direct product of the MWR, which mainly includes the
vertical structure of atmospheric temperature, humidity, and water vapour density, and
inverse products such as precipitable water. The other is the instability indices related to
atmospheric thermodynamics, which can be used to investigate atmospheric dynamics
and precipitation processes. Precipitable water can be quantified by precipitable water
vapour (PWV) and liquid water content (LWC). PWYV, also known as atmospheric water
vapour content, represents the amount of precipitation formed by the condensation of
water vapour in the whole atmosphere to the ground per unit area. Cloud liquid water
content refers to the integral liquid water content from the cloud bottom to the cloud top.

The stability and convection indices mainly contain the downdraft and standard
convective available potential energy (CAPE), convective inhibition (CIN), and maximum
vertical velocity (MVV). When the air mass near the ground rises along the insulation line
due to vertical wind shear disturbance or terrain, the energy obtained by gas inclusions
from the surrounding environment can be represented by the CAPE value. CAPE is the
buoyancy potential energy, which represents the energy of the air in the surface boundary
layer and is an important indicator to evaluate whether the vertical atmosphere is stable
and whether convection easily develops. Downdraft CAPE (DCAPE) denotes the maximum
energy available in the downdraft process. CIN represents the energy that prevents gas
from rising from the ground to the level of free convection. MV'V refers to the maximum
vertical velocity of the updraft that may produce convection. These stability and convection
indices can be defined as follows [32].

Prp,
CAPE = R, / (Top — Tw)d(ln 101?0> 3)
Prpc
' 1000
DCAPE = R, / (Top — wa)d(ln P) )
Py
Prrc
CIN = Ry / (Typ — Tw)d<1n 101?0> )
Py
MVV = /2(CAPE — CIN) ©)

where R; denotes the specific gas constant of dry air and can be taken as 287.05 J / (kg-K).
Typ, Tve and Ty, denote the virtual temperature of an air parcel, ambient environmental tem-
perature, and wet-bulb temperature, respectively. P;rg, Pr;, Pp and Py denote atmospheric
pressure at the level of free convection (LFC), equilibrium level (EL), depth of downdraft,
and near-ground level, respectively. P denotes the specific pressure. All parcel heights
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and stability indices can be calculated through skew T-log diagrams and the Complete
Rawinsonde Observation Program [27,28].

For sounding observations used for instrument calibration, atmospheric temperature
and relative humidity are provided by a sounding balloon twice a day (7:00 and 19:00,
UTC+8), and the water vapour density should be calculated by the water vapour pressure
atmospheric temperature as follows [33,34].

T —273.16
e = 6.11RHexp (17.71W) (7)
e

T

where ¢ denotes the water vapour pressure in hPa, RH denotes relative humidity in %, VD
denotes vapour density in g/m? and T denotes atmospheric temperature in K.

2.2.3. Error Analysis Methods

It is necessary to carefully analyze detection accuracy during microwave detection
(Figure 3). The main error sources of the MWR are as follows. (i) Signal enhancement
caused by aiming the radiometer antenna towards the sun. The sun is a radiation blackbody,
and its surface temperature is as high as 6000 K. Assuming that the angular range of the
microwave radiometer antenna towards the sun is approximately 1%, the signal will be
enhanced by approximately 60 K. To avoid the observation error caused by solar radiation,
the antenna should be avoided in the solar range. (ii) Detection error introduced by
the inversion algorithm. The accuracy of the inversion profile depends largely on the
inversion algorithm itself. MWR uses an artificial neural network to invert the temperature
and humidity profile. The representativeness of historical sounding data used for neural
network training directly affects the inversion effect of NN. (iii) External environmental
radiation interference. When there is a strong transmitter around the observation site, peak
signals may be generated due to radio frequency interference. The peak signal will affect the
accuracy of the inversion profile; thus, the observation site should be away from the radio
transmitter. (iv) Detection errors caused by water, ice and snow on the instrument. If there
is water on the antenna shield of the MWR, the measured radiation brightness temperature
may be high. The accumulation of water, snow or ice over the radome should be cleared
in time during snow observation [35,36]. A hydrophobic radome and an air blower were
adopted to dry raindrops and snowflakes on the radome [37]. Since the off-zenith method
can mitigate the impact of snowfall on the accuracy of the MWR retrievals, both zenith and
off-zenith observations were conducted [21].

To further evaluate the accuracy of the radiosonde observations, the mean difference
(MD), root mean square error (RMSE), and Pearson correlation coefficient (CC) were
introduced as follows [11]:

N
MD = (X = Y)) ©)

2
L (Xi—Y) (10)

(11)

ﬁ

where N denotes the total number of observation samples and X and Y denote the ra-
diosonde observation and corresponding MWR products, respectively.
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Figure 3. The framework of the article.

3. Results
3.1. Characteristics of the Atmospheric Vertical Structure

In this section, the characteristics of the atmospheric vertical structure obtained from
the MWR, namely, the temperature (T), vapour density (VD), and relative humidity (RH)
profile at 58 sampling heights, were verified using radiosonde observations in the early
morning, at 7:00 (UTC+8), and in the evening, at 19:00 (UTC+8). Figure 4 shows that the
values of T and VD for the Qinghai-Tibet Plateau during the EAWM period decreased as
the sampling height (H) increased. The Pearson correlation coefficient (CC) between the
RAOB and MWR profiles was 0.99. There were almost linear trends for the T-H profile and
exponential trends between VD and H. The maximum and minimum values of temperature
obtained from RAOB and MWR were 268.83 and 217.77 K, respectively. The T values under
snowy conditions were somewhat smaller than those under sky days, approximately 1.18 K
at t = 7:00 (UTC+8) and 0.46 K in the evening at t = 19:00 (UTC+8). For VD obtained by
RAOB and MWK, the VD values were in the range of 2.11 and 3.82 g/m? near the ground.
VD values on snowy days were 0.51 and 1.30 g/m? larger than those under clear conditions
at H = 50 m, respectively. For the RH profile, the RH appeared to generally decrease with
increasing H under snowy conditions but showed different trends for clear days. The
corresponding CC value in 58 layers between the MWR and RAOB was 0.99 for clear days
and 0.96 for snowy days. Att =7:00 (UTC+8), the RH values under clear days (snowy
sky) decreased from 67.4% (91.87%) near the ground to 9.78% (12.5%) at H = 10 km. At
t =19:00 (UTC+8), RH values under snowy conditions generally decreased from sampling
heights. However, for sky days, the RH values first increased from 48.28% near the ground
to 57.13% at H of 5.5 km, and significantly decreased to 25.42% at H = 10 km.
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Figure 4. Comparison of temperature (a,d), vapour density (b,e), and relative humidity (cf) profiles

obtained from MWR and RAOB under clear-sky and snowy-sky conditions.

Figure 5 presents deviations between the MWR and RAOB at 58 sampling heights.
The average T value derived from the MWR at 58 high levels was 0.13 K smaller than
radiosonde observation in the early morning (f = 7:00) but 0.27 K larger in the evening
(t =19:00). The corresponding RMSE values were 0.82 K and 1.67 K, respectively. An
accurate calibration of T with an MD error less than 0.5 K was crucial to provide confidence
for the retrieval of VD and RH profiles.
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Figure 5. Comparison of temperature bias (a,d), vapour density bias (b,e), and relative humidity
bias (c,f) profiles obtained from MWR and RAOB under clear-sky and snowy-sky conditions. RMSEs
are marked by error bars.

For VD values at higher levels (H > 6 km), the density profile derived from the MWR
was close to that obtained from RAOB. For H less than 6 km, the MD values of VD under
a snowy-sky environment were larger than those for clear days, with a peak value of
0.35 g/m>. The MD (and RMSE) values of VD at t = 7:00 were —0.0096 g/m?> (0.111 g/m?)
and 0.127 g/m? (0.243 g/m?3) for clear-sky and snowy-sky conditions, respectively. At
t =19:00, both MD and RSME errors were larger than those in the morning, especially on
snowy days. The MD values for clear-sky and snowy-sky conditions were 0.24 g/m? and
0.32 g/m3, with corresponding RSME values of 0.34 g/m3 and 0.33 g/m?, respectively.
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The decrease in MWR measurement accuracy during snowfall was mainly because the
inversion method does not consider the influence of snow cover, and the snow cover at the
radome increased the signal noise of the MWR measurement. With regard to the RH bias,
its MD and RMSE were relatively larger than those of the T and VD profiles, with maximal
biases (and RMSEs) of 5.84% (14.74%) and 3.82% (15.35%) for clear-sky and snowy-sky
conditions, respectively. The relatively larger MWR-derived values in terms of VD and RH
may be related to a delayed response of the humidity sensor in the sounding balloon [38]
and inconsistent sampling periods.

3.2. Characteristics of the Atmospheric Stability Indices

Since the atmospheric stability indices mentioned in Section 2.2 are related to the
characteristics of parcel heights, representative height indices such as the convective con-
densation level (CCL), lifting condensation level (LCL), level of free convection (LFC), and
equilibrium level (EL) are presented here first. Among them, CCL refers to the height of an
air mass heated sufficiently near the ground and then adiabatically uplifted until conden-
sation. CCL is generally produced from surface heating and thermal convection, which is
often used to identify the cumulus layer. LCL refers to the height when a dry adiabatic air
mass is lifted to humidity saturation. LCL is often used to identify the cloud bottom caused
by terrain and windward systems. LCL value is generally less than or equal to CCL. LFC
indicates the height of the turning point of the difference between the gas temperature and
the ambient temperature from negative to positive. LFC represents the height when the
difference between parcel temperature and ambient temperature changes from negative to
positive in the process of gas mass lifting. Then, as the air parcel becomes hotter than the
surrounding air, the air parcel continues to rise to the point at which the temperature again
becomes equal to the ambient temperature, which is called EL. The EL value is generally
used to estimate the tops of convective clouds, especially thunderstorms. Figure 6 shows
the statistical characteristics of the parcel height (from 8:00 to 20:00 monsoon season) under
different weather conditions. The CCL values were higher on snowy days after 11:30 and
higher on sunny days before 11:30. The average CCL values (and corresponding RMSEs)
were 513.29 hPa (15.05 hPa) and 543.17 hPa (14.01 hPa), respectively. The minimum value
of CCL appeared at approximately 15:30 (UTC+8), which indicated that the overall cloud
height continuously increased during the period of 8:00-16:00 (UTC+8). For LCL and LFC,
a similar trend was observed except for the sampling time at approximately 17:50 (UTC+8).
That is, from 08:00 (UTC+8) to 20:00 (UTC+8), both the LCL and LFC values decreased to
the valley value (approximately 15:00, UTC+8) and generally increased to their maxima.
This can be attributed to the daytime solar radiation and heating effect. The average LCL
value of the sunny environment was almost consistent with the LFC value: 513.29 hPa and
515.38 hPa, respectively. For snowy days, the average value of LCL was 23.86 hPa greater
than that of CCL because the surface temperature had not yet risen to a critical value, that
is, the convective temperature, before the air parcel began to rise vertically due to positive
buoyancy. The average LFC on snow was 50 hPa larger than that on sunny days, indicating
that there exists a positive correlation between the probability of precipitation events and
LFC. The LFCEL value given in Figure 6 (d) denotes the height difference between EL and
LFC. There was little difference in LFCEL between sunny and snowy days, with averages of
236.62 hPa and 244.19 hPa during the daytime. However, there was obviously a difference
between the rainy and sunny EL over the QTP during the summer monsoon [31]. In
summer, the EL values on sunny and cloudy days were almost the same, less than those on
rainy days.



Atmosphere 2022, 13, 549

13 of 21

(a)

CCL (hpa)

LFC (hpa)

700 , (b) 700 -
H ’ —a— (Clear day =— (Clear day
650 | —*  Snowy day| 6501 | —*  Snowy day|
600 | 600
- "
i \ =
[=¥9
550 F o ..ﬂg\..- £ 550
L 9,500 {1 *7‘\ \ %- d
500 F . iy T "'-JH*H.H' ™ 3500
450 - | 450
400 - ' : ! - 400
8 10 12 14 16 18 20 8 20
t (h)
700 (d) 700
=— (Clear day
650 ° nowx dax 600
600 | 500
- 2
550 f« 400
3 S5}
500 E’ 300
450 1! 200
400 1 1 1 1 " 100 1 1 1 1 1 "
8 12 14 16 18 20 8 10 12 14 16 18 20

t (h) t (h)

Figure 6. Statistical characteristics of parcel heights (from 8:00 to 20:00 monsoon seasons) under
different weather conditions. (a) CCL, (b) LCL, (c) LFC, (d) LFCEL. The t(h) is expressed in UTC+8.

In Figure 7, the statistical characteristics of four different stability indices, CAPE,
DCAPE, CIN, and MVV, under different weather conditions during the EAWM, are pre-
sented. During the EAWM of the QTP, the CAPE, DACPE and MVV showed a trend of
first increasing and then decreasing, and the corresponding moments of peak were 14:00,
15:30 and 13:30, respectively. The CAPE values under snowy conditions were larger than
those on clear days, especially during the period of 13:00-19:00 (UTC+8). The average
CAPEs under clear-sky and snowy-sky conditions were 818.79 J/kg and 851.79 J/kg, with
corresponding peak values of 1349.11 J/kg and 1165.12 J/kg. The CAPE values during
the EAWM were quite different from those at the same sampling site during the sum-
mer monsoon [31]. In summer, CAPE values reached their extremes at approximately
18:00-20:00 (UTC+8). In addition, the peak of CAPE values under rainy-sky conditions was
approximately 1046.56 J/kg, and that for clear days was close to zero. The CAPE values
were significantly larger in the winter on the QTP, especially on sky days. This indicates
that the QTP weather system is changeable, and there is still high convective instability
on sunny days. For DCAPE, namely, Downdraft CAPE, the layer-averaged downwards
convection energy was remarkably higher on sky days than on snowy days. The average
DCAPE values and corresponding RMSE bias were 221.16 J/kg and 82.2 ] /kg (158.68 J/kg
and 67.54 ] /kg) for clear days (and snowy days), respectively. A comparison of CIN values
between winter and summer showed that the CIN during the EAWM can be almost ignored.
The relatively larger CIN values in the evening (18:00-19:00, UTC+8) may be due to the dry
air advection in the lower atmosphere and the cooling of the surface air. This is because they
may reduce the virtual temperature of air near the ground, so that the vertical temperature
distribution appears an inversion structure near the lower layer. The air layer with a higher
temperature above could hinder the upward movement of an air parcel near the ground.
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The MVV trend of the updraft that may generate convection was relatively similar, with
corresponding average values of 38.88 m/s and 38.98 m/s.
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Figure 7. Statistical characteristics of stability indices (from 8:00 to 20:00 monsoon) season under
different weather conditions. (a) CAPE, (b) DCAPE, (c) CIN, (d) MVV. The t(h) is expressed in UTC+8.

3.3. Characteristics of the Water Vapour and Liquid Water

The integral water vapour content in the atmosphere and the liquid water content
in the cloud can lead to refraction, scattering, and the attenuation of radio waves in the
atmosphere. Therefore, the detection of water vapour and liquid water content in the
atmosphere is not only of great significance in the fields of active detection, aerospace,
and satellite communication, but also has guiding significance and application prospects
in short-term weather forecasting and artificial modification. In Figure 8, the PWV had
no obvious change during the daytime from 11:00 to 17:00 (UTC+8). The average PWV
values for clear-sky and snowy-sky conditions were 0.40 cm and 0.44 cm, with related
RMSE biases of 0.04 cm and 0.03 cm, respectively. For the time period before 11:00, the
PWYV continuously increased as the run raised, which can be attributed to water vapour
condensing as longwave radiation spread outward from the ground during the daytime. As
the sun went down, PWV values gradually decreased by approximately 0.1 cm. Compared
with Wei et al. [31], the PWV values in sunny and precipitation (or snow) environments in
winter only accounted for 26.70% and 18.33% of the corresponding values in the summer
monsoon. Similarly, the LWC in winter was one order of magnitude lower than the average
in summer. The peak value of LWC on snowy days appeared several hours after the sun
rose and before the sun set, namely, 14:00 and 17:00 (UTC+8). The extreme LWC value on
snowy days was approximately 0.11 mm.
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Figure 8. Statistical characteristics of vapour density and liquid water content (from 8:00 to 20:00
monsoon) under different weather conditions. (a) Precipitable water vapour (PWV), (b) integrated
liquid water content (LWC). The t(h) is expressed in UTC+8.

4. Discussion

Based on the detection of potential water vapour or liquid water content in the cloud
and atmospheric convective instability factors by MWR, two applications of winter snow
forecasting and quantitative snowfall estimation are presented.

4.1. Short-Term Snow Forecast

Convective weather nowcasting refers to the detection of the occurrence, develop-
ment, evolution, and extinction of convective weather systems within an hour. The method
of short-term precipitation forecasting is mainly based on the MWR observations. How-
ever, this method is affected by the observation frequency and cannot be continuously
observed. The time scale of atmospheric thermal structure changes caused by some short-
term atmospheric activities is far less than that of RAOB. For rapidly developing weather
systems, the lack of radiosonde detection frequency restricts the development of precip-
itation forecasts. Therefore, it is particularly important to obtain atmospheric data with
high frequency and accuracy. In this section, MWR detection is applied to the approaching
forecast of snow weather. Some scholars use instability indices, atmospheric instability
indices, and water vapour parameters to predict the precipitation process [16,17,32,39,40].
Chakraborty et al. [41] found that concurrent changes in brightness temperatures (BT5) at
22 GHz and 58 GHz are suitable to nowcast rain, with a prediction efficiency of approxi-
mately 90% with alarms generated approximately 25 min in advance. Wei et al. [31] found
that PWV and CAPE values may serve as a preliminary reference indicators for nowcasting.
This section studies the critical conditions of short-term and imminent precipitation forecasts
from brightness temperature, instability index (CAPE), and atmospheric precipitable water.

Figure 9 presents the temporal evolution of BT at the sampling channel from 22.2 GHz
to 60.0 GHz for snowy day. According to the absorption spectra of water vapour and
oxygen, BT responses of 22-30 GHz and 50-60 GHz bands are shown. In the microwave
frequency range from 22.0 GHz to 30.0 GHz, the higher the frequency, the lower the BT
values measured by MWR, except for 30. 0 GHz. The BT values and corresponding
variation trend for frequencies of 26.234 GHz, 28.000 GHz and 30.000 GHz were largely
consistent, especially near the BT peaks, approximately 40 K. For frequencies between
50 and 54.94 GHz, the measured BT values were positively correlated with the detection
frequency. The corresponding peak BT was the range of 137 K to 266 K. When the detection
frequency was greater than 54.94 GHz, the BT values did not change significantly with
increasing frequency. Due to the resonance absorption of the atmosphere, the variations in
radiation BT in 8 low-frequency BT curves and 14 high-frequency BT curves were to some



Atmosphere 2022, 13, 549

16 of 21

(a)

R (mm/h)

()

Ch22.500—— Ch23.034
Ch28.000—— Ch30.000l R —— Ch53.848—Ch54.400—— Ch54.940—— Ch55.500—— Ch56.020

extent related to the precipitation process near the ground, especially for 30.0 GHz and
51.24 GHz.

Ch23.834-

Ch25.000 (b) —— Ch51.248——Ch51.760—— Ch52.280—— Ch52.804—— Ch53.336

—— Ch56.660——Ch57.288 Ch57.964—— Ch58.8000 R

80 5 300

4t 4250

sl oA 4200

7B (K)
7B (K)

150

R (mm/h)

100

50

0.0 0.5 1.0 1.5 2.0 2.5
1 (h) t(h)

Figure 9. Temporal evolution of brightness temperatures at the sampling channel from 22.2 GHz to
60.0 GHz for snowy days. (a) 22.2-30.0 GHz and (b) 51.24-58.8 GHz.

Figure 10 presents the temporal evolution of PWV, LWC, CAPE, DCAPE and R for
snowy days. For a few hours before and after the occurrence of snowfall, the PWV value in
the atmosphere generally showed an increasing trend. When it increased from 0.47 cm at
0.65 h to the extreme value at 0.90 h, namely, 0.52 cm, snow occurred in the next 0.1 h. As
snowfall continued, it was found that the precipitable water in the atmosphere decreased
to 0.48 cm at 1.35 h. The variation trend of LWC was almost synchronous with PWV with
an increasing amplitude of 0.12 mm. The LWC during the no precipitation period was
very low, only 0.01 mm; namely, snowfall can increase the LWC by 120%. At 0.6 h before
the occurrence of snowfall, CAPE and DCAPE had maximum values at the same time,
namely, 1071.29 J/kg and 280.26 J/kg, respectively. Then, CAPE and DCAPE started to
decline until they reached the minimum value 0.1 h before the occurrence of snowfall, with
corresponding decline amplitudes of 202.28 J /kg and 180.32 J/kg. Subsequently, CAPE and
DCAPE increased significantly to the second peak at 0.1 h before the onset of precipitation,
with the increase rates of 293.15 J/(kg-h) and 578.24 ] /(kg-h). The variation trend of the
convective instability factor is a potential method for precipitation forecasting.
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Figure 10. Temporal evolution of PWV, LWC, CAPE, DCAPE and RR for snowy days. The time
instant ¢(h) = 0 h represents one hour before the precipitation process.
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Figure 11 further investigates the vertical structure of temperature, vapour density,
liquid water content and relative humidity before and during the snow process. There was
almost no change in the atmospheric temperature in the zenith direction of the field site
within an hour before snowfall, but the average of the T profile in the 58 layers suddenly
increased by 0.64 K when the snowfall occurred. Subsequently, the values of T decreased
in the vertical direction after the beginning of precipitation, especially above 2 km. The
mean values of the T profile at 58 layers, 20 min, 40 min, and 160 min after the occurrence
of precipitation were 247.32 K, 247.27 K and 246.59 K. With the precipitation approaching,
the vapour density near the ground (0-2 km) increased continuously until precipitation
occurred, and the maximum value was 0.97 g/m3. The vapour density in the zenith
direction after snowfall had a decreasing trend as a whole. This is due to the condensation
of water vapour after the temperature decreased. For liquid density, its change trend
was similar to the vapour density, namely, VD reached the maximum when precipitation
occurred. At the beginning of precipitation, the peak value of liquid density in the zenith
direction was approximately 0.035 g/m? at H = 0.35 km from the ground. For the RH
profile during snowfall events, there were two extreme values along the zenith detection
direction, and the corresponding sampling heights were 0.7 km and 5 km. Before snowfall,
the RH profile increased as a whole, with the average values changing from 37.12% to 42.21
during —60 min to —20 min. At snowfall, #(h) = 0 min occurred, and although the mean
RH value along the detection height increased, its distribution structure changed. That is,
the humidity below the sampling height of 1.9 km significantly increased by approximately
15.18%, while the humidity above 1.9 km slightly decreased. After the beginning of snowfall,
the RH in the atmosphere quickly fell back to the value before precipitation.
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Figure 11. Cont.
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Figure 11. Comparison of temperature (a), vapour density (b), liquid water content (c), and relative
humidity (d) profiles before and during the snow process. The time instant ¢ ¢(h) = 0 h represents one

hour before the precipitation process.

4.2. Quantitative Snowfall Estimation

Snowfall estimation was investigated for near-ground MWR measurements. Figure 12
shows that the LWV in the zenith direction of the field site exponentially increased with
PWYV, especially on snowy days. For scattergrams of PWV and LWC against R, there was
no clear relationship between PWV and R, but LWC generally increased with increasing R,
which was also mentioned in the work of Jeoung et al. [42].
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Figure 12. Scattergrams of LWC against PWV (a) and PWV (and LWC) against R (b) for snowy days.

5. Conclusions

Based on ground-based multichannel microwave radiometer data, radiosonde ob-
servations and precipitation data from meteorological stations in the eastern QTP, the
distribution characteristics and evolution laws of atmospheric vertical structure, convec-
tive instability indices and water vapour and liquid water content during the East Asian
winter monsoon were studied, and the applications of MWR in short-term snow forecast-
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ing and quantitative snowfall estimation have been discussed. The main findings can be
summarized as follows.

(1) The average values of T deviation between MWR and RAOB were less than 0.5 K at
most altitudes and sampling periods, meeting the deviation requirements of meteoro-
logical applications;

(2) The CAPE values during the EAWM under snowy conditions were larger than those
on clear days, especially during the period of 13:00-19:00 (UTC+8). For clear-sky, the
CAPE during the EAWM was much larger than that during the summer monsoon.
This indicates that the QTP weather system is changeable, and there is still high
convective instability on sunny days;

(3) The water vapour and liquid water in winter are much smaller than that of the
summer monsoon. The winter LWC was an order of magnitude lower than the
summer average;

(4) PWV,LWC, CAPE, DCAPE and BT at the sampling channel of 30.0 GHz and 51.24 GHz
had the potential to be used for quantitative precipitation forecasting.

The meteorological characteristics retrieved from ground-based MWR in this study
are preliminary. More monitoring experiments will be carried out in the future to jointly
reveal the atmospheric thermodynamic and dynamic characteristics of the QTP. For more
accurate atmospheric detection, a Ka-band radar will be used to detect cloud information
to improve sounding accuracy in the future.
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