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Abstract: It is an important to study atmospheric thermal and dynamic vertical structures over the
Tibetan Plateau (TP) and their impact on precipitation by using long-term observation at represen-
tative stations. This study exhibits the observational facts of summer precipitation variation on
subdiurnal scale and its atmospheric thermal and dynamic vertical structures over the TP with hourly
precipitation and intensive soundings in Jiulong during 2013-2020. It is found that precipitation
amount and frequency are low in the daytime and high in the nighttime, and hourly precipitation
greater than 1 mm mostly occurs at nighttime. Weak precipitation during the daytime may be caused
by air advection, and strong precipitation at nighttime may be closely related with air convection.
Both humidity and wind speed profiles show obvious fluctuation when precipitation occurs, and the
greater the precipitation intensity, the larger the fluctuation. Moreover, the fluctuation of wind speed
is small in the morning, large at noon and largest at night, presenting a similar diurnal cycle to that
of convective activity over the TP, which is conductive to nighttime precipitation. Additionally, the
inverse layer is accompanied by the inverse humidity layer, and wind speed presents multi-peaks
distribution in its vertical structure. Both of these are closely related with the underlying surface and
topography of Jiulong. More studies on physical mechanism and numerical simulation are necessary
for better understanding the atmospheric phenomenon over the TP.

Keywords: Tibetan Plateau; summer hourly precipitation; thermal and dynamic vertical structure;

intensive radiosonde observation

1. Introduction

The Tibetan Plateau (TP), known as the “roof of the world” and “the third pole,”
is the highest plateau in the world with an average altitude higher than 4000 m. Its
high terrain can reach the middle troposphere and has a stronger effect on atmosphere
than that of plain area. The thermal and dynamic effects of the TP gradually affect free
atmosphere through the atmospheric boundary layer (ABL), and result in a significant
impact on the weather and climate in China and even the global atmospheric circulation
and climate [1-4]. Therefore, the thermal and dynamic effects of the TP on weather and
climate attract the attention of meteorological researchers. The atmospheric thermal and
dynamic vertical structures over the TP affect the occurrence, development and eastward
movement of the low value system in this region, which frequently leads to precipitation
over the TP and downstream areas such as the Yangtze River (YR) basin [5-8]. Based on
the hourly geostationary meteorological satellite (GMS) infrared brightness temperature
observation and the sounding data of five stations along the YR, Zhuo et al. [9] studied
a heavy precipitation process caused by the eastward moving convective cloud cluster
over the TP in 1998, and pointed out that the main causes of the heavy precipitation
were the occurrence, development and eastward movement of the wet core cyclone over
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the TP. This is promoted by the divergence of upper air flow and the convergence of
lower air flow, as well as the guidance of high and low level jet and the instability of
atmospheric stratification in the troposphere. Zheng et al. [10] analyzed the development
and movement process of a TP vortex in late July 2008, and found that adiabatic heating
and vertical shear of horizontal wind not only affected the development of the vortex,
but also affected the moving direction of the vortex, bringing heavy precipitation to the
Sichuan Basin and the middle and lower reaches of the YR. With analysis of MERRA2
(Modern-Era Retrospective Analysis for Research and Applications) and TRMM (Tropical
Rainfall Measurement Mission) data, Ma et al. [11] indicated that when the vortex center
moves to the eastern TP, there will be strong precipitation near the center and the plateau
vortex will further develop. As the vortex system continues to move eastward out of the
plateau, the large-scale dynamic background of potential vortex advection increases with
height in the middle and lower reaches of the YR, which leads to the development of
ascending motion and heavy rainfall.

The above studies show that the atmospheric thermal and dynamic vertical structures
over the TP directly affect the occurrence, development and eastward movement of the
low value system in this region and play an important role in revealing the formation
mechanism and trigger mechanism of precipitation over the TP and its downstream areas.
At present, the knowledge of atmospheric thermal and dynamic vertical structures over the
TP and their impact on precipitation is still insufficient because of the lack of atmospheric
profile observation in this region. Due to the complex terrain and harsh environment
of the TP, the observation stations are sparse, and the cost of observation is expensive,
so it is difficult to carry out massive, large-area atmospheric observation experiments
frequently in this region. Therefore, it is important to study atmospheric thermal and
dynamic vertical structures over the TP and their impact on precipitation by conducting
long-term observational experiments at representative stations. Since 1978, China has
successively carried out several large-scale comprehensive observational experiments
in the TP and obtained a large number of valuable observational data. Many scientific
research achievements have been made based on these datasets [12-15]. Among these
studies, there are relatively few on atmospheric thermal and dynamic vertical structures of
precipitation over the TP, especially in different precipitation grades. Since precipitation is
highly sensitive to atmospheric thermal and dynamic factors [16], it is of great scientific
significance to study the characteristics of atmospheric thermal and dynamic vertical
structures in different precipitation grades over the TP, to reveal the formation and trigger
mechanisms of precipitation in this region.

The intensive observational experiment of the southwest vortex is an atmospheric
science experiment conducted by the Chengdu Institute of Plateau Meteorology of China
Meteorological Administration since 2010, aiming to obtain the long-term comprehensive
data of radiosonde and ground observations in the experimental area [17]. It is carried out
from June to July and lasts 41 days each year in the eastern slope of the TP and the Sichuan
Basin. As a main source of southwest vortex, Jiulong County is a key area for the study of
TP weather and climate, thus Jiulong is an important station for intensive observational
experiments of the southwest vortex [18]. In this study, based on the intensive radiosonde
observation of Jiulong from 2013 to 2020 and hourly precipitation data in the same period,
the characteristics of precipitation on a subdiurnal scale is analyzed, and vertical structures
of atmospheric temperature, humidity and horizontal wind in different precipitation grades
are also investigated, in order to provide observational facts for exploring how the thermal
and dynamic effects of the TP affect the occurrence and development of precipitation.

Compared to previous studies, the main contributions of this paper are as follows: (1)
Precipitation amount and frequency are low in daytime and high in nighttime, and hourly
precipitation above 1 mm mostly occurs at night; (2) Humidity and wind speed profiles
fluctuate under precipitation condition and the fluctuation increases with precipitation
intensity; (3) Wind speed fluctuation under precipitation is small in the morning, large
at noon and larger at night, similar to the diurnal cycle of convective activity over the
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TP; (4) Inverse layer is accompanied by inverse humidity layer, and wind speed presents
multi-peaks distribution in its vertical structure.

This paper is organized as follows. Section 2 introduces the materials and methods.
Section 3 describes the characteristics of summer hourly precipitation and shows the
atmospheric thermal and dynamic vertical structures in different precipitation grades in
Jiulong. Section 4 discusses the results and highlights future research works. Section 5
draws the main conclusions of this study.

2. Materials and Methods

Jiulong County is located in the eastern TP slope and in the transition zone between
the main body of the TP and Chengdu Plain. It has undulating terrain, high in the north
and low in the south, with a large elevation difference. Mountains and valleys are the two
main geomorphic features in the territory of Jiulong. This unique geographical location
makes Jiulong a main source of the southwest vortex and an eastward movement route
of the TP low value system [17,18]. The Jiulong observation station (101.52° E, 29.02° N,
2925 m above sea level) is located on the low mountain side of the northwest—southeast
river valley. The two sides with range less than 5 km away from the observation station are
high mountains with altitudes of about 4500 m (Figure 1).
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Figure 1. Location of the Jiulong station and its surrounding terrain.

In this study, the intensive sounding and hourly precipitation data of the Jiulong
station during the summer of 2013-2020 were used. The intensive sounding data are from
the intensive observation experiment of the southwest vortex, which is conducted by the
Chengdu Institute of Plateau Meteorology of China Meteorological Administration from
21 June to 31 July (41 days) every year. The GPS (RS41) sounding system manufactured by
Vaisala Company of Finland was adapted to measure atmospheric temperature, humidity
and horizontal wind profiles in the observational experiment. These sounding profiles were
transmitted once per second with a vertical interval of approximately 10 m. According to
the operational observation specification, four soundings were launched at 02, 08, 14 and 20
Local Standard Time (LST) each day during the observational experiment [17]. The vertical
resolution of the sounding profile was about 10 m and not fixed, therefore the convenience
of statistical analysis and the normalization of all sounding profiles were interpolated with
a vertical interval of 10 m. The hourly precipitation data is from the National Meteorological
Center of China, from the period of 1 June to 31 August throughout 2013-2020.
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Referring to the methods of Steiner et al. [19] and Zheng et al. [20] and considering
hourly precipitation greater than 10 mm is less in the TP, this study defines four hourly
precipitation standards, namely 0.1 mm, 0.5 mm, 1 mm and 5 mm, to divide the hourly
precipitation grades. This allows for investigation of the characteristics of hourly pre-
cipitation in different grades and their corresponding atmospheric thermal and dynamic
vertical structures.

To study the diurnal variation of precipitation, the amount, frequency and intensity
of precipitation were classified according to different hours of the day (0-24 h). The
amount, frequency and intensity of precipitation at the 24 h mark were accumulated and
dimensionless processing was performed [16,21]. With this method, the diurnal variations
of the precipitation amount, frequency and intensity in different grades can be displayed
in the same ordinate, which is convenient for comparative analysis. Moreover, in order to
analyze the proportion of precipitation in different grades, the precipitation probability is
defined as the ratio of the precipitation frequency in a certain grade to the precipitation
frequency in all grades, and the precipitation proportion is the ratio of the precipitation
amount in a certain grade to the precipitation amount in all grades.

3. Results
3.1. Characteristics of Summer Hourly Precipitation
3.1.1. Diurnal Variation

Diurnal variation of precipitation is a result reflecting the comprehensive influence of
atmospheric thermal and dynamic processes on the water cycle [16]. Studying the diurnal
variation of precipitation over the TP is helpful not only to understand the characteristics
of precipitation on subdiurnal scale, but also to explore the corresponding atmospheric
thermal and dynamic processes, and to further understand the formation and evolution
mechanisms of precipitation over the TP. Figure 2 shows the diurnal variations of precipi-
tation amount, frequency and intensity in different grades obtained from summer (June
to August) of hourly precipitation in Jiulong during 2013-2020. Precipitation amount,
frequency and intensity present obvious diurnal variations, especially in the two grades
of [1, 5) mm and [5, 10) mm. Both precipitation amount and frequency present a similar
unimodal pattern in diurnal variation, in which the value is low during the day and high
at night with a maximum of 22 LST. For precipitation intensity, although it is generally low
during the day and high at night, a bimodal pattern was found for hourly precipitation
greater than 1 mm, with the main peak at 22 LST and the second peak at 09 LST. These
results indicate that summer precipitation in Jiulong mainly occurs at night, and precipita-
tion amount and frequency are greater at night than during the day. This phenomenon in
Jiulong may be related to the effect of valley wind caused by local terrain forcing, because
the ascending branch of night valley wind circulation is conducive to the occurrence and
enhancement of local precipitation [22].

3.1.2. Precipitation Probability and Proportion

The soundings in Jiulong are only launched at 02, 08, 14 and 20 LST each day during
the observational experiment (21 June to 31 July). Therefore, in order to investigate atmo-
spheric thermal and dynamic vertical structures under precipitation conditions by using
sounding profiles, the precipitation probability and proportion in different grades obtained
from hourly precipitation at launch times in Jiulong during 2013-2020 were analyzed. As
shown in Figure 3, hourly precipitation less than 1 mm can occur at all launch times and
those greater than 1 mm only occur at 02 and 20 LST. For hourly precipitation less than 1
mm, the precipitation probability is generally higher during the day and the precipitation
proportion is more obvious. The maximum precipitation probabilities for hourly precip-
itation of [0.1, 0.5) mm, [0.5, 1) mm, [1, 5) mm and [5, 10) mm occur at 14, 08, 20 and 02
LST, respectively, with corresponding values of 88%, 33%, 32% and 9%. Moreover, the
maximum precipitation proportions also occur at the same launch time for the maximum
precipitation probability, with values of 68%, 59%, 42% and 80% for hourly precipitation of
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[0.1,0.5) mm, [0.5, 1) mm, [1, 5) mm and [5, 10) mm, respectively. Note that although the
precipitation probability of hourly precipitation within 1 mm is higher than that of hourly
precipitation above 1 mm, the precipitation proportion of the latter is far higher than that
of the former. During the observational experiment period in Jiulong, hourly precipitation
of less than 1 mm can occur during the day, while hourly precipitation greater than 1 mm
mostly occurs at night and is the main contributor to the nighttime precipitation amount.
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Figure 2. Diurnal variations of precipitation (a) amount, (b) frequency and (c) intensity in different
grades obtained from summer hourly precipitation in Jiulong during 2013-2020.
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Figure 3. (a) Precipitation probability and (b) precipitation proportion in different grades at launch times in Jiulong from

2013-2020.
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3.2. Thermal and Dynamic Vertical Structures of Summer Hourly Precipitation

The vertical distributions of atmospheric temperature, humidity and wind as well as
their variations are the reflection of atmospheric thermal and dynamic processes [23]. The
above analysis in Jiulong confirms a striking phenomenon in the TP, where most rainfall
occurs at night, which is related to the relatively high humidity and strong convective
clouds found at night over the TP [24]. The intensive radiosonde observations in Jiulong
provide a chance to investigate the atmospheric thermal and dynamic vertical structures
of summer hourly precipitation over the TP. In order to avoid the influence of previous
precipitation on the current atmospheric thermal and dynamic vertical structures, observa-
tions with precipitation in the previous hour were removed, and the sample numbers of
hourly precipitation in different grades at launch times in Jiulong from 2013-2020 were
obtained (see Table 1). For [1, 5) mm grade, the 2 cases at 02 LST had hourly precipitation
of 1.9 and 2.4 mm, respectively, while 8 of 10 cases at 20 LST had hourly precipitation of
1-2 mm and the other 2 cases had hourly precipitation of 2-3 mm. For [5, 10) mm grade,
the 2 cases at 02 LST had hourly precipitation of 5-6 mm, and the one case at 20 LST had
hourly precipitation of 10.9 mm. The following study is based on the samples in Table 1.

Table 1. The sample numbers of hourly precipitation in different grades at launch times in Jiulong
during 2013-2020 after removing observations with precipitation in the previous hour.

Launch time/LST 0 mm [0.1,0.5) mm [0.5,1) mm [1, 5) mm [5,10) mm
02 180 15 3 2 2
08 227 10 5 0 0
14 269 13 2 0 0
20 191 15 5 10 1

3.2.1. Vertical Structure of Temperature

Figure 4 shows the atmospheric temperature profiles in different precipitation grades at
launch times in Jiulong from 2013-2020. The background (i.e., no precipitation) atmospheric
temperature profile (black line) presents a diurnal variation, in which the temperature is
lower at 02 and 08 LST and higher at 14 and 20 LST, showing a response to solar radi-
ation which is more obvious near the surface layer. Under precipitation conditions, the
temperature profiles for hourly precipitation within 1 mm generally present a cold bias
to the background atmospheric temperature profile, but hourly precipitation above 1 mm
generally present a warm bias. This may indicate that precipitation with intensity less than
1 mm/h is mainly caused by cold air advection, while precipitation with intensity greater
than 1 mm/h is mainly caused by warm air convection in the lower layer. Considering
air convection is caused by atmospheric instability the greater the vertical gradient of at-
mospheric temperature the more unstable the atmosphere is. Therefore, the temperature
gradient for precipitation intensity greater than 1 mm/h at 20 and 02 LST is greater than
that of the background atmosphere. Note that although the warm air convection mainly
caused by solar radiation exists during the day, it hardly results in precipitation due to
the dry air in low level during the day over the TP. However, at nighttime the low level
air is wet, and the air convection caused by dynamic uplift of terrain can result in precipi-
tation [25]. Moreover, the deviation between precipitation and background atmospheric
temperature profiles partly depends on precipitation intensity. This is especially true at 20
LST, where the deviation for precipitation intensity above 5 mm/h is greater than that for
precipitation intensity within 5 mm/h. This presents a complex variability of atmospheric
thermal stratification over the TP, indicating that condensation latent heat is released in
addition to solar radiation and the underlying surface [7]. The influence of these factors on
atmospheric thermal stratification over the TP needs to be further studied. Additionally, the
deviation between precipitation and background atmospheric temperature profiles is larger
in low level than in high level, but the maximum deviation does not appear near the surface
layer because of the inversion layer, which is consistent with the results of Lu and Li [18].
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Figure 4. Atmospheric temperature profiles in different precipitation grades at launch times in
Jiulong from 2013-2020. (a) 02 LST, (b) 08 LST, (c) 14 LST and (d) 20 LST.

3.2.2. Vertical Structure of Humidity

The background atmospheric humidity profile at launch times in Jiulong from 2013-2020
also presents a pattern of diurnal variation. As shown in Figure 5, background atmospheric
specific humidity is lower in the daytime and higher at nighttime.This is consistent with
the observation obtained by ground-based microwave radiometer in Ganzi (approximately
330 km northwest of Jiulong), which shows the air is warm and dry during the daytime while
cool and wet at nighttime [25]. In general, the specific humidity profile under precipitation
presents a wet bias to that of background atmosphere and the bias generally increases with
precipitation intensity, indicating that water vapor supply is an important factor affecting
precipitation intensity. Moreover, the higher the precipitation grade, the stronger the vertical
fluctuation of the corresponding specific humidity profile, especially for hourly precipitation
greater than 1 mm at nighttime. This may imply that the dynamic uplift of terrain plays an
important role in nighttime precipitation. All the specific humidity profiles show that specific
humidity is generally higher near the ground and decreases gradually with height. However,
below the inversion layer there is an inverse humidity layer which is consistent with [18].
This phenomenon occurs because when there is an inversion layer in the atmosphere, the
atmospheric stratification state is generally very stable, and this stable structure can make a
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large amount of water vapor stay in the inversion layer and accumulate to form an inverse
humidity layer [26]. Similar to temperature profiles, the deviation of a specific humidity
profile between precipitation and background atmosphere is larger in low level than in high
level, but the maximum deviation does not appear near the surface layer because of the
existence of the inversion humidity layer.

3 - 3
, —00 ) —0.0
7 [0.1,0.5) 7 [0.1,0.5)
24 —1[0.5,1) 24 —1[0.5,1)
2.1 _E,Tz)) 2.1
§1.8 @1.8
Z15 Z15
gg 1.2 g 1.2
0.9 09
0.6 06
0.3 (a) 02:00 0.3 (b) 08:00
% 7 8 9 1011 12 13 14 15 % 7 8 9 1011 12 13 14 15
MR (g/kg) MR (g/kg)
3 ‘ _— 3
, —00 -
7 [0.1,0.5) 7
24 —[0.5.1) 24
2.1 21
§, 1.8 §, 1.8
Z15 £15
'g 1.2 g 1.2
0.9 09
06 0.6
0.3 (c) 14:00 0.3 (d) 20:00
% 7 8 9 10 11 12 13 14 15 % 7 8 9 10 11 12 13 14 15
MR (g/kg) MR (g/kg)

Figure 5. Atmospheric specific humidity profiles in different precipitation grades at launch times in
Jiulong during 2013-2020. (a) 02 LST, (b) 08 LST, (c) 14 LST and (d) 20 LST.

3.2.3. Vertical Structure of Horizontal Wind

Due to the strong solar radiation and dynamic uplift of terrain especially in a valley
area, the atmospheric convection over the TP presents obvious diurnal variation. In early
morning, the convective activity is shallow, and the deep convective activity appears in the
afternoon. At at night, the convective activity is also strong, which makes it easy to form
precipitation clouds, resulting in nighttime precipitation [24]. The fluctuation of the wind
speed profile is a reflection of atmospheric convective activity, as shown in Figure 6, where
the horizontal wind speed profile at launch times in Jiulong from 2013-2020 also presents
such diurnal variation. For background atmosphere (black line), the fluctuation of the wind
speed profile is relatively small at 08 LST and large at 14 LST and largest at 20 LST, until at
02 LST the fluctuation is weakened but still larger than that at 08 LST. Moreover, the wind
speed profile under precipitation condition also presents the same diurnal variation, and
the greater the precipitation intensity, the larger the fluctuation, especially at nighttime
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when the fluctuation of hourly precipitation greater than 1 mm is more significant. In
addition, no low-level jet is found in the horizontal wind speed profile below 3 km at
Jiulong, and the variation of wind speed with height is complex and presents a multi-peaks
distribution especially under nighttime precipitation condition. This confirms a remarkable
feature of ABL over the TP, which is that the wind speed of ABL over the plateau has a
characteristic of multi-level variation and does not increase monotonously with height [24].
Combined with the analysis of temperature and humidity profiles (Figures 4 and 5), this
kind of wind field can mix atmospheric temperature more evenly but has less effect on
atmospheric humidity homogenization. Li et al. [27] studied the wind field structure of
ABL in Gaize of the TP and obtained the same conclusion.

3— 3
27 (a) 02 5 7 (b) 08:00
24 2.4
2.1 0.0 2.1
-~ 0.1,05) = —0.0
£ > g
& 18 0.5,1) g1 [0.1,0.5)
%1.5 1,5) él.S —0.5,1)
'4_? 1.2 5,10) g 1.2
0.9 0.9
0.6 p 0.6
03 ‘ 03
% 1 2345678910 % 12345678910
V (m/s) V (m/s)
3 : ————— ‘ 3 !
5 7 (€ A400 1 5 7.(d) 20:00 —0.0
—0.0 [0.1,0.5)
24 2.4
[0.1,0.5) —10.5,1)
2.1 —1[0.5,1) 2.1 —[1,5)
] 8 —[5,10)

Height (km)
Height (km)
o O o

0.9 0.9
0.6 0.6
0.3 03
0 0 ‘
0123456782910 0123456728910
V(m/s) V (m/s)

Figure 6. Atmospheric horizontal wind speed profiles in different precipitation grades at launch
times in Jiulong from 2013-2020. (a) 02 LST, (b) 08 LST, (c) 14 LST and (d) 20 LST.

The distribution of wind direction is closely related to the terrain. On the one hand,
the uneven solar radiation received by the ground is caused by complex terrain, which
leads to a local rise and fall of air flow. On the other hand, the fluctuation and slope of
terrain can change the direction of air flow near the ground [28,29]. The underlying surface
of the TP is mostly continuous mountains. Although the Jiulong observation field is a
flat underlying surface, it is a small area surrounded by mountains, so the wind direction
is complex and variable. Figure 7 presents the atmospheric horizontal wind direction
probability below 3 km in different precipitation grades at launch times in Jiulong from
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Wind direction probability (%)

Wind direction probability (%)

2013-2020. The wind direction has a diurnal variation and precipitation intensity partly
depends on wind direction. The prevailing wind direction tends to be northwest for hourly
precipitation less than 1 mm and southwest for that above 1mm, indicating that the warm
and wet southwest airflow is an important condition for producing strong precipitation.
Although the prevailing wind direction is northwest during the day, it is complex at night.
At night, the prevailing wind direction is northwest for hourly precipitation less than
0.5 mm and southwest for that greater than 5 mm, while for precipitation of [0.5, 1) mm
and [1, 5) mm it is southeast at 02 LST and northwest at 20 LST, indicating the variability of
wind direction over the TP [24]. Note that the prevailing wind direction of west during the
day, including northwest and southwest directions, is consistent with the result of Lu and
Li[18].
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Figure 7. Atmospheric horizontal wind direction probability below 3 km in different precipitation grades at launch times in
Jiulong from 2013-2020. (a) 02 LST, (b) 08 LST, (c) 14 LST and (d) 20 LST.

4. Discussion

The weather and climate of the TP is closely related to its high terrain. Due to the
strong heating of solar radiation during the day and serious cooling of ground radiation
at night caused by the TP terrain, the atmosphere over the TP is warm and dry during
the day and cool and wet at night. This leads to clouds occurring more frequently at
night than during the day, which then results in the remarkable phenomenon of nighttime
precipitation over the TP [24,25,30]. Jiulong is located in the eastern TP slope and is a
main source of the southwest vortex, with its summer hourly precipitation presenting a
significant diurnal variation. Our results show that the precipitation amount, frequency
and intensity in Jiulong are higher at night than during the day. The analysis of hourly
precipitation in Jiulong during the southwest vortex observation experiment also shows
that precipitation greater than 1 mm/h mainly occurs at night. High precipitable water and
cloud liquid water at night over the TP provide a favorable atmospheric environment for
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nighttime precipitation [25,31]. Note that because Jiulong station is on the low mountain
side of a river valley with high mountains on two sides, the valley wind caused by the local
terrain may play an important role in nighttime precipitation, because the ascending branch
of night valley wind circulation can enhance local precipitation [22]. The phenomenon
of nighttime precipitation over the TP is different from the precipitation variation over
central and eastern China, where the diurnal variations of precipitation amount and
frequency show a bimodal feature, with the peaks occurring at 16-17 LST and 06-07 LST,
respectively [20].

Diurnal variation of precipitation is a result of the comprehensive influence of at-
mospheric thermal and dynamic processes on the water cycle, involving the complex
interaction between various components of the earth’s climate system and a variety of
physical processes with different spatial and temporal scales [16]. With analysis on sound-
ing profiles in different precipitation grades in Jiulong, it is found that weak precipitation
during the day may be mainly caused by cold air advection, and the strong precipitation at
night may be mainly caused by warm air convection in the low layer due to the dynamic
uplift of terrain. Moreover, the atmospheric humidity profile and wind profile are sensitive
to atmospheric convective activity with reflection through the fluctuation on its profile. Our
results show that the higher the precipitation grade, the stronger the fluctuation of specific
humidity profile, which is more significant for the wind speed profile. The fluctuation of
the wind speed profile presents a diurnal variation, which is small in the morning, large
at noon and largest at night, indicating the diurnal cycle of convective activity over the
TP, a cycle of convective activity which is conductive to nighttime precipitation [24]. Due
to the uneven solar radiation received by the ground and the fluctuation and slope of
terrain, wind direction below 3 km in Jiulong is complex and variable. In general, there is a
prevailing wind direction of west during the day which is consistent with [18].

Both our study and Lu and Li [18] confirm that there is an inverse humidity layer below
the inversion layer when summer precipitation occurs in Jiulong. The formation of an
inverse humidity layer is complex because there are many influencing factors. It is generally
believed that in addition to the inversion layer, other factors such as atmospheric advection
transport, weather change and underlying surface can also contribute to the formation
of inverse humidity [32,33]. The phenomenon of the inversion layer accompanied by an
inverse humidity layer over the TP needs further study to reveal its formation mechanism.
Additionally, the wind speed of ABL under precipitation condition in Jiulong does not
increase monotonously with height and presents multi-peaks distribution. This kind of
wind field is also a remarkable feature of ABL over the TP [24,27]. The multi-level variation
in the wind field is complex because it may be related to a strong baroclinic formed
by a horizontal temperature gradient, strong buoyancy effect of turbulent motion and
dynamic suction pump of ABL over the TP [24,32]. Our results reveal the characteristics of
summer precipitation on subdiurnal scale in Jiulong and exhibit the observational facts
on atmospheric thermal and dynamic vertical structure for summer hourly precipitation.
Since the precipitation over the TP is complex due to its unique terrain, to fully understand
the atmospheric phenomenon over the TP, more studies need to be done on physical
mechanisms, especially with the aid of numerical weather models.

5. Conclusions

Using the intensive sounding profiles of the southwest vortex observation experiment
in Jiulong and the hourly precipitation from June to August 2013-2020, the characteristics
of summer precipitation on a subdiurnal scale were analyzed, and the atmospheric thermal
and dynamic vertical structures in different precipitation grades were also investigated.
The conclusions obtained are as follows.

Summer hourly precipitation in Jiulong shows a diurnal variation especially for
precipitation greater than 1 mm/h. Both precipitation amount and precipitation frequency
present a unimodal pattern with low value during the day and high value at night. A
bimodal pattern is found in precipitation intensity for hourly precipitation greater than
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1 mm, with the main peak at 22 LST and the second peak at 09 LST. The analysis on hourly
precipitation at launch times in Jiulong also shows that the hourly precipitation during the
day is generally less than 1 mm and greater than 1 mm mostly occurs at night, resulting in
a high proportion of nighttime precipitation. Besides high precipitable water and cloud
liquid water, the dynamic effect of local terrain is also conducive to the occurrence and
enhancement of nighttime precipitation.

Compared to the temperature profile of the background atmosphere in Jiulong, the
temperature profile for hourly precipitation less than 1 mm is cold. The weak precipitation
during the day may be mainly caused by cold air advection, and the strong precipitation
at night may be closely related to warm air convection in the low layer due to the dy-
namic uplift of terrain. The deviation between precipitation and background atmospheric
temperature profiles partly depends on precipitation intensity.

The humidity profile under precipitation conditions is mostly wet, and the wet bias
generally increases with precipitation intensity, indicating that water vapor is an important
factor affecting precipitation intensity. Both humidity profile and wind speed profile show
obvious fluctuation when precipitation occurs, and the greater the precipitation intensity,
the larger the fluctuation, especially for nighttime precipitation. Moreover, the fluctuation
of the wind speed profile is small in the morning, large at noon and largest at night,
presenting a similar diurnal variation to that of convective activity over the TP which is
conducive to nighttime precipitation. Although the wind direction below 3 km in Jiulong
is complex and variable, there is a prevailing wind direction of west during the day.

Some remarkable phenomena are found in the sounding profiles. There is an inverse
humidity layer below the inversion layer when summer precipitation occurs in Jiulong.
The wind speed of the ABL under precipitation conditions does not increase monotonously
with height and presents multi-peaks distribution. These two phenomena tend to be
closely related with the underlying surface and topography of Jiulong. Note that this study
mainly focused on revealing the observational facts of summer precipitation variation on
subdiurnal scale and its atmospheric thermal and dynamic vertical structures in Jiulong.
More studies on physical mechanism and numerical simulation are still necessary to better
understand the atmospheric phenomenon over the TP.
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