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Abstract

There is a deep atmospheric boundary layer on the Tibetan Plateau (TP) that has always been of
interest to researchers. The variation in the atmospheric boundary layer under the influence of the
southern branch of the westerly wind and that of the Asian monsoon was analyzed using
sounding data collected in 2014 and 2019. Then, the hourly high-resolution comprehensive
observation data for the land-atmosphere interaction on the TP and the ERAS reanalysis data
were used to study the influence of the atmospheric boundary layer’s structure in Mount Everest,
Nyingchi, Nam Co, Nagqu, and Shiquan River regions. The results show that the height of the
convective boundary layer observed at the Mount Everest, Nyingchi, Nam Co, Nagqu, and
Shiquan River stations on the TP under the influence of the southern branch of the westerly wind
was higher than that during the Asian monsoon season. The height of the convective boundary

layer in the Shiquan River area was often highest at 20:00. The structure of the boundary layer in
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the Mount Everest area was often affected by the westerly jets and glacial winds. The inversion
layer developed earlier in the Nyingchi area than at the other stations. The height of the boundary
layer was positively correlated with the sensible heat flux and negatively correlated with the
latent heat flux. The vertical velocity in the atmospheric boundary layer in the Nyingchi area
decreased, which may be one of the reasons why the height of the convective boundary layer was

lower in this area than at the other stations and humidity inversion often occurred in this area.

Keywords: surface heat fluxes, structure of the atmospheric boundary layer, vertical

velocity, the southern branch of westerly wind, Asian monsoon

1 Introduction

The Tibetan Plateau (TP), located in western China, is the highest plateau in the world. As a
high-elevation heat source up to the middle of the troposphere, the plateau can change matter and
energy directly in the middle and upper troposphere, and its thermal and dynamic effects have
important impacts on China's climate, the Asian monsoon, and even the global climate (Ye and
Gao, 1979; Chen et al., 1985; Yanai et al., 1992; Ye and Wu, 1998; Zhao and Chen, 2000; Wu et
al., 2012; Duan et al., 2013; Duan et al., 2017). The thermal effect is primarily manifested as a
heat source in summer and a heat sink in winter. As one of several subsystems of the Asian
monsoon system, the plateau monsoon is essentially an independent wind system formed under
the thermal activity on the plateau, and its characteristics are the most significant at 600 hPa.
Zheng and Wu (Zheng and Wu, 1995) showed that the northward jump of the southern branch of
the west wind in early summer is related to the thermal forcing on the plateau. The dynamic
effect of the plateau is mainly manifested in the obvious branching of the westerly wind. The
terrain blocking, and friction provided by the plateau itself forces the airflow to bypass this
region and climb, and in winter and summer, the flow around the area is greater than that of the
climbing air (Ye and Gao, 1979). The thermal and dynamic effects of the plateau on the
atmosphere affect the free atmosphere through the atmospheric boundary layer, so studying the
effects of the plateau boundary layer process is essential (Zhang and Hu, 2001).

The atmospheric boundary layer plays a vital role in regulating the energy and matter
transport from the Earth's surface into the free atmosphere (Zhang, 2003). Among them, the

height of the atmospheric boundary layer is an important index used to analyze the turbulent
2
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mixing, vertical disturbance, convective transmission, and cloud band formation (Liu and Liang,
2010; Teixeira, et al., 2008). The height of the atmospheric boundary layer is related to the solar
radiation, type of underlying surface, weather systems, and topographic characteristics. When the
near-ground temperature is high, and the humidity is low, the surface sensible heat flux is
dominant, and the turbulence is enhanced, resulting in an increase in the height of the
atmospheric boundary layer (Zhang, et al., 2013). Many researchers have conducted in-depth
studies on the characteristics of the atmospheric boundary layer in different regions. Whiteman et
al. (Whiteman, et al., 2000) found that the rapid cooling of the atmosphere on the Mexican
plateau in the evening promotes a rapid change in the boundary layer on the plateau. Marshall et
al. (Marham, et al., 2008) observed a very thick convective boundary layer at up to 5500 m over
the Sahara Desert. Wang et al. (Wang, et al., 2016) found that the convective boundary layer over
the hinterland of the Taklimakan desert is deeply developed in summer, with a maximum height
of 4000 m. Through a field experiment conducted in the Heihe River Basin, Hu and Gao (Hu and
Gao, 1994) found that the sensible heat flux is the main component of the surface heat balance in
arid areas, and humidity inversion occurred in the atmosphere above oases and their adjacent
desert areas. Zhang et al. (Zhang, 1998; Zhang and Cao, 2003; Zhang, 2007) conducted field
observation experiments in the Gobi Desert in Dunhuang, northwest China in 2000. They found
that the thickness of the convective boundary layer on sunny days in summer exceeds 4000 m;
and under the arid climate, the energy consumed by the development of the atmospheric
boundary layer is much larger than that during its decline. Miao et al. (Miao, et al., 1998) found
that the complex terrain of the plateau enhances the mechanical turbulence movement, and the
height of the plateau boundary layer is higher than that of the plain area. Xu et al. (Xu et al.,
2001) comprehensively analyzed the plateau earth atmosphere physical process and dynamic
model based on the radiosonde observation data of the second Tibetan Plateau Atmospheric
Science Experiment in Chamdo, Damxung and Gerze. It is found that the thermal structure of the
Plateau Atmospheric boundary layer is abnormal, the development of the convective boundary
layer is deep, and the dynamic mechanism of Ekman "suction pump" in the plateau boundary
layer. Li et al. (Li, et al., 2000) used the observation data of the Tibetan Plateau Atmospheric
Science Experiments (TIPEX) Gerze station to find that there are many extreme values of wind

speed in the boundary layer of Gerze area and often inverse humidity. Zuo et al. (Zuo, et al.,
3
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2004) comprehensively analyzed the observation data during the strengthening period in 1998. In
the dry season, the maximum height of the atmospheric boundary layer can reach 3550 m, and
the height of the boundary layer in the wet season is less than 2300 m. Su et al. (Su, et al., 2018)
found that the overall atmospheric boundary layer height on the plateau decreases significantly in
summer, the latent heat flux increases significantly, and the sensible heat flux initially increases
and then decreases. Zhou et al. (Zhou et al., 2018) found that the height of the plateau boundary
layer is high in the west and low in the east using cosmic occultation data. The height of the
western boundary layer is 1800-2300 m, and the height of the eastern boundary layer is
1400-1800 m.

Compared with the plain area, the land-atmosphere interaction on the TP is intense and
complex, which affects the structure of the boundary layer. The large temperature difference
between the land and the atmosphere, the strong solar radiation on the ground, and its complex
topographic characteristics results in the boundary layer above the plateau having a unique and
complex structure; thus, it is particularly important to study the changes and characteristics of the
atmospheric boundary layer on the TP. In light of this, the characteristics of the boundary layer in
different regions of the plateau were analyzed in this study. Then, the relationships between the
boundary layer’s structure and the sensible heat flux, latent heat flux, and vertical velocity field
were studied to gain a deeper understanding of the variations in the height of the atmospheric
boundary layer above the plateau, the specific humidity, wind direction, and wind speed under
the influence of the southern branch of the westerly wind as well as the Asian monsoon, to
explore the mechanism of the variations in the boundary layer, and provide a theoretical basis for
the prediction and early warning of plateau weather and climate under the background of climate
change in the future.

2. Data, study area, and methods

2.1 Data description and study area

(1) Sounding data collected at the Mount Everest, Nyingchi, and Namco stations in 2014
and sounding observations collected at the Shiquan River station during the Earth-atmosphere
Interaction and Climate Effect Enhanced Observation Experiment of the Second Tibetan Plateau
Scientific Expedition in 2019 were used in this study. The locations of and basic information

about the five sounding stations are presented in Figure 1 and Table 1, respectively.
4
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117 All data times used in this study were Beijing standard time (BST, BST= Coordinated
118  Universal Time (UTC)+8). In 2014, the daily sounding observation time of the three stations of
119  Mount Everest, Nyingchi and Shiquan River was 08:00, 14:00 and 20:00. In 2019, the daily
120  sounding observation time of the four stations of Mount Everest, Nyingchi, Nagqu and Shiquan
121 River was 02:00, 08:00, 14:00 and 20:00. The sounding observation includes meteorological
122 elements such as temperature, air pressure, humidity, wind speed and wind direction, and the
123  data collection frequency is 2 s.

124 (2) ERAS5 reanalyzes UV wind speed, surface sensible heat, latent heat flux, and vertical
125  velocity data (https://www.ecmwf.int/en/about/ media-centre/ science-blog/2017/era5-new

126  -reanalysis-weather-and-climate-data), with a horizontal resolution of 0.25° X0.25° .

127 (3) A long-term dataset of integrated land-atmosphere interaction observations on the
128  Tibetan Plateau (2005-2016) (Ma et al., 2020). Hour-by-hour sensible heat and latent heat flux
129  turbulence data from the Qomolangma Atmospheric and Environmental Comprehensive
130  Observation and Research Station, the Southeastern Tibet Alpine Environment Comprehensive
131  Observation and Research Station, and the Namco Multi-Circle Comprehensive Observation and
132 Research Station in 2014 were used. In this paper, sensible heat and latent heat flux data with

133 data quality status quality assurance less than 4 are selected for research.

134 Figure 1 about here

135

136 Table 1 about here

137 2.2 Methods

138 Regarding the methods for determining the height of the boundary layer, there are many

139  methods such as the potential temperature gradient method, the Holzworth method (dry adiabatic
140  method, the gas block method), the Richardson method, and the potential temperature profile
141 method (Sullivan, et al.,1997; Seibert, et al., 2000; Seidel, et al., 2010; Liu, et al., 2013; Stefan and
142 Klaus, 2006). In this paper, the determination of the boundary layer height was mainly based on
143  the potential temperature profile method, and the height with an obvious discontinuous gradient
144 was regarded as the height of the atmospheric boundary layer. During the day, the height of the
145  capping with strong inversion is taken as the height of the convective boundary layer. At night, the
146  height of the ground inversion layer was taken as the height of the stable boundary layer. From the
147 perspective of dynamic action, the height of the stable boundary layer at night can be regarded as
148  the height of the stable boundary layer according to the height of the maximum wind speed. At the
149  same time, from the perspective of humidity distribution, the height of the convective boundary
150 layer can be regarded as the height where the specific humidity decreased rapidly. Unless
151  otherwise specified, the heights used in the text are relative heights.

152 3 Structure of the atmospheric boundary layer under the influence of the southern branch

5
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153  of the westerly wind as well as the Asian monsoon

154 Due to the particularity of the plateau geography and climate, the observational
155  understanding of the atmospheric boundary layer structure in plateau areas is still limited
156  compared with the observational understanding of the atmospheric boundary layer structure in
157  other regions. This paper uses the sounding data between 2014 and 2019 to study the change
158  characteristics of vertical meteorological elements in the plateau area. The focus is on the diurnal
159  variation characteristics of the atmospheric boundary layer height, potential temperature profile,
160  specific humidity profile, and wind speed and direction profile in the coordinated area of the

161  south branch of the westerly wind and Asian monsoon.

162 3.1 Structure of the atmospheric boundary layer under the influence of the southern

163  branch of the westerly wind as well as the Asian monsoon

164  3.1.1 Height of the convective boundary layer under the influence of the southern branch of

165  the westerly wind as well as the Asian monsoon

166 Figure 2 shows the potential temperature profiles in the convective boundary layer observed
167  at the Mount Everest, Nyingchi, and Nam Co stations in June, August, and November 2014 and at
168  the Shiquan River station in May, July, and October 2019. Because the low-level interval of the
169  radiosonde data collected at the Nyingchi and Nam Co stations is large, the potential temperature
170  profile in the lower level is discontinuous. However, it can still be seen that the potential
171 temperature profile is in a convective state at the lower level, and it does not affect the
172 determination of the height of the atmospheric boundary layer. Under the influence of the plateau
173 monsoon in June, the heights of the mixed layer were 3000 m, 2100 m, 2200 m, and 2650 m at
174 Mount Everest, Nyingchi, Nam Co, and Shiquan River stations, respectively. Under the influence
175  of the plateau summer monsoon wind field in August, the heights of the mixed layer were 1700 m,
176 1000 m, 950 m, and 2000 m at Mount Everest, Nyingchi, Nam Co, and Shiquan River stations,
177 respectively. Under the influence of the southern branch of the westerly wind field in November,
178  the heights of the mixed layer were 4500 m, 3000 m, 2400 m, and 3,500 m at Mount Everest,
179  Nyingchi, Nam Co, and Shiquan River stations, respectively.

180 In summary, the height of the mixed layer exhibited distinct characteristics at the Mount
181  Everest, Nyingchi, Nam Co, and Shiquan River stations under the influences of the different
182  circulation background fields. At all of the stations, the height of the mixed layer under the
183  influence of the southern branch of the westerly wind field (May, October, and November) was
184  higher than that under the influence of the Asian monsoon (June, August, and July).

185
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186 Figure 2 about here

187

188  3.1.2 Diurnal variations in potential temperature

189 Figure 3 presents the potential temperature profiles for the Mount Everest, Nyingchi, and
190  Nam Co stations in June, August, November 2014 and the Shiquan River station in May, July, and
191 October 2019. At 08:00 on June 8, at the Mount Everest station, the height of the stable boundary
192 layer was about 240 m. The height of the convective boundary layer had increased to 3000 m by
193  14:00, and the upper caping temperature inversion was located at 3000-3350 m. At 20:00, the
194 height of the convective boundary layer was 2900 m, and there was weak inversion stratification
195  between 1400 and 1500 m and between 2250 and 2300 m, which may have been affected by the
196  westerly jet with wind speeds of up to 16 m s between 1500-2000 m. At 08:00 on August 26, the
197  height of the stable boundary layer was about 100 m. At 14:00, the atmosphere was further heated
198 by surface heating, and the height of the convective boundary layer increased to 750 m. At 20:00,
199  there was an obvious super-insulation layer in the lower layer of the potential temperature profile,
200 the lower atmosphere stratification was statically unstable, and the height of the convective
201  boundary layer reached 1600 m. At 08:00 on November 23, the height of the stable boundary layer
202 was about 750 m. At 14:00, the height of the convective boundary layer reached 4500 m. At 20:00,
203  the height of the convective boundary layer was 3700 m, and the temperature inversion of the
204 upper capping layer occurred between 3700 and 3800 m.

205 On June 12, at the Nyingchi station, it was impossible to accurately determine the height of
206  the atmospheric boundary layer at 08:00 due to the large interval between the sounding data for
207  the lower layers. At 14:00, there was an obvious super-insulation layer in the lower layer of the
208  potential temperature profile, the stratification of the lower atmosphere was unstable, and the
209  height of the convective boundary layer was 2100 m. At 20:00, a stable boundary layer began to
210  develop. On August 24, due to the large interval between the sounding data for the lower layers,
211  the height of the atmospheric boundary layer could not be accurately determined. However,
212 according to the potential temperature profiles at 14:00 and 20:00, the height of the atmospheric
213 boundary layer should not have been higher than 1000 m. At 08:00 on November 25, the height of
214  the stable boundary layer was 1500 m, and the residual layer was located at 1500-2800 m. At
215 14:00, the height of the convective boundary layer was 3000 m. The stable layer began to develop
216  at 20:00, and the residual layer was located at 300-3200 m. At 08:00 on June 9, the surface
217  heating destroyed the stable boundary layer at night, and convection began to develop. At 14:00,
218  the height of the convective mixed layer was about 2200 m. At 20:00, the height of the convective
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mixing layer was 1600 m. On August 26, due to the large interval between the sounding data for
the lower layers, it was impossible to accurately determine the height of the atmospheric boundary
layer. However, according to the potential temperature profiles at 14:00 and 20:00, the height of
the boundary layer was 1000 m. At 08:00 on November 29, the height of the stable boundary layer
was 150 m. At 14:00, the height of the convective boundary layer was 2400 m.

The heights of the stable boundary layer at the Shiquan River station were 250 m and 150 m
at 2:00 and 8:00 on May 16, respectively. The heights of the convective boundary layer were 2550
m and 2650 m at 14:00 and 20:00, respectively. The height of the stable boundary layer at the
Shiquan River station was 500 m at 02:00 on the night of July 28. The heights of the convective
boundary layer were 1350 m and 1700 m at 14:00 and 20:00, respectively. The height of the stable
boundary layer at the Shiquan River station was 100 m at 02:00 on the night of October 23, and
the height of the stable boundary layer was 150 m at 08:00. The heights of the convective
boundary layer were 2150 m and 3500 m at 14:00 and 20:00, respectively.

Figure 3 about here

The above examples for each station illustrate that the changes in the atmospheric boundary
height above the different areas of the plateau under different background wind fields. The height
of the atmospheric boundary layer at each station had obvious diurnal characteristics. The
structure of the boundary layer in the Mount Everest area was often affected by the westerly jets
and glacial winds, resulting in a more complex potential temperature profile and a special
boundary layer structure with a lower boundary layer. The inversion layer developed earlier in
the Nyingchi area than at the other stations, and it began to develop near the low-level layer at
20:00. The height of the convective boundary layer in the Shiquan River area often reached the

highest point at 20:00.
3.1.3 Vertical distribution of specific humidity

Figure 4 shows that the near-surface layer specific humidity values at the Everest, Nyingchi,
and Nam Co stations in November were much lower than in June and August in 2014. In August
and November, the specific humidity of the surface layer was larger at the Nyingchi station than at
the Mount Everest and Nam Co stations. At the Nyingchi and Nam Co stations, due to the large
interval between the data for the lower level, the low-level specific humidity profile was not
smooth in November. The relative humidity of the surface layer at the Mount Everest, Nyingchi,

and Nam Co stations in June was quite similar to that of the surface layer in November. At each
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station, the relative humidity of the surface layer was larger at 08:00 than at 14:00 and 20:00. On
November 23, 2014, the lower layer above the Mount Everest station was affected by the northerly
valley wind (wind speed of 20.9 m s) at 14:00 and by the southerly glacial wind (wind speed of
15 m s?) at 20:00, and humidity inversion occurred at both times. The specific humidity of the
surface layer at the Shiquan River station (Fig. 4d) followed the order of July > May > October.
The humidity of the surface layer was lower at the Shiquan River station than are the Nyingchi,
Nagqu, and Nam Co stations in May and October. The humidity of the surface layer was lower at
the Mount Everest station than at the Nyingchi, Nam Co, and Shiquan River stations in July. The
specific humidity of the near-surface layer was significantly higher at the Nyingchi station than at
the other stations, and the maximum specific humidity was 12.88g e kg™ . Mount Everest was
affected by the low-level jet at 08:00 and the glacial wind, which had higher wind speeds, at 16:00
and 20:00 on October 29, 2019. The specific humidity of the lower level also exhibited humidity
inversion.

The lower layer-specific humidity of the atmospheric boundary layer exhibited obvious
diurnal variations at all the stations (Fig. 4). The near-surface layer had a higher humidity at night
than during the day, and the specific humidity decreased as the height increased. The phenomenon
of humidity inversion often occurred at the Mount Everest and Nyingchi stations. Temperature
inversion occurred in the stable boundary layer and near the top of the convective boundary layer,
while the transport of water vapor by the low-level jets and the existence of downdrafts resulted in
humidity inversion in the near-surface layer. The specific humidity of the lower atmospheric
boundary layer at each station was lower under the influence of the southern branch of the

westerly wind field than under the influence of the Asian monsoon wind field.

Figure 4 about here

3.1.4 Vertical distributions of wind speed and wind direction

In addition to the potential temperature and specific humidity, wind is also one of the main
meteorological elements involved in energy and matter transport and exchange processes in the
atmospheric boundary layer. Figs. 5 and 6 present the wind speed and direction profiles,
respectively, for the Mount Everest, Nyingchi, and Nam Co stations in 2014 and the Shiquan
River station in 2019. On June 8, the wind speed near the surface at the Mount Everest station was
lower at 08:00 than at 14:00 and 20:00. At 14:00 on June 8 and August 26, the low-level wind
direction was north-northeast, which was affected by the valley wind and the northerly wind

before 14:30. This was discovered by Chen et al. (Chen, et al., 2007) during the rainy season on
9
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286  Mount Everest. On June 8, the Mount Everest area was dominated by westerly winds above 1200
287  m. On August 26, it was dominated by northwest and west-northwest winds above 2000 m. On
288  November 25, it was dominated by westerly winds above 1000 m. The wind speed in the
289  near-surface layer in the Nyingchi area was lower at 08:00 than at 14:00 and 20:00, and the wind
290  speed in the near-surface layer was lower in the Nyingchi area than in the Mount Everest and Nam
291  Co areas. On June 12, the southerly wind prevailed in the Nyingchi area above 1000 m, but the
292  prevailing wind changed to the westerly wind above 2000 m. The westerly winds were dominant
293  above 3000 m on August 24, and the westerly winds were dominant above 4000 m on November
294 25. The wind speed in the Nam Co area was higher on November 29 than on June 9 and August 26.
295  The wind direction was from the south to the west above 1000 m on June 9 at the Shiquan River
296  station. On August 26 and November 29, the wind direction above the surface layer was westerly.
297  The wind direction was mainly west-southwest on May 16 and October 23, and the low-level jets
298  of the westerly wind appeared near the surface at 20:00 at the Shiquan River station. The wind
299  direction was mainly west-northwest on July 28, the low-level wind speed was much stronger on
300  May 16 and October 23 than on July 28. The wind speed in the upper air at the Mount Everest,
301  Nyingchi, and Shiquan River stations was stronger in May and October than in July, and the wind
302  direction was mainly westerly or southwesterly.

303 The wind speed exhibited obvious diurnal characteristics and increased with increasing
304  height at all of the stations. They were also significantly different at each station. The wind speed
305 and direction were often affected by the valley wind or glacier wind at the Mount Everest station.
306  The Nyingchi station may have been affected by its geographical location and topography. The
307  low-level wind direction was mostly southerly, and the low-level wind speed was lower at the
308  Nyingchi station than at the Mount Everest, Nam Co, and Shiquan River stations. At all the
309  stations, the wind speed increased more rapidly with the height under the southern branch of the
310  circulation field of the westerly wind. The wind direction in the upper level may have been
311 primarily affected by the westerly wind. At all the stations, the wind direction and wind speed in
312  the lower level were greatly affected by the topography and geographical location, while the
313  changes in the wind direction and wind speed in the upper level were related to the large-scale

314  westerly circumfluence and the Asian monsoon.

315
316 Figure 5 about here
317 Figure 6 about here

318 4 Variations in the surface energy fluxes and the structure of the atmospheric boundary
319  layer under the influence of the south branch of the westerly wind as well as Asian monsoon

10
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320 ontheTP

321 The height and structure of the atmospheric boundary layer have great temporal and spatial
322 differences, and the thermal effect of the land surface is one of the important reasons for the
323  formation and change of the atmospheric boundary layer. Sensible heat flux is the heat transfer
324 between the ground and the atmosphere caused by turbulent motion in the near-surface layer, and
325  latent heat flux is the heat transfer between the underlying surface and the atmosphere caused by
326  the phase change of water in the atmosphere. Su et al. showed that the height of the atmospheric
327  boundary layer in the plateau is generally positively correlated with the surface sensible heat flux,
328  and negatively correlated with the surface latent heat flux (Su, et al., 2018). This study intends to
329  use the observational data and ERAS reanalysis data to understand the regional differences in
330  sensible and latent heat fluxes, analyze the differences in the characteristics of sensible heat and
331  latent heat fluxes under the coordinated action of the westerly wind and monsoon, and analyze the
332 relationship between the height of the atmospheric boundary layer and the energy heat fluxes.

333 4.1 Comparison of the sensible and latent heat fluxes between in-situ observations and ERA5
334  reanalysis data

335 The sensible and latent heat flux from the ERA5 reanalysis dataset were evaluated using the
336  observations at Mount Everest, Nyingchi, and Nam Co stations on June 4-12, August 20-29
337  (Asian monsoon), and November 21-30 (westerly south branch) in 2014. Figure 7 presents a
338  comparison of the observed sensible and latent heat fluxes and the ERAS sensible and latent heat
339  fluxes during the sounding period at the Mount Everest, Nyingchi, and Nam Co stations in 2014.
340  Nyingchi lacks observational sensible and latent heat flux data for June and August 2014. The
341  observational heat flux data for each station and the ERAS5 reanalysis data exhibited significant
342  diurnal changes. The turbulence intensity was weak, the sensible and latent heat fluxes were small
343 under the stable atmospheric stratification conditions at night, and the atmosphere transferred heat
344 down to the surface when the sensible heat flux decreased to negative values. After sunrise, the
345  solar radiation heated the surface, the sensible and latent heat fluxes gradually increased, and the
346 turbulence strengthened. Through comparison of the two sensible and latent heat flux datasets in
347  June, August, and November, it was found that the observed sensible heat flux was greater than
348  the ERADS sensible heat flux, and the ERAS latent heat flux was greater than the observed latent
349  heat flux. Excluding the observation data in June, when the sensible heat flux was greater than the
350 latent heat flux, the latent heat flux of the ERAS reanalysis data was greater than the sensible heat
351  flux. The comparison of the August observation data and the ERA5 reanalysis data also shows that
352  the latent heat flux was greater than the sensible heat flux. Both the observation data and the

353  ERAGS reanalysis data show that the latent heat flux was greater than the sensible heat flux in
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354 November. At the Mount Everest, Nyingchi, and Nam Co stations, the latent heat flux observed in
355  August > the latent heat flux observed in June > the latent heat flux observed in November and the
356  sensible heat flux observed in June > the sensible heat flux observed in November > the sensible
357  heat flux observed in August. According to the above results for the height of the convective
358  boundary layer in November and August, the height of the boundary layer was positively
359  correlated with sensible heat flux and negatively correlated with the latent heat flux. This is
360  consistent with the results of Sun et al. (Sun, et al., 2021) on the height of the atmospheric
361  boundary layer and the sensible and latent heat fluxes on the plateau.

362 Figure 8 shows a comparison of the sensible and latent heat flux observations at the Everest,
363  Nyingchi, and Nam Co stations in June, August, and November and the ERAS reanalysis data.
364  The correlation coefficients between the ERAS5 reanalysis sensible heat flux data and the
365  measured data for the Mount Everest, Nyingchi, and Nam Co stations are 0.85, 0.74, and 0.77,
366  respectively. The correlation coefficients between the ERA5 reanalysis latent heat flux data and
367  the measured data at the Mount Everest, Nyingchi, and Nam Co stations are 0.5, 0.52, and 0.42,
368  respectively. Compared with the latent heat flux, the sensible heat flux ERA5 data have better
369  applicability in the different plateau areas. The correlation coefficients between the ERA5 and
370  the measured sensible heat flux data are consistent with the results of Zhu et al.’s evaluation of
371  the correlation coefficients between ERA40 and measured data (Zhu, et al., 2012). The observed
372 sensible and latent heat fluxes and the ERA5 sensible and latent heat flux data exhibited certain
373  differences during the observation period, and these differences were mainly due to the
374  difference in their spatial resolutions. The correlation coefficients between the observed and
375  ERADS latent heat flux data at the Mount Everest, Nyingchi, and Nam Co stations are relatively
376  small. This is because, on the same day, the weather conditions of the two datasets are likely to
377  be different. This may be due to the influence of rainfall during this period. This is consistent
378  with the research results of Sun et al. (Sun, et al., 2021). In summary, the consistency between
379  the ERAGS reanalysis and measured sensible and latent heat flux datasets is still good and can be
380  used to study the characteristics of the surface energy in the plateau areas.

381 Figure 7 about here

382 Figure 8 about here

383 4.2 Effect of land surface heating on the atmospheric boundary layer

384 The height and structure of the atmospheric boundary layer vary temporally and spatially.
385  The atmosphere-land interaction is one of the important reasons for the formation of and changes
386 in the atmospheric boundary layer. Su et al. showed that the height of the atmospheric boundary

387  layer above the plateau is generally positively correlated with the surface sensible heat flux, while
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388 it is negatively correlated with the surface latent heat flux (Su, et al., 2018). In this study,
389  observational and ERAS reanalysis data were used to gain a better understanding of the regional
390  differences in the sensible and latent heat fluxes, to analyze the differences in changes in the
391 sensible and latent heat fluxes under the combined action of the westerly wind and monsoon, and
392  to explore the mechanism of the relationships between the height of the atmospheric boundary

393  layer and the sensible and latent heat flux.

394  4.2.1 Relationships between the atmospheric boundary layer and the sensible and latent
395  heat fluxes

396 Figure 9 shows a comparison of the measured and ERAS5 reanalysis sensible and latent heat
397  flux data, at the Everest, Nyingchi, NagquShiquan River stations in May, October (under the
398 influence of the southern branch of the westerly wind field), and July (under the plateau summer
399  wind field) in 2019. The sensible and latent heat fluxes exhibited obvious diurnal variations at all
400  of the stations. Beginning in the morning, solar radiation heated the ground, and the heat was
401  transferred from the surface into the atmosphere in the form of sensible and latent heat fluxes. The
402  sensible and latent heat fluxes reached their peaks at noon, and then, they gradually decreased.
403  When they decreased to a negative value, the heat was transferred from the atmosphere to the
404  surface. The sensible heat flux was relatively large in May and October at the Mount Everest and
405  Shiquan River stations, while the latent heat flux was relatively small, which is consistent with the
406  fact that the boundary layer heights were higher at the Mount Everest and Shiquan River stations.
407  The sensible and latent heat fluxes at the Nyingchi and Nagqu stations were similar in May and
408  October, which is consistent with the results of Zheng et al. (Zheng, et al., 2019). This may be one
409  of the reasons that the height of the boundary layer was lower at the Nyingchi and Nagqu stations
410  than at the Mount Everest and Shiquan River stations. In July, the latent heat flux was significantly
411 higher than the sensible heat flux at the Mount Everest, Nyingchi, Nagqu, and Shiquan River
412  stations. This was mainly because summer included a period of concentrated precipitation and a
413  period of vigorous vegetation growth. The sensible heat flux was greater than the latent heat flux
414 at all the stations under the influence of the southern branch of the westerly wind. The
415  near-surface energy exchange was dominated by the sensible heat flux. The boundary layer
416  experienced strong atmospheric turbulence and strong convection, which increased the height of
417  the boundary layer. However, the latent heat flux was larger at all the stations under the influence
418 of the Asian summer monsoon wind field, and the water vapor content of the air was higher, which
419  inhibited the development of the boundary layer.

420 Figure 9 about here

421 Table 2 about here
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422 Table 3 about here

423 Tables 2 and 3 present the convective boundary layer heights and the maximum sensible and
424 latent heat fluxes at each station during each sounding period in 2014 and 2019. Due to the
425  differences between the observed fluxes and the ERA5 reanalysis fluxes, the analysis in Table 2
426 mainly focused on the observed fluxes. As can be seen from Table 2, at all the stations, the height
427  of the boundary layer was the lowest in August, and the corresponding sensible heat flux values
428  were lower than those in June and November, while the latent heat flux values were much higher
429  than those in November. As can be seen from Table 3, at all the stations, the height of the
430  boundary layer was the lowest in July, and the corresponding latent heat fluxes were much higher
431  than those in May and October. Therefore, based on the analysis of the height of the boundary
432 layer and the sensible and latent heat fluxes at each station, the height of the boundary layer was

433  positively correlated with the sensible heat flux and negatively correlated with the latent heat flux.

434 4.2.2 Relationships between the structure of the atmospheric boundary layer and the

435  vertical velocity distribution

436 Energy conversion in the atmosphere is mainly achieved through the vertical movement of
437  the atmosphere, which has a great influence on the transportation of water vapor, matter, and
438  energy. Figure 10 shows the variation in the vertical velocity in the convective boundary layer
439  during each radiosonde observation period at the Mount Everest, Nyingchi, Nam Co, Nagqu, and
440  Shiquan River stations. The vertical velocity exhibited obvious diurnal characteristics, and the
441  vertical velocity near the surface layer was mainly concentrated between -0.2 and 0.2 Pa s* at
442 night, which is consistent with the results of Xu et al. (Xu, et al., 2006) and Cao et al. (Cao, et al.,
443  2017). The vertical velocities in the lower layers at the Mount Everest, Nam Co, Nagqu, and
444 Shiquan River stations were mostly indicative of updrafts; while strong downdrafts mainly
445 occurred in the lower layers at the Nyingchi station, which was not conducive to the development
446  of convection in the atmospheric boundary layer. Figures 10a, d, and g show the vertical velocity
447  profiles at the Mount Everest, Nyingchi, and Nam Co stations under the influence of the Asian
448  monsoon in June. There was only weak upward movement below 500 hPa during the daytime, and
449  strong downdrafts occurred after 15:00. There were strong downdrafts above 500 hPa at 18:00 at
450  the Nyingchi and Nam Co stations. At night, weak sinking movement occurred at the Mount
451  Everest station, strong sinking movement occurred at the Nyingchi station, and strong ascending
452 movement occurred at 400 hPa at the Nam Co station. Figures 10b, e, and h show the vertical
453 velocities at the Mount Everest, Nyingchi, and Nam Co stations under the influence of the Asian
454 monsoon field in August. The lower level weakly ascended from 09:00 to 21:00 at the Mount

455  Everest station. The lower layers contained sinking air almost all day at the Nyingchi station, but a
14
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456  strong upward movement occurred above 500 hPa from 09:00 to 12:00. In the lower layers, weak
457  upward and downward movements alternately occurred at the Nam Co station. In 2014, Figures
458  10c, f, and i show the vertical velocity profiles at the Mount Everest, Nyingchi, and Nam Co
459 stations under the southern branch of the westerly wind field. At the Mount Everest station, the
460  lower layer exhibited ascending movement from 10:00 to 17:00, while strong sinking motion
461  centered at 400 hPa occurred at 0:00 and was gradually replaced by ascending motion at 200 hPa
462  over time. At the Nyingchi station, there was almost sinking movement throughout the day below
463 250 hPa, but the sinking movement was weaker during the day than at night. At the Nam Co
464  station, below 300 hPa, there was almost ascending movement throughout the day, and above 300
465  hPa there was sinking movement. At the Shiquan River station, strong vertical ascent occurred
466  after 18:00 (Figs. 10j, k, 1). This may be due to the heating of the plateau area by solar radiation
467  during the afternoon, which increased the surface temperature. The energy was gradually
468  transferred upwards, the convection gradually strengthened, the boundary layer became fully
469  mixed, and the vertical velocity gradually increased. Figure 10 shows the vertical velocity profile
470  at the Shiquan River station under the influence of the southern branch of the westerly wind field.

471  Atthe Shiquan River station, the ascending movement gradually increased after 12:00.

472

473 Figure 10 about here

474

475 According to the analysis of Figure 10, convection was active in the boundary layer during

476  the day and ascending and sinking motions alternately occurred. During the day, as the solar
477  radiation increased, the accumulation of surface heat and the atmospheric turbulence increased,
478  and the vertical velocity mostly reached the maximum at various heights at 18:00 or later. At
479  14:00 on May 16 and October 25, 2019, a strong sinking movement occurred at the Nyingchi
480  station. In addition, humidity inversion occurred in the lower level. The vertical velocity in the
481  atmospheric boundary layer at the Nyingchi station was sinking. This may be one of the reasons
482  that the height of the convective boundary layer was lower at the Nyingchi station than at the
483  other stations, and it is also one of the reasons that humidity inversion frequently occurred at the
484 Nyingchi station.

485 5 Discussion and conclusions

486 The variations in the temperature, specific humidity, wind speed, and wind direction profiles
487  in the atmospheric boundary layer under different wind fields were analyzed using the sounding
488 data collected in June, August, and November in 2014 and in May, July, and October in 2019.

489  Then, the hourly high-resolution comprehensive observation data from the TP land-atmosphere
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490 interactions and ERA5 reanalysis data were used to study the influences on the structure of the
491  atmospheric boundary layer at Mount Everest, Nyingchi, Nam Co, Nagqu, and Shiquan River
492 stations. The results are as follows.

493 (1) The heights of the convective boundary layer observed at the Mount Everest, Nyingchi,
494  Nam Co, Nagqu, and Shiquan River stations on the plateau under the influence of the southern
495  branch of the westerly wind were 4500 m, 3000 m, 2400 m, 2760 m, and 3500 m, respectively.
496  Under the influence of the Asian monsoon, the heights of the convective boundary layer observed
497  at Mount Everest, Nyingchi, Nam Co, Nagqu, and Shiquan River stations on the plateau were
498 3000 m, 2100 m, 2200 m, 1650 m, and 2000 m, respectively. At each station, the height of the
499  convective boundary layer was higher under the influence of the southern branch of the westerly
500  wind than under the influence of the Asian monsoon. The structure of the boundary layer at the
501  Mount Everest station was often affected by the westerly jets and glacial winds, resulting in a
502  more complex potential temperature profile and a special low boundary layer height. The
503 inversion developed earlier at the Nyingchi station than at the other stations, and it began to
504  develop near the low-level inversion layer at 20:00. The height of the convective boundary layer at
505  the Shiquan River station was often highest at 20:00.

506 (2) Under the influences of the southern branch of the westerly wind and the Asian monsoon,
507  the lower specific humidity of the atmospheric boundary layer at each station exhibited obvious
508  diurnal variations. Humidity inversion often occurred at the Mount Everest and Nyingchi stations.
509  The inversion layers, low-level jets to transport water vapor, and sinking airflow may all have
510  contributed to the occurrence of humidity inversion in the near-surface layer. The specific
511  humidity was lower in the lower layer of the atmospheric boundary layer under the influence of
512  the southern branch of the westerly wind than that under the Asian monsoon at all of the stations.
513 (3) The wind speed and direction at the Mount Everest station were often affected by the
514  valley winds and/or glacier winds, and jets often appeared in the lower layers. The atmospheric
515  structure in the Nyingchi area may be affected by its geographical location and topography. The
516  wind direction in the lower level was mostly southerly, and the wind speed in the lower level was
517  lower at the Nyingchi station than at the Mount Everest, Nam Co, and Shiquan River stations.
518  Under the influence of the southern branch of the westerly wind, at all of the stations, the wind
519  speed increased more rapidly with height, and the wind direction in the upper level may have been
520 affected by the westerly winds. The wind direction and wind speed in the lower level were greatly
521  affected by the topography and geographical location of each station, while the changes in the
522  wind direction and wind speed in the higher level were related to the large-scale westerly

523 circumfluence and the Asian monsoon.
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524 (4) The diurnal variations in the heat fluxes were very significant at the Mount Everest,
525  Nyingchi, Nam Co, Nagqu, and Shiquan River stations, exhibiting unimodal variations. In 2014,
526  the observed latent heat flux in August > the observed latent heat flux in June > the observed latent
527 heat flux in November; and the observed sensible heat flux in June > the observed sensible heat
528  flux in November > the observed sensible heat flux in August at the Mount Everest, Nyingchi, and
529  Nam Co stations. According to the height of the convective boundary layer in November and the
530  fact that the height of the convective boundary layer was lowest in August, the height of the
531  boundary layer was positively correlated with the sensible heat flux and negatively correlated with
532  latent heat flux. In 2019, the sensible heat flux was relatively large in May and October at the
533  Mount Everest and Shiquan River stations, while the latent heat flux was relatively small. The
534  sensible heat flux and latent heat flux were similar in May and October at the Nyingchi and Nagqu
535  stations, which corresponded to the occurrence of higher boundary layer heights at the Mount
536  Everest and Shiquan River stations and low boundary layer heights at the Nyingchi and Nagqu
537  stations. In July, the latent heat flux was larger than the sensible heat flux at the Mount Everest,
538  Nyingchi, Nagqu, and Shiquan River stations. The main reason for this was that summer was a
539  period of concentrated precipitation and a period of vigorous vegetation growth. The latent heat
540  flux was small at all of the stations under the influence of the southern branch of the westerly wind,
541  and the energy transport near the ground was dominated by the sensible heat flux. The boundary
542  layer exhibited strong atmospheric turbulence and convection, which increased the height of the
543  boundary layer. However, the latent heat flux and the moisture content in the atmosphere were
544 high at all of the stations under the influence of the plateau summer monsoon wind field, which
545  inhibited the development of the boundary layer. At 14:00 on May 16 and October 25, 2019, a
546  strong sinking movement occurred at the Nyingchi station. In addition, humidity inversion
547  occurred in the lower level. The vertical velocity in the atmospheric boundary layer at the
548  Nyingchi station was sinking. This may be one of the reasons why the height of the convective
549  boundary layer was lower at the Nyingchi station than at the other stations. This is also one of the
550  reasons why humidity inversion frequently occurred at the Nyingchi station.

551 Due to its vast size and complex terrain, observation data for the TP are scarce. In
552  conventional meteorological observations, not only is the observation history short but the
553  precision of the observation instruments and the content of the observation parameters are also
554 limited, which may affect the accuracy of the analysis. The sounding data used in this paper were
555  limited in time and space, and more extensive spatial and long-term research and analysis are

556  lacking. If sounding data with a higher temporal resolution were obtained, the structure of the
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atmospheric boundary layer on the TP could be analyzed in more detail. In this study, only the
relationships between the structure of the boundary layer and the sensible heat flux, latent heat
flux, and vertical velocity on the TP were investigated, and the reasons for the structure of the
boundary layer in terms of the turbulence intensity were not analyzed. In addition, numerical
simulations of the atmospheric boundary layer’s structure can be carried out based on the
structure of the atmospheric boundary layer obtained from the sounding data. These issues are

also topics that can be studied further.
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696 Table 1 observational station information
Type of
Station Latitude  Longitude  Altitude underlying
surface
Mainly bare land,
Mount

28.21N 86.56 E 4276 m with sparse and
dwarf vegetation

Everest

Nyingchi  29.77N 94.74€ 3326 m Alpine meadow

Namco 30.77N 90.96E 4730 m Alpine meadow

Nagqu 31.37N 91.90€ 4509 m Alpine meadow

Shiquan

. 32.49N 80.10E 4278 m Flatter bare soil
River

697

698
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699 Table 2 The surface heating field at the height of the boundary layer at each station in 2014
700  (the observation values for Nyingchi in June and August are missing "-", and some of the

701  observation values for Nam Co in November are missing "-")

Convective
bounda Observed Observed ERA5 ERADS latent
Station Month laver heir):n sensible heat latent heat sensible heat heat flux
4 ™ I fux (Wam?) flux(Wam?)  flux (Wam?)  (Wm?)
June 3000 282.56 70.47 177.73 242.19
Mount
August 1700 181.37 115.00 140.15 282.18
Everest
November 4500 237.56 11.54 170.17 62.65
June 2100 - - 144,51 237.70
Nyingchi August 1000 - - 75.22 151.64
November 3000 207.11 109.69 133.37 66.07
June 2200 200.21 70.38 220.64 279.35
Nam Co August 950 137.79 259.06 112.67 169.37
November 2400 - - 107.37 94.94
702
703
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704 Table 3 Surface heating field and the height of the boundary layer at each station in 2019
Convective ERADS sensible ERAS latent
Station Month  boundary layer heat flux heat flux
height (m) (W m?) (W m?)
May 2800 244.88 104.89
Mount
July 2000 118.59 276.25
Everest
October 3250 142.07 77.70
May 2250 98.34 91.34
Nyingchi July 2100 154.84 287.51
October 700 84.95 65.36
May 2760 205.77 220.02
Nagqu July 1650 165.98 374.23
October 2700 61.14 114.59
May 2650 284.54 43.86
Shiquan
. July 2000 118.26 261.07
River
October 3500 215.09 7.74

705

706
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707 Figure captions
708 Fig. 1 the locations of the sounding stations
709 Fig. 2 Potential temperature profiles in the convective boundary layer observed at the (a)

710  Mount Everest, (b) Nyingchi and (c) Nam Co stations in June, August, and November 2014 and
711  atthe (d) Shiquan River station in May, July, and October 2019

712 Fig. 3 Potential temperature profiles for the Mount Everest, Nyingchi, and Nam Co stations
713 inJune, August, and November 2014 and for the Shiquan River station in May, July, and October
714 2019

715 Fig. 4 Specific humidity profiles for the Mount Everest (a), Nyingchi (b), and Nam Co (c)
716  stations in June, August, and November 2014 and for the Shiquan River (d) station in May, July,
717 and October 2019

718 Fig. 5 Wind speed profiles for the Mount Everest (a), Nyingchi (b), and Nam Co (c) stations
719  in June, August, and November 2014 and for the Shiquan River (d) station in May, July, and
720  October 2019

721 Fig. 6 Wind direction profiles for the Mount Everest, Nyingchi, and Nam Co stations in
722 June, August, and November 2014 and for the Shiquan River station in May, July, and October
723 2019

724 Fig. 7 Comparison of the surface heat flux between the reanalysis data and observations on
725 the TP (unit: W m?)

726 Fig. 8 Compare scatter plots of the surface heat flux between the reanalysis data and
727  observations at the Mount Everest station (a—b), the Nyingchi station (c-d) and the Nam Co
728  station (e-f) (unit: W m2).

729 Fig. 9 Latent and sensible heat fluxes at the Mount Everest, Nyingchi, Nagqu, and Shiquan
730  River stations in 2019 based on the ERA5 reanalysis data (unit: W m-2)

731 Fig. 10 Vertical velocities at the (a—c) Mount Everest, (d—f) Nyingchi, and (g—i) Namco
732  stations in 2014 and at the (j—I) Shiquan River station in 2019 based on ERA5 reanalysis data
733 (Unit: Pas?)
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741 stations of Mount Everest(a), Nyingchi(b) and Nam Co(c) in June, August and November2014,
742 and for the Shiquan River(d) station in May, July, and October 2019
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747 August and November 2014, and for the Shiquan River station in May, July and October 2019
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Fig.8 Compare scatter plots of the surface heat flux between the reanalysis data and
observations at the Mount Everest station (a—b), the Nyingchi station (c—d) and the Nam Co

station (e—f) (unit: W m-2).
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Fig. 10 Vertical velocities of Mount Everest(a~c), Nyingchi(d~f) , Namco(g~i) in 2014 and

Shiquan River(j~I) in 2019 based on ERAS5 reanalysis data (Unit: Pa st)
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