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ABSTRACT

Using the cloud radar, ground observations, and ECMWF Reanalysis v5 (ERA5) data, we investigate the factors in-
fluencing nighttime precipitation during summer in the Yushu area of the Tibetan Plateau (TP). The cloud top height
(CTH), cloud base height (CBH), and liquid water content (LWC) are compared between non-precipitation and pre-
cipitation days. The results show that the average CTH on precipitation days in Yushu is below 10 km above ground
level (AGL) in the daytime, whereas it exceeds 10 km AGL at night, with the maximum at 2300 BT (Beijing Time).
The CBH is in-phase with the dewpoint spread. The precipitation intensity and CTH are in-phase with the LWC. The
hourly averaged precipitation intensity and convective available potential energy in ERA5 reach their maximums at
2100 BT, which is 3 h ahead of their observed counterparts. There is descending motion in the mid day on non-pre-
cipitation days, whereas there is ascending motion at night on precipitation days. In addition, the horizontal wind dir-
ection in the lower level (below 5000 m) shows clockwise rotation from morning to night. Wind shear occurs in the
mid level of the atmosphere, accompanied by a subtropical westerly jet in the upper level. The difference in horizon-
tal wind speed between 200 and 500 hPa is positively related to the LWC, thereby contributing to the formation of
upper-level cloud.
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1.    Introduction

The Tibetan Plateau (TP), located in Southwest China
(26°00′–39°47′N,  73°19′–104°47′E),  is  often  referred  to
as the “roof of the world” owing to its average elevation
exceeding  4000  m.  The  meridional  monsoonal  circula-
tion generated by the thermal and dynamic effects of the
TP  causes  the  Hadley  circulation  to  break  down  in  the
Asian monsoon region,  which enables water vapor from
the  tropics  and  equator  to  enter  subtropical  and  even
mid–high-latitude  East  Asia  (Fu  et  al.,  2020).  The  TP
plays a key role in the formation of the Meiyu rain band
in  the  Yangtze  River  basin  in  summer  by  serving  as  a
“transfer station” for water vapor from low-latitude areas

(Tao  and  Ding,  1981).  In  addition,  the  TP  transports  a
substantial amount of heat and water vapor into the atmo-
sphere as a rising heat source (Fu et al., 2006). The spe-
cial dynamic and thermal effects of the TP make an im-
portant contribution to the onset and maintenance of the
Asian  monsoon,  and  therefore  influence  the  occurrence
of  disastrous  weather  around  the  plateau  and  its  down-
stream areas (Fu et al., 2006; Xu et al., 2008). The TP is
also  often  referred  to  as  Asian  “water  tower”  owing  to
the major river systems of the continent originating in the
TP  region.  Since  the  late  1970s,  the  climatic  effects  of
the TP have been widely studied. Researchers have con-
ducted  several  scientific  experiments  in  the  TP
region—for  example,  GEWEX  Asian  Monsoon  Experi-
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ment  in  Tibet  (GAME-Tibet; Uyeda  et  al.,  2001),  the
First  Qinghai–Xizang  Plateau  Meteorological  Experi-
ment,  and  the  Second  and  Third  Tibetan  Plateau  Atmo-
spheric Experiments (Zhao P. et al., 2017).

The precipitation amount and frequency often show a
bimodal  pattern  diurnally,  peaking  in  the  morning  and
evening, with the greatest change occurring over the mid
TP (Fujinami and Yasunari, 2001; Feng et al., 2002; Bai
et al., 2008; Feng and Wei, 2008; Ji et al., 2017). The di-
urnal  variation of  precipitation in the TP region in sum-
mer  has  its  minimum  in  the  morning  and  maximum  at
2000 BT (Beijing Time) (Liu et al., 2002). The convect-
ive  activity  and  the  precipitation  amount  and  frequency
begin to increase dramatically after 1200 LT (local time),
up  to  a  maximum value  in  Naqu  of  the  mid-west  TP  at
1800 LT (Chang and Guo,  2016).  After  nightfall,  strati-
form-cloud precipitation occurs and lasts to 0600 LT, and
then  disappears  gradually.  The  eastern  TP  foothills  are
dominated  by  nocturnal  rainfall  before  midsummer  (Xu
and  Zipser,  2011).  However, Feng  et  al.  (2002) showed
that  the  convective  activity  reaches  a  maximum at  1400
LT  and  that  the  diurnal  change  in  precipitation  shows
four peak values.

The  linkages  between  precipitation  over  the  TP  and
local or nonlocal factors have been investigated. The di-
urnal  variations  of  monsoonal  flow,  sea–land  breeze,
boundary-layer flow, and low-level jet are the key factors
that  influence  the  diurnal  variation  of  precipitation  over
the East Asian summer monsoon (EASM) region (Gong
et al., 2004; Chen et al., 2009; Yu et al., 2014). The spa-
tial distribution of summertime precipitation is related to
the moisture transport controlled by the weather systems
around the  TP (Feng and  Wei,  2008).  Recently,  the  im-
pact  of  aerosol  on  the  weather  and  climate  over  the  TP
has  been  investigated,  revealing  that  aerosol  pollutants
can pass over the Himalayan mountains and reach the in-
ternal  regions  of  the  TP,  causing  impacts  on  the  forma-
tion  and  development  of  clouds  and  precipitation  there
(Zhao  et  al.,  2020).  Numerous  simulations  have  shown
that the mid-level horizontal wind field in the mid tropo-
sphere (500 hPa) shows inertial oscillation (e.g., Li et al.,
2021). In addition, most of the nocturnal precipitation is
in-phase  with  mesoscale  convective  systems and is  pos-
sibly contributed by long-lived occurrences of  such sys-
tems evolving from late-afternoon or early-evening con-
vection  (Xu  and  Zipser,  2011).  The  diurnal  variation  of
cloud and precipitation is related to the diurnal variation
of thermal parameters at Naqu (Liu et al., 2002; Zhao C.
F.  et  al.,  2017).  The diurnal  change in  convective avail-
able  potential  energy  (CAPE)  is  in-phase  with  that  of
precipitation, but it contrasts with that of the lifting con-

densation level (LCL) after the onset of the EASM (Liu
et  al.,  2002).  The  atmospheric  layer  between  6  and  8.5
km at most times of the day is unstable, whereas below 6
km and above 9 km at 0400–0800 BT, it prevents the de-
velopment of convection.

In addition, the cloud base height (CBH) and cloud top
height  (CTH)  over  the  TP  and  their  influencing  factors
have been investigated. After the EASM over the TP, the
CTH  usually  exceeds  16  km  above  mean  sea  level
(MSL),  sometimes  exceeding  20  km  MSL  (Zhao  et  al.,
2019; Yang et al., 2020). The average CBH during sum-
mer  over  the  TP  exceeds  1.5  km  above  ground  level
(AGL),  which  is  larger  than  that  over  the  plains  and
Sichuan  Basin.  The  average  CTH  is  about  10  km  AGL
during deep convective precipitation in the TP region, in
which solid particles account for a large proportion (Fu et
al.,  2020).  About  70%  of  the  convective  precipitation
over  the  TP  has  an  average  height  of  8–12  km  AGL,
which  is  higher  than  that  in  other  parts  of  Asia  in  the
same period. The precipitation over the TP is dominated
by  deep,  weak  convective  precipitation  in  summer,  and
these deep precipitation systems move eastwards over the
plateau  (Fu  et  al.,  2020).  The  factors  influencing  the
CBH  have  also  been  investigated. Craven  et  al.  (2002)
demonstrated  that  the  CBH shows good agreement  with
the  LCL  calculated  from  the  surface  layer,  and Romps
(2017) investigated the dependence of the LCL on the re-
lative humidity and temperature. The relative humidity in
the  cloud  layer  is  significant  in  determining  the  CBH
(Zhang  and  Klein,  2013; Wang  Y.  et  al.,  2018),  and
ground-based radar observations over Naqu in July 2014
(Zhao  C.  F.  et  al.,  2017)  showed  that  there  were  many
clouds with bases below 1.2 km AGL. Wu et  al.  (2015)
found three major “conveyer belt” branches of water va-
por over the TP: the first is in the tropics across the Ara-
bian  Sea,  Bay  of  Bengal,  and  South  China  Sea;  the
second  flows  northwards  across  northern  India  and  the
Bay of Bengal towards the southern slopes of the TP; and
the third transports water vapor to sustain the EASM.

Numerical  simulation  results  reported  by Li  et  al.
(2021) indicated  that  the  maximum  CAPE  occurred  in
the early evening at 1800 BT, which is different from the
findings of Liu et al. (2002). Almost all of the global cli-
mate models that participated in phase 5 of the Coupled
Model Intercomparison Project  overestimated the clima-
tological annual mean precipitation over the TP owing to
a wet bias (Su et al., 2013). The precipitable water vapor
in  current  models  is  higher  and  its  diurnal  variation
stronger than observations over the southern TP (You et
al.,  2015; Wang  Y.  et  al.,  2018).  This  phenomenon  can
be related to the coarse resolutions of numerical models,
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which means that they are unable to resolve the complex
terrain. Improving the model resolution (Li et al., 2021),
drag  parameterization  scheme  (Beljaars  et  al.,  2004;
Zhou et al., 2018), and freeze–thaw scheme (Wang et al.,
2003; Yang  and  Wang,  2019)  could  improve  the  accur-
acy of precipitation simulation.

Based  on  the  literature  reviewed  above,  we  can  see
that  a  great  deal  of  uncertainty  remains  in  the  diurnal
cycle from model data, satellite data, and station observa-
tions in the TP region. There is a lack of observed cloud
and  precipitation  radar  data,  and  little  relevant  research
over  northeastern  TP  where  the  topography  is  mainly
composed of mountains, valleys, and plains. Our level of
understanding  with  respect  to  the  factors  influencing
cloud and precipitation is insufficient. For instance, what
are  the  factors  that  determine  the  diurnal  variations  of
CBH  and  CTH  under  different  weather  conditions,  in-
cluding  sunny  and  rainy  days?  What  is  the  relationship
between  the  precipitation  and  CAPE,  vertical  velocity,
and water vapor transport?

To  improve  our  understanding  of  the  mechanism  of
precipitation  over  the  northeastern  TP,  this  paper  ana-
lyzes the diurnal variation of the precipitation, CBH, and
CTH  using  data  observed  by  the  Ka-band  millimeter-
wave cloud radar and raindrop spectrometer in the Yushu
area  of  the  TP,  along  with  ECMWF  Reanalysis  v5
(ERA5)  data.  The relationship  between the  precipitation
and several  key factors such as CAPE, vertical  velocity,
and LWC are discussed.  The question why the convect-
ive activity is stronger at night in this region is answered.
This research is important for improving our understand-
ing of the characteristics of weather systems in the north-
eastern  TP,  as  well  as  for  advancing  our  ability  to  fore-
cast precipitation in this region. 

2.    Observation site and data
 

2.1    Observation site and instruments

To  improve  the  parameterization  of  land  surface,
boundary  layer,  and  cloud  microphysical  processes,  ob-
servations of cloud microphysics are carried out by a re-
search  program  entitled  “The  interaction  between  the
earth and atmosphere of  the TP and its  influence on the
weather  and  climate  in  the  downstream.”  The  observa-
tion period is from 1 July to 31 August 2019. One of the
observation  sites  is  Yushu  National  Standard  Weather
Station  (33°41′N,  97°41′E)  in  the  southwest  of  Qinghai
Province. The terrain is predominantly mountain plateau,
with  an  average  altitude  of  4449.4  m,  and  the  topo-
graphy  is  mainly  composed  of  mountains,  valleys,  and
plains.  The  area  has  a  plateau  cold-zone-type  climate,
with an average annual temperature of 2.9°C and annual
precipitation of 487 mm, and the land cover includes ar-
able land, grassland, and forest (Fig. 1).

LWC = 3z0.5

The instruments used during this research program in-
clude  a  ground  meteorological  observatory,  a  Ka-band
millimeter-wave  cloud  radar,  and  a  ground  raindrop
spectrometer.  All  instruments  are  located  at  Yushu  sta-
tion.  The  Ka-band  millimeter-wave  cloud  radar  has  an
operating frequency of 33.44 GHz, and the variables de-
tected by the radar include equivalent reflectivity factor,
radial velocity, velocity spectral width, linear depolariza-
tion  ratio,  and  energy  spectral  density.  The  vertical
height  of  detection  ranges  from  120  to  15,000  m.  The
vertical resolution is 30 m, and the temporal resolution of
the output data is 8.5 s. Based on these observations, we
obtain the CBH, CTH, cloud thickness, cloud cover, and
LWC.  The  LWC  is  retrieved  by  using  the  cloud  radar
data  with  the  equation ,  where  LWC  is  a
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Fig. 1.   Elevations of (a) the Tibetan Plateau and (b) Yushu area and the location of cross-section E–F. The blue rectangle ABCD signifies the
Yushu area and encloses the control volume for budget analysis in this paper. The black dot is the observation site at Yushu.
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power  relationship  with  reflectivity z.  For  details  about
the cloud radar instrument and the cloud radar LWC re-
trievals, it can be seen in Zhao et al. (2012) and Cadeddu
et al. (2013).

The  ground-level  raindrop  spectrometer  has  a
wavelength  of  650  nm and  a  frequency  of  50  kHz.  The
measurement  range  is  0.2–5.0  mm  for  liquid  particles
and  0.2–25  mm  for  solid  particles,  and  it  has  1024
particle grades (32 diameters × 32 speeds). The temporal
resolution  is  60  s.  The  instrument  is  able  to  obtain  the
precipitation  intensity  and  precipitation  frequency.  The
horizontal  scale  represented  by  the  cloud radar  observa-
tions can be assumed to be similar to that of the surface
rainfall  and  temperature  observations,  because  the  sur-
face  rainfall  and  temperature  observations  and  cloud
radar are at the same location. 

2.2    ERA5 data

We  obtained  the  temperature, u, v,  humidity,  geopo-
tential  height,  boundary  layer  height  (BLH),  and  CAPE
from the ERA5 hourly  reanalysis  dataset  from 1 July to
31 August 2019, as well as monthly averaged reanalysis
data  from  July  to  August  2019.  The  data  can  be  down-
loaded from https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5.  ERA5  has  been  widely  used  in
various  studies  (Sun  and  Zhao,  2020; Xia  et  al.,  2021).
BLH was obtained from the ERA5 hourly dataset  at  the
surface with a 1-h temporal resolution. In ERA5, BLH is
defined as the height at which the bulk Richardson num-
ber  is  0.25 (Troen and Mahrt,  1986). Guo et  al.  (  2021)
evaluated the BLH from ERA5 using sounding observa-
tions.  CAPE  in  ERA5  is  estimated  by  considering  par-
cels of air departing at different model levels below 350
hPa. CAPE is an indication of the instability (or stability)
of the atmosphere, which is related to the maximum po-
tential vertical velocity of air within an updraft. In addi-
tion, CAPE can be used to evaluate the potential for the
development  of  convection.  Higher  CAPE  suggests
greater potential for severe weather. To match the ground
observations  with  ERA5 data  in  spatial  terms,  four  grid
values from the ERA5 reanalysis dataset that are near to
the  ground  observations,  including  precipitation  and
BLH at one level and wind speed and air temperature at
different levels, are bilinearly interpolated to produce the
values at the observation site (Chen et al., 2014; Wang et
al.,  2014).  The  temporal  resolution  for  the  surface  rain-
fall  and  temperature  observations  from  the  China  Met-
eorological Administration and the data from ERA5 is 1
h.  The  cloud  radar  and  raindrop  spectrometer  observa-
tions  are  averaged  to  1  h.  Therefore,  the  site-based  pre-
cipitation is temporally matched with the cloud radar. 

3.    Methods

To investigate the cloud and precipitation characterist-
ics, the observation days from 1 July to 31 August are di-
vided  into  precipitation  versus  non-precipitation  days.
The precipitation days are defined as days on which the
measurement  of  precipitation  by  the  ground-level  rain-
drop  spectrometer  is  larger  than  0.02  mm  h−1.  The  re-
maining  days  are  then  defined  as  the  non-precipitation
days.  The  number  of  precipitation  days  is  35,  and  the
number  of  non-precipitation  days  is  27.  The  number  of
hours  with  precipitation  at  each  hour  during  the  diurnal
cycle is used, which is defined as the number of all hours
during the observation period when the precipitation ob-
served  by  the  raindrop  spectrometer  is  larger  than  0.02
mm h−1. The standards for heavy rain (50–100 mm day−1)
and  extreme rain  (>  100  mm day−1)  are  defined  accord-
ing  to  the  standards  of  operational  prediction  in  China
(Chen et  al.,  2012).  In  addition,  to  investigate  the  water
vapor  transport,  four  boundary  water  vapor  fluxes  and
net  water  vapor  fluxes  in  the  control  volume for  budget
analysis composed of four planes (A, B, C, and D in Fig.
1)  are  calculated  (Zhang  et  al.,  2019).  The  water  vapor
flux is calculated as follows:

F =
w zt

zs

w x2

x1
ρqvVndxdz, (1)

where ρ, qv, and Vn are the air density, water vapor mix-
ing  ratio,  and  velocity  entering  the  boundary,  respect-
ively.  The integral  is  the  boundary length from x1 to x2,
and the height from the surface zs to the height zt = 15 km
(Fig. 1). The water vapor flux across planes A, B, C, and
D in Fig. 1 is calculated. To investigate the factors influ-
encing  the  CBH,  dewpoint  spread  is  also  calculated,
which refers to T − Td, where T is the temperature at 2 m
and Td is the dewpoint temperature at 2 m. 

4.    Results and discussion
 

4.1    Diurnal  variation  of  cloud  and  precipitation  at
Yushu

The daily precipitation rate on all days during the ob-
servation period is less than 20 mm day−1, except on one
day  when  it  is  between  20  and  25  mm  day−1 (Fig.  2a).
Therefore,  there  is  no heavy rain during the observation
period  that  might  affect  the  statistical  analysis  that  fol-
lows. The precipitation intensity reaches a maximum (0.4
mm h−1) at 2200 BT, and its standard deviation is also the
largest  (Figs.  2b, c).  The  minimum  precipitation  intens-
ity reaches at 0700 BT. The maximum number of precip-
itation hours in a day during the observation period is 13
at  2300  BT,  and  the  minimum  number  of  precipitation
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hours is only 4 at 1300 and 1500 BT (Fig. 2d). Taken to-
gether, the precipitation intensity and the number of pre-
cipitation  hours  are  most  prominent  during  the  period
from sunset to midnight.

The precipitation in ERA5 is compared with the obser-
vations in Figs. 2a–c. When the precipitation rate is less
than 10 mm day−1, the ERA5 precipitation rate is greater
than that in the observations. However, when the precip-
itation  rate  is  greater  than  10  mm day−1,  the  ERA5 pre-
cipitation  rate  is  less  than  that  in  the  observations.  In
these  two  months,  the  total  precipitation  from  observa-
tions is  182.52 mm, which is less than that from ERA5,
at 268.68 mm. In addition, the hourly averaged precipita-
tion intensity in ERA5 reaches its maximum at 2100 BT,
which is 3 h ahead of that in the observations. The ERA5
precipitation is larger than that in the observations, which
is consistent with previous research (Su et al., 2013).

Figure 3 shows the diurnal variation of the equivalent
reflectivity  factor  from  the  Ka-band  millimeter-wave
cloud  radar  at  Yushu  station  on  precipitation  days  and
non-precipitation  days  during  the  observation  period.
During the nighttime on precipitation days, the height of
the  equivalent  reflectivity  factor  exceeds  14  km  AGL,
with a maximum value from 2100 to 2300 BT (Fig. 3a).
However,  the  height  of  the  equivalent  reflectivity  factor
is lower than 12 km during the nighttime on non-precipit-
ation days. During the daytime on non-precipitation days,
the  maximum  equivalent  reflectivity  factor  is  about  10

dBZ at the height of 1 km AGL (Fig. 3b). There are few
clouds during most of the daytime, meaning that there is
little  blocking  of  solar  radiation.  On  precipitation  and
non-precipitation  days,  the  height  of  the  equivalent  re-
flectivity  factor  at  nighttime  is  higher  than  that  in  the
daytime.

The  CBH from the  cloud  radar  in  the  daytime  is  lar-
ger  than  that  at  nighttime  (Fig.  4a).  The  CBH  averaged
on non-precipitation days is  higher than on precipitation
days,  and  the  maximum  CBH  is  lower  than  2500  m
AGL. The CBH at night on non-precipitation and precip-
itation days is similar. On precipitation days, the maximum
CBH is  2200  m AGL at  1600  BT,  and  the  minimum is
1000  m  AGL  at  0500  BT;  while  on  non-precipitation
days,  the  maximum  CBH  is  2200  m  AGL  at  1600  BT,
and  the  minimum  is  1000  m  AGL  at  0500  BT.  On  all
days,  the  maximum  CBH  is  2100  m  AGL  at  1600  BT,
and the minimum is 1000 m AGL at 0500 BT.

The  CTH  in  the  daytime  is  lower  than  that  at  night-
time (Fig. 4b), and is higher on precipitation days than on
non-precipitation  days,  especially  from  sunset  to  mid-
night. On precipitation days, the minimum CTH is 6200
m  AGL  at  1200  BT,  while  the  maximum  is  11,500  m
AGL at 2100 BT. On non-precipitation days, the minimum
CTH is  2500 m AGL at  1600 BT,  and  the  maximum is
7200  m at  0100  BT.  On all  days,  the  minimum CTH is
5100 m AGL at  1600 BT,  and the maximum is  8100 m
AGL at 0100 BT. The diurnal variation of LWC is similar
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Fig. 2.   (a) Time series of precipitation during the observation period from 1 July to 31 August 2019, and diurnal variations of (b) precipitation
amount, (c) 1-h averaged precipitation intensity (red line for observations and blue line for ERA5 dataset) with standard deviation (red shading
for observations and blue shading for ERA5 dataset), and (d) number of hours with precipitation.
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to  that  of  equivalent  reflectivity  factor  (Fig.  4c).
On  precipitation  days,  the  LWC  reaches  a  maximum,
with a value of 0.28 g cm−3,  during 1900–2300 BT, and
is mainly focused within 1–5 km AGL, which is consist-
ent with the maximum precipitation.

On  both  precipitation  and  non-precipitation  days,  the

dewpoint  spread  remains  stable  during  0000–0600  BT,
with a value of 2°C. It then increases from 0600 BT to a
maximum at  1800  BT,  with  a  value  of  3°C,  which  lags
behind the CBH by 3–4 h,  and then decreases (Fig.  5a).
The dewpoint  spread on non-precipitation  days  is  larger
than  that  on  precipitation  days  from  late  afternoon  to
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Fig. 3.   Diurnal variations of (a, b) equivalent reflectivity factor along with (c, d) the liquid water content on (a, c) precipitation days and (b, d)
non-precipitation days.
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Fig. 4.   Diurnal variations of (a) cloud base height, (b) cloud top height, and (c) liquid water content AGL with standard deviation (error bars)
averaged on all days, non-precipitation days, and precipitation days during observation period.
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Fig. 5.   Diurnal variations of (a) dewpoint spread averaged on precipitation, non-precipitation, and all days; diurnal variations of (c) CTH AGL,
(e) LWC, (g) precipitation intensity, and (i) CBH AGL averaged on precipitation days. Correlations between (b) dewpoint spread and CBH ASL,
(d) CTH AGL and LWC, (f) precipitation intensity and LWC, (h) CTH AGL and precipitation intensity, and (j) CBH AGL and LWC averaged
on precipitation days. The error bars are the standard deviation.
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zLCL = 123(T −Td)

early nighttime. The average dewpoint spread on precip-
itation days is correlated with the CBH, and the correla-
tion coefficient reaches 0.7 with a 5% significance level
(Fig. 5b). Theoretically, the height of the LCL can be cal-
culated as ,  where  the  LCL is  determ-
ined  by  the  dewpoint  spread.  Some  studies  have  shown
that  the  CBH  is  close  to  the  LCL  (e.g., Craven  et  al.,
2002). Therefore, the dewpoint spread makes a profound
contribution  to  the  CBH.  The  correlation  between  the
LWC  and  CTH  and  precipitation  intensity  is  at  the  5%
significance  level,  and  the  correlation  coefficients  reach
0.75 (Fig. 5d) and 0.52 (Fig. 5f), respectively. However,
the correlation between the LWC and CBH is not at  the
5% significance level (Fig. 5j). Therefore, the LWC is a
key factor affecting the CTH and precipitation intensity. 

4.2    Thermal effects on precipitation at Yushu

On precipitation days, the BLH increases from 0800 to
1500 BT, reaching a maximum of 1600 m AGL, and then
decreases  from 1500 to  2100 BT (Fig.  6a).  On non-pre-
cipitation  days,  the  BLH  increases  from  0800  to  1600
BT, reaching a maximum of 1900 m AGL, and then de-
creases from 1500 to 2100 BT (Fig. 6b). Figures 6c and
6d show  the  diurnal  variation  of  the  vertical  profile  of
near-surface  air  temperature,  revealing  that  the  air  tem-
perature  at  night  is  lower  than  during  the  day,  and  that

the temperature on precipitation days is less than that on
non-precipitation  days.  On  precipitation  days,  the  de-
creasing  rate  of  temperature  with  height  is  6.5°C  km−1

(Fig. 6c), which is due to less cloud cover in the daytime
on non-precipitation days. The downward solar radiation
on  precipitation  days  is  smaller  than  on  non-precipita-
tion days. The air temperature on non-precipitation days
reaches a maximum of 15°C at 1500–2000 BT below 600
hPa (Fig. 6d), which is 3–4 h ahead of the maximum pre-
cipitation  intensity.  On  non-precipitation  days,  the  de-
creasing rate of temperature with height is 11.5°C km−1,
indicating super adiabatic heating to the atmosphere lead-
ing to an updraft in the boundary layer (Fig. 6d).

Figure 7 shows a combination of the temperature and
vertical  velocity  field,  averaged  along  a  cross-section
during the observation period at different moments.  It  is
created from points E to F in the northwest–southeast dir-
ection. As can be seen in Fig. 1b, the Yushu observation
site  is  in  a  basin.  On precipitation  days,  upward  motion
occurs  over  the  basin  at  0000 BT (Fig.  7a),  and the  up-
ward velocity at 0000 BT is larger than that at 1200 BT
(Figs. 7a, b), which corresponds to the high precipitation
intensity  (Fig.  2c).  The upward motion at  night  on  non-
precipitation  days  is  weaker  than  that  on  precipitation
days  (Figs.  7a, c).  At  1200  BT,  there  is  stronger  down-
ward motion on non-precipitation days than on precipita-
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Fig. 6.   Diurnal variations of (a, b) boundary layer height and (c, d) time–height contoured temperature by altitude diagrams on (a, c) precipita-
tion and (b, d) non-precipitation days from ERA5 data.
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tion  days  between  500  and  400  hPa  (Figs.  7b, d).  The
downward  motion  is  controlled  by  anticyclonic  circula-
tion over the TP on non-precipitation days without other
weather systems such as mesoscale TP vortices, which is
consistent  with  the  results  of Wu et  al.  (2015).  In  addi-
tion,  the layer  between 500 and 400 hPa is  above BLH,
which is not controlled by the surface heating. 

4.3    Westerly jet  in the upper level  and oscillation of  the
wind direction in the lower level

To  investigate  other  key  factors  involved  in  forming
the  high  cloud,  the  diurnal  variations  of  the  profile  of u
and v at 0200, 0800, 1400, and 2000 BT on precipitation
and non-precipitation days are shown in Fig. 8. On both
precipitation and non-precipitation days, there is a west-
erly jet near 200 hPa (Figs. 8a–c). The v-wind is mainly
from the  north  in  the  upper  level,  but  from the  south  in
the  lower  level  on  precipitation  days  (Fig.  8b),  while
there  is  northerly  wind  on  non-precipitation  days  (Fig.

8d).  The  average  height  of  200  hPa  is  approximately
9000  m  AGL  at  this  location.  From  0800  to  0200  BT,
i.e., from morning to night, the wind direction at 200 hPa
remains  westerly  (Fig.  9).  Yushu area  is  usually  located
in the south of  the subtropical  westerly jet  (Curio et  al.,
2019).  On  precipitation  days,  it  increases  from  0700  to
1800  BT,  reaching  a  maximum  of  26  m  s−1 (Fig.  10a).
Note that 1800 BT is also the time of maximum precipit-
ation  intensity  in  ERA5.  On  non-precipitation  days,  the
maximum  wind  speed  is  19  m  s−1.  The  wind  speed  on
precipitation days is larger than that on non-precipitation
days. In the upper layer, the Coriolis and pressure gradi-
ent  forces  are  balanced,  which  is  geostrophic  wind.  In
terms of the v-wind, there is northerly wind on non-pre-
cipitation  days  (Fig.  10b),  while  on  precipitation  days,
there is southerly wind that reached a maximum at 1900
BT. The absolute u value is larger than v.

The  average  horizontal  wind  at  500  hPa  is  shown  in
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Fig. 7.   Cross-sections of temperature (color-shaded) and vertical velocity (arrows) at (a, c) 0000 and (b, d) 1200 BT on (a, b) precipitation and
(c, d) non-precipitation days from ERA5 data.
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Fig. 8.   Diurnal variations of (a, c) u and (b, d) v at 0200, 0800, 1400, and 2000 BT on (a, b) precipitation and (c, d) non-precipitation days from
ERA5 data.
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Fig. 9.   Horizontal wind fields at 200 hPa at (a) 0800, (b) 1100, (c) 1400, (d) 1700, (e) 2000, (f) 2300, (g) 0200, and (h) 0500 BT from ERA5
data. The red dot represents the location of Yushu.

320 Journal of Meteorological Research Volume 36



Fig.  11.  The  wind  direction  changes  from  westerly  and
eventually back to northerly from early morning to noon
and into  the  night  and the  following morning.  Based on
radiosonde data at Yushu, the average 500-hPa height is
about 2000 m AGL, and based on ERA5 data,  the aver-
age  BLH  is  about  2000  m  (Fig.  7).  Therefore,  the  500-
hPa  height  is  below  the  BLH,  where  the  wind  is  influ-
enced  by  the  Coriolis  force,  turbulent  shear  stress,  and
the  pressure  gradient  force.  The  results  in Fig.  12 sug-
gest  that  the clockwise oscillation of  the boundary layer
winds  may  be  explained  by  the  response  of  the  atmo-
sphere  to  a  diurnally  heated  surface  (Holton,  1967).  In
previous studies (e.g., Holton, 1967), the cycle of oscilla-
tion  is  17–24  h,  which  is  related  to  the  Coriolis  coeffi-

cient.  In  this  study,  there  is  clearly  a  clockwise  oscilla-
tion  of  horizontal  wind with  a  cycle  of  approximately  1
day  at  500  hPa  on  precipitation  days,  non-precipitation
days,  and  all  days  (Fig.  12).  However,  there  are  differ-
ences  under  different  weather  conditions.  On  precipita-
tion days,  there is  northeasterly wind,  while it  is  mainly
southwesterly wind on non-precipitation days (Fig. 12a).
The u- and v-wind are different at different times. The u-
wind is from the east on precipitation days, which is the
largest at 0600 BT and smallest at 1500 BT. On non-pre-
cipitation days, however, u is the strongest from the east
at  0600  BT  and  then  changes  to  be  strongest  from  the
west  at  1500  BT  (Fig.  12b).  On  precipitation  days, v is
northerly throughout the day. It decreases from 0600 BT,
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Fig. 10.   Diurnal variations of (a) u and (b) v at 200 hPa from ERA5 data. The error bars are the standard deviation.
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Fig. 11.   As in Fig. 9, but for 500 hPa.
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reaches a  minimum at  1200 BT, and then increases to a
maximum at 2000 BT. On non-precipitation days, it is a
southerly wind throughout the day. It reaches a minimum
at  0600  BT,  then  increases  to  a  maximum  at  1200  BT,
and  finally  decreases  to  a  minimum  at  1900  BT  (Fig.
12c).

∆V

∆V ∆V

On precipitation days, the integral of water vapor flux
from plane A is negative, while from planes B, C, and D,
it  is  positive,  suggesting  that  the  water  vapor  enters
Yushu area from planes A, C, and D, but exits via plane
B (Fig. 13). From the spatial distribution of water vapor
flux,  the  water  vapor  transport  is  mainly  from the  west,
reaching  a  maximum value  between  2100  and  2300  BT
(Figs. 13, 14), which occurs at the same time as the LWC
from the cloud radar observations. To investigate the re-
lationship  between  the  water  vapor  transport  and  west-
erly  wind,  the  difference  (∆V)  in  horizontal  wind  speed
between 200 and 500 hPa is calculated (Fig. 15a): ∆V =
(u200 − u500)2 +  (v200 − v500)2,  where u200 and v200 are u
and v at  200  hPa,  and u500 and v500 are u and v at  500
hPa. The results show that the diurnal variation of  is
consistent  with  the  precipitation  intensity.  At  2100  BT,
the  westerly  jet  at  200  hPa  becomes  strengthened,  and
the easterly wind becomes largest at 500 hPa. The largest

 results  in  the  unstable  condition.  The  variable 

correlates positively with water vapor transport at the 5%
significance level, and has a profound impact on the wa-
ter vapor transport.

The diurnal variation of vertical velocity on precipita-
tion days increases from morning to the afternoon, reach-
ing a maximum at 1100 BT. The maximum vertical velo-
city is 3–4 h ahead of the precipitation intensity. The cor-
relation  coefficient  reaches  0.9  at  the  5%  significance
level. CAPE increases from morning to afternoon, reach-
ing a  maximum at  1900 BT with  a  value  of  450 J  kg−1,
and then decreases to less than 100 J kg−1 (Fig. 15c). Ac-
cording  to  the  analysis  of  the  lead–lag  relationship,  the
maximum CAPE is  3–4  h  ahead  of  the  precipitation  in-
tensity. The correlation coefficient reaches 0.8 at the 5%
significance level (Fig. 15b). 

5.    Summary

The cloud precipitation process over the TP has attrac-
ted much attention. However, there is a knowledge gap in
understanding the characteristics of cloud precipitation in
the  northeastern  TP,  due  to  the  scarcity  of  observation
data.  Using  data  from cloud radar,  ground observations,
and ERA5 reanalysis data,  the factors influencing night-
time  precipitation  during  summer  in  the  Yushu  area  of
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Fig. 12.   Diurnal circles of (a) the horizonal wind speed at 500 hPa, (b) u, and (c) v averaged on precipitation days, non-precipitation days, and
all days from ERA5 data.
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Fig. 13.   Diurnal variations of the integral of water vapor flux on (a) precipitation days, (b) non-precipitation days, and (c) all days from ERA5
data. Letters A, B, C, and D refer to as the planes in Fig. 1b. A positive value represents water vapor transport from west to east or from south to
north. A negative value represents water vapor transport from east to west or from north to south.
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the TP are investigated. Non-precipitation and precipita-
tion  days  are  compared.  The  results  show that  the  aver-
age CTH over Yushu is below 10 km in the daytime on
precipitation  days,  whereas  it  is  more  than  10  km  at
night, and is at its highest at 2300 BT. The average dew-
point  spread  on  precipitation  days  is  correlated  with  the
CBH, with the correlation coefficient reaching 0.7 at the
5%  significance  level  and  demonstrating  that  the  dew-
point spread has a profound impact on the CBH. The cor-
relation between the LWC and CTH and precipitation is
at  the  5% significance level,  with  the  correlation coeffi-
cients  reaching  0.75  and  0.52,  respectively,  highlighting
that the LWC makes a large contribution to the precipita-
tion and CTH.

Diurnally,  the  maximum  precipitation  intensity  is  at

2300 BT, which lags behind the CAPE in ERA5 by 3 h.
There is downward motion in the mid day on non-precip-
itation  days,  while  there  is  upward  motion  at  night  on
precipitation days. In addition, the horizontal wind direc-
tion in the lower level (below 5000 m) rotates clockwise
from morning to night. Wind shear occurs in the mid at-
mosphere,  accompanied  by  a  subtropical  westerly  jet  in
the upper level.  The difference in horizontal wind speed
between 200 and 500 hPa is positively related to the wa-
ter vapor transport, thereby contributing to the formation
of upper-level clouds.

It  is important to acknowledge that the spatial  resolu-
tion  of  the  ERA5 data  (31 km) is  a  major  issue,  as  it  is
too coarse to take into account the topographical features
of  the  region.  Therefore,  the  details  of  local  circulation
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Fig. 14.   Diurnal variations of the integral of water vapor flux at (a) 0800, (b) 1100, (c) 1400, (d) 1700, (e) 2000, (f) 2300, (g) 0200, and (h) 0500
BT from ERA5 data.
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systems most likely will not be represented. Data with a
finer spatial resolution are required to investigate the di-
urnal cycle in future research. In addition, numerical sim-
ulations  are  also  needed  to  investigate  the  precipitation
patterns caused by localized thermal convection or by the
propagation of mesoscale TP vortices.
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casts/datasets/reanalysis-datasets/era5.
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