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Abstract
The integrated analysis of the data from a C-band frequency-modulated continuous-wave (C-FMCW) radar site in Naqu 
obtained during a rainstorm over the middle and lower reaches of the Yangtze River and the data concerning the three-
dimensional structure of the circulation of the precipitation system that occurred over the lower reaches of the Yangtze River 
Basin during the Third Tibetan Plateau (TP) Atmospheric Experiment from August 15th to 19th, 2014, was carried out. The 
changes in the echo intensity at the C-FMCW radar site in Naqu were of regional indicative significance for the character-
istics of the whole-layer apparent heat source Q1 in local areas and the region of the adjacent river source area, including 
the Yangtze River, Yellow River, and Lancang River (hereinafter referred to as the “source area of three rivers”), as well 
as to the vertical speeds due to the development of convection. This study indicates that the C-FMCW radar echo intensity 
of the plateau convection zone and the related power structures of the coupled dipole circulations in the middle layer of the 
atmosphere, as well as in the upper atmospheric level divergence and lower atmospheric level convergence, are important 
stimuli for convective clouds in this region. Furthermore, these radar data provided a physical image of the development 
and maintenance mechanisms of an eastward-moving heavy rainstorm belt. This study also shows that changes in the echo 
intensities at the C-FMCW radar site of Naqu can provide strong signals related to heavy rainstorm processes in the upper 
reaches of the Yangtze River.

1  Introduction

Located in the central region of the Asian continent, the 
Tibetan Plateau (TP) contains complex landforms and has 
the highest elevation of any plateau in the world. In the 
summer, the TP is the site of a huge thermodynamic pump, 
which is of vital importance to the hydrological cycle of East 
Asia and the rest of the world. China is susceptible to vari-
ous extreme weather events (e.g., rainstorms), and it suffers 
frequent disastrous weather events. The frequency of these 

extreme rainstorm events in summer and their difficulty to 
predict can lead to extensive flooding and landslides in the 
Chinese mainland. The previous studies have shown that the 
convective precipitation systems and cloud structures over 
the TP can indicate the genesis of extreme rainstorm events 
over the Yangtze River Basin, including those over its lower 
reaches (Yanai et al. 1992; Xu and Chen 2006).

For many years, the occurrence and development mecha-
nisms of extreme rainfall in the middle and lower reaches 
of the Yangtze River Basin and the weather systems of the 
TP have been topics on the forefront of academic research 
in the field of meteorology. The topographic effects of the 
TP on both regional and global atmospheric water circula-
tions, as well as summer monsoons in Asia, have also been 
heavily discussed issues in the international research com-
munity (Boos and Kuang 2010). In the late 20th century, 
many scholars attempted to study the influences of the pre-
cipitation systems of the TP on the genesis and development 
of extreme weather events and the climate of the Yangtze 
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River Basin. However, research related to this issue is beset 
with various difficulties resulting from the sparse distribu-
tion of observational stations over the TP. To ascertain the 
weather and climate effects of the TP, the China Meteoro-
logical Administration and Chinese Academy of Science 
have jointly carried out several atmospheric observational 
and experimental campaigns in the TP. Using data from the 
First TP Atmospheric Experiment, Qin (1983) analyzed 
the characteristics of the convective clouds at the observa-
tion station in Naqu, Tibet. During the Second TP Atmos-
pheric Experiment, researchers analyzed the characteristics 
of diurnal precipitation variations during convection pro-
cesses using Doppler radar (Liu et al. 1999, 2015). Zhuo 
et al. (2002) observed the following phenomena with respect 
to an extraordinary rainstorm process that occurred over the 
Yangtze River Basin in 1998: (1) cloud clusters over the TP 
moved distinctly eastward as time progressed; (2) the main 
movement tracks of the convective cloud clusters showed a 
trend of movement away from the TP to areas that experi-
enced extraordinary rainstorm events over the middle and 
lower reaches of the Yangtze River; and (3) cloud clusters 
were further developed during this eastward movement. 
The vertical structures characterized by upper level airflow 
divergence and lower level airflow convergence constituted 
a prerequisite for the eastward movement of the convective 
cloud clusters in the atmosphere over the TP. Chang and Guo 
(2016) analyzed the data from the Third TP Atmospheric 
Experiment, which were obtained in 2014 (e.g., heights of 
cloud bases and tops, diurnal precipitation variations, and 
precipitation characteristics), and they demonstrated the 
diversity of the convective clouds and diurnal precipitation 
variations in Naqu. Due to the lack of observational convec-
tive cloud data from the TP, most researchers performed 
statistical analyses of the convective precipitation and cloud 
structures in the atmosphere over the TP using unconven-
tional data, such as satellite observations (Fu et al. 2007; 
Cai et al. 2012). Using data from the World Wide Cloud 
(WWC), Hu et al. (2016) analyzed the characteristics of 
the tracks of convective clouds in the atmosphere over the 
TP. Using satellite observation data, Fujinami and Yasunari 
(2001) concluded that the convective clouds of the TP in the 
summer are enhanced after 12:00 (local time) and peak at 
18:00 (local time).

Liu et al. (2015) noted that the C-band frequency-modu-
lated radar for continuous vertical observations represented 
China’s first cloud and precipitation observation system 
and that it has a frequency-modulated continuous-wave 
(FMCW) aggregate state and phase mode. Using data con-
cerning the echo intensities of the Doppler radar and radial 
velocity observations in Naqu, Uyeda et al. (2001) uncov-
ered the basic characteristics of the convective clouds in 
the atmosphere over the TP during the main period of the 
summer monsoon. Using radar observation data collected 

over 3 months, Zhuang and Liu (2012) developed a new 
scanning algorithm to reduce the influences of landforms 
on the echoes and applied this algorithm to the observations 
of convective clouds in Naqu. Likewise, Bringi et al. (2001) 
developed a new algorithm to improve the observations 
of convective rainfall using the echoes of C-band FMCW 
(C-FMCW) radar and applied this algorithm to the South 
China Sea monsoon experiment. Using C-FMCW radar, Jin 
et al. (2016) described the characteristics of cloud structures 
in the atmosphere of the TP. During the Third TP Atmos-
pheric Experiment, convective rainfall events were observed 
using the echoes of a C-FMCW radar site in Naqu in the 
central TP region (as shown in Fig. 1).

The rainfall over the TP mostly comprises convective 
rainfall. Flohn (1968) estimated the density of cumulonimbi 
in the TP via a satellite cloud image. This study found that 
the huge cumulonimbi in the southeastern region of the TP 
caused a chimney effect on the heat transport in the upper 
atmosphere, indicating that the topographic effect of the TP 
contributes to the generation of strong convective clouds. 
Recently, atmospheric science researchers have expressed 
heightened concern over whether the convective clouds in 
the atmosphere over the TP possess strong-signal charac-
teristics with respect to the early stages of rainstorm events 
over the middle and lower reaches of the Yangtze River. The 
corresponding research projects employing radar applica-
tions for sky observations have mainly focused on the char-
acteristics of local convective clouds or on the observational 
capabilities of radar. The correlations between the radar 
echoes and atmospheric circulation characteristics over the 
lower reaches of the TP still require further study.

The purpose of this paper is to uncover the links between 
the genesis, development, and spatiotemporal evolutions of 
rainstorms over eastern China with activity over the lower 
reaches of the TP and to investigate the strong-signal char-
acteristics of the convection systems in the atmosphere 
over the TP detected by C-FMCW radar echoes. Based on 
the dynamic changes in the echoes of the C-FMCW radar 
observed during August 2014, this paper probes the pre-
dictive strong-signal characteristics of convective clouds 
(observed via radar echoes in Naqu) over the central TP 
with respect to the genesis and development of an eastward-
moving rainstorm belt over the middle and lower reaches of 
the Yangtze River. To verify the applicability of the results 
of this research, this paper also presents the correlation 
between the total cloud cover of Naqu in the summer and 
that over all of China in the summers from 1961 to 2010. 
As shown in Fig. 1, the total cloud cover of Naqu in August 
is significantly correlated with the cloud systems over the 
regions ranging to its lower reaches. Specifically, the obser-
vational stations that yield data with credibility values of 
90% or higher revealed an east–west rain belt with high cor-
relations to cloud cover. The calculation results indicate that 
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the convective clouds over Naqu detected via radar echoes 
possess predictive strong-signal characteristics with respect 
to the rainstorm cloud systems over the lower reaches of 
Naqu.

2 � Instruments, data, and research 
methodology

2.1 � C‑FMCW radar

The target C-FMCW radar, which has vertical directional-
ity, is mainly used to detect radial velocity, echo intensity, 
the spectral width of velocity, and echo power. Its technical 
parameters are as follows: the range of vertical detection 
is from 20 m to 15 km, the vertical resolution is 30 m, the 
temporal resolution is 3 s, and the operating frequency is 
5530 ± 3 MHz. Ruan et al. (2015) noted that the C-FMCW 
radars have far lower noise levels for echo signals than the 
Doppler radars and wind profile radars. Thus, the C-FMCW 
radar has remarkable advantages when describing the verti-
cal structural characteristics of precipitating clouds.

2.2 � Data

Here, the researchers mainly used reanalysis data from the 
European Center for Medium-Range Weather Forecasts 
(ECMWF) (0.25° × 0.25°) from August 2014 as well as 

conventional statistics for specific humidity, horizontal wind 
field, and vertical velocity. Other research data included 
countrywide diurnal precipitation data from 2513 ground-
based observation stations, countrywide diurnal total cloud 
cover data from 1876 observation stations, and echo inten-
sity data from the C-FMCW radar site in Naqu (31.48°N, 
92.06°E); these data were compiled in August 2014 during 
the Third TP Atmospheric Experiment.

2.3 � Research methodology

2.3.1 � Calculation method for whole‑layer water vapor flux

The whole-layer water vapor flux is calculated using the fol-
lowing formulas:

where g is the gravitational acceleration, u is the zonal wind, 
v is the meridional wind, q is the specific humidity, Ps is the 
atmospheric pressure at the Earth’s surface, Pt is the atmos-
pheric pressure at the top of the atmosphere, qu is the zonal 
water vapor flux, and qv is the meridional water vapor flux.

(1)qu(x, y, t) =
1

g

ps

∫
pt

q(x, y, p, t)u(x, y, p, t)dp

(2)qv(x, y, t) =
1

g

Ps

∫
Pt

q(x, y, p, t)v(x, y, p, t)dp,

Fig. 1   Correlation coefficient between cloud cover detected by the 
observation station in Naqu in the summer and the total cloud cover 
detected countrywide via 1856 observation stations for the summers 
from 1961 to 2010. Note: Red and blue circles indicate positively and 
negatively correlated observation stations, respectively, with correla-
tion coefficients of 90% or higher. The colors indicate the topographic 

altitudes of China (unit: m). Note: the radar mark indicates the spe-
cific location of the C-FMCW radar in Naqu. The small radar picture 
in Fig. 1 shows the location and actual image of the C-FMCW radar 
in Naqu during the Third Tibetan Plateau atmospheric experiment in 
2014
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2.3.2 � Calculation method for the correlation vector

Here, the researchers extracted the sample data detected from 
August 15th to 23rd, 2014 (at regular intervals of 6 h) and ana-
lyzed the three-dimensional correlation structures by utilizing 
correlation vector calculations and applying analysis methods 
to assess water vapor transport. This method adopts the Naqu 
radar echo intensity extremum to reflect the structural changes 
in the strong-signal factor of convection over the center of the 
plateau. To determine the indicative significance of the radar 
echo intensity observed at Naqu for water vapor transport, this 
paper analyzes the correlation between radar echo intensity 
and water vapor transport. Calculating the correlation between 
the whole layer or a single-layer vapor flux field and radar echo 
intensity is based on Pearson linear cross-correlation. These 
formulas are listed as follows:

where xki is the radar echo intensity; x̄k is the average radar 
echo intensity; n is the number of samples; qul and qvl are 
the zonal and meridional water vapor fluxes of the whole 
layer or a single layer, respectively; and xkstd, qulstd , and qvlstd 
are the standard deviations of the radar echo intensity and 
zonal and meridional water vapor fluxes, respectively.

The Pearson linear correlation coefficient r (Ru or Rv) can 
be tested against the null hypothesis using the statistic:

This test has a Student t distribution with n − 2 degrees of 
freedom.

The mathematical model of vector correlation is:

where R⃗ is the composite correlation vector, Ru(x, y) is 
the correlation coefficient field between the echo intensity 
extremum sequence and the qu component of the zonal water 
vapor flux, and Rv(x, y) is the correlation coefficient field 
between the echo intensity extremum sequence and the qv 
component of the meridional water vapor flux (Xu et al. 
2008; Zhao et al. 2016a).

(3)Ru = 1∕(n − 1) ⋅

∑n

i=1

�

xki − x̄k
��

quli − qul
�

�

xkstd × qulstd
�

(4)Rv = 1∕(n − 1) ⋅

∑n

i=1

�

xki − x̄k
��

qvli − qvl
�

�

xkstd × qvlstd
� ,

(5)t = r ⋅
√

(n − 2)∕(1 − r2).

(6)R⃗(x, y) = i⃗Ru(x, y) + j⃗Rv(x, y),

3 � Convection characteristics detected 
by the C‑FMCW radar site in Naqu

This paper focuses on a rainstorm belt that moved eastward 
from the TP from August 15th to 19th, 2014 (Fig. 2). As 
shown in Fig. 2, the rainstorm occurred over the Yangtze 
River Basin and the regions to the south. During its initial 
stage, rainfall was generated over the central and eastern 
TP (as shown by the red circles in Fig. 2a, b) with a diurnal 
rainfall amount of less than 20 mm. Subsequently, the rain 
belt moved eastwards. On August 17th (as shown by the 
red circle in Fig. 2c), the main body of the rain belt moved 
eastward to the upper and middle Yangtze River regions to 
the east of the TP (the amount of precipitation was greater 
than 50 mm, thus reaching the rainstorm grade). On August 
18th, the main body of the rain belt reached the southern 
region of the middle Yangtze River (as shown by the oval 
in Fig. 2d). In certain regions, the amounts of precipitation 
achieved heavy rainstorm levels (i.e., exceeding 100 mm). 
The east end of the rain belt moved eastward to the estu-
ary of the Yangtze River (as shown in Fig. 2d). On August 
19th, the rainstorm belt moved eastward to the southeastern 
regions of China, and the main body of the rainstorm belt 
was located in South China (as shown by the red circle in 
Fig. 2e). This paper attempts to elucidate whether the evo-
lutionary behaviors of the eastward-moving rainstorm over 
the Yangtze River Basin that originated over the central TP 
were significantly correlated to the “strong-signal” convec-
tion system in the atmosphere over a key area of the TP.

Related studies have noted that a radar echo intensity of 
greater than 35 or 40 dBZ indicates a meso-scale convec-
tive rain belt (Schumacher and Johnson 2005; Wang et al. 
2014). Wang et al. (2015) noted that the development of 
strong meso- and microscale turbulence and convection 
was correlated to the total surface radiation intensity of 
the TP. In addition, the strong heat source on the ground 
surface or the complex topography of the central TP gave 
rise to strong thermodynamic nonuniformity at the surface. 
Therefore, the large-scale vertical movement over the TP 
was significantly correlated to the apparent heat source Q1 
of the atmosphere. The results of their study uncovered the 
driving processes of the heat source and the contributions of 
the turbulent energy present in the convective motion over 
the southeastern edge of the TP to the genesis and develop-
ment of convective cloud clusters. This paper compares the 
temporal vertical sections of the maximum echo intensities 
(as shown in Fig. 3a) from the C-FMCW radar site at Naqu 
for 6-h intervals from August 10th to 20th, 2014, the related 
vertical velocities, and the apparent heat source Q1 obtained 
via ECMWF data calculations (as shown in Fig. 3b and c).

The results of a related study (Xu 2015) also showed 
that both the low cloud cover and the distribution of the 
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total cloud cover over the TP were significantly correlated 
to the whole-layer apparent heat source of the TP. Further-
more, these research results uncovered the main channels 
for the low- and mid-altitude water vapor transports driven 
by the heat source columns over the central and eastern 
TP regions with the frequent occurrences of convective 
clouds. The results showed that the abnormal cloud struc-
ture characteristics over the TP were closely correlated 
to the whole-layer heat source intensities. The current 
study also uncovered significant correlations between the 
apparent heat source Q1, vertical velocity, and convection 
characteristics indicated by the radar echoes in the Naqu 
region. According to the calculation results, the strong 

echo areas (indicated via the black circles in Fig. 3a) are 
significantly correlated to the vertical velocity and whole-
layer apparent heat source Q1 (available in the reanaly-
sis data) (see Fig. 3b, c) in terms of their vertical layers 
and times. Specifically, from August 10th to 11th, 14th 
to 16th, and 19th to 20th, the radar echo intensities could 
be divided into five high-value areas (indicated by black 
circles) from the ground surface to heights of 3 km. The 
high-value areas of the whole-layer apparent heat source 
Q1 and the vertical velocity (indicated by red circles) 
are available for the time ranges associated with these 
dates. In addition, the calculation results show that the 
strong echoes received by the C-FMCW radar in Naqu can 

Fig. 2   Diurnal cumulative rainfall from August 15th to 19th, 2014 
(unit: mm). Note: The colors in (a–d), and e indicate the diurnal rain-
falls of August 15th, 16th, 17th, 18th, and 19th, respectively. Note: 

the northern and southern blue lines indicate the Yellow River and 
the Yangtze River, respectively
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Fig. 3   a Time-varying vertical section of the maximum echo intensity 
of the C-FMCW radar site at Naqu at 6-h intervals from August 10th 
to 20th, 2014 (unit: dBZ). b Time-varying vertical sections of vertical 
velocities (unit: − 0.01 hPa/s); c time-varying vertical sections of the 
apparent heat source Q1 (unit: K s−1) (note: area A is the source area 
of the three rivers and is highly correlated to the heat source); d cor-
relation between the echo intensity of the C-FMCW radar and whole-
layer heat source during the precipitation process (note: the correla-
tion region A is the source area of the three rivers); e correlational 

relationship between the maximum echo intensities (unit: dBZ) meas-
ured at 6-h intervals at heights of 300–400 hPa from August 10th to 
20th and the vertical velocities (hPa/s) at the same heights during the 
same period; f correlational relationship between the maximum echo 
intensity (unit: dBZ) and apparent heat source (K  s−1) for the same 
case as e (note: the black circle in a and the red circles in (b) and 
c indicate salient regions with strong echoes, strong upward move-
ments, and strong thermodynamic effects; the correlation coefficients 
in (e) and f pass the 90% significance test)
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reflect both the convection status over the central TP and 
the regional heat source structures. As shown in Fig. 3d, 
the center of the extreme values of the high correlation 
between the echo intensity of the C-FMCW radar and the 
regional whole-layer apparent heat source Q1 values over 
the TP occurs over the well-known source area of the three 
rivers in the TP (i.e., the Yellow River, Yangtze River, and 
Lancang River). This paper analyzes the scatter diagram 
results of the extreme correlation values of the radar echo 
intensity and vertical velocity, as well as the whole-layer 
apparent heat source Q1 at 300 to 400 hPa from August 
10th to 20th (Fig. 3e, f). The credibility of the correlation 
is calculated to be greater than 90% at 400–300 hPa. The 
above research results show that the echo intensity of the 
C-FMCW radar has remarkable indicative significance 
for the local whole-layer apparent heat source Q1 and the 
vertical velocities related to the development of convec-
tion. The atmospheric heat sources of the TP are known 
to exert a significant influence on the process of cloud 
precipitation and the water vapor transport flow patterns in 

local regions and the lower reaches of the Yangtze River. 
Based on analyses of the correlations between the echoes 
of the C-FMCW radar site at Naqu, which is located in the 
central TP and characterized by frequent convection activi-
ties, as well as the local convection characteristics and 
heat sources, this paper mainly discusses the relationship 
between the changes in C-FMCW radar echoes at Naqu 
and the evolutionary processes of eastward-moving rain-
storm belts over the lower reaches of the TP. This paper 
also addresses the debate of how to connect the upstream 
precursory strong-signal characteristics of convective 
clouds with downstream rainstorms.

Fig. 3   (continued)



704	 Y. Zhao et al.

1 3

4 � Correlation between the local 
convection characteristics of the TP 
and the three‑dimensional structure 
of water vapor transport

During the summer, the heat sources of the TP constitute a 
powerful kinetic pump, which constantly attracts warm and 
moist air from low-latitude ocean regions (Wu and Zhang 
1998), thus forming a cross-hemisphere atmospheric water 
circulation structure. The southern and eastern parts of the 
TP are associated with planetary-scale circulations that span 
the northern and southern hemispheres as well as the eastern 
and western hemispheres. Upon arriving at the TP, warm 
and moist oceanic air climbs the southern slopes of the TP, 
causing frequent convective activity (Xu et al. 2004).

This paper analyzes the three-dimensional atmospheric 
structures and water vapor transport characteristics of 
Naqu. As shown in Fig. 4a and b, the atmospheric structures 

associated with the triggering mechanisms of convective 
cloud systems are characterized by a feature wherein the 
layers at 100 and 200 hPa have the same divergence area 
as the water vapor flux. In the divergence area, the layer at 
200 hPa is located within an anticyclonic circulation system 
(Fig. 4b), and the middle and low layers at 300 hPa (Fig. 4c) 
and 400 hPa (Fig. 4d) are located in the same convergence 
area (as indicated by the blue circles in Fig. 4c, d) of a south-
easterly water vapor flow and a westerly water vapor flow, 
both of which have dipole structures comprising anticyclonic 
and cyclonic circulations. In addition, the correlation vec-
tor of the water vapor flux at 500 hPa has a strong conver-
gence structure (Fig. 4e). According to the above research 
results, the coupling of the upper level divergence and lower 
level convergence related to the water vapor transport in the 
atmosphere and the dipole circulation structure in the middle 
layer of the atmosphere constitute important mechanisms 
for the stimulation and maintenance of convective clouds 
over the areas of the TP with frequent convective activities.

Fig. 4   Flow field of correla-
tions between the maximum 
echo intensities (unit: dBZ) 
of the C-FMCW radar site at 
Naqu at 6-h intervals from 
August 15th to 23rd, 2014 and 
the water vapor transport fluxes 
(unit: g cm−1 s−1 hPa−1) at the 
corresponding times (note: 
the heights in (a–e) are 100, 
200, 300, 400, and 500 hPa, 
respectively). The colors 
indicate the maximum absolute 
values of the correlation coef-
ficients of the water vapor flux 
components (qu or qv) with 
the maximum echo intensity, 
which are correlated at the 
90% confidence level. The blue 
triangle indicates the location 
of the C-FMCW radar in Naqu, 
and the double ellipses in (c) 
and d indicate dipole-correlated 
circulations



705Precursory strong-signal characteristics of the convective clouds of the Central Tibetan…

1 3

According to the vertical sections related to the corre-
lations of the echo intensities of the C-FMCW radar site 
in Naqu and the south–north wind field (92°E) (shown in 
Fig. 5a), a southerly airflow is dominant over the southern 
TP, and the main body of this airflow is gradually trans-
formed into a strong updraft (500–200 hPa) in the lower 
layer of the atmosphere over Naqu. The convection activi-
ties in Naqu are clearly significantly correlated to the low-
layer southerly wind and the ascending branch of the local 
airflow. This conclusion is consistent with the strong con-
vergence structure of the water vapor flows at 500 hPa over 
Naqu, as shown in Fig. 4. In addition, Fig. 5b, c shows the 

vertical sections related to the correlations between the 
echo intensities of the C-FMCW radar site at Naqu and the 
west–east wind field (31.5°N). In Fig. 5b, the wind field is 
presented 12 h early. Figure 5c shows the vertical section 
related to the simultaneous correlation between the echo 
intensities and the wind field. Comparing Fig. 5b, c reveals 
that the development process of the convection activities 
in Naqu is closely correlated to the westerly water vapor 
flows and ascending motion. The composite analysis of 
Fig. 5a–c reveals that the genesis and development of 
convective clouds in Naqu are correlated to the eastward-
moving system, the local thermodynamic effects of the TP, 

Fig. 5   a Section showing the meridional correlations of the maxi-
mum echo intensities of the C-FMCW radar site at Naqu at 6-h inter-
vals from August 15th to 23rd, 2014 and the vw flow fields (92°E) at 
the same times; b section showing the zonal correlations of the maxi-
mum echo intensities (unit: dBZ) from August 15th to 23rd, 2014 and 

the uw flow field (12 h earlier) (31°N); c section showing the zonal 
simultaneous correlations of the above sections. Note: The colors 
indicate confidence levels greater than 90%; the green triangle indi-
cates the specific location of the C-FMCW radar at Naqu
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and the convergence of the westerly and southerly water 
vapor flows over the TP.

5 � The strong‑signal characteristics 
of upstream convective clouds over the TP 
during a rainstorm event in the Yangtze 
River Basin

In 1991 and 1998, the Yangtze River Basin experienced rare 
continuous rainstorm-induced flooding events with an initial 
cloud system that could be traced back to the central TP (Xu 
et al. 2002). The question remains: why are the frequent 
eastward-moving convective cloud systems in the TP and 
the water vapor transports of sensitive regions related to the 
rainstorm events over the upper reaches of the Yangtze River 
Basin?

In terms of the water vapor transport related to the sum-
mer precipitation over China, the TP, Indian Ocean, Bay of 
Bengal, and South China Sea are all involved in the trans-
port of monsoon moisture into China; these regions are the 
key areas that give rise to the abnormal drought and flood 
conditions in China (Xu and Chen 2006; Xu et al. 2013). 
Related research has noted that the circulation features in the 
atmosphere over the TP favor the development of low-layer 
convection, indicating that the strong convections of the cen-
tral and eastern TP are strongly correlated to the release of 
the latent heat of moisture (Zhu and Luo 1986; Wang et al. 
2012; Zhu et al. 2012). Overall, multiple observational stud-
ies have shown that the rainstorm systems over the lower 
reaches of the TP can be traced back to the convective cloud 
systems in the atmosphere of the TP. Zhao et al. (2016b) 
noted that the turbulent structure of the water vapor flux of 
the atmosphere over the TP was significantly correlated to 
an eastward-moving precipitation system that progressed to 
the lower reaches of the TP. This paper probes the dynamic 

structures of those convection systems that are closely cor-
related to the rainstorms over the Yangtze River Basin as 
well as the characteristics of its water vapor transport chan-
nels. Figure 6 shows the correlation between the diurnal total 
cloud cover variations detected by the single observation 
station at Naqu and the diurnal total cloud cover variations 
detected throughout all of China via 1876 observation sta-
tions in August 2014. There exists an obvious belt-shaped 
correlation structure for the total cloud cover (indicated by 
the black frame) in the areas from the eastern TP to the lower 
reaches of the Yangtze River, demonstrating that the cloud 
system in Naqu is significantly correlated to the eastward 
movements of the cloud systems in the regions ranging as 
far as the lower reaches of the TP.

Figure 7 shows the vertical sections related to the correla-
tions between the maximum echo intensity of the C-FMCW 
radar site at Naqu during August 15th to 23rd, 2014, and 
the water vapor states (i.e., specific humidity) at different 
heights along the latitude of 31.5°N at different lag times: (a) 
simultaneous and at time lags of (b) 24, (c) 48, and (d) 72 h 
(note: the colors reflect credibility). Overall, the correlations 
between these data sets at different lag times are reflected by 
the dynamic eastward-moving water vapor column. Accord-
ing to the research results, the water vapor column (i.e., the 
section along the latitude of 31.5°N) is indicative of a simul-
taneous correlation at a slightly western position (blue frame 
in Fig. 7a) in Naqu (green triangle). The vertical section 
of the water vapor column shows a high correlation with a 
time lag of 24 h moving eastward to the central and eastern 
TP (blue frame in Fig. 7b). The water vapor column further 
shows a high correlation with a time lag of 48 h moving 
eastward to the eastern border of the TP (Fig. 7c) and a high 
correlation with a time lag of 72 h beyond the TP, reach-
ing the central and eastern regions of China (blue frame in 
Fig. 7d). In summary, the changes in the echo intensity of the 
C-FMCW radar site at Naqu possess predictive strong-signal 

Fig. 6   Correlation between 
the diurnal total cloud cover 
variations detected by the single 
observation station at Naqu and 
the diurnal total cloud cover 
variations detected countrywide 
at 1876 observation stations in 
August 2014. Note: the radar 
mark indicates the specific 
location of the C-FMCW radar 
of Naqu
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characteristics with respect to the state of the water vapor 
column converging in the vicinity of the eastward-moving 
precipitation system over the lower reaches of Naqu. There-
fore, these dynamic changes are of certain indicative signifi-
cance for the genesis of extreme rainstorm events over the 
lower reaches of the TP.

This paper calculates the vector field of the correlation 
between the maximum echo intensity of the C-FMCW radar 
site at Naqu and the water vapor transport flux at 200 and 
500 hPa from August 15th to 23rd, 2014 (Fig. 8). In addi-
tion, this paper shows the correlation between the changes in 
the echo intensity of the C-FMCW radar on the TP and the 
spatiotemporal evolution of the eastward-moving rainstorm 
system in the lower reaches of the TP. As shown in Fig. 8a, 
b, the vector field of the simultaneous correlations between 
the changes in the echo intensities of the C-FMCW radar site 
at Naqu and the water vapor transport fluxes at high and low 
atmospheric layers can reflect the coupling of the upper level 
divergence and low-level convergence at Naqu as well as the 
rain belt (indicated by the red circle). Figure 8c, d shows the 
correlations between these features at a 24-h time lag. At this 

time, the correlation structure of the coupling of the upper 
level divergence and lower level convergence was related to 
the water vapor transport that originated in the central TP and 
moved to the eastern TP with a weakened west–east rain belt 
(indicated by the red circle). The upper level atmosphere over 
the precipitation area was characterized by anticyclonic circu-
lation. Figure 8e, f shows the correlations of the echo intensity 
and water vapor transport at a time lag of 48 h. At this time 
delay, the correlation structure of the coupling of the upper 
level divergence and lower level convergence related to the 
water vapor transport left the TP and reached the eastern fringe 
of the TP (at approximately 30°N, 104.5°E). The correlation 
structure of this coupling was more significant here. In particu-
lar, the upper level anticyclonic circulation system was very 
prominent, and at the lower level, the correlation vector of the 
southerly and northerly water vapor flows presented a strong 
convergence pattern over the eastern TP. This pattern was 
accompanied by a west–east rainstorm belt (indicated by the 
red circle) with an abrupt change in the precipitation intensity. 
Figure 8g, h shows the correlations of the echo intensity and 
water vapor flux at a time lag of 72 h. At this time delay, the 

Fig. 7   Vertical section showing the correlation between the maxi-
mum echo intensity (unit: dBZ) of the C-FMCW radar site at Naqu 
from August 15th to 23rd, 2014, and the water vapor state (unit: kg/
kg) at different heights along the latitude of 31.5°N at different lag 

times: a simultaneous, b a time lag of 24 h, c a time lag of 48 h, and 
d a time lag of 72  h. Note: the colors indicate that the confidence 
level is greater than 90%. The green triangle indicates the specific 
location of the C-FMCW radar in Naqu
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correlation structure of the coupling of the upper level diver-
gence and lower level convergence related to the water vapor 
transport moved to the middle and lower reaches of the Yang-
tze River. Within the west–east rainstorm belt, a large-scale 
anticyclonic circulation was detected that covered China’s 
southern regions at the upper level, and a large-scale cyclonic 
circulation was detected in the middle and lower reaches of the 
Yangtze River in an axial direction at the lower level. The core 
area of the rainstorm belt was characterized by the correlation 
vector of a strong convergent water vapor flow.

6 � Strong‑signal characteristics 
of the apparent heat source in the central 
TP and the variety of rainstorm processes 
in the lower reaches of the TP

Due to the thermal effects of the TP and its unique topo-
graphic characteristics, the TP serves as a transfer point 
and transports monsoon water vapor to the Yangtze River 
Basin. During the years when the Yangtze River Basin 

Fig. 8   Flow-field diagrams of 
the correlation between the 
maximum echo intensity (unit: 
dBZ) of the C-FMCW radar site 
at Naqu during August 15th to 
23rd, 2014, and the single-layer 
water vapor transport flux (unit: 
g cm−1 s−1 hPa−1) at 200 hPa 
and 500 hPa at different lag 
times: (1) simultaneous (a, b); 
(2) a time lag of 24 h (c, d); (3) 
a time lag of 48 h (e, f); and (4) 
a time lag of 72 h (g, h). Note: 
The colors indicate the diurnal 
amounts of precipitation from 
August 15th to 18th; the height 
is 200 hPa in (a, c, e, g) and 
500 hPa in (b, d, f, h); the green 
triangle indicates the specific 
location of the C-FMCW radar 
in Naqu; the red circles indicate 
the key areas of precipitation; 
and the blue arrows indicate 
the movement directions of 
precipitation
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suffers droughts or floods, the water vapor distribution 
characteristics over the TP and monsoon regions are also 
abnormal.

Experimental research has indicated that the structural 
changes in the convection of the central plateau are indi-
cated by strong-signal factors; thus, the changes in the 
echo intensity of the C-FMCW radar site at Naqu are of 
remarkable indicative significance for the whole-layer 
apparent heat source Q1 and the development of convec-
tion. The area with a high correlation between the changes 
in the echo intensity of the C-FMCW radar site at Naqu 
and the whole-layer apparent heat source Q1 was exactly 
adjacent to the well-known source area of the three riv-
ers (as shown in area A in Fig. 3d). Figure 9 shows the 
characteristics of the correlations between the regional 
whole-layer apparent heat source Q1 in the well-known 
source area of the three rivers and the dynamic evolution 
of the eastward-moving rainstorm belt over the middle and 
lower reaches of the Yangtze River from August 15th to 
23rd, 2014, at different lag times: (a) simultaneous and 
at time lags of (b) 24, (c) 48, and (d) 72 h. Note that the 
changes in the apparent heat source in the source area of 
the three rivers are correlated to the echo intensities of the 
C-FWCW radar site at Naqu and could provide both pre-
dictive strong-signal characteristics of the spatiotemporal 
evolution of the rainstorm system and reproductions of the 
three-dimensional structures of the correlation between 
the convective activities and thermodynamic effects of the 
TP and the spatiotemporal evolution of the eastward-mov-
ing rainstorm system over the Yangtze River Basin. This 
conclusion further demonstrates that with the topographi-
cal thermo-driving effects of the TP, the changes in the 
cloud structures in the central TP with frequent convective 

activities can provide strong predictive signals of the gen-
esis and development of rainstorms over the Yangtze River 
Basin.

7 � Conclusions and discussion

To analyze the rainstorm processes that occurred in the mid-
dle and lower reaches of the Yangtze River Basin during 
August 15th to 19th, 2014, this study extracted sample data 
from August 15th to 23rd, 2014 (at regular intervals of 6 
h) as well as dynamic data of the echo intensities from the 
C-FMCW radar site at Naqu. Based on the dynamic statistics 
related to the three-dimensional correlation structures, this 
work aimed to capture and track the strong-signal character-
istics indicated by the convection structures of the circula-
tion systems in the key area of the TP during the genesis and 
development of the rainstorm.

By analyzing the three-dimensional atmospheric structure 
and the water vapor transport characteristics at Naqu (an 
area in the central TP with frequent convective activities), 
this paper found that the atmospheric structures involved in 
the triggering mechanisms of the convective cloud system 
had the following characteristics: (1) in the upper level of 
the correlation vector field, there existed an anticyclonic 
circulation with a divergence of water vapor flux; and (2) 
at the middle and low levels of the correlation vector field, 
there existed an area with strongly converging water vapor 
flows, specifically characterized as a dipole structure com-
prising anticyclonic and cyclonic circulations. Experimen-
tal research indicated that the coupling of the upper level 
divergence and lower level convergence with respect to 
the water vapor transport in the atmosphere to the dipole 

Fig. 9   Correlation between 
the whole-layer apparent heat 
source Q1 (unit: w/m2) in the 
source area of three rivers and 
the whole-layer water vapor 
transport flux (unit: g s−1 
hPa−1 cm−1) at different lag 
times: a simultaneous; b a time 
lag of 24 h; c a time lag of 48 h, 
and d a time lag of 72 h. Note: 
The colors indicate the amounts 
of precipitation (unit: mm), and 
the red circles indicate the main 
precipitation occurrence areas



710	 Y. Zhao et al.

1 3

circulation structure in the middle layer of the atmosphere 
constituted an important mechanism for the stimulation and 
maintenance of convective clouds in the TP with frequent 
convective activities.

Our analysis uncovered a correlation between the changes 
in the echo intensities of the C-FMCW radar of the TP 
and the spatiotemporal evolution of an eastward-moving 
rainstorm system over the lower reaches of the plateau. 
The intensity changes of the frequency-modulated echoes 
received by the C-FMCW radar located in Naqu possessed 
predictive strong-signal characteristics with respect to the 
status of the water vapor column converging near the east-
ward-moving precipitation system over the lower reaches 
of Naqu. Overall, the dynamic water vapor column moved 
eastwards. In the lag correlation diagram showing the water 
vapor transport flux, the coupling structure of the upper level 
divergence and lower level convergence was characterized 
by a trend of eastward movement and changed dynamically 
with the expansion of the rain belt. Strong convergence char-
acteristics became increasingly obvious between the upper 
level large-scale anticyclonic circulation, the low-level 
cyclonic circulation, and the core area of the rainstorm belt.

According to our analysis, the changes in the echo inten-
sity of the C-FMCW radar site at Naqu were of remark-
able indicative significance to the whole-layer apparent heat 
source Q1 in local areas and in the adjacent well-known 
source area of the three rivers of the TP and the develop-
ment of convection. The echo intensity of the C-FMCW 
radar could thus be used to indicate the regional heat source 
effect and the driving force behind local convection activi-
ties. Importantly, the changes in the apparent heat source 
of the three-river source area were correlated to the echo 

intensities of the C-FMCW radar site at Naqu and were also 
of predictive significance for the spatiotemporal evolution 
behaviors of the rainstorm system over the Yangtze River 
Basin and China’s southern regions, including the lower 
reaches of the TP. Figure 10 shows the three-dimensional 
correlation structure of the precipitation system related to 
the eastward-moving rainstorm belt over the Yangtze River 
Basin. As shown in Fig. 10, a correlation structure exists 
between the anticyclonic divergence and the changes in the 
echo intensity of the C-FMCW radar site at Naqu, which 
was correlated to the apparent heat source of the central 
TP and the correlation vector field of the water vapor trans-
port flux at 200 hPa and lag times of 24, 48, and 72 h. The 
correlation structure of the anticyclonic divergence at the 
upper atmospheric level increased with the development of 
the rainstorm belt. The correlation structures of the signifi-
cant convergences of the middle and low atmospheric levels 
(at heights of 500 and 700 hPa) occur simultaneously and 
at lag times of 24 and 48 h. Finally, a correlation structure 
between the strong cyclonic convergence of the middle and 
low levels (at heights of 500 and 700 hPa) exists at a lag 
time of 72 h with the further development of the rainstorm 
belt. The above results show that with the topographic and 
thermal driving effects of the TP, the changes in the cloud 
structure in the central TP with frequent convective activities 
provide important predictive “strong signals” for the genesis 
and development of rainstorms over the Yangtze River Basin 
(shown in Fig. 10).

The present research is deficient in some respects. For 
example, the observation data acquired by the C-FMCW 
radar are very limited, and the continuity of the detec-
tion over space and time is not sufficient. In studying the 

Fig. 10   Physical image of the 
comprehensive correlation 
between the strong-signal char-
acteristics indicated by the echo 
intensity of the C-FMCW radar 
in the key area of convection in 
the TP and the process of the 
eastward-moving rainstorm belt 
in the middle and lower reaches 
of the Yangtze River
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precursory strong-signal characteristics in an area ranging 
to the upper reaches of the rainstorm, the research selected 
only one individual case involving an eastward-moving rain-
storm process from the observation data acquired by the 
C-FMCW radar sited in Naqu for nearly 40 days in 2014 dur-
ing the Third TP Atmospheric Experiment. Further analysis 
is required to determine whether the genesis and develop-
ment of heavy rainfall in the lower reaches of the TP are 
affected by other factors, such as differences in the intensity 
and spatiotemporal distribution of convective clouds, as well 
as differences in the structures of the cloud clusters moving 
away from the TP.
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