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ABSTRACT

In this study, an east-moving Tibetan Plateau vortex (TPV) is analyzed by using the ERA-5 reanalysis and multi-source
satellite data, including FengYun-2E, Aqua/MODIS and CALIPSO. The objective is to demonstrate: (i) the usefulness of
multi-spectral satellite observations in understanding the evolution of a TPV and the associated rainfall, and (ii) the potential
significance of cloud-top quantitative information in improving Southwest China weather forecasts. Results in this study
show that the heavy rainfall is caused by the coupling of an east-moving TPV and some low-level weather systems [a Plateau
shear line and a Southwest Vortex (SWV)], wherein the TPV is a key component. During the TPV’s life cycle, the rainfall
and vortex intensity maintain a significant positive correlation with the convective cloud-top fraction and height within a 2.5◦

radius away from its center. Moreover, its growth is found to be quite sensitive to the cloud phases and particle sizes. In the
mature stage when the TPV is coupled with an SWV, an increase of small ice crystal particles and appearance of ring- and
U/V-shaped cold cloud-top structures can be seen as the signature of a stronger convection and rainfall enhancement within the
TPV. A tropopause folding caused by ageostrophic flows at the upper level may be a key factor in the formation of ring-shaped
and U/V-shaped cloud-top structures. Based on these results, we believe that the supplementary quantitative information of
an east-moving TPV cloud top collected by multi-spectral satellite observations could help to improve Southwest China
short-range/nowcasting weather forecasts.
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1. Introduction
Southwestern China is located at the border of middle and

low latitude zones on the east of the Tibetan Plateau, wherein
81% of the area is covered by many north–south oriented
mountains and rivers. Due to its extremely complicated to-
pography and unique geographical position, the climate in
this region is distinctive and the weather is changeable and
complex. Therefore, much attention has been paid to the
weather and climate issues over Southwest China, stretching
back a long time (Ye and Gao, 1979; Lu, 1986; Zhu et al.,
2000).

The Tibetan Plateau Vortex (TPV) is one of the typical
circulation and weather systems in Southwest China. Due to
its impact on severe weather, it has been the object of study
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since it was discovered (Tao, 1980; Chen, 1988; Chen et
al., 2003; Wang et al., 2007; Li et al., 2012). A TPV is
generally defined as a meso-α-scale vortex with a horizon-
tal scale of 400–500 km and generated at 500 hPa within the
Tibetan Plateau (27◦–40◦N, 70◦–110◦E) ( Luo, 1992). Un-
der favorable synoptic conditions, some TPVs can move out
from the Plateau and couple with some other meso-/micro-
scale weather systems to cause heavy rainfall and thunder-
storm events in downstream areas (Chen et al., 2004; Zhao
and Wang, 2010; Chen and Li, 2014; Fu et al., 2015; Cheng et
al., 2016; Yu and Gao, 2017; Zhou et al., 2017). Recently, re-
sults of some climatology studies have indicated an increase
in the frequency of TPVs in the context of global warming (Li
et al., 2014; Huang et al., 2015; Li et al., 2017), and thus they
may have a larger impact on downstream areas, such as the
Sichuan Basin, Yangtze River Basin, and even North China.
Therefore, the demand for a higher prediction accuracy of
TPVs arises.
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As a result of uncertainties in the initial conditions along
with the “model error”, the prediction of TPVs and their asso-
ciated rainstorms is always a challenge for operational fore-
casters in China. On the one hand, such uncertainties and
errors are caused by the difficulties in gathering the meteo-
rological data in the Plateau and its vicinity. On the other
hand, they are the result of insufficient knowledge about the
evolutionary characteristics of the systems that operate in this
unique landscape of the Plateau, as well as the complicated
impact factors at play.

Before the 1990s, most studies on TPVs were made based
on the data from several sounding stations spread over South-
west China. The average distance among them was about 500
km and the temporal resolution was 12 hours. With such a
coarse resolution, some of the finer-scale structures and evo-
lutionary features of TPVs were undoubtedly missed. For this
reason, in predictions and analyses of TPVs nowadays, more
attention is paid to remote sensing data, due to its capacity
in providing information of higher spatiotemporal resolution
from multiple angles.

As an atmospheric remote sensing tool, satellites have a
wider field of view and are almost unaffected by geographical
location compared with weather radar. Therefore, their data
can be applied more extensively. Unlike conventional ob-
servations, such as radiosonde, rawinsonde etc., the sensors
onboard satellites are designed to receive the electromagnetic
radiation reflected or emitted by clouds, precipitation parti-
cles or raindrops (Xu et al., 2000). As one of the core objects
in satellite observations, cloud is known to be a good indica-
tor for the evolution of weather systems. Thus, it has been
used in weather analyses and forecasts in many countries
(Bedka and Mecikalski, 2005; Mecikalski et al., 2007, 2016;
Siewert et al., 2010; Setvák et al., 2010, 2013). To date, many
efforts have been made to obtain quantitative cloud infor-
mation that can indicate the evolution of mesoscale convec-
tive systems (MCSs). Both Schmetz et al. (1997) and Kurino
(1997) proposed methods for estimating convection inten-
sity based on the radiation differences between channels of
the Meteosat and GMS-5 geostationary satellites. Machado
et al. (1998) studied the morphology and radiative proper-
ties of MCSs over the Americas based on year-long GOES-7
satellite observations. They found that an MCS’s lifetime is
directly correlated to the sizes of the convective clouds, and
the size and lifetime stage can be reflected by the mean cloud
radiation around it. Thus, the aforementioned information
can be used in predicting the changes in MCSs. Recently,
with developments in the spectral and spatiotemporal reso-
lutions of satellites, more information can be obtained and
used in severe weather monitoring and forecasting. Through
GOES satellite data, Mecikalski et al. (2008) found the cloud-
top cooling rate, the evolution of the brightness temperature
difference (BTD) between 6.5 and 10.7 µm, as well as that
between 13.3 and 10.7 µm, can be applied in predicting the
convective initiation. Based on multispectral satellite data,
Setvák et al. (2013) revealed that some small scale structures
at the top of convective clouds, such as “U/V”-shaped struc-
tures, are related to the convection intensity.

In the past several decades, studies of TPVs based on
satellite observations have mainly focused on two aspects:
one is the cloud distribution patterns, including the overall
morphological features and radiative properties in a single
spectral channel; and the other is the characteristics of the mi-
crophysical three-dimensional structure (Xiang et al., 2013;
Yu et al., 2014; Jiang et al., 2015; Jiang and Li, 2015). For
example, Yu (2002) and Yu and He (2003) used the water va-
por (WV) image data gathered from the GMS-5 geostation-
ary satellite to study a TPV, and found the vortex in the WV
images formed earlier than the TPV on the weather map. In
addition, they suggested using areas with brightness temper-
ature (TBB) of 223 K in WV channel images as an indicator
for the activities in TPVs to monitor a TPV’s development.
Huang and Li (2009) once investigated the TPV cloud dis-
tribution features by FengYun-2C and MTSAT satellite ob-
servations, and found that a TPV reaches the mature stage
when it has a similar eye and warm-core structure to trop-
ical cyclone–like vortices. Xiang et al. (2013) studied the
microphysical structures of a TPV cloud cluster based on the
precipitation radar data of the TRMM satellite. They pointed
out that the TPV cloud top can grow up to 15 km, and the
increase in particle sizes at the midlow level is conducive to
the increase in precipitation. All in all, although our under-
standing of the mechanisms and structures of TPVs has to
some extent improved by taking advantage of satellite obser-
vations, the usage of satellite observations in TPV analysis
and prediction is still limited when compared with other dis-
astrous mesoscale weather systems, such as tropical cyclones,
which resemble TPVs the most. With respect to the advan-
tages of satellites, more features and quantitative information
at the top of TPV storm clouds should be found and recog-
nized from the spectral space.

Therefore, a TPV in a severe rainstorm over the mid-west
of Sichuan Province during 8–11 July 2013 is taken as an
example in this study to discuss (i) the usefulness of multi-
spectral satellite observations in understanding the TPV and
the associated rainfall; and (ii) the potential significance of
quantitative information at the cloud top in improving short-
range or nowcasting weather forecasts over Southwest China.
These objectives are to be achieved by analyzing reanalysis
data and multi-spectral satellite observational data, including
the data from polar-orbiting and geostationary orbit satellites.

Following this introduction, section 2 introduces the se-
lected case and data used in this study. Section 3 presents
the evolutionary characteristics of the cloud top that are con-
cerned with the evolution of the TPV and its associated pre-
cipitation. Section 4 discusses the possible mechanisms for
forming a “U/V” cloud-top structure. A summary and con-
cluding remarks are given in section 5.

2. Case overview and data description
2.1. Case overview

In July 2013, five extreme and sustained rainfall events
occurred over Southwest China. Among them, only the pro-
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cess during 8–11 July 2013 was not to a certain extent im-
pacted by a landfalling typhoon. However, the intensity of the
precipitation during 8–11 July 2013 (hereafter referred to as
the “7.8” rainfall) was the strongest during that period (Sun
et al., 2015). Besides, according to observations, over 14%
of the Chinese mainland had an accumulated rainfall above
50 mm in the “7.8” rainfall, and it even reached above 700
mm in some regions (Fig. 1a). The daily accumulated rain-
fall at Dujiangyan station of Sichuan Province, the center of
the “7.8” rainfall, was over 292 mm during 8–9 July, which
was beyond the historical extreme for this station in the first
10 days of July (the last extreme value was 233 mm in July
2011).

As shown by the variation of the hourly rainfall over the
precipitation center (Fig. 1b), the whole process can be di-
vided into two phases: one is during 1100 LST 8 July to 1500

LST 9 July (LST = UTC + 8 h), with an extreme precipitation
rate of 130 mm h−1 around 0200–0300 LST 9 July; and the
other is during 1600 LST 9 July to 0000 LST 11 July, with
an extreme of 60 mm h−1 during 0200–0300 LST 10 July.
Comparatively, the former stage was more intense than the
latter.

Figure 2 shows the ERA-5 geopotential height fields at
500 hPa superimposed by jet streams at 200 hPa and 850 hPa
at 2000 LST on 8 and 9 July 2013. We can see that during
the whole process, the middle and low latitude zones were
controlled by the monsoon low, and the shortwave activities
were frequent in the southern trough in Southwest China (Fig.
2). The subtropical high ridge line stayed relatively stable at
30◦N, but extended to the west and shrank in the east. At
2000 LST 8 July, when the first stage of the precipitation
enhanced, the west-extending point of the subtropical high

Fig. 1. (a) Observed accumulated precipitation in Sichuan Province during 8–11 July 2013 (color shading; units: mm;
“Dujiangyan” denotes the precipitation center of this process). (b) Area extreme hourly rainfall (white bars) and area-
averaged hourly rainfall (black bars) (units: mm; computed area covers Sichuan Province) during the period from 1100
LST 8 July to 1100 LST 10 July 2013.

Fig. 2. The 500-hPa geopotential height fields (black contours; units: 10 gpm) superimposed with 200-hPa upper level
jet streams (color shading; units: m s−1) and the 850-hPa low level jets (blue contours; units: m s−1), at (a) 2000 LST
8 July 2013 and (b) 2000 LST 9 July 2013. The red star represents the rainfall area; WULJ and EULJ represent the
westerly upper-level jet and the easterly upper-level jet, respectively; the brown curves are trough lines.
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extended to 115◦E. After that, the subtropical high gradually
retreated eastward until the second stage of the severe precip-
itation occurred.

At 200 hPa, the whole precipitation area was controlled
by the South Asian High (SAH). Also, two upper-level jet
streams moved on the north and south sides of the SAH,
forming a sandwich-type pattern together with the precipi-
tation area (Figs. 2a and b). Showing a southwest–northeast
orientation, the northern jet stream was a strong westerly jet
with relatively stable position and higher intensity. In con-
trast, the southern one was an easterly jet, weaker and smaller
in scale. The low altitude wind below these two upper-level
jets sped up to form a north–south low-level jet in the east of
the precipitation area after 0800 LST 8 July. Such a config-
uration of jets and strong precipitation area maintained dur-
ing the two strong precipitation stages (Fig. 2). Besides the
favorable synoptic conditions, both of the two stages of the
precipitation process during 8–11 July 2013 were also related
to TPVs. Taking the first stage of precipitation (1100 LST 8
July to 1500 LST 9 July) as an example, during that period
a cyclonic circulation at 500 hPa and a closed low center at
600 hPa moving from northwest (95◦–104◦E) to the rainfall
area (Figs. 3e–g) were clearly apparent. This vortex was con-
sistent with the characteristics of a typical TPV (Luo, 1992).
After it generated, it moved eastward and strengthened. With
it moving closer to a Plateau shear line at 700 hPa (Figs. 3a–
d), the vorticity and precipitation intensity along the shear
line increased. During the early morning on 9 July, when
the TPV stagnated around 102◦E, a meso-β Southwest Vor-
tex (SWV) (horizontal scale of 100–200 km) was formed on
the southern part of the shear line. After sunrise, with the
TPV weakening and moving eastward, both the meso-β SWV
and precipitation intensity decreased. Such coupling process
could also be seen clearly on the isentropic potential vortic-
ity maps [Fig. S1 in the Electronic Supplementary Material
(ESM)]. The above analyses suggest that the TPV was one of
the key components in producing this severe rainstorm in the
middle of Sichuan Province. Therefore, a thorough investi-
gation of this system is needed. In this paper, we explore the
relationship between the evolution of the TPV and associated
rainfall from the perspective of cloud-top features.

2.2. Data description
Besides the conventional surface and radiosonde ob-

servations, multispectral satellite observations, including
FengYun-2E, Aqua/MODIS, and CALIPSO, and their re-
trieval products, as well as a high spatiotemporal resolution
global reanalysis data from ERA-5, are utilized in this study.
Brief descriptions of these data are given as follows:

FengYun-2 is a Chinese second-generation geostation-
ary meteorological satellite. The imager onboard FengYun-2
consists of four infrared channels (centered at 3.75, 6.7, 10.8
and 12.0 µm) and one visible channel with a spatial resolution
of 5 km and 1 km, respectively (Xu et al., 2014). The satel-
lite data used in this study are from the FengYun-2E launched
at the end of 2008. So far it has been in stable operation.
The level-1B dataset of FengYun-2E and its products were

acquired from the FengYun Satellite Data Center of the Na-
tional Satellite Meteorological Center (http://satellite.nsmc.
org.cn/portalsite/default.aspx).

MODIS is an important instrument of the Earth Obser-
vation System, which aims to observe biological and physi-
cal processes at the global scale. It is composed of 36 wave
bands (2 bands at 250 m, 5 bands at 500 m, and 29 bands at
1 km) with the spectrum ranging from 0.4 µm to 14.4 µm.
In this study, we mainly focus on the characteristics shown in
the infrared channel of Aqua/MODIS (band 31, centered at
11.0 µm, spatial resolution of 1 km). The Level-1B dataset
(MYD021KM) was obtained from NASA’s Atmosphere and
Distribution System (http://ladsweb.nascom.nasa.gov). Al-
though the spatial resolution of MODIS is higher compared
with geostationary satellite, its temporal resolution is lower
(no more than two times a day for the same location). There-
fore, MODIS data are used complementally with FengYun-2
geostationary satellite data in this study.

CALIPSO satellite data are also used, to analyze the for-
mation of some cloud-top features from a three-dimensional
perspective. CALIPSO is one part of the Aqua satellite con-
stellation (or A-Train), whose mission is to probe the verti-
cal structure and properties of clouds and aerosols over the
globe. It consists of three payloads: an active lidar instru-
ment, an imaging infrared radiometer, and a wide field cam-
era. The active lidar instrument, CALIOP, is the key pay-
load on CALIPSO, with a spatial resolution as high as 333
m. It can emit and receive backscatter energy of 532 nm and
1064 nm. Thus, it performs well in detecting cloud particles
with small optical depth (Hunt et al., 2009). The L1B dataset
(CAL LID L1-ValStage1) used in this study was downloaded
from NASA’s Atmospheric Science Data Center (https://
eosweb.larc.nasa.gov/HORDERBIN/HTML Start.cgi).

In addition to satellite observations, the newest generation
of the ECMWF global reanalysis database (ERA-5) is used as
a kind of complementary dataset. This dataset has a temporal
resolution of 1 h and a horizontal grid spacing of 0.25◦. It
has 37 vertical layers extending from 1000 hPa near the sur-
face to 0.1 hPa, with a vertical resolution of 25 hPa within
the 1000–750 hPa and 250–100 hPa layers. Further details
about this dataset can be found at https://www.ecmwf.int/en/

forecasts/datasets/reanalysis-datasets/era5.
To evaluate the performance of ERA-5 in reproducing the

spatial and temporal distributions of the TPV, a comparison
between the cloud cover from ERA-5 and FengYun-2E geo-
stationary observations in the 10.8-µm channel during 2300
LST 8 July to 0800 LST 9 July 2013 is given in Fig. 4. Gen-
erally, the synoptic circulations and the spatial and temporal
distributions of the TPV cloud cover are captured by ERA-5,
indicating that this dataset can be combined with the satellite
observations to explore the cloud-top characteristics and their
mechanisms related to the TPV in this study.

3. Cloud-top features of the TPV
Cloud can be regarded as the result of interactions be-

tween multi-scale dynamic and thermodynamic processes. In

http://satellite.nsmc.org.cn/portalsite/default.aspx
http://satellite.nsmc.org.cn/portalsite/default.aspx
http://ladsweb.nascom.nasa.gov
https://eosweb.larc.nasa.gov/HORDERBIN/HTML{_}Start.cgi
https://eosweb.larc.nasa.gov/HORDERBIN/HTML{_}Start.cgi
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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Fig. 3. Time series of circulation (black vectors) and geopotential height (blue contours; units: 10 gpm) at (a) 2300
LST 8 July, (b) 0200 LST 9 July, (c) 0500 LST 9 July, and (d) 0800 LST 9 July, superimposed with accumulated
precipitation during 0800 LST 8 to 0800 LST 9 July 2013 (color shading; units: mm). Note that panels (a–d) are for the
700-hPa circulations and geopotential heights, while (e–g) are for the 500-hPa circulations and 600-hPa geopotential
heights. The grey shading in (a–d) represents the Tibetan Plateau, and “L” indicates the low-pressure system.

the past several decades, it has been revealed by many stud-
ies that some features of convective cloud tops can be used to

indicate storm intensity or its inner structure (Purdom, 1976;
Adler and Fenn, 1979; Adler et al., 1983). Inspired by these
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Fig. 4. Comparison between the (a–d) FengYun-2E satellite images and (e–h) ERA-5 high-cloud-cover reanal-
ysis data at (a, e) 2300 LST 8 July, (b, f) 0200 LST 9 July, (c, g) 0500 LST 9 July, and (d, h) 0800 LST 9 July
2013.

studies, cloud-top features of the TPV are explored in detail
in this paper.

3.1. Spatiotemporal characteristics
Following the automatic cloud-tracking algorithm pro-

posed by Feidas (2003), we first examine the spatiotempo-
ral characteristics of the TPV. In the cloud-tracking algo-

rithm, the size of a TPV is much larger than a meso-β-scale
MCS. Therefore, the conditions proposed by Feidas (2003)
for meso-β-scale convective system tracking were revised to
achieve a consistent and continuous tracking of the TPV.
Specifically, in the 10.8-µm infrared channel, the highest
TBB was revised from 228 K to 241 K (Maddox, 1983), and
the smallest contiguous cloud area was revised from 100 km2
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to 5000 km2. Compared with the 500-hPa weather map, it is
found that, although the TPV was generated around (35◦N,
95◦E) as early as 1500 LST 8 July (Fig. 3a), it was not un-
til 1700 LST 8 July 2013 that the TPV cloud cluster could
be well detected and tracked by using the automatic cloud-
tracking algorithm in this study (Fig. 5). This is probably due
to the relatively weak convection in the early phase of the
TPV and the minimal size of 5000 km2 we chose for the ini-
tial convection detection.

According to the moving tracks shown in Fig. 5a, the
TPV first moved to the southeast before 0200 LST 9 July, and
then it decelerated and diverted to the northeast. Therefore,
the TPV in this case is generally an east-moving vortex with
an average moving speed of 12 m s−1. Through the overlay
analysis of the moving track and the upper-level wind fields
during the same period, it can be seen that the direction of
the vortex was consistent with the layer-averaged wind flow
within 500–300 hPa, which indicated the TPV was mainly
guided by the mid–upper-level flows (Fig. 5a).

For further investigation, the time series of mean TBB in
the 10.8-µm infrared channel of FengYun-2E, as well as the
relative vorticity and rainfall at 500 hPa within (28◦–35◦N,
95◦–105◦E) during 1100 LST 8 July to 1500 LST 9 July are
calculated. As suggested by Fig. 5b, there is a strong correla-
tion among the rainfall, TBB and the relative vorticity at 500
hPa. The TBB and rainfall are negatively correlated, with a
correlation coefficient of −0.903. The TBB and relative vor-
ticity are also negatively correlated, with a correlation coeffi-
cient of −0.82. However, positive correlation exists between
the relative vorticity and rainfall, with a correlation coeffi-
cient of 0.746. For further comparison, a Hovmöller diagram
of the TBB and relative vorticity within the same area dur-
ing the same period is presented in Fig. 5b, in which the area

with TBB lower than 241 K is shaded and superposed onto
the positive relative vorticity. One can see that the low-value
range of TBB (<241 K), with a fixed horizontal scale of ∼500
km, moves from west to east accompanied by a similar-sized
relative vorticity maximum area at 500 hPa. These results
support our initial hypothesis that the “7.8” severe rainfall is
linked to an east-moving TPV, and the cloud features can be
quantitatively used to indicate the intensity of the TPV and
its associated rainfall.

With respect to the evolution of the TPV, it is found that
the precipitation and relative vorticity at 500 hPa started to in-
crease at 1700 LST 8 July, while the TBB started to decrease
at the same time. The area-averaged and latitude-averaged
TBB (relative vorticity at 500 hPa) dropped below 260 K and
241 K (exceeded 0.5× 10−5 s−1 and 3× 10−5 s−1), respec-
tively, at 1700 LST 8 July. These obvious changes contin-
ued until 2100 LST 8 July, followed by a relative steady state
during 2100 LST 8 July to 0600 LST 9 July for all three pa-
rameters. After 0600 LST 9 July, opposite changes in the
three parameters appeared, compared with the situation be-
fore 2100 LST 8 July. Accordingly, the lifespan of the TPV
during 8–9 July 2013 could be divided into four stages: ini-
tiation (1400–1700 LST 8 July), growth (1700 LST 8 July to
2100 LST 8 July), maturation (2100 LST 8 July to 0600 LST
9 July), and dissipation (after 0600 LST 9 July).

3.2. Cold-cloud-top areas
Besides the TBB at the cloud top, the cloud-top mor-

phological features are also used as a monitoring indicator
in many statistical forecasting models. DeMaria and Kaplan
(1994) and DeMaria et al. (2005) constructed a hurricane in-
tensity forecasting model by using the number of pixels with
TBB 6 253 K in four infrared channels of GOES-8, and the
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(denoted by the red line). The red stars and numbers represent the position and time of the centers of the TPV, respec-
tively. The white frame is the region used for computing the time–longitudinal Hovemöller chart and area-averaged
rainfall, TBB and relative vorticity, shown in (b). (b) Time–longitudinal Hovemöller chart of the infrared TBB (color
shading for TBB < 241 K; units: K) and positive relative vorticity at 500 hPa (black contours; units: 10−4 s−1), along
with the time series of the area-averaged hourly TBB, relative vorticity at 500 hPa, and rainfall during 1100 LST 8 July
to 1500 LST 9 July 2013 (the dash black arrow indicate the vortex’s moving direction).
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TBB standard deviation within 100–300 km away from the
centers of tropical cyclones, as forecast factors. Fitzpatrick
(1997) used the areas of TBB 6 218 K within a 444-km radius
of the center of tropical cyclones as an indicator for intensity
forecasting.

Inspired by these works, we examine the relationship be-
tween the intensity of the TPV and its cold-cloud-top areas.
As in section 3.1, the area-averaged relative vorticity is used
to indicate the intensity of the TPV. The area used for the
calculation is a 5◦ latitude/longitude area (about 500× 500
km2), taking the center of the TPV as the origin of the co-
ordinates. The cold-cloud-top areas are calculated according
to the thresholds developed by Maddox (1983), which are
TBB 6 241 K and TBB 6 221 K for convection and deep the
convective cloud-top area, respectively. The calculation area
is the same as that selected for the relative vorticity calcula-
tion. As mentioned in the previous section, during its initia-
tion stage (before 1700 LST 8 July), the TPV cloud clusters
were not detected or tracked by the cloud-tracking algorithm
used in this paper. Therefore, the centers of the TPV during
its initiation were determined by referring to the maximum
vorticity at 500 hPa, based on the ERA-5 reanalysis data. In
order to facilitate the analysis, the cold-cloud areas are nor-
malized. That is, to calculate the ratio of the areas of cloud
temperatures lower than 241 K and 221 K to the total area
within a 2.5◦ radius away from the center of the TPV, which
is also referred to as the convective cloud-top area fraction in
this study. The computation formulas are shown as follows:

β1 =
A241

A
(1)

β2 =
A221

A
(2)

Here, A241 and A221 represent the cold-cloud areas where the
TBB is lower than 241 K and 221 K, respectively, and A rep-
resents the total area within a 2.5◦ radius away from the cen-
ter of the TPV.

As shown by Fig. 6, it is found that both the convective
and convective-penetrating cloud-top areas fractions are pos-
itively correlated to the intensity of the relative vorticity in
the TPV, with correlation coefficients of 0.82 and 0.71, re-
spectively. Also, the changes in these cold-cloud areas were
2–4 hours ahead of the intensity variation of the TPV. Taking
the TPV in the growth and dissipation stages for example,
the relative vorticity increased (decreased) sharply after 1700
LST 8 July (0600 LST 9 July), while the convective cloud or
the convective-penetrating cloud areas notably expanded (re-
duced) at 1400 LST 8 July and 1500 LST 8 July (0500 LST
9 July and 0200 LST 9 July).

These features reveal that the convective cloud area frac-
tion of the TPV can forecast the variation of TPV intensity.
Although both convective and convective-penetrating cloud-
top fractions can be used as indicators for TPV objective anal-
ysis and forecasting, it seems that the former is more suitable
for predicting the growth of a TPV, while the latter for the
dissipation of a TPV.

So far, we have identified the potential correlation
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Fig. 6. Time series of the area-averaged relative vorticity at 500
hPa (white bars) and the convective cloud-top area fraction with
a threshold of TBB <241 K (blue line) and TBB <221 K (red
line) during 1100 LST 8 July to 1500 LST 9 July 2013 (the area
used for the computation is within 2.5◦ latitude/longitude away
from the center of the TPV along its moving track).

between cloud-top features and the TPV storm intensity in
terms of TBB and cloud-top shape based on mono-channel
observations. In the following, we try to find some other
meaningful indicators from the multi-spectral channels or
multi-sensors of the satellites.

3.3. BTDs
BTDs can provide information on the evolution of cloud-

top heights and cloud phases (Lutz et al., 2003). For example,
the 6.7-µm (WV channel) and 12-µm infrared channel of the
FengYun-2 satellite are sensitive to the upper-level WV, and
particle sizes as well as cloud properties, respectively. So,
the BTDs between either of them and the 10.8-µm channel
are utilized to distinguish between high-level and low-level
clouds and gain implicit information about the cloud phases
and the optical depths. To be specific, the BTD between the
6.7-µm and 10.8-µm channels is nearly zero when vigorous
convection occurs. It can be positive in some parts of the con-
vective system when there is WV in the stratosphere above
the cloud top, which is a sign for tropopause-penetrating se-
vere convection. As for the BTD between the 10.8-µm and
12-µm channels, a negative value always indicates a thick ice
cloud, and a positive value indicates a thin ice cloud. Figure
7a shows the mean BTDs between the 6.7-µm and 10.8-µm
channels, and between the 12-µm and 10.8-µm channels (re-
ferred to as ∆T 6.7−10.8 and ∆T 10.8−12) within a 2.5◦ radius
away from the center of the TPV. As can be seen, the TPV
intensity is positively correlated with the ∆T 6.7−10.8, but neg-
atively correlated with the ∆T 10.8−12. The correlation coeffi-
cients are 0.82 and −0.68, respectively. These results suggest
that the evolutions of the cloud-top microphysics and heights
are highly correlated with the vortex intensity.

Besides the WV channel (6.7 µm) and 12-µm infrared
channel, the 3.7-µm channel of the FengYun-2 satellite, a
mid-wave infrared channel, can also provide useful informa-
tion on cloud phases and particle sizes. Unlike longwave in-
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Fig. 7. (a) Time series of the area-averaged relative vorticity at 500 hPa (white bars; units: 10−5 s−1), and the BTDs
between 6.7 µm and 10.8 µm (blue line; units: K), and between 10.8 µm and 12.0 µm (green line). (b) DSORT-
simulated total radiation (red line), emissive radiation (blue dashed line) and reflective radiation (green dashed line) of
FengYun-2E at 3.7 µm (solar zenith angle Φ = 50◦). (c) Time series of the area-averaged relative vorticity at 500 hPa
(white bars; units: 10−5 s−1), averaged reflectance (dashed brown line), TBB (black line) during daytime (solar zenith
angle Φ > 20◦, indicated by the sinusoidal of the solar zenith angle shown as a grey dashed line), and BTD between 3.7
µm and 10.8 µm during nighttime (red line; units: K; solar zenith angle Φ < 20◦) during 1100 LST 8 July to 1500 LST
9 July 2013 (area for computation is the same as that in Fig. 6).

frared channels, such as 10.8 µm or 12 µm, the total radiation
received by the satellite in the 3.7-µm channel during the day-
time is highly impacted by solar shortwave radiation. Thus,
as shown in Fig. 7b, the total radiative energy in this chan-
nel is determined not only by the thermally emitted radiation,
but also by the reflection of solar radiation (including direct
and scattered radiation). Therefore, the daily cloud proper-
ties based on this channel should be explored separately dur-
ing daytime or at nighttime. For a thick cloud, due to cloud
shading, the land–sea surface thermal radiation can often be
neglected in the total radiation during daytime. Also, given
the relatively small ratio of the cloud-emitted thermal radia-
tion to the reflection counterpart, the total radiation of a thick
cloud during daytime approximates to the reflected radiation
of cloud on solar radiation (Fig. 7b). In terms of the reflection
properties, a water cloud with small water droplets (stratus or
stratocumulus cloud) always shows a higher reflectance and
TBB than an ice cloud (cirrus or cumulonimbus) over land
in the 3.7-µm channel. During nighttime, however, without
the impact of solar radiation, there is only the thermal emis-
sion radiation in the 3.7-µm channel. In that case, similar

to the BTD between the 10.8-µm and 12-µm channels, the
BTD between the 3.7-µm and 10.8-µm is often used to indi-
cate the cloud properties, for it is more sensitive to changes
in cloud-particle size. Normally, a large positive BTD (over
30) between the 3.7-µm and 10.8-µm channels often indi-
cates a cold, high-level cloud with small ice particles on top
(Schmidt et al., 1995).

Given the change of the solar zenith angle, the averaged
reflectance during daytime (solar zenith angle > 20◦), along
with the BTD between the 3.7-µm and 10.8-µm channels
at nighttime (solar zenith angle < 20◦), within a 2.5◦ radius
away from the center of the TPV, are calculated and compared
with the TPV intensity (Fig. 7c). It can be seen that, before
and during the initiation stage (1400–1700 LST 8 July) of the
TPV, both the reflectance and TBB are high, suggesting a wa-
ter cloud phase in most parts of the vortex cloud top during
this stage. With a rapid increase in the TPV intensity and
cloud height during 1700–2100 LST 8 July, an obvious phase
change is observed at the cloud top, where water droplets
are frozen into ice crystals. After the convective burst, the
TPV entered the mature stage (2100 8 July to 0600 LST 9
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July). Although the growth of the TPV cloud height slowed
(also indicated by the ∆T 6.7−10.8 and ∆T 10.8−12 variations),
the particle sizes at the TPV cloud top changed notably. As
can be seen from Fig. 7c, the ∆T 3.7−10.8 varies from 5 K to
nearly 35 K during 2300 LST 8 July to 0300 LST 9 July
when the rainfall enhanced, suggesting a potential correlation
between the increase in small ice particles at the cloud top
and precipitation enhancement. According to the conceptual
model of cloud seeding for rainfall enhancement proposed by
Rosenfeld (Rosenfeld, 1997; Rosenfeld and Lensky, 1998),
an increase in small ice particles at the cloud top is related
to stronger convective overturning. They may act as cloud
seeds, and result in precipitation enhancement. After sunrise,
most parts of the TPV cloud top gradually changed from ice
to water, corresponding to the weakening of the TPV inten-
sity and associated rainfall.

These results indicate that, in the growth and matura-
tion stages, the TPV cloud top generally presents as a cold,
high-level cloud with small ice crystal particles. The diurnal
changes in cloud top heights, cloud phases, as well as particle
sizes revealed by multi-spectral channels have shown a close
correlation with the convection and rainfall development as-
sociated with the TPV. From the cloud physical processes and
their connection to the atmospheric dynamics and thermody-
namics, these indicators can be used in predicating the TPV
intensity and the associated rainfall enhancement.

3.4. Cloud-top structures
Recently, with improvements in infrared sounding, as

well as cloud radar technology, cloud-top structures and their
correlations with storms have attracted increasing attention.
A cold-ring or a cold-U/V structure on the enhanced infrared
cloud images, which used to be called an “Enhanced-V”
structure, is one of the most attractive features (Heymsfield
et al., 1983; McCann, 1983).

Figure 8 is a schematic diagram of the two types of cloud
tops in the enhanced 10.8-µm infrared channel. The cold-
ring cloud top presents a concentric structure, with a warm
spot in the center (CWS in Fig. 8a). The cold-U/V cloud top,
however, always shows a semi-circle structure. Two warm
areas are usually observed in this case, with one near (close-
in warm area; CWA in Fig. 8b), and the other far (distant
warm area; DWA in Fig. 8b), from the overshooting tops.
Although there are several open questions, such as the for-
mation and maintenance mechanism of these structures, and
their indications for the development of weather systems, it
is recognized that both structures are related to overshooting
tops, and their emergence can be used to indicate storm inten-
sity. As revealed by many previous studies, due to the lim-
ited spatiotemporal resolution of observations and the small
size and short duration of these structures, the cold-“ring” and
cold “U/V” structures can only be found in some mesoscale
convective complex cases (Mills and Astling, 1977; McCann,
1983; Setvák et al., 2010, 2013). Nevertheless, scientists be-
lieve that these features might appear in many other weather
systems with strong convection. To test the hypothesis, in this
study, we analyze the TPV cloud-top structures.

Figure 9 shows the Aqua/MODIS band 31 (infrared chan-
nel centered at 11 µm) observations of the TPV at 1510 LST 8
July and 0310 LST 9 July, corresponding to its initiation and
growth/maturation stages, respectively. Complying with the
standard recommended by EUMETSAT’s Convection Work-
ing Group (https://www.essl.org/cwg/), the TBB in this chan-
nel has been color-enhanced. From the figure, we can see
that the structures at the TPV cloud top are quite different
in the initiation stage and maturation stage. In addition to the
prominent increase in the TPV cold-cloud-top heights and ar-
eas, another feature is a “U/V”-shaped cold-cloud structure
in the northern part of the TPV (denoted as “B” in Fig. 9b).
The lowest TBB around the “U/V”-shaped cloud structure

Cold ring, orange to reddish
Overshooting top,

dark red

Central warm spot (CWS), light

green to yellow
Cold U/V-shaped structure,

orange to reddish

Close-in warm 

area (CWA),

light green to 

yellow,usually 

warmer than 

DWA

Overshooting top,

dark red

Distant warm area (DWA),

light green to yellow

(a) (b)

Fig. 8. Schematic illustration of an (a) cold “ring”-shaped cloud top and (b) cold “U/V”-shaped cloud top
shown in the color-enhanced 10.8-µm infrared channel (after “Special Investigation: ‘Cold Ring’ and ‘Cold
U/V’ Shaped storms” http://www.eumetrain.org/satmanu/CMs/Cb/navmenu.php?page=9.0.0). CWS, central
warm spot; CWA, close-in warm area; DWA, distant warm area.

https://www.essl.org/cwg/
http://www.eumetrain.org/satmanu/CMs/Cb/navmenu.php?page=9.0.0
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is approximately 200 K (−73◦C), and the circled-in highest
temperature is about 225 K (−48◦C), producing a 25-K BTD
within a small region.

Using the same method, the TBB in the 10.8-µm chan-
nel of FengYun-2E was also color-enhanced (Fig. 10). As
shown in the color-enhanced infrared image observed at 0300
LST 9 July (1900 UTC 8 July), which was almost time-
synchronized with the MODIS observation at 0310 LST 9
July (Fig. 9b), a “U/V”-shaped cloud structure (denoted by
the black arrow in Fig. 10c) was seen at the same loca-
tion as that observed in the MODIS band-31 channel. It
is estimated that the maximum BTD within this region is
about 22 K, which was consistent with that calculated by
MODIS observations. According to the time series of the
color-enhanced FengYun-2E infrared imagery (Fig. 10), this
“U/V”-shaped cloud structure presented as a ring shape 1–
2 h before (denoted by the black arrow in Fig. 10b), had an
internal–external BTD of about 10 K. Besides the northern
part of the TPV, “U/V”-shaped or “ring”-shaped cloud struc-
tures were also observed in some other parts of the TPV, espe-
cially within the southeastern part of the TPV where upward
motion was vigorous. Although both the “U/V”-shaped and
the “ring”-shaped structure lasted for a short time, it seems
that the “U/V”-shaped structure lived longer than the “ring”-
shaped structure in the present case.

4. Discussion
As mentioned above, the formation and maintenance

mechanisms of these cloud-top structures are still unclear.
Some scientists have suggested that the vertical wind shear is
the key factor (Setvák et al., 2010, 2013), while others con-
sider them to be caused by other factors, such as stratosphere–
troposphere exchange (Wang, 2007; Wang et al., 2009) or

the wake effect (Fujita, 1982; McCann, 1983). The orbits
of both Aqua/MODIS and CALIPSO (the orbit track is de-
noted by the red line in Fig. 9b) passed through the TPV at
about 0310 LST 9 July, when a “U/V”-shaped structure oc-
curred, with the CALIPSO obit track crossing its DWA and
being vertical to its two cold arms. Figure 11 shows the verti-
cal structure of the total backscatter distribution profile at the
wavelength of 532 nm in the “A”–“B”–“C” districts (Fig. 9).
The TPV in this case showed a multi-layer structure, with the
cloud top up-tilted from north to south and with a maximum
height of 17 km. The “B” region in Fig. 11a corresponds
to the “U/V”-shaped structure. By zooming in, a fountain-
like shape can be seen in the “b” region in Fig. 11b, which
corresponds to the warm area of the “U/V”-shaped structure
observed by MODIS (Fig. 9b). This fountain-like shape has a
maximum height of nearly 15.5 km and a thin feathery cloud
above. It is higher than the two cold arms of the “U/V” (de-
noted as “a” and “c” in Fig. 9b), which are at a height of about
14 km, with the north one covered by a thin feathery cloud.

To further understand its formation, the elements includ-
ing wind, temperature and moisture, are picked out from the
ERA-5 reanalysis data along the obit track of CALIPSO at
0310 LST 9 July. Meanwhile, a diagnostic analysis is made
based on these elements (Fig. 12). As shown in Fig. 12, the
first remarkable feature is that, in the low level of the cloud,
there are several mesoscale positive vorticity columns below
the cloud tops whose centers are concentrated within 700–
500 hPa (Fig. 12a). The maximum cyclonic vorticity column
is under the “U/V”-shaped structure. It also corresponds to a
positive abnormal potential vorticity (PV) area (Fig. 12a). Ac-
cording to the PV theory proposed by Hoskins et al. (1985), a
positive abnormal PV is closely related to the cyclone column
in the lower troposphere. In addition, a positive abnormal
PV is also a sign of stratosphere–troposphere exchange. Nor-
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Fig. 10. Color-enhanced FengYun-2E 10.8-µm infrared satellite images during 0100–0600 LST 9 July 2013
(black arrows show the cold-“ring”- or the cold-U/V-shaped cloud structures).

mally, most PVs in the stratosphere are positive, while PVs in
the troposphere are likely to be negative. Therefore, the loca-
tion of 1.5 PVU is used to define the height of the tropopause
in most studies. The abnormal PV in this study seems to sug-
gest a tropopause folding or stratospheric intrusion around
the “U/V” structure. Due to the significant temperature inver-
sion within the lower stratosphere, pristine ice crystals within
the CWA and DWA enter upward into a warmer environment,
and then radiate at higher temperatures. Hence, the warmer
TBBs appear.

To find out the causes of the tropopause folding or strato-
spheric intrusion around the “U/V” structure, we examine

the formation of this phenomenon from its dynamic field.
Two prominent vertical wind shear zones appeared within the
TPV cloud cluster: one is at the mid-level of the troposphere
within 700–600 hPa; the other is located at the upper level
of the troposphere between 300 and 150 hPa. According to
the wind field structure (Fig. 12b), the shear zone at the mid-
level might be caused by the variations in the wind direction,
while the upper-level one is probably related to the variations
in wind speed. A jet stream appears around 200 hPa to the
north of the “B” region, where the “U/V”-shaped cloud-top
structure emerges. As seen in Fig. 2, this area corresponds
to the right-hand side of the entrance of the westerly upper-



FEBRUARY 2019 SHOU ET AL. 201

B AC

19:15:1519:15:3019:16:0019:16:15

Time (UTC)
19:15:45

A
lt
it
u

d
e

 (
k
m

)

20.0

18.0

16.0

14.0

12.0

10.0

8.0

6.0

4.0

2.0

0.0

103.23oE

35.47oN

102.72oE
33.67oN

102.23oE
31.87oN

T
o

ta
l A

tt
e

n
u

a
te

d
 B

a
c
k
s
c
a

tt
e

r 
5

3
2

n
m

 (
1

0
-2

k
m

-1
 s

r-
1
)

bc a

e d

16.0

15.0

14.0

13.0

12.0

11.0

10.0

9.0

8.0

7.0

6.0

5.0

A
lt
it
u

d
e

(k
m

)

102.64oE

 33.37oN

102.81oE

 33.97oN

102.97oE

 34.57oN

19:15:50 19:15:40 19:15:30

Time (UTC)

bc a

e d

(a)

(b)

9.0

7.0

5.0

3.0

1.0

0.75

0.65

0.55

0.45

0.35

0.25

0.15

0.09

0.07

0.05

0.03

0.01
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level jet (WULJ). As suggested by Zhang and Koch (2000)
and Koch et al. (2005), ageostrophic flow is likely to occur in
this area, which can induce a gravity wave.

To quantitatively estimate the ageostrophic flow near the
TPV in this case, the residual term of the nonlinear balance
equation (∆NBE) (Zhang and Koch, 2000; Zhang, 2004) is
used in this study for diagnosis. The mathematical equation
is

∆NBE = 2
(
∂u
∂x

∂v
∂y
−
∂v
∂x

∂u
∂y

)
−∇2Φ+ f ζ −βu, (3)

where u,v are the zonal and meridional wind; Φ is the poten-
tial height; ∇2 is the Laplace operator; β= ∂ f /∂y; and f and ζ
represent the geostrophic and relative vorticities, respectively.
Usually, a ∆NBE (10−8 s−2) with a non-zero value suggests
an imbalance in the flow fields (Shou et al., 2003).

As shown in Fig. 12b, the non-zero ∆NBE areas are
mainly located in the upper-level troposphere, correspond-
ing to the upper-level vertical wind shear zone with a max-
imum around the “B” region. This feature supports the the-
ory that the right-hand side of the entrance of a jet stream
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Fig. 12. Vertical distributions of the (a) positive relative vorticity (color shading; units: 10−5 s−1) and PV (black solid
lines; units: PVU; 1 PVU = 10−6 m2 K s−1 kg−1) and (b) strong wind area (> 20 m s−1 shaded), horizontal wind profiles
(black wind barbs whereas a full barb is 5 m s−1), vertical wind shear (∂|V |/∂p; gray lines represent the down-shear
area; units: 10−2 m s−1 pa−1), and the residual term of the nonlinear balance equation ∆NBE (blue lines; units: 10−8

s−2) along the CALIPSO obit track at 0310 LST 9 July 2013. Black shading indicates the terrain; “A”, “B” and “C”,
and “a”, “b” and “c”, as in Fig. 11, correspond to the locations shown in Fig. 9b.

is favorable for inducing ageostrophic flows. Moreover, the
large non-zero ∆NBE area around the “B” region also corre-
sponds to the positive abnormal PV region, suggesting a key
role played by geostrophic flow in inducing the tropopause
folding.

5. Summary
Multispectral data from various low-Earth orbit and geo-

stationary satellites, including FengYun-2E, Aqua/MODIS
and CALIPSO, and a high spatiotemporal resolution reanaly-
sis dataset are utilized in this paper. A TPV associated with a
severe rainstorm, which occurred in the mid-west of Sichuan
Province during 8–11 July 2013, is analyzed. Furthermore,
the characteristics of the multi-spectral TBB and TPV cloud
top are investigated in detail. Lastly, their correlations with
the TPV intensity and inner structural changes are explored.
The main conclusions are as follows:

(1) The convective or penetrating-convective cloud area
fraction within a 2.5◦ radius away from the center of the
TPV is positively correlated to the TPV intensity. Also, the
changes in the cold-cloud-top areas are 2–4 h ahead of the in-
tensity variation. By contrast, the convective cloud-top area
fraction (penetrating-convective-cloud area fraction) is much
better at indicating the TPV intensification (weakening).

(2) The TPV intensity is also sensitive to the variations
in cloud-top phases, optical depth and particle sizes. With
the TPV intensification, the TPV cloud top changes from a
warm, low-level water cloud to a cold, high-level thick ice
cloud, with some parts penetrating the tropopause. Gener-
ally, the more intense the TPV is, the thicker and higher the
cloud will be. When the TPV is in the maturation stage, the

cloud-top height changes are smaller, while the particle size
varies notably. It is found that an enhancement of rainfall is
accompanied by an increase in small ice crystal particles at
the cloud top.

(3) In addition, in the TPV’s maturation stage, when it is
coupled with an SWV, some cold “U/V”- and “ring”-shaped
cloud-top structures are observed in the north and southeast
part of the TPV, which are related to the upward motion of
the low levels. Considering the formation mechanisms, these
structures may be related to tropopause folding, which is
partly induced by the intensification of ageostrophic flows.
Also, the ageostrophic flows are caused by the vertical wind
shear at the upper levels of the troposphere.

Although the present study is based on just one TPV case,
some valuable information about the formation and main-
tenance mechanisms of TPVs can nonetheless be obtained
by recognizing the cloud-top features revealed by high spa-
tiotemporal resolution observations. Some findings, such as
the correlation between the vortex intensity and the cloud
morphological features, the BTDs, and the mechanism of the
tropopause folding in inducing the “U/V”-shaped or “ring”-
shaped cloud-top structures, are absent in previous TPV
studies by means of traditional observations. Moreover, it
is found that, although the “U/V”-shaped or “ring”-shaped
cloud-top structures can indicate storm severity, they sug-
gest that the cloud infrared temperature and the cloud height
may not simply maintain a functional relationship. Therefore,
those who construct their forecasting models or make quanti-
tative precipitation estimations simply based on infrared tem-
perature should be aware of this situation. In a forthcoming
study, we plan to use a numerical model and more observa-
tions, including the new-generation geostationary satellites
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FengYun-4 and Himwari-8/9, to determine the quantitative
relationship between the cloud-top features and TPV inten-
sity.
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