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Abstract
Jumping cirrus (JC) is a cirriform cloud which literally jumps up from the top of anvil clouds of deep
convective storms. Previous studies using numerical simulations show that JC occurs by the breaking
of gravity waves which are propagated by overshooting cloud tops. Some observational research
indicates that the air above the severe thunderstorms involving the overshooting tops are moistened.
Thus, it is estimated that the JC generated by the overshooting convection can transport the water
vapor above the anvil. Since even the small amount of stratospheric water vapor has impact on the
global climate system, it is essential to understand the JC as a potential source of water vapor in the
stratosphere.
A problem is that there have been hardly observational studies, and even the fundamental
characteristics of JC are not sufficiently understood. This is mainly because observational method of
JC is very limited. Since JC is optically thin, it is difficult to capture it by space-borne imagers. Spaceborne radars and lidars rarely detect JC and cannot keep track on its development. The aim of this
study is to analyze the multiple JC mainly based on the ground observations and to reveal the
characteristics of JC such as spatiotemporal scales, environmental atmospheric conditions, and the
relation to the precipitation system. This is the first work where the real cases of JC were investigated
in detail from various aspects.

First, 28 cases of JC were found around the Kanto area in Japan during the summer in 2016-18 by the
continual photography with visible light cameras at fixed points, the National Defense Academy and
the summit of Mt. Fuji. Many cases tended to be observed in the mountainside in the afternoon, which
is consistent with the favorable conditions for the cumulonimbus development. This implies that JC is
a ubiquitous phenomenon for deep convection. The morphology of the observed JC showed that JC
appears to transport water vapor atop the anvil through its partial sublimation. In contrast, no JC and
signatures specific to severe thunderstorms were found by the images of visible and IR bands of
Himawari-8.
Second, the spatiotemporal scales of JC and underlying clouds such as height, width, vertical speed,
and duration as well as atmospheric conditions and precipitation were investigated. The averaged
values of those results were compared with the cases of JC reproduced by a three-dimensional nonhydrostatic cloud model based on a supercell thunderstorm. The sounding data by radiosonde showed
that our cases had a smaller value of CAPE (727.1 J kg−1) and wind shear (−1.2 m s−1 km−1) above the
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anvil. Correspondingly, all of our cases of JC occurred from relatively smaller single cell or multi cell
thunderstorms compared with the model case. In contrast, the parameters of JC, such as height (1.3
km), vertical speed (9.4 m s−1), and duration (12.5 min) showed the consistent values with the model
case. Therefore, it is found that JC can occur even from weaker convections and its parameters do not
depend on the parameters of underlying convection. To explore the factors affecting the formation of
JC, correlations for all the parameters of JC, overshooting top, and the environment were calculated,
resulting in no strong correlations.
Third, the water vapor transportation and the hydration of the lower stratosphere were inspected.
Comparison of the altitude of top of JC with the one of tropopause indicated that 6 cases entered the
lower stratosphere. However, the brightness temperature difference between the water vapor
absorption band (6.2 µm) and the thermal IR band (10.4 µm) of Himawari-8 showed that no hydration
of lower stratosphere was detected. This is because the temperature gradient or the amount of water
vapor above the anvil was small, and thus, the water vapor was not detected by the satellite. In addition,
it is possible that water vapor was just lifted up within the upper troposphere when the anvil top did
not reach the tropopause. Using the calculated height and width of the JC, the volume of JC was
estimated. The ice water content of the stratospheric cirrus cloud is also estimated to be 0.2-0.8 mg
m−3 in a previous study. By multiplying them, the amount of water vapor transported above the anvil
was 2.6-10.5 tons per one event of JC in this study on average.
Finally, the rain rate at the ground estimated by the C-band Doppler radar, the X-band MP radar, and
the phased array weather radar showed that the storm generating the JC tended to be accompanied by
heavy rain of over 100 mm h-1 for 18 cases and 50 mm h-1 for all the cases. The time variation of rain
rate at the ground was also examined but the relation between the JC and the severe weather were not
found as the peak of the rain rates and the emergence of the JC showed no significant relation. The
volume scan by the X-band radars could not measure the JC due to its composition of small ice
particles.
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1. Introduction
1.1. Overview of jumping cirrus and other cloud top features

Jumping cirrus (JC) is a type of cirriform clouds which literally jumps up from the top of anvil clouds
of deep convective storms (Figure 1). In an old study, Fujita (1974) mentioned JC phenomena observed
by aerial photography in 1972, which may be the first report of JC. The principal motivation of his
work was to investigate the characteristics of overshooting top (OT) of severe thunderstorms, which
is also called overshooting turret or overshooting dome depending on its scale. During the study of
OTs, JC phenomena were incidentally found to be accompanied by the OTs. According to his statement,
“There were considerable cirrus clouds in the stratosphere above relatively old anvil clouds with
active domes. Fly-by observations revealed that the stratospheric cirrus clouds originate when
overshooting turrets or domes collapse rather rapidly. During such a collapsing stage, cirrus clouds
literally jump up 5,000 to 10,000 ft beyond the anvil surface.” In his later work (Fujita, 1982), he
reviewed the observations and mentioned the stratospheric cirrus clouds again, saying that “one of the
most striking features seen repeatedly above the anvil top is the formation of the cirrus cloud which
jumps upward from behind the overshooting dome as it collapses violently into the anvil cloud.” At
that time, he just gave expressions to the phenomena as “stratospheric cirrus cloud” or simply, “cirrus
cloud (in the stratosphere).” Because of the jumping motion, the term “jumping cirrus” has come into
usage later at least by Fujita (1989), where the same observation research was repeatedly mentioned.
Summarizing his studies, JC frequently occurs at the top of anvil of matured deep convective clouds
in the wake of OTs when they sink into the anvil clouds. This is the only definition of JC at present
although it is not fixed.

Associated with the JC, note that there is another type of stratospheric cirrus cloud observed above
anvil. It is named “above-anvil cirrus plume (AACP),” which is also called “anvil sheet plume”, or
simply “plume cloud.” The AACP is a kind of cirrus clouds which extends downwind from near the
OT above anvil and spreads extensively like a chimney plume (Figure 1), although the AACP does not
also have a clear definition similarly to the JC. AACPs are easily detectable by the visible, nearinfrared (NIR), and infrared (IR) bands of satellite imagers. In visible bands, the AACPs are captured
especially in the early morning or later afternoon when they cast a shadow on the

underlying anvil due to the low elevation angle of the sun. In IR bands, the AACP
typically shows the warmer brightness temperature (Tbb) than the underlying anvil

because the Tbb is usually adjusted to the ambient air in the lower stratosphere (LS)
which is warmer than the cold anvil top in the upper troposphere (UT). For example,

Setvák and Doswell (1991) demonstrated that AACPs were detected in Europe by the Advanced Very
1

High Resolution Radiometer (AVHRR) aboard the polar orbiting satellite operated by the National
Oceanic and Atmospheric Administration (NOAA) with the channel 2 (0.725-1.1 µm), channel 3
(3.55-3.93 µm), and channel 4 (10.3-11.3 µm) whose horizontal resolution is 1.1 km at nadir. They
also showed that a case of AACP was accompanied by a severe thunderstorm characterized by hail
reports at the surface and a V-shaped signature on the cloud top; the latter is also as known as the
enhanced-V (McCann, 1983). Levizzani and Setvák (1996) also used the AVHRR and gave more
examples of AACPs. They stated that the AACP was 1-3 km above the anvil and had high reflectivity
in the NIR band (channel 3) possibly due to the small ice particles. Bedka et al. (2018) utilized the
Geostationary Operational Environmental Satellite (GOES) to detect AACPs with 0.5 km per pixel
0.64-µm visible band and 2 km per pixel 10.3-µm IR band (GOES-16) as well as 1 km per pixel 0.65µm visible band and 4 km per pixel 10.7-µm IR band (GOES-14). They also investigated the statistical
relation between the AACP formation and the severe weather by examining the ground-based Doppler
radars, lightning observations, and severe weather reports. They claimed that the AACPs usually form
above the intense deep convection accompanied with a high cloud top, strong updraft, and significant
lightning. The aircraft observation by Fujita (1974 and 1982) also reported an AACP-like elongated
cloud seen from the side, which was referred to as a stratospheric cirrus cloud or “a long trail of cirrus.”
He stated that the elongated cloud was the old cirrus produced by the OTs which had already collapsed.
It means that after JC jumps, the front of JC elongates and forms the long-trail cirrus like an AACP.
However, he did not describe the process how the JC converted to the elongated shape; hence it is not
clear whether the AACP-like elongated cloud observed by aircraft and the AACP observed by the
satellites are the same phenomena. Some studies also estimated that the multiple injection of the JC
into the LS creates the AACP (e.g., Wang et al., 2011 and Homeyer et al., 2017). However, the
mechanism of the AACP formation is still under discussions at present.

Unlike the AACPs, there have been few observations of JC partly because of its small optical thickness.
Space-borne imagers cannot identify JC since they do not have vertical information and adequate
sensitivity for the thin optical thickness of JC. There are only a small number of reports where JC
phenomena were observed by a space-borne radar and lidar. For instance, Setvák et al. (2013) and
Wang et al. (2016) utilized the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) to record JC
phenomena. Wang et al. (2011) also showed the case where the space-borne cloud profiling radar
(CPR) on the polar orbiting satellite CloudSat, whose wavelength is 94 GHz (W-band), could detect a
JC phenomenon as about −20 dBZ of radar reflectivity in the vertical cross section of deep convective
storms. It implies that the JC was composed of tiny ice particles. A morphological difference to
discriminate JC from AACPs is that observing the process of jumping motion is essential to the JC,
while the AACPs do not confine the formation process. However, those instruments aboard the polar
2

orbiting satellites cannot record the evolution of JC phenomena (jumping motion) successively. Thus,
it is uncertain whether the instantaneous snapshots by those instruments really indicated JC. It is also
difficult to capture JC phenomena just at the right moment although space-borne instruments are useful
for the global observation. Only the aircraft observation by Fujita and the ground-based observation
by Wang et al. (2009) clearly recorded the process of jumping motion. In their studies, however, there
were no observation-based quantitative analyses for the height, speed, and duration of the JC.

Figure 1. Schematic diagram of jumping cirrus (JC) and above anvil cirrus plume (AACP). Blue
arrows denote the directions of cloud motions, and double-headed arrows illustrate up-down motions
of overshooting tops. A red dotted line denotes the tropopause or the top of inversion layer where the
upward buoyancy is suppressed due to the negative lapse rate above.
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1.2. Mechanism of jumping cirrus

The main concerns of JC are how it can propagate at the cloud top of severe thunderstorms and how
it impacts on the environment. Due to the difficulty of the observation of JC, the numerical simulations
are the effective way to explore the mechanisms of JC. According to the numerical model studies, it
is estimated that JC is generated through the diabatic process, that is, internal gravity wave breaking.

For example, Wang (2003, 2004, 2007) and Wang et al. (2011) simulated a supercell thunderstorm by
a three-dimensional, quasi-compressible, time-dependent, non-hydrostatic primitive-equation cloud
model, named the Wisconsin Dynamical/Microphysical Model (WISCDYMM) to show that the JC
phenomena as described by Fujita (1974, 1982) could be reproduced under the favorable conditions.
The simulation was based on a real case of severe thunderstorm occurred in the Midwest of the US in
August. The model successfully visualized the morphology of JC in the field of relative humidity with
respect to ice and mixing ratio of water vapor on the background of potential temperature field. They
stated that the curved contour of the potential temperature along the shape of the JC is the evidence of
the gravity wave breaking at the anvil top. Also, a part of the JC penetrates the contours of potential
temperature, which implies a diabatic process where the temperature of JC changes by exchanging
energy with its surroundings. Hassim and Lane (2010) used the weather research and forecasting
(WRF) model to simulate overshooting convection in the tropical tropopause layer (TTL). They
suggested that JC phenomena were induced by the collapses of the overshooting turrets and the
resulting TTL mixing. They also said that the LS beyond the upper limit of the TTL was moistened by
the JC rather than the injections of overshooting turrets. Sang et al. (2018) utilized a cloud-resolving
large eddy model to show that a gravity wave breaking occurred from an overshooting convection
moistened the LS through a sublimation of ice particles near the tropopause. They also claimed that
the vertical wind shear near tropopause influenced the gravity wave breaking rather than OTs.
Homeyer et al. (2017) reproduced tropopause-penetrating convection in the US by the WRF to show
that the frequent gravity wave breaking is the primary cause of the stratospheric plume formation.
They also indicated that the strong updraft and vertical wind shear above the anvil are significant
factors of gravity wave breaking occurrence by investigating the relation between cloud top features
observed by space borne imagers and the reanalysis data of atmosphere, ERA-interim.
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1.3. Impact and significance of jumping cirrus

Originally, some research on deep convection has focused on weather severity as precipitation systems
which sometimes cause disastrous damages to the ground through heavy rain, hail, strong wind,
lightning, and so on. Cloud top features are one of the aspects of deep convective clouds which has
been focused on as indicators of those severe weather systems. According to Bedka et al. (2018), the
AACPs can be helpful for forecasters to predict the emergence of the severe weather because the
AACPs occurred about 30 minutes prior to severe weather events, including the hails, lightnings, and
tornadoes.

Another important aspect of deep convection is the mechanisms to control the water vapor in the
stratosphere. It is well known that even the small amount of the stratospheric water vapor impacts the
global climate system. For instance, Solomom et al. (2010) reported that the decadal change of the
stratospheric water vapor content influences the rate of global warming and the decrease of the
stratospheric water vapor after 2000 lead to the warming trend of surface and the cooling trend of the
stratosphere. Thus, it is important to understand the origins of stratospheric water vapor. A primary
source of the stratospheric water vapor is slow large-scale ascent of the tropospheric air through the
TTL (Brewer, 1949) within which the dehydration process is a key to control the stratospheric water
vapor content (Fueglistaler et al., 2009). Besides, methane oxidation also affects the stratospheric
water vapor concentration (Wuebbles and Hayhoe, 2002). On the other hand, the cloud top features
such as the JC and AACP have been noticed as a distinct indicator of the cross-tropopause transport
of water vapor by the deep convection and the increase of water vapor in the stratosphere. If the anvil
top reaches the tropopause, JC can be injected into the LS and AACP can exist in the LS because JC
and AACP occur above the anvil top, and thus, the study of JC is expected to contribute to more
accurate climate prediction as a possible mechanism to impact the stratospheric water vapor budget.
Dessler et al. (2016) showed that two chemistry-climate models predict the increase of the
stratospheric water vapor by ~1 ppmv over the 21st century and 20-50% of the increase can be
explained by the evaporation of ice lofted into the TTL and LS through deep convection.

Some observational research also suggests that the LS above thunderstorms is moist. For example,
Danielsen (1993) performed an in-situ observation and found overshooting turrets that penetrated deep
enough to enter the tropical LS, implying the irreversible mass transportation. Neilsen et al. (2007)
also found solid particles in the tropical LS which may be originated from deep convective events at
200 km distant place. The implications of possible water transportation by deep convection is not only
in the tropics, but also in the mid-latitudes. Iwasaki et al. (2010) suggested that one event of OT could
lift 100 tons of water into the LS. Setvák et al. (2008) showed that the air in the LS above deep
5

convective clouds was moistened by calculating brightness temperature difference (BTD) between the
Tbb of the IR band (10.8 µm) and that of the water vapor absorption band (6.2 µm) of the Meteosat
Second Generation Spinning Enhanced Visible and Infrared Imager. Those studies do not specify the
cloud top mechanisms such as OT and JC which may transport water vapor from the UT to the LS.
However, since it is thought that OTs sink shortly afterward and do not hydrate the LS, the mechanism
to transport water vapor can be the JC. Iwasaki et al. (2015) showed a case of stratospheric cirrus cloud
at higher altitude than the cold point tropopause in the tropics using the CALIOP and indicated that
the cloud is a JC phenomenon whose mode radius and ice water content were 4-10 µm and 0.2-0.8 mg
m−3, respectively, and the JC was created by a significant wind shear. Based on the model simulations,
Wang et al. (2003) estimated that the amount of water vapor transported by rapid injection of JC is 3
tons per second with one typical deep convective storm cell. Simply assuming that there are about
2000 thunderstorms globally at a certain instance, whose properties are assumed to be almost same,
the total amount is about half a billion tons per day. Moreover, some cloud top photography shows
that JC appears to partly evaporate above the anvil after drifting for a certain period of time (e.g. Fujita
1974, 1982, and Wang et al. 2009). It may be a visual evidence that JC can transport water vapor atop
the anvil directly and/or through a sublimation of ice cloud particles. Thus, recently, the relation
between the LS moisture and JC is discussed as JC is likely to contribute to the increase of total amount
of stratospheric water vapor, although what part of deep convective storms affects the moisture in the
LS is not still understood.
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1.4. Goals of this study

As mentioned above, our knowledge of the physical characteristics of real JC is not sufficient partly
because of the less observational studies in contrast to the progress of the model studies. Thus, the
aims of this study are not only to verify the already-existing hypothesis such as the morphology of JC
and the gravity-wave breaking theory, but also to add a new insight about the JC from various
perspectives such as the spatiotemporal scales of JC and environmental conditions. To understand
furthermore about JC, this study focuses on observation-based analyses of multiple cases of JC mainly
using the ground-based visible cameras. Besides, in order to analyze the parameters of JC which is
difficult to observe, it is effective to combine the data from various instruments representing different
physical characteristics. In this study, I utilized the satellite, radiosonde, and ground weather radar
observations. Specifically, the goals of this study are as follows. First, quantify the spatiotemporal
scales of JC to understand the transportation of cloud materials via JC phenomena. Second, examine
the atmospheric environmental conditions to understand the cause of JC. Third, investigate the process
of the development of JC, and its relation to the precipitation to explore the possibilities of disaster
prevention.

Chapter 2 describes the specification and detailed characteristics of the instruments and the data
utilized in this study. Especially, the observation method using the ground-based visible light cameras
is elaborated. Chapter 3 explains how to process the data for analyses by exemplifying some real case
studies of JCs from our observations. Chapter 4 shows the results of the analyses for all the cases of
observed JCs and discuss the overall trend of our cases. Finally, the conclusion is stated in Chapter 5.
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2. Instruments
2.1. Ground-based cameras

Visible light cameras placed on the ground were utilized to observe deep convective clouds and detect
JC phenomena. Their advantage for observation is that they can record the consecutive change of
horizontal and vertical development of clouds with relatively small cost and very high temporal
resolution which is more than 1 pictures per second.

In this study, two types of combinations of visible light cameras and lenses were used. The
combination 1 consisted of a camera with a 1/2.3-inch complementary metal-oxide-semiconductor
(CMOS) sensor and 10 megapixels (MP). Its dimensions are 36 mm height × 36 mm width × 77 mm
length including a lens. The combination 2 was composed of a camera with a 1/1.2-inch CMOS sensor
and 2.3 MP, and the dimensions are 29 mm height × 44 mm width × 90 mm length including a lens.
The cameras and lenses are products of the Imaging Source GmbH (Bremen, Germany) and the VS
Technology Corp. (Tokyo, Japan), respectively. The specifications of the cameras and lenses for each
combination are listed in Table 1. Note that the focal length and the angle of view of the lenses in
Table 1 are the converted values corresponding to the sensor size of each camera. Considering these
specifications, the angular resolution of each combination is about 7.5 × 10−3 ° per pixel and 1.5 ×
10−2 ° per pixel, respectively. They correspond to an error in the order of 10 m and 20 m at 100 km
distant places, respectively. The camera of the combination 2 has larger pixels and a coarser resolution
than that of the combination 1. Assuming the 15-km height cloud, we can observe it even from about
250 km away at the most. The more detailed discussions about errors are shown in Appendix A.

Table 1. The specifications of the cameras and lenses. The numbers in parentheses for the “Focal length”
are the catalog specification corresponding to a camera with a common 35-mm sensor.

Combination
1

Combination
2

Camera: DMK24UJ003

Lens: VS-1214H1

Sensor

1/2.3-inch CMOS

Focal length

12 mm (32 mm)

Definition

3856 × 2764 (10MP)

Angle of view

29.9 × 21.7°

Gradation

8 bits (black & white)

Distortion rate

−0.52%

Pixel size

1.67 × 1.67 µm

Camera: DMK33GX249e

Lens: VS-2514H1

Sensor

1/1.2-inch CMOS

Focal length

25 mm (68 mm)

Definition

1920 × 1200 (2.3MP)

Angle of view

25.4 × 16.0°

Gradation

8 bits (black & white)

Distortion rate

−0.60%

Pixel size

5.86 × 5.86 µm
8

The primary reason for adopting these cameras is that they employ electronic shutters. The mechanical
shutters are not suitable for extended observation periods because they are in general much more
vulnerable to mechanical damages due to a large number of image captures (open-close motions). For
example, the limit of the number of shutter motions is said to be about 0.2 million even for a high-end
camera with a resistant mechanical shutter. It is equivalent to only 48 days for the observation
frequency in this study (noted in the later paragraph of this section). The cameras also have a benefit
of the availability of a computer software, named IC Capture, to manipulate the detailed behaviors of
the cameras, such as time-lapse rate (observation frequency), exposure, and brightness. Besides, those
settings can be automatically changed through the software depending on the time. This is useful
because visible light cameras are commonly affected by the available light changing diurnally. In
addition, the recorded photographs are easily stored, accessed, and processed in computers via the
internet, while normal cameras need a physical access via portable memory devices.
In total, nine combinations of cameras and lenses were prepared; six were used for the “combination
1” and the rest of three were used for the “combination 2.” Note that the combination 2 have been
introduced since 2017. Each camera was set inside the housing box mounted on a firm platform to be
protected from severe weathers, such as strong wind, low temperature, high humidity, and precipitation
(Figure 2a). Besides, they were grouped into three camera sets which were composed of three
combinations of cameras and lenses for panoramic observations. Each camera set had about 70-90° of
view angles (Figure 2b). The camera sets were installed at two different places; the National Defense
Academy (NDA), Kanagawa, Japan (35.26 °N, 139.72 °E, 100 m above sea level (ASL)), and the
summit of Mt. Fuji (the Mt. Fuji Weather Station), Shizuoka, Japan (35.36 °N, 138.73 °E, 3,776 m
ASL), so that their scopes overlapped. By observing the same clouds from two places, we can
determine the exact location and size of the clouds, which is as known as the stereo analysis. Since the
NDA is located at a relatively higher place and not surrounded by high buildings, it is suitable for
observations of clouds. However, the atmosphere near the surface is within a convective mixed layer
and the sight is easily affected by the low-level clouds and hazy air. In contrast, the top of Mt. Fuji
whose altitude is 3,776 m ASL is located in the free atmosphere. Thus, the view from Mt. Fuji is
theoretically less interrupted at least by nearby obstacles in the lower altitude, and it is more suitable
for the cloud observation to see farther places in a horizontal direction. As a result, the photographs
taken at Mt. Fuji had relatively clear sight on clear days compared to the ones at the NDA although
they were often interrupted by orographic clouds.
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(a)

(b)

(c)

Figure 2. (a) Examples of paired camera sets. They were installed at Mt. Fuji from July 18 to August
22, 2017. The UV filters were installed between the camera lenses and the front glass of the housing
boxes. To withstand strong winds at the summit of Mt. Fuji, sturdy metallic bases of cameras were
tightly fixed. (b) An example of the panoramic view from three paired cameras at 12:28 JST, July 31,
2016. The field of view of each camera partly overlapped. For better visibility, brightness and contrast
have been adjusted for each photograph. One JC above a single cell cumulonimbus cloud was captured
in the right panel (within the red box). (c) The magnification of the red box in (b).
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Table 2 shows the observation periods and the number of cameras at each place. The observations
were performed mainly during the northern summer in 2016-2018 around Japan, when more deep
convections tend to occur. The Mt. Fuji Weather Station is opened only in July and August. After the
observation at Mt. Fuji was finished, all the cameras were moved to the NDA. Then, the priority of
the observation was shifted to the wider area coverage rather than the stereo analysis.

Table 2. List of observation places and periods with the number of the cameras. Hyphen means that
no cameras were installed for that period. Arrows denote the same setting as above. The observation
sites and the directions for the periods when all the cameras were at work are plotted in Figure 3.
Year

Observation Period
July 1 to 12

National Defense Academy
3 × Combination 1
(1 camera set)

―

↓

3 × Combination 1

July 12 to August 11
2016

(Figure 3a)

↓

August 11 to 18
August 18 to October 12
(Figure 3b)

(Figure 3c)

(2 camera sets)

September 1 to 27
(Figure 3d)

Move to NDA

―
6 × Combination 1

―

(2 camera sets)

3 × Combination 2

↓

(1 camera set)
↓

August 22 to September 1

2017

(1 camera set)

6 × Combination 1

July 18 to 21
July 21 to August 22

Mt. Fuji

Move to NDA

6 × Combination 1
3 × Combination 2

―

(3 camera sets)
3 × Combination 1

September 27 to October 23

3 × Combination 2

―

(2 camera sets)
October 23 to 26

2018

July 9 to October 1
(Figure 3e)

3 × Combination 2
(1 camera sets)

―

6 × Combination 1
3 × Combination 2
(3 camera sets)
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―

(a)

(b)

(c)

(d)

(e)

Figure 3. The observation area for each period. (a) July 12 to August 11, 2016 (b) August 18 to October
12, 2016 (c) July 21 to August 22, 2017 (d) September 1 to 27, 2017 (e) July 9 to October 1, 2018.
The star and triangle symbols denote observation site for each instrument. The yellow and red colored
parts of angles denote the angle of view of each camera set of combination 1. The blue one is the same
but combination2. The orange and green colored angles depict the overlapped area of fields of view
of two camera sets.
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Photographs were taken every 15 seconds in the daytime and every 60 seconds in the nighttime. The
normal times to switch the daytime mode and the nighttime mode were 04:00 and 19:00 Japan
Standard Time (JST, Coordinated Universal Time + 9 hours) but not limited to that. Depending on
weather conditions, phase of the moon, and lights from the city, those were sometimes modified. For
example, if it was expected that deep convective clouds could be recorded even at night, photographs
were taken every 15 seconds even later in the night after 19:00. A 15-second time-lapse rate is optimal
not only for obtaining the sufficient quality to observe cloud motions but also for saving the data
storage by reducing the total amount of image data. The data size is about 7 megabytes per one
photograph, resulting in about 260 gigabytes per nine cameras for a day. The main purpose of the
nighttime photography was to record stars. These stars were used to calculate the directions of the
cameras as discussed in Section 3.2. For the photography at night, the settings of aperture and exposure
are required to be different from the daytime photography because it is dark outside. However, it is
inefficient to adjust the aperture mechanically every day in the daytime and nighttime. Thus, the
aperture of each camera was always fully opened. Alternatively, UV filters (TRANSHADE-BS-01
Gray, Tokuyama Corp., Tokyo, Japan) were installed in front of the lenses to avoid over exposure in
the daytime and damages to the sensors. The material of the filters can change its transparency
depending on the amount of UV light it receives so that it works as a substitute of iris. When the filter
is exposed to sunlight, it becomes darker and cuts excessive sunlight. The exposure was also
automatically controlled by the software and adjusted to the environmental lighting conditions, with
the maximum exposure time of 2 seconds to neglect dark noise.
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2.2. Himawari-8

Himawri-8 is the geostationary meteorological satellite operated by the Japan Meteorological Agency.
The Advanced Himawari Imager (AHI) aboard the Himawari-8 has 16 observational bands. Its
horizontal resolution is 0.5 or 1 km in visible bands, 1 or 2 km in NIR bands, and 2 km in IR bands at
nadir. It scans the whole Japan region every 2.5 minutes and the full disk every 10 minutes. The
specifications of Himawari-8 is described in Bessho et al. (2016) in detail. The observation from those
various bands with high spatiotemporal resolution is useful to investigate the state of the Earth
including the surface and the atmosphere. By combining the information from the satellite with the JC
observed by camera, the characteristics of the JC were explored. In this study, I utilized the data from
the bands 3, 8, and 13.

The band 13 whose central wavelength is 10.4 µm is an IR band. Radiation in this wavelength is not
strongly absorbed by the Earth’s atmosphere, known as the “atmospheric window,” and thus, used to
detect the cloud top and the surface in the clear sky. In this study, I utilized this band to identify and
locate the deep convective storms which brought the JC observed by ground-based cameras.

The band 8 is also an IR band but it is particularly referred to as a water vapor absorption band whose
central wavelength is 6.2 µm. It is used to detect the water vapor layer in the atmosphere because the
layer is literally opaque to this band and the Tbb from this band shows the temperature in the ambient
air where the layer exists. If water vapor content is sufficient to be detected by the imager, the altitude
of water vapor layer can be estimated.

The band 3 is a visible band whose central wavelength is 0.64 µm. Its high horizontal resolution of
0.5 km is suitable to resolve the cloud top features with high quality. In this study, it was only utilized
to investigate the visual appearance of clouds. Considering the thin optical thickness of the JC, it is
difficult to visualize the JC by the AHI including this band.

Note that the positions of higher altitude cloud top projected on the satellite images are more or less
shifted from the true locations due to the satellite parallax except for data at the surface and at nadir
(e.g., Figure 1 of Iwasaki et al., 2015). To fix this gap, all the information of location about the cloud
top were corrected assuming a height of clouds was 13 km for simplicity.
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2.3. Radiosonde

Radiosonde is also one of the most important sources of the information about atmospheric conditions.
The sensor to measure the vertical profiles of the atmospheric parameters such as temperature,
humidity, and pressure are loaded on a balloon and launched once or twice a day across the world. In
this study, the environmental atmospheric conditions when JC occurred were investigated from the
radiosonde launched at Tateno (36.06 °N, 140.13 °E). The cases of JC which occurred before 15:00
were investigated by the data at 09:00, and the ones after 15:00 were investigated by the data at 21:00.

2.4. Ground-based weather radars

To inspect the characteristics of the precipitation from the deep convections causing the JC, two types
of X-band multiparameter (MP) radars were utilized. Compared to the C-band, the X-band has
relatively higher resolution and observation frequency because of its shorter wavelength. In contrast,
the observation range of the X-band radar is smaller and it is easier to be attenuated by heavy rain. To
make up these demerits, the X-band radars are densely located in a specific area. With the MP function,
the oblateness of raindrops are obtained, which contributes to the accurate estimation of rain rate and
hence faster data processing without a correction by the rain gauge data.

One of the X-band MP radars used in this study is the extended radar information network (XRAIN)
operated by the Ministry of Land, Infrastructure, Transport and Tourism, Japan. The XRAIN consists
of 39 radar sites across Japan and mainly covers urban areas. The main specifications are 9.7 GHz
frequency, 60 km observation range with 150 m range resolution, and 1.2° azimuthal resolution. The
cases of JC around the Kanto region in this study were within the observation range covered by five
XRAIN sites: Saitama (35.89 °N, 139.63 °E), Shinyokohama (35.51 °N, 139.60 °E), Funabashi
(35.70 °N, 140.01 °E), Yattajima (36.27 °N, 139.20 °E), and Ujiie (36.68 °N, 139.95 °E). In addition,
data from other four sites on the circumference of the Kanto were also complementarily investigated:
Fujinomiya (35.24 °N, 138.62 °E), Mizuhashi (36.71 °N, 137.28 °E), Nakanokuchi (37.63 °N,
138.92 °E), and Tamura (37.43 °N, 140.57 °E).

Another is the phased array weather radar (PAWR) (Takahashi et al., 2019). It has 9.4 GHz frequency
and 60 km observation range with a better range resolution of 100 m. The number of the PAWR is six
in Japan: Suita, Kobe, Okinawa, Tsukuba, Chiba, and Saitama. Only the one at the Saitama site
(35.86 °N, 139.61 °E) has the MP function. The most distinct feature of the PAWR is the temporal
resolution of volume scan. Particularly, the PAWR takes a volume scan every 30 seconds with 100step elevation angles, which is useful to continuously observe the vertical and internal structure of
15

deep convective clouds that changes in the order of minutes, while the XRAIN does every 5 minutes
with 20-step elevations.

In some cases, X-band radars could not measure the precipitation from the cumulonimbus clouds
observed by cameras because the clouds were out of range of any X-band radars or microwaves from
the radars were interrupted by mountains (case#10, 11, 12, 15, 18, 19, 22, 27). For those cases, data
from the C-band radar network operated by the JMA was also inspected, which consists of 20 radar
sites all across Japan and whose wave frequency is 5.3 GHz. The C band has longer wavelength and
less attenuated compared to the X-band; hence the observation range per site is large (about 250 km)
compared with that of X-band radars, and the 20 sites covered the whole Japan. In contrast, the
precipitation near the ground cannot be observed at far places due to the curvature of the Earth. The
two kinds of product are offered from the C-band data. One is the echo top height with 2.5 km grid,
whose vertical resolution is 2 km. Another is the precipitation intensity at the ground with 1 km grid,
whose value is corrected with the rain gauge data from the Automated Meteorological Data
Acquisition System (AMeDAS). Both are available every 10 minutes.
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3. Methods
This chapter explains the methods to analyze the data observed by the instruments described in Chapter
2. In each subsection, the most typical case of JC which occurred near Kanuma, Tochigi on August 4,
2016 are exemplified. See the Appendix D for all of the photographs of JC observed in this study.
Total results including all the cases are discussed in Chapter 4.

3.1. Case detection of jumping cirrus

The total number of the photographs from the three-year (about 270 days only in the summer)
observations is about 9 million. I scrutinized all the photographs to find out JC phenomena from the
combined time-lapse movies. Because JC does not still have a fixed definition, two criteria to detect
the JC were set in this study. They are based on empirical classification and the relevant morphological
facts described in the previous studies as mentioned in Chapter 1.

Firstly, JC must be preceded by the anvil formation and the OT sinking. Our observation showed that
no low-level clouds created JC. Thus, at the beginning of the analyses, this criterion excluded the weak
convections which did not involve the OTs and anvil clouds at least from the perspective of the visual
appearance by the cameras. This is also favorable for this study where the significance and the
motivation of the JC study was partly placed on the relation to deep convection and resulting severe
weathers. Note that it does not mean to conclude that JC do not occur from weak convections even
though the many previous studies only mention that JCs occur at the cloud top of severe thunderstorms.
No one can tell whether the mechanism of JC could happen at the low-level cloud top since it is not
understood. Besides, the anvil and OT formations are easy to notice. Thus, this criterion is also helpful
to detect the JC.

Secondly, JC must remain above the anvil for a while and look to disappear without sinking into the
anvil cloud. Whether JC were detached from the anvil after jumping was not essential although all the
cases in this study showed that JC’s foot stayed attached to the anvil while its front were extending.
The cloud sinking immediately is thought to be a part of the adiabatic process of an OT or a turret of
an immature convective cloud, which is against the estimated diabatic mechanism of JC. I was
especially cautious about this criterion because the rising motion of developing clouds was similar to
the jumping motion of JC (Figure 4). In Figure 4, the development of a case of confusing non-JC is
illustrated within the black circles. The shape of the case in Figures 4c-d looks like a JC phenomenon.
However, Figures 4a and b show that it is just a collapsing turret of an immature low-level cloud.
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Associated with the water vapor transportation, the clouds which forms by condensation or deposition
of water vapor originally existing above the anvil were also excluded, though they were rarely
observed. This type is distinguishable as the cloud appears to start to form from the top to the bottom.

Figure 4. An example of the confusing motion of clouds which is similar to JC. It occurred on July 14,
2016. The location of the cloud was not investigated. The (c)-(f) look similar to JC, but it was not
judged to be JC because (a)-(b) reveal that it was just a disappearing cloud turret of a developing
cumulous cloud.
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Figures 5 and 6 are the examples of JCs observed by a camera. In Figure 5, the criteria mentioned
above is well illustrated as follows.
(a) A snapshot when the cumulonimbus (Cb) started to develop.
(b) The Cb reached the level of neutral buoyancy and the anvil started to extend.
(c) The OT rose to the highest altitude.
(d) After the OT sink into the anvil, JC occurred.
(e) The JC flew westward along the environmental wind. In addition, the second JC jumped.

Figure 5. Examples of photographs of JC and an underlying deep convection in the series of the
development observed from the NDA. They occurred near Kanuma, Tochigi, at around 18:00 JST,
August 4, 2016. For better visibility, the sharpness, brightness, and contrast of the images have been
adjusted. Panels c, d, and e are the magnification of the red box in Panel a. Horizontal and vertical
lines in Figures c and d denotes the elevation and azimuth angles by 1° and 2° increment, respectively.
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Figure 6. The development of the OT and the two JC phenomena (case #8, 9) at the top of anvil from
18:10:03 to 18:30:05 JST on August 4, 2016. Panels are shown for 20 minutes every 30 seconds and
the numbers denote seconds after 18:10:03. Red arrows depict the point of up-down motion of the
OT. Yellow arrows point the advancing front of the JCs.
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Figure 6. (Continued)
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Figure 6. (Continued)
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Figure 6. (Continued)
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3.2. Measurements of jumping cirrus

The temporal scales were examined by the time lapse movies made by the successive photographs.
The time series of the development of the deep convective storms from which the JC occurred were
investigated based on the example of Figures 5 and 6 by keeping track of the times when
(1) the convective clouds started to evolve,
(2) the cloud top reached the level of neutral buoyancy and the anvil cloud started to expand,
(3) the OT started to rise, reached the highest altitude, and sank into the anvil top,
(4) the JC started to jump, reached the highest altitude, and completely disappear in cameras’ sight.
The times (4) defines the period of duration of the JC. The difference between the times (3) and (4)
defines the lead time for the JC occurrence after the OT sank. Note that lead time was counted from
when the OT completely sank and vanished. This time information was used to calculate the speed of
vertically and horizontally growing convection, anvil, OT, and JC, as well as to investigate the relation
to the precipitation in radar analyses. The exact times of (1)-(4) above were sometimes not be able to
be determined because other clouds cut across the sight of cameras.

Additionally, the scales of JC such as height, width, and velocity were calculated by the direction and
distance determined by the photographs and the data from the IR band 13 of the AHI.

First, the directions of the JC and the underlying clouds relative to the observation points were required
to be determined. Using the star chart software, Stella Navigator version 10 (Astro Arts Inc., Tokyo,
Japan), the azimuth and elevation angles of several stars in the nighttime photographs were
investigated in terms of the celestial coordinate (Figure 7). By fitting those angles to the pixels of
photographs which were given as x-y numbers in the Cartesian coordinate, the directions of an
arbitrary position in the photograph were determined. The grid lines in Figures 5c and d denote the
azimuth and altitude (elevation) angles which are drawn based on the position of stars that cameras
took at night. The star chart can simulate the whole celestial sphere including stars, planets, satellites,
and the earth’s topography on the horizon for a specific date, time, and observation point. The accuracy
of the angles, such as azimuth and altitude, is 0.1 second of arc. The software is also able to correct
the errors caused by the atmospheric refraction. The more details about the errors are described in the
appendix A.
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(a)

(b)

Figure 7. Comparison of (a) the nighttime photography taking stars and (b) the night sky simulated by

the Stella Navigator ver.10. The stars surrounded by the yellow circle are distinct and used to
calculation of directions.
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Second, the calculation of the distance between the deep convective storms generating the JC and the
observation points were performed. If the JC had been captured by both observation points (Mt. Fuji
and the NDA), the stereo analysis was applicable. However, that was actually not for the reason
described in Section 4.1, and hence the IR band 13 of the AHI were utilized in this study. Figure 8a
shows an example of the Tbb distribution of the IR band 13 around the Kanto area at 18:18 JST on
August 4, 2016, which is the closest time (14 seconds before) to Figure 5d when the JC reached the
highest altitude. In the images of the band 13, the cloud top of deep convective storms is distinct as it
has a colder temperature in the UT. If a cold Tbb area was detected in the direction of azimuth
designated by the gridded photographs (Figure 5d), the deep convective storm causing the JC was
identified on the map. The calculation method of the distance between the two points was based on
the technical report of the Geospatial Information Authority of Japan (2016) and Vincenty (1975).

The problem is that JC itself could not be visualized by the AHI images in this study because the JC
would be optically too thin to be detected with the sensitivity of the AHI. Thus, the correct position of
the JC could not be determined by the AHI. Alternatively, the coldest Tbb point was used as an
estimated JC occurrence point. Moreover, there is a problem referred to as the “elevation parallax” as
shown in Figure 9. With the ground-based camera observation, cameras always look up the cloud top
with a certain elevation angle, and 2D photography by cameras from the single side of the cloud has
a lack of perspective in depth along the line of sight. Therefore, depending on the distance along the
line of sight, the different height of JC can look the same. To address this challenge, a range of
distances between the front and rear edge of anvil clouds along the azimuthal direction defined by
photographs was calculated. The range means the possible minimum and maximum height of the JC
when it occurred at the front and rear edge of the anvil top (denoted as “1” and “3” in Figure 9),
respectively. The edge line of the anvil clouds was empirically set as a 240 K contour of Tbb with the
imagery of IR band 13 because the exact Tbb of the anvil top cannot be determined. The elevation
parallax also implies that the small JC can be seen only near the front edge of anvil clouds seen from
an observation place. It is an important aspect of the limitation of ground-based observations.
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Figure 8. The images by the Himawari-8 at 18:18:09 JST on August 4, 2016 around the Kanto area.
The grid denotes the latitude-longitude coordinate. The star symbol denotes the observation point,
NDA. The arrow points the anvil of the cumulonimbus which lies in the azimuthal direction defined
by the photograph (Figure 3d). (a) The distribution of Tbb observed by the AHI band 13. The color bar
shows Tbb [K]. The radial gray lines from the observation point is azimuth angles by 5° increment.
The white thick line denotes the direction of −3.5° azimuth where JC occurred. (b) The same as Figure
8a but the color bar denotes the albedo observed by visible band 3. The plotted area is magnified
focusing on the cumulonimbus causing the JC. (c) The same as Figure 8a but the color bar denotes the
BTD [K].
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Figure 9. The concept of the elevation parallax. The solid black line shows the line of the sight of
observer (cameras). In a two-dimensional photograph, the apparent height of the JC which occurred
at the front (closest) edge, in the middle range, and at the rear (farthest) edge (numbered as “1,” “2,”
and “3”) would be the same despite that the real height is different. This illusion stems from a lack of
perspective and the line of sight looking up from the lower altitude.

Kobayashi et al. (2019) performed calculations of the cloud top height using elevation angles
determined by a theodolite and distances determined by a first radar echo observed by X-band radars.
Their method requires observers to stay at the observation places and not to miss JC phenomena to
calculate the altitude. Also, cameras have wider field of view than theodolites which prevents
observers from wrongly measuring the cloud top of other turrets. Besides, X-band radars have a limited
range of observation compared to the space-borne imagers to spot the point of clouds. The method in
this study to use stars in the photographs and the imagery by the AHI is thus more suitable for the
cloud observation for larger area and longer periods. Note that it is difficult to obtain robust data of
the elevation angles by both ways of a theodolite and stars in the pictures because the outline of clouds
is visually vague.

By using elevation and azimuthal angles and three types of distances defined by the photographs and
IR images, the altitude and horizontal scales of the anvil, OT, and JC were determined as follows. The
heights of the JC were defined as the difference of the altitudes of JC and anvil tops. The range of the
distances was used only for the calculation of JC height and altitude. Combined with the time
information, the vertical jumping speed of the JC was calculated.
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As Figure 10 illustrates, the height of the cloud top Hc was calculated by the following equation:
ୡ =  +  cos +

 +  sin
−
tan90 −  − 

(1)

where R, Hf, θ, and e are the Earth’s radius (assuming a sphere with averaged radius, i.e., 6371 km),
the height of the observation point, the central angle difference between the observation point and the
cloud point, and the elevation angle, respectively. Provided that D << R, the angle θ can be
approximated by:
=




(2)

where D is the distance between the observation point and the cloud. Note that all of the angles are
radians.

As per Figure 11, the horizontal scale was calculated by the following equation:
ு ~ 

(3)

where the distance between the cloud and observation point is D, and the difference of azimuth angles
between the left and right edge of the cloud from the observation point is φ. This equation is applicable
when φ is sufficiently small. I used Eq. 3 for an estimation of the horizontal scale of all the cases.

In the example case (Figure 5d), the JC occurred in the azimuth of −3.5°. The anvil cloud reached 5.5°
elevation and extended from −13° to 11° at the maximum (not shown). The JC reached 6° elevation.
In Figure 8a, along the azimuthal line of −3.5° (white thick line), the front edge and the rear edge of
240 K contour was at 127.1 and 158.3 km distance from the NDA, respectively. The coldest Tbb within
the cloud top area was 206.6 K at 36.59 °N, 139.72 °E, and 148.0 km from the NDA. Correspondingly,
the calculated altitude of anvil top is 16.1 km and the maximum horizontal length of the anvil was 62
km from the perspective of the NDA cameras. The JC (Figure 5d) jumped at the speed of 15.9 m s−1,
reached maximum height of 17.4 km, drifted westward, and dissipated in about 10 minutes. The more
details about the calculation and the visual appearance are discussed in Section 3.2 and 4.1-4.2,
respectively. Figure 6 depicts the development of the JC with a 30-second time lapse rate to more
clarify the motion of the JC.

To inspect the visual characteristics of the underlying anvil clouds, the images from the visible band
3 of the AHI was also utilized (Figure 8b). Note that visible imagery is affected by the sunlight and it
is not available after the sunset as it is not in this example case occurred at around 18:00 (the time of
sunset was 18:44 on that day). For that reason, the calculation of distance was based on the IR band,
not the visible band.
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For the detection of water vapor in the LS, the BTD method by Fritz and Laszlo (1993) and Schmetz
(1997) were employed. the BTD values were calculated by subtracting the Tbb of the band 13 from the
one of the band 8 for the region where the deep convective clouds existed (Figure 8c).
=

,଼

−

,ଵଷ

(4)

Positive BTD value means that the Tbb of band 8 is higher than the one of band 13. If sufficiently
detectable water vapor exists in the LS where the air temperature is warmer than in the UT, the Tbb of
the water vapor absorption band is higher than that of the anvil top in the UT, and thus, the BTD value
becomes positive.
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Figure 10. The schematic diagram of the calculation of the altitude of the cloud. The distance on the
surface between the observation point and the cloud is D, the elevation angle of the cloud top is e, and
the cloud top height is Hc. The height of the observation point is Hf and the Earth’s radius is R. The
angle θ is the latitude difference between the observation point and the cloud location. Note that the
symbols of the Earth, mountain, and cloud are conceptual expression.

Figure 11. The schematic diagram of the calculation of the horizontal scale of clouds as seen from
above. The horizontal scale of a cloud, LH, is numerically approximated by the arc length where the
radius of the sector is the distance between the cloud and the observation point, D, and the difference
of azimuth angles between the left and right edge of the cloud, φ.
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3.3 Environmental conditions

To examine the environmental atmospheric conditions, the air temperature, wind speed, wind direction,
and the convective available potential energy (CAPE) were obtained from the radiosonde data at
Tateno.

From the vertical profile of the air temperature, the altitude of tropopause was estimated. Two kinds
of definition of the tropopause were used. The first one is based on the temperature lapse rate in the
atmosphere, which is defined by the world meteorological organization and known as lapse rate
tropopause (LRT). The second one is the altitude of the coldest temperature, as known as the cold
point tropopause (CPT). In this study, each case of the JC was judged to enter the LS if the calculated
altitude of JC reached either of the LRT or the CPT.

From the vertical profile of the wind speed, the environmental wind shear for the layer between JC
and an anvil top were calculated. The positive value means that the wind speed is larger in the JC top
altitude than the anvil top. The wind shear is estimated to be an important factor for the gravity wave
breaking (e.g., Homeyer et al., 2017).

The wind direction was utilized to examine the direction of flowing JC. Besides, the CAPE was
inspected as an indicator of updraft strength. Figure 9 shows an example of the sounding results of the
closest time to the photograph (Figure 3).
In the example case, CAPE was 782.3 J kg−1. The wind shear between the altitudes of JC (17.4 km)
and anvil top (16.1km) was 0 m s−1 km−1. This case shows the possible protrusion of the JC into the
LS reaching both of the LRT and the CPT. According to the profile of the wind direction, the easterly
wind was dominant above the anvil. It was consistent with the motion of the JC which was drifting
westward (Figures 5 and 6).

The Richardson number was also calculated at the altitude of the tropopause to investigate the
atmospheric stability for each case. The buoyancy frequency, or the Brunt-Vaisala frequency, N is
given by the following equation:
=

 
 

(5)

where g is gravity acceleration, θ is potential temperature, and z is altitude. Then, Richardson number,
Ri is defined as follows:
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 = (

⁄

)ଶ

(6)

where U is velocity of the wind field. The denominator represents the mechanical or dynamic stability
by wind shear. Then, the Richardson number expresses the ratio of buoyant effect suppressing a
convection to shear effect generating a convection. Generally, when the Richardson number is less
than 0.25, there is a possibility of the Kelvin-Helmholtz instability. In this study, I simply assume two
layers of an incompressible and inviscid fluid for above and below an anvil top of a deep convective
cloud. This analysis is helpful to understand the instability at the anvil cloud top, which may lead to
the cause of JC generation. Note that

Figure 12. The vertical profile of air temperature, wind speed, and direction at Tateno, 21:00 JST,
August 4, 2016. Compared with the case of Figure 3, the time and place of this data are separated by
approximately 3 hours and 65 km from the occurrence of the JC, respectively. The solid and dashed
lines denote the lapse rate tropopause (LRT, 17.4 km) and the cold point tropopause (CPT, 16.8 km).
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3.4 Properties of precipitation

Finally, radar data of C and X bands were utilized to investigate the precipitation properties of the
deep convections generating the JC.

Figure 13 shows the radar echo height and the estimated precipitation intensity at the ground produced
by C-band radar observations at 18:20 on August 4, 2016, which is the closest time to Figure 5d. Both
panels show a well-developed precipitation cell of the JC generating storm. The maximum rain rate at
the moment within the JC generating storm area was 203 mm h−1 which was very severe although the
rain rate by the AMeDAS showed the maximum value of around 50 mm h−1. The maximum echo top
height was 15 km, which was slightly (1.1 km) lower than the anvil top calculated from the photograph
but reasonable to represent the inner precipitation core. The point of maximum values of echo height
and precipitation intensity were different but near the coldest Tbb point in Figure 8a.
Figure 14 also illustrates the rain rate near the ground caused by the same deep convective storm in
Figure 5d, which was observed by a XRAIN radar at 18:19 on the same day. The maximum rain rate
within the cloud area was 197.2 mm h−1, which was consistent with the C-band radar data. Note that
all the data of XRAIN were processed by the median filter to eliminate the large values of more than
200 mm h−1 in this study. Such values are likely wrong data due to the error in processing or the echo
from larger particles except for precipitations. The filter created new grid point values of the polar
coordinate by substituting the original value at each point with a median of values at neighboring five
points in the radial direction.

The relation between the JC and precipitation was also examined by plotting the time variation of the
maximum rain rate for the period of lifetime of the JC generating storms (Figure 15). In order to focus
on the JC storm cell and exclude the values derived from other area, the specific cell was kept track
for its lifetime by identifying it with a timeseries of images of the rain rate distribution by a X-band
radar (as shown as the red box in Figure 14). In this analysis, the abnormal values more than 200 mm
h−1 were removed if they remained even after the process of median filter because the filter cannot
completely eliminate the values when they multiply exist in neighboring points. Such values were
individually investigated and confirmed that it was abnormal. They were distinguishable because they
appeared isolated from ambient values. In those cases, they were replaced by the next largest value by
checking each value in the descending order.
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(a)

(b)

Figure 13. Precipitation observed by C-band radars at 18:20 JST on August 4, 2016. The color bar
denotes (a) radar echo height [km] and (b) precipitation intensity [mm h−1]. The star symbol shows the
camera site of the NDA.
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Figure 14. Precipitation near the ground observed by a XRAIN at Ujiie site, 18:19 JST on August 4,
2016. The color bar denotes precipitation intensity [mm h−1]. The plot area is magnified focusing on
the deep convective storm generating the JC corresponding to Figures 5d, 8, and 13. The star symbol
denotes the radar site. The arrow denotes the coldest Tbb point retrieved by AHI (see Figure 8a). The
red box illustrates the area of a specified precipitation cell to evaluate the time variation of the
maximum rain rate from the identical precipitation cell.
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Figure 15. The time variation of the maximum rain rate from the JC generating storm seen on August
4, 2016 near Kanuma. The data is measured by XRAIN at Ujiie site. The value at 18:19 is
corresponding to the maximum one within the red box in Figure 14.
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4. Results and discussions
In this chapter, results from the analyses in Chapter 3 for all the JC cases are comprehensively
discussed, and partly a certain case is focused as a case study. All the cases are numbered for
identification and listed in Table 3, and those numbers are referred to explain each result. The
terminologies for the resulted values from the analyses are listed in Appendix B.

4.1. Distribution of the jumping cirrus

In total, 28 cases of JC were found based on the visual criteria described in Section 3.1. The numbers
of the cases were 14, 3, and 11 in 2016, 2017, and 2018, respectively. The point I would like to
emphasize is that there would be potentially more JC occurred. In general, cameras could not observe
JC when low-level clouds, local fogs, and local precipitations often interrupted the cameras’ sight.
Inconveniently, those obstacles to the observation frequently arose in the favorable conditions for deep
convective storms. Especially in August 2017, as the 21 successive rainy days were recorded in Tokyo
by the JMA, the Kanto area generally experienced more days of bad weather for visible light cameras,
compared with the other observational years. It caused the less observed JC in 2017. Besides, it is
worthwhile to note that the JC sometimes came about more than once from the same deep convective
cloud.

Figure 16 illustrates the observed area around the Kanto plain with the plots of observation places and
where the JC occurred. Note that the point of coldest Tbb by the AHI IR band was substituted for the
JC occurrence point (see Section 3.2). As per Figure 16, 25 cases were observed in the mountainside.
This is reasonable for the cumulonimbus which forms by the orographic lifting where air parcels are
forced to rise by the terrain. In contrast, only the rest of 3 cases occurred in the plain field. The time
distribution of the occurrence of the 28 JC cases are shown in Figure 17. The 26 cases occurred in the
afternoon, and especially 23 cases occurred during 14:00-19:00 near the mountainside.

A possible explanation for less observed JC in the plain region is that the cloud top of large
cumulonimbus occurred in the plain could not be seen because the plain area is relatively closer to the
observation places. This is due to the above-mentioned “elevation parallax” (Section 3.2). Another
reason is that the peak of cumulonimbus formation is later at dusk in the plain of the Kanto area (Saito
and Kimura, 1998); hence, it tended to be too dark to capture the JC occurred in the plain early at night.
They statistically showed that a peak of the precipitation from deep convections lies in the afternoon
in the Kanto region and the peak moves from the mountainside to the coastlines through 13:00-19:00.
These facts are consistent with the distribution of JC observed in this study. It also suggests that the
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occurrence of the JC and cumulonimbus have consistency, implying that JC is likely to be common
for deep convective storms.

Among the 17 cases in 2016 and 2017, when the observation was conducted both at Mt. Fuji and the
NDA, 9 cases were observed from Mt. Fuji, and the rest of 8 cases from the NDA. As a result,
outcomes of the observations from both places made no significant differences although the
observational period was totally longer in the NDA rather than Mt. Fuji (Table 2). The distance
between those two places is about 90 km. From the perspective of the synoptic scale, weather
conditions would be generally common. However, the local weather in each place is usually different
because of their ambient terrains. Therefore, no convective storms were simultaneously recorded from
both places in this study. Also, I cannot conclude which place is more suitable to observe the cloud
top of severe storms.

The case #17 where the JC occurred at 2:27 after midnight was rare in our observation. Because it was
not expected that JC could be observed, time-lapse rate of photography for this case was 60 seconds
as it was the normal setting at night in this study. The photographs clearly show that the underlying
convective cloud was a single-cell isolated cumulonimbus (Figure 18). Its spatial scale was relatively
smaller than other JC cases, whose anvil top was 12.8 km height, horizontal scale was 10.5 km, and
temperature of the coldest cloud top was 228.1 K. In contrast, a X-band radar recorded heavy rain of
121 mm h−1 near the ground from the storm (Figure 19), and the parameters of the JC which arose
from the cumulonimbus were on the same level with or greater than other cases. It is worth noting that
the duration were about 35 minutes which was the longest of all cases. In the view of cameras, the JC
looked prolonged and elongated like a chimney plume (Figure 18b). Also, intracloud lightnings were
recorded at least 4 times from after the cloud started to develop to before and while the JC occurred
(Figure 18a).
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Figure 16. Observation area and observed JC during the summer of 2016-2018. The cameras were set

at the summit of Mt. Fuji (35.3 °N, 138.7 °E, 3,776 m above sea level) and at the NDA (35.2 °N,

139.7 °E, 100 m above sea level) denoted as white star symbols. The coldest Tbb points of deep
convective storms which generated the JC are plotted as circles with case numbers for the
identification. The three red circles denote where the multiple JC occurred from one convective storm.
For reference, radar sites and radiosonde launch point are also plotted.
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Figure 17. Time distribution of the JC observed during the summer in 2016-2018. All cases are sorted
by the time when the JC occurred.
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Figure 18. The JC and the underlying deep convective cloud which occurred near Tomioka, Gunma
on August 7, 2017. It was observed from Mt. Fuji at the distance of 104.1 km. (a) Intracloud lightning
while the JC elongated. (b) The elongated JC at 16 minutes after it jumped.
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Figure 19. The rain rate near the ground estimated by XRAIN at 02:27 JST on August 7, 2017. The
color bar denotes the precipitation intensity [mm h−1]. The star symbol denotes the location of
Yattajima radar site. The yellow circle shows the location of the deep convective cloud generating the
JC (Figure 18).
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4.2. Appearance of the jumping cirrus

The observation by the cameras demonstrated that all the cases of JC occurred in the developing stage
or dissipating stage of cumulonimbus clouds when an anvil cloud existed in the decaying side while
OTs intermittently occurred several times in the developing side of the clouds. This is consistent with
the statement of Fujita (1974).

The motion and visual appearance of the JC depends on case by case. The direction to which the JC
flew was not necessarily along the environmental wind direction above anvil recorded by a radiosonde.
The primary reason of the inconsistence of the direction was that the JC’s flowing direction was
relative to the underlying storm motion. For instance, when the underlying cloud moves eastward, the
JC looks to flow westward. In this way, even if JC jumped just straight upward, it looks relatively
flowing laterally by the advection of anvil clouds. Besides, the data from radiosonde was not likely to
represent the local state.

Fujita (1974) reported that the JC advanced toward and overtook the overshooting turret against the
environmental wind. Fujita (1989) more clarified this as “the jumping cirrus will drift away from an
overshooting area if the above-anvil winds are faster than the translational speed of the overshooting
area. If not, the jumping cirrus moves back towards the overshooting area, which will be covered with
a thin or thick veil of stratospheric cirrus.” In this study, there were no cases where the JC moved to
the OTs. Regardless of whether the JC occurred in the leeward side or in the windward side of the OT,
all the JC drifted away from the OTs. Thus, it possibly indicates that the environmental wind above
anvil was faster than the transitional speed of the underlying anvil in this study. There is still
uncertainty about JC’s motion because camera observations only from the single side cannot see the
motion in depth of sight.

The visible images from the AHI band 3 and the IR images from the band 13 were also inspected to
obtain the characteristics of cloud top features. However, no JC were recorded by such satellite
imagery. It strengthens the merit of the camera observation method in this study to record the
development of the JC from the start of jumping motion to the end to disappear especially in a vertical
sense with the high frequency of observation intervals. As for the appearance of the underlying anvil,
special signatures, such as the enhanced-V in thermal IR bands, were not found both by the groundbased visible cameras and by the satellite imagery, and even by IR imagers for a period of the lifetime
of the cloud including the JC. This is partly because in most cases the convection was weak, the
horizontal scale was small (details are discussed in the following Section 4.3), the outline of the clouds
was ambiguous, and/or the JC case was in the nighttime. In contrast, in the cases #8 (Figure 8b), 9, 25
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(Figure 20), and 28, the anvil size was relatively large and the overshooting protrusion could be
confirmed with the visible imagery of the AHI band 3. In previous studies, such a large scale of anvil
tended to be accompanied by AACPs. However, even in those cases, where the extensive anvil clouds
were observed, AACP was not found in this study. Consequently, the relation of JC and AACP are not
resolved.

Unclear JC cases were sometimes found in the process of analyses, even if they met the visual criteria
in the detection step (Section 3.1). What makes observers skeptical about JC in those cases were that
the environment did not indicate the favorable conditions for stratospheric cirrus clouds and strong
convection such as large anvils, CAPE, wind shear above anvil, and heavy precipitation. Currently,
there have been no reports that JC or similar phenomena occurred from cumulous or other types of
cloud which do not involve severe weathers. However, I cannot conclude that weaker storms do not
generate JC because the definition of JC was not settled for now. Perhaps, some values given by this
study would become new criteria or definition to identify or categorize the JC. The factors affecting
the JC occurrence and parameters are discussed in Section 4.6.
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Figure 20. The visible image by the AHI band 3 at 16:53:16 JST on August 25, 2018. The largely

expanded anvil cloud generating the JC could be seen with several OTs (white arrows). Note that a

camera seemed to be able to record the only one OT of them at a moment (red arrow), which was the
closest to the edge of anvil, due to the elevation parallax. Estimated anvil horizontal length was
about 224.8 km, between 36.3 °N, 138.7 °E and 36.9 °N, 141.1 °E.
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4.3. Spatiotemporal scales of the jumping cirrus

Table 3 lists the investigated values for the all 28 JC cases. This subsection mainly discusses the values
of averages and standard deviations (SD) of their parameters, such as spatiotemporal scales and
environmental atmospheric conditions. SD values are shown as attached with “±” symbol. Figure 16
is a conceptual diagram of the cloud top of a deep convective cloud characterized by the averaged
parameters of JC, OT, anvil, and environmental conditions determined by the analyses in Chapter 3.

Figure 21. The conceptual diagram of JC and the other cloud top features characterized by the
parameters of averaged values examined by the analyses in Chapter 3.
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Table 3. Parameters from the analyses for all 28 cases of the JC. For each instance in a row, properties about the anvil, the JC, and the environmental conditions are listed

in columns. The definitions of the values in each column are described in Appendix B. The case numbers in the merged cells occurred from the same deep convective

clouds. The time is when the JC reached the highest. The location is the coldest Tbb point by the AHI band 13 at that time. The row with bold fonts is the case exemplified
in Chapter 3. The hyphen denotes no value. The bottom two rows contain the average and standard deviation (SD) values.
Anvil

Jumping Cirrus

Tropopause Vertical
Rain Rate [mm h-1]
Vertical
Wind
Coldest Horizont
Front Rear
Jumping Jumping
Lead
Shear
Anvil Echo Coldest IR Tbb al Scale JC Heig Heig Width Height Speed Duration time CPT LRT [m s−1 CAPE
X-band BTD
[K]
Top ht
ht
[km]
[m s−1]
Top Height IR Tbb
[km]
[km]
[s]
[s] [km] [km] km−1] [J kg−1] C-band X-band Max
[K]
Altitude [km]

Case
No.

Date

Time

Location

Environmental Condition

Altitude [km]
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1

7/29
Naeba,
16:35:58
2016
Niigata

36.79˚N
12.7
138.77˚E

15.0

11.2

231.7

17.2

14.9 14.1 15.0

3.1

2.2

5.1

810

105 16.9 17.4

0.5

0

146.5

48.0

78.3

−7.2

2

7/30
Okutone,
13:15:01
2016
Gunma

36.91˚N
11.7
139.05˚E

13.0

10.5

237.9

22.5

12.9 12.7 13.0

1.2

1.2

8.1

450

15

16.4 16.6

4.1

0

144.5

63.8

100.6

−9.5

3

7/30
Osegahara,
14:22:37
2016
Gunma

36.95˚N
12.7
139.21˚E

15.0

11.7

228.4

26.0

14.3 13.7 14.4

1.3

1.6

7.1

555

61

16.4 16.6

−1.5

0

168.5

85.4

103.6

−6.7

4

7/30
Nanagatake,
14:28:23
2016
Fukushima

37.20˚N
13.0
139.49˚E

15.0

12.0

226.2

25.8

14.9 14.0 15.1

1.5

1.9

4.8

1575

15

16.4 16.6

−3.5

0

203.0

108.5

134.8

−6.8

5

7/31
Kasumigaura,
12:28:11
2016
Ibaraki

36.08˚N
11.9
140.50˚E

13.0

11.1

232.8

20.0

12.9 12.5 13.5

1.9

0.9

5.3

839

211 15.9 16.3

1.3

69.0

23.5

50.7

72.5

−7.2

6

8/2
Nikko,
10:46:19
2016
Tochigi

36.81˚N
13.7
139.76˚E

15.0

11.2

226.7

16.2

14.7 14.5 15.0

1.6

1.0

5.0

‒

0

16.7 16.8

−8.2

1124.0

185.0

54.7

78.2

−7.5

7

8/4
Sayama,
16:07:20
2016
Saitama

35.92˚N
14.1
139.35˚E

15.0

12.4

221.0

26.2

15.2 13.2 15.7

1.4

1.0

12.8

671

0

16.8 17.4

2.0

782.3

142.5

113.8

126.4

−6.4

8

8/4
Kanuma,
18:18:23
2016
Tochigi

36.59˚N
16.1
139.72˚E

15.0

16.1

206.6

62.0

17.4 14.8 18.8

2.1

1.3

15.9

782

0

16.8 17.4

0

782.3

203.0

174.5

234.6

−2.5

9

8/4
Kanuma,
18:20:24
2016
Tochigi

36.59˚N
16.9
139.72˚E

15.0

15.9

208.1

62.0

17.4 14.8 18.8

1.6

0.5

2.9

292

30

16.8 17.4

0

782.3

203.0

174.5

234.6

−3.3

8/21
Nagano,
10 2016 16:28:24 Nagano

36.67˚N
14.3
138.23˚E

15.0

13.1

219.3

36.8

16.1 15.2 17.2

1.8

1.8

12.1

316

390 18.7 17.0

1.2

1384.0

154.5

‒

‒

−4.4

8/21
Nagano,
16:37:11
2016
Nagano

36.71˚N
14.5
138.11˚E

15.0

12.6

221.5

44.0

16.0 14.0 16.5

1.9

1.5

11.3

346

931 18.7 17.0

0.1

1384.0

161.5

‒

‒

−4.8

12 8/21 17:07:59 Nagano,
2016
Nagano

36.71˚N
13.7
138.19˚E

15.0

12.1

225.8

49.7

14.4 13.9 14.7

1.1

0.7

5.5

706

89

2.0

1384.0

98.5

‒

‒

−5.1

11

18.7 17.0

49

13

8/21
Oonuma,
17:29:52
2016
Fukushima

37.49˚N
16.0
139.33˚E

15.0

13.0

219.8

24.9

17.7 16.5 19.3

0.9

1.8

14.8

345

106 18.7 17.0

0.1

1384.0

76.5

104.1

104.1

−5.2

14

8/21
Arasawadake,
17:33:38
2016
Niigata

37.21˚N
14.4
139.23˚E

15.0

12.8

220.8

18.5

15.6 14.6 15.7

1.9

1.2

4.3

646

15

18.7 17.0

2.2

1384.0

76.5

89.8

121.1

−4.4

15

7/20
Kayano,
16:33:54
2017
Nagano

36.02˚N
13.5
138.21˚E

15.0

11.8

224.9

11.3

13.9 13.6 14.6

0.9

0.5

‒

‒

‒

16.7 15.2

−4.8

1446.0

64.5

‒

‒

−6.9
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7/21
Inashiki,
13:20:39
2017
Ibaraki

35.98˚N
14.0
140.30˚E

15.0

11.7

225.0

24.3

15.2 13.9 15.4

2.2

1.1

8.2

435

254 17.7 18.0

−3.6

628.8

48.5

83.6

126.9

−7.3

17

8/7
2017

36.29˚N
12.8
138.85˚E

15.0

12.0

228.1

10.5

14.7 14.1 15.3

3.3

1.8

15.6

2098

480 16.8 16.9

−4.6

1057

55.5

121.0

121.0

−7.0

18

7/17
Ootsuki,
15:13:07
2018
Yamanashi

35.62˚N
13.0
138.87˚E

15.0

12.9

219.8

30.4

14.1 11.4 14.6

1.5

1.1

24.2

210

150 16.4 15.0

−3.1

635.7

134.5

‒

‒

−6.3
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8/1
Fuefuki,
16:06:24
2018
Yamanashi

35.56˚N
14.6
138.75˚E

13.0

13.5

216.7

23.4

15.3 12.8 16.1

3.3

0.7

5.0

1065

60

16.7 16.7

−8.1

128.8

107.5

‒

‒

−5.8

20

8/1
Kanra,
18:20:16
2018
Gunma

36.20˚N
14.7
138.71˚E

13.0

12.4

223.5

16.0

16.0 14.8 16.3

2.4

1.2

11.7

‒

‒

16.7 16.7

−2.2

128.8

201.0

77.4

109.7

−7.9

21

8/10
Shiraoka,
15:39:39
2018
Saitama

36.04˚N
15.3
139.68˚E

15.0

13.5

216.5

17.2

16.1 14.5 18.2

1.5

0.8

7.4

‒

0

16.8 17.0

−3.2

548.0

68.5

97.9

142.2

−4.2

22

8/22
Annaka,
17:25:02
2018
Gunma

36.31˚N
11.6
138.79˚E

11.0

10.8

236.0

23.0

13.7 13.6 14.3

8.8

2.0

8.0

1831

105 17.5 17.5

−4.4

350.3

68.5

‒

‒

−9.7

8/25
Utsunomiya,
23 2018 14:51:40 Tochigi

36.61˚N
12.2
139.78˚E

13.0

11.8

232.4

25.0

13.5 12.7 14.0

3.7

1.3

22.2

450

375 16.7 16.8

−0.8

206.2

123.5

99.2

148.5

−8.6

24 8/25 15:01:25 Utsunomiya,
2018
Tochigi

36.61˚N
13.0
139.80˚E

13.0

12.2

227.7

19.7

14.3 13.1 14.9

1.6

1.3

8.9

210

−3.0

525.1

95.5

86.8

148.5

−7.7

25

8/25
Midori,
16:53:55
2018
Gunma

36.55˚N
15.9
139.43˚E

15.0

14.3

211.8

23.0

16.7 14.9 25.8

2.6

0.8

5.2

675

2.6

525.1

201.0

231.7

260.8

−2.9
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8/25
Kasama,
18:09:14
2018
Ibaraki

36.39˚N
16.7
140.30˚E

15.0

15.2

206.4

31.0

18.4 15.2 23.8

6.0

1.7

5.4

810

2.9

525.1

201.0

225.4

289.5

−2.2

27

8/26
Oume,
16:04:57
2018
Tokyo

35.78˚N
139.23˚E

7.7

9.0

7.1

262.0

11.7

8.5

9.2

1.3

0.8

3.0

615

−1.2

1597.0

90.5

‒

‒

−27.2

28

8/26
Hitachioota,
17:22:53
2018
Ibaraki

36.71˚N
15.0
140.54˚E

15.0

14.3

211.1

56.8

16.6 15.4 18.7

3.1

1.6

15.0

1200

16.4 16.5

−1.0

1597.0

201.0

129.0

260.9

−4.0

Average

13.8

14.2

12.5

223.9

27.7

15.0 13.8 16.2

2.3

1.3

9.4

747

144 17.1 16.8

−1.2

727.1

130.3

111.0

149.8

−6.7

Standard Deviation

1.9

1.4

1.7

11.1

14.2

1.9

1.6

0.5

5.5

485

206

3.1

544.9

56.2

51.5

65.6

4.4

2:27:15

Tomioka,
Gunma

8.6

1.5

3.2

0

16.7 16.7

225 16.7 16.7
0

16.7 16.7

120 16.4 16.5
0

0.8

0.6

The averaged parameters of the JC are as follows. The calculated JC top altitude and its height were
15.0 ± 1.9 and 1.3 ± 0.5 km, respectively. The JC’s width was 2.3 ± 1.6 km, and the vertical jumping
speed was 9.4 ± 5.5 m s−1. When the elevation parallax is considered, the JC top altitude had a range
from 13.8 ± 1.5 km to 16.2 ± 3.2 km as possibilities for the cases where the JC occurred at the front
and rear edge of the anvil. Based on the photographs, the JC remained atop the anvil for about 12
minutes.

These parameters are partly consistent with previous studies. Fujita (1974) reports that the jumping
height of JC was about 1.5-3.0 km (5,000-10,000 ft.). The JC simulated by a numerical model by Wang
et al. (2011) shows the height of about 1-2 km, the altitude of about 15 km, the vertical speed of about
10 m s−1, and the duration of about 10 minutes. Only the horizontal scale (width) of the JC in this study
was significantly (at least about 1/3 times) smaller than the simulation result of 5-15 km. It should be
noted that the horizontal scales calculated from the photographs did not show the maximum size of
the JC. This is because the cameras could only look at a single side of the JC in the observations,
whereas one can see the arbitrary side in the model so that the length becomes maximum. Moreover,
the JC is visualized by the spatial distribution of relative humidity with respect to ice and the water
vapor mixing ratio in the model simulation (Wang et al., 2011). These differences between the
observation and model affect the different size of the JC.

Associated with the JC, parameters of the underlying anvil were also analyzed. The calculated anvil
top was 13.8 ± 1.9 km. The highest echo top of the convection measured by the C-band radar was 14.2
± 1.4 km. It was 0.4 km higher than the anvil top altitude calculated from the cameras. This difference
would come from that the cameras and radars observe different size of cloud particles. The former can
observe relatively smaller cloud particles in the outer side of the cloud, and the latter observes larger
precipitation particles. In general, the echo top height is lower than the anvil top due to the larger
particles. The reason why it was not in some cases of this study is that calculated anvil top represented
the altitude of the front edge of the anvil, whereas the echo height was the highest value of that
convective cloud. Also, the low vertical resolution of 2 km influenced the results. Besides, the altitude
of the coldest IR Tbb estimated from the temperature profile of the radiosonde was lower than that of
the anvil top calculated from camera photographs for all the cases.

For all the cases, the calculated altitudes determined by the photographs, the echo top height, and the
coldest IR Tbb were lower than both the CPT and LRT. Thus, the anvil top likely has not reached the
tropopause. However, the radiosonde could not necessarily represent the real local tropopause. Also,
the anvil possibly formed at the inversion layer in the lower altitude than the tropopause, though the
soundings by the radiosonde did not show the existence of the inversion layer near the altitude of the
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calculated anvil top in most cases. Only in the cases #7 and 21, the temperature profile shows that
there was an inversion layer near the anvil top altitude, which means that those cases were likely to
occur from the anvil made at inversion layers.

As for the horizontal scale of the anvil, the averaged value was 27.7 ± 14.2 km calculated with the
photographs. Similarly to the width of the JC, that value was also not always the maximum length
because the camera observations were from a single side of the clouds. Additionally, the rough
calculation of the anvil length using the visible band imagery with the AHI showed 125.9 km of the
longest diameter of the anvil in the case #8 (Figure 8b). In the case #21 (Figure 20), the length was
224.8 km. In other cases, calculation was not performed but the length was estimated to be less than
50 km.

As I mentioned above, the scale of the anvil under the JC in this study was small compared with the
thunderstorms in previous studies. Also, it was not limited to the JC cases, but in general it was the
same for other cumulonimbus clouds which did not generate JC phenomena. In the case of JC by Fujita
(1974), which occurred in Texas, US, he stated that the anvil size was 160.9 km (100 miles) wide,
402.3 km (250 miles) long, and even the OTs (domes) had the horizontal dimension of 1.6-16 km (110 miles). In other studies on the cloud protrusion above the deep convective storms, the objective
clouds of the studies have mainly more than 300 km long and at least 100 km long of the anvil (e.g.,
a case in the Midwest of the US, Setvák et al., 2007, a case in Germany, Setvák et al., 2010, and a case
in Kansas, Homeyer et al., 2017). This big difference comes from the type of underlying convective
clouds; the US and Europe cases in their studies were mainly supercell thunderstorms, whereas the
cases in this study were relatively short-lived single cell storms. Only the case #8 of a single cell storm
and case #21 of a multicell storm were comparable to the anvil size of those previous studies.
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4.4. Possibility of the hydration of the lower stratosphere

Regardless of whether the JC entered the LS, the amount of water vapor transported above the anvil
was firstly estimated. For simplicity, the volume of JC was assumed to have three dimensions of
jumping height and square of width of JC calculated from the cameras. Iwasaki et al. (2015) estimated
ice water content of stratospheric cirrus clouds to be 0.2-0.8 mg m−3. Therefore, based on average of
28 cases, 2.6-10.5 tons of water vapor were transported by a JC. This value is less than the estimated
amount (100 tons) of ice particles that an OT lifts up (Iwasaki et al., 2010). This derives from the
different ice water content between stratospheric cirrus clouds and the deep convective cloud tops; the
latter is 7.2 ± 8.0 mg m−3.

Figure 22 shows the altitude of the JC relative to the tropopause. According to the atmospheric
soundings at Tateno, the JC entered the LS in six cases (#8, 9, 13, 25, 26, 28). Especially in the five
cases of those, the altitude of the JC exceeded both the LRT and CPT except for the case #13. Note
that the other cases also possibly entered the LS because the existence of the anvil itself may
sometimes indicate the tropopause.

By contrast, the BTD values were negative for all of the cases, and thus no evidence of hydration of
the LS by the JC was detected. It is worth noting that even if the JC reached the tropopause, the BTD
does not always become positive. For instance, it may happen when the temperature gradient is too
small where there is the layer of neutral buoyancy in the LS. It is also possible that the water vapor
amount in the LS was not enough to be detected by satellites. Additionally, in most cases of this study,
the JC did not penetrate the tropopause. When the JC jumped sufficiently under the tropopause and it
is optically thick enough to be detected by the satellite sensor, the negative BTD is natural because air
temperature is lower in higher altitude within the troposphere where the above anvil is. Therefore,
even if the JC moistened the layer above the anvil top, that layer was not the LS which is warmer than
UT, and thus BTD value was not positive. The important point is that the JC itself does not directly
imply moistening of the LS unlike the AACP.

Moreover, Minnis et al. (2008) showed that the cloud top height determined by the space-borne lidar
CALIPSO is 1-2 km higher than the one determined by the Tbb from an IR band 11 of MODIS. This
means that the thermal IR band observes the radiation from relatively lower altitude than the visual
boundary of the cloud top of optically thick deep convections. Therefore, even if the cloud top reaches
the tropopause and the Tbb from the band 8 of the AHI represent the water vapor above the cloud top,
the Tbb from the band 13 represents the warmer altitude than the water vapor layer. This is another
possible reason why the BTD was negative (Equation 4).
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Figure 22. The tropopause-relative altitude of the JC for 28 cases. The horizontal axis denotes the case
number. When the value is larger than zero, the JC top was higher than the tropopause. For the
calculation of the tropopause altitude, two types of definition were used; the CPT (dots) and the LRT
(cross).
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4.5 Properties of precipitation cells under the jumping cirrus

First, the rain rate at the ground estimated by the C-band radars was inspected around the time of the
JC occurrences. For each case, the instantaneous maximum rain rate at the ground within the area
below the deep convective cloud generating the JC was extracted. The averaged and maximum value
was 103.3 mm h−1 and 203.0 mm h−1, respectively. Except for the case #5, where the instantaneous
maximum value of precipitation was only 23.5 mm h−1, the cumulonimbus causing the JC was found
to be accompanied by heavy rain. These values show the strong severity of the underlying
thunderstorms. With the C-band radars, the time variation of the maximum precipitation intensity
originated from the precipitation cell under the JC was also checked for the lifetime of the JC
generating storms, together with the maximum echo height and the coldest Tbb from Himawari-8.
However, remarkable changes were not found in the precipitation before and after the JC occurred.
After all, this would be because the C-band radar data has inadequate interval which is only every 10
minutes and insufficient horizontal resolution to resolve the convective cells.

For the same kind of investigations, the XRAIN and the PAWR are useful with their higher observation
frequency (60 and 30 seconds, respectively) and finer horizontal resolution. As shown in Figure 15,
the time variation of the ground rain rate caused by the JC generating storms was investigated using
the X-band radars as well as the C-band. For each case, the trend of the rain rate variation was difficult
to find out some relations with the cloud top morphology such as the anvil formation, the OTs’
rising/sinking, and the JC’s occurrence. Simply investigating the relation between the time of JC
occurrence and the peak of the precipitation, the JC preceded the peak of the precipitation in 11 cases
(#2, 4, 8, 9, 13, 14, 17, 20, 23, 24, 26). Inversely, the peak of the precipitation preceded the JC in 9
cases (#1, 3, 5, 6, 7, 16, 21, 25, 28). In the rest of the 8 cases (#10, 11, 12, 15, 18, 19, 22, 27), the
raindrops from the JC generating storms were out of range of the X-band radars. This may be because
the radio wave was interrupted by mountains. According to Bedka et al. (2018), the AACP precedes
the severe weather reports including hail, lightning, and tornado by 30 minutes. If JC makes AACPs,
JC must precede the AACP and the severe weather. If the peak of heavy rain can be regarded as an
emergence of a severe weather, this result did not accord with the previous study. Thus, the JC cannot
be an indicator of the severe weather. It seems reasonable because the JC occurred even from nonsever convection (discussed in the following Section 4.6).

In the time series of the rain rate, the maximum value in the lifetime of the JC generating storm was
also extracted. Comparing those values from C- and X-band radars, they showed consistent but slightly
different values. This can be derived from that the data from C-band and the X-band have different
method to correct the rain rate estimation. Considering all those values from C- and X-band, only the
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case #5 did not show more than 100 mm h−1 by both radars.

Here, the results of analyses using the PAWR data are shown for the case #21. It was the only case
within the range of the PAWR at Saitama. Figure 23 shows the photograph of the case. Figure 24a
shows the estimated rain rate at the ground by the MP-PAWR at the time of Figure 23. In this case, the
northwest, the northeast, and the southeast from the radar site partly lack the data due to the
interruption by obstacles. However, the heavy rain of about 60 mm h−1 was measured from the cell
under the JC. In the same way as the C-band radar and the XRAIN radar, the time series of the
maximum value of rain rate within the precipitation cell under the JC were analyzed for an hour before
and after the JC occurred (Figure 25). In this case, the cell which generated the JC appeared to be a
part of the multicell cloud system, which affected the perturbation of the rain rate in Figure 25 by
reflecting the rainfall from multiple cells.

Next, the time variation of the vertical structure of the precipitation cell generating the JC was also
compared with the morphology of the cloud. Figures 24b and 24c shows a vertical cross section of the
JC generating storm at the time of Figure 23. Because the exact point of the JC could not be retrieved,
the cross section along the latitude of 36 °N, where the strongest radar reflectivity lied, is confirmed
with Figure 24a. The motion of rapid vertical development of the precipitation cell at 15:25 (along
about 139.67 °E in Fig. 24) were well accorded with the apparent growth of the cloud by the camera
observations. The echo top height of about 15 km was also consistent with the anvil top of 15.3 km in
Figure 23. The more details are described in Table 4.

The JC was not visualized by the MP-PAWR both by the radar reflectivity and the doppler velocity.
Some research reports that the anvil cloud of severe supercell was visualized as about 16 dBZ (e.g.,
Kobayashi et al., 2001) despite of their small ice particles. In Figure 24, the MP-PAWR shows the
minimum sensitivity for about 10 dBZ of radar reflectivity at about 20 km distant place from the radar
site. Therefore, if JC has the same size particles as its underlying anvil, it is possible for the JC to be
detected by X-band and characterized by microphysical properties such as a cloud particle size.

55

Figure 23. (a) The JC observed from the NDA at 15:39:39 JST on August 10, 2018 when it reached

the highest altitude. It occurred near Shiraoka, Saitama. (b) The magnification of the black box in (a).
The JC is denoted by the black circle. The altitude of anvil and JC was 15.3 km and 16.1km,
respectively. The vertical jump speed was 7.4 m s−1. The duration was about 10 minutes.
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Figure 24. The deep convective storm generating the JC observed by the MP-PAWR at Saitama at
15:39:30 on August 10, 2018. It is only 9 seconds before the time of the photograph shown in Figure
23. (a) Estimated rain rate at the ground (250 m above). The star symbol denotes the radar site
(35.86 °N, 139.61 °E, about 20.5 km distant from the storm). The three arrows indicate the JC
generating storm of Figure 23 including three different precipitation cells constituting the multicell
storm. (b) Vertical structure of precipitation cell visualized by the radar reflectivity of altitudelongitude cross section along 36 °N. (c) Same as (b) but the doppler velocity. For a comparison, both
fields of (b) and (c) are adjusted to the view from the camera at NDA (Figure 23). The area surrounded
by the white circle corresponds to the black circle in the Figure 23b.
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(1)

(2)

(3)

Figure 25. The time series of the maximum value of rain rate within the precipitation cells under the
JC recorded by the MP-PAWR in Saitama. From the left, the three vertical lines denote the time when
(1) the cumulonimbus rapidly developed at 15:25 JST, (2) the OT reached the highest altitude at 15:33
JST, and (3) the OT sank and the JC jumped at 15:39 JST, respectively.
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Table 4. Time series of the development of a deep convective cloud: Case #21 at Shiraoka, Saitama
on August 10, 2018.
Time
15:25

15:31

15:33
15:35
15:39

Event
The cell generating the JC started to develop rapidly.
The vertical growth speed of the cloud top was about 12.9 m/s, estimated by the camera
observation.
The radar reflectivity of the precipitation core showed the maximum of 60 dBZ at around
2-6 km height. The rain rate at the ground increased to the maximum over 200 mm h−1.
The cloud reached the level of neutral buoyancy, anvil started to form, and the OT stated
to rise upward.
The radar reflectivity of the convective core and the ground rain rate gradually declined.
The OT reached the highest altitude.
The rain rate at the ground was a maximum peak.
The OT sank. The JC occurred mostly at the same time. That is, the lead time of the JC
from the OT was about zero.
The cloud started decaying as the radar reflectivity of the core and the ground rain rate
decreased.

To investigate the JC’s impact on the precipitation system, the morphology of the cloud was compared
with the time variation. Table 5 shows the descriptions of major phenomena in the time series of
development of the JC generating storm. During 15:31-15:39, the ground rain rate had a peak at around
15:35 but it is slightly different from the peak of the OT height at 15:33. When the JC occurred, the
cloud started decaying as the radar reflectivity of the convective core and the ground rain rate
decreased. Totally, the time variation of the parameter shows a complicated behavior. At each stage
during the lifetime of the storm, such as the anvil, OT, and JC emergence, no distinct feature was
confirmed in the rain rate at the ground. This is partly because the maximum value of the rain rate
included the different cells of the multicell storm, which may be three red areas shown in Figure 24a.
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4.6. Factors affecting the formation and parameters of the jumping cirrus

As discussed in Section 4.3, the spatiotemporal scale of the JC in this study was consistent with the
previous studies on average, except for the width. In contrast, the scale of the underlying anvil was
much smaller in this study. To investigate the cause of the similarities and differences, the
environmental conditions were compared here.
In terms of the CAPE, JC cases in this study have values of not more than 1597 J kg−1, being 727.1 J
kg−1 on average, whereas some cases had a zero value. These values are consistent with the most
frequent value of CAPE (1000-1500 J kg−1) for the cases of convective storms causing heavy rainfall
around Tokyo, Japan (Figure 16 of Fujibe et al., 2002). On the other hand, the typical value of CAPE
for the severe thunderstorm cases is larger in the US (about 2000 J kg−1 in Table 3 of Bluestein and
Jain, 1985). The case of JC in the US by Wang (2003) had over 3000 J kg−1 of CAPE. The case of
deep convective storms in France, above which the increased moisture was detected in the LS, had
over 2500 J kg−1 of CAPE (Setvák et al., 2008).

Another difference from the previous studies is the wind shear above anvil top. Some previous studies
demonstrate that strong wind shear in the UTLS is an important characteristic for the gravity wave
breaking (see Chapter 1). In this study, the speed of storm-relative wind cannot be determined since
the data showing the speed of cloud in the upper air, such as the radar doppler velocity, were not
available from the two different X-band radar sites. Thus, averaged vertical wind shear in the
environment was calculated for the layer of the jumping height using the radiosonde data. Its average
value of all 28 cases was −1.2 (3.1) m s−1 km−1. The value is smaller than the previous studies. Fujita
(1974) indicates that the vertical wind shear for the entire JC layer was 10 m s−1 km−1. Homeyer et al.
(2017) shows that the storm-relative wind was mostly from 5 to 25 m s−1 in the first 2-3 km above the
anvil, which is equivalent to the vertical wind shear of about 1.6-12.5 m s−1 km−1. To compare more
appropriately, the storm-relative wind is required. This is because the sounding data from radiosonde
such as environmental wind may not represent those around the local convections.

From the perspective of the precipitation, the cases of JC in this study showed heavy rain of more than
100 mm h−1 except for 5 cases (#5, 12, 15, 22, 27) either by C-band or by X-band radar. Thus, they
can be regarded as severe weathers. There has been no research on the rain rate from the JC generating
storm in previous studies. However, Bedka et al. (2018) point out that the outstanding signature of the
cloud protrusions and stratospheric cirrus clouds like AACPs above thunderstorms are related to the
severe weather causing hail, lightning, and tornado. In this study, except for one case which was
accompanied by lightnings (#17), hails, lightnings, and tornadoes were not found.
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Considering the environmental conditions mentioned above as well as the horizontal scale of the anvil,
the magnitude or severity of the underlying storms was substantially different. Compared with the case
of JC in previous studies, such as the US case reproduced by three-dimensional non-hydrostatic cloud
model simulations (Wang 2003, 2004, 2007, and Wang et al., 2011) and the US case where the cloud
protrusions, stratospheric cirrus clouds, or stratospheric moisture was detected (e.g., Homeyer et al.,
2014, and Setvák et al., 2008), the cases in this study had smaller values of CAPE, environmental
vertical wind shear above the anvil, and the horizontal scale of the anvil. In contrast, the height, vertical
speed, and duration to disappear of the JC showed similar scales on average. It strengthens the
inference that JC can occur even if the underlying convection is relatively weak and not a supercell
thunderstorm like the previous studies.

For all the cases in this study, the JC and the AACP were undetectable by both the visible and IR
imagery from the satellite as discussed in Section 4.2. Compared with the cases in previous studies
where the AACP was detected, the smaller wind shear above the anvil, the smaller horizontal scale of
the JC, and the smaller horizontal scale of the convective clouds were specific to this study. This stands
in contrast to the similarity of the vertical scale of the JC. Therefore, the large anvil resulted from the
large CAPE and the large wind shear seems to be important to the formation of an elongated JC with
a large length. Then, the AACP can be formed by the frequently occurrence of the extended JC as
some previous studies estimates, However, the relationship between the creation of JC and AACPs
and the magnitude of the underlying convection and wind shear is still uncertain because both JC and
AACP have not been detected at the same time so far.
Figure 26 shows the frequency distribution of the parameters of the JC; jumping height, width, vertical
jumping speed, and duration. The mode is 0.5-1.5 km, 1.5-2.0 km, 5.0-7.5 m s−1, and 10-15 minutes,
respectively. The median is 1.8 km, 1.2 km, 8.0 m s−1, and 659 seconds, respectively. As it shows, the
parameters of the JC have wide variations with each case. To investigate what brings these variations,
we also calculated the correlation between all of the parameters of JC and environmental conditions.
However, no results showed a strong correlation between any two parameters (Figure 27). It implies
the spatiotemporal scales of the JC was not related to the CAPE, anvil size, precipitation, and
environmental wind shear. Again, note that the storm-relative wind may be more appropriate to inspect
the correlation between the JC and the wind shear.

As a possible linkage, the OT parameters were also investigated. Firstly, in terms of temporal relation,
the lead time of the JC before the OT was calculated. Figure 28 shows the frequency distribution of
the lead time. In 18 cases, JC jumped within 2 minutes after OT sank. In 2 cases (#6 and 8), JC occurred
before OT sank. Because the cameras cannot see the whole cloud top, other OT in a dead angle might
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have influenced the JC. Secondly as for the spatial relation, the distance between where the JC and the

OT rose was about 5 km in the case of #8 and 9. However, it is not known whether the lead time and

the distance are related to the parameters of the JC. In addition, the relation between the JC parameters
and OT parameters such as their height, width, vertical rising/sinking speed, and duration were

investigated for all the 28 cases. However, no strong correlations were found between them (Figure

29). If the assumption that the breaking of gravity wave generated by the sinking OTs creates JC

phenomena is correct, some OT parameters are supposed to be correlated with some JC parameters.
This study, however, implies that the other parameters such as suppression by the stable LS affect the
JC rather than strong convections represented by CAPE (the updraft strength) and the OTs. However,

Figure 29 shows that a few outliers seem to degrade the correlation. More cases are needed for proper

statistical analyses. Another possible explanation is that the JCs in this study were affected by other

OTs which were not be able to be seen from the edge of the anvil.

Figure 26. Frequency distribution of JC parameters for all 28 case in 2016-18: (a) jumping height

denotes the difference between altitudes of JC and anvil top, (b) width of a certain side of JC observed
by cameras, (c) vertical jump speed denotes the average speed at which JC reached the highest altitude
from the anvil top, and (d) duration denotes the time to disappear from the cameras’ sight.
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Figure 27. An example of the correlation between the parameters of JC and environmental conditions.
The dots show the correlation between jumping height and the rain rate at the ground measured by Cband radars. The cross shows the same but the CAPE. The correlation coefficient is 0.14 and −0.18
for the rain rate and CAPE, respectively.

Figure 28. The frequency distribution of the lead time between when the OT completely sinks into the
anvil and when the JC starts to jump.
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Figure 29. An example of the correlation between the parameters of JC and OT. The dots show the
correlation between the altitude of JC top and the vertical speed of the rising OT. The cross shows the
same but the vertical speed of the sinking OT. The correlation coefficient is 0.15 and 0.39 for the rise
and sink, respectively.

Finally, the Richardson number (Ri) calculated for the case #7, 8, 9 was exemplified here to verify the
mechanism of gravity wave breaking atop the anvil which is estimated by several model studies. First,
the calculation was performed by using the profile of potential temperature and wind speed only by
using the radiosonde data. The result showed that Ri equaled to 1.94 and 10.40 for the case #7 and 8,
respectively. In the case #9, Ri was not able to be defined due to the no shear. These values were large
compared to the standard number of the instability, 0.25, which means that the effect of suppression
of buoyancy was dominant and the unfavorable condition to the upward motion of clouds. Second, the
calculation was performed in the same way but using the storm-relative wind for the wind shear instead
the environmental wind. Note that the speed of the storm was calculated with the time-lapse movie by
checking the distance of moving anvil front per unit time. This would indicate the advection of the
cloud particles. It is a substitute for the doppler velocity determined by radars. The results showed that
Ri equaled to 0.27, 0.16, and 3.17 for the case #7, 8, and 9, respectively. Except for the case #9, the
value is sufficiently small to indicate the Kelvin-Helmholtz instability. Then, it was possible that the
JC occurred by the instability caused by the different speed between the two layers bounded at the
anvil top.
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4.7. Further works

To analyze the JC, this study mainly focuses on the aspects of dynamics of clouds such as their motion,
the state, and the environmental atmosphere, which are described as wind, convection, and
precipitation in terms of thermodynamics and fluid dynamics. From the old days, the cloud dynamics
of severe thunderstorms have been actively studied. At present, the mechanisms of deep convective
storms are partly understood and accepted in public. For example, the cause of deep convective storms
is generally categorized into heating of the ground, convergence of wind at the frontal line or the low,
and forced air rising by the terrain. However, how those components of atmospheric system are
combined with each other and determine the state of convective storms are still not understood. Also,
observational studies are not sufficient especially in the urban area. JC have not been recognized well
so far. From now on, it is expected that JC are studied combined with such a traditional research on
the dynamics of severe thunderstorms to understand more the mechanisms and relations of JC and the
storms. For that purpose, it is required to increase the observation extensively in the world and more
statistically examine them. The ground-based observation is important and effective as I mentioned in
this study. Besides, satellite observation is highly desirable for the extensive observation. Moreover,
the perspective of the JC study should be extended to the cloud microphysics, such as the properties
and the process of formation of the cloud particles. To achieve them, it is needed to develop the JC
detection method by various instruments giving some physical properties.

To find out the statistical relation between the JC and the precipitation, further examinations for other
cases are required using the data from X-band radars. For example, in order to explore the
characteristics of JC, it is helpful to scrutinize the cause of cumulonimbus formation for each JC case.
This can be achieved by examining the wind field (doppler velocity) at the ground and above anvil,
vertical wind shear, and motion of deep convective storms seen from the AHI visible bands as well as
the radars only. As mentioned above in Section 4.5, the trend of the time variation of the rain rate
caused by the deep convective storms looked complicated. This is likely because a specific cell
regarding to the outstanding cloud top motions and strong convection cannot be properly tracked
merely by the image of two-dimensional distribution of rain rate at the ground. To resolve this, the
space-borne imagery like the AHI and the RHI images using the X-band volume scan may be helpful
to pursue the appearance of the outer cloud top and the inner convective core. Besides, comparisons
between deep convective storms which caused JC and which did not are also needed. However, the
statistical data of the precipitation in previous studies cannot be utilized because they did not take into
account the JC. Therefore, we need to newly prepare the cases of deep convections which did not
create the JC for a comparison.
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5. Conclusion
In this study, we analyzed the characteristics of the JC and the underlying deep convective storms
together with the environmental atmospheric conditions and precipitation systems utilizing the
ground-based cameras, Himawari-8, radiosonde, and ground-based weather radars. During the
summer in 2016-2018, the visible cameras were installed at the summit of Mt. Fuji and the National
Defense Academy (Yokosuka, Japan) to detect JC. Totally, 28 cases of the JC were found around the
Kanto region. The time-lapse movies illustrated that the motion of JC indicates the transportation of
cloud particles, water vapor, and other materials atop the anvil.

Quantitative analyses revealed that the spatiotemporal scales of the JC as follows. The size of the JC
was 1.3 ± 0.5 km high and 2.3 ± 1.6 km wide, and it reached an altitude of 15.4 ± 1.9 km on average.
The JC rose at a vertical jumping speed of 9.4 ± 5.5 m s−1, and it took about 12.5 ± 8.0 minutes until
it disappeared above the anvil through sublimation into water vapor and sedimentation down to the
anvil. Considering the spatial scale of the JC in this study and the ice water content of a JC estimated
in a previous study, 2.6-10.5 tons of water vapor was lifted up above anvil by a JC. The environmental
condition was the CAPE of 727.1 ± 544.9 J kg−1 and the vertical wind shear of −1.2 ± 3.1 m s−1 km−1.
The number of cases where the JC entered the LS was six whereas the BTD method could not detect
the enhanced water vapor layer in the LS in all of 28 cases. These analyses of the JC and atmospheric
parameters revealed that the JC occurred even from evidently weaker convection in terms of the
environmental CAPE, wind shear, and the magnitude of the underlying storms. In 26 cases, the
calculated anvil altitude did not reach the tropopause determined by the radiosonde. The parameters
of the JC and environmental atmospheric conditions were not correlated, hence the critical factors
deciding the JC parameters still have uncertainty.

The spatiotemporal distribution of the 28 JC cases shows that the favorable conditions for deep
convection are the same for the JC as they tended to occur in the mountain side in the afternoon. The
point is that the JC is likely to be a common phenomenon for cumulonimbus clouds while its
observation is difficult. The investigation of the AHI visible band 3 and IR band 13 shows that no JC
were able to be detected by them. It means that JC is so optically thin that the space-borne instruments
cannot measure it.

The precipitation caused by the JC generating storm was also investigated. It is found that the deep
convective storms accompanied by the JC shows the heavy rain over 100 mm h−1. The JC itself was
not able to be measured by the C-band and X-band radars. To statistically understand the relation
between the JC and the precipitation system, the more cases and analyses are required by examining
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the detailed characteristics of the underlying storms.

This is the first study where the characteristics of the multiple cases of JC were investigated from
various perspectives of the nature of the JC itself and the environmental conditions, mainly based on
the ground-based camera observations of the real JC.
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Appendices
Appendix A. Possible errors in the analyses

There are possible errors in the analysis described in Section 3.2. Those errors mainly stem from the
observation angles and distances, with the latter being more dominant.

First, the angle errors induced by the information about the stars from the Stella Navigator are
negligible because the software has precision within an error of 0.1 second of arc. This means that
there is only 1 m of height error at a distance of 100 km. The software also corrects the error caused
by the atmospheric refraction and the aberration of the light when observing farther objects such as
stars. The impact of the atmospheric refraction is small (about 0.1-degree error) in about 1-5 degree
elevations within which the photographs of cumulonimbus were taken in most cases in this study.

Second, the angle errors from the cameras are also small. With the spec of the camera used in this
study, 1 pixel has the angular resolution of at least about 7.5 × 10−3° or depending on the camera
settings (see the detail in Section 2.1). That is equivalent to 10 or 20 m in height at a distance of 100
km, which are small enough to measure the height of convective clouds. The distortion rate of the
cameras and the misalignment of the stars’ information in the photograph cause a few pixels gap,
resulting in a height error of tens of meters at a distance of 100 km.

To verify the calculation method of this study, the height of Mt. Fuji was calculated observed from the
NDA using the cameras and obtained a height of 3.77 km, close to the true value (3.776 km). This
verification step demonstrated that the distance between Mt. Fuji and the NDA was correctly fixed;
and thus, the source of error must be the angles. Note that the clouds observed by cameras have
relatively fuzzy shape and indecisive edge as compared to the stars and Mt. Fuji which have the welldefined edge. Therefore, there is also uncertainty of angles when retrieving the position of clouds from
photographs.

The error caused by the calculation of distance between the clouds and the cameras is relatively large
in this study. For example, if a cloud is observed at an elevation of 3°, the height changes 50 m with a
1 km difference in the distance. One of the points where the distance errors occurred is the
determination of the location of the JC, as mentioned in Section 3.2. Another is the parallax correction
of the Himawari-8 data (Figure 1 by Iwasaki et al., 2015). In this study, the satellite-based parallax
correction was applied assuming the cloud top height to be 13 km.
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Appendix B. List of terminology for investigated values in the analyses
Calculated/observed value
Anvil top
Echo height
JC top
Front height
Rear height
Jumping height
Horizontal scale of anvil
Width
Vertical jumping speed
Duration
Lead time
Coldest IR Tbb
Altitude of coldest IR Tbb
BTD
CAPE
CPT

LRT

Vertical wind shear
C-band
X-band
X-band Max

Description
Altitude of anvil top calculated by the elevation angle from the
photograph and the distance to the coldest Tbb point from Himawari-8
channel 13 (10.4 µm in wavelength)
Altitude of a radar echo height top observed by the C-band radar of JMA
The same as anvil top but altitude of the JC top
Altitude of the JC top calculated by the elevation angle from the
photograph and the distance from the camera to the front edge (240 K
outline) of anvil measured by Himawari-8 channel 13
The same as front height but the distance to the rear edge
Difference between the anvil top and the JC top above
Horizontal scale of anvil calculated by the azimuth angle from the
photograph and the distance to the coldest Tbb point from Himawari-8
channel 13
The same as above but horizontal scale of the JC
Division of the jumping height by the time from when the JC jumps to
when the JC reaches its maximum height
Time until the JC disappears from the view of the visible-light camera
Latency of the start time of JC after the end time of OT sinking
The lowest Tbb value on the cloud top observed by Himawari-8 channel
13
The equivalent altitude where the coldest IR Tbb were recorded by
radiosonde.
Subtraction of the Tbb value by Himawari-8 channel 13 from the one by
channel 8 (6.2 μm in wavelength)
The value indicating the updraft strength observed by the radiosonde
The tropopause defined by altitude of the coldest air temperature in the
vertical profile observed by the radiosonde
The tropopause defined by altitude of the tropopause based on the lapse
rate defined by WMO
Calculated with the vertical profile of air temperature observed by the
radiosonde
Subtraction of the wind speed at the altitude of anvil top from the one at
the JC top using the vertical profile of wind observed by the radiosonde
Grid point value of the rain rate at the ground estimated by the radar
echo observed by the C-band radars of JMA
Precipitation intensity at the ground estimated by the radar echo
observed by the X-band radar of XRAIN
The same as X-band but the maximum value of that for the lifetime of a
deep convective storm
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Appendix C. List of abbreviated words

Abbreviated word

Full spelling of the words

AACP

Above-Anvil Cirrus Plume

AMeDAS

Automated Meteorological Data Acquisition System

ASL

Above Sea Level

AVHRR

Advanced Very High Resolution Radiometer

BTD

Brightness Temperature Difference

CALIOP

Cloud-Aerosol Lidar with Orthogonal Polarization

CALIPSO

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations

Cb

Cumulonimbus

CMOS

Complementary Metal-Oxide-Semiconductor

CPR

Cloud Profiling Radar

CPT

Cold Point Tropopause

GOES

Geostationary Operational Environmental Satellite

IR

InfraRed

JC

Jumping Cirrus

JST

Japan Standard Time

LRT

Lapse Rate Tropopause

LS

Lower Stratosphere

MP

Multi-Parameter

MSG/SEVIRI

Meteosat Second Generation Spinning Enhanced Visible and Infrared Imager

NIR

Near InfraRed

NOAA

National Oceanic and Atmospheric Administration

OT

Overshooting Top

PAWR

Phased Array Weather Radar

Ri

Richardson number

Tbb

Brightness Temperature (Black Body Temperature)

TTL

Tropical Tropopause Layer

US

the United States of America

UT

Upper Troposphere

UV

UltraViolet

WISCDYMM

Wisconsin Dynamical/Microphysical Model

WRF

Weather Research and Forecasting model

XRAIN

eXtended Radar Information Network
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Appendix D. Photographs of all the 28 cases of JC

All the cases of JC observed by the ground-based visible cameras are shown in this section. Each
photograph is a snapshot of when the JC reached the highest altitude in its lifetime. The case numbers,
date and time correspond to Table 3. The brightness and contrast are adjusted to highlight the JC and
anvil clouds.
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Figure D.1. The case #1 occurred around Naeba, Niigata, at 16:35 JST on July 29, 2016. (a) Original
size. (b) Magnified with the JC centered. The arrows denote the JC. The grid lines are drawn at 2°
interval azimuthally and 1° interval vertically (see Section 3.2 for the details).
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Figure D.2. The same as Figure D.1. but the case #2 occurred around Okutone, Gunma, at 13:15 JST
on July 30, 2016.
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Figure D.3. The same as Figure D.1. but the case #3 occurred around Osegahara, Gunma, at 14:22 JST
on July 30, 2016.
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Figure D.4. The same as Figure D.1. but the case #4 occurred around Nanagatake, Fukusima, at 14:28
JST on July 30, 2016.
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Figure D.5. The same as Figure D.1. but the case #5 occurred around Kasumigaura, Ibaraki, at 12:28
JST on July 31, 2016 (Figures 2b, c).
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Figure D.6. The same as Figure D.1. but the case #6 occurred around Nikko, Tochigi, at 10:46 JST on
August 2, 2016.
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Figure D.7. The same as Figure D.1. but the case #7 occurred around Sayama, Saitama, at 16:07 JST
on August 4, 2016.
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Figure D.8. The same as Figure D.1. but the case #8 occurred around Kanuma, Tochigi, at 18:18 JST
on August 4, 2016 (Figures 5, 6).
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Figure D.9. The same as Figure D.1. but the case #9 occurred around Kanuma, Tochigi, at 18:20 JST
on August 4, 2016 (Figures 5, 6).
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Figure D.10. The same as Figure D.1. but the case #10 occurred around Nagano, Nagano, at 16:28 JST
on August 21, 2016.
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Figure D.11. The same as Figure D.1. but the case #11 occurred around Nagano, Nagano, at 16:37 JST
on August 21, 2016.
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Figure D.12. The same as Figure D.1. but the case #12 occurred around Nagano, Nagano, at 17:07 JST
on August 21, 2016.
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Figure D.13. The same as Figure D.1. but the case #13 occurred around Oonuma, Fukushima, at 17:29
JST on August 21, 2016.

89

(a)

0°
-30°

-20°

(b)

Figure D.14. The same as Figure D.1. but the case #14 occurred around Arasawadake, Niigata, at 17:33
JST on August 21, 2016.
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Figure D.15. The same as Figure D.1. but the case #15 occurred around Kayano, Nagano, at 16:33 JST
on July 20, 2017.
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Figure D.16. The same as Figure D.1. but the case #16 occurred around Inashiki, Ibaraki, at 13:20 JST
on July 21, 2017.
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Figure D.17. The same as Figure D.1. but the case #17 occurred around Tomioka, Gunma, at 2:27 JST
on August 7, 2017 (Figure 18).
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Figure D.18. The same as Figure D.1. but the case #18 occurred around Ootsuki, Yamanashi, at 15:13
JST on July 17, 2018.
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Figure D.19. The same as Figure D.1. but the case #19 occurred around Fuefuki, Yamanashi, at 16:06
JST on August 1, 2018.
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Figure D.20. The same as Figure D.1. but the case #20 occurred around Kanra, Gunma, at 18:20 JST
on August 1, 2018.
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Figure D.21. The same as Figure D.1. but the case #21 occurred around Shiraoka, Saitama, at 15:39
JST on August 10, 2018 (Figure 23).
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Figure D.22. The same as Figure D.1. but the case #22 occurred around Annaka, Gunma, at 17:25 JST
on August 22, 2018.
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Figure D.23. The same as Figure D.1. but the case #23 occurred around Utsunomiya, Tochigi, at 14:51
JST on August 25, 2018.
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Figure D.24. The same as Figure D.1. but the case #24 occurred around Utsunomiya, Tochigi, at 15:01
JST on August 25, 2018.
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Figure D.25. The same as Figure D.1. but the case #25 occurred around Midori, Gunma, at 16:53 JST
on August 25, 2018.
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Figure D.26. The same as Figure D.1. but the case #26 occurred around Kasama, Ibaraki, at 18:09 JST
on August 25, 2018.
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Figure D.27. The same as Figure D.1. but the case #27 occurred around Oume, Tokyo, at 16:04 JST
on August 26, 2018.
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Figure D.28. The same as Figure D.1. but the case #28 occurred around Hitachioota, Ibaraki, at 17:22
JST on August 26, 2018.
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