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Abstract  Atmospheric Rivers (ARs) are narrow and elongated water vapor belts in troposphere with meridional transport across the 
mid-latitudes towards high-latitudes. Compared with ARs occurred over the northeastern Pacific, the western coast of North America 
and Europe, the ARs over the East Asia have received less attention. In this paper, the characteristics of ARs which affected China in 
the area 20˚–60˚N, 95˚–165˚E in the middle summer season from 2001 to 2016 were investigated by using European Center for Me-
dium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis data and Multi-functional Transport Satellites-1R (MTSAT-1R) 
infrared data. Totally, 134 ARs occurred during that period, and averagely 8.4 ARs occurred per year. Statistically, 101 ARs were in 
east-west orientation, and 33 ARs were in north-south orientation, which accounts for about 75% and 25%, respectively. Herein we 
report the occurrence number, duration time, intensity, length, width, ratio of length to width, and extension orientation of these ARs, 
which provide the basic information for those who have interest in ARs over the East Asia.  

Key words  narrow and elongated water vapor belt; East Asia; middle summer season; Meiyu/Baiu front; characteristics of atmos-
pheric rivers; infrared satellite data 

 

1 Introduction 
The term ‘atmospheric river’ (hereafter AR), refers to 

the ‘river in the sky’ (Kerr, 2006) with a narrow, elon-
gated, synoptic jet of water vapor that plays important 
roles in the global water cycle and regional weather and 
hydrology (Guan and Waliser, 2015). A great number of 
previous studies (Zhu and Newell, 1998; Ralph et al., 2004; 
Ginemo et al., 2014; Nusbaumer and Noone, 2018) have 
indicated that ARs were one of the major causes of ex-
treme precipitation and flooding in many regions around 
the world and contributed substantially to global poleward 
moisture transport. Zhu and Newell (1998) indicated that 
four or five atmospheric rivers in each hemisphere might 
carry the majority of the meridional water vapor fluxes 
over the globe. Gimeno et al. (2014, p3) mentioned that 
‘At 35˚N, it is estimated that 90% of the total meridional 
water vapor flux is due to ARs and that these structures 
cover about 10% of the total hemispheric circumference’. 

Namias (1939) initially noticed the phenomenon of 
‘river in the sky’. However, the concept of AR was firstly 
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put forward by Newell et al. (1992). By using European 
Center for Medium-Range Weather Forecasts (ECMWF) 
data, they documented the presence of the filamentary 
structure of water vapor belt, which had length several 
times of its width and might persist for several days. New-
ell et al. (1992) termed this long (about 2000 km), narrow 
(about 300 km – 500 km) enhanced water vapor belt as the 
‘tropospheric river’. Its maximum flow rate is close to that 
of the Amazon River in America, which is about 1.65×108

 

kg s−1. Later, Zhu and Newell (1994) named this filamen-
tary structure in atmospheric water vapor transport as ‘at-
mospheric river’. 

By using the wind and relative humidity data in July 
from ECMWF containing the year 1991, 1994, and 1995, 
Zhu and Newell (1998) indicated that mean flow was 
mostly zonal in the tropics, with substantial meridional 
components between 35˚N and 55˚N in the North Atlantic 
and North Pacific, as well as south of Australia, southeast 
of South America, and in the southeast Pacific, but the 
transient perturbation flows were mostly poleward be-
tween 20˚ – 70˚S and 35˚ – 60˚N, particularly over the ocean. 
Ralph et al. (2004) presented that a typical AR was posi-
tioned at the warm sector of the pre-cold-frontal region in 
a extratropical cyclone. The band of concentrated water 
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vapor was in the narrow area at low levels, and strong 
low-level wind and high content of water vapor resulted 
in the intensive water vapor transport.  

Bao et al. (2006) investigated the moisture origin in ARs, 
and indicated that the water vapor in ARs had two origins. 
One was convergence of local moisture along the cold 
front, and the other was the water vapor transported to the 
poles (Bao et al., 2006). Before reaching extratropics, the 
majority of water vapor which was from south of 35˚N 
would re-circulate to the low latitudes (Knippertz and 
Wernli, 2010). Some previous studies of ARs suggested 
that the water vapor of ARs was from direct transporta-
tion from the tropics (Guan et al., 2010; Dettinger et al., 
2011; Rutz et al., 2014). Within the weather systems over 
the ocean, the evaporation of water vapor, which was 
located behind the cold front, contributed significantly to 
the entire life cycle of cyclone. It was shown that as the 
cold front moved to the warm front cyclonically, which 
caused the warm sector to be narrower, local convergence 
of water vapor occurred along the cold front and was re-
sponsible for forming the plumes of enhanced water va-
por (Dacre et al., 2015). ARs transported meridionally 
from tropics to the pole have directions from southwest to 
northeast normally. Hence, the east part of ocean, espe-
cially the west coast of North America and western Euro-
pean countries, were directly affected by landfalling ARs 
(Bao et al., 2006; Leung and Qian, 2009; Dettinger et al., 
2011; Lavers et al., 2012; Dong et al., 2018).  

Gimeno et al. (2014) briefly reviewed the research 
history of AR, and pointed out that ‘ARs are narrow re-
gions responsible for the majority of the poleward water 
vapor transport across the mid latitudes’. They mentioned 
that ‘ARs also had colloquial names, such as ‘Hawaiian 
firehose’ or ‘Pineapple Express’ (Lackmann and Gyakum, 
1999), non-technical terms commonly used by forecasters 
to refer to ARs that connect tropical moisture near the 
Hawaiian Islands with the west coast of North America. 
Over the central United States ARs have been named the 
‘Maya Express’ (Dirmeyer and Kinter, 2009). 

Compared with the ARs over the Northeastern Pacific 
(Lackmann and Gyakum, 1999; Neiman et al., 2008, 2011; 
Ralph and Dettinger, 2011; Ralph et al., 2011, 2019; Wal-
iser et al., 2012; Payne and Magnusdottir, 2014; Warner 
and Mass, 2015; Sellars et al., 2017), especially the ex-
treme precipitation caused by ARs over California (Det-
tinger et al., 2011; Cordeira et al., 2013; Luo and Tung, 
2015; Ralph et al., 2016) and ARs over the Europe (Lavers 
et al., 2011, 2012; Ramos et al., 2014; Gao and Leung, 
2016), ARs that affect China have received less attention.  

China is typically influenced by monsoon climate with 
cold and dry winters and the warm and wet summers. In 
summer, China is usually characterized by a rainy season, 
commonly referred to as plum rain, which is caused by 
precipitation along a persistent atmospheric stationary front 
known as the Meiyu/Baiu front for nearly two months from 
the late spring to the early summer among China, Korea, 
and Japan. The rainy season usually ends when the sub- 
tropical high-pressure system becomes strong enough to 
push the Meiyu/Baiu front to the north of China. For a long 

time, the seasonal and long-term water scarcities had been 
one of the most serious threats to the north of China.  

In this paper, we aim to investigate the characteristics 
of ARs over the East Asia which may affect China, and 
try to address the following questions: what are the char-
acteristics, such as occurrence frequency, spatial- temporal 
scales of ARs over the East Asia in middle summer season? 
These questions are necessary and significant approaches 
towards much deeper understanding of ARs over the East 
Asia which may affect China. The rest of this paper is 
arranged as follows: The data and methodology will be 
introduced in Section 2. Characteristics, such as the oc-
currence number, duration time, intensity, length, width, 
ratio of length to width of ARs over the East Asia which 
may affect China will be documented in Section 3. Finally, 
concluding remarks will be given in Section 4. 

2 Data and Methodology 
2.1 Data Sources 

In the present study, we used the European Centre for 
Medium-Range Weather Forecasts (ECWMF) global re-
analysis (ERA-Interim) data with the spatial resolution of 
0.5˚×0.5˚①. The study period is from 15 June to 31 July 
from 2001 to 2016, which covers the Meiyu/Baiu season 
in East Asia. Variables include geopotential height, air tem-   
perature, three-dimensional wind components u, v, and w, 
specific humidity and relative humidity with 37 isobaric 
levels (1000, 975, 950, 925, 900, 875, 850, 825, 800, 775, 
750, 700, 650, 600, 550, 500, 450, 400, 350, 300, 250, 225, 
200, 175, 150, 125, 100, 70, 50, 30, 20, 10, 7, 5, 3, 2, and 1 

hPa) and 6-hourly temporal resolution (00, 06, 12, and 18 
UTC). Multi-functional Transport Satellites-1R (MTSAT- 

1R) infrared data, which was supplied by Kochi Univer-
sity of Japan (http://weather.is.kochi-u.ac.jp/archive-e.html) 
from 2001 to 2016, are utilized to document the evolution-
ary processes of cloud systems. MTSAT- 1R data are 1- 

hourly on horizontal resolution of 0.05˚× 0.05˚ within the 
area of 20˚S – 70˚N, 70˚ – 160˚E.  

2.2 Method to Identify AR 
The methodology we used in the present study is simi-

lar to the algorithm of moisture fluxes suggested by Zhu 
and Newell (1998) to diagnose the AR based on IVT mag- 
nitude. In the following, IVT is calculated: 

2 2IVT x yI I  .                (1) 

Here, 
top1

d
p

x p
I qu p

g
   is the east-west component of 

integrated water vapor flux, 
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p

y p
I qv p

g
 

 

is the north- 

south component of integrated water vapor flux. And, q is  
 

① ERA-Interim data are originally reduced Gaussian grid data with 
approximately uniform 79 km spacing for surface and other grid- 

point fields. When we downloaded ERA-Interim data, they were 
regridded to spatial resolution of 0.5˚×0.5˚ already. 
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the specific humidity, g is gravitational acceleration, u 
and v are zonal and meridional wind speed, respectively. 
p0 is surface pressure, and ptop is the pressure at the top of 
troposphere. In the present study, p0 and ptop are taken as 
1000 hPa and 200 hPa, respectively (Sellars et al., 2017).  

( , )x yI I I


 is the vector of water vapor transport. I 


 
2 2IVT x yI I   is the IVT magnitude, and the unit of IVT  

is kg m−1
 s−1. 

Fig.1 shows the MTSAT-1R infrared satellite image at 
00 UTC 20 July 2016 together with IVT distribution. It is 
found that a nearly NE-SW oriented cloud system occu-
pied the east part of China mainland. The concentrated 
IVT contours with the maximum value of 1700 kg m−1

 s−1 
coincide with the cloud system. This cloud system is an 
AR which deserves further investigation.

 
Fig.1 MTSAT-1R infrared satellite image at 00 UTC 20 July 2016 (shaded, bright temperature with the unit of ℃, 2℃ interval) 
together with IVT distribution (blue contours, 100 kg m−1

 s−1 interval) and IVT=800 kg m−1
 s−1 interval (red contour). 

One of the challenges of investigating ARs is how to 
define the AR event (Sellars et al., 2017). In previous 
studies, the threshold values using IVT to quantify AR in 
different regions varied significantly by different research-
ers. Some researchers defined AR based on the 85th per-
centile of peak water moisture flux (Guan and Waliser, 
2015; Waliser and Guan, 2017). Mahoney et al. (2016) 
took 500 kg m−1

 s−1 as the threshold of the AR edge in 
southeast of the United States. By using JRA-55 data, 
Kamae et al. (2017) calculated the climatology of monthly 
mean IVT field in June, July and August. They suggested 
an anomalous IVT threshold of 140 kg m−1

 s−1 to be used 
to detect AR-like water vapor belt over the northwestern 
Pacific. Kamae (personal communication, on 15 Septem-
ber 2018) also indicated that the IVT value around the 
central East China Sea (30˚N, 125˚E) could be obtained 
by plus anomalous IVT field 140 kg m−1

 s−1 with the 
monthly mean IVT field 600 kg m−1

 s−1, i.e., total IVT 
field 740 kg m−1

 s−1. Employing ERA-2 reanalysis data 
during the period from 1980 to 2016, Sellars et al. (2017) 
set a minimum threshold of IVT intensity at 750 kg m−1

 s−1 
to be an AR. Their results showed the global regions where 
intense AR often existed in five areas, i.e., off the coast of 
the Southeast United States, eastern China, eastern South 
America, off the southern tip of South Africa, and in the 
southeastern Pacific Ocean. 

In summer season, there is a large amount of water 

vapor transport in the region of Asian monsoon. In the 
present study, we choose IVT threshold value 800 kg m−1

 

s−1 to quantify AR based on the following considerations. 
1) The focus period of the present study is from 15 

June to 31 July, which covers the middle summer season 
in China. The Meiyu/Baiu front may contribute heavy 
precipitations in the south of China. Thus, it is reasonable 
to consider more abundant water vapor in the definition 
of AR than that in other seasons.  

2) The AR with the same IVT intensity is more likely 
to cause extreme precipitation in regions with large to-
pography variation. As in the north of China, the topog-
raphy variation is not very pronounced, thus, it needs 
more water vapors in flatlands than that in mountainous 
area for extreme precipitation caused by ARs. Therefore, 
IVT threshold value of identifying AR should be greater 
than that of other regions with large topography variation. 
Thus in the present study, the 800 kg m−1

 s−1 threshold 
value, which is slightly greater than the threshold values 
suggested by Kamae (personal communication, 2018) and 
Sellars et al. (2017), is selected to target only the extreme 
water vapor transport processes. Another supporting evi-
dence of using 800 kg m−1

 s−1 IVT threshold in the present 
study might be Fig.1b in Guan and Waliser (2015), where 
the 85th percentile of summertime IVT is shown to be 
much larger over East Asian region compared to western 
US or Europe.  
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In the later analyses, the following principles must be 
followed: 1) The water vapor band which affected China 
should be formed within the area of 20˚N – 60˚N, 95˚E – 

165˚E with its maximum IVT value greater than 800 kg 

m−1
 s−1. 2) The ratio of length to width of the water vapor 

band is not less than 2, and its duration time is longer than 
12 h. 3) Even if a water vapor belt is consisted of multiple 
connected parts, it is regarded as one united water vapor 
band.  

Based on the aforementioned principles, all long and 
narrow water vapor bands whose maximum IVT value 
greater than 800 kg m−1

 s−1 were examined. Finally, for all 
water vapor bands which satisfy the selection criteria are 
defined as AR in the present study.  

In the following, it is essential to illustrate how to cal-
culate the length and width of AR. In Fig.2a, the arc line 
AA’ refers to the longest distance between any two points 
in the outmost edge of AR, which represents the length of 
AR. While the arc line BB’, which is perpendicular to arc 
line AA’, represents the width of AR. Suppose the latitude 
of point A is 1, the longitude of point A is λ1, the latitude 
of point A’ is 2, and the longitude of point A’ is λ2, the 
length of arc line AA’ is calculated as: 

 1 2 1 2 1 2arccos cos cos cos( ) sin sinS R          . 

(2) 

Here, R=6371 km is the radius of the earth. It is easy to 
calculate the length of arc line BB’ in a similar way. 

Setting the southernmost point of line AA’ as the origi-
nal point (shown in Fig.2b), if the direction of line AA’ 
(defined as the difference between these two latitudes) 
falls within area A or area D, then AR is in east-west ori-
entation. If the direction of line AA’ falls within area B or 
area C, AR is in north-south orientation. The duration 
time of AR is set to be the period from its beginning to its 
end①. The duration time, length, width, ratio of length to 
width, the maximum IVT value, and extension orientation 
which represents the characteristics of these ARs are 
documented from their beginnings to the ends. Detailed 
information of all 134 ARs is listed in the Appendix. 

 
Fig.2 Schematic diagram for an ideal ‘Atmospheric River’. 
(a) The length and width of an atmospheric river. Blue line 
represents the outmost edge of atmospheric river. Arc line 
AA’ represents the length of atmospheric river, and arc 
line BB’, which is perpendicular to line AA’, indicates the 
width of atmospheric river. (b) The orientation of atmos-
pheric river. x-axis represents the east-west orientation, 
while the y-axis represents the north-south orientation. 

 

3 Statistical Results 
Based on the aforementioned principles, totally 134 fila- 

ment-shaped bands with enhanced water vapor flux were 
determined in the present study.  

Fig.3 shows the occurrence year versus the occurrence 
of AR numbers over the East Asia during the period from 
15 June to 31 July from 2001 to 2016. It is found that the 
numbers of AR in the year of 2004, 2005 and 2010 were 
all 10. In each summer, there are averagely 8.4 ARs over 
the East Asia. In 2009, the maximum numbers of AR were 
11, while the minimum numbers of AR were 5 in 2015. 
The numbers of AR in different years varied significantly, 
with the mean value of 8.4 and the variance of 3.05. 

In the present study, we used the maximum IVT value 
to represent the intensity of AR. As shown in Fig.4, the 
maximum value of IVT ranges from 800.1 kg m−1

 s−1 to 
2400 kg m−1

 s−1. Respectively, there are 33 ARs whose 
maximum IVT values are within 1200.1 kg m−1

 s−1 to 
1400.0 kg m−1

 s−1, as well as within 1400.1 kg m−1
 s−1 to 

1600.0 kg m−1
 s−1. The numbers of AR whose maximum 

IVT is less than 1600.0 kg m−1
 s−1 are 95 among the 134 

ARs, accounting for 70.9% of the total ARs. The most 
intense one among these 134 ARs is the one that occurred 
over the Yellow Sea, passing by the coast of Japan Islands  

 
Fig.3 The occurrence year versus the occurrence number 
of ARs over the East Asia during the period from 15 June 
to 31 July from 2001 to 2016. 

 
Fig.4 The maximum IVT value versus the occurrence 
number of ARs over the East Asia during the period from 
15 June to 31 July from 2001 to 2016. 

 
① Here, the ‘beginning’ is defined to be the ‘appearing time’ of 
contour of 800 kg m−1

 s−1 IVT together with the ratio of length to 
width greater than 2. The ‘end’ is defined to be the ‘disappearing 
time’ of contour of 800 kg m−1

 s−1 IVT, or the ratio of length to 
width less than 2. 
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from 18 UTC 8 July to 18 UTC 12 July 2009, sustaining 
about 96 hours with a maximum IVT value of 2388.2 kg 

m−1
 s−1. 

Examination of the whole lifetimes of total ARs, Fig.5 
and Fig.6 summarized the characteristics of horizontal 
length and width of these 134 ARs. It is shown that 115 
ARs (about 85.8%) have their horizontal lengths shorter 
than 2500 km. 39 ARs (about 29.1%) have their mean 
lengths between 1001 km and 1500 km. The number of 
ARs with their mean length between 3501 km and 4000 
km is only 3, and the number of ARs with their mean 
horizontal length between 4001 km and 4500 km is only 4. 
Among these 134 ARs, the AR with the maximum mean 
horizontal length initially formed in the east coast of Ja-
pan Islands, was enhanced after connecting with a high 
IVT area in southeast, and lasted for about 222 hours 
from 12 UTC 16 to 18 UTC 25 June 2010. Around 06 
UTC 20 June 2010, this AR had its maximum horizontal 
length of 8130 km during its whole lifetime, while its 
width was about 670 km at that time.  

Fig.6 shows that 106 ARs have their mean horizontal 
widths between 201 km and 500 km, accounting for about 
79.1% of the total 134 ARs. The number of ARs with their 
mean horizontal widths between 301 km and 400 km is 40, 
accounting for the maximum proportion (29.8%). The 
number of ARs with their horizontal widths shorter than 
200 km is 4, while that longer than 800 km is only 1. 
Among these 134 ARs, there are no ARs whose horizontal 
widths are between 701 km and 800 km. The AR with the  

 
Fig.5 The mean length versus the occurrence number of 
ARs over the East Asia during the period from 15 June to 
31 July from 2001 to 2016. 

 
Fig.6 The mean width versus the occurrence number of 
ARs over the East Asia during the period from 15 June to 
31 July from 2001 to 2016. 

maximum mean horizontal width of 810 km occurred over 
the southeast of Japan Sea from 18 UTC 3 July to 12 UTC 
10 July 2010 with its largest horizontal width of 1070 km. 

Fig.7 shows the mean ratio of length to width of ARs 
versus the number of ARs over the East Asia during the 
period from 15 June to 31 July from 2001 to 2016. Ac-
cording to the definition of ratio of length to width of AR, 
the greater this ratio is, the longer and narrower the AR 
looks to be. In the present study, the ratio of length to 
width of AR ranges from 2.0 to 8.0. Totally, 123 (about 
91.8%) ARs have the ratio of length to width between 2.0 
and 6.0. The number of ARs with ratio of length to width 
between 3.1 and 4.0 is 41. The AR with the largest ratio 
of length to width is the one which initiated over the 
China Taiwan Island and developed from 12 UTC 16 to 
18 UTC 25 June 2010. Its mean horizontal length was 
about 4520 km, and its mean horizontal width was about 
580 km. The mean ratio of length to width was about 7.8. 
In particular, this AR reached its maximum ratio of 13.4 
around 00 UTC 20 June 2010 with its horizontal length of 
7930 km and horizontal width of 590 km.  

Duration time of AR is a significant variable to meas-
ure the whole lifetime of AR (Ralph et al., 2013). In the 
present study, AR’s duration time is required to be longer 
than 12 h. As shown in Fig.8, 72 ARs sustained from 12 h 
to 60 h, accounting for about 53.7%. There were only 13 
ARs whose duration times were longer than 180 h, ac-
counting for about 9.7% of total ARs. The AR with the 
longest duration time occurred over the Pacific Ocean from 
00 UTC 3 to 00 UTC 18 July 2007. 

 

Fig.7 The mean ratio of length to width versus the occur-
rence number of ARs over the East Asia during the period 
from 15 June to 31 July from 2001 to 2016. 

 
Fig.8 The duration time versus the occurrence number of 
ARs over the East Asia during the period from 15 June to 
31 July from 2001 to 2016. 
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  Based on the aforementioned method to define the ori-
entation of AR (see Fig.2b), it is found that 101 ARs are 
in east-west orientation, and 33 ARs are in north-south 
orientation, which accounts for about 75% and 25%, re-
spectively. 

4 Concluding Remarks 
In this paper, the characteristics of ARs over the East 

Asia which may affect China are documented by using 
ECWMF reanalysis data and MTSAT-1R infrared channel 
albedo data during the period from 15 June to 31 July 
from 2001 to 2016. Totally, 134 ARs occurred in that pe-
riod, and averagely 8.4 ARs occurred per year. Statisti-
cally, 101 ARs were in east-west orientation, and 33 ARs 
were in north-south orientation. The occurrence number, 
duration time, intensity, length, width, ratio of length to 
width, and extension orientation of ARs were presented. 
The synoptic situations that generated these ARs and the 
spatial structures of some typical ARs will be presented in 
a subsequent paper. 
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Appendix 
Detailed information of 134 atmospheric rivers over the East Asia 

ID Starting time† Ending time† Duration 
time (h) 

Time for maximum 
IVT† 

Maximum IVT
(kg m−1

 s−1)
Direction

Mean length 
(km) 

Mean width 
(km) 

Ratio between
length & width

001 2001-06-18-00 2001-06-23-00 120 2001-06-20-06 1751.3 E-W 3980 610 6.5 
002 2001-07-11-12 2001-07-15-00 84 2001-07-13-18 1355.4 E-W 1770 350 5.1 
003 2001-07-13-18 2001-07-16-00 90 2001-07-14-12 1391.6 S-N 1100 300 3.7 
004 2001-07-18-00 2001-07-18-12 12 2001-07-18-00 997.2 S-N 750 270 2.8 
005 2001-07-21-06 2001-07-23-06 48 2001-07-21-18 1204.2 E-W 1370 380 3.6 
006 2001-07-27-18 2001-07-29-06 36 2001-07-28-06 1404.4 S-N 970 320 3.0 
007 2002-06-16-12 2002-06-18-12 48 2002-06-18-06 1769.9 E-W 2370 410 5.8 
008 2002-06-18-18 2002-06-28-18 240 2002-06-24-12 1875.7 E-W 3800 540 7.0 
009 2002-06-23-00 2002-06-25-06 54 2002-06-25-06 1575.3 E-W 1440 530 2.7 
010 2002-07-16-18 2002-07-23-12 162 2002-07-18-18 1484.8 E-W 2280 500 4.6 
011 2002-07-16-18 2002-07-19-06 60 2002-07-17-06 1212.5 E-W 1960 390 5.0 
012 2002-07-20-06 2002-07-21-06 24 2002-07-20-18 1054.9 E-W 1080 250 4.3 
013 2002-07-22-18 2002-07-23-18 24 2002-07-23-06 1145.4 E-W 1250 240 5.2 
014 2002-07-30-18 2002-07-31-06 12 2002-07-31-00 953.6 E-W 650 260 2.5 
015 2003-06-23-06 2003-06-28-12 126 2003-06-24-00 1387.7 E-W 2280 380 6.0 
016 2003-06-25-18 2003-07-02-12 162 2003-06-27-00 1885.4 E-W 2900 660 4.4 
017 2003-06-28-18 2003-07-03-06 108 2003-07-01-00 1465.0 E-W 1820 340 5.4 
018 2003-07-02-00 2003-07-09-00 168 2003-07-03-06 1749.7 E-W 2380 570 4.2 
019 2003-07-04-12 2003-07-07-00 60 2003-07-06-18 1488.5 E-W 1060 220 4.8 
020 2003-07-08-00 2003-07-11-18 90 2003-07-10-06 1404.0 E-W 1350 360 3.8 
021 2003-07-11-18 2003-07-19-18 192 2003-07-14-18 1846.0 E-W 3150 580 5.4 
022 2003-07-17-06 2003-07-19-00 42 2003-07-17-18 1493.0 E-W 1220 440 2.8 
023 2003-07-21-00 2003-07-23-06 54 2003-07-23-00 1143.2 E-W 810 290 2.8 
024 2004-06-16-00 2004-06-16-12 12 2004-06-16-06 933.3 S-N 720 160 4.5 

(to be continued) 
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(continued) 

ID Starting time† Ending time† Duration 
time (h) 

Time for maximum 
IVT† 

Maximum IVT
(kg m−1

 s−1)
Direction

Mean length 
(km) 

Mean width 
(km) 

Ratio between
length & width

025 2004-06-18-00 2004-06-19-00 24 2004-06-19-00 1915.8 E-W 770 320 2.4 
026 2004-06-26-00 2004-07-02-00 144 2004-06-26-06 1363.4 E-W 1520 380 4.0 
027 2004-07-06-00 2004-07-08-06 54 2004-07-07-12 1180.5 S-N 1380 320 4.3 
028 2004-07-09-18 2004-07-16-18 168 2004-07-14-18 1658.0 E-W 2110 440 4.8 
029 2004-07-15-18 2004-07-19-06 84 2004-07-17-06 1306.3 E-W 1400 410 3.4 
030 2004-07-16-18 2004-07-26-06 228 2004-07-20-06 1250.1 S-N 1630 390 4.2 
031 2004-07-19-12 2004-07-24-00 108 2004-07-21-18 1327.4 E-W 1830 480 3.8 
032 2004-07-26-18 2004-07-27-06 12 2004-07-27-00 1186.6 E-W 680 220 3.1 
033 2004-07-29-18 2004-07-30-06 12 2004-07-30-06 1055.5 S-N 620 210 3.0 
034 2005-06-25-12 2005-07-03-06 186 2005-06-27-00 1914.3 E-W 2170 670 3.2 
035 2005-06-29-06 2005-06-30-18 36 2005-06-30-06 976.0 S-N 770 260 3.0 
036 2005-06-30-12 2005-07-09-18 222 2005-07-07-06 1710.1 E-W 4120 690 6.0 
037 2005-07-09-12 2005-07-14-18 126 2005-07-11-18 1695.0 E-W 4490 640 7.0 
038 2005-07-09-18 2005-07-10-12 18 2005-07-10-06 1619.5 E-W 1160 450 2.6 
039 2005-07-12-18 2005-07-13-12 18 2005-07-13-00 1246.8 E-W 720 210 3.4 
040 2005-07-17-00 2005-07-17-18 18 2005-07-17-00 1282.4 E-W 670 190 3.5 
041 2005-07-19-06 2005-07-23-12 102 2005-07-20-00 1237.7 S-N 1160 230 5.0 
042 2005-07-21-12 2005-07-22-00 12 2005-07-21-18 976.4 S-N 670 180 3.7 
043 2005-07-27-18 2005-07-29-06 36 2005-07-28-18 1373.7 E-W 1150 300 3.8 
044 2006-06-16-18 2006-06-19-18 72 2006-06-17-18 1514.1 E-W 1560 330 4.7 
045 2006-06-22-12 2006-06-26-06 90 2006-06-23-06 1458.0 E-W 2140 410 5.2 
046 2006-06-24-18 2006-06-27-06 60 2006-06-27-06 1010.9 E-W 860 240 3.6 
047 2006-06-29-18 2006-07-07-00 168 2006-07-04-12 1527.4 E-W 2560 390 6.6 
048 2006-07-01-12 2006-07-03-00 36 2006-07-01-18 1425.2 E-W 1940 560 3.5 
049 2006-07-12-18 2006-07-13-06 12 2006-07-13-06 1069.9 E-W 970 370 2.6 
050 2006-07-27-06 2006-07-28-06 24 2006-07-28-06 1285.5 E-W 870 290 3.0 
051 2007-06-21-18 2007-06-28-12 162 2007-06-22-18 1812.5 E-W 2090 390 5.4 
052 2007-06-23-00 2007-06-26-18 90 2007-06-25-00 1361.6 E-W 1590 460 3.5 
053 2007-06-27-00 2007-07-03-00 144 2007-06-29-00 1481.5 E-W 1320 430 3.1 
054 2007-06-30-00 2007-07-03-06 78 2007-07-02-18 1081.7 E-W 1260 280 4.5 
055 2007-07-03-00 2007-07-18-00 360 2007-07-07-12 2005.4 E-W 3350 510 6.6 
056 2007-07-05-00 2007-07-05-12 12 2007-07-05-12 1160.6 E-W 1070 280 3.8 
057 2007-07-07-18 2007-07-08-18 24 2007-07-08-18 1154.3 E-W 910 270 3.4 
058 2007-07-09-00 2007-07-11-06 54 2007-07-10-00 1643.1 E-W 1310 390 3.4 
059 2007-07-17-06 2007-07-20-06 72 2007-07-19-18 1143.9 E-W 1730 360 4.8 
060 2008-06-17-00 2008-06-19-06 54 2008-06-17-18 1922.0 S-N 1620 430 3.8 
061 2008-06-20-00 2008-06-30-06 246 2008-06-30-00 1835.7 E-W 2490 470 5.3 
062 2008-06-26-00 2008-07-04-00 192 2008-06-29-18 1852.7 E-W 2170 530 4.1 
063 2008-07-01-06 2008-07-03-12 54 2008-07-02-18 1099.5 S-N 1190 360 3.3 
064 2008-07-04-00 2008-07-08-00 96 2008-07-05-12 1539.5 S-N 1370 420 3.3 
065 2008-07-15-18 2008-07-16-12 18 2008-07-15-18 1273.9 S-N 1020 330 3.1 
066 2008-07-22-18 2008-07-24-06 36 2008-07-24-06 1091.4 E-W 920 240 3.8 
067 2009-06-18-12 2009-06-20-06 42 2009-06-19-00 1262.5 S-N 1010 330 3.1 
068 2009-06-28-18 2009-07-03-00 102 2009-06-29-06 1512.0 E-W 2180 440 5.0 
069 2009-07-03-06 2009-07-04-18 36 2009-07-03-06 1222.3 E-W 840 380 2.2 
070 2009-07-07-00 2009-07-09-00 48 2009-07-07-06 1268.7 E-W 1480 420 3.5 
071 2009-07-08-18 2009-07-12-18 96 2009-07-09-18 2388.2 E-W 3060 670 4.6 
072 2009-07-11-18 2009-07-13-00 30 2009-07-12-12 1879.1 E-W 1490 620 2.4 
073 2009-07-17-12 2009-07-18-00 12 2009-07-18-00 1633.0 E-W 1750 600 2.9 
074 2009-07-20-12 2009-07-21-00 12 2009-07-21-00 1457.4 E-W 1600 590 2.7 
075 2009-07-23-12 2009-07-25-06 42 2009-07-24-06 1306.7 S-N 950 380 2.5 
076 2009-07-28-00 2009-07-29-00 24 2009-07-28-06 1313.6 E-W 850 270 3.1 
077 2009-07-29-00 2009-07-29-18 18 2009-07-29-18 1510.9 E-W 2280 350 6.5 
078 2010-06-16-12 2010-06-25-18 222 2010-06-18-18 1788.9 E-W 4520 580 7.8 
079 2010-06-16-12 2010-06-17-12 24 2010-06-17-06 1277.2 E-W 2420 470 5.1 
080 2010-06-25-00 2010-06-28-18 90 2010-06-26-06 1468.7 E-W 1690 450 3.8 
081 2010-07-03-18 2010-07-10-12 162 2010-07-04-18 1971.7 E-W 4410 810 5.4 
082 2010-07-08-18 2010-07-10-06 36 2010-07-09-18 1596.2 E-W 1830 430 4.3 
083 2010-07-10-00 2010-07-16-06 150 2010-07-11-06 2255.0 E-W 2170 470 4.6 
084 2010-07-13-00 2010-07-13-18 18 2010-07-13-06 1441.1 E-W 1150 390 2.9 
085 2010-07-16-18 2010-07-19-18 72 2010-07-18-00 1470.3 E-W 1840 360 5.1 

(to be continued) 
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(continued) 

ID Starting time† Ending time† Duration 
time (h) 

Time for maximum 
IVT† 

Maximum IVT
(kg m−1

 s−1)
Direction

Mean length 
(km) 

Mean width 
(km) 

Ratio between
length & width

086 2010-07-19-00 2010-07-22-18 90 2010-07-19-18 1601.0 S-N 1260 350 3.6 
087 2010-07-26-06 2010-07-31-18 132 2010-07-29-12 1657.5 S-N 1900 490 3.9 
088 2011-06-15-12 2011-06-22-06 162 2011-06-19-06 1581.7 E-W 2520 440 5.7 
089 2011-06-28-12 2011-06-30-00 36 2011-06-29-06 1148.8 S-N 1230 260 4.7 
090 2011-06-30-18 2011-07-10-18 240 2011-07-03-18 1928.3 E-W 1700 450 3.8 
091 2011-07-09-00 2011-07-15-06 150 2011-07-11-06 1414.7 S-N 2250 400 5.6 
092 2011-07-12-12 2011-07-13-00 12 2011-07-12-18 1309.5 E-W 780 260 3.0 
093 2011-07-25-06 2011-07-26-12 30 2011-07-26-00 1112.5 S-N 1090 240 4.5 
094 2012-06-22-18 2012-06-26-00 78 2012-06-23-06 1499.5 E-W 2280 410 5.6 
095 2012-06-30-00 2012-07-04-06 102 2012-06-30-00 1458.1 E-W 1690 370 4.6 
096 2012-07-02-12 2012-07-03-06 18 2012-07-02-18 1097.0 E-W 1140 390 2.9 
097 2012-07-04-18 2012-07-11-18 168 2012-07-06-18 1672.0 E-W 2690 500 5.4 
098 2012-07-10-06 2012-07-15-00 114 2012-07-12-12 1647.6 E-W 2790 570 4.9 
099 2012-07-14-00 2012-07-18-06 102 2012-07-15-18 1350.1 E-W 2370 430 5.5 
100 2012-07-21-18 2012-07-23-06 36 2012-07-22-06 1561.4 S-N 890 320 2.8 
101 2012-07-25-12 2012-07-26-18 30 2012-07-25-18 1218.5 S-N 1090 360 3.0 
102 2012-07-28-12 2012-07-29-00 12 2012-07-28-18 1110.4 S-N 970 430 2.3 
103 2013-07-01-12 2013-07-03-12 48 2013-07-02-12 1718.7 E-W 1980 600 3.3 
104 2013-07-03-18 2013-07-07-06 84 2013-07-05-06 1926.6 E-W 2670 560 4.8 
105 2013-07-07-00 2013-07-09-00 48 2013-07-08-06 1174.4 E-W 1700 350 4.9 
106 2013-07-07-06 2013-07-08-06 24 2013-07-07-12 1288.5 S-N 890 260 3.4 
107 2013-07-10-00 2013-07-15-12 132 2013-07-12-06 1474.9 E-W 1920 310 6.2 
108 2013-07-14-00 2013-07-14-12 12 2013-07-14-06 1161.4 E-W 800 260 3.1 
109 2013-07-19-00 2013-07-20-00 24 2013-07-19-06 1178.5 E-W 690 200 3.5 
110 2013-07-22-18 2013-07-24-12 42 2013-07-23-12 1394.2 E-W 1210 420 2.9 
111 2013-07-29-18 2013-07-30-18 24 2013-07-30-06 1109.8 S-N 640 260 2.5 
112 2013-07-29-18 2013-07-31-18 48 2013-07-31-06 1315.7 S-N 1180 470 2.5 
113 2014-06-20-00 2014-07-04-12 342 2014-06-22-06 2195.1 E-W 3560 520 6.8 
114 2014-07-03-12 2014-07-11-12 192 2014-07-09-00 1550.1 E-W 1740 370 4.7 
115 2014-07-07-00 2014-07-08-18 42 2014-07-07-06 1157.1 E-W 1230 430 2.9 
116 2014-07-09-18 2014-07-11-00 30 2014-07-09-18 1242.3 S-N 1140 260 4.4 
117 2014-07-12-06 2014-07-14-18 60 2014-07-13-12 1459.9 E-W 1730 560 3.1 
118 2014-07-15-06 2014-07-16-00 18 2014-07-15-18 1206.6 E-W 1280 280 4.6 
119 2014-07-20-12 2014-07-23-00 60 2014-07-21-12 1574.6 E-W 1890 480 3.9 
120 2014-07-22-18 2014-07-25-12 66 2014-07-24-06 1377.0 S-N 1480 300 4.9 
121 2015-06-15-12 2015-06-20-06 114 2015-06-18-18 1884.5 E-W 3060 470 6.5 
122 2015-06-17-12 2015-06-23-18 150 2015-06-19-18 1653.5 E-W 2080 470 4.4 
123 2015-07-18-00 2015-07-19-12 36 2015-07-18-06 1430.5 S-N 1170 400 2.9 
124 2015-07-18-18 2015-07-26-06 186 2015-07-20-06 1505.2 E-W 1750 420 4.2 
125 2015-07-23-06 2015-07-24-18 36 2015-07-23-18 1084.2 E-W 730 220 3.3 
126 2016-06-18-06 2016-06-22-06 90 2016-06-21-06 1436.8 E-W 1110 400 2.8 
127 2016-06-19-18 2016-06-25-00 126 2016-06-23-18 2069.9 E-W 1370 380 3.6 
128 2016-06-25-06 2016-06-27-00 42 2016-06-25-06 1491.3 E-W 2940 580 5.1 
129 2016-06-27-00 2016-07-02-00 120 2016-06-28-18 2137.4 E-W 3420 450 7.6 
130 2016-06-30-18 2016-07-07-00 150 2016-07-02-00 2054.4 E-W 2120 430 4.9 
131 2016-07-03-12 2016-07-10-12 168 2016-07-06-00 1319.3 E-W 1270 340 3.7 
132 2016-07-10-06 2016-07-12-18 60 2016-07-11-12 1266.9 E-W 830 360 2.3 
133 2016-07-15-00 2016-07-17-00 48 2016-07-15-18 1743.6 S-N 990 370 2.7 
134 2016-07-19-00 2016-07-21-06 54 2016-07-20-00 1818.1 S-N 1560 490 3.2 

Note: † The time are listed by YYYY-MM-DD-HH UTC. 


