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Chapter 2

A Synoptic Overview and

Moisture Trajectory Analysis of

the“7.21” Heavy Rainfall Event

in Beijing

The heavy rainfall in Beijing on 21 July 2012 was a high impact event. First,

a synoptic overview of this event is presented based on the ECMWF reanalysis

and forecast data, together with observations of hourly precipitation. It is found

that an east to northeastward moving“low-level northwest vortex” caused this

event. The vortex was formed under favorable circulation patterns and intensi-

fied by low-level dry intrusions. The source regions of the large volume of mois-

ture necessary to sustain the intense rainfall are diagnosed by back-trajectory

analysis. Approximately 77% of the moisture was transported from the Bay of

Bengal (BoB). The transport processes, including vertical profiles, mean humid-

ity variations, and relative importance of the rain-paths, are further quantified

by the back-trajectory analysis and cluster analysis. The results highlight the im-

portance of the southwestern path in transporting moisture to northern China,

which accounts for 88.4% of the moisture from the BoB, and 68% of the total of

the“7.21” heavy rainfall event.
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2.1 Introduction

On 20–21 July 2012, a widespread heavy rainfall event occurred, with the

major rainbelt elongated in a northeast-southwest orientation and the greatest

storm centered in Beijing (Figure 2.1). The Beijing downtown area measured a

mean rainfall of 215 mm, which was the greatest rainfall since 1963. The maxi-

mum rainfall of 460 mm within 24 h was recorded at Hebei Town station of Fang-

shan District in the western mountain area of Beijing (Fang et al., 2012; Tianjun

et al., 2013). Be noted that the annual mean precipitation of Beijing is 585 mm

(Beijing Water Authority, 2013). The heavy rainfall triggered flash floods in the

downtown area and landslides in the western mountainous regions. Estimates

placed the death toll between 77 and 79 (Fang et al., 2012; Sun et al., 2012, 2013;

Tianjun et al., 2013), and the direct economic loss was more than 10 billion RMB

(Zhao et al., 2013; Tianjun et al., 2013), making it a high impact event (the“7.21”

event).

The frequency and the rain rates of heavy rainfall events have increased due

to global warming, resulting in increase of atmospheric moisture and its con-

vergence (Trenberth, 1999b; Christensen and Coauthors, 2014; Pendergrass and

Hartmann, 2014). Nevertheless, in northern China, the annual mean precipita-

tion as well as the occurrence of extreme rainfall has decreased since the end of

the 1970s, corresponding to a weaker period of the East Asian summer monsoon

(Chang et al., 2000; Wang, 2001). Therefore, the occurrence of the“7.21” event

in the context of a multi-decadal drying tendency has attracted great attention

(Tianjun et al., 2013).

Fang et al. (2012) analyzed the convection conditions and mesoscale char-

acteristics of the“7.21” event, and found that sufficient moisture, convective

instability, and continuous“train effect” of the convection systems were the

main causes of the generation and development of the extreme rainfall. Chen

et al. (2012b) studied the environmental conditions of the mesoscale convective

system, noticing that the high-level divergence, wind shear, convergence within

the vortex in the lower troposphere, and surface wind convergence provided a

favorable environment for the severe rainfall. Sun-Jun et al. (2012) explored the

causes of the rainfall event by analyzing the impact factors of the rainfall. Sun
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FIGURE 2.1: (a) Location and (b) terrain base map of Beijing, showing the loca-
tions of the automatic weather stations at Haidian, Fangshan, and Xiayunling
(the black dots).

et al. (2012) and Zhong et al. (2015) investigated the synoptic circulation feature

using conventional observation data, intensive automatic weather station obser-

vations, and data from Doppler radar. Zhao et al. (2013) explored the large-scale

circulation patterns of the“7.21” event. These studies on the“7.21” event

found noticeable features of the severe storm in northern China and acknowl-

edged that the severe rainfall happened under a typical circulation pattern of

northern China. However, none of these studies have answered the question:

where did the moisture that precipitated in the“7.21” event come from?

The water vapor contributing to severe storms in northern China comes

from the Bay of Bengal (BoB), the South China Sea, and western Pacific. How-

ever, the importance of those source regions varies under different weather sys-

tems (Sun et al., 2013). Liu et al. (1979) analyzed the water vapor transport in

a severe storm in northern China in July 1975, by solving the balance equation

of the atmospheric water vapor. They found that at the low level of the atmo-

sphere (below 850 hPa), water vapor was mainly transported by the east winds,

whereas at the middle level water vapor was mainly transported by the south-

west winds. Sun and Zhao (2000) found that the water vapor from the South

China Sea and western Pacific had a noticeable contribution to severe storms in
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northern China in a case study. Although this type of analysis, integrating the

atmospheric moisture fluxes across the regional boundaries, is capable of iden-

tifying sources of moisture, it is unable to calculate them with the required high

temporal and spatial precision because they do not use real trajectories of atmo-

spheric particles. While Sun et al. (2013) detected the sources of water vapor

contributing to the“7.21” event using the well-known HYSPLIT model, they

calculated the backward trajectory for only 4 days. Consequently, moisture with

different source regions in shorter backward simulation times may be found to

come from the same source region in longer simulation periods. Additionally,

release points on more vertical levels can reveal more vertical features of the tra-

jectories.

Under these considerations, this case study aims to: (1) investigate the cir-

culation feature and physical processes leading to the“7.21” event; (2) detect

the resident level of the atmospheric moisture leading to the“7.21” event (rain-

level); (3) diagnose the sources of atmospheric moisture, and determine which

source contributed the largest amount of moisture (rain-source); and (4) analyze

the path via which the moisture was transported from the rain-source to the tar-

get area (rain-path). The remainder of this paper is organized as follows. Section

2.2 provides a description of the data and methodology used in this study. Sec-

tion 2.3 contains a description of the rainfall event based on observations and

reanalysis data from the ECMWF and a brief analysis on the circulation pattern

and physical processes leading to the occurrence of the“7.21” event. Section

2.4 reveals both the horizontal and vertical features of the moisture transport by

detecting the rain-level, rain-source, and rain-path of the“7.21” event based on

FLEXPART, a Lagrangian trajectory model. Finally, summary and conclusions

are given in Section 2.5.

2.2 Data and methods

This research uses the ECMWF ERA-Interim reanalysis products (Dee et al.,

2011), including the total precipitation, geopotential height, temperature, wind,

and specific humidity fields at specific pressure levels, and total column water
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vapor, at 0000, 0600, 1200, and 1800 UTC, together with hourly forecast data,

on a 0.25°×0.25° horizontal resolution, for the synoptic analysis of the“7.21”

extreme event. Hourly precipitation data from three automatic weather stations

(Haidian, Fangshan, and Xiayunling; Figure 2.1) for the key period between 0200

and 2000 UTC 21 July 2012 were used to verify the accuracy of the ECMWF

data and to analyze the temporal distribution of precipitation during the“7.21”

event (Chen et al., 2012b; Sun et al., 2012; Xu et al., 2012). We use FLEXPART, a

Lagrangian atmospheric transport model, which was developed and validated

by Stohl and James (2004, 2005), to calculate the backward trajectories of the air

masses over Beijing. ECMWF global analyses at every 6 h (0000, 0600, 1200, and

1800 UTC) and 3-h forecasts at intermediate times (0300, 0900, 1500, and 2100

UTC) on 60 model levels were used to drive the model. For each level of 1000,

1500, 2000, 2500, 3100, 3600, 4000, 4400, 4800, 5200, 5500, 6000, 7000, 8000, 9000,

and 10000 m above the mean sea level (hereafter ASL), 10000 particles were ini-

tialized randomly at 1200 UTC 21 July 2012, when the particles were forming or

just ending the formation of the heaviest rainfall (Figure 2.3), over the region of

39°-41°N, 115°-117°E (Figure 2.6), respectively. Each particle is assumed to have

a constant mass m = ma/N, where ma is the total atmospheric mass, and has

been tracked backward for 12 days. The particle positions and values of spe-

cific humidity (q), which are interpolated from the ECMWF data, were recorded

every hour. Though the ECMWF moisture analyses are less accurate than mass

and momentum analyses, they are strongly constrained by the humidity mea-

surements. Therefore, changes in the moisture fields from time to time largely

reflect the real hydrological processes. For more information on the FLEXPART

model, the reader is referred to Stohl and James (2004, 2005).

2.3 Synoptic overview

2.3.1 Precipitation description

During 1200 UTC 20 and 0000 UTC 23 July, a widespread heavy rainfall

swept from northwestern across northern to northeastern China with the great-

est storm centered in Beijing. Figure 2.2 displays the processes. Widespread
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FIGURE 2.2: 850-hPa geopotential height (contours) and hourly precipitation
(shading; mm h−1) at (a) 1200 UTC 20 July, (b) 0200, (c) 1200, and (d) 2000 UTC,
21 July 2012, from the ECMWF Interim reanalysis data.

rainfall can be identified over northwestern China at 1200 UTC 20 July (Figure

2.2a). Then the rainbelt moved eastward and its eastern margin was approaching

Beijing at 0200 UTC 21 July (Figure 2.2b). Its western margin was leaving Beijing

at 2000 UTC 21 July (Figure 2.2d). The main part of the rainbelt left China at 0000

UTC 23 July (figure omitted).

Figure 2.3 displays pluviometric graphs of the three automatic weather sta-

tions in Figure 2.1, illustrating the temporal distribution and the magnitude of

the“7.21” event. The rainfall started at 0200 UTC 21 July in Xiayunling sta-

tion, which is located in the southwest of Beijing. Meanwhile, Figure 2.2b shows

that the extent of the precipitation area upon arrival in Beijing with the low cen-

ter (i.e., low-level northwest vortex, see in Section 2.3.2) at 0200 UTC. Therefore,
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FIGURE 2.3: Pluviometric graph of the three automatic weather stations
sketched in Figure 2.1. The bars show the hourly precipitation, and the solid
lines represent the accumulated rainfall.

the initialization time derived from the ECMWF forecast data (Figure 2.2) agrees

with the observation data from the automatic weather stations, suggesting the

reliability of the ECMWF forecast data. Figure 2.3 shows that most of the rainfall

was concentrated between 0800 UTC and 1300 UTC 21 July. During this period,

a low-level northwest vortex (LNV), together with the main precipitation area,

were just over Beijing (Figure 2.2c). Finally, observation data in Figure 2.3 show

that the precipitation stopped around 2000 UTC 21 July, when the LNV in Figure

2.2d just left Beijing and moved northeastward. These details further prove that

the ECMWF model captured the processes of the“7.21” event well.

2.3.2 Synoptic overview

Sun-Jun et al. (2012) and Sun et al. (2013) provided decent demonstrations of

the multi-scale processes responsible for the production of the“7.21” event and

the reader is referred to these works for additional details. Here, we present a

synoptic analysis by the desire to investigate those physical processes contribut-

ing to the formation of the“7.21” event. In addition, we want to introduce the
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work done by Miller (1972) and Crisp (1979), who noted the empirical rules and

procedures with rational and physical base in forecasting severe storms. In fact,

this section was inspired by their work.

FIGURE 2.4: Geopotential height (contours) and wind vectors at 0000 UTC 21
July 2012 at (a) 200, (b) 500, (c) 700, and (d) 850 hPa. In (a) and (b), shadings
denote wind speed. In (a), the blue contours are divergence equal or larger than
6× 10−5 s−1. In (c) and (d), shadings denote the areas with mixing ratio larger
than 7 g kg−1.

At 200 hPa (Figure 2.4a), a jet streak with a 50-m s−1 core was located over

eastern Inner Mongolia. On the anticyclonic side of the jet, over northern China,
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a strong diffluent zone can be found. Another diffluent zone can also be found

over Sichuan Province. Evidence for this feature is shown in Figure 2.4a by the

divergence field. Note that the strong divergence zones (equal or larger than

6 × 10−5 s−1) over Sichuan and especially over the northern Shaanxi Province

correspond to the two low-level low pressure centers in Figure 2.4d, indicating

the formation mechanisms of these low pressure systems. This evidence further

proved that the upper-level circulation condition steers the low-level weather

systems.

In fact, the low-level low pressure centers mentioned above are quite com-

mon in China due to the influence of the Tibetan Plateau, and are named as low-

level northwest vortex and low-level southwest vortex according to their forma-

tion regions (herein after LNV and LSV, respectively, Tao, 1980; Zhu et al., 1981).

While the LSV kept stationary, the LNV moved northeastward roughly with the

wind at 500 hPa and is speculated to have caused the“7.21”heavy rainfall (Fig-

ure 2.2). The vortices cannot be identified at 500 hPa but are identified at 700- and

850-hPa charts, explaining why they are named low-level low pressure centers

or low vortices. These characteristics of the vortices in the“7.21” event agree

with those revealed by Tao (1980) and Zhu et al. (1981).

At the right exit region (Clark et al., 2009) of the upper-level tropospheric

jet, the LNV was forming and deepened rapidly with the central height mini-

mum from 1410 gpm at 0000 UTC to 1370 gpm at 2000 UTC 21 July (Figure 2.4d

and Figure 2.2c, respectively). Since the jet streak was located downstream of

the upper-level trough, one would expect this trough to be lifted northeastward

with the jet streak; so did the LNV, making the area of our concern just under the

right exit region of the jet (Winters and Martin, 2014). The upper-level jet coin-

ciding with the diffluent zone makes a favorable upper-level circulation pattern

for extreme precipitation (Perry, 2006; Fragoso et al., 2012).

At 500 hPa (Figure 2.4b), the western North Pacific subtropical high (WNPSH),

which plays a key role in East Asian climate and is defined as regions with geopo-

tential height (GPH) equal or greater than 5880 gpm at 500 hPa within 110°-

180°E (Ding, 1994; Zhou et al., 2009), extended northward to 35°N and westward

to 180°E. Meanwhile, a deep trough can be seen near 108°E, and is blocked by
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the strong and northeastward-extended WNPSH from moving eastward. This

is conventionally noted as a typical circulation feature responsible for severe

storms in northern China and is referred to as“high in the east and low in the

west” (Tao, 1980; Sun et al., 2013). By comparing the position of the trough at

500 hPa (Figure 2.4b) with the LNV at 850 hPa (Figure 2.4d), it can be seen that

the LNV was just in the axes of the trough at 500 hPa. This is another typical

circulation feature responsible for severe storms in China and is referred to as

“trough in the north and vortex in the south” (Zhu et al., 1981; Sun et al., 2013).

Additionally, a southwesterly jet with a 22 ms−1 core can be seen on the south-

ern side of the trough, moving toward Beijing. This feature was stated by Miller

(1972) and Crisp (1979) as one of the three basic severe weather forecasting clues.

Overall, the circulation pattern at 500 hPa was favorable for heavy rainfall in

northern China.

At 700 hPa (Figure 2.4c), very dry air could be noticed over Beijing as well as

the central and northern Hebei Province, as indicated in Figure 2.4c by the white

region of mixing ratio lower than 7 g kg−1.

At 850 hPa (Figure 2.4d), a low center (hereafter LC) is located over 55°N,

118°E with a trough axis extending southeastward to eastern Inner Mongolia.

Comparison of the position of the trough axes at 200, 500, 700, and 850 hPa re-

veals the westward tilt of this system, attesting to its baroclinicity. Note that the

value of the mixing ratio over Beijing at 0000 UTC 21 July was approximately

14.5 g kg−1, indicating a much more humid layer, compared with 700 hPa. Su-

perimposing the dry air at 700 hPa over the moist air at 850 hPa creates a region

of convective instability.

Another important feature in the 850-hPa chart is the remarkable strong mix-

ing ratio gradient along the leading edge of the cold front of the LC (Figure 2.4d).

According to Moore and Elkins (1985), this feature should be referred to as a dry

intrusion instead of dry line since it is also accompanied by a significant temper-

ature gradient (figure omitted). This is manifested in the“7.21” event as shown

in the figure of vertical velocity at 850 hPa (Figure 2.5). The occurrence of dry

intrusion in the“7.21” event was also noticed by Jiang et al. (2014). According

to Miller (1972), Yao et al. (2007), and Tang and Zhao (2015), the dry intrusion
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FIGURE 2.5: Geopotential height (contours) and vertical velocities (shading; m
s−1) at 0000 UTC 21 July 2012 at 850 hPa. The bold lines are isotherms at 288 K.

intensified the LNV and provided a major contribution to the trigger mechanism

of the heavy rainfall.

Last but not least, a strong southerly current of moist air could be found to

the south of the threat area. Though the temperature at 850 hPa is not shown

here, one should be aware that the air current was warm due to the high mixing

ratio and the Clausius Clapeyron relation. This warm moist air current inten-

sified the convective instability and transported significant amount of moisture

from the south (more details on moisture transport will be given in Section 2.4).

In conclusion, the“7.21” severe rainfall event occurred under favorable

upper- and low-level circulation patterns. The following distinguishing charac-

teristics of heavy rainfalls are associated with the“7.21” event: 1) the upper-

level jet coinciding with the diffluent zone (200 hPa); 2) the southwesterly jet

residing at 500 hPa; 3) high pressure in the east and low pressure in the west;

4) trough in the north and vortex in the south; 5) dry air at 700 hPa and moist

air at 850 hPa; 6) low-level dry intrusion from the northwest of the LNV; and 7)

southerly current of low-level warm moist air, driven by the LNV.
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2.4 Moisture source regions and transport processes

In order to diagnose the source regions of the large volume of moisture nec-

essary to sustain the intense rainfall, the backward mode of FLEXPART was used

to calculate the back-trajectories of the air masses over Beijing. We consider the

target region as 39°-41°N, 115°-117°E (Figure 2.6) at 1200 UTC 21 July when the

rainfall rate reached the highest. In order to select the particles that contributed

most to the precipitation, we only consider those particles whose specific hu-

midity have decreased for at least one hour with a rate no less than 6 g kg−1

h−1 during the last 12 hours (rain-particle). This is a subjective threshold for the

particles to form a noticeable amount of precipitation in the sense that the mean

mixing ratio over Beijing at 850 hPa is approximately 8 g kg−1 in July (Tang et

al., 2006).

Figure 2.6 gives an example of 12-day backward trajectories of rain-particles,

which consist of 20 rainparticles randomly chosen for each release level between

3100 and 6000 (inclusive) m ASL. The rainparticles mainly came from the north-

ern Asian continent and tropical oceans (i.e., BoB and the South China Sea; Figure

2.6a). It is notable that particles coming from tropical oceans were much more

humid than those coming from the northern continent. Additionally, all the rain-

particles, coming from both the tropical ocean and the northern continent, be-

came very humid (specific humidity higher than 10 g kg−1) and concentrated to

the south of Beijing (the inset in Figure 2.6a). Corresponding to the remarkable

increase in humidity, the rain-particles descended dramatically one day prior to

reaching Beijing (Figure 2.6b). Then, they ascended rapidly in the last one to two

hours, lost moisture and formed the heavy rainfall. The northward trajectories

(forward in time) on the last two days remind the low-level southerly winds in

Figure 2.4c and 2.4d.

2.4.1 Vertical profiles of the rain-particles

The circulation patterns are different between upper and lower levels as is

the moisture content. In this sense, the source, path, and other attributes of mois-

ture at different levels could also be different. Thus, we initialized particles at the



2.4. Moisture source regions and transport processes 29

FIGURE 2.6: Example trajectories of particles released at 1200 UTC 21 July 2012.
The color indicates the specific humidity (q; g kg−1). (a) 20 rain-particles ran-
domly chosen from each release level between 3100 and 6000 m ASL. The box
illustrates the research area in this study. The inset figure on the lower right
indicates trajectories of the particles on the first 2 days, then the particles dis-
persed and flew to different directions (backward in time). (b) The evolution in
height of the trajectories (m ASL).
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FIGURE 2.7: Vertical distribution of the rain-particles. The horizontal bars in-
dicate the number of rain-particles from the oceanic and continental sources at
each release level, respectively; and the solid line indicates the total number of
rain-particles at each release level.

heights of 1000, 1500, 2000, 2500, 3100, 3600, 4000, 4400, 4800, 5200, 5500, 6000,

7000, 8000, 9000, and 10000 m ASL, respectively. At each level, 10000 particles

were released and tracked for 12 days. The vertical distribution of rain-particles

was depicted by computing the number of rain-particles from the tropical ocean

and the northern continent for each release level (Figure 2.7).

In the“7.21” event, rain-particles were mainly located between 3100 and

9000 m ASL (rain-levels). Particles lower than 2500 m ASL (inclusive, the same

below) had little contribution to the rainfall, because 2500 m ASL was not high

enough to reach the lifted condensation level of most particles in the“7.21”

event. Even particles released near 300 hPa had been involved in forming the

heavy rainfall because they had been situated at low levels and ascended rapidly

during the last two hours. However, this does not necessarily mean that the

condensation occurred at or near 300 hPa. The rain-particles released lower than

4000 m ASL mainly came from the northern Asian continent (the yellow bars in

Figure 2.7), while the rainparticles higher than 4400 m ASL mainly came from

the tropical ocean (the blue bars). The ratio of rainparticles from different source
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regions does not necessarily stand for the overall pattern of moisture transport.

To elaborate on the quantitative contribution from different moisture sources,

vertical profiles for all the particles are required.

2.4.2 Vertical profiles of all the particles

In Section 2.4.1, we found that the rainfall of the“7.21” event was mainly

condensed from particles situated between 3100 and 9000 m ASL (rain-levels).

The logic is that if the vast majority of the air masses in rain-levels were trans-

ported from a single source region, and if the air masses from this source region

were more humid than other sources, then, it is confident to say that this region

was the main source responsible for the heavy rainfall (rain-source).

To detect whether the so-called rain-source existed in the“7.21” event, all

the released particles (10000 particles at each release level) were grouped into

three categories based on their initial positions and flow directions (forward

in time): BoB, the South China Sea and the western Pacific (SCS_WP), and the

northern Asian continent (N_continent). Then, the numbers of particles belong-

ing to each source region were calculated. Since the mass of each particle is

given in FLEXPART simulation and the specific humidity of each particle at each

time step is recorded in the output, the amount of moisture flow at each release

level from each source region could be calculated. Then the portion of moisture

from each source region could be further approximated simply by averaging the

values of all the 16 levels. Note that the evaporation-precipitation cycle during

the trajectories was omitted, for the mean humidity of the air masses belonging

to the southwestern path, which accounts for 68% of the total moisture in the

“7.21” event (see Section 2.4.3), was relatively stable until arrival in the target

region where the particles ascended rapidly, losing moisture and forming the

heavy rainfall (see below).

Figure 2.8 shows the number of particles belonging to each source region

and the cluster mean specific humidity at the beginning of the trajectories (for-

ward in time) for each group. Very few particles were transported from the

SCS_WP and the particles from the SCS_WP were relatively dry, especially for
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FIGURE 2.8: The number and the mean initial specific humidity (indicated by
the color of the lines) of particles from different source regions at different re-
lease levels.

particles situated at middle and upper levels. Therefore, the well-known south-

east monsoon contributed very little rainfall to the“7.21” event (4%, approxi-

mated from the mean value of all the 16 levels). Similar to the rainparticles, air

masses situated at low levels were mainly from the northern continent. How-

ever, with the increase of the release height, the number of particles from the

northern continent decreased rapidly. Consequently, it contributed only 19% of

the total moisture. It is obvious that particles situated above 2500 m ASL were

mainly from the BoB (solid line). Meanwhile, the mean specific humidity of parti-

cles from the BoB was relatively higher, especially compared with particles from

other sources. Thus, the moisture responsible for the“7.21” event was mainly

transported from the BoB (77%), making it the rain-source.

2.4.3 Moisture transport processes and the importance of two rain-
paths

How did the large volume of atmospheric moisture necessary to sustain the

heavy rainfall in the“7.21” event reach its destination given the distance from
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the rain-source, the BoB? From Figure 2.6, it can be seen that the moisture from

the BoB was transported into Beijing via two rain-paths. One part of the par-

ticles first flew eastward to the southern part of the Indochina Peninsula (IP),

and curved up northeastward to the southeast coast of China, then, flew north-

ward along the east coast of China until they arrived approximately 35°N, 122°E,

where they curved anticlockwise and made landfall, and then flew north to

northwestward to the target region (the coastal path). The other path of moisture

flow is simpler: first flew northeastward to the northern part of the IP, curved up

and penetrated into Southwest China, and then flew northto northeast-ward to

the target region (the southwestern path).

In order to further identify which rain-path played a more important role in

the“7.21” event, we selected all the particles from the BoB and divided them

into two groups, using the method proposed by Dorling et al. (1992). It is a

distance-based cluster algorithm, using squared Euclidean distance as the sim-

ilarity measure. Consequently, it has all the inherent shortages of the distance-

based method. For example, the distance-based method does not always work

well when the clusters are of arbitrary shape because it implicitly assumes a

spherical shape for the cluster. In addition, depending on the initialization crite-

ria, it is possible for the distance-based algorithms to create suboptimal clusters

even though these algorithms are robust to the choice of initialization (Aggar-

wal, 2015). In the“7.21” event, since the most remarkable difference between

the southwestern path and the coastal path falls on the last 3–5 days of the tra-

jectories (forward in time; Figure 2.6), the calculation of the Euclidean distances

was restricted to this period. This modification saves the calculation time and

also avoids classifying the particles laying on the western side of the southwest-

ern path as the coastal path, due to the relatively long backward trajectory time

and the similarity of the two pathways.

Figure 2.9 shows the cluster mean trajectories for particles belonging to the

coastal path and the southwestern path, respectively. Since few particles released

above 6000 m ASL were transported northward via the coastal path (Figure 2.10),

here we only show the mean path of particles released between 3100 and 6000 m

ASL. Air masses belonging to the coastal path were generally more humid than
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FIGURE 2.9: Trajectories of particles released at 1200 UTC 21 July 2012. Light
gray lines: trajectories of all particles released between 3100 and 6000 m ASL;
colorful lines: cluster mean trajectories of the light gray lines. The line width
indicates the number of particles in each cluster, the color indicates the specific
humidity (q; g kg−1), and the circles A and B indicate the region where the
coastal path air masses gained and lost moisture, respectively.

the southwestern path while the vast majority of the particles flew northward

via the southwestern path. Since the mass of each particle is given in FLEXPART

simulation and the specific humidity of each particle at each time step is recorded

in the output, we can calculate the amount of moisture flow via each path at each

release level. Then, it can be approximated simply by averaging the values of all

the 16 levels, showing that 88.4% of the moisture from the BoB was transported

to Beijing via the southwestern path and 11.6% was transported via the coastal

path in the“7.21” event. Considering the importance of the BoB derived in

Section 4.2 (77%), the southwestern path is responsible for transporting 68% of

the total moisture in the“7.21” event, and 9% for the coastal path.
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FIGURE 2.10: The number and the mean specific humidity of particles belong-
ing to the southwestern path (solid line) and the coastal path (dashed line). The
bars indicate the portion of moisture flow via each path for particles released at
different levels (the bar length of 6000 stands for 100%).

Figure 2.10 gives more vertical details on the number of particles belong-

ing to each rain-path, and the portion of moisture flow. Air masses below 1500

m ASL over Beijing were mainly transported from the BoB via the coastal path.

With the increase of the release height, the portion of particles from the south-

western path increased, and so did the moisture. It is worth noting that particles

released at upper levels do not necessarily mean they always stay at the upper

level. Instead, they fluctuate and mainly stay at the mid and low levels as shown

in Figure 2.6. Therefore, the mean specific humidity of particles released at upper

levels during the tracking period could be relatively high.

In conclusion, the rainfall of the“7.21” event was mainly condensed from

the particles released between 3100 and 9000 m ASL. The particles were mainly

located at low levels two hours before the release time, then ascended rapidly in

the last one to two hours, lost moisture and formed the heavy rainfall. The large

volume of atmospheric moisture that sustained the heavy rainfall in the“7.21”

event was mainly transported from the tropical ocean, particularly from the BoB,

via the southwestern path to Beijing. On the other hand, at the lower level of the



36 Chapter 2.

atmosphere (below 1500 m ASL), air masses from the BoB were mainly trans-

ported via the coastal path (Figure 2.10). This feature agrees with previous stud-

ies by Liu et al. (1979) and Sun et al. (2013), and can be explained by the moun-

tainous topography in Southwest China, which blocks the air-mass transport via

the southwestern path in the lower atmosphere.

2.5 Summary and conclusions

A synoptic analysis is conducted to investigate the physical processes con-

tributing to the formation of the“7.21” heavy rainfall event. We found that

the“7.21” event, caused by an east to northeastward moving LNV, occurred

during typical heavy rainfall producing conditions in northern China (Tao, 1980;

Zhu et al., 1981). The formation of the LNV was caused by strong upper-level

divergence. It was steered by the jet streak at 200 hPa and the deep trough at 500

hPa, and intensified by the low-level dry intrusions.

By analyzing the vertical distribution of the rainparticles, we found that the

heavy rainfall in the“7.21” event was mainly condensed from the particles

located at levels between 3100 and 9000 m ASL. We named these levels as rain-

levels. Then, we tracked particles within the rain-levels backward for 12 days

to see which region contributed the largest amount of moisture, and found that

the BoB was the rain-source for the“7.21” event (Figure 2.8). We further ana-

lyzed how the large volume of moisture was transported from the rain-source to

Beijing by calculating the cluster mean trajectories and the portion of moisture

flew via each rain-path. We found that the moisture from the BoB was mainly

transported northward to Beijing via the southwestern path. The importance of

the southwestern path to the heavy rainfall in northern China agrees with pre-

vious case studies (e.g. Liu et al., 1979; Liang and S. Tao, 2006). We also found

that the moisture flowing via the coastal path was originated from the BoB, even

though more than one evaporation-precipitation cycle may exist during the 12-

day transport processes (Figure 2.9).

Most of the trajectory modeling chose 10-day or shorter as the simulation

period due in part to the impact of the turbulence and convection especially in
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the boundary layer and in convection active regions, and in part to the fact that

10-day is sufficient to detect the primary relevant evaporation-precipitation cycle

(Trenberth, 1998; James et al., 2004; Milrad et al., 2010; Gimeno et al., 2012). In this

case study, we choose a 12-day simulation period based on the following consid-

erations. Since the FLEXPART model uses appropriate parameterizations, it fully

incorporates the effects of parameterized turbulence and convection (Stohl et al.,

2008). Thus, an objective advantage exists to extend the simulation period to the

appropriate length. Furthermore, during the past decade, a number of studies

have shown that trajectory modeling does not have to be limited to only the pri-

mary relevant evaporation-precipitation cycle. In reality, the primary relevant

evaporation-precipitation cycle does not provide all the required moisture, as

moisture may be taken from previous“uptake sectors” along the trajectories

(Sodemann et al., 2008; Martius et al., 2013). Take the moisture transport via the

coastal path as an example: humid air masses from the BoB gained extra mois-

ture over Region A (Figure 2.9). Though these air masses lost some moisture over

Region B, a part of the moisture, no matter the proportion, from the BoB would

be available for precipitation in the“7.21” event. This is because moisture from

the BoB and Region A mixed and participated in the evaporation-precipitation

cycle together for the rest of the simulation period (forward in time). Overall,

in order to demonstrate that the moisture traveling along the coastal path was

originated from the BoB as well, which can be misinterpreted as the East China

Sea based on Fig. 7 in Sun et al. (2013) if the simulations are not long enough, we

chose 12-day as the simulation period in this case study.

The present study aimed for a better understanding of where the large vol-

ume of atmospheric moisture necessary to sustain the heavy rainfall in the“7.21”

event came from, how the moisture was transported to Beijing given the distance

from the rain-source, and the evolution of the heavy rainfall. In future, more

studies on heavy precipitation events should be conducted to find the empiri-

cal rules of the synoptic patterns, the moisture source regions, and the favorable

moisture pathways of heavy precipitation events in northern China. Addition-

ally, coupling the severe-storm forecasting procedures with the trajectory model,
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especially with the horizontal moisture transport, has the potential to largely ex-

tend the warning time in the future (Lavers et al., 2014).
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