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ABSTRACT: A statistical analysis of the spatiotemporal characteristics of hourly heavy rainfall (HHR) events and rainstorm
days, defined as greater than 20 mm h−1 and 50 mm day−1, respectively, is performed using observations at 5-min intervals from
155 automated weather stations (AWSs) over the Beijing metropolitan region (BMR) during the warm seasons of 2007–2014.
Results show pronounced variability in the frequencies and rainfall amounts of both HHR events and rainstorm days across
the BMR of less than 150 km width from the west to east. That is, higher- (lower) frequency HHR events with more (less)
accumulated rainfall amounts take place in eastern Haidian and over the BMR’s northeast mountains (west and northwest
mountains). Many extreme rainfall and even record-breaking events, in terms of the frequency, duration, rainfall amount and
intensity, are found to occur in the regions of high-frequency HHR events and rainstorm days. The frequency of rainstorm days
with HHR events accounts for more than 50% of that of total rainstorm days over the BMR’s plains and near the northeast
mountains. Results also show that HHR events occur most frequently in late July, and typically peak during 1600–2000 LST. A
comparison of the averaged surface meteorological variables and upper-air sounding at 0800 LST between HHR and non-HHR
days reveals that the occurrences of the HHR events coincide with the distribution of surface warmer and more humid air as
well as organized convergence in the presence of an unstable environment with surface south- to southeasterly winds, low-level
south to southwesterly flows and a deep layer of higher moisture content. These results suggest likely the positive influences
of urban environment and mountain-plain circulations on the generation of the HHR events, given favourable larger-scale
conditions.
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1. Introduction

The Beijing metropolitan region (BMR) has experienced
heavy rainfall events exceeding 20 mm h−1 from time
to time during warm seasons (i.e. from 1 May to 30
September), resulting often in severe urban flooding, and
landslides in the BMR’s mountainous regions. One of
the most recent extreme rainfall events occurred on 21
July 2012 (Zhang et al., 2013; Zhong et al., 2015), the
so-called 7–21 extreme rainfall event in China, when over
120 BMR’s automated weather stations (AWSs) recorded
hourly rainfall amounts exceeding 20 mm. This extreme
heavy rainfall event left 79 people dead and caused nearly
$2 billion direct economic losses. Since such heavy rain-
fall events with hourly rainfall amounts exceeding 20 mm
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occur more abruptly, it is hard to predict their timings and
locations by both operational numerical weather prediction
models and experienced forecasters, often leaving the local
governments and public unprepared. Thus, more attention
has recently been paid to the development and prediction
of hourly heavy rainfall (HHR) events.

There have been numerous case studies of short-duration
heavy rainfall events over the BMR during the past decades
(e.g. Wang et al., 2003; Sun et al., 2006; Liu et al., 2007;
Sun and Yang, 2008; Zhang et al., 2012). A few statis-
tical studies have also been conducted to study differ-
ent aspects of rainfall over the BMR but with limited
available data. For example, Li et al. (2008) used hourly
self-recording rain-gauge data at a station located at the
BMR’s southern suburban to study the diurnal cycle of
summer rainfall and found two peaks occurring in the late
afternoon and early morning hours, respectively. Li et al.
(2011) analysed hourly rain gauge records in the late sum-
mer months of 1966–2005, and found that 1–6 h rainfall
events decreased in frequency but increased in intensity

© 2017 Royal Meteorological Society



4028 H. LI et al.

whereas longer-duration rainfall events decreased in both
frequency and amount. Yin et al. (2011) found that the
BMR’s plain and mountainous areas exhibited a night
and an afternoon peak of summer rainfall, respectively,
based on hourly rainfall data from 26 AWSs in the BMR
and Hebei Province. Recently, with hourly rainfall data
from the BMR’s 123 AWSs, Liu et al. (2014) analysed
the monthly rainfall variations from April to October, and
found that the peak monthly rainfall and the highest hourly
rainfall intensity occurred in July. Of significance is that
Yang et al. (2013, 2016), Liu et al. (2014), and Zheng et al.
(2015) all showed the presence of large summer rainfall
centres in the northeast mountainous areas and near the
urban area, respectively. Yang et al. (2013) also mentioned
that heavy rainfall events contributed much to total rain-
fall amount, especially at the nighttime. After analysing
the frequency of heavy rainfall, Cao et al. (2016) found
that the urban area and the northeastern region of Bei-
jing experienced frequently short-duration heavy rainfall
events with the accumulated precipitation of over 50 mm.
The above studies all used hourly rainfall data from the
BMR’s AWSs, but few of them focused on the statistical
characteristics of HHR events. Therefore, we are moti-
vated to fill this gap by examining the statistical charac-
teristics of HHR events over the BMR.

A few statistical studies of heavy rainfall events have
been carried out in some geographical regions. Brooks
and Stensrud (2000) analysed the climatology of heavy
rainfall events in the United States in order to better
understand the threat of flash floods. They found a sea-
sonal cycle in the distribution of heavy rainfall events
beginning along the Gulf Coast and expanding into the
midwestern states during the summer season. Chen et al.
(2007) found that heavy rainfall days, which were not
related to typhoon, were frequent from mid-May to early
October in Taiwan and the distribution of the associated
heavy rainfall events was affected by local topography
and low-level winds. Zhang and Zhai (2011) examined the
spatiotemporal characteristics of hourly extreme rainfall
in the warm season in China, based on hourly precipita-
tion data from 575 stations, and pointed out that extreme
rainfall events over Northern China are most frequent in
late afternoon and early evening. Chen et al. (2013) inves-
tigated the warm-season short-duration heavy rainfall in
China using hourly rain gauge data from 876 stations, and
also found that the heavy rainfall over North China peaks
in the afternoon and near midnight. Iwasaki (2012, 2015)
found significant positive heavy rainfall trends from June
to September in eastern Japan, which were closely related
to the variation of lower-tropospheric moisture fluxes.

A statistical analysis of HHR events over the BMR could
not be possible until 2005 when a dense AWSs operational
network began to set up, and one year later its expan-
sion was completed in preparing for the opening of the
Beijing – 2008 Olympic Games (Dou et al., 2008). Data
quality control at daily basis and evaluation of the AWSs
observations have also been performed, showing satisfac-
tory accuracy and reliability (Dou et al., 2008; Yang and
Liu 2013). After more than 8-years successful operations,

it is now feasible to conduct a statistical analysis of HHR
events over the BMR using all the available AWS observa-
tions with high spatial and temporal resolutions. It should
be mentioned that such a high-resolution data has not been
fully used by the previous studies mentioned above.

The objectives of this study are to (1) examine the spatial
and temporal characteristics of HHR events over the BMR,
(2) document the occurrences of extreme HHR events in
terms of location, frequency, rainfall amount and intensity
as well as duration and area coverage, and (3) identify the
likely key local factors that may influence the occurrences
of extreme and more frequent HHR events for the given cli-
matological conditions during the warm seasons over the
BMR. The above objectives will be achieved by analysing
the AWS’s observations at 5-min intervals during the warm
seasons of 2007–2014.

The next section describes the data source and method-
ology used for this study. Sections 3–5 present the spatial
distributions, semi-monthly and diurnal characteristics of
HHR events, respectively. Extreme and more frequent
HHR events over the BMR will be also documented.
Section 6 shows an analysis of the averaged surface mete-
orological fields obtained from the AWS network and the
averaged upper-air conditions over the BMR on HHR and
non-HHR days, and then discusses their possible influ-
ences on the occurrences of some HHR events. A summary
and conclusions are given in the final section.

2. Data source and methodology

In this study, observational data at 5-min intervals from
the 155 AWSs over the BMR during the 8-years period
(2007–2014), archived at the Beijing Meteorological
Bureau, are used (see Figure 1). This dataset, prior to its
usage, has gone through data quality control by check-
ing for extreme rainfall values and temporal continuity,
following Dou et al. (2008). Rainfall records exceeding
40 mm in 5 min were removed; when hourly rainfall, after
adding up every 12 consecutive 5-min rainfall records,
exceeds 145 mm, the relevant 5-min records were not
used (Ren et al., 2010, 2015); and stations with missing
data over 5% of the total records during the 8 years were
eliminated. The 155 AWSs have also undergone similar
screening processes in order to analyse other meteoro-
logical variables, which yielded 153, 95 and 137 stations
for acceptable surface temperature, specific humidity, and
horizontal winds, respectively.

Since this study is concerned with HHR events during
warm seasons, we define an HHR event as an hourly rain-
fall amount greater than 20 mm, following the definition of
short-duration heavy rainfall events by the China Meteo-
rological Administration (CMA). The 20 mm h−1 rate has
been demonstrated by Zhang and Zhai (2011) to be a
reasonable criterion to study short-duration heavy rainfall
events in China. Selected HHR events have also been ver-
ified against satellite and radar data.

Following the methodology adopted by Wang and Wang
(2013), an HHR event is assumed to begin at the time when
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(m)

Figure 1. Distribution of the 155 AWS stations (dots) used for this study, superimposed with terrain (shaded, m). Beijing’s district names are
abbreviated in an alphabetic order as follows: CP (Changping) CY (Chaoyang), DX (Daxing), FS (Fangshan), FT (Fengtai), HD (Haidian), HR
(Huairou), MTG (Mentougou), MY (Miyun), PG (Pinggu), SY (Shunyi), TZ (Tongzhou) and YQ (Yanqing); the two small Eastern and Western
Districts, located to HD’s immediate southeast, and Shijingshan District to HD’s immediate southwest, are not denoted. MYR denotes the location
of the Miyun Reservoir. Similarly for the rest of figures. Red dots, and letters, ‘H’ (Heidouyu, PG), ‘A’ (Aotizhongxin, CY), ‘D’ (Dahuashan, PG), ‘X’
(Xiayunling, FS), ‘M’ (Moshikou, Shijingshan), ‘F’ (Fozizhuang, FS) and ‘T’ (Tuoli, FS), denote the locations of stations at which certain extreme
events occurred (see Table 1). ‘Z’ (Zhenluoying, PG) and ‘L’ (Longwantun, SY) denote the locations of the two stations mentioned in Section 3.
Yellow dot denotes the location of Beijing observatory. Urban and built-up areas in the MODIS land use categories near the central districts are

delineated with white contours.

Table 1. A list of the stations (see Figure 1 for their locations) at which one of the following extreme HHR events during the warm
seasons of 2007–2014, as bolded, was recorded: the total frequency of HHR events (FRQ) and the corresponding total rainfall amount
(RNTT, mm); the starting time (Year-Month-Date-LST), duration (hours), and the accumulated rainfall (RNAC, mm) associated with

a single HHR event, the maximum rainfall intensity in an hour (RI1H, mm h−1) and in 5 min [RI5M, mm (5 min)−1].

Station FRQ RNTT Starting time Duration RNAC RI1H RI5M

Heidouyu2 40 1274.9 12-07-21-2010 4.17 162.7 76.5 12.1
Aotizhongxin1 37 1517.9 12-07-21-1710 5.17 133.7 63.8 9.8
Dahuashan2 31 1254.9 12-07-21-1500 8.75 228.6 94.4 15.2
Xiayunling 20 857.6 12-07-21-1030 8.5 281.5 81.4 11.8
Moshikou 26 1054.7 11-06-23-1600 2.75 180.3 135.7 23.9
Fozizhuang 15 771.7 08-06-13-1900 1 129.2 129.2 32.4
Tuoli 29 1240.9 12-07-21-1615 5.75 255.3 103.6 12.2

Another extreme HHR event associated with the 7–21 extreme rainfall event is also listed in the bottom row. Superscript in the first column denotes the
region of high-frequency HHR events: ‘1’ for the central urban districts, and ‘2’ for the northeast mountains; and otherwise not in any high-frequency
HHR event region.

more than or equal to 0.1 mm rainfall is accumulated in
the next 5 min and more than or equal to 20 mm in 1 h.
Then, the accumulated rainfall amount for an HHR event
is calculated every 5 min until the time when less than or
equal to 5 mm rainfall is recorded in the next 1 h, and this
time is considered as the ending time of the HHR event.
The duration of the HHR event is defined as the minutes
between the starting and ending time.

Note that with the above procedures the duration of an
HHR event could last for more than an hour. In fact, Table 1
shows that (1) the longest duration of an HHR event,
recorded at the Dahuashan station in Pinggu starting from
1500 LST (LST=UTC+ 8) 21 July 2012, was 8.75 h,
with an accumulated rainfall amount of 228.6 mm, and
(2) the most extreme rainfall amount accumulated in an
HHR event, recorded at the Xiayunling station in Fangshan
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starting from 1030 LST 21 July 2012, was 281.5 mm in
8.5 h. Note also that the long duration of an HHR event
could be caused by the passage of several mesoscale con-
vective systems (MCSs) in sequence as long as the hourly
rainfall following the previous HHR-producing system
was more than 5 mm. This was true for the 8.75 h dura-
tion obtained in association with the 7–21 extreme rainfall
event in which three different types of HHR-producing
MCSs passed by the BMR (see Zhang et al. 2013; Zhong
et al. 2015).

It is evident that the above procedures for determining
the ending time and duration help detect those HHR events
with accumulated rainfall reaching 20 mm in less than 1 h.
Previous studies using rainfall data at hourly intervals may
discretize hourly accumulated rainfall amount exceeding
20 mm associated with one complete HHR event into two
hourly intervals, thus failing to identify it as an HHR event.
This problem will not appear in the analyzes using the
rainfall observations at 5-min intervals in the present study.

3. Spatial distributions of HHR events

Figure 2(a) and (b) shows the spatial distributions of the
total frequency (or number) of HHR events and the corre-
sponding rainfall amounts, respectively. We see significant
variability in the HHR frequency and associated rainfall
amount across the BMR, with nearly an order of magnitude
difference from the southeastern to northwestern bound-
ary. High-frequency HHR events were located in eastern
Haidian, and around the northeast mountains in Shunyi,
Miyun and Pinggu where prevailing southerly flows of
moist air were often uplifted during the warm seasons,
as will be shown in Section 6. The Heidouyu station in
Pinggu recorded the most frequent HHR events of 40 dur-
ing the 8-years warm seasons (see Table 1), and then 38
HHR events at the Zhenluoying station in Pinggu. The
generation of the high-frequency HHR events in eastern
Haidian and northeast mountains indicates the likely roles
of urban effect and topography (Figure 1), respectively,
in favouring the generation of local HHR events. In con-
trast, low-frequency HHR events could be seen in the
west mountains of Mentougou, and the northwest moun-
tains of Yanqing and Huairou. The HHR frequency dif-
ferences between the Haidian and its west mountainous
region are as large as more than 25 events in less than
25 km (Figure 2(a)).

Overall, the median frequency of HHR events was 24
over the BMR, and 90% of the 155 stations recorded a total
of 7–36 HHR events during the 8-years warm seasons,
as shown by a box and whisker plot in Figure 3(a). The
155 stations were ranked in Figure 3(b), based on the
total frequency of HHR events during the 8-years period,
showing that a large portion of the stations ranked in the
lowest quartile, i.e. less than 18 events, were situated over
the west and northwest mountains. By comparison, the
stations ranked in the top quartile, i.e. greater than 29
events, were located in the BMR’s central urban districts,
and near the northeast mountainous regions in Shunyi,

Miyun and Pinggu. The results emphasize again that urban
effect and local topography are probably the two important
factors in determining the occurrences of HHR events in
the BMR, given favourable large-scale conditions during
the warm seasons.

Like the HHR frequency, the total rainfall distribution of
the HHR events also shows large rainfall centres in eastern
Haidian, and around the northeast mountains in Shunyi,
Miyun and Pinggu (Figure 2(b)). The Aotizhongxin sta-
tion in Chaoyang observed a total rainfall amount of
1517.9 mm from HHR events during the 8-years warm sea-
sons (see Table 1). The Zhenluoying station in Pinggu and
the Longwantun station in Shunyi observed a total rainfall
amount of more than 1400 mm. By comparison, most of
the west and northwest mountainous regions recorded very
small rainfall amount (not shown). For the 8-years warm
seasons, much less than 500 mm total rainfall associated
with the HHR events was produced (Figure 2(b)).

Some extreme HHR events brought record-breaking
rainfall. The maximum hourly rainfall rate is 135.7 mm h1

recorded at the Moshikou station in Shjingshan on 23
June 2011, and the extreme rainfall in 5 min is 32.4 mm
recorded at the Fozizhuang station in Fangshan on 13
June 2008 (see Table 1). During the 7–21 extreme rainfall
event, 124 AWSs spreading over all the BMR’s districts
observed HHR events, in which Xiayunling and Tuoli in
Fangshan recorded a total rainfall amount of 281.5 mm
in 8.5 h, and 103.6 mm in an hour (see Table 1), respec-
tively. Since the 7–21 extreme rainfall event was so heavy,
we have compared the spatial distributions of frequency
and rainfall amounts of the HHR events with and with-
out the 7–21 event in order to see if it would influence
our statistical results. Results show little impact on the
general characteristics of the statistical results, including
large and small-valued centres, but do show reduced rain-
fall amounts (not shown).

Rainstorm days, defined by the CMA as a daily rainfall
amount of more than 50 mm, has also been used in China
as a measure of heavy rainfall for issuing flash flooding
warning. With this definition, a rainstorm day may be
caused by either short-duration heavy rainfall events or
light rainfall events with long durations. Because of this
similarity and difference between an HHR event and a
rainstorm day, both the frequency and rainfall amount
of rainstorm days should be examined separately, and
their spatial distributions are given in Figure 2(c) and
(d), respectively. (A daily rainfall amount is obtained by
adding up the rainfall amount from 0800 LST to 0800
LST on the next day.) Like the HHR events, the frequency
of rainstorm days was low in the west and northwest
mountains while high-frequency rainstorm days were
generally centred over the eastern portion of Hadian and
the southeast plains of Daxing (Figure 2(c)). Secondary
centres could also be seen in Miyun and Pinggu. However,
the peak frequency of rainstorm days (i.e. in Daxing)
differed from that of the HHR events (i.e. in Pinggu)
(cf. Figure 2(a) and (c)). On the other hand, the distri-
bution of the total rainfall amounts on rainstorm days is
more similar in pattern to that associated with the HHR
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Frequency (HHR)(a)

(b) (d)

(c) Frequency (Rainstorm days)

Rainfall (HHR) Rainfall (Rainstorm days)

(mm) (mm)

Figure 2. The total frequency (or number) of (a) HHR events (shaded), and (b) the corresponding rainfall amounts (shaded, mm) during the warm
seasons of 2007–2014. (c) and (d) As in (a) and (b), respectively, except for rainstorm days (shaded). Grey solid lines are isohypses of 200 m and

500 m; similarly for the rest of figures.

events than that of the total frequency (cf. Figure 2(b)
and (d)).

To see how significant the HHR events and rainstorm
days were in accounting for local warm-seasonal rain-
fall over the BMR, Figure 4(a)–(c) shows the total rain-
fall amounts, including those from both the HHR and
non-HHR events, and the percentage contributions from
the HHR events and rainstorm days, respectively. The
most prominent feature was the peak rainfall of more

than 4400 mm near the northeast mountains in Pinggu,
which coincided with those of high-frequency HHR events
(Figures 4(a) and 2(a)). A secondary large rainfall cen-
tre in the range of 4200–4400 mm could be seen in the
northeast of Shunyi. Other large rainfall centres in the
range of 4000–4200 mm could be seen over the BMR’s
central urban districts, southern Daxing, and the cen-
tral western Fangshan (Figure 4(a)). The total rainfall
amount was mostly less than 3000 mm in the west and

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 4027–4042 (2017)
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(m)

(a)

(b)

Figure 3. (a) Box and whisker plot of the total frequency of HHR events during the warm seasons of 2007–2014 recorded by each AWS. The box
shows the interquartile range. The horizontal line and dot in the box indicate the median and mean value, respectively. The bottom and top short lines
denote the 5th and 95th percentiles, respectively. (b) Distribution of four different ranks of AWSs, as classified according to their total frequencies of
HHR events: 30–40 events marked by red dots, and red stars for the central urban districts and plum stars for the northeast mountains, 24–29 events
marked by orange dots, 18-23 events marked by green dots, and 4–17 events marked by blue dots or blue stars. The star marks in three different
colours denote the three different representative AWSs used in Figures 7 and 8(b), and discussed in Sections 4 and 5. The background grey shadings

show terrain elevations (m).

northwest mountains with the terrain elevations of over
500 m. The distribution of warm-seasonal rainfall amount
(Figure 4(a)) is similar to that of summer rainfall presented
in Yang et al. (2013), Liu et al. (2014), and Zheng et al.
(2015).

Figure 4(b) and (c) reveals that both the HHR events and
rainstorm days in the west and northwest mountains made
small contributions to the local total warm-seasonal rain-
fall, mostly less than 15%. The HHR events contributed
more than 30% to the total warm-seasonal rainfall in

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 4027–4042 (2017)
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(a)

(b)

(c)

(mm)

(%)

(%)

Figure 4. (a) Total rainfall amounts (shaded, mm) from those including
both HHR and non-HHR events during the warm seasons of 2007–2014.
Relative contributions (shaded, %) of rainfall amounts from (b) HHR

events and (c) rainstorm days to the total rainfall amounts.

Miyun, Pinggu and Shunyi, in eastern Haidian, and south-
ern Daxing. The rainstorm days exhibited more than 30%
relative contributions over the southeastern half portion
of Daxing, and near the Miyun-Pinggu-Shunyi border and
eastern Haidian. Thus, the frequencies of HHR events and
rainstorm days were consistent with each other in account-
ing for a sizeable amount of total rainfall in Miyun, Dax-
ing, and eastern Haidian.

Catastrophic disasters are more likely to occur on the
rainstorm days with HHR events than on the rainstorm
days resulting from light rainfall but with long duration.
Thus, it is necessary to examine the proportion of rain-
storm days on which HHR events occurred. For this pur-
pose, Figure 5 shows the proportion of rainstorm days with
HHR events at each station in the form of a pie graph, with
the corresponding frequency shown by the pie’s colour.
Clearly, the rainstorm days with HHR events accounted
for more than 50% of the total rainstorm days at almost
all the stations over the plains and around the northeast
mountains, where are also the regions of high-frequency
rainstorm days. At the stations in the northwest mountains
in Yanqing and Huairou, not only fewer rainstorm days
were recorded but also the proportions of the rainstorm
days with HHR events were small. Few rainstorm days
with HHR events were observed at five stations located
over the western mountainous regions, each of which only
recorded fewer than 4 rainstorm days during the 8-years
warm seasons.

Rainfall intensity is an important parameter in influenc-
ing the rainfall statistics and the degree of disasters caused
during the passage of a thunderstorm. Limited by the tem-
poral resolution of observations, previous studies have
usually estimated rainfall intensity at most with an hourly
resolution. However, some short-term torrential rain may
last for about 1 h or less. Since we have obtained the 5-min
rainfall dataset, it would be of interest to examine the statis-
tics of rainfall intensity with such a high temporal resolu-
tion data.

A box and whisker plot, given in Figure 6(a), shows that
the median rainfall intensity for all the HHR events was
2.6 mm (5 min)−1 and that about 90% of the HHR events
ranged between 1.5 and 6.2 mm (5 min)−1. The spatial
distribution of the 5-min median rainfall intensity shows
quite different patterns from that of the HHR frequency
and associated rainfall amount (Figures 6(b) and 2(a) and
(c)). That is, high (5-min) intensity centres appeared in
the low-HHR frequency regions in Yanqing and Huairou,
whereas the high-HHR frequency regions in Miyun, Pingu
and Haidian had relatively lower (5-min) rainfall intensity.
This implies that the former two regions might have experi-
enced the passage of intense rain-producing thunderstorms
or shorter- (than an hour) lived heavy-rain-producing sys-
tems. Of course, the relatively small sample size in these
regions might also impact the rainfall statistic result. The
results indicate that the HHR events over the latter regions
were associated mostly with thunderstorms producing
weaker- (5 min) intensity rainfall. On the other hand, the
median intensity centre near the Pinggu-Shunyi border was
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Figure 5. The pie chart at each station represents the proportion of rainstorm days with the occurrences of HHR events and the pie colour depicts the
total number of these rainstorm days as shown in the legend. A hollow circle indicates a null value. The background green shadings denote the total

frequency of rainstorm days as shown in Figure 2(c).

more or less consistent with that of relatively higher-HHR
frequencies.

4. Semi-monthly variation of HHR events

Figure 7 shows the semi-monthly variation of the mean
frequency and the mean rainfall amount of HHR events
over the BMR during the warm seasons. The general fea-
tures shown in Figure 7(a) and (b) are similar. Only a
few HHR events occurred in May, so the corresponding
total rainfall amount is small. Both the frequency and rain-
fall amount increased sharply from the early June, and
then peaked in late July when the strongest solar energy is
received. A dramatic increase in rainfall amount occurred
from early to late July. Liu et al. (2014) also noted the
BMR’s peak of total rainfall amount occurring in July.
The HHR frequency became significantly lower in late
August, and so was the rainfall amount. A similar trend
but different magnitudes appeared in the frequency of rain-
storm days. The peak frequency of the rainstorm days is
lower than that of the HHR events in the late July, but the
peak rainfall amount of the rainstorm days is greater than
that of the HHR events, which could be partly attributed
to the occurrences of more than one HHR event in
one day.

Given the large variability in HHR events between the
BMR’s mountainous regions and central urban districts,
we examine the semi-monthly variations for the follow-
ing three different groups of representative stations, as
indicated by stars marked in Figure 3(b): low-frequency
HHR stations in the west and northwest mountains,
high-frequency HHR stations in the central urban dis-
tricts, and high-frequency HHR stations near the northeast
mountains. They are also plotted in Figure 7, showing
that the frequency and rainfall amount of HHR events at
the low-frequency stations over the west and northwest
mountains was near-uniformly distributed from the early
June to early August.

The semi-monthly variations at the high-frequency sta-
tions over both the central urban districts and the northeast
mountains resembled those at all the stations, i.e. peak-
ing in late July. The increased HHR frequency over the
former region occurred more sharply from early to late
July than that over the latter region, whereas the rainfall
amount of the HHR events increased dramatically over
both regions. The rising trend from late June to late July,
and falling trend from late July to early September, cor-
respond well to the periods of northward-advancing and
southward-retreating monsoonal flows, respectively. Dis-
tinctly more HHR events near the northeast mountains than
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(a)

(b)

Figure 6. (a) As in Figure 3(a) but for rainfall intensity [mm (5 min)-1] of all the HHR events during the warm seasons of 2007–2014. (b) Spatial
distribution of the median rainfall intensity [shaded, mm (5 min)-1] of HHR events.

those in the central urban districts occurred in late June,
early July, late August and late September, indicating again
the topographical lifting effects on the generation of HHR
events over the BMR’s northeastern region.

5. Diurnal variation of HHR events

After seeing the semi-monthly variation of HHR events,
it is of interest to examine during which period of a day
the HHR events were more likely to start over the BMR.

For the convenience of data processing, we divide a diur-
nal cycle into the following four periods: before dawn
(0000–0559 LST), morning hours (0600–1159 LST),
afternoon hours (1200–1759 LST), and evening hours
(1800–2359 LST). For each station, the most frequent
starting period of HHR events is denoted in Figure 8(a) by
an arrow. Note that only those stations with over 40% of
the total HHR events starting in the most frequent starting
period are plotted with arrows. Apparently, HHR events
started frequently in the afternoon hours at most stations
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(a)

(b)

Figure 7. Semi-monthly variation of (a) the mean frequency and (b)
mean rainfall amount of HHR events (solid line) and rainstorm days
(dashed lines) per station for all the 155 stations over the BMR during
the warm seasons of 2007–2014. The bar charts display the mean
frequency and mean rainfall amount of HHR events per station in three
representative groups: blue for the west and northwest mountains; red for
the central urban districts; and plum for the northeast mountains. These
representative stations are denoted by stars marked in Figure 3(b) in the
same colours. The mean value is obtained by averaging the frequencies

or rainfall amounts at all the stations in the same group.

in Mentougou and Yanqing, i.e. over the west mountain-
ous regions, and in the evening hours at stations in most
of the other districts. We may speculate that some HHR
events were likely initiated over the west mountains in the
afternoon hours when surface heating is peaked with pre-
vailing south- to southeasterly flows to be shown in Section
6, and then the associated thunderstorms propagated east-
ward into the plain regions. Little dominant signals of the
HHR-starting times could be seen in the central urban
districts, Tongzhou, and southwestern Fangshan, imply-
ing that HHR events over the regions occurred during any
periods.

The diurnal variations of the total frequency of HHR
events, plotted at their starting times, are given as a solid
line in Figure 8(b), showing that the total HHR frequency

was less than 90 over the BMR from 0400 to 1200 LST,
and it increased sharply after 1300 LST and reached a
frequency of more than 250 at 1600 LST, and then the peak
frequency of nearly 300 at 1900 LST with a slight drop
between 1600 and 1900 LST. These peak periods agree
with the finding of Zhang and Zhai (2011) and Chen et al.
(2013). The total frequency of the HHR events decreased
after 2000 LST, but it was still pronounced (i.e. more than
150) even shortly after midnight.

The above variations are different when the three dif-
ferent representative regions (dashed lines in different
colours), as mentioned before, are considered. At the
high-frequency stations in the central urban districts (red
dashed), on average HHR events were less likely to start
during the morning hours, though with a small peak at
0800 LST. More active HHR events occurred during the
late afternoon and early evening hours. Similarly for sta-
tions in the northeast mountains (plum dashed line), except
for the much less pronounced fluctuations. The more
pronounced fluctuations of HHR events for the central
urban districts appear to be attributable to the use of a
too small area coverage across which thunderstorms with
HHR moved (see Figure 3(b)). The diurnal variation of
low-frequency HHR events at stations in the west and
northwest mountains (blue dashed) was much smoother
than the other two representative groups, with an active
period from 1400 to 0000 LST and a peak at 1600 LST.

6. Possible influences of regional surface and
upper-air conditions

Clearly, the generation of HHR events results from
multi-scale interactions ranging from cloud microphysi-
cal and convective processes to mesoscale organization,
frontal and larger-scale forcing (Houze et al., 1989; Chen
et al., 1991; Chen and Li, 1995; Houze, 2004; Iwasaki,
2012, 2015; Zhang et al., 2013; Zhong et al., 2015). This
is especially true for those long-lasting HHR events, in
which continued boundary-layer forcing and large-scale
moisture supply, and some favourable mesoscale pro-
cesses such as the echo and band trainings (Doswell
et al., 1996; Luo et al., 2014), would play important roles.
Statistical studies by Wilson et al. (2007) and Chen et al.
(2014) indicated that cold vortices and westerly midlevel
troughs are the main synoptic weather systems influenc-
ing the occurrence of convective storms over the BMR
during the warm season, and subtropical high is another
important system.

On the other hand, our analyzes in the preceding sections
indicate some correlations between HHR events and sur-
face conditions (e.g. topography, urban environment). This
suggests that certain surface conditions might have pro-
vided some positive influences on the generation of the
HHR events. Thus, it is desirable to analyse the surface
temperature, humidity, and horizontal winds at all the
AWSs and then discuss to what extent the HHR events
were closely related to some surface meteorological condi-
tions. For this reason, the surface conditions on HHR days

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 4027–4042 (2017)



HOURLY HEAVY RAINFALL EVENTS OVER THE BEIJING METROPOLITAN REGION 4037

0000–0559

0600–11591200–1759

1800–2359

(m)

(b)

(a)

Figure 8. (a) The most frequent starting period of HHR events at each station (dotted), as represented by an arrow direction given in the right bottom
corner. The arrows pointing to the northeast, southeast, southwest, and northwest denote the periods of 0000–0559, 0600–1159, 1200–1759 and
1800–2359 LST, respectively. Only those stations with over 40% of the total HHR events occurring in the most frequent starting period are drawn
with arrows. The dot colour denotes the total frequency of HHR events at each station as shown in the right legend. The background grey shadings
show terrain elevations (m). (b) Diurnal variation of the total frequency of HHR events over the BMR (solid line), and the mean frequency of HHR
events at the three representative groups of stations (over the west and northwest mountains by blue-dashed lines; the central urban districts by
red-dashed lines; and the northeast mountains by plum-dashed lines) during the warm seasons of 2007–2014. The mean frequency per station is

calculated in the same way as that in Figure 7. The right (left) y-axis applies to the solid line (dashed lines).

and non-HHR days are analysed separately to find their
similarities and differences. Here a HHR day (0800–0800
LST) is selected when at least five stations recorded HHR
events, while a non-HHR day is designated when no station
recorded any HHR events. Applying this procedure results
in 149 HHR days and 863 non-HHR days. Figures 9 and
10 present the averaged surface temperature and specific
humidity fields superimposed with surface streamlines,
respectively, at 0800 and 1400 LST on the HHR days and

non-HHR days. The two time levels are selected, respec-
tively, because of the designated starting time of a HHR
(non-HHR) day and the occurrences of the peak frequency
of late-afternoon HHR events as shown in Figure 8. We
should mention that the BMR during the warm season is
typically dominated by southerly winds in the lower tro-
posphere over the plain region, which is modulated by
mountain-plain circulations (Miao et al., 2009) and iner-
tial oscillation (Blackadar 1957; Zhang and Zheng 2004).
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1400 (HHR)
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1400 (non-HHR)
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Figure 9. Distribution of the temporally averaged surface temperature (shaded, ∘C), and convergence zones (hatched zones depicting the zones with
divergence values≤−10−5 s-1; no calculations made for the mountainous areas higher than 200 m), observed by the AWSs at (a) and (c) 0800 LST;

(b) and (d) 1400 LST on HHR days (left), and non-HHR days (right) during the warm seasons of 2007–2014.

This can also be seen from the averaged surface stream-
lines given in Figure 10, showing dominant southerly flows
during the daytime and some evidence of downslope winds
from the west and northeast mountains during the night-
time. In addition, the central urban districts were distinctly
warmer, with more organized convergence, than any other
region (Figure 9), which is clearly a typical urban heat
island effect (Zhang et al., 2009).

Of more relevance to this study is that surface tem-
perature and moisture at 0800 LST on HHR days were,
respectively, warmer and higher than those on non-HHR
days. These conditions were consistent with the colder and

drier northerly flows and downslope winds on non-HHR
days compared to more easterly flows over the plain
regions and much less coverage of downslope winds over
the mountainous regions on HHR days (Figures 9(a) and
(c) and 10(a) and (c)). Although the surface temperature
field at 1400 LST exhibited little differences, one can
see (about 3–4 g kg−1) higher specific humidity on HHR
days, especially over the Changping-Haidian-Chaoyang
borders, Daxing and Shunyi districts which coincided
roughly with more HHR events and rainfall amounts (cf.
Figures 10(b) and (d) and 2(a) and (b)). Clearly, a moist
boundary layer tends to be more conditional unstable for
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Figure 10. Distribution of the temporally averaged specific humidity (shaded, g kg−1), superimposed by surface streamlines, observed by the AWSs
at (a) and (c) 0800 LST; (b) and (d) 1400 LST on HHR days (left), and non-HHR days (right) during the warm seasons of 2007–2014. Note that the

legends for HHR days (left) and non-HHR days (right) are different.

deep convection, especially during the early afternoon
period. Moreover, a long-lived or larger-scale HHR event
would require the presence of a larger-scale supply of
water vapour, e.g. monsoonal air, moist low-level jets.

To validate the above conjecture, Figure 11(a) compares
between HHR days and non-HHR days the vertical profiles
of the averaged temperature anomalies, specific humidity
anomalies, and horizontal winds at 0800 LST at the Beijing
observatory (see Figure 1 for its location). It is evident that
the HHR (non-HHR) days were characterized with about
2 ∘C warmer (0.6 ∘C colder) than the averaged conditions
from the surface to 300 hPa. More importantly, the lowest

layer, i.e. below 925 hPa, indicated statically unstable (sta-
ble) conditions in temperature anomalies on the mornings
of HHR (non-HHR) days (Figure 11(a) and b), with south-
to southwesterly (northwesterly) flows from 925 hPa to
700 hPa. In addition, higher specific humidity occurred in
the deep troposphere, especially in the lower levels, on
HHR days than that on non-HHR days. The mean convec-
tive available potential energy (CAPE) on the HHR days
is ∼770 J kg−1 whereas it is ∼180 J kg−1 on the non-HHR
days. The above all suggested the presence of favourable
larger-scale conditions on HHR days compared to those
occurring on non-HHR days.
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(a)

(b)

Figure 11. (a) Vertical profiles of averaged temperature anomalies (solid lines), specific humidity anomalies (dashed lines), and winds (a full barb
is 4 m s-1) of HHR days (thick lines and thick wind barbs) and non-HHR days (thin lines and thin wind barbs). The anomalies of HHR (non-HHR)
days are obtained by subtracting the averaged values of HHR (non-HHR) days from the averaged values of all the days during the warm seasons of
2007–2014. (b) Difference between temperature at the surface and at the 925-hPa level (Tsfc-T925) for HHR days (left) and non-HHR days (right).

The crosses mark the averaged values, and the error bars give ±1 standard deviation.

With the above presentation of the averaged surface and
upper-air conditions, we may discuss their possible influ-
ences on the HHR events shown in the preceding sections.
While some HHR events, e.g. occurring over the cen-
tral urban regions, were correlated with local surface con-
ditions, some were likely associated with thunderstorms
moving across the plain regions during the afternoon and
evening hours (see red-dashed lines in Figure 8(b)). They
appear to account for the different frequencies of HHR
events occurring between the central urban districts and the
west and northwest mountains. Based on statistical anal-
ysis of several-year radar data covering the BMR, Chen
et al. (2012) and Wang et al. (2014) indicated that convec-
tive initiation is frequent over the foothills and plains. On
the other hand, some thunderstorms or MCSs propagating
from the BMR’s west or northwest might be apt to inten-
sify when reaching the central urban districts due to the
presence of a favourable environment (Chen et al., 2012,
2014).

As compared to the more thermally favourable region
of the central urban districts, the northeast mountainous
regions appear to be a more mechanically favourable

region for deep convection due to the presence of pro-
nounced mountain-plain circulations. That is, the daytime
warm and moist southerly flows favour the initiation of
deep convection as climbing over the northeast mountains.
This flow regime appears to account for the active after-
noon HHR events over the region (see plum-dashed lines
in Figure 8(b)). Note that the warm-moist airstream has
been heated by the upstream urban surface, the so-called
upstream urbanization effects by Zhang et al. (2011). In
contrast, during the early evening hours, down-slope flows
began to dominate, and favourable convergence occurred
at the foothills of the northeast mountains when the asso-
ciated east- to northeasterly winds met with the weak
southerly flows near the southern end of the Pinggu-Shunyi
border, thus favouring the generation of HHR events. This
convergence zone lasted for a longer period from 1900 to
0700 LST on HHR days, while the southerly flows near the
southern end of the Pinggu-Shunyi border gradually turned
to northerly and the convergence weakened after 0200 LST
on non-HHR days (not shown).

In contrast to the two high-frequency HHR event regions
discussed above, the west and northwest mountains were
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much less favourable for the generation of HHR events due
to the presence of relatively colder and drier air. In addi-
tion, although the regions are the favourable locations for
the initiation of deep convection through mountain-plain
circulations, most storms, once initiated, tended to prop-
agate eastward across the central urban districts into the
plain regions, accounting for a significant portion of the
HHR events downstream. A comparison of Figures 2(a)
and 8(b) and 9 and 10 suggests that the south- to south-
easterly warm-moist air during the daytime could climb
over certain portions of the west and northwest mountains,
leading to the near-constant frequency of HHR events in
the afternoon hours (see blue-dashed lines in Figure 8(b)).

7. Summary and concluding remarks

In this study, the spatiotemporal characteristics of
HHR events and rainstorm days are examined using
the quality-controlled 155 AWS observations at 5-min
intervals over the BMR during the warm seasons of
2007–2014. Results show pronounced variability in the
frequencies of HHR events and rainstorm days between
the BMR’s western mountains, eastern plains, central
urban districts, and northeastern mountainous regions.
High-frequency HHR events and large rainfall centres
are found over eastern Haidian, and near the northeast
mountains in Shunyi, Miyun and Pinggu, whereas the west
and northwest mountains are the regions of low-frequency
HHR events with much less rainfall amount. The rainfall
amount from HHR events contributes more than 30%
to the total rainfall amount during the warm seasons of
2007–2014 in eastern Haidian and near the northeast
mountains.

It is found that HHR events are peaked in late July
with significant less frequencies prior to June 15 and after
August 15, and that HHR events start most frequently
during the period from 1600 to 2000 LST with much less
frequencies between 0400 and 1200 LST. From 16 June
to 31 August, the northeast mountains tend to experience
more HHR events than the central urban districts except
during the period of 16 July–15 August when the strongest
solar energy is locally received.

Several extreme HHR events at various stations are
documented: a total frequency of 40 and a total rainfall
amount of 1517.9 mm; an 8.75 h duration, an accumulated
rainfall amount of 281.5 mm associated with a single HHR
event, and the maximum rainfall intensity of 32.4 mm
(5 min)−1 and 135.7 mm h−1. Many of the above extreme
events took place over either eastern Haidian or near the
northeast mountains, In addition, about 80% of the BMR’s
AWSs recorded HHR events during the well-known 7–21
extreme rainfall event, with the record-breaking duration
of 8.75 h, a large accumulated rainfall amount of 281.5 mm
and an intense hourly rainfall intensity of 103.6 mm h−1.

A comparison of the averaged surface meteorological
variables and upper-air sounding at 0800 LST between
HHR and non-HHR days shows that the HHR events
occurred under dominant south- to southeasterly flows

of surface warm and moist air during the daytime and
downslope winds of relative cold and dry air from the
west and northeast mountains during the nighttime, with
an unstable stratification and low-level south- to south-
westerly flows, and a deep layer of higher moisture con-
tent. The above-mentioned two high-frequency HHR event
regions coincide, respectively, with a distinctly warmer
and moister area with favourable convergence near the cen-
tral urban districts, especially in the afternoon hours, and
an area of more favourable upslope lifting of the southerly
warm-moist flow. Such favourable correlations between
HHR events and surface conditions suggest likely the pos-
itive influences of urban environment, topographical forc-
ing and mountain-plain circulations on the generation of
HHR events over the BMR.

In conclusion, we may state that there are preferred
locations, periods of a month and a day for the gen-
eration of high-frequency HHR events, which appears
to be positively influenced by urban environment and
mountain-plain circulations. The results have important
implications to operational weather forecasters for their
improved prediction of HHR events, and to city planners
and emergency managers for their more focused atten-
tion to the locations and timings of high-frequency HHR
events. However, the present study is limited by the use of
AWSs observations and upper-air observations at a single
station, which cannot fully address the interaction of urban
effect, topography and other processes with larger-scale
environments in the generation of HHR events. Clearly,
three-dimensional high-resolution observational and mod-
elling studies are much needed to quantify various dynam-
ical processes leading to the generation of different HHR
events. In our forthcoming articles we will examine the
convective initiation of an HHR event in the BMR’s central
urban districts using a high-resolution numerical model.
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