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Abstract Using hourly rain-gauge measurements for the pe-
riod 2004–2007, differences in diurnal variation in summer
(June–August) precipitation are investigated in four distinct
areas of Beijing: the urban area (UA), suburban area (SA),
north mountainous area (NMA), and south mountainous area
(SMA), which are distinguished empirically based on under-
lying surface conditions and verified with a statistical rotated
empirical orthogonal function. The diurnal cycles and spatial
patterns in seasonal mean precipitation amount, intensity, and
frequency in the four areas are compared. Results show that
the four areas have distinct diurnal variation patterns in pre-
cipitation amounts, with a single peak observed in UA and
NMA in the late afternoon, which are 80 % and 121 % higher
than their daily average, respectively, and two peaks in SA

during the late afternoon and early morning with magnitudes
exceeding the daily mean by 76 % and 29 %, respectively.
There are also two peaks in SMA: a weaker nocturnal diurnal
peak and an afternoon peak. Theminimum amounts of rainfall
observed in the forenoon in UA, SA, and SMA are 53 %,
47 %, and 57 % lower than the daily mean in each area,
respectively, and that observed in the early morning in NMA
is 50 % lower than the daily mean. The diurnal variations in
precipitation intensities resemble those for precipitation
amount in all four areas, but more intense precipitation is
observed in SA (2.4 mm/h) than in UA (2.2 mm/h). The
lowest frequency for the whole day is observed in UA, where-
as the highest frequency occurs in the mountainous areas in
the daytime, especially in the late afternoon in SMA. Diurnal
variations in surface air temperature and divergence fields in
the four areas are further investigated to interpret the physical
mechanisms that underlie the spatial and temporal differences
in summer diurnal precipitation, and the results indicate the
possible dominance of the local circulation arising from
mountain–valley wind and the differences in underlying sur-
face heating between the urban, suburban, and mountainous
areas of Beijing.

1 Introduction

Local precipitation patterns affected by urbanization have
been studied intensively. Many earlier studies that focused
on the effects of urban expansion on rainfall amount and
frequency indicated that the seasonal or daily precipitation
amount and frequency over urban and downstream areas were
significantly larger than those over surrounding areas (Chang-
non 1968; Huff and Changnon 1972, 1973; Huff and Vogel
1978; Balling and Brazel 1987; Jauregui and Romales 1996;
Shepherd et al. 2002; Burian and Shepherd 2005; Shepherd
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2006; Mote et al. 2007). These regional differences were
especially remarkable between noon and midnight during
days of intense rain in the warm season, and showed an
intensifying trend in response to rapid urbanization (Huff
and Changnon 1973; Huff and Vogel 1978; Burian and
Shepherd 2005). Urban growth is commonly associated with
increased rainfall in urban and downwind areas because of the
establishment of a convergence zone related to the urban heat
island effect (e.g., Bornstein and Lin 2000; Baik et al. 2001;
Rozoff et al. 2003; Burian and Shepherd 2005). In contrast,
other studies have reported declines in rainfall during extend-
ed periods of strong urban growth because of high concen-
trations of anthropogenic aerosols in small cloud droplets,
which acts to suppress drop coalescence and the rain process
(Rosenfeld 2000; Ramanathan et al. 2001; Andreae et al.
2004; Givati and Rosenfeld 2004; Khain et al. 2005).

The Beijing metropolitan region is located in Northern
China and is one of the largest megacities in the world, with
a population of more than 18 million. The city has expanded
rapidly in recent decades, resulting in significant modifications
to surface properties and local atmospheric circulations. There-
fore, studies of temporal and spatial variations in the local
climatic characteristics of Beijing are important to our under-
standing of the impacts of urbanization on local climate. Miao
et al. (2009) modeled the impacts of urban land use on the
characteristics of boundary layer structures, and revealed that
urban–rural circulations induced by topographic differences
are an important cause for the prevalence of mountain–valley
flows in Beijing. Zhang et al. (2009) used amesoscale model to
simulate rainfall events and found that urban expansion con-
tributed to a reduction in precipitation over the Beijing area,
particularly over the Miyun reservoir area. Moreover, Beijing
has a varied and complex topography, with high mountains to
the west (Taihang Mountains), north, and northeast (Yan
Mountains), accounting for approximately three quarters of
the Beijing metropolitan region; consequently, the terrain has
an important effect on the location and distribution of precip-
itation in Beijing (Zhang et al. 2005). Sun and Yang (2008)
studied the summer meso-β scale rain in Beijing and found it
was caused by the joint effects of topography and the urban
heat island. They reported the formation of a strong tempera-
ture gradient that engendered a wind shear near windward
slopes, because the terrain blocked the horizontal diffusion of
heat generated by the heat island effect. This wind shear is
important in developing and maintaining the convection; con-
sequently, most of the mesoscale rain processes in Beijing
occur at the margin of the urban area or in adjacent mountain-
ous areas (Sun et al. 2006; Sun andYang 2008;Wu et al. 2009).

Beijing has a typical monsoonal climate, and summer pre-
cipitation is the main source of water (Zhang et al. 2009).
Diurnal variations in precipitation, which are important for
the hydrological cycle and agriculture, have a strong influence
on the local weather and global climate (Dai 2001; Zhou et al.

2008; He and Zhang 2010). Li et al. (2008) investigated diurnal
variations in precipitation over Beijing using data from a single
representative meteorological station, and found that both rain-
fall amount and frequency were high from the late afternoon to
the early morning, with minima around noon.

Given the complex terrain and surface features within the
Beijing metropolitan region, it is insufficient to study diurnal
variations in meteorological factors using data from a single
station. With the rapid development of a meteorological ob-
servation network in Beijing, real-time data with high tempo-
ral resolution have become available, enabling analyses of
diurnal cycles of meteorological factors over urban, suburban,
and mountainous areas. By using observations at 20 stations
in Beijing and 6 stations in neighboring Hebei Province, Yin
et al. (2011) investigated diurnal variations of precipitation
frequency and pointed out their differences in different loca-
tions of the observing stations in Beijing. They explained the
differences of the diurnal variations by the mountain–valley
circulation and urbanization. However, in order to understand
the precipitation diurnal variations in different areas in Bei-
jing, an objective division of the Beijing metropolitan region
is needed. Moreover, the thermal effect of the urban, suburban
andmountainous areas of Beijing on local circulations respon-
sible for the precipitation diurnal variations should also be
investigated. The study of Yin et al. (2011) dealt with only the
diurnal variations of precipitation frequency. It is also impor-
tant to understand the diurnal variations of precipitation
amount and intensity in the different areas in Beijing.

The present study investigates the differences in diurnal
variations of precipitation amount, frequency and intensity
between areas with distinct land use and topography, and
explores the reasons for such differences, considering topo-
graphic and urbanization effects. The remainder of the manu-
script is organized as follows. In Section 2, we describe the
data and the method employed in our analysis. In Section 3,
we describe the division of Beijing into four areas according to
the underlying surface conditions and the climatic character-
istics of summer precipitation. Section 4 presents a discussion
on the differences in diurnal variations in the amount, inten-
sity, and frequency of precipitation over the four areas. Diur-
nal profiles of the normalized amount, intensity, and
frequency of precipitation are provided in Section 5, along
with their spatial distributions. In Section 6, we explore the
origin of these patterns from the perspective of the local
atmospheric circulation. Finally, the conclusion and discus-
sion are presented in Section 7.

2 Data and methods

We utilize hourly rain-gauge data, hourly 10-m wind-field
data, and hourly 2-m air-temperature data for summer
(June–August) in 2004–2007, as well as daily rain-gauge
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data, 2-m air-temperature data, and 2-m relative humidity
data at 6-h intervals for summer in 1991–2007, sourced
from 20 routine meteorological stations in Beijing operated
by the Beijing Meteorological Bureau of the China Meteoro-
logical Administration. The 20 stations are as follows: Hai-
dian (HD), Chaoyang (CY), Fengtai (FT), Shunyi (SY),
Tongxian (TX), Daxing (DX), Nanjiao (NJ), Mentougou
(MTG), Fangshan (FS), Changping (CP), Shijingshan (SJS),
Miyun (MY), Shangdianzi (SDZ), Huairou (HR), Pinggu
(PG), Tanghekou (THK), Yanqing (YQ), Foyeding (FYD),
Zhaitang (ZT), and Xiayunling (XYL), and their locations are
shown in Fig. 1.

The hourly rain-gauge data for 2004–2007 are selected for
analyses because the stations were well maintained during
these years. All the data met strict quality-control standards
required by the Rules on Ground Surface Meteorological
Observations (China Meteorological Administration 2003)
and were collected uniformly at each of the 20 stations. We
also conducted quality-control procedures to identify anoma-
lous observations of hourly rainfall data, based on the thresh-
olds proposed by Ren et al. (2010). The proportion of missing
hourly rainfall data during 2004–2007 is less than 0.1 % for 19
stations, and 5.6 % for FT station, representing an overall low
rate of missing data for the study period. We also checked for
erroneous 2-m temperature data based on upper and lower
thresholds of 60 °C and −80 °C (Dou et al. 2008), respectively.

For wind direction and speed, the thresholds were 0°–360°
and 0–75 m/s (Dou et al. 2008), respectively.

According to the Rules on Ground Surface Meteorological
Observations (China Meteorological Administration 2003),
precipitation amounts less than 0.05 mm are recorded as
0.0 mm, and amounts greater than 0.05 mm but less than
0.1 mm as 0.1 mm. In this study, a threshold rate of
0.1 mm h−1 is specified to define a precipitation event, because
the data are only accurate to one decimal place.

The precipitation frequency refers to the number of occur-
rences of predefined precipitation events. We use the defini-
tion of precipitation intensity given by Oke and Musiake
(1994), as follows:

IðhÞ ¼ PðhÞ
NðhÞ ð1Þ

where P(h) is the total amount of rainfall and N(h) is the total
number of precipitation events at time h at a station.

To compare diurnal variations in precipitation at different
areas in the same hour or period, the amount, intensity, and
frequency of precipitation are normalized to the seasonal
averages of 20 stations for each hour, based on the following
formula:

Ah;s ¼ Ph;s �Wh

Wh
� 100% ð2Þ

where Ah,s is the hourly normalized precipitation amount (or
intensity, or frequency) at time h (h00, 1, 2, … 23) and at
station s (s01, 2, … 20); Ph,s is the seasonal average precip-
itation amount (or intensity) or total number of occurrences at
time h and at station s; and Wh is the mean precipitation
amount (or intensity or total number of occurrences) at the
20 stations at time h. The amount, intensity, and frequency of
precipitation are also normalized to the daily average of the 20
stations throughout Beijing, using the following formula:

Bh;s ¼ Ph;s � X

X
� 100% ð3Þ

where Bh,s is the daily normalized precipitation amount or
intensity at time h and at station s, and X is the averaged daily
average amount or intensity of precipitation at the 20 stations.

To divide the Beijing metropolitan region into different
areas characterized of distinct topographic conditions, we first
use an empirical method in terms of the distinct characteristics
of urban, suburban, and mountainous areas. In addition to the
empirical method, we also use a varimax-rotated empirical
orthogonal function (REOF) analysis (Richman 1986), based
on the precipitation features, to verify the empirical geograph-
ic division. The REOF mode refers to a linear transformation
of the initial empirical orthogonal function (EOF) mode, using
the varimax method. The varimax method maximizes the
variance of the squared correlation coefficients between the

Fig. 1 Distribution of 20 meteorological stations in Beijing. Solid
lines denote the boundaries of the four areas. UA, SA, NMA, and
SMA refer to the urban area, the suburban area, the northern moun-
tainous area, and the southern mountainous area, respectively. The 20
stations are HD (Haidian), CY (Chaoyang), FT (Fengtai), SY (Shunyi),
TX (Tongxian), DX (Daxing), NJ (Nanjiao), MTG (Mentougou), FS
(Fangshan), CP (Changping), SJS (Shijingshan), MY (Miyun), SDZ
(Shangdianzi), HR (Huairou), PG (Pinggu), THK (Tanghekou), YQ
(Yanqing), FYD (Foyeding), ZT (Zhaitang), and XYL (Xiayunling).
The shading represents elevation (unit: in meters)
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time series of each REOFmode and the original time series. In
this way, the loadings of the REOF modes are widely distrib-
uted, with a few large loadings and many others close to zero.
Hence, REOF analysis reveals simple patterns and increases
the discrimination among the loadings, making them easier to
interpret. The usefulness of REOF analysis in revealing the
spatiotemporal variability of an anomaly pattern had beenwell
documented in previous studies (e.g., Horel 1981; Richman
1986).

Using the method proposed by Zhou et al. (2008), we
interpolate summer precipitation and 10-m wind data from
the 20 stations into gridded precipitation and winds at 0.1°
latitude×0.1° longitude, to calculate the REOF and diver-
gence, respectively. Since the 10-m wind is not in the same
level at different stations, the 10-m height above the ground
surface can be recognized as a sigma surface and the diver-
gence can be calculated in the terrain following coordinate
(Dai and Deser 1999). Therefore, we use the finite difference
method of Dai and Deser (1999) to calculate the horizontal
divergence from interpolated gridded winds. The time used in
this study is Beijing local standard time (LST), and summer
refers to the months of June, July, and August (JJA).

3 Geographic divisions

Based on underlying surface conditions, Beijing is empirically
divided into four areas: the urban area (UA), suburban area
(SA), north mountainous area (NMA), and south mountainous
area (SMA) (see Fig. 1). Urban growth during the 1980s has
seen several suburban areas become connected to the central
city (Wang et al. 2007), so we define the area within the Sixth
Ring Road as UA, which includes 10 stations and covers the
districts of HD, CY, SJS, NJ, FT, TX, DX, MTG, FS, and CP.
Northeast Beijing has experienced a slower rate of urban
growth and is located far from the central city, consequently,
it is defined as SA, which includes the districts of MY, SDZ,
HR, and PG. Considering the distinctive climatic features of
the mountains and the plain, we classify the districts of THK,
YQ, and FYD, with altitudes of 333.7 m, 489 m, and
1,216.9 m, respectively, as NMA. The districts of ZT and
XYL, at altitudes of 441.1 m and 409 m, respectively, are
defined as SMA.

To verify the credibility of the empirical division described
above, which is based on underlying surface conditions, the
REOF method is applied to analyze the summer precipitation
data matrix for 17 summers (1991–2007) at the 20 stations.
The cumulative contributions of the first three leading modes
revealed by the REOF analysis account for 87.7 % of the total
variance, so we select the first three modes to be rotated. The
rotated eigenvectors reveal good spatial separation (Fig. 2):
high loadings are concentrated in the northeastern areas (in-
cluding SDZ, MY, PG, HR, and SY), in the southwestern

areas (including XYL, ZT, and FS), and in the northwestern
areas (including THK, YQ, FYD, and CP), and these areas are
referred to as REOF 1 (as shown in Fig. 2a), REOF 2 (as
shown in Fig. 2b), and REOF 3 (as shown in Fig. 2c), respec-
tively. The spatial distributions of the three independent areas
with high loadings, as indicated by the REOF technique, agree
with our empirical division, with REOF 1, REOF 2, and
REOF 3 corresponding to SA, SMA, and NMA, respectively.
This result demonstrates the credibility of the empirical re-
gional division. However, it must be noted that the central
Beijing area is not included in the areas described above,
which indicates that variation in summer precipitation over
central Beijing differs from that over the other three areas.
Taking into account the distribution of geographic features in
Beijing, we classify the central area as UA.

There are, however, two contradictions between the empir-
ical and REOF division results. First, as shown in Fig. 1, FS
and CP belong to UA according to the empirical division
results, but they are not included in UA by the REOF method,
as shown in Fig. 2b and c, respectively. This discrepancy may
have resulted from a spatial interpolation error when we inter-
polated the station data to grids. To obtain a more reliable
result, correlation analysis was applied, and the correlation
coefficients between FS and the other nine urban stations,
calculated for hourly and daily precipitation, 6-h temperature,
and relative humidity, are significantly higher than those be-
tween FS and the suburban or mountainous stations. Similarly,
CP has a stronger relationship with the other nine urban
stations than does with the NMA stations, as shown in Table 1,
which summarizes the correlation coefficients between FS (or
CP) and other areas. Second, although SDZ is located in a
mountainous area with an elevation of 286.5 m, its REOF result
and its strong relationship with suburban stations (Table 1)
indicate that SDZ should be included in SA, as shown in
Fig. 2a, rather than in the mountainous areas.

4 Amount, intensity, and frequency of precipitation

In order to investigate the features of precipitation over the
four areas, in Fig. 3 we show diurnal variations in 3-h moving
averages of the seasonal hourly mean amount (Fig. 3a), inten-
sity (Fig. 3b) and frequency (Fig. 3c) of precipitation over
each of the four areas outlined in Fig. 1.

4.1 Precipitation amounts

As shown in Fig. 3a, UA has a peak precipitation amount at
1900 LST. NMA and SMA show a maximum at around 1800
and 1700 LST, respectively, 1 and 2 h earlier than UA. SA
shows two peaks in precipitation amount: the first peak is
consistent with that at UA, and the second, weaker peak
occurred at around 0600 LST. There are also two peaks at
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SMA, with the weaker nocturnal diurnal peak appearing at
around 0100 LST.

The minimum amounts of precipitation over the four areas
are all observed in the morning. NMA has the earliest mini-
mum at around 0900 LST, followed by SMA at around
1000 LST, and UA and SA at around 1100 LST. In terms of
daily precipitation amount, SA has the greatest amount of
8.09 mm, followed by UAwith 7.09 mm. By checking each

station in both SA and UA, we confirmed that the daily
precipitation amount at each of four stations (MY, HR, SY,
and PG) out of five in SA is larger than that at each of nine
stations out of ten in UA, with only one station, SDZ, in SA
and one, MTG, in UA having less daily precipitation amount
of 7.48 mm and more amount of 8.90 mm, respectively. The
fact that SA records the largest precipitation amount may
reflect urban effects that enhance rainfall in the downwind
area of UA (Changnon 1968; Huff and Changnon 1972;
Rozoff et al. 2003; Diem and Brown 2003; Shepherd 2006),
since the winds are primarily southerly during summer in
Beijing (Sun and Shu 2007).

To test for the statistical significance of differences in
diurnal variations over the four areas, an F test is applied to
assess whether the standard deviations of the precipitation
amounts over any two areas differ from each other. The
amounts of hourly precipitation in the summers (JJA) of
2004–2007 are compared among UA, SA, NMA, and SMA.
All the results pass the F test at the 1–2 % significant level,
indicating significant differences in diurnal variations in pre-
cipitation amount in the four areas. The F test results and
corresponding p values are listed in Table 2. Here we can
see, without considering the individual diurnal variation in
precipitation amount at each station in each area, the area

(a) (b)

(c)

SDZ

FS

CP

Fig. 2 a REOF 1 for the
average amount of precipitation
in 1991–2007 summers (JJA). b
and c As for a but for REOF
2 and REOF 3. The circles
denoted by SDZ, FS, and CP
refer to the locations of
Shangdianzi, Fangshan, and
Changping, respectively. The
numerals in each plot are REOF
loadings multiplied by 10.
Loadings larger than 0.67
are shaded

Table 1 Correlation coefficients of hourly and daily precipitation amount,
6-h temperature and relative humidity at FS compared with UA and SMA,
at CP compared with UA and NMA, and at SDZ compared with SA and
NMA

Station Area Hourly Daily Temp. Humidity

FS UA 0.28 0.69 0.995 0.995

SMA 0.25 0.67 0.995 0.865

CP UA 0.25 0.65 0.993 0.992

NMA 0.24 0.62 0.981 0.911

SDZ SA 0.30 0.66 0.999 0.998

NMA 0.16 0.53 0.993 0.899

The periods of hourly and daily precipitation amount are 2004–2007
and 1991–2007, respectively
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mean differs significantly from each other among the four
areas.

4.2 Frequency and intensity of precipitation

Figure 3b shows that the diurnal profiles of precipitation
frequency over the four areas are basically identical, with a
dominant peak in the evening and a secondary peak in the
early morning, which are similar to the results of Yin et al.
(2011). Precipitation over UA and SA occur most frequently
at around 2000 LST, later than those over NMA and SMA,
where the most frequent rainfall events are observed at
around 1900 LST. The secondary frequency peaks in UA
and SMA occur at around 0600 LST, whereas the weaker
frequency peaks in NMA and SA occur at around 0200 and
0400 LST, respectively.

We estimated the mean intensity of precipitation using
Formula (1). As shown in Fig. 3c, UA and NMA have a single
intensity peak, which occurs at around 1900 LST, whereas
SMA reaches its peak intensity at about 1500 LST, earlier than
the other three areas. In contrast, two peaks in precipitation

intensity are observed in SA, at around 1900 LST and
0700 LST. The precipitation intensity in SMA shows a min-
imum at an earlier time than in the other areas, at about
0600 LST, followed by the minimum intensity in NMA at
1 h later; the minimum precipitation intensity at UA and SA
occur at around 1100 and 1200 LST, respectively.

Comparing Fig. 3c with Fig. 3a, the diurnal variation in
precipitation intensity is basically identical to the diurnal
variation in the amount of precipitation. To compare the
relative contributions of the diurnal cycles of the precipitation
frequency and intensity to that of precipitation amount, we
estimated the percentage variance of diurnal cycle of rainfall
amount accounted for by the precipitation frequency and
intensity, respectively, by using the method of Zhou et al.
(2008). For the four areas of UA, SA, NMA and SMA, the
precipitation intensity accounts for 77.7, 65.5, 78.7 and
79.6 %, respectively, while the frequency accounts for 45.3,
39.2, 64.1, and 11.8 %, respectively. The contribution from
the precipitation intensity is clearly larger than that from the
frequency in each of the four areas. Therefore, the diurnal
variation of intensity is more identical to that of amount.

0 2 4 6 8 10 12 14 16 18 20 22 24

LST, Beijing

0.05

0.1

0.15

0.2

0.25
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0.35

UA
SA
NMA
SMA

(a) amount
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(b) frequency

0 2 4 6 8 10 12 14 16 18 20 22 24

LST, Beijing
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1.5

2

2.5

3

3.5
(c) intensity

Fig. 3 2004–2007 summer
mean diurnal variations in a
precipitation amount
(unit: in millimeters per hour),
b precipitation frequency
(unit: number of occurrences),
and c precipitation intensity
(unit: in millimeters per hour)
averaged over UA, SA, NMA,
and SMA. The amount,
intensity, and frequency of
precipitation are 3-h moving
averages of hourly data
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4.3 Peak time of precipitation amounts

Figure 4 shows the spatial distribution of the times of peak
precipitation amount (Tmax, in hours) at the 20 stations. The
prevailing evening and midnight maximum precipitation at
UA is clearly identifiable, whereas there is no maximum in
the morning, which is in accordance with the above findings
(Fig. 3a). Two precipitation peaks are observed in SA: in the
morning and in the evening. We calculated quantitatively
the precipitation amount. In western SA (MY, HR, SDZ,
and SY), the peak precipitation amount at 1900 LST is
0.31 mm h−1, while that at 0700 LST is 0.19 mm h−1. At
PG, the peak precipitation amount at 1900 LST is
0.29 mm h−1 and that at 0700 LST is 0.32 mm h−1. There-
fore, western SA has a greater amount of rainfall at the
evening peak (1900 LST), whereas the PG station (in south-
eastern SA) has more precipitation at the morning peak
(0700 LST) than that at the evening peak, which implies
that the peak time is different in different parts of SA. A single
late-afternoon precipitation peak prevails in NMA, earlier than
almost all peak times in UA except that at FTwhere the peak
time appears around 1800 LST, about 1 h earlier than those in
NMA. Although Tmax at XYL is later, SMA has the earliest

peak, which may be attributable to the propagation of local
precipitation fromwest to southeast over North China (He and
Zhang 2010), resulting in the earliest precipitation peak over
ZT and a later maximum over XYL.

5 Normalized amount, intensity, and frequency
of precipitation

Because precipitation is related to topography, latitude, and
underlying surface conditions, normalized precipitation is
more suitable for assessing differences in precipitation over
different areas in Beijing. Therefore, we normalized the
precipitation by its hourly and daily means for the whole
Beijing region according to Formulas (2) and (3), respectively,
in order to compare the precipitation differences among the
four areas.

5.1 Normalized precipitation amount

Figure 5a shows diurnal variations in the normalized pre-
cipitation amount based on Formula (2). In the morning, the
amount of precipitation in SA accounts for the highest ratio
of the total precipitation amount among the four areas,
exceeding 47.1 % of the hourly average precipitation
amount over the whole region of Beijing at around
0700 LST, which corresponds to its morning peak. UA has
an amount equivalent to the average during the morning
period. In contrast, the mountainous areas account for the
lowest ratio. For example, the ratio of NMA is 21.9 % lower
than the average at around 0700 LST, which corresponds to
its minimum in the morning. In the afternoon, SMA
accounts for the highest ratio, which is 32.1 % higher than
the average at 1500 LST, corresponding to its afternoon
maximum. After 1900 LST, UA presents a larger precipita-
tion amount than the average, and a maximum percentage of
30.1 % higher than the average appears at 2100 LST. The
amount of precipitation in SA also increases in the evening,
and is 21.6 % higher than the average at 1900 LST,
corresponding to its evening peak. Although NMA shows
a rainfall peak in the evening, its ratio to the average is
relatively low (around zero) because the amount of precip-
itation is less than those at UA and SA. SMA has the small-
est amount of precipitation in the evening, and the ratio is
34.2 % lower than the average at the minimum at 2000 LST.

Table 2 Significance level (p value) of the F test using hourly precipitation amount in 2004–2007 summers between each pair of UA, SA, NMA,
and SMA

UA–SA UA–NMA UA–SMA SA–NMA SA–SMA NMA–SMA

p value 0.001 0.001 0.011 0.001 0.022 0.001

Fig. 4 Spatial distribution of the times of peaks in precipitation
amount at 20 stations in Beijing. The unit vectors denote Beijing local
standard time (LST), as shown in the phase clock at the top left. The
four areas are separated by solid lines
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5.2 Normalized intensity and frequency of precipitation

The same technique was used to assess diurnal variations in
precipitation intensity in the four areas, as well as areal
differences. Figure 5b shows that the diurnal variation pat-
terns of rainfall intensity resemble those for rainfall amount
(Fig. 5a). In particular, SA has the strongest rainfall inten-
sity, with a ratio to the average of the hourly precipita-
tion intensity for the whole region of Beijing exceeding
45.2 % at 0700 LST, while the intensity at UA is equivalent
to the average. In contrast, the mountainous areas have weaker
intensities. For example, the ratio of SMA is 39.1 % lower
than the average at 0600 LST, although it increases and
accounts for the highest ratio at around 1500 LST, being
15.6 % higher than the average. NMA shows the weakest
intensity, with its lowest ratio being 37.4 % weaker than the
average at about 2100 LST. From the late afternoon to even-
ing, the precipitation intensity in UA increases and it exceeds
the average by 19.7 % at 2100 LST.

Figure 5c shows diurnal variations in the hourly normal-
ized precipitation frequency in the four areas, based on For-
mula (2). In the mountainous areas, it rains most frequently in
the daytime (0800–2000 LST). In particular, both SMA and
NMA have frequency peaks at 1800 LST, with a ratio to the
average of the hourly total number of occurrences in the whole
region of Beijing, of 34.1 % in SMA and 28.2 % in NMA,
which correspond to their evening maximum precipitation
frequency. A frequency of 14.1 % higher than the average is
observed in SA at 2100 LST. However, the precipitation
frequency in UA is the lowest throughout the day, especially
during the late-afternoon period, when the ratio is 16.8 %
lower than the average at its minimum at about 1800 LST.
The second highest frequencies are observed in SA and the
mountainous areas during 0200–0600 LST, which corre-
sponds to their secondary peaks (Fig. 3b). Taking into account
the diurnal variations in precipitation intensity, the amount of
precipitation in UA remains at a low level because of its lower
frequency, despite its strong intensity, which is consistent with
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previous reports (e.g., Dai et al. 2007; Zhou et al. 2008) that
diurnal variation in the amount of rainfall is influenced by
both rainfall frequency and intensity.

5.3 Spatial distribution of the normalized amount
and intensity of precipitation

Spatial patterns are important in terms of verifying precip-
itation features over UA, SA, and the mountainous areas.
Therefore, we select 0500–0800 LST, 0900–1200 LST,
1400–1700 LST, 1800–2100 LST, and 0100–0400 LST as
five representative periods, considering that the maximum
and minimum amounts, and intensities of precipitation over
the four regions occur mainly during these periods. Figure 6
shows the spatial distributions of the normalized amount
(Fig. 6a, c, e, g, i) and intensity (Fig. 6b, d, f, h, j) of
precipitation, calculated as percentages of anomalies relative
to the daily mean of the 20 stations, based on Formula (3).
In terms of the regional average, the largest amounts
(Fig. 6a) and intensities (Fig. 6b) of precipitation occurred
in SA and at individual urban stations in the southeast at
around 0500–0800 LST, whereas the amounts and intensi-
ties are lowest in the western UA and the mountainous
areas. During 0900–1200 LST, almost all four areas have
negative percentages except the small area in southern SA
for the amounts (Fig. 6c) and intensities (Fig. 6d) of precip-
itation. For example, UA and SA show minimum amounts
and intensities of precipitation during this period compared
with the other four periods. The amount (Fig. 6e) and
intensity (Fig. 6f) of rainfall in SMA reach a peak during
the 1400–1700 LST period, when the amounts and intensi-
ties of precipitation over the western UA, southwest SA, and
NMA gradually increase. During 1800–2100 LST, the
amounts (Fig. 6g) and intensities (Fig. 6h) of rainfall show
a peak in UA, SA, and NMA, whereas the amount and
intensity of rainfall in SMA show a decrease. Although the
precipitation amount (Fig. 6i) decreases in UA and SMA
during 0100–0400 LST compared with 1800–2100 LST, the
precipitation amount in SMA is still larger than that during
0500–0800 or 0900–1200 LST, which corresponds to its
secondary peak. The rainfall intensity over SMA (Fig. 6j) also
shows a secondary peak during 0100–0400 LST and is stron-
ger than those during other periods, except the peak during
1400–1700 LST. SA presents strong centers for both rainfall
amount and intensity during 0100–0400 LST which are sim-
ilar but weaker comparing to those during 0500–0800 LST,
when the secondary peak is observed over SA. These obser-
vations of diurnal variations in precipitation indicate that UA
in Beijing does not have a significantly greater amount of
rainfall, or stronger intensity or higher frequency, than SA or
the mountainous areas, especially during the daytime, which
contradicts the findings of previous studies (e.g., Huff and
Changnon 1972; Huff and Vogel 1978).

6 Physical interpretations

To explore why the diurnal variations in precipitation differ
among UA, SA, and the mountainous areas, hourly 10-m
wind-field data and 2-m temperature data from the 20 stations
are used to investigate the characteristics of local circulations
induced by the inhomogeneity of thermal conditions at the
underlying surface, which could be attributable to topographic
effects and land use differences.

Figure 7 shows temporal variations in 2-m temperature
anomalies at UA, SA, SMA, and NMA, respectively. The
temperature anomalies are calculated by subtracting the daily
averaged temperature of the 20 stations from the mean tem-
perature in each area at each hour. Consistent diurnal varia-
tions in the temperature anomalies are demonstrated in the
four areas, which peak at around 1500 LST, with a minimum
at 0500 LST. Nevertheless, there are significant differences
between the values for the temperature anomalies: the highest
is observed in UA, SA has a smaller temperature anomaly, and
NMA has the smallest for the whole day. Moreover, UA
shows a positive temperature departure after 0800 LST,
whereas SA and SMA show positive temperature anomalies
about 1 h later, and NMA lags UA by about 4 h. UA does not
show a negative anomaly until 2300 LST, whereas SA and the
mountainous areas show negative anomalies 2–5 h earlier than
this time. The higher temperature and longer period of positive
anomalies in UA may reflect the sparse vegetation coverage
and large numbers of buildings and sealed roads, which trap
short-wave radiation and store heat during the daytime to a
greater degree than other land covers, releasing the heat from
the ground to the air at night in the form of long-wave
radiation to generate warmth (Voogt 2004; Miao et al.
2009). Anthropogenic heat may also contribute to the heat
island effect (Sailor and Lu 2004; Voogt 2004; Miao et al.
2009). Besides, the highest temperature in UA could also
reflect its relatively low elevation (Chemel et al. 2007).

In order to investigate the influence of the underlying sur-
face differences among different areas on the local circulation
and precipitation, Fig. 8 shows the average diurnal variations
of the divergence in each area, in which negative and positive
values indicate convergence and divergence, respectively, cal-
culated from hourly 10-m wind-field data from the 20 stations.
Variations of the divergence are consistent with those for
precipitation, as shown in Fig. 6. UA and SA show stronger
convergence during 0100–0400 and 0500–0800 LST, when
more precipitation occurs, whereas the mountainous areas
show less precipitation (see Fig. 6i, a). During 0900–
1200 LST, divergence fields appear in UA and SA, where
the positive precipitation anomalies disappear and negative
anomalies develop. At this time, convergence fields become
stronger in the mountainous areas, where precipitation
increases with a significant decrease in negative precipitation
anomalies compared with 0500–0800 LST (see Fig. 6c). For
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the period 1400–1700 LST, UA and the mountainous areas all
generate convergence, and the divergence in SA is weakened.
Accordingly, positive precipitation anomalies are observed
along the regions from the southwest to the northeast, and the
negative anomalies in other areas are significantly reduced, as
shown in Fig. 6e. During 1800–2100 LST, convergence fields
dominate the four regions and positive rainfall anomalies are
observed in almost all areas, as shown in Fig. 6g.

A comparison of Figs. 7 and 8 reveals that although the
temperature increases earlier and to a greater extent in UA and
SA, no convergence field is induced by surface heating.
Instead, the formation of divergence fields may be related to
the local mountain–valley circulation. To show variations in
mountain–valley breezes, diurnal variations in surface 10-m

winds are plotted in Fig. 9. In the early afternoon (1400 LST)
and in the evening (2000 LST), southerly valley winds are
widespread over most of the Beijing metropolitan region.
During the late night (0200 LST) and early morning
(0800 LST), in contrast, northerly mountain winds are dom-
inant. The distributions of the winds shown in Fig. 9b and d
are similar to the observed surface winds at 0800 LST and
2000 LST, respectively, as shown by Yin et al. (2011).

From morning to noon, solar heating contributes to the
generation of valley wind circulation, producing convergence
fields in mountainous areas and divergence fields in UA and
SA. As a result, the amount of precipitation in the mountain-
ous areas at around noon is greater than that in UA and SA
(Fig. 3a). After 1400 LST, the urban heat island may play the
dominant role in inducing a convergence zone and initiating
deep, moist convection (Bornstein and Lin 2000; Baik et al.
2001; Rozoff et al. 2003; Sun et al. 2006; Sun and Shu 2007;
Yin et al. 2011), resulting in increased rainfall. However, the
surface heating effect in SA is weaker than that in UA, so the
divergence induced by the valley wind circulation lasts until
1800 LST. At midnight, although the mountain wind should
result in enhanced convergence over UA and SA, the surface
cooling due to long-wave radiation is unfavorable for the
ascending motion, which counters the increase in precipita-
tion. During the early morning hours, although the mountain
wind circulation is strong and the surface temperature is
higher in UA than that in SA, the wind speed is reduced in
UA, possibly due to its rough surface and strong mixing
processes (Pielke et al. 2007; Miao et al. 2009). Consequently,
a stronger convergence zone and a peak in the precipitation
amount occur in the early morning in SA. Both the nocturnal
and afternoon peaks of the precipitation frequency, as shown
in Fig. 3b, were also attributed to the divergence associated
with mountain–valley winds and the urbanization through the
heat island effect by Yin et al. (2011).

7 Conclusion and discussion

By considering the conditions of the underlying surface and
REOF of summer precipitation, we divided the Beijing met-
ropolitan region into four areas: UA, SA, NMA, and SMA.
Based on this division, we assessed spatial differences in
diurnal variations in summer precipitation in 2004–2007,
using meteorological datasets from 20 regular ground-based
meteorological stations operated by the Beijing Meteorologi-
cal Bureau of the China Meteorological Administration. The
results show substantial differences in diurnal variations in
precipitation amount in the four areas, which were verified by
statistical tests. The dominant feature in NMA and UA is a
single peak, at 1800 and 1900 LST, respectively. SA has two
peaks, at around 0600 and 1900 LST. SMA also has two
peaks, at around 0100 and 1700 LST. Moreover, the
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mountainous areas show a minimum at 0900–1000 LST,
whereas the lowest precipitation is observed in UA at about
midday. Diurnal profiles of rainfall intensity resemble the
profiles of rainfall amount. The temporal and spatial distribu-
tions of the normalized amount and intensity of precipitation
reveal that, in the morning, SA has the most intense precipi-
tation among the four areas, whereas in the afternoon the
precipitation intensity in SMA is comparable to those in UA
and SA. The temporal distribution of normalized frequency
shows that from the late morning to the evening, the precip-
itation frequency in UA is lower than those in the other three
areas, whereas the mountainous areas have the highest fre-
quencies, followed by SA.

We explored the causes of the differences in diurnal varia-
tions in precipitation among the different areas of Beijing,
revealing that the variations in precipitation are strongly relat-
ed to the divergence field induced by the local circulations,
which result from the different properties of the underlying
surfaces and from mountain–valley circulations due to the
terrain. Among others, the mountain–valley circulation in-
duced by the mountains and the diurnal variations in thermal
differences in the underlying surfaces could be important
physical mechanisms, which are possibly responsible for dis-
tinct areal differences in diurnal variations in precipitation
over Beijing metropolitan region.

Because of limited data availability, in this study only 4-
year observational data are used. Although the diurnal cycle in
precipitation in Beijing shows large interannual variations (Li
et al. 2008), the present study aims to investigate differences

in diurnal variations in precipitation among different areas in
Beijing, and to explore the physical mechanisms that underlie
these differences. We presented the features of 4-year mean
diurnal variations in summer precipitation in UA, SA, NMA,
and SMA over Beijing, and explained the differences in terms
of the heat island effect and mountain–valley breeze. It is
inevitable that year-to-year variability would exist in diurnal
variations in summer precipitation. The causes of this vari-
ability may differ from those of the 4-year mean diurnal
variation in precipitation examined in the present study, and
other factors may be important. For example, previous studies
have reported that the nocturnal or early morning rainfall peak
is closely related to long-duration rainfall events and is greatly
influenced by the large-scale environment, whereas the after-
noon peak is dominated by short-duration rainfall events that
are more closely associated with local thermal conditions (Yu
et al. 2007; Chen et al. 2010; Yuan et al. 2010).

We note that some of the stations in Beijing have been
changed over time in terms of site or observation protocol,
which could result in abrupt changes in daily temperature and
wind speed (Li and Yan 2010; Yan et al. 2010; Li et al. 2011).
During the study period considered here (2004–2007), only
one station (Chaoyang) was relocated, in 2007 (Yan et al.
2010); consequently, the effect of relocation on our results is
likely to be insignificant. In addition, our results greatly de-
pend on the area division because the areal mean curves are
largely used. To confirm the homogeneity, we checked diurnal
features of precipitation at each station in SA. The diurnal
variation of the precipitation amount at each station is similar

Fig. 9 Spatial distribution
of surface 10-m wind
vectors at a 1400, b 2000, c
0200, and d 0800 LST

406 J. Wang et al.



to the area mean by exhibiting two peaks, the evening and
morning peaks. At each station the evening peak is larger than
the morning one except the PG station where the morning peak
is a little larger, which are consistent with the peak times shown
in Fig. 4. Moreover, as shown in Table 2, the precipitation
diurnal variations among the four areas are significantly differ-
ent. Therefore, the area division and the areal mean curves used
in our present study are reasonable for investigating the diurnal
variations of the precipitation in Beijing.

The present study is subjected to other limitations. First,
the density of stations is relatively low in some areas, which
means the data may not be entirely representative of the
surrounding area. For example, UA is the area of 10 stations
whereas SMA contains only 2. Second, the influences of
topography on regional meteorological factors in Beijing are
poorly understood, although local mountain–valley circula-
tion is considered here. For example, the greatest precipita-
tion amount in SA may be due to its high elevation,
especially in its northern part. To overcome these deficien-
cies, sensitivity experiments should be performed using a
numerical model, in order to further understand urban and/
or topographic influences on the local climate of Beijing.
Moreover, the impact of urban effects on diurnal variations
in clouds and radiation warrants further research.
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