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Precipitation pattern has changed over many regions in recent decades, whichmay cause the risk of flood or drought. In this study,
the main objective is to evaluate the spatiotemporal variability of precipitation in Beijing from 1960 to 2012. First, the mean
monthly, seasonal, and annual precipitation series were used to analyze the temporal variation using regression, Mann–Kendall
(M-K) test, Sen’s slope, and Pettitt tests. ,e results showed that the annual mean precipitation had a clear decreasing trend, with
the statistically significant decrease in summer (especially in July and August) and significant increase in spring (especially in
May). Although the decreasing trend is shown in the precipitation concentration indicators, the temporal uneven distribution of
precipitation has unchanged. Subsequently, the precipitation time series at 30 stations over Beijing were used to evaluate the
changes in precipitation pattern. ,e results showed that the annual series for the most rain gauges had decreasing trends with
gradual changes. ,e spatial distribution of precipitation and other indices is geographically consistent, reflecting the principal
physiographic and climatic conditions. At the same time, the effects of the terrain and urban development on the precipitation
spatial distribution were detected. Generally, the large and heavy precipitations frequently occur in the plain areas, while the
precipitation in the mountain areas is dominated by the small and medium precipitation. As a whole, the total precipitation in the
plain areas (558.8mm) was slightly higher than that in the mountainous areas (533.0mm), while the precipitation in the urban
areas (575.9mm) was much higher than in the surrounding suburb areas (538.9mm) during 1960–2012. ,e differences between
the plain and mountainous areas during the period of 1960–1979, 1980–1999, and 2000–2012 were 24.2mm, 32.6mm, and
17.7mm, respectively. ,e differences in precipitation between the urban and suburb areas for the three periods were 32.9mm,
45.2mm, and 31.0mm, respectively, with the amount accounting for 5.51%, 7.66%, and 5.94% of the mean precipitation in the
urban areas for the corresponding periods.

1. Introduction

,e long-term observation of climatic variables as a practical
approach for monitoring climate change is receiving con-
siderable attention from researchers throughout the world.
Of the common climatic variables, precipitation is the most
changeable in time and space, which directly affects natural
cycles of water resources. In addition, severe precipitation
can also cause storm-induced floods [1] and heavy sediment
loads from watersheds which may change sediment

transport in rivers and coastal waters. ,ere is a growing
concern in the scientific community over whether there are
significant changes in precipitation amount, intensity, du-
ration, and frequency because changes in precipitation
patterns may lead to floods or droughts in different areas
[2–4]. Also, trend and variability analysis of rainfall requires
urgent and systematic attention because of significant
possible influences on freshwater availability, occurrence of
extreme events, food security, and economic activities [5–8].
,erefore, the spatial and temporal variability of
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precipitation time series is important from both the scientific
and practical point of view.

Linking with industrialization, during the late 20th to the
early 21st century, urbanization occurred rapidly across
developing countries, especially in China; this urbanization
is projected to continue over the coming decades. Urbani-
zation has modified the earth system [9] and local water
cycle [10], creating environmental burdens, including urban
heat islands (UHI) [11], urban aerosols [12], storm, and
flooding in urban areas [13, 14]. As a result, it is important to
analyze the rainfall variability in urban areas. Several studies
have addressed issues related to urban heat island, impact of
urbanization on rainfall, and spatiotemporal variations of
rainfall, especially for the metropolitan areas [3, 4, 15–19].
Urban expansion is associated commonly with increased
amount of precipitation and the frequency of extreme
precipitation in urban areas as well as downwind areas
because of the effect of urban heat island and high con-
centrations of anthropogenic aerosols [20–22]. Precipitation
changes and variability in the metropolitan areas could
present a challenge in terms of stormwater management,
water quality, and water supply [23, 24].

Beijing, located in northern China and surrounded by
mountains with complex terrain, is the capital of China and
one of the most populous cities in the world. It has expe-
rienced rapid urbanization in the past few decades due to
China’s reforms [25]. ,e built-up area of Beijing has grown
from 346 km2 in 1980 to 1350 km2 in 2013, and the resident
population of the city has exceeded 21 million. ,e complex
terrain is likely to cause valley wind circulation, which may
have an impact on the local climate, and the changes in the
underlying characteristics as a result of rapid urbanization
will also influence local precipitation.,erefore, the study of
temporal and spatial variations in the local climatic char-
acteristics of Beijing is important to our understanding of
the impacts of urbanization on the local climate. To date,
numerous studies have analyzed rainfall variability at dif-
ferent temporal scales from different perspectives. Other
studies have been done on the possible effects of urban
expansion on precipitation in the Beijing areas
[3, 17, 19, 25–32]. For example, Miao et al. [29] discussed the
effects of land use or land cover on the characteristics of
boundary layer structures of urban areas. ,eir results
showed that the urban-rural circulations induced by topo-
graphic differences were one of the important causes for the
prevalence of mountain-valley flows in the Beijing area.
Zhang et al. [33] found that urbanization predominantly
contributed to a reduction in precipitation in Beijing, based
on a mesoscale model, particularly over the Miyun reservoir
area. Because Beijing has a varied and complex topography
with high mountains in the west and north parts of Beijing,
Sun et al. [34] and Wu et al. [35] pointed out that the terrain
had an important effect on the location and distribution of
precipitation. Similarly, Sun and Yang [36] found that a
reduction in rainfall was caused by the joint effects of to-
pography and the urban heat island. In addition, significant
spatiotemporal and interseasonal variations in the trends
and variability of precipitation in the Beijing area were
noticed. For example, Li et al. [15] revealed that there was an

increasing trend from 1724 to 2009; in addition, they found
some periodic characteristics that affected the trends re-
garding the amount of annual precipitation. Zhai et al. [4]
discussed the spatiotemporal variation of precipitation from
1724 to 2010 based on the same meteorological station. ,e
annual precipitation presented a slowly increasing trend
during 1724–2010, which is consistent with that of the work
by Li et al. [15]. Further, Zhai et al. [4] discussed the spatial
variations of precipitation from 1980 to 2010 based on the 20
weather stations and showed that annual precipitation has
decreased significantly during the first decade of the 21st
century compared to the last two decades of the 20th
century.

For this study, a comprehensive analysis was conducted
of the changes in precipitation at the regional-scale using 30
rain gauges in the Beijing metropolitan area. ,is work
attempted to (1) identify gradual trends and abrupt shifts at
various temporal scales (monthly, seasonal, and annual) in
precipitation data series, (2) investigate the temporal and
spatial variations of precipitation with the consideration of
the urbanization and topography effect, and (3) discuss the
changes of precipitation patterns based on the classified
precipitation events. ,e findings may be helpful to scien-
tifically understand the structural changes in precipitation
and to evaluate the water availability and urban water re-
sources management in the study area. ,is study can also
provide a reference for further studies on precipitation
mechanisms in urban areas.

2. Materials and Methods

2.1. Data Sources and Data Preprocessing. ,e daily rain
gauge data from 30 stations in Beijing areas were analyzed in
this study. ,ese data were provided by the Beijing Hy-
drological Stations (BHS) of the Beijing Water Authority
(BWA). Note that most of the 30 observation stations within
Beijing were established in the late 1950s and early 1960s and
formed a fixed network by the end of 1960s. As a result, the
precipitation data from 1960 to 2012 are used to analyze the
spatial distribution and the urbanization effects. ,e loca-
tions are shown in Figure 1, and details about these stations
are listed in Table 1. For some stations, the missing pre-
cipitation due to disruption in data collection requires data
infilling. Various infilling methods have been reported in the
literature, such as nearest neighbor, inverse distance, linear
regression, ordinary kriging, multiple linear regression,
neural networks, and copula-based method [37, 38].
Compared to infilling precipitation data on short time scales
(up to several days), the annual time scale is relatively simple.
As a result, in this work, the nearest neighbor method is used
to infill the missing data via the neighbor control station and
its observations. ,e missing data can be estimated by
multiplying with the ratio of the long-term means of the
target station and its nearest neighbor. In this study, the
“nearest” neighbor station was selected based on the cor-
relation coefficient and its sufficiently available precipitation
series. For example, the four stations surrounding Gao-
beidian are Tongzhou, Songlinzha, Youanmen, and Maju-
qiao. Figure 2 shows the annual precipitation correlation
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Table 1: Location of the 30 rain gauges and time series information.

Station Abbreviation Longitude (°E) Latitude (°N) Time series Missing data
Fangshan FS 115.97 39.70 1950–2012 1968, 1992–1996
Gaobeidian GBD 116.52 39.91 1972–2012 None
Guanting GT 115.61 40.23 1950–2012 None
Huangcun HC 116.33 39.73 1954–2012 1960–1961
Huanghuacheng HHC 116.34 40.40 1955–2012 None
Huairou HR 116.61 40.31 1952–2012 None
Majuqiao MJQ 116.55 39.76 1960–2012 1961
Miyun MY 116.84 40.39 1950–2012 1962
Nangezhuang NGZ 116.39 39.50 1965–2012 1976–1978
Pinggu PG 117.10 40.16 1950–2012 1992
Qianjiadian QJD 116.34 40.69 1961–2012 None
Shahe SH 116.33 40.13 1959–2012 1979
Sanjiadian SJD 116.10 39.96 1950–2012 None
Songlinzha SLZ 116.37 39.95 1963–2012 None
Shunyi SY 116.66 40.11 1950–2012 1992–1996
Suzhuang SZ 116.75 40.06 1950–2012 None
Tanghekou THK 116.63 40.73 1960–2012 1962
Taoyukou TYK 116.45 40.23 1962–2012 None
Tongzhou TZ 116.65 39.93 1950–2012 None
Wangjiayuan WJY 115.98 40.20 1962–2012 None
Xiahui XH 117.16 40.61 1961–2012 1970–1973
Xiayunling XYL 115.74 39.73 1951–2012 1961, 1992–1996
Youanmen YAM 116.35 39.87 1963–2012 1968
Yanchi YC 115.89 40.03 1963–2012 None
Yulinzhuang YLZ 116.79 39.79 1961–2012 None
Yanqing YQ 115.99 40.46 1959–2012 1992–1993
Zhangfang ZF 115.69 39.58 1963–2012 None
Zhangjiafen ZJF 116.78 40.61 1960–2012 None
Zhenluoying ZLY 117.14 40.34 1954–2012 None
Zhaitang ZT 115.68 39.96 1951–2012 None
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Figure 1: Location and the distribution of the 30 rain gauges in Beijing that were used in this study.
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relationships between Gaobeidian and other four stations.
With highest correlation, Tongzhou station is the “nearest”
neighbor station to infill the missing annual precipitation at
Gaobeidian station. In addition, there is no missing pre-
cipitation data at Tongzhou station. Once the “nearest”
neighbor station has been identified for each station with
missing data, using the linear regression equation provided
in Table 2, missing data can be infilled. From Table 2, we find
that the precipitation series for the nearest neighbor stations
are quite strongly correlated with those stations that have
missing data; for most stations, correlation coefficients ex-
ceed 0.7.

2.2. Classification in Precipitation Grades and Subregions.
In this study, the standard for records is that precipitation
amount is greater than or equal to 0.1mm when rainfall
occurs. To further understand the change of precipitation
patterns over Beijing, the observed daily precipitation was
categorized into four grades of intensity according to China
Meteorological Administration (CMA) standards: small

(0.1mm≤ daily precipitation< 10mm); medium
(10mm≤ daily precipitation< 25mm); large (25mm≤ daily
precipitation< 50mm); heavy (50mm≤ daily precipitation).
We also define two indices to assess these changes in pre-
cipitation patterns according to the work from Song et al.
[39]. One is precipitation incidence (PI), which means the
proportion of precipitation days for every precipitation
grade to the total days of precipitation in a year; the other is
precipitation contribution (PC), which means the pro-
portion of precipitation amount for every precipitation
grade to the total amount of precipitation in a year.

Additionally, the rain gauge stations provide reasonably
good coverage of different altitudinal zones, i.e., plain (in-
cluding urban and suburb areas) and mountainous areas in
the study area. By considering the complex surface char-
acteristics, 30 observation sites were divided into two cat-
egories, plain and mountain areas (Figure 1). ,ere are 18
sites (SLZ, YAM, GBD, TZ, HC, MJQ, SH, SY, SZ, YLZ, ZF,
FS, SJD, TYK, HR, MY, PG, and NGZ) covering the plain
areas and 12 sites covering the mountain areas. Among these
stations in the plain areas, four stations located in urban area
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Figure 2: Scatter plots for the correlation relationship between Gaobeidian station and surrounding rain gauges. ,e black solid lines are 1 :
1 lines. ,e red dashed lines mean the linear regression lines.
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(SLZ, YAM, GBD, and TZ) were used to estimate the mean
precipitation in the urban areas and six surrounding stations
(HC, MJQ, SH, SY, SZ, YLZ) were selected to calculate the
corresponding mean precipitation in the suburb areas.

2.3. PrecipitationConcentration Index, ConcentrationDegree,
and Concentration Period. ,e precipitation concentration
index (PCI) developed by Oliver [40] was used to explore the
changing features of precipitation concentration in Beijing.
PCI was proposed as an indicator of monthly rainfall het-
erogeneity, according to the following equation:

PCI �


12
i P2

i


12
i Pi 

2 × 100, (1)

where Pi is the monthly precipitation in month i. According
to equation (1), the lowest theoretical value of PCI is 8.3,
which means the perfect uniformity in precipitation dis-
tribution. Oliver [40] classified PCI values in four categories:
(1) PCI≤ 10 means uniform precipitation distribution,
i.e., low precipitation concentration; (2) 10< PCI≤ 15 means
moderate precipitation concentration; (3) 15< PCI≤ 20
means irregular precipitation distribution, i.e., high pre-
cipitation concentration; and (4) PCI> 20 means strong
irregular precipitation distribution, i.e., very high pre-
cipitation concentration.

In addition, the precipitation concentration degree
(PCD) and the precipitation concentration period (PCP)
proposed by Zhang and Qian [41] were also used to analyze
the interannual variations of precipitation amounts. ,e
basic principle for calculating the PCD and PCP is based on
the vector of monthly total precipitation [42]. ,e as-
sumptions can be made that monthly total precipitation is a
vector quantity with both magnitude and that the direction

for a year can be seen as a circle (360°). ,en, the yearly PCP
and PCD for a location can be defined as follows:

P �  Pi,

Px �  Pi · sin θi,

Py �  Pi · cos θi,

PCP � arctan
Px

Py

 ,

PCD �

�������
P2

x + P2
y



P
,

(2)

where Pi is the monthly precipitation of the ith month, θi is
the azimuth of the ith month, and P is the total precipitation
amount. PCP can reflect which month the maximum
monthly precipitation appears in. ,e corresponding re-
lation between PCP and month in a year is as follows:
January (0°), February (30°), March (60°), April (90°), May
(120°), June (150°), July (180°), August (210°), September
(240°), October (270°), November (300°), December (330°).
PCD can reflect the degree to which annual total pre-
cipitation is distributed in 12months, which is ranging from
0 to 1.

2.4. Trends Detecting Method. A trend analysis was per-
formed to detect gradual changes or tendencies in the time
series data, using the Mann–Kendall (M-K) test and Sen’s
slope method. Both are commonly used tests for trend
detection [43–51]. Trends were evaluated using the non-
parameteric M-K test [44, 45]. Significance of trend was
evaluated at the 0.05 and 0.10 levels.,emagnitude of trends

Table 2: Information for infilling missing data.

Station Nearest neighbor Calibration series Correlation coefficient Equation
FS ZF 1963–1967, 1969–1991, 1997–2012 0.78 y� 0.849x+ 61.5
GBD TZ 1972–2012 0.93 y� 0.827x+ 86.5
HC FS 1962–1967, 1969–1991, 1997–2012 0.68 y� 0.537x+ 225.8
MJQ TZ 1960, 1962–2012 0.83 y� 0.738x+ 65.4
MY ZLY 1960, 1963–2012 0.64 y� 0.9x+ 53.78
NGZ YLZ 1979–2012 0.72 y� 0.657x+ 87.1
PG ZLY 1960–1991, 1993–2012 0.66 y� 0.519x+ 172.2
QJD YQ 1961–1991, 1994–2012 0.69 y� 0.569x+ 173.4
SH SLZ 1963–1978, 1980–2012 0.80 y� 0.673x+ 160
SLZ TZ 1963–1967, 1969–2012 0.80 y� 0.795x+ 121.5
SY SZ 1960–1991, 1997–2012 0.83 y� 0.831x+ 80.8
THK HHC 1960–1961, 1963–2012 0.75 y� 0.504x+ 164.4
TYK SH 1962–1978, 1980–2012 0.71 y� 0.713x+ 203.1
WJY SH 1962–1978, 1980–2012 0.73 y� 0.7682x+ 125.5
XH MY 1963–1969, 1974–2012 0.75 y� 0.570x+ 267.2
XYL ZT 1960, 1962–1991, 1997–2012 0.77 y� 1.203x+ 72.4
YAM TZ 1963–1967, 1969–2012 0.82 y� 0.814x+ 89.7
YC ZT 1963–2012 0.82 y� 0.892x+ 67.5
YLZ TZ 1961–2012 0.85 y� 0.861x+ 24.2
YQ GT 1960–1991, 1994–2012 0.74 y� 0.974x+ 83.9
ZF FS 1963–1967, 1969–1991, 1997–2012 0.78 y� 0.708x+ 193.7
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was evaluated using Sen’s slope [46]. ,e M-K test and Sen’s
slope were chosen because they were widely used to detect
the trends of hydrological and meteorological data time
series. ,e details of the M-K test and Sen’s slope are in-
troduced in Appendix.

2.5. Pettitt Change Point Analysis. Nonstationarity in time
series can also be characterized by abrupt shifts in the mean
or variance of the series. To identify possible shifts, standard
change-point procedures have been applied to multiple time
series in Earth sciences including precipitation and tem-
perature [52]. One type of homogeneity (change-point) test
is the Pettitt test [53], which is a nonparametric
test—requiring no assumption on the underlying distribu-
tion [54].

To perform the two-tailed hypothesis test on the location
parameter (mean), the Pettitt test statistic is calculated as

Dij �

−1,

0,

1,

xi < xj,

xi � xj,

xi > xj,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(3)

where xi and xj correspond to the magnitude of the
hydroclimatic variable under consideration and xi precedes
xj in time. For evaluation over the entire sample (T years),
these D statistics are combined as follows:

Ut,T � 
t

i�1


T

j�t+1
Dij. (4)

,e statisticUt is equivalent to aMann–Whitney statistic
for testing that the two samples X1, . . ., Xt and Xt+1, . . ., XT
come from the same population. ,e test statistic Ut is
evaluated for all possible values of t ranging from 1 to T. ,e
most probable year of a change-point occurring is evaluated
using a two-tailed test on the following statistic:

KT � max Ut,T


. (5)

If the statistic KT is significantly different from 0, then a
change-point occurs in the year t corresponding to the point
in time for which the largest absolute value of Ut,T, is ob-
tained. ,e probability of a shift in a year where |Ut,T| is the
maximum is estimated by [55]

P � 2 exp
−6K2

T

T3 + T2 . (6)

Given a certain significance level α, if P< α, we reject the
null hypothesis and conclude that Xt is a significant change
point at level α. ,e two significant levels (α� 0.05 and
α� 0.10) were used in this work. In this study, the monthly,
seasonal, and annual series of regional mean precipitation
and the annual precipitation series for all the stations were
used to detect the change points based on the Pettitt method.

3. Results and Discussion

3.1. Changes of Regional Mean Precipitation. As seen in
Figure 3, the annual mean precipitation in Beijing areas

during 1960–2012 ranges from 383.9mm (1965) to
797.9mm (1964) with an average of 553.6mm. ,e annual
mean precipitation has a significantly decreasing trend at a
rate of 11.6mm/10a from 1960 to 2012, as analyzed by the
linear regression method. For seasonal precipitation, the
spring and autumn precipitations have a slightly increasing
trend analyzed (4.7mm/10a and 4.9mm/10a); in contrast,
summer precipitation has a visibly decreasing trend
(21.1mm/10a), which is greater than the decline rate in the
annual precipitation series. Unlike the above three seasons,
the trend of mean precipitation in winter has been almost
flat, fluctuating within a range from 0.9 to 27.7mm.
,erefore, decreasing precipitation in summer has been the
most important factor in the overall decrease of annual
precipitation in Beijing. Several periods of severe droughts
and moisture surpluses are evident in the anomaly series of
regional mean precipitation in Figure 3. For example, the
long-term dry period during 1999–2011 in Beijing is
characterized by a high number of negative anomalies. Si-
multaneously, various temporal variations for interannual
and interdecadal variability of seasonal precipitation were
exhibited during 1960–2012 from the precipitation anomaly
series and the 11-year moving-average series. For instance,
in the period of 2000–2012, although the precipitation
amount in certain years (2008 and 2012) is on the high side
(larger than the mean value during 1960–2012), the summer
total precipitation is relatively lower than its long-term
mean. In contrast, the precipitation amount in spring and
autumn in the most years during 2000–2012 is on the high
side.

,e M-K test and Sen’s slope estimation were applied to
detect the trends of the monthly, seasonal, and annual
precipitation series during 1960–2012, as shown in Table 3.
For the monthly scale, the series in May had a statistically
significant increasing trend, while that in July and August
had a significant decreasing trend, both at a level of α� 0.05.
,e series in January and February had a significantly de-
creasing trend at a level of α� 0.10. All other series had a
nonsignificant trend at both levels during this study period.
For the seasonal scale, the precipitation series in spring
showed a significant increasing trend, while that in summer
showed a statistically significant decreasing trend, both at a
level of α� 0.05. Both the precipitation series in autumn and
winter had a nonsignificant trend. For the annual scale, there
is a nonsignificant trend for the annual precipitation series
during 1960–2012 at any level of α� 0.05 or α� 0.10.

,emonthly variation of precipitation amounts is shown
in Figure 4. ,e highest precipitation occurred in the wet
season (May to October), especially in the period from June
to September (namely flood season in Beijing), while the
cold season (November to April) received less precipitation.
,e precipitation in the period from May to October
accounted for 91.8% of the annual mean precipitation.
Additionally, the precipitation in flood season contributed
more than 81.5% to the annual mean precipitation. Further,
it is clear that a large percentage of total precipitation occurs
in summer, ranging from 39.5% to 87.4%, especially in July
(8.3%–58.2%) and August (6.6%–50.6%).,emaximum and
minimum values for average monthly precipitation were
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183.9mm in July and 2.2mm in December. To further
discuss the variation of monthly precipitation, the time
series of PCI, PCD and PCP are shown in Figure 5. As seen
in Figure 5, the PCI in Beijing during 1960–2012 ranges from
13.1 (2003) to 37.4 (1962) with an average of 23.7. ,e PCD
ranges from 0.47 (2003) to 0.86 (1994) with the mean of 0.72
over the period of 1960–2012. Overall, the precipitation over

Beijing has strongly uneven monthly precipitation distri-
bution, where most precipitation occurred in summer,
i.e., June, July, and August (as shown in Figure 4). Addi-
tionally, the PCI and PCD both have a slight decreasing
trend at a rate of 1.68/10a and 0.02/10a from 1960 to 2012, as
analyzed by the linear regression method. To some extent,
the decreasing PCI (PCD) may be caused by the significant
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Figure 3: Time series of precipitation and anomaly in the Beijing metropolitan area from 1960 to 2012.
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decreases in precipitation in summer and the increases in
spring and autumn for the Beijing area (as shown in Fig-
ure 3). According to the changes of PCP in Figure 5, the
range of the mean yearly PCPs in Beijing is 189± 7, implying
that annual precipitation mainly falls in summer (June-July-
August).,e time of the PCPmainly appears from the end of
June (23, June) to the end of July (26, July). ,e maximum
monthly precipitation in most years (46 years) occurs in July
and the other occurs in June (7 years).

Change points in the monthly, seasonal, and annual
series over Beijing were detected based on the Pettitt
method. ,en, the changes in the two samples before and

after the change point were examined, as shown in Table 4.
Significant abrupt changes in monthly precipitation were
found in May (47% upward in 1976) and August (46%
downward in 1996) at a level of α� 0.05. A significant abrupt
change in monthly precipitation was also found in July (31%
downward in 1998) at a level of α� 0.10. Of them, as shown
in Table 4, the significant downward change points occurred
in the end of 1990s with the mean precipitation decreasing
by 46% (1996) and 31% (1998), while the significant upward
change point in the mid 1970s (1976) with the mean pre-
cipitation increasing by 47%. Other monthly precipitation
series have no significant abrupt change during 1960–2012.
For the seasonal scale, only summer precipitation has a
significant abrupt change in 1996, and the downward
magnitude is approximate 25% compared with the mean
value of the entire series. Similar to the other three seasons,
the annual precipitation has no significant abrupt change at
either significant level.

3.2. Changes of Spatial Distribution of Precipitation Amount.
,e spatial distribution of the annual precipitation and their
trend test results is shown in Figure 6. As shown in
Figure 6(a), it can be seen from this figure that the average
annual precipitation varies greatly in Beijing and it varies
from almost 400mm in the west to more than 600mm in the
east. From the spatial perspective, the distribution shows
that the precipitation is decreasing from east to west due to
orographic influence. Apparently, the annual precipitation
in the Beijing Plain is greater than in the mountainous areas.
But the highest value of precipitation frequently occurred in
the front belts (e.g., HR and MY stations) between the plain
and mountainous areas. As a whole, there was one local
maximum of precipitation with an annual mean pre-
cipitation of 650mm, located in the vicinity of the Huairou
and Miyun reservoirs in the northeastern section of Beijing.
Another local maximum was centered at the XYL stations in
the Fangshan district in the southwestern part of Beijing.
With regard to the interannual variability of precipitation,
the coefficient of variation and standard deviation of annual
precipitation have been identified for the period of analysis,
as shown in Figures 6(b) and 6(c). ,e range of values over
Beijing is from 0.199 to 0.380.,e lowest values appear in the
northwestern area, and the highest values appear in the front
belts between the plain and mountainous areas, which is
similar to the spatial pattern of annual mean precipitation.
,e spatial distribution of the standard deviation in pre-
cipitation also shows the similar pattern to the annual
precipitation. ,is explains the standard deviation (co-
efficient of variation) increases with the annual mean pre-
cipitation, namely, the higher the annual precipitation is, the
higher the degree of uncertainty (standard deviation and
coefficient of variation) is. ,is might increase the degree of
uncertainty in the availability of regional water resources,
due to the close relationship between the precipitation
amount and the regional water resources.

,e spatial distribution of Z values of the M-K trend test,
Sen’s slope, and linear trend for the individual rain gauges is
also shown in Figure 6.,e annual trends found by the linear

Table 3: Trend test results of the monthly, seasonal, and annual
precipitation during 1960–2012 tested by the M-K method and
Sen’s slope method.,e uncertainty range covered from 5% to 95%
between the minimum and maximum values of Sen’s slope.

Z value Sen’s slope (mm/a) Minimum Maximum
Jan −1.695∗ −0.009 −0.018 0
Feb −1.918∗ −0.043 −0.113 −0.007
Mar −1.036 −0.055 −0.111 0.067
Apr 1.365 0.148 −0.060 0.265
May 2.179∗∗ 0.379 0.146 0.476
Jun 1.289 0.465 −0.375 0.724
Jul −1.971∗∗ −1.227 −2.200 −0.122
Aug −2.148∗∗ −1.401 −3.250 −0.892
Sep 0.905 0.248 −0.350 0.550
Oct 0.721 0.099 −0.225 0.207
Nov 0.744 0.037 −0.077 0.075
Dec 1.204 0.011 −0.005 0.033
Spring 2.086∗∗ 0.535 0.025 1.025
Summer −2.202∗∗ −2.150 −4.136 −0.344
Autumn 1.243 0.569 −0.304 1.250
Winter 0.184 0.007 −0.134 0.102
Annual −0.767 −0.861 −3.159 1.344
Note. ∗,∗∗Statistically significant trends at the 10% and 5% significance
levels, respectively.
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interquartile ranges. ,e hollow square indicates the mean value.
,e solid circle means the outlier.
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regression were almost similar to the precipitation trends
found by the M-K test and Sen’s slope estimator. Both
positive and negative trends were identified by the statistical
tests in annual precipitation data. Only one station (ZT)
showed significantly decreasing trend at a level of α� 0.05.
All the other stations showed no significant decreasing or
increasing trend at the 95% confidence level. For these
stations with insignificant trend, seven stations showed a
slight increasing trend and twenty-two stations showed a
decreasing trend. ,e declining trend of most stations was
similar to the change of regional annual precipitation over

Beijing. From the distribution of the annual precipitation
trend, we can see that the highest value of precipitation
decline mostly occurred in the southwest part of Beijing with
a rate of more than 2mm/a. From the linear trend
(Figure 6(f )), only three stations (NGZ, SZ, and ZJF) have
slight increasing trend (less than 1mm/a) and the other
stations have decreasing trend with an average of 12.2mm/
10a. ,e WJY, XYL, and TYK stations have a clear de-
creasing trend with a value larger than 20mm/10a.

Many studies have reported that changes in precipitation
pattern are associated with elevation changes, although the
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Figure 5: Time series of PCI, PCD, and PCP over the period of 1960–2012. ,e red solid line indicates the linear regression trend. ,e red
dashed line means the boundary between the months June and July for the PCP. If the PCP is lower than 180, the maximum monthly
precipitation appears in June. If the PCP ranges from 180 to 210, the maximum value appears in July.

Table 4: Results of change point analysis for different series based on the Pettitt test.

Entire series (mm) Change point p Prechange mean (mm) Postchange mean (mm) Ratio of changes1

Jan 2.2 2001 0.487 2.3 1.8 −0.23
Feb 4.6 1986 0.166 5.3 3.9 −0.30
Mar 9.0 1991 0.612 9.4 8.4 −0.11
Apr 20.5 1997 0.327 19 24.4 0.26
May 33.6 1976 0.042∗∗ 22.9 38.6 0.47
Jun 77.2 1975 0.295 62.2 83.7 0.28
Jul 180.7 1998 0.060∗ 195.7 139.2 −0.31
Aug 142.2 1996 0.024∗∗ 161.8 96.7 −0.46
Sep 50.6 1985 0.540 44.7 56.3 0.23
Oct 22.2 1995 0.424 20 26.9 0.31
Nov 7.8 1967 1.121 3.2 8.6 0.69
Dec 2.2 1973 0.124 0.8 2.7 0.86
Spring 63.1 1976 0.147 49.8 69.4 0.31
Summer 400.1 1996 0.043∗∗ 430.4 330.1 −0.25
Autumn 80.7 1988 0.690 73 89.9 0.21
Winter 8.9 1996 1.380 8.5 9.8 0.15
Annual 553.0 1996 0.398 573.5 505.6 −0.12
Note. 1,e ratio of change is equal to the differences of mean precipitation between prior series and posterior series dividing the mean precipitation at the
entire series. ∗Significant abrupt change at a level of α� 0.10; ∗∗significant abrupt change at level of α� 0.05.
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Figure 6: Continued.
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relationships can vary regionally. To investigate the re-
lationship between the precipitation characteristics and el-
evation, we calculated the correlations between the 53-year
(1960–2012) average precipitation amount and all station
elevations, as shown in Figure 7. �e results show that
standard deviation and coe�cient of variation are negatively
and signi�cantly correlated with elevation, with Pearson
correlation coe�cients higher than 0.5 (p< 0.01). A weak
but signi�cant negative relationship is also observed for
precipitation amount with correlation of 0.45 (p< 0.05).
�ese strong correlations between the precipitation and
elevation indicate that local elevation has important impacts
on the magnitude of precipitation in Beijing. Box plots show
that the largest mean values of precipitation and standard
deviation appear at 100∼200m, while the highest value of
coe�cient of variation occur at 0∼100m. Overall, therefore,
the precipitation decreases with altitude, and higher pre-
cipitation events occur at lower altitudes in this area with
higher coe�cient of variation and standard deviation.

Regarding the analysis of the change points in the mean,
the results for all the 30 rain gauges are summarized in
Table 5 using the Pettitt test. As shown, change from positive
to negative direction was detected for the 25 stations with a
ratio of change from 7% to 22%. Only two stations (PG and
ZT) presented signi�cant change point at a level of α� 0.10,
which occurred in the years 1997 and 1996, respectively. We
found most of change points (21 stations) detected based on
Pettitt test occurred in the end of 1990s (1996–1998) without
any statistical signi�cant levels. �e average change was
about 16% of the annual mean precipitation in the entire

series with a negative change for all of these 21 stations. As
discussed in Section 3.1, Beijing su�ered from the contin-
uous drought with continued 12 years since the end of 1990s,
which is consistent with the results of change point analysis.

3.3. Changes of Di�erent Precipitation Grades in the Flood
Season. According to the results of PCI (Figure 5), we know
that the uneven distribution of precipitation in Beijing is
evident. We can see that the most of precipitation amount in
Beijing happened in the �ood season (June-July-August-
September). In this study, the changes of precipitation
grades were discussed based on the daily precipitation data
in the �ood season. Summary statistics of precipitation
frequency, amount, and intensity for di�erent grades of
precipitation are presented in Table 6. �e mean number of
precipitation frequency is largest for small precipitation,
with a value of 27, accounting for 67.8% of the total rainy
days. �e lowest number of days belongs to the heavy
precipitation category, at about 1–2 days every year during
the �ood season. �e characteristics of precipitation amount
di�er from that of the frequency for di�erent grades of
precipitation. �e lowest value of precipitation amount
belongs to the small precipitation, although its frequency is
the highest. For the other three categories, their precipitation
amounts are almost equivalent, at about 120mm per year.
However, the standard deviation of precipitation amount for
heavy precipitation is largest. �is explains the interannual
variation for heavy precipitation is relatively larger than
other categories. To a certain extent, the high variation of
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Figure 6: �e spatial distribution of mean precipitation and their statistical characteristics and trends in Beijing during 1960–2012: (a) the
annual mean precipitation, (b) the coe�cient of variation, (c) the standard deviation, (d) the M-K test, (e) Sen’s slope, and (f) the linear
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heavy precipitation might increase the degree of uncertainty
of precipitation amount. A relatively obvious decline in
precipitation amount for the heavy precipitation is shown
based on the linear regression coefficient. ,is change might
cause the change in precipitation amount in the flood season
over Beijing.

Figure 8 also shows the ranges of precipitation frequency
and amount for different grades. ,e frequency ranges from
16.9 to 39.4, 3.9 to 10.7, 1.7 to 6.1, and 0.2 to 3.1 for the small,
medium, large, and heavy precipitations, respectively. ,e
amount is ranging from 45 to 118.6mm, 60 to 172.7mm,
54.7 to 212.7mm, and 16.7 to 314.2mm for the different
grades, respectively. In this work, PI and PC are used to
further analyze the changes in different grades of pre-
cipitation, as also shown in Figure 8. Overall, the largest
value of PI belongs to the small precipitation, accounting for
67% (54–77%) of all the rainy days.,emean values of PI for
large and heavy precipitations are both smaller than 10%
(9% and 4%). However, the value of PC for heavy

precipitation is larger than that of small precipitation. ,e
largest value of PC is the medium precipitation, ranging
from 18% to 40% with a mean of 29%. And the second
belongs to the large precipitation, ranging from 18% to 37%
with a mean of 27%. Additionally, the broad bound of PC
(5–45%) for the heavy precipitation explains the relatively
larger variation and higher degree of uncertainty. ,e de-
tailed information about the PI and PC for 30 stations is
shown in Figure S1.

In order to further discuss the spatial patterns of pre-
cipitation frequency and amount for the different grades,
Figure 9 shows the spatial interpolation results of both
indices for different grades. Overall, there are visible dif-
ferences among the spatial patterns for the different grades
of precipitation. For example, the frequency is increasing
from east to west for the small precipitation, but it is in-
creasing from south to north for the medium precipitation.
From the perspective of precipitation amount, there are
similar distribution patterns for the small and medium
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Figure 7: Scatter and box-plots in the correlations between precipitation characteristics and elevation. Solid red line is the linear trend. R
signifies the Pearson correlation coefficient for each relationship and p indicates the statistical significance.,e solid square means the mean
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precipitation. ,e precipitation amount of small pre-
cipitation ranges from 65.1 to 95.9mm, which declines from
northwest to southeast. However, it declines from north to
south for the medium precipitation, ranging from 95.9 to
148.9mm. Additionally, the spatial distribution of pre-
cipitation frequency and amount for the large and heavy
precipitation are almost similar to the distribution of the
annual precipitation (Figure 6(a)). ,e relationship between
the precipitation frequency and amount for different pre-
cipitation grades and elevation was also discussed in this
work, as shown in Figure 10. For small and medium pre-
cipitation events, both frequency and amount have positive
correlations with elevation, with no significance for fre-
quency in small precipitation and amount in medium
precipitation events. While for large and heavy precipitation

events, both have negative and significant correlations with
elevation at a confidence level of 0.01. In conclusion, to a
certain extent, the spatial distributions of precipitation
frequency and amount are affected by the terrain. ,e large
and heavy precipitations frequently occur in the plain areas,
especially for the piedmont plain areas. But, in contrast, the
precipitation of the mountain areas is dominated by the
small and medium precipitations both in frequency and
amount.

3.4.Differences inChanges of Precipitation inFour Subregions.
,e variations of annual precipitation series for different
subregions (i.e., plain area, mountain area, urban area, and
suburban area) are shown in Figure 11, with the statistical

Table 5: Results of change-point detection for different stations based on the Pettitt test.

Stations Entire series Change point p Prior series Posterior series Ratio of change1

FS 568.6 1996 0.229 599.0 496.4 −0.17
GBD 570.2 1998 0.494 591.5 509.3 −0.13
GT 374.4 1993 1.553 369.6 383.8 0.03
HR 641.7 1998 0.190 678.4 549.8 −0.19
HC 526.0 1998 0.773 546.3 467.9 −0.14
HHC 593.7 1998 0.465 617.9 524.6 −0.14
MJQ 496.8 1998 0.373 520.9 426.6 −0.17
MY 641.1 1998 0.672 675.1 543.9 −0.19
NGZ 437.1 2006 0.604 422.6 550.2 0.26
PG 511.3 1997 0.060∗ 541.9 431.7 −0.20
QJD 429.7 1992 0.571 440.1 404.8 −0.07
SJD 577.1 1996 0.921 597.6 527.7 −0.11
SH 539.1 1972 0.841 498.6 553.2 0.09
SY 564.3 1998 0.502 598.4 466.9 −0.21
SLZ 586.0 1998 0.344 612.0 511.6 −0.16
SZ 580.8 1998 0.773 602.4 522.1 −0.13
THK 464.0 1998 0.295 484.6 404.9 −0.15
TYK 604.6 1998 0.130 642.1 497.3 −0.22
TZ 584.1 1998 0.487 611.0 507.1 −0.16
WJY 550.0 1979 0.338 622.1 504.1 −0.20
XYL 612.0 1996 0.183 643.8 537.9 −0.16
XH 628.9 1975 1.046 573.6 654.2 0.12
YQ 449.0 1973 0.672 492.4 433.2 −0.12
YC 467.4 1979 0.213 513.8 438.8 −0.14
YAM 565.3 1998 0.285 591.4 490.7 −0.16
YLZ 527.3 1998 0.587 547.6 469.2 −0.14
ZT 448.6 1996 0.094∗ 471.8 393.8 −0.15
ZF 598.2 1996 1.282 614.0 564.6 −0.08
ZJF 618.5 1975 0.451 561.5 644.7 0.12
ZLY 652.4 1998 0.176 689.4 546.9 −0.20
Note. 1,e ratio of change is equal to the differences of mean precipitation between prior series and posterior series dividing the mean precipitation at the
entire series. ∗Significant abrupt change at a level of α� 0.10.

Table 6: Summary statistics for the precipitation frequency, amount, and intensity for the different grades.

Frequency (days) Amount (mm) Intensity (mm/day)
Mean SD RC (days/10a) Mean SD RC (mm/10a) Mean SD RC (mm/(day·10a))

Small 27.0 3.37 −0.103 80.5 8.50 −0.644 3.0 0.33 −0.033
Medium 7.7 0.76 0.051 122.4 12.03 0.36 15.9 0.23 −0.071
Large 3.6 0.60 −0.148 124.4 21.49 −5.033 34.3 0.55 −0.009
Heavy 1.5 0.50 −0.13 121.7 42.61 −10.506 79.6 5.19 −1.255
Note. SD, standard deviation; RC, regression coefficient.
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results given in Table 7. As a whole, we found that the
average precipitation amount in the area of the Beijing Plain
(urban area) was greater than that in the mountainous
(suburban) areas. As seen in Figure 11, the precipitation
showed slight decreasing trends at the rate of 6.4 and
9.9mm/decade for the plain and mountain areas
(Figure 11(a)), 4 and 4.9mm/decade for the urban and
suburban areas (Figure 11(c)) during 1960–2012, re-
spectively. However, as shown in Figure S2, from the
standpoint of the changes in built-up areas, the urban ex-
pansion has experienced three stages in Beijing during the
research period: the first stage is the slowest urban expansion
before 1980, the second is the rapid expansion stage from
1980 to 2000, and the third is the fastest urban growing
period during the first decade of the 21st century [3].
,erefore, the changes in precipitation during the three
stages for these areas are also discussed. During 1960–1979,
the difference of the precipitation amount between areas in
the plain and the mountains was about 24.2mm, which
accounts for 4.15% of the total precipitation in the plain
areas, while the difference between urban areas and suburb
areas was 32.9mm, accounting for 5.51% of the total pre-
cipitation in the urban areas. During 1980–1999, the

difference has expanded to 32.6mm (accounting for 5.72%
of the total precipitation in the plain areas) between the areas
in the plain and mountains and 45.2mm (accounting for
7.66% of the total precipitation in the urban areas) between
the urban areas surrounding suburb areas. It is clear that the
average precipitation decreased both in the urban and
suburb areas through these two periods, while the drying was
larger in the suburb areas, which caused the higher differ-
ences in precipitation between the urban and surrounding
suburb areas. With rapid development of urbanization, the
height and density of buildings are both increasing, and the
rainfall under a weather system in urban areas would stay
longer than that in open suburb areas [56]; thus, the total
precipitation increased. Additionally, in the process of ur-
banization, population density increases in cities, releasing
more heat into the atmosphere and changing the impervi-
ousness of underlying areas. All these factors lead to an
urban heat island effect, leading to precipitation variations in
urban areas. However, during 2000–2012, the precipitation
amount in the above four areas has declined by 49.8–
67.9mm compared with the last period due to the long-term
drought (1999–2010) in the north China, accounting for
8.5–11.6% of the average annual precipitation (584.7mm)
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Figure 9: Continued.
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over Beijing. During this period, Table 7 showed that the
difference dropped to 17.7mm (accounting for 3.51% of the
total precipitation in the plain areas) between the plain and
mountains and 31.0mm (accounting for 5.94% of the total
precipitation in the urban areas) in the urban and sur-
rounding suburb areas. Moreover, the difference in pre-
cipitation between the plain and mountain areas had a

slightly increasing trend at a rate of 3.49mm/decade during
the period of 1960–2012 (Figure 12(a)). ,e increasing rate
for the difference between the plain and mountain areas was
larger than that for the difference between urban and
suburban areas (0.87mm/decade) (Figure 12(b)). However,
the results of M-K test and Sen’s slope estimate showed that
there was a nonsignificant decreasing trend for the
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Figure 9: Spatial distribution of precipitation frequency and amount for the different grades during 1960–2012. (a, e) Small precipitation. (b,
f ) Medium precipitation. (c, g) Large precipitation. (d, h) Heavy precipitation.
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Figure 10: Spatial distribution of precipitation frequency and amount for the different grades during 1960–2012. (a, e) Small precipitation.
(b, f ) Medium precipitation. (c, g) Large precipitation. (d, h) Heavy precipitation.
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Figure 11: Continued.
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differences in precipitation between the urban and suburban
areas.

4. Conclusions

In this study, a comprehensive investigation was performed
on the precipitation changes across Beijing based on the
monthly, seasonal, and annual mean precipitation from 30
rain gauges from 1960 to 2012. Many time series analysis
methods, evaluating indicators, and tools were used to assess
the variations of precipitation structure. Based on our
analysis, main findings are summarized as follows.

,e annual mean precipitation has a clear decreasing
trend at a rate of 11.6mm/10a during the period of 1960–
2012. Seasonally, a significant decrease in precipitation
occurred in summer (21.1mm/10a). In contrast, the pre-
cipitation in spring shows a significant increasing trend with
a rate of 4.7mm/10a. ,ere are nonsignificant trends in
autumn and winter. However, this increase in spring is
unable to offset the remarkable decrease in summer, which is
a dominant driver for the decline in annual precipitation.
Similarly, the monthly series of precipitation in January,
February, July, and August show a significant decreasing
trend while that inMay has a statistically significant increase.

,ese changes, to some extent, lead to the significant change
in spring and summer.

Overall, there is no change in a strongly uneven spa-
tiotemporal distribution in precipitation within the Beijing
metropolis. Although the PCI and PCD both have a de-
creasing trend, they are both in a relatively high level, which
is an inherent characteristic for the East Asian Monsoon
areas. ,ese declines may be dominantly caused by the
significant decrease in precipitation in summer and the
increases in spring and autumn. Simultaneously, the pre-
cipitation roughly decreases from east to west due to the
orographic effects, with the highest rain occurring at the
Miyun and Huairou reservoirs in the northeast and the
lowest in the northwestern mountain areas. In addition, the
effects of urban development on precipitation become more
and more obvious.

,e spatiotemporal changes for the four precipitation
grades (small, median, large, and heavy) are different. In
general, the frequency for the small precipitation is the
largest, followed by the median and large precipitations, and
that for the heavy precipitation is the lowest. On average, the
amount for the small precipitation is the lowest and the
other three grades are almost equivalent. ,e spatial dis-
tribution for different grades are affected by the terrain; the
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Figure 11: Time series of annual mean precipitation in the plain and mountain areas (top panel) and the urban and suburb areas (bottom
panel). ,e linear trend analyses are discussed based on the different periods: one (left panel) is based on the whole period (1960–2012) and
another one (right panel) is based on the three subperiods (1960–1979, 1980–2000, and 2001–2012) considering the different urban
expansion stages.

Table 7: Comparison of mean precipitation in the different subregions and periods.

Plain area Mountainous area Percent of differences (%)1 Urban area Suburb area Percent of differences (%)1

1960–1979 583.2 559.0 4.15 597.0 564.1 5.51
1980–1999 569.6 537.0 5.72 589.9 544.7 7.66
2000–2012 504.8 487.1 3.51 522.0 491.0 5.94
1960–2012 558.8 533.0 4.62 575.9 538.9 6.42
Note.,e percent of differences� the differences in precipitation between the plain (urban) and mountainous (suburb) areas divided by the total amount of
precipitation in the plain (urban) areas.
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large and heavy precipitation frequently occur in the plain
areas, while the precipitation in the mountain areas is
dominated by the small and medium precipitations.

In the current context of global climate change and rapid
urban development in Beijing, adaptations for avoiding or
minimising their impacts on water resources require analysis
of the change in precipitation patterns on a fine spatio-
temporal scale. ,e adverse natural conditions and the rapid
urban development in Beijing lead to the high risk in the
urban water resources management. For example, Beijing
suffers the problems both in water deficit and urban flood
and waterlogging in recent years. To some extent, these
problems are probably caused by the change in precipitation
pattern. ,erefore, the future work should be paid attention
to the relationship between the change in precipitation and
the urban water resources safety, in order to obtain deep
understanding and knowledge.

Appendix

Mann–Kendall trend test and Sen’s slope estimate method
were widely used to detect trends in hydrological and me-
teorological time series. ,e detailed information was in-
troduced as follows:

In the M-K trend test, the null hypothesis (H0) is that the
data in a time series are independent and identically distributed
randomvariables and the hypothesis (H1) is that there is a trend
in the series. Statistical parameter (S0) is defined as

S0 � 
n−1

k�1


n

j�k+1
sgn xj −xk , (A.1)

where n is the length of the series, k� 1, 2, . . ., n− 1, j� 2,
3, . . ., n, and

sgn xj − xk  �

1, xj − xk > 0,

0, xj − xk  � 0,

−1, xj − xk < 0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(A.2)

It has been proven that when n≥ 8, S0 follows approx-
imately the normal distribution with 0 mean and the var-
iance as

Var S0(  �
[n(n− 1)(2n + 5)]

18
. (A.3)

Standardized statistic Z can be Calculated as

Z �

S0 − 1�������
Var S0( 

 , S0 > 0,

0, S0 � 0,

S0 + 1
�������
Var S0( 

 , S0 < 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(A.4)

1960

250

200

y = 0.349x – 668.06
150

100

50

0

–50

–100

D
iff

er
en

ce
 in

 p
re

ci
pi

ta
tio

n 
(m

m
)

1970 1980 1990
Years

2000 2010

(a)

y = 0.087x – 136.22

250

200

150

100

50

0

–50

–100

D
iff

er
en

ce
 in

 p
re

ci
pi

ta
tio

n 
(m

m
)

1960 1970 1980 1990
Years

2000 2010

(b)

Figure 12: Differences in precipitation and their linear trends: (a) between the plain and mountain areas, (b) between the urban and
suburban areas.
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Negative Z value denotes downward trend and positive Z
value shows upward trend.,e trend is significant at the 95%
confidence level |Z|> 1.96 and vice versa.

In Sen’s slope estimator method, the slope of trend in the
sample of N pairs of data is calculated by

Qi �
xj −xk

j− k
, for i � 1, 2, . . . , N, (A.5)

where xj and xk are the data values at times j and k (j> k),
respectively. If there is only one datum in each time period,
thenN� n(n− 1)/2, where n is the number of time periods. If
there are multiple observations in one or more time periods,
then N< n(n− 1)/2, where n is the total number of
observations.

,e N values of Qi are ranked from smallest to largest
and the median of slope is computed as

Qmed �

Q[(N+1)/2], if N is odd,

Q[N/2] + Q[(N+2)/2]

2
, if N is even.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(A.6)

,e Qmed sign reflects data trend reflection, while its
value indicates the steepness of the trend. To determine
whether the median slope is statistically different from zero,
one should obtain the confidence interval of Qmed at specific
probability. ,e confidence interval about the time slope can
be computed as follows:

Cα � Z1−α/2

�������

Var S0( 



, (A.7)

where Z1−α/2 is obtained from the standard normal distri-
bution table. In this study, the confidence interval was
computed at a significant level of α� 0.05. ,en, M1 �

(N−Cα)/2 andM2 � (N+Cα)/2 are computed.,e lower and
upper limits of the confidence interval, Qmin and Qmax, are
the M1

th largest and the (M2 + 1)th largest of the N ordered
slope estimates. ,e slope Qmed is statistically different from
zero if the two limits have similar sign.
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