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Abstract: Extreme weather events can cause a lot of damage in highly populated regions, such as
in the Beijing–Tianjin–Hebei Region (BTHR) in northern China. To understand where and how
extreme precipitation and temperature events are changing within the BTHR, data for 1959–2018
from 25 mereological stations were used to detect trends in the intensity, frequency, and duration
of these events. The results showed that intensity, accumulated amount, the duration of extreme
precipitation events, and the annual number of days with precipitation greater than 50 mm decreased
on a regional scale over this 60-year period. Changes in extreme precipitation events at most stations
were not statistically significant, although a few stations had a significant downward trend. The
combined effects of the East Asian summer monsoon and rapid urbanization are possible reasons for
these trends. Both the annual maximum and minimum temperature increased on a regional and local
scale. The frequency of extreme hot and cold weather also, respectively, increased and decreased,
with consistent patterns on a regional and local scale. However, the spatial changes of these trends
were different, reflecting the effects of irrigation and urbanization on the regional surface energy
balance. These findings are valuable to decisionmakers involved in disaster prevention in the BTHR
and in other highly populated regions worldwide.
Keywords: Beijing–Tianjin–Hebei region; extreme temperature event; extreme precipitation event;
temporal trends

1. Introduction
Extreme precipitation and temperature events can cause an enormous loss of human life, economic
losses, and the loss of natural systems [1–3], and these issues have garnered attention worldwide
in recent years [4]. Regarding extreme precipitation events, precipitation of a very high intensity,
or long-lasting precipitation, can result in disastrous situations [5]. Heatwaves and cold air outbreaks
are the extreme temperature events that have the greatest influence [6]. Many studies have shown that
the global climate is undergoing significant changes that greatly influence both extreme precipitation
and temperature events [7,8]. However, the changes in these events have high spatial heterogeneity in
different regions [9–11]. Understanding the spatial and temporal variations in the intensity, frequency,
and duration of extreme precipitation and temperature events on a regional scale is very important
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for developing effective and appropriate countermeasures against possible damage caused by such
extreme events [12–14].
The Beijing–Tianjin–Hebei Region (BTHR) is highly influenced by extreme climate events [15].
It is one of the most important and highly populated regions in China because it includes the capital
of China (Beijing), a province-level municipality (Tianjin), and the province adjacent to Beijing and
Tianjin (Hebei). Consistent with rapid social economic development and climate change, these areas
have faced serious water scarcity, which has been increasing over the last 50 years [16]. From 1961 to
2010, the area was afflicted by varying degrees of drought, and drought occurred fairly frequently in
the northeast and central parts of Hebei [17]. Social development and a high population density have
contributed to the BTHR being vulnerable to extreme climate events.
As one of the most densely populated regions in China, and even worldwide, the BTHR has
become a focus of study in terms of its characteristics of extreme precipitation and temperature events.
Zhang et al. have explored the urbanization impact on summer precipitation in the BTHR by selecting
one extremely dry year and one rainy year (1994 and 1997, respectively). The potential sensitivity
of summer precipitation to urbanization under different climate conditions was also revealed [18].
Zhao et al. have investigated the temporal and spatial features of precipitation in the BTHR using
observational data for 1965–2014 [19]. Zhang et al. have observed changes in extreme temperature
events at eight meteorological stations in the BTHR [20]. Clearly, considering the rapid development
occurring in the BTHR, a comprehensive examination of temporal trends in extreme precipitation and
temperature events and their spatial heterogeneities using up-to-date and long-term observations is
necessary to formulate adaptive strategies for extreme climate events.
With these requirements in mind, the objective of this study was to explore the long-term
spatiotemporal changes in extreme precipitation and temperature events in the BTHR, using daily
observational data from 25 meteorological stations from 1959–2018 for 17 indices representing the
intensity and frequency of extreme precipitation events, as well as extremely high- and low-temperature
events. The knowledge gained from this study is expected to provide valuable information for water
resource management, as well as for drought and flood prevention, in this highly populated region
and in similar semiarid regions worldwide.
2. Data and Methods
2.1. Study Area
The BTHR is located on the North China Plain, mostly within the Haihe River Basin (Figure 1).
It includes Beijing and Tianjin, as well as 11 other major cities in Hebei (i.e., Baoding, Tangshan,
Shijiazhuang, Langfang, Qinhuangdao, Zhangjiakou, Chengde, Changzhou, Hengshui, Xingtai, and
Handan). The BTHR is the largest economic region in northern China, with a total area of 218,000 km2
and a resident population of 110 million people. The topography is complex, with a high-altitude
region in the northwest and a low-altitude region in the southeast. Belonging to the warm temperate
continental monsoon climate, the BTHR has four distinct seasons, with hot, dry summers and cold,
dry winters. Figure 2 shows that the BTHR is dominated by cropland, followed by forest and urban
land cover.
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stations represented all of the typical terrain types in the BTHR, i.e., there were six stations located in
the mountainous region and two stations located in the coastal region, and the remaining stations were
located on the plain.
2.3. Methodology
2.3.1. Extreme Precipitation and Temperature Indices
Nine indices were used in this study to evaluate the temporal trends in extreme precipitation events
(Table 1). Five indices characterized the property of intensity: these included annual average daily
precipitation on wet days (SDII), annual maximum daily precipitation (RX1DAY), annual maximum
consecutive 5-day precipitation (RX5DAY), annual total precipitation when daily precipitation was
>the 95th percentile (R95P), and annual total precipitation when daily precipitation was >the 99th
percentile (R99P). Four indices reflected frequency and duration: these included an annual count of
days when daily precipitation was >10 mm (R10mm), an annual count of days when daily precipitation
was >20 mm (R20mm), an annual count of days when daily precipitation was >50 mm (R50mm),
and the maximum number of consecutive wet days (CWDs). Eight indices were applied to evaluate the
temporal trends in extreme temperature events (Table 2). Four indices reflected the characteristics of
hot weather: the annual daily maximum temperature (TMAX), the annual count of days when TMAX
was >the 90th percentile (TX90P), the annual count of days when TMAX was >25 ◦ C (SU25), and the
annual count of days when the daily minimum temperature was >20 ◦ C (TR20). Meanwhile, four
other indices reflected the characteristics of cold weather: the annual minimum temperature (TMIN),
the annual count of days when TMIN was <the 10th percentile (TN10P), the annual count of days
when TMAX was <0 ◦ C (FD0), and the annual count of days when TMIN was <0 ◦ C (ID0). All indices
were computed using RClimDex software [21–23].
Table 1. Definitions of the extreme precipitation event indices used in this study.
Index

Category

SDII

intensity

RX1DAY

intensity

RX5DAY

intensity

R95P

intensity

R99P

intensity

R10mm

frequency

R20mm

frequency

R50mm

frequency

CWD

duration

Definition
annual average daily
precipitation on wet days
annual maximum daily
precipitation
annual maximum consecutive
5-day precipitation
annual total precipitation when
daily precipitation >the 95th
percentile of daily precipitation
in the 60-year period
annual total precipitation when
daily precipitation >the 99th
percentile of daily precipitation
in the 60-year period
annual count of days when daily
precipitation >10mm
annual count of days when daily
precipitation >20mm
annual count of days when daily
precipitation >50mm
maximum number of
consecutive wet days

Units
mm
mm
mm

mm

mm

days
days
days
days
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Table 2. Definitions of the extreme temperature event indices used in this study.
Index

Category

Definition

Units

TMAX

hot weather

◦C

TX90P

hot weather

SU25
TR20
TMIN

hot weather
hot weather
cold weather

TN10P

cold weather

FD0
ID0

cold weather
cold weather

annual daily maximum temperature
annual count of days when TMAX >the 90th
percentile of daily TMAX in the
60-year period
annual count of days when TMAX >25 ◦ C
annual count of days when TMIN >20 ◦ C
annual minimum temperature
annual count of days when TMIN <the 10th
percentile of daily TMIN in the 60-year period
annual count of days when TMIN <0 ◦ C
annual count of days when TMAX <0 ◦ C

days
days
days
◦C
days
days
days

2.3.2. Trend Analysis Method
The Mann–Kendall test was used to analyze the monotonic trend of changes in extreme
temperature and precipitation events for the period 1959–2018 in the BTHR during the research
process. The Mann–Kendall trend test has been widely used for the analysis of climate tendencies
in recent years [24–26]. The advantage of this test is that assumptions about the form of the data
distribution are no longer required. It can detect more significant trends than can methods based on
assumptions about data distribution (when it is applied to annual precipitation series) [27]. For the
time series data X = {x1 , x2 , . . . , xn } (where n is the length of the time series), the test statistic S is
computed as
n−1 X
n
X
S=
sgn(xk − x j ),
(1)
j=1 k = j+1

where



1, xk − x j > 0



sgn(xk − x j ) = 
0,
xk − x j = 0 .


 −1, x − x < 0
j
k

(2)

Here, xj and xk are defined as the measured annual values of j and k (k > j). The mean and variance
of S are computed as follows based on the assumption that there is an independent and identical
distribution of data:
E(S) = 0,
(3)
VAR(S) = n(n − 1)(2n − 15)/18.

(4)

Considering the existing tied ranks (equal observations) in the data, the variance of S is updated to
VAR(S) = [n(n − 1)(2n − 15) −

m
X

ti (ti − 1)(2ti + 5)]/18,

(5)

i=1

where m is the number of tied groups, and ti is the number of datapoints in the ith tied group. When
the sample size is >10, the standardized normal statistic Z is estimated as

√ S−1 , S > 0



VAR(S)



0, S = 0
Z=
.



S+1

,S < 0
 √

(6)

VAR(S)

In this study, a trend was regarded as being statistically significant at the 0.05 level, i.e., if |Z|>
1.96, the null hypothesis of having no trend would be rejected. Where there is a significant trend (p <
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0.05), the magnitude of changes per year can be computed using Sen’s slope estimator [28]. The slope
is calculated as
!
x j − xi
, i < j,
(7)
θ = Median
j−i
where θ > 0 indicates an upward trend, and θ < 0 indicates a downward trend.
3. Results
3.1. Trends of Extreme Precipitation Events on a Regional Scale
Figure 3 and Table 3 show time series for five indices representing the intensity of extreme
precipitation events and trends on a regional scale. No significant trend was detected for SDII,
which means that the daily precipitation intensity did not change significantly over the past six
decades. However, the annual maximum one-day (RX1DAY) and five-day precipitation (RX5DAY)
had a significant decreasing trend. R95P and R99P also were found to be descending, indicating that
the
accumulated
of extreme precipitation within a year fell on a regional scale.
Sustainability
2020, 12,amount
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Figure
Figure 3.3. Region-averaging
Region-averaging time
time series
series for
for indices
indices indicating
indicating the
the intensity
intensity of
of extreme
extreme precipitation
precipitation
events
in
the
Beijing–Tianjin–Hebei
Region
from
1959
to
2018.
The
straight
red
events in the Beijing–Tianjin–Hebei Region from 1959 to 2018. The straight red line
line represents
represents the
the
linear trend line for 1959–2018. NB (Nota Bene): SDII, the annual average daily precipitation on wet
linear trend line for 1959–2018. NB (Nota Bene): SDII, the annual average daily precipitation on wet
days; RX1DAY, the annual maximum daily precipitation; RX5DAY, the annual maximum consecutive
days; RX1DAY, the annual maximum daily precipitation; RX5DAY, the annual maximum consecutive
five-day precipitation; R95P, the annual total precipitation when daily precipitation was >the 95th
five-day precipitation; R95P, the annual total precipitation when daily precipitation was >the 95th
percentile of daily precipitation; and R99P, the annual total precipitation when daily precipitation was
percentile of daily precipitation; and R99P, the annual total precipitation when daily precipitation
>the 99th percentile of daily precipitation.
was >the 99th percentile of daily precipitation.

3. Results
3.1. Trends of Extreme Precipitation Events on a Regional Scale
Figure 3 and Table 3 show time series for five indices representing the intensity of extreme
precipitation events and trends on a regional scale. No significant trend was detected for SDII, which
means that the daily precipitation intensity did not change significantly over the past six decades.
However, the annual maximum one-day (RX1DAY) and five-day precipitation (RX5DAY) had a
significant decreasing trend. R95P and R99P also were found to be descending, indicating that the
accumulated amount of extreme precipitation within a year fell on a regional scale.
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Table 3. The trends of five indices indicating the intensity of extreme precipitation events in the
Beijing–Tianjin–Hebei Region from 1959 to 2018.
Index

Average Value

Trend

Significant or Not

SDII
RX1DAY
RX5DAY
R95P
R99P

11.1mm
74.1 mm
110.7 mm
161.3 mm
132.1 mm

−0.086 mm/decade
−2.650 mm/decade
−4.544 mm/decade
−8.645 mm/decade
−5.896 mm/decade

No
Yes
Yes
Yes
Yes

NB: SDII, the annual average daily precipitation on wet days; RX1DAY, the annual maximum daily precipitation;
RX5DAY, the annual maximum consecutive five-day precipitation; R95P, the annual total precipitation when daily
precipitation was >the 95th percentile of daily precipitation; and R99P, the annual total precipitation when daily
precipitation was >the 99th percentile of daily precipitation.
Sustainability 2020, 12, 1415
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Table 4. The detected trends of four indices indicating the frequency and duration of extreme
Table 4. The detected trends of four indices indicating the frequency and duration of extreme
precipitation events in the Beijing–Tianjin–Hebei Region from 1959 to 2018.
precipitation events in the Beijing–Tianjin–Hebei Region from 1959 to 2018.

Index
R10mm
R20mm
R50mm
CWD

Index
Average Value
Average Value
R10mm
15.10 days
15.10 days
R20mm
7.25 days
7.25 days
R50mm
1.46 days
1.46 days
CWD
3.97 days
3.97 days

Trend
Significant or Not
Trend
Significant or Not
−0.130
days/decade
No
−0.130
days/decade
No
−0.149
days/decade
No
−0.149
days/decade
No
−0.103
days/decade
Yes
−0.103
days/decade
Yes
−0.076 days/decade
Yes
−0.076 days/decade
Yes

NB: R10mm, the annual count of days when daily precipitation was >10 mm; R20mm, the annual count of days
NB: R10mm, the annual count of days when daily precipitation was >10 mm; R20mm, the annual
when daily precipitation was >20 mm; R50mm, the annual count of days when daily precipitation was >50 mm;
count
of days
when daily
precipitation
was
>20
mm; R50mm, the annual count of days when daily
and
CWD,
the maximum
number
of consecutive
wet
days.

precipitation was >50 mm; and CWD, the maximum number of consecutive wet days.
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3.2. Spatial Distribution of Temporal Trends in Extreme Precipitation Events
The spatial distributions of the five indices related to the intensity of extreme precipitation events
in the BTHR are shown in Figure 5. The trends at most stations were not statistically significant. For
SDII, RX1DAY, and RX5DAY, only trends at one, two, and four stations were statistically significant:
these stations were located west, south, and east of Beijing City and in Baoding City, respectively. When
examining R95P and R99P, which quantified the annual accumulated amount of extreme precipitation
events, it was found that only six and five stations, respectively, had significant decreasing trends,
most of which also showed significant decreasing trends in SDII, RX1DAY, and RX5DAY. Trends for the
indices characterizing the frequency of extreme precipitation events of different magnitudes (R10mm,
R20mm, and R50mm) are shown in Figure 6. Only trends at one, two, and four stations were found to
decrease significantly. Notably, the stations with significant trends were not consistent across the three
indices.
For2020,
CWD,
the trends at almost all of the stations were not statistically significant.
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Figure 5. Spatial distributions of trends in indices representing the intensity of extreme precipitation
events at the meteorological stations in the Beijing–Tianjin–Hebei Region from 1959 to 2018. NB: SDII,
SDII,
annualaverage
average
daily
precipitation
ondays;
wetRX1DAY,
days; RX1DAY,
annualdaily
maximum
daily
the annual
daily
precipitation
on wet
the annualthe
maximum
precipitation;
precipitation;
RX5DAY,
the annual
maximum
consecutive
five-day
precipitation;
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the annual
RX5DAY,
the annual
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five-day
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R95P,
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when daily
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was >the
of daily
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and R99P,
when
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95th percentile
of95th
dailypercentile
precipitation;
and
R99P, the annual
total
the annual total
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when daily
was >theof
99th
percentile
of daily precipitation.
precipitation
when
daily precipitation
wasprecipitation
>the 99th percentile
daily
precipitation.

3.2. Spatial Distribution of Temporal Trends in Extreme Precipitation Events
The spatial distributions of the five indices related to the intensity of extreme precipitation
events in the BTHR are shown in Figure 5. The trends at most stations were not statistically
significant. For SDII, RX1DAY, and RX5DAY, only trends at one, two, and four stations were
statistically significant: these stations were located west, south, and east of Beijing City and in
Baoding City, respectively. When examining R95P and R99P, which quantified the annual
accumulated amount of extreme precipitation events, it was found that only six and five stations,
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Figure 6. Spatial
Spatial distributions
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of trends
trends in
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representing the
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frequency and duration
duration of extreme
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precipitation events for the meteorological
meteorological stations
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days when
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the annual
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of days when daily
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>50 mm;
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CWD, the
the maximum number of consecutive wet days.

3.3. Trends
Trends of
of Extreme
Extreme Temperature
3.3.
Temperature Events
Events on
on aa Regional
Regional Scale
Scale
Time series
showing
hothot
weather
extreme
events
and their
trends
over the
entire
Time
seriesfor
forthe
thefour
fourindices
indices
showing
weather
extreme
events
and their
trends
over
the
BTHR
are
shown
in
Figure
7
and
Table
5.
TMAX
had
a
significant
upward
trend,
with
a
magnitude
entire BTHR are shown in Figure 7 and Table 5. TMAX had a significant upward trend, with a
of 0.198 °C/decade,
a clear
indication
daily maximum
increased. TX90P
had
magnitude
of 0.198 giving
℃/decade,
giving
a clearthat
indication
that dailytemperature
maximum temperature
increased.
a statistically
suggesting
the number
days
with extremely
hot
TX90P
had a significant
statisticallyincreasing
significanttrend,
increasing
trend,that
suggesting
thatofthe
number
of days with
weather
have
increased
in
recent
years.
Significant
increases
were
also
detected
for
the
two
indices
extremely hot weather have increased in recent years. Significant increases were also detected for the
quantifying
number ofthe
days
that the
were
higher than
two
indices the
quantifying
number
ofmaximum
days that and
the minimum
maximumdaily
and temperatures
minimum daily
temperatures
◦ C (TR20), respectively.
25
°C(SU25)
and
20
were higher than 25 ℃(SU25) and 20 °C (TR20), respectively.
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The red
red straight
straight line
line represents
represents the
the linear
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1959–2018. NB:
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the maximum
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the annual
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count of
of days
days when
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TMAX
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Table 5. The trends of the four indices indicating extreme hot weather events in the Beijing–Tianjin–Hebei
Table 5. The trends of the four indices indicating extreme hot weather events in the Beijing–Tianjin–
Region from 1959 to 2018.
Hebei Region from 1959 to 2018.
Index
Average Value
Trend
Significant or Not
Index
Average Value
Trend
Significant or Not
◦
◦
TMAX
0.198
C/decade
Yes
TMAX
16.93℃ 16.93 C
0.198
℃/decade
Yes
TX90P
10.04 days
1.000
days/decade
Yes
TX90P
10.04 days
1.000
days/decade
Yes
SU25
121.61 days
2.373 days/decade
Yes
SU25
121.61 days
2.373 days/decade
Yes
TR20
48.24 days
2.820 days/decade
Yes
TR20
48.24 days
2.820 days/decade
Yes

NB: TMAX, the maximum temperature; TX90P, the annual count of days when TMAX was >the 90th percentile;
NB: TMAX,
the count
maximum
temperature;
count
days when
TMAX
was >the
90th
◦ C;annual
SU25,
the annual
of days
when TMAXTX90P,
was >25the
and TR20,
theofannual
count of
days when
the daily
minimum
temperature
>20 ◦ C.
percentile;
SU25, thewas
annual
count of days when TMAX was >25°C; and TR20, the annual count of

days when the daily minimum temperature was >20°C.

Figure 8 and Table 6 show the trends for extreme cold temperature indices at a regional scale.
8 and Table
6 show the
trends
cold
temperature
indices
at ahigher
regional
◦ C/decade)
TMINFigure
had a significant
increasing
trend,
withfor
anextreme
increment
(0.383
that was
thanscale.
that
TMIN
had
a
significant
increasing
trend,
with
an
increment
(0.383
°C/decade)
that
was
higher
than
◦
of TMAX (0.198 C/decade). A significant decreasing trend was detected for TN10P, which quantified
thatnumber
of TMAX
(0.198℃/decade).
A significant
trend was detected
for TN10P,
the
of days
with an extremely
low dailydecreasing
minimum temperature.
In addition,
ID0 andwhich
FD0
quantified
the
number
of
days
with
an
extremely
low
daily
minimum
temperature.
In
addition,
ID0
also had significant descending trends, suggesting that the numbers of days that the maximum and
and
FD0
also
had
significant
descending
trends,
suggesting
that
the
numbers
of
days
that
the
◦
minimum daily temperatures were lower than 0 C increased. All of these indices indicated that the
maximum and
and frequency
minimum of
daily
temperatures
were lower
thandecreased.
0 °C increased. All of these indices
magnitude
extremely
low temperature
events
indicated that the magnitude and frequency of extremely low temperature events decreased.
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Figure
Figure 8.8. Region-averaging time series for indices indicating
indicating extreme cold
cold weather
weather events
events in
in the
the
Beijing–Tianjin–Hebei
Region
from
1959
to
2018.
The
red
straight
line
represents
the
linear
trend
line
Beijing–Tianjin–Hebei Region from 1959 to 2018. The red straight line represents the linear trend line
for
for 1959–2018.
1959–2018. NB:
NB: TMIN,
TMIN, the
the annual
annual minimum
minimum temperature;
temperature; TN10P,
TN10P, the
the annual
annual count
count of
of days
days when
when
◦ C; and ID0, the
TMIN
was
<the
10th
percentile;
FD0,
the
annual
count
of
days
when
TMAX
was
<0
TMIN was <the 10th percentile; FD0, the annual count of days when TMAX was <0 °C; and ID0, the
◦ C.
annual
annual count
countof
ofdays
dayswhen
whenTMIN
TMINwas
was<0
<0 °C.
Table 6. The detected trends of four indices indicating extreme cold weather events in the
Table 6. The detected trends of four indices indicating extreme cold weather events in the Beijing–
Beijing–Tianjin–Hebei Region from 1959 to 2018.
Tianjin–Hebei Region from 1959 to 2018.
Index
Average Value
Trend
Significant or Not
Index
Average Value
Trend
Significant or Not
◦
◦
TMIN
0.383
C/decade
Yes
TMIN
5.44 ℃ 5.44 C
0.383
℃/decade
Yes
TN10P
10.08 days
−2.070
days/decade
Yes
TN10P
10.08 days
−2.070
days/decade
Yes
FD0
132.41 days
−3.193 days/decade
Yes
FD0
132.41 days
−3.193 days/decade
Yes
ID0
33.23 days
−1.614 days/decade
Yes
ID0
33.23 days
−1.614 days/decade
Yes

NB: TMIN, the annual minimum temperature; TN10P, the annual count of days when TMIN was <the 10th percentile;
NB: the
TMIN,
thecount
annual
minimum
temperature;
TN10P,
thethe
annual
whenTMIN
TMINwas
was
◦ C.
FD0,
annual
of days
when TMAX
was <0 ◦ C;
and ID0,
annualcount
countof
of days
days when
<0<the

10th percentile; FD0, the annual count of days when TMAX was <0 °C; and ID0, the annual count of
days when
TMIN was
<0 °C.
3.4. Spatial
Distribution
of Temporal
Trends during Extreme Temperature Events

The spatial
patternsofofTemporal
trends in
the indices
hot extremeEvents
temperature events are shown
3.4. Spatial
Distribution
Trends
duringindicating
Extreme Temperature
in Figure 9. TMAX had a significant increasing trend at most stations, except for four stations in the
The spatial patterns of trends in the indices indicating hot extreme temperature events are shown
southern part of the BTHR, which showed nonsignificant changes. This indicates that in most areas of
in Figure 9. TMAX had a significant increasing trend at most stations, except for four stations in the
the BTHR, the daily maximum temperature increased. The spatial distribution of TX90P was very
southern part of the BTHR, which showed nonsignificant changes. This indicates that in most areas
similar to that of TMAX, with only two stations having nonsignificant trends in the south. The number
of the BTHR, the daily maximum temperature increased. The spatial distribution of TX90P was very
of days in a year that the maximum temperature was higher than 25 ◦ C (SU25) rose significantly at
similar to that of TMAX, with only two stations having nonsignificant trends in the south. The
most stations, although five stations in the south and two stations in the middle of the BTHR had
number of days in a year that the maximum temperature was higher than 25 °C (SU25) rose
trends that remained unchanged. For TR20, most stations had significant increases, although the
significantly at most stations, although five stations in the south and two stations in the middle of the
locations of stations with nonsignificant changes were different from those listed above, as they were
BTHR had trends that remained unchanged. For TR20, most stations had significant increases,
scattered throughout the north and east.
although the locations of stations with nonsignificant changes were different from those listed above,
as they were scattered throughout the north and east.
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Figure 9. Spatial distributions
distributions of trends in indices representing hot weather extreme events for the
the Beijing–Tianjin–Hebei
Beijing–Tianjin–Hebei Region
Region from
from 1959
1959 to
to 2018.
2018. NB: TMAX, the
meteorological stations in the
maximum temperature;
90th percentile;
percentile; SU25,
SU25,
temperature; TX90P,
TX90P,the
theannual
annual count
count of
of days
days when
when TMAX
TMAX was >the
>the 90th
◦ C; and TR20, the annual
the annual count
count of days
days when
when TMAX
TMAX was
was >25
>25 °C;
and TR20, the annual count of days when the daily
◦ C.
minimum temperature was >20
>20 °C.

Figure
the spatial
spatial distribution
distribution of
of trends
trends in
in indices
indices indicating
indicating cold
cold extreme
extreme temperature
temperature
Figure 10
10 shows
shows the
events.
For TMIN,
TMIN, most
most stations
stations had
had upward
upward trends,
trends, indicating
indicating that
that the
the daily
daily minimum
minimum temperature
temperature
events. For
rose.
Significant
downward
trends
in
TN10P
were
detected
at
most
stations,
with
three
rose. Significant downward trends in TN10P were detected at most stations, with three exceptions
exceptions
located
More than
increasing trend
located in
in the
the north
north and
and east
east of
of the
the BTHR.
BTHR. More
than half
half of
of the
the stations
stations had
had an
an increasing
trend for
for
FD0
and ID0.
ID0.However,
However,the
thespatial
spatial
patterns
trends
in these
indices
different.
For
FD0 and
patterns
of of
thethe
trends
in these
twotwo
indices
werewere
different.
For FD0,
FD0,
the stations
significant
increasing
trends
were
spread
over
thewhole
wholeregion,
region,while
while the
the five
the stations
withwith
significant
increasing
trends
were
spread
over
the
five
stations
inin
thethe
center
and
northeast
of the
BTHR.
For For
ID0,ID0,
the
stations without
withoutsignificant
significanttrends
trendswere
werescattered
scattered
center
and
northeast
of the
BTHR.
stations
exhibiting
increasing
trends
were
in
the
central
part
of
the
BTHR,
including
Beijing,
Tianjin,
the stations exhibiting increasing trends were in the central part of the BTHR, including Beijing,
Langfang,
Tangshan,
and Cangzhou,
and in Zhangjiankou
in the northwest.
Tianjin, Langfang,
Tangshan,
and Cangzhou,
and in Zhangjiankou
in the northwest.
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Figure 10. Spatial
Spatial distributions
distributions of
of trends
trends in
in indices
indices representing
representing cold
cold weather
weather extreme
extreme events
events for the
meteorological stations in the Beijing–Tianjin–Hebei Region from 1959 to 2018. NB: TMIN,
TMIN, the
the annual
annual
minimum temperature;
temperature; TN10P,
TN10P, the annual count of days when TMIN was <the
<the 10th
10th percentile;
percentile; FD0,
FD0,
minimum
◦ C; and ID0, the annual count of days when TMIN was
the annual count of days when TMAX was <0
<0 °C;
and ID0, the annual count of days when TMIN was
◦ C.
<0
<0 °C.

4. Discussion
Discussion
4.
At aa regional
regional scale,
scale, our
our results
results show
show that
that intensity,
intensity, accumulated
amount, and
and the
the frequency
frequency of
of
At
accumulated amount,
extreme
precipitation
events
per
year
decreased
in
the
BTHR.
In
the
Haihe
Basin,
which
encompasses
extreme precipitation events per year decreased in the BTHR. In the Haihe Basin, which encompasses
most of
of the
the BTHR,
BTHR, Du
Du et
et al.
have also
also reported
reported decreasing
decreasing trends
trends in
in extreme
extreme precipitation
This
most
al. have
precipitation [10].
[10]. This
coincides with
with the
the findings
findings of
of our
our study.
study. Chu
Chu et
et al.,
al., Wang
Wang et
et al.,
al., and
and Yan
Yan et
have revealed
revealed that
that
coincides
et al.
al. have
flood
season
precipitation
has
decreased
on
both
a
regional
and
local
scale
[29–31].
As
the
occurrence
flood season precipitation has decreased on both a regional and local scale [29–31]. As the occurrence
of extreme
extremeprecipitation
precipitationevents
eventsusually
usuallyoverlaps
overlaps
with
flood
season
in BTHR,
the BTHR,
results
of
with
thethe
flood
season
in the
theirtheir
results
also
also
support
our
findings.
Our
results
show
that
the
trends
in
most
extreme
precipitation
indices
at
support our findings. Our results show that the trends in most extreme precipitation indices at many
many
stations
were
not
statistically
significant,
although
a
few
stations
showed
significant
decreasing
stations were not statistically significant, although a few stations showed significant decreasing
trends. This
This suggests
suggests that
that the
the mechanisms
mechanisms driving
driving the
the occurrence
occurrence of
of extreme
extreme precipitation
precipitation events
events are
are
trends.

very complex. The BTHR is adjacent to the Bohai Sea, which is in the Pacific Ocean; therefore, its
precipitation is greatly influenced by the East Asian summer monsoon [32]. Meanwhile, the rapid

Sustainability 2020, 12, 1415

14 of 19

very complex. The BTHR is adjacent to the Bohai Sea, which is in the Pacific Ocean; therefore, its
precipitation is greatly influenced by the East Asian summer monsoon [32]. Meanwhile, the rapid
coordinated development of the Beijing–Tianjin–Hebei region and urbanization processes, which have
brought urban-related warming, vertical wind motion, and changes to local moisture fluxes, have also
influenced precipitation in the BTHR [33]. Although our long-term analysis of the frequency and
magnitude of extreme precipitation events did not show significant increases, effective countermeasures
need to be prepared for low-frequency but high-damage urban flood disasters, such as the event that
happened on July 21, 2012, in Beijing, in which the precipitation within one day was over 460 mm.
Therefore, to better forecast extreme precipitation events in this region, a numerical model considering
the effects of urbanization on the water cycle and changes to the East Asian summer monsoon is
needed. A successful model must consider all important human forces in detail [34]. For the BTHR,
land use change related to urbanization needs to be effectively modeled, as how it disturbs the climate
system will become more significant in the near future [35,36].
Our results indicate that both the daily maximum and minimum temperature have increased
significantly in the BTHR. The magnitude of increase in the daily minimum temperature was larger
than that of the daily maximum temperature. This is consistent with the findings of Wang et al.
(their analysis of the Huang–Huai–Hai River Basin in China from 1961 to 2014, which included the
BTHR) [37]. The indices related to hot weather extreme climate events showed significant increasing
trends in the middle and north of the BTHR, including stations in two metropolises (Beijing and Tianjin)
and their surrounding areas. Because several researchers have reported that heat waves are a great
threat to human health [38,39], policymaking to protect public health should consider extreme hot
weather. However, in the south of the BTHR, most trends were not significant for hot temperature
events. This may be because irrigation is intense in the southern BTHR, and this has a significant
cooling effect on the daily maximum temperature, which partially offsets the effect of urbanization [40].
Clearly, the cooling effects of cropland cannot be ignored [41]. At most stations, the daily minimum
temperature and the indices of frequency of extreme cold weather events significantly increased and
decreased, respectively. On the basis of simulations using the Community Land Model (CLM4.5),
Lin et al. revealed that urban-related warming contributes more in winter in the BTHR, implying that
urbanization is one of the underlying reasons for the decreasing trend in extreme cold weather events
in this region [42]. The trend analyses of both extreme hot and cold weather events were influenced by
changes in the regional surface energy balance, which are caused by anthropogenic activities. Therefore,
more reasonable city planning that reduces anthropogenic heat release is necessary in the BTHR.
It should be noted that in situ observational data from meteorological stations is very accurate and
has the longest temporal coverage in the BTHR, but it is limited by overall spatial coverage. In order to
justify our results (described above), the trends of four indices representing the intensity and frequency
of extreme precipitation events (i.e., RX1DAY, RX5DAY, R20mm, and R50mm) were also analyzed using
two remote sensing gridded datasets: the Tropical Rainfall Measuring Mission 3B42 Daily dataset
(TRMM, spatial resolution of 0.25◦ , available at https://pmm.nasa.gov/data-access/downloads/trmm)
and the Global Precipitation Climatology Project (GPCP, spatial resolution of 1◦ , available at https:
//www.ncdc.noaa.gov/cdr/atmospheric/precipitation-gpcp-daily). Remote sensing observations can
capture more detail in terms of spatial heterogeneity than can scattered meteorological station
data, while their accuracy is lower. Considering the temporal convergence of satellite observations,
a comparison was made for the period from 1998 to 2018 (Figures 11 and 12). For the two intensity
indices, the trends detected from the ground observations and from the two satellite datasets were all
insignificant throughout the majority of the BTHR. The TRMM data seemed to detect more spatial
variation than did the GPCP data, for which the spatial resolution was too coarse for the study
area. Significant increasing trends were detected in some areas of the BTHR in all three datasets.
However, the distributions of these areas were different. The consistencies of the detected trends in the
frequency indices in the datasets were higher. All three datasets showed that the trends of R50mm
were insignificant in most areas of the BTHR. For R20mm, trends in more than two-thirds and half of
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the stations were similar to the trends of the corresponding grids in the TRMM and GPCP datasets,
15 of 19
respectively. These findings indicate that the trends detected among the three datasets were generally
similardetected
for extreme
precipitation
events on
a regional
showing that
the trends the
detected
from the
trends
from
the meteorological
station
data scale,
were reasonable.
Meanwhile,
differences
in
meteorological
station
data
were
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Meanwhile,
the
differences
in
trends
detected
from
trends detected from the three datasets indicated that the accuracy of satellite observations needsthe
to
three
datasetstoindicated
the accuracy
of satellite
observations
be improved
to trace the
be
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trace the that
magnitude
of extreme
precipitation
events,needs
usingtoground
measurements
for
magnitude[43,44].
of extreme precipitation events, using ground measurements for correction [43,44].
correction
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Figure 12. Spatial distributions of significant trends in indices representing the frequency of extreme
precipitation events
eventsderived
derived
from
ground
measurement
data meteorological
from meteorological
and
precipitation
from
ground
measurement
data from
stationsstations
and satellite
satellite measurement
from theRainfall
Tropical
Rainfall Mission
Measuring
Mission
and
the Global
measurement
data fromdata
the Tropical
Measuring
(TRMM)
and(TRMM)
the Global
Precipitation
Climatology
(GPCP)
for the
Beijing–Tianjin–Hebei
Region from
1998 from
to 2018.
R20mm,
Precipitation Project
Climatology
Project
(GPCP)
for the Beijing–Tianjin–Hebei
Region
1998NB:
to 2018.
NB:
the
annual
of count
days when
daily
precipitation
was >20
mm;
the annual
countcount
of days
R20mm,
thecount
annual
of days
when
daily precipitation
was
>20R50mm,
mm; R50mm,
the annual
of
when
daily daily
precipitation
was >50
days when
precipitation
wasmm.
>50 mm.

5.
Conclusions
5. Conclusions
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and trends
trends in
in extreme
Understanding the
extreme weather
weather events
events is
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for the
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sustainable
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of
regions
with
high
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densities.
With
a
long
dataset
encompassing
sustainable development of regions with high population densities. With a long dataset
the
past six decades
(1959–2018),
trends in extreme
precipitation
and temperature
events were
encompassing
the past
six decadesthe
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the trends
in extreme precipitation
and temperature
explored
for explored
the BTHR.
and five-day
precipitation
and the accumulated
amount of
events were
forMaximum
the BTHR.oneMaximum
one- and
five-day precipitation
and the accumulated
extreme
precipitation
per
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The
number
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50 mmthan
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of days that precipitation
and thenumber
maximum
number of consecutive
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For
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above-mentioned
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over
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number
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maximum
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Only
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number
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significant
decreasing
Both and
the

maximum and minimum temperatures showed significant increasing trends, indicating that the
BTHR warmed up. However, the spatial distributions of the trends of indices related to the degree
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minimum temperatures showed significant increasing trends, indicating that the BTHR warmed up.
However, the spatial distributions of the trends of indices related to the degree and frequency of extreme
hot and cold weather events were different, which could have been caused by the variable effects of
irrigation and urbanization on the regional surface energy balance. The knowledge gained from this
study is valuable for water resource management, for developing more effective countermeasures for
extreme weather events, and for more reasonable urban planning within the BTHR as well as in other
highly populated arid and semiarid regions worldwide.
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