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Abstract. Based on the 65a (1956-2020) precipitation series data of 11 rainfall
stations and 5 surrounding rainfall stations in Tongzhou District, Beijing, the
evolution characteristics of precipitation in Tongzhou District on spatial,
interannual and intra annual scales are comprehensively analyzed using cumulative
anomaly method, 5a moving average method and spectral analysis method, and the
future change trend is predicted using ARIMA model. The results show that: 1) the
annual average precipitation in Tongzhou District is higher in the middle and
northwest and lower in the southwest, and the precipitation between June to
August, accounts for more than 70% of the annual precipitation; 2) In general, the
precipitation shows a fluctuating downward trend at the rate of -2.42 mm a™', in
which the precipitation in summer decreases at the rate of -2.68 mm a™', while the
precipitation in spring and autumn increases at the rates of 0.35 mm a™' and 0.26
mm a”' respectively; 3) The abrupt change of precipitation occurred in 1959 and
2000, which were 990.2mm and 239.4mm respectively; 4) There are 3~8a and
14~16a oscillation periods on the inter annual scale of precipitation, the prediction
results of ARIMA model show that the precipitation will increase about 40 mm in

the next five years.

Keywords. Tongzhou, precipitation, cumulative anomaly method, moving average

method, spectral analysis, time series model

1. Introduction

Precipitation is the basic element of hydrological cycle, and human activities have
significantly changed the evolution law of water cycle. Studying the characteristics of
precipitation can deepen the understanding of water cycle in urban construction area
[1]. In recent years, many studies have been carried out on the temporal and spatial
evolution law of precipitation at watershed and regional scales: Liu XP [2], Kong F [3],
Duan YW and others [4] studied the concentration degree and temporal and spatial
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pattern of precipitation in China; Zou XJ [5] and Lu J [6] carried out multi-scale
analysis of precipitation in the Pearl River Delta and Beijing Tianjin Hebei region
based on daily precipitation data of a long series of meteorological stations; Liu L [7]
and others analyzed the interdecadal variation characteristics of precipitation in Wuhu
area in recent 140 years. Li M et al. [8] analyzed the interannual variation time series of
precipitation in Beijing in recent 300 years, and revealed the multi time scale periodic
variation law of precipitation in this area; Li B et al. [9] analyzed the extreme rainfall
threshold and temporal and spatial evolution law by using percentile threshold method,
moving average method and other methods based on the occurrence frequency and
cumulative value of four grades of small, medium, heavy and heavy rainfall in
Tongzhou District, Beijing. Xia LB [10] predicted the precipitation trend of Baotou
City for 276 months from 1951 to 1973 by spectral analysis method; Chen P et al. [10]
analyzed and predicted the main climatic factors such as precipitation, temperature and
air humidity in Yunnan Province by establishing ARIMA model.

At present, due to the shortage of high-density and long-series rainfall data, the
analysis of regional small-scale precipitation mostly focuses on the study and judgment
of extreme rainfall and flood risk [12,13], and the analysis of spatial distribution,
interannual variation and seasonal characteristics of small-scale regional precipitation
is not deep enough. Taking Tongzhou District of Beijing as an example, based on the
complete long series monthly precipitation data of 16 rainfall stations for 65 years, this
paper comprehensively uses the cumulative anomaly method, 5SA moving average
method and spectral analysis method to carry out multi-scale analysis and Research on
the spatial, interannual and seasonal changes of rainfall in the study area. At the same
time, based on the time series model, this paper explores the periodic law of
precipitation and forecasts the future precipitation changes, which lays a foundation for
studying the long-term evolution characteristics and seasonal variation law of
precipitation in typical plains of Beijing, and provides a scientific basis for the fine
management of regional water resources.

2. Overview of the Study Area

Tongzhou District is located at the intersection of Yongding River and Chaobai River
alluvial proluvial plain. It belongs to the middle and lower reaches of alluvial proluvial
plain. It is a fan-shaped plain composed of alluvial proluvial facies sediments. It is
36.5km wide from east to west and 48km long from north to south, with a total area of
906km’. The region has a typical warm temperate semi humid and semi-arid
continental monsoon climate with four distinct seasons. It is dry and rainy in spring,
hot and rainy in summer, high and crisp in autumn and dry and cold in winter.

The regional multi-year average temperature (1956~2020) is 12.21°C, and the
monthly average temperature in July is the highest, 26.51 °C; The lowest monthly
average temperature in January is - 3.98 °C, and the average temperature difference is
30.49 °C. The annual average precipitation is about 532.1mm, and more than 80% of
the annual precipitation is concentrated in the flood season from June to September.
The annual average water surface evaporation is 1215.0mm, with the maximum
evaporation in May and the minimum evaporation in January. The monthly average
changes of precipitation, evaporation and temperature in the study area are shown in 0.
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Figure 1. Comparison of precipitation-evaporation-temperature in Tongzhou District.

3. Data and Research Methods
3.1. Data

This paper selects the monthly precipitation data of 16 rainfall stations in Tongzhou
District and four surrounding areas from 1956 to 2020 (65a). Based on the statistics of
measured data, the rainfall stations with discontinuous data, missing measurement in
individual years or failing to meet the 65 years synchronous series standards are
extended or interpolated by means of direct transfer or correlation analysis of adjacent
stations, and the distribution of specific rainfall stations is showed in figure 2.

3.2. Research Methods
3.2.1. Spatial Interpolation Analysis Method

In order to quantify the difference of precipitation in the region, this paper combines
spatial analysis technology to mesh the study area [13], and the grid scale is 100m x
100m. Considering the terrain, landform, climate and distribution trend of large
precipitation over the years, the interpolation method is used to quantify the annual
precipitation of each grid in the whole region, and the grid method is used to calculate
the annual surface precipitation of Tongzhou.

3.2.2. Precipitation Trend Analysis Method

There are many analysis methods for the change trend of hydrological elements. In this
paper, the moving average method [15] and cumulative anomaly method [16] are
comprehensively used to analyze the trend and mutation of historical precipitation
series in the study area, and the spectral analysis method [16] and ARIMA model [18]
are used to analyze the precipitation cycle and predict the future precipitation trend.
Based on the simple average method, the moving average method calculates the
average value by increasing and decreasing the old and new data phase by phase, so as
to eliminate the accidental change factors and obtain a new sequence. The new
sequence becomes smoother and can clearly show the trend change. The precipitation
tendency rate is greater than 0, indicating that the precipitation tends to increase on the
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whole, on the contrary, it decreases [19]. This method can well eliminate the unstable
fluctuation of the original annual precipitation data and show the stability of the change
of annual precipitation series [20]. The calculation formula is as follows:
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Where: y, is the moving average series value; i is the number of sequence values after
sliding; k is the sliding length, generally, the value of k is 2, which is called 5A moving
average.

The cumulative anomaly method judges the long-term evolution trend and
continuous change of precipitation according to the fluctuation of the curve, and

determines the catastrophe year [21] [22]. The calculation formula is as follows:
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Where: t = 1,2,3... n, i represents the precipitation in year i, X represents the annual
average precipitation.

Spectral analysis is widely used in meteorology. The basic principle is Fourier
analysis. Spectral density map is a simple and effective method to study the periodicity
of hydrological time series [23]. Analyze the periodicity of the study area according to
frequency fluctuation.

ARIMA model predicts future precipitation changes. ARIMA model is also called
integrated moving average autoregressive model. The basic idea of ARIMA modeling
is to perform differential processing on the studied non-stationary time series data to
turn it into a stationary time series, and then use the actual value of time series to
establish a model for prediction [24].

4. Result Analysis
4.1. Analysis of Spatial Distribution Characteristics of Precipitation

According to the precipitation data of 16 rainfall stations in Tongzhou District from
1956 to 2020, the GIS spatial information database of regional precipitation sequence is
established, and the contour map of multi-year average precipitation in Tongzhou
District from 1956 to 2020, 1980 to 2020 and 2001 to 2020 is drawn, as shown in
figure 3. From the analysis of precipitation isoline maps of three periods, the
distribution of high value areas of precipitation and the trend of isoline in Tongzhou
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District are basically the same, and the spatial distribution of multi-year average
precipitation is higher in the middle and northwest and lower in the southwest.

Taking the isoline of average precipitation from 1956 to 2020 as an example, the
precipitation at different stations is unevenly distributed [25]. The precipitation in some
areas of Tongxian county and Yulinzhuang and Mizidian stations in the East is
concentrated above 550mm, of which Tongxian station is the precipitation center, and
the precipitation is more than 560mm; The precipitation of Majuqiao, Niubaotun,
Yongledian and Chaichangtun stations in the southwest is mostly less than 530mm, and
the farther to the southwest, the smaller the rainfall.

Since 1999, Beijing has experienced the most serious drought period since the
founding of new China. From the precipitation isolines of the two periods from 2001 to
2020 and 1956 to 2020, the values of different regions have decreased, such as
Songzhuang, Gantang and Xiji. The isoline values of 2001 to 2020 are about 60mm
lower than those of 1956 to 2020, but the trend of the isoline is basically the same.
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Figure 3. Contour map of multi-year average precipitation. (a)1956~2020; (b)1980~2020; (c)2001~2020.
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4.2. Analysis of Interannual Variation of Precipitation

The 65 years annual precipitation hydrograph of Tongzhou District from 1956 to 2020
is shown in 0. The results show that the annual average precipitation of Tongzhou
District is 532.1mm. The precipitation has been abundant and dry for many years, and
the longest continuous wet year is 4 years, such as 1976 ~ 1979; The longest
continuous dry year is 13 years, such as 1999 ~ 2011; In the long run, since the 1980s,
the low water section has occurred more frequently and lasted longer.
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Figure 4. Tongzhou precipitation hydrograph over the years.

Generally speaking, the average annual precipitation in the 1950s was higher than
the multi-year average, reaching 708.4mm, with abundant precipitation; It was slightly
higher than the multi-year average in the 1960s and 1970s, and slightly lower than the
multi-year average in the 1980s and 1990s; The average precipitation from 2001 to
2010 is significantly lower than the multi-year average, only 444.8mm; Since 2010, the
average precipitation has been in line with the multi-year average. By comparing the
precipitation over the years in Tongzhou District with the precipitation estimated by
curve fitting method in wet years, normal years, dry years and extremely dry years, it
can be seen that the wet years occur 10 times, and the ratio is only 15.4%; It occurs 20
times in a normal year, accounting for 30.8%; It occurs 23 times in dry years,
accounting for 35.4%, as shown in table 1.

Table 1. Precipitation grade of high, flat and dry season in Tongzhou District from 1956 to 2020.

Typical year Wet year Normal year Dry year Dryer year Dryest year
Guarantee rate 0.2 0.5 0.75 0.85 0.95
Precipitation (mm) >649.8 649.8~514.2 514.2~424.8 424.8~320.5 <320.5
Number of years 10 20 23 9 3
Percentage (%) 15.4 30.8 354 13.8 4.6

In order to more intuitively reflect the long-term variation trend and sudden change
of rainfall in the study area, the moving average method and cumulative anomaly
method are used to analyze the rainfall sequence respectively. The 5SA moving average
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curve and cumulative anomaly curve of precipitation are shown in 0. From the 5A
moving average curve, it can be seen that the annual precipitation presents a strong
fluctuation, the precipitation in Tongzhou District presents a fluctuation trend of
"decrease increase decrease increase decrease increase decrease" as a whole, and the
linear trend line reflects that the annual precipitation in the study area shows a
downward trend as a whole. The results of cumulative anomaly curve analysis show
that the maximum mutation years occurred in 1959 and 2000, of which the maximum
annual precipitation in 1959 was 990.2mm and the minimum annual precipitation in
2000 was 239.4mm, with a ratio of 4.14.
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Figure 5. (a)Variation of annual precipitation; (b) Cumulative anomaly map.
4.3. Analysis of Seasonal Variation of Precipitation

The annual distribution proportion of multi-year average precipitation in Tongzhou
District shows an obvious seasonal precipitation distribution. The seasonal division
standard is March may in spring, June August in summer, September November in
autumn and December February in winter. According to the annual distribution analysis
results of multi-year average precipitation of typical stations in the study area, the
precipitation gradually increases from April every year. The precipitation is mainly
concentrated in June to August every year, accounting for about 72.2% of the annual
precipitation. It reaches the annual maximum in July, with an annual average of
174.9mm, and gradually decreases after September. It is the annual minimum in
December, with an annual average of 2.0mm, There are significant differences in
seasonal precipitation [26], which is generally consistent with the seasonal climate
characteristics of rainy summer and dry winter.

By further analyzing the seasonal variation characteristics of long-term series
precipitation in Tongzhou District in recent 65 years (0). The results show that the
increasing trend of spring precipitation is significant, the increasing rate is 0.35 mma™,
and the interannual variation is large. Among them, the spring precipitation in 1990 is
the largest, 145.9 mm; The summer precipitation showed a decreasing trend as a whole,
and fluctuated and increased after 2000, but the summer precipitation contributed the
most to the annual precipitation; The autumn precipitation showed an increasing trend
as a whole, and the precipitation changed greatly in the 1980s; The precipitation in
winter shows a decreasing trend, with the maximum precipitation of 30.3mm and the
minimum precipitation of 0.4mm, with a difference of 98.7%.



510

X. Zhang et al. / Study on Precipitation Evolution Characteristics

200.0 1000.0
= <+ Spring precipitation g = Summer precipitation
g —— 5 Pionts moving average £ $00.0 — 5 Pionts moving average
£ 1500 F - Lincartrend ] £ == Linear trend
5 i £
i E 600.0
& B
100.0 H
E £
= \ g 400.0
g s00 ¢ E
H 3 200.0
2 : : <
0.0 —* . o0 b— vy
- - - B - - B T - T~ T - B - -
f8ggregIesasszsgaszsq e 2 B 0o g w99 T ®NY S
5828558285838 8374 2833558388883 8558
Year
Year
(2) (b)
250.0 30 z ST
it M || P Winter precipitation
‘\;Fl“l‘:‘P"‘f‘P"a"P" £ 30.0 | —— 5 Pionfs moving average
2000 } 5 Pionts moving average ) 5 s Y it B
g === Linear trend H 2 250 [ H
g ) =
z f 0o
3 E 150
- B 15,
= b4
4 g 10.0
g :
g E so
< E ¥ 0.0
; . PR |
R R EEFEEEEEEEEE:
R EREEEEEEEEEEEEREE:
RS RRAIRENE RS
Year
© (d)

Figure 6. Variation of seasonal precipitation.(a) spring; (b) summer; (c) autumn; (d) winter.

4.4. Precipitation Cycle Analysis and Future Trend Prediction

The precipitation period analysis is carried out by spectral analysis method. The peak
value in the curve is the main period [27], as shown in figure 7. The results show that
there are three peaks in the spectral density map, corresponding to 4a, 7a and 15A
respectively. Therefore, there are obvious periodic oscillations of 3 ~ 5a, 6 ~ 8a and 14
~ 16a in the interannual scale of precipitation in Tongzhou area.
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Figure 7. Precipitation spectral density map.

Combined with ARIMA model, the change trend of annual rainfall in Tongzhou
District in the future is predicted, the precipitation data is smoothed, and the
autocorrelation and partial autocorrelation analysis of the first-order difference of
precipitation are carried out to meet the application conditions of the model. According
to the historical precipitation observation data and future trend simulation prediction
results, as shown in 0, the simulation results basically reproduce the variation
characteristics of precipitation, and the variation trends of precipitation simulation
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values and observation values are basically the same. According to the comparison
results between simulated and measured precipitation values in 0, the relative error
between simulated and measured values is within 20%. According to the prediction
results of the model, the precipitation in Tongzhou District shows an increasing trend
from 2021 to 2025, which basically conforms to the characteristics of periodic
oscillation and the overall fluctuation trend of "decrease increase decrease increase
decrease increase decrease increase".
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Figure 8. History and future trend of precipitation.
Table 2. Statistics of simulated and actual values.
Year Observation data Predicted data Relative error/%
2006 419.9 421.6 0.4
2007 455.0 502.0 9.4
2008 489.2 4425 9.5
2009 503.4 450.2 10.5
2010 430.8 4772 9.7

5. Results and Discussion

Based on cumulative anomaly method, SA moving average method, spectral analysis
method and time series model, this paper analyzes the evolution characteristics and
trend of precipitation in Tongzhou District. The analysis results show that:

(1) The annual average precipitation in Tongzhou District from 1956 to 2020, 1980
to 2020 and 2001 to 2020 shows the spatial distribution characteristics of high in the
middle and northwest and low in the southwest. After 1999, it entered an obvious dry
and rainy period. Along the Songzhuang, Gantang and Xiji lines in the middle of the
region, the multi-year average precipitation of the sequence from 2001 to 2020
decreased by about 60mm compared with the sequence from 1956 to 2020.

(2) The average annual precipitation in Tongzhou District is 532.1mm, showing a
fluctuating trend of "decrease increase decrease increase decrease increase decrease
increase decrease increase" as a whole, decreasing at a rate of 2.42mm a™'. At the same
time, the abrupt changes in the maximum and minimum precipitation occurred in 1959
and 2000, with a ratio of 4.14. The seasonal variation of precipitation is obvious. The
precipitation in spring and autumn shows an increasing trend, while it shows an
obvious downward trend in summer and winter. As the summer precipitation is mainly
concentrated from June to August, accounting for 72.2% of the annual precipitation, the
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decrease of summer precipitation is the main reason for the decrease of annual
precipitation.

(3) There are obvious oscillation periods of 3~8a and 14~16a in precipitation on
the interannual scale. At the same time, ARIMA model predicts that the precipitation in
Tongzhou District will increase from 2021 to 2025. However, due to many factors
affecting regional rainfall, the time series analysis method is only used as trend
prediction, and multiple factors need to be considered to establish a rainfall prediction
model suitable for the plain area of Beijing, so as to make the rainfall prediction more
reliable.
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