ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202212.00142

Upstream Runoff Variation and Prediction Anal-
ysis of the Shule River (Postprint)

Authors: Jia Ling, Zhang Baizu, Niu Zuirong, Sun Dongyuan, Sun Kaiyue,
Wang Lujun, Niu Zuirong

Date: 2022-12-20T00:00:004-00:00

Abstract

Using monthly runoff data from the Changmabao hydrological station in the
upper Shule River basin from 1956 to 2020, eight characteristic indicators of
intra-annual runoff distribution including the Gini coefficient and Lorenz asym-
metry coefficient were selected. Combined with various statistical methods such
as M-K test and R/S analysis, the evolution patterns of runoff in the upper Shule
River were comprehensively analyzed from both intra-annual and inter-annual
perspectives. The results show that: (1) The intra-annual distribution of runoff
in the upper Shule River exhibits a unimodal pattern, mainly concentrated in
the flood season. Except for the absolute variation amplitude (AR), all other
intra-annual distribution indicators show a decreasing trend, indicating that the
intra-annual distribution is gradually becoming more uniform; (2) The annual
runoff shows an overall increasing trend, especially after the abrupt change in
1997, the tendency rate increased, with the average annual runoff increasing
by 59% compared to before the change; (3) Runoff in spring, summer, autumn,
and winter all show an overall upward trend, with the largest tendency rate
in summer and the smallest in winter. After the abrupt change in the 1990s,
the average runoff in all seasons increased significantly compared to before the
change, with the magnitude of change ranked as: autumn (76%) > winter (74%)
> summer (58%) > spring (45%); (4) Both annual and seasonal runoff in the
upper Shule River have multi-temporal characteristic scale cycles, with the first
primary cycle being 56 a for all; (5) Predictions for runoff from 2022 to 2024
indicate that runoff in the upper Shule River will continue to show an upward
trend in the next three years. The research results provide a scientific basis for
accurately understanding the variation patterns and characteristics of runoff in
the upper Shule River, and offer guidance for the sustainable development and
utilization of water resources in the Shule River basin as well as for studying
runoff variation patterns in similar inland river basins.
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Abstract: Using monthly runoff data from the Changmabao Hydrological Sta-
tion in the upper reaches of the Shule River from 1956 to 2019, this study
selected intra-annual distribution characteristic indicators such as the Gini co-
efficient and Lorentz asymmetry coefficient. Combined with multiple statistical
methods including the M-K test, sliding t-test, linear tendency estimation, R/S
analysis, and wavelet analysis, the evolution patterns of runoff in the upper
Shule River were comprehensively analyzed from both intra-annual and inter-
annual perspectives. The results show that: (1) The intra-annual distribution
of runoff in the upper Shule River exhibits a unimodal pattern, concentrated
mainly in the flood season. Except for the absolute variation amplitude, all other
intra-annual distribution indicators show a decreasing trend, indicating that the
intra-annual distribution is gradually becoming more uniform. (2) Annual runoff
shows an overall increasing trend, particularly after the abrupt change in 1997,
with the tendency rate increasing and the average annual runoff rising by 59%
compared to the pre-mutation period. (3) Runoff in spring, summer, autumn,
and winter all show upward trends, with the largest tendency rate in summer
and the smallest in winter. After the abrupt change in the 1990s, the average
runoff in each season increased significantly compared to before, with the mag-
nitude of change ranking as: autumn (76%) > winter (74%) > summer (58%)
> spring (45%). (4) Both annual and seasonal runoff in the upper Shule River
exhibit multi-time-scale periodic characteristics, with the first main cycle being
56 years for all. (5) Runoff predictions for 2022-2024 indicate that runoff in the
upper Shule River will continue to increase in the coming years. These findings
provide a scientific basis for accurately understanding runoff variation patterns
and characteristics in the upper Shule River, and offer guidance for sustainable
water resource development and utilization in the Shule River Basin as well as
for studying runoff variation patterns in similar inland river basins.

Keywords: runoff seasonal distribution; inter-annual variation; runoff forecast;
upper reaches of the Shule River
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Introduction

Runoff, as a crucial component of water system structure, exhibits significant
correlation with climatic factors. Precipitation, temperature, and evaporation
alter the water and energy exchange and transmission processes between land
surface and atmosphere, thereby directly changing runoff processes and causing
temporal and spatial redistribution of water resources. This intensifies flood or
drought disasters in certain regions, changes available water resources, and fur-
ther impacts ecosystems, natural resources, extreme climate events, and human
society. Runoff variation can lead to changes in water resource quantity and
water ecosystem structure, posing severe challenges to rational water resource
planning and efficient management. Therefore, comprehensive analysis of runoff
evolution patterns under changing environments holds practical significance.

Previous scholars have conducted extensive research on typical basins to clar-
ify runoff evolution characteristics under environmental changes. Sun Jialan
et al. systematically analyzed multi-year runoff variation characteristics in the
Yangtze River Basin using linear tendency estimation, M-K test, and wavelet
analysis. Xing Zhenxiang et al. analyzed runoff variation characteristics in
the Naoli River Basin using linear tendency and M-K test methods. Most of
these studies focused on inter-annual variation characteristics. However, with
climate warming and intensified human activities, runoff distribution patterns
have changed significantly, leading to issues such as altered intra-annual dis-
tribution, glacier retreat, and downstream river drying. The intra-annual dis-
tribution of runoff is closely related to rational water resource utilization and
regional flood and drought prevention. Some scholars have investigated intra-
annual distribution patterns: Tu Xinjun et al. examined intra-annual variation
characteristics of runoff in the Dongjiang River using four indicators includ-
ing concentration degree, concentration period, non-uniformity coefficient, and
extreme ratio; Liu Yongting et al. quantitatively evaluated intra-annual distribu-
tion uniformity of runoff in the upper Huaihe River using the Gini coefficient and
Lorentz asymmetry coefficient. Overall, runoff variation includes both quantita-
tive and structural aspects, with intra-annual distribution being a key structural
characteristic.

The Shule River Basin is one of the three major inland river basins in Gansu
Province and an important water source area in the Hexi region of Gansu.
Runoff variation in its upper reaches affects sustainable water resource uti-
lization in the middle and lower reaches. Many scholars have studied runoff
variation patterns in the upper Shule River. Zhang Wenchun analyzed trend
characteristics of annual average runoff based on data from Changmabao Hy-
drological Station. Zhang Xiaoxiao et al. investigated intra-annual distribution
patterns of runoff in the upper Shule River using indicators such as intra-annual
non-uniformity coefficient and variation amplitude. While previous studies com-
prehensively analyzed intra-annual variation, trend, and mutation characteris-
tics, further supplementation and improvement are needed in indicator selection
and characteristic analysis methods for intra-annual distribution. Therefore,
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this study examines runoff variation from both intra-annual and inter-annual
perspectives, using eight intra-annual distribution characteristic indicators in-
cluding the Gini coefficient, Lorentz asymmetry coefficient, concentration de-
gree, concentration period, non-uniformity coefficient, complete adjustment co-
efficient, relative variation amplitude, and absolute variation amplitude. Com-
bined with statistical methods such as M-K test, sliding t-test, linear tendency
estimation, R/S analysis, and wavelet analysis, this study comprehensively in-
vestigates intra-annual distribution, trend, variability, persistence, and period-
icity of runoff in the upper Shule River. Additionally, grey prediction models
are employed to forecast future annual runoff, systematically studying temporal
variation patterns of runoff to lay a foundation for further clarifying influencing
factors of runoff variation in inland river basins under environmental changes.

1. Study Area and Data
1.1 Study Area Overview

The Shule River Basin is one of the three major inland river basins in Gansu
Province, with the Changma Reservoir and Shuangtabao Reservoir serving as
boundaries between the upper, middle, and lower reaches. The upper reach
of the Shule River has a total length of 328 km and a drainage area of 10,961
km?2. It belongs to a dry, cold, windy plateau continental climate zone, with
extensive distribution of glaciers, snow cover, and frozen soil. The average
annual runoff volume is 10.283x107{8}$ m?. The Changmabao Hydrological
Station is located in this region (Fig. 1).

1.2 Data Sources

Monthly runoff data from 1956 to 2019 were obtained from the Changmabao
Hydrological Station, a control station in the upper Shule River operated by the
Jiuquan Hydrological Station of Gansu Province. In this study, March-May is
defined as spring, June-August as summer, September-November as autumn,
and December-February as winter.

1.3 Methods

1.3.1 Intra-Annual Distribution Analysis Methods To quantitatively
analyze runoff evolution patterns in the upper Shule River, based on the per-
centage of monthly (or seasonal) runoff to annual runoff, eight intra-annual dis-
tribution characteristic indicators were selected: intra-annual non-uniformity co-
efficient (C))), complete adjustment coefficient (C,.), concentration degree (C;),
concentration period (C,,), relative variation amplitude (C,,), absolute vari-
ation amplitude (R), Gini coefficient (G,), and Lorentz asymmetry coefficient
(S). These indicators analyze intra-annual variation from different perspectives.

1.3.2 Inter-Annual Variation Analysis Methods Inter-annual variation
characteristics including persistence, abrupt change, trend, and periodicity were
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analyzed using the Hurst index, M-K test, sliding t-test, linear tendency esti-
mation, and wavelet analysis methods.

1.3.3 Runoff Prediction Analysis Methods The grey prediction model is
a single-series prediction model superior to linear regression, with its sequence
expression being a first-order linear differential equation. Due to the mutational
nature of runoff variation, the GM(1,1) grey prediction model was proposed to
improve prediction accuracy. The calculation principle involves: (1) determin-
ing the average cycle period T of the sequence using R/S analysis; (2) estab-
lishing a grey prediction model with T" as the research cycle to predict N-year
runoff; and (3) conducting residual tests on the model. If passed, the model con-
tinues to predict runoff for subsequent years. Additionally, the ARIMA model,
a combination of autoregressive integrated moving average model, was used.
ARIMA is denoted as ARIMA (p,d,q), where p is the number of autoregressive
terms, d is the differencing order for sequence stationarity, and ¢ is the number
of moving average terms.

2. Results and Analysis
2.1 Intra-Annual Distribution Characteristics

2.1.1 Intra-Annual Distribution Pattern The Shule River Basin is a typ-
ical inland river basin, with its main supply sources being precipitation and
glacier melt. As shown in Fig. 2, runoff at Changmabao Station exhibits a
unimodal distribution, remaining low in winter. In spring, as temperature rises
and precipitation and snowmelt increase, runoff shows an upward trend. Dur-
ing the summer flood season, runoff increases sharply, reaching its maximum
in July. In autumn, as temperature decreases, runoff shows a slow downward
trend, returning to normal by December. Combined with Fig. 2, runoff is con-
centrated in the flood season (June-September), accounting for 49.23%-53.29%
of the multi-year average. The maximum monthly runoff appears in July for the
1950s-1980s and 2000s-2010s, accounting for 23.74%-27.97% of the multi-year
average, while for the 1960s-1970s and 1990s, it appears in August, accounting
for 24.20%-26.60%.

Table 1 shows that the multi-year average runoff in the upper Shule River is
10.28%x107{8}$ m?, with each decade showing continuous increases. The 2010s
runoff was more than double that of the 1950s. The overall trend is upward,
with runoff concentrated in summer and autumn throughout the year. The
specific seasonal ranking for each period is: summer (56.50%-62.91%) > autumn
(17.60%-20.39%) > spring (11.41%-15.48%) > winter (7.25%-8.97%).

2.1.2 Intra-Annual Distribution Uniformity Affected by climate change
and human activities, the water cycle in the upper Shule River has undergone ob-
vious seasonal changes, leading to altered intra-annual distribution uniformity.
Table 2 shows that the Gini coefficient, Lorentz asymmetry coefficient, concen-
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tration degree, concentration period, non-uniformity coefficient, complete ad-
justment coefficient, and relative variation amplitude all show decreasing trends
at rates of —0.015- (10a)~t, —0.006 + (10a)~*, —0.006 - (10a)~!, —1.053 + (10a)~ 1,
—0.006 + (10a)~t, —0.006 « (10a)~!, and —0.006 - (10a)~*, respectively. The abso-
lute variation amplitude also shows a decreasing trend when extreme values are
excluded. These trends indicate that the intra-annual maximum and minimum
monthly runoff differences are continuously decreasing, and the intra-annual dis-
tribution is becoming more uniform in terms of non-uniformity, concentration,
and variation amplitude.

2.2 Runoff Persistence and Abrupt Change Analysis

The Hurst index can quantitatively characterize long-term correlation in time
series, with its value indicating whether trend components exist. Table 3 shows
that the Hurst index for annual runoff and seasonal runoff (spring, autumn,
winter) is greater than 0.5, showing positive persistence. The Hurst index for
summer runoff is also much greater than 0.5, indicating strong positive persis-
tence and that future runoff in the upper Shule River will continue its upward
trend.

Fig. 3 presents the R/S analysis results for annual runoff. The M-K test (Fig.
4) shows an intersection point within the 95% confidence interval at 1997, in-
dicating this as the abrupt change point for annual runoff. The sliding t-test
(Fig. 4) also identifies an abrupt change in annual runoff in the late 1990s. The
cumulative anomaly of annual runoff (Fig. 5) shows a downward trend before
1997 and an upward trend afterward, with a rapid increase rate, confirming the
mutation test results.

Table 3 shows that spring, summer, autumn, and winter runoff all passed the M-
K test significance level, with abrupt changes occurring in the 1990s. After the
abrupt change, the coefficient of variation for each season is smaller than before,
indicating reduced variability, and the average runoff after mutation increased
significantly compared to before, ranking as: autumn (76%) > winter (74%) >
summer (58%) > spring (45%).

2.3 Runoff Trend Analysis

The multi-year average runoff in the upper Shule River is 10.285x107{8}$
m?, with a maximum of 17.44$x107{8}$ m3 in 2018 and a minimum of
4.13$x107{8}$ m? in 1960. Table 4 shows that annual runoff increased
significantly at a rate of 1.21$x107{8}$ m? - (10a)™', passing the 0.01 sig-
nificance level. After the abrupt change, annual runoff increased by 59%
compared to before. Seasonal runoff also shows upward trends: summer has
the largest tendency rate at 0.74$x107{8}$ m? - (10a)~!, followed by autumn
at 0.20$x107{8}$ m? - (10a)~!, spring at 0.183x107{8}$ m?3 - (10a)~!, and
winter has the smallest increase at 0.09$x107{8}$ m3 - (10a)~!.
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2.4 Runoff Periodicity Analysis

Wavelet analysis reveals that annual runoff in the upper Shule River has three
main cycles: 56, 22, and 12 years, with 56 years being the first main cycle. Fig.
7 shows that for the 56-year characteristic time scale, there are 4 wet-period
centers and 3 dry-period centers corresponding to 1957, 1975, 1994, and 2013,
and 1966, 1984, and 2003, respectively, experiencing 3 wet-dry transitions. At
the 22-year scale, there are 2 wet-period centers and 2 dry-period centers with 9
transitions. At the 12-year scale, there are approximately 5 wet-dry transitions
with frequent alternation.

Table 5 shows that all four seasons exhibit multiple time-scale periods. Spring’
s first, second, and third main cycles are 56, 22, and 12 years; summer’ s are 56,
22, and 12 years; autumn’ s first and second main cycles are 56 and 22 years;
and winter’ s first main cycle is 56 years.

2.5 Runoff Prediction Analysis

Using measured annual runoff data from 1956-2019 for the upper Shule River,
grey prediction models (GM(1,1) and improved GM(1,1)), and ARIMA mod-
els were constructed. With 2017-2019 as the validation period, 2022-2024
runoff was predicted (Table 6). Considering the prediction effects of all mod-
els, the comprehensive prediction values were used as the final predictions:
15.67$x107{8}$ m?, 15.49$x107{8}$ m?, and 15.53$x107{8}$ m? for 2022,
2023, and 2024, respectively.

3. Discussion

The upper Shule River is located in the Qilian Mountains with minimal human
interference, and runoff shows an overall increasing trend. This study analyzed
runoff evolution characteristics based on monthly runoff data from Changmabao
Hydrological Station from 1956-2019. The results show that seasonal runoff in
spring, summer, autumn, and winter all increased, with the highest increase
in summer and the lowest in winter. Ding Hongwei et al., using Fourier-based
spectral analysis, found that the 22-year periodic variation was most significant
in the upper Shule River. This study, using wavelet analysis, found the 56-year
cycle to be most significant. Different results may arise from varying study peri-
ods or methods, and runoff’ s random, mutational, and nonlinear characteristics
contribute to these differences.

Previous studies on the upper Shule River have analyzed intra-annual variation,
trend, and mutation characteristics, but this study supplements and improves
the analysis by adding the Lorentz asymmetry coefficient to evaluate how differ-
ent monthly runoff contributes to uniformity. All distribution indicators except
absolute variation amplitude show decreasing trends, indicating increasingly
uniform intra-annual distribution. This is mainly because rising temperatures
increase runoff during dry seasons, regulating intra-annual distribution unifor-
mity.
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Grey prediction and ARIMA models were used to predict future annual runoff.
The grey prediction model had the smallest relative error, but large errors can
occur in mutation years. Considering runoff’ s periodicity, R/S analysis was
used to determine cycle period T for grey prediction. However, grey prediction
model accuracy decreases with stronger jumpiness and volatility. This study
used univariate models like ARIMA, which predict based on runoff s own vari-
ation patterns without considering meteorological factors like precipitation and
temperature, causing some error between predicted and measured values. Fu-
ture research should develop multivariate prediction models.

4. Conclusions

Based on monthly runoff data from Changmabao Hydrological Station in the
upper Shule River from 1956-2019, this study analyzed runoff variation charac-
teristics. The main conclusions are:

(1) The Gini coefficient, Lorentz asymmetry coefficient, and other intra-
annual distribution indicators show decreasing trends, indicating that
intra-annual distribution is becoming more uniform. This is mainly
due to temperature increases that enhance dry-season runoff, regulating
intra-annual distribution uniformity.

(2) Annual and seasonal runoff experienced abrupt changes in the late 1990s.
After mutation, average runoff increased by 59% annually, and by 45%
in spring, 58% in summer, 76% in autumn, and 74% in winter compared
to pre-mutation values. These increases are closely related to increased
precipitation and temperature-induced glacier melt.

(3) Both annual and seasonal runoff in the upper Shule River exhibit multi-
time-scale periodic characteristics, with the first main cycle being 56 years
for all. The second main cycle is 22 years for annual, spring, and summer
runoff.

(4) During the study period, annual and seasonal runoff in the upper Shule
River showed upward trends. Comprehensive predictions indicate that
runoff will continue to increase, with predicted values of 15.53$x107{8}$
m?, 15.67$x107{8}$ m3, and 15.49$x107{8}$ m? for 2022-2024.
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