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Abstract: Maintenance of steady streamflow is a critical attribute of the continental river sys-
tems for safeguarding downstream ecosystems and agricultural production. Global climate
change imposes a potential risk to water supply from the headwater by changing the magni-
tude and frequency of precipitation and evapotranspiration in the region. To determine if and
to what extent the recent climate changes affected streamflow in major river systems, we
examined the pattern of temporal variations in precipitation, temperature, evapotranspiration
and changes in runoff discharge during 1958-2017 in the headwater region of the Yellow
River in northeastern Tibetan Plateau. We identified 1989 as the turning point for a statisti-
cally significant 14% reduction in streamflow discharge (P < 0.05) for the period 1989-2017
compared with 1958-1988, approximately coinciding with changes in the monthly distribution
but not the interannual variations of precipitation, and detected a mismatch between precipi-
tation and runoff after 2000. Both annual precipitation and runoff discharge displayed four-
and eight-year cyclic patterns of changes for the period 1958-1988, and a six-year cyclic
pattern of changes for the period 1989-2017, with two intensified two-year cyclic patterns in
the changes of precipitation and a three-year cyclic pattern in the change of runoff further
detected for the later period. Our results indicate that the temporal changes in runoff are not
strictly consistent with the temporal variations of precipitation in the headwater region of Yel-
low River during the period 1958-2017. In particular, a full recovery in annual precipitation
was not reflected in a full recovery in runoff toward the end of the study period. While a review
of literature yielded no apparent evidence of raised evapotranspiration in the region due to
recent warming, we draw attention to increased local retention of rainwater as a possible
explanation of differential changes in precipitation and runoff.
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1 Introduction

The spatiotemporal patterns of climate change and its impact on regional hydrological proc-
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esses are increasingly viewed as the focal issues in environmental studies (Barnett et al.,
2008; Wanders et al., 2015; Arnell et al., 2016; Schwalm et al., 2017; Fowler et al., 2019; Li
et al., 2019). Climate change imposes a potential risk to streamflow discharge from the
headwater region either by changing the magnitude and frequency of precipitation, or by
altering the timing and intensity of evapotranspiration and/or snow/ice melting, leading to
unquantifiable consequences to the downstream ecosystems. Understanding changes in hy-
drological cycles under global climate change is key to devising adaptive management of
natural resources in relation to water availability and usage in terrestrial ecosystems
(Faroogi et al., 2020).

Over the past decades, marked changes in hydrological cycles have been observed in
many of the large watersheds around the world in response to varying climate change factors.
An earlier study by Milliman et al. (2008) shows that during 1951-2000, among 137 exter-
nal-flow river systems worldwide, 48 were recorded with more than 30% reduction in runoff.
Most of those 48 river systems occur between latitudes 10° and 35° in both the Northern and
Southern Hemispheres, predominantly in arid and semiarid regions (Milliman ef al., 2008).
In the watershed of Colorado River in North America, there had been a 20% reduction in
streamflow since 2000 compared with the long-term mean since 1896, likely resulting from
both rising global temperatures and reduced regional precipitation (Bradley et al., 2006;
Udall and Overpeck, 2016). The Rio Grande river basin between USA and Mexico had ex-
perienced dry and warmer climates in recent decades, giving rise to reduced streamflow
(Elias et al., 2015; Woodhouse et al., 2016; Lehner et al., 2017). Long-term streamflow data
from 15 watersheds in the north of the Pyrenees Mountains of Southern France revealed a
20% reduction in streamflow discharge due to greatly intensified warming under the influ-
ence of subtropical high pressure (Lespinas et al., 2010). In Southeast Australia, the “mil-
lennium drought” from the end of the 20th century to the early 21st century resulted in 48%
reduction in the regional runoff, coinciding to only 13% decreases in precipitation over the
corresponding period (Petheram et al., 2011; Chiew ef al., 2014; Saft et al., 2014; Van Loon
et al., 2015; Yang et al., 2017). Apart from the direct climatic influences, there have been
research findings of the effects on streamflow by other factors. For example, in studies of 47
medium- and small-sized rivers under moist climate in Austria, Haslinger et al. (2014) found
that with increasing drought conditions, the role of groundwater in affecting streamflow be-
came more prominent while the influences of climatic signals weakened. Similarly, in the
Red River watershed in western Oklahoma and the southern High Plains in Texas, USA,
groundwater use was found to be one of the main drivers in annual streamflow variability
during drought (Krueger et al., 2017). Warming-induced ice-melting has been found to in-
crease streamflow in regions with glaciers, independent of the effects by precipitation (Bury
et al., 2011; Marazi and Romshoo, 2018). The abovementioned case studies show the vary-
ing impacts by climatic factors and other drivers on river streamflow among regions and the
occurrence of changing regional climate-hydrodynamics relationships.

The Yellow River in China is the third longest river in Asia, running across nine provinces
from its origin in northeastern Tibetan Plateau to its outlet in Shandong province with a total
length of 5464 km and a total drainage area of about 752,546 km”. It is known as the origin
of ancient Chinese civilization and its streamflow has continuously served as critical water
sources to support agricultural production and ecosystem functionality along the waterway.
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The Tibetan Plateau is amongst the world’s most susceptible regions to global warming
(Immerzeel et al., 2010; Ran et al., 2018; Thompson et al., 2018). The headwater region of
Yellow River in northeastern Tibetan Plateau is situated in an intersection between the mon-
soonal and non-monsoonal climates, with alternate influences of the East Asian monsoon,
the southern subtropical monsoon, and the plateau monsoon, hence a region not only sus-
ceptible to climate change but also ubiquitous in climatic influences. Because of the
socio-economic and ecological significance of the Yellow River and the complex climatic
system in its headwater region, a clear understanding on the climate-streamflow relationship
in the Yellow River drainage area is crucial for developing regional adaptive socioeconomic
structures and natural resources management strategies as governance measures coping with
intensifying global climate change.

Over the past decades, there were observations of markedly reduced streamflow discharge
in the headwater region of Yellow River without apparent trends in annual precipitation.
Previous researches show that the regional air temperatures displayed a trend of apparent
increases since the 1970s, but annual precipitation only slightly decreased after the 1990s
(Zhao et al., 2007; Zhang et al., 2011); whilst the streamflow experienced an abrupt reduc-
tion (Zhou et al., 2012). Explanations for the variable streamflow discharges in the headwa-
ter of Yellow River are controversial, varying from changes in precipitation (e.g. Li et al.,
2012; Cuo et al., 2013; Tang et al., 2013; Tian et al., 2015; Meng et al., 2016) to tempera-
ture-induced alteration in evapotranspiration (e.g. Zhang et al., 2011; Meng et al., 2016).
Snow-melting, human activities, glacier-retreat and permafrost degradation are also consid-
ered to play some roles in influencing the regional hydrological processes (Zhao et al., 2009;
Lietal., 2012; Wu et al., 2018). The study of Xu (2015) suggests that under climate change,
the effects of precipitation and temperature on runoff and their relationships with streamflow
are all altered, and that changes in climate and changes in streamflow are not necessarily
synchronized. Given the uncertainties in the causes of reduced streamflow discharge in the
headwater region of Yellow River, we examined the long-term trend and cyclic changes in
the regional climate and streamflow. Our objectives were to determine, in the headwater
region of Yellow River: (1) the trend of climate change and its effect on streamflow dis-
charge; and (2) the interrelationship between climate change and variations in streamflow.

2 Materials and methods
2.1 Study area

This study covers the entire Source Region of Yellow River (SRYR), located in the upper
basin of the Tangnaihai Hydrological Station (Figure 1), mostly in the territory of the three
rivers (i.e. Yangtze River, Yellow River, and Lancang-Mekong River) National Nature Re-
serve (32°30'N-36°10'N, and 95°50'E-103°30'E). SRYR is on the northeast of Tibetan Pla-
teau and covers an area of 121,972 km’, with predominantly plateau continental climate in-
fluenced alternately by the East Asian monsoon, the southern subtropical monsoon, and the
plateau monsoon (Ding, 2013). The altitude of the region varies between 2675 m and 6282
m above sea level. The annual mean temperature varies between —3.0 and 1.8°C, and the
annual precipitation from 420.8 to 743.3 mm. The main waterway of Yellow River in this
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region is approximately 1959 km, with mean annual runoff of 202.35x10° m’. Permanent
and seasonal permafrost are distributed in the region. Despite the high altitude, 99% of the
area is below the snow line, so there is little glacier distribution in the basin.

2.2 Meteorological data

The monthly data of air temperatures and precipitation for the study region during
N0°E 95°E IOO.OE 105°E 110°E 1958-2017 were derived from the

Geographic Information Sys-
tem-based LZU0025 dataset, com-
140°N piled by the Key Laboratory of West-
ern China’s Environmental Systems
of the Ministry of Education, Lan-
zhou University (Wu et al., 2014).
435°N The dataset was developed based on
meteorological observations for 753
National Meteorological Stations of
China nationwide. The grid maps of

40°N

35°N Qinghai

130on climatic layers were at 0.025°x0.025°

30°N |- —
i Thagnstial Sopion spatial resolution intersected using
0 180k the ANUSPLI.N software (Fer.lner
| S School of Environment and Society,
95°E 100°E 105°E Australian National University). The

Figure 1 Map of the Yellow River headwater region (the grey monthly evapotranspiration was cal-
relic map section) and the location of the Tangnaihai Hydro- culated from monthly temperature by
logical Station (open triangle) for measuring runoff discharge of the method of Thornthwaite, as de-

the region scribed in Chang (1989).
2.3 Hydrological data

Runoff from the SRYR is typically discharged into the main stream of the Yellow River
through the Tangnaihai Hydrological Station (35°30°N, 100°09°E), accounting for approxi-
mately one third of the River’s water supply. We therefore used the hydrological data for this
station to analyze the variations of streamflow discharge to the Yellow River. The runoff
data at the Tangnaihai Hydrological Station were initially obtained from the Annual Hydro-
logical Report (HBCMWR, 1958-1988, 2009-2017) and the Yellow River Water Resources
Bulletins (Anonymous, 1989-2008) and subjected to quality check for consistency and ab-
normality. Due to historical interruptions in data collections and uncertainties in some of the
data records, we finally used the monthly runoff data for the periods 19581988 and
2009-2017 and the annual runoff data for the period 1989—2008 in this study.

2.4 Statistical analyses

We used the non-parametric Mann-Kendall (M-K) test to detect significant trends and breaks
in the hydroclimatic time series for 1958-2017, as recommended by World Meteorological
Organization (WMO, 2000). Our analyses followed the method and procedures described in
Zhang et al. (2012), Chen et al. (2013) and Ghaleni et al. (2015), and the change point was
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determined as the cross-point of a forward sequence curve (UF) and a backward sequence
curve (UB) derived from values of statistics UFy and UBy (see Ghaleni et al., 2015 for defi-
nition and computations).
The moving t-test (MTT) approach was used to test the difference between two sub-series
before and after the climate jump (shift) point, following the method of Maidment (1993).
The hydrological effect of precipitation was assessed with Standardized Precipitation In-
dex (SPI), following the method McKee et al. (1993, 1995). The values of SPI were com-
puted by dividing the difference between normalized seasonal rainfall and its long-term
seasonal mean by the standard deviation to measure rainfall shortage as:
Xij = Xim

o

SPI =

where x;; is the seasonal rainfall at the ith rain gauge station and the jth observation, X}, the
long-term mean of seasonal rainfall, and o the standard deviation of Xj,.

As the long-term and runoff droughts are represented by the SPI at the time scale greater
than six months (McKee et al., 1993, 1995), in this study, the Pearson correlation coeffi-
cients of SPI based on time scales of 6 to 48 months with standardized runoff levels were
calculated to determine the appropriate time scale. According to the correlation analysis, the
time scales of 12 to 18 months yielded the highest correlation coefficients (r > 0.82). In or-
der to balance the data correlation and quality, we opted for the SPI time scale of 12 months
(SPI12) to measure the level of hydrological extreme event.

To investigate the relationships between precipitation and runoff, we performed Singular
Spectrum Analysis (SSA) between the monthly SPI12 time series and the annual runoff time
series from 1958 to 2012, following Vautard et al. (1992) and Elsner and Tsonis (1997).

We also examined the individual effects of temperature on runoff based on the method of
Thornthwaite (1948).

3 Results
3.1 Decadal variations in runoff and impact factors

The decadal temperature and evapotranspiration in the headwater region of Yellow River
showed continuous and marked increases from the 1960s to the 2010s (Figures 2a and 2b).
The runoff and precipitation maintained a high correlation until 2000, and then the patterns
differentiated thereafter. The runoff discharge showed only some degree of recovery in the
2010s (Figure 2c), despite a clear pattern of recovery in precipitation following the initial
phase of decline to exceed the long-term average in the 2010s (Figure 2d).

3.2 Interannual variations in runoff discharge

The average runoff discharge from the headwater region of Yellow River reached 20.24
billion m’ per annum and varied markedly interannually (with a CV of 0.26; Figure 3)
over the period 1958-2017. While overall the runoff discharge displayed a downward
trend at a decadal reduction rate of 2.36%, there were four distinct patterns of temporal
changes: a significant increase from the late 1950s to late 1980s with an average of 21.7
billion m’ per annum and a historical maximum of 32.8 billion m® for 1989; a sharp decline
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Figure 2 Comparisons of the decadal departure percentage of (a) temperature in the Yellow River headwater
region, (b) evapotranspiration, (c) the runoff discharge at the Tangnaihai Hydrological Station of Qinghai prov-
ince, China, and (d) precipitation in the Yellow River headwater region
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Figure 3 Interannual variations in runoff during 1958-2017 (solid line) and the 5-year moving average of
available data (dash line) at the Tangnaihai Hydrologic Station of Qinghai province, China

from the 1990s to the 2000s with an average of 16.5 billion m® per annum and a historical
minimum of 16.5 billion m® for 2002; a pattern of interannual fluctuation and slight recovery
from the 2000s to the beginning of the 2010s with an average of 20.2 billion m® per annum;
and finally a decline in the last 5 years with an average of 16.7 billion m® per annum. There
was a significant increase in the annual runoff from 1958 to 1988, at an average rate of 0.15
billion m® per annum (P < 0.05); whilst only a slight decrease occurred at a rate of —0.02
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billion m® per annum over the period from 1989 to 2017. The M-K tests revealed the occur-
rence of an abrupt change in 1989 as inferred by the crossing between the UFy and UBy sig-
nals, clearly differentiating between a pattern of significant increase prior to the point and a
pattern of significant decline thereafter until 2017 (Figure 4); there was a significant differ-
ence (P < 0.05) in the mean annual runoff discharge between the two sub-periods.
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Figure 4 Abrupt changes in average annual runoff discharge for the period 1958-2017 with Mann-Kendall test
at the Tangnaihai Hydrological Station of Qinghai province, China. The two parallel horizontal dash lines show
confidence range of P = 0.05. UF (solid line) and UBy (long dash line) are forward and backward time series of
the dimensionless variable u in the Mann-Kendall abrupt change detection, respectively.

3.3 Interannual variations in impact factors

Annual mean temperature and evapotranspiration in the headwater region of Yellow River
showed a trend of continuous rises (Figure 5a). During the past 60 years, the average annual
temperature rose by nearly 2°C. Evapotranspiration increased from an average of 500 mm in
the 1960s to 547 mm in the 2010s correspondingly. The M-K tests revealed that the tem-
perature experienced a significant rise (P < 0.05) in 1988 and then an abrupt change in 1997
as indicated by an intersection of the UFy and UBy (Figure 5b). Moreover, the UF statistics
inferred a pattern of continuous increases in evapotranspiration until it exceeded the 0.05
significance level and then the points of abrupt change during 2002-2003 (Figure 5c).
However, as the abrupt change points of temperature and evapotranspiration were not in the
effective region, there are some degrees of uncertainty in the timing of abrupt changes. Fig-
ure 6a shows the variations of mean annual precipitation durng 1958-2017. The M-K test of
precipitation indicated that there were neither significant changes in precipitation nor cli-
matic jumps except a trend similar to that of runoff (Figure 6b). The Pearson correlation co-
efficient reduced from 0.82 (P < 0.05) before 1989 to 0.78 (P < 0.05) thereafter. We found
no evidence of consistent patterns of variations of runoff with temperature, evapotranspira-
tion, and precipitation.
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Figure 5 (a) Interannual variations in temperature during 1958-2017 (solid line) and evapotranspiration (dash
line) in the Yellow River headwater region, (b) the Mann-Kendall abrupt change detection of temperature and (c)
that of evapotranspiration, (b) and (c) show the 95% confidence range, and the UF (solid line) and UB (dash line)
are forward and backward time series of the dimensionless variable u in the Mann-Kendall abrupt change detec-
tion, respectively.
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Figure 6 (a) Interannual variations in precipitation during 1958-2017 (solid line) and the 5-year moving aver-
age of available data (dash line) in the Yellow River headwater region and (b) the Mann-Kendall abrupt change
detection of precipitation. The two parallel horizontal lines in (b) show the 95% confidence range, and the UF
(solid line) and UB (dash line) are forward and backward time series of the dimensionless variable u in the
Mann-Kendall abrupt change detection, respectively.

3.4 Variations in Standardized Precipitation Index (SPI)

Highly significant correlations were found between SPI for the 12-month-duration (SPI12)
and annual runoff discharge (» > 0.82, P < 0.001; Figure 7a). The M-K tests revealed three
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points of abrupt changes in SPI12, i.e. 1969, 1977, and 1987 (Figure 7b). However, the
moving t-test identified the first two points as false (Figure 7c). The UF statistics indicated a
pattern of increase in SPI12 in the 1960s, followed by a period of fluctuation in the 1970s
and then a sharp decline and recovery after 1987 (Figure 7b). The patterns of changes in
SPI12 were consistent with that of runoff discharge. The decadal analysis of SP112 indicated
that the effect of precipitation on runoff discharge started to recover after 2000 and exceeded
the normal level in the 2010s (Figure 7d). The trends of changes were very similar between
SPI12 and precipitation (Figure 6a; Figure 7a), but the patterns differed. For instance, M-K
test detected a change point of SPI12 in 1987 and a significant reduction in 2002; whilst
none of these were shown in precipitation (Figures 6b and 7b).
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Figure 7 Projections of (a) monthly SPI12 time series in the Yellow River headwater region from 1958 to 2017,
(b) the Mann-Kendall abrupt change detection of SPI12, and (c) the decadal departure of SPI12 from long-term
average. The two parallel horizontal lines in (b) show the 95% confidence range, and the UF (solid line) and UB
(dash line) are forward and backward time series of the dimensionless variable u in the Mann-Kendall abrupt
change detection, respectively.

3.5 Cyeclic patterns of runoff discharge, impact factors and SPI12

During 1958-1988, the runoff discharge displayed an increasing trend (Figure 8al) and two
cyclic patterns, including a cyclic pattern of eight-year intervals (Figure 8bl) and a cyclic
pattern of four-year intervals (Figure 8cl). RC1 explained 95% of the variations in the
changes of runoff discharge. After discounting RC1, the cyclic pattern of eight-year intervals
(RC2) explained 42.0% of the variations and that of four-year intervals (RC3) explained
27.5% of the variations, respectively. The cyclic pattern of eight-year intervals peaked in
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1960, 1967, 1975, and 1983, with increasing signals;whilst the cyclic patterns of four-year
intervals peaked in 1959, 1963, 1967, 1971, 1975, 1979, 1983, and 1987, with weakening
signals. The peaks and valleys of the eight-year cyclic pattern coincided with those of the
four-year cyclic pattern (Figures 10bl and 10c1). The coincidence of the peaks between the
two cyclic patterns was associated with the peak values of runoff discharge (Figures 2 and 8).
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Figure 8 Cyclic patterns of runoff discharge derived from Singular Spectrum Analysis at the Tangnaihai Hy-
drological Station of Qinghai province, China. (a) Reconstruction component 1 in runoff discharge derived from
Singular Spectrum Analysis, showing the long-term for periods 1958—1988 (al) and 1989-2017 (a2); (b) Recon-
struction component 2 in runoff discharge derived from Singular Spectrum Analysis, showing a cyclic pattern of
eight-year intervals for period 1958—1988 (bl) and a cyclic pattern of six-year intervals for period 1989-2017
(b2); (c) Reconstruction component 3 in runoff discharge derived from Singular Spectrum Analysis, showing a
cyclic pattern of four-year intervals for period 1958—1988 (c1) and a cyclic pattern of three- to four-year interval
for period 1989-2017 (c2).

During 1989-2017, the runoff experienced an initial decline before a steady recovery
(Figure 8a2). The runoff displayed a cyclic pattern of approximately six-year intervals (Fig-
ure 8b2) and about three-year intervals (Figure 8c2) during 1989-2017. Six-year intervals,
with peaks occurring in 1993, 1999, 2005 and 2012, corresponded to the peak values of run-
off discharge. These cyclic patterns explained 31% and 12% of the variations in runoff dis-
charge after discounting the explanations of RC1 (94%), respectively.

During 1958-1988 and 1989-2017, both temperature and evapotranspiration showed con-



HOU Bingfei et al.: Precipitation and runoff discharge during 1958-2017 in the headwater region of Yellow River 1411

tinuous increasing trends. There were only two cyclic patterns of 12-month intervals and
6-month intervals in the temperature time series (explaining 95% and 1.4% of the variations,
respectively) and no cyclic pattern detected in evapotranspiration series. Similar to tem-
perature, only 12-month intervals and 6-months intervals were detected in precipitation. The
SPI12 displayed a cyclic pattern of approximately four-year intervals (Figure 9al) and
eight-year intervals (Figure 9b1) during 1958-1988, roughly matching the patterns of runoff
discharge. The cyclic pattern of four-year intervals explained 25.8% of the variations in
SPI12, and that of eight-year intervals explained 20.7%, respectively. Three cyclic patterns
of SPI12 were also detected for the period 1989-2017: one for six-year intervals (Figure
9a2), one for two-year intervals with maximum of variation in 2010 (Figure 9b2), and the
other for two-year intervals (Figure 9¢) characterized by increasing amplification with time,
explaining 26.1%, 11.4% and 10.4% of the variations, respectively.

The patterns of normalized annual average runoff and SPI12 were generally well matched
during 1958-1988, but became slightly departed from each other during 1989-2017, espe-
cially after 2000 (Figure 10).
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Figure 9 (a) Reconstruction component 1 in SPI12 derived from Singular Spectrum Analysis, for periods
1958-1988 (al) and 1989-2017 (a2); (b) Reconstruction component 2 in SPI12 derived from Singular Spectrum

Analysis, for periods 1958—1988 (bl) and 1989-2017 (b2) and (c) Reconstruction component 3 in SPI12 derived
from Singular Spectrum Analysis for the period 19892017



1412 Journal of Geographical Sciences

Month
0 200 400 600
3| T T T 3
—— Runoff
———SPII2
|
2+ ! 1,
| f l ho|
= , 1 [ ) [ A
15) | i I h [ A A
g A I it T VT I
Stk Hu [T A i\ N I
g | IR Y W ‘
0 N | it )
S A L AT AP O | FITERN r‘A”‘
SOLLIA A e N
2 oM W i VAR NN il 4 WL 0 B
g R i | | (I ) b | @
g A A NIRRT L i
3 I N AN NI Wy U I
N V(I Y R L il e I |
Tﬂ_l_ \’ ] | | “]‘ |' |1\ N 5 | U 4141
R U AR O T :
z ' Iyl I ll h; Wl |
I J I
| | || |I||
-2t i | \{ 12
| \)‘l
— ! 1 1 1 1 1 -3
1960 1970 1980 1990 2000 2010
Year

Figure 10 Comparison between normalized annual average runoff discharge (solid line) and SPI12 (dotted line)

4 Discussion

Our results show that the headwater region of Yellow River in China experienced a marked
decline in the annual runoff discharge during 1958-2017, and there existed a point of abrupt
change in 1989. The same abrupt change point was previously reported for a greater region
of the upper reach of Yellow River by Zhao et al. (2015). Comparing among interannual
variations in precipitation, temperature, evapotranspiration, runoff and SPI112, we found un-
synchronized patterns between precipitation and runoff discharge in the headwater region of
Yellow River with the continuous increase of temperature and evapotranspiration in the 21st
century, i.e. the recovery of annual precipitation was not accompanied by a recovery in an-
nual runoff discharge. Examinations of SPI12 and runoff with Singular Spectrum Analysis
indicate an intensifying pattern of a two-year cycles in precipitation following the occur-
rence of the abrupt changing point in 1989; this pattern was not detected in runoff. A simula-
tion study by Li et al. (2012) suggested that a decline in precipitation, especially in the
summer season, is a primary driver of decreasing runoff in the upper reach of Yellow River,
while temperature rises may play a secondary role. Igbal et al. (2018) mentioned that the
short drought significantly increased (periods without rain for < 10 d) in SRYR, which might
result in low soil moisture and hinder the runoff process. Lan ef al. (2010) also attributed the
changes in runoff in the headwater region of Yellow River more to the influence of precipi-
tation than temperature. Results from our current study appear to be in agreement with pre-
vious findings for the period prior to 2000. After 2000, the annual runoff discharge in the
headwater region of Yellow River maintained a declined level relative to the period
1958—-1988 despite a recovery in precipitation, ruling out the direct influence of precipitation
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on runoff. This might be affected by continuously increasing of temperature and evapotran-
spiration. This was further supported by our findings of the occurrence of two-year cyclic
change in precipitation but about three-year cyclic change in runoff discharge for the period
1989-2017. By examining the data for the period 2000-2011, Tian et al. (2015) drew the
conclusion of a recovery in runoff with precipitation. However, by comparing with the over-
all pattern during 1958-2017, we found markedly reduced runoff for the period 2000-2011
despite the recovery of precipitation to almost the long-term norm. The runoff departure
percentage also point to a lag of recovery in runoff after the abrupt changing point in 1989
(see Figure 4).

The headwater region of Yellow River experienced a 14.0% decline in runoff with only
1.3% drop in precipitation since the late 1980s. This large discrepancy in the magnitude
of changes between the two variables signifies the complex precipitation-runoff rela-
tionships. The study of Chiew et al. (2006) shows that under water limiting conditions, a
decline in precipitation is likely to result in two- to three-folds of decline in runoff. In
our study, the imbalance between the decline in runoff and that of precipitation is more
than ten-folds.

The watershed hydrological processes can be influenced by both environmental factors
such as precipitation, temperature, wind velocity, and the timing of precipitation, and wa-
tershed attributes such as land cover/land use, soil properties, groundwater level, and snow
cover (Parry et al., 2012; Saft et al., 2014; Manning et al., 2018). When other factors remain
relatively constant, such as in undisturbed watersheds, precipitation is the primary driver in
changes in runoff. In our study, recent changes in precipitation in the headwater region of
Yellow River clearly does not fully account for the marked decline in runoff, suggesting the
likely influences of other factors. The lack of a close coupling between precipitation and
runoff has been seen an increasing phenomenon globally. In assessing the impact of “mil-
lennium-drought” in Australia, it was found that decreasing precipitation explained only a
fraction of the decline in runoff (Kiem and Verdon-Kidd, 2010; Potter and Chiew, 2011;
Chiew et al., 2014). In the upper reach of Colorado River basin in USA, while historically
precipitation was the primary driver of changes in runoff (Udall and Overpec, 2016), the
close coupling of the precipitation-runoff relationship became weaker during recent drought
events (Lehner et al., 2017). Apart from the direct impact of precipitation, factors associated
with climate warming have been recognized to play a role in affecting runoff (Barnett et al.,
2008; Bonfils et al., 2008; Elias et al., 2015; Woodhouse et al., 2016).

In the headwater region of Yellow River, temperature has been considered an important
factor next to precipitation in affecting runoff (Li et al., 2012). Our data shows the tempera-
ture and evapotranspiration can well explain the interdecadal variation of runoff, especially
after 2000. However, these two factors did not reveal any consistency to the interannual
change features of runoff. In fact, the actual mechanism is unclear and controversial views
are found in literature (e.g. Zhao et al., 2007; Zhang et al., 2011; Li et al., 2012; Ma et al.,
2012; Li et al., 2013; Tian et al., 2015). One of the likely effects of temperature on hydro-
logical processes is by controlling evapotranspiration. However, factors affecting evapo-
transpiration are complex (Roderick and Farquhar 2004; Lockart et al., 2009; McVicar et al.,
2012). Previous studies show either reduced evapotranspiration or lack of significant chang-
es depending on the data period for the greater Qinghai-Tibet Plateau (Liu et al., 2010; Wang
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Wang et al., 2013). The differentiated results we obtained may be attributed to the different
methods of evapotranspiration estimation. The headwater region of Yellow River is situated
on the Qinghai-Tibet Plateau, where the occurrence of permafrost is widespread and a
prominent feature of the landscape. Several recent studies show continued decreases in the
thickness of permafrost layer (Li et al., 2016; Qin et al., 2017; Luo et al., 2018; Ran et al.,
2018). This could result in increased local drainage of runoff and soil water loss through
evapotranspiration, thereby reducing the downstream runoff discharge. Interactions between
surface runoff and groundwater are also likely to complicate the precipitation-runoff rela-
tionship (Hughes et al., 2012; Van Lanen et al., 2013; Van Loon et al., 2017). The ground-
water system can buffer the propagation of meteorological drought to streamflow by sus-
taining streamflow during short dry periods and isolated dry years. If the groundwater is
severely depleted after a prolonged dry period, e.g. at decadal scale, the priority in recharg-
ing groundwater when precipitation is recovered to the long-term norm may lead to a de-
layed response of runoff to precipitation (Brunner et al., 2009; Petrone et al., 2010; Hughes
etal., 2012).

The headwater region of Yellow River of China was located in the Three-Rivers National
Nature Reserve. The human activities of the study area were limited (Cuo et al., 2013), and
the land use change mainly occurred before 2000 (Chen et al., 2020). During 1986-2015,
the grassland and woodland areas decreased slightly by 1.25% and 1.12%, respectively
(Chen et al., 2020); whereas the vegetation index increased by 64% during 2000-2011
(Liu et al., 2013). An improvement in the regional vegetation may lead to an increase in
evapotranspiration, which might exacerbate the mismatch between runoff and precipita-
tion.

Our results show changed climate-hydrodynamics relationship in the headwater region
of Yellow River. We found differential temporal patterns of changes in precipitation and
runoff discharge and lack of a full recovery in runoff when precipitation reached normal
toward the end of study period. The rising evapotranspiration caused by the continuous
increase of temperature is mainly reflected in the interdecadal variation, especially in the
21st century. However, the interannual change of runoff might be due to changes in pre-
cipitation represented by SPI12. We draw attention on possible effects of increased local
drainage and retention of rainwater due to warming-induced permafrost degradation and
soil water loss during periods of severe drought on climate-hydrodynamics relationships.

5 Conclusions

The average runoff discharge from the headwater region of Yellow River displayed a
downward trend over the period 1958-2017. In particular, a sharp decline occurred from the
1990s to 2000s. An abrupt change point in 1989 was detected, clearly differentiating be-
tween a pattern of significant increase prior to the point and a pattern of significant decline
thereafter until 2017. During 1958-1988, the runoff discharge displayed four- and eight-year
cyclic patterns of changes, whilst six- and three-year cyclic patterns of changes occurred for
the period 1989-2017.

We found no significant changes in either the variations of mean annual precipitation or
climatic jumps during 1958-2017. There was clearly a mismatch between runoff and pre-
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cipitation after the abrupt change point of runoff in 1989, possibly explainable by continuous
rises of annual mean temperature and evapotranspiration from 1958 to 2017, especially after
2000.

The SPI12 of precipitation exhibited similar patterns of changes to that of runoff, includ-
ing an abrupt change point in 1987 and four- and eight-year cyclic patterns for the period
1958-1988; the patterns changed to six-year and two intensified two-year cycles during
19892017, inconsistent to changes in runoff over the same time period.
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