
Contents lists available at ScienceDirect

Catena

journal homepage: www.elsevier.com/locate/catena

Geomorphic evolution of the Yellow River Delta: Quantification of basin-
scale natural and anthropogenic impacts

Chao Jianga,b, Shenliang Chena,⁎, Shunqi Panb, Yaoshen Fana, Hongyu Jia

a State Key Laboratory of Estuarine and Coastal Research, East China Normal University, Shanghai 200062, China
bHydro-environmental Research Centre, School of Engineering, Cardiff University, Cardiff CF24 3AA, UK

A R T I C L E I N F O

Keywords:
Yellow River
Delta
Geomorphic evolution
Natural impact
Anthropogenic impact

A B S T R A C T

The intensified impacts of both natural and anthropogenic processes in river basins on the sustainabilities of
river deltas worldwide have necessitated serious international socioeconomic and environmental concerns. The
Yellow River Delta (YRD), which formed within a relatively weak coastal dynamic environment, provides an
excellent opportunity for a quantitative study of basin-scale natural and human influences on deltaic transfor-
mation. An examination of long-term bathymetric data demonstrates that the annual volumetric change of the
YRD has experienced a statistically distinct declining trend during 1977–2005 with substantial inter-annual
variations. Consequently, the decadal geomorphic evolution of the YRD has successively undergone three stages,
namely, quick, stable and slow accumulation stages. Taking the fluvial supply as a link in combination with long-
term hydro-meteorological data, the geomorphologic processes of the YRD are closely associated with the
rainfall, air temperature and water diversion within the Yellow River catchment. A significant quantitative
relationship exists between the deltaic land accretion and basin controls, indicating that annual morphological
change will decrease by 4 × 108 m3/yr with every decrease of 100 mm/yr in annual precipitation, decline by
2.49 × 108 m3/yr with every increase of 1 °C/yr in annual air temperature, and diminish by 1 × 108 m3/yr with
every increase of 100 × 108 m3/yr in annual water abstraction. Further non-dimensional analysis reveals that
50.55%, 36.26% and 13.19% of the inter-annual variation of the morphological change can be attributed to
inter-annual variations of the precipitation, air temperature and water diversion, respectively. Natural en-
vironmental changes can account for 86.81% of the overall variations, while human-induced changes can ex-
plain the rest. Moreover, the contributions from rainfall, air temperature and water diversion to the decadal
landform evolution transition from quick accumulation to stable accumulation were estimated as 46.59%,
35.23% and 18.18%, respectively, and their respective contributions to the transition to the subsequent slow
accumulation stage were 2.09%, 92.67% and 5.24%. The natural contributions to the inter-decadal shifts were
calculated as 81.82% and 94.76%, which are much greater than the respective human-related contributions of
18.18% and 5.24%. Our quantification results highlight that since the late 1970s, the changes of natural en-
vironment throughout the watershed have played a strikingly important role in both the inter-annual and inter-
decadal changes of the sedimentary processes of the YRD. This study provides valuable quantitative references
for the validation of basin-delta process-based research and for the sustainable development of the YRD.
Furthermore, the YRD can be regarded as a typical case for deltaic systems that are currently being subjected to
catchment-scale natural and anthropogenic influences, thereby suggesting the direction of future research.

1. Introduction

River deltas formed as a result of the accumulation of substantial
quantities of terrestrial sediments near estuaries are of great importance
from a human perspective because they are host to numerous major
cities, encompass vibrant wetland ecosystems and provide abundant
sediment-associated resources for the global biogeochemical cycle
(Overeem and Brakenridge, 2009; Syvitski, 2008; Wright, 1977).

Understanding the transformations of river deltas affected by global
environmental changes has been set as a goal of the International
Geosphere Biosphere Programme, and consequently raised strong co-
ordinated international efforts (Holligan and Boois, 1993; Syvitski
et al., 2009). Generally, the accretion of land within river deltas cru-
cially depends on the fluvial material supply, namely, water and sedi-
ment discharges into the sea (Saito et al., 2001), and the coastal en-
vironment of the receiving sea, including the tidal regime and wave
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climate (Galal and Takewaka, 2011). Other than coastal dynamics, river
hydrological conditions vary radically and rapidly at inter-annual and
longer timescales due to natural (e.g., rainfall and air temperature) and
human-induced (e.g., dam and reservoir operations and implementa-
tions of water-soil conservation measures) environmental changes in
river basins (Liu et al., 2014b; Syvitski and Milliman, 2007; Tian et al.,
2016; Walling and Fang, 2003). Here, a river basin is defined as a river
catchment area where water collects and drains off. In recent decades,
the quantity of terrestrial materials transported into the oceans through
many large rivers, including the Mississippi River, the Mekong River,
the Pearl River, the Yangtze River and the Yellow River (Meade and
Moody, 2010; Wang et al., 2011), has drastically declined, thereby
exacerbating the vulnerabilities of estuarine sedimentary systems
(Giosan et al., 2014; Tessler et al., 2015). Under the combined influ-
ences of natural processes and human activities throughout watersheds,
most deltas face threats represented by the erosional retreat of shor-
elines, the recession of wetland ecosystems and the destruction of
coastal infrastructures (Syvitski, 2008; Syvitski et al., 2009).

The temporal variations of basin natural and human-related factors
and their spatial variations play extremely important and complex roles
in runoff generation and sediment yield within a catchment and in-
directly affect the deltaic geomorphological processes (Syvitski and
Milliman, 2007; Wang et al., 2007; Walling and Fang, 2003). Therefore,
the identification of basin controls on the deltaic evolution and the
clarification of their relative quantitative impacts are both of great
challenge, which have been inadequately addressed to date. In addi-
tion, a comprehensive quantification of the relationship between deltaic
and basin processes is urgently needed to maintain or restore the sus-
tainabilities of river deltas. Process-based numerical models, which are
being increasingly utilized to simulate the short-term morphodynamic
evolution of river deltas, appear to be both inefficient and inaccurate at
the long-term scale for several reasons, including fugitive meteor-
ological conditions, irregular basin-scale human interventions, strong
couplings between river hydrological processes and channel bed evo-
lutionary processes, complex river-ocean interactions and massive data
processing requirements (Fagherazzi et al., 2015; Lespinas et al., 2014;
Santos et al., 2014; Wang et al., 2006a). In contrast, multivariate sta-
tistical analysis could represent a practical approach for determining
the dominant basin-related drivers of deltaic transformations, and dif-
ferentiating their respective impacts on the deltaic evolution at multiple
timescales by relating morphological changes to macro-scale influences
from a statistical perspective. Among the worldwide-renowned deltas,
the Yellow River Delta (YRD) in China provides an ideal site for such a
statistically quantitative study, which could be a reference for similar
deltaic systems.

Once hailed as the world's most rapidly constructive delta (Xu et al.,
2002), the YRD formed from a large and heavily sediment-laden river,
namely, the Yellow River, within a micro-tidal estuary characterized by
weak wave activity (Hu et al., 1996; Ren and Shi, 1986). Over the past
few decades, the hydrological processes of the Yellow River have been
subjected to enormous influences from natural and human-induced
environmental changes within the Yellow River catchment (Jiang et al.,
2017; Wang et al., 2006b, 2007; Xu, 2005), thereby triggering profound
morphological and ecological responses of the YRD (Cui et al., 2013;
Peng et al., 2010). The water and sediment discharges of the Yellow
River system have been intensively monitored since the 1950s. Simi-
larly, the basin-scale precipitation, earth surface air temperature and
various types of human activities have been observed since the 1960s. A
series of high-resolution satellite images and detailed underwater
bathymetric soundings have been acquired throughout the YRD since
the 1970s. Collectively, these unique and valuable long-term datasets
make it possible to reliably and statistically isolate the basin-scale
natural and human-related impacts on the land accretion of the YRD in
greater detail than most other river deltas. Previous extensive qualita-
tive descriptions have been provided for the interrelations between the
evolution of the YRD and natural and anthropogenic changes within the

catchment (Kong et al., 2015; Peng and Chen, 2010; Yu et al., 2011;
Zhou et al., 2015), but quantitative analyses have received much less
attention. Xu (2006, 2008) quantitatively linked the coastline migration
of the YRD to basin influences and performed estimates of both natural
and human contributions to the inter-annual variations of deltaic
morphological changes. However, these investigations were in-
sufficient, as they considered only the transformation of the Yellow
River Subaerial Delta (YRAD) while ignoring that of the Yellow River
Submerged Delta (YRSD). However, the subaqueous delta is an indis-
pensable component of a deltaic system, as it not only supports the
subaerial delta but also reflects the principal outcome of river-ocean
interactions (Elliott, 1989). Jiang et al. (2017) revealed a close asso-
ciation between the progradation of both the YRAD and the YRSD at an
inter-annual timescale. Such a quantification is credible only when the
topographic changes of the YRAD and the YRSD are investigated in
tandem. In addition, the impacts of catchment-scale natural processes
and human activities on the transition of medium-term geomorphic
evolution of the YRD also require some understanding. Jiang et al.
(2017) and Wang et al. (2007) evaluated the contributions of various
basin factors to the change in fluvial sediment supply of the Yellow
River over different decades and indirectly and qualitatively demon-
strated the association between basin influences and the medium-term
evolution of the YRD, but their proposed direct quantitative relation-
ships still needs to be further studied.

Hence, the main objectives of our research are to: 1) examine the
volumetric change of the YRD (1977–2005), including the YRAD and
YRSD, 2) identify the natural and human drivers within the catchment
that dominate the deltaic transformation using fluvial input as a link, 3)
establish a quantitative association between the deltaic morphological
changes and influential basin parameters, and 4) quantify the natural
and anthropogenic contributions to the inter-annual and inter-decadal
changes of the deltaic geomorphological processes. This research could
be conducive to bridge the knowledge gap between short-term seasonal
and long-term (i.e., centennial- to millennial-scale) sedimentary evo-
lutionary trends of the YRD under changes to the catchment environ-
ment. Moreover, the insights gained from this study could provide
policy makers with valuable quantitative references for the sustain-
ability of the YRD and guide public concerns regarding the further
development of other deltas.

2. Overview of the study area

As the second largest river in China, the Yellow River originates
from the Qinghai-Tibet Plateau, loops around the Loess Plateau (LP),
and then flows generally eastwards across alluvial plains into the Bohai
Sea (Fig. 1a). The Yellow River is the largest contributor in Asia of
fluvial sediments into the sea, and it ranks second globally in terms of
the quantity of sediment discharged into the sea over the past millen-
nium (Milliman and Meade, 1983). The Yellow River can be divided
into three sections according to its geographic characteristics: the upper
reaches, the middle reaches and the lower reaches (Fig. 1a). The
average annual precipitation is highly variable across the river basin
and ranges from 368 mm in the upper reaches to 530 mm in the middle
reaches and to 670 mm in the lower reaches. The average annual air
temperature varies from 1 °C to 4 °C in the upper reaches, from 8 °C to
14 °C in the middle reaches, and from 12 °C to 14 °C in the lower
reaches (Chen et al., 2005). Over the past few decades, the average
annual precipitation within the catchment has declined significantly
while the average annual air temperature has increased markedly
(Wang et al., 2013; Yao and Wu, 2014). During the latter half of the
20th century, a series of water-soil conservation measures were im-
plemented within the middle reaches to improve the soil anti-erosion
ability and prevent soil loss within the LP (Wang et al., 2007). By 2005,
these erosion control practices, which included the construction of
terraces, the implementation of reforestation and the planting of grass,
had controlled an area of approximately 78,000 km2 throughout the
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watershed (Yu et al., 2011). Meanwhile, water diversion efforts have
been considerably intensified due to increasing water demands for
living, irrigation, industrial production and dam operations (Peng et al.,
2010).> 3380 reservoirs had been completed by 2004 within the
drainage basin for a total storage capacity of about 563 × 108 m3 (Yu
et al., 2011). Among them, the Sanmenxia, Liujiaxia, Longyangxia and
Xiaolangdi Reservoirs constitute the four major mainstream reservoirs
(Fig. 1a) that came into operation in 1960, 1968, 1986 and 2000, re-
spectively. The river discharge at the most downstream hydrological
station, namely, the Lijin Hydrological Station (LJHS), has experienced

a stepwise reduction since the 1950s, which is fundamentally attribu-
table to natural and human-induced environmental changes (Liu et al.,
2014a; Peng et al., 2010; Xu, 2003, 2005).

The YRD has been gradually formed in the western Bohai Sea
(Fig. 1a) ever since the Yellow River migrated its main watercourse
from the Yellow Sea to the Bohai Sea in 1855 (Pang and Si, 1979). The
YRD has since developed several deltaic lobes in the Bohai Sea due to
the subsequent frequent shifts of its course (Pang and Si, 1979; Qiao
et al., 2011). The progradation of the active delta lobe started in May
1976 coincident with the large-scale artificial movement of the outlet

Fig. 1. a) Map of the Yellow River basin, with locations of major reservoirs, hydrological stations, tributaries and meteorological stations, as well as the YRD; b) Topographic map of the
YRD (2005) with bathymetry measurement transections.
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from the Diaokou Channel to the Qingshuigou Channel (QSG). During
the period of 1855–2000, the YRD has extended seawards over a vast
fan-shaped zone, thereby occupying a land area of 5129 km2 and a
stretch of coastline 227 km long (Chu et al., 2006). Since oil and natural
gas resources were discovered beneath the YRD in the 1960s, aston-
ishing economic progress has been registered in the region (Xu et al.,
2002). In addition, the wetlands developed within the YRD constitute a
vital habitat for many rare and endangered migrating bird species, in-
cluding the red-crowned crane, hooded crane, Siberian crane, oriental
stork, black stork and golden eagle (Zhang et al., 1998). The marsh and
swamp plant communities in the wetlands that were established in-
itially upon a substrate of clastic sediments derived from the Yellow
River maintain a high level of productivity (Cui et al., 2013). Due to the
great socioeconomic and ecological importance of the YRD, environ-
mental changes of the delta influenced by the natural and human-in-
duced reductions of fluvial supply have aroused serious concerns from
various disciplines (Pang et al., 2013; Peng et al., 2013; Sun et al.,
2015). It should be noted that the YRD investigated in this paper is
otherwise referred to as the active delta lobe in Fig. 1b, which is ad-
jacent to the Bohai Bay and Laizhou Bay. The beak-shaped river mouth
shown in Fig. 1b was formed as a result of a minor artificial movement
of the QSG outlet to the 8th section of the QSG (QB) in 1996 to facilitate
the operation of the Kendong Oilfield. Generally, the YRD consists of
the YRAD and the YRSD. Here, the YRAD is defined as the terrestrial
component above the 0 m isobath, while the YRSD is deemed to be the
area where the bathymetric level is between the isobaths of 0 m and
approximately −15 m. The majority of fluvial sediments have been
accumulated close to the river mouth, resulting in the construction of a
steep subaqueous slope above the −10 m isobath (Peng et al., 2013;
Wu et al., 2017). The YRD is a newly born and highly constructive
sedimentary system with uncompacted sedimentary deposits that tend
to be easily eroded and are subject to subsidence (Chu et al., 2006). The
dry bulk density of the underwater sediment was estimated at ap-
proximately 1.10–1.50 × 103 kg/m3 (He et al., 2017; Sun et al., 1993).
The region is characterized by the control of a warm-temperate semi-
humid continental monsoon climate with distinct seasonal variations
(Sun et al., 2014). The coastal dynamic environment around the YRD
operates under a relatively weak tidal regime and wave climate (Chu
et al., 2006; Hu et al., 1996). The tidal currents off the estuary flow
southwards during the flood tide and northwards during the ebb tide
with an average velocity of 0.5–1.0 m/s (Cheng and Cheng, 2000). The
wind-driven residual current usually moves northwards during the
winter and southwards during the summer with a mean velocity of
0.1–0.25 m/s (Pang and Si, 1979).

3. Data and methods

Bathymetric data obtained from the Yellow River Conservancy
Commission were surveyed along 17 cross-shore subaqueous profiles
numbered from CS18 to CS34 (Fig. 1b) in each October during the
periods of 1976–1982, 1985–1987, 1989–1991, 1993–1999, and
2001–2005. Topographic data were collected at an interval of ap-
proximately 500 m along each transect starting from a water depth of
~2 m and extending seawards to a water depth of ~15 m using an
SDH-13D digital echo sounder and a UHF-547 microwave apparatus.
Due to the lack of water depths shallower than ~2 m, multi-temporal
remote-sensing data of Landsat Multispectral Scanner (MSS), Landsat
Thematic Mapper (TM) and Landsat Enhanced Thematic Mapper Plus
(ETM+) satellite images archived by the Earth Resources Observation
and Science (EROS) Center (http://glovis.usgs.gov/) were utilized to
obtain the shoal topography. The detailed information of the satellite
images are shown in Table 1. Since the remnant surface water of a
mudflat can remain for long periods during a tidal cycle, the high-water
line is considered the wet/dry line between a tidal flat and land (Li and
Gong, 2016; Ryu et al., 2002). Using a supervised clarification method,
the wet/dry line can be easily extracted with a relatively high accuracy

from satellite images taken at low tide (Fan et al., 2009; Li and Gong,
2016). Since the effects of wave runoff can be ignored along the muddy
coastline of the YRD characterized by weak wave conditions, the wet/
dry line can be critically determined using the high-tide height. Ac-
cording to local tidal data, the high-tide heights during the acquisition
dates of the satellite images listed in Table 1 were close to the 0 m
isobath. Thus, the wet/dry lines extracted from the satellite images can
be adopted to approximately represent the 0 m isobaths. In addition,
the likely errors involved are mainly associated with the differences
between the locations of the high-tide line (i.e., the wet/dry line) and
the 0 m isobath and with the extraction process of the wet/dry line.
With regard to the latter, all of the images were geo-referenced and
rectified following the procedure suggested by Serra et al. (2003). To
generate topographic maps of the YRD for different years, the measured
and extracted bathymetric data referenced to the Yellow Sea Datum
were interpolated into a grid with 50 m by 50 m cells using the Kriging
interpolation in the DTM (digital terrain model) within ArcGIS 10.1.
The maps of bathymetric changes of the YRD between adjacent ob-
servation years were then digitized by deducing the later depth from
the earlier depth, which delineate the vertical accretion/erosion
thickness and the horizontal accretion/erosion areas between different
periods. The volumetric changes of the YRD, which includes the YRAD
and YRSD, were further calculated according to the total volume of
accretion minus that of erosion. Note that the volumetric changes were
interpolated over yearly intervals by considering the year water dis-
charges as weights when the time interval between two adjacent to-
pographic maps is longer than 1 year, according to the close relation-
ship between coastline change and river flow discharge (Cui and Li,
2011; Xu, 2002).

Additionally, annual water and sediment discharges during
1977–2005 measured at the LJHS by the Yellow River Conservancy
Commission are obtained from the River Sediment Bulletin of China.
Annual precipitation and air temperature data during 1977–2005 that
were observed at> 80 meteorological stations distributed broadly
within the catchment (Fig. 1a) were provided by the China Meteor-
ological Administration (http://www.cma.gov.cn/english/). Since the
magnitudes of the precipitation and air temperature in the lower
reaches are higher than those in the upper and middle reaches, and
since the controlling area of the lower reaches is much smaller than
those of the upper and middle reaches, an arithmetic average of the
meteorological station data cannot accurately account for the spatial
averages of meteorological elements. Thus, basin-scale annual pre-
cipitation and air temperature averages were determined via the Kri-
ging interpolation of annual precipitations and air temperatures from
the meteorological stations in ArcGIS 10.1. The annual net water di-
versions and average annual water reductions induced by water-soil
conservation measures throughout the watershed (1970–2005) were
primarily obtained from the literatures (Hu et al., 2008; Tang, 2004;
Xu, 2008). Here, the net water abstraction refers to the quantity of
water diverted from the river for domestic, agricultural and industrial
consumption and dam operations minus the quantity of water returned
to the river after use. Further statistical analyses of the hydro-meteor-
ological and bathymetric time-series data were mainly conducted using
the nonparametric Mann-Kendall (MK) test and the SPSS 18.0 software.

4. Results

4.1. Geomorphic evolution of the YRD

Previously, Jiang et al. (2017) analysed the medium-term (decadal)
geomorphic evolutionary characteristics of the YRSD and quantified the
annual volumetric changes of the YRSD. However, their study did not
provide an understanding of the short-term (inter-annual) morpholo-
gical change features of the YRD and evaluate annual volumetric
changes of the YRD (V). Fig. 2 shows the spatial distributions of de-
position and erosion throughout the YRD and the movements of 0 m
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isobath between different short periods during 1976–2005. Fig. 2
clearly demonstrates that the geomorphic evolutionary processes of the
YRD over the study period were extremely complicated and were
characterized by irregular distributions and shifts of deposition and
erosion. In general, a distinct deposition zone appeared around the river
mouth with the highest vertical accretion rate of approximately
1.20 m/yr; this zone migrated northwards in 1976–1982, followed by
southward movement in 1982–1995 and finally a northward shift in
1995–2005. Shifts in the deposition/erosion patterns throughout the
YRD were coincident with the movement of the watercourse, particu-
larly around the previous river mouth. For instance, since the river was
diverted to the QB in 1996, the former QSG estuary has transitioned
from progradation to recession due to the interruption of its fluvial
supply. From 1976 to 1996, the 0 m isobath of the YRD extended ap-
proximately 30 km towards the southeast at a rate of ~1.58 km/yr
around the QSG outlet into the Bohai Sea. After 1996, the 0 m isobath
started to extend towards the northeast around the QB outlet and to
retreat around the previous QSG outlet. During the period of
1996–2005, the 0 m isobath extended ~8.93 km seaward around the
QB outlet at a rate of 0.89 km/yr, which is 43.67% lower than the rate
in 1977–1995.

The time series of V for the period of 1977–2005 shown in Fig. 3
were obtained based on the topographic changes throughout the YRD
shown in Fig. 2. Long-term change in V presented a tendency to descend
at an average rate of 0.19 × 108 m3/yr. The value of V ranged from
−3.70 × 108 m3/yr in 1980 to 10 × 108 m3/yr in 1983 with sub-
stantial inter-annual variations. A recession of the YRD (negative values
of V) occurred in 1980, 1986, 1987, 1997, 2000, 2001, 2002 and 2003.
To examine the geomorphic evolution of the YRD at the medium-term
scale, the period of 1977–2005 was divided into three successive time
ranges at approximate decadal intervals, namely, 1977–1985,
1986–1995 and 1996–2005. The averages of V among the three dif-
ferent decades are reflected by solid red lines in Fig. 3, which indicate a
remarkable decrease. Specifically, the average value of V was
5.72 × 108 m3/yr in 1977–1985; it declined by 33.55% to
3.80 × 108 m3/yr in 1986–1995 before finally reaching
0.99 × 108 m3/yr in 1996–2005 with a further reduction of 73.87%.
According to the average values of V, the decadal landform evolution of
the YRD has successively experienced three stages during 1977–2005,
namely, rapid accumulation in 1977–1985, stable accumulation in
1986–1995 and slow accumulation in 1996–2005.

4.2. Deltaic morphological response to river hydrological changes

A river constitutes the major pathway for the delivery of fresh water
and terrestrial materials. Fig. 4a shows the temporal variations of the
annual water discharge (Q) and the sediment load (Qs) at the LJHS
between 1977 and 2005. Given that the LJHS is situated near the es-
tuary, Q and Qs can be approximately regarded as the water and

sediment discharges into the Bohai Sea, respectively. The long-term
changes in Q and Qs both exhibit stepwise declining trends with re-
spective mean reduction rates of 8.47 × 108 m3/yr and 0.28 × 108 t/
yr. Substantial inter-annual variations exist in both Q and Qs, which
were roughly synchronous. In the years of 1981, 1983, 1994, 1998 and
2003, the peaks of Qs appeared simultaneously with the peaks of Q. The
values of Qs in drought years (e.g., 1980, 1987, 1991 and 1997) were
significantly lower than those in other years. The variation coefficient
(Cv) can be utilized to evaluate the inter-annual variations of Q and Qs,
and Cv can be calculated using the following equation (Si et al., 1999):

=
∑ −

−

= ( )
C

N

1

1v
i
N x

x1
2i

(1)

where xi, x and N represent the annual water discharge (annual sedi-
ment load), multi-year average water discharge (sediment load) and the
length of the time series, respectively. The value of Cv ranges from 0 to
1, where larger values indicate greater inter-annual variations. The Cv

values of Q and Qs were calculated to be 0.68 and 0.73, respectively,
indicating that the inter-annual variations of both Q and Qs were con-
siderable. The water and sediment discharges have been both in-
tensively affected by natural and human-induced environmental
changes within the catchment during the period of 1977–2005. A
simple linear regression analysis was further applied to Q and Qs,
thereby revealing a close positive linear relationship between them
(Fig. 4b). The regression equation can be expressed as

= +Q Q0.02 0.10s (2)

The correlation coefficient is 0.87, which is significant at a level of
p < 0.01. Eq. (2) indicates that the annual sediment load into the sea
ascends with an increase of the annual flow discharge. The strong
correlation between Q and Qs suggests that the water-sediment re-
lationship at the end of the lower reaches was roughly stable in
1977–2005 and did not markedly change following the installation or
implementation of hydraulic structures (e.g., the Longyangxia Re-
servoir and water-soil control practices) in the middle and upper
reaches.

From a morphodynamic perspective, different hydrodynamic pro-
cesses will dominate the dispersal of estuarine sediments with the
consequent morphological development depending on the relative
strength of the fluvial dynamics with respect to the coastal dynamics. In
a relatively weak coastal dynamic environment, the response of land
accretion of the YRD to significant hydrological changes in the river
needs to be understood. Given the foregoing water-sediment relation-
ship, the river flow discharge can be taken as the representative of the
river hydrological environment. Based on the time series data of V and
Q from 1977 to 2005, the temporal variations of deltaic transformation
and river water supply were examined. As shown in Figs. 3 and 4a, the
long-term changes in V and Q both indicate a descending tendency with

Table 1
The detailed information of satellite images in the present study.

Acquisition date Image type Resolution (m) Acquisition date Image type Resolution (m)

02/06/1976 MSS 60 08/06/1993 TM 30
10/05/1977 MSS 60 30/08/1994 TM 30
14/05/1978 MSS 60 18/09/1995 TM 30
11/07/1979 MSS 60 02/07/1996 TM 30
14/07/1980 MSS 60 07/09/1997 TM 30
12/06/1981 MSS 60 25/08/1998 TM 30
08/10/1982 MSS 60 07/10/1999 TM 30
06/09/1985 TM 30 06/06/2001 ETM+ 30
05/06/1986 TM 30 28/08/2002 ETM+ 30
07/05/1987 TM 30 27/05/2003 TM 30
15/07/1989 TM 30 04/10/2004 TM 30
16/06/1990 TM 30 03/07/2005 ETM+ 30
05/07/1991 TM 30
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substantial and roughly synchronous inter-annual variations. The re-
latively higher values of V correspond to relatively greater values of Q
in the years of 1983, 1989, 1994, 1998 and 2004, and the relatively
lower V values coincide with relatively smaller Q values in the years of
1980, 1987, 1991, 1997 and 2002. To further diagnose their associa-
tion, the V data were regressed against those of Q using a simple linear
regression (Fig. 5), revealing a close positive linear relationship be-
tween V and Q with a correlation coefficient of 0.73, which is sig-
nificant at a level of p < 0.01. The linear regression equation can be
expressed as

= −V Q0.03 2.08 (3)

The high correlation between V and Q reflects that the geomorphic
evolution of the YRD critically depends on the water flux of the Yellow
River into the sea at the annual timescale. The coefficient in Eq. (3)
indicates that V will ascend by 3 × 108 m3/yr with an increment in Q of
100 × 108 m3/yr. The mechanism for the above relationship can be
explained as follows. One the one hand, larger runoff rates will trans-
port more terrestrial sediment into the deltaic sedimentary system, re-
sulting in higher deposition. On the other hand, stronger fluvial dy-
namics will affect the coastal dynamics to some extent, altering the
erosion caused by coastal processes. When the effect of the river supply
just offsets that of the coastal dynamics, the YRD will be subjected to an
accumulation/erosion equilibrium state. According to Eq. (3), the
threshold of the river flow discharge for maintaining the sediment
budget (V = 0) at the annual timescale is quantified as
69.33 × 108 m3/yr. Cui and Li (2011) and Xu (2002) revealed a close
association between the coastline migration of the YRD and the river
water supply among different time ranges and estimated the critical
amount of the water flux required for a balance between the extension
and retreat of the shoreline as 76.70 × 108 m3/yr during 1955–1989
and 85 × 108 m3/yr during 1996–2005. The good consistency between
the present and previous results can effectively support the reliability of
our analysis.

4.3. Natural and human factors dominating deltaic transformation

The landform evolution of the YRD critically depends on the river
discharge, which is highly affected by both natural and anthropogenic
processes within the Yellow River catchment. Therefore, before the
dominant natural and human drivers on the deltaic transformation can
be identified, the primary factors that control the river flow discharge
must be clarified.

The rainfall and earth surface air temperature are the two most
frequently used natural indicators for the spatial and temporal vari-
abilities in the global hydrological cycle, while water diversion projects
and water-soil conservation measures constitute the two most influen-
tial human factors. Jiang et al. (2017) assumed that the rainfall, air
temperature and water diversion are the primary controls on the water
discharge. However, the interrelationships among these three variables
have not been well analysed, and the effect of water-soil conservation
practices on the water discharge has been ignored. To reveal the in-
dividual effects of the rainfall, air temperature, water diversion projects
and water-soil conservation efforts on the river water supply, time
series datasets of the annual water discharge and of the basin-scale
annual precipitation, air temperature, water abstraction and water loss
from water-soil conservation were examined. As indicated in Table 2,
the multi-year average water reductions by water-soil conservation
were significantly smaller than the multi-year average water discharges
and water diversions, and the differences in the water reduction be-
tween adjacent periods were much below those of the water discharge
and water diversion as well. In stark contrast to the water diversion, the
water-soil conservation has contributed a negligible amount to the
drastic reduction in the river flow discharge over the past few decades
and thus cannot be considered a dominant human factor.

The time series of the basin-scale average annual precipitation (P),

Fi
g.

5.
R
el
at
io
ns
hi
p
be

tw
ee
n
an

nu
al

vo
lu
m
et
ri
c
ch

an
ge

of
th
e
Y
R
D

an
d
w
at
er

di
sc
ha

rg
e
in
to

th
e
se
a.

C. Jiang et al. Catena 163 (2018) 361–377

369



air temperature (T) and water diversion (Qd) between 1977 and 2005
are shown in Fig. 6. It can be found from Figs. 4 and 6 that the temporal
variation of P exhibited a downward trend with a mean annual re-
duction of 0.92 mm, while that of Q indicated a tendency to decrease at
an average rate of 8.47 × 108 m3/yr. Substantial inter-annual varia-
tions are observed in P and Q, which were roughly synchronous. For
instance, a relatively high P occurred in 1983 with a value of 510 mm/
yr corresponding to the highest Q of 491 × 108 m3/yr. The lowest Q of
18.61 × 108 m3/yr in 1997 coincided with a relatively low P of
360 mm/yr. Contrary to the declining trend of Q, the long-term change
in T presented an apparent upward trend with a mean annual increase
of 0.05 °C/yr. To some extent, the inter-annual variations of T also
demonstrated a synchronicity with those of Q. For example, the rela-
tively low Q of 106.20 × 108 m3/yr corresponded with the highest T of
8.25 °C/yr in 1998. The peak of Q (491 × 108 m3/yr) appeared in 1983
coincident with a relatively low T of 6.40 °C/yr. While the natural en-
vironment changed considerably during 1977–2005, human interven-
tions (namely, water diversion projects) increased significantly. Com-
pared with the mean reduction rate of Q, Qd ascended at a smaller mean
rate of 2.23 × 108 m3/yr and reached its maximum value of
425 × 108 m3/yr in 1989. Evidently, the river flow discharge has de-
clined dramatically with a decrease of precipitation, an increase of air
temperature and an increase of water diversion during 1977–2005.
Table 3 shows the correlation coefficient matrix among all of these
variables (P, T, Qd and Q). Close relationships exist between Q and P, T
and Qd with respective correlation coefficients of 0.63, −0.67 and
−0.58, all of which are significant at a level of p < 0.01.

To further determine the combined effect of these parameters on the
river flow discharge, multiple regression analysis was conducted with
the datasets in the period of 1977–2005. Given the low correlation
coefficients among P, T and Qd (Table 3), it is clear that no significant
covariance exists among them. For this analysis, Q was taken as the
dependent variable while P, T and Qd were taken as the independent
variables. The multiple regression equation can be established as fol-
lows:

= + − −Q P T Q655.95 1.06 92.59 0.88 d (4)

The correlation coefficient is 0.88, which is significant at a level of
p < 0.01. Eq. (4) indicates that Q increases with P and declines with
both T and Qd, and puts their association into a quantitative context.
Using Eq. (4), we regressed the annual flow discharges from the annual
precipitations, air temperatures and water diversions between 1977 and
2005, and then plotted the calculated values against the measured ones
in Fig. 7. The predicted values are in close proximity to the observed
ones, visually demonstrating that the rainfall, air temperature and
water abstraction are the dominant factors that control the river water
supply. Given the significant correlation between the water flux and the
deltaic transformation, these three forcing factors can be considered the
major natural and human controls on the evolution of the delta.

4.4. Quantitatively linking morphological change with influences

Multiple regression analysis was also conducted to quantify the re-
spective impacts of various basin influences on the observed deltaic

morphological changes. V was taken as the dependent variable, while P,
T and Qd were taken as the independent variables. The data in the
period of 1977–2005 were available for this analysis for a total of
29 years. The multiple regression equation can be established as fol-
lows:

= + − −V P T Q5.88 0.04 2.49 0.01 d (5)

The correlation coefficient is 0.77, which is significant at a level of
p < 0.01. This high correlation suggests that the geomorphic evolution
of the YRD at the annual timescale can be critically determined by the
rainfall, air temperature and water abstraction throughout the drainage
basin. Using Eq. (5), the future value of V can be estimated according to
the predicted annual basin-scale P, T and Qd.

In Eq. (5), it is evident that the coefficients of P, T and Qd are
considerably different, signifying that each of the contributions from
the unit amounts of P, T and Qd to V are distinctive. Eq. (5) indicates
that the value of V ascends by 4 × 108 m3/yr with every increase of
100 mm/yr in P, decreases by 2.49 × 108 m3/yr with every increase of
1 °C/yr in T, and descends by 1 × 108 m3/yr with every increase of
100 × 108 m3/yr in Qd. The above results provide quantitative refer-
ences for the association between the variations in the deltaic evolution
and the natural and anthropogenic changes within the catchment.
These references will be conducive to the calibration of future basin-
delta process-based research.

4.5. Natural and anthropogenic contributions to inter-annual and inter-
decadal variations of morphological change

Corresponding to the inter-annual variations of precipitation, air
temperature and water diversion (Fig. 6), the morphological change of
the YRD has varied significantly at the inter-annual timescale during
1977–2005 (Fig. 3). The inter-annual changes of precipitation (ΔP), air
temperature (ΔT), water diversion (ΔQd) and volumetric change (ΔV)
between 1977 and 2005 were accordingly calculated and analysed. ΔV
occurs as the combined result of ΔP, ΔT and ΔQd. To understand the
natural and anthropogenic impacts on the inter-annual variations of the
landform evolution during 1977–2005, we need to quantify the overall
respective contributions from ΔP, ΔT and ΔQd to ΔV. Since the ranges of
the absolute values of the independent variables in Eq. (5) differ from
one another, the regression coefficients of these variables cannot di-
rectly reflect their relative contributions to the variation of the de-
pendent variable. To address this issue, non-dimensional analysis was
conducted in SPSS 18.0. The independent variables (namely, P, T, and
Qd) and dependent variables (namely, V) during the period of
1977–2005 were normalized to P′, T′, Qd′ and V′ using zero-mean
normalization. The standardized multiple regression equation can be
established as follows:

′ = ′ − ′ − ′V P T Q0.46 0.33 0.12 d (6)

where the coefficients of P′, T′ and Qd′ can generally reflect the re-
spective absolute effects of ΔP, ΔT and ΔQd on ΔV. Assuming that the
total contribution of ΔP, ΔT and ΔQd to ΔV is 100%, the relative con-
tributions of the basin-scale rainfall, air temperature and water diver-
sion to the inter-annual variation of the deltaic volumetric change can
be estimated by considering the standardized regression coefficients in
Eq. (6) to be weights. Consequently, the contributions from ΔP, ΔT and
ΔQd accounted for 50.55%, 36.26% and 13.19%, respectively, of the
inter-annual variation of ΔV within the period of 1977–2005. In terms
of their impacts on the variation of the short-term (i.e., annual) land-
form evolution, the rainfall ranked first, followed by air temperature
and then finally water diversion. Following further calculation, the total
contribution from natural factors was 86.81% while that from human
factors was 13.19%. Since the late 1970s, the inter-annual variation of
natural environment in the Yellow River basin has played a more sig-
nificant role in the inter-annual variation of geomorphological pro-
cesses of the YRD than those of human intervention.

Table 2
Average annual water discharges, water diversions and water losses from water-soil
conservation in different periods.

Periods Average annual
water discharge
(108 m3/yr)

Average annual
water diversion
(108 m3/yr)

Average annual water
reduction by water-soil
conservation (108 m3/yr)

1970–1979 311.22 251.83 21.93
1980–1989 285.97 304.50 29.35
1990–1999 140.75 309.70 29.04
2000–2005 122.54 342.50 27.36
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At the decadal timescale, the landform evolution of the YRD during
1977–2005 has successively gone through a quick accumulation stage
(I) in 1977–1985, a stable accumulation stage (II) in 1986–1995 and a
slow accumulation stage (III) in 1996–2005. Based on the measured
datasets and abovementioned established associations, we can quanti-
tatively illustrate the contributions from both natural and human-in-
duced environmental changes to the decadal transitions of the mor-
phological evolution. Table 4 shows the average annual volumetric
changes, precipitations, air temperatures and water diversions over
those three decades. From Table 4, the average annual morphological
change from stage (I) to stage (II) declined by 1.92 × 108 m3/yr;
meanwhile, the average annual precipitation fell by 30.83 mm/yr, the
average annual air temperature increased by 0.38 °C/yr, and the
average annual water diversion increased by 47.94 × 108 m3/yr. From
stage (II) to stage (III), the average annual morphological change de-
creased−2.81 × 108 m3/yr while the average annual precipitation, air
temperature and water diversion varied by −1 mm/yr, 0.71 °C/yr and
10.2 × 108 m3/yr, respectively.

According to Eq. (5), we estimated that the changes of the average
annual precipitation, air temperature and water diversion contributed
1.23, 0.93 and 0.48 × 108 m3/yr, respectively, to the decline of the
average annual volumetric change from stage (I) to stage (II). The total
induced reduction amounted to 2.64 × 108 m3/yr, which is in good
agreement with the observed decrease. Assuming that the total con-
tribution from the changes of each of the three drivers to the change of
the deltaic accumulation rate was 100%, the relative contributions of
rainfall, air temperature and water diversion to the decline of the vo-
lumetric change rate from stage (I) to stage (II) were calculated as
46.59%, 35.23% and 18.18%, respectively, by considering their in-
duced reductions as weights (Fig. 8). Similarly, we evaluated that the
decrease of precipitation, the increase of air temperature and the
growth of water diversion from stage (II) to stage (III) accounted for
reductions of 0.04, 1.77 and 0.10 × 108 m3/yr of the average annual
volumetric change, respectively, and that their total contribution was

Table 3
Correlation coefficient matrix among all the variables.

P T Qd Q

P 1 −0.25 −0.24 0.63⁎⁎

T −0.25 1 0.31 −0.67⁎⁎

Qd −0.24 0.31 1 −0.58⁎⁎

Q 0.63⁎⁎ −0.67⁎⁎ −0.58⁎⁎ 1

⁎⁎ At a significance level of p < 0.01.

Fig. 7. Comparison between the observed
and regressed annual water discharges.

Table 4
Average annual volumetric change, precipitation, air temperature and water diversion in
different decades.

Periods Average
annual
volumetric
change
(108 m3/yr)

Average annual
precipitation
(mm/yr)

Average annual
air temperature
(°C/yr)

Average
annual water
diversion
(108 m3/yr)

1977–1985 5.72 468.33 6.57 275.56
1986–1995 3.80 437.50 6.95 323.50
1996–2005 0.99 436.50 7.66 333.70
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1.91 × 108 m3/yr, which represents most of the actual decline. Upon
further calculation, it was determined that the rainfall, air temperature
and water diversion can explain 2.09%, 92.67% and 5.24%, respec-
tively, of the decline of the volumetric change rate from stage (II) to
stage (III) (Fig. 8). The above quantification indicates that the con-
tributions from the rainfall, air temperature and water diversion to the
decrease of the average annual morphological change from stage (I) to
stage (II) ranked first, second and third, respectively. From stage (II) to
stage (III), the rise of air temperature contributed the most to the
abovementioned decrease, and the contribution from air temperature
was much greater than that from either the decrease of precipitation or
the increase of water diversion. Further calculation revealed that the
natural and anthropogenic contributions to the transition from stage (I)
to stage (II) were 81.82% and 18.18%, respectively, and those to the
subsequent transition to stage (III) were 94.76% and 5.24%, respec-
tively. Over the period of 1977–2005, the impact of natural environ-
mental changes within the Yellow River catchment on the inter-decadal
variation of the morphological evolution were much higher than that of
human-induced change.

5. Discussion

Despite the lack of up-to-date bathymetric survey data, our study
examined the morphological response of the fluvial-dominated YRD to
both natural and human-induced environmental changes during the
period of 1977–2005. As clearly demonstrated above, the variation of
the geomorphic evolutionary character of the YRD critically depended
upon river hydrological change. Given the diagnosed close water-se-
diment relationship, the river water flux was considered the re-
presentative of hydrological environment. Using the flow discharge as a
link, the rainfall and earth surface air temperature in addition to the
water diversion projects throughout the Yellow River watershed were
identified as the dominant drivers of the transformation of the YRD.
Rainfall provides a river system with a major water source and thus
controls the runoff generation, channel bed evolution and sediment
delivery as well as the deltaic transformation (Gerten et al., 2008; Liu
et al., 2016; Rose et al., 2015). Earth surface air temperature sig-
nificantly affects basin-scale evaporation from water bodies, moist soil
and vegetation, evaporation-related water consumption and snow/
glacier melt water, thereby altering the river regime and deltaic land
accretion (Cuo et al., 2013; Lewis and Allen, 2016; Liu and Cui, 2011;
Liu and McVicar, 2012). Compared with the evapotranspiration
throughout the Yellow River watershed, the water sourced from
snowmelt from the source region was very limited (Cuo et al., 2013). It
is clear from Table 2 that there is no significant correlation between the
precipitation and air temperature in the Yellow River basin; this is
primarily for the following reasons: 1) the summer monsoon delivers
vast quantities of vapours from the ocean into the catchment, thereby
providing the majority of vapour sources for rainfall, and precipitation
is closely related to the intensity of the summer monsoon; 2) inland
prevailing winds transport abundant evaporation-induced vapour
across the catchment into the adjacent area of river basin (Liu and
McVicar, 2012; Wang et al., 2006a, 2006b; Xu, 2008). Water diversion
projects for domestic, agricultural and industrial uses in addition to
reservoir storage has a direct effect on the water loss of a river system,
thereby influencing the fluvial sediment load and deltaic evolution
(Syvitski and Milliman, 2007; Walling, 2006). Based on the im-
plementation date (2002) of the water-sediment regulation scheme at
the Xiaolangdi Reservoir, we dismissed its effect on water-sediment
relation within the Yellow River and the sedimentary process of the
YRD during 1977–2005. The potential effects of the spatial distributions
of the precipitation, air temperature and water diversion on the sedi-
ment yield within the catchment and on the morphological evolution of
the estuary in consideration of complex sediment transport processes,
such as water-sediment exchange, sedimentation, and re-suspension
(Syvitski and Milliman, 2007; Walling and Fang, 2003), were also

neglected in this study. Recent studies have shown that coastal en-
vironmental changes, which include the manifestations of global sea-
level rise, local land subsidence, and the regional wave climate and
tidal regime, could also play critical roles in addition to basin controls
on the deltaic evolution by altering the underlying surface conditions
and sedimentary processes (Higgins et al., 2013; Ren, 1990; Wright,
1977). Ren (1990) documented that the mean rate of sea-level rise
ranged from 4.5 to 5.5 mm/yr throughout the YRD and that the mean
rate of land subsidence varied from 3 to 4 mm/yr. In contrast to the
average annual bathymetric change (0.1 m/yr) during 1977–2005, the
relative errors caused by sea-level rise and land subsidence were lim-
ited. Extreme storm surges off the river mouth generated by typhoons
and cold-wave processes could induce large inter-seasonal variations in
estuarine erosion and deposition, which strongly affect longer-term
topographic changes (Dai et al., 2014). Under the influences of global
climate change, the occurrence frequencies of extreme typhoon and
cold-wave events throughout the YRD have increased somewhat over
the past several decades (Li and Li, 2011). The tidal shear front off the
Yellow River mouth constitutes a crucial factor for deltaic sedimenta-
tion, which could be significantly changed by the estuarine morphology
(Li et al., 2011; Wang et al., 2017). For a more comprehensive under-
standing of the association between the basin and deltaic processes,
further investigations should take the effects of the operation of the
Xiaolangdi Reservoir, the spatial distributions of basin drivers and
coastal environmental changes into consideration.

The present study reveals that inter-annual variation of the mor-
phological change of the YRD since the late 1970s has been strongly
associated with natural environmental changes within the Yellow River
catchment, particularly with respect to precipitation variations. In some
river systems without intensive human disturbances, climate oscilla-
tions represent a primary cause for changes in the transported load of
terrestrial materials into the ocean (Liu et al., 2017; Wang et al., 2011).
Lu (2004) and Tian et al. (2016) both indicated that the fluvial sedi-
ments transported by large rivers in North China such as the Yellow
River appear to be extremely vulnerable to climatic variabilities, which
accordingly affect the inter-annual variations of deltaic geomorpholo-
gical processes. Glantz et al. (1991) concluded that El Nino/Southern
Oscillation (ENSO) events resulted in inter-annual fluctuations in the
runoff and in the patterns of flooding and drought among different
areas worldwide through the teleconnections between coupled ocean-
atmosphere circulation systems. Wang et al. (2006a, 2006b) linked
ENSO events (1950–2000) to the Eastern Asian summer monsoon and
precipitation over the Yellow River drainage basin and reported that
the higher frequency and strength of ENSO events could lead to a
weaker summer monsoon and lower regional precipitation. According
to a wavelet analysis of monthly sea surface temperature data, Liu et al.
(2012) found a highly significant inter-annual (2- to 4-year) oscillatory
periodicity of ENSO events. Here, we highlight that rainfall fluctuations
characterized by the ENSO can make an extremely striking contribution
to long-term inter-annual variations of the geomorphic evolution of the
river-dominated delta.

The above quantification also indicates that natural environmental
changes within the Yellow River catchment during 1977–2005 were the
primary cause for the transitions of the decadal landform evolution of
the YRD from rapid accumulation (I) to stable accumulation (II) and
subsequently to slow accumulation (III). In addition, the impacts of
rainfall and water diversion on the inter-decadal changes of the deltaic
evolution declined dramatically over time while those of the air tem-
perature increased markedly. The sharp decrease in precipitation from
stage (I) to stage (II) was most likely due to a higher frequency oc-
currence of stronger global ENSO events (Wang et al., 2006b; Wang and
Geng, 1999), while the remarkable increase of water diversion was
closely related to the operation of the Longyangxia Reservoir in the
upper reaches (Chen, 1998; Ran et al., 2010). The slight decrease of
precipitation from stage (II) to stage (III) occurred as a result of the
relative stability of the magnitude and occurrence frequency of ENSO
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events (Wang et al., 2006b; Wang and Geng, 1999), while the slow
increase of water diversion was attributable to the inability of newly
constructed, large-scale hydraulic projects to considerably diminish the
river discharge (Hu et al., 2008). In contract to the changing patterns of
the rainfall and water diversion, the air temperature maintained a high
warming rate from stage (I) to stage (II) and subsequently to stage (III),
which is documented by Kong et al. (2015), Tian et al. (2016) and Yao
and Wu (2014) as well. The persistent and rapid increase of earth
surface air temperature throughout the Yellow River catchment appears
to be closely related to global climate warming (Jones et al., 1999).
Evaporation enhanced by incremental temperature changes has played
a critically important role in the inter-decadal change of the deltaic
transformation since the late 1970s. Based upon an analysis of 60 years
of sediment load observations from the route of the Yellow River over
China's LP, Wang et al. (2015) concluded that the implementation of
landscape engineering and terracing in addition to the construction of
check dams and reservoirs were the primary factors that drove the re-
duction of the sediment load from the 1970s to 1990s and that large-
scale vegetation restoration projects reduced the soil erosion beginning
in the 1990s. Their study mainly focused on the impacts of human in-
terventions on the decline of the sediment load at the Tongguan and
Taodaoguai stations in the LP located in the middle reaches of the
Yellow River thousands of kilometres away from the Yellow River es-
tuary. Due to the complex sediment transport processes in the lower
reaches, the human impacts on the reduction of the sediment load in
the middle reaches may not be able to represent their actual effects on
the decreased sediment load into the Bohai Sea. In addition, previous
investigations neglected the potential effects of reductions of the water
discharge on the sediment load. Wang et al. (2007) indicated that the
noticeable reduction of the sediment discharge of the Yellow River from
the period of 1950–1968 to the period of 1969–1985 mainly resulted
from a decreased water supply induced by human interventions in the
river basin, particularly the joint operations of the Sanmenxia and
Liujiaxia Reservoirs and water-soil conservation practices. It is thus
inferred that the changes of the morphological evolution of the YRD
over these two periods were predominantly controlled by basin-scale
human-induced environmental changes. Meanwhile, the present study
suggests that the inter-decadal change of the deltaic evolution of the
YRD during 1977–2005 were dominated by basin-scale natural en-
vironmental changes. This comparison demonstrates that the dominant
cause of the deltaic evolution shifted from changes of human activity to
changes of the natural environment throughout the watershed and that
this shift likely occurred in the 1980s. The water-sediment relationship
at the LJHS has significantly changed since the implementation of the
water-sediment regulation scheme at the Xiaolangdi Reservoir in 2002,
and the intensive scouring in the lower reaches has resulted in rela-
tively coarser fluvial sediments, which could be conducive to deltaic
progradation (Bi et al., 2014a, 2014b; Fan et al., 2018; Wu et al., 2015).
Nevertheless, the accumulation rate of the YRD is likely to continuously
decline over the next few decades for the following reasons: 1) the
rainfall will maintain a slightly changing trend in the arid and semi-arid
zones in the middle and upper reaches of the Yellow River basin (Wang
et al., 2006b; Wang and Li, 1990); 2) the earth surface air temperature
within the catchment will continue to rise rapidly (Tian et al., 2016;
Wang et al., 2006b); and 3) basin-scale water abstraction projects will
remain at a high intensity and retain a slow increase (Vörösmarty et al.,
2000). Under the long-term effects of regional natural environmental
changes, the delta appears to exhibit a tendency of transitioning from
progradation to recession at the decadal timescale, thereby triggering
the serious destruction of land resources, coastal infrastructures and
rich wetland ecosystems as well as of the services the wetland provides
(e.g., storm protection, nutrient and pollution removal, and carbon
storage).

Numerous previous studies conducted for large deltas worldwide
such as the Mississippi River Delta, the Yangtze River Delta, the Mekong
River Delta and the Pearl River Delta have noted abrupt and radical

human impacts on the deltaic transformation from the construction of
large hydraulic structures and the implementation of water diversion
projects in the river basin (Anthony et al., 2015; Blue and Roberts,
2009; Wu et al., 2016; Yang et al., 2011); however, such studies more
often than not neglected concomitant and persistent natural impacts.
Our quantification reveals that inter-annual and inter-decadal changes
of the deltaic geomorphic evolution can also be strongly affected by
natural environmental changes over a long time frame when human
interventions throughout the watershed remain at a relatively stable
level. Currently, with the effective utilization and strict management of
water resources and a substantial variability of the natural processes in
river basins, it is of profound importance to pay close attention to
natural impact on further changes of the ecological and geomorphic
evolutionary characteristics of deltaic systems.

6. Conclusions

As a typically fluvial-dominated delta, the geomorphological pro-
cesses of the YRD have been receiving extensive international attention,
especially under the influences of considerable environmental changes
within the Yellow River catchment. Based on long-term measurements
constituting hydro-meteorological and bathymetric data, the basin-
scale natural and human impacts on the morphological evolution of the
YRD during 1977–2005 are quantitatively examined in this study. The
main findings are summarized as follows:

1) Corresponding to variations of the fluvial input, the annual mor-
phological change of the YRD has experienced a distinct decrease
coincident with substantial inter-annual variations. The decadal
geomorphic evolution has successively gone through three stages,
namely, rapid accumulation in 1977–1985, stable accumulation in
1986–1995 and slow accumulation in 1996–2005.

2) The deltaic transformation is strongly associated with the rainfall
and earth surface air temperature and in addition to water diversion
projects throughout the watershed; the annual volumetric change
successively decreases with a decrease of the annual precipitation,
an increase of the annual air temperature and an increase of the
annual water abstraction.

3) In terms of the magnitude of the effect on the inter-annual variation
of the deltaic evolution, the rainfall ranked first (i.e., rainfall had the
greatest impact), followed by the air temperature and finally and the
water diversion projects.

4) The contributions from rainfall, air temperature and water diversion
to the transition of the deltaic decadal evolution from rapid accu-
mulation to stable accumulation ranked first, second and third, re-
spectively. The rapid rise of air temperature contributed the most to
the subsequent transition from stable accumulation to slow accu-
mulation, and the contribution from the air temperature was much
greater than that from either the decrease of precipitation or the
increase of water diversion.

The thorough quantification achieved herein is imperative for a
preliminary comprehension of the intensified vulnerability of the YRD
induced primarily by natural processes, and the results presented in this
study can provide policy makers with valuable quantitative references
for solutions to mitigate such vulnerabilities. Furthermore, the YRD can
be regarded as a typical case for river deltas that are currently being
subjected to enormous effects at the catchment scale, thereby deli-
neating the direction for future research with regard to the fates of
deltaic physical environments.
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