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ABSTRACT
Xing, G. P.; Wang, H. J.; Yang, Z. S., and Bi, N. S., 2016. Spatial and temporal variation in erosion and ac-
cumulation of the subaqueous Yellow River Delta (1976-2004). In: Harff, J. and Zhang, H. (eds. ), Envi-
ronmental Processes and the Natural and Anthropogenic Forcing in the Bohai Sea, Eastern Asia. Journal of
Coastal Research, Special Issue, No. 74, pp. 32-47. Coconut Creek (Florida), ISSN 0749-0208.

Yellow River Delta (YRD), one of the most heavily human-influenced delta systems, had undergone dramatic
changes since 1976. To determine the erosion and accretion pattern of the subaqueous YRD, bathometry data
as well as the sediment discharge from the Lijin station over the period of 1976 to 2004 were analyzed. The ero-
sion and accretion pattern of the subaqueous YRD was delineated by 1) the northern abandoned delta lobe,
consisted of the heavily eroded Diaokou (DK) and Shenxiangou (SXG) lobes; 2) the active delta lobe, com-
prised of Qingshuigou (QSG) and Q8 lobes and featuring fast progradation; 3) the Laizhou Bay (LZB) with
slight accumulation. Three stages were summarized based on the evolution of the northern abandoned delta
lobe. During 1976-1980, the northern abandoned delta was severely eroded due to the cutoff of sediment sup-
ply. As the subaqueous slope became gentler during 1980 - 1996, the deeper part of the subaqueous delta
turned into slight accretion state while the shallow part continued to be eroded. However, the erosion rate of the
northern delta slowed down to a relatively balanced state during 1996-2004. Meanwhile, the development of
the active delta lobe was a product of riverine sediment supply, channel geometry and estuarine hydrodynamics.
Multi-depocenter was formed along the coastal area of the active subaqueous delta during 1976-1980, when
multiple channels were active for sediment transportation. As the main river channel developed, the depocenter
progradated eastward with an exceptional high accumulation rate during 1980-1985. The progradation direction
turned southeastward with a lower accumulation rate during 1985-1996. Then, the depocenter shifted to the
newly formed Q8 river mouth after a channel diversion in 1996, leaving the QSG river mouth in severe erosion.
The channel diversion also caused erosion at the offshore area in LZB, where slight accumulation dominated be-
fore 1996. The erosion and accumulation pattern of the subaqueous YRD showed significant spatial and
temporal variability during 1976-2004. A comprehensive understanding of their driven mechanisms would be
critical for the prediction of the evolution of the YRD in the context of global change.

ADDITIONAL INDEX WORDS:Yellow River Delta, erosion and accumulation, spatial and temporal varia-
tion, dominant factors.
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INTRODUCTION

　 Deltas, home to millions of people, are continually responding
to the interaction between lands and oceans (Wright, 1985). As
the major form of coastal lowland, the evolution of deltas critically
depend on such factors as the water and sediment discharge of
river systems, sea-level variation, and physical-oceanographic re-
gimes of the coastal seas into which the river-born sediment are
debouched (Wright and Nittrouer, 1995). As a result, river del-
tas are sensitive to the global climate change and human activities
(Bianchi and Allision, 2009 ). Over the last century, many
deltas are subject to the risk of inundation due to the reduction of

river-born sediment supply caused by climate change and human
activities, especially the heavily populated megadeltas in Asia,
where the emerging economies are extending their footprints on the
delta systems and transforming them into increasingly fragile
coastal regions (Overeem and Syvitski, 2009; Syvitski, et al.,
2009).
　 In history, the Yellow River (Huanghe) (YR) was character-
ized by a high concentration of sediment, tremendous sediment
load, and frequent lateral delta lobe shift ( Saito et al., 2001).
However, since 1950, the sediment load of the YR has experi-
enced stepwise decrease from annual sediment load of 1． 08 Gt / yr
to 0． 15 Gt / yr during 2000 - 2005 (Wang et al., 2007). The
weakening feeding river has made the YRD a vulnerable area to
disastrous ocean forces. Moreover, the YRD has become an in-
creasingly human-regulated system via reservoirs, dams, and lev-
ees.
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　 Many studies have been dedicated to the YRD erosion and ac-
cretion process. The erosion problems of the abandoned YRD
lobes gradually aroused people’s concern after the deltaic channel
shift from the Diaokou ( DK) channel to Qingshuigou ( QSG)
channel. The evolution of the erosion process has been studied
(Li et al., 2000; Liu, et al., 2002; Ying, et al., 2007) and for-
mulated as a process controlled by the interaction of sediment load
of the YR, waves (Wang et al., 2010), tidal current (Chen et
al., 2005 ), geomorphology ( Chen et al., 2005 ), and the
sediment geotechnical strength ( Jia et al., 2011, Ying et al.,
2007). Meanwhile, the fast progradation of the active delta lobe
has been formulated as a process characterized by hyperpycnal
flow (Li et al., 1998; Wang et al., 2010; Wright et al., 1986)
and shear front (Li et al., 2001; Qiao et al., 2008; Wang et al.,
2006, 2007). A significant correlation between the land accretion
and the sediment input of YR was discerned through monitoring
satellite images (Bi et al., 2014; Chu et al., 2005; Cui et al.,
2011), highlighting the critical role of the nurturing river system
with respect to the health of the YRD.
　 However, most previous studies either focused on some specific
features of the abandoned delta lobe with exceptional erosion rates
(e. g. Ying et al., 2007), or on the evolution of the active delta
lobe (e. g. Wei et al., 2013). There is limited information about
the spatial comparison of the northern abandoned delta lobe and
the active delta lobe of the YRD, as well as a comprehensive illu-
mination of the dominant mechanisms of the evolution of the whole
YRD since the deltaic river channel shifted in 1976. Moreover,
the evolution of the subaqueous parts of the delta has not been
systematically investigated. Furthermore, the sediment dispersion
pattern, especially its temporal variation, has not been well un-
derstood within the source to sink framework. The general aim of
this study is to establish an overall picture of the erosion and ac-
cretion pattern of the subaqueous YRD over the period of 1976 to
2004. The spatial and temporal variation of the general pattern
was documented in detail, followed by discussion of the
controlling factors, which may benefit the future management of
the subaqueous YRD.

Study Area
　 The modern YRD is located southwest of the Bohai Sea, sepa-
rating the Bohai Bay (BHB) in the west and Laizhou Bay (LZB)
in the east ( Figure 1a). The mean tidal range is 0． 7 - 1． 8 m
along the coast of the YRD ( Hu and Cao, 2003). An am-
phidromic point of M2 tide exists in the offshore area of the
Shenxiangou (SXG) lobe with a minor tidal range of 0． 4 m, and
the tidal range gradually increases to 1． 6-2． 0 m towards the top
of the BHB and LZB (Hu and Cao, 2003). The Qingshuigou
(QSG) river mouth features a mixed semidiurnal tide, whereas
the SXG river mouth is dominated by a mixed diurnal tide. The
tidal currents flow in parallel with the coastline, with the flood
current towards the south and ebb current towards the north. High
tidal current is found at the offshore area of the abandoned SXG
river mouth with a maximum rate of 1． 3 m / s, and at the active
QSG river mouth with a maximum rate of 1． 87m / s ( Pang and
Jiang, 2003). Waves exhibit significant seasonality due to mon-
soon activity. The northerly waves in winter are much stronger
than the southerly waves in summer. The stormy waves come from
NE, with a maximum significant wave up to 5． 2 m ( Zang,
1996). The surface residual current flow southward at 20 - 30

cm / s in winter, whereas northward in summer ( Zhang et al.,
1990).
　 Since the last diversion of the YR in 1855, a mega-delta, oc-
cupying a land area of more than 5,000 km2, has been formed at
the southwest of the BHS (Chu et al., 2006), serving as a major
sediment sink of the YR sediment. The annual sediment
discharge amounts to 1． 08 Gt / yr prior to 1980s (Milliman and
Meade, 1983), and about 70% of the total sediment load was
accumulated within 30 km around the river mouth (Wiseman et
al., 1986). The delta propagated rapidly into the BHS with land
accretion rate of about 20 km2 / yr (Pang and Si, 1980). Since
1964, the deltaic river channel of the YR has shifted three times
(Figure 1b). In 1964, an artificially diversion shifted the course
from SXG channel westward to the DK channel, aiming to
mitigate the risk of flooding in the delta plain. Then, in 1976,
another man-made diversion shifted the river channel to the QSG
channel, which continued to serve as the only distributary for the
last 20 years. More recently, in 1996, a minor artificial shift re-
directed the river channel northward to the Qing 8 (Q8) river
mouth, for the purpose of creating new land for the offshore oil
fields in Gudong (Figure 1b).

METHODS

　 Since 1964,the Yellow River Hydraulic Committee has carried
out profile surveys to document the bathymetric data along 36
fixed transects of the subaqueous delta lobe of the YR ( Figure
1b). The profiles extend seaward with variable water depth, more
than 15 m in the northern abandoned delta lobe, around 12 m in
the active delta lobe, and less than 10 m in the west part of the
LZB. The profile length varies from 20 to 60 km corresponding to
different portions of the delta. Bathymetric data was collected ap-
proximately every 500 m along each transect, starting from ~ 2 m
water depth. Distance between profiles ranges from 2 to 6 km.
The bathometric data was converted to depths refering to the sea
level datum of China after tidal correction. DH-13 digital echo
sounder and UHF-547 microwave (GPS system for later period)
were utilized to acquire the bathometric data and location data,
respectively. The accuracy is about 10 cm for water depth and 2
m for position data. In this study, we collected bathometry data of
1976, 1980, 1985, 1990, 1996, and 2004 for analysis.
　 The daily sediment load and water discharge data from 1976 to
2004 was collected from the Lijin hydrological station, which is
approximately 100 km upstream from the river mouth and is the
nearest gauging station on the YR.

Data Analysis
　 The outer boundary of the calculation domain was determined
as the-15 m, -12 m, and -9 m isobaths for the northern aban-
doned delta lobe, the active delta lobe and the LZB area, respec-
tively, because they were the most commonly available water
depth for the outer boundary. The -2 m water depth was consid-
ered as an acceptable inner boundary.
　 To facilitate the depth comparison, the original bathymetric
data was interpolated at unified and fixed grid points, using the
Kringing method. Then, the volume change was calculated by
subtraction of the bathymetry of two years. Isobathic lines of-2
m, -5 m, -10 m, and -15m water depth were extracted, and
their migration distance was measured in the transect direction u-
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sing the ArcGIS 10. The maximum depth change along transects
was determined with the aid of Global mapper 13, so is the
average depth change along transects. The transect slope was de-

fined as the depth difference between the -2 m isobaths and the
corresponding outer boundary depth divided by the transect
length.

Figure 1. (a) Geographic settings of the Yellow River Delta (YRD). Water depth was acquired from ETOP1 data (http:∥www. ngdc. noaa. gov / mgg /
global / global. html) . (b) A close-up view of the YRD and locations of 36 transects off the YRD

43 Spatial and Temporal Variation in Erosion and Accumulation of the Subaqueous Yellow River Delta (1976-2004)

Downloaded From: https://bioone.org/journals/Journal-of-Coastal-Research on 28 Mar 2024
Terms of Use: https://bioone.org/terms-of-use



Journal of Coastal Research, Special Issue No. 74, 2016

Figure 2. (a) Spatial variations of erosion and accretion of the Yellow river delta during 1976-2004. (b) Net erosion-accumulation thickness (bar plot)
and slop variations along 36 transects ( line with dot plot) during 1976-2004
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RESULTS

　 The change in the bathymetry of the subaqueous delta lobe dur-
ing 1976-2004 was analyzed to illustrate the temporal-spatial pat-
terns of erosion and accumulation in the YRD.

Spatial Variations of Erosion and Accumulation in the YRD
during 1976-2004
Erosion and Accumulation Thickness
　 The abandoned DK and SXG lobes experienced severe erosion
(Figure 2a), forming three erosional centers off the abandoned
DK and SXG river mouth. The maximum erosion thickness was
approximately 7． 5 m ( Figure 2a ). The erosion thickness
gradually decreased seaward, away from the erosion centers, and
turned into deposition at the offshore area with a maximum thick-
ness of about 2． 9 m (Figure 2a). A nodal point of erosion and
accretion was found at transect CS 18 between the SXG and QSG
lobes (Figure 2b). Further southward, the active delta lobe pro-
truded eastward, forming the QSG lobe and the Q8 lobe, which
was the active lobe after 1996. The maximum deposition thickness
of the two delta lobes were approximately 15． 1 m and 13． 6 m,
respectively, and decreased rapidly both in the littoral and
seaward directions. It is worth noting that the deposition area ex-
tended both southward and northward in the offshore area, where
the nearshore area was dominated with erosion regime ( Figure
2a). Further southward, the LZB witnessed slight accumulation
in the nearshore area with a maximum thickness of approximately
2． 4 m, which was consistent with the aggradation area derived
from the active delta lobe. The net erosion / accretion curve show
the same pattern as described above.
　 Based on the spatial pattern of the erosion and accumulation in
the YRD, the study area was divided into three regions (Figure
1a and Figure 2b). The northern abandoned delta lobe, between
transect CS 1 and CS 18, consisted of the abandoned and heavily
eroded DK and SXG lobes (Figure 2a). This region was charac-
terized by severe erosion with a maximum net erosion thickness of
approximately 4． 2 m, although the western part showed slight net
accretion (Figure 2b). The active delta lobe, between transect
CS 19 and CS 31, comprised of the QSG and Q8 lobes (Figure
2a), which was dominant by significant progradation with a maxi-
mum net accumulation thickness of approximately 10． 4 m (Figure
2b). The LZB between transect CS 32 to CS 36 witnessed slight
accumulation with a maximum accumulation thickness of approxi-
mately 1． 1 m (Figure 1 and Figure 2).

Slope
　 The slope curve showed mono-peak at the subaqueous
abandoned delta lobe in 1976, with a maximum value of 2． 5‰,
decreasing to 0． 55‰ at the westernmost abandoned delta and to
0． 27‰ at the LZB. However, in 2004, the slope peaked at the
active delta lobe with a maximum value of 2． 3‰, corresponding
to the maximum accretion area. The slope of the northern aban-
doned delta lobe decreased significantly with a maximum drop
from 2． 4‰ to 1． 1‰, which agreed well with the erosion pattern.
The northern margin of the active delta lobe saw significant slope
decrease over the years whereas only subtle slope change occurred
in the southern margin. The slope of the LZB decreased slightly
from 0． 5‰ to 0． 3‰.

Isobaths migration
　 As a silt-muddy coast with very gentle subaqueous slopes, iso-
baths of the subaqueous YRD featured dramatic horizontal migra-
tion,which provided a sensitive indicator for the spatial patterns of
the erosion and accretion of the YRD.
　 The -2 m and -5 m isobaths in the northern abandoned delta
lobe retreated landward for approximately 6． 9 km and 4． 4 km,
respectively (Figure 3a and 3b), indicating to the severe erosion
in the nearshore area. As the isobaths varied from -2 m to -15
m, the landward retreat rate decreased significantly. Moreover, a
seaward progradation tendency was detected by the increased
number of accretion transects. The -15 m isobath was dominant
by seaward accretion, although the magnitude was relatively
small. As a whole, the variation of the isobaths in the northern a-
bandoned delta lobe indicated that erosion occurred mainly at the
shallow water area, while accretion occurred at the deep water
area (Figure 3). As the active delta lobe protruded seaward, iso-
baths moved seaward dramatically. The progradation distance of
the isobaths remained high seaward, while the range of accretion
transects expanded laterally. The -2 m isobath at the south part
of the active delta lobe retreat landward, which was quite different
from the -5 and -10 m isobaths. The isobaths migration for the -
2 m isobaths in the LZB was fairly small. The progradation dis-
tance increased seaward with a maximum value of 5． 3 km for the
-10 m isobaths.

Temporal Variationin Erosion and Accumulation of the Sub-
aqueous YRD
　 To better investigate the temporal changes of this process, the
erosion and accumulation of the subaqueous YRD with an interval
of 4-8 years from 1976 were presented.
1976- 1980
　 During the period of 1976-1980, the abandoned delta lobe suf-
fered rapid erosion with a maximum erosion rate of 1． 5 m / a (Fig-
ure 4). Both the deep and shallow water areas showed erosion
conditions, with three erosion centers developed at the nearshore
area. The active delta lobe witnessed rapid deposition, 1． 7 m / a
as a maximum rate, constructing a south-north narrow
accumulation belt. The accumulation rate decreased seaward, and
turned into erosion at the outer periphery. The LZB was eroded
slightly at the nearshore area, and accumulated slightly at deeper
area (Figure 4).
　 The transect-averaged erosion rate ( net erosion rate) of the
northern abandoned delta lobe was the highest among all periods,
with a maximum erosion rate of 0． 8 m / a at transect CS 9 (Figure
5). The net erosion rate decreased laterally away from the erosion
center. The active delta lobe was characterized by rapid aggrada-
tion, with a maximum transect-averaged accumulation rate ( net
accumulation rate) of 0． 9 m / a. Moreover, the accumulation was
mainly on the northern part of the active delta lobe, without prom-
inent depocenters. Meanwhile, the southern part of the active
delta lobe and the LZB had no significant depth change. The
slope of the subaqueous delta lobe with high values at intensively
eroded area decreased dramatically from 2． 4‰ to 2． 0‰, and the
magnitude of the slope change gradually reduced away from the e-
rosion centers. The slope of the active delta lobe increased con-
siderably from 1． 0‰ to 2． 0‰, with formation of a platform-type
peak (Figure 5).
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Figure 3. Spatial variations of isobaths during 1976 -2004. (a), (b), (c) and (d) represent -2 m, -5 m, -10 m and -15 m isobaths displacement,
respectively (note: red bars indicate erosion, and blue bars indicate accretion) . Sketch map showed how to compute the distance of isobaths migration dur-
ing the period 1976 to 2004
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Figure 4. Temporal variations of erosion and accumulation pattern of the YRD
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　 Landward retreat of isobaths was witnessed in both the shallow
and deepwater areas of the northern abandoned delta lobe with a
maximum rate of 0． 5-0． 7 km / a (Figure 6). Among all periods,
the - 2 m isobath of the active delta lobe displayed the widest
range of seaward accretion. The maximum progradation rate de-
creased seaward notably from 1． 2 km / a to 0． 5 km / a, while ero-
sion occurred at the - 15 m isobath of the active delta lobe.
Meanwhile, the range of progradation expanded obviously at the -
10 m isobaths. The LZB was featured with a landward retreat at
the -2 m and -5 m isobaths, but a seaward accretion tendency at
the -10 m isobath, with a maximum rate of 0． 80 km / a (Figure
6).
1980-1985
　 The erosion area in the northern abandoned deltalobe shrank to
the shallow water area with a reduced maximum erosion rate of
0． 7 m / a, while accumulation occurred offshore with a maximum
rate of 0． 4 m / a (Figure 4). The active delta lobe formed a drip-
like accumulation area eastward with a maximum accumulation
rate of 2． 7 m / a, which was by far the largest among all periods.
The LZB was dominant by slight accumulation (Figure 4).
　 The net depth changeof the northern abandoned delta lobe de-
creased remarkably, with a maximum erosion rate of 0． 2 m / a and
a maximum accumulation rate of 0． 1 m / a (Figure 5). A promi-
nent and laterally symmetrical depocenter developed at the active
delta lobe, with a maximum accumulation rate of 2． 0 m / a, which
is the largest among all periods. The LZB area saw slight accumu-
lation with a maximum rate of 0． 2 m / a. The slope of the aban-
doned delta lobe witnessed a major decrease from approximately
2． 1‰ to 1． 2‰, occurring in erosion centers (Figure 5). The
slope of the active delta lobe jumped from 1． 5‰ to 2． 9‰, form-
ing a sharp peak at transect CS 24. Meanwhile, the slope reduced
notably at the northern part of the active delta lobe from 1． 8‰ to
1． 0‰, whereas remained relatively stable at the southern part.
The slope of the LZB witnessed a minor decrease (Figure 5).
　 The isobaths variation of the northern abandoned deltalobe
showed different pattern from the previous period with landward
retreat in the nearshore area and seaward progradation in the off-
shore area. The maximum landward retreat rate of the -2 m iso-
bath was 1． 47 km / a, but decreased to 0． 34 km / a and 0． 14 km /
a for the -5 m and -10 m isobaths, respectively. The -15 m iso-
bath turned into seaward accretion with a maximum rate of 0． 68
km / a ( Figure 6). The active delta lobe area accreted rapidly
with a maximum accretion rate of 2． 19 km / a for the -2 m isobath
(Figure 6). The progradation rate generally remained its intensity
seaward, with a maximum rate of 1． 85-2． 20 km / a for the -5 m,
-10 m, and -15 m isobaths. The accretion range in the shallow
water area was narrower than the previous period as indicated by
the erosion and accretion of the -2 m isobaths, and it also ex-
panded in the deep water area. The LZB was dominated with ac-
cretion with a maximum rate of 1． 15 km / a for the -15 isobath,
and erosion was limited to the south of the active delta lobe (Fig-
ure 6).
1985-1990
　 　 The general pattern of the northern abandoned deltalobe
during 1985-1990 was the same as that during 1980-1985. How-
ever, the erosion area with a maximum rate of 0． 6 m / a expanded
southeastward and seaward. The deposition center of the active
delta lobe migrated southeastward with a maximum accumulation
rate of 1． 1m / a, leaving the north side of the active delta lobe suf-

fering erosion with a maximum rate of 0． 8 m / a (Figure 4). The
nearshore zone of the LZB was mainly in erosion regime with a
maximum rate of 0． 3 m / a, while the offshore area mainly showed
accumulation regime with a maximum rate of 0． 4 m / a ( Figure
4).
　 The net depth change of the northern abandoned delta lobe was
dominantby erosion with a maximum rate of 0． 2 m / a in erosion
center (Figure 5). The maximum net accumulation rate of the ac-
tive delta lobe reduced to 1． 6 m / a. Moreover, the accumulation
rate showed asymmetric pattern, in which the southern margin
displayed gradual reduction of the accumulation rate, while the
northern margin showed abrupt occurrence of erosion. The net
depth change of the LZB showed erosion at the north part and ac-
cumulation at the southern part, all with small magnitude. The
slope of the abandoned delta lobe continued to decrease, from
1． 4‰ to 0． 9‰ at the DK lobe. The slope decreased from 2． 9‰
to 1． 9‰ at the former depocenter, and increased from 0． 5‰ to
1． 4‰ at the southern part of the active delta lobe. The slope of
the LZB area showed no significant variation.
　 The general pattern of the isobaths variation in the northern a-
bandoned deltalobe remained the same as that during 1980 -
1985, although the maximum erosion rate reduced to 0． 58 km / a
(Figure 6). The accretion range of the active delta lobe was
smaller than the previous periods, with a slightly reduced
maximum rate of 1． 94 km / a. The accretion range expanded sea-
ward, and the accretion rate increased southward, indicating that
the deposition center shifted southeastward. The LZB witnessed
both landward and seaward isobath shift with no obvious tendency
(Figure 6).
1990-1996
　 The northern abandoned delta lobe remained as erosion in the
shallow water area and accumulation in the deep water area.
However, the erosion zone was much smaller than the previous
periods, and the maximum erosion rate reduced to 0． 4 m / a. Two
depocenters developed in the active delta lobe, with the major one
at the QSG lobe and the other one at the Q8 lobe with a maximum
aggradation rate of 1． 7 m / a and 1． 6 m / a, respectively. The LZB
was dominated with slight accumulation (Figure 4).
　 The net depth change of the northern abandoned deltalobe was
less than the previous periods (Figure 5). Erosion shrank to the
northeastern part of the YRD with a maximum rate of 0． 1 m / a,
and turned into accumulation laterally with a maximum rate of 0． 2
m / a. The net accumulation rate of the active delta lobe reduced
significantly with a maximum rate of 0． 6 m / a and 0． 7 m / a for the
Q8 and QSG depocenters, respectively. The southern part of the
QSG lobe and the LZB area showed slight reduction of accumula-
tion rate, whereas the north of the Q8 river mouth exhibited
abrupt termination of accumulation. The slope was almost un-
changed for the western part of the northern abandoned delta
lobe, but decreased from 0． 9‰ to 0． 5‰ at the southeastern part
(Figure 5). The slope variation pattern of the active delta lobe
was similar with the previous period, with two slope peaks formed
at QSG and Q8 lobe, both lower than their previous values during
the period of 1985-1990. The slope of the LZB decreased from
0． 4‰ to 0． 3‰ at the north margin, and almost unchanged south-
ward (Figure 5).
　 The general pattern of the isobaths variation in the northern a-
bandoned deltalobe remained the same as that during 1985 -
1990, with retreat rate of isobaths in the nearshore area reducing
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to 0． 21 km / a and the accretion rate in the offshore area
increasing to 0． 53 km / a. The seaward progradation rate of
isobaths in the active delta lobe increased southward with a maxi-
mum value of 2． 73 km / a for the -5 m isobath. The -10 m iso-
bath of the LZB saw rapid seaward progradation with a maximum
rate of 1． 42 km / a, whereas the -2 m and -5 m isobaths varied
slightly (Figure 6).
1996-2004
　 The western part of the northern abandoned deltalobe was in a
slight accumulation regime with a maximum rate of 0． 3 m / a,
while the eastern part was dominated by erosion regime with a
maximum rate of 0． 4 m / a. The middle part of the northern aban-
doned delta lobe was eroded nearshore and accumulated offshore.
The depocenter at the nearshore area of the Q8 lobe continued to
develop with a maximum accumulation rate of 1． 3 m / a. The QSG
lobe, however, shifted from a depocenter during the previous pe-
riods to an erosion center with a maximum rate of 0． 8 m / a. The
erosion area extended southeastward to the offshore area of the
LZB, where slight accumulation occurred in the shallow water
area (Figure 4).
　 The western part of the northern abandoned deltalobe accreted
seaward with a maximum rate of 0． 1 m / a, while the eastern part
presented erosion with a maximum rate of 0． 1 m / a (Figure 5).
The active Q8 river mouth witnessed rapid progradation with a
maximum net accumulation rate of 1． 0 m / a, whereas the aban-
doned QSG river mouth experienced severe erosion with a
maximum rate of 0． 3 m / a. The net depth change of the LZB was
negligible. The slope of the northern abandoned delta lobe varied
slightly, which agreed well with the depth change ( Figure 5).
The slope of the Q8 river mouth increased from 2． 1‰ to 2． 3‰,
while the slope of the QSG river mouth dropped dramatically from
1． 9‰ to 0． 7‰. The slope of the LZB area was almost un-
changed.
　 The migration of isobaths in the north abandoned delta lobe var-
ied slightly. The western abandoned delta lobe was dominant with
accretion regime, whereas the eastern part displayed a landward
retreat regime with a maximum rate of 0． 42 km / a, occurring at
the -15 m isobath (Figure 6). Isobaths in the active Q8 lobe mi-
grated seaward with a maximum rate of 0． 50 km / a, 0． 56 km / a
and 0． 88 km / a for the -2 m, -5 m and -10 m isobaths, respec-
tively, which were the lowest values since 1980. Meanwhile, iso-
baths of the QSG river mouth retreated landward rapidly with a
maximum rate of 0． 98 km / a, occurring at the -5 m isobath. The
retreat center moved southward, as isobaths vary from -2 m to -
10 m isobaths. The -10 m isobaths of the LZB experienced the
fastest landward retreat among all periods, whereas the -2 m and
-5 m isobaths shifted seaward slightly, indicating a slight accu-
mulation occurred at shallow water area (Figure 6).

DISCUSSION

Process and Mechanism of Erosion and Accumulation of the
Northern Abandoned Delta Lobe
　 The evolution of the northern abandoned delta lobe can be di-
vided into three stages. Stage I, from 1976-1980, had the highest
erosion rate among all periods, and both the nearshore and the
offshore areas exhibited erosion (Figure 5 and Figure 6). During
stage II, from 1980 to 1996, the mean erosion rate gradually re-
duced, and the erosion area expanded to the coastal zones. More-
over, erosion in the nearshore area and accumulation in the off-

shore area occurred simultaneously as indicated by the isobaths
variation (Figure 6), resulting in a pronounced decrease in the
slope of the subaqueous delta lobe ( Figure 5 ). Stage III
presented even lower erosion and accumulation rates with a gentle
and slightly varied slope, which suggested a relatively equilibrium
state of regional sediment dynamics, although the eastern and
western part of the northern abandoned delta lobe showed different
erosion and accumulation conditions (Figure 4, 5, and 6).
　 It is hardly surprising that rapid erosion occurred at the
northern abandoned delta lobe after the cutoff of sediment supply
in 1976, given the low sediment strengths created by rapid depo-
sition in the preceding period, the steep bottom slope and the pre-
vailing wave directions (Prioret al., 1989). High turbidity zones
at the coastal area of the northern abandoned YRD have been i-
dentified by field observation and satellite images (Yang, et al.,
2011), which directly resulted from the re-suspension process
driven mainly by wave process, and partially by tidal currents
(Chen et al., 2005; Wang et al., 2006; Yang, et al., 2011).
The suspended sediment was then transported outward by the
combined flow of waves and tidal currents especially during the
winter seasons when the northerly storm-generated waves
frequently strike the BHS. Moreover, the seabed instability phe-
nomena such as wide shallow gullies, collapse depression, fluid-
ization-induced landslides ( Prior et al., 1986; Yang et al.,
1994), offered valuable insight into the mass movement related e-
rosion process occurring at the seabed, which was triggered not
only by wave-current induced bottom shear stress but also by the
wave-induced strength inhomogeneity of the seabed sediments
(Liu et al., 2013).
　 During stage II, the erosion rate of the nearshore area has been
slowed down, which can be attributed to the gentler subaqueous
slope ( Figure 5) and the enhanced sediment resilience under
wave action (Jia et al., 2011). Moreover, the offshore area wit-
nessed accumulation while the nearshore area saw erosion (Figure
4), which can be explained by down-slope sediment transport
process. Since wave energy was convergent in the nearshore area,
high-turbidity zone was formed due to active re-suspension of the
bottom sediment under high wave-induced bed shear stress. The
fine suspended sediment was then entrained in the fluid mud
layer, transported down-slope by gravity, and deposited at the off-
shore area, which was supported by the observation of down-slope
sediment composition on seabed and in the water column (Wang
et al., 2006). This down-slope transport process effectively re-
duced the slope of the subaqueous delta lobe (Figure 5), and ac-
celerated the evolution towards an equilibrium profile.
　 During stage III, the northern abandoned delta lobe was in e-
quilibrium state. However, the erosion in the offshore area off the
SXG lobe had experienced renaissance, which might be related to
the decline of the down-slope sediment transport, such as the silt
flow, due to the gentler slope and the enhancement of the erosion
resistance of the seabed sediment. Consequently, the
resuspended sediment was less transported along the slope and de-
posited at the offshore area but mainly transported alongshore
away from the abandoned delta lobe by the currents, resulting in a
regional loss of sediments. Moreover, after 1996, the river-laden
sediment discharge exhibited significant decrease ( Figure 7a)
and mainly deposited at the nearshore areas around the Q8 river
mouth (Figure 4e), which may cause a significant reduction of
the northward sediment transport in the offshore area.
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Figure 7. (a) Variations in annual sediment load at Lijin hydrologic station (bar plot). (b) Relationship between the annual sediment load at Lijin station
and the annual volume change of the active subaqueous delta lobe during the period of 1980-1999 (data was from Zuosheng Yang (personal communication))

Figure 8. Evolutions of the deltaic river channel of the Yellow River and the YRD presented by the Landsat images (http:∥glovis. usgs. gov / ) . (a) The
Yellow River flowed into a shallow bay when the river just migrated from the DK course to the QSG course in 1976, (b) multiple river channels and over-
flows, (c) river channel extending eastward, (d) river channel turning southeastward, and (e) river channel shifting northeastward
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Process and Mechanism of Erosion andAccumulation of the
Active Delta Lobe
　 The evolution of the active delta lobe can be divided into four
stages. Stage I was from 1976 to 1980 when a narrow deposition
area formed along shore with multi-depocenter. The most obvious
feature of stage II, from 1980 to 1985, was its rapid progradation
rate, formed a projected deposition body eastward with a single
depocenter. During stage III from 1985 to 1996, the progradation
rate went down, and the depocenter shifted towards the southeast
of the QSG river mouth. The new deposition area formed at the
Q8 river mouth marked a new stage, from 1996 to 2004, when
the QSG river mouth underwent severe erosion. The dominant fac-
tors controlling the erosion and accumulation of the active delta
lobe are as follows:

River Sediment Load
　 Delta dynamics is mainly a function of sediment input from the
rivers (Chu et al., 2006; Cui and Li, 2011). The erosion and
accumulation of the active delta lobe was closely related to the
sediment load at Lijin station (Figure 7). The annual sediment
load at station Lijin during 1976 -2004 was 504 Mt / yr ( Figure
7a), about two thirds of which were accumulated at the subaque-
ous delta lobe (Chen et al., 1998). However, the sediment dis-
charge had experienced stepwise decrease from 901 Mt / yr in the
period of 1976-1980 by 12% , 39% , and 60% for 1980-1985,
1985 - 1996, and 1996 - 2004 ( Figure 7a ), respectively,
primarily due to extensive human intervention and climate change
(Wang et al., 2007a; Wang et al., 2010). As a result, the accu-
mulation rate, as well as the isobaths progradation rate of the ac-
tive delta lobe generally tended to be declining after 1985 (Figure
5 and Figure 6). Additionally, since the initiation of the Water-
Sediment Regulation Scheme (WSRS) in 2002, the grain size of
the sediment load has increased significantly from 17． 2μm to
25． 5μm with the resultant setting velocity increasing more than
twice that before WSRS (Bi et al., 2014; Wang et al.,2011).
Consequently, more sediment was deposited at the neareshore ar-
ea, formed a nearshore aggradation area much smaller than the
previous period (Figure 4).

Channel Geometry
　 From 1976 to 2004, the QSG distributary had evolved through
four channel patterns. During 1976-1980, the receiving estuary
remained as a shallow embayment ( Figure 8A), and the QSG
channel was in its incipient stage, with the sediment-laden
overflow flooding on the precedent delta plain during flooding sea-
son. The river-laden sediment was accumulated at the flooding
plain, and filled up the shallow embayment area ( Figure 8B).
Thus, the deposition at the subaqueous delta lobe was much less
than the sediment load at station Lijin, and the accumulation rate
was less than the following period (Figure 5), despite the higher
sediment load at this period. Moreover, since the river water was
conducted through multi-channels ( Figure 8B), the discharge
would be divided up into several moderate flows with enlarged hy-
draulic radius and reduced velocity ( Syvitski et al., 2005 ).
Therefore, with the reduced transport capacity, more suspended
sediment was captured near the river mouth as a narrow belt (Fig-
ure 4), and the isobaths progradation distance exhibited notable
seaward decrease (Figure 5). Furthermore, the frequent distrib-
utary channel migration would account for the wide lateral range of

the accretion area and the multi-depocenters ( Figure 4, 5 and
6).
　 After the flood season of 1980, the multi-channels of the
Yellow River evolved into a single channel projecting eastward
(Figure 8C), which would enhance the sediment delivery to the
subaqueous delta lobe by regulating the flow within the main
channel. Consequently, the subaqueous delta lobe prograded
eastward rapidly with a thick depocenter developed, whereas the
accretion range shrank obviously ( Figure 5 and Figure 6 ).
During 1985 - 1996, the river extended southeastward ( Figure
8D) under the combined effects of the Coriolis force and the hy-
drodynamics ( e. g., tidal currents, circulation and waves). As
the river mouth prograded further away from the neighboring
coast, southeastward sediment transportation was enhanced, and
more sediment was deposited in the deep area of the LZB (Figure
4, 5, and 6). Meanwhile, the northern flank of the river mouth
was in erosion regime, accompanied by significant slope drop
(Figure 5). The river channel shifted to the Q8 river mouth after
an artificial diversion in 1996 (Figure 8E), caused the accretion
around the new river mouth and severe erosion around the aban-
doned QSG river mouth (Figure 4e).

Hydrodynamics
　 Once sediment discharged into the coastal area,its movement
would be influenced by ocean dynamics. The topography-
enhanced tidal current off the spit-like delta was the dominant
natural force acting on the sediment dispersion pattern of the YRD
(Li et al., 1998; Pelling et al., 2013). The seaward-flowing mo-
mentum of the YR was retarded by the isobaths-parallel tidal cur-
rent, and was transported southward by the flood current and
northward by the ebb current, contributing to the aggradation of
the subaqueous delta lobe (Figure 4).
　 Another important factor should be ascribed to the shear front.
Due to the trapping effect of the shear front, most of the river-lad-
en sediment, whether carried by river plumes or hyperpycnals,
was retained and deposited in the shallow area, accounting for the
rapid accumulation of the subaqueous slope (Wang et al., 2007).
The lateral sediment dispersion was effectively maintained within
the deep water areas by the combined effect of tidal shear front
and the isobath-parallel tidal currents (Bi, et al., 2010). Conse-
quently, the coastal areas around the active delta lobe were in e-
rosion state ( Figure 2 ). The tidal shear front had been
generated, strengthened, and pushed seaward by the prominent
subaqueous slope of the river mouth (Qiao et al., 2008). Thus
its barrier effect will continuously affect the sediment dynamics of
the YRD.
　 Strong storm waves are prevailing in winter at the YRD with a
maximum significant wave height of 5． 2 m ( Zang, 1996 ),
working as destructiveforces with significant resuspension and ero-
sion effect of the seabed. The southward shift of the subaqueous
depocenters ( Figure 4, 5, and 6) was partly caused by the
southward sediment transport driven by winter waves and wind-
driven currents (Yang et al., 2011). Since 1976, the projection
of the YRD has enhanced the tide amplitude by 20 cm according
to the tide-gauge records at Yangjiaogou Station ( Zhang and
Wang, 2000 ) as well as model simulations ( Pelling et al.,
2013), which was speculated to reinforce the storm surges and
wave set-ups (Kim et al., 2008). Slope failures were observed at
the subaqueous delta lobe (Prior et al., 1989), which facilitated
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the sediment escaping from the deltaic region by down-slope sedi-
ment transport. Thus, the erosion of the storm waves and surges
may have been increasingly important in the evolution of
the YRD.

Process and Mechanism of Erosion and Accretion of the LZB
　 During the period of 1976-2004, the LZB witnessed slight ac-
cumulation with the subaqueous slope decreasing slightly and the
isobaths shifting seaward. Before 1996, the seaward progradation
of isobaths was enhanced towards the -10 m isobaths (Figure 6),
whereas, after 1996, the erosion area of the abandoned QSG lobe
extending southeastward to the offshore area of LZB and the -10
m isobaths witnessed significant landward retreat ( Figure 4 and
Figure 6).
　 The erosion and accretion pattern of the LZB area was closely
associated with the sediment dispersion pattern off the active delta
lobe. High suspended sediment concentration ( SSC ) was
observed extending eastward or southeastward off the river mouth
to the central part of LZB (Bi et al.,2010; Qiao et al., 2010;
Yang et al.,2011), which indicated that the deposition at the off-
shore area of LZB was mainly from the prevailing southward sedi-
ment transportation off the active river mouth. As the active delta
lobe progradated southeastward, more sediment was deposited at
the offshore area of LZB. After the diversion of the YR in 1996,
the riverine sediment mainly discharged northeastward, and
rapidly deposited at the nearshore area (Bi et al., 2014; Wang et
al., 2011 ), which would cause less sediment transported
southward into the LZB. Consequently, the offshore area of LZB
shifted from accumulation into erosion. Thus, the offshore area of
the LZB was more actively responding to the sediment dispersion
of the active delta lobe than the nearshore area, which can be best
explained by the shear front effect off the active delta lobe. The
existence of tidal shear fronts in the southern shallow water areas
of the active delta lobe, combined with the isobath-parallel tidal
current prevent the riverine sediment from reaching the nearshore
area of LZB and resulted in the offshore deposition. However, the
LZB area has experienced only slightly accumulation, which
seems inconsistent with the long-term southward sediment trans-
portation. It is believed that the LZB only serve as a temporal
sediment sink in summer, and might be a sediment source in win-
ter due to the powerful effect of winter storms ( Yang et al.,
2011). Consequently, the LZB acted as a sediment passage for
the outward sediment transport, and the massive sediment did not
deposited here in the long run (Hu et al., 2006).
　 Riverine sediment supply is critical for the survival of deltas.
The cutoff of sediment supply had caused severe coastal erosion
on the northern abandoned delta lobe. However, the erosion rate
has been gradually slowing down due to the decrease of the suba-
queous slope and the increase of the geotechnical strength of the
sediment (Jia et al., 2011, Ying et al., 2007). Thus, the north-
ern abandoned delta lobe will evolve towards a relatively balanced
state with equilibrium profiles. After the initiation of WSRS, the
annual sediment discharge of the YR increased slightly from 0． 15
Gt (2003 - 2011) to 0． 17 Gt / yr (2003 - 2011), which was
greater than 50 Mt, the calculated critical sediment discharge for
maintaining the dynamic equilibrium between erosion and
accretion in the active delta lobe (Bi et al.,2014). In addition to
the increase of sediment discharge, the sediment grain size in-
creased because the flushed river-bed sediment by the artificial

flood became a major sediment source. The coarsening of the par-
ticle size of the suspended sediment after initiation of the WSRS
also favored nearshore sediment deposition ( Bi et al., 2014;
Wang, et al., 2010, 2011). However, recent study indicates
that the erosion rate of the river bed is decreasing gradually be-
cause the river bed is becoming more resistant to erosion. The
grain size of the sediment decreases gradually after 2012 (unpub-
lished data). Therefore, we speculate the progradation rate will
decrease for the active YRD in the coming years.

CONCLUSIONS

　 The evolution of the subaqueous YRD presented significant spa-
tial and temporal variability during 1976 - 2004. Three regions
were delineated based on the spatial pattern of the erosion and ac-
cumulation in the YRD, e. g. the northern abandoned delta lobe,
the active delta lobe and the LZB, which was characterized by
server erosion, significant progradation and slight accumulation,
respectively.
　 The evolution of the northern abandoned delta lobe can be di-
vided into three stages: rapid erosion (1976-1980), nearshore-
erosion and offshore-accumulation (1980-1996), and adjustment
(1996-2004). The erosion rate of the northern abandoned delta
lobe gradually reduced over time, and reached a relatively bal-
anced state. The evolution of the active delta lobe experienced
four-stage variation pattern. During 1976-1980, a narrow deposi-
tion area was formed along shore of the active delta lobe with
multi-depocenter. It changed to an eastward projected deposition
body with single depocenter and increased accumulation rate
during the period of 1980-1985. The depocenter shifted towards
the southeast of the QSG river mouth with a slow-down accumula-
tion rate from 1985 to 1996, and it shifted again to Q8 river
mouth with a narrowed accumulation range during 1996 - 2004,
when the QSG river mouth underwent severe erosion. The
evolution of the LZB witnessed two-stage variation pattern. Before
1996, the LZB was dominant by slight accumulation, especially
at the offshore area. However, after 1996, the LZB experienced
significant erosion at the offshore area.
　 The northern abandoned delta lobe was dominated by wave
process following the cutoff of sediment supply in 1976, and mass
movement related erosion process may play an important role in
the geomorphology development. The evolution of the active delta
lobe was controlled by the interaction ofriver sediment load, chan-
nel geometry, tidal current and shear front, as well as storm
waves and wind-driven currents. The erosion and accumulation in
the LZB was closely related to the division of the river channel
and the sediment dispersal pattern.
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