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both fluvial and coastal processes (Day & Giosan, 2008). Anthropogenic impacts have taken a toll: recent
decreases in delivery of riverine sediment to the sea, along with accelerated land subsidence and relative
sea level rise, have moved most deltas from a constructive to destructive phase (Blum & Roberts, 2009;
Vorosmarty et al., 2009). A multibillion-dollar question then emerges: How best to protect, sustain, and
restore these important coastal systems?

Rising sea level as a consequence of global warming is inevitable and predicted to accelerate over the coming
decades, while subsidence is an intrinsic property of deltas (Brown & Nicholls, 2015; Goodwin et al., 2017;
IPCC, 2007). Replenishing a diminished sediment load and enhancing the land-building ability is considered
to be the best exercisable approach to saving drowning deltas (Giosan et al., 2014). Efforts to maintain and
even enhance sediment delivery have included using controlled floods to scour sediment from the bed, along
with implementing engineered river diversions in combination with vegetation seeding to optimize the sedi-
ment trapping on deltas (Edmonds & Slingerland, 2010; Giosan et al., 2014; Kondolf et al., 2014). Indeed,
while the effectiveness of these efforts is well conceived via theoretical analysis and numerical modeling,
their performance in practice remains unclear. Given that such efforts are planned for other systems globally
(Edmonds, 2012; Lauzon & Murray, 2018), it is prudent to evaluate their effectiveness where evidence exists.

In this regard, the Yellow River delta (YRD) is a perfect candidate: well known for its fast growth due to its
sufficient sediment supply and history for frequent channel avulsions (Xue, 1993), the system has claimed
over 5,800 km? of new land from the Bohai Sea since the last major channel migration in 1855. However,
over the past few decades, increasing pressure of human modifications, including construction of reservoirs,
landscape engineering, and terracing in the Loess Plateau (the dominate sediment source for the Yellow
River), has cut delivery of sediment to the Bohai Sea by over 90% (Wang et al., 2016). Correspondingly, delta
growth has slowed until finally transitioning into an erosional phase (Wu et al., 2017), with a maximum
retreating rate of 0.4 km/year (Wu, Wang, Bi, Nittrouer, et al., 2020). The impacts of unchecked erosion of
landscape are potentially devastating to the estimated ~2 million people that reside on the delta, adding
urgency to the challenge of managing this landscape.

In July 2002, an official administrative department for the Yellow River (the Yellow River Conservancy
Committee, YRCC) initiated the water and sediment regulation scheme (WSRS) through a coordinated reg-
ulation of three large reservoirs (Wanjiazhai, Sanmenxia, and Xiaolangdi reservoirs; Figure 1a) located along
the mainstream. Since then, the WSRS has been generally operated every summer and used to boost sedi-
ment delivery, including sand through bed erosion, by unleashing artificial flood waves (Wang et al., 2017).
Consequently, the present lobe of the YRD began a phase of seaward progradation (Wu et al., 2017). Such a
large-scale regulation of a river system in an effort to maintain deltaic resilience is unprecedented and there-
fore necessitates scientific assessment. Seventeen years since implementation of the WSRS, a systematic eva-
luation of its effectiveness in terms of delta sustainability is now addressable.

2. Operation of the WSRS

The goals of the WSRS were twofold: scour the lower river channel, so as to increase flood carrying capacity
of the downstream channel, and to remove accumulated sediments from the Xiaolangdi Reservoir and thus
prolong its operational life expectancy. Consequently, a yearly WSRS event is designed to have two chron-
ological phases: a water discharge period, followed by a sediment discharge period.

During the water discharge period, sluice gates skim clear water, devoid of sediment (Figure 1b), and dis-
charge increases from hundreds of m?/s to over 3,000 m>/s within 2 to 3 days; this is maintained over
~10 days (Figure 1d). As the artificial flood wave maintains enhanced sediment transport capacity, down-
stream bed scour removes bed material (Bi et al., 2019). The water discharge period concludes with partial
closure of the sluice gates, wherein the water discharge decreases sharply to <1,000 m>/s (Figure 1d).
Subsequently, sediment gates at the base of the dam are opened, marking the initiation of the sediment reg-
ulation period. As the water level in the Xiaolangdi Reservoir is decreased by the preceding water release, a
significant source of trapped sediment here, as well as in the upstream Wanjiazhai and Sanmenxia
reservoirs, is subject to erosion. As a result, highly turbid water with suspended sediment concentration of
60-100 kg/m? is discharged from the Xiaolangdi Reservoir (Figure 1c) and travels downstream via artificial
hyperpycnal flow (Li et al., 2017). Compared to the water discharge period, sediment exported from the
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Figure 2. (a) Annual sediment load exported from the Xiaolangdi Reservoir and at Station Lijin. (b) Annual median
grain size of suspended sediment gauged at Station Lijin and annual variations in depositional volume of the river
channel in the lower Yellow River during the period of 1996-2017. Locations of stations Huanyuankou (HYK), Gaocun
(GC), and Lijin (LJ) are shown in Figure 1a. The Xiaolangdi Reservoir was completed in 1999, while the WSRS was
initiated in 2002. (c) Cumulative curves of sediment load from Station Xiaolangdi, lower channel erosion, sediment loss
in the lower channel due to water consumption, and sediment load at Station Lijin.

After 2002, sediment load exported from the Xiaolangdi Reservoirs averaged 61.03 Mt/year (Figure 2a). The
artificial flood strongly scoured the riverbed of the lower Yellow River at an average rate of 90 x 10° m>/year
(Figure 2b), and this erosion contributed ~41% of coarse-grained sediment reaching the YRD (Bi et al., 2019).
Combined with turbid water release of the WSRS, the sediment mass reaching the sea both increased and
coarsened. These two factors, as well as the impulsive nature by which the sediment was delivered, have
played a crucial role in the morphological evolution of the YRD (Ji et al., 2018). For example, during the per-
iod of 1996-2002, the delta suffered net erosion of 5.1 km?/year due to insufficient supply (Figure 3).
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Figure 3. Landsat images of the present Yellow River delta in (a) 1996, (b) 2002, (c) 2014, and (d) 2017; (e) variations in
land areas in the present delta during the period of 1996-2017. The land area data were derived from landsat images
based on the method described in Alesheikh et al. (2007).

However, after the implementation of the WSRS in 2002, the delta lobe transitioned to an accretion phase
with an average progradation rate of 6.3 km?*/year (Figures 3c and 3e). Although the initial design of
the WSRS had no regard for downstream delta evolution, the result was nevertheless a satisfactory
morphological evolution. Reservoir regulation in the drainage catchment of the Yellow River offers
important new insights into the global battle to solve delta drowning (Xu et al., 2019).

4. Sustainability of the WSRS

Although the WSRS alleviated the rate of sediment filling of the Xiaolangdi Reservoir, 85% of the incoming
sediment from the Loess Plateau is still trapped in the upstream reservoirs (Chen et al., 2012). Until October
2017, the total sediment retention in the Xiaolangdi Reservoir had reached 3.4 X 10° m?, about 27% of the
total capacity of the reservoir. This material occupies the reservoir in the form of a shallow lacustrine delta
that progrades downstream toward the dam (Figure 4a). However, this delta deposit gradually limits the
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