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Abstract River flooding—the world’s most significant natural hazard—is likely to increase under
anthropogenic climate change. Most large rivers have been regulated by damming, but the extent to
which these impoundments can mitigate extreme flooding remains uncertain. Here the catastrophic
2016 flood on the Changjiang River is first analyzed to assess the effects of both the Changjiang’s reservoir
cascade and the Three Gorges Dam (TGD), the world’s largest hydraulic engineering project on downstream
flood discharge and water levels. We show that the Changjiang’s reservoir cascade impounded over
30.0 × 103 m3/s of flow at the peak of the flood on 25 July 2016, preventing the occurrence of what would
otherwise have been the second largest flood ever recorded in the reach downstream of the TGD. Half of this
flood water storage was retained by the TGD alone, meaning that impoundment by the TGD reduced peak
water levels at the Datong hydrometric station (on 25 July) by 1.47 m, compared to pre-TGD conditions.
However, downstream morphological changes, in particular, extensive erosion of the natural floodplain,
offset this reduction in water level by 0.22 m, so that the full beneficial impact of floodwater retention by the
TGD was not fully realized. Our results highlight how morphological adjustments downstream of large dams
may inhibit their full potential to mitigate extreme flood risk.

Plain Language Summary The role of damming in modulating flood risk in large rivers and the
issue of how flood risk changes is attracting considerable interest. We develop the first study to address
how the cascade of reservoirs behaves under extreme flood conditions in terms of the interplay between the
positive effects of impoundment versus the impacts of downstream morphological changes. Our findings
are highly significant to those dealing with the theory (hydrology, physics, and geosciences), application
(hydrology, geomorphology, ecology, biology, and geochemistry) and implications (social science, policy,
and environmental management) of flood risk in the world’s large rivers in the context of rapid climate
warming and extensive dam regulations.

1. Introduction

The history of human development is coupled closely with the need to protect civilizations from the adverse
effects of flooding. However, there is evidence of an increasing global risk of damaging flooding (Pall et al.,
2011). Notable recent catastrophic flood events include the widespread flooding of Bangladesh in 1998
(Chowdhury, 2000), the record-breaking floods in Central Europe in 2002 (Becker & Grünewald, 2003), the his-
toric spring 2011 flood of the Mississippi River (Falcini et al., 2012), and the extraordinary flash flood in Canada
in 2013 (Wake, 2013). The EI Niño/Southern Oscillation (ENSO) is probably the best known driver of extreme
floods at the global scale (Ward et al., 2010). For example, the occurrence of flooding in the Amazon (Aalto
et al., 2003), Nile (Wang & Eltahir, 1997), and Mekong Rivers (Darby et al., 2016; Räsänen & Kummu, 2013) have
all been linked to ENSO episodes. The extreme ENSO event of 2015–2016 was unprecedented since the start
of the instrumental record in 1870 (Barnard et al., 2017), both in terms of its strength and its duration, trigger-
ing severe drought in Ethiopia, along with intense rainstorms in Abu Dhabi, California, and Argentina. In
China, the event caused large-scale precipitation anomalies and deadly floods, resulting in direct economic
losses of U.S.$ 24 billion within the Changjiang River basin alone (Xu, 2016): the Earth’s fifth most expensive
weather-related natural disaster outside of the United States since 1980 (Masters & Henson, 2016). Despite
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Key Points:
• The record-breaking 2016 ENSO event
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Changjiang basin since 1950 but
generated only the seventh largest
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• Bed and bank erosion induced by the
TGD has caused a steeper rate of rise
and increased flood peaks for high
flow discharges at Datong

• Morphological adjustments
downstream of large dams may
inhibit their full potential to
mitigate extreme flood risk
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these profound impacts, there has not yet been a comprehensive analysis of the response of the Changjiang
River to the record-breaking 2016 ENSO-driven flood event.

Several major infrastructural investments have beenmade in attempts to mitigate the adverse impacts of the
increasing frequency and intensity of global flooding. Since the 1930s, over 45,000 large dams have been
established globally, with flood control frequently being cited as either their main or secondary purpose
(World Commission on Dams (WCD), 2000). The Changjiang River is in this respect not unusual in that it oper-
ates an extensive dam cascade, albeit the Three Gorges Dam (TGD) is exceptional in being the world’s largest
hydraulic engineering structure. In these circumstances, important questions are raised concerning the actual
effects of damming on flood regulation, in particular, during the extreme flood events that pose the greatest
risk to society. Yet, notwithstanding their increasing frequency, the relative rarity of large floodsmeans that to
date there has been very little research on the flood control performance of dams during extreme events
(Allamano et al., 2009; Hamlet & Lettenmaier, 2007).

Addressing this knowledge gap is even more important when it is considered that undesirable downstream
channel changes associated with dams have also become apparent (Petts & Gurnell, 2005). For example, the
large-scale trapping of sediment behind dams has been linked to the loss of floodplains downstream (Pinter
& Heine, 2005) which, by reducing the potential for storage of floodwater, has been shown to potentially
amplify the flood hazard (Hughes, 1980; Opperman et al., 2009; Pinter, 2005). Furthermore, although channel
erosion typically occurs immediately downstream of dams, such erosion may itself lead to increased sedi-
ment supply to reaches farther downstream, thus reducing channel conveyance capacity and promoting
increased flooding (Stover & Montgomery, 2001). These, and other, potentially adverse morphological
impacts of dams on flooding have not yet been well documented under extreme conditions.

Previous studies have shown that, as a result of the TGD trapping sediment, significant erosion has
occurred in the reaches downstream of the TGD since its closure in 2003 (Luan et al., 2016; Mei et al.,
2018; Yang et al., 2007). The extent of the morphological adjustment is sufficiently great to potentially
affect flow conveyance in the reach downstream of the dam, but the relationship between these
morphological adjustments and flood risk has not yet been evaluated. Here we utilize the unique opportu-
nity presented by the extreme 2016 ENSO event to develop the first study that addresses how the
Changjiang River’s cascade of reservoirs (Figure 1), including the iconic TGD, perform under an exceptional
flood. Specifically, for these extreme conditions, we examine the interplay between the effects (with
respect to flood levels) of impoundment versus the impacts of downstream morphological changes
induced by the TGD.

Figure 1. The hydrometeorological gauging network of the Changjiang River catchment showing: (a) the Changjiang
River’s location in relation to China; (b) the Changjiang River basin. The diagram highlights the locations of major
reservoirs, including the Three Gorges Dam (TGD), as well as locations of the three main hydrometric gauging stations on
the Changjiang River downstream of the TGD.
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2. Methods

In this section we first provide brief contextual information regarding the global and regional significance of
the Changjiang River before outlining some specific characteristics of the extreme 2016 ENSO-driven flood
event (section 2.1). We then go on to describe how a flow routing model was set up and used to estimate
the behavior of the 2016 flood event. Specifically, the hypothetical scenarios without the TGD and the rest
of the Changjiang’s reservoir cascade are compared with the observed flood to quantify how impoundment
by the dams alters extreme flood discharges (section 2.2). Finally, we outline the methods used to quantify
how changes in channel and floodplain morphology in the reach downstream of the TGD have, since the
TGD’s construction, led to shifts in the relationship (the so-called stage-discharge rating curve) between flow
discharge and water level (section 2.3). In all cases we focus on the hydrometric station at Datong, the most
downstream gauging station along the Changjiang River (Figure 1). Full details of the methodological
approach are provided in the supporting information (Holland, 1992; Khan, 1993; Mohan, 1997). In summary,
the approach outlined above seeks to identify the trade-off between the beneficial impacts of runoff
impoundment by the TGD’s reservoir on flood levels (via flow routing modeling) versus the adverse impacts
of dam-induced morphological changes on water levels (via analysis of stage-discharge rating shifts).

2.1. The Changjiang River and the 2016 ENSO-Driven Flood

As one of the world’s great rivers the Changjiang is of great regional, and indeed global, significance as the
6,300-km-long river contributes 17.6% of the Chinese freshwater wetland area. Along with the Mississippi
(Graf, 1999), the Amazon (Nazareno & Lovejoy, 2011), the Mekong (Darby et al., 2016), and other rivers, the
Changjiangmay also be considered as a hot spot of hydrologic engineering structures. Over 45,000 reservoirs
with a total storage of 220 billion m3 have been constructed within the Changjiang River catchment, includ-
ing the iconic TGD (Yang et al., 2009). Since its completion in 2003, the TGD has successfully prevented flood-
ing during most normal flood seasons (Dai et al., 2008). However, until 2016, the TGD had not previously
experienced an extreme runoff event, so the 2016 flood provides the first opportunity to evaluate how the
dam’s flood control function performs under exceptional conditions.

The Changjiang River basin typically experiences large floods in July and August during or following ENSO
events (Shankman et al., 2006). Extreme daily discharges as observed at Datong coincide well with years
with a strong global ENSO signal, as was the case with the 1983, 1998, and 2016 floods (supporting
information Figure S4). It is worth noting that the 2016 flood generated the heaviest rainfall observed over
the Changjiang region (950 mm of cumulative rainfall) since 1950 (supporting information Figure S5).
However, the resultant flood peak discharge (70,100 m3/s) and water level, while still extreme (as defined
by their exceedance of the 90th percentile threshold), were nevertheless only the seventh and sixth largest
since 1950, respectively (Table S3), indicating that the 2016 rainfall runoff dynamics differ from those in
pre-TGD conditions.

2.2. Change in Flood Dynamics Due To Impoundment of Flow by Reservoirs

To isolate the effectiveness of the Chiangjiang’s reservoir cascade, including the TGD, in reducing the flow
discharge of the 2016 flood, we developed a Muskingum flow routing model. Note that the flow routing
model was initially set up and calibrated using the flows actually observed during the 2016 flood event at
each of the three (Yichang, Hankou, and Datong) main hydrometric stations downstream of the TGD, in con-
cert with data representing the storage and release of flows observed at each reservoir (see the supporting
information for full details). The data presented in the supporting information (Figure S3) indicates that the
calibrated flow routing model replicates successfully the observed 2016 flood hydrographs at these three
hydrometric stations. We therefore applied the model to generate simulated flows for two further (hypothe-
tical) scenarios. The first scenario represents a case in which flood water is routed through the Changjiang in
the absence of storage associated with all major reservoirs in the dam cascade, whereas the second scenario
excludes only the TGD (see supporting information Table S2 for an overview of the major dams included in
the analysis; the locations of these dams are indicated in Figure 1).

By comparing the model-simulated flows for the two scenarios versus the observed flow during the 2016
flood, we isolated the effects on water discharge of dam impoundment by (i) all dams in the Changjiang’s
cascade and (ii) the TGD only. We then estimated the corresponding variations in water level for each sce-
nario via application of stage-discharge rating curves derived from observations of flow discharge and
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water level. The supporting information provides details of the data sources and curve-fitting technique used
to generate these stage-discharge rating curves, but we emphasize here that we used two distinct ratings:
one for the pre-TGD period (using observations for the period 2000–2002) and the other for the post-TGD
period (using observations for the period 2012–2014).

2.3. Estimation of Shifts in Flood Levels Due To Morphological Change

In this study we quantified morphological changes (see section 3.3 for details) through comparison of bathy-
metric data sets obtained in the vicinity of the Datong hydrometric station. These data were digitized from
maps provided by the Changjiang Waterway Bureau, the body responsible for river mapping, with the
map data ranging from scales of 1:40,000 (2008) to 1:80,000 (2013). The underpinning bathymetric surveys
were all conducted during the dry season. The bathymetric maps were transferred into depth points relative
to Beijing 54 coordinates and calibrated into the “Wusong Datum” using ArcGIS. Thereafter, data from each
survey were gridded by the Kriging scheme at 20 × 20 m resolution to produce digital elevation models
(DEMs) (Dai et al., 2016). Previous studies have shown that the morphological adjustments observed at
Datong are part of a phase of erosion that extends throughout the reach downstream of the TGD and
which have been induced as a result of sediment trapping by the dam (Luan et al., 2016; Mei et al.,
2018; Yang et al., 2007). The timing and reach-wide nature of these adjustments (supporting information
Figure S6), which extend even to the estuarine delta front, means that the observed morphological adjust-
ments at Datong can confidently be attributed to the impacts of the TGD, as opposed to reflecting
local adjustments.

Morphological changes along the Changjiang River are likely to lead to altered flood levels. Specifically, TGD-
induced changes in channel capacity and floodplain extent cause further modifications in both the hydraulic
conveyance at a specific channel cross section and (for the extreme floods that are the focus of this study) the
downstream attenuation of the flood wave, the latter via the change in floodplain storage during overbank
flows. These morphologically induced changes in flood characteristics are, therefore, reflected in shifts in the
relationships between water level and flow discharge at individual hydrometric stations. To identify changes
in flood water levels arising from TGD-induced morphological changes, and following Pinter and Heine
(2005), we employed the same stage-discharge rating curves as developed in section 2.2 for the periods
before and after the construction of the TGD. As noted above, we used flow discharge and water level data
for the periods 2000–2002 and 2012–2014 to represent these pre-TGD and post-TGD scenarios, respectively.
Water level variations arising from morphological changes within the study reach between the pre-TGD per-
iod (2000–2002) and the 2016 flood event were then estimated for any given flow discharge, simply by dif-
ferencing the water levels obtained from the location-specific rating curves for the pre-TGD and post-TGD
scenarios (the procedure is illustrated in the schematic supporting information Figure S1).

3. Results and Discussion
3.1. Comparison of the 2016 Flood With Selected Floods From the Pre-TGD Era

We initially compare the observed 2016 flood characteristics with the 1954 and 1998 flood events. These two
floods offer a useful baseline as they represent the top two largest floods in the Changjiang River’s history
before the construction of the TGD (Table S3). The hydrographs for the 1954 and 1998 floods are relatively
flat during the high flow period, whereas the 2016 flood changes more rapidly. For example, at Datong,
the water level in 2016 reached its peak level of 15.64 m within a period of only one week from 1 to 8 July,
retaining this high value for around 4 days, before falling back to its original value within the next month
(Figure 2a). In contrast, during both the 1954 and 1998 floods, high water levels were maintained for over
2 weeks and also took more than 2 weeks to reach their peak values (Figures 2c and 2d) while the rainfall
for both events was less than that for 2016 in both amount and duration. The rapid hydrological response
of the 2016 event is also evident in the steep gradients of the rising and falling limbs of the water level curve
(Figure 2e), with Datong’s daily rate of rise and fall of water level in 2016 being, respectively, 0.51 m/day and
�0.10 m/day, both of which are greater than those during the 1954 (0.06 m/dat and �0.04 m/day) and 1998
(0.12 m/day and �0.08 m/day) events. The observable difference between the 2016 flood and the two pre-
vious events is also evident in their stage-discharge rating curves. Both the 1954 and 1998 flood events exhi-
bit a typical counterclockwise hysteresis loop (Figure 2f) owing to the influence of flood and backwater
fluctuations (Petersen-Øverleir, 2006). Thus, during the rising stage of these two flood events water level
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increases with discharge, but during the falling limb, water levels remain at a high stage. In contrast, the
rating curve for the 2016 flood exhibits a positive (clockwise) loop, with water level running ahead of
discharge (Figure 2f), implying that there is only a weak hysteresis effect during the 2016 flood.

3.2. Effects of Reservoir Storage on the 2016 Flood Event

In section 2.2 we employed aMuskingum flood routing analysis to identify the extent to which the 2016 flood
was affected by impoundment of storm runoff by the upstream reservoirs. Specifically, we compared simu-
lated flood behavior for two (one removing all upstream dams, the other just the TGD) hypothetical scenarios
with the observed characteristics of the 2016 flood (Figure 3a). It is evident from Figure 3a that the simulated
flood “without reservoirs” differs significantly from the actual 2016 flood in terms of both the magnitude and
timing of the flood peak. Without reservoirs the onset of the peak daily discharge moves from 14 July (actual
flood) to 25 July (“all dams” scenario), with the maximum daily discharges on these dates changing from
7.01 × 104 m3/s to 8.79 × 104 m3/s, respectively. These altered discharges lead to corresponding increases
in daily water levels (as computed from the stage-discharge ratings developed in section 2.2) from 15.39 m
to 17.44 m. On 25 July, the TGD and the rest of the upstream reservoirs are shown to store as much as
1.45 × 104 m3/s and 1.56 × 104 m3/s, respectively, of runoff, which together impound over 34% of the dis-
charge passing through Datong (supporting information Figure S2; note that the TGD reservoir was operated
relatively normally, even during the 2016 event, as illustrated by supporting information Figure S7).

To put these results into context, it may be noted that had all of the water stored within the cascade during
the 2016 event been returned to the river, the second largest flood in the historical record would have
occurred in terms of flood discharge, peaking on 25 July. Indeed, if “only” the water stored behind the TGD
had been released, the 2016 flood would still have had a peak discharge (at Datong) of 8.47 × 104 m3/s
(on 6 July), which would also have placed it second in terms of peak discharge behind only the 1954 flood
(Figure 3a and Table S3), with the corresponding water peak water levels rising from 15.39 m (actual 2016

Figure 2. Comparison of flood characteristics observed at the Datong hydrometric station. (a, b) Daily flood discharge (FD);
(c, d) daily water level (FWL) for the 2016 versus the 1954 and 1998 floods; (e) rate of daily rise and fall of water level
during the 1954, 1998, and 2016 floods; and (f) loop-rating curves of the daily water level versus water discharge for the
1954,1998, and 2016 flood events.
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flood) to 17.08 m (“without TGD” scenario), meaning that the TGD, through storage of runoff, is estimated to
have modulated peak flood levels downward by 1.69 m.

3.3. Effects of Dam-Induced Morphological Variations on the 2016 Flood Event

In section 3.2 the beneficial effects of the Changjiang reservoirs in reducing flood discharge and water levels,
via impoundment of floodwaters that would otherwise be released downstream, are clearly demonstrated.
However, a second potential modulating effect that the Changjiang cascade may have on downstream flood
risk, which has been neglected in prior studies, arises from dam-induced variations in channel capacity and
floodplain storage. To address this issue we follow the methodology outlined in section 2.3 to quantify
changes in extreme flood risk arising from morphological adjustments downstream of the TGD.

Since the construction of the TGD, trapping of sediment within its reservoir has led to a significant decline in
the downstream transmission of sediment. Indeed, the sediment load from the Changjiang River to the East
China Sea is now only 150 Mt/year (2003–2012; Dai et al., 2014), which is approximately 30% of the pre-TGD
level (1956–2002; Yang et al., 2014). This low sediment load means that the river downstream of the TGD is
now sediment starved, and serious channel bed incision on the scale of hundreds of kilometers has been
experienced there (Dai & Liu, 2013; Lai et al., 2017). For example, data derived from morphological change
analysis (Figures 4a and 4c) show that at Datong the average water depth increased by 13% from 7.71 m
in 2008 to 8.72 m in 2013. Meanwhile, bank erosion has also accelerated, presumably in response to the chan-
nel overdeepening such that the floodplain extent and therefore volume of sediment stored there also
decreased by 63% (from 13.86 × 106 m3 to 5.17 × 106 m3) during the same period.

An increase in channel capacity arising from channel scour should, in principle, increase flow conveyance and
therefore act to reduce flood levels, at least for moderate flows with water levels below the floodplain eleva-
tion. Figure 4d shows that the postdam channel enlargement does indeed result in reduced flood levels at
Datong, for flow discharges below the bankfull level of 10.06m. The increase in channel capacity is significant
enough to offset the effects of the postdam decrease in mean flow velocity, which is evident across the full
range of observed flows (Figure 4b). Such a decrease in flow velocity would be expected to increase water
levels for a given discharge in the absence of any change in channel capacity, but the observed velocity
decrease (for flow below bankfull) is itself a response (to maintain flow continuity) to the post-TGD channel
erosion (channel enlargement).

Figure 3. (a) Simulated and observed (black lines) flow hydrographs for the 2016 flood event at the Datong hydrometric
station. The simulated flows are for scenarios without reservoirs, with the red line highlighting the scenario without flow
storage in all of the Changjiang reservoirs and the blue line depicting the scenario without flow storage behind the
Three Gorges Dam (TGD) only; (b) comparison of the flow discharge variation over time (solid pink line) for the 2016 flood
for the hydrometric station at Datong. The blue line indicates the overall change (positive values denoting that the
TGD increases water levels, negative values indicating that the TGD modulates water levels downward) in water level
computed herein and arising from the combined (flow impoundment and downstreammorphological adjustment) effects
of the TGD. This overall change in water level is decomposed into the change of water level arising from impoundment
by the TGD (black line) and the change in water level arising from downstream adjustments of channel morphology (red
line). The horizontal pink dashed line indicates the flow discharge required to trigger the flood alarm level.
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However, Figure 4d also reveals that there is a crossover point in the response such that at higher flow dis-
charges (the transition being at Q ≈ 42,200 m3/s, which is just above the bankfull condition) there is an
upward shift in water levels for a given discharge in the post-TGD period. The adverse impacts on water levels
are amplified (i.e., the divergence between the red and blue rating curves on Figure 4d increases) as the
extremity of flooding increases: for a flow discharge of 6.0 × 104 m3/s the post-TGD increase in flood level
is 0.17 m and is even more prominent as the flow discharge increases still further (Figure 4d). For instance,
during the actual peak of the 2016 flood (on 14 July), morphological changes induced a water level rise of
0.26 m (Figure 3b). Increased extreme flood levels associated with postdam morphological response have
also been recorded on other regulated rivers like the Upper Missouri (Pinter & Heine, 2005) andmay be linked
to the substantial loss of floodplain, which provides a geomorphic mechanism for the exacerbation of
extreme flooding (Opperman et al., 2009). In the case of the Changjiang River at Datong the extensive post-
dam loss of floodplain in the reach downstream of the TGD results in a considerable loss of overbank storage
(Hughes, 1980) and a reduced attenuation of the flood wave as it travels from the TGD, causing a steeper rate
of rise and increased flood peaks for high flow discharges at Datong (Figure 4d). Combined with the decrease
in mean flow velocity at this station (Figure 4b), it is evident that the flood levels for high flow discharges are
elevated significantly as a consequence of post-TGD morphological adjustments (Figure 3b).

3.4. Implications

The relatively large magnitude (15% of the change in peak water level due to flood water storage) of the
effect of recent, rapid, floodplain loss in offsetting the otherwise positive influence of the TGD’s storage capa-
city in modulating extreme water levels is a cause for concern. First, raised water levels during extreme floods
carry a disproportionately high additional damage burden: For example, in July 2016 the morphological
adjustments caused water levels at Datong to be elevated above the alarm level for two additional days

Figure 4. Channel erosion along the Changjiang River around the Datong hydrometric station as detected from bathy-
metric maps between (a) 2008 and (c) 2013; (b) relationship between cross-sectional average flow velocity and flow
discharge in the pre-TGD (2002) and post-TGD (2003–2013) periods; (d) relationship between daily discharge and water
level during the pre-TGD (2000–2002) and post-TGD (2012–2014) periods. Note that the flow velocity data, discharge, and
water level data used here were provided by the Changjiang Water Resources Commission, China.
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(Figure 3b). Moreover, floodplain loss is ongoing, meaning that the impact of morphological change on flood
levels will very likely continue to increase further over time. Furthermore, the additional risk of extreme
flooding arising from this morphological effect is compounded because the TGD’s storage capacity is itself
declining as a result of sediment trapping behind the dam, progressively reducing the TGD’s ability to
attenuate high flow discharges. Therefore, there is a risk that downstream of the TGD water levels linked
to extreme floods similar to the 2016 event will become higher in the future and as a result, the relative sig-
nificance of the morphological effect will increase over time, even as such extreme events are likely to
become more common.

4. Conclusion

This study shows that flood risk prediction on the Changjiang and other similar, large, and heavily regulated
rivers demands a fully integrated approach that accounts for both hydrological andmorphological responses
to damming. The key points to emerge from our modeling and analysis of hydrological observations made
during the exceptional 2016 flood event are as follows:

1. The historical strongest 2016 ENSO generated the heaviest ever recorded rainfall within the Changjiang
River basin. However, the associated flood event, although exceptional, was not the largest ever recorded.

2. Instead, the large storage capacity of the full upstream cascade of reservoirs successfully retained over
3.0 × 104 m3/s of flood water at the peak of the flood on 25 July 2016, thereby preventing the occurrence
of what would otherwise have been the second largest recorded flood on the Changjiang.

3. Approximately 50% (1.45 × 104 m3/s) of the total flood storage was contributed by the TGD alone, which
for the extreme 2016 event is estimated to have reduced peak water levels at Datong by 1.47m on 25 July,
in comparison with pre-TGD conditions.

4. However, the adverse morphological impacts of the TGD, namely, loss of floodplain storage by erosion,
offset the full beneficial impact of floodwater retention by increasing peak water levels at Datong by
around 0.22 m, such that the net reduction in peak water level induced by the TGD was 1.25 m (on 25
July), not the 1.47 m reduction linked to the impoundment effect alone.

As discussed in section 3.4 the relative magnitude of this morphological effect on peak water levels is likely to
progressively increase in the future because the adverse morphological adjustment is ongoing and because
the storage capacity in the reservoir is being reduced by rapid sedimentation. The Changjiang River is similar
to other large rivers that are intensively regulated by large dams. As many new large dams are either under
construction or planned on large water courses throughout the world, our study provides a warning that full
risk assessments are needed tomore holistically determine whether dams are a blessing or a curse in terms of
their downstream flood control (Milliman, 1997). The need for such risk assessments is pressing given that
anthropogenic warming will very likely trigger more frequent extreme floods worldwide (IPCC, 2013).

References
Aalto, R., Maurice-Bourgoin, L., Dunne, T., Montgomery, D. R., Nittrouer, C. A., & Guyot, J. L. (2003). Episodic sediment accumulation on

Amazonian flood plains influenced by El Niño /Southern Oscillation. Nature, 425(6957), 493–497. https://doi.org/10.1038/nature02002
Allamano, P., Claps, P., & Laio, F. (2009). Global warming increases flood risk in mountainous areas. Geophysical Research Letters, 36, L24404.

https://doi.org/10.1029/2009GL041395
Barnard, P. L., Hoover, D., Hubbard, D. M., Snyder, A., Ludka, B. C., Allan, J., et al. (2017). Extreme oceanographic forcing and coastal response

due to the 2015–2016 El Niño. Nature Communications, 8, 14365. https://doi.org/10.1038/ncomms14365
Becker, A., & Grünewald, U. (2003). Flood risk in Central Europe. Science, 300(5622), 1099–1099. https://doi.org/10.1126/science.1083624
Chowdhury, M. R. (2000). An assessment of flood forecasting in Bangladesh: The experience of the 1998 flood. Natural Hazards, 22(2),

139–163. https://doi.org/10.1023/A:1008151023157
Dai, Z., Liu, J. T., Wei, W., & Chen, J. (2014). Detection of the Three Gorges Dam influence on the Changjiang (Yangtze River) submerged delta.

Scientific Reports, 4(1), 6600. https://doi.org/10.1038/srep06600
Dai, Z. J., Du, J., Li, J., Li, W., & Chen, J. (2008). Runoff characteristics of the Changjiang River during 2006: Effect of extreme drought and the

impounding of the Three Gorges Dam. Geophysical Research Letters, 35, L07406. https://doi.org/10.1029/2008GL033456
Dai, Z. J., Fagherazzi, S., Mei, X. F., Chen, J. Y., & Meng, Y. (2016). Linking the infilling of the north branch in the Changjiang (Yangtze) estuary to

anthropogenic activities from 1958 to 2013. Marine Geology, 379, 1–12. https://doi.org/10.1016/j.margeo.2016.05.006
Dai, Z. J., & Liu, J. T. (2013). Impacts of large dams on downstream fluvial sedimentation: An example of the Three Gorges Dam (TGD) on the

Changjiang (Yangtze River). Journal of Hydrology, 480, 10–18. https://doi.org/10.1016/j.jhydrol.2012.12.003
Darby, S. E., Hackney, C. R., Leyland, J., Kummu, M., Lauri, H., Parsons, D. R., et al. (2016). Fluvial sediment supply to a mega-delta reduced by

shifting tropical-cyclone activity. Nature, 539(7628), 276–279. https://doi.org/10.1038/nature19809
Falcini, F., Khan, N. S., Macelloni, L., Horton, B. P., Lutken, C. B., McKee, K. L., et al. (2012). Linking the historic 2011 Mississippi River flood to

coastal wetland sedimentation. Nature Geoscience, 5(11), 803–807. https://doi.org/10.1038/ngeo1615

10.1002/2017GL076935Geophysical Research Letters

MEI ET AL. 8

Acknowledgments
This study was supported by the
National Natural Science Foundation of
China (NSFC) (41576087). Comments
from John D. Milliman and Daniel R.
Parsons inspired this work and thus are
highly appreciated. We are also very
grateful to M. Bayani Cardenas and the
anonymous reviewers for their con-
structive suggestions that helped to
improve the previous manuscript. The
precipitation data are available from the
National Climatic Centre of the Chinese
Meteorological Administration (http://
cdc.cma.gov.cn). The hydrological and
topographical data of this study are
available from the Changjiang Water
Resources Commission (www.cjw.gov.
cn). Xuefei Mei and Zhijun Dai contrib-
uted equally to this work.

https://doi.org/10.1038/nature02002
https://doi.org/10.1029/2009GL041395
https://doi.org/10.1038/ncomms14365
https://doi.org/10.1126/science.1083624
https://doi.org/10.1023/A:1008151023157
https://doi.org/10.1038/srep06600
https://doi.org/10.1029/2008GL033456
https://doi.org/10.1016/j.margeo.2016.05.006
https://doi.org/10.1016/j.jhydrol.2012.12.003
https://doi.org/10.1038/nature19809
https://doi.org/10.1038/ngeo1615
http://cdc.cma.gov.cn
http://cdc.cma.gov.cn
http://www.cjw.gov.cn
http://www.cjw.gov.cn


Graf, W. L. (1999). Dam nation: A geographic census of American dams and their large scale hydrologic impacts. Water Resources Research,
35(4), 1305–1311. https://doi.org/10.1029/1999WR900016

Hamlet, A. F., & Lettenmaier, D. P. (2007). Effects of 20th century warming and climate variability on flood risk in the western U.S.
Water Resources Research, 43, W06427. https://doi.org/10.1029/2006WR005099

Holland, J. H. (1992). Adaptation in natural and artificial systems (2nd ed.). Cambridge, MA: MIT Press.
Hughes, D. A. (1980). Floodplain inundation: Processes and relationships with channel discharge. Earth Surface Processes and Landforms, 5,

297–304.
IPCC (2013). In T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, & S. K. All (Eds.), Climate change 2013: The physical science basis. Contribution of

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK and New York, NY:
Cambridge University Press.

Khan, M. H. (1993). Muskingum flood routing model for multiple tributaries. Water Resources Research, 29, 1057–1062. https://doi.org/
10.1029/92WR02850

Lai, X., Yin, D., Finlayson, B. L., Wei, T., Li, M., Yuan, W., et al. (2017). Will river erosion below the Three Gorges Dam stop in the middle Yangtze?
Journal of Hydrology, 554, 24–31. https://doi.org/10.1016/j.jhydrol.2017.08.057

Luan, H. L., Ding, P. X., Wang, Z. B., Ge, J. Z., & Yang, S. L. (2016). Decadal morphological evolution of the Yangtze estuary in response to river
input changes and estuarine engineering projects. Geomorphology, 265, 12–23. https://doi.org/10.1016/j.geomorph.2016.04.022

Masters, J., & Henson, B. (2016). Earth’s 5th costliest non-U.S. weather disaster on record: China’s $22 billion flood. San Francisco, CA: The
Weather Underground.

Mei, X. F., Dai, Z. J., Wei, W., Li, W. H., Wang, J., & Sheng, H. (2018). Secular bathymetric variations of the North Channel in the Changjiang
(Yangtze) Estuary, China, 1880–2013: Causes and effects. Geomorphology, 303, 30–40. https://doi.org/10.1016/j.geomorph.2017.11.014

Milliman, J. D. (1997). Blessed dams or damned dams? Nature, 386(6623), 325–327. https://doi.org/10.1038/386325a0
Mohan, S. (1997). Parameter estimation of nonlinear Muskingum models using genetic algorithm. Journal of Hydraulic Engineering, 123(2),

137–142. https://doi.org/10.1061/(ASCE)0733-9429(1997)123:2(137)
Nazareno, A. G., & Lovejoy, T. E. (2011). Giant dam threatens Brazilian rainforest. Nature, 478(7367), 37–37. https://doi.org/10.1038/478037b
Opperman, J. J., Galloway, G. E., Fargione, J., Mount, J. F., Richter, B. D., & Secchi, S. (2009). Sustainable floodplains through large-scale

reconnection to rivers. Science, 326(5959), 1487–1488. https://doi.org/10.1126/science.1178256
Pall, P., Aina, T., Stone, D. A., Stott, P. A., Nozawa, T., Hilberts, A. G. J., et al. (2011). Anthropogenic greenhouse gas contribution to flood risk in

England and Wales in autumn 2000. Nature, 470(7334), 382–385. https://doi.org/10.1038/nature09762
Petersen-Øverleir, A. (2006). Modelling stage-discharge relationships affected by hysteresis using the Jones formula and nonlinear

regression. Hydrological Sciences Journal, 51(3), 365–388. https://doi.org/10.1623/hysj.51.3.365
Petts, G. E., & Gurnell, A. M. (2005). Dams and geomorphology: Research progress and future directions. Geomorphology, 71(1–2), 27–47.

https://doi.org/10.1016/j.geomorph.2004.02.015
Pinter, N. (2005). One step forward, two steps back on U.S. floodplains. Science, 308, 207. https://doi.org/10.1126/science.1108411
Pinter, N., & Heine, R. A. (2005). Hydrodynamic and morphodynamic response to river engineering documented by fixed-discharge analysis,

lower Missouri River, USA. Journal of Hydrology, 302(1–4), 70–91. https://doi.org/10.1016/j.jhydrol.2004.06.039
Räsänen, T. A., & Kummu, M. (2013). Spatiotemporal influences of ENSO on precipitation and flood pulse in the Mekong River basin.

Journal of Hydrology, 476(1), 154–168. https://doi.org/10.1016/j.jhydrol.2012.10.028
Shankman, D., Keim, B. D., & Song, J. (2006). Flood frequency in China’s Poyang Lake region: Trends and teleconnections.

International Journal of Climatology, 26(9), 1255–1266. https://doi.org/10.1002/joc.1307
Stover, S. C., & Montgomery, D. R. (2001). Channel change and flooding, Skokomish River, Washington. Journal of Hydrology, 243(3–4),

272–286. https://doi.org/10.1016/S0022-1694(00)00421-2
Wake, B. (2013). Flooding costs. Nature Climate Change, 3(9), 778–778. https://doi.org/10.1038/nclimate1997
Wang, G., & Eltahir, E. A. B. (1997). Use of ENSO information in medium- and long-range forecasting of the Nile floods. Journal of Climate,

12(6), 1726–1737. https://doi.org/10.1175/1520-0442(1999)012%3C1726:UOEIIM%3E2.0.CO;2
Ward, P. J., Beets, W., Bouwer, L. M., Aerts, J. C. J. H., & Renssen, H. (2010). Sensitivity of river discharge to ENSO. Geophysical Research Letters,

37, L12402. https://doi.org/10.1029/2010GL043215
World Commission on Dams (WCD) (2000). Dams and development: A new framework for decision making. Report of the World Commission on

Dams. London: Earthscan Publications. Retrieved from http://www.dams.org
Xu, L. L. (2016). Flood waterlogging disaster caused a direct economic loss of 166 billion Yuan in 2016 along the Changjiang River catchment.

Retrieved from http://www.cjw.gov.cn/xwzx/jgdt/23753.html
Yang, G. S., Ma, C. D., & Chang, S. Y. (2009). Yangtze conservation and development report. Wuhan, China: Yangtze Press.
Yang, S. L., Milliman, J. D., Xu, K. H., Deng, B., Zhang, X. Y., & Luo, X. X. (2014). Downstream sedimentary and geomorphic impacts of the Three

Gorges Dam on the Yangtze River. Earth Science Reviews, 138, 469–486. https://doi.org/10.1016/j.earscirev.2014.07.006
Yang, S. L., Zhang, J., & Xu, X. J. (2007). Influence of the Three Gorges Dam on downstream delivery of sediment and its environmental

implications, Yangtze River. Geophysical Research Letters, 34, L10401. https://doi.org/10.1029/2007GL029472

10.1002/2017GL076935Geophysical Research Letters

MEI ET AL. 9

https://doi.org/10.1029/1999WR900016
https://doi.org/10.1029/2006WR005099
https://doi.org/10.1029/92WR02850
https://doi.org/10.1029/92WR02850
https://doi.org/10.1016/j.jhydrol.2017.08.057
https://doi.org/10.1016/j.geomorph.2016.04.022
https://doi.org/10.1016/j.geomorph.2017.11.014
https://doi.org/10.1038/386325a0
https://doi.org/10.1061/(ASCE)0733-9429(1997)123:2(137)
https://doi.org/10.1038/478037b
https://doi.org/10.1126/science.1178256
https://doi.org/10.1038/nature09762
https://doi.org/10.1623/hysj.51.3.365
https://doi.org/10.1016/j.geomorph.2004.02.015
https://doi.org/10.1126/science.1108411
https://doi.org/10.1016/j.jhydrol.2004.06.039
https://doi.org/10.1016/j.jhydrol.2012.10.028
https://doi.org/10.1002/joc.1307
https://doi.org/10.1016/S0022-1694(00)00421-2
https://doi.org/10.1038/nclimate1997
https://doi.org/10.1175/1520-0442(1999)012%3C1726:UOEIIM%3E2.0.CO;2
https://doi.org/10.1029/2010GL043215
http://www.dams.org
http://www.cjw.gov.cn/xwzx/jgdt/23753.html
https://doi.org/10.1016/j.earscirev.2014.07.006
https://doi.org/10.1029/2007GL029472


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


