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ABSTRACT:

Improving the integration of dams in the naturalimnment and recovering their storage capacityttmsedimentation are two topics
of growing concern. To address these two issuesathumulated sediments are being relocated dawrtia dam's tail water. This
process is called sediment replenishment (SR), ascbhen tested in Japan and other parts of thel wddre study is required to
enhance its effectiveness, and the present restrarsioffers a practical method to assess posititeomes of SR on the downstream
ecosystems.

It is shown through a 2-D numerical model of NunoRiger that SR positively influences the river's nimiogy by generating
riffle-pool structures and sand bars. These patararease the channel's global heterogeneity,ceeate hydraulically favorable
habitats for fish and spawning. The habitat qualias quantified by applying suitability indexestte computed hydraulic variables,
and the SR-induced geomorphologies were desigramtding to field observations of past SR testsaliflated by the 2-D model.
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1. INTRODUCTION without. However, their side effects are consequasat
dams induce strong modifications in flow and
1.1. Context discontinuity in sediment and river organisms.Ha past

few years, even before any nuclear event came
Given the recent events that occurred in Japanchallenging our relation to energy consumption, dam
Fukushima, and their significant impacts in inteiowaal related issues have become most preoccupying, with
politics, the future of nuclear energy is not btigh raising concerns about environment and increase of
Impacts do not stop at the nuclear energy debatsedimentation issues in reservoirs. Not only iss thi
however, and —not even to mention the countlesecdi problem becoming critical, as most dams are regchin
victims of the disaster— the impacts on the ocezar the  several decades of age, but it is also acceleratirgto
disaster area are uncertain, but may eventuallysecau climate change (Takeuchi, 2004).
local fisheries to suffer from fishing restrictionsr
worse, population boycott (Grossman, 2011). The two principle impacts modern research focuses o
are thus the loss of reservoir capacity, and tlodogecal
Within this unstable nuclear situation, elaboratotber  disturbance in dam tail-water systems. Hereaftee t
sources of energy, in particular renewable onestinas  sediment replenishment (SR) technique is discussed,
become more than ever the center of attentionwhich offers solutions to both of these issues, and
Hydro-power generated by dams could be part of thdocuses on the case of a specific dam from thenémea
answer. However, managing these dams with carthéor Alps, Nunome Dam.
downstream environment is now an integrated pattief
deal. Furthermore, this management takes full nmgani 1.2. Sediment Replenishment
when it comes to preventing river fish populatievtich
are unaffected by the nuclear spill from declining. Sediment replenishment basically consists of dreglgr
excavating the accumulation of sediments in a dam's
Dam functions are multiple and have already became reservoir and transporting them to the reach jestve
necessity to our modern societies. Disaster prewent the dam, where natural or artificial floods willsttibute
flood mitigation, energy production, water storage, them along the riverbed. A sorting process occuars i
many functions which we could probably not live most reservoirs, during which coarse particleslesett



the upstream area and finer particles reach theabiid dimensions were ca. 1.5 m2 in the main channel, and
structure (Schleiss, 2008; Knoblauch, 2006; Okanoarger in the flood plain to reduce calculation éinThe
2004). This distribution process can be used tecsel topographic data was mapped to the grid following t
optimal material for SR, as coarser sediments aseem Delaunay triangulation method (TIN).

beneficial for river systems than silt, which maypiact

ecosystems by clogging bed sediments, and caugghg h 2.1. Model Calibration

turbidity (Hartmann, 2009). Check-dams, located

upstream of larger dams, may trap sediments bétiere  Model parameters were calibrated using field and
enter the functional reservoir and facilitate theimoval  numerical reference values. A 1-D analysis of ts&ch

by land-based excavation, and do not require angrwa with HEC-RAS was first performed and calibratedngsi
level modification in the larger reservoir (Oka2®04).  field observations and water surfaces measured
Japan is one of the current leaders in SR appicatiith downstream. The water elevations and velocities
nearly 25% of its dams resorting to sediment exitawa  computed by HEC-RAS were used to calibrate the 2-D
and a growing use as downstream replenishment.rOthemodel. The grid accuracy, maximum time step and
worldwide examples illustrate the great diversitymays Manning's roughness were adjusted in order for
to replenish sediments, each contributing to expdwed Morpho2D to predict satisfying hydraulic behaviors.
knowledge of sediment replenishment effects.

1.3. Nunome Dam 3. SCOPE OF THE WORK

This 72 meter high concrete dam is located in timuK 3.1. Objectives

River system, and is part of a group of five otlams.

Constructed in 1990, its two main purposes aredfloo Succassful sl
control and water utilization. It served since 2004 scale SR tests
small-scale SR testing, which were monitored to _
understand the evolution of bed morphology and
ecological effects (Kantoush, 2010). Each year, the

selected material was deposited on a flat ledgatéacon <:>
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Figure 2. Overview of the remaining goals to enhance SR.

water elevation Sediment replenishment is a technique under current
.......................................................... development, and two main gquestions still requirghier
research to improve the method's efficiency (F)g. 2
Water elevation
— am The first is how to relocate sediments in the thest
efficiently. This question needs specific reseamohthe
effects of grain size, replenished volumes, freqyeof
Figure 1. Sediment replenishment concept at Nunome Dam.gperations and sediment transport. Answering therse
qguestion will define when SR is actually effectiva.
particular, it involves studying how ecological fats
benefit from the contribution of large amounts of
material. In term, this question should also batatite
_ environmental benefits with social and economical
The reach below Nunome was modeled in Rlc'Naysaspects, by pondering the urgency of reservoir dgpa

(2009), a two-dimensional pre- and post-processingoss |ndeed, these three npillars present somewhat
application for computational _flow models. Hydrauli conflicting interests when it comes to planning SR
parameters were computed with Morpho2D, a ser’arat%perations.

numerical solver developed for RIC-Nays. Morpho2D

solves the shallow water equations USING &)y the present study, focus will be set on the @gickl
TVD-MacCormack scheme. The equations are written ingssassment of dam tailwater systems. The mainvgas!

a generalized curvilinear coordinate system aneédas iy oyaluate habitat improvement  after sediment
the finite volume method, which offers flexibilitin replenishment operations. Two different

designing the mesh. The final reach consideredtfer bed-morphologies, both induced by SR, were compared
simulations was cut down to 500 meters, thus imPPV {4 the reference case.

computational stability and grid accuracy. Grid el

2.NUMERICAL MODEL



3.2. Scenario Design revealed newly formed sand bars (Kantoush, 2010n T
lateral sand bars were implemented in the orignesh
Three different bed-morphologies were considered tdbased on these observations. In the mesh, crosersec
measure the effects of SR on habitat quality. Tiveye data was raised on the river sides to reproducethars.
constructed using RIC-Nays' pre-processing module,Their height goes up to 1.40 m, and the dimensidrise
which allows manual modification of the topographic larger bar are 205 m long, and 10 m wide in theteren
data (Fig. 3). The shorter bar is 95 m long, has a rougher timéathe
flow, and reaches 6 m into the channel. The eqenal
volume of sediments required to build up the bars lze
estimated based on their shape. The large barsemte
\ approximately 1000 fof sediments, and the small bar
\\\\\\ 400 ni. These amounts seem consistent with typical
‘\\\ replenished quantities, which vary from 100 to #Gnd
maximum transport capacities during floods caledat
\\\\\\\\\‘ with the 1-D model.

3.3. Scenario Comparison

N - Riffle
P N The habitat quality of each bed configuration was
@ @ compared by applying habitat suitability indexesthe
computed hydraulic variables. The first index diss
] ) ) ) the preferential depths and velocities of salmo(iidsed
Figure 3. Aerial representation of the refer(_ence (0), rifilzol on Chinook Salmon observations; USFWS, 1999), and
(1) and sand bar (2) scenarios. the second describes those most suitable for #nerspg
of Ayu Plecoglossus altivelis (Nagaya, 2008), & fis
which was historically found in Nunome River (Fig).
Because of its physiological resemblance with said®
the first index was applied as well to this popudad
commercially interesting fish, however local suiliap
observations would be necessary to improve thetygul
results. The depth habitat suitability index (DHfsl) the
Chinook Salmon at a juvenile stage is optimal gitloe
between 0.6 and 1.0 m, and optimal VHSI occurs at
velocities between 0.1 and 0.2 m/s. For the spagvnin
suitability, depths are not limiting above 3 cm ¢g(th
approximate body height of Ayu fish), whereas opfim
velocities are between 0.6 and 1.0 m/s. The glbahitat
suitability index was calculated as GHSI = DRIk
VHSI®® and GSHSI = DSHSP x VSHSF® for each life
stage respectively. Final GHSI values were classifis
poor (0-0.1), low (0.1-0.4), medium (0.4-0.7) andhh
(0.7-1.0) (Brown, 2008; Pasternack, 2004). The iptih

3.2.1. Scenario 0 — Reference channel

The topographical data used for this scenario $&tan
cross section measurements from 2005. It thus septs
the degraded bed affected by 15 years of dam setlime
retention. The overall reach in consideration i€ 53
meters long, and the upstream end of the modetatéd
approximately 600 meters below the dam's outlegreh
replenished material was deposited in past op&stio

3.2.2.  Scenario 1 — Riffle-pool

Riffles and pools are typical features which depeio
natural gravel-bed rivers with slopes of 0.001 t620
They are defined as topographic highs and lowsgaibe
river's thalweg, and through this alternating patt¢hey
produce contrasting hydraulic and morphological
environments, which can serve a wide range of aguat
species at different life stages (Brown, 2008; Bmer
2003; Ock, 2010). More specifically, they induceteva X X
downwelling and promote oxygenation of bed subsjrat of se(_jlment transport was done by resorting to the
and are often used by salmonids (Kondolf, 2000k Oc analyt|cal_ equation of shear stress, given by_ “"‘?“5’”
(2010) established the riffle-pool characteristinduced Iog-vel_ocny equation, and the entrainment critdoiathe

by SR, as well as the key parameters which infladnc re_plemshed part.|cle|s was evaluated through the
positively the river's ecology. Following these dglines, dimensionless Shield's stress

the main channel elevation was either decreased b

0.60-0.65 m to create pools, or increased by 0.830-th o 1

to create riffles. This was done in a fairly asynmical ! [wman o
way, in order to mimic natural structures. Rifflesre /e semganll M I
systematically designed longer than pools so that t [ \ E \
riffle length fraction was of 63%. It appears valio / MRS

2%
H £

'\ 04 \ wi
E H

i

Depth habitat suitability index based on Chinook Salmon ohservations Velocity habitat sutability index based on Chinook Salmon -~ abservations

consider this structure as an effect of SR, as20@9 / \ o’ " \ \
field monitoring revealed riffles and pools whicrens : - N :
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3.2.3. Scenario 2 — Sand bar
After the 2009 SR operations below the Nunome Dam, Figure 4. Depth and velocity habitat suitability indexes
field monitoring, and aerial photographs of theeriv (DHSI, VHSI) for the juvenile Chinook Salmon.



4. RESULTS become generally too high, and GHSI values remaar p
in most areas of the channel. This tends only tsemfor
The basic hydraulic parameters were computed withQ50 and Q81, as the effects of morphological fesstur
Morpho2D for each scenario grid, and for four diig¢  tend to diminish, and depths over riffles, poolsq &ars
discharges (Q1, Q20, Q50, Q81, discharge units af€Q) become overall too high.
given in m/s). The spatial hydraulic values were
converted to the variables of interest, Shieldasst{*),
global habitat and spawning habitat indexes (GH®l a
GSHI), as well as the intermediate depth and vsloci
indexes (DHSI and VHSI).

4.1. Habitat Suitability

At low discharge, the reference scenario yielded lo

DHSI[]

depths, up to 0.35 m, and fairly low velocities gig W o

typically between 0.4 and 0.7 m/s. The correspandin e -

velocity and depth indexes were rather low (Fig.B)en o1 B .0

for the lowest flow Q1, velocities computed in the

reference channel are too high to represent abdaita

habitat for the river's maturing fish. Therefotee GHSI Figure 5. Construction of the global _habitat suitability ixde
is ultimately poor or low, and thus the referencersrio for the reference scenario at Q1.

is, as expected, ecologically unfavorable. Thisultes
occurs in fact most of the time, as in the NunomeR
Q1 is the residual flow. The habitat conditions®etend
to worsen with increasing discharges.

Conversely, the model predicted a clear improvement
with the riffle-pool scenario, in which appearedeth
large high quality zones, directly correlated te fiffle
and pool pattern (Fig. 6). Indeed, the expectedcesfof
the riffle-pool units are accurately represented by
Morpho2D, and distinct velocity accelerations cam b
observed over riffles and slower flows appeared tive
deeper sections. This scenario, at Q1 flow, in fact
cumulates optimal depths, which now reach 0.7-&md,
optimal velocities below 0.2 m/s. Moreover, bottludse
optimal sets of values occur over pools, and this

overlapping thus leads to the excellent GHSI reggbdn 4 o Spawning Habitat Suitability
Fig. 6.
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Figure 6. Construction of the global habitat suitability irde
for the riffle-pool scenario at Q1.

Juvenile habitat analysis previously showed thatideal
living conditions occurred at low flow, and thaege were
systematically improved by SR induced morphology.
Spawning habitat on the other hand benefits from an
increase in discharge, and optimal conditions wisleled

at Q20. Therefore, an adapted dam outlet management
established according to these facts, could sinmghease

the fish living conditions throughout the year.viinter,
e5pring and summer, maintaining the natural Q1 flow
would be suitable for juvenile and maturing fisthen,
during the Ayu's spawning season in autumn, a tsligh
increase in the outflow would increase velocitiesl a
allow optimal spawning conditions.

In the light of these results, the gain of SR igiobs when

it is supposed to induce riffles and pools. Howeresults
were not as positive for the second scenario. lhdee
effects of sand bars are somewhat ambivalent. iFse f
bar did improve slightly the velocities just upstne of it,

as it acts like a local obstruction to flow. Howenealso
acted like a constrictor which reduces the widthtred
main channel and accelerates the flow to unsuitabl
velocities. The final GHSI for scenario 2, Q1, was
therefore generally low, and locally poor while giag
the large bar, due to excessive velocities andishal
water.

For larger discharges, habitat quality was gengtaller

for all scenarios, despite an increase in termidl$§l at
Q20. Indeed, velocities yielded for large discharge
systematically reduced the VHSI. Though for allreoéos
velocities offer poor habitat quality, scenarioffeed the
best conditions, because the two downstream paidls s
managed to reduce velocities towards more favorabl
values. Ultimately, starting at 20 3m®, the velocities

Another interesting result which appeared by coimgar
the spawning and non-spawning habitat preferenges i
scenario 1 was the delimitation of the high quatityes.
Indeed, it was shown that mature fish had theith hig
quality habitats coinciding with pools along theack
éFig. 6). By analyzing more accurately this resvith the
delimitation of the high quality spawning areasppears



that the latter systematically stretch a bit furtteards
emerging riffles. This was previously observed bgnm
researchers (Hunter, 1991; Brown, 2008; Wheato®4 R0
which pointed out that salmonids preferably spawn i
gravel beds located at riffle heads or at pool dsiveam
edges. On Fig. 7,
preferences begin inside the pools, and end néf ri
heads, which corroborates both the consistencyhef t
numerical model, and the suitability indexes.

GHSI [-]

GSHSI [
— 07
0.4

XX - Riffle
77 - Pool

Figure 7. Streamwise delimitations of habitat (left, GHSI)
and spawning (right, GSHSI) habitat preferencegukitag fish
find comfort in pools, whereas spawning is bekigated at pool

ends and riffle heads.

4.3. Sediment M obility

it is noticeable that spawning

during low flows, which may be beneficial for salnid
spawning, without preventing normal transport pssoaf
the replenished volumes.

D50 = 0.38 mm
D90 = 1.6 mm

Flow’

Q1

D50 = 0.38 mm
D90 = 1.6 mm

Q81

Figure 8. Shields stress is represented for two dischafges,
(top row) and Q81 (bottom row), and for two subtstra
dimensions, fine (left column) and coarse (rightiom).

5. CONCLUSION

In order to assess the relevance of the designeth the opening of this paper, the need to evaltiage

morphologies, and also to evaluate bed stabilityicivis
partly required for optimal spawning conditions,
dimensionless shear stresses were calculated a&n@1
Q81 for two different grain sizes (Fig. 8).

Predicted results were fairly consistent with thérgem
HEC-RAS. During low flow, an alternating pattern of
high and low shear stresses appears. Interestirigly,
matches the riffle-pool structure adopted in scenér
This result illustrates how riffle-pool structunemy arise
from erosion and deposition fluctuations such aseh
computed by Morpho2D. This pattern is not visible
anymore for Q81, however the stress distributiorthiz
bend similarly illustrates how the monitored sarat,b
represented in scenario 2, could arise.

Because Shields stress values were systematieatjer
than the critical entrainment value for the repibed

effects of sediment replenishment (SR) on the
environment was emphasized, and reinforced by the
current energy crisis. Indeed, dams may becomenézlse
actors in tomorrow's energy policies and all effartust
thus be focused on reducing their ecological sfkcts.

In this context, the present study contributechoréasing
knowledge of this underrated reservoir sediment
management method.

Put into a sustainable development context, SRsftloe
necessity of identifying predominant issues and
site-specific goals of a reservoir before consitgrany
remedy. Indeed, sediment reservoir managementsraise
conflicting social, economical and environmental
interests, which need to be balanced in order pdyapR
with optimal efficiency. To help balance objectiveéhe
interests of reservoir sedimentation and downstream
health, there is a need for effective ecologicallaation

grain size t*, = 0.0369 [-]), a second substrate was tools. Two habitat suitability indexes were prophsand

tested, with larger characteristic diameters. Adeetrease
in T values was thereby obtained. At Q1, transpoohiy
partial in most of the reach, and complete stabditcurs
in the central part of the reach. For Q81, despiecrease
in overall shear stress, full mobility is still aeted,
allowing transport of such material during highafits.
This result may be of interest to future SR operstj as
selecting slightly coarser sediments may incretsalisy

applied to a test reach in the Nunome River. These
allowed evaluating the positive impact of river
geomorphology on ecological health. The indexes
quantified fish habitat and spawning quality, adlas
sediment mobility. The latter could be employed to
evaluate habitat quality, but also to predict S&diced
morphologies.



The results established with the numerical modelewe ecosystems, and being able to quantify them. Hasis
satisfying on two different levels. First, they slea that  therefore strived to develop, discuss and applytdioés
Morpho2D was able to reproduce successfully thegha able to assess environmental quality, which can hew
in flow patterns expected by the modified bed used to evaluate future SR outcomes in Nunome,rand
morphologies. Indeed, the way riffles and pools iiyod other dams worldwide.

water depths and velocities is well documented, thaed

model calculated these modifications efficiently.
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