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ABSTRACT	
  
	
  

ANALYSIS	
  OF	
  VARIATIONS	
  IN	
  CHANNEL	
  WIDTH	
  AND	
  SEDIMENT	
  SUPPLY	
  ON	
  RIFFLE-­‐

POOL	
  DYNAMICS,	
  BEFORE	
  AND	
  AFTER	
  DAM	
  REMOVAL	
  

	
  
Many	
  gravel-­‐bed	
  rivers	
  feature	
  quasi-­‐regular	
  alternations	
  of	
  shallow	
  and	
  deep	
  areas	
  

known	
  as	
  riffle-­‐pool	
  sequences,	
  which	
  in	
  straight	
  reaches	
  are	
  often	
  forced	
  by	
  variations	
  in	
  

channel	
  width.	
  The	
  mechanisms	
   responsible	
   for	
   the	
   formation	
  and	
  maintenance	
  of	
   riffle-­‐

pool	
   sequences	
   are	
   still	
   poorly	
   understood.	
   There	
   is	
   also	
  much	
   uncertainty	
   in	
   the	
   basic	
  

understanding	
   of	
   how	
   fluvial	
   systems	
   respond	
   and	
   readjust	
   to	
   large	
   sediment	
   fluxes	
  

through	
   time	
   (i.e.	
   dam	
   removal).	
   Here	
   we	
   present	
   physical	
   experiments,	
   numerical	
  

modeling,	
   and	
   field	
   observations	
   aimed	
   at	
   improving	
   our	
   understanding	
   of	
   how	
  

downstream	
   variations	
   in	
   channel	
  width	
   affect	
   bed	
  morphology	
   and	
   influence	
   riffle-­‐pool	
  

development,	
  and	
  how	
  these	
  features	
  respond	
  to	
  changes	
  in	
  sediment	
  supply.	
  

A	
   two-­‐dimensional	
   morphodynamic	
   model,	
   Nays2D,	
   has	
   been	
   used	
   to	
   explore	
  

interactions	
  between	
  the	
  flow	
  field,	
  the	
  sediment	
  transport	
  field,	
  and	
  the	
  bed	
  morphology	
  

for	
   a	
   channel	
   with	
   sinusoidal	
   variations	
   in	
   width.	
   Model	
   predictions	
   suggest	
   that	
   riffles	
  

form	
   in	
   wide	
   sections	
   of	
   the	
   channel	
   while	
   pools	
   develop	
   in	
   channel	
   constrictions,	
   and	
  

these	
  model	
  results	
  have	
  been	
  used	
  to	
  guide	
  mobile-­‐bed	
  experiments	
  we	
  have	
  conducted	
  in	
  

a	
  21-­‐cm	
  wide,	
  9-­‐m	
  long	
  flume.	
  Artificial	
  walls	
   imposing	
  a	
  sinusoidal	
  width	
  variation	
  have	
  

been	
  installed	
  in	
  the	
  flume,	
  and	
  during	
  the	
  experiments	
  it	
  is	
  supplied	
  with	
  a	
  constant	
  water	
  

discharge	
   and	
   a	
   sediment	
  mixture	
   of	
   coarse	
   sand	
   and	
   fine	
   gravel.	
   After	
   riffles	
   and	
   pools	
  

developed	
   under	
   these	
   equilibrium	
   conditions,	
   the	
   sediment	
   supply	
   is	
   increased	
   during	
  

two	
   experimental	
   designs	
   that	
   simulate	
   characteristics	
   of	
   a	
   dam	
   removal.	
   	
   The	
   first	
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experiment	
   examined	
   increasing	
   sediment	
   supply	
   to	
   an	
   original	
   equilibrium	
   rate	
   after	
   a	
  

period	
   of	
   starvation.	
   	
   The	
   second	
   introduces	
   a	
  well	
   sorted	
   sediment	
   pulse	
   that	
  was	
   four	
  

times	
   greater	
   than	
   the	
   equilibrium	
   feed	
   rate.	
   	
   This	
   pulse	
   of	
   sediment	
   evolved	
   primarily	
  

through	
  dispersion,	
  rather	
  than	
  translation.	
  These	
  physical	
  and	
  numerical	
  experiments	
  are	
  

complemented	
   by	
   observations	
   from	
   a	
   natural	
   experiment	
   on	
   the	
   Elwha	
   River	
   in	
  

Washington	
  State,	
  where	
  the	
  largest	
  dam-­‐removal	
  project	
  in	
  history	
  is	
  providing	
  riffle-­‐pool	
  

sequences	
  with	
  greatly	
   increased	
   sediment	
   supply.	
  Analysis	
  of	
   aerial	
   imagery	
  and	
  repeat	
  

bathymetric	
  measurements	
   indicate	
   that	
  prior	
   to	
  dam	
  removal,	
  pools	
  on	
   the	
  Elwha	
  were	
  

co-­‐located	
  with	
  local	
  decreases	
  in	
  bankfull	
  width.	
  During	
  dam	
  removal,	
  a	
  pulse	
  of	
  sediment	
  

temporarily	
  filled	
  in	
  the	
  pools	
  and	
  increased	
  the	
  overall	
  sediment	
  transport	
  capacity	
  of	
  the	
  

river,	
   but	
   eventually	
  most	
  of	
   the	
  pools	
   reemerged	
  at	
   their	
  prior	
   location,	
   suggesting	
   that	
  

width	
  imposes	
  an	
  important	
  local	
  control	
  on	
  bed	
  morphology	
  and	
  riffle-­‐pool	
  dynamics.	
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INTRODUCTION	
  
	
  

Characteristics	
  of	
  Riffle-­‐Pool	
  Sequences	
  

Alternating	
  patterns	
  of	
  deep,	
   slow	
  moving,	
  areas	
   (pools)	
  and	
  shallow,	
   fast	
  moving	
  

zones	
   (riffles)	
   are	
   characteristic	
   of	
   both	
   straight	
   and	
   meandering	
   channels	
   with	
  

heterogeneous	
   bed	
   material	
   composed	
   of	
   small	
   gravels	
   to	
   large	
   cobbles	
   (2-­‐256	
   mm)	
  

[Knighton,	
   1998].	
   	
   During	
   normal	
   flow	
   conditions,	
   this	
   riffle-­‐pool	
   topography	
   creates	
  

natural	
  backwater	
  effects	
  (Figure	
  1).	
  	
  Riffle-­‐pool	
  sequences	
  have	
  been	
  observed	
  to	
  develop	
  

freely	
  at	
  a	
  regular	
  uniform	
  longitudinal	
  spacing	
  of	
  approximately	
  5	
   to	
  7	
  bankfull	
  channel	
  

widths	
  in	
  many	
  geophysical	
  settings	
  [Leopold	
  et	
  al.,	
  1964;	
  Keller	
  and	
  Melhorn,	
  1978].	
  	
  This	
  

riffle	
   spacing	
  has	
   also	
  been	
   linked	
   to	
  naturally	
   assumed	
  planform	
   characteristics.	
   	
   	
   Field	
  

analysis	
  of	
  freely	
  developed	
  planform	
  geometry	
  has	
  shown	
  that	
  a	
  series	
  of	
  two	
  riffles	
  in	
  an	
  

equivalent	
  straight	
  channel	
  occurs	
  at	
  a	
  distance	
  of	
  approximately	
  4𝜋	
  channel	
  widths	
  [Hey,	
  

1976;	
   Thorne,	
   1997].	
   	
   This	
   value	
   is	
   similar	
   to	
   the	
   coefficient	
   of	
   a	
   stable	
   meander	
  

wavelength	
  developed	
  by	
  Richards	
  (1982)	
  from	
  compiled	
  field	
  data.	
  

Field	
  observations	
  have	
  also	
  presented	
  the	
  idea	
  that	
  there	
  are	
  consistent	
  differences	
  

in	
  characteristic	
  channel	
  width	
  between	
  riffle	
  and	
  pool	
  features.	
  	
  Riffle	
  features	
  have	
  been	
  

demonstrated	
   to	
   be	
   consistently	
   wider	
   than	
   pools	
   in	
   a	
   field	
   setting	
   [Richards,	
   1976;	
  

Montgomery	
   and	
   Buffington,	
   1997].	
   	
   	
   Other	
   work	
   by	
   Hey	
   and	
   Thorne	
   (1986)	
   analyzing	
  

channel	
  width	
  variations	
  in	
  gravel-­‐bed	
  rivers	
  supports	
  this	
  too;	
  their	
  regression	
  equations	
  

display	
  consistent	
  linear	
  deviations	
  in	
  width	
  across	
  riffles,	
  pools,	
  and	
  meander	
  bends	
  with	
  

riffles	
  being	
  the	
  widest	
  and	
  pools	
  being	
  the	
  most	
  constricted	
  [Soar	
  and	
  Thorne,	
  2001].	
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Figure	
  1:	
  Layout	
  of	
  a	
  typical	
  riffle-­‐pool	
  sequence	
  and	
  backwater	
  profile	
  [Knighton,	
  1998].	
  

	
  

In	
  laterally	
  unconfined	
  valleys,	
  riffle-­‐pool	
  sequences	
  form	
  freely	
  and	
  pools	
  exhibit	
  a	
  

consistent	
  spacing	
  of	
  5	
  to	
  7	
  bankfull	
  channel	
  widths.	
  	
  These	
  observations	
  were	
  first	
  made	
  

by	
   Leopold	
   and	
   Wolman	
   (1957)	
   when	
   examining	
   the	
   channel	
   patterns	
   of	
   nearly	
   300	
  

streams	
  in	
  a	
  variety	
  of	
  geophysical	
  settings.	
  	
  Additional	
  work	
  by	
  Keller	
  and	
  Melhorn	
  (1978)	
  

found	
  this	
  rhythmic	
  spacing	
  to	
  naturally	
  occur	
  as	
  well	
  in	
  both	
  bedrock	
  and	
  alluvial	
  stream	
  

channels.	
   	
   These	
   findings	
   suggesting	
   that	
   the	
   development	
   of	
   oscillating	
   riffle-­‐pool	
  

topography	
   is	
   an	
   important	
   energy	
   dissipation	
  mechanism	
  utilized	
   by	
   the	
   fluvial	
   system	
  

[Lisle,	
  1982].	
  

However,	
   in	
   certain	
  environments	
  valley	
   confinement	
  has	
  been	
  shown	
   to	
  offer	
  an	
  

important	
  control	
  on	
  where	
  riffle-­‐pool	
  sequences	
  develop	
  and	
  persist.	
  	
  Work	
  performed	
  by	
  

White	
  et	
  al.	
  (2010)	
  examined	
  a	
  rapidly	
  incising,	
  laterally	
  confined	
  reach	
  on	
  the	
  Yuba	
  River	
  

in	
  California.	
   	
   For	
   this	
   river	
   segment,	
  7	
  persisting	
   riffle	
   crest	
   locations	
  were	
  mapped	
  out	
  

using	
   aerial	
   photo	
   sets	
   dating	
   back	
   to	
   as	
   early	
   as	
   1937.	
   	
   Using	
   longitudinal	
   profiles	
   and	
  

delineated	
   valley	
   width,	
   the	
   geomorphic	
   evolution	
   of	
   this	
   reach	
   both	
   laterally	
   and	
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topographically	
  was	
  analyzed	
  in	
  great	
  detail.	
  	
  Figure	
  2a	
  illustrates	
  how	
  valley	
  width	
  acts	
  as	
  

a	
  control	
  on	
  the	
  persistence	
  of	
  riffles	
  in	
  many	
  locations	
  of	
  greatest	
  valley	
  width.	
  	
  Figures	
  2b	
  

and	
  2c	
   show	
  valley	
  width	
   imposing	
   a	
   long	
   term	
   control	
   on	
   the	
   bed	
  morphology	
   as	
  well.	
  	
  

Slope	
  adjusted	
  long	
  profiles	
  of	
  the	
  reach	
  from	
  1999	
  and	
  2006	
  show	
  concurrent	
  locations	
  of	
  

riffles	
  and	
  pools	
  over	
  the	
  6	
  km	
  reach.	
   	
  Despite	
  trends	
  of	
  rapid	
  incision	
  in	
  this	
  system,	
  the	
  

riffles	
  persist	
  in	
  locations	
  of	
  greatest	
  width	
  through	
  time	
  [White	
  et	
  al.,	
  2010].	
  	
  	
  	
  

	
  

	
  
Figure	
  2:	
  	
  Locations	
  of	
  riffle	
  persistence	
  indicated	
  by	
  horizontal	
  bars	
  in	
  locations	
  of	
  
greatest	
  valley	
  width	
  indicated	
  by	
  downward	
  arrows	
  along	
  with	
  slope-­‐subtracted	
  bed	
  

elevation	
  plots	
  from	
  1999	
  and	
  2006	
  on	
  the	
  Yuba	
  River	
  [White	
  et	
  al.,	
  2010].	
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Local	
   controls	
   have	
   been	
   demonstrated	
   to	
   override	
   valley	
   characteristics	
   and	
  

dictate	
  where	
  pools	
   form,	
  otherwise	
  known	
  as	
   forced	
  riffle-­‐pool	
   systems.	
   	
  Channels	
  with	
  

high	
  wood	
  loading	
  have	
  been	
  shown	
  to	
  exhibit	
  more	
  frequent	
  pool	
  spacing	
  [Montgomery	
  et	
  

al.,	
   1995].	
   	
   Obstructions	
   such	
   as	
   boulders	
   and	
   large	
   woody	
   debris	
   (LWD)	
   create	
   flow	
  

convergence,	
  additional	
  turbulence,	
  and	
  increased	
  sediment	
  transport	
  capacity	
  that	
   leads	
  

to	
   scour	
   of	
   the	
   channel	
   bed	
   and	
   pool	
   development	
   [Swanson	
   et	
   al.,	
   1976;	
   Keller	
   and	
  

Swanson,	
  1979;	
  Lisle	
  1986;	
  Montgomery	
  and	
  Buffington	
  1997].	
  	
  These	
  roughness	
  elements	
  

have	
  been	
   identified	
  as	
   the	
  primary	
  driver	
  of	
  pool	
  development	
   in	
  many	
  coarse-­‐grained,	
  

mountain	
  rivers	
  [Buffington	
  et	
  al.,	
  2002].	
  

Work	
  by	
  de	
  Almeida	
  and	
  Rodriguez	
  [2012]	
  with	
  one-­‐dimensional	
  morphodynamic	
  

modeling	
  has	
  shown	
  that	
  in	
  addition	
  to	
  channel	
  width,	
  variable	
  discharge	
  can	
  influence	
  the	
  

spontaneous	
  formation	
  of	
  riffle-­‐pool	
  sequences.	
   	
  By	
  comparing	
  simulations	
  of	
  steady	
  and	
  

unsteady	
   hydrographs,	
   the	
   unsteady	
   hydrology	
   produced	
   more	
   quasi-­‐natural	
   riffle-­‐pool	
  

relief.	
   	
   Steady	
   flow	
   at	
   higher	
   discharges	
   did	
   produce	
   similar	
   relief	
   in	
   a	
   variable	
   width	
  

setting.	
   	
  These	
   results	
   show	
  certain	
   thresholds	
  of	
   flow	
  magnitude	
  are	
  needed	
   to	
  develop	
  

riffle-­‐pool	
  relief	
  and	
  maintain	
  its	
  morphology.	
  	
  	
  

A	
  theory	
  as	
  to	
  how	
  pool	
  features	
  are	
  maintained	
  throughout	
  the	
  natural	
  flow	
  regime	
  

was	
  first	
  put	
  forth	
  by	
  E.A.	
  Keller	
  (1971),	
  known	
  as	
  the	
  hypothesis	
  of	
  velocity	
  reversal.	
  	
  This	
  

hypothesis	
   suggests	
   that	
   at	
  more	
   frequent	
   lower	
  magnitude	
  discharges,	
   the	
   velocity	
   in	
   a	
  

riffle	
  is	
  greater	
  than	
  that	
  of	
  its	
  corresponding	
  pool	
  and	
  finer	
  materials	
  are	
  transported	
  out	
  

the	
   riffle	
   and	
   deposited	
   in	
   the	
   neighboring	
   pool.	
   	
   However,	
   at	
   higher	
   channel	
   forming	
  

discharges	
  the	
  bottom	
  velocity	
  in	
  a	
  pool	
  exceeds	
  that	
  of	
  the	
  adjacent	
  riffle	
  and	
  these	
  finer	
  

deposits	
   are	
   scoured	
   from	
   the	
   pool	
   bottom	
   and	
   deposited	
   in	
   the	
   downstream	
   riffle.	
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Additional	
  work	
  with	
  comprehensive	
  2-­‐D	
  and	
  3-­‐D	
  hydraulic	
  modeling	
  has	
  introduced	
  the	
  

concept	
   of	
   flow	
   convergence	
   due	
   to	
   channel	
   width	
   variability	
   as	
   the	
   primary	
   driver	
   of	
  

riffle-­‐pool	
  maintenance	
  [Thompson	
  et	
  al.,	
  1996;	
  Thompson	
  et	
  al.	
  1999;	
  MacWilliams	
  et	
  al.,	
  

2006;	
  Thompson	
  and	
  Wohl	
  2009].	
   	
  A	
  high	
  velocity	
   jet	
   in	
   the	
  pools	
  center	
  coupled	
  with	
  a	
  

recirculating	
  eddy	
  region	
  causes	
  scour	
   induced	
  by	
  converging	
  flow	
  entering	
  the	
  pool	
  and	
  

diverging	
   flow	
   exiting.	
   The	
   modeling	
   work	
   done	
   by	
   de	
   Almeida	
   and	
   Rodríguez	
   [2011]	
  

provides	
  additional	
   insights	
  on	
  the	
  role	
  of	
  a	
  natural	
  hydrograph	
  and	
  sediment	
  variability	
  

on	
   riffle-­‐pool	
  maintenance.	
  Their	
   findings	
   show	
   that	
  grain	
   size	
   sorting	
  can	
  under	
  certain	
  

circumstances	
   lead	
   to	
   a	
   sediment	
   transport	
   reversal	
   (i.e.,	
   sediment	
   transport	
   in	
   the	
  pool	
  

becomes	
  greater	
  than	
  that	
  over	
  the	
  riffle)	
  before	
  velocity	
  reversal	
  occurs.	
  	
  

The	
   development	
   and	
   maintenance	
   of	
   riffle-­‐pool	
   relief	
   is	
   important	
   to	
   aquatic	
  

ecology	
  and	
  overall	
  stream	
  health.	
   	
   	
  Riffle	
  features	
  are	
  shallow,	
  high	
  velocity	
  zones	
  in	
  the	
  

natural	
   setting	
   and	
   thus	
   provide	
   cool,	
   well	
   oxygenated	
   water	
   that	
   is	
   important	
   during	
  

periods	
   of	
   warmer	
   stream	
   temperature	
   [Ewing,	
   2013].	
   	
   Because	
   of	
   these	
   high	
  

concentrations	
  of	
  dissolved	
  oxygen,	
  many	
  aquatic	
  macroinvertebrates	
  grow	
  to	
  maturity	
  in	
  

these	
   locations.	
   	
   As	
   nymphs	
   are	
   dislodged	
   from	
   rocks	
   into	
   the	
   flow,	
   a	
   steady	
   “biological	
  

drift”	
   is	
   provided	
   to	
   predators	
   downstream;	
   making	
   these	
   areas	
   critical	
   feeding	
   habitat	
  

[Allan	
  &	
  Castillo,	
  1995].	
  	
  In	
  contrast,	
  pools	
  provide	
  deep,	
  slow	
  moving	
  water	
  that	
  protects	
  

fish	
  from	
  predation	
  and	
  creates	
  a	
  refuge	
  that	
  requires	
  minimal	
  energy	
  expenditure.	
  	
  	
  

Dam	
  Removal	
  and	
  Morphological	
  Response	
  

Dam	
   removal	
   is	
   becoming	
   a	
   common	
   practice	
   to	
   restore	
   fluvial,	
  morphodynamic,	
  

and	
   ecological	
   function	
   to	
   river	
   systems.	
   	
   It	
   is	
   estimated	
   that	
   1,150	
  water	
   impoundment	
  

and	
   diversion	
   structures	
   have	
   been	
   removed	
   in	
   the	
  United	
   States	
   since	
   1912	
   [American	
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Rivers,	
  2014].	
  	
  The	
  removal	
  of	
  850	
  or	
  74%	
  of	
  these	
  structures	
  has	
  occurred	
  within	
  the	
  last	
  

two	
   decades	
   [American	
   Rivers,	
   2014].	
   	
   Removing	
   a	
   dam	
   is	
   important	
   to	
   restoring	
   the	
  

river’s	
  natural	
  flow	
  regime,	
  providing	
  connectivity,	
  and	
  reintroducing	
  additional	
  sediment	
  

supply.	
   	
   In	
  coastal	
  regions	
  dams	
  are	
  very	
  detrimental	
   to	
   the	
  survival	
  rate	
  of	
  anadromous	
  

fish	
  species	
  attempting	
  to	
  migrate	
  upstream	
  and	
  complete	
  their	
  life	
  history.	
  In	
  many	
  cases	
  

these	
   dams	
   have	
   limited	
   uses	
   today	
   as	
   their	
   structural	
   integrity	
   is	
   of	
   concern	
   and	
   have	
  

become	
   inefficient	
   sources	
   of	
   hydropower	
   [American	
  Rivers,	
   2014].	
   	
   	
   In	
   other	
   situations	
  

where	
   expensive	
   fish	
   passage	
   structures	
   have	
   been	
   mandated,	
   it	
   may	
   be	
   more	
  

economically	
  feasible	
  to	
  remove	
  the	
  dam	
  entirely.	
   	
  With	
  this	
   in	
  mind,	
  certain	
  precautions	
  

must	
  be	
  taken	
  when	
  removing	
  a	
  dam	
  as	
  it	
  has	
  likely	
  trapped	
  large	
  quantities	
  of	
  sediment	
  

over	
  its	
  lifespan.	
  	
  	
  

The	
   evacuation	
  process	
   of	
   this	
   reservoir	
   sediment	
   should	
  not	
   be	
   overlooked	
   as	
   it	
  

may	
   lead	
   to	
   extremely	
   detrimental	
   downstream	
   ramifications	
   during	
   a	
   dam	
   removal	
  

project.	
   	
  These	
  high	
  sediment	
  loads	
  have	
  the	
  potential	
  to	
  negatively	
  impact	
  water	
  quality,	
  

aquatic	
  habitat	
   and	
   infrastructure.	
   	
  Both	
   the	
  quantity	
   and	
  quality	
  of	
   reservoir	
   sediments	
  

can	
  be	
  problematic	
  with	
  a	
  dam	
  removal.	
   	
   	
   	
  High	
  levels	
  of	
  fine	
  sediment	
  in	
  suspension	
  can	
  

cause	
   short-­‐term	
   fish	
   kills	
   and	
   harm	
   populations	
   of	
   other	
   aquatic	
   organisms.	
  	
  

Contaminants	
   that	
   have	
   settled	
   out	
   in	
   reservoirs	
   and	
   leached	
   into	
   sediments	
   may	
   be	
  

remobilized	
  during	
  dam	
  removal	
  and	
  negatively	
   impact	
  water	
  quality	
   [The	
  Heinz	
  Center,	
  

2002].	
   	
   The	
   transport	
   of	
   high	
   sediment	
   loads	
  will	
   alter	
   the	
   river’s	
  morphology	
   and	
  may	
  

have	
   negative	
   impact	
   on	
   aquatic	
   habitat	
   in	
   the	
   short-­‐term.	
   	
   Some	
   consequences	
   may	
  

include	
   the	
   reduction	
   of	
   desirable	
   backwater	
   features	
   or	
   fine	
   sediment	
   carpeting	
   larger	
  

spawning	
   gravels	
   necessary	
   for	
   salmon	
   reproduction	
   [The	
  Heinz	
   Center,	
   2002].	
   	
   Finally,	
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turbidity	
   from	
   suspended	
   sediment	
   has	
   the	
   potential	
   to	
   impact	
   water	
   treatment	
  

infrastructure	
  downstream.	
  	
  Suspended	
  sediment	
  has	
  damaged	
  the	
  Water	
  Treatment	
  Plant	
  

for	
   the	
   city	
   of	
   Port	
   Angeles	
   by	
   the	
   Elwha	
   Dam	
   Removal	
   and	
   resulted	
   in	
   costly	
   repairs	
  

[Schwartz,	
   2013].	
   	
   Therefore,	
   a	
   well-­‐developed	
   fundamental	
   understanding	
   of	
   how	
  

increased	
   sediment	
   supply	
   propagates	
   through	
   and	
   interacts	
   with	
   a	
   riffle-­‐pool	
   system	
  

below	
  a	
  dam	
  site	
  is	
  desired.	
  

E.	
  W.	
  Lane	
  (1955)	
  developed	
  a	
  well-­‐regarded	
  qualitative	
  response	
  model	
  to	
  explain	
  

how	
  a	
  fluvial	
  system	
  will	
  likely	
  respond	
  to	
  alterations	
  in	
  available	
  water	
  or	
  sediment	
  with	
  a	
  

conceptual	
  scale	
  (Figure	
  3)	
  known	
  as	
  “Lane’s	
  Balance”.	
  	
  This	
  proportionality	
  relationship	
  is	
  

based	
  around	
  a	
  dynamic	
  equilibrium	
  of	
  water	
  and	
  sediment	
  represented	
  in	
  the	
  following	
  

equation:	
  	
  	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  𝑄𝑠𝐷!"   ∝ 𝑄𝑆	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eq.	
  1	
  	
  

	
  

Qs	
   is	
   defined	
   as	
   the	
   total	
   sediment	
   load	
   transported,	
   D50	
   the	
   median	
   grain	
   size	
   of	
   the	
  

sediment	
  load,	
  Q	
  the	
  discharge	
  of	
  the	
  river	
  and	
  S	
  being	
  the	
  local	
  channel	
  slope.	
  	
  	
  

Similarly,	
  Schumm	
  (1977)	
  built	
  upon	
  this	
  idea	
  with	
  a	
  River	
  Metamorphosis	
  concept	
  

that	
   introduced	
   additional	
   morphological	
   variables.	
   	
   His	
   model	
   introduced	
   both	
   cross	
  

sectional	
   and	
   planform	
   characteristics	
   that	
   were	
   not	
   included	
   in	
   Lane’s	
   model.	
   	
   Of	
  

particular	
   interest	
   are	
   the	
   scenarios	
   dealing	
  with	
   alterations	
   of	
   sediment	
   load	
   and	
   grain	
  

size	
  as	
  shown	
  below:	
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  𝑄𝑠
!  𝐷!"

!     ∝     𝑆!, 𝑏!, 𝑑!, 𝜆!,𝑃!    	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eq.	
  2	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  𝑄𝑠
!𝐷!"

!     ∝     𝑆!, 𝑏!, 𝑑!, 𝜆!,𝑃!    	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eq.	
  3	
  

	
  

In	
  Eq.	
   2	
   and	
  Eq.	
   3,	
  Qs	
   is	
   defined	
   as	
   the	
   total	
   supplied	
   sediment	
   load	
   and	
  D50	
   the	
  median	
  

grain	
  size	
  of	
  that	
  supply.	
  	
  Variables	
  defining	
  channel	
  geometry	
  are	
  the	
  local	
  channel	
  slope	
  S,	
  

the	
   channel	
  width	
  b,	
   and	
   the	
   cross	
   sectional	
  depth	
  d.	
   	
  River	
  planform	
  characteristics	
  are	
  

integrated	
  as	
  well	
  through	
  the	
  inclusion	
  of	
  the	
  meander	
  wavelength	
  𝜆	
  and	
  sinuosity	
  P.	
  

	
  

	
  
Figure	
  3:	
  Conceptual	
  scale	
  depicting	
  Lane’s	
  Balance,	
  a	
  qualitative	
  river	
  response	
  model	
  

	
  

This	
   model	
   suggests	
   that	
   when	
   a	
   dam	
   is	
   installed	
   in	
   a	
   dynamically	
   equilibrated	
  

river,	
   the	
   system	
   will	
   respond	
   to	
   a	
   large	
   decrease	
   in	
   sediment	
   delivery	
   composed	
   of	
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coarser	
  material	
  by	
  altering	
  its	
  bed	
  slope	
  while	
  going	
  through	
  an	
  initial	
  period	
  of	
  incision	
  

and	
  narrowing	
  below	
  the	
  dam	
  due	
  to	
  excess	
  transport	
  capacity.	
   	
  Planform	
  characteristics	
  

are	
   expected	
   to	
   adjust	
   as	
  well	
  with	
   a	
   reduction	
   in	
   the	
  meander	
  wavelength	
   and	
   a	
  more	
  

sinuous	
   channel.	
   Decades	
   or	
   centuries	
   later	
   when	
   the	
   dam	
   is	
   decommissioned	
   and	
  

removed,	
   reservoir	
   sediments	
   are	
   mobilized;	
   both	
   an	
   increase	
   in	
   sediment	
   delivery	
  

downstream	
  and	
  a	
  decrease	
  in	
  the	
  median	
  grain	
  size	
  of	
  bedload	
  transport	
  should	
  then	
  be	
  

expected	
  to	
  occur.	
  	
  Schumm’s	
  model	
  would	
  characterize	
  the	
  geomorphic	
  response	
  to	
  be	
  net	
  

aggradation	
   on	
   the	
   channel	
   bed	
   and	
   a	
   steepening	
   of	
   the	
   channel	
   bed	
   slope.	
   	
   Planform	
  

adjustments	
   should	
   create	
   a	
   more	
   frequently	
   meandering,	
   more	
   energetic,	
   less	
   sinuous	
  

river.	
   	
   These	
   conceptual	
   models	
   are	
   useful	
   in	
   predicting	
   a	
   fluvial	
   system’s	
   response	
  

tendencies,	
   however	
  what	
  might	
   occur	
  when	
   the	
   supply	
   is	
   of	
   large	
  magnitude,	
   episodic,	
  

and	
  uniform	
  in	
  grain	
  size?	
  

Quantitative	
   observations	
   have	
   been	
   made	
   through	
   laboratory	
   experiments	
   and	
  

numerical	
  modeling	
  that	
  validate	
  Schumm’s	
  River	
  Metamorphosis	
   ideas.	
   	
  Experiments	
  by	
  

Nelson	
  et	
  al.	
  [2009]	
  show	
  an	
  increase	
  in	
  the	
  surface	
  D50	
  with	
  time	
  as	
  the	
  sediment	
  feed	
  rate	
  

was	
  reduced.	
  	
  Water	
  surface	
  and	
  bed	
  slope	
  exhibited	
  downward	
  trends	
  with	
  reductions	
  in	
  

supply	
   as	
   qualitatively	
   described	
   in	
   Equation	
   2.	
   	
   	
   These	
   trends	
   aligned	
   with	
   numerical	
  

predictions	
   made	
   solving	
   the	
   Parker	
   (1990)	
   and	
   Wilcock	
   and	
   Crowe	
   (2003)	
   sediment	
  

transport	
   models	
   with	
   the	
   1-­‐D	
   Exner	
   equation	
   [Nelson	
   et	
   al.	
   2009].	
   	
   Physical	
   modeling	
  

performed	
   by	
   Venditti	
   et	
   al.	
   (2012)	
   examined	
   alternate	
   bar	
   response	
   to	
   supply	
  

termination.	
   	
   Similar	
   results	
   were	
   shown	
   with	
   the	
   cessation	
   of	
   sediment	
   supply;	
   an	
  

increase	
  in	
  grain	
  size	
  and	
  a	
  relaxation	
  of	
  the	
  bed	
  slope	
  were	
  observed	
  as	
  the	
  alternate	
  bar	
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features	
  disappeared.	
  	
  When	
  supply	
  was	
  restored,	
  the	
  system	
  responded	
  through	
  fining	
  of	
  

the	
  bed	
  surface	
  and	
  steepening	
  of	
  its	
  slope	
  as	
  described	
  in	
  Eq.	
  3,	
  while	
  reestablishing	
  bars.	
  

Reservoir	
  Sediment	
  Sorting	
  and	
  Evacuation	
  Dynamics	
  during	
  Dam	
  Removal	
  	
  

	
   Both	
  field	
  observations	
  and	
  physical	
  models	
  of	
  dam	
  removal	
  scenarios	
  describe	
  the	
  

reservoir	
   material	
   prograding	
   coupled	
   with	
   a	
   channel	
   rapidly	
   incising	
   through	
   the	
  

deposits.	
   	
   The	
   sediments	
   transported	
   below	
   the	
   dam	
   site	
   tend	
   to	
   sort	
   vertically	
   as	
   they	
  

slide	
  down	
  the	
  delta	
   front	
   [Cantelli	
  et.	
   al,	
  2004].	
   	
  During	
   this	
  process,	
   the	
   fine	
  sediments	
  

that	
  have	
  settled	
  out	
  below	
  the	
  reservoir	
  are	
  brought	
  into	
  suspension	
  and	
  transported	
  past	
  

the	
   dam	
   site	
   before	
   the	
   coarser	
   sands,	
   gravels,	
   and	
   cobbles	
   (Figure	
   4).	
   	
   Observations	
   of	
  

large	
  scale	
  dam	
  removals	
  such	
  as	
  the	
  series	
  of	
  two	
  dams	
  on	
  the	
  Elwha	
  River	
  describe	
  this	
  

sequential	
  grain	
  sorting	
  phenomenon	
  [Bountry,	
  2014].	
   	
  The	
  Elwha	
  watershed	
  is	
  a	
  coastal	
  

system,	
  so	
  dam	
  removal	
  resulted	
  in	
  an	
  immediate	
  reformation	
  of	
  an	
  estuarial	
  beach	
  at	
  the	
  

Strait	
  of	
  Juan	
  de	
  Fuca	
  composed	
  of	
  silty	
  material.	
  It	
  is	
  expected	
  that	
  coarser	
  material	
  in	
  the	
  

former	
  reservoir	
  deposits	
  will	
  be	
  evacuated	
  sequentially	
  by	
  grain	
  size	
  with	
  fluctuations	
  in	
  

the	
  hydrologic	
  regime	
  over	
  the	
  next	
  several	
  decades	
  [Bountry,	
  2014].	
  	
  With	
  this	
  in	
  mind,	
  it	
  

is	
   important	
   to	
   consider	
   the	
   importance	
   of	
   the	
   well	
   sorted	
   nature	
   of	
   these	
   sediment	
  

releases	
  when	
  attempting	
  to	
  mimic	
  a	
  phase	
  of	
  the	
  dam	
  removal	
  process.	
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Figure	
  4:	
  Typical	
  spatial	
  distribution	
  of	
  reservoir	
  sediment	
  as	
  observed	
  in	
  former	
  Lake	
  

Mills	
  before	
  dam	
  removal	
  [Bountry,	
  2014].	
  
	
  

Experiments	
  and	
  observations	
  have	
  also	
  demonstrated	
  a	
  pulse	
  like	
  phenomenon	
  as	
  

to	
   how	
   the	
   sediment	
   is	
   evacuated	
   below	
   the	
   dam	
   site	
   during	
   removal	
   [Cui	
   et	
   al.,	
   2008;	
  

Bountry,	
   2014].	
   	
   This	
   evacuation	
   process	
   appears	
   to	
   be	
   analogous	
   to	
   natural	
   pulses	
  

introduced	
   by	
   landslides	
   and	
   debris	
   flows	
   in	
  Mountain	
  Rivers	
   and	
   has	
   been	
  modeled	
   as	
  

such	
   [Cui	
   et.	
   al,	
   2003b].	
   	
   The	
  magnitude	
   of	
   the	
   pulse	
   can	
   be	
   altered	
   by	
   the	
  mechanism	
  

through	
   which	
   the	
   dam	
   is	
   removed.	
   	
   An	
   incremental	
   removal	
   process	
   was	
   used	
   on	
   the	
  

Elwha	
   River	
   in	
   an	
   attempt	
   to	
   offer	
   a	
   more	
   controlled	
   sediment	
   release	
   and	
   limit	
   the	
  

magnitude	
  and	
  turbidity	
  of	
  pulse	
  flows	
  [Bountry,	
  2014].	
  	
  	
  This	
  suggests	
  that	
  the	
  dynamics	
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of	
   sediment	
   releases	
   on	
   the	
   Elwha	
   in	
   particular	
   may	
   exhibit	
   similarities	
   to	
   gravel	
  

augmentation	
  pulses,	
  a	
  common	
  restoration	
  practice.	
  	
  	
  

The	
   relative	
   translation	
   and	
   dispersion	
   of	
   a	
   gravel	
   augmentation	
   pulse	
   will	
  

determine	
  how	
  long	
  that	
  added	
  gravel	
  remains	
   in	
  the	
  channel	
  and	
  may	
  affect	
  restoration	
  

planning	
  and	
  operation	
  [Sklar	
  et	
  al.,	
  2009].	
   	
  How	
  translational	
  and	
  dispersive	
  a	
  sediment	
  

pulse	
  is	
  can	
  be	
  expressed	
  through	
  downstream	
  profiles	
  of	
  pulse	
  thickness	
  (i.e.,	
  difference	
  

in	
   elevation	
   from	
   baseline,	
   pre-­‐pulse	
   conditions)	
   and	
   downstream	
   profiles	
   of	
   the	
  

cumulative	
  elevation	
  difference	
  (Figure	
  5).	
  Sklar	
  et	
  al.	
  (2009)	
  performed	
  experiments	
  in	
  a	
  

straight	
  rectangular	
  flume	
  and	
  showed	
  that	
  pulses	
  display	
  both	
  translation	
  and	
  dispersion,	
  

with	
   a	
   significant	
   translational	
   component.	
   	
   In	
   their	
   experiments,	
   five	
   distinct	
   sediment	
  

pulses	
   were	
   introduced	
   with	
   five	
   distinct	
   grain	
   size	
   distributions	
   as	
   well	
   as	
   two	
  

magnitudes.	
   	
  Translation	
  was	
  more	
  evident	
  in	
  the	
  pulses	
  of	
  smaller	
  mass,	
  and	
  these	
  finer	
  

grained	
  distributions	
  moved	
  through	
  the	
  system	
  in	
  a	
  shorter	
  period	
  of	
  time.	
  	
  	
  

Other	
  experiments	
  conducted	
  by	
  Lisle	
  et	
  al.	
  (1997)	
  demonstrated	
  that	
  introducing	
  a	
  

central	
  sediment	
  wave	
  into	
  a	
  channel	
  that	
  has	
  developed	
  an	
  alternate	
  bar	
  morphology	
  will	
  

lead	
  to	
  a	
  dispersion-­‐dominated	
  response	
  with	
  the	
  bar	
  morphology	
  remaining	
  intact.	
  	
  Work	
  

by	
   Cui	
   et	
   al.	
   (2003a)	
   offered	
   additional	
   insights	
   into	
   sediment	
   pulse	
   propagation	
   by	
  

designing	
  several	
  experimental	
  pulses	
  with	
  varying	
  grain	
  sizes.	
  Findings	
   from	
  three	
  runs	
  

show	
  that	
  sediment	
  pulses	
  are	
  primarily	
  dispersive	
  but	
  may	
  evolve	
  more	
  rapidly	
  and	
  have	
  

translational	
   characteristics	
  when	
   composed	
   of	
  material	
   finer	
   relative	
   to	
   the	
   preexisting	
  

substrate.	
   	
   In	
   contrast	
   to	
   Lisle	
   et	
   al.	
   (1997),	
   Cui	
   et	
   al.	
   (2003a)	
   present	
   the	
   idea	
   that	
  

previously	
  developed	
  topography	
  can	
  be	
  temporarily	
  obliterated	
  by	
  a	
  sediment	
  pulse	
  and	
  

reemerge	
  with	
   time.	
   	
   Results	
   from	
   these	
   experiments	
   contradict	
   findings	
   by	
   Benda	
   and	
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Dunne	
   (1997a	
   and	
   1997b)	
   that	
   suggest	
   naturally	
   occurring	
   pulses	
   primarily	
   translate	
  

through	
   a	
   channel	
   network	
   with	
   little	
   dispersion.	
   	
   Their	
   analysis	
   was	
   performed	
   at	
   a	
  

watershed	
  scale	
  and	
  used	
   to	
  develop	
  a	
  numerical	
  model.	
   	
  Overall,	
   results	
  on	
   the	
   topic	
  of	
  

sediment	
  pulses	
  suggest	
  that	
  the	
  development	
  of	
  bed	
  morphology	
  plays	
  an	
  important	
  role	
  

in	
   how	
   a	
   channel	
   responds	
   to	
   an	
   increase	
   in	
   sediment	
   supply,	
   but	
   this	
   concept	
   is	
   still	
  

poorly	
  understood	
  in	
  the	
  context	
  of	
  width	
  variability.	
  

	
  

	
  
Figure	
  5:	
  Translation	
  and	
  dispersion	
  pulse	
  distinction	
  [Sklar	
  et	
  al.,	
  2009].	
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Motivational	
  Questions	
  and	
  Hypotheses	
  

The	
  overall	
  goal	
  of	
  this	
  study	
  has	
  been	
  to	
  understand	
  how	
  variable	
  width	
  channels	
  

respond	
   to	
   changes	
   in	
   sediment	
   supply.	
   	
   The	
   questions	
   we	
   chose	
   to	
   address	
   are:	
   (a)	
   is	
  

riffle-­‐pool	
   morphology	
   in	
   variable	
   width	
   channels	
   persistent	
   given	
   large	
   changes	
   in	
  

sediment	
  supply,	
  (b)	
  does	
  a	
  pulse	
  of	
  sediment	
  behave	
  differently	
  than	
  a	
  uniform	
  increase	
  

in	
  sediment	
  supply	
  and	
  (c)	
  how	
  does	
  a	
  pulse	
  of	
  sediment	
  longitudinally	
  propagate	
  through	
  

a	
  straight,	
  variable	
  width	
  channel?	
  

We	
  hypothesized	
   that	
  width	
   variations	
   and	
   increases	
   in	
   sediment	
   supply	
   interact	
  

dynamically	
   to	
   affect	
   riffle	
   pool	
   morphology.	
   Specifically,	
   we	
   expect	
   (a)	
   with	
   a	
   uniform	
  

supply	
   increase,	
   the	
   channel	
  will	
   increase	
   in	
   slope	
   but	
  maintain	
   its	
   riffle-­‐pool	
   relief;	
   (b)	
  

with	
   an	
   introduced	
   sediment	
   pulse,	
   the	
   channel	
   will	
   preferentially	
   fill	
   in	
   its	
   pools	
   to	
  

increase	
   transport	
   capacity,	
   but	
   in	
   the	
   absence	
   of	
   large	
   channel	
   forming	
   events,	
   width	
  

variation	
   will	
   cause	
   the	
   channel	
   to	
   redevelop	
   pools	
   at	
   local	
   constrictions	
   and	
   riffles	
   at	
  

expansions	
   in	
   previous	
   locations	
   and	
   (c)	
   a	
   sediment	
   pulse	
  will	
   propagate	
   primarily	
   in	
   a	
  

dispersive	
  manner	
  in	
  a	
  variable	
  width	
  channel	
  with	
  riffle-­‐pool	
  topography.	
  	
  By	
  addressing	
  

these	
  fundamental	
  questions,	
  we	
  hope	
  to	
  find	
  answers	
  that	
  will	
  be	
  useful	
  to	
  river	
  scientists	
  

and	
  managers	
  during	
  dam	
  removal	
  projects	
  and	
  throughout	
  post-­‐removal	
  monitoring	
  and	
  

restoration.	
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METHODOLOGY	
  
	
  

This	
  study	
  offers	
  a	
  complementary	
  analysis	
  of	
  field	
  bathymetry	
  and	
  aerial	
  imagery	
  

with	
  physical	
  modeling.	
  	
  First,	
  bathymetric	
  geospatial	
  data	
  sets	
  collected	
  by	
  the	
  Bureau	
  of	
  

Reclamation	
   (USBR)	
   during	
   float	
   surveys	
   before	
   and	
   during	
   dam	
   removal	
   on	
   the	
   Elwha	
  

River	
   were	
   analyzed	
   and	
   compared.	
   	
   In	
   addition,	
   the	
   longitudinal	
   pattern	
   of	
   bankfull	
  

channel	
   width	
   during	
   the	
   dam	
   removal	
   project	
   on	
   the	
   Elwha	
   was	
   digitized	
   using	
   aerial	
  

imagery.	
   These	
   field	
   data	
   then	
  motivate	
   two-­‐dimensional	
  morphodynamic	
  modeling	
   and	
  

flume	
  experiments	
  conducted	
  at	
  the	
  Colorado	
  State	
  Engineering	
  Research	
  Center	
  (ERC).	
  	
  

Elwha	
  River	
  Dam	
  Removal	
  Project	
  

The	
  Elwha	
  River	
  is	
  located	
  on	
  the	
  Olympic	
  Peninsula	
  in	
  Washington	
  State.	
  	
  It	
  flows	
  

from	
  its	
  snow	
  field	
  headwaters	
  in	
  Olympic	
  National	
  Park	
  45	
  miles	
  to	
  the	
  Strait	
  of	
  Juan	
  de	
  

Fuca	
   in	
  the	
  Pacific	
  Ocean	
  (Figure	
  6).	
   	
  Historically	
   the	
  Elwha	
  river	
  network	
  has	
  been	
  very	
  

productive	
   salmon	
   system	
   with	
   typical	
   annual	
   spawning	
   runs	
   of	
   400,000	
   fish	
   [Smillie,	
  

2014].	
   	
   The	
   Elwha	
  was	
   once	
   a	
  member	
   of	
   a	
   select	
   few	
   Pacific	
   Northwestern	
   rivers	
   that	
  

supported	
  all	
  five	
  Pacific	
  salmon	
  species	
  (Chinook,	
  chum,	
  coho,	
  pink,	
  sockeye)	
  in	
  addition	
  

to	
   four	
  species	
  of	
  anadromous	
   trout	
   (Steelhead,	
   coastal	
   cutthroat,	
  bull,	
   and	
  Dolly	
  Varden	
  

char).	
  	
  Beginning	
  in	
  1910,	
  Elwha	
  Dam,	
  the	
  first	
  of	
  a	
  series	
  of	
  two	
  dams,	
  was	
  constructed	
  at	
  

river	
   mile	
   4.9	
   in	
   the	
   lower	
   reaches	
   of	
   the	
   river.	
   	
   The	
   dam	
  was	
   poorly	
   constructed	
   and	
  

subsequently	
   failed	
   in	
  1912.	
   	
  However	
   the	
  dam	
  was	
   rebuilt	
   and	
   completed	
  by	
  1913.	
   	
   12	
  

miles	
   upstream,	
   Glines	
   Canyon	
   dam	
   was	
   built	
   at	
   river	
   mile	
   17	
   below	
   a	
   very	
   confined	
  

canyon	
  reach	
  and	
  completed	
  by	
  1926.	
   	
  The	
  dams	
  provided	
  an	
  economic	
   jumpstart	
  to	
  the	
  

surrounding	
   town	
   of	
   Port	
   Angeles	
   by	
   supplying	
   cheap	
   hydropower	
   to	
   a	
   paper	
   mill.	
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However,	
  the	
  dams	
  lacked	
  fish	
  passage,	
  and	
  since	
  then	
  it	
  has	
  been	
  estimated	
  that	
  salmon	
  

returns	
  have	
  been	
  reduced	
  to	
  as	
  low	
  as	
  4,000	
  fish	
  annually.	
  	
  

	
  

	
  
Figure	
  6:	
  Map	
  of	
  the	
  Elwha	
  River	
  Watershed	
  located	
  on	
  the	
  Olympic	
  Peninsula	
  in	
  

Washington	
  State	
  [The	
  Elwha	
  Watershed,	
  2014].	
  



17	
  
	
  

As	
   decades	
   passed	
   it	
   became	
   clear	
   that	
   the	
   dams	
   were	
   inefficient	
   at	
   generating	
  

power	
   and	
   more	
   detrimental	
   to	
   the	
   ecosystem	
   than	
   their	
   benefits	
   provided.	
   	
   In	
   1992,	
  

George	
  H.	
  W.	
  Bush	
  signed	
   the	
  Elwha	
  River	
  Ecosystem	
  and	
  Fisheries	
  Restoration	
  Act	
   into	
  

law.	
  	
  This	
  transferred	
  ownership	
  the	
  dams	
  to	
  the	
  federal	
  government	
  and	
  allocated	
  funds	
  

to	
   dam	
  mitigation.	
   	
   After	
   reservoir	
   sedimentation	
  modeling	
   and	
   laboratory	
   experiments	
  

conducted	
  by	
  Bromley	
  et	
  al.	
  (2011),	
  it	
  was	
  determined	
  that	
  the	
  sedimentation	
  issues	
  could	
  

be	
  managed	
  by	
   removing	
   the	
  dams	
   in	
   a	
   controlled	
  manner.	
   	
  An	
  estimate	
   from	
   the	
  USBR	
  

predicted	
   that	
   34	
   million	
   yd3	
   of	
   sediment	
   had	
   been	
   trapped	
   in	
   the	
   reservoirs	
   with	
   28	
  

million	
  yd3	
  of	
   it	
  behind	
  Glines	
  Canyon	
  Dam	
   in	
  Lake	
  Mills.	
   	
  Beginning	
  with	
  Elwha	
  Dam	
   in	
  

Fall	
  of	
  2011,	
  both	
  dams	
  have	
  gone	
  through	
  stepped	
  down	
  removal	
  and	
  periods	
  of	
  holding	
  

to	
  allow	
  reservoir	
  sediments	
  to	
  stabilize	
  and	
  anadromous	
  fish	
  to	
  move	
  through	
  the	
  Elwha	
  

main	
  stem	
  and	
  into	
  tributaries.	
  	
  Elwha	
  Dam	
  was	
  completely	
  removed	
  in	
  March	
  of	
  2012	
  and	
  

less	
   than	
   30	
   feet	
   of	
   Glines	
   Canyon	
   Dam	
   remain	
   today	
   (as	
   of	
   July	
   2014)	
   with	
   scheduled	
  

completion	
  by	
  September	
  2014.	
  	
  Turbidity	
  issues	
  due	
  to	
  increased	
  reservoir	
  sediment	
  have	
  

occurred	
  at	
  a	
  downstream	
  water	
  treatment	
  plant,	
  but	
  overall	
  the	
  project	
  has	
  gone	
  to	
  plan	
  

and	
  is	
  viewed	
  as	
  a	
  major	
  success	
  among	
  large-­‐scale	
  dam	
  removal	
  projects.	
  

Elwha	
  Bed	
  Surveys	
  

Throughout	
   this	
   dam	
   removal	
   project,	
   the	
   USBR	
   has	
   collected	
   bathymetric	
   data	
  

showing	
  the	
  morphological	
  evolution	
  of	
  the	
  Elwha	
  River.	
  	
  Data	
  sets	
  are	
  available	
  from	
  pre-­‐

dam	
   removal	
   in	
   July	
   2011	
   through	
   their	
   most	
   recent	
   survey	
   in	
   November	
   2013.	
   	
   Boat	
  

survey	
   data	
   has	
   been	
   refined	
   by	
   Jennifer	
   Bountry	
   to	
   reduce	
   the	
   data	
   set	
   to	
   points	
  more	
  

representative	
  of	
   the	
  channel	
   thalweg.	
   	
  We	
  selected	
  a	
  stable	
  reach	
  between	
  the	
   two	
  dam	
  

sites	
  from	
  river	
  stations	
  50+000	
  to	
  53+000	
  for	
  a	
  high-­‐resolution	
  analysis	
  shown	
  in	
  Figure	
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7.	
  	
  This	
  stationing	
  corresponds	
  to	
  the	
  distance	
  in	
  feet	
  upstream	
  from	
  the	
  river	
  mouth	
  at	
  the	
  

Strait	
  of	
  Juan	
  de	
  Fuca,	
  with	
  the	
  “+”	
  symbol	
  analogous	
  to	
  a	
  comma.	
  	
  This	
  particular	
  site	
  was	
  

chosen	
  due	
  to	
  its	
  low	
  planform	
  sinuosity,	
  consistent	
  bankfull	
  channel	
  width	
  through	
  time,	
  

and	
  close	
  proximity	
  to	
  the	
  McDonald	
  Bridge	
  USGS	
  gage	
  station	
  downstream	
  at	
  river	
  station	
  

44+371.	
  	
  This	
  reach	
  was	
  also	
  spaced	
  far	
  enough	
  upstream	
  that	
  the	
  hydrologic	
  regime	
  is	
  not	
  

significantly	
  altered	
  from	
  backwater	
  effects	
  created	
  by	
  Elwha	
  Dam.	
  Particular	
  data	
  sets	
  of	
  

interest	
   that	
  were	
  used	
   in	
   further	
  analysis	
   included	
  the	
  May	
  9,	
  2013	
  and	
  August	
  1,	
  2013	
  

bed	
  profiles.	
  	
  

	
  

	
  
Figure	
  7:	
  Elwha	
  study	
  reach	
  between	
  river	
  stations	
  50+000	
  –	
  53+000	
  between	
  dams.	
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Bankfull	
  Width	
  Mapping	
  

To	
   obtain	
   an	
   understanding	
   of	
   how	
   width	
   might	
   interact	
   with	
   riffle-­‐pool	
  

morphology	
   in	
  the	
  Elwha	
  system,	
  an	
  analysis	
  was	
  performed	
  on	
  a	
  series	
  of	
  aerial	
   images	
  

available	
  on	
  Google	
  Earth.	
  	
  Aerial	
  photos	
  from	
  June	
  6,	
  2009,	
  September	
  3,	
  2012	
  and	
  July	
  5,	
  

2013	
  were	
   selected	
  because	
   they	
  were	
   the	
   closest	
   in	
   time	
   to	
   the	
  bathymetric	
   surveys	
  of	
  

interest.	
   For	
   each	
   aerial	
   photo,	
   bank	
   lines	
   corresponding	
   to	
   the	
   bankfull	
   discharge	
  were	
  

estimated	
  and	
  digitized.	
  	
  Indicators	
  such	
  as	
  sand	
  bars,	
  dense	
  vegetation	
  and	
  terraces	
  were	
  

used	
   to	
   visually	
   estimate	
   this.	
   	
   Along	
   with	
   this,	
   the	
   channel	
   centerline	
   was	
   created	
   by	
  

estimating	
  the	
  current	
  thalweg	
  under	
  normal	
  flow	
  conditions.	
  	
  This	
  geometry	
  was	
  exported	
  

as	
  KML	
  data	
  and	
  converted	
   to	
  shape	
   files	
   in	
  ARCGIS.	
   	
  The	
  banks	
  were	
  used	
   to	
  develop	
  a	
  

polygon	
   containing	
   both	
   banks	
   and	
   the	
   extents	
   of	
   the	
   river	
   reach.	
   	
   Cross-­‐sections	
  

perpendicular	
   to	
   this	
   centerline	
   were	
   created	
   at	
   1-­‐ft	
   intervals	
   and	
   trimmed	
   within	
   the	
  

boundaries	
  of	
  this	
  polygon.	
  	
  	
  

Hydrologic	
  Analysis	
  

	
   A	
   hydrologic	
   analysis	
   was	
   performed	
   on	
   the	
   Elwha	
   during	
   the	
   period	
   of	
   dam	
  

removal	
  using	
  streamflow	
  data	
  from	
  USGS	
  gage	
  12045500	
  at	
  McDonald	
  Bridge.	
  	
  Both	
  daily	
  

average	
  values	
  and	
  daily	
  maximum	
  15-­‐minute	
  instantaneous	
  peaks	
  were	
  gathered	
  over	
  the	
  

period	
   of	
   interest:	
   September	
   10,	
   2011	
   to	
   present	
   (June	
   28,	
   2014).	
   	
   These	
   values	
   were	
  

plotted	
  with	
  time	
  to	
  generate	
  a	
  hydrograph	
  for	
  the	
  Elwha.	
  	
  Annual	
  peak	
  flow	
  values	
  were	
  

collected	
   as	
   well,	
   with	
   hydrologic	
   data	
   available	
   beginning	
   in	
   1897.	
   	
   These	
   data	
   were	
  

plotted	
   using	
   a	
   common	
  Log-­‐Pearson	
  Type	
   III	
   ranking	
   technique	
   from	
  highest	
   to	
   lowest	
  

discharge.	
   	
  Next	
   the	
   recurrence	
   interval	
  of	
  various	
  events	
   in	
   the	
  annual	
  maximum	
  series	
  

were	
  calculated	
  using	
  Eq.	
  5:	
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With	
  𝑅	
  being	
  defined	
  as	
  the	
  overall	
  rank	
  of	
  that	
  discharge	
  in	
  the	
  annual	
  maximum	
  series,	
  𝑛	
  

being	
  the	
  number	
  of	
  peak	
  flow	
  values,	
  and	
  𝑇	
  being	
  the	
  return	
  period	
  of	
  that	
  particular	
  flow	
  

in	
  years.	
  	
  After	
  analyzing	
  a	
  dam	
  removal	
  project	
  in	
  a	
  field	
  setting	
  it	
  was	
  important	
  to	
  next	
  

develop	
  a	
  numerical	
  model	
   that	
  would	
  guide	
   flume	
  experiments	
   that	
  would	
  examine	
   the	
  

influences	
  of	
  channel	
  width	
  and	
  increased	
  sediment	
  supply.	
  

Numerical	
  Modeling	
  

Nays2D	
   is	
   a	
   two-­‐dimensional,	
   unsteady	
   flow	
  model	
   that	
   can	
   compute	
   both	
   river	
  

hydraulics	
  and	
  erosional	
  processes.	
  	
  This	
  numerical	
  model	
  was	
  developed	
  by	
  Dr.	
  Yasuyuki	
  

Shimizu	
   of	
   Hokkaido	
   University	
   in	
   Japan.	
   	
   It	
   is	
   a	
   build-­‐in	
   to	
   iRIC	
   (International	
   River	
  

Interface	
   Cooperative),	
   which	
   is	
   a	
   freely	
   available	
   pre-­‐	
   and	
   post-­‐processing	
   software	
  

package	
   for	
   multi-­‐dimensional	
   hydraulic	
   and	
   morphodynamic	
   modeling.	
   	
   The	
   model’s	
  

sediment	
  transport	
  capabilities	
  include	
  bedload,	
  mixed	
  suspended	
  load,	
  and	
  both	
  uniform	
  

and	
  mixed	
  grain	
  size	
  distributions.	
  	
  The	
  model	
  was	
  used	
  as	
  a	
  preliminary	
  tool	
  to	
  establish	
  

initially	
   parameters	
   that	
  would	
   achieve	
   the	
   desired	
   outcomes	
   in	
   the	
   flume	
   experiments.	
  	
  

Nays2D	
   was	
   selected	
   as	
   an	
   appropriate	
   numerical	
   model	
   through	
   a	
   validation	
   process	
  

(Appendix	
  A).	
   	
  Variable	
  width	
  physical	
  modeling	
  experiments	
  performed	
  by	
  Bittner	
  et	
  al.	
  

(1995)	
  were	
   re-­‐created	
   accurately	
   using	
  Nays2D,	
   deeming	
   it	
   a	
   suitable	
  model	
   to	
   predict	
  

hydraulic	
  conditions.	
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Modeling	
  Parameters	
  

The	
  physical	
  model	
  was	
  to	
  be	
  performed	
  on	
  a	
  straight	
  rectangular	
  flume,	
  however	
  

width	
  variability	
  was	
  needed	
  to	
  develop	
  riffle-­‐pool	
  relief.	
  	
  We	
  planned	
  to	
  install	
  sinusoidal	
  

walls	
   that	
   would	
   constrict	
   the	
   flow	
   in	
   certain	
   locations	
   and	
   scour	
   out	
   pools.	
   	
   The	
  

wavelength	
  of	
  the	
  walls	
  was	
  designed	
  to	
  space	
  the	
  constricted	
  sections	
  at	
  a	
  spacing	
  of	
  five	
  

riffle	
  widths	
  as	
  observed	
  in	
  natural	
  settings	
  [Leopold	
  and	
  Wolman,	
  1957].	
  	
  The	
  flume	
  has	
  a	
  

maximum	
   width	
   of	
   21.6	
   cm,	
   therefore	
   one	
   wavelength	
   of	
   the	
   sinusoid	
   became	
   1.08	
   m.	
  	
  

Comparing	
  bankfull	
  width	
  changes	
  on	
  the	
  Elwha,	
  a	
  40%	
  reduction	
  in	
  width	
  appeared	
  to	
  be	
  

suitable.	
  	
  Thus	
  the	
  narrowest	
  sections	
  would	
  have	
  a	
  width	
  of	
  15.4	
  cm,	
  giving	
  the	
  sine	
  wave	
  

an	
  amplitude	
  of	
  3.09	
  cm	
  and	
  a	
  wavelength	
  of	
  1.08	
  m	
  as	
   illustrated	
   in	
  Figure	
  11.	
   	
  With	
  a	
  

total	
  flume	
  length	
  of	
  9.14	
  m,	
  it	
  was	
  estimated	
  that	
  6	
  wavelengths	
  could	
  fit	
  with	
  an	
  adequate	
  

inlet	
  and	
  outlet	
  reach.	
   	
  This	
  preliminary	
  geometry	
  and	
  selected	
  bed	
  slope	
  was	
  integrated	
  

into	
   a	
  MATLAB	
   script	
   that	
   generated	
   a	
   .riv	
   topography	
   file	
   that	
  would	
   be	
   imported	
   into	
  

Nays2D.	
  

	
  

	
  
Figure	
  8:	
  	
  Designed	
  flume	
  geometry	
  modeled	
  with	
  Nays2D	
  

	
  

The	
   sediment	
   grain	
   size	
   distribution	
   of	
   the	
  mobile	
   bed	
   and	
  upstream	
   supply	
  was	
  

selected	
  based	
  on	
  available	
  sand	
  from	
  a	
  local	
  materials	
  distributor	
  (Martin	
  Marietta,	
  Fort	
  

Collins,	
  CO).	
   	
   It	
  was	
  decided	
   that	
  a	
  premixed	
  Concrete	
  Sand,	
  primarily	
  consisting	
  of	
   sand	
  

and	
  a	
  small	
  fraction	
  of	
  fine	
  gravel	
  would	
  be	
  used	
  (Figure	
  9).	
  	
  The	
  median	
  grain	
  diameter	
  or	
  

D50	
   is	
  0.85	
  mm,	
   scaling	
   roughly	
  1:250	
  with	
   the	
  median	
  grain	
   size	
  of	
   a	
   typical	
   gravel	
  bed	
  

river	
  such	
  as	
   the	
  Elwha.	
   	
   	
  This	
  value	
  was	
  used	
   for	
  sediment	
   transport	
  calculations	
   in	
   the	
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hydraulic	
   design.	
   	
   Calculations	
  were	
   performed	
   to	
   design	
   the	
   equilibrium	
   flow	
   depth	
   so	
  

that	
  sediment	
  transport	
  would	
  occur	
  as	
  bedload	
  only	
  while	
  maintaining	
  an	
  adequate	
  width	
  

to	
  depth	
  ratio.	
  	
  

	
  
Figure	
  9:	
  Grain	
  size	
  distribution	
  of	
  Concrete	
  Sand	
  

	
  
	
  

The	
  modified	
  Shields	
  diagram	
  was	
  utilized	
  to	
  determine	
  the	
  lower	
  bound	
  of	
  particle	
  

mobility.	
   	
   Interpreting	
   the	
   modified	
   Shields	
   diagram	
   where	
   shear	
   velocity	
   has	
   been	
  

removed,	
  a	
  critical	
  shear	
  stress	
  value	
  (𝜏∗𝑐)	
  for	
  the	
  median	
  particle	
  size	
  𝐷!",	
  was	
  estimated	
  

to	
   be	
   0.03	
   based	
   on	
   a	
   dimensionless	
   particle	
   (𝑑∗)	
   value	
   of	
   20.56,	
   calculated	
   using	
   Eq.	
   6	
  

[Julien,	
  2010].	
   	
  The	
  parameter	
  𝑔	
   is	
  defined	
  as	
   the	
  gravitational	
  constant,	
  𝐺	
   is	
   the	
  specific	
  

gravity	
  of	
  sediment	
  (assumed	
  to	
  be	
  2.65),	
  and	
  𝜐	
  is	
  the	
  viscosity	
  of	
  clear	
  water.	
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  Eq.	
  6	
  

	
  

This	
  value	
  was	
  then	
  inserted	
  into	
  the	
  general	
  shear	
  stress	
  equation	
  and	
  doubled	
  (0.06)	
  to	
  

ensure	
   mobility	
   beyond	
   incipient	
   motion	
   (𝜏𝑚𝑖𝑛),	
   shown	
   in	
   the	
   equation	
   below	
   [Shields,	
  

1936]:	
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  Eq.	
  7	
  

	
  

To	
  calculate	
  the	
  upper	
  shear	
  stress	
  limit,	
  the	
  fall	
  velocity	
  for	
  the	
  median	
  particle	
  size	
  was	
  

calculated	
   based	
   on	
   a	
   general	
   fall	
   velocity	
   equation	
   for	
   particles	
   in	
   clear	
   water	
   [Julien,	
  

2010].	
  	
  𝐶𝐷	
  is	
  the	
  coefficient	
  of	
  drag	
  forces	
  based	
  on	
  a	
  grain	
  particles	
  size	
  and	
  shape	
  and	
  fall	
  

velocity	
   (𝜔)	
   is	
   the	
   velocity	
   at	
   which	
   drag	
   and	
   buoyant	
   forces	
   on	
   a	
   particle	
   are	
   equal	
   to	
  

downward	
  gravitational	
  forces:	
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  Eq.	
  8	
  

	
  

The	
  ratio	
  of	
  a	
  particle’s	
  shear	
  velocity	
  (u*)	
  or	
  submerged	
  velocity	
  due	
  to	
  fluid	
  shear	
  forces	
  

to	
  fall	
  velocity	
  (𝜔)	
  will	
  determine	
  its	
  mode	
  of	
  transport.	
  	
  If	
  this	
  ratio	
  is	
  greater	
  than	
  0.2	
  and	
  

less	
   than	
  0.5,	
  bedload	
   is	
   the	
  primary	
  mode	
  of	
   transport	
  [Julien,	
  2010].	
   	
  To	
  determine	
  the	
  

upper	
  bound	
  of	
  shear	
  stress	
  for	
  bedload	
  transport	
  the	
  resultant	
  fall	
  velocity	
  value	
  of	
  0.11	
  

m/s	
  was	
  divided	
  by	
  2	
   to	
  calculate	
  a	
   shear	
  velocity	
   that	
  maintains	
   this	
   ratio.	
   	
   It	
  was	
   then	
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inserted	
  into	
  the	
  shear	
  velocity	
  equation	
  rearranged	
  for	
  shear	
  stress	
  below,	
  to	
  determine	
  

the	
  upper	
  limit	
  with	
  (𝜌)	
  defined	
  as	
  the	
  density	
  of	
  water:	
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  Eq.	
  9	
  

	
  

This	
   defined	
   an	
   allowable	
   range	
   in	
   shear	
   stress	
   between	
   0.79	
   and	
   3.30	
   pascals.	
   	
   To	
  

calculate	
   the	
  design	
  discharge,	
  hydraulic	
  continuity	
  and	
  the	
  Chezy	
  relation	
  (Eq.	
  11)	
  were	
  

iteratively	
  solved	
  for	
  a	
  range	
  of	
  discharges	
  (𝑄)	
  and	
  slopes	
  (𝑆),	
  with	
  𝑅	
  being	
  the	
  hydraulic	
  

radius	
  or	
  area	
  of	
  a	
  riffle	
  cross	
  section	
  divided	
  by	
  its	
  wetted	
  perimeter.	
  	
  The	
  constant	
  C	
  is	
  a	
  

classic	
  logarithmic	
  roughness	
  profile	
  [Einstein,	
  1950].	
  	
  Another	
  design	
  constraint	
  was	
  that	
  

the	
  width	
  (𝑤)	
  to	
  depth	
  (ℎ)	
  ratio	
  should	
  be	
  close	
  to	
  a	
  value	
  of	
  15	
  in	
  the	
  riffles	
  and	
  that	
  was	
  

incorporated	
  when	
   selecting	
   a	
   depth	
   and	
   discharge.	
   	
   These	
   equations	
   are	
   shown	
   below	
  

rearranged	
  to	
  both	
  solve	
  for	
  velocity	
  (𝑣):	
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  10	
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!.!𝐷!"

  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eq.	
  11	
  and	
  12	
  

	
  

The	
   preferred	
   initial	
   slope	
  was	
   selected	
   to	
   be	
   0.007	
   because	
   it	
   both	
  matched	
   the	
   Elwha	
  

prototype	
  and	
  minimized	
  the	
  flow	
  rate	
  necessary	
  to	
  exceed	
  the	
  shear	
  stress	
  threshold.	
  	
  	
  

A	
   plot	
   of	
   discharge	
   vs.	
   depth	
   below	
   shows	
   multiple	
   design	
   slopes	
   and	
   the	
   dashed	
   line	
  

represents	
  the	
  depth	
  of	
  1.44	
  cm	
  needed	
  to	
  match	
  the	
  designed	
  width	
  to	
  depth	
  ratio	
  (Figure	
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10).	
  	
  Thus,	
  the	
  depth	
  was	
  rounded	
  to	
  1.5	
  cm	
  for	
  practicality,	
  maintaining	
  a	
  width	
  to	
  depth	
  

ratio	
  of	
  14.4	
  in	
  the	
  widest	
  sections.	
  

	
  

	
  
Figure	
  10:	
  Shear	
  Stress	
  vs.	
  Depth	
  plot	
  for	
  multiple	
  channel	
  bed	
  slope	
  designs.	
  

	
  

	
  

	
  At	
   this	
   slope,	
   a	
   discharge	
   of	
   at	
   least	
   0.83	
   l/s	
   was	
   needed	
   to	
   exceed	
   the	
   shear	
   stress	
  

required	
  for	
  sediment	
  transport	
  in	
  the	
  wider	
  flume	
  sections	
  as	
  shown	
  in	
  Figure	
  11.	
  	
  

	
  A	
  value	
  of	
  1	
  l/s	
  was	
  decided	
  upon	
  for	
  practicality,	
  which	
  should	
  equate	
  to	
  an	
  average	
  flow	
  

depth	
  of	
  1.5	
  cm	
  at	
  the	
  downstream	
  outlet	
  with	
  equilibrium	
  conditions.	
  	
  	
  

	
  



26	
  
	
  

	
  
Figure	
  11:	
  Shear	
  Stress	
  vs.	
  Discharge	
  plot	
  for	
  multiple	
  channel	
  bed	
  slope	
  designs.	
  

	
  

	
   Once	
  the	
  initial	
  flume	
  topography	
  was	
  imported,	
  a	
  boundary	
  fitted	
  calculation	
  mesh	
  

composed	
  of	
  470	
  downstream	
  and	
  20	
  cross-­‐stream	
  grid	
  cells	
   (producing	
  a	
  characteristic	
  

cell	
  spacing	
  of	
  4	
  cm	
  in	
  the	
  downstream	
  direction,	
  cell	
  size	
  was	
  variable	
  in	
  the	
  cross-­‐stream	
  

direction	
  based	
  on	
  channel	
  width	
  with	
  cells	
  being	
  2.7	
  cm	
  in	
  the	
  widest	
  sections	
  and	
  1.2	
  cm	
  

in	
   the	
  most	
   constricted	
   locations)	
  was	
  generated	
  within	
   iRIC.	
   	
   In	
   the	
  Nays2D	
  simulation,	
  

the	
   water	
   discharge	
   was	
   a	
   constant	
   1	
   l/s,	
   Manning’s	
   n	
   was	
   set	
   to	
   0.020,	
   and	
   the	
   bed	
  

material	
  was	
  given	
  the	
  gradation	
  shown	
  in	
  Figure	
  10.	
  Mixed-­‐grain-­‐size	
  bedload	
  transport	
  

was	
  computed	
  using	
  the	
  Ashida-­‐Michiue	
  (1972)	
  formula.	
   	
  The	
  model	
  was	
  set	
  to	
  run	
  for	
  8	
  

hours,	
  with	
  a	
  calculation	
  time	
  step	
  of	
  0.0005	
  s.	
  For	
  boundary	
  conditions,	
  the	
  water	
  surface	
  

elevation	
   at	
   the	
   downstream	
   end	
   was	
   specified	
   to	
   be	
   the	
   normal	
   flow	
   depth,	
   and	
   the	
  

sediment	
  transport	
  rate	
  at	
  the	
  upstream	
  end	
  was	
  assumed	
  to	
  be	
  equal	
  to	
  the	
  equilibrium	
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sediment	
   transport	
   capacity.	
   At	
   the	
   end	
   of	
   each	
   computational	
   time	
   step,	
   the	
   new	
   bed	
  

elevation	
   and	
   bed	
   surface	
   grain	
   size	
   distribution	
   were	
   computed	
   by	
   solving	
   the	
  mixed-­‐

grain-­‐size	
  Exner	
  equation	
  of	
  sediment	
  continuity.	
  The	
  model	
  did	
  predict	
  the	
  formation	
  of	
  

central	
   pools	
   and	
   riffles	
   and	
   therefore	
   suggested	
   a	
   good	
   geometry	
   for	
   proceeding	
   flume	
  

experiments.	
   	
   Parameters	
   of	
   interest	
   such	
   as	
   bedload	
   transport	
   rate	
   and	
   magnitude	
   of	
  

topographic	
   relief	
   between	
   riffles	
   and	
   pools	
  were	
   of	
   particular	
   interest	
   in	
   designing	
   the	
  

flume	
   experiments.	
   	
   Table	
   1	
   shows	
   the	
   hydraulic	
   and	
   morphodynamic	
   modeling	
  

parameters	
  for	
  this	
  flume	
  calculated	
  in	
  Nays2D.	
  

	
  

Table	
  1:	
  Summary	
  of	
  hydraulic	
  and	
  sediment	
  transport	
  characteristics	
  modeled	
  in	
  Nays2D	
  
Depth	
  in	
  riffles	
  (cm)	
   1.44	
  
Depth	
  in	
  pools	
  (cm)	
   1.59	
  
Discharge	
  (l/s)	
   1.00	
  
Discharge	
  (cfs)	
   0.035	
  
Boundary	
  shear	
  stress	
  in	
  pools	
  (Pa)	
   0.99	
  
Shields	
  stress	
  in	
  pools	
   0.075	
  
Equilibrium	
  feed	
  rate	
  (m2/s)	
   1.3	
  x	
  10-­‐5	
  
Equilibrium	
  feed	
  rate	
  (grams/min)	
   250	
  

	
  

Flume	
  Experiments	
  

Experiments	
  were	
   performed	
  on	
   a	
   9.14	
  m	
   x	
   21.6	
   cm	
   x	
   38.1	
   cm	
   (L:W:H)	
   plexiglas	
  

flume	
   at	
   the	
   Colorado	
   State	
   University	
   Engineering	
   Research	
   Center’s	
   hydraulics	
  

laboratory.	
   	
  Similar	
  to	
  the	
  sediment,	
  the	
  flume	
  geometrically	
  scaled	
  1:250	
  to	
  a	
  gravel	
  bed	
  

river	
   field	
   prototype	
   such	
   as	
   the	
  Elwha.	
   	
   As	
   designed,	
   six	
   sets	
   of	
   sinusoidal	
  walls	
  with	
   a	
  

wavelength	
  of	
  1.08	
  m	
  and	
  amplitude	
  of	
  3.09	
  cm	
  were	
  installed	
  intermediately	
  in	
  the	
  flume.	
  	
  

A	
  1.58	
  m	
  inlet	
  reach	
  was	
  provided	
  with	
  several	
  rows	
  of	
  ¼”	
  diameter	
  PVC	
  pipes	
  installed	
  at	
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the	
   upstream	
   most	
   end	
   to	
   act	
   as	
   flow	
   straighteners,	
   allowing	
   uniform	
   flow	
   to	
   develop	
  

entering	
  the	
  flume.	
  	
  In	
  addition,	
  a	
  1.08	
  m	
  outlet	
  was	
  provided	
  to	
  limit	
  overfall	
  effects	
  from	
  

propagating	
  upstream,	
  into	
  the	
  sinusoidal	
  width	
  sections.	
  	
  A	
  head	
  box	
  was	
  installed	
  at	
  the	
  

upstream	
  end	
   to	
  provide	
   the	
  designed	
   flow	
  rate;	
  water	
  was	
   supplied	
  by	
  a	
  pipe	
   from	
   the	
  

facility’s	
  water	
  system	
  (Figure	
  12).	
  

	
  

	
  
	
   Figure	
  12:	
  Image	
  of	
  the	
  flume	
  with	
  sinusoidal	
  walls	
  installed,	
  inducing	
  width	
  variability.	
  

	
  

Data	
  Measurement	
  Techniques	
  

The	
  focus	
  of	
  this	
  study	
  was	
  to	
  understand	
  the	
  morphodynamic	
  change	
  of	
  the	
  flume	
  

bed;	
  therefore	
  a	
  detailed	
  and	
  accurate	
  methodology	
  was	
  adopted	
  to	
  properly	
  characterize	
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Each	
  cross-­‐section	
  image	
  was	
  composed	
  of	
  pixels,	
  having	
  known	
  elevations.	
  	
  These	
  

cross-­‐sections	
  could	
  then	
  be	
  merged	
  together	
  and	
  a	
  kriging	
  routine	
  was	
  used	
  in	
  Surfer	
  8.0	
  

to	
   generate	
   bed	
   surface	
   digital	
   elevation	
   models	
   (DEMs).	
   	
   	
   The	
   grid	
   was	
   composed	
   of	
  

12,000	
   cells,	
   20	
   cm	
   in	
   the	
   x	
   direction	
   and	
   10	
   cm	
   in	
   the	
   y	
   direction.	
   	
   The	
   grid	
  was	
   then	
  

bounded	
  by	
  the	
  sinusoidal	
  flume	
  walls	
  to	
  eliminated	
  cells	
  outside	
  of	
  the	
  flume	
  boundary.	
  In	
  

addition,	
   a	
   point	
   gauge	
  was	
   periodically	
  mounted	
   on	
   the	
   board	
   system	
   to	
   collect	
   water	
  

surface	
  profiles	
  before	
  the	
  flume	
  was	
  drained.	
  	
  Measurements	
  were	
  taken	
  at	
  26	
  locations	
  along	
  

the	
   flume	
  centerline	
   at	
  37	
   cm	
   intervals	
   to	
   capture	
   locations	
  of	
   greatest	
  width	
   (riffles),	
  maximum	
  

constriction	
   (pools)	
   and	
   transitional	
   zones.	
   A	
   #200	
   (0.075	
   mm	
   opening)	
   sieve	
   was	
   used	
   to	
  

periodically	
  capture	
  bedload	
  transport	
  rate	
  at	
  the	
  flumes	
  outlet	
  across	
  different	
  experiments.	
  	
  Bed	
  

material	
   samples	
  were	
   collected	
   using	
   a	
   flour	
   paste	
   adhesive	
   sampling	
   technique	
   at	
   seven	
   cross	
  

sections	
  in	
  the	
  downstream	
  most	
  section	
  of	
  the	
  flume	
  [Bunte	
  and	
  Abt,	
  2001].	
  	
  These	
  sampling	
  sites	
  

encompassed	
  two	
  pools,	
  two	
  riffles	
  and	
  three	
  intermediate	
  sections	
  (Figure	
  14).	
  

	
  

	
  

Figure	
  14:	
  Sediment	
  surface	
  sampling	
  locations	
  along	
  the	
  flume	
  

	
  

The	
  general	
  data	
  collection	
  procedure	
  across	
  all	
  experiments	
  involved:	
  (a)	
  running	
  

the	
  flume	
  for	
  a	
  set	
  amount	
  of	
  time	
  with	
  a	
  constant	
  discharge,	
  (b)	
  while	
  running	
  the	
  flume,	
  

capture	
  bedload	
  transport	
  at	
  the	
  downstream	
  end	
  with	
  a	
  sieve	
  at	
  15	
  minute	
  intervals,	
  (c)	
  

collecting	
  water	
  surface	
  measurements	
  with	
  a	
  point	
  gauge	
  just	
  before	
  the	
  flume	
  is	
  shut	
  off,	
  

(d)	
  terminating	
  the	
  flow	
  and	
  allowing	
  the	
  bed	
  to	
  drain,	
  (e)	
  gathering	
  bed	
  material	
  samples	
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in	
  the	
  two	
  downstream	
  most	
  pools	
  and	
  riffle	
  (f)	
  collecting	
  a	
  set	
  of	
  laser	
  images	
  at	
  20	
  mm	
  

intervals	
  along	
  the	
  flume	
  and	
  process	
  them	
  to	
  develop	
  a	
  bed	
  DEM.	
  

Initial	
  Conditions	
  

A	
   layer	
   of	
   the	
   concrete	
   sand	
   bed	
   material	
   was	
   graded	
   to	
   a	
   0.007	
   slope	
   with	
   a	
  

thickness	
  of	
  approximately	
  10	
  cm	
  at	
  the	
  entrance	
  to	
  the	
  sinusoidal	
  walls	
  and	
  5	
  cm	
  at	
  the	
  

downstream	
   end.	
   	
   The	
   1.58	
   m	
   inlet	
   was	
   graded	
   flat	
   with	
   immobile	
   cobble	
   sized	
   rocks	
  

placed	
   at	
   the	
   upstream	
   most	
   0.25	
   meters	
   to	
   prevent	
   inlet	
   scour	
   from	
   occurring.	
   	
   The	
  

overall	
   experiment	
   consisted	
   of	
   a	
   set	
   of	
   five	
   runs,	
   designed	
   to	
   simulate	
   equilibrium	
  

conditions,	
  dam	
  installation,	
  and	
  dam	
  removal.	
  The	
  set	
  up	
  and	
  execution	
  of	
   these	
  runs	
   is	
  

described	
  below.	
  

Run	
  1:	
  Equilibrium	
  Conditions	
  

To	
  establish	
  riffle-­‐pool	
  morphology	
   in	
  variable	
  width	
  conditions,	
   the	
   flume	
  had	
   to	
  

be	
   supplied	
  with	
   sediment	
   at	
   an	
   equilibrium	
   rate.	
   	
   Several	
   bedload	
   transport	
   equations	
  

along	
  with	
  numerical	
  simulation	
  results	
  were	
  used	
  to	
  estimate	
  the	
  sediment	
  feed	
  rate.	
  	
  The	
  

Wong	
   and	
   Parker	
   (2006),	
   Engelund	
   and	
   Fredsøe	
   (1976),	
   and	
   Fernandez	
   Luque	
   and	
   van	
  

Beek	
  (1976)	
  bedload	
  relations	
  were	
  used	
  to	
  predict	
  equilibrium	
  transport	
  rates	
  based	
  on	
  

the	
  flume	
  geometry,	
  discharge,	
  and	
  median	
  grain	
  size	
  of	
  the	
  bulk	
  sediment	
  mixture.	
  	
  As	
  is	
  

common	
  across	
  most	
  empirically	
  based	
  sediment	
  transport	
  relationship,	
  bedload	
  transport	
  

values	
   varied	
   within	
   an	
   order	
   of	
   magnitude.	
   	
   Wong	
   and	
   Parker	
   produced	
   the	
   lowest	
  

transport	
  rate	
  (Table	
  2),	
  while	
  Engelund	
  and	
  Fredsøe	
  calculated	
  the	
  highest	
  value.	
  	
  Nays2D	
  

simulation	
   results	
   produced	
   reasonable	
   median	
   and	
   average	
   feed	
   rates	
   at	
   equilibrium	
  

conditions	
   that	
   aligned	
  with	
   the	
   empirical	
   calculations	
   on	
   the	
   same	
   order	
   of	
  magnitude.	
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The	
  median	
  value	
  was	
  defined	
  as	
  the	
  intermediate	
  value	
  for	
  a	
  central	
  riffle	
  cross	
  section	
  as	
  

opposed	
  to	
  the	
  average	
  which	
  was	
  a	
  Nays	
  output	
  for	
  the	
  entire	
  flume.	
  	
  Based	
  on	
  the	
  these	
  

results,	
  it	
  was	
  decided	
  that	
  150	
  grams/minute	
  was	
  a	
  reasonable	
  initial	
  value	
  and	
  the	
  flume	
  

would	
   adjust	
   its	
   slope	
   to	
   any	
   initial	
   variability	
   between	
   sediment	
   supply	
   and	
   transport	
  

capacity	
  as	
  proposed	
  in	
  Lane’s	
  Balance.	
  

	
  

Table	
  2:	
  Summary	
  of	
  Calculated	
  and	
  Modeled	
  Equilibrium	
  Feed	
  Rate	
  
Wong	
  and	
  Parker	
  (grams/min)	
   75.1	
  
Fernandez	
  Luque	
  and	
  van	
  Beek	
  (grams/min)	
   106.6	
  
Nays2D	
  Median	
  Results	
  (grams/min)	
   168.5	
  
Engelund	
  and	
  Fredsøe	
  (grams/min)	
   250.6	
  
Nays2D	
  Average	
  Results	
  (grams/min)	
   257.5	
  

	
  

Additional	
   concrete	
   sand	
   was	
   weighed	
   and	
   separated	
   into	
   bags	
   so	
   that	
   each	
  

contained	
   150	
   grams	
   of	
   material.	
   	
   The	
   flow	
   valve	
   to	
   the	
   flume	
   was	
   turned	
   on	
   and	
   the	
  

discharge	
  was	
  adjusted	
  to	
  maintain	
  approximately	
  1.5	
  cm	
  of	
  flow	
  depth	
  at	
  the	
  outlet.	
  	
  This	
  

corresponded	
  to	
  a	
  measured	
  average	
  discharge	
  of	
  0.032	
  cfs	
  (0.91	
  l/s).	
  	
  The	
  flume	
  was	
  run	
  

for	
  a	
  total	
  of	
  13	
  hours	
  while	
  feeding	
  a	
  bag	
  of	
  sediment	
  at	
  the	
  upstream	
  inlet	
  every	
  minute.	
  	
  

Periodic	
   bedload	
   measurements	
   were	
   taken	
   over	
   the	
   last	
   5.38	
   hours	
   of	
   the	
   run	
   by	
  

capturing	
  bedload	
  at	
  the	
  outlet	
  for	
  60	
  seconds	
  and	
  weighing	
  it.	
  	
  Approximately	
  30	
  minutes	
  

before	
   the	
   flow	
  was	
   turned	
   off,	
   a	
   series	
   of	
   water	
   surface	
   elevation	
  measurements	
  were	
  

taken	
  in	
  the	
  wide,	
  narrow	
  and	
  intermediate	
  sections	
  along	
  the	
  flume	
  that	
  could	
  be	
  matched	
  

to	
  the	
  final	
  bed	
  topography.	
  	
  The	
  discharge	
  was	
  shut	
  off	
  after	
  a	
  total	
  run	
  time	
  of	
  13	
  hours	
  as	
  

the	
   system	
  appeared	
   to	
   have	
   adjusted	
   to	
   an	
   equilibrium	
   condition.	
   	
   Once	
   the	
   flume	
  was	
  

completely	
  drained	
  the	
  laser	
  image	
  system	
  captured	
  a	
  set	
  of	
  laser	
  photographs	
  that	
  would	
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develop	
   a	
   DEM	
   representing	
   the	
   initial	
   riffle-­‐pool	
   morphology	
   for	
   the	
   proceeding	
  

experiments.	
  	
  	
  

Run	
  2:	
  Dam	
  Installation	
  

To	
  simulate	
  the	
  installation	
  of	
  a	
  dam	
  (Run	
  2),	
  the	
  flume	
  was	
  no	
  longer	
  supplied	
  any	
  

sediment	
   at	
   the	
   upstream	
   inlet	
   but	
   the	
   discharge	
   remained	
   constant	
   at	
   the	
   flow	
   rate	
  

prescribed	
   previously.	
   	
   This	
   condition	
   was	
   run	
   until	
   the	
   system	
   had	
   obtained	
   a	
   new	
  

equilibrium	
  slope	
  and	
  minimal	
  sediment	
  transport	
  occurred	
  at	
  the	
  downstream	
  outlet.	
  The	
  

discharge	
  was	
   turned	
  off	
  and	
   topographic	
  data	
  collection	
  occurred	
  after	
  1.33	
  hours,	
  2.48	
  

hours,	
   4.73	
   hours,	
   6.85	
   hours,	
   11.00	
   hours,	
   15.20	
   hours	
   and	
   23.58	
   hours	
   of	
   simulation	
  

time.	
   	
   Bedload	
  was	
   captured	
   at	
   the	
   outlet	
   every	
   15	
  minutes	
   early	
   in	
   the	
   simulation	
   and	
  

every	
  30	
  minutes	
   later	
  on.	
   	
  Photographs	
  were	
  also	
   taken	
   in	
  representative	
  central	
   riffles	
  

and	
  pools	
  to	
  characterize	
  the	
  grain	
  distribution	
  and	
  to	
  look	
  for	
  any	
  patterns	
  of	
  bed	
  sorting.	
  

After	
   15.20	
   hours,	
   bedload	
   transport	
   had	
   decreased	
   significantly	
   and	
   the	
   system	
  

seemed	
  to	
  be	
  approaching	
  a	
  stable	
  slope.	
  	
  Once	
  a	
  data	
  set	
  was	
  collected,	
  the	
  flume	
  was	
  run	
  

for	
   another	
   8	
   hours	
   to	
   confirm	
   this.	
   	
   At	
   23.58	
   hours,	
   bed	
   material	
   samples	
   and	
   a	
   final	
  

topographic	
  photo	
  set	
  was	
  taken.	
  	
  	
  

Run	
  3:	
  Dam	
  Removal:	
  Constant	
  Sediment	
  Feed	
  Rate	
  

To	
  create	
  a	
  dam	
  removal	
  scenario,	
  sediment	
  had	
  to	
  be	
  reintroduced	
  to	
  the	
  starved	
  

bed	
  in	
  a	
  controlled	
  and	
  realistic	
  manner.	
  	
  	
  To	
  do	
  this,	
  the	
  initial	
  feed	
  rate	
  of	
  150	
  grams/sec	
  

was	
  supplied	
  to	
  the	
  well-­‐armored	
  bed	
  and	
  fed	
  at	
  a	
  constant	
  rate	
  every	
  minute.	
  	
  	
  The	
  flume	
  

was	
   once	
   again	
   periodically	
   stopped	
   in	
   one-­‐hour	
   intervals	
   with	
   bed	
   topography	
   data	
  

collected	
  at	
  1.17	
  hours,	
  2.35	
  hours,	
  3.47	
  hours	
  and	
  4.5	
  hours.	
  	
  The	
  sediment	
  transport	
  rate	
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measured	
  at	
  the	
  outlet	
  was	
  approximately	
  equal	
  to	
  the	
  supplied	
  feed	
  rate	
  by	
  the	
  end	
  of	
  this	
  

experimental	
  run.	
  

Run	
  4:	
  Dam	
  Installation	
  #2	
  

Before	
  proceeding	
  with	
  another	
  dam	
  removal	
  scenario,	
   the	
   flume	
  had	
  to	
  revert	
   to	
  

an	
  armored,	
  low	
  transport	
  capacity	
  state.	
  	
  The	
  flume	
  was	
  run	
  overnight	
  for	
  a	
  total	
  of	
  28.62	
  

hours,	
  with	
  data	
  collected	
  to	
  serve	
  as	
  baseline	
  topography	
  for	
  the	
  proceeding	
  experiment.	
  

Run	
   4	
   was	
   stopped	
   when	
   sediment	
   transport	
   at	
   the	
   flume	
   outlet	
   declined	
   to	
   about	
   2.2	
  

g/min.	
  The	
  flume	
  at	
  the	
  end	
  of	
  Run	
  4	
  was	
  considered	
  well	
  armored	
  and	
  used	
  as	
  an	
  initial	
  

condition	
  for	
  the	
  next	
  variable	
  sediment	
  supply	
  experiment.	
  

Run	
  5:	
  Dam	
  Removal	
  #2:	
  Sediment	
  Pulse	
  

Run	
  5	
  differed	
  from	
  the	
  prior	
  feed	
  increase	
  experiment	
  (Run	
  3)	
  by	
  incorporating	
  the	
  

pulsative	
  nature	
  of	
   sediment	
   releases	
  and	
   the	
   sorting	
  of	
  evacuated	
  reservoir	
  deposits	
  by	
  

grain	
   size	
   class	
   during	
   a	
   dam	
   removal.	
   	
   The	
   sediment	
   pulse	
  was	
   sized	
   to	
   the	
   volume	
   of	
  

sediment	
  needed	
  to	
  completely	
  fill	
  in	
  the	
  pools	
  present	
  at	
  the	
  end	
  of	
  Run	
  4	
  and	
  cover	
  the	
  

resulting	
   plane	
   bed	
   with	
   a	
   carpet	
   of	
   sediment	
   with	
   a	
   thickness	
   of	
   one	
   D50	
   of	
   the	
   pulse	
  

material,	
   similar	
   to	
   other	
   sediment	
   pulse	
   experiments	
   (e.g.,	
   Sklar	
   et	
   al.,	
   2009).	
   The	
   total	
  

mass	
   needed	
   to	
   fill	
   in	
   the	
   topography	
   was	
   calculated	
   to	
   be	
   15.69	
   kg	
   and	
   would	
   be	
  

distributed	
  at	
  a	
  rate	
  of	
  600	
  grams/minute	
  over	
  26.16	
  minutes.	
  	
  This	
  meant	
  the	
  pulse	
  would	
  

be	
   fed	
  at	
  a	
  rate	
  4	
   times	
  greater	
   than	
   the	
  original	
  equilibrium	
  feed	
  rate,	
  as	
  used	
   in	
  gravel	
  

augmentation	
   pulse	
   experiments	
   [Sklar	
   et	
   al.,	
   2009].	
   	
   To	
   account	
   for	
   reservoir	
   sediment	
  

stratification,	
   the	
   introduced	
  pulse	
  was	
  to	
  be	
  well	
  sorted,	
  with	
   the	
  grain	
  size	
  class	
   falling	
  

closely	
  in	
  line	
  with	
  the	
  D50	
  of	
  the	
  original	
  distribution,	
  ranging	
  from	
  0.83	
  –	
  1	
  mm.	
  	
  This	
  was	
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done	
  with	
  a	
  sieve	
  shaker	
  and	
  a	
  range	
  of	
  7	
  sieve	
  sizes	
  to	
  evenly	
  distribute	
  the	
  material	
  and	
  

allow	
  passage	
   through	
   the	
   appropriate	
   screen.	
   	
  Only	
   the	
   sand	
   that	
   had	
  passed	
   the	
   1mm	
  

sieve	
  and	
  retained	
  on	
  the	
  0.83	
  mm	
  was	
  kept	
  for	
  the	
  experiment.	
  

Using	
  the	
  constant	
  discharge	
  consistent	
  throughout	
  all	
  experiments,	
  the	
  flume	
  was	
  

run	
   with	
   sediment	
   pulses	
   introduced.	
   	
   Bags	
   containing	
   600	
   grams	
   of	
   the	
   well	
   sorted	
  

sediment	
  were	
  fed	
  at	
  the	
  upstream	
  inlet	
  every	
  minute	
  for	
  the	
  duration	
  of	
  the	
  calculated	
  fill	
  

volume.	
   	
   Visual	
   observations	
   of	
   the	
   location	
   of	
   the	
   sediment	
   pulse	
   front	
   were	
   recorded	
  

every	
  minute	
  until	
  it	
  reached	
  the	
  flume	
  outlet.	
   	
  At	
  this	
  point	
  bedload	
  measurements	
  were	
  

taken	
   every	
   5	
   minutes	
   to	
   monitor	
   the	
   pulse	
   response.	
   	
   	
   The	
   flume	
   was	
   drained	
   and	
  

restarted	
  periodically	
   throughout	
  the	
  experiment	
  to	
  collect	
   topographic	
  scans	
  of	
   the	
  bed.	
  	
  

Topographic	
  scans	
  were	
  collected	
  initially	
  at	
  5	
  minute	
  intervals	
  to	
  capture	
  any	
  initial	
  rapid	
  

changes,	
   and	
   the	
   frequency	
   of	
   scans	
  was	
   reduced	
   to	
   10	
  minutes,	
   20	
  minutes	
   and	
   finally	
  

multiple	
  hours	
  as	
  equilibrium	
  conditions	
  were	
  approached.	
  	
  The	
  experiment	
  was	
  run	
  until	
  

the	
   entire	
   pulse	
   of	
   sediment	
  was	
   evacuated	
   from	
   the	
   system,	
   which	
   occurred	
   after	
   711	
  

minutes	
  of	
  run	
  time.	
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RESULTS	
  
	
  

Elwha	
  Observations	
  and	
  Analysis	
  

Sequential	
  Pool	
  Filling	
  and	
  Evacuation	
  on	
  the	
  Elwha	
  

The	
   baseline	
   dataset	
   from	
   July	
   20,	
   2011	
   from	
   before	
   dam	
   removal	
   shows	
   three	
  

clearly	
  defined	
  riffle-­‐pool	
  sequences	
  within	
  this	
  reach	
  as	
  depicted	
  with	
  the	
  brown	
  line	
   in	
  

Figure	
   15	
   and	
   a	
   typical	
   riffle-­‐pool	
   backwater	
   profile	
   that	
   occurred	
   with	
   2,340	
   cfs	
   of	
  

discharge	
   during	
   the	
   time	
   of	
   the	
   survey	
   with	
   an	
   average	
   bed	
   slope	
   across	
   the	
   reach	
   of	
  

0.0063	
  ft/ft.	
  

	
  

	
  
Figure	
  15:	
  July	
  2011	
  channel	
  bed	
  and	
  water	
  surface	
  profiles	
  of	
  the	
  study	
  reach	
  before	
  dam	
  

removal.	
  
	
  

Advancing	
   forward	
  to	
   the	
  May	
  9,	
  2013	
  data	
  set,	
   locations	
  of	
   former	
  pools	
  have	
  aggraded	
  

significantly,	
  and	
  the	
  morphology	
  has	
  approached	
  a	
  plane	
  bed	
  condition	
  with	
  an	
  identical	
  

average	
   slope	
   of	
   0.0063	
   ft/ft	
   (Figure	
   16).	
   	
   At	
   this	
   point	
   in	
   time	
  Glines	
   Canyon	
  Dam	
  had	
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been	
   partially	
   removed	
   and	
   fine	
   reservoir	
   sediment	
   was	
   readily	
   available	
   to	
   be	
  

transported.	
  	
  The	
  water	
  surface	
  profile	
  that	
  developed	
  is	
  that	
  of	
  a	
  flatter,	
  shallower	
  system	
  

under	
   quasi-­‐normal	
   flow	
   condition.	
   	
   This	
   reduction	
   of	
   backwater	
   effects	
   induced	
   by	
  

reduced	
  riffle	
  relief	
  suggests	
  an	
  increase	
  in	
  sediment	
  transport	
  capacity.	
  	
  	
  

	
  

	
   	
  
Figure	
  16:	
  May	
  2013	
  channel	
  bed	
  and	
  water	
  surface	
  profiles	
  of	
  the	
  study	
  reach	
  during	
  

dam	
  removal	
  depicting	
  temporary	
  pool	
  filling.	
  

	
  

In	
   contrast,	
   the	
   August	
   1,	
   2013	
   profile	
   shows	
   the	
   reemergence	
   of	
   pools	
   in	
   their	
   former	
  

locations	
  suggesting	
  an	
  external	
  control	
  on	
  where	
  pools	
  will	
  form	
  in	
  this	
  reach	
  (Figure	
  17).	
  

In	
  addition,	
  low	
  flow	
  conditions	
  emphasize	
  the	
  backwater	
  effects	
  that	
  have	
  reemerged	
  due	
  

to	
   the	
   redeveloped	
   bed	
   morphology	
   with	
   an	
   average	
   slope	
   of	
   0.0064	
   ft/ft.	
   	
   This	
  

morphodynamic	
   adjustment	
   suggests	
   that	
   the	
   fine	
   sediment	
   that	
   had	
   filled	
   the	
   pools	
  

previously	
  was	
  evacuated	
  coupled	
  with	
  a	
  sharp	
  reduction	
  in	
  upstream	
  supply.	
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Figure	
  17:	
  August	
  2013	
  channel	
  bed	
  and	
  water	
  surface	
  profiles	
  of	
  the	
  study	
  reach	
  showing	
  

pool	
  evacuation	
  

	
  

Hydrologic	
  Regime	
  During	
  Dam	
  Removal	
  

Analyzing	
   stream	
   flow	
  data	
  over	
   the	
  duration	
  of	
   the	
  dam	
  removal	
  project	
   to	
  date	
  

(September	
  10,	
  2011	
  to	
  June	
  26,	
  2014)	
  shows	
  a	
  duel	
  hydrologic	
  regime	
  driven	
  by	
  both	
  rain	
  

and	
  snowmelt,	
  typical	
  of	
  Pacific	
  Northwestern	
  watersheds	
  at	
  moderate	
  elevations	
  [Climate	
  

Impacts	
   Group,	
   2014].	
   	
   In	
   a	
   typical	
   water	
   year	
   there	
   is	
   a	
   peak	
   due	
   to	
   winter	
   storms,	
   a	
  

recession	
  and	
   then	
  another	
  peak	
   in	
   late	
   spring	
  or	
  early	
   summer	
  due	
   to	
   snowmelt	
   runoff	
  

and	
  “rain	
  on	
  snow	
  events”.	
   	
   In	
  addition,	
   the	
  overall	
  magnitude	
  of	
  peak	
   flows	
  showed	
  the	
  

lack	
   of	
   a	
   major	
   channel	
   forming	
   flow	
   event	
   exceeding	
   bankfull	
   conditions	
   (Figure	
   18).	
  	
  

Bankfull	
  stage	
  is	
  typically	
  defined	
  as	
  the	
  discharge	
  that	
  fills	
  the	
  main	
  channel	
  and	
  begins	
  to	
  

spill	
  onto	
  the	
  floodplane	
  [Leopold,	
  1994].	
  	
  It	
  is	
  considered	
  very	
  influential	
  on	
  geomorphic	
  

processes	
  and	
  often	
  characterized	
  as	
  the	
  discharge	
  that	
  has	
  a	
  recurrence	
  interval	
  of	
  1.5-­‐2	
  

years	
  [Leopold,	
  1968;	
  Williams,	
  1978;	
  Andrews,	
  1980].	
  After	
  calculating	
  the	
  return	
  periods	
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of	
   various	
   flow	
   events	
   based	
   on	
   86	
   years	
   of	
   available	
   annual	
   peak	
   discharge	
   records,	
  

bankfull	
   conditions	
   could	
   be	
   characterized.	
   	
   The	
   lowest	
   value	
   in	
   the	
   series	
   of	
   4,680	
   cfs	
  

became	
   the	
   1-­‐year	
   discharge	
   and	
   linear	
   interpolation	
   determined	
   the	
   2-­‐year	
   flow	
   to	
   be	
  

13,848	
  cfs.	
  	
  During	
  the	
  time	
  period	
  of	
  interest	
  only	
  three	
  instantaneous	
  peaks	
  reached	
  the	
  

1.5-­‐year	
   value	
   of	
   10,300	
   cfs	
   and	
   no	
   events	
   exceeded	
   the	
   2-­‐year	
   flow.	
   	
   This	
   period	
   of	
  

relatively	
   mild	
   hydrology	
   suggests	
   that	
   there	
   were	
   likely	
   no	
   overbank	
   flows	
   and	
   major	
  

channel	
   forming	
   discharges	
   probably	
   did	
   not	
   occur.	
   	
   Therefore,	
   the	
   channel	
   width	
  may	
  

have	
  acted	
  as	
  an	
  important	
  driver	
  in	
  the	
  geomorphic	
  processes	
  that	
  did	
  occur	
  such	
  as	
  the	
  

observed	
  pool	
  filling	
  and	
  evacuation.	
  

	
  

	
  
Figure	
  18:	
  Hydrologic	
  Record	
  of	
  the	
  Elwha	
  during	
  the	
  dam	
  removal	
  time	
  period	
  at:	
  USGS	
  

12045500	
  ELWHA	
  RIVER	
  AT	
  MCDONALD	
  BR	
  NEAR	
  PORT	
  ANGELES,	
  WA	
  



41	
  
	
  

Bed	
  Evolution	
  and	
  Width	
  Observations	
  

The	
   defined	
   channel	
   width	
   of	
   the	
   study	
   reach	
   identified	
   with	
   Google	
   Earth	
   and	
  

spatially	
  aligned	
  with	
  bed	
  topography	
  surveys	
  is	
  presented	
  below.	
  	
  Over	
  the	
  time	
  frame	
  of	
  

interest	
   (2009-­‐2013)	
   this	
   reach	
   showed	
   slight	
   lateral	
   migration	
   around	
  meander	
   bends	
  

and	
   maintained	
   a	
   relatively	
   constant	
   bankfull	
   width	
   throughout,	
   with	
   an	
   average	
   of	
  

approximately	
   180	
   ft.	
   (Figure	
   19).	
   	
   The	
   bathymetric	
   survey	
   data	
   shows	
   the	
   three	
   pools	
  

coinciding	
   with	
   the	
   most	
   constricted	
   channel	
   width	
   and	
   riffles	
   forming	
   in	
   the	
   widest	
  

locations	
  (Figure	
  19).	
  	
  These	
  trends	
  in	
  variable	
  bankfull	
  channel	
  width	
  coinciding	
  with	
  the	
  

locations	
   of	
   riffles	
   and	
   pools	
   align	
   with	
   observations	
   made	
   by	
   Richards	
   (1979).	
   	
   	
   As	
  

described	
  previously,	
   after	
   a	
   temporary	
  disappearance	
   in	
   the	
  May	
  9,	
   2013	
   survey,	
   pools	
  

reemerge	
   in	
   the	
  August	
  1,	
  2013	
  survey,	
  which	
  suggests	
   that	
   these	
   locations	
  of	
  minimum	
  

channel	
  width	
   provide	
   an	
   important	
   local	
   control	
   on	
   pool	
   persistence	
   over	
   a	
   short	
   time	
  

frame	
  under	
  conditions	
  of	
  dynamically	
  changing	
  sediment	
  supply.	
  	
  	
  	
  

In	
   Figure	
   20,	
   the	
   water	
   surface	
   profiles	
   from	
   all	
   three	
   bathymetric	
   surveys	
   are	
  

presented.	
  	
  With	
  the	
  riffle-­‐pool	
  morphology	
  present,	
  the	
  water	
  surface	
  displays	
  backwater	
  

effects	
   due	
   to	
   significant	
   topographic	
   relief.	
   	
   However,	
   in	
   the	
   May	
   9,	
   2013	
   survey	
   with	
  

subdued	
   riffle-­‐pool	
   topography,	
   the	
   water	
   surface	
   is	
   much	
   flatter	
   and	
   has	
   reduced	
  

backwater	
  effects.	
  	
  On	
  August	
  1,	
  2013,	
  the	
  riffle-­‐pool	
  morphology	
  returned	
  along	
  with	
  the	
  

redevelopment	
  of	
  backwater	
  effects.	
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Figure	
  19:	
  Coupling	
  of	
  bankfull	
  channel	
  width	
  from	
  Google	
  Earth	
  and	
  bathymetry	
  from	
  in	
  

the	
  Elwha	
  Study	
  Reach.	
  
	
  

	
  
Figure	
  20:	
  Time	
  series	
  of	
  water	
  surface	
  profiles	
  showing	
  the	
  disappearance	
  and	
  

reemergence	
  of	
  a	
  backwater	
  profile	
  in	
  the	
  Elwha	
  study	
  reach.	
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Experimental	
  Results	
  

Bedload	
  Transport	
  Results	
  

Measurements	
  of	
  the	
  bedload	
  transport	
  rate	
  were	
  taken	
  during	
  all	
  five	
  experimental	
  

runs	
  to	
  quantify	
  sediment	
  transport	
  and	
  identify	
  any	
  trends	
  towards	
  dynamic	
  equilibrium	
  

based	
  on	
  the	
  initial	
  conditions	
  of	
  that	
  particular	
  run	
  (Figure	
  21).	
  	
  During	
  Run	
  1,	
  the	
  flume	
  

adjusted	
  to	
  a	
  constant	
  supply	
  of	
  150	
  grams/min	
  in	
  approximately	
  12.5	
  hours,	
  equilibrating	
  

transport	
  at	
  the	
  outlet	
  with	
  the	
  provided	
  supply.	
   	
  This	
  justified	
  starting	
  the	
  second	
  run	
  at	
  

which	
   no	
   supply	
   was	
   provided	
   and	
   in	
   approximately	
   25	
   hours	
   it	
   reached	
   a	
   no	
   supply	
  

condition	
  and	
   the	
   first	
  dam	
  removal	
   experiment	
   could	
  begin.	
   	
  During	
  Run	
  3,	
   supply	
  was	
  

returned	
  the	
  original	
  rate	
  of	
  150	
  grams/min	
  and	
  the	
  flume	
  responded	
  quickly	
  by	
  returning	
  

its	
  transport	
  capacity	
  to	
  the	
  supply	
  rate	
  in	
  4	
  hours	
  time.	
  	
  

	
  	
  

	
  
Figure	
  21:	
  Bedload	
  transport	
  rates	
  at	
  the	
  flume	
  outlet	
  across	
  all	
  five	
  experimental	
  runs.	
  

Vertical	
  lines	
  indicate	
  the	
  start/end	
  of	
  Runs	
  1-­‐5.	
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Before	
   the	
  second	
  pulse	
  experiment,	
   the	
   flume	
  was	
  run	
   for	
  24	
  hours	
  with	
  no	
  supply	
  and	
  

returned	
  to	
  a	
  starved	
  condition.	
  	
  Finally,	
  a	
  sediment	
  pulse	
  was	
  introduced	
  over	
  27	
  minutes	
  

and	
   the	
   flume	
   responded	
   by	
   distributing	
   the	
  majority	
   of	
   the	
   pulse	
   over	
   a	
   6-­‐hour	
   period	
  

with	
  the	
  peak	
  feed	
  rate	
  being	
  70.4	
  g/min	
  at	
  2	
  hours	
  and	
  36	
  minutes	
  of	
  elapsed	
  time.	
  

Topography	
  and	
  Grain	
  Distributions	
  

Over	
  the	
  duration	
  of	
  the	
  first	
  run,	
  water	
  surface	
  and	
  bed	
  profiles	
  were	
  taken	
  with	
  a	
  

point	
  gage	
   three	
   times	
   (Appendix	
  B).	
   	
  After	
  13	
  hours,	
   riffle	
  pool	
  morphology	
  was	
  clearly	
  

established	
  and	
  Figure	
  22	
  shows	
  the	
  measured	
  water	
  surface	
  and	
  bed	
  profile	
  immediately	
  

before	
   the	
   flume	
  was	
  stopped	
   for	
   the	
   final	
   time.	
   	
  The	
  bed	
  profile	
  measurements	
  are	
  also	
  

compared	
  with	
  the	
  profile	
  developed	
  using	
  the	
  laser	
  photo	
  imagery	
  system.	
  	
  	
  As	
  expected,	
  

pools	
  developed	
  in	
  the	
  most	
  constricted	
  sections	
  of	
  the	
  flume	
  and	
  there	
  is	
  approximately	
  8	
  

mm	
  of	
  topographic	
  relief	
  across	
  the	
  riffle-­‐pool	
  sequences.	
  

	
  

	
  
Figure	
  22:	
  Measured	
  water	
  surface	
  and	
  bed	
  elevations	
  of	
  baseline	
  riffle-­‐pool	
  morphology.	
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A	
  digital	
  elevation	
  model	
  of	
   the	
   final	
  bed	
  topography	
  after	
  Run	
  1	
  shows	
   longitudinal	
  and	
  

lateral	
  consistency	
  across	
  all	
  six	
  riffle-­‐pool	
  sequences	
  with	
  an	
  average	
  bed	
  slope	
  of	
  0.0067	
  

(Figure	
   23).	
   	
   Side	
   bars	
   do	
   develop	
   near	
   the	
   walls	
   of	
   the	
   riffle	
   sections	
   but	
   they	
   do	
   not	
  

appear	
  to	
  alter	
  the	
  flow	
  field	
  or	
  sediment	
  transport	
  processes	
  significantly.	
  

	
  

	
  
Figure	
  23:	
  	
  Digital	
  Elevation	
  Model	
  of	
  flume	
  bed	
  topography	
  at	
  baseline	
  riffle-­‐pool	
  

conditions	
  (Run	
  1).	
  
	
  

Taking	
   this	
  digital	
   elevation	
  model	
   and	
  differentiating	
   each	
   cross	
   section	
   from	
   the	
  mean	
  

bed	
  slope	
  distinguished	
  the	
  pools,	
  riffles,	
  and	
  bars	
  that	
  were	
  established	
  (Figure	
  24).	
  	
  Dark	
  

blue	
  sections	
  show	
  pool	
  relief	
  of	
  between	
  8-­‐10	
  mm	
  that	
  has	
  developed	
  in	
  the	
  locations	
  of	
  

greatest	
  lateral	
  constriction.	
  	
  The	
  intermediate	
  riffles	
  show	
  the	
  aforementioned	
  side	
  bars	
  of	
  

approximately	
  2-­‐4	
  mm	
  aggradation	
  relative	
  to	
  the	
  central	
  portion	
  of	
  the	
  riffle.	
  

	
  

	
  
Figure	
  24:	
  Average	
  slope	
  differentiated	
  flume	
  bed	
  topography	
  at	
  baseline	
  conditions	
  

showing	
  established	
  riffle-­‐pool	
  morphology	
  (Run	
  1).	
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During	
  Run	
  2,	
  the	
  flume	
  was	
  starved	
  of	
  any	
  sediment	
  supply	
  and	
  the	
  system	
  responded	
  by	
  

decreasing	
  its	
  bed	
  slope	
  and	
  armoring	
  its	
  bed.	
  	
  Surface	
  samples	
  of	
  two	
  riffles,	
  pools	
  and	
  

transition	
  locations	
  showed	
  overall	
  coarsening	
  of	
  the	
  bed	
  material	
  relative	
  to	
  the	
  original	
  

distribution	
  (Figure	
  25).	
  	
  It	
  should	
  be	
  noted	
  that	
  the	
  distribution	
  after	
  Run	
  1	
  had	
  slightly	
  

coarsened	
  relative	
  to	
  the	
  original	
  distribution,	
  but	
  the	
  bed	
  surface	
  was	
  not	
  sampled	
  at	
  that	
  

time.	
  	
  As	
  expected,	
  the	
  riffles	
  with	
  a	
  D50	
  of	
  1.55	
  mm	
  are	
  slightly	
  coarser	
  than	
  the	
  pools,	
  

having	
  a	
  D50	
  of	
  1.38	
  mm.	
  	
  	
  

	
  

	
  
Figure	
  25:	
  Grain	
  size	
  distributions	
  of	
  surface	
  sampled	
  riffles,	
  pools	
  and	
  transitional	
  

reaches	
  compared	
  to	
  the	
  original	
  grain	
  distribution	
  showing	
  overall	
  bed	
  armoring	
  (Run	
  2).	
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Repeat	
  laser	
  scans	
  of	
  the	
  bed	
  showed	
  a	
  uniform,	
  base	
  level	
  drop	
  and	
  a	
  relaxation	
  of	
  the	
  bed	
  

slope	
  to	
  an	
  average	
  value	
  of	
  0.0037	
  (Figure	
  26).	
  	
  Topographic	
  change	
  between	
  the	
  final	
  two	
  

scans	
  was	
  negligible,	
  which	
  was	
  justification	
  for	
  concluding	
  Run	
  2	
  and	
  moving	
  to	
  the	
  next	
  

phase.	
  

	
  

	
  
Figure	
  26:	
  Time	
  series	
  of	
  long	
  profiles	
  showing	
  a	
  base	
  level	
  drop	
  and	
  slope	
  decrease	
  over	
  

24	
  hours	
  of	
  no	
  sediment	
  supply	
  (Run	
  2).	
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Similar	
   to	
   Run	
   1,	
   multiple	
   water	
   surface	
   measurements	
   were	
   taken	
   throughout	
   the	
  

experiment	
   and	
   can	
   be	
   viewed	
   in	
   Appendix	
   B.	
   	
   The	
   final	
   measurements	
   show	
   a	
   more	
  

relaxed	
  bed	
  topography	
  and	
  water	
  surface	
  profile	
  (Figure	
  27)	
  but	
  a	
  similar	
  range	
  of	
  relief	
  

referenced	
  to	
  the	
  baseline	
  morphology.	
  

	
  

	
  
Figure	
  27:	
  Measured	
  water	
  surface	
  and	
  bed	
  elevations	
  of	
  first	
  zero	
  supply	
  condition.	
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The	
  digital	
  elevation	
  model	
  developed	
  for	
   the	
  end	
  of	
  Run	
  2	
  shows	
  relative	
  similarities	
   to	
  

Run	
  1	
  with	
  the	
  main	
  difference	
  being	
  the	
  total	
  elevation	
  range	
  reduced	
  due	
  to	
  a	
  uniform	
  

decrease	
  in	
  the	
  overall	
  bed	
  slope	
  (Figure	
  28).	
  

	
  

	
  
Figure	
  28:	
  Digital	
  Elevation	
  Model	
  of	
  flume	
  bed	
  topography	
  at	
  first	
  zero	
  supply	
  

equilibrium	
  condition	
  (Run	
  2).	
  
	
  

The	
   slope	
   differentiated	
  model	
   for	
   Run	
   2	
   is	
   very	
   similar	
   to	
   Figure	
   22	
  with	
  well-­‐defined	
  

riffle-­‐pool	
   sequences,	
   identical	
   relative	
   pool	
   depths	
   and	
  minor	
   side	
   bar	
   formation	
   in	
   the	
  

riffle	
  sections	
  (Figure	
  29).	
  

	
  	
  

	
  
Figure	
  29:	
  Average	
  slope	
  differentiated	
  flume	
  bed	
  topography	
  at	
  zero	
  supply	
  equilibrium	
  

condition	
  (Run	
  2).	
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The	
  first	
  increase	
  in	
  sediment	
  supply	
  occurred	
  over	
  Run	
  3	
  during	
  which	
  the	
  original	
  supply	
  

of	
   150	
   grams/minute	
   was	
   resupplied	
   to	
   the	
   flume.	
   	
   Repeat	
   topographic	
   scans	
   over	
   4.5	
  

hours	
  showed	
  uniform	
  aggradation	
  in	
  the	
  riffle-­‐pool	
  sequences	
  of	
  6-­‐7	
  mm	
  along	
  the	
  entire	
  

flume	
  (Figure	
  30).	
  	
  Along	
  with	
  net	
  aggradation,	
  a	
  steepening	
  of	
  the	
  bed	
  slope	
  to	
  an	
  average	
  

value	
  of	
  0.0056	
  occurred.	
  	
  	
  

	
  

	
  
Figure	
  30:	
  Time	
  series	
  of	
  median	
  elevation	
  long	
  profiles	
  showing	
  uniform	
  aggradation	
  
across	
  all	
  riffles	
  and	
  pools	
  along	
  with	
  a	
  slope	
  increase	
  after	
  supply	
  was	
  returned	
  (Run	
  3).	
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DEMs	
  of	
   topographic	
  scans	
  with	
   the	
  baseline	
  DEM	
  from	
  the	
  end	
  of	
  Run	
  2	
  subtracted	
  out	
  

show	
  uniform	
  aggradation	
   represented	
  by	
   the	
  orange	
  and	
   red	
  color	
   scheme	
   (Figure	
  31).	
  	
  

Deposition	
   first	
   occurs	
   at	
   the	
   flume	
   inlet	
   where	
   sediment	
   is	
   supplied	
   and	
   migrates	
  

downstream	
  until	
  the	
  bed	
  slope	
  had	
  equilibrated	
  to	
  transport	
  the	
  sediment	
  supply.	
  

	
  

	
  
Figure	
  31:	
  Time	
  series	
  of	
  flume	
  bed	
  topography	
  DEM’s	
  subtracted	
  from	
  the	
  baseline	
  zero	
  

supply	
  elevations	
  at	
  equilibrium	
  after	
  Run	
  2.	
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The	
  purpose	
  of	
  Run	
  4	
  was	
  to	
  return	
  the	
  bed	
  to	
  an	
  armored	
  state	
  similar	
  to	
  its	
  condition	
  at	
  

the	
  end	
  of	
  Run	
  2,	
  so	
   that	
  an	
  equivalent	
  baseline	
  condition	
  could	
  be	
  provided	
   for	
  another	
  

sediment	
   pulse	
   experiment.	
   	
   	
   During	
   Run	
   4,	
   after	
   28.62	
   hours	
   of	
   no	
   supply,	
   sediment	
  

transport	
   rates	
  were	
   once	
   again	
   approaching	
   zero	
   (Figure	
   21).	
   	
   Figure	
   32	
   compares	
   the	
  

long	
  profiles	
  at	
  the	
  ends	
  of	
  Run	
  2	
  and	
  Run	
  4	
  and	
  shows	
  that	
  they	
  were	
  very	
  similar.	
  

	
  

	
  
Figure	
  32:	
  Comparison	
  of	
  the	
  no	
  feed	
  long	
  profiles	
  from	
  Runs	
  2	
  and	
  4	
  to	
  confirm	
  similar	
  

baseline	
  conditions	
  preceding	
  dam	
  removal	
  experiments.	
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A	
   DEM	
   of	
   the	
   bed	
   topography	
   from	
   Run	
   4	
   (Figure	
   34)	
   shows	
   similarities	
   to	
   the	
   relief	
  

established	
   at	
   the	
   end	
   of	
   Run	
   2	
   (Figure	
   26).	
   	
   The	
   only	
   noticeable	
   difference	
   is	
   some	
  

preferential	
   scour	
   along	
   the	
   right	
   bank	
   of	
   the	
   two	
   upstream	
  most	
   riffle-­‐pool	
   sequences,	
  

likely	
  due	
  to	
  entrance	
  effects.	
  	
  	
  

	
  

	
  
Figure	
  33:	
  Digital	
  Elevation	
  Model	
  of	
  flume	
  bed	
  topography	
  at	
  second	
  zero	
  supply	
  

equilibrium	
  condition.	
  
	
  	
  

A	
   mean	
   slope	
   differentiated	
   elevation	
   model	
   shows	
   consistent	
   riffle-­‐pool	
   morphology	
  

along	
   with	
   small	
   side	
   bars	
   in	
   the	
   riffles	
   as	
   observed	
   in	
   previous	
   runs	
   (Figure	
   34).	
   	
   In	
  

addition,	
  the	
  preferential	
  scour	
  along	
  the	
  right	
  side	
  of	
  the	
  flume	
  is	
  even	
  more	
  evident	
  but	
  

appears	
  to	
  subside	
  farther	
  downstream.	
  

	
  

	
  
Figure	
  34:	
  Average	
  slope	
  differentiated	
  flume	
  bed	
  topography	
  at	
  second	
  zero	
  supply	
  

equilibrium	
  condition	
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In	
  Run	
  5,	
  we	
   introduced	
  a	
  pulse	
  of	
  well-­‐sorted	
   sediment	
  having	
   the	
  volume	
   to	
   fill	
   in	
   the	
  

pools	
  and	
  minimize	
  riffle-­‐pool	
  relief	
  as	
  observed	
  in	
  the	
  field.	
  	
  Figure	
  35	
  shows	
  long	
  profiles	
  

of	
  the	
  bed	
  elevation	
  from	
  repeat	
  scans	
  during	
  the	
  first	
  27	
  minutes	
  of	
  the	
  experiment	
  when	
  

sediment	
  was	
  supplied	
  at	
  600	
  grams/min.	
  	
  A	
  dramatic	
  steepening	
  was	
  observed	
  in	
  the	
  two	
  

upstream	
   riffle-­‐pool	
   sequences	
   as	
   they	
   responded	
   to	
   this	
   dramatic	
   increase	
   in	
   sediment	
  

supply.	
  	
  At	
  27	
  minutes	
  the	
  average	
  bed	
  slope	
  reached	
  a	
  maximum	
  value	
  of	
  0.0067	
  before	
  it	
  

began	
  to	
  relax.	
  

	
  

	
  
Figure	
  35:	
  Time	
  series	
  of	
  long	
  profiles	
  during	
  introduced	
  sediment	
  pulse	
  showing	
  a	
  

dramatic	
  upstream	
  steepening	
  of	
  the	
  bed	
  slope.	
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Long	
   profiles	
   of	
   the	
   flume	
   bed	
   after	
   the	
   pulse	
   was	
   supplied	
   in	
   its	
   entirety	
   show	
   an	
  

immediate	
  reduction	
  in	
  slope	
  as	
  the	
  pulse	
  propagates	
  through	
  (Figure	
  36).	
  	
  At	
  47	
  minutes,	
  

the	
  upstream	
  most	
  riffle-­‐pool	
  sequence	
  began	
  to	
  relax	
  and	
  primary	
  aggradation	
  shifted	
  to	
  

the	
  second	
  and	
  third	
  riffle-­‐pool	
  sequences.	
  	
  A	
  major	
  period	
  of	
  base	
  level	
  reduction	
  did	
  not	
  

begin	
   to	
   occur	
   until	
   after	
   the	
   scan	
   at	
   106	
  minutes	
   and	
   the	
   entire	
   system	
  approached	
   its	
  

prior	
  state.	
  	
  

	
  

	
  
Figure	
  36:	
  	
  Time	
  series	
  of	
  long	
  profiles	
  after	
  sediment	
  pulse	
  has	
  been	
  fully	
  supplied	
  

showing	
  a	
  relaxation	
  of	
  the	
  bed	
  slope	
  (Run	
  5).	
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A	
   time	
   series	
   of	
  DEMs	
   subtracted	
   from	
   the	
   sediment	
   starved	
  baseline	
   condition	
   (Run	
  4)	
  

show	
  how	
  the	
  pulse	
  propagated	
  through	
  the	
  system	
  (Figure	
  37).	
  	
  The	
  dashed	
  line	
  indicates	
  

where	
   the	
   supplied	
   pulse	
   had	
   reached	
   completion	
   at	
   27	
  minutes.	
   	
   Between	
   47	
  minutes	
  

(Figure	
   37g)	
   and	
   66	
  minutes	
   (Figure	
   37h),	
   the	
   pulse	
   had	
   reached	
   its	
   dispersive	
   peak	
   as	
  

shown	
  by	
   the	
   locations	
  of	
   red	
  coloration	
   located	
   farthest	
  downstream.	
   	
  At	
   that	
  point	
   the	
  

system	
  was	
  able	
  to	
  move	
  any	
  pulse	
  sediment	
  through	
  with	
  ease	
  and	
  began	
  to	
  degrade	
  the	
  

bed.	
  

	
  

	
  
Figure	
  37:	
  Time	
  series	
  of	
  flume	
  bed	
  topography	
  DEM’s	
  subtracted	
  from	
  the	
  final	
  

topography	
  in	
  Run	
  4.	
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Pulse	
  Dynamics	
  

The	
   front	
   of	
   the	
   pulse	
   introduced	
   in	
   Run	
   5	
   was	
   visually	
   tracked	
   as	
   it	
   migrated	
  

downstream	
  to	
  the	
  outlet	
  (Figure	
  38).	
  	
  The	
  black	
  dashed	
  line	
  indicates	
  when	
  the	
  sediment	
  

feed	
  was	
  stopped	
  after	
  27	
  minutes.	
  	
  Several	
  photos	
  documenting	
  its	
  movement	
  can	
  be	
  seen	
  

in	
  Appendix	
   C.	
   	
   The	
   front	
  moved	
   steadily	
  with	
   time	
   and	
   continued	
   to	
  move	
   consistently	
  

even	
  after	
  the	
  supply	
  was	
  stopped.	
  	
  After	
  69	
  minutes	
  the	
  pulse	
  had	
  reached	
  the	
  outlet	
  and	
  

bedload	
  transport	
  measurements	
  began.	
  

	
  

	
  
Figure	
  38:	
  Downstream	
  location	
  of	
  the	
  sediment	
  pulse	
  front	
  through	
  time.	
  	
  The	
  dashed	
  

line	
  indicates	
  when	
  upstream	
  feed	
  was	
  terminated.	
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A	
   time	
   series	
   of	
   long	
   profiles	
   differentiated	
   from	
   the	
   baseline	
   elevation	
   was	
   plotted	
   in	
  

Figure	
  39	
  to	
  offer	
  a	
  comparison	
  with	
  Figure	
  5C	
  and	
  show	
  how	
  the	
  magnitude	
  of	
  the	
  pulse	
  

propagates	
   longitudinally	
   through	
   the	
   flume	
   and	
   eventually	
   relaxes	
   to	
   the	
   baseline	
  

condition	
   after	
   nearly	
   12	
   hours.	
   	
   A	
  moving	
   average	
   over	
   a	
   0.48	
  m	
  window	
  was	
   used	
   to	
  

eliminate	
  noise	
  from	
  the	
  differentiated	
  elevation	
  data	
  extracted	
  from	
  long	
  profiles.	
  

	
  

	
  
Figure	
  39:	
  Time	
  series	
  of	
  long	
  profiles	
  during	
  the	
  pulse	
  experiment	
  differentiated	
  from	
  the	
  

baseline	
  condition	
  in	
  Run	
  4.	
  	
  
	
  

The	
  cumulative	
  sum	
  of	
  the	
  differentiated	
  elevation	
  data	
  is	
  shown	
  in	
  Figure	
  40.	
  These	
  data	
  

indicate	
   that	
   the	
   pulse	
   was	
   dominated	
   by	
   dispersion,	
   rather	
   than	
   translation	
   when	
  

compared	
  with	
  Figure	
  5D.	
  The	
  mode	
  of	
  vertical	
  distribution	
  is	
  clearly	
  defined	
  as	
  the	
  pulse	
  

migrated	
   through	
   the	
   flume	
   (Figure	
   40).	
   	
   At	
   47	
   minutes	
   the	
   system	
   hit	
   its	
   cumulative	
  

elevation	
  peak	
  and	
  then	
  proceeded	
  to	
  go	
  through	
  net	
  degradation	
  as	
   it	
  was	
  able	
  to	
  begin	
  

transporting	
  significant	
  amounts	
  of	
  pulse	
  sediment	
  through.	
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Figure	
  40:	
  Time	
  series	
  of	
  long	
  profiles	
  differentiated	
  cumulatively	
  from	
  the	
  armored	
  

condition	
  at	
  the	
  end	
  of	
  Run	
  4.	
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DISCUSSION	
  
	
  

Riffle-­‐Pool	
  Morphology	
  and	
  Channel	
  Width	
  

Channel	
  width	
  has	
  been	
  shown	
  to	
  exert	
  a	
  local	
  control	
  on	
  the	
  development	
  of	
  riffle-­‐

pool	
  morphology	
   in	
  certain	
  environments	
   [de	
  Almeida	
  and	
  Rodriguez,	
  2012]	
  and	
   lead	
   to	
  

pool	
  maintenance	
  through	
  flow	
  convergence	
  routing	
  [MacWilliams	
  et	
  al.,	
  2006].	
  	
  Riffle-­‐pool	
  

systems	
  such	
  as	
  the	
  Elwha	
  develop	
  and	
  maintain	
  riffle-­‐pool	
  topography	
  due	
  to	
  this	
  variable	
  

width	
  condition.	
  	
  From	
  the	
  perspective	
  of	
  fluid	
  momentum	
  and	
  sediment	
  continuity,	
  these	
  

expansions	
   and	
   contractions	
   create	
   variations	
   in	
   shear	
   stress	
   that	
   induce	
   preferential	
  

scour	
  in	
  pools	
  and	
  deposition	
  across	
  riffles.	
  	
  	
  

Field	
   results	
   from	
   the	
   Elwha	
   show	
   that	
   bankfull	
   channel	
   width	
   imposed	
   a	
   local	
  

control	
   on	
   the	
   locations	
   of	
   riffles	
   pools	
   from	
   2011-­‐2013,	
   even	
   when	
   the	
   system	
   is	
  

undergoing	
   the	
   dramatic	
   change	
   of	
   a	
   large	
   dam	
   removal.	
   The	
   transient	
   pool-­‐filling	
  

apparent	
  in	
  the	
  repeat	
  long	
  profiles	
  and	
  the	
  re-­‐emergence	
  of	
  the	
  pools	
  in	
  the	
  same	
  location,	
  

combined	
   with	
   the	
   lack	
   of	
   large,	
   channel-­‐forming	
   hydrologic	
   events,	
   suggests	
   that	
   the	
  

downstream	
  changes	
  in	
  channel	
  width	
  provided	
  an	
  important	
  control	
  on	
  the	
  location	
  and	
  

persistence	
   of	
   riffles	
   and	
   pools.	
   	
   Therefore,	
   a	
   fixed-­‐wall	
   flume	
   study	
   appeared	
   to	
   be	
   an	
  

appropriate	
   analogue	
   for	
  modeling	
   conditions	
   on	
   the	
   Elwha	
  within	
   this	
   time	
   frame.	
   	
   To	
  

design	
   these	
   flume	
   experiments,	
   channel	
   geometry	
   and	
   its	
   significance	
   on	
   riffle-­‐pool	
  

development	
  was	
  first	
  validated	
  using	
  a	
  numerical	
  model.	
  

The	
   Nays2D	
   model	
   is	
   process-­‐based,	
   and	
   the	
   development	
   of	
   pools	
   and	
   riffles	
  

coincident	
   with	
   constrictions	
   and	
   expansions	
   in	
   the	
   numerical	
   model	
   shows	
   that	
  

mathematically,	
   fluid	
   and	
   sediment	
   continuity	
   require	
   pool-­‐riffle	
   morphology	
   at	
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equilibrium.	
  Run	
  1	
  of	
  the	
  flume	
  experiments	
  confirms	
  this.	
  The	
  flume	
  experiments	
  provide	
  

even	
   more	
   evidence	
   of	
   the	
   importance	
   of	
   width	
   variability	
   on	
   bed	
   topography,	
   though,	
  

because	
   in	
  Runs	
  2-­‐5	
  the	
  sediment	
  supply	
  was	
  varied	
  dramatically,	
  but	
  still	
   the	
  pools	
  and	
  

riffles	
   persisted	
   in	
   the	
   same	
   locations.	
   	
   This	
   persistence	
   of	
   pools	
   and	
   riffles	
   during	
   the	
  

sediment	
   pulse	
   run	
   (Run	
   5)	
   further	
   reinforce	
   this	
   idea,	
   because	
   here	
   even	
   with	
  

considerable	
   spatial	
   and	
   temporal	
   changes	
   in	
   the	
   local	
   sediment	
   transport	
   rate,	
   the	
  

primary	
   channel	
   adjustment	
   was	
   an	
   overall	
   aggradation	
   or	
   degradation	
   to	
   a	
   new	
   local	
  

slope,	
  rather	
  than	
  changing	
  the	
  pool-­‐riffle	
  morphology.	
  

Pulse	
  Dynamics	
  

We	
  can	
  compare	
  the	
  findings	
  from	
  the	
  sediment	
  pulse	
  flume	
  experiments	
  of	
  Lisle	
  et	
  

al.	
  (1997),	
  Cui	
  et	
  al.,	
  (2003a)	
  and	
  Sklar	
  et	
  al.	
  (2009)	
  with	
  our	
  results	
  to	
  explore	
  the	
  relative	
  

effects	
  of	
  riffle-­‐pool	
  topography	
  and	
  width	
  variation	
  on	
  pulse	
  evolution	
  (Tables	
  3,	
  4,	
  and	
  5).	
  	
  

The	
  sediment	
  pulse	
  in	
  our	
  experiment	
  propagated	
  through	
  the	
  flume	
  in	
  a	
  more	
  dispersive	
  

manner	
  than	
  what	
  was	
  reported	
  in	
  Sklar	
  et	
  al.	
  (2009).	
  	
  The	
  primary	
  difference	
  between	
  our	
  

experiment	
   and	
   that	
   of	
   Sklar	
   et	
   al.	
   (2009)	
   is	
   that	
  while	
   both	
   experiments	
   began	
   from	
   a	
  

sediment-­‐starved	
   condition	
   and	
   proceeded	
   without	
   a	
   sediment	
   feed,	
   the	
   present	
  

experiment	
   was	
   conducted	
   in	
   a	
   variable-­‐width	
   flume	
   that	
   had	
   antecedent	
   riffle-­‐pool	
  

morphology	
   while	
   Sklar	
   et	
   al.	
   (2009)	
   used	
   a	
   constant-­‐width	
   flume	
   with	
   plane	
   bed	
  

morphology.	
  The	
  increased	
  dispersion	
  in	
  our	
  experiment	
  is	
  likely	
  due	
  to	
  these	
  differences.	
  	
  

In	
  contrast,	
  our	
  pulse	
  did	
  evolve	
  similarly	
  to	
  experiments	
  performed	
  by	
  Lisle	
  et	
  al.,	
  

(1997)	
   in	
   which	
   a	
   sediment	
   pulse	
   10x	
   greater	
   than	
   the	
   equilibrium	
   feed	
   rate	
   was	
  

introduced	
  into	
  the	
  center	
  of	
  the	
  channel	
  (Table	
  3).	
  	
  In	
  Lisle	
  et	
  al.’s	
  (1997)	
  experiment,	
  the	
  

channel	
  had	
  developed	
  an	
  alternating	
  bar	
  morphology	
  under	
  a	
  constant	
  sediment	
  feed,	
  and	
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that	
   feed	
   rate	
   continued	
   while	
   the	
   pulse	
   laterally	
   dispersed	
   in	
   both	
   directions.	
   	
   The	
  

upstream	
  diffusion	
  in	
  Lisle	
  et	
  al.’s	
  (1997)	
  experiment	
  was	
  a	
  consequence	
  of	
  the	
  sediment	
  

feed	
  interacting	
  with	
  backwater	
  effects	
  created	
  by	
  the	
  sediment	
  wave	
  itself.	
  Both	
  the	
  Lisle	
  

et	
   al.	
   (1997)	
   experiment	
   and	
   our	
   experiment	
   developed	
   a	
   sediment	
   wedge.	
   However,	
  

unlike	
  the	
  Lisle	
  et	
  al.	
  (1997)	
  experiment,	
  our	
  sediment	
  pulse	
  was	
  unable	
  to	
  diffuse	
  in	
  both	
  

directions	
  due	
  to	
  the	
  inlet	
  conditions,	
  where	
  the	
  sediment	
  pulse	
  was	
  supplied,	
  and	
  the	
  fact	
  

that	
  there	
  was	
  no	
  upstream	
  sediment	
  feed.	
  	
  	
  

Results	
  from	
  Cui	
  et	
  al.	
  (2003a),	
  where	
  a	
  constant	
  sediment	
  feed	
  was	
  supplied	
  during	
  

the	
   pulse	
   introduction	
   and	
   evolution,	
   show	
   dispersive	
   characteristics	
   similar	
   to	
   ours.	
  

However,	
   their	
   finest	
  pulse	
   in	
  run	
  4d	
  (Table	
  3),	
  which	
  used	
  sediment	
  one-­‐third	
  the	
  grain	
  

size	
   of	
   the	
   bed	
   surface	
   material,	
   did	
   have	
   some	
   translating	
   properties	
   that	
   were	
   not	
  

observed	
  in	
  our	
  flume	
  study.	
   	
  This	
  suggests	
  that	
  there	
  may	
  be	
  a	
   lower	
  threshold	
   in	
  grain	
  

size	
   relative	
   to	
   the	
   bed	
   at	
  which	
   a	
   pulse	
   displays	
   translational	
   characteristics.	
   Cui	
   et	
   al.	
  

(2003a)	
  also	
  supplied	
  the	
  entire	
  pulse	
  at	
  once	
  while	
  continuing	
  the	
  equilibrium	
  feed,	
  which	
  

caused	
  backwater	
  effects	
  that	
  enhanced	
  pulse	
  diffusion.	
  This	
  pulse	
  also	
  cause	
  pre-­‐existing	
  

bar	
   topography	
   to	
   disappear	
   as	
   the	
   added	
   sediment	
   filled	
   in	
   the	
   pools.	
   In	
   contrast,	
   the	
  

pulse	
   in	
  our	
  experiment	
  was	
   introduced	
   incrementally	
  at	
  a	
  constant	
   rate,	
  which	
  reduced	
  

the	
  influence	
  of	
  any	
  backwater	
  effects.	
  Similar	
  to	
  Lisle	
  et	
  al.	
  (1997),	
  the	
  riffle-­‐pool	
  and	
  side	
  

bar	
  topography	
  in	
  our	
  experiment	
  remained	
  intact,	
  suggesting	
  that	
  the	
  rate	
  of	
  addition	
  and	
  

overall	
  magnitude	
  of	
  pulse	
  material	
  may	
  influence	
  whether	
  pool	
  filling	
  occurs.	
  

In	
  our	
  physical	
  modeling,	
  variability	
  in	
  the	
  flow	
  field	
  such	
  as	
  backwater	
  effects	
  due	
  

to	
  downstream	
  variations	
  in	
  bed	
  topography	
  and	
  eddies	
  in	
  local	
  expansions,	
  along	
  with	
  the	
  

relief	
   between	
   riffles	
   and	
   pools,	
   likely	
   trapped	
   some	
   of	
   the	
   pulse	
   locally	
   and	
   limited	
   its	
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overall	
   magnitude	
   as	
   it	
   moved	
   downstream,	
   causing	
   it	
   to	
   evolve	
   in	
   a	
   highly	
   diffusive	
  

manner.	
  	
  	
  By	
  comparing	
  our	
  results	
  to	
  these	
  other	
  experiments,	
  it	
  appears	
  that	
  complexity	
  

in	
   the	
  bed	
   topography,	
  width	
  variability,	
   and	
  grain	
   size	
   are	
   all	
   important	
   in	
  determining	
  

how	
  a	
  pulse	
  of	
  sediment	
  becomes	
  distributed	
  through	
  a	
  channel.	
  	
  If	
  significant	
  variability	
  is	
  

induced	
  by	
  channel	
  width	
  or	
  topographic	
  relief	
  on	
  the	
  bed,	
   the	
  system	
  has	
  a	
  tendency	
  to	
  

handle	
  the	
  pulse	
  diffusively.	
  	
  This	
  has	
  been	
  shown	
  by	
  the	
  development	
  of	
  alternate	
  bars	
  in	
  

Lisle	
   et	
   al.	
   (1997)	
   and	
   Cui	
   et	
   al.	
   (2003a)	
   as	
   well	
   as	
   variable	
   width	
   and	
   riffle-­‐pool	
  

morphology	
  in	
  our	
  experiment.	
   	
  Grain	
  size	
  appears	
  to	
  be	
  influential	
  as	
  well	
  shown	
  by	
  the	
  

run	
  composed	
  of	
  fine	
  material	
  in	
  Cui	
  et	
  al.	
  (2003a)	
  and	
  the	
  distribution	
  used	
  by	
  Sklar	
  et	
  al.	
  

(2009)	
  (Tables	
  3	
  and	
  4).	
   	
   	
   	
  Both	
  reported	
  quicker	
  responses	
  and	
  propagation	
  along	
  with	
  

more	
  pronounced	
  translational	
   tendencies.	
   	
  However,	
  pulse	
  magnitude	
  did	
  not	
  appear	
  to	
  

be	
  as	
  influential	
  in	
  determining	
  the	
  mode	
  of	
  propagation,	
  as	
  results	
  from	
  Cui	
  et	
  al.	
  (2003a)	
  

were	
   all	
   primarily	
   dispersive	
   even	
   with	
   bedload	
   transport	
   rates	
   40x	
   greater	
   than	
  

equilibrium	
  at	
  times.	
  

The	
   presence	
   or	
   absence	
   of	
   upstream	
   sediment	
   feed	
   appears	
   to	
   be	
   an	
   important	
  

control	
  on	
  the	
  relative	
  translation	
  and	
  diffusion	
  of	
  sediment	
  pulses.	
  Experiments	
  where	
  an	
  

upstream	
   sediment	
   supply	
   was	
   maintained	
   (Lisle	
   et	
   al.,	
   1997;	
   Cui	
   et	
   al.,	
   2003a)	
   found	
  

strongly	
  diffusive	
  pulse	
   evolution,	
  which	
   in	
  part	
  may	
  be	
   explained	
  by	
   the	
  pulse	
   addition	
  

causing	
  upstream	
  deposition	
  as	
   the	
   feed	
  material	
   encounters	
   the	
  backwater	
  effect	
  of	
   the	
  

pulse	
   material.	
   This	
   diffusional	
   mechanism	
   does	
   not	
   occur	
   in	
   experiments	
   without	
   an	
  

upstream	
  sediment	
  supply,	
  and	
  indeed,	
  Sklar	
  et	
  al.	
  (2009)	
  found	
  a	
  significant	
  translational	
  

component	
  of	
  pulse	
  evolution	
   in	
   their	
  no-­‐feed	
  pulse	
  experiments.	
  That	
   the	
  present	
  study	
  

observed	
  the	
  sediment	
  pulse	
  to	
  evolve	
  almost	
  purely	
  diffusively	
  even	
  without	
  an	
  upstream	
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sediment	
   supply	
   suggests	
   that	
   the	
   width	
   variation	
   and	
   riffle-­‐pool	
   topography	
   is	
  

responsible	
  for	
  much	
  of	
  the	
  observed	
  diffusion.	
  	
  

	
  
Table	
  3:	
  Comparison	
  of	
  experimental	
  conditions	
  from	
  pulse	
  flume	
  studies	
  with	
  added	
  feed	
  

	
   Lisle	
  et	
  al.	
  (1997)	
  
Cui	
  et	
  al.	
  (2003a)	
  	
  

Run	
  2	
   Run	
  3	
   Run	
  4b	
  
Flume	
  

Dimensions	
  
	
  (L	
  x	
  W	
  x	
  D)	
  

160	
  m	
  x	
  1	
  m	
  x	
  2	
  cm	
   45	
  m	
  x	
  0.5	
  m	
  x	
  3.25	
  
cm	
  

45	
  m	
  x	
  0.5	
  m	
  x	
  3.25	
  
cm	
  

45	
  m	
  x	
  0.5	
  m	
  x	
  3.25	
  
cm	
  

Bed	
  Material	
  	
  
(D16,	
  D50,	
  D84)	
  

(mm)	
  
0.35	
   0.57	
   1.25	
   0.50	
   3.73	
   5.66	
   0.50	
   3.73	
   5.66	
   0.50	
   3.73	
   5.66	
  

Pulse	
  Material	
  	
  
(D16,	
  D50,	
  D84)	
  

(mm)	
  
0.30	
   0.50	
   1.20	
   0.50	
   2.20	
   4.76	
   0.52	
   3.80	
   5.28	
   0.50	
   0.62	
   1.19	
  

Pulse	
  
Mass(kg)	
   800	
  	
   210.68	
  	
   210.68	
  	
   205.91	
  	
  

Duration	
  
(min)	
   45	
  	
   -­‐	
   -­‐	
   -­‐	
  

Pulse	
  Feed	
  
Rate	
  (kg/min)	
   17.78	
  	
   -­‐	
   -­‐	
   -­‐	
  

Average	
  	
  
Pre-­‐Pulse	
  	
  

Feed	
  (g/min)	
  
1780	
   45	
   45	
   45	
  

Pre-­‐Pulse	
  
Topography	
   Alternate	
  Bars	
   Alternate	
  Bars	
   Alternate	
  Bars	
   Alternate	
  Bars	
  

Mode	
  of	
  
Propagation	
   Dispersion	
   Dispersion	
   Dispersion	
   Translation	
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Table	
  4:	
  Experimental	
  conditions	
  from	
  5	
  different	
  runs	
  by	
  Sklar	
  et	
  al.	
  (2009)	
  

	
  
Sklar	
  et	
  al.	
  (2009)	
  

Run	
  7	
   Run	
  10	
   Run	
  23	
   Run	
  9	
   Run	
  21d	
  
Flume	
  Dimensions	
  

(L	
  x	
  W	
  x	
  D)	
  
28	
  m	
  x	
  0.86	
  m	
  x	
  

23	
  cm	
  
28	
  m	
  x	
  0.86	
  
m	
  x	
  23	
  cm	
  

28	
  m	
  x	
  0.86	
  
m	
  x	
  23	
  cm	
  

28	
  m	
  x	
  0.86	
  
m	
  x	
  23	
  cm	
  

28	
  m	
  x	
  0.86	
  
m	
  x	
  23	
  cm	
  

Bed	
  Material	
  
(D16,	
  D50,	
  D84)	
  (mm)	
  

-­‐	
   11.9	
   -­‐	
   -­‐	
   11.7	
   -­‐	
   -­‐	
   11.9	
   -­‐	
   -­‐	
   12.9	
   -­‐	
   -­‐	
   -­‐	
   -­‐	
  

Pulse	
  Material	
  
(D16,	
  D50,	
  D84)	
  (mm)	
  

-­‐	
   8.0	
   -­‐	
   -­‐	
   2.8	
   -­‐	
   -­‐	
   8.0	
   -­‐	
   -­‐	
   2.8	
   -­‐	
   -­‐	
   2.8	
   -­‐	
  

Pulse	
  Mass	
  (kg)	
   267	
   267	
   68	
   68	
   68	
  
Duration	
  (min)	
   100	
   100	
   30	
   25	
   25	
  
Pulse	
  Feed	
  Rate	
  

(kg/min)	
   2.67	
   2.67	
   2.27	
   2.72	
   2.72	
  

Average	
  Pre-­‐Pulse	
  
Feed	
  Rate	
  (g/min)	
   0	
   0	
   0	
   0	
   0	
  

Pre-­‐Pulse	
  
Topography	
   Plane	
  Bed	
   Plane	
  Bed	
   Plane	
  Bed	
   Plane	
  Bed	
   Plane	
  Bed	
  

Mode	
  of	
  
Propagation	
   Both	
   Both	
   Both	
   Both	
   Both	
  

	
  
	
  
	
  

Table	
  5:	
  Experimental	
  conditions	
  from	
  Run	
  5	
  of	
  this	
  flume	
  study	
  

	
   Brew	
  et	
  al.	
  (2014)	
  

Flume	
  Dimensions	
  (L	
  x	
  W	
  x	
  D)	
   9.14	
  m	
  x	
  21.6	
  cm	
  x	
  1.50	
  cm	
  
Bed	
  Material	
  

(D16,	
  D50,	
  D84)	
  (mm)	
   0.281	
   1.551	
   1.901	
  

Pulse	
  Material	
  
(D16,	
  D50,	
  D84)	
  (mm)	
   0.86	
   0.92	
   0.97	
  

Pulse	
  Mass	
  (kg)	
   15.69	
  
Duration	
  (min)	
   26	
  

Pulse	
  Feed	
  Rate	
  (kg/min)	
   0.60	
  
Average	
  Pre-­‐Pulse	
  
Feed	
  Rate	
  (g/min)	
   0	
  

Pre-­‐Pulse	
  Topography	
   Riffle-­‐Pool	
  
Mode	
  of	
  Propagation	
   Dispersion	
  

	
  

	
   	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  Surface	
  material	
  gradation	
  reported	
  from	
  surface	
  sampling	
  conducted	
  after	
  Run	
  2	
  (Figure	
  25),	
  after	
  Run	
  4	
  
visually	
  the	
  bed	
  material	
  appeared	
  even	
  coarser.	
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Discrepancies	
  between	
  the	
  field	
  and	
  flume	
  experiments	
  

Our	
  flume	
  experiment	
  was	
  designed	
  to	
  mimic	
  observations	
  on	
  the	
  Elwha	
  and	
  other	
  

field	
   situations	
   where	
   artificially	
   high	
   sediment	
   loads	
   have	
   been	
   introduced	
   to	
   an	
  

environment	
  with	
  little	
  to	
  no	
  antecedent	
  sediment	
  supply.	
  One	
  of	
  the	
  expected	
  outcomes	
  of	
  

the	
   flume	
  experiment	
  was	
  that	
   the	
  sediment	
  pulse	
  would	
  temporarily	
   fill	
   in	
   the	
  pools,	
  as	
  

was	
  observed	
  in	
  the	
  months	
  following	
  the	
  removal	
  of	
  Glines	
  Canyon	
  Dam	
  (Figures	
  15-­‐17).	
  	
  

However,	
   both	
   experiments	
   (Runs	
   3	
   and	
   5)	
   resulted	
   in	
   overall	
   aggradation	
   rather	
   than	
  

pool	
   filling.	
  This	
   suggests	
   that	
   something	
  other	
   than	
   just	
   increased	
   sediment	
   supply	
  was	
  

responsible	
   for	
   the	
   observed	
   changes	
   in	
   the	
   Elwha	
   bed	
   profile.	
   Some	
   of	
   the	
   responsible	
  

variables	
  could	
  be	
  a	
  combination	
  of	
  sinuosity,	
  grain	
  size,	
  and	
  hydrology.	
  

Although	
   the	
   flume	
  had	
  width	
  variability,	
   it	
  was	
  not	
  able	
   to	
  meander	
  as	
  a	
  natural	
  

river	
  does.	
  	
  A	
  relatively	
  straight	
  reach	
  of	
  the	
  Elwha	
  was	
  selected	
  to	
  be	
  analogous	
  with	
  the	
  

flume.	
   	
   However	
   the	
   flow	
   fields	
   and	
   shear	
   stresses	
   created	
   by	
   these	
   meanders	
   are	
  

significant	
  and	
  may	
  play	
  at	
   least	
  a	
  minor	
  role	
   in	
  how	
  a	
  system	
  responds	
  to	
  alterations	
   in	
  

sediment	
  supply.	
  Field	
  studies	
  have	
  shown	
  that	
  shear	
  stresses	
  are	
  greater	
  on	
  the	
  outside	
  of	
  

meander	
  bends	
  due	
  to	
  centrifugal	
  forces	
  causing	
  a	
  superelevated	
  water	
  surface	
  to	
  develop	
  

on	
  the	
  bend	
  [Soar	
  and	
  Thorne,	
  2001].	
  	
  With	
  greater	
  hydrostatic	
  pressure	
  due	
  to	
  additional	
  

depth	
  on	
  the	
  bends	
  outside	
  this	
  zone	
  has	
  the	
  tendency	
  to	
  scour.	
  	
  	
  

In	
   contrast,	
   the	
   zone	
   of	
   maximum	
   sediment	
   transport	
   has	
   been	
   observed	
   to	
   be	
  

towards	
   the	
   centerline	
   of	
   the	
   channel	
   as	
   grain	
   effects	
   have	
   been	
   shown	
   to	
   override	
   this	
  

hydraulic	
  variability	
  [Dietrich	
  and	
  Smith.	
  1984].	
  Secondary	
  circulations	
  have	
  been	
  shown	
  

to	
  preferentially	
  push	
  fine	
  particles	
  up	
  the	
  lateral	
  slopes	
  of	
  point	
  bars,	
  while	
  gravitational	
  

effects	
   cause	
   coarser	
   particles	
   to	
   roll	
   toward	
   pools	
   [e.g.,	
   Dietrich	
   and	
   Smith,	
   1984].	
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Analytical	
   theory	
  has	
  shown	
  that	
  the	
  size	
  of	
  point	
  bars	
   in	
  meandering	
  alluvial	
  and	
  mixed	
  

bedrock-­‐alluvial	
   channels	
   depends	
   on	
   the	
   average	
   depth,	
   slope,	
   channel	
   curvature,	
   and	
  

sediment	
  grain	
  size	
  [Bolla	
  Pittaluga	
  et	
  al.	
  2009;	
  Nelson	
  et	
  al.	
  2014].	
   	
  However,	
  it	
  is	
  a	
  very	
  

open	
   question	
   as	
   to	
   how	
   large	
   variable	
   in	
   sediment	
   supply	
   might	
   influence	
   river	
  

morphodynamics	
  in	
  curved	
  channels.	
  

The	
   flume	
   experiments	
   in	
   Runs	
   3	
   and	
   5	
  were	
   designed	
   to	
   transport	
   sediment	
   as	
  

bedload	
   only.	
   	
   This	
   is	
   similar	
   to	
   the	
   scenario	
   used	
   in	
   Cui	
   et	
   al.	
   (2003a),	
   where	
   the	
  

temporary	
   disappearance	
   of	
   bar	
   topography	
   was	
   observed	
   when	
   finer	
   sediments	
   were	
  

transported	
  as	
  bedload.	
  	
  Although	
  it	
  is	
  reasonable	
  to	
  assume	
  that	
  bedload	
  by	
  itself	
  can	
  fill	
  

pools	
   under	
   high	
   sediment	
   supply	
   conditions	
   (e.g.,	
   Lisle	
   and	
  Hilton,	
   1992),	
   it	
   is	
   possible	
  

that	
  the	
  observed	
  pool	
  filling	
  in	
  the	
  Elwha	
  occurred	
  as	
  a	
  result	
  of	
  deposition	
  of	
  primarily	
  

suspended	
   sediment.	
   	
   Recreating	
   that	
   process	
   in	
   the	
   flume	
   setting	
   would	
   likely	
   require	
  

sediments	
   that	
  are	
  suspendable	
  at	
  a	
   low	
  discharge.	
  For	
  example,	
   the	
   introduction	
  of	
   low	
  

density	
  plastic	
   sediment	
  similar	
   to	
   that	
  used	
  by	
  Braudrick	
  et	
  al.	
   (2009)	
  might	
  have	
  been	
  

appropriate	
  to	
  recreate	
  this	
  transient	
  pool	
  filling	
  observed	
  on	
  the	
  Elwha.	
  	
  	
  

Most	
   importantly,	
   variable	
   hydrology	
   was	
   not	
   included	
   in	
   the	
   flume	
   experiment,	
  

and	
   this	
   difference	
   is	
   the	
  most	
   likely	
   reason	
   pools	
   filled	
   in	
   on	
   the	
   Elwha	
   but	
   not	
   in	
   the	
  

flume.	
  	
  Sediment	
  transport	
  during	
  rising	
  and	
  falling	
  limbs	
  of	
  the	
  hydrograph	
  may	
  produce	
  

bed	
  morphology	
   that	
   differs	
   from	
   the	
   equivalent	
   steady	
   flow	
   case	
   as	
   has	
   been	
   shown	
   in	
  

experiments	
  by	
  Humphries	
  et	
  al.	
  (2012).	
  	
  It	
  is	
  possible	
  that	
  on	
  the	
  Elwha,	
  the	
  pulse	
  of	
  high	
  

sediment	
  supply	
  associated	
  with	
  the	
  dam	
  removal	
  combined	
  with	
  natural	
  hydrographs	
  to	
  

produce	
   conditions	
  where	
   sediment	
  was	
   preferentially	
   deposited	
   in	
   pools	
   on	
   the	
   falling	
  

limbs	
   of	
   hydrographs	
   during	
  winter	
   storms	
   based	
   on	
   the	
   hydrologic	
   regime	
   depicted	
   in	
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Figure	
   18.	
   	
   This	
   sediment	
   could	
   then	
   have	
   been	
   subsequently	
   evacuated	
   from	
   the	
   pools	
  

during	
   the	
   rising	
   limb	
   of	
   early	
   summer	
   snowmelt	
   runoff,	
   as	
   the	
   timing	
   of	
   bathymetric	
  

surveys	
  on	
  the	
  Elwha	
  suggest.	
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CONCLUSIONS	
  
	
  

	
   Field	
  observations	
  from	
  the	
  Elwha	
  dam	
  removal	
  project	
  have	
  been	
  used	
  in	
  concert	
  

with	
   variable	
   width	
   flume	
   experiments	
   to	
   understand	
   how	
   increased	
   sediment	
   supply	
  

interacts	
  with	
  downstream	
  riffle-­‐pool	
  morphology.	
   	
   Flume	
  experiments	
  have	
   shown	
   that	
  

introducing	
  a	
  sediment	
  pulse	
  into	
  variable	
  width	
  conditions	
  after	
  prolonged	
  starvation	
  will	
  

cause	
   an	
   abrupt	
   adjustment	
   in	
   sediment	
   transport	
   capacity	
   along	
   with	
   a	
   much	
   more	
  

efficient	
   dispersion	
  mechanism	
   than	
   a	
   constant	
  width	
   system	
   could	
  provide	
  due	
   to	
   local	
  

variablities	
  in	
  the	
  hydraulics.	
  	
  	
  

	
   A	
   correlation	
  was	
  made	
  between	
   the	
   locations	
   of	
  most	
   constricted	
   channel	
  width	
  

and	
   the	
  persistence	
  of	
   pools	
   in	
   variable	
   sediment	
   supply	
   conditions	
   on	
   the	
  Elwha	
  River.	
  	
  

Due	
   to	
   the	
   lack	
  of	
  high	
  magnitude	
  peak	
   flows	
  experienced	
  during	
  dam	
  removal,	
   channel	
  

variable	
  width	
  appeared	
  to	
  have	
  played	
  an	
  important	
  role	
  in	
  the	
  reemergence	
  of	
  pools	
  as	
  a	
  

pulse	
  of	
  sediment	
  was	
  transported	
  through.	
  	
  Unfortunately,	
  the	
  flume	
  experiments	
  in	
  this	
  

study	
  were	
  unable	
  to	
  reproduce	
  the	
  temporary	
  pool	
  filling	
  phenomenon	
  observed	
  during	
  

the	
  dam	
  removal	
  project,	
  suggesting	
  that	
  width	
  variability	
  is	
  not	
  the	
  sole	
  driver	
  and	
  other	
  

fluvial	
  complexities	
  cannot	
  be	
  ignored.	
  	
  	
  Hydrologic	
  variability	
  has	
  been	
  identified	
  as	
  being	
  

influential	
  in	
  sediment	
  transport	
  and	
  geomorphic	
  evolution	
  of	
  riverine	
  systems.	
  	
  Therefore	
  

unsteady	
   flow	
   appears	
   to	
   be	
   a	
   missing	
   link	
   that	
   must	
   be	
   incorporated	
   to	
   fully	
  

understanding	
  how	
  a	
  river	
  will	
  accommodate	
  an	
  artificially	
  high	
  sediment	
  load.	
  

Understanding	
  how	
  and	
  why	
  pool	
  filling	
  after	
  dam	
  removal	
  occurs	
  will	
  be	
  important	
  

to	
   salmon	
   recovery	
   efforts	
   in	
   coastal	
   river	
   systems.	
   	
   Pools	
   providing	
   critical	
   holding	
  

locations	
   for	
  migrating	
  fish	
  to	
  rest	
   in	
  as	
  they	
  navigate	
  upstream	
  to	
  spawning	
  grounds.	
   	
   If	
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we	
  can	
  understand	
  why	
  temporary	
  pool	
  filling	
  takes	
  place	
  and	
  limit	
  its	
  occurrence	
  during	
  

critical	
  migratory	
  time	
  periods,	
  this	
  could	
  improve	
  recovery	
  success	
  rates	
  dramatically.	
  

	
   Results	
   from	
   this	
   study	
   have	
   increased	
   our	
   understanding	
   of	
   how	
   variable	
  width	
  

conditions	
  and	
   large	
  alterations	
   in	
   sediment	
   supply	
   interact	
  and	
  have	
  many	
   implications	
  

going	
  forward.	
   	
  These	
  findings	
  could	
  benefit	
   from	
  further	
  investigation	
  of	
  sediment	
  pulse	
  

evolution	
  in	
  variable	
  width	
  channels	
  with	
  riffle-­‐pool	
  morphology.	
  	
  Building	
  upon	
  this	
  work	
  

with	
   experiments	
   that	
   introduce	
   hydrographs	
   and	
   analyze	
   sediment	
   sorting	
  with	
   gravel	
  

bed	
  models	
  will	
  be	
  valuable	
  going	
   forward	
  and	
   improve	
  our	
  breadth	
  of	
  knowledge	
  when	
  

trying	
  to	
  understand	
  supply	
  and	
  width	
  interactions.	
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APPENDIX	
  A	
  
	
  

Nays	
  Numerical	
  Validation	
  –	
  Bittner	
  et	
  al.	
  (1995)	
  

	
  
Figure	
  41:	
  Comparison	
  of	
  measured	
  bed	
  and	
  water	
  surface	
  profiles	
  by	
  Bittner	
  et	
  al.	
  (1995)	
  to	
  

those	
  modeled	
  in	
  Nays2D.	
  

	
  

	
  	
  
Figure	
  42:	
  Comparison	
  of	
  measured	
  riffle	
  cross	
  sectional	
  deformation	
  by	
  Bittner	
  et	
  al.	
  

(1995)	
  to	
  that	
  modeled	
  in	
  Nays2D.	
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Figure	
  43:	
  Comparison	
  of	
  measured	
  pool	
  cross	
  sectional	
  deformation	
  by	
  Bittner	
  et	
  al.	
  

(1995)	
  to	
  that	
  modeled	
  in	
  Nays2D.	
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APPENDIX	
  C	
  
	
  

	
  

Figure	
  44:	
  Surface	
  material	
  at	
  riffle	
  location	
  after	
  Run	
  1	
  (13	
  hours).	
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Figure	
  45:	
  Surface	
  material	
  at	
  riffle	
  location	
  after	
  Run	
  2	
  (24.13	
  hours).	
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Figure	
  46:	
  Location	
  of	
  fine	
  sediment	
  pulse	
  front	
  after	
  10	
  minutes	
  (Run	
  5).	
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Figure	
  47:	
  Location	
  of	
  sediment	
  pulse	
  after	
  27	
  minute	
  (Run	
  5).	
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Figure	
  48:	
  Sediment	
  pulse	
  front	
  after	
  47	
  minutes	
  (Run	
  5).	
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Figure	
  49:	
  Sediment	
  Pulse	
  after	
  reaching	
  the	
  flume	
  outlet	
  at	
  86	
  minutes.	
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Figure	
  50:	
  Return	
  to	
  an	
  armored	
  condition	
  after	
  711	
  minutes	
  (Run	
  5).	
  


