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Characterization of the Carmel River watershed Characterization of the Carmel River watershed 

•• Geology and Basin CharacteristicsGeology and Basin Characteristics
•• Main stem characteristicsMain stem characteristics
•• PrePre‐‐1960s anthropomorphic effects on stream 1960s anthropomorphic effects on stream 

 morphologymorphology

Effects of Water Production from Carmel ValleyEffects of Water Production from Carmel Valley
•• Carmel River diversionsCarmel River diversions
•• Channel instability Channel instability ––

 
19601960’’s to 1980s to 1980’’ss

Restoration ProgramRestoration Program
•• Preferred solutionPreferred solution
•• ImplementationImplementation

ResultsResults



Monterey Monterey 
Peninsula Peninsula 

Water Water 
Management Management 

DistrictDistrict
PopulationPopulation
••Carmel Valley ~ 20,000 Carmel Valley ~ 20,000 
••Monterey Peninsula and Monterey Peninsula and 

 Carmel Valley total =  Carmel Valley total =  
 115,000115,000

AreaArea
••Carmel R. watershed = 255 Carmel R. watershed = 255 

 sq. mi.sq. mi.
••IRWM Planning area = IRWM Planning area = 
••350 sq. miles350 sq. miles



Problem 1:Problem 1: 

The natural range of dynamic forces The natural range of dynamic forces 
is greater than development is greater than development 
constraints imposed along the river.constraints imposed along the river.

Basic Problem StatementBasic Problem Statement

Problem 2:Problem 2: 

The Carmel River was pushed out of The Carmel River was pushed out of 
dynamic equilibrium. dynamic equilibrium. 



1. Gather and analyze channel data1. Gather and analyze channel data

SolutionSolution

2. Use a comprehensive approach2. Use a comprehensive approach

3. Be both patient and opportunistic3. Be both patient and opportunistic

4. Persevere in the face of opposition 4. Persevere in the face of opposition 
and continue project monitoring and and continue project monitoring and 
maintenance until a project is provenmaintenance until a project is proven



Carmel River Basin Physical FeaturesCarmel River Basin Physical Features
•• 255 square255 square--mile watershed, 36 miles of main stemmile watershed, 36 miles of main stem

•• 580 acres of main stem riparian area in the lower 18.6 miles 580 acres of main stem riparian area in the lower 18.6 miles 

(average of ~ 260 feet wide) (average of ~ 260 feet wide) 

•• Large lagoon at the mouth (100 acres)Large lagoon at the mouth (100 acres)

•• Alluvial deposits range from > 150 feet at Hwy 1 to about 60 Alluvial deposits range from > 150 feet at Hwy 1 to about 60 
feet at Rosiefeet at Rosie’’s Bridge (RM 14) to < 10 feet in canyon controls Bridge (RM 14) to < 10 feet in canyon control

•• Upper 20 miles are in steep canyons with relatively few Upper 20 miles are in steep canyons with relatively few 
structures near the riverstructures near the river

•• Alluvium is sandAlluvium is sand--gravel near the ocean and cobblegravel near the ocean and cobble--boulder in boulder in 
canyoncanyon--controlled reachcontrolled reach

•• Gradient varies from 3 to 120 feet per thousandGradient varies from 3 to 120 feet per thousand

•• Two main stem dams at RM 18.6 and RM 24.8 Two main stem dams at RM 18.6 and RM 24.8 

•• Headwaters are in National Forest and Ventana WildernessHeadwaters are in National Forest and Ventana Wilderness

•• 60.5 miles of stream are accessible to steelhead60.5 miles of stream are accessible to steelhead



Basin GeologyBasin Geology
••Portions of the watershed date from the end of Portions of the watershed date from the end of 
the Cretaceous period (about 65 million years the Cretaceous period (about 65 million years 
ago)ago)

••A complex quilt of igneous, metamorphic, and A complex quilt of igneous, metamorphic, and 
sedimentary rocks stitched together by faults of sedimentary rocks stitched together by faults of 
varying ages and other kinds of contacts (i.e., varying ages and other kinds of contacts (i.e., 
differences in horizontal layers).differences in horizontal layers).

Geologic units within the valley include three significant Geologic units within the valley include three significant 
units: Basement rocks of preunits: Basement rocks of pre--Tertiary age (>65 MYA), Tertiary age (>65 MYA), 
consolidated sedimentary rocks of Tertiary age (2.6consolidated sedimentary rocks of Tertiary age (2.6--65 65 
MYA), and unconsolidated sediments of Quaternary age MYA), and unconsolidated sediments of Quaternary age 
(<2.6 MYA)(<2.6 MYA)



Regional Regional 
FaultsFaults



Highly Highly 
Variable Variable 

LandscapeLandscape

Above Above -- river flow river flow 
through the through the ““slotslot”” in in 
bedrock outcrop at the bedrock outcrop at the 
Carmel River mouth, Carmel River mouth, 
April 25, 2008April 25, 2008 Upper Carmel 

River - 2007



Rock Basement Layer at Carmel Rock Basement Layer at Carmel 
River State Beach (50River State Beach (50--60 MYA)60 MYA)



ProtoProto 
Carmel RiverCarmel River

Carmel River at Carmel River at 
River Mile 8.5River Mile 8.5

Terrace gravels (2Terrace gravels (2--3 MYA) 3 MYA) 
on Monterey Shale (20 MYA)on Monterey Shale (20 MYA)



Carmel River ProfileCarmel River Profile
Upper 5 miles:
5% to 12%

Middle 16 miles
1.5% to 2%

Lower 16 miles
0.3% to 0.8%



Carmel River SinuosityCarmel River Sinuosity



Bed material sizeBed material size



Largest particlesLargest particles 

Left Left –– RM 12 in alluviumRM 12 in alluvium 
Below Below –– RM 28 in canyonRM 28 in canyon



Mediterranean Mediterranean 
ClimateClimate



Tree ring Tree ring 
 study study 

 showed  an showed  an 
 average of average of 
 one major one major 
 fire every fire every 
 20 years20 years



RainfallRainfall

•• Rainfall amounts vary significantly Rainfall amounts vary significantly 
geographically and seasonallygeographically and seasonally

–– annual rainfall at San Clemente Dam annual rainfall at San Clemente Dam 
ranges from <3 inches to >46 inchesranges from <3 inches to >46 inches

–– annual rainfall in the basin ranges annual rainfall in the basin ranges 
from <15 inches at the coast to more from <15 inches at the coast to more 
than 40 inches in the headwatersthan 40 inches in the headwaters

–– 8 to 108 to 10--inch overnight accumulations inch overnight accumulations 
in the upper watershed are not in the upper watershed are not 
uncommon and occurred in 1995,  uncommon and occurred in 1995,  
1998, and 20081998, and 2008



Unimpaired Carmel River Flow at San Unimpaired Carmel River Flow at San 
 Clemente Dam Site: Water Years 1902Clemente Dam Site: Water Years 1902‐‐

 
20082008



Peak Carmel River StreamflowPeak Carmel River Streamflow
 WY 1958 WY 1958 ‐‐

 
20102010

 Robles Del Rio (RM 14.5)Robles Del Rio (RM 14.5)

17,700 cfs   17,700 cfs   100100--yearyear

14,900 cfs14,900 cfs 5050--yearyear

8,400 cfs8,400 cfs 1010--yearyear

1,450 cfs1,450 cfs 22--yearyear



MeasurementMeasurement
 

Orders of Orders of 
 ParameterParameter

 
MagnitudeMagnitude

•• Annual rainfall (inches)Annual rainfall (inches) 2 (3 2 (3 –– 46)46)
(San Clemente Dam)(San Clemente Dam)

•• Thalweg slopeThalweg slope 3 (0.003 to 0.12)3 (0.003 to 0.12)

•• Peak recorded annual Peak recorded annual 5 (0 to 16,000)5 (0 to 16,000)
streamflow (cfs)streamflow (cfs)

•• Bed material size (mm)Bed material size (mm) 5 (< 0.1 to > 1,000)5 (< 0.1 to > 1,000)

•• Annual basin runoff (AFA)Annual basin runoff (AFA) 6 (0 to 368,000)6 (0 to 368,000)

•• Measured sediment Measured sediment 6 (0 to >125,000)6 (0 to >125,000)
transport rate (tons/day)transport rate (tons/day)



ManMan--made Carmel River Featuresmade Carmel River Features

•• lower 16 miles are urban; upper 20 miles are rurallower 16 miles are urban; upper 20 miles are rural
•• 19 bridges, 3 dams, two fords (one with  culverts)19 bridges, 3 dams, two fords (one with  culverts)
•• > 420 riverfront properties> 420 riverfront properties
•• > 1,500 parcels in 100> 1,500 parcels in 100--year floodplainyear floodplain
•• 35% to 40% of streambanks in the alluvial portion 35% to 40% of streambanks in the alluvial portion 

are armoredare armored
•• one grade control featureone grade control feature
•• one concrete encased pipeline one concrete encased pipeline 



Significant Influences on channel formSignificant Influences on channel form
 prior to the 1970prior to the 1970’’ss

•• Beginning in 1921, 100% retention of bedload Beginning in 1921, 100% retention of bedload 
sediment and partial retention of suspended load sediment and partial retention of suspended load 
in two main stem reservoirsin two main stem reservoirs

•• Diversions that annually dewater up to 15 miles Diversions that annually dewater up to 15 miles 
of the streamof the stream

•• Gravel mining from 1920 through the 1970s that Gravel mining from 1920 through the 1970s that 
exceeded replenishment rateexceeded replenishment rate

•• Floodplain development and river straighteningFloodplain development and river straightening
•• Channel clearing activities dating from at least Channel clearing activities dating from at least 

the 1940s through the 1970sthe 1940s through the 1970s



Old Carmel Dam Old Carmel Dam 
 built at RM 18 to built at RM 18 to 
 serve Hotel Del serve Hotel Del 

 MonteMonte

June 2008

•• constructed ca 1880constructed ca 1880
•• 700 Chinese laborers700 Chinese laborers
•• 25 miles of 1225 miles of 12--inch iron pipeinch iron pipe
•• crossed river in five placescrossed river in five places
•• first Monterey Peninsula water first Monterey Peninsula water 

supplysupply
•• included fiveincluded five--foot trestle at foot trestle at 

Robinson Canyon (RM 8.1)Robinson Canyon (RM 8.1)



The Carmel River becomes joined to theThe Carmel River becomes joined to the
 Monterey PeninsulaMonterey Peninsula

Hotel Del Monte opened June 10, 1880 by Hotel Del Monte opened June 10, 1880 by 
Charles Crocker (Pacific Improvement Company)Charles Crocker (Pacific Improvement Company)



San Clemente San Clemente 
 Dam at RM 18.6Dam at RM 18.6
 1921 cost to 1921 cost to 

 build: build: 
 $1$1‐‐2 million2 million

2007 estimate 2007 estimate 
to remove:to remove:

 $83 million$83 million



San Clemente Dam Fish San Clemente Dam Fish 
 Ladder 70 feet Ladder 70 feet ––

 
reported reported 

 to be highest working to be highest working 
 ladder in Californialadder in California



Usable surface Usable surface 
 storage in San storage in San 
 Clemente Clemente 

 Reservoir Reservoir 
 reduced to ~reduced to ~
 60 AF60 AF



Upper Upper 
 watershed is watershed is 

 cut off from cut off from 
 lower alluvial lower alluvial 
 sectionsection

Alluvial sectionAlluvial section



40% of Los Padres Reservoir40% of Los Padres Reservoir
 has silted in over 60 yearshas silted in over 60 years

2,000 feet between 2,000 feet between 
foreset slope and foreset slope and 
Los Padres DamLos Padres Dam



Fire hastens mass wasting into Fire hastens mass wasting into 
 Los Padres ReservoirLos Padres Reservoir



Channel Mining 1920sChannel Mining 1920s‐‐1970s1970s

Mid‐Carmel Valley – October 1961

Notes about the Carmel River in Notes about the Carmel River in 
 1966:1966:

•• ““Constant exploitation since Constant exploitation since 
 1920.1920.””

•• “…“…rate of replenishment during rate of replenishment during 
 flood is small compared to flood is small compared to 

 mining.mining.””

(Earl W. Hart, Mines and Mineral Resources of Monterey County, (Earl W. Hart, Mines and Mineral Resources of Monterey County, 

 

County Report 5, California Division of Mines and Geology, 1966,County Report 5, California Division of Mines and Geology, 1966,
Table 7)Table 7)



River StraighteningRiver Straightening



Carmel Valley Road at RM 11



Channel Maintenance Channel Maintenance ––
 

19401940’’ss

Carmel Valley Road at RM 8
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Geology and Basin CharacteristicsGeology and Basin Characteristics



 
Carmel River CharacteristicsCarmel River Characteristics



 
PrePre‐‐1960s Anthropomorphic Effects on Stream 1960s Anthropomorphic Effects on Stream 

 MorphologyMorphology

History and Effects of Water ProductionHistory and Effects of Water Production
•• Carmel River DiversionsCarmel River Diversions
•• Channel Instability Channel Instability ––

 
19601960’’s to 1980s to 1980’’ss

Restoration ProgramRestoration Program
•• Preferred SolutionPreferred Solution
•• ImplementationImplementation

ResultsResults





Well Registration and Production ReportingWell Registration and Production Reporting



19601960’’s s ‐‐
 

Groundwater Pumping Increased Groundwater Pumping Increased 
 Significantly Significantly 

depressed water 
table





Diversions Diversions 
dewater the dewater the 

river river 
annuallyannually

Carmel River at 

 
RM 9 in 1984 

 
(above) and  

 
1980 (right), 

 
next to Carmel 

 
Valley Ranch



Suburban setting Suburban setting 
 along a along a 

 meandering rivermeandering river

February 7, 1998

Well pump near right bank,Well pump near right bank,
prior to erosionprior to erosion

March 11, 1995

Lateral migration widened the Lateral migration widened the 

 
active channel 50% to 150% during active channel 50% to 150% during 

 
1995 and 1998 floods1995 and 1998 floods



Bridges in the Carmel Bridges in the Carmel 
 RiverRiver

January 1994

March

 

1995

May

 

1995

Rancho CaRancho Caññadaada
golf coursegolf course



(More) Bridges in the (More) Bridges in the 
 Carmel RiverCarmel River

May 1995

Stonepine Bridge (RM 16)
April 1995



Lateral migration Lateral migration 
 after 1976after 1976‐‐77 drought 77 drought 

 upstream of Schulte upstream of Schulte 
 Road Bridge at RM 7Road Bridge at RM 7

January 10, 1982



Property owners act Property owners act 
 unilaterally at unilaterally at 

 Schulte Road Bridge, Schulte Road Bridge, 
 RM 7RM 7

May

 

1982

Above – April 1982
Right – May 1982



Locally available, relatively inexpensive Locally available, relatively inexpensive 
 erosion protection materials were usederosion protection materials were used
 (Valley Hills Project, RM 5)(Valley Hills Project, RM 5)

May 1984
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Geology and Basin CharacteristicsGeology and Basin Characteristics



 
Carmel River CharacteristicsCarmel River Characteristics



 
PrePre‐‐1960s Anthropomorphic Effects on Stream 1960s Anthropomorphic Effects on Stream 

 MorphologyMorphology

History and Effects of Water ProductionHistory and Effects of Water Production


 
Carmel River DiversionsCarmel River Diversions



 
Channel Instability Channel Instability ––

 
19601960’’s to 1980s to 1980’’ss

Restoration ProgramRestoration Program
•• Preferred SolutionPreferred Solution
•• Implementation Implementation 

ResultsResults



Restoration ProgramRestoration Program
AnalysisAnalysis

••Aerial photography from late 1920s to presentAerial photography from late 1920s to present
••Synoptic sediment transport sampling  (main stem and Synoptic sediment transport sampling  (main stem and 

 tributaries)tributaries)
••Periodic long profile (thalweg) and crossPeriodic long profile (thalweg) and cross‐‐section datasection data
••Daily stream gage data (dating to 1958)Daily stream gage data (dating to 1958)
••Scientific analysis of historic stream morphology (early Scientific analysis of historic stream morphology (early 

 1980s)1980s)



Restoration ProgramRestoration Program
Preferred SolutionPreferred Solution
••Start at upstream end (RM 15.5) and progress Start at upstream end (RM 15.5) and progress 

 downstream (8 miles of stream work recommended)downstream (8 miles of stream work recommended)
••Narrow active channel to carry 2,500 cfs flow (Q Narrow active channel to carry 2,500 cfs flow (Q 22

 

) and ) and 
 flush excess sediment downstreamflush excess sediment downstream

••Reconfigure and Reconfigure and ““traintrain””
 

the channel into the 1966 the channel into the 1966 
 planformplanform

••Recreate poolRecreate pool‐‐riffleriffle‐‐run profilerun profile
••Restore streamside and floodplain vegetationRestore streamside and floodplain vegetation
••Use limited structural protection to resist erosion to a Use limited structural protection to resist erosion to a 

 tenten‐‐year return frequencyyear return frequency
••Avoid emergency work in flowing river (carry out work Avoid emergency work in flowing river (carry out work 

 at low flow)at low flow)



Integrate management of diversions into Integrate management of diversions into 
 restoration programrestoration program



MPWMD needed a pilot projectMPWMD needed a pilot project



Structural Structural 
 protection on protection on 

 outside meander outside meander 
 bends integrated bends integrated 
 with vegetative with vegetative 

 solutionsolution

Note: concreteNote: concrete
rubble, filter rubble, filter 

 fabric no longerfabric no longer
allowedallowed



Schulte Project Schulte Project ––
 

1982 and 20031982 and 2003



Schulte Road Schulte Road 
 Bridge at Bridge at 

 RM 6.7RM 6.7

Above Above ––
 

after after 
 completion in completion in 
 December 1986December 1986

Right Right ––
 

May 2002May 2002



Chronic dewatering = chronic erosionChronic dewatering = chronic erosion



Range of Methods used in 1990sRange of Methods used in 1990s
Hardscape (e.g., RSP, rock groins)Hardscape (e.g., RSP, rock groins)
••At bridgesAt bridges
••Within 25 ft. of structuresWithin 25 ft. of structures
••Constrained channel ( < 200 Constrained channel ( < 200 

 feet)feet)
••Outside of meander bendsOutside of meander bends

BioengineeringBioengineering
••Channel width > 400 feetChannel width > 400 feet
••Inside of meander bendsInside of meander bends
••No structures of concernNo structures of concern
••Bank deformation not a Bank deformation not a 

 concernconcern



Active Channel ReconstructionActive Channel Reconstruction

•• reconstructed tworeconstructed two‐‐year year 
 floodplainfloodplain

•• willows stakes in toe trenchwillows stakes in toe trench
•• riprip‐‐rap in toe and on rap in toe and on 

 streambank (no filter cloth)streambank (no filter cloth)



TypicalTypical
 project project 
 evolutionevolution

19921992 19931993

19971997 20022002



Large woodLarge wood



Design tools that appear difficult Design tools that appear difficult 
to apply on a siteto apply on a site--specific basisspecific basis

•• Sediment transport models Sediment transport models ––
 

applicable on a reach basisapplicable on a reach basis
•• Shear stress analysis Shear stress analysis 

––
 

has not been applied extensivelyhas not been applied extensively
––

 
significant variation of grain size distribution both significant variation of grain size distribution both 

 spatially and temporally (active channel changes relatively spatially and temporally (active channel changes relatively 
 rapidly from a sand dominated to gravelrapidly from a sand dominated to gravel‐‐cobblecobble‐‐boulder boulder 

 and back)and back)
––

 
transient forces introduced by gravel bar translation, transient forces introduced by gravel bar translation, 

 debris flow, and treefall appear to be more critical as a debris flow, and treefall appear to be more critical as a 
 design constraintdesign constraint

•• TwoTwo‐‐dimensional hydraulic models dimensional hydraulic models ––
 

not accepted in flood not accepted in flood 
 insurance program, but can provide more information in insurance program, but can provide more information in 

 overbank areas than 1overbank areas than 1‐‐d modeld model



Applications for twoApplications for two--dimensional dimensional 
analysis of water and sediment flowanalysis of water and sediment flow

•• Bottom shear stress or bed frictionBottom shear stress or bed friction
•• Wind shear stressWind shear stress
•• Coriolis forceCoriolis force
•• TurbulenceTurbulence‐‐induced shear stressesinduced shear stresses
•• Combined current and wave shear Combined current and wave shear 

 
stressesstresses

•• Barometric pressure gradientsBarometric pressure gradients
•• Tropical cyclone windfields and Tropical cyclone windfields and 

 
barometric pressure fieldsbarometric pressure fields

•• Coastal storm surge hydrographsCoastal storm surge hydrographs
•• Wetting and drying of elementsWetting and drying of elements
•• Pressure flow under bridge decksPressure flow under bridge decks
•• Flow resistance from bridge piersFlow resistance from bridge piers
•• Flow over roadway embankmentsFlow over roadway embankments
•• Flow through culverts with or without Flow through culverts with or without 

 
flapflap‐‐gatesgates

•• Flow through gate structuresFlow through gate structures

•• Flow through dropFlow through drop‐‐inlet spillwaysinlet spillways
•• LiveLive‐‐bed and clearwater contraction bed and clearwater contraction 

 
scour at bridgesscour at bridges

•• Local scour at bridge piersLocal scour at bridge piers
•• Transport of eight noncohesive sediment Transport of eight noncohesive sediment 

 
particle size classesparticle size classes

•• Erosion and deposition of transported Erosion and deposition of transported 

 
sedimentsediment

•• Armoring of channel bedsArmoring of channel beds
•• Wave effects on nearshore sediment Wave effects on nearshore sediment 

 
transporttransport

•• Bridge pier riprap sizingBridge pier riprap sizing
•• Supercritical flow and hydraulic jumpsSupercritical flow and hydraulic jumps
•• Combined oneCombined one‐‐dimensional/ twodimensional/ two‐‐

 
dimensional flow and sediment dimensional flow and sediment 

 
transporttransport

•• Pressure flow in onePressure flow in one‐‐dimensional closed dimensional closed 

 
conduitsconduits



Examples of where 1Examples of where 1--D and 2D and 2--D D 
models can and canmodels can and can’’t help with project t help with project 

design and river managementdesign and river management

Left Left ––
 

debris racking during debris racking during 
 high flows is predictable at high flows is predictable at 
 some locationssome locations

Right Right ––
 

tree fall is tree fall is 
 random and difficult to random and difficult to 

 manage during high manage during high 
 flow eventsflow events



Unintended Unintended 
consequencesconsequences

A knick in the streambank A knick in the streambank 
 may be a catalyst for much may be a catalyst for much 
 larger erosional events larger erosional events 

 along the river at high along the river at high 
 flowsflows



Avoid Emergency Work Avoid Emergency Work 
(if possible)(if possible)

19951995

20032003

20052005



20062006

20052005

Emergency WorkEmergency Work
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Carmel River DiversionsCarmel River Diversions



 
Channel Instability Channel Instability ––
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Results (1984Results (1984‐‐2012)2012)
•• Area of riparian vegetation increased from about Area of riparian vegetation increased from about 

 300 acres in 1986 to 580 acres in 2012300 acres in 1986 to 580 acres in 2012
•• Natural recovery along six miles of stream Natural recovery along six miles of stream 

 encouraged through improved surface and encouraged through improved surface and 
 groundwater management practices and by groundwater management practices and by 
 enforcement of regulationsenforcement of regulations

•• Spawning habitat for steelhead in the main stem Spawning habitat for steelhead in the main stem 
 extended by more than four milesextended by more than four miles

•• Area of active instability reduced to just one mile in Area of active instability reduced to just one mile in 
 the lower riverthe lower river

•• Streambank hardening and lack of sediment from Streambank hardening and lack of sediment from 
 upper watershed has accelerated channel upper watershed has accelerated channel 

 degradationdegradation
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Carmel Area Carmel Area 
 Wastewater District Wastewater District 

 pipeline located pipeline located 
 3,000 feet upstream 3,000 feet upstream 

 of Carmel Bayof Carmel Bay
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