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Presentation Overview

• Model Development for Watershed Management

• Model Development Cycle

• Model Configuration
▪ Meteorological Data

▪ Source Characterization

▪ Drainage Area Boundaries

▪ Hydrological Response Units

• Process Representation, Calibration, Validation

• Critical Conditions and Management Objectives

• Modeling Management Scenarios

• Questions



Model Development for Watershed Management
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Increased Computational Speed 
and Storage Capacity
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Water Quality Models
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Cost-Benefit Optimization at the Watershed Scale

Adaptive Management

Target: 18.5% Reduction
Capacity: 385.3 acre-ft

Cost: 100.0%
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Other GI Projects (TBD)

Green Streets (Low)

Green Streets (Medium)

Green Streets (High)

Regional Projects (Identified)

Future New & Redevelopment

Existing Projects

Total Capital Cost

Selected Solution

1: Countywide

Percent Reduction in Cohesive Sediment
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The Sweet Spot

Simple         Complex

Empirical
Coarse Spatial Resolution
Water/Load Budget
Computationally Simple

Deterministic
Spatially Explicit / Grid-Based

Continuous Simulation
Computationally Intensive

Precision Improves with:
• Higher Resolution 

Spatial Data
• Higher Resolution 

Meteorological Data
• Better Computational 

Resources

LSPC





Baseline Model / Current State



Model Configuration
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• “Hybrid” Approach
▪ Quality-controlled 

observed data

▪ Leverage gridded data 
to patch spatial and 
temporal gaps in the 
observed record

• Scale drives LOE 
associated with this 
effort



×
Soils Group

USDA SSURGO 2019

Land Cover
LARIAC 2019

CAMS 2019

Slope
USGS

×

×
Land Use 

LA County Assessor 2019

Recharge
LACDPW 2019

×

HRU Representation



Land Use/Cover



Land Use/Cover, Soil



Land Use/Cover, Soil, 
Slope



Land Use/Cover, Soil, 
Slope, Recharge



Land Use/Cover, Soil, 
Slope, Recharge





Process Representation, Calibration, and 
Validation



Hydrology Model

(Based on Stanford 
Watershed Model)
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Model Calibration



Snow Calibration (as applicable)





Spatial Validation  

• UCSB Snow Model
▪ 500 x 500 m 

resolution

▪ Water years 2001 - 
2019

▪ By Month: 1st and 15th

Selected Locations



Irrigation Districts

• Service Areas, Ditches, Canals

̶ Big Springs

̶ Grenada

̶ Heusman

̶ Montague

̶ Shasta

̶ Edson Foulke/Yreka Ditch

• Lakes and streams

• Points of diversion



Irrigation Districts

• Service Areas, Ditches, Canals

̶ Big Springs

̶ Grenada

̶ Heusman

̶ Montague

̶ Shasta

̶ Edson Foulke/Yreka Ditch

• Lakes and streams

• Points of diversion



Modeled vs. Observed Streamflow at Montague, CA  Before Linkage to MODFLOW



Grazing, Pasture, Crops Irrigation Area/Water Source



Spatiotemporal Variation Irrigation Area/Water Source

Season

Irrigation Volume

Source
Water
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1. Find maximum demand per acre by source type
2. Vary irrigated/non-irrigated acres to match demand by subwatershed
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Daily Average

Monthly Average

Monthly Interquartile Variability

Annualized Monthly



Daily Average

Flow Duration

Calibration Statistics







Other Sediment:
Point Sources, Deposition

Instream
 Monitoring

Gages

Transport (by size class)

Instream Model

Burial

Stationary Bed
Settling Velocity

Critical Shear Stress

Soil Matrix
(Unlimited)

Bank Erosion Scour
Sand/Silt/Clay Sand

Stream Transport
Settling & Resuspension 
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Red Terms: model parameters that influence physical processes

              Sediment              Water

Washoff

Mobilisation of available 
sediment as a function of 
runoff energy. Interception 
Storage and  Roughness 
affect washoff efficiency.

Build-Up/Removal
(Per Day)

1. Rate of Accumulation of 
solids on land surface

2. Fraction Removed when 
there is no runoff

Sediment Sources Mobilisation

Impervious Land Model



Soil Matrix
(Unlimited)

Bank Erosion Scour
Sand/Silt/Clay Sand
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Washoff

Mobilisation of available 
sediment as a function of 
runoff energy. Land Cover 
affects washoff efficiency.

Scour

Direct erosion of the soil 
matrix as a function of 
runoff energy (e.g., gully 
or rill erosion).

Surface Storage

Movable sediment from 
net deposition/wind loss or 
net rainfall detachment/ 
compaction

Soil Matrix

(Unlimited)

Other Sediment:
Point Sources, Deposition

Compaction Detachment

Sc
o

u
r

Instream
 Monitoring

Gages

Sediment Sources Erosion Processes Transport (by size class)

Pervious Land Model Instream Model

Red Terms: model parameters that influence physical processes

              Sediment              Water

Burial

Stationary Bed
Settling Velocity

Critical Shear Stress

Stream Transport
Settling & Resuspension 
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Erodible Stream Bank Area

Erodible Stream Bank Area

LSPC Bank Erosion Module (Erodible Area)

Average Channel Cross-Section* (e.g., from LiDAR)

Wetted Perimeter for Bank Erosion

Minimum Flow Threshold

Flow Exceeding 
Minimum Threshold

a
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c
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Erodible Length

Initial Parameter 
Values:

Minimum 
Flow 

Threshold
= 0

Erodible 
Length

Full 
Reach 
Length

=

Reference Stations

Wetted Perimeter
×

Length

Erodible Stream
Bank Area

=

* channel geometry does not change
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LSPC Bank Erosion Module (Specific Yield)

𝑩𝑬𝑹𝑺𝑫 = 𝐷𝐸𝐿𝑇60 ×  𝐾𝐵𝐸𝑅 ×
𝑈𝐴𝑅𝑂

𝐷𝐸𝐿𝑇60

 𝐽𝐵𝐸𝑅

𝑈𝐴𝑅𝑂 =
𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐹𝑙𝑜𝑤

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝐴𝑟𝑒𝑎

SCRSD
SURO
DELT60

=   Scour Sediment Yield [Mass/Area/Time]
=   Surface Runoff Outflow [Vol/Time]
=   Hours per Timestep [unitless]

KGER
JGER

=   Coefficient, Matrix Soil Scour [unitless]
=   Exponent, Matrix Soil Scour [unitless]

BERSD
UARO 
KBER
JBER

=   Bank Erosion Sediment Yield [Mass/Area/Time]
=   Unit-Area Runoff Outflow [unitless]
=   Coefficient, Matrix Soil Scour [unitless]
=   Exponent, Matrix Soil Scour [unitless]

UARO captures the cumulative impact of 
upstream drainage area characteristics

Homogeneous: driven by unit-area runoff

Homogeneous: driven by normalized flow only

𝑺𝑪𝑹𝑺𝑫 = 𝐷𝐸𝐿𝑇60 ×  𝐾𝐺𝐸𝑅 ×
𝑆𝑈𝑅𝑂

𝐷𝐸𝐿𝑇60

 𝐽𝐺𝐸𝑅



Critical Conditions and Management 
Scenarios 



Integrated Modeling Approach



Water Budget
Summaries



Water Budget
Summaries



Why Continuous Simulation?

Comprehensive Analysis in Stormwater BMP/LID/GI Dynamics



Why Continuous Simulation?
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Why Continuous Simulation?
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Opportunity 
Constraints

Not all area can 
be treated

• Where are drainage 
boundaries?

• How much area can 
be managed?

• Screening analysis is 
an important part 
of the process



Assessment Points

3

N…

6

24  

1

5  

A
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N…
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24  

1

5  A B

C

D

Evaluate Compliance at
Intermediate Outlets

Evaluate Compliance at
Downstream Outlet

• Compliance required 
at more locations

• More distributed 
management

• Higher cost

• Compliance required 
at one location

• More targeted 
management

• Lower cost



BMP Menu and Parameterization



Modeling System Components

Watershed Model

Hydrology & 
Water Quality

Data
• Real Rainfall
• Streamflow 

Data
• Water Quality 

Data
• Soil Type
• Land Use
• Elevation
• Slopes
• Evaporation
• Infiltration

BMP Model

Capture & 
Treatment

Data
• BMP Types 
• BMP Sizing & 

Designs
• Locations
• Treatment 

Processes
• Infiltration
• Harvesting & 

Use
• Costs

Instream Model
Stormwater 
Conveyance

Data
• Cross-Sections
• Streamflow 

Data
• Design Details
• Field 

Observations
• Physical 

Characteristics

• Elevation
• Slopes

48



Cost-Benefit Optimization Framework

All these solutions 
achieve the same 
Percent Reduction

This one is the most 
Cost-effective





Optimization Utilities



Optimization Viewer



Optimization Viewer
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Percent Reduction in Cohesive Sediment under Climate Change

Target: 18.5% Reduction
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Other GI Projects (TBD)

Green Streets (Low)

Green Streets (Medium)

Green Streets (High)

Regional Projects (Identified)

Future New & Redevelopment

Existing Projects

Total Capital Cost

Selected Solution

1: Countywide

Percent Reduction in Cohesive Sediment

Cost to achieve 
the SAME target 

is higher

Cost

Percent Reduction in Cohesive Sediment under BASELINE Climate

1: Jurisdictional

Climate Change Scenarios “Stress-Test” Current Optimized Solutions: The runs produce a new x-Axis.



Investment Strategies Example:



Questions?



EXTRA SLIDES:

HRU Deeper Dive



LSPC HRU Concepts

• HRUs represent areas of similar physical characteristics 
attributable to core hydrological processes
▪ Primarily land cover (LC), hydrologic soil group (HSG), and slope

▪ Secondary layers can be added to provide additional data as needed
(e.g., land use, imperviousness, tree canopy, geology)

• Goal of HRU development is a regional set of HRUs for the 
entire model domain
▪ Parameters adjusted globally during model calibration



LSPC HRU Concepts

HRU Routing

HRU1

HRU2

HRU3

HRUn
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HRU Development Process

• Convert all layers to 30-meter rasters
▪ Same extent and spatial alignment

• Spatially overlay into unique 
combinations

• Reclassify/group raster values as 
appropriate
▪ Developed Impervious/Developed Pervious

• Adjust connectedness of impervious 
surfaces

• Examine unique combinations and group 
into final HRUs

• Calculate distribution of HRUs by 
subwatershed



Land Cover

Total %

22 Developed, Low Intensity Developed, Low Intensity 411.21 0.20%

23 Developed, Medium Intensity Developed, Medium Intensity 141.44 0.07%

24 Developed, High Intensity Developed, High Intensity 24.46 0.01%

21 Developed, Open Space Developed, Open Space 9,267.38 4.60%

31 Barren Land (Rock/Sand/Clay) Barren 22.24 0.01%

41 Deciduous Forest Forest 603.35 0.30%

42 Evergreen Forest Forest 134,393.56 66.74%

43 Mixed Forest Forest 9,203.77 4.57%

52 Shrub/Scrub Scrub 32,938.99 16.36%

71 Grassland/Herbaceous Grassland 12,431.38 6.17%

81 Pasture/Hay Pasture 141.00 0.07%

82 Cultivated Crops Agriculture 638.72 0.32%

90 Woody Wetlands Forest 817.08 0.41%

95 Emergent Herbaceous Wetlands Grassland 237.29 0.12%

11 Open Water Water 96.52 0.05%

Total (acre): 201,368 100.00%

NLCD Class Description Model Group
Area Distribution (ac)



Hydrologic Soil Groups

Soil Group New Soil Area (acre) Area (%) New Soil Area %

NoData B Dominate HSG -               0% A 1,555 0.8%

C C 72,414         36% B 103,071 51.2%

A/D B 135               0% C 72,239 35.9%

D D 23,745         12% D 24,097 12.0%

B B 101,691      50% MIA 406 0.2%

Unclassified B 1,395           1%

A A 1,580           1% Total (acre): 201,368 100.0%

C/D D 408               0% Total (sq-km): 815

Dominate HSG

nearest primary group 

Justification

nearest primary group 

Raw SSURGO Data Reclassified
Soil Group New Soil Area (acre) Area (%) New Soil Area %

NoData B Dominate HSG -               0% A 1,555 0.8%

C C 72,414         36% B 103,071 51.2%

A/D B 135               0% C 72,239 35.9%

D D 23,745         12% D 24,097 12.0%

B B 101,691      50% MIA 406 0.2%

Unclassified B 1,395           1%

A A 1,580           1% Total (acre): 201,368 100.0%

C/D D 408               0% Total (sq-km): 815

Dominate HSG

nearest primary group 

Justification

nearest primary group 



Slope

acre %

0-5 Low 6,404 3.18%

5-15 Medium 20,069 9.97%

>15 High 174,895 86.85%

Total (acre): 201,368 100%

Slope
Slope 

Category

Area



Connectedness of Impervious Surfaces

• Impervious areas that are not connected 
to a drainage network can flow onto 
pervious surfaces, infiltrate, and become 
part of pervious subsurface and overland 
flow
▪ No HRU-to-HRU flow in LSPC

• Approximated in LSPC by converting a 
portion of impervious land to pervious 
land

HRU Routing

HRU1

HRU2

HRU3

HRUn

… R
ea

ch
 S

eg
m
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Connectedness of Impervious Surfaces

• Sutherland Eqs. (2000): empirically derived, show 
strong correlation between density of development 
and directly connected impervious area (DCIA)

Sutherland, R. C. (2000). Methods for Estimating the Effective Impervious Area of Urban Watersheds, Technical Note 58. In 
T. R. Scueler & H. K. Holland (Eds.), The Practice of Watershed Protection (pp. 193–195). Center for Watershed Protection.



Connectedness of Impervious Surfaces

• NLCD percentage impervious used to calculate 
mapped impervious area of Developed LC classes

• Sutherland Eqs. used to translate Developed 
Impervious to Developed Pervious 

Model Group Area (acre) %

Developed, Low Intensity 411.21 0.204%

Developed, Medium Intensity 141.44 0.070%

Developed, High Intensity 24.46 0.012%

Developed, Open Space 9,267.38 4.602%

Barren 22.24 0.011%

Forest 145,017.76 72.016%

Scrub 32,938.99 16.358%

Grassland 12,668.67 6.291%

Pasture 141.00 0.070%

Agriculture 638.72 0.317%

Water 96.52 0.048%

Total (acre): 201,368 100.0%

Description Equation MIA EIA EIA:MIA

High Density Developed DCIA=0.4(MIA)1.2 75% 72% 95%

Medium Density Developed DCIA=0.1(MIA)1.5 51% 37% 73%

Low Density Developed DCIA=0.04(MIA)1.7 27% 11% 42%

Open Space DCIA=0.01(MIA)2.0 0% 0% 100%



Connectedness of Impervious Surfaces

• NLCD percentage impervious used to calculate 
mapped impervious area of Developed LC classes

• Sutherland Eqs. used to translate Developed 
Impervious to Developed Pervious 

Model Group Area (acre) %

Developed, Low Intensity 411.21 0.204%

Developed, Medium Intensity 141.44 0.070%

Developed, High Intensity 24.46 0.012%

Developed, Open Space 9,267.38 4.602%

Barren 22.24 0.011%

Forest 145,017.76 72.016%

Scrub 32,938.99 16.358%

Grassland 12,668.67 6.291%

Pasture 141.00 0.070%

Agriculture 638.72 0.317%

Water 96.52 0.048%

Total (acre): 201,368 100.0%

Order Model Group Area (acre) %

1 Developed, Impervious 406.36 0.202%

2 Developed, Pervious 9,438.13 4.687%

3 Barren 22.24 0.011%

4 Forest 145,017.76 72.016%

5 Scrub 32,938.99 16.358%

6 Grassland 12,668.67 6.291%

7 Pasture 141.00 0.070%

8 Agriculture 638.72 0.317%

9 Water 96.52 0.048%

Total (acre): 201,368 100.0%



Switchboard

• Unique attribute 
combinations after 
reclassification/groupin
g

• Final HRU codes:
▪ Land cover–Soil–Slope- 

Other

▪ Ex.: 4110 = Forest, HSG-
A, Low Slope

• Adaptable to unique 
watershed 
characteristics



EXTRA SLIDES:

TMDL Example



Considerations for Critical Periods

• 1993 used for critical 
period in TMDL

• Alternative periods 
considered 
▪ Select water year within 

recent 10-year period (2012 
to 2022)
• Average annual rainfall 

(“AVG WY”): 2012

• 90th percentile annual rainfall 
(“90th WY”): 2017

Water Year Annual Rainfall (in)

2012 7.27

2013 5.49

2014 4.87

2015 6.91

2016 6.82

2017 13.16

2018 4.18

2019 13.81

2020 12.07

2021 3.65

2022 5.88

AVG WY

90th WY
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FIB (Fecal Coliform) 

Metric Value

Constituent F. Coli.

Location Fresh**

WY (TMDL) 1993

Allowable 

Exceedance
22%

Wet Day 

Load (MPN)
8.00M

Load 

Reduction
4.4%

Annual 

Runoff (ac-ft) 
12,648

Wet days are sorted from low to high (daily flow volume). 

Days with load under water quality standard are allowable. Orange bars (i.e., no reduction required).

Days with load over water quality standard are not allowable. Blue bars (i.e., reduction required).

Then top 22% of loading days are “allowed” by the allowable exceedance. Orange bars above “LC”.

Remaining load volume is required to be reduced.
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FIB (Fecal Coliform) 

Metric Value

Constituent F. Coli.

Location Ocean

WY (90th%) 2017

Allowable 

Exceedance
22%

Wet Day 

Load (MPN)
4.10M

Load 

Reduction
4.0%

Annual 

Runoff (ac-ft) 
8,094

Wet days are sorted from low to high (daily flow volume). 

Days with load under water quality standard are allowable. Orange bars (i.e., no reduction required).

Days with load over water quality standard are not allowable. Blue bars (i.e., reduction required).

Then top 22% of loading days are “allowed” by the allowable exceedance. Orange bars above “LC”.

Remaining load volume is required to be reduced.



FIB Summary 

Water 

Year

Annual 

Runoff

 (ac-ft) 

1993 12,663

2012 2,027

2017 8,094

Period of Analysis Rainfall (in)

Bacteria I TMDL water year 18.7

Average water year (2012-2022) 7.3

90th percentile water year (2012-2022) 13.2



FIB Summary

• w/ 22% allowable exceedance

Water 

Year

Annual 

Runoff

 (ac-ft) 

Load Reduction Volume Managed (ac-ft)

Enterococcus Fecal Coliform Enterococcus Fecal Coliform

1993 12,663 5.3% 4.4% 2,964 2,642

2012 2,027 36.7% 33.5% 961 794

2017 8,094 5.0% 4.0% 1,672 1,517

Conclusion: Enterococcus is the “limiting” FIB. If reduction for 

enterococcus is achieved, fecal coliform is also achieved.



FIB Summary

• w/ 22% allowable exceedance

Water 

Year

Annual 

Runoff

 (ac-ft) 

Volume Managed 

(Qty of Petco Parks)
Volume Managed (ac-ft)

Enterococcus Fecal Coliform Enterococcus Fecal Coliform

1993 12,663 2.9 2.6 2,964 2,642

2012 2,027 0.9 0.8 961 794

2017 8,094 1.6 1.5 1,672 1,517

Conclusion: Enterococcus is the “limiting” FIB. If reduction for 

enterococcus is achieved, fecal coliform is also achieved.
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