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State of California – Natural Resources Agency  GAVIN NEWSOM, Governor 
DEPARTMENT OF FISH AND WILDLIFE     CHARLTON H. BONHAM, Director       
North Central Region 
1701 Nimbus Road, Suite A 
Rancho Cordova, CA 95670-4599 
916-358-2900 
www.wildlife.ca.gov 

 
February 7, 2022 

Joelle Inman,  
Environmental Coordinator Planning and Environmental Review  
827 7th Street, Room 225, Sacramento, CA 95814 
CEQA@saccounty.net. 
 
Subject: COYOTE CREEK AGRIVOLTAIC RANCH- NOTICE OF PREPARATION 

SCH# 2022010271 

Dear Ms. Inman: 

The California Department of Fish and Wildlife (CDFW) received and reviewed the 
Notice of Preparation of an Environmental Impact Report (EIR) from Sacramento 
County for the Coyote Creek Agrivoltaic Ranch Project (Project) in Sacramento County 
pursuant the California Environmental Quality Act (CEQA) statute and guidelines.1 

Thank you for the opportunity to provide comments and recommendations regarding 
those activities involved in the Project that may affect California fish, wildlife, plants and 
their habitats. Likewise, we appreciate the opportunity to provide comments regarding 
those aspects of the Project that CDFW, by law, may need to exercise its own 
regulatory authority under the Fish and Game Code (Fish & G. Code). 

CDFW ROLE 

CDFW is California’s Trustee Agency for fish and wildlife resources and holds those 
resources in trust by statute for all the people of the State (Fish & G. Code, §§ 711.7, 
subd. (a) & 1802; Pub. Resources Code, § 21070; CEQA Guidelines § 15386, subd. 
(a).). CDFW, in its trustee capacity, has jurisdiction over the conservation, protection, 
and management of fish, wildlife, native plants, and habitat necessary for biologically 
sustainable populations of those species (Id., § 1802.). Similarly, for purposes of CEQA, 
CDFW provides, as available, biological expertise during public agency environmental 
review efforts, focusing specifically on projects and related activities that have the 
potential to adversely affect fish and wildlife resources. 

CDFW may also act as a Responsible Agency under CEQA. (Pub. Resources Code, § 
21069; CEQA Guidelines, § 15381.) CDFW expects that it may need to exercise 
regulatory authority as provided by the Fish and Game Code. As proposed, for 
example, the Project may be subject to CDFW’s lake and streambed alteration 

 

1 CEQA is codified in the California Public Resources Code in section 21000 et seq.  The “CEQA Guidelines” are 
found in Title 14 of the California Code of Regulations, commencing with section 15000. 
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regulatory authority. (Fish & G. Code, § 1600 et seq.) Likewise, to the extent 
implementation of the Project as proposed may result in “take” as defined by State law 
of any species protected under the California Endangered Species Act (CESA) (Fish & 
G. Code, § 2050 et seq.), the project proponent may seek related take authorization as 
provided by the Fish and Game Code. 

PROJECT DESCRIPTION SUMMARY 

Sacramento Valley Energy Center, LLC is requesting a use permit to construct and 
operate a 200-megawatt, alternating current, photovoltaic (PV) solar energy facility on 
parcels that total approximately 2,555 acres in the Cosumnes community of 
unincorporated Sacramento County. The project is generally located south of U.S. 
Route 50, northwest of Rancho Murieta, southeast of the Prairie City State Vehicle 
Recreation Area (PCSVRA), and south of White Rock Road in the Cosumnes 
community. Specifically, it is located on what is known as the “Barton Ranch” adjacent 
to 3830 Scott Road. A dedicated transmission line called a generation tie (gen-tie) line 
would extend approximately 1.3 miles west to provide an interconnection to the 
Sacramento Municipal Utility District 230 kilovolt powerline which runs through 
PCSVRA. The assessor parcel numbers for the gen-tie alignment are 072-3160-002, 
072-0100-027, 072-0100-018, 072-0110-031, and 072-0110-068. The applicant is 
proposing to construct, operate, and at the end of the project’s life, decommission a 
solar generation and energy storage facility. The development area will include an on-
site substation, inverters, fencing, roads, and supervisory control and data acquisition 
system. Energy storage facilities would be developed at a centralized location or 
distributed throughout the Project site.  

The Project description should include the whole action as defined in the CEQA 
Guidelines § 15378 and should include appropriate detailed exhibits disclosing the 
Project area including temporary impacted areas such as equipment stage area, spoils 
areas, adjacent infrastructure development, staging areas and access and haul roads if 
applicable. 

As required by § 15126.6 of the CEQA Guidelines, the EIR should include an 
appropriate range of reasonable and feasible alternatives that would attain most of the 
basic Project objectives and avoid or minimize significant impacts to resources under 
CDFW's jurisdiction. 

COMMENTS AND RECOMMENDATIONS 

CDFW offers the comments and recommendations presented below to assist 
Sacramento County in adequately identifying and/or mitigating the Project’s significant, 
or potentially significant, impacts on biological resources. The comments and 
recommendations are also offered to enable CDFW to adequately review and comment 
on the proposed Project with respect to impacts on biological resources. CDFW 
recommends that the forthcoming EIR address the following: 
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Assessment of Biological Resources 

Section 15125(c) of the CEQA Guidelines states that knowledge of the regional setting 
of a project is critical to the assessment of environmental impacts and that special 
emphasis should be placed on environmental resources that are rare or unique to the 
region. To enable CDFW staff to adequately review and comment on the Project, the 
EIR should include a complete assessment of the flora and fauna within and adjacent to 
the Project footprint, with emphasis on identifying rare, threatened, endangered, and 
other sensitive species and their associated habitats. CDFW recommends that the EIR 
specifically include: 

 
1. An assessment of all habitat types located within the Project footprint, and a map 

that identifies the location of each habitat type. CDFW recommends that floristic, 
alliance- and/or association-based mapping and assessment be completed 
following The Manual of California Vegetation, second edition (Sawyer 2009). 
Adjoining habitat areas should also be included in this assessment where site 
activities could lead to direct or indirect impacts offsite. Habitat mapping at the 
alliance level will help establish baseline vegetation conditions. 

 
2. A general biological inventory of the fish, amphibian, reptile, bird, and mammal 

species that are present or have the potential to be present within each habitat 
type onsite and within adjacent areas that could be affected by the Project. 
CDFW recommends that the California Natural Diversity Database (CNDDB), as 
well as previous studies performed in the area, be consulted to assess the 
potential presence of sensitive species and habitats. A nine United States 
Geologic Survey 7.5-minute quadrangle search is recommended to determine 
what may occur in the region, larger if the Project area extends past one quad 
(see Data Use Guidelines on the Department webpage 
www.wildlife.ca.gov/Data/CNDDB/Maps-and-Data). Please review the webpage 
for information on how to access the database to obtain current information on 
any previously reported sensitive species and habitat, including Significant 
Natural Areas identified under Chapter 12 of the Fish and Game Code, in the 
vicinity of the Project. CDFW recommends that CNDDB Field Survey Forms be 
completed and submitted to CNDDB to document survey results. Online forms 
can be obtained and submitted at: 
https://www.wildlife.ca.gov/Data/CNDDB/Submitting-Data. 

Please note that CDFW’s CNDDB is not exhaustive in terms of the data it 
houses, nor is it an absence database. CDFW recommends that it be used as a 
starting point in gathering information about the potential presence of species 
within the general area of the Project site. Other sources for identification of 
species and habitats near or adjacent to the Project area should include, but may 
not be limited to, State and federal resource agency lists, California Wildlife 
Habitat Relationship System, California Native Plant Society Inventory, agency 
contacts, environmental documents for other projects in the vicinity, academics, 
and professional or scientific organizations. 
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3. A complete and recent inventory of rare, threatened, endangered, and other 
sensitive species located within the Project footprint and within offsite areas with 
the potential to be affected, including California Species of Special Concern and 
California Fully Protected Species (Fish & G. Code § 3511). Species to be 
addressed should include all those which meet the CEQA definition (CEQA 
Guidelines § 15380). The inventory should address seasonal variations in use of 
the Project area and should not be limited to resident species. The EIR should 
include the results of focused species-specific surveys, completed by a qualified 
biologist and conducted at the appropriate time of year and time of day when the 
sensitive species are active or otherwise identifiable. Species-specific surveys 
should be conducted in order to ascertain the presence of species with the 
potential to be directly, indirectly, on or within a reasonable distance of the 
Project activities. CDFW recommends the lead agency rely on survey and 
monitoring protocols and guidelines available at: 
www.wildlife.ca.gov/Conservation/Survey-Protocols. Alternative survey protocols 
may be warranted; justification should be provided to substantiate why an 
alternative protocol is necessary. Acceptable species-specific survey procedures 
should be developed in consultation with CDFW and the U.S. Fish and Wildlife 
Service (USFWS), where necessary. Some aspects of the Project may warrant 
periodic updated surveys for certain sensitive taxa, particularly if the Project is 
proposed to occur over a protracted time frame, or in phases, or if surveys are 
completed during periods of drought or deluge. 

 
4. A thorough, recent (within the last two years), floristic-based assessment of 

special-status plants and natural communities, following CDFW's Protocols for 
Surveying and Evaluating Impacts to Special Status Native Plant Populations 
and Natural Communities (see www.wildlife.ca.gov/Conservation/Plants). 

 
5. Information on the regional setting that is critical to an assessment of 

environmental impacts, with special emphasis on resources that are rare or 
unique to the region (CEQA Guidelines § 15125[c]). 

Analysis of Direct, Indirect, and Cumulative Impacts to Biological Resources 

The EIR should provide a thorough discussion of the Project’s potential direct, indirect, 
and cumulative impacts on biological resources. To ensure that Project impacts on 
biological resources are fully analyzed, the following information should be included in 
the EIR: 

 
1. The EIR should define the threshold of significance for each impact and describe 

the criteria used to determine whether the impacts are significant (CEQA 
Guidelines, § 15064, subd. (f)). The EIR must demonstrate that the significant 
environmental impacts of the Project were adequately investigated and 
discussed and it must permit the significant effects of the Project to be 
considered in the full environmental context. 
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2. A discussion of potential impacts from lighting, noise, human activity, and wildlife-
human interactions created by Project activities especially those adjacent to 
natural areas, exotic and/or invasive species occurrences, and drainages. The 
EIR should address Project-related changes to drainage patterns and water 
quality within, upstream, and downstream of the Project site, including: volume, 
velocity, and frequency of existing and post-Project surface flows; polluted runoff; 
soil erosion and/or sedimentation in streams and water bodies; and post-Project 
fate of runoff from the Project site. 

3. A discussion of potential indirect Project impacts on biological resources, 
including resources in areas adjacent to the Project footprint, such as nearby 
public lands (e.g. National Forests, State Parks, etc.), open space, adjacent 
natural habitats, riparian ecosystems, wildlife corridors, and any designated 
and/or proposed reserve or mitigation lands (e.g., preserved lands associated 
with a Conservation or Recovery Plan, or other conserved lands). 

4. A cumulative effects analysis developed as described under CEQA Guidelines 
section 15130. The EIR should discuss the Project's cumulative impacts to 
natural resources and determine if that contribution would result in a significant 
impact. The EIR should include a list of present, past, and probable future 
projects producing related impacts to biological resources or shall include a 
summary of the projections contained in an adopted local, regional, or statewide 
plan, that consider conditions contributing to a cumulative effect. The cumulative 
analysis shall include impact analysis of vegetation and habitat reductions within 
the area and their potential cumulative effects. Please include all potential direct 
and indirect Project-related impacts to riparian areas, wetlands, wildlife corridors 
or wildlife movement areas, aquatic habitats, sensitive species and/or special-
status species, open space, and adjacent natural habitats in the cumulative 
effects analysis. 

Mitigation Measures for Project Impacts to Biological Resources 

The EIR should include appropriate and adequate avoidance, minimization, and/or 
mitigation measures for all direct, indirect, and cumulative impacts that are expected to 
occur as a result of the construction and long-term operation and maintenance of the 
Project. CDFW also recommends that the environmental documentation provide 
scientifically supported discussion regarding adequate avoidance, minimization, and/or 
mitigation measures to address the Project's significant impacts upon fish and wildlife 
and their habitat. For individual projects, mitigation must be roughly proportional to the 
level of impacts, including cumulative impacts, in accordance with the provisions of 
CEQA (Guidelines § § 15126.4(a)(4)(B), 15064, 15065, and 16355). In order for 
mitigation measures to be effective, they must be specific, enforceable, and feasible 
actions that will improve environmental conditions. When proposing measures to avoid, 
minimize, or mitigate impacts, CDFW recommends consideration of the following: 

1. Fully Protected Species: Several Fully Protected Species (Fish & G. Code § 
3511) have the potential to occur within or adjacent to the Project area, including, 
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but not limited to: white-tailed kite (Elanus leucurus). Fully protected species may 
not be taken or possessed at any time. Project activities described in the EIR 
should be designed to completely avoid any fully protected species that have the 
potential to be present within or adjacent to the Project area. CDFW also 
recommends that the EIR fully analyze potential adverse impacts to fully 
protected species due to habitat modification, loss of foraging habitat, and/or 
interruption of migratory and breeding behaviors. CDFW recommends that the 
Lead Agency include in the analysis how appropriate avoidance, minimization 
and mitigation measures will reduce indirect impacts to fully protected species. 
 

2. Sensitive Plant Communities: CDFW considers sensitive plant communities to be 
imperiled habitats having both local and regional significance. Plant communities, 
alliances, and associations with a statewide ranking of S-1, S-2, S-3, and S-4 
should be considered sensitive and declining at the local and regional level. 
These ranks can be obtained by querying the CNDDB and are included in The 
Manual of California Vegetation (Sawyer 2009). The EIR should include 
measures to fully avoid and otherwise protect sensitive plant communities from 
Project-related direct and indirect impacts. 

 
3. Mitigation: CDFW considers adverse Project-related impacts to sensitive species 

and habitats to be significant to both local and regional ecosystems, and the EIR 
should include mitigation measures for adverse Project-related impacts to these 
resources. Mitigation measures should emphasize avoidance and reduction of 
Project impacts. For unavoidable impacts, onsite habitat restoration, 
enhancement, or permanent protection should be evaluated and discussed in 
detail. If onsite mitigation is not feasible or would not be biologically viable and 
therefore not adequately mitigate the loss of biological functions and values, 
offsite mitigation through habitat creation and/or acquisition and preservation in 
perpetuity should be addressed. 

 
The EIR should include measures to perpetually protect the targeted habitat 
values within mitigation areas from direct and indirect adverse impacts in order to 
meet mitigation objectives to offset Project-induced qualitative and quantitative 
losses of biological values. Specific issues that should be addressed include 
restrictions on access, proposed land dedications, long-term monitoring and 
management programs, control of illegal dumping, water pollution, increased 
human intrusion, etc. 
 

4. Habitat Revegetation/Restoration Plans: Plans for restoration and revegetation 
should be prepared by persons with expertise in the regional ecosystems and 
native plant restoration techniques. Plans should identify the assumptions used 
to develop the proposed restoration strategy. Each plan should include, at a 
minimum: (a) the location of restoration sites and assessment of appropriate 
reference sites; (b) the plant species to be used, sources of local propagules, 
container sizes, and seeding rates; (c) a schematic depicting the mitigation area; 
(d) a local seed and cuttings and planting schedule; (e) a description of the 
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irrigation methodology; (f) measures to control exotic vegetation on site; (g) 
specific success criteria; (h) a detailed monitoring program; (i) contingency 
measures should the success criteria not be met; and (j) identification of the party 
responsible for meeting the success criteria and providing for conservation of the 
mitigation site in perpetuity. Monitoring of restoration areas should extend across 
a sufficient time frame to ensure that the new habitat is established, self-
sustaining, and capable of surviving drought. 

 
CDFW recommends that local onsite propagules from the Project area and 
nearby vicinity be collected and used for restoration purposes. Onsite seed 
collection should be appropriately timed to ensure the viability of the seeds when 
planted. Onsite vegetation mapping at the alliance and/or association level 
should be used to develop appropriate restoration goals and local plant palettes. 
Reference areas should be identified to help guide restoration efforts. Specific 
restoration plans should be developed for various Project components as 
appropriate. Restoration objectives should include protecting special habitat 
elements or re-creating them in areas affected by the Project. Examples may 
include retention of woody material, logs, snags, rocks, and brush piles. Fish and 
Game Code sections 1002, 1002.5 and 1003 authorize CDFW to issue permits 
for the take or possession of plants and wildlife for scientific, educational, and 
propagation purposes. Please see our website for more information on Scientific 
Collecting Permits at www.wildlife.ca.gov/Licensing/Scientific-
Collecting#53949678-regulations-. 

 
5. Nesting Birds: Please note that it is the Project proponent’s responsibility to 

comply with all applicable laws related to nesting birds and birds of prey. 
Migratory non-game native bird species are protected by international treaty 
under the federal Migratory Bird Treaty Act (MBTA) of 1918, as amended (16 
U.S.C. 703 et seq.). CDFW implemented the MBTA by adopting the Fish and 
Game Code section 3513. Fish and Game Code sections 3503, 3503.5 and 3800 
provide additional protection to nongame birds, birds of prey, their nests and 
eggs. Sections 3503, 3503.5, and 3513 of the Fish and Game Code afford 
protective measures as follows: section 3503 states that it is unlawful to take, 
possess, or needlessly destroy the nest or eggs of any bird, except as otherwise 
provided by the Fish and Game Code or any regulation made pursuant thereto; 
section 3503.5 states that is it unlawful to take, possess, or destroy any birds in 
the orders Falconiformes or Strigiformes (birds-of-prey) or to take, possess, or 
destroy the nest or eggs of any such bird except as otherwise provided by the 
Fish and Game Code or any regulation adopted pursuant thereto; and section 
3513 states that it is unlawful to take or possess any migratory nongame bird as 
designated in the MBTA or any part of such migratory nongame bird except as 
provided by rules and regulations adopted by the Secretary of the Interior under 
provisions of the MBTA. 
 
Potential habitat for nesting birds and birds of prey is present within the Project 
area. The Project should disclose all potential activities that may incur a direct or 
indirect take to nongame nesting birds within the Project footprint and its vicinity. 
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Appropriate avoidance, minimization, and/or mitigation measures to avoid take 
must be included in the EIR. 

CDFW recommends that the EIR include specific avoidance and minimization 
measures to ensure that impacts to nesting birds or their nests do not occur. 
Project-specific avoidance and minimization measures may include, but not be 
limited to: Project phasing and timing, monitoring of Project-related noise (where 
applicable), sound walls, and buffers, where appropriate. The EIR should also 
include specific avoidance and minimization measures that will be implemented 
should a nest be located within the Project site. In addition to larger, protocol 
level survey efforts (e.g. Swainson’s hawk surveys) and scientific assessments, 
CDFW recommends a final preconstruction survey be required no more than 
three (3) days prior to vegetation clearing or ground disturbance activities, as 
instances of nesting could be missed if surveys are conducted earlier. 

 
6. Moving out of Harm’s Way: The Project is anticipated to result in the clearing of 

natural habitats that support native species. To avoid direct mortality, the lead 
agency may condition the EIR to require that a qualified biologist with the proper 
permits be retained to be onsite prior to and during all ground- and habitat-
disturbing activities. The qualified biologist with the proper permits may move out 
of harm’s way special-status species or other wildlife of low or limited mobility 
that would otherwise be injured or killed from Project-related activities. Movement 
of wildlife out of harm’s way should be limited to only those individuals that would 
otherwise be injured or killed, and individuals should be moved only as far as 
necessary to ensure their safety (i.e., CDFW does not recommend relocation to 
other areas). It should be noted that the temporary relocation of onsite wildlife 
does not constitute effective mitigation for habitat loss. 

 
7. Translocation of Species: CDFW generally does not support the use of 

relocation, salvage, and/or transplantation as the sole mitigation for impacts to 
rare, threatened, or endangered species as these efforts are generally 
experimental in nature and largely unsuccessful. 

 
The EIR should incorporate mitigation performance standards that would ensure that 
impacts are reduced to a less-than-significant level. Mitigation measures proposed in 
the EIR should be made a condition of approval of the Project. Please note that 
obtaining a permit from CDFW by itself with no other mitigation proposal may constitute 
mitigation deferral. CEQA Guidelines section 15126.4, subdivision (a)(1)(B) states that 
formulation of mitigation measures should not be deferred until some future time. To 
avoid deferring mitigation in this way, the EIR should describe avoidance, minimization 
and mitigation measures that would be implemented should the impact occur. 

California Endangered Species Act 

CDFW is responsible for ensuring appropriate conservation of fish and wildlife 
resources including threatened, endangered, and/or candidate plant and animal 
species, pursuant to the CESA. CDFW recommends that a CESA Incidental Take 
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Permit (ITP) be obtained if the Project has the potential to result in “take” (Fish & G. 
Code § 86 defines “take” as “hunt, pursue, catch, capture, or kill, or attempt to hunt, 
pursue, catch, capture, or kill”) of State-listed CESA species, either through construction 
or over the life of the Project. 

CESA-listed species with the potential to occur in the area include but are not limited to: 
Swainson’s hawk (Buteo swainsoni) and tricolored blackbird (Agelaius tricolor). 

The EIR should disclose the potential of the Project to take CESA-listed species and 
how the impacts will be avoided, minimized, and mitigated. Please note that mitigation 
measures that are adequate to reduce impacts to a less-than significant level to meet 
CEQA requirements may not be enough for the issuance of an ITP. To issue an ITP, 
CDFW must demonstrate that the impacts of the authorized take will be minimized and 
fully mitigated (Fish & G. Code §2081 (b)). To facilitate the issuance of an ITP, if 
applicable, CDFW recommends the EIR include measures to minimize and fully mitigate 
the impacts to any State-listed species the Project has potential to take. CDFW 
encourages early consultation with staff to determine appropriate measures to facilitate 
future permitting processes and to engage with the U.S. Fish and Wildlife Service 
and/or National Marine Fisheries Service to coordinate specific measures if both state 
and federally listed species may be present within the Project vicinity. 

South Sacramento Habitat Conservation Plan (SSHCP) 

The Project is within the boundaries of the SSCHP. CEQA Guidelines section 15125(d) 
states that EIRs must discuss any inconsistencies between projects and applicable 
plans (including habitat conservation plans/natural community conservation plans). 
Because the SSHCP is currently in implementation, CDFW recommends that the EIR 
include a discussion of each Project alternative’s consistency with the SSHCP and how 
Sacramento County will ensure that implementation of the Project alternatives do not 
impede the SSHCP’s ability to meet its permit conditions and biological goals and 
measurable objectives. Particular focus in the EIR’s analysis should be directed to: 

 Analysis of all SSHCP Covered Species.  
 Assessment of habitat types identified in the SSCHP. 
 Identification of applicable SSHCP avoidance, minimization, or mitigation 

measures.  
 Analysis of any impacts to land commitments of the SSHCP. 
 Discussion of any inconsistencies between the Project and the SSHCP. 

To identify any potential inconsistencies with the SSHCP and provide special emphasis 
on rare or unique resources in compliance with CEQA, CDFW recommends that the 
EIR also address the following: 

 Persistence of the SSCHP Covered Species with the SSHCP boundaries. 
 Impacts to established or future reserve land managed under South Sacramento 

Conservation Agency (SSCA). 
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 Reduction of available reserve land in the SSHCP (with appropriate buffers and 
setbacks as detailed in the SSHCP). 

 Financial impacts to SSCA and feepayers under the SSHCP. 

Native Plant Protection Act 

The Native Plant Protection Act (Fish & G. Code §1900 et seq.) prohibits the take or 
possession of State-listed rare and endangered plants, including any part or product 
thereof, unless authorized by CDFW or in certain limited circumstances. Take of State-
listed rare and/or endangered plants due to Project activities may only be permitted 
through an ITP or other authorization issued by CDFW pursuant to California Code of 
Regulations, Title 14, section 786.9 subdivision (b). 

Lake and Streambed Alteration Program 

The EIR should identify all perennial, intermittent, and ephemeral rivers, streams, lakes, 
other hydrologically connected aquatic features, and any associated biological 
resources/habitats present within the entire Project footprint (including utilities, access 
and staging areas). The environmental document should analyze all potential 
temporary, permanent, direct, indirect and/or cumulative impacts to the above-
mentioned features and associated biological resources/habitats that may occur 
because of the Project. If it is determined the Project will result in significant impacts to 
these resources the EIR shall propose appropriate avoidance, minimization and/or 
mitigation measures to reduce impacts to a less-than-significant level. 
 
Section 1602 of the Fish and Game Code requires an entity to notify CDFW prior to 
commencing any activity that may do one or more of the following: substantially divert or 
obstruct the natural flow of any river, stream or lake; substantially change or use any 
material from the bed, channel or bank of any river, stream, or lake; or deposit debris, 
waste or other materials that could pass into any river, stream or lake. Please note that 
"any river, stream or lake" includes those that are episodic (i.e., those that are dry for 
periods of time) as well as those that are perennial (i.e., those that flow year-round). 
This includes ephemeral streams and watercourses with a subsurface flow. It may also 
apply to work undertaken within the flood plain of a body of water. 
 
If CDFW determines that the Project activities may substantially adversely affect an 
existing fish or wildlife resource, a Lake and Streambed Alteration (LSA) Agreement will 
be issued which will include reasonable measures necessary to protect the resource. 
CDFW’s issuance of an LSA Agreement is a “project” subject to CEQA (see Pub. 
Resources Code 21065). To facilitate issuance of an LSA Agreement, if one is 
necessary, the EIR should fully identify the potential impacts to the lake, stream, or 
riparian resources, and provide adequate avoidance, mitigation, and monitoring and 
reporting commitments. Early consultation with CDFW is recommended, since 
modification of the Project may avoid or reduce impacts to fish and wildlife resources. 
To submit an LSA Notification package, please go to 
https://www.wildlife.ca.gov/Conservation/Environmental-Review/LSA. 
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Please note that other agencies may use specific methods and definitions to determine 
impacts to areas subject to their authorities. These methods and definitions often do not 
include all needed information for CDFW to determine the extent of fish and wildlife 
resources affected by activities subject to Notification under Fish and Game Code 
section 1602. Therefore, CDFW does not recommend relying solely on methods 
developed specifically for delineating areas subject to other agencies’ jurisdiction (such 
as United States Army Corps of Engineers) when mapping lakes, streams, wetlands, 
floodplains, riparian areas, etc. in preparation for submitting a Notification of an LSA. 

CDFW relies on the lead agency environmental document analysis when acting as a 
responsible agency issuing an LSA Agreement. CDFW recommends lead agencies 
coordinate with us as early as possible, since potential modification of the proposed 
Project may avoid or reduce impacts to fish and wildlife resources and expedite the 
Project approval process. 

The following information will be required for the processing of an LSA Notification and 
CDFW recommends incorporating this information into any forthcoming CEQA 
document(s) to avoid subsequent documentation and Project delays: 

1. Mapping and quantification of lakes, streams, and associated fish and wildlife 
habitat (e.g., riparian habitat, freshwater wetlands, etc.) that will be temporarily 
and/or permanently impacted by the Project, including impacts from access and 
staging areas. Please include an estimate of impact to each habitat type. 

2. Discussion of specific avoidance, minimization, and mitigation measures to 
reduce Project impacts to fish and wildlife resources to a less-than-significant 
level. Please refer to section 15370 of the CEQA Guidelines. 

Based on review of Project materials, aerial photography and observation of the site 
from public roadways, the Project site supports unnamed tributaries to the Cosumnes 
River and its associated riparian habitat. CDFW recommends that the EIR fully identify 
the Project’s potential impacts to the stream and/or its associated vegetation and 
wetlands. 

General Avian, Bat, and other Wildlife Impacts 
 
The EIR should evaluate the cumulative effects of loss of habitat as an indirect cause of 
avian mortality for grassland birds. Breeding Bird Surveys (BBS) conducted by the U.S. 
Geological Survey Biological Resources Division and volunteers throughout the country 
show that grassland birds, as a group, have declined more than other groups, such as 
forest and wetland birds (Brennan and Kuvlesky 2005; NRCS 1999). The BBS shows 
that in California, grassland birds such as the western meadowlark (Sturnella neglecta), 
and State Species of Special Concern the burrowing owl (Athene cunicularia), have 
shown population declines since 1966 (Sauer et al., 2019). CDFW recommends at a 
minimum an equal amount of land with primary purpose of habitat conservation should 
be enhanced and conserved elsewhere to offset the loss of habitat for grassland birds. 
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In addition, the EIR should evaluate threats to bird from collisions and electrocutions 
with solar infrastructure. Collisions with PV equipment can include direct collisions into 
panels, guy wires, or transmission lines. Injuries from collisions with collectors/reflectors 
may result in acute and direct take (Kagan et al. 2014), or stranding. Stranding can 
occur when an individual is injured by collision impact and is unable to take off or when 
they require a running start on the water’s surface. The EIR should include measures to 
reduce the risks of avian collisions such as adding special patterns to the PV panels. 
Linear features such as generator-tie lines, collector lines, and interior and perimeter 
fences all present collision hazards for birds, and electric lines present a potential 
electrocution hazard (Huso, et al. 2016). All aboveground lines should be fitted with bird 
flight diverters or visibility enhancement devices. When lines, or other related 
infrastructure with the potential to cause take, cannot be placed underground, 
appropriate avian protection designs should be employed. As a minimum requirement, 
the collection system should conform with the most current edition of the Avian Power 
Line Interaction Committee guidelines to prevent electrocutions, found at: 
https://www.aplic.org/mission. 

The EIR should include a requirement for weekly or twice-weekly avian mortality 
surveys to meet the following objectives: 

 Estimate the total number of birds and bats killed at the Project site within a 
specified time period. 

 Determine whether there are spatial or temporal/seasonal patterns of total bird 
fatality. 

 Evaluate species composition and which taxonomic groups may be at risk. 
 Provide results that allow comparisons with other solar sites and to evaluate 

changes in fatality due to adaptive management.  
 

The EIR should include a requirement to develop an Avian and Bat Protection Plan or 
Bird and Bat Conservation Strategy (BBCS) in coordination with the USFWS and 
CDFW. The purpose of the BBCS is to: 

 Describe baseline conditions for bird and bat species present within the Project 
site, and adjacent areas where influenced by the Project, including results of site-
specific surveys. 

 Assess potential risk to birds and bats based on the proposed activities. 
 Specify conservation measures that will be employed to avoid, minimize, and/or 

mitigate any potential adverse effects to these species. 
 Describe the incidental monitoring and reporting that will take place during 

construction. 
 Provide details for post-construction monitoring. 
 Specify the adaptive management process that will be used to address potential 

adverse effects on avian and bat species. 
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Permanent Fencing 

CDFW recommends the EIR discuss and analyze impacts to wildlife associated with 
permanent fencing which may be installed around the solar facility. For example, a 
fence can obstruct the natural migration and daily movements of wildlife such as deer 
and the consequences of disrupting these movements should be considered in fencing 
design (VerCauteren et al. 2006). In addition, deer occasionally become entangled in 
fences or collide with them when attempting to pass over, through, or under (Goddard et 
al. 2001). Some fences, especially wire mesh, can be a complete barrier to fawns, even 
if adults can still jump over. This can lead to fawns becoming separated from their 
mothers and the herd resulting in the fawns killed by predators, vehicle collisions, or 
starvation (Hanophy 2009).  

Birds can also collide with fences, breaking wings and tangling in wires. Large, low-
flying birds such as ducks, geese, hawks, and owls are especially vulnerable to 
collisions with fencing. For example, the American kestrel (Falco sparverius) and low-
flying hawks and owls may collide with fences when swooping in on prey (Bryant et al. 
1993). Fencing can be made more visible to birds by attaching reflective or colorful 
weather-resistant flagging materials (e.g., aluminum or plastic strips) to the wire. 

Fences made of chain-link material may exclude small mammals, amphibians, and 
reptiles. Providing a small gap between the fencing and the ground can allow animals to 
pass through without being blocked from entry into the solar arrays. 

The EIR should analyze the potential impacts to birds and mammals caused by the 
proposed fencing and describe alternative wildlife-friendly designs that will be 
implemented. The EIR should also include effective minimization and mitigation 
measures to offset any impacts of fencing to wildlife species that cannot feasibly be 
completely avoided. 

CHEMICAL USE 

Rodenticides that control small mammal populations would also reduce available 
burrows, making the habitat no longer suitable for burrowing owl and other sensitive 
wildlife species. Lack of underground refugia could result is increase exposure to 
predators, heat, and other elements. As such, CDFW recommends the project avoid 
use of chemical rodenticides. 

ENVIRONMENTAL DATA 

CEQA requires that information developed in environmental impact reports and 
negative declarations be incorporated into a database, which may be used to make 
subsequent or supplemental environmental determinations (Pub. Resources Code, § 
21003, subd. (e)). Accordingly, please report any special-status species and natural 
communities detected during Project surveys to the CNDDB. The CNNDB field survey 
form can be found at the following link: 
https://www.wildlife.ca.gov/Data/CNDDB/Submitting-Data. The completed form can be 



Coyote Creek Agrivoltaic Ranch Project 
Date 
Page 14 of 15 
 
submitted online or mailed electronically to CNDDB at the following email address: 
CNDDB@wildlife.ca.gov. 

FILING FEES 

The Project, as proposed, would have an effect on fish and wildlife, and assessment of 
filing fees is necessary. Fees are payable upon filing of the Notice of Determination by 
the Lead Agency and serve to help defray the cost of environmental review by CDFW. 
Payment of the fee is required in order for the underlying project approval to be 
operative, vested, and final. (Cal. Code Regs, tit. 14, § 753.5; Fish & G. Code § 711.4; 
Pub. Resources Code, § 21089.) 

CONCLUSION 

Pursuant to Public Resources Code sections 21092 and 21092.2, CDFW requests 
written notification of proposed actions and pending decisions regarding the Project. 
Written notifications shall be directed to: California Department of Fish and Wildlife 
North Central Region, 1701 Nimbus Road, Rancho Cordova, CA 95670. 

CDFW appreciates the opportunity to comment on the Notice of Preparation of the 
EIR for the Coyote Creek Agrivoltaic Ranch Project and recommends that 
Sacramento County address CDFW’s comments and concerns in the forthcoming 
EIR. CDFW personnel are available for consultation regarding biological resources 
and strategies to minimize impacts.  
 
If you have any questions regarding the comments provided in this letter or wish to 
schedule a meeting and/or site visit, please contact Dylan Wood, Environmental 
Scientist at (916) 358-2384 or dylan.a.wood@wildlife.ca.gov. 
 
Sincerely, 
 
 
 
Kelley Barker 
Environmental Program Manager 
 
ec: Tanya Sheya, Senior Environmental Scientist (Supervisory) 
 Dylan Wood, Environmental Scientist 
 CEQACommentLetters 
 Department of Fish and Wildlife 

 Office of Planning and Research, State Clearinghouse, Sacramento 

 
 



Coyote Creek Agrivoltaic Ranch Project 
Date 
Page 15 of 15 
 

Literature Cited 
 
Brennan, L., & Kuvlesky, W. (2005). North American grassland birds: an unfolding 

conservation crisis? The Journal of Wildlife Management, 69(1), 1-13. 

Bryant, L. D., J. W. Thomas, and M. M. Rowland. 1993. Techniques to construct New 
Zealand elk-proof fence. United States Department of Agriculture, General 
Technical Report PNW-GTR-313, Forest Service, Pacific Northwest Research 
Station, Portland, Oregon, USA. 

Hanophy, W. 2009. Fencing with Wildlife in Mind. Colorado Division of Wildlife, Denver, 
CO 

Huso, M., Dietsch, T., & Nicolai, C. (2016). Mortality monitoring design for utility-scale 
solar power facilities (No. 2016-1087). US Geological Survey. 

Kagan, R., Viner, T., Trail, P., & Espinoza, E. (2014). Avian mortality at solar energy 
facilities in southern California: a preliminary analysis. National Fish and Wildlife 
Forensics Laboratory, 28, 1-28. 

Laredo, I., D. Van Vuren, and M. L. Morrison. 1996. Habitat use and migration behavior 
of the California tiger salamander. Journal of Herpetology 30:282–285. 

NRCS. U.S. Department of Agriculture. Natural Resources Conservation Service. 
October 1999. Grassland Nesting Birds. Fish and Wildlife Habitat Management 
Leaflet Number 8.  

Sauer, J., Niven, D., Hines, J., Ziolkowski, D., Pardieck, K., Fallon, J., & Link, W. (2019). 
The North American breeding bird survey, results and analysis 1966–2019. 
Version 2.07. 2019. US Geological Survey Patuxent Wildlife Research Center, 
Laurel, Maryland, USA. 

Sawyer, J. O., T. Keeler-Wolf, and J. M. Evens. 2009. A Manual of California 
Vegetation, 2nd ed. California Native Plant Society Press, Sacramento, California. 
http://vegetation.cnps.org/ 

VerCauteren, Kurt C.; Lavelle, Michael J.; and Hygnstrom, Scott, "Fences and Deer-
Damage Management: A Review of Designs and Efficacy" (2006). USDA 
National Wildlife Research Center - Staff Publications. 99. 
https://digitalcommons.unl.edu/icwdm_usdanwrc/99 

 



 

1 
Central Valley Bird Club Comment Letter, Coyote Creek Agrivoltaic Ranch Project  

 
Daniel Airola 
Conservation Chair, Central Valley Bird Club 
114 Merritt Way 
Sacramento, CA 95864 
d.airola@sbcglobal.net 

 
 
Joelle Inman, Environmental Coordinator 
Sacramento County Planning 
827 7th Street, Suite 225 
Sacramento, CA 95814 
 
Paul Lau 
General Manager, Sacramento Municipal Utility District 
6301 S Street 
Sacramento, CA 95017 
 
RE: Coyote Creek Agrivoltaic Ranch Project, SCH 2022010271 
 
 
Dear Ms. Inman: 
 
  The Central Valley Bird Club represents over 500 birders, biologists, resource, managers, and 
conservationists in California’s Central Valley.  We are writing to oppose SMUD’s proposed Coyote Creek 
Agrivoltaic Ranch Project development of a solar facility along Scott Road and to identify issues and 
alternatives that should be addressed in any environmental documents going forward, if SMUD persists 
in pursuing this ill‐conceived and environmentally destructive project. 
 
  We were not notified of the project until less than 24 hours from the due date for comments.  
We have included some comments below, but also support those provided by ECOS, Habitat 2020, 
Sacramento Audubon, and the Sierra Club. 
 
Loss of Grassland Habitat for Wildlife 
 

The grasslands along Scott Rd serve as important habitat for a variety of wildlife species that are 
declining in the region, including the threatened Tricolored Blackbird, wintering raptors, and the Horned 
Lark, among many species (Airola 2016). The EIR should address the importance of the site to other 
grassland species such as the California Tiger Salamander, vernal pool invertebrates, and amphibians.  

 
As documented in the recent Sacramento Breeding Bird Atlas (Pandolfino et al. 2021), grassland 

species have declined most substantially in Sacramento County as a result of inadequate protection 
from development and conversion to orchards and vineyards.  For example, the South‐of‐Folsom 
development adjacent to the project site protected oak woodlands and wetlands but developed a large 
amount of grassland habitat used by a variety of sensitive species. Thus, the project would cause 
significant impacts to grassland habitat and contribute to significant impacts of losses from other 
projects that have not been adequately mitigated through the South Sacramento Habitat Conservation 
Plan or other means. 
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Loss of Oak Woodlands and Lewis’s Woodpecker Habitat 
 
  Oak woodlands are a declining biological community in the Sacramento region and are 
protected in General Plan policies.  Open oak savanna habitat and woodlands that occur at the project 
site support one of the densest populations of wintering Lewis’s Woodpeckers, a species that is 
declining rapidly as development and grassland conversion to permanent agriculture continues to 
eliminate its habitat (Pandolfino et al. 2021). Removal of oaks for solar development is unnecessary and 
simply displays poor planning, in terms of project site location and design.  Removal of oaks cannot be 
adequately mitigated through protection of existing oak stands or planting of young trees, which cannot 
replace existing values for many decades.  
 

Many plantings of oaks for mitigation, such as by the Sacramento Tree Foundation and Caltrans, 
are monitored and managed for only a few years to verify establishment (Z. Wyly, pers. comm.).  Not 
infrequently, once monitoring ends, mitigation plantings are destroyed by wildfire and are not replaced.  
Thus, any replacement plantings should be monitored and protected though mowing or other means for 
at least a decade, to ensure that they can survive subsequently, and should be replaced if destroyed 
prior to establishment. 
 
Disruption of an Animal Movement Corridor and Resulting Demographic and Gene‐flow Impacts 
 
  The grasslands in the project area serves as part of an important open space corridor. Much of 
the open space land in Sacramento County has been fragmented by past development, resulting in 
diminishment of habitat and isolation of wildlife populations. Species such as the Greater Roadrunner 
have been eliminated from Sacramento County, which now has isolated populations located to the 
north and south. The grasslands along Scott Road are some of the last lowland grasslands that allow 
movement and gene flow by other lowland species between areas to the north and south in this region.  
Development of the solar farm will further disrupt this important habitat corridor, which cannot be 
adequately mitigated through protection of offsite lands.  
 
Tricolored Blackbird Impacts 
   
  I have studied the population status and habitat requirements of the Tricolored Blackbird in the 
grassland‐dominated lower foothills, including eastern Sacramento County, since 2014. I and my 
colleagues have published numerous articles in peer‐reviewed scientific journals (Airola et al. 2015a, b; 
2016; 2017; 2018; Beedy et al. 2018, Meese et al. 2014). Our studies have shown that grassland habitat 
servs as important foraging habitat for the Tricolored Blackbird.  
 

I have personally surveyed the project area and adjacent areas annually since 2014 from Scott 
Rd. The project area includes one pond site (Boys Ranch; https://tricolor.ice.ucdavis.edu/) that has been 
used regularly for nesting by the state‐threatened Tricolored Blackbird. The grasslands within the 
project areas in this area serves as important foaging habitat for the Tricolored Blackbirds that nest at 
that colony.  These grasslands also are used for foraging by a large colony (Just West of Prairie City OHV 
Area) that is one of the largest and most regularly used colony sites in Sacramento County.  
 
  The loss of 2,500 acres of foraging habitat near these two colonies will likely reduce the 
potential for future use of these sites, especially Boys Ranch.  The expected loss of the Boys Ranch site 
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as a nesting colony and the potential loss of diminishment of the Just West of Prairie City site are 
significant impacts that cannot be mitigated to a less‐than‐significant level.   
 

In particular, my studies show that large areas with a high proportion of suitable grassland, 
irrigated pasture, and annual seed crop agriculture, along with suitable nesting habitat is required to 
support Tricolored Blackbirds.  The South Sacramento HCP was prepared without using this available 
science, and the conservation measures included there are inadequate to mitigate impacts on the 
species, because much of the identified conservation area is not occupied or suitable for Tricolored 
Blackbirds.  Successful mitigation may not be possible, but should include protection of large amounts of 
suitable foraging habitat and creations of nesting habitat in areas where nesting habitat is limiting.  
These areas could include lands south of White Rock Road and west of Payen Road, to the northeast of 
the project area.  
 
Wintering Raptors 
 
  Grasslands in the project area likely support wintering raptor species whose populations are 
declining locally and regionally due to habitat loss.  Likely impacted species include Ferruginous Hawk, 
Northern Harrier, American Kestrel, and perhaps Short‐eared Owl and Rough‐legged Hawk (Pandolfino 
and Hooper 2011).  Habitat loss due to the project will eliminate use of the site by most wintering 
raptors, which is a significant direct impact and contributes to a significant indirect impact. 
 
Cumulative Impacts 
 

All of the impacts discussed above are significant directly and contribute to significant 
cumulative impacts of habitat loss in eastern Sacramento County. Because the South Sacramento 
County HCP is flawed in many regards, it’s prescribed measures cannot be relied upon to mitigate for 
project impacts without careful independent analysis.  Projects that should be considered in evaluating 
cumulative impacts include any projects that remove habitat in the eastern part of the county, but 
particularly development of the South of Folsom project, expansion of El Dorado Hills south of US 50, 
expansion of the Grant Line Road Beltway and its induced cumulative impacts, continued development 
in eastern Rancho Cordova, aggregate mining along the Jackson Highway, and numerous other projects 
of which we may not be aware.   
 
Alternatives 
 
  Under the California Environmental Quality Act (CEQA), a project applicant is required to analyze 
a full range of alternatives and select the least environmentally damaging alternative.  It is obvious that 
the Coyote Creek Agrivoltaic Ranch Project is flawed because there are many other alternative sites 
where solar energy could be developed with much less environmental impact.  It is not sufficient to base 
the selection of a project on its costs, without consideration of its impacts.  We can think of a large 
number of other locations where solar development could occur with limited impact, including an 
aggressive rooftop solar program, use of larger parking lots (as was done at Cal‐Expo) in such places as 
Costco, Walmart, or various grocery and mall sites, or on other disturbed lands such as past dredger 
tailings or current aggregate mining sites. 
 
  As a community utility, SMUD should be considering the well‐being of the entire community, 
not narrowly focusing on developing the cheapest projects at substantial environmental cost.  We 
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encourage a robust evaluation of the many alternatives to generate solar energy, and the abandonment 
of the Coyote Creek Agrivoltaic Ranch Project and selection of other options. 
 
  Please keep me closely informed regards any subsequent project phase.  
 

 
Daniel A. Airola, Certified Wildlife Biologist 

        Conservation Chair,  
Central Valley Bird Club 
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Little. Alison

From: Newton. Julie
Sent: Thursday, February 17, 2022 9:01 AM
To: Little. Alison
Cc: Inman. Joelle; De Courcy. Meg
Subject: FW: COYOTE CREEK AGRIVOLTAIC RANCH PROJECT (SCH: 2022010271)

 
 

From: PER‐CEQA <CEQA@saccounty.net>  
Sent: Thursday, February 17, 2022 8:13 AM 
To: Inman. Joelle <inmanj@saccounty.net>; Newton. Julie <newtonj@saccounty.net>; De Courcy. Meg 
<decourcym@saccounty.net> 
Subject: FW: COYOTE CREEK AGRIVOLTAIC RANCH PROJECT (SCH: 2022010271) 

 
 
 

Andrea Guerra, Senior Office Assistant 
Planning and Environmental Review 
827 7th Street, Room 225A, Sacramento, CA 95814  |  (916) 874-2862 
www.saccounty.net 

 
 

 
 
The Office of Planning & Environmental Review (PER) is open by appointment only.  Please see our website at 
www.planning.saccounty.net for the most current information on how to obtain services and to schedule an appointment. 
 
From: Chris Conard <conardc@gmail.com>  
Sent: Thursday, February 17, 2022 5:31 AM 
To: PER‐CEQA <CEQA@saccounty.net> 
Subject: COYOTE CREEK AGRIVOLTAIC RANCH PROJECT (SCH: 2022010271) 

 
EXTERNAL EMAIL: If unknown sender, do not click links/attachments. 

Joelle Inman,  
Environmental Coordinator Planning and Environmental Review, 
 
As a natural resource professional and someone committed to the preservation of habitat and open space, I want to express strong 
concern about the proposed COYOTE CREEK AGRIVOLTAIC RANCH PROJECT that would result in the degradation of 2,555 acres of 
some of the finest oak savanna habitat in the region. This is an example of poorly‐planned leapfrog development of an industrial 
nature. In keeping with the principles expressed in the establishment of the Uban Services Boundary and the South Sacramento 
County HCP, development should be concentrated nearer existing infrastructure and not far away from services in a way that leads 
to habitat fragmentation. 
 
My specific focus has been on monitoring local bird populations for nearly 25 years. The footprint of the proposed project would 
destroy and degrade habitat for regionally rare species, including the state threatened Swainson's Hawk and Tricolored Blackbird, 
and species of concern including Burrowing Owl and Loggerhead Shrike. It would further impact regionally rare species such as 
Ferruginous Hawk, Rough‐legged Hawk, Golden Eagle, Bald Eagle, Prairie Falcon, Lewis's Woodpecker, and Vesper Sparrow. 
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Habitat fragmentation is the leading cause of the highly publicized loss of approximately three billion birds on the continent since 
1970. It is exactly this type of land use that leads to that outcome and accelerates it. As co‐author of Breeding Birds of Sacramento 
County, published in 2021, we showed that this very dynamic is at play where reductions of formerly common species, such as 
Horned Lark and Western Meadowlark, are directly related to fragmentation and habitat loss. Since 2005, I have coordinated the 
Folsom Christmas Bird Count, part of a set of annual observations that go back to 1978. Our data show that formerly abundant 
species have declined up to 85% (Western Meadowlark) and 80% (Lark Sparrow) during the history of that count. The proposed 
project would severely impact the continued local persistence of these and many other species that depend on grassland and oak 
savanna habitat. 
 
The production of low‐carbon energy is an important value, but it should not come at the expense of some of the finest unbroken 
habitat in the region. 
 
Thank you for the opportunity to comment, 
 
Chris Conard 
2405 Rio Bravo Circle 
Sacramento, CA 
conardc@gmail.com 
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Joelle Inman
Sacramento County Planning
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COMMENTS TO REQUEST FOR REVIEW FOR THE NOTICE OF PREPARATION
FOR THE DRAFT ENVIRONMENTAL IMPACT REPORT, COYOTE CREEK
AGRIVOLTAIC RANCH PROJECT, SCH#2022010271, SACRAMENTO COUNTY

Pursuant to the State Clearinghouse's 19 January 2022 request, the Central Valley
Regional Water Quality Control Board (Central Valley Water Board) has reviewed the
Request for Review for the Notice of Preparation for the Draft Environmental Impact
Report for the Coyote Creek Agrivoltaic Ranch Project, located in Sacramento County.

Our agency is delegated with the responsibility of protecting the quality of surface and
groundwaters of the state; therefore, our comments will address concerns surrounding
those issues.

I. Regulatory Setting

Basin Plan
The Central Valley Water Board is required to formulate and adopt Basin Plans for
all areas within the Central Valley region under Section 13240 of the Porter-Cologne
Water Quality Control Act. Each Basin Plan must contain water quality objectives to
ensure the reasonable protection of beneficial uses, as well as a program of
implementation for achieving water quality objectives with the Basin Plans. Federal
regulations require each state to adopt water quality standards to protect the public
health or welfare, enhance the quality of water and serve the purposes of the Clean
Water Act. In California, the beneficial uses, water quality objectives, and the
Antidegradation Policy are the State's water quality standards. Water quality
standards are also contained in the National Taxies Rule, 40 CFR Section 131.36,
and the California Taxies Rule, 40 CFR Section 131.38.

The Basin Plan is subject to modification as necessary, considering applicable laws,
policies, technologies, water quality conditions and priorities. The original Basin
Plans were adopted in 1975, and have been updated and revised periodically as
required, using Basin Plan amendments. Once the Central Valley Water Board has
adopted a Basin Plan amendment in noticed public hearings, it must be approved by
the State Water Resources Control Board (State Water Board), Office of

mailto:inmanj@saccounty.net
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Administrative Law (OAL) and in some cases, the United States Environmental
Protection Agency (USEPA). Basin Plan amendments only become effective after
they have been approved by the OAL and in some cases, the USEPA. Every three
(3) years, a review of the Basin Plan is completed that assesses the appropriateness
of existing standards and evaluates and prioritizes Basin Planning issues. For more
information on the Water Quality Control Plan for the Sacramento and San Joaquin
River Basins, please visit our website:
http://www.waterboards.ca .gov/centralvalley/water issues/basi n pians/

Antidegradation Considerations
All wastewater discharges must comply with the Antidegradation Policy (State Water
Board Resolution 68-16) and the Antidegradation Implementation Policy contained in
the Basin Plan. The Antidegradation Implementation Policy is available on page 74
at:
https:l/www.waterboards.ca.gov/centralvalley/water issues/basin plans/sacsjr 2018
05.pdf

In part it states:

Any discharge of waste to high quality waters must apply best practicable treatment
or control not only to prevent a condition of pollution or nuisance from occurring, but
also to maintain the highest water quality possible consistent with the maximum
benefit to the people of the State.

This information must be presented as an analysis of the impacts and potential
impacts of the discharge on water quality, as measured by background
concentrations and applicable water quality objectives.

The antidegradation analysis is a mandatory element in the National Pollutant
Discharge Elimination System and land discharge Waste Discharge Requirements
(WDRs) permitting processes. The environmental review document should evaluate
potential impacts to both surface and groundwater quality.

II. Permitting Requirements

Construction Storm Water General Permit
Dischargers whose project disturb one or more acres of soil or where projects
disturb less than one acre but are part of a larger common plan of development that
in total disturbs one or more acres, are required to obtain coverage under the
General Permit for Storm Water Discharges Associated with Construction and Land
Disturbance Activities (Construction General Permit), Construction General Permit
Order No. 2009-0009-DWQ. Construction activity subject to this permit includes
clearing, grading, grubbing, disturbances to the ground, such as stockpiling, or
excavation, but does not include regular maintenance activities performed to restore
the original line, grade, or capacity of the facility. The Construction General Permit
requires the development and implementation of a Storm Water Pollution Prevention
Plan (SWPPP). For more information on the Construction General Permit, visit the
State Water Resources Control Board website at:
http://www.waterboards.ca .gov/water issues/prog rams/stormwater/constpermits.sht
ml

http://www.waterboards.ca
http://https:l/www.waterboards.ca.gov/centralvalley/water
http://www.waterboards.ca
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Phase I and II Municipal Separate Storm Sewer System (MS4) Permits1

The Phase I and" MS4 permits require the Permittees reduce pollutants and runoff
flows from new development and redevelopment using Best Management Practices
(BMPs) to the maximum extent practicable (MEP). MS4 Permittees have their own
development standards, also known as Low Impact Development (L1D)/post-
construction standards that include a hydromodification component. The MS4
permits also require specific design concepts for LID/post-construction BMPs in the
early stages of a project during the entitlement and CEQA process and the
development plan review process.

For more information on which Phase I MS4 Permit this project applies to, visit the
Central Valley Water Board website at:
http://www.waterboards.ca.gov/centralvalley/water issues/storm water/municipal p
ermits/

For more information on the Phase II MS4 permit and who it applies to, visit the
State Water Resources Control Board at:
http://www.waterboards.ca.gov/water issues/programs/stormwater/phase ii munici
pal.shtml

Industrial Storm Water General Permit
Storm water discharges associated with industrial sites must comply with the
regulations contained in the Industrial Storm Water General Permit Order No. 2014-
0057 -DWQ. For more information on the Industrial Storm Water General Permit,
visit the Central Valley Water Board website at:
http://www.waterboards.ca.gov/centralvalley/water issues/storm water/industrial ge
neral permitslindex.shtml

Clean Water Act Section 404 Permit
If the project will involve the discharge of dredged or fill material in navigable waters
or wetlands, a permit pursuant to Section 404 of the Clean Water Act may be
needed from the United States Army Corps of Engineers (USACE). If a Section 404
permit is required by the USACE, the Central Valley Water Board will review the
permit application to ensure that discharge will not violate water quality standards. If
the project requires surface water drainage realignment, the applicant is advised to
contact the Department of Fish and Game for information on Streambed Alteration
Permit requirements. If you have any questions regarding the Clean Water Act
Section 404 permits, please contact the Regulatory Division of the Sacramento
District of USACE at (916) 557-5250.

Clean Water Act Section 401 Permit - Water Quality Certification
If an USACE permit (e.g., Non-Reporting Nationwide Permit, Nationwide Permit,
Letter of Permission, Individual Permit, Regional General Permit, Programmatic

1 Municipal Permits = The Phase I Municipal Separate Storm Water System (MS4)
Permit covers medium sized Municipalities (serving between 100,000 and 250,000
people) and large sized municipalities (serving over 250,000 people). The Phase II
MS4 provides coverage for small municipalities, including non-traditional Small MS4s,
which include military bases, public campuses, prisons and hospitals.

http://www.waterboards.ca.gov/centralvalley/water
http://www.waterboards.ca.gov/water
http://www.waterboards.ca.gov/centralvalley/water
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General Permit), or any other federal permit (e.g., Section 10 of the Rivers and
Harbors Act or Section 9 from the United States Coast Guard), is required for this
project due to the disturbance of waters of the United States (such as streams and
wetlands), then a Water Quality Certification must be obtained from the Central
Valley Water Board prior to initiation of project activities. There are no waivers for
401 Water Quality Certifications. For more information on the Water Quality
Certification, visit the Central Valley Water Board website at:
https://www.waterboards.ca.gov/centralvalley/water issues/water quality certificatio
n/

Waste Discharge Requirements - Discharges to Waters of the State
If USACE determines that only non-jurisdictional waters of the State (i.e., "non-
federal" waters of the State) are present in the proposed project area, the proposed
project may require a Waste Discharge Requirement (WDR) permit to be issued by
Central Valley Water Board. Under the California Porter-Cologne Water Quality
Control Act, discharges to all waters of the State, including all wetlands and other
waters of the State including, but not limited to, isolated wetlands, are subject to
State regulation. For more information on the Waste Discharges to Surface Water
NPDES Program and WDR processes, visit the Central Valley Water Board website
at:https://www.waterboards.ca.gov/centralvalley/water issues/waste to surface wat
er/

Projects involving excavation or fill activities impacting less than 0.2 acre or 400
linear feet of non-jurisdictional waters of the state and projects involving dredging
activities impacting less than 50 cubic yards of non-jurisdictional waters of the state
may be eligible for coverage under the State Water Resources Control Board Water
Quality Order No. 2004-0004-DWQ (General Order 2004-0004). For more
information on the General Order 2004-0004, visit the State Water Resources
Control Board website at:
https://www.waterboards.ca.gov/board decisions/adopted orders/water quality/200
4/wqo/wq02004-0004.pdf

Dewatering Permit
If the proposed project includes construction or groundwater dewatering to be
discharged to land, the proponent may apply for coverage under State Water Board
General Water Quality Order (Low Threat General Order) 2003-0003 or the Central
Val1eyWater Board's Waiver of Report of Waste Discharge and Waste Discharge
Requirements (Low Threat Waiver) R5-2018-0085. Small temporary construction
dewatering projects are projects that discharge groundwater to land from excavation
activities or dewatering of underground utility vaults. Dischargers seeking coverage
under the General Order or Waiver must file a Notice of Intent with the Central
Valley Water Board prior to beginning discharge.

For more information regarding the Low Threat General Order and the application
process, visit the Central Valley Water Board website at:
http://www.waterboards.ca.gov/board decisions/adopted orders/water quality/2003/
wgo/wqo2003-0003.pdf

http://https://www.waterboards.ca.gov/centralvalley/water
http://at:https://www.waterboards.ca.gov/centralvalley/water
http://https://www.waterboards.ca.gov/board
http://www.waterboards.ca.gov/board
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For more information regarding the Low Threat Waiver and the application process,
visit the Central Valley Water Board website at:
https ://www.waterboards.ca .gov/centralvalley/board decision s/adopted orders/waiv
ers/r5-2018-0085.pdf

Limited Threat General NPDES Permit
If the proposed project includes construction dewatering and it is necessary to
discharge the groundwater to waters of the United States, the proposed project will
require coverage under a National Pollutant Discharge Elimination System (NPDES)
permit. Dewatering discharges are typically considered a low or limited threat to
water quality and may be covered under the General Order for Limited Threat
Discharges to Surface Water (Limited Threat General Order). A complete Notice of
Intent must be submitted to the Central Valley Water Board to obtain coverage under
the Limited Threat General Order. For more information regarding the Limited
Threat General Order and the application process, visit the Central Valley Water
Board website at:
https ://www.waterboards.ca .gov/centralvalley/board decisions/adopted orders/gene
ral orders/r5-2016-0076-01.pdf

NPDES Permit
If the proposed project discharges waste that could affect the quality of surface
waters of the State, other than into a community sewer system, the proposed project
will require coverage under a National Pollutant Discharge Elimination System
(NPDES) permit. A complete Report of Waste Discharge must be submitted with the
Central Valley Water Board to obtain a NPDES Permit. For more information
regarding the NPDES Permit and the application process, visit the Central Valley
Water Board website at: https:/Iwww.waterboards.ca.gov/centralvalley/help/permit!

If you have questions regarding these comments, please contact me at (916) 464-4684
or Peter.MinkeI2@waterboards.ca.gov.

~J1o/ 3i c;~~

Peter G. Minkel
Engineering Geologist

cc: State Clearinghouse unit, Governor's Office of Planning and Research,
Sacramento

http://://www.waterboards.ca
http://://www.waterboards.ca
http://https:/Iwww.waterboards.ca.gov/centralvalley/help/permit!
mailto:Peter.MinkeI2@waterboards.ca.gov.
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February 17, 2022 
 
Joelle Inman, Environmental Coordinator 
Sacramento County Planning 
827 7th Street, Suite 225 
Sacramento, CA 95814 
 
Paul Lau 
General Manager, Sacramento Municipal Utility District 
6301 S Street 
Sacramento, CA 95017 
 
RE: Coyote Creek Agrivoltaic Ranch Project, SCH 2022010271 
 
Dear Ms. Inman: 
 
The Environmental Council of Sacramento, Habitat 2020. the Sacramento Group of the Sierra Club, and 
Sacramento Audubon offer the following comments with respect to the preparation of the Draft Environmental 
Impact Report (DEIR) for the Coyote Creek Agrivoltaic Ranch Project. 

Background.  This large solar project was presented to the Sacramento Municipal Utility District (SMUD) last 
year, and SMUD signed a 30-year contract to purchase energy from the proposed solar project.  We laud 
SMUD’s desire to achieve the very ambitious goal of net zero carbon by 2030 and acknowledge the difficulties 
inherent in successfully meeting that goal.  

Our concern is that Blue Oak Woodland is an imperiled habitat in California, and it was recently highlighted as 
such in the draft “Pathways to 30 x 30” document. Such an important and imperiled habitat would not have 
necessarily been a top pick for constructing such a facility if the habitat values involved had been considered in 
the context of other potential locations in our region.  We acknowledge that there are limited options for the 
placement of such a facility, but we are not aware of a comprehensive analysis and compendium of suitable 
locations for solar farms prepared by SMUD for the region, so there is no resource to compare and contrast the 
Coyote Creek project.   

We are disappointed that a more proactive approach to identifying the most appropriate placement for such 
facilities was not used, which would examine the region’s geography based on considerations like days of clear 
skies, footprints of the available land, proximity to suitably sized transmission lines, and habitat values. We 
hope that SMUD will invest in identifying the most appropriate locations for solar farms in our region going 
forward, but for this project deciding on alternatives for analysis is complicated by not knowing what the most 
appropriate placement might be for such a facility within our region. At a minimum, though, these alternatives 
or additional concurrent options should be included and analyzed: 1) Accelerating and incentivizing rooftop 
solar within the urban landscape; 2) Utilizing a property within the Urban Development Area (UDA) – we 
understand that part of the Waegell Ranch was being considered at one point recently; and 3) Constructing the 
facility on more heavily utilized agricultural land with fewer habitat values, like a vineyard. 

As concerning as this project placement is, the greater concern is that this will open the floodgates to other 
projects of this sort in this imperiled habitat type.  The analysis of the growth inducement potential of this 
project needs to be very carefully considered, and measures and or mitigations put in place to address this 
large potential impact. 
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February 21, 2022 
 
Joelle Inman, Environmental Coordinator 
Sacramento County Planning 
827 7th Street, Suite 225 
Sacramento, CA 95814 
 
Paul Lau 
General Manager, Sacramento Municipal Utility District 
6301 S Street 
Sacramento, CA 95017 
 
RE: Addendum to Comments on Coyote Creek Agrivoltaic Ranch Project, SCH 2022010271 
 
Dear Ms. Inman: 
 
The Environmental Council of Sacramento, Habitat 2020. the Sacramento Group of the Sierra Club, and 
Sacramento Audubon submitted comments on February 17, 2022 with respect to the preparation of the Draft 
Environmental Impact Report (DEIR) for the Coyote Creek Agrivoltaic Ranch Project. 
 
Unfortunately, we were not able to include a comment about the need to consider carbon sequestration in that 
submittal. We offer the following comment as an addendum to our prior letter with the understanding that you 
will give it due consideration going forward. 

Loss of carbon sequestration. In addition to the potential habitat impacts identified in our previous letter, we 
are concerned with the loss of blue oak woodland carbon sequestration capacity due removal of trees during 
construction, tree loss or damage resulting from maintenance activities, and reduced potential for regeneration 
of oaks on disturbed land.  

The carbon sequestration value of oaks throughout California was evaluated in a 2008 study titled “An 
Inventory of Carbon and California Oaks”. [ https://californiaoaks.org/wp-
content/uploads/2016/04/CarbonResourcesFinal.pdf ] Blue Oaks and, to a lesser extent, Interior Live Oaks, are 
a significant part of the carbon storage capacity of open lands in Sacramento County. We conclude that 
additional efforts to protect and sustain this important woodland must be incorporated into the planning for the 
project. 
 
In 2017, The Sacramento Municipal Utility District (SMUD) directed a study of the potential for carbon 
sequestration in Sacramento County. The report, “Sacramento County Landscape Carbon Assessment, Initial 
Study,” was released in December 2017 and is attached. The Executive Summary of the study notes that 
SMUD’s Board of Directors Board had previously “established the organizational directive to ‘provide 
leadership in the reduction of the region’s total emissions of greenhouse gases through proactive programs in 
all SMUD activities and development and support of national, State, and regional climate change policies and 
initiatives.’ In support of that objective, this study seeks to improve understanding of landscape carbon sinks in 
Sacramento County, and opportunities to maximize landscape carbon storage in the decades to come. These 
findings are relevant to several audiences, including: planners seeking to understand how best to balance 
competing land use priorities; land owners who have the opportunity to play a vital role in contributing 

https://californiaoaks.org/wp-content/uploads/2016/04/CarbonResourcesFinal.pdf
https://californiaoaks.org/wp-content/uploads/2016/04/CarbonResourcesFinal.pdf
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meaningful climate mitigation; policymakers that can help spur local actions through programs and incentives; 
and SMUD, which can lead through example, provide support for emission reduction activities, and has a 
vested interest in achieving regional climate objectives in a cost effective and equitable manner. ”   
 
Sincerely,  

     
 
Susan Herre  Sean Wirth   William Bianco  Barbara Leary 
President  Co-Chair   President   Chair, Sacramento Group 
ECOS   Habitat 2020   Sacramento Audubon  Sierra Club 
 
 
Attachment: “Sacramento County Landscape Carbon Assessment, Initial Study” Sacramento Municipal Utility 
District, December 2017, Project Manager, Kathleen Ave 
 
CC: 
SMUD Board Members 
Kim Hudson, Executive Director, South Sacramento Habitat Conservation Plan 
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EXECUTIVE SUMMARY

BACKGROUND
The Sacramento Municipal Utility District (SMUD) has long recognized the threats posed by climate change,
and the imperative that the region, nation, and global community faces in mitigating emissions and preparing
for the inevitable impact. Through strong leadership from its Board of Directors, SMUD was the first large
California utility to receive more than 20% of its energy from renewable resources, and currently 50% of its
power comes from carbon-free sources as part of the strategy for SMUD to reduce greenhouse gas (GHG)
emissions to 10% of 1990 emissions by 2050. SMUD’s Board of Directors has also established the organizational
directive  to “provide leadership in the reduction of the region’s total emissions of greenhouse gases through
proactive programs in all SMUD activities and development and support of national, State, and regional climate
change policies and initiatives.”1  In support of that objective, this study seeks to improve understanding of
landscape carbon sinks in Sacramento County, and opportunities to maximize landscape carbon storage in the
decades to come. These findings are relevant to several audiences, including: planners seeking to understand
how best to balance competing land use priorities; land owners who have the opportunity to play a vital role in
contributing meaningful climate mitigation; policymakers that can help spur local actions through programs
and incentives; and SMUD, which can lead through example, provide support for emission reduction activities,
and has a vested interest in achieving regional climate objectives in a cost effective and equitable manner.

Conceptually, this study aligns with work being done at the state and local levels. The California Air Resources
Board is working to develop statewide landscape carbon inventories as well as models such as the California
Natural and Working Lands Carbon and GHG Model (CALAND)2 to assess the impacts of land management
practices on net GHG emissions. Nongovernmental organizations like The Nature Conservancy (TNC) are
actively developing and testing county-level frameworks to align conservation planning climate change
objectives, and the Sacramento Area Council of Governments’ (SACOG) is promoting integrated, multivariable
conservation and land use planning that includes climate mitigation.

To build on, leverage, and improve all this precedent and concurrent work, SMUD engaged stakeholders from
each of these communities to form a workgroup that met several times over the course of approximately six
months to inform the methodology, discuss findings, and provide recommendations.  The Workgroup consisted
of members of SMUD, the Environmental Council of Sacramento County (ECOS), SACOG, and TNC as described
in Chapter 1. The County of Sacramento was also invited to participate.

In addition to estimating the current (2014) landscape carbon storage of Sacramento County, this study sought
to forecast landscape carbon storage under various development scenarios to understand the impact of land
use planning on GHG emissions. Further, while understanding GHG impacts is important, SMUD recognized
that impacts cannot be and should not be evaluated in isolation. Leveraging work being done for SACOG, the
landscape carbon storage data was incorporated into a Marxan-based model that seeks efficient solutions for
meeting multiple spatially-explicit carbon goals. This study had five goals with corresponding outcomes, as
summarized in Figure 1.

1 Sacramento Municipal Utility District (SMUD). Our Board of Directors. Available at: https://www.smud.org/en/about-
smud/company-information/board-of-directors/
2 More information can be found online at: http://resources.ca.gov/wp-content/uploads/2017/01/CALAND-Technical-
Description_9.22.17.pdf
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Project Goals Project Outcomes

Quantify the current landscape carbon
storage in Sacramento County, prioritizing
existing and available data

à
GIS-based model that incorporates soil and
biomass carbon densities and quantifies
landscape carbon storage

Forecast Sacramento County landscape
carbon storage under varied land use
projections

à
Model incorporating forecast data based on
land use constraints and population dynamics

Develop and test method for incorporating
carbon as an explicit conservation benefit in
land use decision-making frameworks

à
Marxan-based model that optimizes
conservation designs using carbon as an input
variable

Explore the potential for landscape carbon
sequestration projects in Sacramento à

Three project concept reviews assessing
suitability, carbon potential, and cost
considerations

Expand understanding of the technical
potential for increasing landscape carbon
storage in Sacramento County

à
Quantified technical potential based on land
use outcomes and incorporating conservation
actions

Figure 1. SMUD technical goals and outcomes for landscape carbon assessment

RESULTS AND FINDINGS
Each of the five technical goals and its corresponding outcomes are discussed below.

In order to evaluate landscape carbon storage and scenarios in Sacramento County, the team
constructed a GIS-based model that leveraged existing public data assets, and incorporated best
practice. The model draws land classification data from USGS’s LANDFIRE program, soil carbon

densities from the NRCS’s gSSURGO database, and biomass carbon densities from the California Air Resources
Board. These data were selected on the basis of their availability, broad use, update schedules, and suitability to
the Sacramento County region. Data manipulations focused on, for example, adapting soil data to reflect losses
from agricultural and urban development, and were based on literature reviews. The methodology for this
study required the review of multiple data sources and methods through consultation with the Workgroup,
many of which – though not used in this model – have great merit. The selected data and processing algorithms
were imported and built into a spatially explicit model and used to estimate a current landscape carbon
inventory for the county. Based on an evaluation of current land use in Sacramento County, the current
landscape carbon storage totals approximately 36.3 million metric tons carbon dioxide-equivalent (MTCO2e).
The urban, general agriculture and shrubland categories dominate the land area and landscape carbon storage
in Sacramento County (Figure 2).  This chart illustrates how the land category-specific carbon densities impact
carbon stored in the landscape.  For example, forests only account for 2 percent of the land area in Sacramento
County but represent 8 percent of the carbon stored in the landscape.  This idea will be important for land use
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planners to consider as developing over certain land covers without enhanced management or supportive
policy development, even if the land area is small, will have a higher carbon impact than others.

Figure 2. 2014 land area and landscape carbon storage by percentage of totals for each of the land uses and land covers evaluated in
this project.

To forecast landscape carbon under varying development scenarios, this study used the UPlan urban
growth development scenarios to evaluate three distinct growth patterns: business-as-usual,
compact new growth, and infill. These 2050 scenarios were used to illustrate how landscape carbon

stocks could change as a result of land-use planning in the coming decades. New growth was incorporated into
our model to reflect how various land use and land covers may shift into the urban footprint, as shown in
Figure 3. There was relatively little overall difference between the footprints of the business-as-usual and
compact new growth scenarios, but the infill scenario retained a higher share of landscape carbon (Figure 4).
The business-as-usual scenario would result in new emissions of 5.2 million MTCO2e (via a reduction in the 2014
baseline stored carbon estimate), which exceeds the 2015 emissions of unincorporated Sacramento County.3

3 Ascent Environmental. November, 2016. Sacramento County Communitywide CAP, Technical Memo #1 -2015 GHG
Emissions Inventory. Available at: http://www.per.saccounty.net/PlansandProjectsIn-Progress/Pages/CAP.aspx

263

7.2

143

8.9

97

12.9

56

3.0

27

1.0

15

16

2.7

8

0.5

631

36.3

0% 20% 40% 60% 80% 100%

2014 Area (Thousand Acres)

Total Carbon (Million MTCO2e)

Urban/Developed Agriculture: General Shrubland Grassland Agriculture: Vineyard

Water Forest Agriculture: Orchard Barren

Total

Total

2



SACRAMENTO COUNTY LANDSCAPE CARBON ASSESSMENT WSP
December 2017

Page 4

Figure 3. Projected 2050 urban development under UPlan’s Business as Usual, Compact New Growth and Infill scenarios.

Figure 4. Carbon contained in Sacramento County land for 2014 and the 2050 scenarios.

While evaluation of the UPlan data does showcase an opportunity to leverage land use planning to
maintain and expand landscape carbon stocks in Sacramento County, it does not provide a
mechanism to actively do so. Using a modeling framework currently under development for SACOG,

this study incorporated landscape carbon data into Marxan, a software platform that optimizes land use for
multiple conservation benefits. Using Marxan in a policy-informative manner requires extensive stakeholder
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input to set priorities and targets. However, as a proof-of-concept and precursor to an active policy discussion,
multiple Marxan test runs were used to demonstrate how landscape carbon can drive conservation and land
use planning both as a single variable and in combination with additional priorities such as farmland
preservation.  While the Marxan outputs in this study were developed with arbitrary targets both to
demonstrate the capability, and assess the sensitivity of the model to parameter variability, Marxan did
successfully identify high priority areas based on the input conditions. The outputs themselves should not be
construed as recommendations or used to inform any planning decision at this time, but the successful
integration of landscape carbon data into the framework removes a significant barrier to integrated, multi-
variable planning that reflects a focus on landscape carbon. The outcomes from this type of assessment can be
used to identify the locations most susceptible to the tradeoff between the carbon and agricultural
preservation goals of the region and the expansion of urban areas.

Proactive planning that considers and maximizes landscape carbon can be an important climate
mitigation strategy, but there are also opportunities to improve carbon storage through specific new
or expanded practices. These practices include well-established strategies like hedgerow planting,

riparian forest buffers, windbreak/shelterbelt establishment, and silvoplasture4 that are being incentivized
through the California Department of Food and Agriculture (CDFA) Healthy Soils Program, and more novel
techniques like biochar application. We evaluated three sample project concepts to understand the suitability
and potential climate benefit of these activities in Sacramento County.

1 Urban Forestry: planting of additional urban trees is highly aligned with Sacramento’s General Plan and
SMUD’s shade tree program, can greatly achieve meaningful carbon sequestration, and provides significant
co-benefits to the communty.

2 Nutrient Managment: optimizing fertilizer application rates and sources can reduce nitrous oxide
emissions and bolster soil carbon. With agriculture being the second largest land use in the county behind
urban development, there is significant opportunity to work with agricultural stakeholders to promote
nutrient management and other agricultural activities that reduce emissions or sequester carbon.

3 Biochar: Biomass that has undergone pyrolisis or gasification results in a charcoal that stabilizes carbon for
extended periods of time and can be applied to agricultural and other lands to improve soil carbon.
However, the impact on agricultural productivity – particularly in a region with rich soils like Sacramento
County – is uncertain and potentially adverse, and requires further study.

These three activities are examined in greater detail, but are not exhaustive nor fully representative of the
opportunities in Sacramento County.

By combining the findings from the development scenarios with opportunities from specific
activities, we can begin to see the potential not only to reduce emissions from landscape carbon, but
to use community lands as a vehicle for reversing the forecasted loss. Relative to the business-as-

usual scenario, pursuing a development future consistent with the infill scenario can reduce emissions by
approximately 4.7 million MTCO2e (see Figure 5), resulting in losses from 2014 of only 0.5 million MTCO2e
rather than 5.2 million MTCO2e for the BAU scenario. However, as additional activities like expansion of urban

4 https://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/technical/cp/ncps/?cid=nrcs143_026849
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forests and improving nutrient management are layered in, total landscape carbon storage may increase
relative to current levels (Figure 6).

Figure 5. Technical potential to reduce landscape carbon losses associated with a business-as-usual development future through
compact new growth and infill strategies.

Figure 6. Technical potential to reduce landscape carbon losses and increase sequestration through land-use planning and mitigation
activities on community lands.
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CONCLUSION AND NEXT STEPS
Through this initial study, SMUD facilitated a dialog with key stakeholders in the Sacramento region, which
fostered further interest around embedding climate change mitigation in general, and landscape carbon
sequestration improvements in particular into land use and conservation planning. We developed models and
analytic tools that demonstrated not only that there is a meaningful opportunity to take climate action through
this type of integrated planning, but also tested and proved the tools that can enable it in practice.

During this study, additional data was released that could not be fully reviewed and incorporated, and
additional data resources are being developed presently. Further, there are opportunities to refine the
methodology with additional time and resources, and the study region of Sacramento County is too limited to
fully embed our findings in the SACOG process. Throughout the chapters that follow, we document these
opportunities, but note that while they may improve resolution and accuracy, they are unlikely to change in a
meaningful way the overall conclusion: planning for landscape carbon storage can make a meaningful
mitigation contribution, and the analytical tools to do so in a spatially-explicit manner exist today for
the Sacramento region. To expand and improve on this study, we recommend that SMUD, the workgroup, and
stakeholders:

¾ Brief key stakeholders and policymakers on the current work, and build appetite for a conceptual
framework that incorporates climate mitigation as a key conservation and land-use planning variable

¾ Expand the study area to align with the SACOG six-county region to allow the data to be fully
integrated into the Marxan modeling framework and planning process

¾ Evaluate additional project concepts to identify and quantify their carbon sequestration potential

¾ Update methodology and datasets used for this study based on continued collaboration with technical
experts and further review of additional resources and evolving datasets, including, but not limited to,
those identified in this study

¾ Incorporate additional economic metrics to understand the costs in addition to GHG and other co-
benefits

¾ Develop tools, guidance, and resources for the implementation of this framework for use by county and
regional planners.
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INTRODUCTION
The Sacramento Municipal Utility District (SMUD) is the sixth-largest community-owned electric service
provider in the country. SMUD generates, imports, transmits and distributes electricity to a 900-square-mile
service area with a population of 1.5 million that includes Sacramento County and a small portion of Placer
County.

SMUD is owned by its customers, who elect a
seven-member Board of Directors every four
years. Each director represents a different
geographic area, or “ward,” seen in Figure
7. During their four-year terms, the
directors’ job is to establish policies and
values that guide how SMUD serves its
customers and the long-term direction
SMUD will take moving forward.5

The board has been early in understanding
the risks posed by climate change, and
proactive in setting a long-term path
towards decarbonization. Strategic Direction
(SD) 7 sets out a broad direction for the
utility in aligning with policymakers to
promote climate mitigation, instructing
SMUD to “provide leadership in the reduction of
the region’s total emissions of greenhouse gases
through proactive programs in all SMUD
activities and development and support of
national, State, and regional climate change
policies and initiatives.” More specifically, SD-9
commits SMUD to reduce GHG emissions to
10% of 1990 emissions by 2050, achieve
energy efficiency equal to 15 percent of
retail load, and meet 33 percent of SMUD’s
load by 2020 with renewable resources, and
50 percent by 2030.

In its path towards achieving these targets,
SMUD was the first large California utility to

receive more than 20% of its energy from renewable resources and currently provides electricity from varied
sources including natural-gas-fired generators, carbon-free and renewable energy such as hydropower, solar
and wind power, and power purchased on the wholesale market. Currently, 50% of SMUD’s power comes from
non-carbon-emitting resources, and 26% of SMUD’s power meets the Renewable Portfolio Standard (RPS)
outlined by the state of California.

5 Sacramento Municipal Utility District (SMUD). Our Board of Directors. Available at: https://www.smud.org/en/about-
smud/company-information/board-of-directors/

Figure 7. Map of SMUD’s service territory. The territory is divided into seven
wards (numbered above), each of which is represented by a board member
elected to SMUD’s Board of Directors. Source: SMUD
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While SMUD’s SD-9 commitments and
actions promote renewable energy and
distributed energy resources, there are
additional opportunities to support
policies and initiatives consistent with
SD-7. The California Climate Strategy
pillars shown in Figure 8 place clear
emphasis on efficiency, renewables,
and even vehicle electrification – all
areas closely aligned with SMUD
programs. Through its Climate
Readiness Assessment and Action Plan,
and work with the Department of
Energy’s Partnership for Energy Sector
Climate Resilience SMUD is actively
safeguarding California and its
customers through improving
resilience of energy infrastructure to
extreme weather and climate change
impacts and strengthening energy
security. However, SMUD’s strategies
around carbon sequestration in the
land base and reducing short-lived
climate pollutants (SLCP) are more nascent. The Pilot Natural Refrigerant Incentive Program is a first-of-its-
kind offering that provides incentives to customers for the direct emission reductions associated with use of
natural refrigerants in place of high-global warming potential hydrofluorocarbons. However, SMUD’s efforts to
promote carbon sequestration in the land base have been limited, with shade trees being the primary program

through which SMUD directly promotes carbon sequestration.

In addition to the focus on maximizing landscape carbon at the state
level through initiatives such as the Proposed Natural and Working
Lands Climate Change Implementation Plan and the CALAND model6,
there are two key work streams underway in the region that make a
focus on landscape carbon and biosequestration timely. First, The
Nature Conservancy (TNC) has been working with partners in both
Sonoma and Merced County to improve understanding of the role that
carbon storage and sequestration can play in conservation planning.
Published with the Sonoma County Agricultural Preservation and Open
Space District in January, 2016 The Climate Action Through Conservation
Project through work established TNC’s framework “for local
governments, land managers, and planners to understand the links
between climate benefits and conservation values and incorporate that
knowledge into decisions about land use and land management.”7 The
effort developed a county-wide inventory of landscape carbon, and

6 Information on the most recent (October 13, 2017) workshop materials on these two items can be found here:
https://www.arb.ca.gov/lispub/rss/displaypost.php?pno=10594
7 The Nature Conservancy and Sonoma County Agricultural Preservation and Open Space District. 2015. Conserving
Landscapes, Protecting the Climate: The Climate Action through Conservation Project. San Francisco and Santa Rosa, CA. 28
pages plus appendices.

Figure 8. California Climate Strategy Pillars
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projected future changes in that carbon reservoir based on baseline scenarios, in addition to evaluating
scenarios in which conservation treatments are used to promote carbon sequestration. TNC found that that
conservation could sequester an additional 4 million metric tons carbon dioxide-equivalent (MTCO2e) by 2050
relative to the baseline scenario. TNC is expanding upon this framework through similar work in Merced
County, incorporating more robust modeling of agricultural lands and soils.

Locally, a two year project undertaken in collaboration with the Sacramento Area Council of Governments
(SACOG) and Environmental Council of Sacramento (ECOS) assembled a large amount of natural resource data
in the six-county Sacramento region in order to investigate the potential complementarity, co-benefits, and
trade-offs associated with sustainability planning in the region. In addition, a project funded by U.S. EPA is just
being launched that will use this spatial framework to incorporate human health factors and ecosystem service
valuation into priority setting for regional sustainability. This effort aims to incorporate carbon sequestration
data into its analysis using the same framework.

Figure 9. Alignment of Landscape Carbon Assessment Study with State and Regional policy priorities

The current work situates SMUD squarely in line with policy priorities and efforts at the state, regional, and
local level, and as a contributor in particular to the SACOG and ECOS sustainability planning efforts. The data
generated through this work will inform the SACOG and ECOS work, and support broader implementation of
landscape carbon analysis at the county level.

1.1 OBJECTIVES
While recognizing the conceptual value that community lands can play in mitigating climate change is not
novel, the goals of this study are to push that conceptual understanding further by quantifying the mitigation
potential in Sacramento County, and understanding how that mitigation can be maximized and prioritized
alongside other ecosystem services. Through improved data and a demonstrated methodology for integrating
landscape carbon into conservation planning, carbon can become an actionable variable in conservation and
land use planning. This study has not attempted to quantify the co-benefits of conservation on water quality,
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biodiversity, fire prevention, promotion of native vegetation, or resiliency. Instead, the data developed on
landscape carbon will serve as one input to broader integrated conservation and land use planning. A key
component of this work was to test and demonstrate the viability of coupling this data with additional
conservation priorities, the data for which was independently developed. The five technical objectives of this
study include:

Project Goals Project Outcomes

Quantify the current landscape carbon
storage in Sacramento County, prioritizing
existing and available data

à
GIS-based model that incorporates soil and
biomass carbon densities and quantifies
landscape carbon storage

Forecast Sacramento County landscape
carbon storage under varied land use
projections

à
Model incorporating forecast data based on
land use constraints and population dynamics

Develop and test method for incorporating
carbon as an explicit conservation benefit in
land use decision-making frameworks

à
Marxan-based model that optimizes
conservation designs using carbon as an input
variable

Explore the potential for landscape carbon
sequestration projects in Sacramento à

Three project concept reviews assessing
suitability, carbon potential, and cost
considerations

Expand understanding of the technical
potential for increasing landscape carbon
storage in Sacramento County

à
Quantified technical potential based on land
use outcomes and incorporating conservation
actions

In addition to the technical outcomes, an important methodological priority is to leverage existing data, and
align with prior and planned efforts. To this end, the team coordinated closely with The Nature Conservancy,
the state agency staff, and others who have developed methodology and data and were able to share insights
into best practice. This priority was important for two reasons. In addition to providing cost efficiencies,
leveraging and aligning with prior and concurrent efforts helps to build consistency, compatibility and
comparability. Sacramento, Sonoma, and Merced counties can achieve meaningful climate mitigation through
proactive land use and conservation planning, but to avoid the worst impacts of climate change will require
widespread adoption of similar frameworks and thinking not just across California, but the planet. This effort is
one contribution to that dialog and ongoing work.

This project covers the geographic area of Sacramento County. This region was selected due to its general
alignment with SMUD service territory, availability of data, and appropriate scale. In order to support future
SACOG work, it is anticipated that this exercise may need to be expanded and refined to extend to the six-
county region. Accordingly, while the outcomes of this project include estimates of landscape carbon
inventories and potentials, these are intended as initial results subject to further refinement. Results should be
treated with due care, recognizing that they are directionally reliable, but, due to data limitations, are not as
spatially precise as would be required to make specific planning decisions. The results, as shown in Chapter 5,
do highlight regions that are high priorities, but these results should not be used at the parcel level, nor used
without further on-the-ground validation for funding or planning decision-making.
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In order to promote the ongoing refinement of this methodology, throughout the report we document
opportunities to improve the methodology and data. Some of these opportunities were not pursued due to the
initial scope of this study, and some because there remains uncertainty about the relative benefit. Nonetheless,
to be fully transparent these are discussed and documented in Chapter 6 of the report.

Finally, this work is intended to educate policy and decision makers on the opportunities that landscape carbon
and biosequestration provide for the region. The groundswell of activity in Sonoma, Merced, and Sacramento
counties, combined with efforts at the state level, provide a wealth of data that, if properly leveraged, can help
to align economic, social, and environmental sustainability priorities.

1.2 ORGANIZATION OF THE REPORT
This report is organized into four chapters. Chapter 2 outlines the methodology that was developed to model
landscape carbon inventories and forecast scenario-based biosequestration potential for Sacramento County.
The methodology documents data sources, processing, and analyses. Through transparent discussion of the
methodology and its limitations, our goal is that it may serve as a resource for future practitioners.

Chapter 3 summarizes the findings of the current landscape carbon inventory and potential future inventories
based on projected land use scenarios. The results demonstrate that the model is responsive to future land use
scenarios, and capable of representing the carbon implications of development paths.

Chapter 4 explores how to move from reactive modeling – i.e., how do potential scenarios translate into carbon
impacts? – to proactive planning. Through integration into a Marxan model that considers multiple
conservation priorities, the data is used to inform development and conservation planning. This chapter
documents the process and preliminary results. We emphasize that these results are preliminary and based on
simplified modeling, but also highlight that the intent of this exercise was as a proof-of-concept to demonstrate
that there is a viable method to consider carbon as a key conservation input alongside other priorities.

In Chapter 5, we document three distinct project concepts that have the potential to increase landscape carbon.
While the scenarios modeled previously consider the impact of land use or land cover change, the project
concepts explore how improved management can increase landscape carbon without shifts to land use and
land cover. The three concepts are evaluated on the basis of their technical potential and maturity, their
suitability to Sacramento, and potential cost effectiveness. While these are not an exhaustive list of
management opportunities, they are intended to highlight the existing research and breadth of opportunities
to positively impact landscape carbon in the region. Similarly, they highlight the fact that any discussion of
landscape carbon must be local, and that opportunities must be evaluated in a geographically distinct
framework.

Chapter 6 discusses opportunities to expand and refine the methodology with additional time and resources,
recognizing that new datasets, methodologies and models are being developed in parallel to this work. This
section includes suggestions from the workgroup and the technical experts involved in this project in the
hopes of informing a future phase 2 of this work.
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1.3 WORKGROUP AND ACKNOWLEDGEMENTS
As a key component of this landscape carbon evaluation, SMUD composed a small workgroup of stakeholders
with prior experience working to integrate landscape carbon into conservation and planning prioritization
frameworks, who were currently engaged in prioritizing carbon as a decision criteria, or whose work could be
informed by the outcomes of this effort. The following organizations and their representatives shared their
experiences, insights, priorities, and time throughout this process, and their guidance helped improve the
methodology and findings, as well as point the direction for future improvements and next steps. The County
of Sacramento was also invited to participate and was provided periodic updates and draft materials.

Environmental Council of Sacramento
The Environmental Council of Sacramento (ECOS) is a coalition of environmental and
social organizations working for social equity, public health and environmental
sustainability in the Sacramento region, through land use and transportation
planning, and habitat and agricultural preservation. ECOS's Conservation Committee,
Habitat 2020, has worked for over a decade in developing a comprehensive regional
conservation strategy, including partnership with UC Davis, SACOG, Sacramento
County, and TNC for the construction of a regional natural resources data inventory.

The Nature Conservancy
The Nature Conservancy has been developing and advancing the role of nature as a
key part of climate mitigation strategies in California and globally for over 25 years.
In California, this includes the development of greenhouse gas reduction estimates
and accounting methods for natural and working lands at the landowner, county and
state scales.

Sacramento Area Council of Governments
The Sacramento Area Council of Governments (SACOG) is an association of local
governments in the six-county Sacramento Region. Its members include the counties
of El Dorado, Placer, Sacramento, Sutter, Yolo, Yuba and the 22 cities within. SACOG
provides transportation planning and funding for the region, and serves as a forum
for the study and resolution of regional issues.

This workgroup was further supported by a technical advisory committee, whose members each brought
specific domain expertise and insights. Their review of initial findings provided additional clarity, refinement,
and identified opportunities for pursuing future work. Throughout this effort, additional experts were also
generous with their time, knowledge and expertise, and contributed to the methodology and data used in this
study. This was a data intensive exercise with a priority on leveraging best practice and existing data sources.
Each was instrumental in helping the team understand existing methodologies and data, and exploring best
practice to integrate prior work and evolve appropriate methods for this effort.

The project team is grateful for the contributions of the following workgroup members, technical
reviewers, and experts: Matthew Baker, Environmental Council of Sacramento; Michelle Passero, The Nature
Conservancy; David Shabazian, Sacramento Area Council of Governments; Jason Ko, United States Forest Service; Jeffrey
Onsted, California Department of Conservation; Brian Shobe, California Climate & Agriculture Network; David Marvin,
The Nature Conservancy; John Nickerson, Climate Action Reserve; Klaus Scott, California Air Resources Board; Mark
Tukman, Tukman Geospatial
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METHODOLOGY
This section documents the methodology that was developed and used to estimate the current (data year 2014)
landscape carbon inventory in Sacramento County as well as inventories under three future land use scenarios.
The methodology can be broadly broken into several steps as shown in Figure 10, beginning with an
assessment of relevant land use and land cover (LULC) classifications, and ending with LULC-specific carbon
factors for relevant pools applied to the spatial distribution of each LULC across the county. To evaluate future
land use scenarios, new LULC layers were created and carbon pool estimates were calculated. Each step is
described in further detail in the sections below.

Figure 10. Overview of landscape carbon inventory process
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STUDY AREA
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2.1 LAND USE AND LAND COVER CLASSIFICATIONS
Land in Sacramento County was mapped into land cover classes using U.S. Geological Survey LANDFIRE 2014
data for vegetation type, height and cover.8  The LANDFIRE program, supported by the U.S. Department of
Agriculture Forest Service and U.S. Department of the Interior, is a long-term, satellite-based land cover
mapping program that differentiates land into general (e.g., water, developed and forest, among others) and
specific (e.g., development density and forest type, among others) land use and land cover (LULC) classes.
Furthermore, with multiple years of data and a standardized classification system, the datasets are versatile
and applicable to multiple types of analyses.  The Workgroup agreed that LANDFIRE datasets would be
appropriate for this analysis given that LANDFIRE is a well-established data product and had been used for
TNC’s Sonoma County land carbon project9 with relative success.

Given this past project success and in an effort to build upon existing knowledge and experience, multiple
experts from the Sonoma County project were contacted to discuss the technical aspects of getting to the most
appropriate LULC classes for Sacramento County.  This classification process is particularly important because
it impacts how carbon densities are applied to each LULC class later in the workflow of the project.  During our
discussions, the following two major themes emerged:

¾ Agriculture: Properly classifying agriculture is important given that various types of agriculture have
very different carbon densities based on their dissimilar biomass characteristics.10  For example,
orchards are perennial plants with woody biomass and higher carbon densities than crops that are
grown annually.  Based on this knowledge and in order to align with TNC’s Merced County project,
agriculture was separated into the following three categories to account for the carbon sequestration
differences: general agriculture (agriculture that excludes all orchards and vineyards, for example,
cropland and pasture), orchards, and vineyards.

¾ Urban Forest: LANDFIRE classifies urban or developed areas into multiple categories including low,
medium and high density developed areas, roads and urban vegetation (e.g., shrubs, grassland and
forest).  Although it is possible that the various development densities have different tree canopy area,
it is difficult to collect this resolution of data.  Consequently, smoothing out the urban areas into one
class is an appropriate classification given data availability.  This approach was used in the Sonoma
County project11, and was also applied to this Sacramento County project.

These discussions and emerging trends were particularly applicable to Sacramento County given that urban
centers and agriculture dominate the land area of the county. Several data collection and processing steps were
performed to prepare the 2014 LANDFIRE existing vegetation type (EVT), height (EVH) and cover (EVC) datasets
(rasters with 30m x 30m pixel resolution) 12 for further landscape carbon analysis13.  In order to align with

8 LANDFIRE Existing Vegetation Type, Height and Cover Layers.  Data year 2014, released in 2017. U.S. Department of
Interior, Geological Survey. Online at: http://landfire.cr.usgs.gov/viewer/
9 The Nature Conservancy and Sonoma County Agricultural Preservation and Open Space District. 2015. Conserving
Landscapes, Protecting the Climate: The Climate Action through Conservation Project. San Francisco and Santa Rosa, CA. 28
pages plus appendices.
10 Personal communications with John Nickerson (July 25, 2017 and September 7, 2017) and Dave Marvin (August 1, 2017).
11 Personal communication with Mark Tukman (August 15, 2017).
12 LANDFIRE Existing Vegetation Type, Height and Cover Layers.  Data year 2014, released in 2017. U.S. Department of
Interior, Geological Survey. Online at: http://landfire.cr.usgs.gov/viewer/
13 The Sacramento County shapefile used to set the study area for all datasets was downloaded from the following source:
U.S. Geological Survey.  The National Map Small Scale Dataset.  Online at: https://nationalmap.gov/small_scale/index.html
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Table 1. Descriptions of how LULC classes were defined for the Sacramento County study area.

LULC Designation Description
Agriculture: General This category includes all agriculture except orchards and

vineyards, specifically row crops, close grown crops, wheat,
fallow/idle cropland and pasture and hayland as defined in
LANDFIRE.

Agriculture: Orchard This includes all Western Warm and Western Cool Temperate
Orchards as defined in LANDFIRE.

Agriculture: Vineyard This includes all Western Warm and Western Cool Temperate
Vineyards as defined in LANDFIRE.

Barren This designation includes all barren lands with sparse vegetation
cover.

Forest Forest includes all deciduous and coniferous tree-dominated
landscapes as defined by LANDFIRE. The majority forest cover in
Sacramento County includes foothill pine woodland and savanna
followed by oak forests and woodlands.

Grassland This category accounts for herbaceous landscapes as defined in
LANDFIRE.  Introduced upland vegetation-perennial grasslands
and annual grassland make up a majority of the grassland land
cover in Sacramento County.

Shrubland Shrublands accounts shrub-dominated landscapes as defined by
LANDFIRE.  Shrublands in Sacramento County were mainly mesic
chaparral.

Urban/Developed Urban areas included low, medium and high density
development, roads, and areas designated as urban or developed
forest, shrubland, grassland or herbaceous.

Water This included all open water categories.

carbon densities delineated by the California Air Resources Board (ARB)14, EVT, EVH and EVC datasets were
combined in ArcGIS to get multiple combinations of each within Sacramento County.  This process resulted in
over 2,000 unique combinations in Sacramento County that were later matched with specific carbon densities
that ARB created for the entire State of California.  From these unique combinations and based on the

14 Battles, J.J., Gonzalez, P., Robards, T., Collins, B.M. and D.S. Saah.  2014.  California Forest and Rangeland Greenhouse Gas
Inventory Development: Final Report.  Produced for the State of California Air Resources Board.  Online at:
https://www.arb.ca.gov/cc/inventory/pubs/battles%20final%20report%2030jan14.pdf
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discussions documented above, each EVT, EVH and EVC combination was classified into the following general
land cover classes for further analysis: Agriculture: General, Agriculture: Orchard, Agriculture: Vineyard,
Barren, Forest, Grassland, Shrubland, Urban/Developed, Water. Table 1 provides further information on how
these categories were defined.  The final LULC classes and associated 2014 acreage for this analysis are shown in
Figure 11.

Figure 11. Land use and land cover classifications derived from the LANDFIRE 2014 data for Sacramento County.

The Sacramento landscape is dominated by urban/developed and agricultural LULCs, with approximately 42
percent and 28 percent of the county’s acreage, respectively. While conversion to urban/developed generally
reduces landscape carbon, there are opportunities to store additional carbon in this cover class through urban
forestry and other activities, as discussed in Chapter 5. Opportunities related to agricultural practices are also
discussed. Forests, grasslands, and shrublands each have lower coverage than urban/developed and
agriculture, but as discussed later in this chapter, the carbon densities in these cover classes can be
significantly higher.
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ALTERNATIVE LULC DATASETS EVALUATED

¾ FVEG Dataset: Along with the LANDFIRE dataset, the California Fire and Resource Assessment
Program recently released a 2015 FVEG land use and land cover dataset that compiles the "best
available" land cover data available for California into a single comprehensive statewide data set. The
data span a period from approximately 1990 to 2014, so there are multiple data years that make up a
single dataset.15  This dataset is very similar to the LANDFIRE data, but was not chosen for the
following reasons:

¾ LANDFIRE datasets represent one year of land use and land cover.  There are multiple years
of LANDFIRE datasets, so they can be compared to see change over time if necessary.

¾ The ARB carbon densities described below align directly with LANDFIRE classes, facilitating
less uncertainty in aligning factors with land cover classes and developing inventory
calculations.

¾ Agriculture Classifications: LANDFIRE resolution limits the ability to accurately classify different
types of agriculture at a county or local level.  The following options were considered for detailed
agriculture land classifications16:

¾ TNC is currently developing detailed agricultural classifications which could be used by
applying crop/commodity-specific factors from Saah et al. 2015.  However, the detailed
classifications were not available at the time of this study, so we used the LANDFIRE
classifications.

¾ The California Department of Water Resources recently released a dataset with detailed
agricultural classifications.  This dataset was not released in time to be included in this study,
but may be another consideration for granular agriculture classifications to which the Saah
et al. 2015 crop/commodity specific carbon densities could be applied.

2.2 CARBON POOLS AND DENSITY FACTORS
Carbon is stored in multiple places in landscapes, whether it be in live biomass like trees, grasses or shrubs or in
deadwood and litter and duff produced by live biomass. Table 2 outlines the assessment boundaries used to
quantify carbon in Sacramento County.  Consistent with prior work in other counties, certain carbon pools
were excluded because they are likely to have a negligible contribution to the overall carbon inventory and are
not expected to materially impact the outcome of the landscape carbon analyses completed for this study.
While Sonoma County’s assessment was used as a guide, discussions with individuals engaged in that work
indicated the importance of breaking out vineyards and orchards from agriculture given their carbon storage
potential and economic importance to the region.  The following subsections outline the carbon density data
collection and development process.

15 California Fire and Resource Assessment Program.  FRAP Vegetation (FVEG15_1).  Online at:
http://frap.fire.ca.gov/data/statewide/FGDC_metadata/fveg15_1.xml
16 Personal communication with Dave Marvin (August 1, 2017).
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Table 2. Carbon assessment boundaries for the Sacramento County study area.

Land Cover Classes
ò = Included
ò = Excluded

Forest Grasslands Shrublands Agriculture Urban Barren
Lands

Water

Ca
rb

on
Po

ol
s

Soil organic carbon ò ò ò ò ò ò ò
Standing live and
deadwood (trees)

ò ò ò ò ò ò ò

Litter and duff ò ò ò ò ò ò ò
Lying dead wood ò ò ò ò ò ò ò
Shrubs (Forests) ò ò ò ò ò ò ò
Shrubs ò ò ò ò ò ò ò
Grasses ò ò ò ò ò ò ò
Crops and Pastures ò ò ò ò ò ò ò
Orchards ò ò ò ò ò ò ò
Vineyards ò ò ò ò ò ò ò
Harvested wood
products and landfill

ò ò ò ò ò ò ò

2.2.1 SOIL ORGANIC CARBON

The U.S. Department of Agriculture Natural Resources Conservation Service publishes a spatial soil survey that
includes California.17  The gridded Soil Survey Geographic (gSSURGO) Database is intended for national,
regional, statewide and local resource planning and analyses, and provides soil organic carbon densities (grams
of carbon per m2) for specified soil types and associated depths.

After resampling the gSSURGO data from 10m x 10m pixels to 30m x 30m pixels to align with the LANDFIRE
pixel size, the 2014 LANDFIRE datasets were combined with the gridded SSURGO data in order to match soil
types with the existing vegetation type, height and cover classes.  After the area of these combinations was
calculated, the corresponding soil organic carbon density (grams of carbon per square meter) was applied. Soil
carbon was evaluated at the 0-30cm depth range consistent with TNC’s Sonoma County analysis.18  Soil carbon
totals were then aggregated to the nine land covers specified above. Because the resolution of the SSURGO soil
organic carbon data does not account for soil carbon impacted by landscapes modified by urban development
or agricultural activity,19  soil organic carbon estimates were adjusted to 48 percent of the original SSURGO
calculations for urban, agricultural (Agricultural: General, Agricultural: Orchard, Agricultural: Vineyard) and
barren land classes to reflect the decomposition of soil converted from natural land cover types to modified

17 United States Department of Agriculture, Natural Resources Conservation Service.  Released November 29, 2016.
Gridded Soil Survey Geographic (gSSURGO) Database for California. Online at: http://datagateway.nrcs.usda.gov/.
18 The Nature Conservancy and Sonoma County Agricultural Preservation and Open Space District, 2015, Appendix B p. 49.
19 The Nature Conservancy and Sonoma County Agricultural Preservation and Open Space District, 2015, Appendix B p. 49.
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types.  The 48 percent factor was selected based on a 2014
paper20 that compared data from 453 sites globally and
determined there to be 52 percent loss in soil carbon in
temperate regions when converting forest to agriculture
land.  A 70 percent soil carbon loss factor (30 percent of the
carbon would be lost from the soil due to conversion)
presented in VandenBygaart et al. 200321 and referenced in
TNC’s Sonoma County report was also considered, but the
48 percent value was selected as it yields a more
conservative soil carbon estimate.  Furthermore, while the
conversion to agricultural lands is not the same as
conversion to urban areas and may have a different soil
carbon loss factors, research on the conversion to
agricultural lands is more prevalent, so the same loss factor
was used for both agriculture and urban conversions.  A
second phase of this Sacramento County study should
further refine the soil carbon loss factor assumptions for
these various land conversions to understand the
differences in factors.

After all of the 2014 carbon estimates were aggregated to LULC classes and the 48 percent factor applied to
urban, agriculture and barren land areas, soil organic carbon densities (metric tons CO2e per acre ) that could
be used to evaluate current LULC and projected LULC based on development scenarios were calculated.  Given
the uncertainty of how the landscape will change in the future, carbon density factors for all LULCs were kept
constant in the 2050 estimates, thus assuming no further degradation associated with development or
agricultural uses. Table 3 provides the soil organic carbon sequestration factors calculated from the LANDFIRE
2014 and SSURGO data.

Table 3. Soil organic carbon density factors used for calculations for the Sacramento County study area.

Land Use or Land Cover MTCO2e/Acre
Agriculture: General 54
Agriculture: Orchard 36
Agriculture: Vineyard 30
Barren 4
Forest 25
Grassland 43
Shrubland 28
Urban/Developed 14
Water 0

20 Wei, X., Shao, M., Gale, W. and L. Li.  2014.  Global pattern of soil carbon losses due to the conversion of forest to
agricultural land
21 VandenBygaart, A.J., Gregorich, E.G., and D.A. Angers.  2003.  Influence of agricultural management on soil organic
carbon: A compendium and assessment of Canadian studies.  Canadian Journal of Soil Science, 83: 363-380.  Online at:
http://www.nrcresearchpress.com/doi/abs/10.4141/S03-009

A NOTE ABOUT THE UNITS USED IN THIS
STUDY

Landscape carbon and carbon densities are
often expressed in units of mass carbon/unit
land area, rather than as CO2e/land area. The
latter is standard for expressing exchange
with the atmosphere (flux). All units in this
report are presented in MTCO2e in order to
avoid confusion, and emphasize the
potential impact that the landscape carbon
would have if released to the atmosphere.
MTCO2e can be converted to metric tons of
carbon by dividing the MTCO2e by 3.67 (ratio
of the molecular weight of carbon dioxide to
carbon or 44/12).
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2.2.2 BIOMASS CARBON

A majority of the pools listed in Table 2 – including standing live and dead trees (forests and urban forests),
forest litter and duff, forest lying deadwood, forest shrubs, shrublands, grasslands, and agriculture (crops and
pasture, orchards, and vineyards) – are comprised of biomass carbon.  TNC’s Sonoma County project compiled
multiple methods to quantify carbon for these pools, all of which were reviewed and evaluated. Through
consultation with ARB, a database22 ARB has developed on biomass and carbon densities for combinations of
LANDFIRE vegetation types, heights and cover classes for wildlands in the entire State of California was selected
instead.

In the context of the ARB data, wildlands are generally all areas within California except for land classified as
agricultural or urban.  Furthermore, the database also provides factors for agriculture vegetation types and
county-specific urban forests, allowing for a comprehensive set of factors to be used for Sacramento County
calculations. Table 4 maps the ARB classifications, general land cover classifications and associated carbon
pools used in this study.  These datasets are a result of work completed23 and updated24 by ARB in recent years
for the Forest and Natural Lands portion of California’s Greenhouse Gas (GHG) Inventory25.  Given that these
datasets and carbon factors align with LANDFIRE, are California-specific, and were integral in ARB’s recent GHG
inventory work, the workgroup agreed that using these data would be relevant and applicable to Sacramento
County for this analysis.

Table 4. Relationships between LULC classifications defined for this study, carbon pools and ARB classifications.

LULC Classification Used in this Study ARB Classification Carbon Pool
Agriculture: General Agriculture Crops and pastures
Agriculture: Orchard Agriculture Orchards
Agriculture: Vineyard Agriculture Vineyards
Barren Land Wildlands Shrubs and grasses*
Forest Wildlands Standing live and deadwood (trees), litter and

duff, lying dead wood, shrubs (Forests)
Grassland Wildlands Grasses
Shrubland Wildlands Shrubs
Urban/Developed Urban Standing live and dead wood (trees)
Water Wildland Excluded from this analysis

*Barren lands generally have no or sparse vegetation.  The ARB factors account for a minimal amount of aboveground
biomass likely to be shrubs or grasses, so barren lands contribute a small quantity of carbon storage on the landscape.

22 Personal communication with Klaus Scott (August 22, 2017).
23 Gonzalez et al. 2014.
24 Saah, D., Battles, J., Gunn, J., Buchholz, T., Schmidt, D., Roller, G., and S. Rosmos.  2015.  Technical improvements to the
greenhouse gas (GHG) inventory for California forests and other lands. Submitted to: California Air Resources Board,
Agreement #14-757. 55 pages.  Online at: https://www.arb.ca.gov/cc/inventory/pubs/arb_pc173_v004.pdf
25 California’s Forest and Other Natural Lands Inventory can be found online at:
https://www.arb.ca.gov/cc/inventory/sectors/forest/forest.htm
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This analysis applied the wildland, agricultural and urban forest densities to the LANDFIRE 2014 vegetation
type, height and cover class combinations26 aforementioned in the Land Use and Land Cover Classifications
section as follows:

¾ Wildlands: Carbon factors (metric tons of carbon per hectare) that accounted for above and
belowground biomass were multiplied by the land area of each combination of vegetation type, height
and cover class, converted to CO2e, and the totals were aggregated to the LULC classifications used in
this study.

¾ Agriculture: The ARB data provided carbon factors (metric tons of carbon per hectare) by LANDFIRE’s
existing vegetation type category.  This granularity allowed for the separation of orchards and
vineyards from other types of agriculture.  Carbon factors were multiplied by the land area of each
agricultural vegetation type, converted to CO2e, and the totals were aggregated to the Sacramento
County LULC classifications.  Saah et al. 2015 describes the methodology to derive the carbon factors in
detail, but a quick summary of the methods is below:

¾ Crops and Pasture: For crops, Saah et al. 2015 weighted biomass and carbon values based on
statewide acreage allocation of multiple crop types where data were available.  A single
weighted statewide carbon stock value for aboveground biomass was then calculated from
these multiple crop types.27

¾ Orchards and Vineyards: A literature review of biomass and above and below ground carbon
estimates for orchards and vineyards yielded data for almonds avocadoes, oranges and grapes.
Saah et al. 2015 calculated carbon content by using published data on tree or vine biomass
estimates and the typical planting density of each species.28

¾ Urban: The ARB data contained urban forest carbon densities (metric tons of carbon per hectare) by
county, so the Sacramento County factor was applied to all Urban/Developed area and converted to
CO2e.  Saah et al. calculated this single factor from urban forest biomass stock data that consisted of
multiple data inputs including but not limited to tree plot data, itree canopy cover data, parcel and land
use data, and climate zone data as described in Bjorkman et al. 2015.29

After all 2014 carbon estimates were aggregated to LULC classes, carbon densities (metric tons CO2e per acre)
were calculated on the aggregate data and applied to the LULC land areas for the 2050 development scenarios
described in the Future Land Use Scenarios section below.  Given the uncertainty of how the landscape will
change in the future, sequestration factors for all LULCs were kept constant in the 2050 estimates to provide an
order of magnitude emissions figure. Table 5 provides the biomass carbon sequestration factors used for this
study.

26 There were a few instances where Sacramento County combinations did not match those of the ARB data so no carbon
factors matched.  In these cases, a weighted average of that specific LULC class’s factors was applied that to these
unmatched combinations.  When excluding the water land class, this accounted for roughly 2% of the land area in
Sacramento County and is likely due to the precision and resolution of the LANDFIRE data.
27 Saah et al. 2015, p. 18-21.
28 Saah et al. 2015, p. 13, 16-17.
29 Bjorkman, J., J.H. Thorne, A. Hollander, N.E. Roth, R.M. Boynton, J. de Goede, Q. Xiao, K. Beardsley, G. McPherson, J.F.
Quinn. 2015. Biomass, carbon sequestration and avoided emission: assessing the role of urban trees in California.
Information Center for the Environment, University of California, Davis.
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Table 5. Biomass carbon density factors used for calculations for the Sacramento County study area.

Land Use and Land Cover MTCO2e/Acre
Agriculture: General 9
Agriculture: Orchard 27
Agriculture: Vineyard 6
Barren 3
Forest 145
Grassland 10
Shrubland 106
Urban/Developed 14
Water 0

ALTERNATIVE DATASETS EVALUATED

Forests

¾ The 2013 FIA forest carbon raster layer could be used to calculate carbon for forest sources .  Given
that the ARB dataset incorporates FIA data into its forest calculations and has detailed factors for
each LANDFIRE combination of existing vegetation type, height and cover class in California, it was
selected as a comprehensive dataset for all biomass sources.30

¾ The Oregon State University Landscape Ecology, Modeling, Mapping, and Analysis (LEMMA) program
dataset likely has more refined classifications than LANDFIRE, but does not align as well with the ARB
carbon densities provided by ARB.  LEMMA could be used for future analyses, but its advantages
must be weighted against alignment with ARB.31

Forest Litter and Duff, Lying Deadwood, Shrubs

¾ The Sonoma County study used the US Forest Service’s Carbon Online Estimator (COLE) to calculate
carbon from these sources.  COLE uses continuously updated data from regional and local forest to
provide tons of carbon per hectare for specific forest types and species.  The COLE methodology was
established prior to the ARB dataset being complete.  While these COLE factors could be mapped to
LANDFIRE classes, as specified in the Sonoma County methodology, ARB’s dataset included these
carbon sources in their aboveground and belowground carbon factors.32

Grasslands

¾ In its Sonoma County work, TNC applied a 1 MTCO2e/acre aboveground biomass carbon density for
grasslands due to the fact that it is very difficult to quantify carbon factors for grassland.  The ARB
dataset used in this study did contain grassland density factors that were similar to the TNC factor.

30 Wilson, B.T., Woodall, C.W., and D.M. Griffith.  2013.  Imputing forest carbon stock estimates from inventory plots to a
nationally continuous coverage.  Carbon Balance and Management, 8 (1).  Online at:
https://cbmjournal.springeropen.com/articles/10.1186/1750-0680-8-1
31 Oregon State.  Landscape Ecology, Modeling and Mapping Analysis: GNN Structure (Species-Size) Maps.  Data posted
August 2014.  Online at: https://lemma.forestry.oregonstate.edu/data/structure-maps
32 FIA COLE data can be found online at: https://www.fs.usda.gov/ccrc/tools/cole
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2.2.3 HARVESTED WOOD PRODUCTS AND LANDFILL

Carbon persists in solid form for extended periods of time as wood products in use and as decomposing discards
in landfills.  Carbon from this source was calculated following the Climate Action Reserve’s Harvested Wood
Products Calculation Worksheet as described in the TNC Sonoma County methodology33 using annual timber
harvest data from the State of California’s Board of Equalization34 by converting harvest volume, reported in
board feet log volume, into sawtimber CO2e (Table 6).

Table 6. Data conversions used to convert harvested log volume into metric tons of CO2e stored.35

Data unit in Conversion* Data unit out
Log volume in thousand board
feet (scribner long volume)

145 Log volume in cubic feet

Log volume in cubic feet 0.0283 Log volume in cubic meters
Log volume in cubic meters 0.675 Sawtimber in cubic meters. Conversion is a measure

of mill efficiency.
Sawtimber in cubic meters 0.3990 Sawtimber biomass. Conversion is the specific

gravity in softwoods.
Sawtimber biomass 0.5 Sawtimber carbon
Sawtimber carbon 3.67 Sawtimber CO2e
Sawtimber CO2e 0.76 Sawtimber remaining long-term (100 years) in wood

products and/or in landfill.

*All conversion units based on guidance from Climate Action Reserve from Harvested Wood Products Calculation
Worksheet guidance (http://www.climateactionreserve.org/how/protocols/forest/).

Timber yields for the past decade indicate that Sacramento County has had zero or negligible yield, so after
thorough evaluation this carbon pool is considered to be de minimis and set equal to zero.

2.3 CALCULATING LANDSCAPE CARBON IN SACRAMENTO COUNTY
Based on the LULC classifications and LULC-specific carbon pool densities developed, calculating the landscape
carbon inventory is a relatively straightforward exercise, applying a carbon density to the acreage of each
LULC.  Biomass carbon and soil carbon quantities are then aggregated to calculate a total carbon sum for each
LULC in study area, as shown in Figure 12.

33 Table adapted from The Nature Conservancy and Sonoma County Agricultural Preservation and Open Space District,
2015, Appendix B p. 57.
34 California State Board of Equalization: Timber Yield Tax Harvesting Statistics.  California Timber Harvest by County 1994-
2015.  Online at: http://www.boe.ca.gov/proptaxes/timbertax.htm
35 Table adapted from The Nature Conservancy and Sonoma County Agricultural Preservation and Open Space District,
2015, Appendix B p. 57.

http://www.climateactionreserve.org/how/protocols/forest/
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Figure 12. Conceptual landscape carbon quantification methodology

2.4 FUTURE LAND USE SCENARIOS

2.4.1 UPLAN URBAN GROWTH MODEL BACKGROUND

Development scenarios modeled out to 2050 were used to understand how future development may impact
landscape carbon quantities in Sacramento County.  Modeling to 2050 aligns with SMUD’s Board objectives,
California’s Climate Action Plan, and prior work by TNC in Sonoma County and Merced County. Three
methodologies were considered for projecting land carbon densities under business-as-usual. The first method,
aligned with jurisdictional accounting, evaluates a historical trend and extrapolates it linearly to estimate
future land use and emissions. This method is useful in carbon crediting regimes because it helps to provide an
accounting backstop to manage leakage. However, it does not consider existing land use constraints or zoning,
and was therefore not selected. The second method considered would use Sacramento County’s full build out
scenario from the South Sacramento Habitat Conservation Plan (SSCP)36.  When compared to UPlan, which is a
development scenario for the State of California, the SSCP plan has the advantage of being Sacramento-specific
and accounts for conservation; however, at the time of this report, the data granularity needed for this analysis
was not available.  The final option uses the UPlan Urban Growth Model developed by the UC Davis Information
Center for the Environment (ICE). The UPlan method was selected because it provides, in addition to a
business-as-usual scenario, several alternative land use scenarios.  UPlan is a rule-based, spatially explicit urban
growth model that:

¾ Is based on a population projections, existing infrastructure and factors that would attract or
discourage development,

¾ Accounts for various urban growth and development policies,

¾ Is intended for regional or county level modeling, and

¾ Projects development to 2050.37

36 Sacramento County.  The South Sacramento Habitat Conservation Plan.  Online at: http://www.southsachcp.com/
37 UC Davis Information Center for the Environment.  UPlan: Urban Growth Model.  Online at:
http://ice.ucdavis.edu/project/uplan
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It is important to note that actual patterns of development are also influenced by factors other than those
specified above, and consequently, the UPlan model does not forecast exact development patterns, but rather
estimates the magnitude and spatial pattern of growth under different policies. 38  These estimates are useful in
understanding where development might occur and the land uses and land covers that it could affect.
Furthermore, UPlan’s multiple land use policy scenarios provide an opportunity to compare future scenario-
specific landscape carbon estimates to the 2014 base year inventory.  This study evaluated the following land
use scenarios from the UPlan model for Sacramento County39:

¾ Business as Usual (BAU): This scenario simulates legally permissible urban sprawl, and represents no
change in current California policy.  The percentage of population placed in each residential density
class is similar to current residential patterns as outlined by the 2010 US Census.  The model also
assigns new population to lower density residential classes that require more land area, creating more
of a sprawling effect than other scenarios.

¾ Compact New Growth (CNG): This scenario increases the density of new growth and situates it closer
to existing urban areas.  For example, much of the new population is situated in new, high density
living areas, and urban growth is concentrated around existing towns and cities.  High density
development has a higher percentage of new households than low density development when
compared to the BAU scenario.

¾ Infill (IF): This is a redevelopment scenario that adds a proportion of new growth inside existing urban
centers.  New population is placed in urban areas, causing some places to become denser than the BAU
and CNG scenarios.  Given these conditions, this scenario, amongst the three used in this study,
represents the least expansive urban sprawl.

2.4.2 APPLYING UPLAN TO SACRAMENTO COUNTY

Sacramento County UPlan data from the UC Davis Information Center for the Environment consists of 50m x
50m raster layers for the business-as-usual, compact new growth and infill scenarios.40  These data reflect urban
area by land use and density class (e.g., low and high density commercial, industrial, and multiple densities of
residential areas).  This detail of data clarifies the types of urban land uses being projected; however, for this
study, all urban land use and density categories were reclassified to represent one urban class so that the
county-specific soil carbon and biomass carbon factors mentioned previously could be applied to urban area.

Before being able to apply this urban forest carbon density, UPlan data was overlaid on LANDFIRE data to
create new LULC layers, effectively replacing certain areas of the LANDFIRE data with development data. UPlan
rasters were also resampled to a pixel size of 30m x 30m to align with the LANDFIRE resolution, and then a
UPlan mask was created by reclassifying the data into urban areas and non-urban areas.  Using raster
calculator, this mask was added to the 2014 LANDFIRE layer and data were reclassified into the LULC classes
defined previously in order to create final data layers for each scenario. Figure 13 depicts the final layers for
2014 and each 2050 scenario, clearly showing the impact that projected development may have on the
landscape. Areas for each LULC class were tabulated in ArcGIS, exported to Microsoft Excel and multiplied by
the biomass and soil organic carbon factors to get landscape carbon totals for each scenario.

38 Thorne, J.H., Santos, M.J., Bjorkman, J., Soong, O., Ikegami, M., Seo, C., and L. Hannah.  2017.  Does infill outperform
climate-adaptive growth policies in meeting sustainable urbanization goals? A scenario-based study in California, USA.
Landscape and Urban Planning (157), p. 483-492.
39 Scenario definitions from: Thorne et al., 2017, pp. 484 - 485.
40 Personal communication with Patrick Huber (August 16 and August 21, 2017).
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Figure 13. Land use and land cover in Sacramento County for 2014 historical data and the 2050 UPlan projections.



SACRAMENTO COUNTY LANDSCAPE CARBON ASSESSMENT WSP
December 2017

Page 28

LANDSCAPE CARBON INVENTORY FINDINGS
AND DISCUSSION

3.1 CURRENT INVENTORY AND FORECAST SCENARIOS
The results of the carbon inventory reflect that there is a substantial quantity of carbon sequestered by lands in
Sacramento County.  Based on LANDFIRE 2014, Sacramento County lands held roughly 36.3 million MTCO2e in
aboveground biomass, belowground biomass, and soils.  General agriculture, shrublands and urban areas make
up a majority (approximately 80 percent) of landscape carbon in the 2014 inventory (Figure 14).  Forests and
grasslands consist of about 16 percent of the landscape carbon in the county with the rest of the LULCs
accounting for approximately 3 to 4 percent of the inventory.  These results are intuitive given that urban,
agriculture and shrubland areas dominate the acreage of the county.  Furthermore, although forests only make
up approximately 3 percent (Figure 15) of county acreage, their high biomass and soil carbon sequestration
rates cause them to account for 8 percent of the 2014 inventory (Figure 14).

When comparing 2014 inventory results to those of the 2050 scenarios, the 2014 inventory aligns closely with
the infill scenario while the BAU and compact new growth scenarios show similar trends (Figure 14). About 0.5
million MTCO2e are lost in the infill scenario when compared to the 4 to 5 million MTCO2e lost in the BAU and
compact new growth forecasts (Table 7).  These results support the definitions of these scenarios in that the
infill scenario mainly increases existing urban density with little additional sprawl while the BAU and CNG
scenarios increase development outside of existing urban areas. Development from the BAU and CNG scenarios
has the largest impact on general agriculture land area, reducing acreage in that category considerably.
Development from these scenarios also significantly reduce the landscape carbon of both the general
agriculture and shrubland categories.  Projected development that replaces shrubland and general agriculture
exacerbates the carbon impacted because shrublands have a high biomass carbon density and general
agriculture has a high soil carbon density.  This trend will be important to consider when planning for future
development as developing over certain land covers without enhanced management or supportive policy
development, even if the land area is small, will have a higher carbon impact than others. Carbon storage can
be maintained and even enhanced with awareness of its potential and supportive policy development.
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Figure 14. Carbon contained in Sacramento County land by category for 2014 and the 2050 scenarios.

Figure 15. Land area by land use and land cover in Sacramento County for 2014 and the 2050 scenarios.
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Table 7. 2050 UPlan scenario net change in acreage and landscape carbon from 2014 for Sacramento County.

2050 BAU 2050 CNG 2050 Infill
Land Use and Land
Cover

Thousand
Acres

Net Carbon
Change (Million

MTCO2e)*

Thousand
Acres

Net Carbon
Change (Million

MTCO2e)*

Thousand
Acres

Net Carbon
Change (Million

MTCO2e)*
Agriculture: General -42 -3 -33 -2 -3 -0.2
Agriculture: Orchard -2 0 -1 0 0 0.0
Agriculture: Vineyard -6 0 -6 0 0 0.0
Barren -2 0 -2 0 0 0.0
Forest -6 -1 -5 -1 -2 -0.3
Grassland -17 -1 -16 -1 -1 -0.1
Shrubland -23 -3 -18 -2 -1 -0.1
Urban/Developed 99 3 82 2 8 0.2
Water -1 0 -1 0 0 0.0
Total 0 -5 0 -4 0 -0.5

* Carbon accounts for carbon stored in aboveground and belowground biomass and soils.  Numbers may not add up to the
total due to rounding.

3.2 TECHNICAL POTENTIAL
For the purposes of this study, the technical potential for improved carbon storage is defined as the difference
between the BAU scenario and alternative outcomes. The technical potential is an important consideration
because it represents the carbon value that can be generated from the landscape, either to supplement or allow
tradeoffs with alternative climate mitigation alternatives. For example, holistic planning should consider
landscape carbon in the context of transportation, energy, and short-lived climate pollutant emissions,
allowing each lever to be used in a cost-effective manner aligned with community, economic, and social needs.

The BAU UPlan scenario can be compared both to the current landscape carbon inventory as well as the
compact new growth and the best-performing infill scenario.  When considering only development scenarios as
a variable, the current inventory has the highest technical potential because there has not been additional
urban area added to the county, and landscape carbon storage is 5.2 million MTCO2e greater than the BAU
scenario, as shown in Figure 16. Furthermore, an infill scenario that densifies urban areas and reduces
development outside of urban boundaries provides an applicable approach to realizing the sequestration
potential of the current inventory, increasing landscape carbon by about 4.7 million MTCO2e relative to the
BAU scenario with the compact new growth scenario performing less well, as shown in Figure 17.
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Figure 16. Technical potential for landscape carbon in Sacramento County, showing the differences between the 2014 inventory and
the BAU scenario.

Figure 17. Technical potential for landscape carbon in Sacramento County, showing the differences between the BAU, compact new
growth and infill scenarios.

These technical potentials are conservative estimates because they consider only the avoidable emissions from
conversion to urban/developed land use. However, there are additionally opportunities to increase landscape
carbon through improved practices within land use and land cover types. In Chapter 5, we evaluate in greater
detail several project concepts among many similar opportunities. Two project concepts in particular
demonstrate scalable opportunities: manure application and urban forestry. Based on COMET-Planner, a
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nutrient management regime that replaces synthetic fertilizer with beef feedlot manure41 can sequester 0.21
MTCO2e per acre per year. If half of croplands in Sacramento County improved nutrient management regimes,
this could equate to an additional cumulative technical potential of nearly 278 thousand MTCO2e42 by 2050
across Sacramento County. Similarly, improving and expanding urban forests increases carbon in biomass. If
the General Plan goal of doubling urban forest canopy cover was achieved by 2050, this would effectively
double the biomass carbon in urban/developed land uses. Based on current sequestration rates, this would
equate to an additional 1.9 million MTCO2e by 2050.43

The potential sequestration from these opportunities is intended to be indicative of how specific management
strategies can increase the technical potential beyond the values shown in Figure 16 and Figure 17. Adding
these two opportunities would bring the technical potential relative to BAU up to 6.9 million MTCO2e, as seen in
Figure 18.  Additional management practices not researched in this study would likely bring this estimate
higher, and should be explored through future work. In its efforts in Merced County, TNC is developing a series
of such activity sheets that document specific opportunities, important considerations, and their sequestration
potential. These papers will be an important contribution, and should be evaluated closely upon their release to
understand how those opportunities may change the technical potential calculated here for Sacramento
County.

Figure 18.  Technical potential for landscape carbon in Sacramento County, employing the infill development scenario, doubling urban
forestry canopy and improving nutrient management on 50% of general agriculture.

41 Beef feedlot manure was chosen because it has the highest sequestration factor of accessible manure in Sacramento
County.
42 Assumes 50% of Agriculture: General adopts cow manure fertilization between 2014 and 2050.
43 Refer to the Urban Forestry section in Chapter 5 below for this estimate.
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MARXAN INTEGRATION

4.1 MARXAN OVERVIEW
Marxan is optimization software designed for use in conservation reserve design.44 It was originally designed
for use in selecting marine reserves and, more generally, in designing spatially-explicit conservation reserve
networks. It is a widely used conservation planning tool, used globally in a wide variety of reserve planning
contexts. More than 100 peer reviewed papers describe some of the projects in which it was used by scientists
or planners in support of conservation decisions.

Marxan works by using a simulated annealing algorithm to
explore many configurations of planning units,
incrementally moving towards solutions that meet inputted
conservation objectives in “low cost” ways. “Cost” is defined
by the user; it can refer to monetary cost but more generally
refers to the suitability of a given planning unit for inclusion
in a final conservation network. While it is unlikely that
simulated annealing will produce an absolute lowest cost
solution, it will identify multiple sets of planning units that
comprise relatively low cost, or most suitable, solutions to
meeting a user’s conservation objectives.

4.1.1 INPUTS

Marxan uses three fundamental input tables (files) for an optimization analysis. The first is the “planning
units” table file. This table is a list of all the objects that could potentially be selected for inclusion in a planning
process. Typically, these would be land parcels. Each planning unit is given: 1) a unique ID; 2) a “cost” for
inclusion in a final conservation network; and 3) a status (i.e. whether eligible to be selected, “locked in” a final
Marxan solution, or “locked out” of a solution).

The second required input file is the “species” file. This table lists every conservation target in an analysis as
well as the goal for inclusion of that target. Typically, these could be species occurrences, land cover types, etc.

The final input table in Marxan is the “planning unit vs. species” file. This table details the amount of each
conservation target present in each planning unit.

In future iterations of the analyses presented here, stakeholder input will be used to set these values

4.1.2 MODEL PARAMETERS

Marxan has a number of parameters that can be adjusted to best capture the conservation goals of the user.
Some of the typically used parameters are “runs”, “iterations”, and the “boundary modifier”.

44 Ball, I.R., H.P. Possingham, and M. Watt. 2009. Marxan and relatives: software for spatial conservation
prioritisation. Chapter 14: Pages 185-195 in Spatial conservation prioritisation: quantitative methods and
computational tools. Eds Moilanen A., Wilson KA, and Possingham HP. Oxford, UK: Oxford University Press.

The outcomes from this assessment
can be used to identify the locations
most susceptible to conflict between
the carbon and agricultural
preservation goals of the region and
the expansion of urban areas.
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While Marxan is not designed to identify a true lowest cost solution to a given conservation problem, it does
generate multiple low cost solutions. To do this, an input file is created that tells Marxan how many runs to
undertake. At the end of each run a set of potential planning units is identified that meets the targeted
conservation goals. Generally, Marxan analyses use multiple runs in order to fully explore the range of
potential solutions.

The input file also includes the number of iterations (i.e. combinations of planning units) to assess in the course
of each run. The greater the iterations, the closer is Marxan’s approach to an optimum solution. However,
computing time increases as well, so a balance between optimization and computing time is typically sought.

The boundary modifier is a multiplier applied to the total boundary length of the conservation network
identified during a run. The higher this modifier is set, the greater clumping of planning units in the solution
occurs. This modifier requires calibrating in every analysis to achieve the desired clumping because it simply
acts as a multiplier to other costs.

4.1.3 OUTPUTS

Marxan generates two types of output tables. The first is the “best” solution, i.e. the single lowest cost set of
planning units identified for all of the runs. The value is binary, a unit is either included in the set or not.

The second output table is the “summed solution” table. This file describes the number of runs in which the
planning unit was included as part of a low-cost solution. Here, each planning unit is scored 0 to n, with n equal
to the total number of runs Marxan performed. This score can be thought of as an “irreplaceability” metric for
the planning units. Those with a higher score are likely more critical in addressing the conservation goals in a
low-cost manner, while those with a lower score are generally more substitutable.

4.2 METHOD OF INTEGRATION
Eight scenarios were developed to demonstrate the use of Marxan in assessing carbon sequestration
opportunities in Sacramento County.

The first four scenarios exclusively used carbon sequestration potential as a conservation target (Table 8,
Scenarios 1-4), with the conservation goal set at 33% of the current estimated stock in Sacramento County.
Scenarios 5-8 also used carbon exclusively; however, the carbon conservation goal was set at 50% of the total.
The latter four also included prime farmland conservation goals (Scenarios 9-12). Farmland Mapping and
Monitoring Program (FMMP) data were used to represent prime agricultural land and agricultural land of
statewide importance. Farmland goals were set at 25% of the county total. These goals were selected to be large
enough that relatively large hotspots could be identified while not being too large and forcing Marxan to
simply select most of the planning units containing the conservation features. Within this range, however, the
goals were arbitrarily set.
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Table 8. Scenarios used to demonstrate the use of Marxan in assessing carbon sequestration opportunities in Sacramento County

Scenario Target Goal (%) Cost Boundary
1 Carbon 33 Equal 0.001
2 Carbon 33 BAU 0.001
3 Carbon 33 Smart growth 0.001
4 Carbon 33 Infill 0.001
5 Carbon 50 Equal 0.001
6 Carbon 50 BAU 0.001
7 Carbon 50 Smart growth 0.001
8 Carbon 50 Infill 0.001
9 Carbon, prime ag 33, 25 Equal 0.001
10 Carbon, prime ag 33, 25 BAU 0.001
11 Carbon, prime ag 33, 25 Smart growth 0.001
12 Carbon, prime ag 33, 25 Infill 0.001

Within each of these three sets of conservation goals, scenarios were also developed that took into
consideration future urban growth models developed through the UPlan modeling tool. One scenario used the
current urban context (Scenarios 1, 5, 9), while the other three scenarios used either: 1) a “business-as-usual”
growth model (BAU, Scenarios 2, 6, 10), 2) a compact new growth model (CNG, Scenarios 3, 7, 11), or 3) an infill-
focused model (INF, Scenarios 4, 8, 12). These urban growth models were used to discourage the selection of
planning units to meet conservation goals that also were likely to experience future urbanization. This was
accomplished through altering the Cost scores in the planning unit input files. Scenarios 1, 5, and 9 assumed all
planning units would have an equal cost. Costs in the other scenarios were adjusted to fit a 0.5-1.0 scale, with
planning units with no expected urban growth having a score of 0.5 while those expected to be fully urbanized
having a cost score of 1.0.

All 12 scenarios were run using a boundary modifier (BLM) of 0.001. This value was chosen after running a
number of sample analyses to calibrate the outputs to a pattern that may possibly be the most useful for
identifying future land management areas. The BLM was large enough that it forced some clumping of the
selected planning units into larger potential management areas without being so large that planning units were
simply being selected to reduce the overall boundary length of the outputs.

We designated as locked those planning units whose centroids were located within existing public or private
conservation areas (as denoted by CPAD: California Protected Area Database). These currently existing
conservation areas can serve as “seeds” around which new conservation areas may be identified, leading to
larger and potentially easier to manage future conservation areas. Planning units comprised of 50% or greater
urban land use (as represented in the FRAP land cover dataset: Forest and Range Assessment) were locked out
of consideration in Marxan. The decision was made in order to steer identified areas of conservation emphasis
away from the immediate vicinity of developed areas.

Each scenario was run 100 times, using 100,000,000 iterations for each run. Outputs included a table of the
planning units selected during the single highest scoring run as well as scores (0-100) for each planning unit
representing the number of runs in which it was selected as part of an “efficient” solution.
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4.3 FINDINGS
Results from the Marxan analyses included eight “best solution” output tables and eight “summed solution”
output tables. Figure 19 shows the summed solution results from Scenarios 1-4. The outputs are similar across
the urban growth scenarios, demonstrating that much of the high carbon value portions of the county are not
likely to experience a large amount of urbanization. These areas are largely comprised of relatively natural
shrubland and woodland ecosystems.

Figure 19. Summed solution outputs for Scenarios 1-4 .The color ramp for summed solution scores ranges from red (high value) to blue
(lower value). Areas without colored planning units were not selected in any of the 100 Marxan runs. Green areas are existing
conservation lands (fee title or easement).

Figure 20 shows the results of increasing the conservation goal for carbon. Additional areas closer to
Sacramento, in the southeastern portion of the county, and in the low elevation farmland in the southwestern
portions of the county were selected in addition to the shrublands and woodlands that dominated the first four
scenarios.
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Figure 20. Summed solution outputs for Scenarios 5-8. For these scenarios, the carbon conservation goal is set to 50%. The color ramp
for summed solution scores ranges from red (high value) to blue (lower value). Areas without colored planning units were not selected
in any of the 100 Marxan runs. Green areas are existing conservation lands (fee title or easement).

Figure 21 shows the summed solution results from Scenarios 5-8. Including prime agricultural land as a
conservation target leads to planning units in the lower elevation areas along the Cosumnes River, in the
Sacramento Delta, and in Natomas Basin being selected as high value. Again, there are similar patterns
regardless of urban growth scenario. However, there are some differences in planning units selected in the
Rancho Murrieta area, along the Cosumnes River, and in the Sacramento Delta.
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Figure 21. Summed solution outputs for Scenarios 9-12, which use both carbon and farmland conservation goals. The color ramp for
summed solution scores ranges from red (high value) to blue (lower value). Areas without colored planning units were not selected in
any of the 100 Marxan runs. Green areas are existing conservation lands (fee title or easement).

The urban growth models can be used to assess threat to current carbon sequestration potential in addition to
being used to guide future conservation planning. To demonstrate this approach, we used the urban growth
model under the BAU scenario to assess threat in Scenario 5 (Figure 23). Scenario 5 did not take into regard
future urbanization potential in selecting planning units. We identified planning units that were selected in at
least 50% of the Marxan runs and assessed the projected area of future development under the BAU urban
growth scenario. We classified the hexagons into three categories: x=0; 0<x≤20; and x>20 (where x=acres of
projected development within a hexagon) (Figure 23). The red color ramp illustrates differing levels of threat
due to future projected urbanization.

The combination of conservation value (i.e. Marxan score) and threat (i.e. UPlan outputs) are depicted in the
conceptual diagram in Figure 22. The colored circles refer to the red color ramp in the previous figure. The
locations where particular hexagons fall in this matrix can suggest different conservation strategies. For
example the “high value”/”high threat” hexagons in the upper right could be selected for future conservation
action (e.g. protection through fee title or easement acquisition), while those in the upper left may be
considered relatively secure even without explicit conservation action.
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Using Marxan in a policy-informative manner
requires extensive stakeholder input to set
priorities and targets. However, as a proof-of-
concept and precursor to an active policy
discussion, multiple Marxan test runs
demonstrated how landscape carbon can drive
conservation and land use planning both as a
single variable and in combination with
additional priorities such as farmland
preservation.  While the Marxan outputs in
this study were developed with arbitrary
targets both to demonstrate the capability, and
assess the sensitivity of the model to
parameter variability, Marxan did successfully identify high priority areas based on the input conditions.  High
priority areas generally aligned with areas of shrublands and forests, which have the highest biomass carbon
densities.  The outputs themselves should not be construed as recommendations or used to inform any
planning decision at this time, but the successful integration of landscape carbon data into the framework
removes a significant barrier to integrated, multi-variable planning that reflects a focus on landscape carbon.
The outcomes from this type of assessment can be used to identify the locations most susceptible to the
tradeoff between the carbon and agricultural preservation goals of the region and the expansion of urban
areas.

4.4 OPPORTUNITIES AND LIMITATIONS
Marxan outputs can be very useful in decision support. The software allows for simultaneous consideration of
many factors that affect conservation strategy. However, it can never capture all of the nuanced and important

Figure 22. “Conservation value” vs. “threat” matrix. All
of the planning unit hexagons can be placed into the
matrix based on their Marxan and UPlan scores. Their
location in this matrix can suggest appropriate future
management strategies. The colored circles refer to the
colored hexagons in the following figure.

Figure 23. A comparison of conservation value and potential threat. All
hexagons shown on the red color ramp are those that were selected in at
least half of the Marxan runs (using a 50% target for carbon) using the “no
UPlan” cost score (Scenario 5). The hexagons are classified into three
“threat” categories: x=0; 0<x≤20; and x>20 (where x=acres of projected
development within a hexagon) and displayed accordingly.
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information that land managers are likely to have about a given area. For example, any conservation actions
undertaken are very likely to involve willing land owners; however this information is not available and is not
part of the analysis. No Marxan output should be considered a conservation plan, but rather as a valuable input
to a robust decision-making process.

The analyses here are not meant to be comprehensive conservation assessments of the region, but rather as
demonstrations of investigations that can be undertaken in future planning efforts. These efforts are likely to
include regional biodiversity, wildlife connectivity, riparian protection, and other ecosystem service goals in
addition to carbon sequestration and agricultural protection. Marxan is a flexible, powerful tool for bringing
these multiple types of information to bear in a given planning process and the outputs shown in this chapter
are meant as a starting point for assessments that integrate carbon sequestration with other conservation goals
in Sacramento County.
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PROJECT CONCEPTS
While Chapters 2 and 3 focus on developing countywide landscape carbon inventories and forecasts, and
Chapter 4 explores the potential to use that data to inform conservation and land use planning, these top-down
analyses do not explicitly capture the potential benefits from improved practices within existing land uses. In
agricultural, urban, and wildland setting, there are numerous opportunities to improve landscape carbon and
reduce emissions through practices including urban forest expansion, nutrient management, and myriad
others. This section outlines three such potential opportunities, evaluating the practices on the basis of
suitability to Sacramento County, technical potential, and cost concern. Evaluating these concepts in the
specific context of Sacramento County also highlights the importance of local consideration, and the fact that
concepts are not consistently suitable due to local advantages and disadvantages in the natural environment or
political landscape.

5.1 URBAN FORESTRY

5.1.1 STRATEGY SUMMARY

Urban forests remove and store CO2 from the atmosphere and store it as carbon in above and below-ground
biomass. CO2 is acquired through photosynthesis and converted into cellulose and other materials to create
wood and leaves. The trunk contains about half of the stored CO2, while branches and stems account for 30% of
storage and roots 18-24%. Foliage accounts for just 3% of CO2 storage45.  The sequestration is not necessarily
permanent except in aggregate; however, when a tree dies and decays, the carbon stored is released back into
the atmosphere. Though fast-growing trees uptake CO2 at a faster rate, they tend to live fewer years than their
slow-growing counterparts, releasing CO2 back into the atmosphere sooner upon their decay.

The expansion and management of urban forests creates an opportunity for carbon sequestration. It is
important to choose native species that are better adapted to the climate, as well as choosing a variety of
species to prepare for unforeseen tree disease. Furthermore, the age of the forest should be managed to provide
continual sequestration. Trees release carbon upon decay, so new trees should be planted in their wake to
counteract this release. Comprehensive expansion and management of urban forests has great carbon
sequestration potential, as described in the corresponding section below.

Urban forestry also improves air quality through the uptake of pollutants. The Sacramento Tree Foundation
(STF) estimates that every 100 trees will remove 1,000 pounds of pollutants per year, including 400 pounds of
ozone and 300 pounds of particulate matter, two criteria pollutants of particular concern to Sacramento
County46.

Trees also reduce energy costs by minimizing heating and air conditioning needs through the provision of
shade and acting as wind blocks, a benefit recognized by SMUD and promoted through its shade tree program.47

45 Ravin, Amelia and Raine, Teresa. Best Practices for Including Carbon Sinks in Greenhouse Gas Inventories. CDM Cambridge, MA and
Irvine, CA.
46 Sacramento Tree Foundation 2017. “Air Quality.” Last updated 2017. Accessed September 13 2017. http://www.sactree.com/pages/88
47 SMUD. “Cool and beautify  your home – naturally” Accessed October 2, 2017
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Shade and evapotranspiration from trees reduces the heat island effect found in cities by lowering surface and
air temperatures. Urban forests also help manage stormwater by intercepting rain and reducing runoff48.

Urban forests are recognized as improving quality of life. Aside from the aesthetic benefits, neighborhoods with
trees tend to be safer and more sociable. Economic benefits have also been recognized in the form of higher
property values and increased commercial business in tree-lined areas.

5.1.2 SACRAMENTO COUNTY SUITABILITY

Sacramento currently has 22% tree cover and has 25.2% non-tree, plantable land cover49. The Sacramento
climate is well-suited for maximizing the benefits of urban forestry. Deciduous shade trees reduce heating and
cooling costs year round and enhance stormwater management during the region’s typical winter storms by
reducing runoff. Slow growing trees with higher wood density increase the amount of carbon that can be
stored; trees native to Sacramento, such as oaks, have high wood density, increasing the amount of carbon
storage potential per tree50.

There are multiple existing urban forestry programs within Sacramento County from both the government and
nonprofit sectors. These programs include:

1 The Sacramento Tree Foundation (STF)

a Save the Elms Program (STEP): management of American and English elm trees of Sacramento that are
vulnerable to Dutch elm disease (DED).

b Neighborwoods: Community Foresters work directly with neighborhoods to plant trees for free,
providing their expertise on species, location, and maintenance.

c Community Shade: an initiative to plant trees in the community’s schools, parks, streets, and open
spaces.

d Sacramento Shade: a collaboration with SMUD to provide up to 10 free shade trees to Sacramento
residents.

2 CalFire’s Urban and Community Forestry Program: an initiative under the Urban Forestry Act to expand
and manage urban forests, including coordination with the U.S. Forest Service.

3 California ReLeaf: a nonprofit with the mission of preserving, protecting, and enhancing California’s
urban and community forests, often through grant giving for planting programs, such as CalFire’s Urban
and Community Forestry Program

The presence of existing urban forestry organizations already supports the biosequestration through urban
forestry, and would ease further implementation. These programs can be expanded and built upon rather than
starting from scratch.

48 U.S. Environmental Protection Agency (EPA) 2016. “Using trees and Vegetation to Reduce Heat Islands.” Last updated August 12 2016.
Accessed September 13 2017. https://www.epa.gov/heat-islands/using-trees-and-vegetation-reduce-heat-islands
49 i-Tree Canopy. i-Tree Software Suite v6.1. Web. Accessed 28 September.2017. https://forums.itreetools.org/viewtopic.php?p=1381
50 McPherson, E. G., Xiao, Qingfu, and Aguaron, Elena 2013. A new approach to quantify and map carbon stored, sequestered and
emissions avoided by urban forests. Elsevier B.V., Landscape and Urban Planning 120(2013)70-84. August 14.
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In addition, Sacramento County has outlined two major objectives in the 2030 General Plan that support the
expansion of urban forestry:

1 Urban Forestry Management Objective: A coordinated, funded Urban Tree Management Plan and
program sufficient to achieve a doubling of the County’s tree canopy by 2050 and promote trees as
economic and environmental resources for the use, education, and enjoyment of current and future
generations. This objective has been implemented through the Greenprint Initiative, managed by STF.

2 New Urban Trees Objective: One million new trees planted within the urban area between now and
2030.This objective is being met by the efforts of private tree foundations. This includes SMUD’s efforts to
increase shade cover near buildings.

The California Air Resources Board (ARB) issues credits to Offset Project Operators (OPOs) that undergo projects
to reduce and remove GHGs. OPOs must adhere to the ARB urban forest projects compliance offset protocol to
receive credits, including the completion of monitoring and reporting annually51.

5.1.3 SEQUESTRATION POTENTIAL

The gross average annual carbon sequestration of urban forestry in Sacramento is 0.377 kilograms carbon per
square meter of tree cover per year (kg C m-2 year-1). However, because of the release of carbon upon decay of
trees, the net average annual carbon sequestration is 0.327 kg C m-2 year-152. The ARB estimates total carbon
densities for urban forests in Sacramento at 9.16 Metric Tons Carbon (MTC) or 13 MTCO2e53 per hectare. For 22%
tree cover, this translates to 1.903 million MTCO2e sequestered.  Doubling the tree canopy as per the Urban
Forestry Management Objective would bring this sequestration up to 3.807 million MT CO2e.

Several tools already exist that can help quantify the impact of urban forests. The USDA Forest Service has
created the i-Tree tool to analyze a wide scope of urban and rural forest characteristics, including carbon
sequestration (see i-Tree website at www.itreetools.org). The specific i-Tree Eco tool offers carbon
sequestration quantification at the species level. Tree species and diameter are required inputs for the tool.
Tree height and canopy are additional input that can enhance the quality of the estimate. Sequestration is
measured as tons per tree as an annual average and lifetime total. Generated reports break this output down by
both tree and per unit area. i-Tree also offers additional ecosystem service measurements such as avoided
runoff and air pollutant removal.

In addition to the sequestration potential, urban forests and shade trees can reduce energy use for cooling.
SMUD’s existing shade tree program recognizes this benefit, and the i-Tree Eco tool also provides approximate
estimates of tree-related energy savings.

51 California Air Resources Board 2015. Offset Project Operators. Last updated December 21 2015. Accessed September 22 2017.
https://www.arb.ca.gov/cc/capandtrade/offsets/operators/operators.htm
52 Nowak, David J., Greenfield, Eric J., Hoehn, Robert E., and Lapoint, Elizabeth 2013. Carbon storage and sequestration by tees in urban
and community areas of the United States. Elsevier Ltd., Environmental Pollution 178 (2013) 229-236. March 10.
53 Saah, David, et. al. 2016. Technical Improvements to the Greenhouse Gas (GHG) Inventory for California Forests and Other Lands.
California Air Resources Board. Sacramento, CA. May.

https://www.itreetools.org/eco/index.php
http://www.itreetools.org/
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5.1.4 COSTS AND MAINTENANCE

Initial and maintenance activities for urban forests include planting, purchasing, irrigation, pruning, and pest
control. Initial costs are high to establish the tree correctly, but drop significantly after the first five years.
Other costs include infrastructure repair and administrative costs for public trees. Tree and stump removal are

54 McPherson, E.G. and Simpson, James R. 1999. Carbon Dioxide Reduction through Urban Forestry: Guidelines for Professional and
Volunteer Tree Planters. Pacific Southwest Research Station, Forest Service, USDA, Albany, California. January.
55 Phillips, Donald L., Burdick, Connie, Merja, Becky, and Brown, Norm 2013. Urban forest ecosystem services: A case study in Corvallis,
Oregon. U.S. Environmental Protection Agency, Minneapolis, MN. August 4.

CASE STUDIES

Three case studies were identified for urban forestry projects in the western U.S. The studies focused on
ecosystem services as a whole, including carbon sequestration.

Boulder City, Nevada
10,000 trees were planted in Boulder City over a 5-year
period. Fifty percent of the trees were planted near
residences. The total cost of the project was $1,000,000:
$900,000 for planting and $100,000 for administrative
costs. Total CO2 sequestration was 31,535 MT while net CO2

savings were 47,746 MT. This came out to a cost of $21/MT
CO2 saved54.

Tucson, Arizona
The Cool Communities Demonstration Project monitored
the impact of 299 trees planted to shade 104 homes
between 1993 and 1997. Species varied, but over half were deciduous medium-sized trees. The total cost of
the project was $111,589. Total CO2 sequestration was 1,123 MT while net CO2 savings were 5,966 MT. This
came out to a cost of $19/MT CO2 saved (USDA 1999)8.

Corvallis, Oregon
The EPA conducted a quantitative assessment of
ecosystem services provided by trees in the City of
Corvallis and the campus of Oregon State University. i-
Tree Streets and i-Tree Eco were used to analyze the more
than 17,500 trees (more than 13,200 in the city and 4,300
on the university). Factors measured included reduction
in air pollutants, carbon sequestration, aesthetic (as
property value), stormwater runoff reduction, and energy
savings. City trees were valued at $68/tree annually for
ecosystem services, including 1,080 MT of net carbon
sequestration, for a total of $900,000. University trees
were valued at $44/tree for annual ecosystem services,
including 600 MT of net carbon sequestration, for a total of $190,00055.
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also considered for the end of the tree life. For large, public trees, the average annual maintenance cost of a 40-
year old tree in an inland valley, such as Sacramento, has been estimated at $20 by the USDA. This cost includes

purchase, planting, pruning, irrigation, pest control, removal, and even administrative costs. The gross
environmental benefits, including carbon sequestration and others, are estimated at $68, making the net
average benefit $48 annually for one large public tree over 40 years56. In the urban forestry applications found
in case studies in Boulder City and Tucson, costs were reported to be $21/MTCO2 saved and $19/MTCO2 saved,
respectively.

5.1.5 URBAN FORESTRY CONCLUSION

Urban forestry would be an effective and applicable solution to achieve biosequestration in Sacramento
County. Existing programs and county objectives would support urban forestry initiatives, and the U.S. Forest
Service is a potential partner to promote carbon sequestration in the urban footprint. Focusing on large, woody
native trees would maximize the potential for biosequestration. Urban forestry provides a variety of additional
benefits, including energy savings and air pollutant removal, and has been shown to be successful in other
western cities.  However, newer housing developments in Sacramento County favor higher density housing
with less homeowner individual space for planting trees.  Therefore, some of the programs may need to be
adjusted to accommodate newer style development plans.  Overall, urban forestry would be an environmentally
practical and economically efficient solution to increase carbon sequestration.  Opportunities for SMUD to
contribute to urban forestry as a biosequestration strategy could be by expanding their existing Sacramento
Shade program or becoming involved in other programs by providing their expertise or funding.

5.2 NUTRIENT MANAGEMENT

5.2.1 STRATEGY SUMMARY

Agriculture and working lands provide myriad opportunities to reduce GHG emissions and increase carbon
sequestration, ranging from tillage practice, crop rotations, grazing, and sundry other activities. Tools like
COMPET-Planner allow for simple estimates of GHG mitigation potential. One set of agricultural activities with
GHG emissions benefits is nutrient management.

Nutrient management refers to a suite of activities that change the amount, source, placement, and/or timing
of nutrient application (primarily nitrogenous fertilizers) on agricultural lands to increase carbon
sequestration, reduce nitrous oxide (N2O) emissions from soil and irrigation canals, and/or improve soil health.
Nutrient management practices are also referred to as the Four R’s: right amount, right form, right place, and
right time. These practices, presented in Table 9, can sequester CO2 and reduce other GHGs, notably N2O.

Carbon sequestration occurs through the replacement of synthetic fertilizer with organic alternatives, such as
compost or manure, which put carbon in the form of organic matter back into the soil. Other GHG benefits
result from reducing N2O emissions. This can have a meaningful impact because N2O has a global warming
potential 298 times that of CO2 and N2O emissions from agriculture accounted for 7.3 million metric MTCO2e in

56 Unites States Department of Agriculture (USDA) 2011. Trees Pay Us Back in the Inland Valleys Region. Accessed September 7 2017.
https://lgc.org/wordpress/docs/events/calfire/CaUFC%20forestry%20flyer.pdf
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California in 201557. N2O emissions are the result of nitrification, the conversion of ammonia to nitrate, and
denitrification, the conversion of nitrate to N2O and subsequently to nitrogen gas (N2). These conversions are
not fully efficient, however, so some nitrogen is lost as N2O in the atmosphere before being converted to N2.
Fertilizers increase nitrogen concentration in soil, which encourages nitrification. However, excess nitrogen
leads to increased N2O emissions. Thus, reducing the nitrogen concentration in soil can prevent the release of
carbon equivalents into the atmosphere.

Table 9. Nutrient Management Practices

Management Type Activity Impact
Right Amount Reduction in fertilizer volume Directly reduces the amount of nitrogen

available for nitrification and release into the
atmosphere58

Right Form Addition of nitrification
inhibitors

Substitution of organic fertilizer
for synthetic fertilizer

Reduces the nitrification rate by blocking the
bacteria responsible for this conversion59

Puts organic matter back into soil, increasing soil
organic carbon and gradually releases nutrients
as needed to the  crop over a season (slow-
release)2

Right Place Optimizing location of fertilizer
application

Increases the uptake of nutrients by plants and
minimizes runoff of nutrients2

Right Time Split fertilizer application into
smaller portions at essential
points of plant development

Reduces nutrient loss from runoff/leaching and
improves nitrification efficiency2

In addition to sequestering carbon and reducing N2O emissions, nutrient management has the potential to
improve the quality of surface and ground waters, as well. Nitrogen and phosphorous runoff from fertilizers
can impair water quality. Reducing fertilizer volume, applying fertilizers in the proper amount, and applying at
the appropriate time of year can prevent nutrient pollution in the watershed60 .

Fertilizers are a high input cost for farmers, so nutrient management by fertilizer reduction can produce
savings for farmers. Depending on the farm and availability of manure, replacing synthetic fertilizers with
manure has the potential to provide savings, but is not guaranteed (see Cost & Maintenance).

5.2.2 SACRAMENTO COUNTY SUITABILITY

California is a national leader in agriculture, and in Sacramento County, agriculture is the second largest land
cover at 28%, the majority of which is non-orchard, non-vineyard agriculture. In 2015, the gross value of

57 California Air Resources Board (ARB) 2017. Nitrous Oxide (N2O). Last updated June 6 2017. Accessed September 22 2017.
https://www.arb.ca.gov/cc/inventory/background/n2o.htm
58 California Ag Water Stewardship Initiative 2017. Nutrient Management. Accessed September 14 2017.
http://agwaterstewards.org/practices/nutrient_management/
59 International Plant Nutrition Institute (IPNI). Nutrient Source Specifics: Nitrification Inhibitors. IPNI, Peachtree Corners, Georgia.
60 US Environmental Protection Agency (EPA) 2017. Nutrient Pollution: The Sources and Solutions: Agriculture. Accessed September 14,
2017. https://www.epa.gov/nutrientpollution/sources-and-solutions-agriculture.
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agricultural production in Sacramento County was $470 million61. Within agriculture, manure is responsible for
25% of N2O emissions in California or 2.9 million MTCO2e62. As such, there is a lot of potential for GHG control
through nutrient management in Sacramento County.

The California Department of Food and Agriculture (CDFA) leads two existing programs that promote nutrient
management among other agricultural practices: the Fertilizer Research and Education Program (FREP) and the
Healthy Soils Initiative.

FREP is a research initiative started in 1990 to advance the environmentally safe and agronomically sound use
and handling of fertilizing materials. FREP’s comprehensive approach to achieve this goal includes outreach,
education, research, funding, and fertilization guidelines63.

The Healthy Soils Initiative promotes innovative farm and ranch practices to build soil organic matter that in
turn sequesters carbon and reduces GHGs. Action 1 of the Healthy Soils Initiative is to “Protect and restore soil
organic matter in California’s soil,” which includes the expansion and balance of soil amendments to manage
carbon storage64.  It’s FY16-FY17 funding will be funding approximately 12-15 demonstration projects and
approximately 75-150 direct farmer incentive projects over the three years beginning January, 2018. While the
FY17-FY18 budget was not renewed, the program continues to implement existing projects and anticipates
future funding, for example through the SB-5 Parks and Water Bond of 2018. The Sustainable Agricultural Lands
Conservation (SALC) Program has a mission to reduce GHG emissions and promote conservation.

Cattle and chicken are the main animals raised in Sacramento County. As such, replacement of synthetic
fertilizer with manure would focus on beef and chicken manure despite the superior performance of swine
manure (see Sequestration Potential).

5.2.3 SEQUESTRATION POTENTIAL

The U.S. Department of Agriculture (USDA) and Natural Resources Conservation Service (NRCS) have created
COMET-Planner, an online tool for estimating GHG emission reductions through conservation practices.
COMET-Planner calculates GHG reductions by pollutant and CO2e for a variety of conservation practices,
including nutrient management through reduced fertilizer volume, nitrification inhibitors, and alternative
fertilizers. Calculations are based on county level data and acreage input. A more detailed level of analysis can
be achieved using the sister tool, COMET-Farm, designed for enhanced farm-level estimates.

According to COMET-Planner, reducing fertilizer application rates by 15% in Sacramento County reduces N2O
emissions 0.019 MTCO2e per acre per year. Use of nitrogen inhibitors reduces 0.034 MTCO2e per acre annually9.
However, replacing synthetic fertilizer with manure can have a potentially larger impact by increasing carbon
sequestration in soils, while replacing synthetic fertilizer with compost can have an even larger impact. Swine
manure produces higher sequestration rates than beef, chicken, or sheep manure. Unfortunately, swine
manure is not readily available in Sacramento County, and chicken and beef manures have the highest
availability. Carbon sequestration from fertilizer replacement is also more effective on irrigated rather than

61 Sacramento County 2015. Sacramento County 2015 Crop and Livestock Report. Agriculture- Weights and Measures. Sacramento,
California.
62 California Air Resources Board (ARB) 2017. nitrous Oxide (N2O). Last updated June 6 2017. Accessed September 22 2017.
https://www.arb.ca.gov/cc/inventory/background/n2o.htm
63 California Department of Food and Agriculture (CDFA) 2017. Fertilizer Research and Education Program. Accessed September 14 2017.
https://www.cdfa.ca.gov/is/ffldrs/frep/
64 CDFA 2016. Health Soils Action Plan. CDFA, Sacramento, CA. September.
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non-irrigated crops. For example, for compost application to irrigated crops in Sacramento County, CO2e
sequestration is 0.2-0.5 MTCO2e/year, while it is 0.2-0.3 MTCO2e/year for non-irrigated crops65.

A summary of sequestration rates of various nutrient management practices on irrigated crops for Sacramento
County is presented in Table 10. Rates are displayed in MTCO2e per acre per year. Negative rates indicate
release of GHGs into the atmosphere. For replacement of synthetic fertilizer with compost or manure,
landscape carbon is improved through increased soil organic carbon. While there may be some increased N2O
emissions associated with manure, the overall climate impact is positive.

 Table 10. Sequestration Rates for Nutrient Management on Irrigated Crops in Sacramento County (MTCO2e/acre/year)

Activity CO2 N2O Total CO2e
Reduce fertilizer application rate by 15% (0.005)* 0.019 0.014
Use of nitrification inhibitors 0.0 0.034 0.034
Use of slow-release fertilizers 0.0 0.02 0.017
Replace synthetic fertilizer with manure (varies by manure type) 0.17-0.24 (0.03)* - 0.06 0.21-0.34
Use of other manure 0.24 - 0.03 0.21
Replace synthetic fertilizer with compost 0.2-0.5 0 0.2-0.5

Source: COMET-Planner 2017
*Negative rates indicate the emission of the pollutant into the atmosphere

For each 10% (14,296 acres) of Sacramento County general agriculture (non-orchard, non-vineyard) that
implemented nutrient management the carbon sequestration would be as displayed in Table 11. While these
annual numbers are modest, the impact at scale could be significant. For example, if 50% of acreage used
manure, the total impact could be almost 280 thousand MTCO2e cumulative by 2050.66

Table 11. Sequestration Rates for 10% of Agriculture Sacramento County (MTCO2e/year)

Activity CO2 N2O Total CO2e
Reduce fertilizer application rate by 15% - 68 270 200
Use of nitrification inhibitors 0 490 490
Use of slow-release fertilizers 0 240 240
Use of beef feedlot manure 3420 -380 3040
Use of chicken manure 2380 -500 188

Source: COMET-Planner 2017

5.2.4 COSTS AND MAINTENANCE

Nutrient management is an ongoing practice at the individual farm level. Farmers will need to manage
fertilizer for their specific setting, and calculating the optimal rate of nitrogen application is difficult, a fact
that has historically led to over-fertilization. Nutrient management tools do exist to aid in this process, such as
CropManage, an online tool for irrigation and nutrient management.

Reductions in fertilizer volume can produce savings for farmers because they simply purchase less fertilizer.
Replacing synthetic fertilizers with manure has variable return, depending on each unique farm and crop type.

65 COMET-Planner 2017. COMET-Planner Carbon Sequestration and Greenhouse Gas Estimation Report. September 15.
66 Assumes 50% of acreage adopts beef feedlot manure fertilization at linear implementation rate between today and 2050
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Local availability of organic fertilizer is key, otherwise transportation costs can create a burden. The variable
nutrient concentration of manure poses a challenge to farmers. Assuming average nutrient rates when
determining application quantities risks lower crop yield while avoiding over-application. Applying excess
manure guarantees crop yield, but brings higher costs and water quality concerns. Furthermore, manure
storage and management is a concern because nutrient concentration varies over time and can force farmers to
apply manure at sub-optimal times67. Professors Ray Massey and John Lory of the University of Missouri
summarized “manure has value only if it offsets the need to purchase other nutrient or soil amendments….
actual economic value of manure must be negotiated between the manure seller and the buyer.”68 Management
practices must be balanced at the farm-specific level to maximize the benefits of nutrient management.

Agricultural protocols for carbon offsets are gaining momentum. The California Air Resources Board (ARB) has
implemented their first agricultural protocol, focused on rice farming. This opens the door for other
agricultural protocols69, potentially including the voluntary offset protocols for nutrient management.

5.2.5 NUTRIENT MANAGEMENT CONCLUSION

Nutrient management has modest potential for carbon sequestration in Sacramento County. Existing programs
by the CDFA could integrate and expand nutrient management. However, responsibility for nutrient
management practices is at the farm-level and would require adequate support and incentives to encourage
farmers to implement these practices. Aside from GHG reduction, nutrient management can improve water
quality and potentially reduce farmer’s cost. One program that could benefit from support is the Healthy Shoils
Initiative which currently has a funding gap for FY17-FY18, and SMUD could encourage new funding through
the Parks and Water Bond. For more hands-on involvement, SMUD could consider developing an agricultural
position or department to provide community expertise and subsidies, similar to their tree programs.

5.3 BIOCHAR

5.3.1 TECHNOLOGY SUMMARY

Biochar is biomass (i.e. plant material, compost, manure, etc.) that has been partially combusted in a limited
oxygen setting through pyrolysis or gasification. The resulting charcoal stabilizes carbon in the biomass in an
inert form for long term carbon sequestration and greenhouse gas emission reduction, and the biochar can be
applied to the soil as an amendment.  Biomass not treated through pyrolysis or gasification undergoes
decomposition at a faster rate than biochar and biomass carbon is converted to atmospheric CO2.  Partial
combustion does not prevent the conversion of biomass carbon to atmospheric CO2; however, the process is
retarded.  Studies regarding the length of time the carbon is held in this inert form in biochar are ongoing with
current estimates placing long term stability from decades to millennia. Factors affecting this stability in soil
include the type of feedstock used, the depth at which the feedstock is buried, the soil biological and chemical
characteristics, and the rate of soil cultivation of the land. In addition to stabilized carbon, biochar may also

67 Lory, John, Massey, Ray, and Joern, brad 2008. Using Manure as a Fertilizer for Crop Production. Pp. 105-116 in Final Report: Gulf
Hypoxia and Local Water Quality Concerns Workshop. September 26-28, 2005, Ames, Iowa. Sponsored by Iowa State University and EPA.
Organized by the MRSHNC, Upper Mississippi River Sub-basin Hypoxia Nutrient Committee. St. Joseph, Michigan: ASABE
68 Massey, Ray and Lory, John 2013. Calculating the Value of Manure as a Fertilizer Source. University of Missouri. Last updated June
2013. Accessed September 29 2017. http://extension.missouri.edu/p/G9330
69 Environmental Defense Fund. Greenhouse Gas Markets for Agriculture. Accessed September 22 2017.
https://www.edf.org/ecosystems/greenhouse-gas-markets-agriculture
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contain phosphorus, potassium, sulfur, magnesium, calcium, and lime among other elements which can alter
soil chemistry and impact crop yields. 70

Application of biochar to the soil can be conducted in a variety of ways, such as broadcasting by any plowing
method, mixing the biochar with solid amendments (manure, compost, lime, etc.), and targeted biochar
application for poor soils.71

Beyond GHG mitigation, there are multiple identified additional benefits with the application of biochar.  In
agricultural settings biochar has the capacity to increase water holding capacity of the soil and can improve the
productivity of the soil. The productivity of the soil after application appears to depend on the existing
conditions of the soil (e.g. soil acidity and texture), the biochar feedstock, and regional environmental
conditions.  There is some ongoing discrepancy concerning these additional benefits and the role biochar plays
in increasing crop yields and improving soil health. Positive effects of biochar appear in studies conducted in
the tropics where the soils are highly weathered, nutrient poor, and acidic. This is because biochar has alkaline
properties that improve soil pH and the addition of carbon to the soil. However, results in fertile soil regions,
such as California’s Central Valley, regarding improvement of crop yield and soil health are not as positive and
in some cases either have no statistical effect or a negative effect.72

UC Davis researchers examined the productivity in the Central Valley of corn and tomato crops with and
without application of biochar with a feedstock of walnut shells from an orchard in Winters, California. An
increase in crop yield was not observed until the second year after application and these benefits were short
lived (limited to one year). Additionally, the study noted that as the biochar degrades, there is uncertainty as to
the interaction with the native soil and if the crop yield is maintained.73

A study in San Mateo County indicated that biochar had a neutral or negative effect on crop yields of Brussel
sprouts. While the cause of this effect is unknown, the study suggested that the pH of the soil prior to biochar
application was already favorable for Brussel sprout cultivation and thus precluded the effect of biochar. 74

Pyrolysis and gasification systems to produce biochar vary considerably, and can be stationary or mobile.
Systems can be built and operated on a small residential scale that provides heat and decreases biomass of a
single residence up to large scale industrial systems that require tonnes of biomass per day to operate
effectively. At the farm level, large farms could operate a pyrolysis or gasification system that harvests excess
biomass to convert to biochar and then apply directly to the fields. 75

5.3.2 SACRAMENTO COUNTY SUITABILITY

Sacramento County land cover and land use provides multiple opportunities to employ biochar as a carbon
sequestration method. As the second largest land cover in the county, agriculture land cover and more
specifically row crops is an area in which biochar may be well suited for biochar application. Dominant row
crops in Sacramento that may be candidates for biochar application include corn (~25,000 harvested acreage in

70 Terra Global Capital LLC. 2010. Evaluation of the Opportunities for Generating Carbon Offsets from Soil Sequestration of
Biochar. Climate Action Reserve.
71 Major, Julie. 2010. Guidelines on Practical Aspects of Biochar Application to Field Soil in Various Soil Management
Systems. International Biochar Initiative.
72 Griffin DE, Wang D, Parikh SJ, and Scow KM. 2016. Short-lived effects of walnut shell biochar on soils and crop yields in a
long-term field experiment. Agriculture, Ecosystems & Environment. 236 (2017) pgs. 21-29.
73 Griffin et al, 2016.
74 San Mateo Resource Conservation District. February1, 2016. Biochar Field Trials in San Mateo County. Accessed
September 17 2017.  http://www.sanmateorcd.org.
75 US Biochar Initiative. Biochar Production. Accessed September 17 2017.  http://biochar-us.org/biochar-production.
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2015) and hay (~21,000 harvested acreage in 2015). Other row crops in Sacramento County that may be
candidates include rice, oats, wheat, and ryegrass.76 A large concern regarding the application of biochar to
Sacramento County’s alkaline agricultural soils is the lack of benefits biochar could have on soil health of an
already fertile region.

There are local biochar suppliers in Willows, California (Pacific Biochar) and Merced, California (Phoenix
Energy) that produce a variety of biochar and biochar blends. Pacific Biochar also offers consultation to
optimize biochar application rates.77 78

There is support in the State government to address GHG emissions and climate change from a soils
perspective. California Department of Food and Agriculture (CDFA) has developed the Healthy Soils Program
(HSP) that’s objective is “to build soil carbon and reduce agricultural greenhouse gas emissions.” The program
has issued a request for grant applications for pilot projects that examine methods to reduce GHG emission
from agricultural soils.79 This request does not include funding for projects that incorporate biochar. Based on
the program’s mission statement, it seems biochar projects would be candidates for studies in the future;
however, the budget for the Healthy Soils Program was cut for the 2017-2018 fiscal year.80

In examining other agricultural lands, such as rangeland, there are some obstacles to biochar application on
rangeland that do not make rangeland an ideal land cover type to apply biochar.  For instance, the increase of
developments in the county is decreasing the acreage of rangeland.  Additionally, rangelands in Sacramento
County contain vernal pools and vernal pool complexes that are highly sensitive habitats requiring a narrow
range of environmental conditions. Any application of biochar in this county would require wetland
delineations and vernal pool surveys to identify the locations of these habitats within rangeland. Additionally,
the effect on vernal pools of biochar addition to these habitats or the rangeland habitat surrounding vernal
pools is not well studied and the impacts are not understood. As a result, this summary does not recommend
application of biochar to rangeland in Sacramento County at this time and the remainder of this summary will
not address rangeland application.

5.3.3 TOOLS

The total or per acre carbon sequestration potential depends on the source of the biochar and the application
rate of the biochar to the soil.

The Pacific Northwest Biochar Atlas (Atlas) provides tools that encompass a Biochar selection evaluation and
Biochar Cost-Benefit Analysis Tool.  The Selection Evaluation is based on soil characteristics, biochar goals
(sequester carbon, improve soil fertility, increase water retention, etc.), and crop type. The selection tool
requires inputs of the following soil characteristics: percent organic matter carbon, phosphorous (parts per
million [ppm]), potassium (ppm), sulfur (ppm), magnesium (ppm), pH, cation exchange capacity, and texture.
Results from the Biochar Selection Tool provide users with the option to explore various biochar types and

76 County of Sacramento. 2016. 2015 Sacramento County Annual Crop and Livestock Report. Accessed September 27 2017.
http://www.agcomm.saccounty.net/Pages/CropandLivestockReports.aspx.
77 Phoenix Energy. Biochar from Phoenix Energy. Accessed September 17 2017. Available from:
http://www.phoenixenergy.net/bulk_biochar.
78 Pacific Biochar. Biochar Price Sheet. Accessed September 17 2017. Available from: https://pacificbiochar.com/biochar-
price-sheet.
79 California Department of Food and Agriculture. Healthy Soils Program. Accessed September 17 2017.
https://www.cdfa.ca.gov/oefi/healthysoils/.
80 Merrill J. 19 September 2017. “No Funding for Healthy Soils and SWEEP Programs in Cap-and-Trade Budget Deal.”
California Climate and Agriculture Network. Accessed September 25 2017.  https://www.calclimateag.org.
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amendment rates and assess the average stable carbon by weight and acre.  81 The Atlas is a program funded
jointly by the DOI Northwest Climate Science Center and the USDA Northwest Climate Hub and developed by
the USDA Agricultural Service Forage Seed and Cereal Research Unit and the Department of Crop and Soil
Science at OSU. Other tools provided by the Atlas include a cost benefit analysis tool that assesses the predicted
harvest yield and the net economic benefit. This tool requires the user to estimate the biochar application rate
in ton per acre, the cost of the biochar per ton, as well as transport and application costs.  The changes in crop
margin are also required (price of crop per acre, average yield in ton per acre, and expected change in yield) as
well as any changes to the fertilizer, lime, and irrigation costs.82

While these tools are tailored to regions in the Pacific Northwest, they allow the user to enter site specific soil
characteristics and can likely be adapted for use in Sacramento County. For example, the biochar
recommendations are specific to biomass feedstock available in the Pacific Northwest, but there is overlap of
feedstock that would be available in the Sacramento County or Northern California (e.g. poultry litter,
ponderosa pine, Douglas fir, and yard waste). This set of tools provides a rough initial estimate of the amount of
stable carbon in a biochar type and the net economic benefit of application (making assumptions concerning
projected crop yield).   With multiple variables, estimating these outputs would need to occur on an
agricultural field scale to produce realistic financial impacts to the growers.

5.3.4 EVALUATION

The volume of carbon sequestered depends on a multitude of factors.  The feedstock basis for the biochar, the
pyrolysis and gasification procedures, and soil characteristics (soil pH, clay content, etc.) can affect the carbon
sequestration potential and stability of the biochar. Biochar can sequester carbon for decades to millennia
depending on surrounding conditions and the quality of the initial biochar. While this is longer than non-
charcoal organic matter in soil, biochar does degrade and the carbon is eventually released.  The International
Biochar Initiative has developed a biochar classification system that estimates the quantity of organic carbon
(grams per kilogram) sequestered in a biochar for at least 100 years (sBC+100) (Table 12).83  The Atlas has
evaluated biochar feedstock types used in its tools based on this classification system.

Table 12. Carbon Storage Classification System and application of System by Pacific Northwest Biochar Atlas.

Carbon Storage
Classes

Carbon Storage Value Pacific Northwest Biochar Atlas: Biochar
Feedstock

5 sBC+100 ≥ 600 g/kg Douglas fir (500°C & 700°C),
Ponderosa pine, Yard debris (700°C)

4 500 g/kg ≤ sBC+100 < 600 g/kg  (no applicable biochar feedstock to
Sacramento County)

3 400 g/kg ≤ sBC+100 < 500 g/kg Yard debris (500°C)
2 300 g/kg ≤ sBC+100 < 400 g/kg Poultry litter (500°C & 700°C)

Yard debris (500°C)
1 sBC+100 < 300 g/kg Poultry litter (350°C)

81 Pacific Northwest Biochar Atlas. Biochar Selection Tool. Accessed October 2 2017.
http://www.pnwbiochar.org/tools/selector/.
82 Pacific Northwest Biochar Atlas. Cost-Benefit Analysis Tool. Accessed October 2 2017.
http://www.pnwbiochar.org/tools/cba/.
83 International Biochar Initiative. IBI Biochar Classification Tool. Accessed October 1 2017.  http://www.biochar-
international.org/classification_tool.
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Generally, the biochar application rate is based off of site specific characteristics and aims to maximize the
improvement of crop yield.  Due to variability of soils, climate, and biochar characteristics, application rates
vary and studies have observed positive crop yield effects from the application of 5 to 50 tonnes of biochar per
hectare. However, in arid temperate areas of the west with quality soils, such as the climate in the California
Central Valley, studies have suggested mixed results regarding crop yield.

To calculate the amount of carbon sequestered for the largest row crop type in Sacramento County (corn), 2015
harvested corn acres84 and pounds per acre of stable carbon present in poultry litter (combusted at 700°C)85

were used to provide a rough estimate.  As an example, exercise, an application rate of 0.5 ton of biochar per
acre was used. The estimate yielded approximately 21,600 pounds of sequestered carbon.

5.3.5 COSTS AND MAINTENANCE

The International Biochar Initiative has assessed average wholesale prices of 28 US biochar producers to be
$1,360/ton of biochar in 201486; however, the cost varies widely depending on the feedstock and operating costs
of the facility. Assessing the cost for nearby producers, wholesale pure biochar from Pacific Biochar is currently
$1,000 /ton and can be blended with compost or biologically active culture at an increased cost. The feedstock
is debris from high fire risk areas in California. No information was provided concerning the carbon
sequestration potential.  In the Sacramento County region, due to the lack of clear benefits, the cost to apply
the biochar may be a sunk cost that does not generate increased profit yield.

Biochar can be a one-time application (one-time cost) or biochar may be incorporated into fertilizers and
composts and reapplied at the rate required by the fertilization application rate (application rate dependent on
crop and soil type).87  Additional costs and maintenance can be associated with biochar. Due to fine particle size
of some biochar, wind and water erosion are concerns for maintaining biochar on site. To address these
concerns the International Biochar Initiative has developed guidelines for implementation of best management
practices.88 To address wind erosion that occurs during application, moistening the biochar or pelleting the
biochar is recommended. To address water erosion that may impact off site areas or local waterways, proper
and full incorporation of the biochar into the soil is recommended.89 In addition, it is likely that
implementation of traditional row cropping management practices that reduce offsite runoff from agricultural
sites would be beneficial (e.g. vegetation buffers).

5.3.6 BIOCHAR CONCLUSIONS

While the application of biochar to the agricultural field landscape offers an opportunity to sequester carbon
on the second largest land cover type in Sacramento County, the field of study is limited and effect on crop
yields have not produced positive results in the long term for this region. At its current state, biochar would
likely be difficult to implement as a carbon sequestration method due to unknown effects to crop yield, the fact
that negative or neutral results would affect grower’s livelihood, and the fact that biochar remains in the soil
for an extended period of time and could impact the region’s already fertile soil. To further the understanding
of the effects biochar has on agricultural land in the region, SMUD may be able to fund studies of fields and
crop types of willing growers in the County.  Additionally, SMUD may be inclined to partner with Healthy Soils
Program and provide funding towards this program. Ultimately, more research on the effect to soil health, crop

84 County of Sacramento, 2016.
85 Pacific Northwest Biochar Atlas, Biochar Selection Tool.
86 Jirka S. and Tomlinson T. 2015. '2014 State of the Biochar Industry: A Survey of Commercial Activity in the Biochar Sector',
International Biochar Initiative report. Accessed October 2 2017.  http://www.biochar-international.org/node/8367.
87 Major, 2010.
88 Ibid.
89 Ibid.
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yield, and farm economics in the region is required prior to recommending widespread funding and application
of biochar in Sacramento County.

5.4 DISCUSSION
These three project concepts are illustrative, but by no means exhaustive of the range of opportunities both
generally for increasing landscape carbon through biosequestration or specifically in Sacramento County. Work
underway by TNC in Merced County is developing a long list of project concepts that will be a wealth of
information. While these will not follow precisely the same topics covered here, they will evaluate
opportunities on the basis of technical potential, cost, and other considerations.

The project concept biosequestration potentials have not been included in the current, forecast, or MARXAN-
based modeling exercises. However, with appropriate spatial resolution and classifications, the areas where
each concept could be implemented could be identified. Future work should seek to integrate these concepts
more explicitly to understand not only the losses in landscape carbon attributable to development, but also the
areas where carbon could be maximized.
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FUTURE OPPORTUNITIES
The model described in Chapter 2 was developed within the existing scope of this project as an initial study, but
there are opportunities for model expansion and refinement in future iterations.  The sections below document
potential expansions and refinements that may inform future studies in Sacramento County and the
surrounding region.

6.1 LAND USE AND LAND COVER CLASSIFICATIONS AND BIOMASS CARBON
DENSITIES

6.1.1 AGRICULTURE

Agriculture represents over a quarter of Sacramento County’s land area and is an important contributor to the
economy in the region.  For agriculture, the resolution that LANDFIRE provides is more applicable to a state-
level analysis than it is for a county- or local-level analysis.  There are resolution issues that impact the
delineation of orchards and vineyards as well as grasslands and shrublands.  An improvement to this model
would be to incorporate more granular agriculture land classes to have a more accurate portrayal of specific
crops, orchards and vineyards in the county.  Potential datasets include:

¾ California Department of Water Resources Statewide Cropping Data: Recent 2014 statewide
cropping data, released in late September 2017, from the California Department of Water Resources and
LandIQ is a solution that provides improved granularity of agricultural land uses, and should be
considered if this analysis is expanded.  According to the metadata, this dataset “represents a
statewide, comprehensive, field-scale assessment of agricultural land use, as well as urban and
managed wetland boundaries for the 2014 year. This data is prepared by Land IQ, LLC and provided to
the California Department of Water Resources (DWR) and other resource agencies involved in work and
planning efforts across the state for current land use information. This dataset is meant to provide
information for resource planning and assessments across multiple agencies and serves as a consistent
base layer for a broad array of potential users and multiple end uses.”  The data can viewed and
downloaded online at: https://gis.water.ca.gov/app/CADWRLandUseViewer/

¾ The Nature Conservancy Statewide Agriculture and Grasslands Classifications: TNC is developing
a statewide dataset with the intention of creating a robust granular classification of agriculture and
grassland.  These data are not yet available, but may provide another option for increased accuracy of
agriculture and grassland classes.

Improved granularity would also allow for the application of vineyard-, orchard- and crop-specific carbon
factors to calculate sequestration carbon storage to apply to these calculations.  Resources for helping to refine
orchard carbon densities might include the U.S. Forest Service’s CUFR Tree Carbon Calculator90 to use tree
genera as surrogates for orchard species (e.g., walnuts, almonds, pistachios, and citrus) and UC Davis’s
Agricultural and Resource Economics Department cost and return studies91 to evaluate tree planting densities.92

90 The CUFR Tree Carbon Calculator is online at: https://www.fs.usda.gov/ccrc/tools/tree-carbon-calculator-ctcc
91 Cost and return studies can be found online at: https://coststudies.ucdavis.edu/en/current/
92 Personal Communication with Klaus Scott (October 12, 2017).

https://gis.water.ca.gov/app/CADWRLandUseViewer/


SACRAMENTO COUNTY LANDSCAPE CARBON ASSESSMENT WSP
December 2017

Page 56

Furthermore, more detailed agricultural classifications may also allow for incorporating COMET-PLANNER data
into inventory calculations to show carbon sequestration based on various agricultural practices.

6.1.2 URBAN FORESTS

This analysis uses a single county-specific density to calculate carbon from urban forests.  While this approach
provides a high level estimate of carbon, future studies at the county level should consider more spatially
resolved urban forest carbon stock data to obtain a more accurate estimate.  This notion is particularly
applicable to Sacramento County where canopy cover varies greatly in urban areas.  There may be an
opportunity to gather more granular data to develop urban forest carbon factors.  The LANDFIRE and UPlan
datasets both delineate multiple densities for urban areas.  Understanding how forest land cover and area
change across these urban densities may lead to a more accurate classification and carbon inventory of urban
forests within Sacramento County.  This process may involve a combination of field work as well as analysis of
high resolution geospatial data such as LIDAR data as seen in TNC’s Sonoma County report.93

6.1.3 FORESTS

This study calculated carbon at the LANDFIRE forest class level, but then aggregated all forest types together to
get an aggregated forest carbon density to be applied to all scenarios.  Future studies should consider breaking
out forest carbon densities into coniferous and deciduous groupings or specific species to more accurately
capture their varying carbon densities94, particularly in counties or regions where forests cover a great
percentage of the landscape than they do in Sacramento County.

6.2 SOIL DATA, CLASSIFICATIONS AND SOIL CARBON FACTORS
The gSSURGO database provides geospatial soil survey data that is publicly available and intended to inform
resource planning and analyses, but does have its limitations.  The following items discuss how future studies
in Sacramento County and the SACOG region may refine soil carbon estimates:

¾ Soil Classifications: Per discussion with the technical experts at TNC, the Merced County project is
implementing granular agricultural soil classifications based on Intergovernmental Panel on Climate
Change (IPCC) soil categories.95  These classifications are developed by Colorado State University and
are aligned with the COMET-PLANNER tools, and may be useful in developing a more accurate soil
carbon estimate for agricultural lands.

¾ Soil Carbon Loss from Land Conversion: The resolution of the gSSURGO soil organic carbon data does
not account for soil carbon loss impacted by landscapes modified by urban development or agricultural
activity96.  Having the ability to better understand at a county or regional level how landscape
modification impacts soil carbon would yield better soil carbon estimates. Furthermore, while the
conversion to agricultural lands is not the same as conversion to urban areas and may have a different
soil carbon loss factors, research on the conversion to agricultural lands is more prevalent, so the same
loss factor was used for both agriculture and urban conversions.  A second phase of this Sacramento

93 The Nature Conservancy and Sonoma County Agricultural Preservation and Open Space District, 2015, Appendix B p. 60-
62.
94 Personal Communication with Jason Ko (October 12, 2017).
95 Personal Communication with John Nickerson (August 14, 2017).
96 The Nature Conservancy and Sonoma County Agricultural Preservation and Open Space District, 2015, Appendix B p. 49.
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County study should further refine the soil carbon loss factor assumptions for these various land
conversions to understand the differences in factors.

¾ Soil Carbon Estimations:  Discussion among the workgroup during the October 12, 2017, meeting
suggested that the data provided by SSURGO may underestimate soil organic carbon.  Preliminary
research comparing gSSURGO to other datasets such as SoilGrids97 indicates that gSSURGO data may
underestimate carbon in soils. 98  Further research on this topic is needed and should be considered in
future analyses to understand if there is another method or dataset that may help refine carbon
estimates in the region.

6.3 FUTURE URBAN DEVELOPMENT SCENARIOS
The UPlan datasets were selected for this study because they provide, in addition to a business-as-usual
scenario, several alternative land use scenarios that are intended for regional and county level modeling.99

There can be limitations to a broad statewide dataset100, so future studies should also consider if other datasets
are more applicable to the county or regional study area.  Some options specific to this study include:

¾ Sacramento “Full Build Out” Scenario: It may be useful to compare the full build out model from the
South Sacramento Habitat Conservation Plan to the UPlan scenarios to understand the differences in
projected development and how that will impact landscape carbon in 2050.  To the extent possible and
given data availability, using growth scenarios tailored specifically to Sacramento County or the SACOG
region could likely provide a more realistic portrayal of future landscape carbon in the region.

¾ Datasets that Incorporate State Bill 375 (SB 375): UPlan does not include SB 375, California’s
Sustainable Communities and Climate Protection Act of 2008, in its scenarios.101  SB 375 supports
California’s climate action goals to reduce GHG emissions through coordinated transportation and land
use planning at the regional metropolitan planning organization (MPO) level.  Each MPO must prepare
a sustainable communities strategy that contains land use, housing and transportation strategies that
would allow the region to meet GHG emissions reduction targets if implemented.102  If available,
geospatial datasets that incorporate this region-level information may be useful in better projecting
future land use and development patterns in Sacramento County and the SACOG region, further
refining technical potential estimates.

¾ USGS Land Use and Carbon Scenario Simulator (LUCAS): A possible opportunity to expand this
model or incorporate with another includes considering LUCAS.  LUCAS tracks changes in land use (e.g.,
urbanization and agricultural expansion or contraction), land cover, land management (e.g., forest
harvest), and disturbance (e.g., wildfire), and their impacts on ecosystem carbon storage and flux.   ARB
is exploring the opportunity to adapt LUCAS to support their work103, and this may be an opportunity
for Sacramento County or SACOG to discuss with ARB or the USGS team to understand LUCAS’
applicability to the region.

97 SoilGrids data can be found online at: https://soilgrids.org/#!/?layer=TAXNWRB_250m
98 Personal Communication with Dave Marvin (November 2, 2017).
99 UC Davis Information Center for the Environment.  UPlan: Urban Growth Model.  Online at:
http://ice.ucdavis.edu/project/uplan
100 Personal Communication with David Shabazian (October 12, 2017).
101 Personal Communication with Patrick Huber (November 2, 2017).
102 The California Air Resources Board.  Sustainable Communities.  Last updated October 13, 2017.  Online at:
https://www.arb.ca.gov/cc/sb375/sb375.htm
103 Personal communication with Klaus Scott (September 13, 2017).
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6.4 ECONOMIC ANALYSIS AND STAKEHOLDER ENGAGEMENT
Developing financial cost metrics in addition to carbon densities by land cover type would be very useful in
informing planning and policy discussions. Although this study is focused on quantification of landscape
carbon in different land cover types and potential for improvement through enhanced management practices
or land use changes, this effort could be considered a precursor to an economic analysis as the results and data
could help feed into a cost and carbon value assessment.  Such an assessment could include analysis of the
social cost of carbon as well as the value of co-benefits associated with open space, including groundwater
recharge flood protection, and improved health, for example.  Co-benefits analysis may also yield an
opportunity to engage various stakeholders such as staff at SMUD, land use planners and land owners in the
region to communicate the importance of landscape carbon and conservation planning, and to explore
additional project concepts.  One source of potential funding for this type of analysis may be available through
the California Wildlife Conservation Board’s allocation from the Greenhouse Gas Reduction Fund.
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CONCLUSION AND NEXT STEPS
The modeling performed for this study estimates that business-as-usual development in Sacramento County
will result in a loss of 5.2 million MTCO2e of landscape carbon storage by mid-century. This quantity would
exceed the 4.9 million MTCO2e annual emissions of unincorporated Sacramento County in 2015.104 These losses
would be the result of increased urbanization, and the loss of natural habitats that store carbon in soil and
biomass. The largest losses result from conversion of agriculture and shrubland. However, this emissions
liability can be limited through proactive and strategic land use planning, and infill development could
minimize stored carbon loss to 0.5 million MTCO2e relative to 2014.

Additional opportunities to leverage the landscape can, in fact, turn this trend around and achieve additional
sequestration. The three project concepts considered in this review identified opportunities through urban
forestry and nutrient management that could together sequester an additional 2.2 million MTCO2e in landscape
carbon by 2050. Pursuing both an infill development land use pattern and implementation of these activities
has the potential to increase landscape carbon and reduce atmospheric carbon by 1.7 million MTCO2e from the
2014 base year.

The magnitude of the potential emissions associated with loss of landscape carbon and the benefits of
responsible development and actions demonstrate a clear imperative to integrate landscape carbon into
planning frameworks. The Marxan modeling framework provides a platform for embedding landscape carbon
into ongoing planning by SACOG and its stakeholders, and the model was successfully adapted to not only
evaluate landscape carbon as a single prioritization variable, but also demonstrate the feasibility of modeling it
within a broader set of conservation priorities. While this proof-of-concept is intended to demonstrate the
feasibility of such an approach, additional work is recommended to develop the full set of conservation
priorities and associated targets.

The results of this study suggest further work is warranted and needed to improve estimates of landscape
carbon, identify and evaluate additional sequestration activities, expand the geographic boundaries of the
study area, and fully incorporate the results into regional planning frameworks. But this analytic framework
and data-driven exercise should be supported by active outreach to engage a diverse group of stakeholders.
The agricultural community, in particular, can play a large role in increasing landscape carbon through
activities that increase productivity, return economic benefit, and sequester carbon. Programs like Healthy
Soils Initiative are essential to provide financial support to build experience and demonstrate action on the
ground. Likewise, local policymakers and NGOs can drive change by embracing landscape carbon as a priority,
and identifying opportunities to maximize biosequestration in conjunction with not only other environmental
efforts, but economic development and social justice as well.

Finally, beyond Sacramento County, SMUD has an opportunity to engage with other California utilities to share
these findings, expand the dialog regarding the role of landscape carbon storage in the state's climate strategy,
and explore policy and other initiatives that can assist the energy sector in achieving its critical carbon
objectives.

104 Ascent Environmental. November, 2016. Sacramento County Communitywide CAP, Technical Memo #1 -2015 GHG
Emissions Inventory. Available at: http://www.per.saccounty.net/PlansandProjectsIn-Progress/Pages/CAP.aspx
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Project Comments 

Williamson Act Compliance in Project Description. The project description maintains that the property 
currently complies with the Williamson Act and quotes supporting language in the statute. However, it makes a 
claim that solar projects would also comply with limited justification. The project description should indicate why 
this project is deemed to be consistent with the requirements of the Williamson Act. 

Blue Oak Woodland Impacts. The impacts of the project on direct loss of blue oaks woodlands and the ability 
for blue oak regeneration due to loss of surrounding habitat suitable for seed germination should be analyzed.  

Listed Plant Species. Careful consideration should be given to any listed plant species within the project area. 

Evaluate Proposed Seeding Program.  More details are needed regarding any proposed seeding as part of 
the project. The impacts of initial and ongoing reseeding in disturbed areas and under the solar panels need to 
be evaluated and appropriate limitations on seed composition and methods of application identified as 
mitigation.  

Scope of Wildlife Impacts Analysis.  Analysis of impacts should be included for the numerous other species 
that utilize Blue Oak Woodlands. A minimum list of potential species that utilize Blue Oak Woodlands can be 
found in the California Wildlife Relationships System (CWHR).  The California Natural Diversity Database 
(CNDDB) should be used with caution and with the realization that it is not an indicator of the absence of a 
species in any given habitat.  In addition, avian species occurrences in CNDDB are predominantly nesting bird 
observations, while Blue Oak Woodlands are used for foraging or migration. 

Raptor Analysis. The raptor analysis should include the potential for bird strikes on the solar panels, access 
to prey species below the panels, effects of glare from the panels on feeding and nesting behavior, effects of 
new lighting on feeding and nesting behavior, disturbance during construction, and disturbance from 
maintenance activities. 

Badger Impacts. Impacts to American Badger should be carefully analyzed, especially habitat fragmentation 
and impacts to connectivity.  This is a species with a large home range that utilizes the Blue Oak Woodlands or 
Blue Oak Savanna and therefore is very susceptible to habitat fragmentation. 

Habitat connectivity is a major and growing concern, especially as climate change models increasingly 
indicate the probability of species having to relocate to cooler climes. The impact of this project on east west 
connectivity should be analyzed in the DEIR, and a viable connectivity corridor should be included as an 
avoidance and minimization measure, ideally using Coyote Creek and setbacks on either side of it that extend 
150’ from the center of the creek, which is consistent with South Sacramento Habitat Conservation Plan 
(SSHCP) stream setbacks for undeveloped waterways. 

Impacts to the South Sacramento Habitat Conservation Plan The project is entirely within the boundary of 
the SSHCP and its consistency with the SSHCP needs to be analyzed. The SSHCP does not have any take of 
Blue Oak Woodlands covered in it, so no mandatory mitigations for the preservation of that habitat type are 
included. But the Plan recognizes the importance of preserving Blue Oak Woodlands and includes a 7,000 
acres conservation target in Appendix J of the Plan, the “over and above” conservation targets.  The regulatory 
agencies cited the importance and significance of the “over and above” targets in their approval of the Plan. 

At a minimum, these impacts to the SSHCP should be analyzed: 1) Habitat fragmentation and potential loss of 
wildlife corridor on the eastern border of the Plan area; 2) Impact of this project on the ability of the SSHCP to 
achieve its target of 7,000 acres of Blue Oak Woodland conservation in the eastern portion of the Plan area; 
and 3) Determination if any of the parcels within the project area also within the Urban Development Area of 
the SSHCP and therefore part of the SSHCP 
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Growth inducement is a significant concern with this project, potentially resulting in numerous projects of this 
type in the Blue Oak Woodland of eastern Sacramento County.  SMUD may not elect to purchase energy from 
other projects in this sensitive habitat, but other utilities from elsewhere in the state, and potentially further 
afield, may well be enticed to do so, particularly because the impacts associated with such a project would not 
be borne in their region.  The DEIR should evaluate the potential that this project will induce additional projects 
of this type in the Blue Oak Woodlands south and east of the proposed project and the impact that potential 
growth inducement could have on 1) the 7,000-acre conservation target in Appendix J of the SSHCP; and 2) 
the “inventory area” of the SSHCP. The DEIR should indicate how this growth inducement will be avoided or at 
least fully mitigated. Dismissing the growth inducement potential of this project as speculative and/or 
unmitigable is neither warranted or justifiable.  

Compatibility with Resource Conservation Overlay. Substantial acreage within the planned project is within 
the Resource Conservation Overlay of the Sacramento County General Plan Land Use Diagram. It is important 
that the document look at the consistency of this project with that designation, both in terms of the resource 
values meriting special designation on the plan map and the applicability of the overlay designation. While the 
General Plan Land Use Element text emphasizes the voluntary scope of the designation, the analysis should 
nevertheless address the degree to which the proposed project as a whole comports with the intent of the 
designation to protect and enhance the blue oak woodlands.  

To summarize, we fully support and encourage SMUD’s efforts to achieve the very ambitious goal of net zero 
carbon by 2030. We recognize the necessity of pursuing large solar projects to achieve additional renewable 
energy capacity quickly. We encourage SMUD to concurrently pursue more challenging but less impactful 
options including rooftops and more heavily used agricultural land. We request that SMUD evaluate and 
identify locations for future solar farms that minimize impacts to wildlife habitat including blue oak woodlands.  

And we ask that Sacramento County, fully evaluate and respond to our comments specific to the preparation of 
the DEIR for the Coyote Creek Agrivoltaic Ranch Project. 

 
Sincerely,  
 

     
 
Susan Herre  Sean Wirth   William Bianco  Barbara Leary 
President  Co-Chair   President   Chair, Sacramento Group 
ECOS   Habitat 2020   Sacramento Audubon  Sierra Club 
 
 
CC: 
SMUD Board Members 
Kim Hudson, Executive Director, South Sacramento Habitat Conservation Plan 
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Subject: FW: Comments on the Coyote Creek photovoltaic NOP
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Planning and Environmental Review
827 7th Street, Room 225A, Sacramento, CA 95814  |  (916) 874-2862
www.saccounty.net

The Office of Planning & Environmental Review (PER) is open by appointment only.  Please see our website at
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Abstract 
 


The groundwater system of southern Sacramento County was formed by the 


glacially-dominated American River fan and the non-glacial Cosumnes River fan. Recent 


hydrostratigraphic analysis with borehole log data shows that the American River 


gravelly channels not only migrated to the south, cutting into the Cosumnes sediments in 


the Holocene, but also did the same during the Quaternary, leaving deep, coarse grained 


incised valley fill deposits embedded in what would otherwise be considered Cosumnes 


fan sediments.  


Three-dimensional Markov chain models are created for each of the two systems 


using transition probability geostatistics.  Each system is simulated separately and then 


combined to produce a regional three-dimensional representation of subsurface 


heterogeneity that preserves cross-cutting relationships between American River coarse- 


grained sediments and finer-grained Cosumnes River deposits. This geologic model will 


be incorporated into future groundwater flow and transport models to investigate the 


effects on regional groundwater conditions. 
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Introduction 
 


As one of the last undammed rivers in the state of California, the Cosumnes River 


has received considerable attention from the scientific community. Of particular concern 


has been declining flows in the late summer to early fall which restrict fall run Chinook 


salmon migration (Fleckenstein et al, 2001; Fleckenstein, 2004; Fleckenstein, 2006). 


Over a half century of groundwater overdraft has caused the surrounding aquifer to drop 


well below the river channel. With growing water demands in Sacramento County, it is 


unlikely that groundwater pumping will be reduced sufficiently to restore the water table, 


base flow, and fall flows (Fleckenstein, 2006). 


Previous work has shown that geologic heterogeneity significantly influences 


groundwater/surface water interactions (e.g., Fleckenstein, 2004; Fleckenstein, 2006; 


Niswonger, 2006; Frei, 2008; Niswonger, 2008). Fleckenstein (2004) and Frei (2008) 


found that the incorporation of geologic heterogeneity in modeling groundwater/surface 


water interactions led to local connection between the river and the depressed water table. 


Each suggested that such connections could be used along with surface water 


augmentation or artificial recharge to restore fall flows. Niswonger et al. (2008) 


concluded that management of near channel perched systems could be used to help 


maintain these connections and supplement base flow, further aiding the restoration of 


fall flows. To implement these solutions and predict what effect they may have, a sound 


understanding of the geologic heterogeneity of the region is essential. 


Weissmann et al. (1999; 2002; 2004; 2005), in connection with others 


(Weissmann and Fogg, 1999; Bennett, 2003; Burow et al., 2004; Lansdale, 2005; Bennett 


et al. 2006) demonstrated that cyclic depositional sequences formed by glacial/inter-
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glacial periods could be used to characterize regional subsurface heterogeneity of alluvial 


fans. Characteristic of these fans are large incised-valley-fill deposits (IVF), which form 


as glaciers melt, repeatedly releasing copious amounts of sediment and runoff to the 


incised rivers of the Central Valley. While confined to the incised valleys, water 


velocities are high and coarse sediments are carried far into the Central Valley 


(Weissmann et al., 2002, 2004; Lansdale, 2005). With time the incised valleys are filled 


and surface water spreads over the fan, significantly reducing velocities and allowing 


only fine sediments to reach the more distal parts of the fan. The coarse-grained IVF 


deposits (upwards of 30 meters thick), surrounded by mainly fine sediments, act as 


preferential flow paths, significantly influencing regional groundwater flow and transport 


(Weissmann et al., 2004; Lansdale, 2005). Shlemon (1967) and others (DWR 118-3, 


1974) identified paleochannels that appear to be similar to IVF deposits in the shallow 


subsurface to the north of, and likely crossing the Cosumnes river (Figure 1). Although it 


is likely these incised valley fill deposits influence the nature of flow and transport in 


Sacramento County, to date we are unaware of any model that has adequately 


incorporated them.  


Prior to this study only limited local geologic data have been available for 


modeling. As a result, regional scale heterogeneity throughout Sacramento County has 


been largely ignored. The purpose of this study is to incorporate abundant local and 


regional data into a more realistic representation of subsurface geology allowing for 


improved flow and transport modeling of groundwater in Sacramento County and the 


Cosumnes River region. To do this I: 1) developed a conceptual geologic model, 2) 
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analyzed sediment spatial variability and depositional trends, and 3) created a 


geostatistical simulation of heterogeneity to be used in later flow and transport modeling. 


 


 
Figure 1. Map taken from Shlemon (1967) showing locations of Pleistocene age 
American River IVF deposits. 


 
 


Study Area 
 


The study area covers a 1262 km2 section of Sacramento County (Figure 2) within 


which the Cosumnes and American River fluvial fans enter the Central Valley. The 


American River (which forms the northern boundary of the study area) drains a 4290 km2 


catchment stretching from Folsom Reservoir to the crest of the Sierra Nevada (Williams, 


2001). The elevation of this basin ranges from 3170 m (10400 ft.) near the crest to 67 m 


(220 ft.) at Folsom Reservoir.  Similar to the Kings River (Weissmann et al, 1999; 


Weissmann and Fogg, 1999), Tuolemne River (Weissmann et al, 2005; Lansdale, 2005) 


and Merced River (Lansdale,2005; Bennett, 2006) fluvial fans, deposition of the 


American River fan has been significantly influenced by cyclic Plio-Pleistocene climate 


change and resulting glaciation in the Sierra Nevada (Janda, 1966; Marchand, 1977; 


Lettis,1982; Weissmann et al, 2005).  
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Figure 2. Relief map of study area (outlined in black rectangle) divided into the American 
River model area to the north and the Cosumnes River model area represented by the full 
larger rectangle. Location of cross sections A-A’, B-B’, and C-C’ (Figures 4-6) shown in 
grey. Rivers are outlined in blue with major highways in light grey. 


 
Immediately south of the American River watershed, the Cosumnes River drains a 


much smaller (1900 km2) basin ranging in elevation from 2400 m (7875 ft) at the 


headwaters to near sea-level at its confluence with the Sacramento/San Joaquin Delta 


(Fleckenstein, 2004). The river leaves the Mesozoic bedrock of the Sierra foothills near 


Michigan Bar, entering the fluvial fan dominated Central Valley. From here the river 


flows 58 km (36 mi) to its confluence with the Mokulemne River. The Cosumnes River, 


similar to the Chowchilla River fan (Helley, 1966; Weissmann et al., 2005), experienced 


Michigan Bar 







 


 


5


relatively little, if any, glacial input. Therefore, it produced a smaller fan containing less 


coarse-grained sediment as compared to the American River fan.  


 
Geologic Setting 


 
Since the early Pliocene epoch (~ 5.3 mya), the geology of Sacramento County 


has been dominated by the deposition of American River fluvial sediments. Early 


deposits consist of eroded volcanic sediments, forming the black sands and andesitic 


gravels characteristic of the Mehrten Formation. Later, non-volcanic sediments were 


deposited as the Laguna, Fair Oaks and Riverbank formations, dating from the end of the 


Pliocene into the Pleistocene (~ 100,000 bp) (Shlemon, 1967; DWR, 1974). These 


formations were deposited by the American River and other streams that had become 


quite sizeable with the introduction of glaciation in the High Sierra.  


During Plio-Pleistocene glaciation the American River channel belt was upwards 


of 8,000 feet wide and carried up to boulder-sized sediments, depositing them in 


channels, incised valleys and, near the apex of the fan, as broad sheets (DWR 1974). 


Repeatedly jumping its banks and changing course, the American River left numerous 


coarse-grained paleochannels “which are of vast importance as conveyance channels and 


sources of groundwater” (DWR 118-3, 1974).  Attempts to trace these paleochannels in 


near-surface sediments have shown that a southern fork of the American River flowed to 


the southwest toward the Cosumnes River, likely crossing the current flow path of the 


Cosumnes River (Shlemon, 1967; DWR 1974). This would suggest that the American 


River fluvial fan is intertwined with the much finer grained Cosumnes fan and that 


American River channel deposits may influence groundwater/surface water interactions 


along the Cosumnes River.  
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Methods 


 
Hydrofacies Characterization 
 


Well logs and the most recent Sacramento County soil survey (Tugel, 1993) were 


the primary sources of lithologic data for this study. Of the more than 23,000 well logs 


provided, 1,320 of the highest quality logs were chosen based on selection criteria used 


by the USGS in their characterization of the Modesto Fan (Burow et al, 2004). These 


criteria require a well log to contain at least one depth interval with a textural modifier 


(e.g., sandy clay, silty sand, gravelly sand, etc.), at least one depth interval with a color 


description (e.g. black sand) and sufficient location data for the log to be placed on the 


county map (Burow et. al, 2004).  Sediments were grouped into four hydrofacies (gravel, 


sand, sandy-mud and mud) based on the lithologic descriptions provided (Table 1). 


Additional cores (presented in Appendix B) taken along the Cosumnes River provided 


insight into the character of sediments (grain-size, color, distribution, constraints on sand 


and gravel mean lengths) present and possible depositional trends. Lithologic data was 


analyzed in plan view and as cross-sections to identify possible depositional trends. 


Hydro-
facies 


Geologic 
Interpretation Texture 


Gravel Channel deposits Boulders-gravel and very coarse sand 


Sand Near-channel Sand (fine to coarse) 


Sandy-mud Proximal floodplain/levee Silty/clayey sands, sandy clays and silts 


Mud Floodplain Clay, silty clay, shale, paleosol 


Table 1. Attributes of the four hydrofacies used in geologic characterization. 
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Following methods used by Weissmann et al. (1999) on the Kings River alluvial 


fan, C-horizon soil descriptions from the Sacramento County Soil Survey (Tugel, 1993) 


were used to create a training image of depositional trends within the study area. The soil  


 
Figure 3. Soils map showing the C-soil horizon divided into the four hydrofacies used 
in this study: 1) gravel, 2) sand, 3) sandy-mud, 4) mud. 


 
survey provides a description of each soil series to roughly 1.5 meters (60 inches) depth 


along with any local variations. Each soil series was grouped into one of the four 


hydrofacies (gravel, sand, sandy-mud, mud) based on C-horizon soil descriptions 


(Appendix A, Table A1), and plotted in ArcGIS (Figure 3). The C-soil horizon is 
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generally considered “parent material” and therefore more representative of original 


sediment textures. Also, by using the C-horizon, soils that had been reworked by 


anthropogenic processes (like tilling for agriculture) were avoided.  


 
 
Hydraulic Conductivity of Sediments  
 


Estimates of hydraulic conductivity for each of the four hydrofacies were 


gathered for use in later flow and transport modeling. It is assumed that each hydrofacies 


has a unique, effective hydraulic conductivity. This results in a representative 


characterization of heterogeneity as long as the variation in K between hydrofacies 


exceeds sufficiently the variation in K within hydrofacies, which is certainly true for the 


extremes of the system – the high-K sands and gravels and the low-K muddy sediments – 


but it may not hold as well for the intermediate hydrofacies of muddy sand.  


A review of relevant literature provided a range of possible K values of similar 


textural facies for other study areas in the Central Valley (Table 2). Of the available K 


estimates and assumptions, the USGS Modesto Fan values (Burow et al., 2008) were 


based on the most data. As part of that study, initial values for each facies were calculated 


from well logs, slug tests and pumping tests for the Modesto area and later adjusted 


during extensive model calibration. Values used by Fleckenstein (2004) and Frei (2008) 


were based on data from only three wells in the immediate vicinity of the Cosumnes 


River and seem low, especially for the gravel facies. Additional values for the gravel 


hydrofacies in the American/Cosumnes Rivers combined area were calculated using 


specific capacity and perforation data provided in well logs. 
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 18 of 63 available driller’s logs containing specific capacity and perforation data 


(Appendix D) were selected based on: 1) completeness of data, 2) length of screened 


interval (many wells were screened over lengths in excess of aquifer thicknesses), 3) well 


location (within modeling boundaries), and 4) duration of pumping (at least 20 hours to 


allow rate of drawdown to stabilize). Hydraulic conductivity was estimated using the 


method of Logan (1964) as described in Kruseman and De Ridder (1979). Transmissivity 


is related to hydraulic conductivity and specific capacity by the following equation: 


T = K * D = 1.22(Q/s) 


where T [L3/T] is the aquifer transmissivity, K [L/T] is the hydraulic conductivity, D [L] 


is aquifer thickness, Q [L3/T] is the steady state pumping rate, and s is the well 


drawdown. For this calculation, it is assumed that the well screen length represents the 


aquifer thickness, and wells have been pumped long enough for the drawdown rate to 


stabilize. It is further assumed for this study that wells are primarily completed in the 


channel hydrofacies and calculated values represent horizontal hydraulic conductivity.  


 


Transition Probability Geostatistical Modeling  


 


 Incorporation of subsurface heterogeneity into flow and transport modeling has 


been shown to produce representative simulations of hydrogeologic heterogeneity (Fogg, 


1986; Weissmann, 1999; Carle, 2003; Fleckenstein, 2004; Frei, 2008). Creating 


representative, geologically based models of subsurface heterogeneity nevertheless 


remains challenging. Boring and geophysical logs provide, in some cases, ample vertical 


information about facies locations and transitions, but borings are rarely close enough 
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together to provide sufficient lateral correlation. T-ProGS (Transition Probability 


Geostatistical Software), a modular geostatistical program introduced by Carle and Fogg 


(1996, 1997), uses transition probabilities and Markov chains to simulate the spatial 


distribution of categorical variables. T-ProGS was developed “to encourage infusion of 


subjective interpretation by simplifying the relationship between observable attributes 


and model parameters” (Carle, 1999, 5). The use of transition probabilities (as opposed to 


more traditional geostatistical approaches like indicator cross-variograms) allows the user 


to incorporate observed depositional trends (i.e. fining upwards sequences, 


symmetry/asymmetry) from the natural system into the simulation. Compared to 


traditional geostatistical simulations (i.e. indicator cross-variograms), the final result is a 


more geologically realistic representation of the modeled environment that also conserves 


the laws of probability (Carle and Fogg, 1996; Carle et al, 1998; Fogg et al, 2000; 


Fleckenstein, 2004). Moreover, the dominant, hydrogeologic influence of heterogeneity 


is that it controls connectivity of aquifer and aquitard materials which is in turn 


predominantly controlled by proportions and lateral and vertical extent (lengths) of these 


materials (Fogg et al., 2000). T-ProGS not only uses proportions and lengths directly in 


the simulation but also facilitates the adjustment of these quantities in light of geologic 


information. 


 The T-ProGS simulation module TSIM uses Markov chains and available 


conditioning data to create a 3-D conditional simulation of subsurface heterogeneity. The 


data on which these realizations are based are typically not “hard”, in the sense that the 


estimated facies at a particular location commonly range from a good estimate to a rough 


estimate. Accordingly, it is appropriate to treat much of the data as “soft” (Goovaerts, 
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1997) to reflect this uncertainty.  TSIM_S, an improved version of TSIM, was selected 


for this study based on its ability to incorporate soft conditioning data into the “sequential 


indicator simulation” (SIS) and simulated annealing steps (Carle, 2003; Carle et al., 


2006). In TSIM_S this is handled by adding a “hardness” value between 0 and 1 to each 


line of conditioning data based on the user’s confidence in the data provided. A 


“hardness” value of 1 indicates “hard data” while a value of 0 suggests that the data 


should be ignored. If the value is ignored, the likelihood of a given facies appearing at 


that node is equal to the volumetric proportion of that facies. A more complete discussion 


of TSIM_S can be found in Appendix F.  


 Model boundaries (Figure 2) were selected to encapsulate the area of interest 


while simplifying boundary condition assignments in later flow and transport modeling. 


The eastern model boundary was placed in the Sierra foothills, while the north, south and 


west boundaries were placed along the American River, Dry Creek, and Sacramento 


River respectively. To account for differences between the two fluvial fans, the model 


area was divided into two sub-domains with the American River model to the north and 


the Cosumnes River model covering the entire model domain (Figure 2). Coarse-grained 


American River sediments found primarily in the northern sub-domain were inserted into 


the Cosumnes River model to create a single combined realization. The final combined 


model covers an area that is 36.2 km by 45.4 km and consists of approximately 17.6 


million nodes.  
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Results 
 
Geologic Characterization 
 
 Inspection of the hydrofacies soils map (Figure 3) provides some initial 


information concerning depositional trends in the study area. The modern Cosumnes 


River flows to the southwest surrounded by fine grained sandy-mud and mud deposits 


and a few local sands. To the south of the Cosumnes River small dendritic gravel and 


sandy-mud deposits trend primarily east to west toward the confluence of the Cosumnes 


River and Dry Creek with a more southwesterly trend near the confluence. The American 


River to the north is surrounded by large, coarse-grained sand and gravel deposits which 


appear to fine laterally and basin-ward. In addition to the modern channel, three coarse-


grained branches, upwards of 2000 meters wide, reach well into the valley and fan to the 


southwest. The location of these three branches (northernmost branch just south of the 


modern American R. fines more rapidly) correspond with the Younger Riverbank, Older 


Riverbank and Fair Oaks “paleochannels” observed by Shlemon (1967) (Figure 1) which 


indicate that the American River during the Holocene fanned from a southwest course 


toward the modern Cosumnes River to its modern westward trend.   


 Following Weissmann and Fogg (1999), a number of unsuccessful attempts were 


made to divide the subsurface into relatively conformable units by correlating what were 


believed to be laterally extensive paleosols throughout the model area. In these attempts it 


was observed that drillers’ logs from just east of the Florin area had no paleosols and a 


much higher concentration of sand and gravel than logs from other parts of the study area. 


Upon inspection of the hydrofacies soils map created for this study (Figure 3) and 


Shlemon’s 1967 map of Pleistocene American River “paleochannels” (Figure 1) it was 
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noted that his Older Riverbank and Younger Fair Oaks channels diverge in this area. It 


was also noted that the gravel units recorded in the drillers’ logs are much thicker than 


those generally observed on the soils map or in drillers’ logs to the south near the 


Cosumnes River. Following this observation three cross-sections were created following 


the strike of Shlemon’s channels: A-A’, B-B’, and C-C’ (Figures 2, 4, 5, and 6). 


(Additional cross-sections can be found in Appendix C)  


 Earlier attempts to identify laterally extensive units in east to west oriented cross 


sections were unsuccessful. By rotating to a northeast-southwest orientation with the 


easternmost wells near Folsom Reservoir (as in the case of Figures 4-6), Shlemon’s 


channels were immediately visible in the upper 30 meters followed by what appear to be 


earlier channel deposits at depth (< 200 m bls). Based on the orientation, thickness 


(upwards of 25 m) and grain sizes found within (sand to boulders) these gravelly units, 


they appear to have been deposited by a southwest flowing American River and suggest 


that the sequence of American River coarse-grained “paleochannels” identified by 


Shlemon (1967) in the shallow subsurface (upper 30 m) also occur at depth (upwards of 


200 m bsl following basin subsidence), slicing into Quaternary and older sediments.   


Unfortunately mineralogical samples of these deeper sediments are not currently 


available to more thoroughly evaluate their origin.  


 The occurrence of these Plio-Pleistocene coarse-grained deposits and their 


deposition by the historically glacially influenced American River is consistent with the 


efforts of others to characterize similar fluvial fans in the San Joaquin Valley to the south 


(Weissmann et al., 1999, 2002, 2004, 2005; Weissmann and Fogg, 1999; Bennett, 2003; 


Burow et al., 2004; Lansdale, 2005; Bennett et al. 2006). These earlier studies suggest 
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that these “paleochannels” as described by Shlemon may be incised valley fill (IVF) 


deposits. If these are in fact IVF deposits, the process of their formation would be as 


follows. At the end of a glacial period (during glacial recession) vast quantities of 


sediment and water were flushed from the mountains into the Sacramento Valley. 


Initially, sediment would pile up near the apex of the fan, steepening gradients and 


creating greater accommodation space across the fan surface. As sediment load decreased 


(with glaciers fully receded fine-grained glacial material dwindles) the steep gradients 


needed to carry earlier glacial outwash were reduced by erosion. In this way an incised 


valley would form, beginning at the apex of the fan and continuing down gradient.  


 Significant fluctuations in global sea-level may have also influenced the 


formation of incised valleys within the study area (Fontana et al., 2008). During the 


Pleistocene, the Sacramento River (for which the American River is a tributary) incised a 


bedrock canyon which increased in depth from 36 meters (120 feet) below sea level at the 


Carquinez Strait to 115 meters (380 feet) below sea level at the Golden Gate (Shlemon, 


1967). Such drastic incision of the Sacramento River would likely aid in the development 


of deep American River incised valleys. Whether formed by fluctuations in sediment 


supply or sea-level (likely both), subsequent glacial/interglacial cyclicity would fill the 


incised-valleys and form deep IVF deposits. 


In summary, the hydrostratigraphy of the study area consists of the interaction of two 


overlapping fans, the coarse-grained glacially dominated American River fluvial fan to 


the north and the relatively fine-grained Cosumnes River fluvial fan to the south with the 


modern Cosumnes River forming a natural divide between the two. Sediments deposited 


to the south of the Cosumnes River trend east to west, bending southward to the 
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confluence of the Cosumnes River and Dry Creek in the west. American River IVF 


deposits appear to dominate the northern portion of the study area reaching as far west as 


Elk Grove (possibly further, although a lower density of deep well logs and basin-ward 


fining limit our ability to identify them) and fan from a southwest trend near the 


Cosumnes River to nearly due west at the modern American River. Based on the soils 


map, cross sections and observations made by Shlemon (1967), it appears that these are 


IVF deposits and likely cross underneath the modern Cosumnes River. Where this is the 


case, increased groundwater/surface water interaction would be expected, as was 


observed in the lower reach of the Cosumnes River by Fleckenstein (2004). 
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Figure 4. Cross-section showing interpreted American River IVF deposits in red. 
Wells have been projected perpendicular to the line a maximum of 1000 m. 
Uppermost IVF deposit is the Younger Riverbank age channel interpreted by 
Shlemon (1967). 
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Figure 5. Cross-section showing interpreted American River IVF deposits in red. 
Wells have been projected perpendicular to the line a maximum of 1000 m. 
Uppermost channel is the Older Riverbank channel interpreted by Shlemon (1967). 
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Figure 6. Cross-section showing interpreted American River IVF deposits in red. Wells 
have been projected perpendicular to the line a maximum of 1000m. Uppermost IVF 
deposits are the Fair Oaks channels as interpreted by Shlemon (1967). 
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Hydraulic Conductivities 
 


K values calculated for each well are shown in Table D1 of Appendix D. Where 


wells were completed in multiple aquifers the sum of all screens was used in the 


calculation. Since water well logs were the primary source of data for this study, specific 


capacity data were not available for the other hydrofacies. Table 2 compares estimates of 


hydrofacies K for alluvial fan systems in the San Joaquin Valley.  


It should be noted that K values calculated for this study assume that water supply 


wells are completed only in the gravel hydrofacies. By including well sections completed 


in less coarse-grained units (medium-grained sand or finer), the K value of implicitly 


very coarse-sand to boulder deposits would be underestimated. Considering the 


simplified and up-scaled record of sediments provided in well logs, and the likelihood of 


a distribution of grain-sizes (not just gravel to boulder grain-sizes) found within units 


recorded as “gravel”, it is unlikely that this assumption would add significant error to 


future modeling results. Additionally, 16 of the 18 wells used to calculate K are located 


north of the Cosumnes River where the majority of deep well completions are located in 


deposits closely matching the gravel hydrofacies.  
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  Vert Hor Vert Hor Vert Hor Vert Hor Vert Hor Vert Hor 
Gravel 800 727 864 864 86.4 86.4 14.4288 14.4288  156  86.4 to 8640 
Sand 98 45 86.4 86.4 43.2 43.2 5.4 5.4    0.864 to 86.4 


Sandy-mud 2.2 1.1 0.864 0.864 4.32 4.32 0.8956 0.8956    86.4E-5 to 
8.64E-3 


Mud 0.001 0.0031 0.086 0.086 0.129 0.129 0.023414 0.023414    8.64E-8 to 
86.4E-5 


Table 2. Estimated facies hydraulic conductivity (K) values for the Modesto, Kings 
River, Cosumnes/American Rivers Fans along with literature values reported by Fetter 
(2001). 
 
 
Model of Heterogeneity  


 
Although the American and Cosumnes Rivers fluvial fans include a similar 


variety of sediment textures, mean lengths, transition rates and volumetric proportions 


(Tables 2 and 4) for each are quite different. To model heterogeneity and crosscutting 


relationships created by these two overlapping fans it was necessary to model each 


separately before combining them into a single realization (Figures 2, 7). From a 


hydrogeologic perspective the coarse-grained gravel deposits of the American River 


would have the greatest impact on subsurface flow and transport. With this in mind, the 


area north of the Cosumnes River was modeled separately and later combined with the 


larger Cosumnes River model. American River IVF deposits (gravel hydrofacies) from a 


single American River realization were inserted into a Cosumnes River realization to 


create a single combined realization in which both systems were represented. Geologic 


interpretation of the available lithologic data suggests that American River coarse-grained 


sediments cross the location of the modern Cosumnes River but are largely confined to 
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the northern half of the model area. Based on this interpretation, the southernmost 


boundary of the American River model (and therefore American River IVF deposits) was 


placed just south of the modern Cosumnes River (Figure 2). Basin-ward fining, decreased 


well density and reduced gravel hydrofacies thicknesses south of the dividing line made it 


so no clear distinction could be made between American and Cosumnes River coarse-


grained sediments beyond that point. To avoid a sharp contrast in hydraulic 


conductivities along the dividing line, the location of American River IVF deposits from 


the southern boundary of an American River realization were included as conditioning 


data for the respective Cosumnes River realization. In this way modeled gravel bodies 


were allowed to pass slightly beyond the boundary between the two realizations, reducing 


the influence of the modeled divide on future groundwater flow and transport modeling.  


As discussed above, trends in depositional azimuths for the two fluvial fans differ 


significantly. Depositional azimuths fan from nearly due west near the modern American 


River to southwest just north of the Cosumnes River. Sediments to the south of the 


Cosumnes River generally trend east to west with a southwesterly component near the 


western boundary of the model area.  


Dip and azimuth files were created for each sub-domain, matching the trends in 


depositional azimuth noted above, using a linear kriging function. Gravel deposits and 


paleosols correlated in cross section (Figures 4-6, Appendix C) were used to calculate 


averaged dips for model nodes. A near-surface dip of approximately 2 degrees (0.003 


m/m) exists throughout much of the model area, increasing sharply to 5 degrees in the 


foothills along the eastern model boundary. These dips appear to increase with depth 
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approximately 0.0067 degrees per meter below land surface. Stratigraphic dips were 


assigned to each node perpendicular to channel azimuths.  


Grid cell sizes (Table 3) were selected based on Cosumnes River facies mean 


lengths (smaller than the American River facies) allowing for sufficient detail to 


represent vertical and lateral spatial variability. The model depth was selected to include 


sediments most affected by pumping and stream interaction while staying within 


computational limitations.  


 
Model Parameters 


 Cell Size Grid Dimensions Origin (UTM Zone 10N) 
 X (m) Y (m) Z (m) X (m) Y (m) Z (m) X (m) Y (m) Z (m) 


Cosumnes R. System 200 200 0.5 181 227 430 636630.976 4228115.691 -125 


American R. System 200 200 0.5 181 139 430 636630.976 4245715.691 -125 


Table 3. Outline of model parameters and location of origin for each model. 
 


Lithologic logs provided ample data to evaluate transition rates and depositional 


trends in the vertical direction. Available data were divided between the two sub-domains 


with only wells found south of the Cosumnes River used for the Cosumnes model. 


Volumetric proportions and transition probabilities were evaluated separately for each 


model domain (for discussion of transition probabilities see Carle and Fogg, 1996).  


Transiograms were plotted and Markov chain models created to fit the vertical 


data (Figure 7). Volumetric proportions (Table 4) and these transiograms reflect that this 


is a mud dominated system with a greater volume of the gravel hydrofacies occurring in 


the north. A tendency toward fining upward sequences, common in alluvial systems, was 


not observed in the spatial variability analysis. This is consistent with the lack of fining 


upward sequences observed in well logs from the study area. While it is possible that 
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Hydro-
facies 


Geologic 
Interpretation Texture 


American 
Volumetric 
Proportions


Cosumnes 
Volumetric 
Proportions 


Hardness 
Value 


Gravel Channel deposits Boulders-gravel and 
coarse sand 0.21 0.13 0.8 


Sand Near-channel Sand (fine to 
coarse) 0.13 0.16 0.7 


Sandy-mud Proximal floodplain/levee Silty/clayey sands, 
sandy clays and silts 0.26 0.22 0.5 


Mud Floodplain Clay, silty clay, 
shale, paleosol 0.40 0.49 0.5 


Table 4. Attributes of the four hydrofacies used in TProGS simulations including the 
hardness values for each facies used in the simulation step. 


 
Insufficient attention to detail in the creation of well logs may limit the recognition of 


fining upward sequences, the decision was made to honor the data instead of inserting 


such trends. 


 


 
Figure 7. Plots of vertical transition probabilities for A) the American River sediments 
and B) the Cosumnes River sediments. “Data” are plotted directly from the respective 
gameas conditioning file. “Model” lines represent  Markov Chain Models calculated to 
match the data shown. 


 
Due to large data spacing and uncertainty in depositional dip and strike (Carle, 


2006), lateral spatial variability is typically much more difficult to interpret than vertical 


A. B.
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spatial variability.  To resolve this issue, facies mean lengths for the lateral directions 


were estimated using calculated vertical transition probabilities, the hydrofacies soils map 


(Figure 3), cross-sections (Figures 4-6 and Appendix C), field observations, and past 


work performed in the study area (Shlemon, 1967; Fleckenstein, 2004; Niswonger, 


2006). Lateral hydrofacies mean lengths were assigned, while off diagonal transition 


rates for each sub-domain were estimated by assuming lateral symmetry and adopting the 


transition rates from the vertical data (Table 5). Since the off-diagonal transition rates 


represent juxtapositional tendency, this procedure is tantamount to assuming that 


Walther’s Law holds approximately. Walther’s Law states that “The various deposits of 


the same facies-area and similarly the sum of the rocks of different facies-areas are 


formed beside each other in space, though in a cross section we see them lying on top of 


each other…” (Boggs, 2006). Assuming lateral symmetry means that the probability of 


transitioning laterally (along strike) from one material to another is independent of 


direction. While it can be debated that the presence of paleosols in the study area, 


marking periods of non-deposition along portions of the surface of the fluvial fan, 


weakens the case for using Walther’s law (requires system to be relatively conformable), 


well log data and cross sections from both this study and the literature (Shlemon, 1967; 


DWR 1973) suggest that paleosols throughout the area are not laterally extensive and do 


not appear to represent regional unconformities or the loss of significant periods of time 


in the geologic record. Based on this observation, the regional focus of this study, and the 


limited influence of off-diagonal transition probabilities on the overall model, the above 


approach was deemed reasonable and sufficient. 
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Vertical (z) Direction Strike (y) Direction Dip (x) Direction 


Cosumnes River Model 
 G Sd sm m g Sd sm m G sd sm M


G L = 3.852 0.129 0.305 b L = 450 S s b L = 1300 s s B
Sd 0.046 L = 2.814 0.278 b 0.079 L = 450 s b 0.079 L = 1100 s B
sm 0.139 0.077 L = 4.553 b 0.184 0.298 L = 350 b 0.184 0.298 L = 800 B
M B B b b b B b b B b b B


 
American RiverModel 


 G Sd sm m g Sd sm m G sd sm M
G L = 3.852 0.129 0.305 b L = 1000 S s b L = 7000 s s B
Sd 0.046 L = 2.814 0.278 b 0.143 L = 750 s b 0.143 L = 4150 s B
sm 0.139 0.077 L = 4.553 b 0.360 0.210 L = 900 b 0.360 0.210 L = 6250 B
M B B b b b B b b B b b B
             


note: g = gravel facies; sd = sand facies; sm = sandy mud facies; m = mud facies; s = symmetry; b = background category.


Table 5. Embedded transition probability matrices and hydrofacies mean lengths in feet 
(diagonal entries) used to create 3-D Markov chains for each system (adapted from 
Fleckenstein, 2004). 


 
Hardness values used in this study (Table 4) were based on subjective judgment 


concerning well log accuracy. It is reasonable to expect that the drillers most accurately 


estimate locations of the water-bearing sands and gravels, since their objective is to 


construct water wells screened in those facies. Ideally, one would have side-by-side core 


and drillers logs with which to statistically analyze the probability that the driller’s log 


picks are accurate, but no such data are available in my study area. Weissmann (1999) 


was able to compare some core and drillers logs directly in the Kings River fan system, 


and found that the drillers logs agreed with the core descriptions with probability of about 


0.5. Accordingly, hardness values for the gravel and sand hydrofacies were set at 0.8 and 


0.7, respectively, while a value of 0.5 was used for the fine-grained hydrofacies (sandy-


mud and mud). Systematic sensitivity analysis of the model to these hardness values was 


not performed.  
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Visual inspection of the individual and combined model realizations reveals some 


of the strengths and weaknesses of the modeling efforts. Figures 8A though 8C show A) a 


Cosumnes River model realization, B) the corresponding American River model 


realization and C) a final model realization created by combining realizations A and B. 


Comparison of Figures 8A and 8B shows that differences in hydrofacies mean lengths 


and distributions have been successfully captured with significantly larger and more 


abundant coarse-grained deposits (red) in the American River model both at the surface 


and at depth (note that the American River model realization shown in 8B is roughly half 


to two-thirds the size of the Cosumnes model realization in 8A). Comparison of apparent 


depositional azimuths in the Cosumnes model realization (best seen on top surface) to the 


hydrofacies soils map (Figure 3) indicates that these azimuths have been successfully 


approximated in the modeling efforts. The “fanning” southward trend in the American 


River model realization is less clear, although inspection of the full suite of realizations 


does show the channel hydrofacies deposits rotating southward approaching the southern 


boundary of the American River model.  A cross-sectional slice through the combined 


model (Figure 9) corresponding with the approximate location of cross-section A-A’ 


(Figure 4) shows dips increasing with depth as interpreted.   


In both cross-sectional (Figure 9) and plan views (Figures 8A-8C), the American 


River gravel hydrofacies appears to be only moderately continuous. This is an artifact of 


the 2D images of the 3D channels (Fogg et al., 2000; Harter, 2005).  
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Figure 8. Modeled realizations of geologic heterogeneity for the A) Cosumnes River 
sediments alone, B) American River sediments alone (image size increased for visibility), 
and C) the combined model. Colors denote four hydrofacies: 1) gravel (red), 2) sand 
(orange), 3) sandy-mud (brown), and 4) mud (gray).  
 


A. B. 


C. 
N
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Figure 9. Cross section through combined model realization 1 near the American River. 
Red represents gravel hyrdrofacies, orange is sand, brown is sandy mud and grey is mud. 


 
One concern in combining the two sub-domain models as described above was 


the possibility of artificially inflating the volumetric proportion of gravel within the 


combined model realizations. To investigate this possibility, volumetric proportions of 


each hydrofacies in the combined realizations were computed and compared to 


volumetric proportions calculated using all of the well logs available for the area (Table 


6). Note that prior volumetric proportions were calculated specifically for each sub-


domain using only the appropriate well logs (wells north of the Cosumnes River for the 


American River sub-domain, and only wells south of the Cosumnes River for the 


Cosumnes sub-domain).  For all but the sandy-mud hydrofacies, modeled and observed 


results vary by less than 5%. Considering the high level of uncertainty associated with 


well logs, and especially correct identification of the sandy-mud hydrofacies, these 
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differences in volumetric proportions are within an acceptable range. Overall, the 


combined model realizations do appear to be a reasonable approximation of geologic 


heterogeneity found within the study area.  


 
 


Comparison of Volumetric Proportions 


 Gravel Sand Sandy Mud Mud 


Combined Model 0.23 0.14 0.18 0.45 


Total Study Area 0.20 0.12 0.27 0.41 


Table 6. Comparison of volumetric proportions. Suggests 5% more coarse-grained 
materials in the combined models. 
 
 


Discussion 
 


The geologic model created for this study is intended for use in addressing 


groundwater/surface water interactions along the Cosumnes River and groundwater 


issues in south Sacramento County. Nevertheless, coarse-grained American River 


deposits observed in the northern portion of the study area are expected to have the 


greatest influence on groundwater flow and transport due to their high hydraulic 


conductivity (Table 2) and regional extent. With this in mind, the decision was made to 


combine model realizations from the two sub-areas by extracting the gravel hydrofacies 


from the American River model and inserting it into a corresponding Cosumnes River 


realization. This method assumes that 1) American River gravel hydrofacies deposits are 


unconformable with surrounding sediments, 2) the American River sand hydrofacies can 


be excluded from the final combined model without significantly influencing future flow 


and transport modeling results, and 3) fine-grained American River sediments can be 
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substituted with Cosumnes River fine-grained sediments without introducing significant 


error in future groundwater flow or transport modeling. Coarse-grained American River 


deposits in the north, hypothesized to be incised valley fill (IVF), sit unconformably on 


older sediments of varying grain-size and depositional dip and azimuth. By inserting the 


gravel hydrofacies from the American River sub-domain into the Cosumnes model, this 


unconformable surface is created in the resulting combined realizations of the geologic 


model. In this way the non-stationary interaction of the two fans is represented. The 


absence of the American River sand hydrofacies in the combined model may reduce 


connectivity of the sand hydrofacies in the northern sub-domain. The more than order of 


magnitude difference in hydraulic conductivities between the gravel hydrofacies and the 


other three hydrofacies (Table 2) should overshadow this change in future flow and 


transport modeling. The influence of any differences in K of American River and 


Cosumnes River fine-grained sediments should be similarly overshadowed. Sensitivity 


analysis would help illuminate this further. 


 Identification of a boundary between the two sub-basins, denoting the southern 


most extent of American River IVF deposits, was problematic. To map the full lateral 


extent of American River channels would require much more subsurface characterization 


and lithologic data than is currently available. Without these data, the boundary was 


placed where I could no longer differentiate between American and Cosumnes Rivers 


coarse-grained sediments while still allowing the IVF deposits to pass below the modern 


Cosumnes River channel. IVF deposits were allowed to pass below the modern 


Cosumnes River channel to facilitate the investigation of these IVF deposits as drivers for 


localized groundwater/surface water interactions along the Cosumnes River, as 
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hypothesized by Fleckenstein (2004). The contrast in hydraulic conductivities along this 


boundary may influence flow by creating a somewhat artificial transition, but the overall 


influence on regional flow will likely be minimal. Where groundwater/surface water 


interactions along the Cosumnes River are considered, attention should be given to how 


this boundary affects local flow.  


Also of concern was the lack of control over where coarse-grained deposits enter 


the model. The American and Cosumnes Rivers have likely entered the Central Valley at 


consistent locations for millions of years, primarily influenced by the geomorphology of 


the foothills. The location of modeled channel deposits could not be constrained to these 


locations. Major American River IVF deposits appear to have been accurately placed as a 


result of conditioning data, but unrealistic channel deposits along the eastern edge of the 


model do exist. In regional flow and transport modeling it may be advisable to modify 


this part of the geostatistical model to restrict the American River channels only to 


plausible locations.  


For this study, the location of IVF deposits were modeled implicitly with borehole 


conditioning data, providing some constraint on the distribution of the gravel hydrofacies 


without “hardwiring” the location of any IVF deposits. In contrast, Weissmann (2004) 


and Landsdale (2005) used an explicit approach in which the locations of IVF deposits 


were determined and the distribution of sand and gravel within the deposits were 


modeled. The decision to allow for variation in the location of IVF deposits was largely 


based on the desire for maximum variation between realizations. In this way the results of 


Monte Carlo groundwater flow and transport modeling would apply to a more broad 


geologic interpretation of the system. One drawback of this approach is mentioned above, 
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a lack of control over IVF locations along the boundaries. Also, with greater subdivision 


of the modeled IVF deposits as compared to an explicit model, one would expect the 


influence of these channels to be less pronounced than those observed by Weissmann 


(2004) and Landsdale (2005). Therefore, future groundwater flow and transport models 


created using this geologic model might underestimate the impact of these IVF deposits. 


Future work could include the development of a geologic model for the study area in 


which the paleochannels discovered by Shlemon (1967) were explicitly included.  


 An additional limitation of the geologic model is that paleosols were not included 


as a separate geologic unit. Where the sediments have been long exposed on land surface 


(e.g. during an interglacial period) and later buried, oxidized red paleosols have formed. 


These paleosols can be quite dense and significantly impact stream flow and infiltration 


by forming perched aquifer systems (Niswonger, 2006). The location of these paleosols 


could not be sufficiently identified using available data and were therefore included in the 


mud hydrofacies.  On the Kings River alluvial fan the regional movement of 


contaminants between aquifer units is largely controlled by the occurrence of paleosols 


(Weissmann et al., 2004). Throughout much of the Kings River fan laterally extensive 


paleosols form confining layers between water-bearing units. In a few places IVF 


deposits cross-cut these paleosols forming “windows” for contaminants to move between 


aquifers. Large scale GPR (ground-penetration radar) or EM (electro-magnetic) surveys 


could be used to investigate the presence of regional paleosols within the study area and 


evaluate their influence (Bennett et al., 2006).  


It is hypothesized that American River coarse-grained IVF deposits act as large 


scale preferential flow paths connecting groundwater in north Sacramento County to the 
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Cosumnes River and surrounding aquifer. This would suggest that pumping from 


American River gravels to the north could have a greater influence on groundwater 


conditions beneath the Cosumnes than if the American River IVF deposits had not cut 


across the Cosumnes fan. Also, existence of this hydrostragraphic architecture creates 


greater potential for migration of groundwater contaminants from the Sacramento area 


into the Cosumnes groundwater system. Based on these conclusions, future flow and 


transport modeling will need to incorporate these preferential flow paths to better 


represent hydrogeologic conditions. 


 
 


Conclusion 
 
 Recent hydrostratigraphic analysis using borehole log data shows that the 


groundwater system of south Sacramento County is comprised of two overlapping 


depositional systems, the glacially dominated American River fan and the non-glacial 


Cosumnes River fan. Cyclic glaciation in the American River drainage basin produced 


large incised-valley fill (IVF) deposits which reach far into the Central Valley. These 


incised valleys were filled with coarse-grained glacially derived sediment and extend 


west to southwest from the apex of the American River fan, cross-cutting the much 


smaller Cosumnes River fan to the south. First identified in the shallow subsurface (30 


m) by Shlemon (1967), well logs and cross-sections show that these coarse, incised-


valley fill deposits repeat with depth into Holocene and late Tertiary formations.  These 


IVF deposits can be expected to act as considerable preferential flow paths controlling 


groundwater flow and transport throughout the county.  Based on these conclusions, any 


efforts to restore flows in the Cosumnes River will need to account for groundwater 
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pumping in the north as well as the south. Additionally, contaminants introduced in the 


north could potentially find their way into these flow paths and migrate to the south, 


depending on regional patterns of groundwater pumping and natural discharge. 


Therefore, future flow and transport modeling of Sacramento County will need to 


account for the effect of these American River IVF deposits. 


A geostatistical representation of subsurface heterogeneity which incorporates 


these IVF deposits was produced. Cross-cutting relationships were preserved by 


overlaying modeled American River gravels into a separate model based on Cosumnes 


River fan depositional patterns. Analysis of the resulting model suggests that the modeled 


realizations do represent a reasonable approximation of the interaction of the American 


and Cosumnes River fluvial fans on a regional scale. Future work will incorporate this 


model into a full regional scale model of groundwater conditions for much of Sacramento 


County. 
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Appendix A – Lithologic Data 
 


Data and Data Management 
  
 The two primary forms of data used for this study were well logs provided by the 


California Department of Water Resources and the most recent Sacramento County soil 


survey (Tugel, 1993). More than 23,000 scanned well logs were provided covering (in 


township and range coordinates) 4-10N 4-10E. A database template provided by the 


USGS (personal communication with Karen Burow, 2008) was used to manage lithologic 


and well construction data for the study area. Well logs were initially selected using 


criteria from the USGS’s study of the Modesto Fan. These criteria require a well log to 


contain at least one depth interval with a textural modifier (e.g. sandy clay, silty sand, 


gravelly sand, etc.), at least one depth interval with a color description (e.g. black sand) 


and sufficient location data for the log to be placed on the county map (Burow et. Al, 


2004).  


 UTM coordinates were obtained using Google Earth and the location information 


included in the log. Well logs generally contained an address as well as a township and 


range coordinate including a section number. Since the sections are a quarter mile on 


each edge, the UTM coordinates used for each log are assumed to be no more than a half 


mile from the well’s actual location, and usually much closer. Other information 


incorporated into the database were elevation, township, range, and section number, 


water use, seal depth, well depth, hole depth, casing material, casing diameter, screened 


interval, construction date, drilling method, and driller’s name. Elevation data was 


originally taken from Google Earth, but when compared to the USGS DEM for the area I 


found that many of the elevations were quite different (upwards of 50 meters different). 
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Elevations were therefore extracted for each well using ArcGIS and used for all cross 


sections and conditioning data. If any pumping test or geophysical data were available 


this was noted. In all, 1321 well logs were entered into the database for further analysis. 


 Additional cores were obtained along the Cosumnes River using the Geoprobe® 


DT325 Dual Tube sampling system. Locations were selected based on Rich Niswonger’s 


Cosumnes Flow Experiment and findings from Jan Flecknstein’s PhD dissertation, both 


of which discovered hypothetical regions of increased infiltration and possible connection 


between surface and groundwater. These locations are shown in Figure A1 below. Core 


was logged using standard sedimentary geologic methods (Boggs, 2006 Book) first in the 


field and later in a lab. The average depth of the borings was 50 feet with a range from 


36-55.6 feet (11-17 meters).  


 Well log and boring data were further manipulated using a combination of 


Microsoft Excel, Microsoft Access and MatLab to create necessary input files for cross-


section software and TProGS input. Two separate sets of input data were used for 


TProGS. Input data for the Gameas module in TProGS were separated at the lower 


boundary of the American River model (4245515.691 m N). Mean lengths and 


proportions were analyzed for the American River above this line and below for the 


Cosumnes River. A third file (Input_s_091509.eas) was created including wells from the 


entire study area and boring logs from near the Cosumnes River for use in the TSIM_S 


simulation module. For more information on the TProGS model creation see Appendix 


D. 
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Hydrologic Facies Categorization 
 
 Based on cores, the well logs above, and prior investigations (Fleckenstein, 2004; 


Niswonger, 2006; Frei, 2008), sediments were characterized into four hydrofacies: 


gravel, sand, sandy mud and mud.  The gravel facies consists of cobbles, pebbles and 


gravel in a fine to coarse sand matrix deposited in a channel. Where these deposits were 


formed by the American River grain sizes are generally much larger than those deposited 


by the Cosumnes River which are rarely larger than a coarse gravel.  The sand facies 


consists of fine to coarse sand with little or no silt.  Formed as a bar along a river channel 


these sediments are often found next to and above the more coarse gravel facies. Both of 


these facies are generally the easiest to identify in core and expected to be more 


accurately identified in drillers’ logs. The sandy mud facies consists of primarily of silt 


and clay with fine to medium sand. This facies can be found above the sand facies in a 


coarsening upward sequence common in fluvial deposition, or as a proximal floodplain 


deposit to the sides of the main channel and bars. As a mix of fines and sand this facies is 


more difficult to identify in the field and easily mistaken for the mud of sand facies. 


Therefore it is expected that this facies would be under-represented in drillers’ logs. The 


mud facies consists of massive to laminated silt and clay deposited in the floodplain of 


the river. These deposits often show signs of massive bioturbation, primarily in the form 


of root traces and roots. These clays have an oxidized red color and can be quite dense 


where they have been long exposed at the surface (e.g. during an interglacial period). The 


oxidized red paleosols appear to be rather extensive in some areas and can have a 


significant impact on infiltration and stream flow by forming perched aquifer systems 


(Niswonger, 2006). This same classification was used to characterize the C-soil horizon 
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(Table A1) from the Sacramento Soil Survey (Tugel, 1993). An ArcGIS map of the C-


soil horizon created from the USGS soil survey was used to interpret depositional trends 


and parameters following Weissmann et al. (1999). 


 


Hydro-
facies 


Geologic 
Interpretation Texture 


Soil Series 
Equivalent (Tugal, 


1993) 


Gravel Channel deposits 


Boulders-
gravel and 
very coarse 


sand 


125; 126; 132; 159; 171; 
187; 192; 193; 194; 195; 
196; 198; 211; 212; 220; 
235; 238; 243; 245; 246 


Sand Near-channel Sand (fine 
to coarse) 


103; 104; 105; 106; 156; 
160; 167; 168; 180; 181; 
182; 183; 184; 185; 188; 
225; 226; 242 


Sandy-
mud 


Proximal 
floodplain/levee 


Silty/clayey 
sands, 


sandy clays 
and silts 


102; 111; 112; 114; 116; 
117; 118; 123; 142; 150; 
157; 158; 161; 164; 165; 
166; 169; 170; 172; 173; 
186; 204; 205; 222; 228; 
233; 234; 236 


Mud Floodplain 
Clay, silty 
clay, shale, 


paleosol 


101; 107; 108; 109; 110; 
113; 115; 119; 120; 121; 
122; 124; 127; 128; 129; 
130; 131; 133; 134; 135; 
137; 138; 139; 140; 141; 
143; 144; 145; 146; 147; 
148; 149; 151; 152; 153; 
154; 155; 162; 163; 174; 
175; 176; 177; 178; 179; 
189; 191; 197; 199; 200; 
201; 202; 


Table A1: Table of hydrofacies used for this study with the corresponding soil series 
designation used to create the C-horizon soils map.
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Appendix B - Boring Logs for Geoprobe Borings 
 
 


 
Figure B1. Cosumnes borings locations 
 


Cosumnes River Geoprobe Holes 
Well ID Date Completed Easting Northing Elevation (ft) Data Logger? Install Depth Date of DL Installation 


MR-1 7/30/2008 646394 4248172 49.9 not completed   


MR-2 8/4/2008 646239 4247747 47.2 Y Bottom Levelogger installed Aug 2008? 


MR-3 8/5/2008 646188 4247679 42.9 Y Bottom? Levelogger installed Aug 2008? 


CP-1 8/11/2008 645374 4247443 37.7 All Clay   


CP-2 8/23/2008 645102 4247249 35.9 Y Bottom Levelogger installed Nov 6th 2008 


DR-1 8/27/2008 646783 4249225 45.7 Y 1" from Bottom Levelogger installed Nov 6th 2008 


DR-2 8/28/2008 646547 4248802 47.8 Y 38.5' water @ 36'8" Levelogger installed Nov 6th 2008 


DR-3 9/4/2008 646521 4248727 32.2 not completed   


NC-1 9/3/2008 645195 4243876 31.9 Y Bottom Levelogger installed Nov 6th 2008 


FS-1 9/9/2008 655725 4257586 88.6 Y Bottom Levelogger installed Nov 6th 2008 


Table B1. Geoprobe borings datasheet 
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Appendix C - Cross-Sections 
 
 Cross sections were created using two different pieces of software.  The first was 


GeoGraphics 2007 provided by M-Tech Software which was also used for the boring 


logs. A second program, Log2Fence, created by Eric LaBolle was used for bulk cross-


sections showing large numbers of logs and regional trends. Interpretations were then 


made using illustration software.  


 Needs a regional map with cross section lines and the cross sections you would like to 
include. Will add more logs. 
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Appendix D – Hydraulic Conductivity of Sediments 
 
 


Northing Easting Elevation Pump 
Rate 


Drop 
Level Elapsed Time Confined K [m/d] Unconfined K 


[m/d] 


4232120 638539 13 1820 83.2 20 25.4 6.1 
4244052 654253 36 2765 29 50 8.8 15.2 
4243298 651208 29 1400 144 72 43.9 21.9 
4247832 656356 85 1710 24 24 7.3 7.3 
4247406 656841 88 3000 16 81 4.9 24.7 
4246536 655486 65 1840 42 54 12.8 16.5 
4246811 660506 108 195 25 120 7.6 36.6 
4249739 657822 124 1200 24 189 7.3 57.6 
4285866 638159 66 1240 26.65 90 8.1 27.4 
4283400 640445 82 4000 5 40 1.5 12.2 
4283665 638118 66 1818 3 40 0.9 12.2 
4282862 633030 39 2000 16 30 4.9 9.1 
4281834 634025 43 3000 7 54 2.1 16.5 
4281806 641383 102 1710 102 24 31.1 7.3 
4261111 630710 13 700 105 78 32.0 23.8 
4265696 629231 16 1775 60 50 18.3 15.2 
4264418 632200 23 1655 83.8 24 25.5 7.3 
4263333 627219 10 1600 45 53 13.7 16.2 
4263128 631485 13 1300 15 44.5 4.6 13.6 
4269371 628043 13 1515 96 24 29.3 7.3 
4265387 653602 147 1105 163 24 49.7 7.3 
4276212 634766 23 3000 80 60 24.4 18.3 
4240241 664182 190 1234 35 24 10.7 7.3 
     min = 0.9 6.1 
     max = 49.7 57.6 
     mean = 16.3 16.8 
     ln(mean) = 2.8 2.8 
     ln(variance) = 5.2 4.9 


     
mean w/o 


max = 17.7 17.1 


     
mean w/o 


North = 19.2 17.8 
Table D1. Data used for calculation of hydraulic conductivities following method 
described by Kruseman and De Ridder (1979). DWR log numbers have been omitted. 
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Figure D1. Log K distribution of coarse sediments. Calculated using 49 well logs 
containing enough data to perform calculation above, regardless of pumping duration and 
screened interval. 
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Appendix E - TProGS Model Creation 
 


Overview 
 
 TProGS, created by Dr. Steve Carle is a modular geostatistics program which uses 


transition probabilities and Markov Chains to simulate the spatial distribution of 


categorical variables. TProGS was developed “to encourage infusion of subjective 


interpretation by simplifying the relationship between observable attributes and model 


parameters” (Carle, 1998). The use of transition probabilities (as opposed to more 


traditional geostatistical approaches like indicator cross-variograms) allows the user to 


incorporate observed depositional trends (i.e. fining upwards sequences, 


symmetry/asymmetry) and juxtaposition tendencies from the natural system into the 


simulation. The final result is a more realistic representation of the modeled system.   


 There are four primary steps in creating a TProGS simulation: 1) Analysis of 


spatial variability, 2) Modeling of spatial variability using Markov Chains, 3) Creation of 


conditional simulation, 4) Visualization. Each step is briefly described below with an 


explanation of the method and key decisions made for this study. For a more complete 


discussion of the implementation of and theory behind TProGS see Carle (1996), Carle 


and Fogg (1997), and Carle (1998). 


 
Spatial Variability 
  
 The spatial variability of facies within a given system is described by: 1) Facies 


proportions, 2) Facies mean lengths, and 3) Observed juxtapositional tendencies. Each of 


these can be calculated / recognized using Gameas, a module within TProGS which 


calculates bivariate spatial statistics such as transition probability or covariance. 
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Transition probability values are calculated for each of the three Cartesian directions 


(XYZ) from lithologic data provided from the study area. 


  Well logs for Sacramento County provided by The California Department of 


Water Resources (Personnal communication, July-August, 2008) were the primary source 


of lithologic data for this study. These were supplemented with the most recent 


Sacramento County Soil Survey (Tugel, 1993) and 10 borings taken at key points near 


the Cosumnes River. Together, these three sources provided ample information for 


analysis and conditioning.  


 The lithologic data were divided into two separate areas for analysis, the first 


representing the American River sediments to the north (AmerGameas_in.eas) and the 


second representing Cosumnes River sediments to the south (CosGameas_in.eas) (Table 


D1). The dividing line between the two areas was placed at 4245515.691 N (UTM 10N) 


where the two alluvial fans overlap. Although it is likely that the influence of the 


American River reaches beyond the dividing line, no clear distinction could be made 


between American and Cosumnes River coarse-grained sediments beyond that point. It 


may be possible with more data and further analysis to determine more precisely the 


spatial extent of American River coarse-grained sediments. Prior attempts by myself and 


others (Shlemon, 1967; DWR, 1974) were complicated by the complex nature of the two 


fans and the influence of the Sacramento River which has migrated well into the study 


area at times (Shlemon, 1967). 


  
 


Hydro-
facies 


Geologic 
Interpretation Texture 


American 
Volumetric 
Proportions 


Cosumnes 
Volumetric 
Proportions


Hardness 
Value 
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Gravel Channel deposits Cobbles-gravel and coarse 
sand 0.21 0.13 0.8 


Sand Near-channel/levee Sand (fine to coarse) 0.13 0.16 0.7 


Sandy-mud Proximal floodplain Silty/clayey sands, sandy 
clays and silts 0.26 0.22 0.5 


Mud Floodplain Clay, silty clay, shale, 
paleosol 0.40 0.49 0.5 


Table E1. Attributes of the four hydrofacies used in TProGS simulations including the 
hardness values for each facies used in the simulation step. 
  
Modeled Spatial Variability 
  
 The MCMOD module of TProGS is used to develop 3-D Markov chain models 


based on the characteristics observed in the analysis of spatial variability above. In using 


3-D Markov chain models it is assumed that spatial variability in any one direction 


depends entirely on the nearest datum (Carle, 2006). Embedded transition probability 


matrices containing facies mean lengths (diagonal entries) and transition rates between 


facies (off diagonals) are used along with facies volumetric proportions to calculate a 3-D 


Markov chain model representing the system. A more complete description of this 


process can be found in Carle and Fogg (1997) and Carle (2006). 


 The sum of all drillers logs and Cosumnes River core provided ample data to 


evaluate transition rates and depositional trends for the vertical direction of each sub-area 


(Cosumnes/American). Markov chain models were produced for the z-direction using the 


data based approach (Figure D1). Embedded transition rates in the z-direction for each 


sub-area reflect that this is a mud-dominated system (See MCMOD debugging files in 


Appendix F). A tendency toward fining upward sequences, common in alluvial systems 


was not observed either in the spatial variability analysis. Few fining upward sequences 


were observed in well log data as well. It is possible that the fining upward sequences are 


overwhelmed in the data by the fact that the system is dominated by the mud facies. It is 
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also possible that lithologic interpretations were not made with sufficient attention to 


detail to note the sequences. A decision was made to honor the trends observed in the 


data.  


 Lateral spatial variability is more difficult to model due to large data spacing and 


uncertainty in depositional dip and strike (Carle, 2006). Without sufficient lithologic data 


to calculate transition probabilities and facies mean lengths lateral Markov chain models 


are largely based on geologic interpretation. For this study facies mean lengths were 


constrained by field observations (Shlemon, 1967) and cross sections created from well 


logs. Lateral off-diagonal embedded transition rates were produced for each sub-area 


from the corresponding vertical embedded transition rate matrix based on the validity of 


two assumptions:  1) Walther’s Law, which states that “The various deposits of the same 


facies-area and similarly the sum of the rocks of different facies-areas are formed beside 


each other in space, though in a cross section we see them lying on top of each other…” 


(quoted in Boggs, 2006) applies to this system, and 2) The facies are symmetrical in the 


lateral  


A. B.
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Figure E1: Plots of vertical transition probabilities for A) the American River 
sediments and B) the Cosumnes River sediments. “Data” are plotted 
directly from the respective gameas conditioning file. “Model” lines 
represent  Markov Chain Models calculated to match the data shown. 


 
 


directions. Analysis of cross-sections, both from this study and in the literature (Shlemon, 


1967; DWR 1973), well logs, and the soil survey suggest that these are valid 


assumptions. 


Off-diagonal transition rates for the z-direction obtained from an initial run of MCMOD 


were symmetrized and averaged in an excel spreadsheet. These values, along with the 


appropriate mean lengths, were then inserted into the x and y Markov parameter matrices 


using the embedded transition rates option in MCMOD (Table D2). This method is based 


on work done by Dr. Eric Labolle (personal communication, July 2009).  


 
Vertical (z) Direction Strike (y) Direction Dip (x) Direction 


Cosumnes River Model 
 g sd sm m g sd sm m g sd sm m


g L = 3.852 0.129 0.305 b L = 450 s s b L = 1300 s s b
sd 0.046 L = 2.814 0.278 b 0.079 L = 450 s b 0.079 L = 1100 s b
sm 0.139 0.077 L = 4.553 b 0.184 0.298 L = 350 b 0.184 0.298 L = 800 b
m b b b b b b b b b b b b


 
American RiverModel 


 g sd sm m g sd sm m g sd sm m
g L = 3.852 0.129 0.305 b L = 1000 s s b L = 7000 s s b
sd 0.046 L = 2.814 0.278 b 0.143 L = 750 s b 0.143 L = 4150 s b
sm 0.139 0.077 L = 4.553 b 0.360 0.210 L = 900 b 0.360 0.210 L = 6250 b
m b b b b b b b b b b b b
             
note: g = gravel facies; sd = sand facies; sm = sandy mud facies; m = mud facies; s = symmetry; b = background category.


Table E2: Embedded transition probability matrices and hydrofacies mean lengths 
used in MCMOD (adapted from Fleckenstein, 2004). 


 
Conditional Simulation 
  
 The TProGS simulation module TSIM uses the 3-D Markov chain model created 


by MCMOD and any conditioning data provided to create a geostatistical realization of 
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subsurface heterogeneity. The conditioned (or unconditioned) realization is created in a 


two step process. The first step uses a version of the “sequential indicator simulation” 


(SIS) algorithm created by Deutsch and Journel (1992) adapted to incorporate transition 


probabilities, to create an “initial configuration” (Carle, 1998; Carle et al., 2006). A 


simulated annealing step follows which attempts to reduce error introduced in the first 


step by minimizing an objective function defined as the squared difference between 


calculated and modeled transition probabilities (Carle, 2006). Azimuth and dip data can 


also be incorporated to more accurately model complicated systems (Weissmann, 1999). 


 An improved version of TSIM called TSIM_S was selected for this study based 


on its ability to incorporate soft conditioning data into the SIS and simulated annealing 


steps mentioned above (Carle, 2003; Carle et al., 2006). The use of less reliable data can 


introduce unnecessary error to a simulation. In contrast, less reliable data (e.g. well logs 


and seismic data) is typically all that is available or the most abundant source of 


information. By treating this data as “soft”, error can be minimized while still adding 


constraint to the model. In TSIM_S this is handled by adding a “hardness” value between 


0 and 1 to each line of conditioning data which denotes a measure of confidence in the 


data provided. A “hardness” value of 1 indicates “hard data” while a value of 0 suggests 


that the data should be ignored. If the value is ignored the likelihood of a given facies 


appearing at that node is equal to the volumetric proportion of that facies. A more 


complete discussion of TSIM_S can be found in Appendix E. Hardness values used in 


this study (listed in Table D1) were based on expert opinion pertaining to well log 


accuracy. 
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 Model boundaries were selected to encapsulate the area of interest while 


simplifying boundary condition assignments in later flow and transport modeling. The 


eastern model boundary was placed in the Sierran Foothills while the north, south and 


west boundaries were placed along the American River, Dry Creek, and Sacramento 


River respectively. Grid cell sizes were selected based on Cosumnes River facies mean 


lengths (smaller than the American River facies) allowing for sufficient detail to 


incorporate the smallest deposits generally observed in the z-direction, and 


juxtapositional tendencies in the lateral directions. The model depth was selected to 


include sediments most affected by pumping and contaminant transport while staying 


within computational limitations (Table D3). The combined model covers an area that is 


36.2 km by 45.4 km and consists of 17.6 million nodes. 


 
 


Model Parameters 


 Cell Size Grid Dimensions Origin (UTM Zone 10N) 
 X (m) Y (m) Z (m) X Y Z X Y Z 


Cosumnes River 200 200 0.5 181 227 430 636630.976 4228115.691 -125 


American River 200 200 0.5 181 139 430 636630.976 4245715.691 -125 


Table D3: Outline of model parameters and location of origin for each model. 
 
 Due to limitations encountered in the construction of dip and azimuth input files it 


was necessary to create the model as if the y axis were oriented due north. This 


represented a 17.85 degree clockwise rotation from the original position of the grid. To 


ensure that the model represented the study area all well log data was also rotated 17.85 


degrees around the Cosumnes model origin (636630.976 E, 4228115.691 N). A krigged 


land surface input file was created for each model sub-domain using elevations for each 


well extracted from the USGS DEM (see appendix A) and rotated to the new coordinates. 
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Visual inspection of each file in Golden Software’s Surfer 8 and ArcGIS confirmed that 


the rotated model domain did in fact match the study area. 


 Dip and azimuth files were created for each sub-domain, based on geologic 


interpretation, using a linear kriging function in Surfer 8. Shlemon (1967) found that 


American River paleochannels, originally flowing to the south southwest at the beginning 


of the Pleistocene epoch, swung to the position of the modern day channel which flows 


approximately due west (Figure D2). Cross sections and the C-soil horizon map created 


for this study confirm these findings and suggest that the American River has repeatedly  


Figure E2: Map showing approximate locations of shallow (upper 30 m) 
Pleistocene American River paleochannels. The Fair Oaks Fm. Is roughly 
600,000 yrs. Old and the Riverbank Fm is roughly 270,000 yrs old (Shlemon, 
1967). Figure from Shlemon, 1995. 


 
cut to the south throughout the geologic record. (add crosssection note that shows this, 


reference appendix c) With American River waters exiting the Central Valley to the 


south through the Carquinez Strait since before the last glaciation (Shlemon, 1967) it 
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seems logical that the American River would tend to flow in a southwesterly direction 


toward the opening. American River azimuths were made to follow this trend of fanning 


from southwest to the north. Azimuths for the Cosumnes River were modeled after trends 


in the C-horizon soils map and modern drainage patterns assuming that similar trends 


have existed through time. The influence of the Mokulemne River (south) on these trends 


was not taken into account based on paleochannel orientations found in DWR Bulletin 


118-3 (DWR, 1973).  


 Gravel deposits and paleosols correlated in cross section were used to calculate 


approximate dips for model nodes. It was determined that that a near-surface dip of 


approximately 2 degrees (0.003 m/m) exists throughout much of the model area, 


increasing sharply to 5 degrees in the foothills along the eastern boundary. It was also 


found that these dips increase with depth approximately 0.0067 degrees per meter below 


land surface. To ensure stratigraphic dips perpendicular to channel azimuths it was 


necessary to model channels oriented along the y axis. Azimuth values therefore reflect 


the greater than 90 degree counter clockwise rotation necessary to place the channels in 


their proper orientation. 


 All necessary input files and parameters (see Appendix F TSIM_S parameter 


files) were entered into TSIM_S and a single realization of each sub-domain was created 


(in ascii format), the American River sub-domain overlapping the upper portion of the 


Cosumnes River sub-domain. From a hydrogeologic perspective the coarse-grained 


channel deposits of the American river would have the greatest impact on subsurface 


flow and transport. The other facies would have much lower hydraulic conductivities and 


would not be much different than Cosumnes sediments. With this in mind it was decided 
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to combine the models by inserting the channel deposits from the American River model 


into the Cosumnes model, replacing whatever facies had been placed in the overlapping 


cells. Doing this would incorporate the most significant facies and preserve the cross-


cutting relationships that would exist where a larger river cuts through the fan of a much 


smaller river (Figure D3). The models were combined using the MATLAB code 


“Model_Combine” (Appendix I).  This process was repeated to create 10 more 


statistically similar realizations. 


 
Visualization 
 
 
 Realizations of the individual and combined realizations were visualized using the 


CHUNK_LITE module of TProGS. This module reads creates a EncapsulatedPostScript 


(EPS) image of the model realization based on parameters outlined in a .tcl input file 


(Appendix G). 


 


 A. B. 
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Figure E3: Models of geologic heterogeneity for the A) Cosumnes River sediments, B) 
American River Sediments, and C) the combined model. 
  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


C. 
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Appendix F – TSIM_S 
 


 Oftentimes available data is not 100% accurate due to sample quality, geologic 


interpretation (core data or cross-sections), or indirect measurement (geophysics, cone 


penetrometer). If this data is used without some correction for uncertainty unnecessary 


error will be introduced to the simulation. Before TSIM_S this correction was handled by 


assigning probabilities between 0 and 1 to the indicator values in the input data (Figure 


E1). Carle (2003) identifies three problems with this approach: 


 


1. It is difficult to assign probabilities between zero and one to different 


facies at the same location. 


 


2. Usually data is provided as categorical data, not probabilities (e.g. 


geologist’s interpretations, drillers logs, or geophysics interpretations) 


 


3. The degree of uncertainty is not fully accounted for in the SIS and 


simulated quenching steps. 


 


A new approach applied in TSIM_S uses the original TSIM binary indicator input, with 


secondary “hardness” values added to the input file, and incorporates this uncertainty into 


both the SIS and simulated quenching steps. Hardness is defined as a number between 0 


(no additional information) and 1 (“hard data”) reflecting one’s confidence in the data 


provided. Replacing indicators with probabilities is avoided by assigning a single 


measure of confidence. This method assumes stationarity and that error is a product of 
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data collection. Details of how hardness is incorporated into the SIS and simulated 


quenching steps are outlined below. 


 
Details (adapted from Carle, 2003) 
 


• Under stationarity  
        E{Ik(x)} = pk   (1) 


where:    E{ } =   the expected value;  


    ik(x) =  the indicator variable at location x; 
    pk     =  the volumetric proportion of facies k (i.e. marginal    
       probability);   


 
• Soft data, ik(x), is a weighted sum of a hard indicator value ik(x) and the marginal 


probability, pk where:  
 
    ik(x) = α(x)ik(x) + β(x)pk   (2) 


 
          α(x) + β(x) = 1   (3) 
 
 
 
SIS 
 


 


1) Start with the transition rate equation 


2) Substitute in your soft indicator values from (2) 


3) Expand, apply eqs. 2 and 3 above and combine like terms 


(4)


(5)


(6)
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Simulated Quenching 
 


• Tsim honors hard conditioning by not allowing categorical changes to be made 


where hard data exists 


• In tsim-s locations with soft data are queried but changes are accepted based on 


“hardness” value assigned at point 


• The hardness value corresponds to the probability that the change will be rejected 


o If hardness equals unity [α(x)=1], categories are not changed at location x.  


o If hardness equals zero [α(x)=0], categories treated as if no data. 


o A harness value of 0.7 [α(x)=0.7] provides a 30% likelihood the modeled 


value will be replaced with a new value. 


 
 
 
 
 
 
 
 
 


4) Assume the hardness values are independent and apply eq. 3 


5) Simplify your equation to 


 (7)


(8)


6) Notice that the soft transition probability is the weighted sum of the 
 
    transition probability and the marginal probability 
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Appendix G – TProGS Parameter Files 
 
 


 
 American R. Gameas X-direction 


 
START OF PARAMETERS 
D:/Thesis/data/AmericanGameas.eas 
1 2 3 
4 4 5 6 7 
-1. 2. 
D:/Thesis/gameas/amer_tpx2.eas 
11 
450 
225 
1 
-90 45  400 0  25 200 
16 
1 1 11 
1 2 11 
1 3 11 
1 4 11 
2 1 11 
2 2 11 
2 3 11 
2 4 11 
3 1 11 
3 2 11 
3 3 11 
3 4 11 
4 1 11 
4 2 11 
4 3 11 
4 4 11 


 
 American R. Gameas Y-direction 


 
START OF PARAMETERS 
D:/Thesis/data/AmericanGameas.eas 
1 2 3 
4 4 5 6 7 
-1. 2. 
D:/Thesis/gameas/amer_tpy2.eas 
15 
650 
325 
1 
0 45  400 0  45 200 
16 
1 1 11 
1 2 11 
1 3 11 
1 4 11 
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2 1 11 
2 2 11 
2 3 11 
2 4 11 
3 1 11 
3 2 11 
3 3 11 
3 4 11 
4 1 11 
4 2 11 
4 3 11 
4 4 11 


 
 American R. Gameas Z-direction 


 
START OF PARAMETERS 
D:/Thesis/data/AmericanGameas.eas 
1 2 3 
4 4 5 6 7 
-1. 2. 
D:/Thesis/gameas/amer_tpz2.eas 
200 
0.5 
0.125 
1 
0.0 90  1 90  45 0.25 
16 
1 1 11 
1 2 11 
1 3 11 
1 4 11 
2 1 11 
2 2 11 
2 3 11 
2 4 11 
3 1 11 
3 2 11 
3 3 11 
3 4 11 
4 1 11 
4 2 11 
4 3 11 
4 4 11 


 
 
 Cosumnes R. Gameas X-direction 
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START OF PARAMETERS 
D:/Thesis/data/AmericanGameas.eas 
1 2 3 
4 4 5 6 7 
-1. 2. 
D:/Thesis/gameas/amer_tpz2.eas 
200 
0.5 
0.25 
1 
0.0 90  1 90  45 0.25 
16 
1 1 11 
1 2 11 
1 3 11 
1 4 11 
2 1 11 
2 2 11 
2 3 11 
2 4 11 
3 1 11 
3 2 11 
3 3 11 
3 4 11 
4 1 11 
4 2 11 
4 3 11 
4 4 11 


 
 Cosumnes R. Gameas Y-direction 


 
START OF PARAMETERS 
D:/Thesis/data/CosumnesGameas.eas 
1 2 3 
4 4 5 6 7 
-1. 2. 
D:/Thesis/gameas/cos_tpy2.eas 
16 
300 
150 
1 
0 45  400 0  15 200 
16 
1 1 11 
1 2 11 
1 3 11 
1 4 11 
2 1 11 
2 2 11 
2 3 11 
2 4 11 
3 1 11 
3 2 11 
3 3 11 
3 4 11 
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4 1 11 
4 2 11 
4 3 11 
4 4 11 


 
 
 
 
 
 


 Cosumnes R. Gameas Z-direction 
 


START OF PARAMETERS 
D:/Thesis/data/CosumnesGameas.eas 
1 2 3 
4 4 5 6 7 
-1. 2. 
D:/Thesis/gameas/cos_tpz2.eas 
200 
0.5 
0.25 
1 
0.0 90  1 90  45 0.25 
16 
1 1 11 
1 2 11 
1 3 11 
1 4 11 
2 1 11 
2 2 11 
2 3 11 
2 4 11 
3 1 11 
3 2 11 
3 3 11 
3 4 11 
4 1 11 
4 2 11 
4 3 11 
4 4 11 


 
 American R. Grafxx Z-direction 


 
0 
0.20 0.20 
0 
2 
D:/Thesis/gameas/amer_tpz2.eas 
-10 1.0 4 0.0 
D:/Thesis/mcmod/amer_tpz_m1.eas 
0 1.0 0 0.0 
D:/Thesis/plots/amer_tpz2.eps 
4 
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0 45 0.0 1.0 
0 1 
45 0.8 
1.0 
0. 0. 0. 
20 0.5 
3 5 
Lag (m)  
Transition Probability   
0 
Gravel 
Gravel 
Sand 
Sand 
Sandy Mud 
Sandy Mud 
Mud 
Mud 
  
American Vertical Transition Probabilities                      
1 
3.0 
Data 
Model 


 
 Cosumnes R. Grafxx Z-direction 


 
0 
0.20 0.20 
0 
2 
D:/Thesis/gameas/amer_tpz2.eas 
-10 1.0 4 0.0 
D:/Thesis/mcmod/amer_tpz_m1.eas 
0 1.0 0 0.0 
D:/Thesis/plots/amer_tpz2.eps 
4 
0 45 0.0 1.0 
0 1 
45 0.8 
1.0 
0. 0. 0. 
20 0.5 
3 5 
Lag (m)  
Transition Probability   
0 
Gravel 
Gravel 
Sand 
Sand 
Sandy Mud 
Sandy Mud 
Mud 
Mud 
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American Vertical Transition Probabilities                      
1 
3.0 
Data 
Model 


 
 American R. MCMOD 


 
4 
0.206 0.132 0.254 0.408 
4 
D:/Thesis/mcmod/mcmod_amer.dbg 
D:/Thesis/mcmod/amer_tpxyz.bgr 
D:/Thesis/mcmod/amer_det.bgr 
0.05 0.05 0.10 
200 200 0.5 
D:/Thesis/mcmod/amer_tpx_m1.eas 
500 10.0 
3 
1000 0.0970 0.3260 0.5770 
0.1430 750 0.2810 0.5760 
0.3600 0.2100 900 0.4300 
0.4250 0.2880 0.2880 1 
D:/Thesis/mcmod/amer_tpy_m1.eas 
500 10.0 
3 
7000 0.0970 0.3260 0.5770 
0.1430 4150 0.2810 0.5760 
0.3600 0.2100 6250 0.4300 
0.4250 0.2880 0.2880 1 
D:/Thesis/mcmod/amer_tpz_m1.eas 
500 0.5 
2 
D:/Thesis/gameas/amer_tpz.eas 
2 


 
 American R. MCMOD debug file 


 
MCMOD debugging file 
   
Parameter file: ..\mcmod\mcmod_amer.par                                                
Number of categories: 4 
Proportions:  0.2060  0.1320  0.2540  0.4080 
Background category: 4 
   
   
------- X-DIRECTION: ------- 
Method - option 3: embedded Markov chain tr. pr.                                    
1-D model output file: D:/Thesis/mcmod/amer_tpx_m1.eas                      
   
Rate Matrix for X-Direction:                                                     
 -0.0010  0.0001  0.0003  0.0006 
  0.0002 -0.0013  0.0004  0.0008 
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  0.0004  0.0002 -0.0011  0.0005 
  0.0002  0.0002  0.0004 -0.0008 
   
embedded transition probabilities:                                               
  1.000000  0.097000  0.326000  0.577000 
  0.143000  1.000000  0.281000  0.576000 
  0.360000  0.210000  1.000000  0.430000 
  0.231948  0.283235  0.484817  1.000000 
   
embedded transition frequencies:                                                 
  0.204809  0.019866  0.066768  0.118175 
  0.025022  0.174982  0.049170  0.100790 
  0.101013  0.058924  0.280590  0.120654 
  0.078774  0.096192  0.164653  0.339618 
 entropy=   2.358624     
   
w.r.t. independent transition freqs:                                             
(  999.9999)     0.5504      0.9795      1.1754  
     0.6932 (  750.0000)     0.8762      1.2177  
     1.4818      1.0500 (  900.0000)     0.7719  
     0.7835      1.1622      1.0534 ( 1194.4017) 
   
eigenvalue 1 real:  0.0000  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.20600   0.13200   0.25400   0.40800 
   0.20600   0.13200   0.25400   0.40800 
   0.20600   0.13200   0.25400   0.40800 
   0.20600   0.13200   0.25400   0.40800 
   
eigenvalue 2 real: -0.0012  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.72030  -0.30592  -0.17497  -0.23940 
  -0.54940   0.23334   0.13346   0.18260 
   0.42862  -0.18204  -0.10412  -0.14246 
  -0.45277   0.19230   0.10998   0.15048 
   
eigenvalue 3 real: -0.0015  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.46205  -1.04479  -0.72951   1.31227 
   1.95250  -4.41495  -3.08269   5.54515 
  -2.21382   5.00587   3.49529  -6.28734 
   0.51324  -1.16051  -0.81031   1.45760 
   
eigenvalue 4 real: -0.0015  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
  -0.38834   1.21871   0.65048  -1.48086 
  -1.60909   5.04961   2.69523  -6.13575 
   1.57921  -4.95583  -2.64517   6.02180 
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  -0.26647   0.83622   0.44633  -1.01609 
   
   
------- Y-DIRECTION: ------- 
Method - option 3: embedded Markov chain tr. pr.                                    
1-D model output file: D:/Thesis/mcmod/amer_tpy_m1.eas                      
   
Rate Matrix for Y-Direction:                                                     
 -0.0001  0.0000  0.0000  0.0001 
  0.0000 -0.0002  0.0001  0.0001 
  0.0001  0.0000 -0.0002  0.0001 
  0.0000  0.0001  0.0001 -0.0001 
   
embedded transition probabilities:                                               
  1.000000  0.097000  0.326000  0.577000 
  0.143000  1.000000  0.281000  0.576000 
  0.360000  0.210000  1.000000  0.430000 
  0.194210  0.386882  0.418908  1.000000 
   
embedded transition frequencies:                                                 
  0.190289  0.018458  0.062034  0.109797 
  0.029411  0.205669  0.057793  0.118466 
  0.094602  0.055184  0.262783  0.112997 
  0.066276  0.132027  0.142956  0.341259 
 entropy=   2.364481     
   
w.r.t. independent transition freqs:                                             
( 7000.0000)     0.4580      1.1012      1.1723  
     0.7298 ( 4150.0000)     0.9305      1.1472  
     1.6794      0.8885 ( 6250.0000)     0.7828  
     0.7076      1.2786      0.9904 ( 7730.7212) 
   
eigenvalue 1 real:  0.0000  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.20600   0.13200   0.25400   0.40800 
   0.20600   0.13200   0.25400   0.40800 
   0.20600   0.13200   0.25400   0.40800 
   0.20600   0.13200   0.25400   0.40800 
   
eigenvalue 2 real: -0.0002  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
  -0.06673   0.01453   0.07012  -0.01791 
   0.24156  -0.05258  -0.25383   0.06484 
  -0.92886   0.20217   0.97602  -0.24933 
   0.53380  -0.11619  -0.56091   0.14329 
   
eigenvalue 3 real: -0.0002  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.86327  -0.24060  -0.30637  -0.31630 
  -0.42595   0.11871   0.15117   0.15607 
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   0.71926  -0.20046  -0.25526  -0.26354 
  -0.74583   0.20787   0.26469   0.27327 
   
eigenvalue 4 real: -0.0003  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
  -0.00254   0.09407  -0.01775  -0.07378 
  -0.02161   0.80186  -0.15134  -0.62891 
   0.00360  -0.13371   0.02524   0.10487 
   0.00603  -0.22368   0.04222   0.17544 
   
   
------- Z-DIRECTION: ------- 
Method - option 2: trans. prob. at specified lag                                          
1-D model output file: D:/Thesis/mcmod/amer_tpz_m1.eas                      
   
Rate Matrix for Z-Direction:                                                     
 -0.0835  0.0110  0.0267  0.0459 
  0.0101 -0.1665  0.0518  0.1045 
  0.0282  0.0216 -0.1016  0.0518 
  0.0214  0.0349  0.0330 -0.0892 
   
embedded transition probabilities:                                               
  1.000000  0.131197  0.319730  0.549073 
  0.060466  1.000000  0.311482  0.628052 
  0.277481  0.212411  1.000000  0.510108 
  0.239506  0.390965  0.369529  1.000000 
   
embedded transition frequencies:                                                 
  0.169720  0.022267  0.054265  0.093189 
  0.013104  0.216714  0.067502  0.136108 
  0.070609  0.054051  0.254465  0.129805 
  0.086007  0.140396  0.132698  0.359101 
 entropy=   2.338732     
   
w.r.t. independent transition freqs:                                             
(   11.9713)     0.6193      1.2158      1.0455  
     0.3645 (    6.0075)     1.1192      1.1300  
     1.5820      0.8962 (    9.8450)     0.8681  
     0.9649      1.1656      0.8875 (   11.2060) 
   
eigenvalue 1 real:  0.0000  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.20600   0.13200   0.25400   0.40800 
   0.20600   0.13200   0.25400   0.40800 
   0.20600   0.13200   0.25400   0.40800 
   0.20600   0.13200   0.25400   0.40800 
   
eigenvalue 2 real: -0.1348  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
  -0.00673  -0.00263   0.02522  -0.01586 
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   0.04377   0.01708  -0.16399   0.10314 
  -0.19467  -0.07597   0.72941  -0.45876 
   0.11043   0.04310  -0.41377   0.26024 
   
eigenvalue 3 real: -0.2010  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.00423   0.03094  -0.00839  -0.02679 
   0.10665   0.77918  -0.21120  -0.67463 
  -0.00777  -0.05674   0.01538   0.04913 
  -0.03181  -0.23238   0.06299   0.20120 
   
eigenvalue 4 real: -0.1049  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.79650  -0.16031  -0.27083  -0.36535 
  -0.35642   0.07173   0.12119   0.16349 
  -0.00356   0.00072   0.00121   0.00163 
  -0.28462   0.05729   0.09678   0.13056 
   
 Constructing 3-D transition probability model 
 # of lags in +x,+y,+z direction =          11          67          32 
 total # of lags =      201825 


 
 Cosumnes R. MCMOD 


 
4 
0.123 0.155 0.204 0.518 
4 
../mcmod/mcmod_cos2.dbg 
D:/Thesis/mcmod/cos_tpxyz2.bgr 
D:/Thesis/mcmod/cos_det2.bgr 
0.05 0.05 0.05 
200 200 0.5 
D:/Thesis/mcmod/cos_tpx_m2.eas 
500 10.0 
3 
450 -1 -1 -1 
0.03002 450 -1 -1 
0.04723 0.076554902 350 -1 
0.04293 0.074364479 0.052416988 1 
D:/Thesis/mcmod/cos_tpy_m2.eas 
500 10.0 
3 
1300 -1 -1 -1 
0.03002 1100 -1 -1 
0.04723 0.076554902 800 -1 
0.04293 0.074364479 0.052416988 1 
D:/Thesis/mcmod/cos_tpz_m2.eas 
500 0.2 
2 
D:/Thesis/gameas/cos_tpz2.eas 
2 







 


 


98


 
 
 


 Cosumnes R. MCMOD debug file 
 


MCMOD debugging file 
   
Parameter file: ..\mcmod\mcmod_cos2.par                                                
Number of categories: 4 
Proportions:  0.1230  0.1550  0.2040  0.5180 
Background category: 4 
   
   
------- X-DIRECTION: ------- 
Method - option 3: embedded Markov chain tr. pr.                                    
1-D model output file: D:/Thesis/mcmod/cos_tpx_m2.eas                        
   
Rate Matrix for X-Direction:                                                     
 -0.0022  0.0001  0.0002  0.0019 
  0.0001 -0.0022  0.0003  0.0019 
  0.0001  0.0002 -0.0029  0.0025 
  0.0005  0.0006  0.0010 -0.0020 
   
embedded transition probabilities:                                               
  1.000000  0.037830  0.100713  0.861457 
  0.030020  1.000000  0.129544  0.840436 
  0.047230  0.076555  1.000000  0.876215 
  0.227358  0.279517  0.493125  1.000000 
   
embedded transition frequencies:                                                 
  0.122226  0.004624  0.012310  0.105293 
  0.004624  0.154025  0.019953  0.129448 
  0.012310  0.019953  0.260636  0.228373 
  0.105293  0.129448  0.228373  0.463113 
 entropy=   1.992036     
   
w.r.t. independent transition freqs:                                             
(  450.0000)     0.6320      0.9476      1.0331  
     0.6320 (  450.0000)     1.2031      0.9948  
     0.9476      1.2031 (  350.0000)     0.9884  
     1.0331      0.9948      0.9883 (  500.1657) 
   
eigenvalue 1 real:  0.0000  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.12300   0.15500   0.20400   0.51800 
   0.12300   0.15500   0.20400   0.51800 
   0.12300   0.15500   0.20400   0.51800 
   0.12300   0.15500   0.20400   0.51800 
   
eigenvalue 2 real: -0.0043  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
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   0.05627   0.06421   0.20335  -0.32383 
   0.05095   0.05814   0.18413  -0.29322 
   0.12261   0.13990   0.44308  -0.70559 
  -0.07689  -0.08774  -0.27788   0.44251 
   
eigenvalue 3 real: -0.0027  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.22513   0.33030  -0.36193  -0.19349 
   0.26211   0.38455  -0.42138  -0.22528 
  -0.21822  -0.32017   0.35083   0.18756 
  -0.04595  -0.06741   0.07387   0.03949 
   
eigenvalue 4 real: -0.0023  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.59560  -0.54951  -0.04542  -0.00067 
  -0.43606   0.40231   0.03325   0.00049 
  -0.02739   0.02527   0.00209   0.00003 
  -0.00016   0.00015   0.00001   0.00000 
   
   
------- Y-DIRECTION: ------- 
Method - option 3: embedded Markov chain tr. pr.                                    
1-D model output file: D:/Thesis/mcmod/cos_tpy_m2.eas                        
   
Rate Matrix for Y-Direction:                                                     
 -0.0008  0.0000  0.0001  0.0006 
  0.0000 -0.0009  0.0001  0.0008 
  0.0001  0.0001 -0.0012  0.0011 
  0.0002  0.0002  0.0004 -0.0008 
   
embedded transition probabilities:                                               
  1.000000  0.044708  0.127291  0.828001 
  0.030020  1.000000  0.138540  0.831440 
  0.047230  0.076555  1.000000  0.876215 
  0.187002  0.279656  0.533341  1.000000 
   
embedded transition frequencies:                                                 
  0.104035  0.004651  0.013243  0.086141 
  0.004651  0.154937  0.021465  0.128821 
  0.013243  0.021465  0.280387  0.245679 
  0.086141  0.128821  0.245679  0.460641 
 entropy=   1.969522     
   
w.r.t. independent transition freqs:                                             
( 1300.0000)     0.6929      1.0234      1.0208  
     0.6929 ( 1100.0000)     1.0891      1.0024  
     1.0234      1.0891 (  800.0000)     0.9917  
     1.0208      1.0024      0.9917 ( 1236.4716) 
   
eigenvalue 1 real:  0.0000  imag:  0.0000 
 spectral component matrix: 
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real                                                                             
   0.12300   0.15500   0.20400   0.51800 
   0.12300   0.15500   0.20400   0.51800 
   0.12300   0.15500   0.20400   0.51800 
   0.12300   0.15500   0.20400   0.51800 
   
eigenvalue 2 real: -0.0018  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.01713   0.02929   0.12395  -0.17037 
   0.02324   0.03974   0.16819  -0.23117 
   0.07473   0.12779   0.54077  -0.74330 
  -0.04045  -0.06917  -0.29273   0.40235 
   
eigenvalue 3 real: -0.0008  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.78110  -0.43158  -0.15182  -0.19770 
  -0.34248   0.18923   0.06657   0.08668 
  -0.09154   0.05058   0.01779   0.02317 
  -0.04694   0.02594   0.00912   0.01188 
   
eigenvalue 4 real: -0.0011  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.07877   0.24729  -0.17612  -0.14994 
   0.19623   0.61603  -0.43875  -0.37351 
  -0.10619  -0.33337   0.23743   0.20213 
  -0.03560  -0.11176   0.07960   0.06777 
   
   
------- Z-DIRECTION: ------- 
Method - option 2: trans. prob. at specified lag                                          
1-D model output file: D:/Thesis/mcmod/cos_tpz_m2.eas                         
   
Rate Matrix for Z-Direction:                                                     
 -0.2970  0.0521  0.0905  0.1544 
  0.0187 -0.3793  0.1132  0.2474 
  0.0399  0.0671 -0.2569  0.1499 
  0.0492  0.0747  0.0458 -0.1697 
   
embedded transition probabilities:                                               
  1.000000  0.175370  0.304809  0.519820 
  0.049347  1.000000  0.298420  0.652233 
  0.155277  0.261091  1.000000  0.583631 
  0.289913  0.440145  0.269942  1.000000 
   
embedded transition frequencies:                                                 
  0.155013  0.027185  0.047249  0.080579 
  0.012311  0.249473  0.074448  0.162715 
  0.034536  0.058070  0.222413  0.129807 
  0.108167  0.164219  0.100716  0.373101 
 entropy=   2.303107     
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w.r.t. independent transition freqs:                                             
(    3.3675)     0.7298      1.4768      0.9395  
     0.3305 (    2.6368)     1.2912      1.0527  
     1.0794      1.0072 (    3.8926)     0.9777  
     1.2611      1.0624      0.7586 (    5.8921) 
   
eigenvalue 1 real:  0.0000  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   0.12300   0.15500   0.20400   0.51800 
   0.12300   0.15500   0.20400   0.51800 
   0.12300   0.15500   0.20400   0.51800 
   0.12300   0.15500   0.20400   0.51800 
   
eigenvalue 2 real: -0.4554  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
  -0.00180  -0.00764   0.00390   0.00554 
   0.18868   0.80072  -0.40852  -0.58088 
  -0.03000  -0.12730   0.06495   0.09235 
  -0.04422  -0.18765   0.09574   0.13613 
   
eigenvalue 3 real: -0.3303  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
   1.44551  -0.14144  -1.99511   0.69105 
  -0.43891   0.04295   0.60579  -0.20983 
   0.24683  -0.02415  -0.34068   0.11801 
  -0.30911   0.03024   0.42664  -0.14777 
   
eigenvalue 4 real: -0.3171  imag:  0.0000 
 spectral component matrix: 
   
real                                                                             
  -0.56671  -0.00592   1.78721  -1.21459 
   0.12724   0.00132  -0.40127   0.27271 
  -0.33984  -0.00355   1.07174  -0.72835 
   0.23033   0.00241  -0.72638   0.49364 
   
 Constructing 3-D transition probability model 
 # of lags in +x,+y,+z direction =           5          12          17 
 total # of lags =        9625 


 
 American R. TSIM_S 


 
4                                       /number of categories  
0.236 0.126 0.263 0.375                 /proportions 
../tsim_s/tsim_s_amer_091509.ascii                          /output file 
2                                       /output format: 1=binary, 2=ascii 
1                                      /debugging level 
../tsim_s/tsim_s_amer_091509.dbg                          /debugging file 







 


 


102


4175                                     /seed 
1                                       /number of simulations 
636630.976  181  200   /xbottom, nx+, xsiz 
4245515.691 139  200              /ybottom, ny+, ysiz 
-125. 430  0.5                          /zbottom, nz+, zsiz 
1   4   4                               /ndmin, ndmax, ndmax_soft 
1                                       /ibasis:0=cov,1=tp 
0.001                                   /wratio 
../mcmod/amer_tpxyz.bgr                            /trans. prob. model file 
(created by MCMOD) 
../mcmod/amer_det.bgr                             /determinant file (created by 
MCMOD) 
../data/Input_s_091509.eas                       /input data file 
0.  0.                                   /azimuths: coord, true 
0. 0.                                   /dip:  coord, true 
../Azimuth/amer_az.bgr                              /azimuth int*1 file 
../Azimuth/amer_dip.bgr                             /dip int*1 file 
3  0.001  1 
0.99 
50 
-1 -1 -1 
-1 -1  0  
-1 -1  1  
-1  0 -1 
-1  0  0 
-1  0  1 
-1  1 -1 
-1  1  0 
-1  1  1 
 0 -1 -1  
 0 -1  0 
 0 -1  1 
 0  0 -1 
 0  0  1 
 0  1 -1 
 0  1  0 
 0  1  1 
 1 -1 -1  
 1 -1  0 
 1 -1  1 
 1  0 -1 
 1  0  0  
 1  0  1 
 1  1 -1 
 1  1  0 
 1  1  1 
-2 -1  0  
-2  0 -1 
-2  0  0 


 
 Cosumnes R. TSIM_S 


 
4                                       /number of categories  
0.123  0.155 0.204 0.518            /proportions 
..\tsim_s\tsim_s_cos_091609.ascii                /output file 
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2                                      /output format: 1=binary, 2=ascii 
1                                       /debugging level 
..\tsim_s\tsim_s_cos_091609.dbg                    /debugging file 
4175                                   /seed 
1                                       /number of simulations 
636630.976   181.  200.   /xbottom, nx+, xsiz 
4228115.691  227.  200.                /ybottom, ny+, ysiz 
-125. 430.    0.5                  /zbottom, nz+, zsiz 
1   4   4                               /ndmin, ndmax, ndmax_soft 
1                                       /ibasis:0=cov,1=tp 
0.001                                   /wratio 
..\mcmod\cos_tpxyz2.bgr 
..\mcmod\cos_det2.bgr 
..\data\Input_s_091509.eas 
0. 0.                                   /azimuths: coord, true 
0. 0.                                   /dip:  coord, true 
..\Azimuth\cos_az.bgr 
..\Azimuth\cos_dip.bgr 
3    0.001   4                         /maxit; tol; -1=no dcl,0=det; 1=lag1; 
2=specified; 3=top&bottom; 4=lag1 top&bottom   
0.99                                    /limit by determinant  
50 
-1 -1 -1 
-1 -1  0  
-1 -1  1  
-1  0 -1 
-1  0  0 
-1  0  1 
-1  1 -1 
-1  1  0 
-1  1  1 
 0 -1 -1  
 0 -1  0 
 0 -1  1 
 0  0 -1 
 0  0  1 
 0  1 -1 
 0  1  0 
 0  1  1 
 1 -1 -1  
 1 -1  0 
 1 -1  1 
 1  0 -1 
 1  0  0  
 1  0  1 
 1  1 -1 
 1  1  0 
 1  1  1 
-2 -1  0  
-2  0 -1 
-2  0  0 
-2  0  1 
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 Combined Model CHUNK_lite .tcl 
 


# 
# Files 
# 
set exe_file         {D:/T-
PROGS_4beta_0206_src/chunk_lite_1/code/chunk_0701.exe} 
set par_file         {D:/Thesis/chunk_lite/combined.par} 
set ps_file          {D:/Thesis/plots/combined_s_091709.ps} 
# 
# PS/EPS Parameters 
# 
set ps_file_format ps 
set eps_BoundingBox_min_x 0 
set eps_BoundingBox_min_y 0. 
set eps_BoundingBox_max_x 612. 
set eps_BoundingBox_max_y 792. 
set eps_creator {Chunk Version 4.0} 
set eps_date {01/05/06} 
set eps_time {12:31:16} 
# 
# Plot 
# 
set plot_translation_x -80. 
set plot_translation_y -10 
set plot_landscape yes 
set plot_textsize 8 
set plot_background_color #FFFFFF 
set plot_text_color #000000 
set plot_axes_color #000000 
set plot_title_1 { } 
set plot_title_2 { } 
set plot_title_translation_x 0.0 
set plot_title_translation_y 0.0 
set plot_title_justification center 
# 
# Block 
# 
set block_min_x 636630.976 
set block_min_y 4228115.691 
set block_min_z -125 
set block_d_x 200 
set block_d_y 200 
set block_d_z 0.5 
set block_scale_x 10000 
set block_scale_y 10000 
set block_scale_z 100 
set block_transform_xx 0.93 
set block_transform_xy -0.40 
set block_transform_yx 0.93 
set block_transform_yy 0.40 
set label_x {x (m)} 
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set label_y {y (m)} 
set label_z {z (m)} 
set label_space_x 20000 
set label_space_y 10000 
set label_space_z 25 
set label_decimals_x 0 
set label_decimals_y 0 
set label_decimals_z 0 
set label_tic_per_x 1 
set label_tic_per_y 1 
set label_tic_per_z 1 
# 
# Chunk 
# 
set chunk_n_x 2 
set chunk_n_y 2 
set chunk_n_z 2 
set chunk_space_x 0. 
set chunk_space_y 0. 
set chunk_space_z 0. 
set chunk_crop_x_min 5 
set chunk_crop_x_max 5 
set chunk_crop_y_min 5 
set chunk_crop_y_max 5 
set chunk_crop_z_min 5 
set chunk_crop_z_max 5 
set chunk_erase_n 1 
set chunk_erase_list {8} 
set chunk_view 3D 
set chunk_num(1,1,1) 0 
set chunk_num(2,1,1) 0 
set chunk_num(1,2,1) 0 
set chunk_num(2,2,1) 0 
set chunk_num(1,1,2) 0 
set chunk_num(2,1,2) 0 
set chunk_num(1,2,2) 0 
set chunk_num(2,2,2) 1 
# 
# Field 
# 
set field_data_type categorical 
set field_plot yes 
set field_format ascii 
set field_file {D:/Thesis/tsim_s/combined_s_091709.ascii} 
set field_nuft_timestep 1 
set field_n_cutoffs 5 
set field_cutoff(1) 1.0 
set field_cutoff_color(1) #ff0000 
set field_cutoff(2) 2.0 
set field_cutoff_color(2) #ff8000 
set field_cutoff(3) 3.0 
set field_cutoff_color(3) #804000 
set field_cutoff(4) 4.0 
set field_cutoff_color(4) #808080 
set field_cutoff(5) 5.0 
set field_cutoff_color(5) #80ffff 
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set field_value_min 0.0 
set field_value_max 5.0 
set field_color_table {D:/T-
PROGS_4beta_0206_src/chunk_lite_1/ctb/rainbow10.ctb} 
set field_color 1 
set field_n_bit 4 
set field_shade_xy 0 
set field_shade_xz 0 
set field_shade_yz 0 
set field_corner_bright 0.80 
set field_log10 no 
# 
# Field Legend 
# 
set field_legend yes 
set field_legend_log no 
set field_legend_vertical no 
set field_legend_title { } 
set field_legend_translation_x 150 
set field_legend_translation_y -50 
# 
# Field Legend - Continuous 
# 
set field_legend_log no 
set field_legend_vertical no 
set field_legend_min 0. 
set field_legend_max 5. 
set field_legend_height 2.0 
set field_legend_width 4.0 
set field_legend_label_spacing 1.0 
set field_legend_label_decimals 0 
set field_legend_label_tics_per 5 
# 
# Field Legend - Categorical 
# 
set field_legend_n_categories 4 
set field_legend_n_rows 4 
set field_legend_n_columns 2 
set field_legend_category(1) 1 
set field_legend_category_name(1) {Gravel} 
set field_legend_category(2) 2 
set field_legend_category_name(2) {Sand} 
set field_legend_category(3) 3 
set field_legend_category_name(3) {Sandy Mud} 
set field_legend_category(4) 4 
set field_legend_category_name(4) {Mud} 
set field_legend_category(5) 5 
set field_legend_category_name(5) {Air} 
# 
# Surface 
# 
set surface_n_files 0 
set surface_z_bottom  1 
set surface_z_top 1 
set surface_shade_bottom 0.0 
set surface_shade_top 0.0 
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# 
# Lines 
# 
set line_n_files 0 
# 
# Dots 
# 
set dots_n_files 0 
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Appendix H: Flow Model (ParFlow) 
 
 ParFlow is a modular parallel simulation platform used to model saturated and 


variably saturated flow and transport in 3-D highly heterogeneous systems (Maxwell et 


al., 2009). The parallel computing capability of ParFlow enables it to handle problems 


too large for single processor systems to solve within a reasonable amount of time. 


ParFlow was chosen for this study as it would allow for subsurface heterogeneity to be 


included at its original modeled scale. Here we analyze the impact of preferential flow 


paths (American River paleochannels) on groundwater conditions in the Lower 


Cosumnes River basin by comparing flow through Cosumnes sediments alone and 


Cosumnes sediments combined with American River paleochannels. 


 A steady-state saturated flow model was created with the model domain and grid 


matching that of the TProGS combined realizations. Dirichlet boundary conditions were 


used to impose a hydraulic gradient of 0.0025 m/m from east to west and no flow along 


the north, south, top and bottom faces of the model. As both the American River (north 


boundary) and Dry Creek (south boundary) are losing streams these are assumed to be 


flow boundaries (DWR, 1973). Because TPROGS takes a statistical approach to filling in 


where lithologic data is not available, a degree of uncertainty is inherent in the resulting 


realizations. For this reason a Monte Carlo analysis was performed running ParFlow with 


10 different Cosumnes and combined American River/Cosumnes River realizations (total 


of 20 realizations). Heterogeneity was integrated by assigning permeability values 


(required ParFlow parameter) to each facies (Table G1). These values were converted 


from hydraulic conductivity under the assumption that viscosity, gravity and density were 
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all equal to 1. Results were analyzed to determine the consequential impact on 


groundwater flow.  


 


Facies Geologic 
Interpretation 


Saturated K-
Values (m/s) 


Gravel Channel deposits 1.67E-04 


Sand Near-channel/levee 6.25E-05 


Sandy-mud Proximal floodplain 1.04E-05 


Mud Floodplain 2.71E-07 


Table H1: Assigned intrinsic permeabilities used in the simulations. 
 
 
ParFlow .tcl Script  
 


# Modified from Laura Roll’s Thesis script llroll_thesis.tcl 
# This script is intended to be used with a bunch of tprogs tsim realizations.   
# The loop to automate the process is at the end of the script. 
 
# Note: 
# An additional input file is needed to run this script, a .pfb file 
# of hydraulic conductivity that is originally generated by tprogs.  Tprogs  
# generates a .bgr or .ascii file format, so you need to run pf_write.exe or  
# bgr2pfb.exe to convert the file from .ascii/.bgr to .pfb.  The source code 
# is included in my thesis appendices. 
# 
#  This Model is steady state, fully saturated (Impes solver) 
 
# Casey Meirovitz  
# 9/1/09  
 
# 
# Import the ParFlow TCL package 
# 
lappend auto_path $env(PARFLOW_DIR)/bin  
package require parflow 
namespace import Parflow::* 
 
pfset FileVersion 4 
 
#----------------------------------------------------------------------------- 
# User variables 
# ---------------------------------------------------------------------------- 
 
set dx 200.0 
set dy 200.0 
set dz 0.5 
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set nx 181 
set ny 227 
set nz 430 
 
#This is the name of the run 
set run “091809” 
 
#----------------------------------------------------------------------------- 
# Process Topology 
#----------------------------------------------------------------------------- 
 
pfset Process.Topology.P        4 
pfset Process.Topology.Q        1 
pfset Process.Topology.R        1 
 
#----------------------------------------------------------------------------- 
# Computational Grid 
#----------------------------------------------------------------------------- 
pfset ComputationalGrid.Lower.X                0 
pfset ComputationalGrid.Lower.Y                0 
pfset ComputationalGrid.Lower.Z                0 
 
pfset ComputationalGrid.DX                $dx  
pfset ComputationalGrid.DY                     $dy  
pfset ComputationalGrid.DZ                $dz  
 
pfset ComputationalGrid.NX                     $nx  
pfset ComputationalGrid.NY                     $ny  
pfset ComputationalGrid.NZ                     $nz  
 
#----------------------------------------------------------------------------- 
# The Names of the GeomInputs 
#----------------------------------------------------------------------------- 
pfset GeomInput.Names “domain_input background_input ind_input” 
 
 
#----------------------------------------------------------------------------- 
# Domain Geometry Input 
#----------------------------------------------------------------------------- 
pfset GeomInput.domain_input.InputType            Box 
pfset GeomInput.domain_input.GeomName             domain 
 
#----------------------------------------------------------------------------- 
# Domain Geometry 
#----------------------------------------------------------------------------- 
pfset Geom.domain.Lower.X                        0  
pfset Geom.domain.Lower.Y                        0 
pfset Geom.domain.Lower.Z                        0 
 
pfset Geom.domain.Upper.X                        [expr ($dx*$nx)]  
pfset Geom.domain.Upper.Y                        [expr ($dy*$ny)]  
pfset Geom.domain.Upper.Z                        [expr ($dz*$nz)]  
 
pfset Geom.domain.Patches “left right front back bottom top” 
 
#----------------------------------------------------------------------------- 
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# Background Geometry Input 
#----------------------------------------------------------------------------- 
pfset GeomInput.background_input.InputType         Box 
pfset GeomInput.background_input.GeomName          background 
 
#----------------------------------------------------------------------------- 
# Background Geometry 
#----------------------------------------------------------------------------- 
pfset Geom.background.Lower.X -99999999.0 
pfset Geom.background.Lower.Y -99999999.0 
pfset Geom.background.Lower.Z -99999999.0 
 
pfset Geom.background.Upper.X  99999999.0 
pfset Geom.background.Upper.Y  99999999.0 
pfset Geom.background.Upper.Z  99999999.0 
 
#----------------------------------------------------------------------------- 
# Indicator Geometry Input 
#----------------------------------------------------------------------------- 
pfset GeomInput.ind_input.InputType         IndicatorField 
pfset GeomInput.ind_input.GeomNames         “channel sand sandy-mud 
mud” 
 
#----------------------------------------------------------------------------- 
# Indicator Geometry 
#----------------------------------------------------------------------------- 
 
pfset GeomInput.channel.Value  1 
pfset GeomInput.sand.Value  2 
pfset GeomInput.sandy-mud.Value 3 
pfset GeomInput.mud.Value  4 
 
#----------------------------------------------------------------------------- 
# Perm 
#----------------------------------------------------------------------------- 
pfset Geom.Perm.Names “background channel sand sandy-mud mud” 
 
pfset Geom.background.Perm.Type     Constant 
pfset Geom.background.Perm.Value    4.0 
 
pfset Geom.channel.Perm.Type  Constant 
pfset Geom.channel.Perm.Value  14.4288 
pfset Geom.sand.Perm.Type  Constant 
pfset Geom.sand.Perm.Value  5.4 
pfset Geom.sandy-mud.Perm.Type  Constant 
pfset Geom.sandy-mud.Perm.Value  0.89856 
pfset Geom.mud.Perm.Type  Constant 
pfset Geom.mud.Perm.Value  2.34144e-2 
 
pfset Perm.TensorType               TensorByGeom 
 
pfset Geom.Perm.TensorByGeom.Names  “background” 
 
pfset Geom.background.Perm.TensorValX  1.0 
pfset Geom.background.Perm.TensorValY  1.0 
pfset Geom.background.Perm.TensorValZ  1.0 
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#----------------------------------------------------------------------------- 
# Specific Storage 
#----------------------------------------------------------------------------- 
# specific storage does not figure into the impes (fully sat) case but we still 
# need a key for it 
 
pfset SpecificStorage.Type            Constant 
pfset SpecificStorage.GeomNames       “” 
pfset Geom.domain.SpecificStorage.Value 1.0e-4 
 
#----------------------------------------------------------------------------- 
# Phases 
#----------------------------------------------------------------------------- 
 
pfset Phase.Names “water” 
 
pfset Phase.water.Density.Type Constant 
pfset Phase.water.Density.Value 1.0 
 
pfset Phase.water.Viscosity.Type Constant 
pfset Phase.water.Viscosity.Value 1.0 
 
#----------------------------------------------------------------------------- 
# Contaminants 
#----------------------------------------------------------------------------- 
pfset Contaminants.Names   “” 
 
#----------------------------------------------------------------------------- 
# Gravity 
#----------------------------------------------------------------------------- 
 
pfset Gravity    1.0 
 
#----------------------------------------------------------------------------- 
# Setup timing info 
#----------------------------------------------------------------------------- 
# this model is steady state so the timing doesn’t come into play 
pfset TimingInfo.BaseUnit  1.0 
pfset TimingInfo.StartCount  0 
pfset TimingInfo.StartTime  0.0 
pfset TimingInfo.StopTime            1000.0 
pfset TimingInfo.DumpInterval        -1 
 
#----------------------------------------------------------------------------- 
# Porosity 
#----------------------------------------------------------------------------- 
 
pfset Geom.Porosity.GeomNames          background 
 
pfset Geom.background.Porosity.Type    Constant 
pfset Geom.background.Porosity.Value   1.0  
 
#----------------------------------------------------------------------------- 
# Domain 
#----------------------------------------------------------------------------- 
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pfset Domain.GeomName domain 
 
#----------------------------------------------------------------------------- 
# Mobility 
#----------------------------------------------------------------------------- 
pfset Phase.water.Mobility.Type        Constant 
pfset Phase.water.Mobility.Value       1.0 
 
#----------------------------------------------------------------------------- 
# Wells 
#----------------------------------------------------------------------------- 
pfset Wells.Names “”  
 
#----------------------------------------------------------------------------- 
# Time Cycles 
#----------------------------------------------------------------------------- 
pfset Cycle.Names constant 
pfset Cycle.constant.Names  “alltime” 
pfset Cycle.constant.alltime.Length 1 
pfset Cycle.constant.Repeat  -1 
 
#----------------------------------------------------------------------------- 
# Retardation 
#----------------------------------------------------------------------------- 
pfset Geom.Retardation.GeomNames           “” 
 
#----------------------------------------------------------------------------- 
# Boundary Conditions: Pressure 
#----------------------------------------------------------------------------- 
pfset BCPressure.PatchNames “left right front back bottom top” 
 
pfset Patch.left.BCPressure.Type   DirEquilRefPatch 
pfset Patch.left.BCPressure.Cycle   “constant” 
pfset Patch.left.BCPressure.RefGeom   domain 
pfset Patch.left.BCPressure.RefPatch   bottom 
pfset Patch.left.BCPressure.alltime.Value  100.0 
 
pfset Patch.right.BCPressure.Type          DirEquilRefPatch 
pfset Patch.right.BCPressure.Cycle   “constant” 
pfset Patch.right.BCPressure.RefGeom   domain 
pfset Patch.right.BCPressure.RefPatch   bottom 
pfset Patch.right.BCPressure.alltime.Value  190.0 
 
pfset Patch.front.BCPressure.Type          FluxConst  
pfset Patch.front.BCPressure.Cycle   “constant” 
pfset Patch.front.BCPressure.alltime.Value  0.0 
 
pfset Patch.back.BCPressure.Type   FluxConst 
pfset Patch.back.BCPressure.Cycle   “constant” 
pfset Patch.back.BCPressure.alltime.Value  0.0 
 
pfset Patch.bottom.BCPressure.Type   FluxConst 
pfset Patch.bottom.BCPressure.Cycle   “constant” 
pfset Patch.bottom.BCPressure.alltime.Value  0.0 
 
pfset Patch.top.BCPressure.Type           FluxConst 
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pfset Patch.top.BCPressure.Cycle   “constant” 
pfset Patch.top.BCPressure.alltime.Value  0.0 
 
 
#--------------------------------------------------------- 
# Topo slopes in x-direction 
#--------------------------------------------------------- 
# topo slopes do not figure into the impes (fully sat) case but we still 
# need keys for them 
 
pfset TopoSlopesX.Type “Constant” 
pfset TopoSlopesX.GeomNames “” 
 
pfset TopoSlopesX.Geom.domain.Value 0.0 
 
#--------------------------------------------------------- 
# Topo slopes in y-direction 
#--------------------------------------------------------- 
 
pfset TopoSlopesY.Type “Constant” 
pfset TopoSlopesY.GeomNames “” 
 
pfset TopoSlopesY.Geom.domain.Value 0.0 
 
#--------------------------------------------------------- 
# Mannings coefficient  
#--------------------------------------------------------- 
# mannings roughnesses do not figure into the impes (fully sat) case but we 
still 
# need a key for them 
 
pfset Mannings.Type “Constant” 
pfset Mannings.GeomNames “” 
pfset Mannings.Geom.domain.Value 0. 
 
#----------------------------------------------------------------------------- 
# Phase sources: 
#----------------------------------------------------------------------------- 
 
pfset PhaseSources.Type                         Constant 
pfset PhaseSources.GeomNames                    background 
pfset PhaseSources.Geom.background.Value        0.0 
 
#----------------------------------------------------------------------------- 
# The Solver Impes MaxIter default value changed so to get previous 
# results we need to set it back to what it was 
#----------------------------------------------------------------------------- 
pfset Solver.MaxIter 5 
pfset Solver.AbsTol 1e-14 
 
#----------------------------------------------------------------------------- 
# Run and Unload the ParFlow output files 
#----------------------------------------------------------------------------- 
 
set n_runs 1 
for {set k 1} {$k <= $n_runs} {incr k 1} { 
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pfset Geom.ind_input.FileName “sim2_$k.pfb”  
pfdist “sim2_$k.pfb”  
 
puts stdout “run “ 
puts stdout $k 
 
pfrun $run.$k  
pfundist $run.$k  
pfundist “sim2_$k.pfb” 
 
set press [pfload $run.$k.out.press.-0001.pfb] 
set head [pfhhead $press] 
pfsave $head –pfb $run.$k.head.pfb 
#pfsave $head –sa $run.$k.head.sa 
} 
 
 
# To run with debugging 
# pfrun tahoe –g {0 1} 
# will debug process 0 and 1 
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Appendix I: Matlab and Fortran Source Codes 
 


For TProGS Modeling: 
 


• Rotate Input Files 
 


%This program is to rotate a TPROGS input file or a surfer dip/azimuth 
file 
%around the model origin. A clockwise rotation is noted by a positive 
%angle. 
 
%Clear everything; 
clc; 
clear; 
 
%Read input file; 
 
filename = input('What is the name of the file containing your xyz 
data? \n','s'); 
 
data = textread(filename); 
xydata = [data(:,1)'; data(:,2)']; 
%data = textread('cos_az_nrot.dat', '%n'); 
 
%Request output filename; 
 
fileout = input('Name for your output file? \n','s'); 
 
%Ask for angle of rotation; 
 
angle = input('How many degrees would you like to rotate your xy 
points? \n'); 
 
theta = angle*(pi/180); 
 
%If origin not 0,0 for rotation add rotation axis; 
 
x_center = input('Origin x value? \n'); 
y_center = input('Origin y value? \n'); 
 
center = repmat([x_center; y_center], 1, length(xydata)); 
 
%Perform the rotation; 
 
R = [cos(theta) -sin(theta); sin(theta) cos(theta)]; 
 
vo = R*(xydata - center) + center; 
 
%Pick rotated data and combine with z values from input data.  
%uncomment lines 45-49 for tsim_s input with hardness values. 
 
xyrot(:,1) = vo(1,:)'; 
xyrot(:,2) = vo(2,:)'; 
xyrot(:,3) = data(:,3); 
%xyrot(:,4) = data(:,4); 
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%xyrot(:,5) = data(:,5); 
%xyrot(:,6) = data(:,6); 
%xyrot(:,7) = data(:,7); 
%xyrot(:,8) = data(:,8); 
 
 
%Write the rotated data to a text file; 
 
save(fileout,'xyrot','-ASCII'); 
%save('vo.dat','vo','-ASCII'); 
%save('center.dat','center','-ASCII'); 
%save('R.dat','R','-ASCII'); 
 
 


• Combine TProGS Models 
 


%This program takes the ascii files of two overlapping models (here 
%Cosumnes R. model (from American to Dry Creek) and American Model 
%(from American to 4245515.691 m N UTM zone 10N)and will create a new 
ascii file with 
%all category 1 values (American Gravels) from American Model overlayed 
%into the Cosumnes Model. In other words, the American gravels will be 
%added to the Cosumnes model in the overlapping area, replacing the 
values 
%given in the Cosumnes model. Not made for use with models that do not 
have 
%the same x dimension. 
%----------------------------------------------------------------------
--- 
 
%Clear variables and screen; 
clear; 
clc; 
format short; 
 
%Ask for input files 
 
 
%Ask for model dimensions; 
 
X = input('What is the x dimension (num cells) of the non-overlapping 
area \n'); 
Y = input('What is the y dimension (num cells) of the non-overlapping 
area \n'); 
%x = input('What is the x dimension of the overlapping model? \n'); 
y = input('What is the y dimension of the overlapping area? \n'); 
z = input('How many layers are the models? \n'); 
 
%Calculate the number of overlapping and non overlapping cells; 
 
nsingle = X*Y;               %numer of cells second model does not 
cover  
nover = X*y;                 %number of cells both models cover 
nlay = z;                    %number of layers in the models 
 
%Read in the .ascii files for each of the models; 
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Cos_name = input('What is the name of the tsim ascii file for the 
larger model? \n','s'); 
Amer_name = input('What is the name of the tsim ascii file for the 
smaller model? \n','s'); 
Out_name = input('Desired output file name? \n','s'); 
 
%Using Amer/Cos(2:end,:) to remove the first line of code from tsinm_s 
%output. For some reason tsim_s outputs an additional first 
%line in the ascii file. This command will remove that so chunk_lite 
will 
%read the combined model ascii file created by this program. Comment 
out 
%these lines (46 and 48) if using tsim or tsim_ss input files. 
 
Cos = textread(Cos_name); 
%Cos = Cos(2:end,:); 
Amer = textread(Amer_name); 
%Amer = Amer(2:end,:); 
%SIZE1=size(Cos); 
%disp (SIZE1); 
 
%Begin by creating new variable Total which has all the same values as 
Cos; 
 
[Total] = [Cos]; 
 
disp(Total(1,:)); 
 
%Replace any Cos values with a one (for gravel) where Amer has gravel; 
 
 
count = 0; 
for k = 1:nlay 
    for i = 1:nover 
        if Amer(i+count)==1 
            Total(i+count+(nsingle*k))=1; 
        else Total(i+count+(nsingle*k))=Cos(i+count+(nsingle*k)); 
        end 
    end 
    count = count+nover; 
end 
 
%Total(2,:)=Total(1,:); 
%Total(1,:)=[181 227 430]; 
disp(Total(1,:)); 
disp(Total(2,:)); 
%SIZE=size(Total); 
%disp (SIZE); 
 
%Create a new .ascii file from variable Total; 
 
Cos = 0; 
Amer = 0; 
 
fid = fopen(Out_name,'w'); 
fprintf(fid,'%3.0f\t',Total(1,:)); 
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fprintf(fid,'\n%1.0f',Total(2:end,1), 's'); 
 
fclose(fid); 
 
%End of program 
 
 
 
For ParFlow Modeling: 
 


• Convert .bgr to .pfb 
 


! eric modified this program so that it would compile on 2/28/08 
! I have modified this again so it would work with the cluster 
! 9/2/08 (Laura ROll) 
 
! NOTE!!! This version uses integer*4 for the .bgr array rather than the 
! standard TSIM format of integer*1, so that it works properly on the cluster.   
! Make sure you check which variable type your array is before you run 
! this program!!! 
! SECOND NOTE!!! This program does not compile properly when you use the gcc  
! gfortran compiler.  You need to use the intel fortran compiler, and use  
! the command 
! 
! ifort eric_bgr2pfb.f90 -o pfb.exe 
! 
! or insert whatever name you want after the -o 
! THIRD NOTE! 
! I changed the program so it has hard coded dx,dy,dz.  Change it to what you  
! want! 
! 
! Last thing: 11/23/08 modified this code so that it takes the absolute value 
! of all the int's - so that any conditioning data does not screw up the flow 
! fields in ParFlow (PF is expecting all positive values) 
 
program read_unit 
 
integer*4 i, j , k,num,  i_tmp, nx,ny,nz, ndim, i1, j1, k1, px, py, pz, nlitx, & 
nlity, nlitz, nbigx1, nbigy1, nbigz1, nbigx2, nbigy2, nbigz2, bx, by, bz,ax,ay,az 
 
Integer*4  ixlim, iylim, izlim,nnx, nny,nnz, & 
ns, ix, iy, iz , mx, my , mz, num_cav_blocks, num_glass_blocks, & 
   num_cz_blocks, num_pim_blocks,nx1,ny1,nz1, icount(0:128),ii 
 
character*100 line 
real*8 x,y,z, depth, x0, y0, z0 , big_dx, big_dy, big_dz, lit_dx,lit_dy, lit_dz, & 
x0fg , y0fg , z0fg, xmfg , ymfg , zmfg , rx, ry, rz, xact, yact, zact,U5E_gs_elev, & 
rxy, rxyz  , dx1, dx2, dx3, czr 
 
real*8, allocatable:: r_ind (:,:,:), ind_slim(:,:,:) 
integer*4, allocatable :: ind(:,:,:) 
 
character*40 filename, in_file_name 
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Real*8 ri, rj, rk1, rk2, headsum,    & 
rsum, junk, rad,                      & 
ksum, kavg,f, dx, dy, dz, x1, y1, z1 
  
ind = 0 
r_ind = 0. 
 
print*,' x0,y0,z0' 
!read*,x0,y0,z0 
x0 = 0.d0 
y0 = 0.d0 
z0 = 0.d0 
print*,' dx,dy,dz' 
!read*,dx,dy,dz 
dx = 2.d0 
dy = 5.d0 
dz = 0.2d0 
print*, dx,dy,dz 
print*, 'input bgr filename: ' 
read*, in_file_name 
print*, 'output .pfb filename: ' 
read*, filename 
 
 
open (20,file=in_file_name,form='unformatted') !,recordtype='stream') 
read(20) ndim 
read(20) nx, ny, nz 
print*, ndim 
print*, ' Dimensions are ',nx, ' ',ny, ' ',nz 
 
allocate(ind(nx,ny,nz)) 
 
read(20) ind 
close(20) 
 
 
allocate ( r_ind(nx,ny,nz),ind_slim(nx,ny,nz)) 
 
!filename = 'grid.pfb' 
 
 
do i = 1, nx 
do j = 1, ny 
do k = 1, nz 
 
 r_ind(i,j,k) = float(ind(i,j,k)) 
 if (r_ind(i,j,k).lt.0)then 
         r_ind(i,j,k)=abs(r_ind(i,j,k)) 
 endif 
 
end do 
end do 
end do 
 
call pf_write(r_ind,filename,nx,ny,nz,dx,dy,dz,x0,y0,z0) 
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end program read_unit 
 
 
subroutine pf_write(x,filename,ixlim,iylim,izlim,dx,dy,dz,x0,y0,z0) 
Real*8 x(ixlim,iylim,izlim),  ri, rj, rk1, rk2, headsum,    & 
rsum, junk,                                           & 
ksum, kavg,f, dx, dy, dz, x1, y1, z1,x0,y0,z0 
Integer*4 i,j,k, i1, j1, k1, ixlim, iylim, izlim, & 
ns, ix, iy, iz, rx, ry, rz 
character*40 filename 
 
! 
!    Open File 
! 
filename = trim(filename) 
open(15,file=filename,form='unformatted', recordtype='stream', & 
convert='BIG_ENDIAN')  
! 
! Calc domain bounds 
! 
   ix = 0 
   iy = 0 
   iz = 0 
 
 
   ns = 1 
 
   rx = 1 
   ry = 1 
   rz = 1 
 
   x1 = dble(ixlim)*dx 
   y1 = dble(iylim)*dy 
   z1 = dble(izlim)*dz 
! 
!    Write header info 
! 
 
!write(15) x1 
!write(15) y1 
!write(15) z1 
 
write(15) x0 
write(15) y0 
write(15) z0 
 
write(15) ixlim 
write(15) iylim 
write(15) izlim  
print*, 'ixlim...', ixlim, iylim, izlim 
 
write(15) dx 
write(15) dy 
write(15) dz 
print*, 'dx,dy,dz', dx, dy, dz 
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write(15) ns 
 
write(15) ix 
write(15) iy 
write(15) iz 
 
write(15) ixlim 
write(15) iylim 
write(15) izlim 
 
write(15) rx 
write(15) ry 
write(15) rz 
 
 
!do  k=1,izlim 
!do  j=1,iylim 
!do  i=1,ixlim 
!write(15) x(i,j,k) 
!end do 
!end do 
!end do 
 
write(15) x 
 
close(15) 
return 
end 


 
• Convert .ascii to .pfb 


 
program pf_write 
  implicit none 
  real*8  dx2, dy2, dz2 
  real*8,allocatable :: data(:,:,:) 
  integer*4,allocatable :: data_i(:,:,:) 
  real*8 ri, rj, rk1, rk2, headsum, rsum, junk,  & 
         ksum, kavg,f, dx, dy, dz, x1, y1, z1         
  integer*4 i,j,k, nni, nnj, nnk, ix, iy, iz,   & 
            ns,  rx, ry, rz,nx,ny,nz, nnx, nny, nnz,    & 
   is,dummy 
  integer*4 ijk, namelength, xtent,ytent,ztent 
  integer t 
  character*100 ifname,ofname 
   
  write(*,*)"Input file name:" 
  read(*,'(a)')ifname 
  write(*,*)"Ouput file name:" 
  read(*,'(a)')ofname 
   
  open(99,file=trim(adjustl(ifname)),status='old',action='read') 
  read(99,*)nx,ny,nz 
  allocate (data_i(nx,ny,nz)) 
  do k=1,nz 
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    do j=1,ny 
      do i=1,nx 
      read(99,*) data_i(i,j,k) 
      enddo 
    enddo 
  enddo 
 
  x1=636630.976 
  y1=4228115.691 
  z1=-125.0d0 
  ns=1 
  nnx=nx 
  nny=ny 
  nnz=nz 
  dx = 200. 
  dy = 200. 
  dz = 0.5 
  ix=0 
  iy=0 
  iz=0 
  rx=1 
  ry=1 
  rz=1 
 
  open(100,file=trim(adjustl(ofname)),form='unformatted',   & 
                 convert='BIG_ENDIAN')         !binary outputfile of Parflow 
    
  ! Write in header info 
 
! Start: reading of domain spatial information 
  write(100) x1 !X 
  write(100) y1 !Y  
  write(100) z1 !Z 
  print *,"1",x1,y1,z1 
 
  write(100) nx !NX 
  write(100) ny !NY 
  write(100) nz !NZ 
  print *,"n",nx,ny,nz 
 
  write(100) dx !DX 
  write(100) dy !DY 
  write(100) dz !DZ 
  print *,"d",dx,dy,dz 
 
  dx2 = dx 
  dy2 = dy 
  dz2 = dz 
  write(100) ns !num_subgrids 
  print *,"ns",ns 
! End: reading of domain spatial information 
 
! Start: loop over number of sub grids 
  do is = 0, (ns-1) 
 
! Start: reading of sub-grid spatial information 
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   write(100) ix 
   write(100) iy 
   write(100) iz 
   print *,"i",ix,iy,iz 
    
   write(100) nnx 
   write(100) nny 
   write(100) nnz 
   print *,"nn",nnx,nny,nnz 
 
   write(100) rx 
   write(100) ry 
   write(100) rz 
   print *,"r",rx,ry,rz 
 
! End: writing of sub-grid spatial information 
 
! Start: write data for each individual subgrid 
  do  k=iz +1 , iz + nnz 
   do  j=iy +1 , iy + nny 
    do  i=ix +1 , ix + nnx 
     !write(100) dabs(data(i,j,k)) 
     write(100) dble(data_i(i,j,k)) 
    end do 
   end do 
  end do 
! End: read in saturation data from each individual subgrid 
 
  end do 
! End: loop over number of sub grids 
 
   
  close(99) 
  close(100) 
  end. 
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Introduction
As one of the last undammed rivers in the state of California, 


the Cosumnes River has received considerable attention from the 
scientific community. Of particular concern has been declining 
flows in the late summer to early fall which restrict fall run Chinook 
salmon migration.1-3 Over a half century of groundwater overdraft has 
caused the surrounding aquifer to drop well below the river channel. 
With growing water demands in Sacramento County, it is unlikely 
that groundwater pumping will be reduced sufficiently to restore 
the water table, base flow, and fall flows.3 Previous work has shown 
that geologic heterogeneity significantly influences groundwater/
surface water interactions.2-6 Found that the incorporation of geologic 
heterogeneity in modeling groundwater/surface water interactions 
led to local connection between the river and the depressed water 
table. Each suggested that such connections could be used along with 
surface water augmentation or artificial recharge to restore fall flows.6 
Concluded that management of near channel perched systems could 
be used to help maintain these connections and supplement base flow, 
further aiding the restoration of fall flows. To implement these solutions 
and predict what effect they may have, a sound understanding of the 
geologic heterogeneity of the region is essential.7-9 In connection with 
others10-14 demonstrated that cyclic depositional sequences formed by 
glacial/inter-glacial periods could be used to characterize regional 
subsurface heterogeneity of alluvial fans. Characteristic of these fans 
are large incised-valley-fill deposits (IVF), which form as glaciers 
melt, repeatedly releasing copious amounts of sediment and runoff to 
the incised rivers of the Central Valley. While confined to the incised 
valleys, water velocities are high and coarse sediments are carried far 
into the Central Valley.8,13 With time the incised valleys are filled and 
surface water spreads over the fan, significantly reducing velocities 


and allowing only fine sediments to reach the more distal parts of the 
fan. The coarse-grained IVF deposits (upwards of 30 meters thick), 
surrounded by mainly fine sediments, act as preferential flow paths, 
significantly influencing regional groundwater flow and transport8-15 
and others16 identified paleochannels that appear to be similar to 
IVF deposits in the shallow subsurface to the north of, and likely 
crossing the Cosumnes river (Figure 1). Although it is likely these 
incised valley fill deposits influence the nature of flow and transport 
in Sacramento County, to date we are unaware of any model that has 
adequately incorporated them. Prior to this study only limited local 
geologic data have been available for modeling. As a result, regional 
scale heterogeneity throughout Sacramento County has been largely 
ignored. The purpose of this study is to incorporate abundant local 
and regional data into a more realistic representation of subsurface 
geology allowing for improved flow and transport modeling of 
groundwater in Sacramento County and the Cosumnes River region. 
To do this I: 


a.	 developed a conceptual geologic model, 


b.	 analyzed sediment spatial variability and depositional trends


c.	 Created a geostatistical simulation of heterogeneity to be used 
in later flow and transport modeling.


Study area
The study area covers a 1262 km2 section of Sacramento County 


(Figure 2) within which the Cosumnes and American River fluvial 
fans enter the Central Valley. The American River (which forms the 
northern boundary of the study area) drains a 4290 km2 catchment 
stretching east from Folsom Reservoir to the crest of the Sierra 
Nevada.17 The elevation of this basin ranges from 3170 m (10400 ft.) 
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Abstract


The groundwater system of southern Sacramento County was formed by the glacially 
dominated American River fan and the non-glacial Cosumnes River fan. Recent 
hydrostratigraphic analysis with borehole log data and soils maps shows that the 
American River gravelly channels not only migrated to the south, cutting into the 
Cosumnes sediments in the Holocene, but also did the same during the Quaternary, 
leaving deep, coarse grained incised valley fill deposits embedded in what would 
otherwise be considered Cosumnes fan sediments. These coarse-grained incised valley 
fill deposits are expected to act as preferential flow paths, potentially influencing 
groundwater flow and transport throughout the Sacramento County groundwater 
system. Three dimensional Markov chain models are created for each of the two 
systems using transition probability geostatistics. Each system is simulated separately 
and then combined to produce a regional three-dimensional representation of 
subsurface heterogeneity that preserves cross-cutting relationships between American 
River coarse-grained (incised valley fill) sediments and finer-grained Cosumnes River 
deposits. Analysis of the resulting conceptual geologic model realizations shows 
that hydrofacies proportions and architecture are preserved, producing a reasonable 
approximation of the interaction of the American and Cosumnes River fluvial fans on a 
regional scale. This geologic model will be incorporated into future groundwater flow 
and transport models to investigate the effects on regional groundwater conditions.
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near the crest to 67 m (220 ft.) at Folsom Reservoir. Similar to the 
Kings River,10,18 Tuolemne River9,13 and Merced River13,14 fluvial fans, 
deposition of the American River fan has been significantly influenced 
by cyclic Plio-Pleistocene climate change and resulting glaciation 
in the Sierra Nevada.9-21 Immediately south of the American River 
watershed, the Cosumnes River drains a much smaller (1900 km2) 
basin ranging in elevation from 2400 m (7875 ft) at the headwaters 
to near sea-level at its confluence with the Sacramento/San Joaquin 
Delta.2 The river leaves the Mesozoic bedrock of the Sierra foothills 
near Michigan Bar, entering the fluvial fan dominated Central Valley. 
From here the river flows 58 km (36 mi) to its confluence with the 
Mokulemne River. The Cosumnes River, similar to the Chowchilla 
River fan,9,22 experienced relatively little, if any, glacial input. 
Therefore, it produced a smaller fan containing less coarse-grained 
sediment as compared to the American River fan. 


Geologic setting


Since the early Pliocene epoch (~5.3 mya), the geology of 
Sacramento County has been dominated by the deposition of 
American River fluvial sediments. Early deposits consist of eroded 
volcanic sediments, forming the black sands and andesitic gravels 
characteristic of the Mehrten Formation. Later, non-volcanic 
sediments were deposited as the Laguna, Fair Oaks and Riverbank 
formations, dating from the end of the Pliocene into the Pleistocene 
(~100,000 bp).15,16 These formations were deposited by the American 
River and other streams that had become quite sizeable with the 
introduction of glaciation in the High Sierra. During Plio-Pleistocene 
glaciation the American River channel belt was upwards of 8,000 
feet wide and carried up to boulder-sized sediments, depositing 
them in channels, incised valleys and, near the apex of the fan, as 
broad sheets.15 Repeatedly jumping its banks and changing course, 
the American River left numerous coarse-grained paleochannels 
“which are of vast importance as conveyance channels and sources of 
groundwater”.15 Attempts to trace these paleochannels in near-surface 
sediments have shown that a southern fork of the American River 
flowed to the southwest toward the Cosumnes River, likely crossing 


the current flow path of the Cosumnes River.15,16 This would suggest 
that the American River fluvial fan is intertwined with the much finer 
grained Cosumnes fan and that American River channel deposits may 
influence groundwater/surface water interactions along the Cosumnes 
River.


Methods
Hydrofacies characterization


Well logs and the most recent Sacramento County soil survey23 
were the primary sources of lithologic data for this study. Of the 
more than 23,000 well logs provided, 1320 of the highest quality logs 
were chosen based on selection criteria used by the USGS in their 
characterization of the Modesto Fan.12 These criteria require a well 
log to contain at least one depth interval with a textural modifier (e.g., 
sandy clay, silty sand, gravelly sand, etc.), at least one depth interval 
with a color description (e.g. black sand) and sufficient location data 
for the log to be placed on the county map.12 Sediments were grouped 
into four hydrofacies (gravel, sand, sandy-mud and mud) based on 
the lithologic descriptions provided (Table 1). Additional cores 
taken along the Cosumnes River provided insight into the character 
of sediments (grain-size, color, distribution, constraints on sand 
and gravel mean lengths) present and possible depositional trends. 
Lithologic data was analyzed in plan view and as cross-sections to 
identify possible depositional trends. Following methods used by7 
on the Kings River alluvial fan, C-horizon soil descriptions from the 
Sacramento County Soil Survey23 were used to create a training image 
of depositional trends within the study area. The soil survey provides 
a description of each soil series to roughly 1.5 meters (60 inches) 
depth along with any local variations. Each soil series was grouped 
into one of the four hydrofacies (gravel, sand, sandy-mud, mud) based 
on C-horizon soil descriptions and plotted in ArcGIS (Figure 3). The 
C-soil horizon is generally considered “parent material” and therefore 
more representatives of original sediment textures. Also, by using the 
C-horizon, soils that had been reworked by anthropogenic processes 
(like tilling for agriculture) were avoided. 


Figure 1 Map taken from shlemon (1967) showing locations of 
pleistocene age American River IVF deposits.


Figure 2 Relief map of study area (outlined in black rectangle) divided 
into the american river model area to the north and the cosumnes 
river model area represented by the full larger rectangle. Location of 
cross sections A-A’, B-B’, and C-C’ (Figures 4-6) showningrey. Riversare 
outlined in blue with major highways in light grey.
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Table 1  Attributes of the four hydrofacies used in geologic characterization


Hydro-facies Geologic 
interpretation Texture


Gravel Channel deposits Boulders-gravel and very 
coarse sand


Sand Near-channel Sand (fine to coarse)


Sandy-mud Proximal floodplain/
levee


Silty/clayey sands, sandy 
clays and silts


Mud Floodplain Clay, silty clay, shale, 
paleosol


Hydraulic conductivity of sediments


 Estimates of hydraulic conductivity for each of the four hydrofacies 
were gathered for use in later flow and transport modeling. It is assumed 
that each hydrofacies has a unique, effective hydraulic conductivity. 
This results in a representative characterization of heterogeneity as 
long as the variation in K between hydrofacies exceeds sufficiently 
the variation in K within hydrofacies, which is certainly true for the 
extremes of the system–the high-K sands and gravels and the low-K 
muddy sediments–but it may not hold as well for the intermediate 
hydrofacies of muddy sand. A review of relevant literature provided 
a range of possible K values of similar textural facies for other study 
areas in the Central Valley (Table 2). Of the available K estimates 
and assumptions, the USGS Modesto Fan values12 were based on the 
most data. As part of that study, initial values for each facies were 
calculated from well logs, slug tests and pumping tests for the Modesto 
area and later adjusted during extensive model calibration. Values 
used by2,5 were based on data from only three wells in the immediate 
vicinity of the Cosumnes River and seem low, especially for the 
gravel hydrofacies. Additional values for the gravel hydrofacies in 
the American/Cosumnes Rivers combined area were calculated using 


specific capacity and perforation data provided in well logs. 18 of 
63 available driller’s logs containing specific capacity and perforation 
data were selected based on: 


a.	 Completeness of data 


b.	 Length of screened interval (many wells were screened over 
lengths in excess of aquifer thicknesses) 


c.	 Well location (within modeling boundaries) 


d.	 Duration of pumping (at least 20 hours to allow rate of 
drawdown to stabilize). 


Figure 3 Soils map showing the C-soil horizon divided into the four 
hydrofacies used in this study.


Gravel; Sand; Sandy-mud; Mud


Table 2 Estimated facies hydraulic conductivity (K) values for the Modesto, Kings River, Cosumnes/American Rivers Fans along with literature values reported 
by Fetter (2001)


Hydraulic conductivity [m/d]


Modesto fan 
USGS report
2008-5035


Kings
R. Fan 
Weismann [8]


Cosumnes fan 
Fleckenstein 
[2]


Cosumnes
FanFrei [5]


Cosumnes/ 
American 
R.Well Logs


Hypothetical fetter, 
2001


Vert Hor Vert Hor Vert Hor Vert Hor Vert Hor Vert Hor


Gravel 800 727 864 864 86.4 86.4 14.4288 14.4288 86.4 to 8640


Sand 98 45 86.4 86.4 43.2 43.2 5.4 5.4 0.864 to 86.4


Sandy-
mud 2.2 1.1 0.864 0.864 4.32 4.32 0.8956 0.8956 86.4E-5 to 8.64E-3


Mud 0.001 0.0031 0.086 0.086 0.129 0.13 0.023414 0.023414 8.64E-8 to 86.4E-5


Hydraulic conductivity was estimated using the method of Logan 
as described in Kruseman and De Ridder. Transmissivity is related 
to hydraulic conductivity and specific capacity by the following 
equation:


( ) 1.22 /T K D Q s= ∗ =


Where T [L3/T] is the aquifer transmissivity, K [L/T] is the hydraulic 
conductivity, D [L] is aquifer thickness, Q [L3/T] is the steady state 
pumping rate, and s is the well drawdown. For this calculation, it is 
assumed that the well screen length represents the aquifer thickness, 
and wells have been pumped long enough for the drawdown rate to 
stabilize. It is further assumed for this study that wells are primarily 
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completed in the channel hydrofacies and calculated values represent 
horizontal hydraulic conductivity. 


Transition probability geostatistical modeling


Incorporation of subsurface heterogeneity into flow and transport 
modeling has been shown to produce representative simulations of 
hydrogeologic heterogeneity.2-25 Creating representative, geologically 
based models of subsurface heterogeneity nevertheless remains 
challenging. Boring and geophysical logs provide, in some cases, 
ample vertical information about facies locations and transitions, 
but borings are rarely close enough together to provide sufficient 
lateral correlation. T-ProGS (Transition Probability Geostatistical 
Software), a modular geostatistical program introduced by,26 uses 
transition probabilities and Markov chains to simulate the spatial 
distribution of categorical variables. T-ProGS was developed “to 
encourage infusion of subjective interpretation by simplifying the 
relationship between observable attributes and model parameters”.27 
The use of transition probabilities (as opposed to more traditional 
geostatistical approaches like indicator cross-variograms) allows the 
user to incorporate observed depositional trends (i.e. fining upwards 
sequences, symmetry/asymmetry) from the natural system into the 
simulation. Compared to traditional geostatistical simulations (i.e. 
indicator cross-variograms), the final result is a more geologically 
realistic representation of the modeled environment that also conserves 
the laws of probability.2-29 Moreover, the dominant, hydrogeologic 
influence of heterogeneity is that it controls connectivity of aquifer 
and aquitard materials which is in turn predominantly controlled 
by proportions and lateral and vertical extent (lengths) of these 
materials.29 T-ProGS not only uses proportions and lengths directly in 
the simulation but also facilitates the adjustment of these quantities in 
light of geologic information. The T-ProGS simulation module TSIM 
uses Markov chains and available conditioning data to create a 3-D 
conditional simulation of subsurface heterogeneity. The data on which 
these realizations are based are typically not “hard”, in the sense that 
the estimated facies at a particular location commonly range from a 
good estimate to a rough estimate. Accordingly, it is appropriate to 
treat much of the data as “soft”30 to reflect this uncertainty. TSIM_S, 
an improved version of TSIM, was selected for this study based on 
its ability to incorporate soft conditioning data into the “sequential 
indicator simulation” (SIS) and simulated annealing steps.25,31 In 
TSIM_S this is handled by adding a “hardness” value between 0 and 
1 to each line of conditioning data based on the user’s confidence in 
the data provided. A “hardness” value of 1 indicates “hard data” while 
a value of 0 suggests that the data should be ignored. If the value 
is ignored, the likelihood of a given facies appearing at that node is 
equal to the volumetric proportion of that facies.


Model boundaries (Figure 2) were selected to encapsulate the area 
of interest while simplifying boundary condition assignments in later 
flow and transport modeling. The eastern model boundary was placed 
in the Sierra foothills, while the north, south and west boundaries were 
placed along the American River, Dry Creek, and Sacramento River 
respectively. To account for differences between the two fluvial fans, 
the model area was divided into two sub-domains with the American 
River model to the north and the Cosumnes River model covering 
the entire model domain (Figure 2). Coarse-grained American 
River sediments found primarily in the northern sub-domain were 


inserted into the Cosumnes River model to create a single combined 
realization. The final combined model covers an area that is 36.2 km 
by 45.4 km and consists of approximately 17.6 million nodes. 


Results
Geologic characterization


Inspection of the hydrofacies soils map (Figure 3) provides some 
initial information concerning depositional trends in the study area. 
The modern Cosumnes River flows to the southwest surrounded by 
fine grained sandy-mud and mud deposits and a few local sands. To 
the south of the Cosumnes River small dendritic gravel and sandy-
mud deposits trend primarily east to west toward the confluence of 
the Cosumnes River and Dry Creek with a more southwesterly trend 
near the confluence. The American River to the north is surrounded 
by large, coarse-grained sand and gravel deposits which appear to 
fine laterally and basin-ward. In addition to the modern channel, three 
coarse-grained branches, upwards of 2000 meters wide, reach well 
into the valley and fan to the southwest. The location of these three 
branches (northernmost branch just south of the modern American 
R. fines more rapidly) corresponds with the Younger Riverbank, 
Older Riverbank and Fair Oaks “paleochannels” observed by.15 The 
locations of these paleochannels indicate that during the Holocene 
epoch the American River fanned from a southwest course toward the 
modern Cosumnes River to its modern westward trend. Following,10 a 
number of unsuccessful attempts were made to divide the subsurface 
into relatively conformable units by correlating what were believed to 
be laterally extensive paleosols throughout the model area. In these 
attempts it was observed that drillers’ logs from just east of the Florin 
area had no paleosols and a much higher concentration of sand and 
gravel than logs from other parts of the study area. Upon inspection of 
the hydrofacies soils map created for this study (Figure 3) and15 map of 
Pleistocene American River “paleochannels” (Figure 1) it was noted 
that his Older Riverbank and Younger Fair Oaks channels diverge in 
this area. It was also noted that the gravel units recorded in the drillers’ 
logs are much thicker than those generally observed on the soils map 
or in drillers’ logs to the south near the Cosumnes River. Following 
this observation three cross-sections were created following the strike 
of Shlemon’s channels: A-A’, B-B’, and C-C’ (Figures 2-6). Earlier 
attempts to identify laterally extensive units in east to west oriented 
cross sections were unsuccessful. By rotating to a northeast-southwest 
orientation with the easternmost wells near Folsom Reservoir (Figures 
4-6), Shlemon’s channels were immediately visible in the upper 30 
meters followed by what appear to be earlier channel deposits at depth 
(< 200 m bls). Based on the orientation, thickness (upwards of 25 m) 
and grain sizes found within (sand to boulders) these gravelly units, 
they appear to have been deposited by a southwest flowing American 
River and suggest that the sequence of American River coarse-
grained “paleochannels” identified by15 in the shallow subsurface 
(upper 30 m) also occur at depth (upwards of 200 m bsl following 
basin subsidence), slicing into Quaternary and older sediments. 
Unfortunately mineralogical samples of these deeper sediments are 
not currently available to more thoroughly evaluate their origin. 


The occurrence of these Plio-Pleistocene coarse-grained deposits 
and their deposition by the historically glacially influenced American 
River is consistent with the efforts of others to characterize similar 
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fluvial fans in the San Joaquin Valley to the south.7-14 These earlier 
studies suggest that these “paleochannels” as described by Shlemon 
may be incised valley fill (IVF) deposits. If these are in fact IVF 
deposits, the process of their formation would be as follows. At the 
end of a glacial period (during glacial recession) vast quantities 
of sediment and water were flushed from the mountains into the 
Sacramento Valley. Initially, sediment would pile up near the apex 
of the fan, steepening gradients and creating greater accommodation 
space across the fan surface. As sediment load decreased (with 
glaciers fully receded fine-grained glacial material dwindles) the 
steep gradients needed to carry earlier glacial outwash were reduced 
by erosion. In this way an incised valley would form, beginning at the 
apex of the fan and continuing down gradient. Significant fluctuations 
in global sea-level may have also influenced the formation of incised 
valleys within the study area8. During the Pleistocene, the Sacramento 
River (for which the American River is a tributary) incised a bedrock 
canyon which increased in depth from 36 meters (120 feet) below 
sea level at the Carquinez Strait to 115 meters (380 feet) below sea 
level at the Golden Gate.15 Such drastic incision of the Sacramento 
River would likely aid in the development of deep American River 
incised valleys. Whether formed by fluctuations in sediment supply or 
sea-level (likely both), subsequent glacial/interglacial cyclicity would 
fill the incised-valleys and form deep IVF deposits. In summary, the 
hydrostratigraphy of the study area consists of the interaction of two 
overlapping fans, the coarse-grained glacially dominated American 
River fluvial fan to the north and the relatively fine-grained Cosumnes 
River fluvial fan to the south with the modern Cosumnes River 
forming a natural divide between the two. Sediments deposited to the 
south of the Cosumnes River trend east to west, bending southward 
to the confluence of the Cosumnes River and Dry Creek in the west. 
American River IVF deposits appear to dominate the northern portion 
of the study area reaching as far west as Elk Grove (possibly further, 
although a lower density of deep well logs and basin-ward fining limit 
our ability to identify them) and fan from a southwest trend near the 
Cosumnes River to nearly due west at the modern American River. 
Based on the soils map, cross sections and observations made by,15 
it appears that these are IVF deposits and likely cross underneath 
the modern Cosumnes River. Where this is the case, increased 
groundwater/surface water interaction would be expected, as was 
observed in the lower reach of the Cosumnes River by.2


Hydraulic conductivities


K values were calculated for each well. Where wells were 
completed in multiple aquifers the sum of all screens was used in 
the calculation. Since water well logs were the primary source of 
data for this study, specific capacity data were not available for the 
other hydrofacies (Table 2). Compares estimates of hydrofacies K for 
alluvial fan systems in the San Joaquin Valley. It should be noted that 
K values calculated for this study assume that water supply wells are 
completed only in the gravel hydrofacies. By including well sections 
completed in less coarse-grained units (medium-grained sand or finer), 
the K value of implicitly very coarse-sand to boulder deposits would 
be underestimated. Considering the simplified and up-scaled record of 
sediments provided in well logs, and the likelihood of a distribution of 
grain-sizes (not just gravel to boulder grain-sizes) found within units 
recorded as “gravel”, it is unlikely that this assumption would add 
significant error to future modeling results. Additionally, 16 of the 18 
wells used to calculate K are located north of the Cosumnes River 
where the majority of deep well completions are located in deposits 
closely matching the gravel hydrofacies. 


Figure 4 Cross-section showing interpreted American river IVF deposits 
in red. Wells have been projected perpendicular to the line a maximum 
of 1000m. Uppermost IVF deposit is the younger riverbank age channel 
interpreted by shlemon (1967).


Figure 5 Cross-section showing interpreted american river IVF deposits 
in red. Wells have been projected perpendicular to the line a maximum 
of 1000m. Uppermost channel is the older riverbank channel interpreted 
by shlemon (1967).


Figure 6 Cross-section showing interpreted american river IVF deposits 
in red. Wells have been projected perpendicular to the line a maximum of 
1000m. Uppermost IVF deposits are the fair oaks channels as interpreted 
by Shlemon (1967).
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Model of heterogeneity


Although the American and Cosumnes Rivers fluvial fans include 
a similar variety of sediment textures, mean lengths, transition rates 
and volumetric proportions (Table 2 & 4) for each are quite different. 
To model heterogeneity and crosscutting relationships created by 
these two overlapping fans it was necessary to model each separately 
before combining them into a single realization (Figures 2 & 7). From 
a hydrogeologic perspective, the coarse-grained gravel deposits of the 
American River would have the greatest impact on subsurface flow 
and transport. With this in mind, the area north of the Cosumnes River 
was modeled separately and later combined with the larger Cosumnes 
River model. American River IVF deposits (gravel hydrofacies) from 
a single American River realization were inserted into a Cosumnes 
River realization to create a single combined realization in which 
both systems were represented. Geologic interpretation of the 
available lithologic data suggests that American River coarse-grained 
sediments cross the location of the modern Cosumnes River but are 
largely confined to the northern half of the model area. Based on this 
interpretation, the southernmost boundary of the American River 
model (and therefore American River IVF deposits) was placed just 
south of the modern Cosumnes River (Figure 2). Basin-ward fining, 
decreased well density and reduced gravel hydrofacies thicknesses 
south of the dividing line made it so no clear distinction could be 
made between American and Cosumnes River coarse-grained 
sediments beyond that point. To avoid a sharp contrast in hydraulic 
conductivities along the dividing line, the location of American River 
IVF deposits from the southern boundary of an American River 
realization were included as conditioning data for the respective 
Cosumnes River realization. In this way modeled gravel bodies 
were allowed to pass slightly beyond the boundary between the two 
realizations, reducing the influence of the modeled divide on future 
groundwater flow and transport modeling. Trends in depositional 
azimuths for the two fluvial fans differ significantly. Depositional 
azimuths fan from nearly due west near the modern American River to 
southwest just north of the Cosumnes River. Sediments to the south of 
the Cosumnes River generally trend east to west with a southwesterly 
component near the western boundary of the model area. Dip and 
azimuth files were created for each sub-domain, matching the trends 
in depositional azimuth noted above, using a linear kriging function. 
Gravel deposits and paleosols correlated in cross section (Figures 4-6) 
were used to calculate averaged dips for model nodes. A near-surface 
dip of approximately 2 degrees (0.003 m/m) exists throughout much 
of the model area, increasing sharply to 5 degrees in the foothills 
along the eastern model boundary. These dips appear to increase with 
depth approximately 0.0067 degrees per meter below land surface. 
Stratigraphic dips were assigned to each node perpendicular to channel 
azimuths. Grid cell sizes (Table 3) were selected based on Cosumnes 
River facies mean lengths (smaller than the American River facies) 
allowing for sufficient detail to represent vertical and lateral spatial 
variability. The model depth extent was selected to include sediments 
most affected by pumping and stream interaction while staying within 
computational limitations. 


Lithologic logs provided ample data to evaluate transition rates 
and depositional trends in the vertical direction. Available data were 
divided between the two sub-domains with only wells found south 
of the Cosumnes River used for the Cosumnes model. Volumetric 
proportions and transition probabilities were evaluated separately for 
each model domain (for discussion of transition probabilities see.26 
Transiograms were plotted and Markov chain models created to fit the 
vertical data (Figure 7). Volumetric proportions (Table 4) and these 


transiograms reflect that this is a mud dominated system with a greater 
volume of the gravel hydrofacies occurring in the north. A tendency 
toward fining upward sequences, common in alluvial systems, was 
not observed in the spatial variability analysis. This is consistent with 
the lack of fining upward sequences observed in well logs from the 
study area. While it is possible that insufficient attention to detail in 
the creation of well logs may limit the recognition of fining upward 
sequences, the decision was made to honor the data instead of inserting 
such trends. Due to large data spacing and uncertainty in depositional 
dip and strike,31 lateral spatial variability is typically much more 
difficult to interpret than vertical spatial variability. To resolve this 
issue, facies mean lengths for the lateral directions were estimated 
using calculated vertical transition probabilities, the hydrofacies 
soils map (Figure 3), cross-sections (Figures 4-6), field observations, 
and past work performed in the study area.2-15 Lateral hydrofacies 
mean lengths were assigned, while off diagonal transition rates for 
each sub-domain were estimated by assuming lateral symmetry and 
adopting the transition rates from the vertical data (Table 5). Since 
the off-diagonal transition rates represent juxtapositional tendency, 
this procedure is tantamount to assuming that Walther’s Law holds 
approximately. Walther’s Law states that “The various deposits of 
the same facies-area and similarly the sum of the rocks of different 
facies-areas are formed beside each other in space, though in a cross 
section we see them lying on top of each other…”.31 Assuming lateral 
symmetry means that the probability of transitioning laterally (along 
strike) from one material to another is independent of direction. While 
it can be debated that the presence of paleosols in the study area, 
marking periods of non-deposition along portions of the surface of the 
fluvial fan, weakens the case for using Walther’s law (requires system 
to be relatively conformable), well log data and cross sections from 
both this study and the literature15,16 suggest that paleosols throughout 
the area are not laterally extensive and do not appear to represent 
regional unconformities or the loss of significant periods of time in the 
geologic record. Based on this observation, the regional focus of this 
study, and the limited influence of off-diagonal transition probabilities 
on the overall model, the above approach was deemed reasonable and 
sufficient. Hardness values used in this study (Table 4) were based on 
subjective judgment concerning well log accuracy. It is reasonable 
to expect that the drillers most accurately estimate locations of the 
water-bearing sands and gravels, since their objective is to construct 
water wells screened in those facies. Ideally, one would have side-
by-side core and drillers logs with which to statistically analyze the 
probability that the driller’s log picks are accurate, but no such data 
are available for this study area7 was able to compare some core and 
drillers logs directly in the Kings River fan system, and found that 
the drillers logs agreed with the core descriptions with probability 
of about 0.5. Accordingly, hardness values for the gravel and sand 
hydrofacies were set at 0.8 and 0.7, respectively, while a value of 
0.5 was used for the fine-grained hydrofacies (sandy-mud and mud). 
Systematic sensitivity analysis of the model to these hardness values 
was not performed. Visual inspection of the individual and combined 
model realizations reveals some of the strengths and weaknesses of 
the modeling efforts. Figures 8A though 8C show 


1.	 ACosumnes River model realization.


2.	 The corresponding American River model realization.


3.	 A final model realization created by combining realizations 
A and B. Comparison of Figures 8A and 8B shows that 
differences in hydrofacies mean lengths and distributions have 
been successfully captured with significantly larger and more 
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abundant coarse-grained deposits (red) in the American River 
model both at the surface and at depth (note that the American 
River model realization shown in 8B is roughly half to two-
thirds the size of the Cosumnes model realization in 8A).


Comparison of apparent depositional azimuths in the Cosumnes 
model realization (best seen on top surface) to the hydrofacies soils 
map (Figure 3) indicates that these azimuths have been successfully 
approximated in the modeling efforts. The “fanning” southward 
trend in the American River model realization is less clear, although 
inspection of the full suite of realizations does show the channel 
hydrofacies deposits rotating southward approaching the southern 
boundary of the American River model. A cross-sectional slice through 
the combined model (Figure 9) corresponding with the approximate 
location of cross-section A-A’ (Figure 4) shows dips increasing with 
depth as interpreted. In both cross-sectional (Figure 9) and plan views 
(Figures 8A-8C), the American River gravel hydrofacies appears to 
be only moderately continuous. This is an artifact of the 2D images of 
the 3D channels.29-32 One concern in combining the two sub-domain 
models as described above was the possibility of artificially inflating 
the volumetric proportion of gravel within the combined model 
realizations. To investigate this possibility, volumetric proportions 
of each hydrofacies in the combined realizations were computed 
and compared to volumetric proportions calculated using all of the 
well logs available for the area (Table 6). Note that prior volumetric 
proportions were calculated specifically for each sub-domain using 
only the appropriate well logs (wells north of the Cosumnes River 
for the American River sub-domain, and only wells south of the 
Cosumnes River for the Cosumnes sub-domain). For all but the sandy-
mud hydrofacies, modeled and observed results vary by less than 5%. 
Considering the high level of uncertainty associated with well logs, 
and especially correct identification of the sandy-mud hydrofacies, 
these differences in volumetric proportions are within an acceptable 
range. Overall, the combined model realizations do appear to be a 
reasonable approximation of geologic heterogeneity found within the 
study area. 


Figure 8 Modeled realizations of geologic heterogeneity for the A) 
cosumnes river sediments alone, B) american river sediments alone 
(image size increased for visibility), and C) the combined model. Colors 
denote four hydrofacies: 1) gravel (red), 2) sand (orange), 3) sandy-mud 
(brown), and 4) mud (gray).


Figure 7 Plots 674 of vertical transition probabilities for A) the american 
River sediments and B) the cosumnes river sediments. “Data” are plotted 
directly from the respective game as conditioning file. “Model” lines 
represent markov chain models calculated to match the data shown.


Table 3 Outline of model parameters and location of origin for each model


Model Parameters


Cell size Grid dimensions Origin (UTM zone 10N)


X (m) Y (m) Z (m) X (m) Y (m) Z (m) X (m) Y (m) Z (m)


Cosumnes R. System 200 200 0.5 181 227 430 636630.976 4228115.691 -125


American R System 200 200 0.5 181 139 430 636630.976 4245715.691 -125


Table 4 Attributes of the four hydrofacies used in TProGS simulations including the hardness values for each facies used in the simulation step


Hydro-facies Geologic 
interpretation Texture American volumetric 


Proportions


Cosumnes 
volumetric 
proportions


Hardness value


Gravel Channel deposits Boulders-gravel and coarse 
sand


0.21 0.13 0.8


Sand Near-channel Sand (fine to coarse) 0.13 0.16 0.7


Sandy-mud Proximal floodplain/
levee


Silty/clayey sands, sandy 
clays and silts 0.26 0.22 0.5


Mud Floodplain Clay, silty clay, shale, 
paleosol


0.4 0.49 0.5
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Table 5 Embedded transition probability matrices and hydrofacies mean lengths in feet (diagonal entries) used to create 3-D Markov chains for each system2


Vertical (z) direction Strike (y) direction Dip (x) direction


Cosumnes River Model


G Sd sm m g Sd sm m G sd sm M


G L = 3.852 0.129 0.305 b L = 450 S s b L = 1300 s s B


Sd 0.046 L = 2.814 0.278 b 0.079 L = 450 s b 0.079 L = 1100 s B


sm 0.139 0.077 L = 4.553 b 0.184 0.298 L = 350 b 0.184 0.298 L = 800 B


M B B b b b B b b B b b B


American River Model


G Sd sm m g Sd sm m G sd sm M


G L = 3.852 0.129 0.305 b L = 1000 S s b L = 7000 s s B


Sd 0.046 L = 2.814 0.278 b 0.143 L = 750 s b 0.143 L = 4150 s B


sm 0.139 0.077 L = 4.553 b 0.36 0.21 L = 900 b 0.36 0.21 L = 6250 B


M B B b b b B b b B b b B


Note:  g: Gravel Facies; sd: Sand Facies; sm: Sandy Mud Facies; m: Mud Facies; s: Symmetry; b: Background Category.


Table 6 Comparison of volumetric proportions. Suggests 5% more coarse-
grained materials in the combined models


Comparison of volumetric proportions


Gravel Sand Sandy mud Mud


Combined Model 0.23 0.14 0.18 0.45


Total Study Area 0.2 0.12 0.27 0.41


Discussion
The conceptual geologic model created for this study is intended 


for use in addressing groundwater/surface water interactions along 
the Cosumnes River and groundwater issues in south Sacramento 
County. Nevertheless, coarse-grained American River deposits 
observed in the northern portion of the study area are expected to have 
the greatest influence on groundwater flow and transport due to their 
high hydraulic conductivity (Table 2) and regional extent. With this in 
mind, the decision was made to combine model realizations from the 
two sub-areas by extracting the gravel hydrofacies from the American 
River model and inserting it into a corresponding Cosumnes River 
realization. This method assumes that 


a.	 American River gravel hydrofacies deposits are unconformable 
with surrounding sediments. 


b.	 The American River sand hydrofacies can be excluded from 
the final combined model without significantly influencing 
future flow and transport modeling results.


c.	 Fine-grained American River sediments can be substituted with 
Cosumnes River fine-grained sediments without introducing 
significant error in future groundwater flow or transport 
modeling. 


Coarse-grained American River deposits in the north, hypothesized 
to be incised valley fill (IVF), sit unconformably on older sediments 
of varying grain-size and depositional dip and azimuth. By inserting 


the gravel hydrofacies from the American River sub-domain into 
the Cosumnes model, this unconformable surface is created in the 
resulting combined realizations of the geologic model. In this way the 
non-stationary interaction of the two fans is represented. The absence 
of the American River sand hydrofacies in the combined model may 
reduce connectivity of the sand hydrofacies in the northern sub-
domain. The more than order of magnitude difference in hydraulic 
conductivities between the gravel hydrofacies and the other three 
hydrofacies (Table 2) should overshadow this change in future flow 
and transport modeling. The influence of any differences in K of 
American River and Cosumnes River fine-grained sediments should 
be similarly overshadowed. Sensitivity analysis would help illuminate 
this further. Identification of a boundary between the two sub-basins, 
denoting the southernmost extent of American River IVF deposits, 
was problematic. To map the full lateral extent of American River 
channels would require much more subsurface characterization and 
lithologic data than is currently available. Without these data, the 
boundary was placed where differentiation between American and 
Cosumnes Rivers coarse-grained sediments was no longer possible 
while still allowing the IVF deposits to pass below the modern 
Cosumnes River channel. IVF deposits were allowed to pass below 
the modern Cosumnes River channel to facilitate the investigation 
of these IVF deposits as drivers for localized groundwater/surface 
water interactions along the Cosumnes River, as hypothesized by.2 
The contrast in hydraulic conductivities along this boundary may 
influence flow by creating a somewhat artificial transition, but the 
overall influence on regional flow will likely be minimal. Where 
groundwater/surface water interactions along the Cosumnes River are 
considered, attention should be given to how this boundary affects 
local flow. Also of concern was the lack of control over where coarse-
grained deposits enter the model. The American and Cosumnes 
Rivers have likely entered the Central Valley at consistent locations 
for millions of years, primarily influenced by the geomorphology of 
the foothills. The location of modeled channel deposits could not be 
constrained to these locations. Major American River IVF deposits 
appear to have been accurately placed as a result of conditioning data, 
but unrealistic channel deposits along the eastern edge of the model 
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do exist. In regional flow and transport modeling it may be advisable 
to modify this part of the geostatistical model to restrict the American 
River channels only to plausible locations. 


For this study, the location of IVF deposits were modeled 
implicitly with borehole conditioning data, providing some constraint 
on the distribution of the gravel hydrofacies without “hardwiring” 
the location of any IVF deposits. In contrast,2,13 used an explicit 
approach in which the locations of IVF deposits were determined and 
the distribution of sand and gravel within the deposits were modeled. 
The decision to allow for variation in the location of IVF deposits 
was largely based on the desire for maximum variation between 
realizations. In this way the results of Monte Carlo groundwater 
flow and transport modeling would apply to a more broad geologic 
interpretation of the system. One drawback of this approach is a 
lack of control over IVF locations along the boundaries. Also, with 
greater subdivision of the modeled IVF deposits as compared to an 
explicit model, one would expect the influence of these channels 
to be less pronounced than those observed by.2,13 Therefore, future 
groundwater flow and transport models created using this geologic 
model might underestimate the impact of these IVF deposits. Future 
work could include the development of a conceptual geologic model 
for the study area in which the paleochannels discovered by15 were 
explicitly included. An additional limitation of the geologic model is 
that paleosols were not included as a separate geologic unit. Where 
fluvial sediments have been long exposed on land surface (e.g. during 
an interglacial period) and later buried, oxidized red paleosols have 
formed. These paleosols can be quite dense and significantly impact 
stream flow and infiltration by forming perched aquifer systems4. The 
location of these paleosols could not be sufficiently identified using 
available data and were therefore included in the mud hydrofacies. On 
the Kings River alluvial fan the regional movement of contaminants 
between aquifer units is largely controlled by the occurrence of 
paleosols8. Throughout much of the Kings River fan laterally extensive 
paleosols form confining layers between water-bearing units. In a few 
places IVF deposits cross-cut these paleosols forming “windows” for 
contaminants to move between aquifers .Large scale GPR (ground-
penetration radar) or EM (electro-magnetic) surveys could be used 
to investigate the presence of regional paleosols within the study 
area and evaluate their influence14. It is hypothesized that American 


River coarse-grained IVF deposits act as large scale preferential 
flow paths connecting groundwater in north Sacramento County to 
the Cosumnes River and surrounding aquifer. This would suggest 
that pumping from American River gravels to the north could have 
a greater influence on groundwater conditions beneath the Cosumnes 
than if the American River IVF deposits had not cut across the 
Cosumnes fan. Also, existence of this hydrostragraphic architecture 
creates greater potential for migration of groundwater contaminants 
from the Sacramento area into the Cosumnes groundwater system. 
Based on these conclusions, future flow and transport modeling will 
need to incorporate these preferential flow paths to better represent 
hydrogeologic conditions.


Conclusion
Recent hydrostratigraphic analysis using borehole log data 


shows that the groundwater system of south Sacramento County is 
comprised of two overlapping depositional systems, the glacially 
dominated American River fan and the non-glacial Cosumnes River 
fan. Cyclic glaciation in the American River drainage basin produced 
large incised-valley fill (IVF) deposits which reach far into the Central 
Valley. These incised valleys were filled with coarse-grained glacially 
derived sediment and extend west to southwest from the apex of the 
American River fan, cross-cutting the much smaller Cosumnes River 
fan to the south. First identified in the shallow subsurface (30m),15 
well logs and cross-sections show that these coarse, incised-valley fill 
deposits repeat with depth into Holocene and late Tertiary formations. 
These IVF deposits can be expected to act as considerable preferential 
flow paths controlling groundwater flow and transport throughout the 
county. Based on these conclusions, any efforts to restore flows in the 
Cosumnes River will need to account for groundwater pumping in 
the north as well as the south. Additionally, contaminants introduced 
in the north could potentially find their way into these flow paths and 
migrate to the south, depending on regional patterns of groundwater 
pumping and natural discharge. Therefore, future flow and transport 
modeling of Sacramento County will need to account for the effect 
of these American River IVF deposits. A geostatistical representation 
of subsurface heterogeneity which incorporates these IVF deposits 
was produced. Cross-cutting relationships were preserved by 
overlaying modeled American River gravels into a separate model 
based on Cosumnes River fan depositional patterns. Analysis of the 
resulting model suggests that the modeled realizations do represent 
a reasonable approximation of the interaction of the American and 
Cosumnes River fluvial fans on a regional scale. Future work will 
incorporate this model into a full regional scale model of groundwater 
conditions for much of Sacramento County.
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Abstract
A hydro-economic approach for planning on-farm managed aquifer recharge is developed and demonstrated for two contiguous
sub-basins in California’s Central Valley, USA. The amount and timing of water potentially available for recharge is based on a
reoperation study for a nearby surface-water reservoir. Privately owned cropland is intermittently used for recharge with payments to
landowners that compensate for perceived risks to crop health and productivity. Using all cropland in the study area would have
recharged approximately 4.8 km3 (3,900 thousand acre-feet) over the 20-year analysis period. Limits to recharge effectiveness are
expected from (1) temporal variability in recharge water availability, (2) variations in infiltration rate and few high-infiltration
recharge sites in the study area, and (3) recharged water escaping from the study area groundwater system to surface water and
adjacent sub-basins. Depending on crop tolerance to ponding depth, these limitations might be reduced by (1) raising berm heights
on higher-infiltration-rate croplands and (2) creating dedicated recharge facilities over high-infiltration-rate sites.


Keywords Artificial recharge . Agriculture . USA . Hydro-economicmodeling . Reservoir reoperation


Introduction


Groundwater is an important water supply for more than two
billion people around the world (UNESCO 2012). It also pro-
vides more than 40% of the irrigation supply for global agricul-
tural production (UNESCO 2015) on approximately 500 mil-
lion ha of cropland (Portmann et al. 2010; GFSAD30 2017;
World Bank 2018). Given such intense use, it is not surprising
that depletion of the resource is occurring in many parts of the
world (Wada et al. 2012; Döll et al. 2014) including the United
States (Konikow 2013) and California (Famiglietti et al. 2011;


Farr et al. 2015). Excessive groundwater extraction can de-
crease water levels, reduce surface-water flows, cause seawater
intrusion, spread contaminants, and cause land subsidence
(Foster and Chilton 2003; Barlow and Reichard 2010; Barlow
and Leakey 2012; Konikow 2013; Sneed et al. 2013; Moran
et al. 2014; USGS 2017).


Sustainable resource management requires a combination
of reduced extraction and increased recharge (Scanlon et al.
2016). Some reduced extraction may occur by increasing wa-
ter use efficiency (Howell 2001; Tindula et al. 2013); howev-
er, pronounced rates of extraction in many areas will likely
necessitate modifying cropping patterns and fallowing crop-
land to address problems from over-pumping (Foster and
Chilton 2003). Such changes will cause economic distress
and likely bring political resistance. While avoiding strong
measures to correct groundwater budget imbalances may not
be possible, disruption might be reduced by increasing re-
charge where possible.


Elements for successful artificial recharge projects have
been reviewed in detail (Bouwer 2000; Gale 2005; Dillon
et al. 2009; Scanlon et al. 2016; Perrone and Rhode 2016;
Hanak et al. 2018) and may be programmatic or site-specific.
Programmatic elements include sourcing, conveyance and
placement of recharge water. Sources of recharge water may
include urban storm water runoff and recycled water as well
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as, notwithstanding water rights and permitting considerations
(Miller et al. 2018), stormflows from streams and releases
from reoperated surface-water reservoirs. Overcoming poten-
tial limitations regarding conveyance from source to recharge
areas is essential. Considerations include access to either
existing canals and ditches, or the land required to construct
these structures, as well as routing and capacity specifications.
Options for placing water in recharge facilities range from
constructing dedicated basins to repurposing existing gravel
pits. The recharge water could also be released to lands pri-
marily used for other purposes but available on a seasonal
basis such as sandy-bottomed drainage features, unlined ca-
nals and ditches, or croplands. Site-specific details include: (1)
location relative to conveyance and favorable hydrogeology,
(2) topography of the ground surface and presence of existing
berms, (3) type of irrigation technology present, (4) timing of
site availability relative to water available for recharge and (5)
cost to use the land under purchase, rent or option
arrangements.


Site-specific details regarding favorable hydrogeology di-
rectly relate to characteristics of the groundwater basin under
consideration. Spatial variability of infiltration capacity is
heavily influenced by the hydraulic conductivities of the soil
and shallow geology (O’Geen et al. 2015) as well as intercon-
nectedness of higher hydraulic conductivity deposits at depth
(Fogg et al. 2000; Weissmann et al. 2004). Groundwater stor-
age space is determined by the unsaturated zone thickness and
its variations across the basin. The fate of recharged water
over time relative to the recharge location can also be impor-
tant (Niswonger et al. 2017). Recharge at some locations may
offset local pumping and increase groundwater storage. At
other locations, water entering the subsurface can quickly dis-
charge from the groundwater system to surface water or flow
across basin boundaries that are based on governance rather
than physical characteristics.


Data on the performance of managed aquifer recharge
(MAR) on croplands is limited and largely focuses on
California and western USA. Dokoozlian et al. (1987) con-
ducted a four-year pilot study flooding vineyards in the San
Joaquin Valley of California during seasonal grapevine dor-
mancy, observed no impact on crop yield, and concluded that
the approach was viable for MAR. Bachand et al. (2014 and
2016) performed a single-season pilot study for on-farm flood
flow capture and recharge, also in the San Joaquin Valley, with
both perennial (vineyards and orchards) and annual crops.
They observed no impacts to crop yield and estimated the unit
cost for the on-farm recharge as ~3–30 times cheaper than
surface-water storage or dedicated recharge basins. Dahlke
et al. (2018) investigated effects of winter flooding on
established alfalfa fields at two locations in the Sacramento
Valley of California and found that significant amounts of
water (2–26 ft, or 1–8 m) could be applied without decreasing
crop yield. Additional unpublished studies indicate that (1)


almonds may tolerate at least 2 ft (0.6 m) of cumulative ap-
plied recharge water in a season without detrimental effects
(H. Dahlke, Hydrologic Sciences Graduate Group, University
of California Davis, personal communication, 2018) and (2)
some grapes have shown little to no productivity decline after
more than 20 ft (6 m) of recharge in one season (D. Mountjoy,
Sustainable Conservation, personal communication, 2018).


Some analysis on scaling up on-farm recharge for larger-
scale groundwater management has also occurred. Harter and
Dahlke (2014) discussed the potential for on-farm recharge
projects to improve conditions in California where groundwa-
ter has been stressed by overuse and drought. O’Geen et al.
(2015) considered requirements for successful projects and
presented a spatially explicit soil-agricultural-groundwater-
banking index (SAGBI) for recharge project suitability on
agricultural lands in California. Niswonger et al. (2017) ex-
amined potential benefits from on-farm MAR (Ag-MAR) for
a hypothetical groundwater sub-basin in the semi-arid western
USA. They developed an integrated surface-water diversion
and subsurface flow model to simulate recharge operations
and benefits to the groundwater system over a 24-year period.
Scenarios considered recharge water from snowmelt in excess
of water rights during wet years applied to croplands during
two winter months each year. Among other points, the work
concluded that increases in groundwater storage from Ag-
MAR operations (1) were spatially related to variations in
groundwater depth and withdrawals across a basin as well as
proximity to natural discharge areas and (2) supported greater
pumping supplies for agriculture.


This work addresses planning-level analysis of Ag-MAR
using water from reservoir reoperation for periodic flooding of
croplands during winter months. Analysis in the following
sections expands on previous work by including (1) consider-
ation of recharge water from reservoir reoperation, (2) evalu-
ation of recharge water sourcing, cropland characteristics and
groundwater hydrology for a site-specific setting and (3) dem-
onstrating a hydro-economic optimization approach that sim-
ulates separate decisions for land access and water delivery in
the performance of Ag-MAR.


Study area and background


The regional-scale analysis is conducted for a semi-arid part of
California, USA (Fig. 1) that has conditions fairly common for
many parts of the globe. The two groundwater sub-basins in
the study area are part of the much larger Central Valley
groundwater system (Bertoldi et al. 1991) with an
interfingered assemblage of alluvial and flood-basin deposits
of local maximum depth exceeding 1,000 ft (300 m; Faunt
2009; RBI/WRIME 2011). Many of the sub-basin boundaries
shown in Fig. 2a are arbitrarily based on surface-water fea-
tures, and the southern boundary has recently been adjusted
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northward to accommodate governance considerations for
current groundwater management efforts (CADWR 2016).


The 525,000-acre (ac; 212,000 ha) study area has a mix of
urban (18%), agricultural (27%), wetland (4%) and undevel-
oped rangeland (51%) land uses (Fig. 2b). Over 90% of the
total water use in the study area is supplied by groundwater
(RBI/WRIME 2011). Moreover, approximately 41% of the
agricultural acreage is planted as vineyards and orchards
(calculations from data presented on Fig. 2b). This investment
in perennial crops hardens water demand and intensifies
groundwater extraction during droughts.


The spatial distribution of recent water levels indicates lo-
calized depressions from extractions far exceeding groundwa-
ter recharge (Fig. 3). Groundwater levels have dropped as
much as 60 ft (20 m) over the past several decades so that
surface water frequently becomes disconnected from saturated
groundwater and drains into the subsurface. The lower reaches


of the Cosumnes River, in the central part of the study area
(Fig. 2a), are dry 85% of the time (RBI/WRIME 2011). New
regulations for sustainable groundwater management in
California require that this chronic lowering of groundwater
levels and depletion of storage be addressed through active
measures (Harter 2015; CADWR 2018a). While restoration
of surface-water baseflow in the study area may not be re-
quired because impact occurred before implementation of
the regulations, there is interest in maintaining, and possibly
improving, groundwater support of surface-water flows
(Hersh-Burdick 2008; RMC 2014).


Consistent with recent analysis (Kocis and Dahlke 2017;
CADWR 2018b), local stakeholders are interested in harvest-
ing runoff from high-precipitation events for recharging
groundwater. One option is reoperation of Folsom Reservoir
(Fig. 2a) to release extra water in advance of significant rain
events (Goharian et al. 2016; E. Goharian, Hydrologic


Fig. 1 Study area in California,
USA. Gray shaded area indicates
study area. LVR Los Vaqueros
Reservoir, LC Lake Camanche,
PR Pardee Resevoir
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Sciences Graduate Group, University of California Davis,
unpublished manuscript, 2018). The recharge water might be
applied through a portfolio of the options noted previously;
however, use of on-farm recharge (CADWR 2018c; RMC


2015) alone could achieve a potentially significant amount
of aquifer recharge using some of the 140,000 ac
(57,000 ha) of croplands in the study area (Fig. 2b). This work
presents a planning-level analysis of what might be possible.
While infrastructure construction costs are not considered, the
results of this work might encourage further evaluation of
necessary investments.


Methods of analysis


A retrospective analysis is conducted to evaluate the range of
improvements in groundwater system state (i.e., groundwater
elevations and storage as well as baseflow to surface water)
that might have occurred for the study area from an Ag-MAR
recharge program. Recharge water is from simulated reopera-
tion of Folsom Reservoir with delivery through the Folsom
South Canal (Fig. 2a) consistent with capacity limitations
(Goharian et al. 2016; E. Goharian, Hydrologic Sciences
Graduate Group, University of California Davis,
unpublished manuscript, 2018) over a 20-year period that
covers water years 1984 through 2003 (October 1983 through
September 2003). The timing and amounts of surface water
delivered to croplands for recharge application is prescribed
by a linear programming model that combines available infor-
mation regarding surface water and groundwater hydrology
with the spatial distribution of croplands. Groundwater re-
charge is simulated with a groundwater/surface-water model
that incorporates existing land uses, surface-water deliveries
and groundwater demands over the period considered (Brush
et al. 2013).


Identifying recharge application schedules


This analysis applies a formulation of simulation-optimization
(Singh 2014) to MAR. Previous work includes Mushtaq et al.
(1994) who simulated unsaturated flow from individual re-
charge basins and applied nonlinear programming to identify
optimal loading schedules for maximizing recharge volume.
Marques et al. (2010) included decisions for recharge area
allocation and water volume application as part of a two-
stage quadratic programming analysis that maximized crop
profits. Hao et al. (2018) used a genetic algorithm tomaximize
recharge volume while meeting constraints on groundwater
elevations. To the best of the authors’ knowledge, the ap-
proach presented here is new in that it combines elements of
recharge basin and groundwater hydraulics with economic
considerations at a regional scale. The foundation of the linear
programming approach is based on the study area hydrology
which is adapted to include economic considerations regard-
ing land use. A hydrologic formulation is presented as an
explanatory step in developing the full hydro-economic
formulation.


Fig. 2 Sub-basin characteristics: a boundaries and b land use. Land
surface elevation ranges from approximately 0 ft relative to mean sea
level (msl) in the southwest to 400 ft msl in the northeast (a). Land uses
are indicated (b): black shading is urban, dark-blue shading is wetland,
light-blue shading is surface water, lighter colors are agricultural, red
shading is idle land during drought in 2014, unshaded areas are undevel-
oped rangeland. Data source: CADWR (2018d)


Hydrogeol J


Author's personal copy







Initial hydrologic formulation


Assuming that all cropland would be available to recharge
groundwater and ignoring economic considerations, the re-
charge water application scheduling is determined with the
following linear program:


Max
RV


Z ¼ ∑
N


n¼1
∑
T


t¼1
RVn;t ð1Þ


subject to:


∑
N


n¼1
RVn;t ≤WARt for all t ð2Þ


RVn;t ≤UBn for alln; t ð3Þ


UBn ¼ KscaleHBnAnð Þ In=H0 þ ln εf gð Þ½ �= 1−e− In=H0þln εf gð Þ
h i


for alln ð4Þ


GWEi;t < GSEi–FBi for all i; t ð5Þ


GWEi;t ¼ Hi;t þ ∑
N


n¼1
∑
T


τ¼1
Mn;i;τ RVn;τ=RVu


� �
FD1=FD0ð Þ for all i; t ð6Þ


RVn;t > 0 for alln; t ð7Þ


where:


RV is the matrix of recharge volumes to be optimized
over space and time


Z is the total recharge volume over the planning
horizon


n is the spatial index corresponding to a potential
recharge location


N is the total number of potential recharge locations in
the study area


t is the temporal index corresponding to the month
within the planning period


T is the total number of months in the planning period
RVn,t is the recharge volume at a location and time
WARt is the water available for recharge at a time
UBn is the upper bound on recharge volume at a location
Kscale is a scaling factor that accounts for effective vertical


hydraulic conductivity of the soil and underlying
geology


HBn is the berm height for a potential cropland recharge
location


An is the area of cropland at a potential recharge
location


In is the reference infiltration rate at a potential
recharge location


Fig. 3 Groundwater levels in the
study area for Fall 2017. Contours
are in ft. msl. Data source:
CADWR (2018e)
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H0 is the ponding depth associated with the reference
infiltration rate


Ɛ is a small increment greater than zero
i is the spatial index corresponding to a groundwater


elevation control location
GWEi,t is the groundwater elevation at a control location


and time
GSEi is the ground surface elevation at a control location
FBi is the required groundwater freeboard at a control


location
Hi,t is the background groundwater transient head


response to unmanaged stresses at a control location
and time


Mn,i,t is the expected groundwater transient head response
(mounding) at control location i and time t in re-
sponse to potential recharge at location n


RVu is the unit recharge volume used to generate M
FD1 is the fraction of recharge water delivered net of


evaporation during conveyance considered for a
particular scenario


FD0 is the fraction of recharge water delivered net of
evaporation during conveyance assumed when
generating M


The formulation objective, Eq. (1), maximizes the volume
of water recharged over the planning horizon subject to a set
of operational constraints. The total volume of water
recharged in any period t cannot exceed the water available
for recharge (WAR; Eq. 2), which is derived from a reopera-
tion of Folsom Reservoir to provide additional water during
November through March each year. The reoperation is per-
formed by maximizing reservoir releases during the afore-
referenced months while maintaining expected levels of ser-
vice for flood control, water supply and hydropower genera-
tion (Goharian et al. 2016; E. Goharian, Hydrologic Sciences
Graduate Group, University of California Davis, unpublished
manuscript, 2018). The levels of service are maintained with a
set of optimization constraints that include downstream re-
quirements for minimum environmental flows and water sup-
ply as well as the reservoir operation rule curve. The analysis
is based on a perfect foresight formulation which provides an
upper bound for recharge water available from the reservoir. A
static upper bound on the volume of water recharged at a
particular location (Eqs. 3 and 4), is based on local infiltration
capacity and field berm height through an analytical ponding
and drainage model described in the Appendix. Equations (5)
and (6) dynamically constrain the magnitude of recharge de-
cisions as a result of a cap on groundwater elevation to avoid
water-logging of soil. This constraint is tied to the buildup and
redistribution of recharged water as a result of groundwater
flow and is described further in the Appendix. Negative re-
charge decisions are prevented with Eq. (7).


There are 67 potential recharge locations (N = 67) corre-
sponding to the number of groundwater model elements in
the study area, 240 monthly time periods (T = 240) over the
20-year planning horizon and 18 groundwater elevation con-
trol locations (i = 1 to 18). The groundwater elevation control
locations are shown in Fig. 4. While additional groundwater
control locations could be considered, initial work with the
optimization model indicated that the groundwater mounding
constraints would not be binding. These constraints are merely
added for completeness since they may be important for ap-
plication to different project locations. No pertinent informa-
tion is lost by using a lower density of groundwater elevation
observation locations in the current work.


Hydro-economic formulation


Using cropland for groundwater recharge operations results
from two separate sets of decisions made by the groundwater
management agency: (1) acquiring access to specific lands for
recharge operations and (2) subsequently delivering certain
volumes of water to those lands. Land access decisions are
made based on costs of use (rents) required by private land-
owning farmers, funds available to the groundwater manage-
ment agency and the infiltration capacity of different parcels.
Deliveries of water to specific parcels are decided based on (1)
lands made available through financial transactions between
the groundwater management agency and private land owners
and (2) infiltration capacities of the different lands. From this
perspective, the previously noted decision variable RV be-
comes the product of a constant and two decision variables
and is generally expressed as:


RV ¼ A RA D ð8Þ
where:


A is the area potentially available for recharge at a location
(a constant)


RA is the relative area, a fraction of A ranging in value from
0 to 1, acquired for use in recharge operations through
financial transaction


D is the amount of water, expressed as depth over the area
A RA, delivered to a location by the water agency


The hydrologic formulation is supplemented with econom-
ic constraints as follows:


Max
RA;D


Z ¼ ∑
N


n¼1
∑
T


t¼1
Dn;t ∑


J


j¼1
RAn;t; jAn; j ð9Þ


subject to:


∑
N


n¼1
∑
J


j¼1
C jRAn;x; jAn; j≤ Fy for alln; j; t


xϵ t : mod t; 12ð Þ ¼ 2
y ¼ 1 toT=12


ð10Þ
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RAn;x; j−RAn;w; j ¼ 0 for alln; j; t
xϵ t : mod t; 12ð Þ ¼ 2
wϵ t : xþ z; z ¼ 1 to5


ð11Þ


RAn;t; j < K for alln; t; j ð12Þ
K ¼ 0 : mod t; 12ð Þ ¼ 1; 8 to12orAn; j ¼ 0


1
ð13Þ


RAn;t; j > 0 for alln; t; j ð14Þ


∑
N


n¼1
Dn;t ∑


J


j¼1
RAn;t; jAn; j≤WARt for all t ð15Þ


Dn;t < KscaleHBnð Þ In=H0 þ ln εf gð Þ½ �= 1−e− In=H0þln εf gð Þ
h i


for alln; t ð16Þ
GWEi;t < GSEi–FBi for all i; t ð17Þ
GWEi;t ¼ Hi;t þ ∑


N


n¼1
∑
T


τ¼1
Mn;i;τ RAn;x;τAnDn;τ=RVu


� �
FD1=FD0ð Þ


for all i; t


xϵ t : mod t; 12ð Þ ¼ 2


ð18Þ


Dn;t > 0 for alln; t ð19Þ


where:


RA is the array of relative areas to be optimized over
space, time and crop category


D is the matrix of water delivery depths to be optimized
over space and time


Dn,t is the water delivery depth at a location and time
j is the crop category for a potential recharge location
J is the total number of crop categories
RAn,t,j is the relative area at a location and time for a crop


category
An,j is the area potentially available for recharge at a


location for a crop category
Cj is the annual cost per unit area to use land containing


crop j for recharge operations
Fy is the annual funding available to pay for using land


for recharge


As before, the formulation objective (Eq. 9) maximizes the
volume of water recharged over the planning horizon subject
to a set of operational constraints. The total expenditure for
renting land for recharge during any year y cannot exceed the
available funds for that year (F; Eq. 10). The right-hand side
of this constraint is varied in a parametric analysis (Wagner
1969) on the total funding available to rent land. The costs for
using land in different crop categories are assumed to be de-
termined by farmers bidding in a reverse auction, varying
based on the possibility of increased financial risk fromwinter
recharge operations. Simplifying assumptions of (1) uniform


Fig. 4 Groundwater model
elevation control and surface-
water flow locations. Black lines
are model element boundaries,
red dots are groundwater
elevation control locations, stars
are surface-wter flow evaluation
locations (blue star: American
River, white star: Cosumnes
River, gold star: Sacramento
River, green star: confluence of
Cosumnes and Mokelumne
rivers)
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land use cost for each crop category and (2) constant cropping
patterns are applied. (There is no simulation of changes in
cropping decisions or farm profits as a result of flooding de-
cisions.) However, the selection of land is not based on cost
alone, since infiltration capacity influences the land use deci-
sions through the objective function values D.


While the formulation is general enough to allow monthly
variation in land rental decisions, a practical adjustment is made
to reduce computational and solution time requirements. The
terms of RA are tied together for six winter months each water
year (months 2–7; Eq. 11). An upper bound on the land use
decision (Eqs. 12 and 13) is based on the total land available at
particular locations and times. No land is available (K = 0) during
the growing season (months 1 and 8–12 each water year as an
assumption of this work) or where there is no agricultural land
(A = 0). (The assumed seasonal availability of cropland for re-
charge could be relaxed and recharge performed during the
growing season by over-irrigation if water was available for
recharge during the growing season.) Otherwise, all land is avail-
able for recharge (K = 1). Equations (11)–(13) reduce the solu-
tion space to the minimum needed for the problem at-hand.
Negative land use decisions are prevented with Eq. (14). Five
crop categories (J = 5) may be present in any single groundwater
model element. Equations (15)–(19) are a version of Eqs. (2)–(7)
modified through substitution of Eq. (8) and simplification
where appropriate.


Because there is a product of decision variables, in the ob-
jective function and constraints represented by Eqs. (15) and
(18), the optimization problem is nonlinear andmore difficult to
solve than the previously presented hydrologic formulation.
This nonlinear programming formulation can be decomposed
into a two-part linear programming formulation and solved by
iteration. The same objective function is used for both parts and
the constraint set is split between Eqs. (14) and (15).


Part 1: land allocation


Max
RA


Z ¼ ∑
N


n¼1
∑
T


t¼1
Dn;t ∑


J


j¼1
RAn;t; jAn; j ð20Þ


subject to:


∑
N


n¼1
∑
J


j¼1
C jRAn;x; jAn; j≤ Fy for alln; j; t


xϵ t : mod t; 12ð Þ ¼ 2
y ¼ 1 toT=12


ð21Þ


RAn;x; j−RAn;w; j ¼ 0 for alln; j; t
xϵ t : mod t; 12ð Þ ¼ 2
wϵ t : xþ z; z ¼ 1 to5


ð22Þ


RAn;t; j < K for alln; t; j ð23Þ
K ¼ 0 : mod t; 12ð Þ ¼ 1; 8 to12orAn; j ¼ 0


1
ð24Þ


RAn;t; j > 0 for alln; t; j ð25Þ


The water depths (D) in Eq. (20) are taken as constants and
either assumed as an initial condition on the first iteration (set
to the static upper bounds described in the preceding) or taken
from solution of the following part 2 in the previous iteration.
They become objective function weights.


Part 2: water allocation


Max
D


Z ¼ ∑
N


n¼1
∑
T


t¼1
Dn;t ∑


J


j¼1
RAn;t; jAn; j ð26Þ


Subject to:


∑
N


n¼1
Dn;t ∑


J


j¼1
RAn;t; jAn; j≤WARt for all t ð27Þ


Dn;t < KscaleHBnð Þ In=H0 þ ln εf gð Þ½ �= 1−e− In=H0þln εf gð Þ
h i


for alln; t ð28Þ


GWEi;t < GSEi–FBi for all i; t ð29Þ


GWEi;t ¼ Hi;t þ ∑
N


n¼1
∑
T


τ¼1
Mn;i;τ RAn;x;τAnDn;τ=RVu


� �
FD1=FD0ð Þ


for all i; t


xϵ t : mod t; 12ð Þ ¼ 2


Dn;t > 0 for alln; t ð31Þ
The land rental decisions (RA) are taken as constants from


solution of part 1. If convergence of optimal objective func-
tion values from parts 1 and 2 has not occurred, the decision
variables (D) from part 2 are used in part 1 as constants and
another iteration of the two-part optimization procedure is
performed.


This solution scheme is analogous to Benders’ decomposi-
tion (Geoffrion 1972):


1. The decision variables in the original problem are sepa-
rated by forming two sub-problems that each contain only
one variable. (Where both variables remain in a sub-prob-
lem, variable separation is accomplished by converting
the second variable to a constant.)


2. Solution of the two sub-problems is performed in series
with the results of one sub-problem used to upgrade in-
formation used in the next sub-problem. The values of
variables held constant are updated based on solution of
the preceding sub-problem.


3. Iteration is applied until a satisfactory approximation to
solution of the original problem is indicated by conver-
gence of the results between iterations.


The approach used here is not as rigorous as Benders’
decomposition since cuts to the solution space are not repre-
sented as functions of the variable held constant. It is also
simpler than alternative approaches demonstrated by Cia


(30)
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et al. (2001) or Afshar et al. (2010). Initial work with the
hydrologic formulation (section ‘Initial hydrologic formula-
tion’) established that, when water is available for recharge,
there is more than can be accommodated by the available land
with the short berms assumed in this work. This insight
allowed identification of an appropriate initial condition. The
values of D in Eq. (20) of part 1 can be set to their maxima at
the beginning of the solution procedure based on Eq. (28).
This allows solution for RA constrained by financial limita-
tions in Eq. (21). Solution forD in part 2 usingRA from part 1
is then possible.


The information needed to specify equation constants and
coefficients is preprocessed in spreadsheets and passed to a
linear programming solver. Experience with the example pre-
sented in the following indicates that the approach encounters
no infeasibilities and converges in two iterations because the
original hydro-economic formulation is not so complex.
Moreover, reversing the order of solution for the two-part
optimization yields the same ultimate results but with a slight-
ly different path towards convergence. (Solving part 2 first
involves setting theRA decision variables to 0.5 during initial
solution for D.) These results suggest that global, rather than
local, minima are identified.


Simulating recharge application and evaluating
groundwater system improvements


After solution of the linear programming model, recharge vol-
ume schedules are calculated for each of the 67 groundwater
model elements from the optimal values for the decision var-
iables D and RA.


RVn;t ¼ Dn;t ∑
J


j¼1
RAn;t; jAn; j for alln; t ð32Þ


Unsaturated flow is not simulated because the groundwater
model does not address addition of water to ponds during the


run period (Brush et al. 2013). As a result, a different capabil-
ity of the simulation model is used and the recharge water is
added directly to the saturated zone. Post-processing the mod-
el output creates information to evaluate changes in ground-
water storage and stream flow relative to a base case of no
recharge operations. The locations for stream flow evaluation
are indicated on Fig. 4.


Limitations


Four limitations of the approach are described here. The first
three are related to the linear programming formulation and
the fourth relates to the scope of analysis.


1. Because unsaturated flow cannot be simulated in the
groundwater model during recharge operations and all
recharge water is applied directly to the saturated zone,
no time lags for groundwater elevation responses or
partitioning of water between unsaturated and saturated
zone storage occurs. This limitation could lead to overes-
timation of recharge effects from operating decisions.
However, this limitation is not expected to be significant
since the depth to groundwater is generally less than
100 ft (30 m) near the crop lands.


2. The linearized representation of groundwater head re-
sponses to recharge could over-estimate increases in
groundwater elevations near rivers that are in contact with
groundwater because the discharge of groundwater to sur-
face water is not included in the responsesM of Eq. (30).
Because final evaluation of improvements to the ground-
water system are made with the groundwater model and
not the linear programming formulation, this limitation
does not affect the ultimate predictions of changes in
groundwater system state. Moreover, this final evaluation
with the groundwater model shows that the limitation
matters most when a groundwater elevation control


Fig. 5 Water available for
recharge. 1 TAF = 1.2 × 106 m3,
TAF thousand acre-feet
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constraint is binding and that this condition occurs infre-
quently because of the initial depth to groundwater.


3. All cropland is represented as available for recharge op-
erations at a stated rental price and the land is assumed to
be flat and horizontal such that ponded recharge water
distributes uniformly. These conditions will not be met
at all locations in the study area. Moreover, costs to dis-
tribute water from the Folsom South Canal, including any


lift costs required to overcome topographic variations, are
not considered in this planning-level analysis. As a result,
this work presents an optimistic estimate of what might be
possible.


4. Potential effects on groundwater quality are not consid-
ered in this analysis. Studies have shown the presence of
potential pollutants in the unsaturated zone beneath lands
used for a range of purposes, including irrigated


Fig. 6 Conditions for capturing
water available for recharge using
recharge basins


Fig. 7 Study area infiltration rates
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agriculture, and considered the potential for groundwater
contamination from recharge (Böhlke 2002; Walvoord
et al. 2003; Scanlon et al. 2005; McMahon et al. 2006;
Jurgens et al. 2010; Harter and Lund 2012; Ascott et al.
2017). In some cases, chemical reactions in the unsaturat-
ed zone during recharge reduce the potential for ground-
water contamination (Schmidt et al. 2012). Bachand et al.
(2014) considered potential groundwater quality impacts
for their pilot study by estimating the volume of recharge
water required to flush constituents from the unsaturated


zone and also dilute resulting water quality impacts in the
saturated zone. Gailey (2013) presents data for a different
area in the Central Valley where conversion of cropland to
a recharge basin caused nitrate concentrations to increase
above the maximum contaminant level and more than a
decade was needed for water quality impacts to subside.
The potential for water quality impacts from on-farm re-
charge appears to vary among sites and consideration of
the factors involved (Green et al. 2008; Liao et al. 2012)
should be part of recharge site selection. Economic


Fig. 8 Crop categories for costs
to use land for recharge: a spatial
distribution of categories and b
categories and total acreages (ac).
1 acre = 0.4 ha
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incentives may be applied to promote recharge on lands
that are less likely to cause impact (i.e., alfalfa; Dahlke
et al. 2018). This is an ongoing area of inquiry and addi-
tions to the approach presented here may be possible in
the future.


Notwithstanding these limitations, this approach extends
inquiry regarding Ag-MAR allowing for flexibility in future
application and adds reasonable insight on the topic.


Results and discussion


Data development and preliminary analysis


Water available for recharge is estimated from simulated res-
ervoir reoperation (Goharian et al. 2016; E. Goharian,
Hydrologic Sciences Graduate Group, University of
California Davis, unpublished manuscript, 2018) and occurs
at some point during each of the 20 years in the planning
period (Fig. 5). While a significant total volume is available
over the planning period (10.8 million ac-ft or 13.3 km3), the


distribution in time is quite irregular. Simple spreadsheet sim-
ulation of WAR capture in recharge basins indicates the total
surface-water storage capacity needed to capture different
amounts of water when it is available (Fig. 6). Capture of all
available water would require approximately 205,000 ac-ft
(TAF; 253 × 106 m3) of surface-water storage capacity assum-
ing the recharge basins drained every month (solid blue curve
on the plot) and double that storage capacity if drainage re-
quired twice as long (dashed blue curve on the plot). Because
the water is available seasonally and large amounts of water
are available only infrequently, the capture curve has
diminishing returns to scale and facility utilization is low
(green curves on plot).


The significant amount of surface-water storage capacity
required to implement this traditional approach for groundwa-
ter recharge is placed into context by considering the capaci-
ties of nearby municipal supply reservoirs (Lake Camanche
and Pardee Reservoir operated by the East Bay Municipal
Utility District at 417 and 198 TAF, or 514 and 244 ×
106 m3; Los Vaqueros Reservoir operated by the Contra
Costa Water District at 160 TAF, or 197 × 106 m3; Fig. 6).
By comparison, use of all 140,000 ac (57,000 ha) of crop land


Fig. 9 Cropland use costs: a unit
annual costs and b cumulative
annual costs without
consideration of spatially variable
infiltration rates. Solid colors (a)
correspond to cost set No. 1 and
stippled colors correspond to cost
set No. 2
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with berms between 1 and 2 ft (0.3–0.6 m) high would result
in similar amounts of surface-water storage capacity (Fig. 6).
Therefore, it might be reasonable to evaluate using croplands
to meet at least some recharge opportunities for the study area.


Information for infiltration rates in the study area is mapped
to the groundwater model elements (Fig. 7) and applied in the


ponding model (Appendix) used to derive Eqs. (4), (16) and
(28). The rates are derived from simulating ponding at ground
surface and transient unsaturated/saturate flow into a fine-
scale (200-m resolution in all three spatial dimensions) repre-
sentation of the spatially variable hydrogeology (Maples et al.
2017; S. Maples, Hydrologic Sciences Graduate Group,
University of California Davis, unpublished manuscript,
2018). Average infiltration rates are calculated over the 120-
day simulations for a variety of assemblages of sediments.
These values are applied to zones (proximal, intermediate
and distal parts of the alluvial fan deposits in the study area)
in the coarser-resolution groundwater flowmodel used here. It
is assumed that any shallow hardpan has been breached con-
sistent with the SAGBI rating for conditions where sites have
been modified by deep tillage rating (O’Geen et al. 2015);
however, observations of ponded water in parts of the study
area suggest that hardpan may be present at some locations.


Crop categories for annual costs to use land in recharge
operations are developed to be generally consistent with


Fig. 10 Variation of cropland
used for recharge with annual
funding: a cost set No. 1 and b
cost set No. 2. Reference curves
based on cost only from Fig. 9b
are presented for comparison.
Numbered curves (a) indicate
land use for recharge by
individual crop categories. Slight
differences in the maximum
recharge areas attained for the
BHydro-Economic^ and
BReference Set^ curves occur
because the groundwater model
elements do not conform to the
sub-basin boundaries. The
cropland area not accounted for in
the model, approximately
6,000 ac (3,000 ha), is evident by
comparing Figs. 7 and 8a


Table 1 Parameter
values Parameter Value


HB 1 ft (0.3 m)


H0 0.3 ft (0.1 m)


FB 2 ft (0.6 m)


FD0 0.95


FD1 1.0


F 0.5–120 million dollars


Parameter definitions provided in sections
‘Initial hydrologic formulation’ and
‘Hydro-economic formulation’
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discussion of risks to crop health and productivity presented
by Dahlke et al. (2018) as well as Hanak et al. (2018). The
categorization in Fig. 8a,b is based on discussions with a va-
riety of people working in the study area (i.e., land managers,
Sacramento County Agriculture Commissioner staff, other
county staff and researchers). The unit costs applied to the
categories (Fig. 9a) are quite preliminary (exploratory) and
could be improved with survey data on land manager percep-
tions of crop risk and attitudes towards financial risk tolerance.
Combining the cumulative areas and unit costs for each cate-
gory provides a view of total land area used for recharge as a
function of potential total cost (Fig. 9b). These curves are
based on an assumption that land is selected solely on unit
price; however, infiltration rates must also be considered when
attempting to maximize recharge. To the extent that locations
of the cheapest land are not correlated with the highest infil-
tration rates, the curves will be different than those shown.
The linear programming method described in the preceding
allows performance of the required analysis. Table 1 summa-
rizes the values of the hydro-economic model parameters not
addressed elsewhere.


Potentially achievable recharge


Cropland area use for recharge as a function of funding is pre-
sented in Fig. 10a,b. These are the results of parametric analysis
using Eq. (21). Differences between the results for hydro-
economic analyses and the reference curves occur because, as
indicated by the curves for individual crop categories (Fig. 10a),
some of themore expensive land is brought into use before all of
the least expensive land has been used. This result is driven by
variation in infiltration rate across the study area which is con-
trolled by the shallow geology and the interconnectedness of
high conductivity sediments at depth (Maples et al. 2017; S.
Maples, Hydrologic Sciences Graduate Group, University of
California Davis, unpublished manuscript, 2018) used in the
ponding model of Eq. (28). Figure 11 shows the spatial distri-
bution of land use for two different levels of funding. For low
amounts of funding, land is brought into use where there is a
combination of cheaper land (Fig. 8a) and higher infiltration
rates (Fig. 7) in an effort to maximize the product of decision
variables RA (scaled by area potentially available for recharge,
A) and D. This observation is consistent with the steep slope of
recharge volume as a function of funding for land use at low
funding levels (Fig. 12). Spatial distribution of the recharge
water cumulative depth per year is presented for the maximum
funding and land use in Fig. 13. The values are generally within
a reasonable range based on currently available information on
crop inundation tolerance; however, constraints could be added
to control cumulative water application as necessary.


Figure 14 indicates the increase in groundwater storage
from recharge using all of the cropland (high level of funding).
Recharging over the 20-year planning period used 36% of the


WAR (3,921 TAF or 4.8 km3). Simulation of the optimal
recharge scenario with the groundwater model indicates the
most of the water remains in the groundwater system (2,419
TAF or 62% of the total volume recharged); however, appre-
ciable amounts exit to surface water (718 TAF, 18%) or flow
across sub-basin boundaries (764 TAF, 20%). Additionally,


Fig. 11 Spatial distribution of land used for recharge with different
amoun t s o f annua l fund ing (F ) : a F = $500 ,000 and b
F = $120,000,000. Results for cost set No. 1. Area fraction plotted is the
decision variable RA
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the recharge provides enough baseflow to support flow in the
Cosumnes River throughout the 20-year simulation except
during a 5-year drought from 1987 through 1992. Table 2
presents results for a range of recharge funding levels.
Volumes discharging to surface-water and flowing to other
sub-basins increase with the volume recharged since head
buildup from adding water to the system (the driving force
for groundwater flow) is more pronounced.


Comparison of the recharge volume results from the hydro-
economic analysis for cost set No. 1 (Fig. 12) with reference
curves from the initial capture analysis (Fig. 6) indicates the
effect of including study area hydrogeology (spatial variation
in infiltration rate) in the analysis (Fig. 15a). High infiltration
rate sites are selected preferentially, even when the amount of
recharge area is limited by funding, and plot on the left side of
the hydro-economic curve. These sites drain quickly and the


Fig. 13 Cumulative depth of
applied recharge water for
maximum land use funding using
cost set No. 1


Fig. 12 Variation of recharge
volume with annual funding
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results (shown in black) plot above the reference curves
(shown in blue). Only few such sites are within the footprint
of the cropland and, when greater amounts of land are used for
recharge, the additional sites drain slower and plot below one
or both of the reference curves. The result is a recharge capture
curve for the study area that is shallower in slope than the
reference curves. Therefore, the spatial variability in


infiltration rate magnifies the diminishing returns to scale al-
ready occurring as a results of the temporal variability of the
water source.


More recharge could be achieved, and the study area cap-
ture curve moved higher on the plot, if the berm heights
around the cropland were increased. The linear programming
results obtained can help develop guidance on where such


Fig. 14 Increase in groundwater
storage using all cropland: a
storage accumulation over time
and b spatial distribution of
elevation increases. Red line (a)
indicates change in storage
resulting from continued
groundwater pumping and no
recharge operations, blue line (a)
indicates change in storage
resulting from addition of
optimized recharge operations
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capital investment might be most valuable. Reformulating the
Lagrange multiplier for Eq. (28) in terms of the berm height
(see Appendix) indicates where and how much additional wa-
ter could be recharged over the planning horizon if berms were
raised from 1–2 ft (0.3–0.6 m; Fig. 15b). This result provides a
high estimate of what might be possible since some perennial
crops may be unable to accommodate the increased ponding
depth; nevertheless, this information provides guidance for
where efforts might be best spent increasing berm heights.


The values for Lagrange multipliers based on increasing
berm height by 1 ft (0.6 m) are low in the northern portion
of the study area (Fig. 15b) because little cropland is present
(Fig. 2). Given the high infiltration rates of the deeper geology
in the north (Fig. 7), recharge potential would be much better
for a gravel pit since it would provide additional land area and
also penetrate the low hydraulic conductivity soil layer includ-
ed in this analysis. Cropland present in one of the northern
model elements with high-infiltration rate was used to simu-
late the potential effect of repurposing a gravel pit for re-
charge. A total of 570 ac (230 ha) in crop categories 2, 3
and 4 were used to simulate gravel pits by increasing the
hydraulic conductivity of the soil layer to match the underly-
ing geology and increasing the berm height to 20 ft (6 m).


Figure 16a,b summarizes the results of gravel pit simula-
tion at the maximum annual funding level. Recharging over
the 20-year planning period uses 50% of theWAR (5,412 TAF
or 6.8 km3). Most of the water remains in the groundwater
system (3,651 TAF or 68% of the total volume recharged)
with amounts similar to the previously presented results
exiting to surface-water (869 TAF, 16%) and flowing across
sub-basin boundaries (889 TAF, 16%). Allocation is skewed
towards the gravel pits (31% of the total volume recharged)
and provides enough baseflow to support continuous flow in
the Cosumnes River throughout the 20-year simulation in-
cluding during the previously mentioned 5-year drought.


Potential extensions


The method and analysis for the study area could be extended to
include net metering (Kiparsky et al. 2018). This approach could
entail representing cropland managers as individual profit-


maximizing agents along with the groundwater management
agency charging fees for groundwater pumping and providing
rebates for recharge. This approach would relax the assumption
of uniform land use rents for each crop category and include a
more likely dispersion of land use costs across the study area.


It is unclear if the aggregate effect of net metering with mod-
est pumping fees would significantly differ from the work pre-
sented here since the influence on rational profit maximizers of a
net rebate, rather than a payment for using land for recharge,
may be similar. However, the effect of net metering combined
with a cash flow constraint applied to water management oper-
ations (revenue from groundwater pumping minus a financial
friction for management must equal or exceed payments for
recharge) could impose limits on a program for improving
groundwater system conditions. Given the regulatory require-
ment for improved groundwater system state, these changes
could drive pumping fees higher and influence the behaviors
of profit maximizing land managers.


It may also be possible to explore improving groundwater
conditions through water banking operations where capital in-
vestments (i.e., construction of distribution canals from Folsom
South Canal) and operations costs would be paid by a client, or
clients, external to the sub-basins.Management policy questions
would include: (1) how much water would be left in-place to
benefit the groundwater system (recharged but not withdrawn at
a later time) and (2) the longevity of withdrawal rights (ability to
withdraw water decreases with time since recharge event).
Details of the policy decisions would likely have implications
for the amount of infrastructure investment a water banking
client might be willing to make.


Either the cash flow or water banking approach might be
modified to encourage recharge in areas where it is most need-
ed. Lower bound constraints for groundwater elevations at
control locations could be added in parts of the basin with
the greatest cumulative drawdowns. It might also be possible
to evaluate policies to avoid potential water quality degrada-
tion from flushing undesirable constituents (i.e., nitrate, pesti-
cides and salts) from the unsaturated zone and shallow
groundwater by including subsidies (reducing costs to use
certain lands for recharge) to focus recharge on more desirable
lands (i.e., alfalfa fields as suggested by Dahlke et al. 2018).


Table 2 Results for different levels of land use funding (cost set No. 1). gw groundwater, TAF thousand acre feet


Parameter Land-use-funding level


$500,000 $5,000,000 $120,000,000


Land use area 4 × 103 ac (1,600 ha) 41 × 103 ac (17,000 ha) 134 × 103 ac (54,000 ha)


Recharge volume 937 TAF (1.2 km3) 2,335 TAF (2.9 km3) 3,921 TAF (4.8 km3)


Increased gw storage 628 TAF (0.8 km3) 1,551 TAF (1.9 km3) 2,419 TAF (3.0 km3)


Discharge to surface water 203 TAF (0.3 km3) 359 TAF (0.4 km3) 718 TAF (0.9 km3)


Flow to other sub-basins 107 TAF (0.1 km3) 425 TAF (0.5 km3) 764 TAF (0.9 km3)
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Recharge at locations important for supporting and increas-
ing surface-water baseflow could also be emphasized. The
simplest way to achieve this benefit would be to set lower
bound constraints for groundwater elevations at control loca-
tions near the surface-water bodies (i.e., Cosumnes River).
However, this approach would require experimentation with
lower bound values and locations because, as previously


indicated, the linearized approach for representing the ground-
water response to recharge does not account for exchange
between groundwater and surface water. A more thorough
approach would entail reformulating the planning problem
as a nonlinear program where the groundwater flow model
is called on each iteration of the solver to evaluate baseflow
constraints.


Fig. 15 Effect of spatial variation
in infiltration rate on recharge
volume potential: a capture
curves and b Lagrange multipliers
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Finally, a portfolio of recharge projects that includes a mix
of croplands and dedicated facilities could be considered. This
extension would be desirable since croplands in the study area
are concentrated in the south, while the higher hydraulic con-
ductivity deposits are in the north (cf. Figs. 2 and 7). Not
coincidentally, potential properties that could be repurposed
as dedicated facilities (gravel excavations) are in the north. To


control the number of potential facilities considered, upper
bound infiltration capacity constraints for the gravel pits could
be manipulated to include/exclude the potential facilities in
the formulation by toggling the bound value between zero
and an estimated capacity (a form of parametric analysis).
Alternatively, the linear programming model could be
reformulated as a mixer-integer linear program and parametric


Fig. 16 Increase in groundwater
storage using all cropland and
repurposed gravel pits in north: a
storage accumulation over time
and b spatial distribution of
elevation increases. Red line (a)
indicates change in storage
resulting from continued
groundwater pumping and no
recharge operations. Blue line (a)
indicates change in storage
resulting from addition of
optimized recharge operations
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analysis could be performed on a funding constraint for gravel
pit repurposing.


Conclusions


On-farm recharge appears to be promising for the study area.
Using all of the 134,000 ac (54,000 ha) of cropland modeled
in the study area would have allowed approximately 3900
TAF (4.8 km3) of recharge over the 20-year period considered
(October 1983–September 2003). Analysis indicates that there
would be decreasing returns to scale as a result of (1) temporal
variability of water available for recharge, (2) variations in
infiltration rate and a limited number of high-infiltration rate
sites across the study area and (3) recharged water exiting the
study area groundwater system to surface water and adjacent
sub-basins. Depending upon crop tolerance to ponding depth,
these limitations might be reduced by raising berm heights on
higher-infiltration rate croplands. Additional efforts to re-
charge high-infiltration rate sediments to the north through
pits that penetrate lower-infiltration rate topsoil could signifi-
cantly increase total recharge volume. Preliminary results in-
dicate approximately 5,400 TAF (6.8 km3) of recharge could
occur over the 20-year period by adding 570 ac (230 ha) of
gravel pits to the land available for recharge.


The method applied in this work is general enough that it can
accommodate additional information that may be gathered
including:


1. Characterization of potential recharge sites


a. Soil hydraulic conductivity measurements
b. Geology
c. Infiltration pilot testing results
d. Observations from land managers regarding field


drainage rates


2. Flooding tolerance for different crops


a. Acceptable date ranges
b. Maximum durations
c. Total volumes


3. Costs for specific sites


a. Annual use fees
b. Infrastructure improvement requirements


Extensions of the work could readily address related con-
siderations such as (1) financial considerations regarding in-
vestment and operations, (2) measures to safeguard ground-
water quality, (3) support for baseflow to the Cosumnes River
and (4) portfolios of recharge facility types and approaches.


Continued collaboration with stakeholders in the study area
may provide future insights.
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Appendix


Details regarding formulation of the linear programmingmod-
el are presented in the following sections.


Ponded water drainage


The upper bound for recharge water applied is specified
as Eqs. (4, 16 and 28) and based on a requirement that
water ponded on the field not overtop an assumed pe-
rimeter berm of height HB. A series of steps are taken
to develop an expression for the maximum allowable
recharge volume.


An ordinary differential equation and initial condition for
water mass balance in a recharge pond during filling is formu-
lated and solved:


A dh=dt ¼ Q–A I=H0ð Þ h ð33Þ
h 0ð Þ ¼ 0 ð34Þ
h ¼ Q H0ð Þ= I Að Þ½ � 1–e− I=H0ð Þt


h i
ð35Þ


where:


A is the ponding area
h is the ponding depth
t is time
Q is the rate of inflow
I is the reference rate ponded water infiltrates the


subsurface
H0 is ponding depth associated with I


The quantity (I/H0) in Eq. (33) normalizes the infil-
tration rate by the ponding depth used to estimate the
quantities summarized in Fig. 7 (Maples et al. 2017; S.
Maples , Hydrologic Sciences Graduate Group,
University of California Davis, unpublished manuscript,
2018) and allows scaling by h to simulate variation in
infiltration rate with ponding depth. Evaporation is not
considered in the pond mass balance because recharge
operations are considered during the winter when evap-
orative losses are expected to be small.


Filling the pond at a constant rate until the maximum
ponding depth is reached at a specified time is represented
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by substituting h = HB, Q =Qmax and t = T into Eq. (35).
Rearrangement yields:


Qmax ¼ I A HB=H0ð Þ= 1–e− I T=H0ð Þ
h i


ð36Þ


An ordinary differential equation for water mass balance in
a recharge pond during draining is formulated and solved for
the general condition:


dh=dt ¼ – I=H0ð Þ h ð37Þ


h ¼ e− I=H0ð ÞtþK ð38Þ


Substituting t = t – T into Eq. (38) so that Eqs. (35) and (38)
initiate at the same time and rearranging yields:


h ¼ K e− I=H0ð Þ t–Tð Þ ð39Þ


Equating Eqs. (35) and (39) at time t = T, solving for K and
substituting into Eq. (39) yields:


h ¼ Q H0ð Þ= I Að Þ½ � 1–e− I=H0ð ÞT
h i


e− I=H0ð Þ t–Tð Þ ð40Þ


Substituting Eq. (36) for Q and rearranging yields an
expression for filling to time T and then draining there-
after:


h ¼ HB e− I=H0ð Þ t–Tð Þ ð41Þ


Assume that the pond must be filled and drained within
1 month to allow operational flexibility such that the land
could be used for purposes other than recharge during the
following month. A 1-month filling and draining cycle is rep-
resented by introducing a terminal boundary condition for Eq.
(41): h(1) = ɛ HB, where ɛ is a small increment. Solving for T
yields:


T ¼ 1þ H0=Ið Þ ln ɛð Þ ð42Þ


Substituting Eq. (42) into Eq. (41) and the result into Eq.
(36) yields an expression for Qmax:


Qmax ¼ HBAI=H0ð Þ= 1−e− I=H0þln εf gð Þ
h i


ð43Þ


Multiplying this expression for Qmax by the Eq. (42) for T
results in an expression for the maximum recharge volume
that can be added to a pond in a single month:


RVmax ¼ HBAð Þ I=H0 þ ln εf gð Þ½ �= 1−e− I=H0þln εf gð Þ
h i


ð44Þ


Equation (44) is based on an infiltration rate derived for
water ponded on the deeper geologic materials. Because a
lower hydraulic conductivity soil overlays the geology, the


expression is scaled by a factor that accounts for the effective
vertical hydraulic conductivity of the layered porous medium:


Kscale ¼ Keff=Kgeol ð45Þ


Keff ¼ bsoil þ bgeol
� �


= bsoil=Ksoilð Þ þ bgeol=Kgeol


� �� � ð46Þ


where:


Keff is the effective vertical hydraulic conductivity
calculated as the harmonic mean of the conductivities
of the soil and geologic layers


Kgeol is the averaged vertical hydraulic conductivity of the
deeper geologicmaterials (Maples et al. 2017; S.Maples,
Hydrologic SciencesGraduateGroup, University of
CaliforniaDavis, unpublishedmanuscript, 2018)


Ksoil is the vertical hydraulic conductivity of the soil (taken as
3 × 10−2 ft/day, or 10−5 cm/s, based onBrush et al. 2013)


bgeol is the thickness of the unsaturated zone in the geologic
materials (Maples et al. 2017; S. Maples, Hydrologic
Sciences Graduate Group, University of California
Davis, unpublished manuscript, 2018)


bsoil is the thickness of the soil layer (taken as 1 ft or 0.3 m)


Applying the scaling factor to Eq. (44) yields the general
expression used for Eq. (4).


RVmax ¼ Kscale HB Að Þ I=H0 þ ln ɛf gð Þ½ �= 1−e− I=H0þln ɛf gð Þ
h i


ð47Þ


Dividing Eq. (47) by A yields a general expression for the
maximum recharge depth that can be added to a pond in a
single month. This is used for Eqs. (16) and (28).


Dmax ¼ Kscale HBð Þ I=H0 þ ln ɛf gð Þ½ �= 1−e− I=H0þln ɛf gð Þ
h i


ð48Þ


The formulation is somewhat sensitive to the value chosen
for ɛ with smaller values reducing the upper bound. Using a
value of 0.01 appeared reasonable for this analysis. Finally,
the assumed 1-month filling and drainage cycle could be ad-
justed by extending the approach described here to simulate
pulsed flooding for crop root health (Dahlke et al. 2018).


Groundwater elevation calculation


The upper bound on groundwater elevation is specified as Eqs.
(6), (18 and (30) based on ground surface elevation and an as-
sumed required freeboard to avoid waterlogging of soil. This
consideration can be important for down-flow parts of basin
where recharge might not be applied but water levels may rise
as a result of recharge water redistribution by means of ground-
water flow (Niswonger et al. 2017). The groundwater elevation
itself is based on a linearized representation of groundwater head
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response to addition of water to the system at a particular location
and time (Reilly et al. 1987; Gorelick et al. 1993; Ahlfeld and
Mulligan 2000). The representation is most accurate for confined
systems but works well for unconfined conditions when the head
change in response to the addition of water is small relative to the
saturated thickness, as is the case for this work.


The groundwater simulation model used in this work
(coarse-grid version of C2VSim; Brush et al. 2013) was ma-
nipulated to generate the background groundwater heads (H)
as well as the mounding responses (M) for the control loca-
tions. The background heads were based on running the orig-
inal model. Information for M was generated through a series
of steps: (1) altering the model by stripping out all unmanaged
hydrologic stresses, (2) making a suite of runs with the altered
model separately simulating a managed stress for each poten-
tial recharge location using a unit recharge volume (RVu) in
the first time step of the model, (3) running the altered model
once with no managed stresses and (4) calculating the differ-
ences in heads at control locations between the runs from steps
2 and 3. The resulting information for M is a set of vectors
containing transient mounding responses at each control
location for each potential recharge location. The vectors are
then arranged in tableaus as described by Gorelick et al.
(1993) to create a matrix M for each control location.


The information developed for M is used as a groundwater
elevation simulator that represents increases in elevation over
time as a linear combination of responses to monthly recharge
volumes. The responses (1) are produced by recharge events
simulated for single time steps in any model element within the
study area and any time step over the planning horizon, (2) scale
with the magnitude of recharge volume and (3) can be summed
to simulate combinations of recharge events over space and time.


Reformulation of Lagrangemultiplier for berm height


A generalized form of constraint Eq. (28) is as follows:


D≤ KscaleHBð Þ I=H0 þ ln εf gð Þ½ �= 1−e− I=H0þln εf gð Þ
h i


ð49Þ


When this constraint is binding in the linear programming
solution, the Lagrangemultiplier will be non-zero and indicate
the change in the optimal value of the objective function for an
increase of 1 in the right-hand side (RHS). If HB in Eq. (49)
were increased by 1, the RHS would increase by [Kscale (I/
H0 + ln{ɛ})]/[1 – e–(It/H0 + ln{ɛ})]. Multiplying the Lagrange
multiplier value from Eq. (49) by this quantity converts the
original linear programming result, Lagrange multiplier for
Eq. (49), into a Lagrange multiplier for HB. Summing the
converted Lagrange multipliers for each model element over
all time steps in the planning horizon provides a location-
specific estimate for total increase in recharge over the plan-
ning horizon for a unit increase in berm height.
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The project area is located in a general region being considered for infiltration of flood flow surface water to
increase groundwater levels.  There have been a number of papers written by UCD affiliates who have been looking
at areas of greatest potential.  I have attached a few here.  The use of surface water to increase groundwater levels
is also considered a management action in the recent Sacramento Central Groundwater Authority's Groundwater
Sustainability Plan. 

With this in mind, the EIR should address the project's impact on groundwater recharge and more positively, look at
the possibility of using the property for multi benefit use.  This is a large parcel and there may be ways to offset both
impacts and improve groundwater storage using State grant funds.

Barbara Evoy

 Maples et al. - 2020 - Sensitivity of hydrologi...

https://urldefense.com/v3/__https://drive.google.com/file/d/1kjWqPVnAk1FaHkufmrkI9qle1aqlxLBx/view?usp=drive_web__;!!ETWISUBM!hMOofz6wbeL9QCMwS_F-CyUYbmF-hYCe4y0C37qD_bbpKoEhDDxDk3gKv_yz-aaFz3E$
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777 12th Street, Ste. 300  •  Sacramento, CA 95814 

Tel: 279-207-1122 •  Toll Free: 800-880-9025 

AirQuality.org 

 

 
 
 
 
 

February 16, 2022 
 
Joelle Inman, Environmental Coordinator 
Sacramento County Planning and Environmental Review 
827 7th Street, Room 225 
Sacramento, CA 95814 
CEQA@saccounty.net  
 
Subject: Notice of Preparation of a Draft Environmental Impact Report for the Coyote Creek 
Agrivoltaic Ranch Project (PLNP2021-00191) (SAC202102795) 
 
Joelle Inman,  
 
Thank you for routing the Notice of Preparation (NOP) for the Coyote Creek Agrivoltaic Ranch 
Project to the Sacramento Metropolitan Air Quality Management District (Sac Metro Air 
District) for review. The project is requesting a use permit to construct and operate a 200-
megawatt, alternating current, photovoltaic solar energy facility on parcels that total 
approximately 2,555 acres in the Cosumnes community of unincorporated Sacramento County. 
Sac Metro Air District comments follow.  
 
Refer to the Sac Metro Air District’s Guide to Air Quality Assessment in Sacramento County1 
(CEQA Guide) when preparing the draft environmental impact assessment (DEIR).  
 
When available, please send a copy of the DEIR to projectreview@airquality.org.  
 
Please contact me if you have questions at (279) 207 – 1127 or rdubose@airquality.org. We 
look forward to reviewing the DEIR.  
 
Sincerely,  

 
Rachel DuBose 
Air Quality Planner / Analyst 
 
C: Paul Philley, AICP, Land Use and Transportation 
 

 
1 http://www.airquality.org/Businesses/CEQA-Land-Use-Planning/CEQA-Guidance-Tools  

mailto:CEQA@saccounty.net
http://www.airquality.org/Businesses/CEQA-Land-Use-Planning/CEQA-Guidance-Tools
mailto:projectreview@airquality.org
mailto:rdubose@airquality.org
http://www.airquality.org/Businesses/CEQA-Land-Use-Planning/CEQA-Guidance-Tools










From: Anna Starkey
To: Little. Alison
Cc: Anna Cheng
Subject: UAIC Comments: NOP of EIR: Coyote Creek Agrivoltaic Ranch (control number PLNP2021-00191)
Date: Thursday, February 10, 2022 1:18:52 PM
Attachments: image002.png

image001.png

EXTERNAL EMAIL: If unknown sender, do not click links/attachments.

Good afternoon,
The following comments are regarding the NOP of the EIR for the Coyote Creek Agrivoltaic
Ranch Project. We appreciate the opportunity to provide comments.
 
The Tribal Historic Preservation Department has the following comments on the NOP:
 
We ask that the Cultural Resources and Tribal Cultural Resources (TCRs) chapter and
mitigation measures are separate and distinct, and are not combined. This is because tribal
values are used to identify, evaluate, and treat TCRs, while archaeological values are used for
cultural resources. Separating the chapters also allows the opportunity to discuss Tribes in a
contemporary context, especially when consulting under AB 52. The NOP only states that
Information will be summarized in the EIR for tribal cultural resources. A much more rigorous
analysis of the impacts to tribal cultural resources, protection and avoidance measures must
be discussed.
 
Because TCRs have been identified in the planning phase, we ask the TCR chapter adequately
discusses these resources. We ask that the identification, evaluation, and treatment of TCRs
be taken into consideration with the same level of analysis and professionalism by Tribes that
archaeologists are given. The identification and evaluation of TCRs should be no less rigorous
than archaeological resources and can only be accomplished through tribal consultation.
 
UAIC reiterates that California Native American tribes traditionally and culturally affiliated with
a geographic area may have expertise concerning their TCRs (PRC Section 21080.3.1). This
means that archaeologists shall not identify, evaluate, or make recommendations for cultural
items or sites that are considered TCRs unless it is in direct coordination with consulting
Tribes.
 
The following *resources UAIC identifies as TCRs:

Indigenous archaeological sites
Sacred Lands or Sites
Traditional Cultural Properties
Midden/Anthropogenic soils, including disturbed soils
Burials, cremations, and all related burial or ceremonial items
Burial soils
Isolated indigenous objects, including artifacts
Cultural landscapes

mailto:astarkey@auburnrancheria.com
mailto:littlea@saccounty.net
mailto:acheng@auburnrancheria.com

Anna M. Starkey, MA, RPA
Cultural Regulatory Speciaist

Tribal Historic Preservation Department| UAIC
10720 Indian Hill Road

‘Auburn, CA 95603
Direct Line: (316) 251-1565 | Cel: (530) 863-6503
‘astarkey@auburnrancheria.com |www auburnrancheria com









Significant native plants/gathering areas
*Not limited to

 
UAIC requests that the TCR chapter and report does not refer to tribes and their ancestors as
“prehistoric”.

UAIC requests that aesthetic, natural, scenic, and historic environmental qualities are analyzed
in the TCR chapter, as appropriate.

Thank you for involving UAIC in the planning process at an early stage. We ask that you make
this letter a part of the project record and we look forward to working with you to ensure that
TCRs and cultural resources are protected.
 
Sincerely,
Anna Starkey
 
 
 
Please submit all project notifications through our online form. Bookmark this link!
https://secure-
web.cisco.com/1o5MMYGTav6KuW1bjaysRe5sAOIPJlzYnnIcBPAIul5fxuv6Do2Pw5Q2MwtBFVDttq3q4flHPhchXLxHPzj
vFVgmpzOyB-BYLjLt4mBTTz74XGRTmZIFVYlfchi2-7SaBSPaE8kV7QFE82KgI0l83Qnh7aaDxp6Uh_Olj5UA6fxnAktyxU8-
CdcYuOHQkWuPCtZ097EebY53e2QID9KB9Qq5kgERosODN-9cGUNVugduT5uxEe_UGl_vZKZV56M0LK6BxhhB-
5_lSa57U-wEgn54TbZg0VRFj-IJXOxqkvUM/https%3A%2F%2Fauburnrancheria.com%2Fprograms-services%2Ftribal-
preservation%2Fsubmit-agency-notification%2F 

 
 
 

Nothing in this e-mail is intended to constitute an electronic signature for purposes of
the Electronic Signatures in Global and National Commerce Act (E-Sign Act), 15,
U.S.C. §§ 7001 to 7006 or the Uniform Electronic Transactions Act of any state or the
federal government unless a specific statement to the contrary is included in this e-
mail.
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