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1. Introduction 
Through the Russian River Watershed Resilience Pilot Study, an integrated vulnerability assessment was 
conducted to evaluate how climate hazards are projected to impact a series of eight water-related 
sectors across the planning area. These sectors include surface water supply, groundwater supply, 
flood management, ecosystems, water quality, recreation, hydropower, and community and equity 
considerations. Evaluation of sector-specific vulnerabilities to climate change supports identification of 
key areas of climate sensitivity and characterization of projected impacts.  

The vulnerability assessment is characterized by both qualitative and quantitative evaluations. 
The qualitative vulnerability assessment employs a scoring framework to characterize effects of climate 
hazards on individual components of water sectors throughout the planning area in terms of sensitivity, 
adaptive capacity, and vulnerability. The quantitative assessment builds on these qualitative findings to 
identify vulnerabilities through application of a projection-based modeling framework coupled with a 
series of indicators and metrics for each water-related sector.  

This appendix documents the approaches, data, and tools used for conducting both the qualitative and 
quantitative vulnerability assessments, as well as the methodologies and findings of sector-specific 
evaluations. Additional details for each of these assessments are described in Sections 3 and 4, 
respectively. Sector-specific evaluations are discussed in Sections 5 through 12. 
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2. Vulnerability Assessment Summary 
The Russian River Watershed Resilience Pilot Study assessed climate vulnerabilities across eight water-
related sectors, including surface water supply, groundwater supply, flood management, ecosystems, 
water quality, recreation, hydropower, and community and equity. In general, changes in climate are 
characterized by increasing ambient temperatures across the planning area, more frequent and severe 
extreme precipitation events, and a consolidation of precipitation during the wet season. These changes 
drive several responses across the watershed, including reductions in fall, spring, and summer baseflows; 
higher peak flows in the winter; warmer water temperatures; increased wildfire risk; and more frequent and 
prolonged drought events and extreme heat days. Sector-specific vulnerabilities to these changes are 
varied and are often influenced by existing infrastructure and operations. Key vulnerabilities across the 
planning area that have been identified through this assessment are summarized in Figure 2-1. Additional 
details on sector-specific conclusions are noted in the sections below. 
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Figure 2-1. Key Vulnerabilities Across the Russian River Watershed Resilience Pilot Study Planning Area 
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2.1 Surface Water Supply 

Surface water supply vulnerabilities are primarily driven by the reduction in Eel River transfers in the 
Upper Russian River. Transfers decline due to the planned transition from the Potter Valley Project to the 
New Eel-Russian Facility, the loss of snowpack in the upper watershed, and more variable Eel River and 
East Fork Russian River hydrology. This results in increased stress for surface water management at 
Lake Mendocino, signaled by declines in end of year storage, a higher frequency of years falling below 
critical storage thresholds, and additional challenges meeting needs for downstream water users and 
ecosystems. The West Fork Russian River is projected to experience similar increases in hydrologic 
variability and faces higher risks associated with seasonal extremes and post-fire debris flows due to the 
lack of an upstream regulating mechanism. Water users in the Upper Russian River are projected to 
experience an increase in depletion shortfalls under future conditions, particularly for agriculture in the 
Potter Valley.  

In the Lower Russian River, fewer direct impacts from climate change are present. However, longer and 
more severe drought conditions would result in reduced water stored in the reservoir at Lake Sonoma and 
a small number of depletion shortfalls when these drought events occur, particularly when local Marin 
surface water supplies experience multi-year drought conditions promoting an increase reliance on 
Russian River supplies.  

2.2 Groundwater Supply 

Historical groundwater conditions within the planning area highlight a close interconnection of surface 
water and the alluvial aquifer systems along the Russian River. These alluvial aquifer systems have low 
groundwater storage capacity relative to the large seasonal swings in precipitation and streamflow. 
Groundwater storage is typically replenished to capacity each winter season by recharge and stream 
leakage, and is depleted by groundwater pumping, groundwater discharge to surface water, and 
groundwater evapotranspiration (ET) during the subsequent dry season. Given the close interconnection 
of these systems, future increases in seasonal and interannual hydrologic variability, more frequent and 
severe drought events, and reduction in Eel River transfers that impact surface water supplies will also 
drive vulnerabilities for groundwater resources. Under future climate conditions, increased temperatures 
and earlier onset of ET demands amplify seasonal groundwater depletions.  

Potential future reductions in the reliability of Lake Mendocino due to changes in Potter Valley Project 
(PVP) transfers introduces an additional vulnerability for groundwater resources along the Upper Russian 
River. For example, if dry -season releases cannot be made from Lake Mendocino to the Upper Russian 
River, groundwater recharge from stream leakage to the aquifer would be substantially reduced, 
amplifying dry-season groundwater storage declines under multi-year drought conditions, could 
contributing to large year -over -year storage declines for those aquifer systems. 

2.3 Flood Management 

Vulnerabilities to climate change for the flood management sector are primarily driven by increased 
magnitude and duration of peak flows during the wet season. In general, the hydrologic responses to 
increases in annual precipitation volumes and a higher frequency of extreme precipitation events within 
the planning area include a consolidation of flow volumes in the wet season and an increase in 1-day and 
3-day flood magnitudes. Flood-related vulnerabilities are significant in residential areas in and near 
Santa Rosa. Many of these residential communities are out of the current 100-year floodplain, however, 
increased runoff from projected future storm events are expected to increase the size and extent of the 
floodplain. Impacts are also projected in more populated areas along the Russian River, such as 
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For the Russian River Estuary, future climate conditions increase risk to multiple salmonid life stages. 
Climate projections indicate reduced early-fall, early-winter, and spring flows and longer or more frequent 
inlet closure events. This conclusion does not take into account coastal storm changes but does consider 
potential changes in ocean swells. See future wave analysis below that shows no obvious change in wave 
conditions. This analysis considers a compound effect of climate induced changes in river conditions, sea 
level rise, and wave conditions. Conditions toward the end of the century also project higher winter peak 
flows. Increases in air temperature are expected to elevate river temperatures entering the estuary, and 
monitoring data confirm that estuary temperatures closely track upstream river conditions, particularly 
during closed-mouth periods. Increased closure duration and higher river temperatures are projected to 
reduce suitable juvenile steelhead rearing habitat during rearing months between May and mid-October. 

2.6 Recreation 

The Russian River, Lake Mendocino, and Lake Sonoma offer opportunities for water-based recreation 
within the planning area. These opportunities are dependent on annual surface water supplies, 
reservoir management, and downstream diversions from the Russian River. As such, recreation-related 
vulnerabilities are closely tied to the changes noted for the surface water supply sector. For Lake Mendocino, 
the annual median number of days between May 1 and September 30 with optimal (i.e., no negative impact 
on any recreational activities) conditions for boat-based recreation increases by approximately 1 week 
relative to historical trends. This change occurs due to a decrease in the number of days with higher 
reservoir elevations that exceed thresholds that preclude recreation in and around Lake Mendocino. 
However, the annual median frequency of boat launch closures that fully prohibit motorized boating also 
increases by roughly 2 weeks due to a higher prevalence of lower reservoir storage under future 
conditions. For Lake Sonoma, median conditions are relatively unchanged by future climate conditions, 
with only a 1- to 2-day reduction in optimal reservoir elevations that result in access limitations at only 
one of the three boat ramps. Along the Russian River, the median frequency of water-based recreationally 
suitable days under future climate conditions are projected to decrease relative to historical conditions, 
regardless of location and activity (i.e., boating or fishing).  

2.7 Hydropower 

Releases from Coyote Valley Dam at Lake Mendocino and Warm Springs Dam at Lake Sonoma are used to 
generate hydropower in the Russian River watershed. Changes in the magnitude and distribution of 
reservoir inflows and subsequent reservoir releases throughout the year influence the quantity of 
hydropower production and the reliability of these energy supplies for municipalities and residents within 
the watershed. Similar to the vulnerabilities noted for the surface water supply and recreation sectors, 
Lake Mendocino annual total hydropower generation is projected to decrease by roughly 17% to 19% 
under median future conditions, primarily driven by reduced Eel River imports. Lake Sonoma median 
annual total hydropower generation demonstrates high resilience to future climate conditions, with up to 
a 2% decrease relative to historical trends.  

2.8 Community and Equity  

Russian River watershed communities are increasingly exposed to widespread and intensifying impacts 
from flooding, wildfire, extreme heat, and drought driven water supply disruptions. Climate hazard 
modeling and vulnerability analyses for other water-related sectors show that hazard footprints expand 
substantially under future conditions. Social vulnerability is already high across the region, with 40 to 50% 
of residents typically falling within the moderate to highest sensitivity tiers for each hazard. Many of the 
people who are most socially vulnerable live in places that face the greatest climate hazards, which means 
they experience disproportionate exposure today and in the future. 
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Findings underscore that hazard intensity, geographic reach, and exposure among high sensitivity 
communities all increase substantially across future climate projections. Results of this assessment 
indicate that the people and neighborhoods of Santa Rosa, the Ukiah Valley, the Cloverdale–Healdsburg–
Windsor corridor, and the communities surrounding Lake Mendocino face the most significant and 
compounding climate pressures in the Russian River watershed.  
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Table 3-2. Qualitative Vulnerability Assessment Ratings 

Sector Planning Area Component Sensitivity 
Adaptive 
Capacity Vulnerability 

Surface Water Supply Upper Russian River  Headwaters 4 3 4 

East Fork Russian River 4 3 4 

PVP Diversions 5 4 5 

West Fork Russian River 4 4 5 

Lake Mendocino/Coyote Valley Dam 4 3 4 

Main Stem Russian River  4 3 4 

Middle Russian River Headwaters 4 3 4 

Main Stem 4 3 4 

Lake Sonoma 4 3 4 

Dry Creek 4 3 4 

Alexander Valley 4 3 4 

Lower Russian River  Main Stem Russian River 4 3 4 

Windsor Wells 3 3 3 

Russian River Diversion Facilities 4 3 4 

Sonoma Water 
Transmission System 

Transmission System 4 3 4 

Retail Customer Systems 3 3 3 

Marin Water System 4 3 4 

Lake Stafford 4 3 4 
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Sector Planning Area Component Sensitivity 
Adaptive 
Capacity Vulnerability 

Groundwater Supply Upper Russian River  Potter Valley Groundwater Basin 4 3 4 

Ukiah Valley Groundwater Basin 4 3 4 

Sanel Valley Groundwater Basin 3 3 3 

McDowell Valley Groundwater Basin 3 3 3 

Middle Russian River  Alexander Valley Groundwater Basin (Cloverdale Area)  4 3 4 

Alexander Valley Groundwater Basin (Alexander Area) 4 3 4 

Healdsburg Area Groundwater Basin 3 3 3 

Knights Valley Groundwater Basin 3 3 3 

Lower Russian River  Lower Russian River Valley Groundwater Basin 3 3 3 

Santa Rosa Plain Groundwater Basin 3 3 3 

Rincon Valley Groundwater Basin 3 3 3 

Kenwood Valley Groundwater Basn 3 3 3 

Adjacent Areas Sonoma Valley Groundwater Basin 4 3 4 

Petaluma Valley Groundwater Basin 3 3 3 

Flood Management Upper Russian River  Coyote Valley Dam/Lake Mendocino 4 3 4 

Russian River Floodplain 4 3 4 

Tributaries 4 3 4 

Middle Russian River  Warm Springs Dam/Lake Sonoma  4 3 4 

Dry Creek 3 3 3 

Russian River Floodplain 4 3 4 

Lower Russian River  Central Sonoma Watershed Project 5 4 5 

Tributaries 4 3 4 
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Sector Planning Area Component Sensitivity 
Adaptive 
Capacity Vulnerability 

Laguna de Santa Rosa 4 3 4 

Russian River Floodplain 5 4 5 

Russian River Estuary 4 3 4 

Water Quality Upper Russian River  Ecological 5 2 3 

Regulatory Standards 4 2 3 

Drinking Water & Quality 5 3 5 

Middle Russian River  Ecological 4 3 4 

Regulatory Standards 4 3 4 

Drinking Water & Quality 4 3 4 

Lower Russian River  Ecological 5 3 5 

Regulatory Standards 5 3 5 

Drinking Water & Quality 4 2 3 

Ecosystem Upper Russian River  Aquatic Ecosystems  4 3 4 

Riparian Systems 4 3 4 

Forests and Headwaters 4 3 4 

Middle Russian River  Aquatic Ecosystems  4 3 4 

Riparian Systems  4 3 4 

Forests and Headwaters  4 3 4 

Dry Creek Restoration 4 3 4 

Lower Russian River  Aquatic Ecosystems 4 3 4 

Riparian Systems  4 3 4 

Laguna de Santa Rosa 4 3 4 
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Sector Planning Area Component Sensitivity 
Adaptive 
Capacity Vulnerability 

Russian River Estuary 5 3 5 

Forests and Headwaters  4 3 4 

Hydropower Upper Russian River  PVP 4 2 3 

Lake Mendocino Plant at Coyote Valley Dam 4 2 3 

Middle Russian River  Warm Springs Dam (Lake Sonoma) 4 2 3 

Recreation Upper Russian River Lake Recreation & Tourism (Lake Mendocino) 3 3 3 

River Recreation & Tourism 3 3 3 

Middle Russian River  Lake Recreation & Tourism (Lake Sonoma) 3 3 3 

River Recreation & Tourism 4 3 4 

Lower Russian River  River Recreation & Tourism 4 3 4 

Community & Equity Upper Russian River Ukiah, Redwood Valley, Hopland, and Rural Towns, 
Healdsburg and Windsor 

5 4 5 

Middle Russian River Cloverdale, Geyserville, Vineyard /Farmworker 
Communities 

5 4 5 

Lower Russian River Guerneville, Monte Rio, Forestville, Renter Communities, 
Mobile Homes 

5 4 5 
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4. Quantitative Vulnerability Assessment 

4.1 Purpose 

The quantitative vulnerability assessment builds upon the findings of the qualitative evaluation of 
potential climate impacts to water-related sectors by employing a projection-based modeling framework 
to explore a range of future climate conditions. This framework allows for shifts in the timing and 
magnitude of impacts to be evaluated under a range of plausible future conditions. Because individual 
climate models represent changes in temperatures, precipitation, hydrologic variability, and sea level rise 
differently, the quantitative vulnerability assessment approach characterizes uncertainties in future 
climate trajectories by considering 41 different climate projections.  

For each water-related sector, a series of metrics and indicators are used to inform and evaluate climate 
vulnerabilities under future conditions. Results from the quantitative assessment provide a more detailed 
evaluation of vulnerabilities across the planning area, identifying areas where thresholds are projected to 
be exceeded, risks are evolving, and impacts are shared or cascading across individual sectors. Ultimately, 
these results provide a foundation for identifying and prioritizing adaptation strategies and subsequent 
planning efforts to address the impacts of climate change.  

4.2 Methodology  

The following subsections provide additional details for the development of climate projections and 
hydrologic responses to future conditions, the range of vulnerability indicators and metrics considered for 
each of the eight water-related sectors considered in this assessment, and the suite of analytical tools 
used to support characterization of future climate vulnerabilities.  

4.2.1 Climate Projections and Hydrologic Responses from the Watershed 

Figure 4-1 provides an overview of the application of 41 future climate change projections considered 
in the quantitative vulnerability assessment. In general, historical meteorological data and results from 
15 climate models under coupled with three emissions pathways were used as inputs to the 
U.S. Geological Survey (USGS) Basin Characterization Model (BCM) to simulate historical and future 
hydrological processes throughout the planning area. Simulated hydrologic conditions were then used as 
inputs to a series of analytical tools to aid in sector-specific evaluations. The subsequent subsections 
provide further discussion for assumptions and approaches for representing future conditions under 
climate change. 
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Additional details on the methodology for this sector-specific assessment are highlighted below in 
Section 6. 

4.2.1.3 Downscaling 

To translate the coarse resolution of GCMs into higher resolution for regional applications, California’s 
academic institutions are advancing climate research by implementing hybrid-statistical downscaling 
methods. At UCLA, the Weather Research and Forecasting (WRF) Model is used for dynamic downscaling, 
producing several physically based projections available for public use and application. These projections 
are used to train the Localized Constructed Analogs Version 2 Hybrid (LOCA2-Hybrid) dataset at 
Scripps Institution of Oceanography (Pierce et al. 2023).  

The LOCA2-Hybrid dataset includes bias-corrected GCM outputs that have been adjusted to align with 
meteorological station observations, offering a 3-kilometer resolution over California with temporal 
coverage between 1950 and 2100. For this dataset, downscaling is performed using a selection of GCMs 
that best capture the relevant characteristics of the climate in California. Recommendations for a set of 
GCMs for use in downscaling to support climate change analysis and applications in California are outlined 
in Krantz et al. (2021). This hybrid-statistical downscaling method has generated data for 15 GCMs with a 
total of 199 ensemble runs. A summary of this information is provided in Table 4-1. 

Table 4-1. Summary of CMIP6 LOCA2-Hybrid GCMs 

Item Description 

Downscaling Method Hybrid-Statistically Downscaled / LOCA2-Hybrid 

Institution UCSD - Scripps Institute of Oceanography 

Models 15 models: ACCESS-CM2, CESM2-LENS, CNRM-ESM2-1, EC-Earth3, EC-Earth3-Veg, 
FGOALS-g3, GFDL-ESM4, HadGEM-GC31-LL, INM-CM5-0, IPSL-CM6A-LR, KACE-1-0-
G, MIROC6, MPI-ESM1-2-HR, MRI-ESM2-0, and TaiESM1 

Bias Correction 15 models 

Extent 1950 to 2100 

Spatial Resolution 3-kilometers (California) 

Temporal Resolution Daily (native resolution) and monthly 

Shared Scenario Pathways SSP2-4.5, SSP3-7.0, and SSP5-8.5 

Ensemble Runs This downscaling method created data for 15 GCMs with a total of 199 ensemble runs.  
 

4.2.1.4 Climate Projection Selection 

The Russian River Watershed Resilience Pilot Study utilizes 41 individual climate projections to characterize 
a range of future conditions. These 41 climate projections are aligned with the combinations of SSPs and 
GCMs considered in the LOCA2-Hybrid dataset. It is important to note that not all of the three SSPs 
(i.e., SSP2-4.5, SSP3-7.0, and SSP5-8.5) are used as inputs for each of the 15 recommended GCMs for 
application in California. As such, the total number of climate projections considered in this assessment 
equates to 41 instead of 45.  
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To support assessments of water quality and Forecast-Informed Reservoir Operations (FIRO), a further 
subset of the 41 climate projections has also been used. The selection of this subset was based on the 
ability of individual projections to replicate the changes in selected climatic and hydrological metrics from 
the full list of 41 climate projections that are relevant for the water quality and FIRO assessments. The 
selection of the projection for the water quality assessment is primarily based on the ability to replicate 
projected changes in temperature and flow, while the projections for the FIRO assessment are based on 
the projected changes in flow and flood events. Three future climate scenarios (warm-wet, central 
tendency, and hot-dry) were also developed to characterize distinct ranges of projected hydroclimatic 
conditions. Recommended projections included in this subset are attributed to each of these climate 
scenarios to support characterization of a range of future conditions for the water quality and FIRO 
assessments. 

4.2.1.5 Watershed Hydrology 

Climate projections represent trajectories of temperature and precipitation changes over the planning 
area, but do not characterize watershed-specific responses to climate change. To understand these 
considerations under future climate conditions, a hydrologic model must be used. The Russian River and 
Upper Eel River BCM was developed by USGS in 2009 and serves as a regional water-balance model that 
simulates unimpaired streamflows and evapotranspiration under historical and future climate conditions. 
Several updates have been made over the years to expand spatial domains and improve representations 
of hydrologic processes; the most recent update in 2025 added the watersheds of the Marin County 
reservoirs. The BCM offers 270-meter spatial resolution and daily temporal resolution, with historical 
representation between October 1, 1910 to June 30, 2024 for the Russian River and Upper Eel River and 
October 1, 1981 to June 30, 2024 for portions of Marin and Napa counties. The future climate period 
represented by the BCM is inclusive of January 1, 2015 to January 31, 2100. To-date, the BCM has been 
used in several Russian River water supply planning studies, including the Lake Mendocino Water Supply 
Reliability Evaluation Report (Sonoma Water 2017), Fish Habitat Flow and Water Rights Project Draft EIR 
(Sonoma Water 2016a), and Sonoma Water Climate Adaptation Plan (Sonoma Water 2021). 

PRISM data and LOCA2-Hybrid downscaled GCMs are used as historical and future inputs to the BCM, 
respectively. With each time step, the BCM characterizes unimpaired conditions by balancing precipitation 
and evapotranspiration, sublimation, runoff, recharge, and change in soil storage for each grid cell over the 
model domain. Excess water is infiltrated only when precipitation exceeds potential evapotranspiration. 
Recharge is represented as infiltration that percolates below the zone of evaporation. When soils are fully 
saturated, precipitation is ultimately represented as runoff. The distribution of recharge and runoff at each 
grid cell is dependent on local climate, land cover, and subsurface properties. BCM outputs ultimately 
serve as inputs to many of the analytical tools highlighted below in Section 4.2.2. Additional details of the 
BCM are provided in Attachment C-1. Assessment of various climatic and hydrologic metrics across the 
range of LOCA2-Hybrid downscaled GCM projections and BCM simulations are also discussed in detail in 
Attachment C-1. 

4.2.2 Vulnerability Indicators and Metrics 

To assess sector-specific climate vulnerabilities, a series of potential indicators and metrics were identified 
to serve as the basis for quantitative evaluations. Indicators represent observable aspects of a given sector 
that can be used to characterize that sector under historical and future conditions. Metrics incorporate 
quantitative measurements of certain components of a given indicator. As an example, an indicator for the 
recreation sector is recreational uses; metrics to evaluate this indicator include reservoir water levels and 
river flows that are sufficient for recreational activities. Regional input was also solicited throughout the 
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Tool Use 
Climate Model 
Projections Sector(s) 

Russian River 
Integrated Hydrologic 
Model 

An integrated surface water/groundwater hydrology and 
river operations model that represents surface-
groundwater interactions and uses climate forcings to 
estimate dynamic water use demands. 

CMIP5 GW 

Potter Valley 
Integrated 
Groundwater-Surface 
Water Model 

Simulates surface water flow, groundwater flow, 
groundwater-surface water interactions, 
evapotranspiration from shallow groundwater, and 
agricultural water use and irrigation dynamics for the 
Potter Valley Groundwater Basin. 

N/A GW 

Groundwater 
Sustainability Plan 
Integrated Surface and 
Groundwater 
Computer Models 

Integrated surface and groundwater computer models 
representing surface and subsurface movement of water 
supplies for the Petaluma Valley, Santa Rosa, Sonoma 
Valley, and Ukiah Valley groundwater basins.  

CMIP5 GW 

Russian River Flood 
HEC-ResSim 

Simulates reservoir operations for Lake Mendocino and 
Lake Sonoma.  

CMIP6 FM 

HEC-RAS Simulates river hydraulics in the Russian River and Santa 
Rosa Creek watersheds. 

CMIP6 FM 

HEC-ResSim Water 
Quality Model 

Simulates water quality conditions throughout the 
Russian River watershed using flow, biochemical 
processes, and meteorological inputs. 

CMIP6 (3 
projections only) 

EC, WQ 

Quantified Conceptual 
Model 

Simulates the hydrologic and morphologic behavior of 
bar-built coastal lagoons. 

CMIP6 EC, WQ 

Suitable Habitat 
Acre-day Model 

Estimates the amount of suitable water-quality-based 
juvenile salmonid habitat available within the water 
column at different locations with the Russian River 
Estuary. 

CMIP6 EC, WQ 

Power Tools for 
Hydropower 

Estimates hydroelectric power generation at Lake 
Mendocino and Lake Sonoma using daily reservoir 
storage elevation and release data. 

CMIP6 HP 

Vulnerable 
Communities Platform 

Identifies areas of vulnerability to various climate 
hazards, including extreme heat, flooding, wildfire, and 
drought, and overlays information related to a range of 
socioeconomic factors.  

CMIP5/CMIP6 CE 

Notes: 

CMIP5 = Coupled Model Intercomparison Project Phase 5 

CMIP6 = Coupled Model Intercomparison Project Phase 6 

HEC = Hydrologic Engineering Center 
HMS = Hydrologic Modeling System 
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Tool Use 
Climate Model 
Projections Sector(s) 

N/A = not applicable 
RAS = River Analysis System 
ResSim = Reservoir System Simulation 
USACE = U.S. Army Corps of Engineers 

Sectors: 

SW = Surface Water Supply 
GW = Groundwater 
FM = Flood Management 
EC = Ecosystem 
WQ = Water Quality 
RC = Recreation 
HP = Hydropower 
CE = Community & Equity 
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5. Surface Water Supply Vulnerability Assessment 

5.1 Purpose 

This assessment uses two complementary simulation tools, the Russian River ResSim Model (RR ResSim) 
and the Sonoma Water Decision Support Model (DSM), to evaluate Russian River water supply 
performance and climate vulnerability. Russian RiverResSim is a rule-based model developed by Sonoma 
Water using HEC-ResSim code base developed by the U.S. Army Corps of Engineers that simulates 
reservoir storage, releases, and downstream flow routing based on operational priorities and river flow 
losses and gains. The Sonoma Water DSM is a system-level dynamic model that tracks water-balance 
processes across reservoirs, diversions, demands, and delivery systems to quantify reliability and long-term 
tradeoffs. Together, these models provide a consistent framework for simulating operations under 
historical variability and projected climate conditions. Detailed model documentation is available for both 
the RR ResSim model (Sonoma Water, 2016a) and the Sonoma Water DSM (Jacobs, 2025). 

The modeling framework is designed to assess how reservoir and river operations perform across a wide 
range of hydrologic and operational conditions, with a focus on water supply reliability, flood control 
coordination, and environmental flow requirements. The models simulate existing and alternative 
operational strategies at key components including Eel River diversions, the Russian River mainstem, and 
coordinated operations at Lake Mendocino and Lake Sonoma. The DSM also represents the Sonoma Water 
transmission system and local retail supplies, including dynamic simulation of Marin Municipal Water 
District and North Marin Water District reservoir operations. This supports transparent evaluation of 
tradeoffs among municipal, agricultural, environmental, and hydropower objectives. 

A primary application is to analyze how climate variability and change affect system performance, including 
shifts in inflow timing, extended drought, and evolving operational constraints. The framework tests 
sensitivities to operating rules, demands, and infrastructure under a suite of plausible future scenarios. 

Model outputs support long-term planning by characterizing the frequency, magnitude, and duration of 
water supply shortages and other vulnerabilities. Subsequent phases will apply the models to evaluate 
alternative operational strategies to reduce those vulnerabilities. Results are structured to inform 
stakeholder discussions, compare scenarios on a consistent basis, and integrate water supply findings with 
related ecosystem, recreation, and hydropower analyses. 

5.2 Methodology 

Both Russian River ResSim and the Sonoma Water DSM represent the system as a network of reservoirs, 
river reaches, and junctions, including the Eel River to capture transfer flows from the PVP and the New Eel 
Russian Facility (NERF). In both platforms, Lake Mendocino and Lake Sonoma are modeled using explicit 
storage, elevation, and area relationships, along with evaporation, outlet and spillway characteristics, and 
operational constraints related to flood control, water supply, and environmental flows. The Sonoma 
Water DSM expands beyond the reservoir and river domain to simulate Sonoma Water’s transmission 
system, retail customer service areas, and local surface water supplies, including dynamic operations of 
Marin and North Marin reservoirs and associated delivery rules. The two platforms operate independently 
but use consistent operating rules within the Russian River domain to support comparable results. 

Both models operate on a daily time step, which is appropriate for long-term storage dynamics, allocation 
decisions, and flow compliance. Simulations use an ensemble of 41 global climate model scenarios to 
represent a wide range of plausible hydrologic conditions. The models include a historical reference 
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period and a future period conditioned by climate projections and are run continuously from water year 
1950 to 2100. Vulnerability assessment results are summarized for three 30-year periods: 1981 to 2010 
Historical period, 2041 to 2070 Mid-Future period, and 2071 to 2100 Late-Future period. 

The Eel River transfers into the Russian River are represented in both models to capture availability, 
timing, and operational constraints. The Eel River domain includes Lake Pillsbury storage, minimum 
instream flows, and diversions to the Russian River watershed. Although logic exists for releases into the 
Eel River below Lake Van Arsdale, it is not considered for this assessment. Transfers through the PVP are 
simulated through 2035 consistent with the operations included in PG&E’s application for a Non-Capacity 
License Amendment submitted in January 2025. Beginning in 2035, Lake Pillsbury is assumed to be 
decommissioned and drained as operations transition away from PVP. Following the decommission of 
PVP, two Eel River transfer operational scenarios were simulated to capture the range in uncertainty in 
Eel River transfers to the Russian River: (1) No PVP, which ends Eel River transfers starting in 2035, and 
(2) NERF, in which PVP transitions to NERF beginning in 2035. The PVP diversion capacity is assumed to 
be 240 cubic feet per second (cfs) and the NERF diversion capacity is assumed to be 300 cfs. No new 
storage capacity in Potter Valley to capture NERF diversions is assumed in the baseline simulations.  

Reservoir and river operations are encoded using rule-based frameworks that reflect existing policies and 
regulatory requirements. Both platforms implement Lake Mendocino and Lake Sonoma flood control 
guide curves and FIRO storage zones. Release priorities reflect flood management, water supply, and 
environmental flow needs. Minimum instream flow requirements are consistent with Sonoma Water’s 
water rights defined in Decision D1610, with a Biological Opinion required reduction in summer minimum 
instream flow requirements during Normal water supply conditions. The minimum instream flow 
schedules are set by a hydrologic index based on Lake Mendocino storage, which is consistent with 
operations defined in Temporary Urgency Change Petitions submitted by Sonoma Water and approved by 
the State Water Resource Control Board in 2023 through 2025. Initial model reservoir storage is set to 
observed values on September 30, 2025. Evaporation is based on climate model projections, with a 
unique evaporation series for each of the 41 scenarios. Storage elevation curves projected for 2050 are 
used to represent capacity changes from sedimentation. 

The Sonoma Water DSM represents the Sonoma Water transmission system, including Mirabel and Wohler 
diversions, Santa Rosa Plain groundwater wells, pipelines, pump stations, storage tanks, and aqueduct 
turnouts. Each retail customer is represented with all available water sources, including aqueduct deliveries, 
local groundwater, recycled water, and local surface water. For North Marin Water District (NMWD) and 
Marin Municipal Water District (MMWD), the DSM dynamically simulates operations of Lake Stafford, and 
Soulajule, Nicasio, Kent, and Phoenix reservoirs. Source priorities and delivery limits are applied to reflect 
operational practice, with recycled water and groundwater generally prioritized in dry years. 

Key inputs are harmonized across the two models. Hydrologic inputs include 41 historical and projected 
unimpaired flow series for 2 Eel River and 10 Russian River locations (Figure 5-1), and 7 additional inflows 
to MMWD and NMWD reservoirs in the DSM (described in Attachment C-1). System depletions include 
municipal, agricultural, riparian vegetation depletion, and losses to groundwater estimates along the 
Russian River and retail customer demands that account for local supplies. Retail customer supply and 
demand reflect 2025 observed conditions for 1950 to 2025 and follow 2020 Urban Water Management 
Plan projections through 2045, adjusted with recent population projections. After 2045, demands 
increase in proportion to Sonoma and Marin county population projections, with 86% of county 
populations assumed to be served by Sonoma Water. MMWD and NMWD local surface supplies are 
dynamically simulated throughout the period. For municipal depletion estimates along the Russian River, 
demand projections for 2025–2040 are based on supplier-specific data from their 2020 Urban Water 
Management Plans. For suppliers without an available 2020 Urban Water Management Plan, a regional 
growth assumption is made. From 2040 to 2100, demands are estimated solely based on the 2020–2040 
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population growth trajectory. Reach depletion estimates assume current depletion patterns from 1950 
through 2025. After 2025, these current depletion patterns are then adjusted proportionally according to 
the projected net effects of evapotranspiration and precipitation under each climate scenario. 

Figure 5-1. Russian River ResSim Schematic 
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Figure 5-3. Lake Sonoma September 30 Storage Across All Scenarios by Water Year Period 

No Future Eel River Transfers (No PVP) 

 
NERF Operations 

 

Figure 5-4 shows the simulated storage for Lake Mendocino and Lake Sonoma under one climate model 
projection (EC-Earth3 5-8.5) for both the No PVP and NERF scenarios. This figure illustrates a particularly 
notable future climate trajectory for the Russian River system in that the model produces three severe, 
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multi-year droughts that each persist for roughly 2 to 7 years, placing substantial strain on both 
Lake Mendocino and Lake Sonoma storage within only three decades.  

Figure 5-4. Lake Mendocino and Lake Sonoma Storage Volume for Future Projection EC-Earth3 5-8.5 
for Two Baseline Scenarios: (1) No PVP, which ends Eel River transfers starting in 2035, and (2) NERF 
Operations, in which PVP transitions to NERF beginning in 2035 

 

Under the EC-Earth3 5-8.5 climate scenario, the No PVP operational scenario (PVP through 2034 and no 
transfers afterwards) generally produces lower Lake Mendocino storage for most of the period from 2035 
to 2100; about 85% of days are lower than under the NERF scenario (PVP through 2034 and NERF from 
2035). On average, Lake Mendocino storage under the NERF scenario is approximately 6.4�×thousand 
acre-feet higher (KAF). During late spring and summer, the storage under the NERF scenario averages 
about 7.2�×KAF higher than the no-transfer scenario.  

This effect is especially pronounced during multi-year droughts. In the 5-year drought occurring in the 
2090s, storage under the no transfer scenario never rebounds above roughly 34 KAF, remaining 
substantially below NERF throughout the entire drought sequence and limiting opportunities for recovery 
between dry years. Taken together, the sensitivity indicates that the absence of Eel River transfers can 
compound climate-driven stress by keeping storage lower for longer periods, reducing late-season 
availability, and dampening rebound potential between dry years—context for operations that sits 
alongside (but is distinct from) the climate focused findings in this study. 
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Lake Mendocino is increasingly stressed across future scenarios. Annual September 30 storage declines 
relative to the historical period, and the frequency of years falling below critical planning thresholds 
increases. Longer and more severe drought sequences also emerge, reducing the ability to recover storage 
between dry years. As storage declines become more frequent, the ability to maintain releases for 
downstream water users becomes more challenging in some years. Sensitivity analyses confirm that 
reduced or highly variable Eel River transfers further amplify these challenges. 

Upper Russian River water users face the greatest increases in shortage risk. Depletion shortfalls increase 
above historical levels in both mid- and late-century periods, and the frequency and magnitude of 
shortfalls are highest under scenarios with reduced Eel River transfers. Potter Valley agriculture is 
particularly vulnerable, with late-spring and summer supplies unavailable in many future years unless 
significant adaptation measures are implemented. 

Lower Russian River water users experience fewer direct impacts but still face increasing pressures from 
longer and more severe drought conditions. Lake Sonoma storage remains relatively stable across most 
simulations, yet several future projections include years with storage lower than historical lows. Although 
most model scenarios continue to meet Sonoma Water retail demands without shortages, a small number 
of future years show shortfalls, particularly when local Marin surface supplies experience multi-year 
drought conditions and increase their reliance on Russian River water. 

Despite these challenges, the analysis indicates that operational adaptation and water management 
actions can reduce impacts. Opportunities include refining reservoir operating rules, strengthening 
demand management, expanding local supply strategies, and improving coordination between upstream 
and downstream operational priorities. These strategies can help enhance system resilience and support 
long-term water supply reliability for communities, agriculture, ecosystems, and regional partners. 
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6. Groundwater Supply Vulnerability Assessment 

6.1 Purpose 

The purpose of the Groundwater Supply Vulnerability Assessment is to evaluate potential vulnerabilities to 
groundwater resources in response to projected changes in climate throughout the Russian River 
watershed area, as well as for underlying groundwater aquifers in areas that receive Russian River water in 
Sonoma Water’s service areas (i.e., Adjacent Areas). The study area includes four groundwater basins 
managed by local Groundwater Sustainability Agencies (GSAs): that is, the Ukiah Valley Basin, Santa Rosa 
Plain, Petaluma Valley, and Sonoma Valley groundwater basins. A combination of studies, models, and 
data sources were used to assess potential groundwater vulnerabilities, including a groundwater modeling 
study of the Russian River watershed completed in 2025 by the U.S. Geological Survey (Adera et al. 2026), 
the GSPs developed for each of the four groundwater basins managed by their respective GSAs, and the 
Water Shortage Availability Analysis developed by the California Department of Water Resources (DWR).  

6.2 Methodology 

Evaluation of groundwater resources vulnerability relies on estimates of groundwater water budget 
components, including groundwater inflows (e.g., recharge, stream leakage, inflows from adjacent 
groundwater basins, etc.), groundwater outflows (e.g., groundwater discharge to streams, groundwater ET, 
outflows to adjacent basins, etc.) and changes in groundwater storage, each estimated under historical, 
current, and future climate conditions.  

6.2.1 GSFLOW Watershed Analysis 

For the Russian River hydrologic watershed area, groundwater resources vulnerability was assessed with 
the USGS’s modeling study (Adera et al. 2026), which relies on an integrated surface-groundwater 
hydrology and river operations model, the Russian River Integrated Hydrologic Model (RRIHM). The 
RRIHM simulates surface-groundwater processes using GSFLOW (Markstrom et al. 2008), reservoir 
operations and priority-based water allocations using MODSIM (LaBadie 2005), as well as soil-moisture-
dependent agricultural water allocation usings the AG Package (Niswonger 2020). The model simulates a 
historical period from 1990–2015, as well as future conditions (2015–2099) under eight CMIP5 climate 
forcings (Figure 6-1). Future climate simulations were run with no interbasin water transfers from the PVP. 
In addition, a variation of the historical scenario was also simulated with no PVP transfers to allow for 
direct comparison of hydrologic response for the historical period and under climate change.  

Assessment of future groundwater vulnerabilities was achieved by comparing relevant groundwater 
budget components (e.g., groundwater storage, surface-groundwater exchange) under historical and 
climate change simulations. 
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Figure 6-1. Eight GCM Climate Future Scenarios Simulated by the RRIHM Plotted as Departure from 
Historical Mean Precipitation and Temperature Values 

 
Source: Adera et al. 2026  

6.2.2 Groundwater Sustainability Plan Summaries 

During development of the GSPs for the Santa Rosa Plain, Petaluma Valley, and Sonoma Valley, separate 
groundwater flow models were developed for areas that encompass each groundwater subbasin to 
support development of water budgets (land, surface water, and groundwater), development of 
Sustainable Management Criteria, and to evaluate potential projects and management actions to support 
sustainable management of the groundwater subbasins. As part of GSP requirements, 50-year projections 
of future conditions were required to evaluate sustainability over the 50-year Sustainable Groundwater 
Management Act planning horizon. 

Table 6-1 provides a summary of the groundwater models used and the projected time periods and 
climate assumptions used to develop the future projections, as part of GSP development, for each 
groundwater subbasin. Summaries based on the evaluation of these projected conditions in the GSPs will 
be summarized under Section 6.3 for each groundwater subbasin. 
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aquifers with favorable aquifer and streambed hydraulic properties, namely in portions of the Ukiah Valley, 
Alexander Valley, and the Lower River (Figure 6-2). These results demonstrate the close interdependence 
of surface water and groundwater in the watershed and highlight their shared vulnerabilities.  

Figure 6-2. Spatial Distribution of Streamflow Depletion Factors, Simulated for the 1990–2015 
Simulation Period 

 
Source: Adera et al. 2026 
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6.3.2 Results from the Eight Climate Change Simulations 

The eight climate change scenarios used to simulate hydrologic response under climate change vary in the 
magnitude of departure for both temperature and precipitation from historical baseline, with scenarios 
showing increases in mean temperature of 2.0 to 5.2°F and increases in mean annual precipitation of 
2.0 to 18.7 inches for the 2015–2099 future simulation period as compared to historical baseline. 
Increases in precipitation primarily occur during the wet season (Figure 6-3). Future climate change 
simulations of the Russian River watershed show both greater seasonal and interannual hydrologic 
variability, with 59% longer and 54% more severe streamflow droughts, as well as lower dry-season and 
greater wet-season runoff (0.74× and 1.25× change from historical baseline, respectively; Figure 6-4). 
Increased temperatures result in an earlier seasonal onset of ET demands during the wet season as well as 
earlier declines in ET during the dry season (Figure 6-5). 

Given the close interconnection between the Russian River and the alluvial aquifer systems along the 
river’s corridor, increases in hydrologic volatility and attendant changes in streamflow response under 
climate change have follow-on impacts on groundwater resources. In general, groundwater response 
shows amplified seasonal swings in storage, with greater increases in storage during the wet season and 
greater reductions in storage in wet-to-dry and dry seasons (Figure 6-6). These larger-amplitude seasonal 
swings are driven by greater wet-season stream leakage and greater groundwater discharge to streams in 
wet-to-dry and dry seasons (Figure 6-7).  

Figure 6-3. Seasonal Precipitation Volumes Under Historical and Future Climate Scenarios Across the 
Russian River Watershed 
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Figure 6-4. Seasonal Runoff Volumes Under Historical and Future Climate Scenarios Across the 
Russian River Watershed 

 

 

Figure 6-5. Seasonal Evapotranspiration Volumes Under Historical and Future Climate Scenarios Across 
the Russian River Watershed 
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Figure 6-6. Seasonal Changes in Groundwater Storage Volumes Under Historical and Future Climate 
Scenarios Across the Russian River Watershed 

 
 

Figure 6-7. Seasonal Groundwater/Surface Water Exchange Volumes Under Historical and Future 
Climate Scenarios Across the Russian River Watershed 

 

Future climate simulations show increases in the intensity and duration of multi-year droughts in the 
Russian River watershed. The ability of Lake Mendocino to make releases during the dry season has been 
shown to be sensitive to drought conditions and is exacerbated when interbasin transfers through the PVP 
cannot occur. Under the most extreme drought conditions, storage in Lake Mendocino may drop below 
dead pool storage, and no releases can be made to the Upper Russian River. Under these conditions, flows 
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effectively drop to zero cfs until the confluence with Dry Creek where releases from Lake Sonoma (which is 
significantly more reliable) are able to sustain flow in Dry Creek and the Lower Russian River. 

Future climate simulations with GSFLOW were used to assess impacts to groundwater resources under the 
combined pressure of (1) drought conditions and (2) in the absence of PVP transfers. Results show 
increased frequency of occurrence of Lake Mendocino reaching dead pool conditions where releases 
cannot be made as compared to a no PVP transfer scenario simulated under historical conditions. For the 
warmest and driest of the eight GCM forcings (HadGEM2-ES RCP 8.5), several intense multi-year droughts 
were simulated during the hypothetical 2015–2099 simulation period, including a 5-year drought 
(2019-2023) in which Lake Mendocino dropped below dead pool storage for a cumulative 524 days 
during a three-year period. This particular drought was selected to evaluate the impacts of drought and 
Lake Mendocino reliability on groundwater resources. 

Under historical conditions, model results suggest that aquifer systems along the Russian River have little 
interannual groundwater storage variability, because seasonal groundwater storage losses accumulated 
during dry season are typically replenished to capacity each winter season. However, during drought 
conditions where Lake Mendocino drops below dead pool storage and releases cannot be made into the 
Upper Russian River (i.e., during the hypothetical 2019–2023 drought simulated with a the HadGEM2-ES 
RCP 8.5 GCM) significant year-over-year declines in groundwater storage are estimated for aquifer 
systems along the Upper Russian River (Figure 6-8). During the same period, only small year-over-year 
declines were estimated for aquifer systems along Dry Creek, where releases from Lake Sonoma sustained 
surface flows. This result highlights the vulnerability of Upper Russian River aquifer systems (e.g., the 
Ukiah, Sanel, and Alexander Valleys), which rely, in part, on stream leakage from the Russian River to 
modulate groundwater storage losses.  

Figure 6-9 shows how surface-groundwater exchange shifts under dry-season conditions when releases 
can’t be made into the Upper Russian River and surface flows effectively drop to zero cfs. Under these 
conditions, surface-groundwater exchange shifts from net positive to net negative stream-to-aquifer flux 
in the Upper River. When averaged over the entire 2015–2099 simulation period, June to October net 
surface-groundwater exchange volumes are reduced by roughly 3,000 ac-ft in years where Lake 
Mendocino drops below dead pool storage for more than one month and releases cannot be made into 
the Upper Russian River (Figure 6-10).  
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Figure 6-8. Simulated Cumulative Groundwater Storage Change for Aquifer Systems Along the Upper 
Russian River and Dry Creek During a Hypothetical 5-year Drought Period 

 

Figure 6-9. Simulated Net Surface-Groundwater Exchange for Aquifer Systems Along the Upper Russian 
River and Dry Creek During a Hypothetical 5-year Drought Period 
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Figure 6-10. Simulated Cumulative Net June to October Surface-Groundwater Exchange for Aquifer 
Systems Along the Upper Russian River and Dry Creek, Partitioned by Years in Which Lake Mendocino 
Drops Below Dead Pool Storage 

 

6.3.3 Groundwater Sustainability Plan Summaries 

To support evaluation of groundwater supply vulnerability in the Study Area, summaries of groundwater 
conditions from the Ukiah Valley, Santa Rosa Plain, Petaluma Valley, and Sonoma Valley GSPs are 
provided in subsequent sections. It is important to note that GSAs are required to submit annual reports, 
periodic evaluations, and event amendments to the GSPs. The summaries provided herein are based on 
the GSPs that were published at the time of this study. As more data is collected, modeling tools are 
updated, and refinements are made to the understanding of historical and groundwater conditions in 
these subbasins, the groundwater conditions presented in the following sections are subject to change. 

6.3.3.1 Ukiah Valley 

As part of GSP development, groundwater budgets were developed for the Ukiah Valley Subbasin to 
evaluate groundwater conditions under historical, current, and projected conditions. Table 6-2 presents a 
summary of average annual groundwater budget terms for the historical, current, and projected conditions 
for the Ukiah Valley Subbasin. These groundwater budget terms represent all inflows and outflows from 
the Ukiah Valley Subbasin as simulated in UVIHM. Comparison of historical, current, and future baseline 
groundwater budget terms indicates that less recharge and stream loss to groundwater is expected under 
future baseline conditions as compared to historical and current conditions. The recharge and stream loss 
to groundwater terms are projected to further decrease under the Climate Change 2030 and Climate 
Change 2070 scenarios. Projected municipal groundwater pumping is expected to remain similar to current 
conditions, while agricultural groundwater pumping is projected to increase under projected conditions. 
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Table 6-2. Average Annual Groundwater Budget under Historical, Current, and Projected Conditions for 
the Ukiah Valley Subbasin 

Water Budget Term 

Historical 
(WY 1992 to 
2018) (AFY) 

Current 
(WY 2015 to 
2019) (AFY) 

Future 
Baseline 

(WY 2019 to 
2070) (AFY) 

Climate 
Change 2030 

Scenario 
(WY 2019 to 
2070) (AFY) 

Climate 
Change 2070 

Scenario 
(WY 2019 to 
2070) (AFY) 

Groundwater Boundary 
Inflow 

5.3 5.3 5.3 5.3 5.3 

Deep Percolation/ 
Recharge 

5,422.8 6,254.2 5,123.1 1,949.4 4,100.1 

Stream Loss to 
Groundwater 

3,660.7 3,137.3 818.8 1,363.7 1,031.8 

Inflow From Upper 
Watershed 

4,611.7 4,588 4,512.2 4,404.4 4,183 

Municipal Pumping 1,854.7 1,069.5 1,069 1,069 1,069 

Agricultural Pumping 4,630 4,429 4,914 4,914 4,914 

Stream Gain from 
Groundwater 

3,632.2 4,463.7 4,889.5 2,152 3,758.9 

Groundwater Outflow 
from Basin 

1 1 1 1 1 

6.3.3.2 Santa Rosa Plain 

As part of GSP development, groundwater budgets were developed for the Santa Rosa Plain subbasin to 
evaluate groundwater conditions under historical, current, and future conditions. As part of the 
groundwater budgets, a summary of the annual average change in groundwater storage for each summary 
period was presented. Table 6-3 provides a summary of the annual average change in groundwater 
storage for historical, current, and projected conditions. On average, the historical and current periods 
both show a negative change in groundwater storage with a larger magnitude in the change in 
groundwater storage under current conditions. The larger magnitude under current conditions is a result 
of recent dry drought periods contributing to larger declines as compared to the historical period. 
Similarly, the projected annual average change in groundwater storage for the first 20-years of the future 
period (WYs 2021 to 2040) and the full 50-year future period (WYs 2021 to 2070) both show negative 
changes in groundwater storage, on average. As described in the Basin Setting Chapter1 of the GSP, the 
first 30-years of the projected period experiences a moderate increase in groundwater storage, followed 
by a more rapid decline from WYs 2046 to 2070. Elevated average precipitation in the first 30 years of the 
projected simulation contribute to the larger increases in groundwater storage as compared to the 
increasing warm and dry climate of the last 20-years of the simulation. Additionally, a 25% increase in 
groundwater outflows occurs during the projected period resulting from an increase in groundwater 
pumping and groundwater ET. Increased temperatures and drier conditions contribute to higher 

 
 
1 https://santarosaplaingroundwater.org/wp-content/uploads/Section-03_BasinSetting_SRP_GSP_Final_508.pdf 
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Figure 6-11. (a) DWR’s Water Shortage Physical Vulnerability Total Score Within the RRWRP Study Area. (b) DWR’s Water Shortage Physical Vulnerability 
Total Score Filtered to Only Include Bedrock Areas and Areas with Domestic Well Users. 

 



Russian River WRP 

 

 
  
260320094600_ddf02df4 6-18 

 

After limiting the extent of DWR’s dataset to the RRWRP study area, and to only include the bedrock areas 
and areas where the domestic well count is greater than zero (Figure 6-11b), a percent exceedance plot of 
the total score was created to evaluate the distribution of the physical vulnerability total score in the study 
area (Figure 6-12). Using the exceedance plot, percent exceedance thresholds were selected to subdivide 
the distribution of physical vulnerabilities total scores into five distinct bins representing: Low, Moderate-Low, 
Moderate, Moderate-High, and High vulnerability. For example, total score values (y-axis on Figure 6-12) 
ranging from a value of 30 to 37 were assigned a Moderate-Low rank. Figure 6-13 shows the physical 
vulnerability rank throughout the RRWRP study area based on assigning the total score value one of the 
five vulnerability ranks based on where the total score value falls along the exceedance plot. In general, the 
areas where users are reliant on groundwater and reside in bedrock areas of the RRWRP study area are 
limited. However, in some cases there are broader extents of Moderate and Moderate-High physical 
vulnerability and only sparse distributions of areas with High physical vulnerability. 

Figure 6-12. Exceedance Plot of Physical Vulnerability Total Score used to Assign Qualitative 
Vulnerability Ranking’s for the Areas Dependent on Bedrock Groundwater Supplies 
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Figure 6-13. Map of Ranked Physical Vulnerability for Bedrock Areas of RRWRP Study Area 

 



Russian River WRP 

 

 
  
260320094600_ddf02df4 6-20 

 

6.4 Summary 

Results from the RRIHM modeling study show the close interconnection between surface water and the 
alluvial aquifer systems underlying and adjacent to the Russian River within the watershed. Under historical 
conditions, model results suggest that aquifer systems along the Russian River have little interannual 
groundwater storage variability because seasonal groundwater storage losses accumulated during the 
dry season are typically replenished to capacity each winter season. However, seasonal declines in 
groundwater storage can result in depletions in streamflow along the Russian River. In aggregate, net 
surface-groundwater exchange was from streams to aquifers, with 5 to12% of total streamflow 
contributing to stream depletion to groundwater. Model results also suggest that stream depletion by 
groundwater pumping is a significant component of the water budget for the alluvial aquifer systems 
along the Russian River, with an estimated 19% of pumped groundwater originating from stream 
depletion, with particular” hot spots” for streamflow depletion occurring in alluvial aquifers in portions 
of the Ukiah Valley, Alexander Valley, and the Lower River. These results demonstrate the close 
interdependence of surface water and groundwater in the watershed and highlight their shared 
vulnerabilities.  

Future climate change simulations of the Russian River watershed show both greater seasonal and 
interannual hydrologic variability, with droughts occurring more frequently and with greater intensity. 
Given the close interconnection between the Russian River and the alluvial aquifer systems along the 
river’s corridor, groundwater response follows these shifts, generally amplifying seasonal swings in 
storage, with greater increases in storage during the wet season and greater reductions in storage in 
wet-to-dry and dry seasons. Under the combined future stressors of (1) intensified drought conditions and 
(2) potential cessation of interbasin transfers of Eel River water, Lake Mendocino reliability is potentially 
reduced. GSFLOW simulates a significant increase in occurrences where Lake Mendocino drops below dead 
pool storage and releases cannot be made into the Upper Russian River. Under these conditions, 
groundwater replenishment from stream depletion is effectively cut off, amplifying dry-season 
groundwater storage declines and contributing to year-over-year storage declines in aquifer systems 
along the Upper Russian River. For aquifer systems along Dry Creek, where releases from the significantly 
more reliable Lake Sonoma sustain year-around flows, large year-over-year groundwater storage declines 
do not occur during the same simulated drought periods, highlighting the importance of surface water 
replenishment of groundwater in these systems.  

Based on the evaluations performed to support GSP development, changes in groundwater storage are 
sensitive to climate and hydrologic conditions where increases in groundwater storage occur during the 
wet periods when recharge from precipitation and streamflow tends to be higher. Decreases in 
groundwater storage tend to occur during drier periods when recharge from precipitation and streamflow 
tends to be lower and when groundwater pumping to meet agricultural demands is higher due to 
increased temperatures. In summary, groundwater inflows are generally larger during wet years and 
smaller during drier years which has a larger influence on the change in groundwater storage over time. 
Additionally, increased temperature and decreased precipitation cause an increase in agricultural demand 
which can lead to increased groundwater pumping causing larger declines in groundwater storage during 
the drier periods. For the Petaluma Valley and Sonoma Valley, which are adjacent to San Pablo Bay, 
projected sea level rise assumptions were incorporated in the groundwater modeling used to support 
development of the GSP. Projected groundwater budgets for the Petaluma Valley and Sonoma Valley both 
suggest that inflow from the tidally influence Petaluma River and San Pablo Bay are projected to increase 
due to impacts of sea level rise. Increased inflow from San Pablo Bay could cause seawater to advance 
inland, however, available data does not indicate increasing trends in salinity at wells near San Pablo Bay. 
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Historic hourly precipitation records were used to construct a six-year synthetic rainfall record that 
included the six return interval events in order from smallest to largest, using the full year of historical 
rainfall for each event. This approach allowed for a single 6-year long HMS simulation. 

In Santa Rosa, the study estimated precipitation using target return interval flood events instead of historic 
events. The flow frequency analysis used modeled results from Santa Rosa Creek at the Pierson Street 
gage (Pierson Street, United States Geological Service gage 11466200) to quantify return interval flows 
summarized in Table 7-1. Since the return periods utilized in this study are based on flows at the 
Hacienda Bridge and Pierson Street locations, they may not correspond to the same recurrence intervals at 
other locations within the watersheds. The elongated shape of the Russian River watershed has a strong 
influence on the local return interval magnitude of a given storm, as a high rainfall event in the upper 
watershed might not coincide with a high rainfall event in the lower watershed. A 50-year event in 
Guerneville could be a 25 or 100-year event in Ukiah and Cloverdale. 

Table 7-1. Historical Flood Events and Peak Flows 

Return Period (year) Event Date Peak Flow (cfs) Peak Stage (Gage Height, feet)* 

Russian River at Hacienda Bridge Near Guerneville (USGS 11467000) 

100 2/18/1986 102,000 48.56 

50 1/9/1995 93,900 48.01 

25 1/1/2006 86,000 44.26 

10 1/1/1997 82,100 44.99 

5 12/2/1981 67,200 40.09 

2 1/3/2002 44,000 33.43 

Santa Rosa Creek at Santa Rosa (Pierson Street, USGS 11466200) 

100 N/A 10,170 145.1 

50 N/A 9,800 144.7 

25 N/A 8,570 143.7 

10 N/A 6,780 141.8 
* Hacienda Bridge Gage Height is 22.33 feet above NAVD88, Santa Rosa Creek elevations are feet NAVD. 

Future climate change conditions were evaluated for two planning horizons, Mid-Future and Late-Future, 
under two SSP trajectories, SSP2-4.5 to capture an intermediate emissions pathway and SSP5-8.5 
representing a high emissions pathway. This provides a bookend of likely results for the full range of 
future climate change conditions used in other facets of the vulnerability analysis. For each return period 
and climate scenario, the corresponding precipitation scaling factors for the 24-hour storm are 
summarized in Figure 7-2. These scaling factors were developed from estimates for future rainfall based 
on LOCA2-Hybrid downscaled CMIP6 GCMs developed by Environmental Science Associates (ESA) on 
behalf of Sonoma Water (ESA 2024). Scale factors were averaged from rasters covering the Russian River 
watershed into 19 sub-watersheds for the Russian River HMS model, and applied to each individual 
sub-basin in HMS. Figure 7-2 presents the watershed-averaged fractional increase in 24-hour 
precipitation for the four climate scenarios and six storm magnitudes. For the Santa Rosa Creek HMS 
model, scaling factors from the same source were applied to each of 76 individual subbasins for the 
baseline and future climate simulations.  
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generally more recent, it is assumed that the detailed 1D model results generate accurate flood in the 
northern half of the system. FEMA maps in the Guerneville area have been recently updated and generally 
match well with the HEC-RAS model results.  

Increases in peak flows through the system are significant under future climate scenarios, with peak flows 
at Hacienda Bridge projected to increase from 73,400 cfs in baseline conditions to 94,400 cfs under Mid-
Future conditions and 118,900 cfs under Late-Future conditions for the 100-year precipitation event 
based on the 1986 precipitation dataset. These increases in modeled flow translate to peak stage 
increases of 3.8 and 4.7 feet near Guerneville for the 100-year flood.  

Inundation maps were used to quantify impacts to both residences and population in the watershed 
through a GIS analysis. Sonoma Water provided a georeferenced database of all structures in the county, 
with classification information detailing residences, outbuilding, commercial, and other structures. FEMA’s 
LandScan database provided population estimates on a raster grid covering the watershed. These two 
databases were used along with shape files of estimated inundation extents to quantify the number of 
structures, residences, and people within various floodplains, both under present and future climate 
conditions.  

The elongated nature of the watershed and the relatively narrow floodplain complicate presentation of 
results for the full watershed, but representative samples are provided in the following figures. Figure 7-3 
presents an example of structures in Geyserville at risk of flooding under future climate. Figure 7-3 shows 
three polygons of increasingly larger width indicating increased flows under baseline and two future 
climate scenarios. Multiple structures on the west bank are projected to be impacted by flooding under the 
late-future scenario despite being currently out of the 100-year floodplain. Similar examples of structures 
at risk under future climate are presented in Figure 7-4 (Guerneville), Figure 7-5 (Healdsburg), and 
Figure 7-6 (Cloverdale). 

Figure 7-7 presents inundation maps for Santa Rosa, focusing on the area north of Santa Rosa Creek and 
East of Highway 101. The light green band reflects estimates of flooding under current climate at the 
100-year return interval event. With increased precipitation by Mid-Future (585 scenario), flooding extends 
out to areas covered in yellow. With Late-Future precipitation (LF-585), flooding extends to areas shown in 
red. Figure 7-8 presents a similar image for the area west of Highway 101 and north of Highway 12. 

Figure 7-9 and Figure 7-10 reflect projected changes to flood impacts on residential structures in the 
Russian River and Santa Rosa Creek watersheds. Results are presented as the percent increase in the 
number of residential structures flooded from the Baseline simulation to projected future simulations for 
the 25-, 50-, and 100-year events. Future scenarios considered include Mid-Future and Late-Future under 
high emissions (SSP5-8.5) climate scenarios. For the 25-year flood event, model results indicate that 
approximately 20% more structures in the Russian River watershed will flood under the Mid-Future 
scenario and 47% more in the Late-Future scenarios. For the 100-year flood event, increases could reach 
24% by Mid-Future and 97% by Late-Future. The majority of impacted residences are in the lower Russian 
River, where homes are situated nearer to the river. 
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Figure 7-3. Sample of Structures at Risk near Geyserville with Modeled Increased Inundation under 
Future Climate (Baseline, Mid-Future, and Late-Future 100-year event) 

 

Figure 7-4. Sample of Structures at Risk near Guerneville with Modeled Increased Inundation 
under Future Climate (Baseline, Mid-Future, and Late-Future 100-year event) 
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Figure 7-5. Sample of Structures at Risk near Healdsburg with Modeled Increased Inundation 
under Future Climate (Baseline, Mid-Future, and Late-Future 100-year event) 

 

Figure 7-6. Sample of Structures at Risk near Cloverdale with Modeled Increased Inundation 
under Future Climate (Baseline, Mid-Future, and Late-Future 100-year event) 
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