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Memorandum 

To: Jason Sun / United Water Conservation District (UWCD) 
 

Copy: Dan Detmer / UWCD 
 

From:  John Porcello / GSI Water Solutions, Inc. 
 Jim Rumbaugh / Environmental Simulations, Inc. 
 Sorab Panday, Ph.D. / GSI Environmental, Inc. 

Date: August 19, 2021 

Re:   Expert Panel Review of the Expansion and Update to the 
Ventura Regional Groundwater Flow Model  
(Ventura County, California) 

Introduction 
The United Water Conservation District (UWCD) has developed a numerical groundwater flow 
model of a series of interconnected groundwater basins in the southern portion of Ventura 
County, California where UWCD is charged with managing, protecting, conserving, and 
enhancing the region’s water resources. This regional model initially was constructed for the 
four westernmost groundwater basins along the coast in southern Ventura County (the Oxnard, 
Pleasant Valley, West Las Posas, and Mound groundwater basins) and is referred to as the 
“Coastal Plain Model” in this memorandum and in a June 2021 report (UWCD, 2021a). The 
development and calibration of the Coastal Plain Model is documented and referred to as the 
VRGWFM in a report that also presented the underlying hydrogeologic conceptual model for 
those four groundwater basins (UWCD, 2018). The newest version of the numerical 
groundwater flow model (herein referred to as the Regional Model) expanded the Coastal Plain 
Model by adding three other groundwater basins (Piru, Fillmore, and Santa Paula) that occupy 
the alluvial valley of the Santa Clara River in the eastern portion of the county. The effort to 
expand and calibrate the model in the Piru, Fillmore, and Santa Paula groundwater basins was 
completed in August 2020 and documented in a June 2021 report (UWCD, 2021a). The report 
focuses on conceptual and numerical models for these three added groundwater basins but also 
discusses pertinent aspects of model development for the entire area simulated in the new 
Regional Model. The model’s simulation period (originally calendar years 1985 through 2015) 
was later updated to include four more years of recent hydrologic and water use data (2016 
through 2019) and is described in an August 2021 report (UWCD, 2021b). 
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The Regional Model has been developed to provide a new management tool to guide future 
policy decisions regarding groundwater management at wellfield to basin scales and potentially 
in various aquifers or groups of aquifers. The model initially has been used to support the 
development and implementation of Groundwater Sustainability Plans (GSPs) in several of 
these basins under the State of California’s Sustainable Groundwater Management Act (SGMA). 
Aspects of GSP development and implementation that have made use of the model include (1) 
establishing sustainability goals and criteria in critical regions of the local groundwater basins, 
(2) developing numerical thresholds for evaluating compliance with the sustainability goals and 
criteria during the ensuing 20-year period for implementing each GSP, and (3) analyzing the 
hydrogeological impact of various projects and management actions intended to provide 
and/or maintain sustainability in a given groundwater basin. 

UWCD has retained the services of an expert review panel consisting of the three groundwater 
modeling consultants who are the co-authors of this memorandum. Working individually and 
collectively, this panel has conducted a review of the Regional Model’s construction, calibration, 
and simulation performance, with a focus on evaluating (1) the suitability of the overall 
modeling approach and model design to meet GSP objectives, (2) the conceptualization, 
construction, and simulation techniques by which the geologic and hydrologic attributes of the 
multi-aquifer groundwater system are represented in the model, and (3) the quality of the 
model’s calibration. The panel also has considered the model’s suitability for a variety of 
anticipated future uses, as well as potential limitations on its use. The panel conducted this 
work for the Coastal Plain Model from 2016 through 2018, and then resumed its efforts in 2020 
once an initial version of the newly expanded Regional Model became available for review. 
UWCD has implemented many of the expert panel’s suggestions and recommendations during 
the past five years and plans to further refine the model as needed to support future specific 
applications of the tool. Accordingly, this memorandum provides a summary of the panel’s 
evaluation of the Regional Model as documented in UWCD’s June 2021 model development 
report (UWCD, 2021a), with the recognition that the model is likely to evolve through a series of 
refinements as it is applied to specific projects and planning efforts in the region. 

In summary, the expert review panel finds the model to be a well-designed and well-
calibrated tool that is a substantial enhancement and upgrade over previously available 
models. The Regional Model provides a newer and more detailed representation of 
groundwater flow in the hydrostratigraphic units in these basins than was previously 
available. Accordingly, the Regional Model provides a sound platform for evaluating how 
the multiple aquifers in the region behave and how they might respond to the design and 
implementation of regional management programs in the seven groundwater basins that the 
model simulates in southern Ventura County. A detailed sensitivity analysis has been 
conducted on the model with regards to water levels in the various basins, the basin water 
budgets, and the inter-basin flows. The sensitivities are categorized as per ASTM guidelines 
(ASTM, 2016) which provide an overview of the significance of various parameters to model 
results. Use of the model for decision making can additionally use the sensitivity coefficients 
to evaluate impacts of parameter uncertainty to decision results. A future upgrade to an 
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unstructured-grid version of MODFLOW will allow this model to become a robust platform 
for evaluating projects and management actions in localized areas (i.e., at the land-parcel and 
wellfield scales). 

Groundwater models commonly contain a very large amount of data and can be extremely 
complex. This model is no exception, and in some respects is more complicated and detailed 
than other regional-scale or locally-focused groundwater models. While the review team has 
spent considerable time working with the model and discussing its underlying assumptions 
with UWCD, future reviews of the model’s applications may turn up further recommendations 
and suggested changes to the model.  

The expert review panel focused its review work during 2020 and 2021 on the model’s 
expansion into the three eastern basins along the Santa Clara River (Piru, Fillmore, and Santa 
Paula) and the update of the model time period to include the years 2016 through 2019. The 
remainder of this memorandum discusses the following topics: 

 The expert review panel’s evaluation methods and activities  
 A summary-level description of the model 
 The panel’s assessment of the model’s calibration quality and representativeness of the 

hydrogeological conditions of the basins 
 The model’s uses and potential enhancements  
 A list of the references cited in this memorandum 

Expert Panel Evaluation Methods and Activities 
The review process for the model expansion began with an online technical meeting hosted by 
UWCD in March 2020. UWCD staff presented details on the conceptual model of land uses, 
surface water hydrology (including water storage and releases into streams), the subsurface 
geology and hydrostratigraphy, and previous hydrogeologic investigations and water budget 
estimates for the Piru, Fillmore, and Santa Paula basins. UWCD’s lead modeler then presented 
the construction and calibration status of the model in the expansion area. The numerical model 
and a write-up of the conceptual model for these three basins were then provided to the expert 
review panel for detailed review in March and April 2020, from which the panel provided an 
initial set of comments in June 2020. Later, newer versions of the model were provided to the 
panel for review in July 2020 (another draft version of the model) and in August 2020 (the final 
model that is described in the June 2021 documentation report). In April 2021, the panel also 
reviewed and provided comments on a draft version of the report. In July 2021, the panel 
reviewed a draft version of a second report issued in August 2021 that discusses the update of 
the model for the time period of calendar years 2016 through 2019 (UWCD, 2021b). 

Model Summary  
The original Coastal Plain Model developed by UWCD in 2018 was expanded during 2020 to 
include the Piru, Fillmore, and Santa Paula basins (from east to west), which are present in the 
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lowland valley containing the reach of the Santa Clara River that extends from the Ventura/Los 
Angeles County Line downstream to the Mound basin and the Pacific Ocean. The expanded 
model used the same cell spacing for the model grid (2,000 feet) as was used in the Coastal Plain 
Model and simulates the same original time period (calendar years 1985 through 2015) for 
calibration purposes. The model update simulates four additional years (2016 through 2019) to 
serve as a further calibration check on the expanded model. The expanded model uses a daily 
stress period to capture the impacts of highly variable flows within the Santa Clara River and its 
tributaries; flow is otherwise more stable in the other streams that are located in the original 
model domain. (The Coastal Plain Model had used monthly stress periods.) In addition, the 
model domain for the expansion area (the Piru, Fillmore, and Santa Paula basins) has different 
hydrogeologic characteristics which are represented by 10 active model layers. (The portion of 
the model domain covering the four basins in the Ventura coastal plan has 13 active model 
layers). The expanded model domain interfaces with the original 2018 model domain across the 
Country Club fault, which distinctly divides the hydrogeology of the extended domain from the 
geological units further downstream in the Oxnard and Mound basins.   

Boundary conditions for the expanded model domain represent similar features as in the 
original model, including similar conceptual representations for areal recharge, mountain front 
recharge, subsurface underflow, consumptive water use pumping, and streamflows entering 
the model (at the eastern end of the domain within the Santa Clara River and at model 
boundaries to various tributaries of the Santa Clara River). Riparian evapotranspiration is also 
included along the Santa Clara River corridor.  

The expanded numerical model compares well with the descriptions of geology and 
hydrogeology that were developed from the data, in the conceptual model section of the model 
development report (UWCD, 2021a). Descriptions of soil material types or of semi-confined 
conditions, along with data from field tests and measurements, generally conform with values 
of hydraulic conductivities and water levels simulated by the numerical model. The expansion 
of the model domain into the Piru, Fillmore, and Santa Paula basins and the increased temporal 
resolution of the model’s stress periods (from monthly to daily) did not affect the model results 
within the original model domain.  

Assessment of Calibration Quality 
During the process of reviewing and commenting on the expanded Regional Model, the expert 
review panel observed that the model’s calibration quality was improved by several 
incremental changes made by UWCD during the spring and summer of 2020 within the 
expanded area. The incremental improvements arose from internal consultations among the 
members of the panel, panel member discussions with UWCD’s lead groundwater modeler, 
and the internal review processes at UWCD (which included review of the simulated rates of 
surface water/groundwater exchanges and streamflows by UWCD’s surface water hydrology 
team members). The incremental improvements and refinements within the expansion area 
included the following: 



Memorandum: 
Expert Panel Review of the Expansion and Update to the 
Ventura Regional Groundwater Flow Model (Ventura County, California)         August 19, 2021 
 

5 | P A G E  

1. Splitting the San Pedro Formation aquifer system into three layers (rather than its 
original single layer) to obtain enhanced resolution of the hydrostratigraphic sequence 
within that model layer as shown in Table 2-10 of the model development report 
(UWCD, 2021a; Upper Saugus – Aquitard – Lower Saugus). 

2. Incorporating ET processes from riparian plant communities into the model.  

3. Resolving issues with dry cells and reduced pumping from certain wells, which were 
problems that occurred primarily along the model’s edges.  

4. Simulating storm flow components separately and discretely from conservation releases 
of water occurring from the Santa Felicia Dam.  

5. Incorporating LIDAR elevation data sets into the definitions of the riverbed profiles and 
bed elevations.  

6. Increasing the model’s time resolution to daily, so that daily variations in stream flows 
could be simulated (which is critical to UWCD’s groundwater resource management 
programs and water supply operations). 

7. Coordinating the representation of hydraulic conductivity values and subsurface inflow 
at the east end of the Piru basin (at the Ventura/Los Angeles County Line) with the 
representations of these conditions in western Los Angeles County as contained in a 
numerical groundwater model that was concurrently being developed for the East 
Subbasin by the Santa Clarita Valley Water Agency (GSI Water Solutions, 2021). This 
coordination effort not only improved conditions at and near the county line, but also 
resolved the Regional Model’s initial inability to simulate the dry gap that is present in 
the Santa Clara River upstream of the mouth of Piru Creek. 

During the course of its review, the expert review panel observed that the process of calibrating 
the Regional Model was complicated by a number of factors. Specifically: 

1. The multi-layered and faulted aquifer system is complex in structure, and the wells that 
penetrate these units commonly penetrate more than one aquifer system. Some wells 
penetrate 1, 2, or 3 layers in the model, while other wells penetrate as many as 7 or 8 
model layers. Accordingly, the water level measured in a well is the result of not only its 
use at the time the water level is measured, but also the large ambient (natural) 
differences in groundwater elevations that are commonly present in the three primary 
aquifer systems that are present in the expansion area (identified by UWCD as Aquifer 
Systems A, B, and C which are represented in model layers 1 through 3, 4 through 7, and 
8 through 10, respectively).  

2. As discussed in Section 2.2 of the June 2021 model development report (UWCD, 2021a), 
the majority of the available groundwater elevation data are from production wells. The 
production wells are simulated as pumping wells in the model, in order to simulate this 
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important discharge term in the groundwater budget for each individual aquifer. Yet the 
water level data from these same wells consist almost exclusively of measurements that 
are made once a well has been off for a period of time that can range from (a) a few 
hours in the case of municipal wells (year-round) and agricultural wells (during the 
peak-pumping season) to (b) several days or weeks (primarily in the case of agricultural 
wells during the winter months). The use of these measurements in evaluating 
calibration quality is quite complicated and difficult to interpret because (a) the hourly 
and daily operations of each well are unknown, and (b) the duration of time a well has 
been off before a water level measurement is collected is unknown (and likely varies 
from well to well and over time at any individual well). Both factors affect the water 
level measurement and may be the cause of slight over-predictions in groundwater 
elevations at several well locations in the model (due to incomplete water level recovery 
and/or interference from nearby wells).  

3. Large fluctuations in water levels occur in these wells because of changes in recharge 
and pumping. The magnitudes of both terms (recharge and pumping) can only be 
estimated from the available data sources, and therefore may contain large errors or may 
not be well represented by average conditions simulated by the model. 

Even with these complexities, the expert review panel concludes that the model is generally 
well developed and well calibrated in the model expansion area, based on qualitative analyses 
(consisting of visual inspection of hydrographs) and quantitative statistical evaluations 
(consisting of tables, maps and scatter plots showing residual statistics for groundwater 
elevations, and groundwater elevation changes arising from pumping, changes in recharge, and 
controlled releases to streams). The expert review panel’s specific observations regarding 
calibration quality are as follows: 

1. The numerical model is well developed and consistent with the data and the conceptual 
model. Flow rates for model inputs were provided using the best information / 
estimates available for precipitation recharge; agricultural, domestic, and M&I return 
flows; recharge from WWTP discharges to streams or at recharge ponds; mountain-front 
recharge; inflow at streams; and groundwater pumping. Model parameters were 
estimated from various aquifer tests conducted in the region. The 2,000-foot grid-block 
size is appropriate for regional-scale simulations; monthly variations in pumping and 
recharge stresses are appropriate for seasonal planning purposes; and daily variation of 
streamflows in the Santa Clara River are appropriate for capturing groundwater 
responses to the flashy flow behavior of the river.  

2. Some slight biases in the calibration are evident. For example, the residuals maps 
contained in the June 2021 model development report (UWCD, 2021a) show 
predominantly positive residuals (under-simulated) in the east and negative (over-
simulated) residuals in the west for water levels in Aquifer System A (see report Figure 
4-1), and predominantly negative residuals (over-simulated) in the west for Aquifer 
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System B (see report Figure 4-3). Scatter plots show that there is a tendency to 
overpredict water levels in the Santa Paula basin, primarily in Aquifer System B (see 
report Figure 4-61), whereas there is a tendency to underpredict water levels in Fillmore 
(see report Figure 4-60). Section 4.2.6 of the model development report mentions that 
natural baseflows are underpredicted in the Fillmore basin, which fits with our 
observation that heads have a tendency to be underpredicted in that basin as well.  

3. However, in our opinion, none of these issues are critical enough to require revisions to 
the model because individual wells in these areas and certain aquifer systems show very 
robust calibration. For example, most of the simulated hydrographs in Aquifer Systems 
A and B in the Piru basin show an excellent fit to historical data, including good 
simulation of declining groundwater levels during drought periods. In the Fillmore 
basin where the statistics indicate a tendency to underpredict water levels, there are 
certain wells in the A and B aquifers that have only small to moderate underpredictions 
of groundwater elevations (see for example well 03N21W01P02S in Aquifer System A) 
while showing simulated fluctuations that are similar to historically observed 
fluctuations through multiple wet/dry hydrologic cycles (see wells 03N20W01C04S, 
03N20W08A01S, and 04N19W30D01S, which are all screened within both the A and B 
aquifer systems, and wells 03N19W06D02S and 04N20W26C02S in Aquifer System B). In 
the Santa Paula basin, certain wells are quite well simulated – in particular, wells 
03N21W32C01S and 03N21W29K02S in Aquifer System A and wells 03N21W11J02S and 
03N21W02R02S in Aquifer System B. However, there are fewer wells in the Santa Paula 
basin that show as strong a match to groundwater elevations and elevation changes as 
are seen in Piru and Fillmore; in particular, the model has a tendency to predict too little 
seasonal fluctuation in Santa Paula groundwater levels and in some cases not enough of 
a decline in water levels during the two drought periods that are simulated (from 1988 
through 1992, and from 2012 through 2016). This is a more frequent observation for 
wells in Aquifer System B than for wells in Aquifer System A. These observations are 
useful for evaluating prediction results within these basins when the model is being 
used for various analyses.  

4. In our experience, scaled statistics less than 0.1 (i.e., 10 percent) are indicative of good 
calibration on an area-wide basis. Scaled statistics are defined as the statistic of interest 
divided by the range in values in the measured data set. The scaled groundwater 
elevation statistics for the absolute residual mean and the residual standard deviation 
are well below 10 percent, ranging between 2.5 and 6.0 percent during the calibration 
period (1985-2015) for the group of three basins along the Santa Clara River (Piru, 
Fillmore, and Santa Paula) and between 3.9 and 8.5 percent during the update period for 
these same three basins. When excluding outlier wells and wells with fewer than 10 
water level records, these statistics range from 3.9 to 6.4 percent during the calibration 
period and 3.9 to 8.4 percent during the update period.  
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5. A detailed sensitivity analysis was conducted on every variable and stress within each 
of the modeled basins. The sensitivity analysis produced reasonable results in that the 
model’s relative sensitivity or insensitivity to each type of parameter was consistent with 
what a modeler would expect to be the case in this type of setting. Specifically, the 
model showed sensitivity to horizontal hydraulic conductivity values, areal recharge 
rates, evapotranspiration rates, streambed conductance values in losing stream reaches, 
and certain other parameters in localized areas. The model was generally less sensitive 
to the vertical hydraulic conductivity, fault conductance terms, the dimensionless 
storage coefficient, and the specific yield – though there are localized areas where the 
choices of these terms are influential (for example, the fault conductance for the County 
Club fault, which controls the subsurface lateral flux term from the Santa Paula basin 
into the Mound basin). 

6. In future model updates, we recommend comparing zone water budgets from the model 
(as presented in Section 4.3 of the June 2021 model development report) with estimates 
of groundwater inflow and outflow components from the conceptual model discussion 
that is presented in Section 2.6 of the model development report. Generally, the model 
compares well; however, some modeled water budget terms are beyond the 
conceptualized minimum or maximum values, so a discussion may help in this regard.  

7. Inclusion of zone budget analyses for the Piru, Fillmore, and Santa Paula basins would 
be useful to conduct in future updates of the model, especially considering the 
hydrogeology of how one basin spills into the other. For example, we note that Figures 
4-77A and 4-78A in the model development report indicate that groundwater elevation 
at the index wells underpredict flow across the basin boundary for high flows, while 
Figure 4-79 indicates that high flow rates in the stream are underpredicted at the 
Freeman Diversion.  Therefore, it would be helpful in future model updates to see how 
total water budgets perform across basin boundaries in terms of cumulative volumes of 
water (against time) to see if total water budgets are as observed/conceptualized for 
measured or estimated components of the water budget.  

8. The model was evaluated by comparing the original 1985-2015 calibration period to the 
extended model period 2016-2019. This update period exhibits the same type of 
calibration quality to the original calibration with just a few minor exceptions. In Piru 
basin, water levels over 600 ft in the 2016-2019 period were higher than in the original 
calibration. Water levels in the UAS/LAS of Oxnard Forebay were underestimated in 
the 2016-2019 period. The update period shows that the model calibration remains of 
good quality without having to change the conceptual model or aquifer properties even 
when simulating a different time period from the original calibration. 

While there are uncertainties in this and any other groundwater model due to spatial variability 
or errors in data, model conceptualization, subsurface parameterization, and numerical 
representation, the expert review panel believes that the current model is a well-designed and 
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well-calibrated tool that is a substantial enhancement and upgrade over previously available 
models and hence will be useful for understanding and managing the groundwater resources in 
southern Ventura County currently and in the future. This includes the influence of controlled 
surface water releases on groundwater levels, streamflow-derived groundwater recharge, and 
monthly streamflow volumes. However, UWCD has noted that the model currently does not 
have good calibration to daily streamflows and therefore should be used with caution for 
making daily streamflow predictions. Otherwise, the expert review panel sees no major 
problems with model development and calibration, and we understand that UWCD intends to 
continue evaluating whether improvements can be made to the simulation of streamflows 
arriving at the Freeman Diversion (which the groundwater model could not capture well, 
resulting in the use of a surface-water model to provide flows to the diversion and beyond in 
the Santa Clara River). Regardless of the refinements (if any) that arise from that effort, the three 
of us believe that the model replicates the historically observed conditions quite well during the 
calibration period. The model also shows similar behavior during the update period, providing 
consistent results to those of the calibration period. This is a very complicated and detailed 
modeling effort that has resulted in a model that will be useful for making regional 
management decisions within the UWCD jurisdiction. Accordingly, the UWCD team should 
feel proud of the current model. 

Model Uses and Potential Enhancements 
The Regional Model – the groundwater flow model that UWCD has developed for the Piru, 
Fillmore, Santa Paula, Mound, Oxnard (Forebay and Plain), Pleasant Valley, and (West) Las 
Posas Valley groundwater basins – is viewed by the expert review panel as an appropriate tool 
for meeting UWCD’s stated objective of improving the understanding of key factors that affect 
the availability and usability of groundwater resources in the seven southern Ventura County 
basins that are simulated by this model. The spatial extent of the model, the use of monthly 
stress periods to simulate temporal variations in groundwater conditions, the use of daily stress 
periods to simulate streamflows, and the use of a calibration and update period spanning 35 
years of fluctuating weather conditions (and changing land and water uses) together make the 
model suitable for assisting with long-term sustainable management of the groundwater 
resources in these seven groundwater basins. The Regional Model is viewed by the expert panel 
as being ready for use in regional and local planning efforts and is of sufficient quality to 
support the development and implementation of GSPs under SGMA. The model can facilitate 
GSP planning and implementation by simulating future potential changes in groundwater 
pumping, natural and artificial recharge, and future land and water uses.  

The expert review panel has identified four potential enhancements to the model that warrant 
consideration in the future. 

1. Local refinements to the representation of groundwater withdrawals by phreatophytes 
(riparian plant communities) may be warranted if projects are being considered in and 
near riparian habitats. Refinements to consider are (1) developing ET zones for 
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geographic areas to distinguish the types/mixtures of habitats/plant communities and 
their corresponding differences in ET rates and extinction depths; and (2) adding 
monthly/seasonal variations to the ET rates in each of these zones/geographics areas. 

2. Local refinements in the magnitudes of irrigation recharge rates may be warranted for 
agricultural lands, based on differences in irrigation practices, crop types, and soil types. 

3. The availability of tools such as MODFLOW-USG (Panday et al., 2013; Panday, 2021) 
allows for local-scale grid refinements to be made to the Regional Model, which can 
efficiently provide a representation of local-scale features and projects while also 
accounting for regional (basin-scale) processes and conditions. As recommended by the 
review panel, UWCD has stated that it is beginning to use the MODFLOW-USG 
software as it conducts applications with the model. MODFLOW-USG allows nested 
grids to be inserted into localized areas in the model which can be turned on and off as 
needed, according to the needs of future studies requiring predictive simulations with 
the model. This allows refined grids to be developed only where needed, which avoids 
creating finer grid spacing throughout the model and thereby reduces run-times and file 
sizes. Also, only one model needs to be maintained instead of separate models that have 
fine and coarse grid sizes. Additionally, the use of MODFLOW-USG allows multi-layer 
wells to be represented fully implicitly (as connected linear networks [CLNs]), allows 
lateral pinch-outs of hydrostratigraphic units to be explicitly modeled (to better honor 
the geology and provide more robustness to the simulation), and includes additional 
capabilities that may be of future use such as evaluations of seawater intrusion or 
agricultural return flow. Initial testing of the Regional Model by the panel indicates that 
model run times and file sizes may be improved by moving the model into the 
MODFLOW-USG environment in the future. UWCD can readily transfer the modeling 
software to MODFLOW-USG when refined simulations are required, because 
MODFLOW-USG uses similar numerical routines as the currently used software 
MODFLOW-NWT (Niswonger et al., 2011), and results should be similar.  

4. The Regional Model is a complex model covering multiple basins and aquifers. The 
Regional Model simulates various stresses, parameters, and flows in the subsurface and 
in streams at a temporal resolution as fine as 1 day covering the hydrogeologic system 
for 35 years. This complexity does not affect the overall utility of the model if UWCD 
will be the sole user of the model (i.e., conducting all future predictive analyses). 
However, if this model were to be transferred outside UWCD, a user’s guide would 
definitely be necessary. We also suggest providing users outside UWCD with a version 
of the model that uses a graphical user interface such as Groundwater Vistas (ESI, 2020) 
to promote usability and visualization. This would also allow the user to imbed local 
grids as desired, and it would provide the opportunity for other users of the model to 
make use of MODFLOW-USG as well. Providing outside users with a version of the 
MODFLOW-NWT model that is in Groundwater Vistas would allow UWCD to know 
that outside users have a version of the model that was correctly imported to (and 
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represented in) Groundwater Vistas. Furthermore, Groundwater Vistas keeps track of 
any changes made to a “final distributed” model, which helps maintain quality 
assurance and quality control of the model once other entities start modifying stresses or 
parameters and get different results.  
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1. Introduction 
Daniel B. Stephens & Associates, Inc. (DBS&A) has prepared this Fillmore and Piru Groundwater 
Basins Land Subsidence Evaluation Technical Memorandum (Tech Memo) for the Fillmore and 
Piru Basins Groundwater Sustainability Agency (FPBGSA or Agency) and is under contract to 
prepare their mandated Groundwater Sustainability Plans (GSP or Plan) under the Sustainable 
Groundwater Management Act (SGMA) of 2014.  Although SGMA requires separate Plans to be 
prepared for each basin, Fillmore and Piru subbasins (hereafter referred to as “basins”) are 
hydrogeologically connected and have historically been managed and monitored together. The 
FPBGSA Board of Directors has memorialized in Resolution 2021-05 their intent continue this 
precedent and to manage these basins together.  In keeping with this historical precedent, this 
tech memo has been prepared to cover both basins.  This document includes references to 
Appendices in the GSPs to provide supplemental information on several topics.   

Land subsidence is one of six sustainability indicators defined in the SGMA legislation. This 
document provides a background discussion on inelastic land subsidence (subsidence), 
summaries of previous investigations, a review of current data sets (e.g., geodetic monitoring, 
interferometric synthetic radar), and an evaluation of subsidence susceptibility for both basins. 

Responses to the stakeholder comments on the draft Subsidence Technical Memorandum 
(February 4, 2021) that was posted to the FPBGSA website are contained in Appendix C of the 
GSP. 

2. Background 
Subsidence directly related to subsurface fluid extractions (e.g., groundwater and hydrocarbons) 
has been observed for several decades in California. Compaction of fine-grained sediments 
occurs due to the increase in the effective stress of overburden caused by fluid removal (i.e., 
lowering of groundwater levels), which reduces the volume of pore spaces between sediment 
grains (i.e., volume available for groundwater storage).  For this evaluation, it is important to 
acknowledge the difference between inelastic and elastic subsidence in relation to changes in 
groundwater levels.  Inelastic subsidence is interpreted to occur where land surface elevations 
do not recover following recovery of groundwater levels.  On the other hand, elastic subsidence 
is that which land surface elevation does recover following rising groundwater levels.  A detailed 
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discussion of the geomechanics associated with subsidence can be found in Poland (1984) and 
Poland and Davis (1969) and its effects in USGS (1999, 2016).  In the context of SGMA, the 
potential for inelastic subsidence is the primary concern because it is essentially irreversible (i.e., 
lost groundwater storage capacity). 

Hanson (1995) proposed causal factors of subsidence in Ventura County could be groundwater 
extraction, hydrocarbon extraction (i.e., petroleum and natural gas), and tectonic movement. A 
detailed discussion of the steady increase of groundwater pumping in the basins since the late 
1800’s through the late 1980’s is included in the Plan. Regional tectonic movement and 
surrounding hydrocarbon extraction areas are briefly discussed in this section. Although the 
basins are located in or near tectonically active and active hydrocarbon extraction areas, the 
purpose of this document is to address subsidence related to the lowering of groundwater 
levels.  

Hydrocarbon extraction has occurred in Ventura County for many decades, however, subsidence 
related to oil and gas withdrawal specifically in the basins has not been historically observed or 
determined. Figure 1 shows well sites near the basins associated with hydrocarbon extraction as 
listed by California Geologic Energy Management Division's (CalGEM, formerly the Department 
of Oil, Gas and Geothermal Resources [DOGGR]). Active oil and gas production in the area 
occurs primarily outside of the basins with several hydrocarbon well fields located in the 
surrounding mountains. A few active wells of the Bardsdale and Shiells Canyon Oil Fields are 
located less than 0.25 miles inside of the southeastern Fillmore basin boundary.  Three Holser 
Oil Field active wells are located just inside the Piru basin boundary in Holser Canyon (tributary 
east of Piru Creek). There are no reported instances of subsidence directly associated with 
hydrocarbon extraction areas within the basins or those well fields immediately adjacent to the 
basins. 
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Figure 1:  Fillmore and Piru basins area map showing CalGEM hydrocarbon extraction-related wells. 

The basins are part of the tectonically active Transverse Ranges, where crustal shortening and 
rapid uplift rates have occurred for millions of years. Orme (1998) reports a broad range of 0.05 
to 9 mm/year of long-term uplift for the coastal Transverse Ranges region. The basins consist of 
varying thicknesses of alluvium underlain primarily by the San Pedro Formation synclinal fold. 
Studies have estimated a maximum dip-displacement for the north basin-bounding San 
Cayetano reverse fault and south basin-bounding Oak Ridge fault to be 8.8 mm/year (about 
0.03 feet/year) (Rockwell, 1988) and 12.5 mm/year (about 0.04 feet/year) (Yeats, 1988), 
respectively. Not only is the region’s topography vertically affected by gradual long-term 
tectonic shifts, but the area is prone to earthquakes which can cause sudden land movements.  

The evaluation of subsidence for the Fillmore and Piru basins in this document is based on 
review of the following lines of evidence: 

• Previous investigations and reports; 
• Geodetic surveys; 
• Interferometric Synthetic Aperture Radar (InSAR) data; 
• Analytical subsidence susceptibility evaluations. 
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3. Previous Investigations 
Numerical groundwater flow modeling by Hanson et al. (2003) was used to estimate the timing 
and magnitude of historical subsidence in coastal Ventura County from 1891 through 1993.  The 
use of a groundwater flow model to infer subsidence is not a direct measurement or observation 
of subsidence.  Groundwater flow model estimated historical subsidence is a calculated value 
based on the geomechanical properties of the geologic material and the rate and magnitude of 
historical groundwater level change predicted by the model. Simulated subsidence was 
compared to select benchmarks on the South Oxnard Plain for subsidence model calibration. 
Hanson et al. (2003) stated the majority of the subsidence in their model domain occurred 
following the drought of the late 1920s and increase in agricultural pumping that occurred 
between the 1950’s and 1993. The highest modeled subsidence was in the South Oxnard Plain 
and Las Posas Valley subareas where 3 and 5 feet was simulated, respectively (Figure 2).  During 
the early development period from 1939 to 1960, subsidence occurred primarily in the upper 
aquifer system on the Oxnard Plain before pumping increased in the lower aquifer system from 
1959 to 1993.  The model indicates a maximum value of just over 0.1 feet (0.00098 ft/yr) of 
subsidence from 1891 to 1993 in the Fillmore basin and just over 0.25 feet (0.0024 ft/yr) in the 
eastern portion of the Piru Basin.  
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Figure 2:  Simulated subsidence in the Santa Clara-Calleguas groundwater basin due to 
groundwater withdrawal from 1891 to 1993. Figure originally produced by Hanson et al. (2003). 

Borchers (2014) summarizes results from the Hanson et al. (2003) study, solely focusing on areas 
of more significant subsidence (i.e. Oxnard Plain, Las Posas Valley, and South Pleasant Valley 
subbasins). 

The 2013 Ventura County General Plan Hazards Appendix (Ventura County, 2013) contains a 
brief section and map showing the limits of subsidence zones. The zones were based on figures 
from the 1973 Hazards Appendix and have not been updated due to lack of geodetic data in 
these areas. Part of the zone extends along the Santa Clara River Valley, including the basins. 
The report states that sediment loading and groundwater level decline in the present Santa 
Clara River course could lead to hydrocompaction (assumed to be equivalent to subsidence for 
the General Plan, however, hydrocompaction and subsidence are related but not identical 
geologic processes)  and possible flooding in lower lands (Oxnard Plain) could occur. Ventura 
County recently produced a 2040 General Plan Environmental Impact Report (Ventura County, 
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2020), which provides a general statement and map showing the Santa Clara River Valley 
(including the basins), Oxnard Plain, and Las Posas Valley as part of the subsidence risk area 
caused by groundwater extraction.   

In 2014, California Department of Water Resources (DWR) prepared a document summarizing 
recent, historical, and estimated future subsidence potential for groundwater basins included in 
CA DWR Bulletin 118 (DWR, 2014). The purpose of the document was to provide screening-level 
information with respect to subsidence. DWR lists Fillmore basin with low potential for future 
subsidence. The ranking was determined from less than 10 percent of wells with  long term 
water level trends (well records longer than 10 years) with current water levels (2008-2014) at or 
below historical low spring levels and one active continuous GPS monitoring station (see 
Geodetic Surveys) that showed 0.03 feet of maximum decrease in ground elevation. The Piru 
basin had insufficient data to establish a subsidence ranking. 

4. Geodetic Surveys 
UNAVCO monitors continuously operating geodetic instrument networks, including Continuous 
Global Positioning Systems (CGPS) stations, that measure three-dimensional positions (generally 
every 15 or 30 seconds) of a point near the earth’s surface. Four CGPS stations are found near 
the basins (less than 5 miles away) with surface elevation data extending back to either 1999 or 
2000. All four stations are mounted outside of the alluvial basins and in bedrock, suggesting any 
vertical movement is likely caused by tectonic movement rather than compaction of fine-
grained materials due to groundwater withdrawal.  

Figure 3 shows locations of these CGPS stations, along with UNAVCO time-series graphs 
displaying measured land displacement relative to the first measurement of each station. Data 
displayed in the time-series graphs are referenced to the North American tectonic plate 
(NAM14) reference frame. Outliers with a standard deviation greater than 20 mm (about 0.8 
inches) were removed by UNAVCO. Long-term general vertical movement rate trends were 
determined by applying a line of best fit to each station’s entire measured timeframe of data. 
Three of the four CGPS stations surrounding Fillmore basin (KBRC, SOMT, and FMVT) are all set 
in weathered or poorly lithified sedimentary bedrock (UNAVCO) and show a long-term trend of 
approximately 0.003 mm/year (0.000009 feet/year) of downward vertical movement since 
December 2000. Just south of Lake Piru, CGPS station SFDM set in bedrock (UNAVCO) indicates 
a linear trend of 0.001 mm/year (0.000003 feet/year) of upward vertical movement since 1999. 
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Looking on a smaller timescale, the four stations show similar seasonal upward and downward 
movement trends.  

 

Figure 3:  Map showing CGPS locations and vertical movement time-series data provided by 
UNAVCO. 

Following the 1994 Northridge earthquake (magnitude 6.7), the USGS (1996) conducted a study 
to assess and restore geodetic infrastructure affected or damaged by land elevation changes 
caused by the earthquake.  A geophysical model of permanent ground deformation, based on 
the geodetic infrastructure movement, was developed and benchmarks that differed +/- 1.2 
inches (3 cm) from the model were considered anomalous (suggesting needed replacement). 
The model required non-tectonic deformation (i.e., subsidence due to groundwater withdrawal) 
to be removed from measured elevation changes to infer deformation solely due to tectonic 
activity.  Therefore, at least three pre-seismic surveys made between 1971 and 1989 were used 
to subtract the elevation changes from the 1994 measurements. The National Geodetic Survey 
(NGS) conducted leveling surveys along routes in areas affected by the earthquake, including 
routes cutting through the Fillmore and Piru basins (Figure 4).   
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Figure 4:  Map from USGS 1994 Northridge Earthquake report (USGS, 1996) showing NGS leveling 
routes and contours of measured pre-seismic subsidence rates (mm/year) from 1971 to 1989. 

Figure 4 includes subsidence rate contours that the USGS produced from the 1971 to 1989 pre-
seismic surveys covering the Los Angeles Basin. Based on these contours, average subsidence 
rates in the Fillmore and Piru Basins were under 1 mm (0.003 feet) per year from 1971 to 1989. A 
comparison of 1975 and 1989 leveling surveys (pre-1994 Northridge earthquake) taken along 
Route 126 (Los Angeles Avenue) from Saugus to Fillmore determined 15 mm (0.05 feet) of 
cumulative subsidence over the 14-year period, with maximum subsidence of 60 mm (0.2 feet) 
occurring between the 1975 and 1978 surveys. The area of maximum subsidence was 20 km 
(12.4 miles) wide and centered around the Town of Piru. The rebound in ground elevation 
following 1978 could have been due to groundwater recharge or a systematic error in the 1978 
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survey. A survey along Route 23 (Moorpark Freeway) from Fillmore to Thousand Oaks 
determined a maximum subsidence of 8 mm (0.03 feet) at Fillmore between 1975 and 1989.  

The final modeled coseismic uplift extent related to the 1994 Northridge earthquake is shown in 
Figure 5. Within the basins, only the very eastern portion of the Piru basin showed tectonic 
deformation related to the earthquake and fell within the 0 to 10 cm (less than 0.3 feet) zone of 
the coseismic uplift contours modeled by USGS. 

 

Figure 5:  Map from USGS 1994 Northridge Earthquake report (USGS, 1996) modeled coseismic 
uplift related to the 1994 Northridge Earthquake in relation to the basin boundaries and NGS 

leveling routes surveyed in the basins. 

5. Interferometric Synthetic Aperture (InSAR) Data 
Interferometric Synthetic Aperture (InSAR) is a satellite-based remote sensing method used to 
map ground surface elevation change over large areas with high accuracy. Satellites emit 
electromagnetic pulses that produce measurements upon their return. These measurements are 
processed to create synthetic aperture radar images. The InSAR method calculates the change in 
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elevation from one measurement to the next and presents the changes as raster images. To 
assist with quantitative subsidence evaluations for GSP development, DWR contracted TRE 
Altamira Inc. (TRE) to process InSAR data collected by the European Space Agency (ESA) 
Sentinel-1A satellite covering Bulletin 118 groundwater basins. The processed TRE InSAR 
datasets are available to the public on DWR’s SGMA Map Viewer: 
(https://sgma.water.ca.gov/webgis/?appid=SGMADataViewer#landsub). 

TRE processed InSAR point data (measured about every two weeks) to get values representing 
average monthly vertical movement per 100 square meter (about 1,000 square feet) areas within 
the basins from May 20, 2015 to September 1, 2019. TRE also provided rasters interpolated from 
the point data representing total and annual vertical displacement relative to June 13, 2015 
(date entire CA study coverage began), both in monthly time steps. Towill Inc., contracted by 
DWR, conducted an accuracy study by comparing the InSAR vertical displacement data with 
CGPS data (including CPGS station, KBRC, mentioned in Section 4). The study (Towill, 2020) 
determined that InSAR data within California provided accurate vertical displacement 
measurements within 16 mm (+/-0.05 feet or +/-0.6 inch) at the 95% confidence interval. 

Figure 6 shows TRE-processed InSAR data representing total vertical displacement in the basins 
over the longest available time period, June 13, 2015 through September 19, 2019. The Fillmore 
basin generally did not have vertical land movement that fell outside of the measurement 
accuracy range of +0.05 feet to -0.05 feet. The central portion of Piru basin shows uplift of up to 
0.14 feet that extends westward from near the confluence of Piru Creek and SCR to the Piru-
Fillmore basin boundary. This area spatially corresponds with the areas along the Santa Clara 
River where high surface water infiltration rates associated with natural runoff or man-made 
surface water enhancement projects (e.g., Article 21 Water, releases of water from Santa Felicia 
Dam).  The areas of uplift above the minimum measurement accuracy are likely related to basin 
recharge (i.e., recovery of groundwater levels following the 2012-2016 drought), resulting in 
elastic recovery. 

 

https://sgma.water.ca.gov/webgis/?appid=SGMADataViewer%23landsub


 
Fillmore and Piru Groundwater Basins  

Subsidence Technical Memorandum 
 

  

 December 16, 2021  
 DB19.1084 | Appx F_Subsidence Tech Memo.docx 11 

 

Figure 6:  InSAR data processed by TRE showing total vertical displacement within the basins from 
June 13, 2015 to September 19, 2019. Time-series graph shows relationship of upward movement 

observed in InSAR data in relation to reservoir releases. 

Eight points within the basins were chosen for vertical displacement time-series analysis based 
on special geographical characteristics and/or hydrogeological settings (e.g., likelihood of the 
area having significant thicknesses of fine-grained sediment, presence or absence of rising 
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groundwater elevations, and general depths-to-groundwater). Locations of these points are 
shown on the maps in Figure 6 and described below: 

1. Fillmore-Santa Paula Basin Boundary 
2. Sespe Uplands 
3. Bardsdale 
4. City of Fillmore (Pole Creek Fan) 
5. Fillmore-Piru Basin Boundary 
6. Central Piru Basin 
7. Piru Creek/Santa Clara River Confluence 
8. Piru-SCR East Basin Boundary 

Time-series graphs showing total and annual vertical displacement from the available TRE -
processed InSAR datasets are shown in Figure 7. The values represent the vertical elevation 
change for the end date of the analyzed periods. Total displacement shows monthly cumulative 
departure change from a beginning reference date of June 13, 2015 for TRE data. Annual vertical 
displacement shows a monthly moving window representing displacement occurring within the 
past 12 months. Annual vertical displacement measurements allow analysis of annual land 
elevation change without seasonal variation. 
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Figure 7: Time-series graphs showing running annual and total land surface elevation changes 
derived from InSAR data processed by TRE for select points in the basins. 
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Figure 7 shows that the majority of the measured land elevation changes fall within the 
measurement accuracy range of +/-0.05 feet (grey bands on the plots). Quantitative 
interpretations of the land surface movement in the +/-0.05 feet range should be done with 
caution.  However, general land surface movement trends can be seen in the InSAR data. 

Fillmore basin locations 1 through 4 and Piru basin location 8 show a similar pattern of land 
elevation fluctuation within the accuracy range over the time span (i.e., no significant change in 
land surface). Locations 5 and 7 show a small jump in total vertical displacement of 
approximately 0.05 feet of uplift beginning in May 2017 and somewhat stabilizes by October 
2017. Location 6 has a similar jump of about 0.07 feet from May to October 2017 and another 
jump of about 0.11 feet beginning in April 2019 to the end of the dataset (September 2019), 
corresponding with groundwater recharge efforts performed by UWCD, as mentioned earlier in 
this section.  Overall, the InSAR data set does not suggest land surface movements in excess of 
the minimum resolution of this instrumental technique. 

6. Future Potential Subsidence 
The datasets and reports previously discussed in this document provide insight on historical 
subsidence, however, a prediction method is needed to project possible future subsidence for 
the basins. Potential subsidence is significantly influenced by fine-grained layer distribution, 
thickness and compressibility, amount and timing of water-level changes, and lowest historical 
water level. It is important to note that any significant predicted subsidence would not occur 
until water levels drop below historical lows. The UWCD-developed groundwater flow model 
(UWCD, 2021) was used to simulate future groundwater water elevations under moderately 
extreme climate change conditions (the central tendency 2070 Climate Change Factors 
[2070CF]). The simulated water level time-series allow the effect of general hydrologic 
conditions (e.g., wet versus dry conditions) to be compared over a multi-decadal timeframe 
(1986 through 2096). In order to assess the potential for future subsidence with groundwater 
declines, simulated future groundwater elevation time-series at select wells in the Fillmore and 
Piru basins were evaluated by comparing future water levels against estimated historical lows 
(Figure 8).   
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Figure 8: Map showing example wells locations used for analysis for potential future subsidence. 
Graphs represent modeled annual low water levels for the example wells, with their respective 

estimated historical low water levels 

Simulated annual low water levels for the four example wells for the available model timeframe 
were used for the evaluation. In order to account for maximum historical lows anticipated prior 
to the modeled timeframe, the historical low water level was estimated to be 20 feet lower than 
the modeled 2016 drought water level. This historical low estimate was based on the review of 
wells with long-term water level records (e.g., back to the 1940s) that showed early drought 
levels generally measured about 20 feet lower than the measured 2016 drought low water 
levels.  
 
The hydrographs in Figure 8 reveal that the future water levels predicted by the 2070 climate 
change factor scenario (2020-2096) are functionally identical to those experienced during the 
historical period of record (1986-2019).  The range between the minimum water levels during 
major drought periods and the maximum water levels during wet periods for the historic and 
future modeling timeframes are very similar. Additionally, the future simulated water levels do 
not decline to the elevation of the estimated historical low water levels.  In the absence of future 
water levels below the estimated historical low water levels, it is unlikely that subsidence would 
be experienced at these well locations. 
 
A basin-wide review of the relationship between the estimated historical low groundwater 
elevation and the low groundwater level predicted by the 2070 CF model scenario allows the 
determination of where in the basins the change in groundwater levels might initiate conditions 
susceptible to subsidence.  Figure 9 shows that nearly all wells (for which the well construction 
details are known) are predicted to have future water levels shallower than the estimated 
historic low levels.  This relationship suggests that it is unlikely that subsidence in either basin 
would be experienced in the future under the modeled climatic and groundwater extraction 
scenario. 
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Figure 9: Difference between estimated historical low water level and 2070CF modeled low water 

levels 

The water levels near the boundary between the Fillmore and Piru basins are typically some of 
the shallowest in the basins and the 2070CF modeled water levels are predicted to be less than 
10 feet above the estimated historical low in this area.  In general, the differences between the 
estimated historical low water level and the 2070CF modeled low water levels increase to the 
east and west away from the Fillmore-Piru basin boundary. 

7. Discussion 
The potential for subsidence in the Fillmore and Piru basins has been approached from multiple 
aspects and is summarized in Table 1. 

Study/Investigator Fillmore Basin Piru Basin Comments 



 
Fillmore and Piru Groundwater Basins  

Subsidence Technical Memorandum 
 

  

 December 16, 2021  
 DB19.1084 | Appx F_Subsidence Tech Memo.docx 18 

Study/Investigator Fillmore Basin Piru Basin Comments 

USGS, 1996 

maximum subsidence of 
0.03 feet (8 mm, 0.6 
mm/yr) near City of 

Fillmore 

maximum subsidence 
zone up to 0.05 feet (15 

mm, ~1 mm/year) 
around the Town of Piru 

1975-1989 study 
period 

Hanson, 2003 
maximum value of just 
over 0.1 feet (0.00098 
ft/yr) of subsidence 

0.25 feet (0.0024 ft/yr) in 
the eastern portion of 

Piru Basin 

1891 to 1993 study 
period 

Ventura County, 2013 
and 2020 

Lies within subsidence 
hazard zone 

Lies within subsidence 
hazard zone 

No technical analyses 
conducted.  

DWR, 2014 Low potential Insufficient data  

InSAR Less than +/-0.05 ft 

Generally, less than +/-
0.05 ft except during 
periods of artificial 

recharge, then up to 
+0.14 ft of rebound in 

Piru basin 

June 2015 – Sept 2019 
study period 

2070 Climate Change 
Modeling by UWCD 

No subsidence 
anticipated 

No subsidence 
anticipated 

1986 to 2096 model 
timeframe  

Table 1.  Summary of Subsidence Evaluations 

The susceptibility of each basin to subsidence is rooted in a few key factors: 

⦁ The hydrostratigraphic setting (i.e., do the geologic units contain fine-grained sediments); 
and 

⦁ If the water level is below, or projected to be below, the historic lows in the future. 

In general, both of these factors must be present to initiate subsidence. Site-specific subsidence 
monitoring data (e.g., extensometer or tiltmeter) can be used, if available, to augment the 
hydrostratigraphic setting and water level data sets and develop a subsidence susceptibility 
ranking for the basins as  summarized in Table 2 below. 
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Basin 

Hydro-
stratigraphic 

Setting 
Susceptibility 

Chronic 
Declines in 

Groundwater 
Levels 

Geodetic / 
Extensometer / 

Tiltmeter 
Evidence of 
Subsidence 

InSAR 
Evidence of 
Subsidence 

Subsidence 
Susceptibility 

Ranking 

Fillmore  Low to 
Moderate No No No Low 

Piru Low No No No Low 

Table 2. Summary of (Inelastic) Subsidence Potential 

The hydrostratigraphic setting for the Fillmore basin is identified as Low to Moderate to reflect 
the greater amount of fine-grained alluvial sediments in the western portion of the basin 
compared to the eastern portion.  As a contrast, the Piru basin hydrostratigraphic setting is 
dominated by coarse-grained materials and consequently assigned a Low value.  Consideration 
of each of the input variables supports the assignment of an overall Low Subsidence 
Susceptibility Ranking for each basin. 

8. Conclusion 
This review of available historical reports, geodetic survey data, and satellite imagery (InSAR) 
indicates that the Fillmore and Piru basins have historically shown little to no subsidence related 
to groundwater withdrawal, even through multiple droughts and record low water levels.  

The basins are located in a very tectonically active region that also has oil and gas extraction 
operations, which adds complexity to determination of the cause(s) of land elevation changes. 
Previous historical investigations covering the basins have primarily been inconclusive in 
determining actual rates or values of subsidence, due to lack of available data, and focus on a 
regional scale or areas of significant subsidence (i.e., Oxnard Plain). The following key takeaway 
points are: 

• Multi-decadal historical datasets involving geodetic measurements and model 
simulations have revealed very low overall subsidence rates throughout the basins; 

• Recent InSAR data covering the 2015 to 2019 time period suggests little to no 
subsidence throughout the Fillmore basin, while rebound is observed in the Piru basin 
associated with elastic recovery related to recharge following a multi-year drought; 




