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TECHNICAL MEMORANDUM 
To: Luhdorff & Scalmanini (LSCE); Tehama County Flood Control and Water Conservation 

District (TCFCWCD) 

From: Davids Engineering, Inc. (DE) 

Date: March 31, 2026 

Subject: Summary of the Synoptic Stream Gaging Study in the Antelope Subbasin, including 
Results and Recommendations 

 
 

Executive Summary 

The Synoptic Stream Gaging Study was conducted to address a key data gap identified in the Antelope 
Subbasin Groundwater Sustainability Plan (GSP) related to Interconnected Surface Waters (ISW) and 
Depletions of Interconnected Surface Water (DISW). There is currently limited understanding of and 
ability to evaluate stream–aquifer interactions. Addressing this data gap allows for potential refinement 
of the Tehama Integrated Hydrologic Model (IHM), which supports SGMA implementation. 
 
To begin addressing this gap, Davids Engineering conducted coordinated, same-day synoptic streamflow 
measurements along Antelope Creek and Craig Creek within the Antelope Subbasin. The Antelope 
Subbasin and its surface water features are depicted in Figure 11. Three days of monitoring were 
completed on September 10, October 2, and December 2, 2025, under steady-state or near-steady-state 
conditions. Discharge measurements were collected at Antelope Creek at Cone Grove Park (ANCK01), 
Craig Creek at Craig Avenue (CRCK01), and Craig Creek near the Sacramento River (CRCKSR) using USGS 
standard mid-section protocols (USGS 2010). These were used to develop stream reach water budgets 
to evaluate stream-aquifer interactions and gaining or losing2 conditions within the stream reaches 
between synoptic stream measurement sites. 
 
A principal finding of the Study is that Antelope Creek becomes dry immediately downstream of its split 
with Craig Creek under low- to moderate-flow conditions. During two of the three synoptic events, all 
surface flow was routed into Craig Creek. This behavior is not represented in the current Tehama IHM 
and has important implications for delineation of ISW and evaluation of DISW. 
 
Net Stream Gain (NSG) results show that the upstream reach (ANCK01-CRCK01) consistently functioned 
as a gaining reach, indicating persistent groundwater discharge to Antelope Creek. In contrast, the 
downstream reach (CRCK01-CRCKSR) alternated between gaining and losing conditions over the three 
days of monitoring. Across the combined reach (ANCK01-CRCKSR), NSG also varied between 

 
1 This initial synoptic stream gaging effort was focused on ISW flowing across the Antelope Subbasin, with Antelope 
Creek being the only ISW stream currently included in the Tehama IHM. Notably, the Sacramento River forms the 
western boundary of the Antelope Subbasin; it is an important regional waterway and could be included in a 
potential future expansion of ISW field data collection efforts. 
2 While we use the term “losing” when NSG is negative, it is important to highlight that this water isn’t being lost in 
the sense that it is no longer available for subsequent use. Rather, from the perspective of the underlying aquifer, 
this becomes a “gain” or source of recharge to the groundwater system. 
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measurement dates. This variability in gaining/losing conditions highlights potential seasonal variability 
and the importance of multi-season field data collection to better understand conditions These results 
provide the Antelope Subbasin with its first coordinated, reach-specific dataset for characterizing 
stream-aquifer interactions, evaluating modeled stream-aquifer fluxes, and informing potential 
refinement of the Tehama IHM. Table 1 summarizes reach-scale net stream gains and losses observed 
during multiple monitoring events. Reported values include the associated uncertainty, which reflects 
the combined effects of discharge measurement uncertainty as well as uncertainty in estimated changes 
in stream storage, miscellaneous inflows and outflows, and evapotranspiration. The results illustrate 
spatial and seasonal variability in gaining and losing conditions and provide quantitative results for 
potential model refinement. 
 
Recommended next steps include explicitly incorporating Craig Creek into the model, updating ISW 
delineations to reflect observed dry reach conditions, expanding streamflow and shallow groundwater 
monitoring, monitoring tailwater inflows to Antelope Creek and the Antelope-Craig Creek split, and 
expanding field data collection for additional refinement of Tehama IHM and its characterization of ISW. 
 
Table 1. Net Stream Gain by reach and measurement date. Positive values indicate gaining conditions; 
negative values indicate losing conditions. Values shown are in cubic feet per second (CFS) and are 
presented as calculated Net Stream Gain ± total uncertainty, which incorporates uncertainty 
associated with quantification of other flow paths in the stream reach water budget. 

Reach 
Monitoring Date and Net Stream Gain (CFS) for each Reach 

Interpretation Sep 10, 2025 Oct 2, 2025 Dec 2, 2025 
ANCK01–CRCK01 
(Upstream) +0.8 ± 0.8 +4.6 ± 1.0 +0.5 ± 1.8 Consistently 

gaining 
CRCK01–CRCKSR 
(Downstream) -3.3 ± 0.6 +1.9 ± 1.3 -4.0 ± 2.3 Alternates 

gaining/losing 
ANCK01–CRCKSR 
(Combined) -2.5 ± 0.9 +6.5 ± 1.5 -3.5 ± 2.4 Alternates 

gaining/losing 
 
 

1 Introduction 

The Tehama County Flood Control and Water Conservation District (TCFCWCD) serves as the 
Groundwater Sustainability Agency (GSA) within the Antelope Subbasin, which is shown in Figure 1 
(along with streams and canals). As the GSA, TCFCWCD is responsible for managing groundwater 
resources sustainably, tracking groundwater conditions, and implementing the Antelope Subbasin 
Groundwater Sustainability Plan (GSP) per the Sustainable Groundwater Management Act (SGMA). The 
GSP outlines the strategies, monitoring networks, and management actions necessary to maintain or 
achieve long‑term groundwater sustainability over SGMA’s 20‑year implementation horizon. 
 
A foundational technical tool supporting SGMA implementation in the region is the Tehama IHM. The 
Tehama IHM is a numerical groundwater–surface water model built on the Integrated Water Flow 
Model (IWFM) platform, developed and maintained by the California Department of Water Resources 
(DWR). The model simulates hydrologic processes within the Antelope Subbasin and surrounding areas, 
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including groundwater flow, stream–aquifer3 interactions, recharge, pumping, and surface water 
diversions, along with simulating groundwater levels, storage, and conditions over time in the aquifer. 
By representing these processes through time, the Tehama IHM provides a framework for quantitatively 
evaluating groundwater conditions, forecasting future scenarios, and assessing whether projects and 
management actions will meet SGMA sustainability requirements. The Tehama IHM is described in 
detail in Appendix 2-J of Antelope Subbasin’s GSP (TCFCWCD 2024). 
 
A critical element of SGMA is the requirement that GSAs understand and manage Interconnected 
Surface Waters (ISW) and prevent Depletions of Interconnected Surface Water (DISW). DISW is the sixth 
and final undesirable result defined in SGMA. The minimum threshold for this sustainability indicator 
“…shall be the rate or volume of surface water depletions caused by groundwater use that has adverse 
impacts on beneficial uses of the surface water and may lead to undesirable results.” (23 CCR §354.28) 
An undesirable result for ISW is define as a DISW that would cause “significant and unreasonable” 
negative impacts on surface water use within the subbasin (23 CCR § 10721). Stream–aquifer interaction 
and exchange processes determine how groundwater pumping impacts surface water flows in 
interconnected streams and rivers. The Antelope Subbasin GSP identifies ISW as an important 
sustainability concern but also notes that data gaps—including limited stream gages and shallow 
monitoring wells—make it difficult to quantify the timing, magnitude, and location of these interactions 
(TCFCWCD 2024). SGMA requires GSAs statewide to evaluate and quantify DISW by 2027, and DWR has 
issued statewide guidance and technical papers, along with Recommended Corrective Actions in their 
letter of determination emphasizing the need for improved characterization of ISW (DWR 2025). 
 
Although the Tehama IHM provides a valuable basin‑scale framework for simulating hydrologic 
conditions, numerical models necessarily simplify the real-world system, and their accuracy depends on 
the quality and representativeness of available data. Many hydrologic processes—particularly stream–
aquifer interactions—cannot be directly measured and instead must be inferred from indirect evidence, 
field measurements and observations, and modeled estimates. For this reason, both DWR and the 
Antelope Subbasin GSP highlight the importance of collecting new, on‑the‑ground data to refine model 
assumptions, improve representation of surface water features, and reduce uncertainty in ISW 
characterization. 
 
The Synoptic Stream Gaging Study (Study) documented in this Technical Memorandum was undertaken 
to collect field measurements of streamflow and related parameters to inform and improve modeling 
efforts and begin to address these data gaps. By conducting coordinated streamflow measurements, 
identifying and quantifying other inflows and outflows, and developing stream reach water budgets 
across Antelope Creek and Craig Creek, the Study provides empirical information on the magnitude and 
variability of stream–aquifer interactions under different hydrologic conditions. These data are essential 
for improving the Tehama IHM’s simulation of streamflows and groundwater–surface water exchange, 
supporting refinement of the Tehama IHM and GSP implementation efforts, and strengthening the 
scientific foundation for meeting SGMA requirements related to ISW and DISW. 
 

 
3 Water that infiltrates the ground moves vertically and/or horizontally (depending on aquifer characteristics) and 
is often ultimately stored in open spaces or pores beneath the surface of the ground. An aquifer is an underground 
area saturated with water (saturated zone); there is often also a layer above the saturated zone but below the 
ground surface called the unsaturated zone. 
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1.1 Overview of Interconnected Surface Waters (ISW) 

Interconnected surface water (ISW) is defined in Title 23 of the California Code of Regulations (CCR), 
within the chapter on groundwater management, under CCR §351[o]. ISW is defined as “surface water 
that is hydraulically connected at any point by a continuous saturated zone to the underlying aquifer 
and the overlying surface water is not completely depleted.”  
 
The definition from CCR is inclusive of both points in space and time where there is a direct connection 
between surface water freely flowing or ponded above the ground surface and the underlying 
groundwater aquifer; with this connection comes some level of interaction between ISW and 
groundwater. Interactions vary over space and time and are influenced by a variety of factors, including 
but not limited to: factors influencing the quantity and flow of surface water (such as streamflow, 
surface water diversions, precipitation, and surface runoff from surrounding lands), streambed and 
aquifer characteristics (such as their composition materials and associated porosity and permeability, 
and the presence of an aquitard or potential confining layer), and hydraulic gradient and conductivity.  
 
Ultimately, interactions between ISW and groundwater are driven by two hydraulic properties (both 
influenced by the additional factors described above): the hydraulic gradient and hydraulic conductivity. 
The hydraulic gradient is the difference in water elevation between two locations and the resulting slope 
and hydraulic pressure caused by the force of gravity moving water from the higher location to the 
lower location. All else equal, a higher hydraulic gradient between ISW and groundwater will result in a 
higher flow rate between the two. Hydraulic conductivity is a measure of how quickly water can flow 
through a material; for ISW and an adjacent groundwater system, the materials of interest that conduct 
water are the aquifer and streambed (DWR 2024a). 
 
For the stream-aquifer interactions occurring between ISW and groundwater, there are three different 
scenarios that can occur. They will be described relative to a stream, but they also apply to rivers, lakes, 
or other surface water features. The first scenario is a gaining stream, in which the groundwater 
elevation adjacent to a stream is higher in elevation, resulting in a “gain” to the stream (i.e., flow of 
water from groundwater to the stream). The second scenario is a losing stream, in which the 
groundwater elevation adjacent to a stream is lower in elevation, resulting in a “loss” from the stream 
(i.e., flow of water from the stream to groundwater). The third scenario is one in which groundwater 
elevations are below the streambed elevation and there is not a continuous saturated zone with a 
hydraulic connection to the stream; this is a disconnected stream (no longer an ISW). The hydraulic 
gradient and conductivity influences flow rates in these scenarios, and these conditions vary over space 
and time (including potential shifts from gaining to losing to disconnected along the same stream over 
space and/or time). Figure 2 (adapted from DWR 2024a) visually depicts these three scenarios. 
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Figure 1. The Antelope Subbasin and its streams and canals. Antelope Subbasin has many braided and branching streams within its boundaries, and the Sacramento River forms its western boundary. 
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Figure 2. Schematics depicting groundwater levels and flow direction for gaining, losing, and 
disconnected streams (adapted from DWR 2024a). 

 
An additional scenario that can potentially occur is a throughflow scenario, where a stream is gaining on 
one bank and losing on the other bank (Berhane 2015). This is particularly relevant to California in the 
context of SGMA in the Central Valley, as major surface water features often form the boundary 
between subbasins and differing groundwater use and management has the potential to result in a 
throughflow scenario where the groundwater system is providing “gains” to a boundary surface water 
feature from one subbasin while simultaneous “losses” from the stream to the groundwater system in 
another subbasin are occurring. 
 
1.2 Interconnected Surface Waters Data Gap and Recommended Actions 

As described above in the Introduction, characterizing and quantifying ISW and any DISW over space 
and time is notoriously difficult but is necessary for sustainable groundwater management under SGMA.  
 
The Original 2022 and Revised 2024 Antelope Subbasin GSP both acknowledge significant uncertainty 
regarding the extent to which SW and GW systems are hydraulically connected within the subbasin. The 
GSP notes that this uncertainty is driven primarily by a limited number of shallow monitoring wells 
capable of capturing near‑stream groundwater levels, and a lack of adequate stream gages on Antelope 
Creek, Craig Creek, and other perennial and intermittent watercourses (TCFCWCD 2024). Because of this 
limited monitoring network, the GSP relies heavily on (1) The Nature Conservancy’s Interconnected 
Surface Water in the Central Valley (ICONS) web tool as shown in to screen for potential ISW and (2) the 
Tehama Integrated Hydrologic Model (IHM) to identify reaches of Antelope Creek predicted to be 
gaining or losing. The GSP acknowledges that these tools provide only generalized indications of ISW and 
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that the subbasin lacks direct, reach‑specific field measurements to confirm model results. Further, the 
GSP references a set of stream reach gaining/losing outputs intended to be included in a sub‑appendix, 
but DWR’s determination letter notes this sub‑appendix was missing, increasing uncertainty regarding 
how ISW was characterized in the plan (DWR 2025).  
 
To address these information gaps, the GSP identifies the need for additional data collection, improved 
monitoring, and refinement of ISW characterization. Specifically, the GSP recommends installing new 
shallow monitoring wells, expanding surface water monitoring, and continuing to develop methods for 
better understanding interactions between streams and the aquifer. These steps were intended to 
support future refinement of the Tehama IHM and inform more defensible Sustainable Management 
Criteria (SMCs) related to ISW. 
 
In its GSP Determination Letter, DWR provided further clarity and direction. Under Recommended 
Action 6, DWR emphasizes that quantifying the location, quantity, and timing of pumping‑induced DISW 
is essential for evaluating whether GSP implementation is on track. DWR staff noted that in the initial 
review of GSPs that most GSAs failed to quantify DISW but that after several years of project and 
management actions designed to address data gaps, most GSAs should more fully comply with SGMA’s 
regulations. DWR acknowledges that estimating DISW is complex and may require additional time and 
monitoring infrastructure; however, the agency states that GSAs must make tangible progress toward 
completing these evaluations.  
 
This need for improved streamflow and stream–aquifer interaction data is not unique to the Antelope 
Subbasin; rather, it reflects a statewide challenge recognized across California’s groundwater basins. 
DWR has repeatedly emphasized that limited data on ISW, gaining and losing reaches, and late‑season 
streamflow conditions is a common constraint affecting many GSAs as they work to comply with SGMA’s 
requirements for characterizing and preventing DISW. This is one reason DWR is developing additional 
ISW guidance, best management practices, and monitoring recommendations: to support GSAs 
statewide in filling these data gaps and strengthening the technical basis for ISW‑related SMCs. 
 
DWR recommends that by the first periodic GSP evaluation, the GSA should: 
 

• Estimate the quantity and timing of DISW across ISW reaches. 
• Define undesirable results for ISW depletion and identify associated impacts on beneficial uses 

and users. 
• Use forthcoming DWR ISW guidance to establish quantitative minimum thresholds, measurable 

objectives, and management actions for ISW. 
• Continue to fill data gaps by collecting new monitoring data and refining interconnectivity 

assessments across surface water features. 
• Collaborate with local, state, and federal agencies, along with stakeholders, to understand the 

full suite of beneficial uses that could be affected by stream depletion. 
 
Collectively, the GSP’s acknowledgment of uncertainty and DWR’s Recommended Actions highlight the 
benefits to the subbasin from direct field measurements of streamflow and improved data on and 
understanding of stream–aquifer exchanges. This underscores the value of the present Study, which 
provides new empirical data to support refinement of the Tehama IHM, improve ISW delineations, and 
strengthen the GSA’s ability to evaluate and manage DISW in accordance with SGMA. 
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1.3 Surface Water Features in the Tehama Integrated Hydrologic Model Overview 

As described above, the Tehama IHM is a numerical groundwater–surface water model used to 
characterize the Antelope Subbasin, develop and implement the GSP, and meet the requirements of 
SGMA. The section below is focused on characterization of surface water features (i.e., streams) within 
the Antelope Subbasin. 
 
1.3.1 Streams in Model 

The Tehama IHM includes only two surface water features within the Antelope Subbasin: the 
Sacramento River and Antelope Creek. As shown in Figure 3, several additional perennial and seasonal 
streams occur within the subbasin—including Salt Creek, New Creek, East Sand Slough, and multiple 
tributaries to Antelope Creek—but these watercourses are not represented as modeled stream reaches. 
Many of these streams convey flow throughout much or all of the year under normal conditions and 
function as hydrologically meaningful features that influence recharge, local groundwater conditions, 
and that have the potential to be hydraulically connected to the shallow groundwater system with 
stream–aquifer interactions. Their absence from the model limits the ability of the Tehama IHM to 
simulate key surface water processes within the subbasin. 
 
This simplified representation reflects the Tehama IHM’s original development objective—regional 
basin‑scale simulation—rather than the finer spatial resolution needed for characterization of ISWs 
within a subbasin. By excluding all streams except Antelope Creek and the Sacramento River, the model 
is unable to simulate and characterize: 
 

• Potential gaining or losing reaches along smaller perennial streams 
• Tributary inflows that may influence surface water availability and stream-aquifer interactions 
• Hydraulic gradients near smaller streams and tributaries that affect pumping‑induced depletions 
• The routing of flow along Craig Creek, which is a major surface water conduit downstream of the 

Antelope–Craig split 
 
Although the Sacramento River is also a surface water feature for the Antelope Subbasin (forming its 
western boundary), this initial synoptic stream gaging effort was focused on ISW flowing across the 
Antelope Subbasin rather than bounding the subbasin. Also, inclusion of the Sacramento River would 
have substantially increased the complexity of the Study in a number of ways including site access, 
safety considerations, quantifying inflows and outflows from stream reaches, identifying steady state or 
near steady state conditions, and environmental monitoring approaches for measuring streamflow. The 
Sacramento River is an important regional waterway and could be included in a potential future 
expansion of ISW field data collection efforts. 
 
1.4 Synoptic Stream Gaging 

Synoptic stream gaging—also known as stream reach water budgets—provides a valuable method for 
directly assessing whether a stream reach is “gaining” (i.e., gaining water from groundwater, with flow 
increasing over space moving downstream) or “losing” (i.e., losing water to groundwater, with flow 
decreasing over space moving downstream). By completing coordinated upstream and downstream 
flow measurements during steady‑state hydrologic conditions and documenting all measurable surface 
inflows and outflows (e.g., tributaries, tailwater, diversions, evaporation from the stream surface), the 
remaining imbalance required to close the water budget can be attributed to stream–aquifer exchange. 
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This closure term, the Net Stream Gain (NSG), represents either (1) groundwater discharge to the 
stream for gaining reaches or (2) seepage losses from the stream to the aquifer for losing reaches. 
 
These interactions vary substantially across both space (e.g., between reaches such as Antelope Creek 
vs. Craig Creek) and time (e.g., before and after storm events, during irrigation season, or under 
baseflow conditions). As illustrated conceptually in Figure 4, seasonal shifts influenced by factors 
including hydraulic gradients, streambed permeability, land use, diversions, tailwater returns, and 
channel morphology all influence whether a given reach is gaining, losing, or hydraulically disconnected. 
Because of this complexity, numerical models such as the Tehama IHM should rely on field data 
whenever possible to confirm whether simulated stream–aquifer fluxes reasonably match observed on-
the-ground conditions. Similar to how groundwater models are often compared to actual measured 
groundwater levels for calibration, a comparison of modeled results for ISWs to field data and actual 
measurements of streamflow or hydraulic gradients can be a helpful reference point for testing model 
simulations and potentially guiding model refinements. 
 
As noted in the Antelope Subbasin GSP and reinforced in DWR’s Recommended Corrective Actions (as 
described in Section 1.2), the Subbasin currently lacks sufficient streamflow and shallow groundwater 
data to fully characterize ISW or evaluate DISW. Measuring related data (i.e., streamflow) directly in the 
field and quantifying NSG through stream reach water budgets provides an independent dataset that 
can be compared against Tehama IHM‑simulated fluxes to identify where the model aligns with 
observed conditions and where refinements may be beneficial. A model that accurately reproduces 
measured field conditions increases confidence in its ability to simulate future hydrologic scenarios, 
estimate DISW, and support SGMA compliance. 
 
The synoptic stream gaging completed for this Study was designed precisely for this purpose: to 
establish water budgets for selected reaches of Antelope Creek and Craig Creek, quantify the magnitude 
and direction of stream–aquifer interactions, and provide the Antelope Subbasin GSA with new 
empirical data to support refinement of ISW characterization and future improvements to the Tehama 
IHM. This field‑based understanding of gaining and losing reaches lays a stronger foundation for 
sustainable groundwater management and for meeting SGMA’s requirements related to ISW and DISW. 
 
Figure 4 depicts the different synoptic stream gaging fluxes (or stream reach water budget components) 
quantified as part of this effort. As described above, after quantifying all other inflows and outflows, the 
NSG can be calculated as the closure term (see Section 2.6.1 for more details).  
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Figure 3. Streams within Antelope Subbasin and Tehama IHM features, including element delineations and stream nodes. The only streams with the subbasin that are represented in the Tehama IHM are the Sacramento River and 
Antelope Creek, even though multiple other streams are understood to convey flow throughout much or all of the year under normal conditions. 
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Figure 4. Conceptual illustration of a stream reach water budget for Stony Creek in Tehama County showing the major flux components 
used in the Study. Stream inflows (SI), stream outflows (SO), precipitation (P), evapotranspiration (ET), miscellaneous inflows (MI), and 
miscellaneous outflows (MO), and net stream gain (NSG) all contribute to the stream reach water budget for a defined reach (outlined in 
orange). This framework allows field measurements and estimated fluxes to be integrated to quantify NSG and evaluate stream–aquifer 
interactions. Note that stream outflow (SO) is the amount of flow continuing downstream of the stream reach in the surface stream even 
though the arrow could be misinterpreted to mean that it is infiltrating through the streambed. A stream reach water budget schematic is 
also included in Figure 6. 
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2 Methods 

As described previously, synoptic stream gaging (i.e., stream reach water budgets) was completed to 
collect new in-field data to improve understanding of stream-aquifer interactions in the Antelope 
Subbasin and refine the Tehama IHM. The methods used for site selection and the equipment and 
procedures used for data collection, processing, and analysis are described in the subsections below. 
 
2.1 Site Selection 

2.1.1 Stream Reaches 

The stream reaches identified for the synoptic stream gaging study were shown previously in Figure 1.  
Locations along the Antelope and Craig Creek were selected based on: (1) relevance to Tehama IHM 
characterization of stream-aquifer interactions, (2) accessibility, which was limited by landowner 
approval for access to private lands and safety concerns, (3) suitability for flow measurements, and (4) 
the presence or absence of unmeasured inflows or outflows between an upstream and downstream 
flow measurement site. Ultimately three measurement sites and two stream reaches were used in this 
study. Flow measurements and daily stream reach water budgets were repeated on Antelope and Craig 
Creek at least three times at each reach. 
 
Among the location selection criteria above, a critical one was the need to have measurable or 
estimable (and preferably limited) inflow and outflow locations with the reach, such as tributaries or 
diversions, respectively. If inflows and outflows could not be identified and measured or estimated in 
any reach, it was not possible to complete a stream reach water budget and the value of measurements 
of streamflow only is more limited. Access to measurement locations was one of the primary constraints 
in identifying measurement sites, as nearly all of Antelope and Craig Creek within the Subbasin is 
surrounded by private land. Coordination with landowners for access to Antelope and Craig Creek was 
completed, but in most cases was unsuccessful. Finally, the size of the reach matters: Stream reaches 
need to be large enough to have some certainty regarding the potential presence of the substantial and 
measurable stream-aquifer interaction, but small enough to have some spatial specificity regarding 
where those interactions may be taking place along the stream. After reviewing potential measurement 
sites, and resulting reaches and their associated characteristics and factors, a total of two reaches were 
selected for development of stream reach water budgets as part of the Study. 
 
The furthest upstream measurement location was on Antelope Creek at Cone Grove Park (Site ID: 
ANCK01). Measurements were then taken downstream on Craig Creek where Craig Ave crosses the 
creek (CRCK01) and just upstream of the mouth of Craig Creek where it enters the Sacramento River 
(CRCKSR). The upstream reach from Antelope Creek at Cone Grove Park to Craig Creek at Craig Ave. 
measured 6,660 feet (FT), or about 1.3 miles (~1.3 MI), in length following the streams thalweg. The 
downstream reach from Craig Ave. to upstream of the mouth of Craig Creek measured 6,020 FT (~1.1 
MI). The measurement locations and stream reaches are depicted in Figure 5. As described previously, 
at the Antelope-Craig Creek split, the entirety of streamflow moves through the Craig Creek channel, 
rather than continuing down the Antelope Creek channel, under low to moderate flow conditions. 
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Figure 5. Flow measurement locations and stream reaches along Antelope Creek and Craig Creek. The figure shows the upstream and downstream measurement sites used for synoptic stream gaging, the delineated stream reach 
segments included in water budget analyses, and the location of Little Antelope Creek. Field observations and imagery confirm that Antelope Creek becomes dry downstream of its split with Craig Creek under low to moderate flow 
conditions, with all flow continuing downstream along Craig Creek to its confluence with the Sacramento River. 
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2.2 Monitoring Equipment 

The following subsections describe the various types of monitoring equipment and procedures used for 
field data collection during the Study. 
 
2.2.1 Field Data Collection Forms 

In order to record measurements and observations in the field for the Study, DE used field tablets 
loaded with custom data collection forms built using an open-source data collection tool called Open 
Data Kit (ODK)4; ODK utilizes user-built Microsoft Excel files using a standard called XLSForms5 to create 
survey forms with step-by-step instructions for field data collection. While in the field, the survey forms 
were completed using the field tablets, saved, and submitted for processing and analysis. The forms can 
be configured to request and record location using the Global Positioning System (GPS) functionality of 
the field tablet, time of data collection, and a variety other of user-provided inputs such as photos, 
numeric values, and text entries. The review and evaluation of data entered through field data collection 
forms is described in Sections 2.3 and 2.4. One ODK form was utilized for primary data collection as part 
of the Study, with additional miscellaneous field observations or photos recorded using other ODK 
forms. 
 
2.2.2 Streamflow Measurement Equipment 

The device used to measure streamflow was the SonTek FlowTracker2. The section below describes its 
measurement principles, and under what conditions it was used during the Study. 
 
SonTek is a company that designs, manufactures, and sells an Acoustic Doppler Velocimeter (ADV) 
device called the FlowTracker2. An ADV emits sound waves and measures the doppler shift caused by 
the change in frequency to then calculate water velocity. It is typically mounted on a top-setting wading 
rod and used to measure velocity in wadable channels. The person wading in the channel measures the 
cross-sectional area of flow using the wading rod, as the ADV measures velocity. The resulting 
measurements of area and velocity are used to compute the total flow. The FlowTracker2 has one 
acoustic transmitter and two acoustic receivers. A FlowTracker2 was used to measure discharge in 
wadable conditions for the Study. The USGS mid-section measurement protocols were followed when 
taking measurements with the FlowTracker2 (USGS 2010).   
 
2.2.3 Surveying Equipment 

For surveying the location and elevation of points of interest for the Study, EMLID Reach Real-Time 
Kinematic (RTK) units were utilized. These use satellites to track locations with high precision and allow 
users to record their locations of interest and associated notes. An EMLID Reach RTK equipment 
configuration usually consisted of a Base Unit (Base) and a Rover Unit (Rover). The Base is set up as a 
stationary point and provides a positioning correction factor for the Rover, which is carried by the user 
and collects the survey points of interest. In close proximity to the Base, the Rover is precise to within 5 
to 10 (MM), while the static Base has an accuracy of 4 to 8 MM (EMLID 2026). Additionally, post-
processing can further improve the precision and accuracy of survey data in reference to established 
coordinate systems for the survey area.  
 

 
4 More information about ODK is available at: https://getodk.org/  
5 More information about XLSForms is available at: https://xlsform.org/en/  

https://getodk.org/
https://xlsform.org/en/
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When there are topographic or logistical challenges to establishing a Base Station, a subscription for a 
Real-Time Network (RTN) can also be used to provide positioning correction factors to the Rover. The 
RTN provides real-time positioning corrections to the Rover via a cell SIM card, allowing for centimeter-
level precision in location information. The RTN provides correction factors based off permanent Base 
Stations near the area where the survey is taking place. A RTN was used for correction factors for the 
Study.  
 
2.3 Field Data Collection 

2.3.1 Field Data Collection Forms 

As described previously, one ODK form was primarily utilized for field data collection. This ODK form 
developed by DE was used to collect the flow measurement data and site conditions for each flow 
measurement. As described previously, the form was loaded onto a field tablet, which was used to 
record measurements and observations in the field during the Study. 
 
2.3.2 Streamflow Measurement Equipment 

Streamflow measurements for the Study were collected exclusively using the SonTek FlowTracker2 
Acoustic Doppler Velocimeter (ADV). FlowTracker2 was selected because all measurement locations 
were wadable and provided suitable conditions for mid‑section discharge measurements following USGS 
protocols (USGS 2010). At each site, field staff waded the channel using a top‑setting wading rod to 
measure depth and velocity at multiple verticals across the transect. The number of verticals was 
adjusted based on channel width, flow variability, and site complexity to ensure that measured 
velocities and cross‑section geometry were representative of actual conditions. In cases where initial 
transects indicated variability or inconsistency, additional verticals or repeat measurements were 
completed to improve measurement quality.  
 
2.3.3 Surveying Equipment 

The EMLID RTK unit was used in the field to collect water surface elevation (WSE) points at the time of 
the streamflow measurement, along with any other site-specific points of interest. These WSE points at 
the time of measurement provide a stream stage elevation relative to mean sea level that could be 
compared to adjacent shallow groundwater elevations. 
 
2.4 Quality Control 

2.4.1 Field Data Collection Forms 

After data collection in the field and submittal via the field tablet, the data entries for each ODK Form 
were stored in a central database that was then paired with a custom web application called the Davids 
Engineering Data Portal (Data Portal). The Data Portal programmatically pulled and stored all entries 
from completed ODK forms held in the database via an application protocol interface (API). Through the 
Data Portal, the measurements and observations collected in the field were viewed, edited, or 
downloaded; the Data Portal includes maps to show site and submission locations, features to support 
data quality assurance and quality control (QA/QC), access to pictures taken and submitted via an ODK 
form, and customizable data graphing and visualizations. Importantly, the Data Portal was designed to 
include a QC flag that can be set to identify which records have been reviewed and approved from a 
QA/QC standpoint. It also records any and all edits made to data, including when and by whom edits to 
data entries were made, and includes a simple method for restoring submissions to prior states if 
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needed. After a QA/QC data review and approval via setting the QC flag value, the field data were ready 
for analysis and evaluation. 
 
2.4.2 Streamflow Measurement Equipment 

FlowTracker2 measurements were reviewed in SonTek software, with QA/QC focused primarily on 
verifying appropriate correction factors near channel margins and ensuring that measurement settings, 
velocity cells, and cross‑section geometry were properly recorded; only minimal revisions to 
accompanying ODK forms were required. Every FlowTracker2 measurements was reviewed to ensure 
accuracy and consistency prior to analysis. 
 
2.4.3 Surveying Equipment 

The survey data collected in the field using the EMLID RTK unit were also reviewed for QA/QC, with 
corrections or adjustments as necessary, prior to their use in the final Study dataset for analysis and 
evaluation. 
 
2.5 Data Analysis 

Following the planning, data collection, and quality control and review described in the previous 
sections, this section describes the methods for the data analyses completed to calculate stream reach 
water budgets for the Study. 
 
2.5.1 Stream Reach Water Budgets 

A water budget quantifies all inflows to and outflows from a specific area of interest, while also 
accounting for change of storage within the area of interest. Based on the principle of the conservation 
of mass, if change in storage and all but one flow path are independently measured or estimated, the 
final flow path can be solved for as the closure term. The principle of the conservation of mass states 
that the difference between total inflows to and outflows from an area of interest for a given period of 
time is equivalent to the change in stored water within that accounting center. This is presented in 
Equation 1 below. 
 
Equation 1. Water budget mass balance. 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 − 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (∆𝑆𝑆) 
 
Each stream reach water budget required quantification of all water inflows and outflows. These 
included stream inflow (SI) to the reach, stream outflow (SO) from the reach, any miscellaneous surface 
inflows (MI) to or outflows (MO) from the reach, evapotranspiration (ET) from the reach, precipitation 
(P) into the reach, and net stream gains (NSG) for the reach. Each of these terms can be thought of as a 
flux, or rate, through the control volume (i.e., stream reach). To the greatest extent possible, the 
measurements and estimates comprising each water budget were performed during steady state 
conditions on the river and during the same day. Figure 6 depicts a typical stream reach water budget 
and the various possible inflows and outflows. Equation 2 represents the water budget mass balance 
equation for a stream reach: it shows all inflows on one side of the equation and outflows on the other; 
they need to be equal to each other after accounting for change in storage within the stream reach.  
 
  



 

Synoptic Stream Gaging Study 03/31/2026 22 

 
  

This page left intentionally blank. 



 

Synoptic Stream Gaging Study 03/31/2026 23 

 

 
Figure 6. Stream reach water budget schematic showing all inflows to and outflows from the control volume, as well as change in storage 
within the control volume. After quantifying all other inflows and outflows and change in storage, net stream gain (NSG) can be solved for 
as the closure term. 
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The closure term for the stream reach water budgets was net stream gain (NSG), which is impossible to 
practically measure through field data collection and was the primary flow path of interest for this 
analysis. Equation 3 is solved for NSG to determine Equation 4: After quantifying every other flow path 
in the stream reach water budget, NSG can be calculated to close the mass balance. For stream reach 
water budgets, each term was calculated as a flow rate with units of CFS. 
 
Equation 2. Water budget mass balance for a stream reach. 

𝑆𝑆𝑆𝑆 +𝑀𝑀𝑀𝑀 + 𝑃𝑃 + 𝑁𝑁𝑁𝑁𝑁𝑁 =  𝑆𝑆𝑆𝑆 + 𝑀𝑀𝑀𝑀 + 𝐸𝐸𝐸𝐸 ± ∆𝑆𝑆 
 

Where:  
 

• 𝑆𝑆𝑆𝑆 = Surface Inflows (Flow entering the control volume from the stream) 
• 𝑀𝑀𝑀𝑀 = Miscellaneous Inflows (Tributary inflows, pumping into control volume, etc.) 
• 𝑃𝑃 = Precipitation 
• 𝑁𝑁𝑁𝑁𝑁𝑁 = Net Stream Gain 
• 𝑆𝑆𝑆𝑆 = Surface Outflows (Flow exiting the control volume from the stream) 
• 𝑀𝑀𝑀𝑀 = Miscellaneous Outflows (Diversion and/or pumping out of the control volume, etc.) 
• 𝐸𝐸𝐸𝐸 = Evapotranspiration (From water surface directly and adjacent riparian habitat, an outflow 

from the control volume) 
• ∆𝑆𝑆 = Change in Storage (From changing water levels during flow measurements) 

 
Equation 3. Stream reach water budget mass balance solved for net stream gain. 

𝑁𝑁𝑁𝑁𝑁𝑁 =  𝑆𝑆𝑆𝑆 − 𝑆𝑆𝑆𝑆 +𝑀𝑀𝑀𝑀 −𝑀𝑀𝑀𝑀 + 𝐸𝐸𝐸𝐸 − 𝑃𝑃 ±  ∆𝑆𝑆 
 
Where: Parameters are same as defined above. 
 
The remainder of Section 2.5.1 describes how each individual flow path was quantified, along with the 
associated uncertainties in the quantification of each, and finally how all the data were organized and 
assembled to compute the stream reach water budgets. 
 
2.5.1.1 Quantification of Water Budget Flow Paths and Estimated Uncertainty 

2.5.1.1.1 Surface Inflows and Outflows (SI and SO) 

Surface inflows and outflows are the stream flows at the upstream and downstream ends of each 
stream reach. These were measured using the FlowTracker2 as described previously. Both SI and SO 
were measured on the same day for a reach, but due to travel time and other required field data 
collection, they weren’t always measured consecutively. However, field data collection days were 
planned to have steady state or near steady state conditions, so any flow differences due changing 
conditions and the time difference between SI and SO measurements were minimized to the extent 
possible. The uncertainties for SI and SO flow measurements were set equal to the FlowTracker2 
uncertainty value directly calculated and provided. These were used in calculations as relative 
uncertainties. 
 
2.5.1.1.2 Miscellaneous Inflows and Outflows (MI and MO) 

Miscellaneous inflows (MI) result from any runoff, tailwater, drainage, or tributary inflows, entering the 
control volume. Miscellaneous outflows (MO) result from a diversion out of the control volume (either 
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pumped or gravity-flow), or tributary outflows. The MI and MO flows are described in more detail 
below. For MI, the Little Antelope Creek tributary flowed into the upstream reach; it was only observed 
to be flowing during data collection on one occasion. For MO, the only identified outflow was flow down 
Antelope Creek downstream of the Antelope-Craig Creek split. Only during one day of data collection 
was there observed to be flow down Antelope Creek. On days flow occurred, the MI and MO flows 
described above were measured using the FlowTracker2. Overall, as described above, field data 
collection was carefully planned to avoid MI and MO to the extent possible, and all identified MI and 
MO were quantified using available data and assumptions about typical conditions.  
 
2.5.1.1.3 Evapotranspiration (ET) 

OpenET6 data was used to estimate evapotranspiration (ET) from stream reaches. The estimated surface 
extent of each stream reach from ET occurred was calculated as the average stream width measured at 
the upstream and downstream site, further increased by 50% of the average stream width on either 
bank to account for riparian vegetation, and then multiplied by the length of the stream reach to 
calculate a representative area. OpenET’s Application Programming Interface (API) was utilized to obtain 
a raster dataset that with daily ET expressed in millimeters (MM) for each area at a 30-meter pixel 
resolution7. The daily ET for each pixel in the control volume was multiplied by pixel area to calculate an 
ET volume, and the resulting volumes were summed up for all pixels in the control volume to calculate a 
total volume. To convert to a flow rate, the total volume was divided by an assumed daily ET duration of 
eight hours.  Because OpenET provides daily evapotranspiration (ET) totals, the study required a 
practical method for converting daily ET into an hourly flux for the reach‑scale water budgets. Although 
actual ET varies throughout the day and generally follows a sinusoidal pattern with a mid‑day peak, a full 
diurnal analysis was beyond the scope of this project. Therefore, an eight‑hour ET duration was applied 
as a simplifying assumption to approximate the portion of the day during which most ET occurs. This 
approach provides a conservative estimate for stream‑reach ET fluxes: it reflects the fact that ET is 
concentrated during daylight hours while also ensuring that ET is not over‑represented in comparison to 
other components of the water budget, especially because field measurements typically occurred over a 
period of only up to about four hours. This simplification is commonly used in applied hydrologic studies 
when only daily ET data are available and when the goal is to obtain an order‑of‑magnitude estimate of 
ET losses relative to other fluxes.  Relative to the other fluxes in stream reach water budgets, ET was 
typically very small, so this conservative estimate of including all daily ET was used. Equation 5 below is 
the one used to calculate the ET flux for stream reach water budgets. 
 
Equation 4. ET Flux Equation 

𝐸𝐸𝐸𝐸 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ ∗ 𝑤𝑤 ∗ 𝑙𝑙

𝑡𝑡
 

Where: 
 

• 𝐸𝐸𝐸𝐸 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = evapotranspiration flux from the stream reach (CFS) 
• 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ = evapotranspiration depth provided by OpenET in MM (converted to FT) 
• 𝑤𝑤 = average stream width based on the upstream and downstream measurement width, then 

increased by 50% of the stream width on either bank to account for riparian vegetation 
 

6 OpenET provides satellite-based spatially explicity ET data for the Continental United States. More information, 
including data access, is available at: https://etdata.org  
7 A 30-meter pixel resolution means that the raster is comprised of 30 meter by 30 meter squares (pixels), with 
each pixel representing approximately 0.22 acres (AC). 

https://etdata.org/
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• 𝑙𝑙 = stream length between the upstream and downstream measurement locations  
• 𝑡𝑡 = period of time during which ET occurs in a day. Eight hours (28,800 seconds) was used as a 

conservative estimate, since field data collection typically took place over a period of up to 
about four hours. 

 
Regarding uncertainty in estimating ET, there are multiple sources of uncertainty including the 
estimated area over which ET occurs (stream reach width and length), the ET value itself, and the time 
over which ET occurs. An assumed 20% relative uncertainty was used for the calculation of stream width 
(based on average measured stream width and expanded area for riparian vegetation). An assumed 5% 
relative uncertainty was used for stream length, since upstream and downstream ends of the reach are 
more precisely located. A 39.8% relative uncertainty was assumed for the ET depth based upon the 
mean of the mean absolute error for grasslands (45.1%), mixed forests (39.6%), and wetlands (34.7%) in 
OpenET’s evaluation of accuracy at a daily timestep (OpenET, 2021). Since all daily ET was used as a 
conservative estimate (as described above), no relative uncertainty related to time duration of ET was 
used. 
 
2.5.1.1.4 Precipitation (P) 

The timing of data collection was targeted, to the extent possible, to not occur during precipitation 
events. This planning successfully avoided data collection for stream reach water budgets during 
precipitation events, so direct precipitation inflows were equal to zero and did not need to be accounted 
for in the stream reach water budgets.  
 
If precipitation had occurred during field data collection, it would have been quantified using a similar 
approach to ET where a representative area over which precipitation occurred would have been 
calculated and a precipitation raster dataset8 would be used to quantify precipitation within this area. 
Uncertainty also would have been calculated similarly. 
 
2.5.1.1.5 Change in Storage 

The timing of data collection was also targeted, to the extent possible, to occur during steady state 
conditions so that flows and change in storage within the stream reach targeted for data collection are 
not changing over the course of data collection. This goal minimized potential change in storage within 
each stream reach during data collection, but change in storage still needed to be estimated due to the 
dynamic nature of natural streams and systems and perfectly steady state conditions being 
unattainable.  
 
The assumption used to estimate the change in storage (ΔS) relies on water‑level data from the nearest 
available stream gage, even when the gage is located upstream or downstream of the specific study 
reach. This simplification was necessary because no continuous stage data were available within most 
reaches themselves. However, the magnitude of stage change over the short duration of synoptic 
measurements—typically about two to four hours—is generally very small relative to the overall water 
budget, and therefore the influence of this assumption on calculated ΔS is minimal. In other words, even 
though water‑level fluctuations at a nearby gage may not perfectly represent the exact change at the 

 
8 The precipitation raster dataset used would have likely been the Parameter-elevation Regressions on 
Independent Slopes Model (PRISM) dataset, developed for the contiguous United States and available from 
Oregon State University. More information on PRISM (including data access) is available at: 
https://prism.oregonstate.edu  

https://prism.oregonstate.edu/
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measurement reach, the expected error introduced is negligible compared with the scale of the other 
fluxes being quantified (e.g., stream inflow and outflow). The purpose of including ΔS is to maintain a 
complete mass balance, while recognizing that its contribution is minor and that this simplification 
reflects the data limitations present during the study. 
 
Change in storage was estimated by first calculating the surface area of the stream reach available to 
store water; this was calculated as the average width of the upstream and downstream measurement 
locations at either end of the stream reach multiplied by the length of the stream reach between 
measurement locations. The next step was to account for changes in water level within the stream reach 
that would result in a change in storage over the period of data collection. This was determined using 
water level data from the nearest permanent stream gage on the same stream as the stream reach for 
which data were being collected. If the stream gage was not located within the stream reach of interest, 
but was either directly upstream or downstream from the stream reach along the same stream, then the 
water level changes in that location were used as a proxy for the stream reach. The change in water 
level was then multiplied by the surface area to calculate a total volume change, and divided by the time 
between the upstream and downstream flow measurements to convert this to a volumetric flow rate, or 
flux. Equation 5 below, as described above, was used to calculate the change in storage flux for stream 
reach water budgets. 
 
Equation 5. Change in Storage Flux Equation 

∆𝑆𝑆 =  
∆ℎ ∗ 𝑤𝑤 ∗ 𝑙𝑙

𝑡𝑡
 

 
Where: 
 

• ∆𝑆𝑆 = change in storage (CFS) 
• ∆ℎ = change in water level height from a stream gage 
• 𝑤𝑤 = average stream width based on the upstream and downstream measurement width 
• 𝑙𝑙 = stream length between the upstream and downstream measurement location  
• 𝑡𝑡 = time in between the upstream and downstream measurement 

 
Regarding uncertainty in estimating change in storage, similar to ET, there are multiple sources of 
uncertainty for change in storage including estimated surface area for the reach (average stream reach 
width and reach length), the change in water level, and the time over which changes in water level 
occur. A 0.02 FT absolute uncertainty was assumed for the change in water level height detected by the 
stream gages; this accounts for a 0.01 FT uncertainty each for the starting and ending measurement of 
water level. Since the average width at the upstream and downstream location was averaged and used 
across the entire stream length, a 20% relative uncertainty was assumed for the width. An assumed 5% 
relative uncertainty was used for stream length, since upstream and downstream ends of the reach are 
more precisely located. Finally, a two-minute absolute uncertainty was used for the time component 
since the timing of flow measurements was tracked and reported on a one-minute timestep.   
 
2.5.1.1.6 Net Stream Gain (NSG) 

As described above and defined in Equation 3, Net Stream Gain (NSG) was calculated as the closure term 
of the stream reach water budgets after independently measuring or estimating every other flow path in 
the water budgets, as described in subsections above. The stream reach water budgets were designed 
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to solve for this flow path, since it is critical to understand to manage DISW under SGMA and an 
impossible flow path to directly measure. 
 
The uncertainty in quantifying NSG as the closure term of the water budget is influenced by the 
uncertainty in measuring or estimating every other flow path in the water budget. If the quantification 
of every other flow path had relatively lower uncertainty, this relatively lower uncertainty would 
propagate through and result in a relatively lower uncertainty in NSG compared to if every other flow 
path had relatively higher uncertainty. The law of the propagation of uncertainties (NIST, 1994) was 
utilized to calculate the uncertainty in the quantification of NSG. Equation 6 below depicts the equation 
to calculate uncertainty for an unmeasured parameter y based on the uncertainties associated with 
related parameters xi through xN. In Equation 6, the contributing parameters for the second (covariance) 
term are assumed to be statistically independent, resulting in covariance between any pair of variables 
xi  and xj  equal to zero; the uncertainty can then be expressed solely as the sum of the individual 
variance terms. Equation 7 depicts this equation for NSG based on the uncertainties of every other flow 
path within the stream reach water budgets. NSG is defined as a linear combination of contributing flow 
components, each with a unit coefficient. As a result, the partial derivative of NSG with respect to each 
component equals one, resulting in removal of the derivative terms and leaving the total NSG 
uncertainty as the sum of the individual component variances. 
 
  
Equation 6. Law of propagation of uncertainties (NIST, 1994). 
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Equation 7. Calculation of uncertainty in Net Stream Gain (NSG) based on law of propagation of 
uncertainties (NIST, 1994). 

𝑢𝑢𝑁𝑁𝑁𝑁𝑁𝑁2 = 𝑢𝑢𝑆𝑆𝑆𝑆2 + 𝑢𝑢𝑆𝑆𝑆𝑆2 + 𝑢𝑢𝑀𝑀𝑀𝑀2 + 𝑢𝑢𝑀𝑀𝑀𝑀2 + 𝑢𝑢𝐸𝐸𝐸𝐸2 + 𝑢𝑢𝑃𝑃2 + 𝑢𝑢∆𝑆𝑆2  
 
 
2.5.2 Data Processing 

In order to review, QA/QC, process, and organize the data required for stream reach water budgets, a 
number of automated python scripting processes were developed and utilized in coordination with 
manual data review and organization to produce water budget results. SI, SO, MI, and MO were 
processed and organized as described in the sections above for each measurement day and reach. 
Separate python scripts were created to estimate ET and change in storage for each measurement day 
and reach. After all input data for stream reach water budgets were organized and available, a final 
python script was developed to combine all stream reach water budget components, calculate NSG, and 
calculate the uncertainties associated with each flow path. The python scripts were also developed to 
create data summaries and visualizations that are included in the following Results and Discussion 
section. 
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3 Results and Discussion 

3.1 Overview and Summary of Streamflow Measurements 

Synoptic stream gaging was completed at three primary measurement locations—ANCK01 (Antelope 
Creek at Cone Grove Park), CRCK01 (Craig Creek at Craig Avenue), and CRCKSR (Craig Creek near the 
Sacramento River)—to develop stream‑reach water budgets and quantify Net Stream Gains (NSG). 
Three synoptic stream gaging measurement events were conducted on September 10, 2025; October 2, 
2025; and December 2, 2025, under steady‑state or near‑steady‑state hydraulic conditions. 
Measurement dates were selected to span early fall baseflow, mid‑fall post‑storm conditions, and early 
winter transition flows. This provides a preliminary evaluation of temporal variability in stream–aquifer 
interactions across different hydrologic conditions, although greater variability in hydrologic conditions 
is expected throughout the water year and over different water year types. 
 
In addition to discharge measurements, water surface elevations were recorded at each streamflow 
measurement site to provide spatial and temporal context for streamflow conditions along the Study 
reaches. While shallow groundwater measurements were not collected as part of this study, these water 
surface elevation data could be paired in future work with groundwater elevations in nearby shallow 
monitoring wells to evaluate and improve understanding surface water–groundwater connectivity. 
When combined, stream stage and shallow groundwater elevations could also be used to calculate 
hydraulic gradients, distinguish gaining and losing reaches, assess the degree of hydraulic connection 
between surface channels and the shallow aquifer, and compare to stream reach water budget results. 
As such, the water surface elevation data presented here provide complementary information to the 
synoptic discharge measurements. 
 
Table 2 summarizes measured discharges, uncertainties, and water surface elevations for all streamflow 
measurement sites and dates. Flow magnitudes varied seasonally, with the lowest flows observed in 
September and the highest flows in December. Relative uncertainties remained low (generally <5%), 
indicating that the FlowTracker2 measurements provided high‑quality quantified data for stream‑reach 
water budgets.  
 
The Little Antelope Creek Upstream from Antelope Creek (LTANCK) and Antelope Creek Downstream 
from Craig Creek Split (ANCRCK) are sites representing a miscellaneous inflow to and miscellaneous 
outflow from the reach ANCK01 to CRCK01. As the Little Antelope Creek channel exits the foothills and 
enters the valley floor, it appears braided and there may be multiple confluence points with Antelope 
Creek, depending on hydrologic conditions. Only one confluence point was observed to have flow and 
measured during the Study. Additionally, as described below, the Antelope-Craig Creek split is not well 
understood, including points of connection and under what flow conditions water proceeds down each 
of the respective creek channels. However, it is understood that, under the relatively low flow measured 
conditions in the Study and as directly observed in the field, Antelope Creek loses most or all of its flow 
at the split. 
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Table 2. Flow measurements in Antelope Subbasin during Study. Site LTANCK, Little Antelope Creek 
Upstream from Antelope Creek, represents a miscellaneous inflow to reach ANCK01 to CRCK01, and 
ANCRCK, Antelope Creek Downstream from Craig Creek Split represents a miscellaneous outflow from 
the reach. Elevations represent water surface elevations at the time of the flow measurement in feet 
above mean sea level (FT AMSL) in the North American Vertical Datum of 1988 (NAVD 88). 

Site ID Site Name Date 
Flow 
(CFS) 

Uncertainty 
(%) 

Water Surface 
Elevation (FT AMSL) 

(NAVD 88) 

ANCK01 Antelope Creek at Cone Grove 
Park 2025-09-10 12.3 4.6% 272.97 

CRCK01 Craig Creek at Craig Ave. 2025-09-10 12.7 3.0% 254.14 

CRCKSR Craig Creek upstream from 
Sacramento River 2025-09-10 9.1 4.9% 229.21 

ANCK01 Antelope Creek at Cone Grove 
Park 2025-10-02 21.2 3.6% 272.28 

CRCK01 Craig Creek at Craig Ave. 2025-10-02 25.6 1.8% 254.37 

CRCKSR Craig Creek upstream from 
Sacramento River 2025-10-02 27.3 4.2% 229.04 

ANCRCK Antelope Creek Downstream 
from Craig Creek Split 2025-12-02 5.1 4.1% 260.53 

LTANCK Little Antelope Creek Upstream 
from Antelope Creek 2025-12-02 5.2 4.3% 296.99 

ANCK01 Antelope Creek at Cone Grove 
Park 2025-12-02 49.5 2.7% 272.89 

CRCK01 Craig Creek at Craig Ave. 2025-12-02 50.0 2.3% 255.26 

CRCKSR Craig Creek upstream from 
Sacramento River 2025-12-02 46.0 4.2% 229.54 

 
3.2 Antelope–Craig Creek Split 

During preliminary planning and field reconnaissance, we observed an important geomorphic and 
hydrologic condition at the bifurcation point where Antelope Creek divides into Antelope Creek and 
Craig Creek. A review of recent satellite imagery in Google Earth suggested that Antelope Creek 
becomes dry downstream of the bifurcation point under low‑to‑moderate flow conditions, with all 
observable surface flow routing down Craig Creek as seen in Figure 5. 
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Figure 7. Satellite imagery in Google Earth from July of 2024 show Antelope Creek dry and Craig Creek 
wet below Antelope-Craig Creek Split. These conditions were also observed in the field during the 
Study. 

 
This observation from imagery was confirmed during two of the three measurement events as seen in 
Figure 8. The dry channel downstream of the split represents a previously undocumented condition in 
the Antelope Subbasin GSP and has implications for both ISW delineations and Tehama IHM 
representation. During measurements on December 2nd, 2025, it was observed that the Antelope Creek 
was no longer dry downstream of Antelope-Craig Creek split, which represents a miscellaneous outflow 
from the reach from ANCK01 to CRCK01 as seen in Figure 9.  
 

Antelope Creek:  
dry downstream of split  

Antelope Creek-
Craig Creek Split* 

*Note: Water likely flows between Antelope and Craig 
Creek in more than one location in this vicinity, 
dependent on hydrologic conditions and stream stage. 

Antelope Creek 

Craig Creek: 
wet downstream 

of split. 
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Figure 8. Dry Antelope Creek streambed observed 0.5 miles (Lat. 40.15542, Long. -122.12913) 
downstream of Antelope-Craig Creek split on September 3rd, 2025.  

Since Craig Creek becomes the dominant surface water conveyance downstream of the split, ISW 
characterization and stream depletion analyses should explicitly include Craig Creek rather than relying 
solely on Antelope Creek. It would also be beneficial to improve understanding of the Antelope-Craig 
Creek split, including locations where flow between channels occurs and at what stream stage and flow 
conditions flow moves between Antelope and Craig Creeks and what the flow division between the two 
stream channels is. This may also be a dynamic relationship with the channel geometries, points of 
connection, and other influencing factors changing over time. 
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Figure 9. Antelope Creek 0.5 miles downstream of the Antelope-Craig Creek split was observed to be 
no longer dry on December 2nd, 2025. Measurements were taken of streamflow in the creek to 
characterize miscellaneous outflows from the Study stream reach. It would be worthwhile to identify 
the flow rates in Antelope Creek upstream that result in flow in Antelope Creek downstream of 
Antelope-Craig Creek split. 

 
3.3 Stream Reach Water Budget Results 

This section describes the results of the stream reach water budgets within the Study area. The results 
of the upstream and downstream reach water budgets can be seen in Figure 10, along with a map 
depicting the extent of each reach.  
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Figure 10. Stream reach water budget results for Antelope Creek and Craig Creek, showing Net Stream Gain (NSG) estimates for the ANCK01–CRCK01 and CRCK01–CRCKSR reaches. Each panel displays NSG values and associated 
uncertainties for the three 2025 synoptic gaging events, illustrating spatial and temporal variability in stream–aquifer interactions. The upstream reach (ANCK01–CRCK01) exhibits consistently gaining conditions, whereas the 
downstream reach (CRCK01–CRCKSR) alternates between gaining and losing behavior.  
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3.3.1 Upstream Reach: ANCK01 to CRCK01 

The NSG results indicate that the upstream reach consistently functioned as a gaining reach during the 
study period as seen in Table 3. Apart from direct stream inflows and outflows, other inflows and 
outflows to this reach were small during days of monitoring. ET was estimated as a small outflow, and 
during the monitoring day in December, there were roughly equivalent miscellaneous inflows to the 
reach from Little Antelope Creek and outflows from the reach to Antelope Creek that were measured. 
NSG values were +0.8 CFS (September), +4.6 CFS (October), and +0.5 CFS (December). These empirical 
findings generally align with the Tehama IHM, which classifies certain Antelope Creek segments as 
gaining. However, the magnitude of NSG calculated during the Study suggests that portions of the 
groundwater model may underestimate stream–aquifer exchange rates. 
 
3.3.2 Downstream Reach: CRCK01 to CRCKSR 

The downstream reach exhibited alternating gaining and losing behavior as seen in Table 4: –3.3 CFS in 
September, +1.9 CFS in October, and –4.0 CFS in December. Similar to the upstream reach, apart from 
direct stream inflows and outflows, other inflows and outflows to this reach were small during days of 
monitoring. The variability observed indicates that Craig Creek may be more hydrologically dynamic—
and less predictable—than the upstream reach and than the representation of Antelope Creek in the 
current GSP or the Tehama IHM. The gaining condition observed in October may be representative of 
contributions of either water within the unsaturated zone or shallow groundwater following recent 
rainfall, or unidentified and unmeasured surface inflows to the reach through stormwater conveyance 
systems and small tributary inflows. The potential for surface inflows or short-term stream gains may be 
possible even when rainfall totals and potential runoff or subsurface flow are modest. Losing conditions 
measured in September and December may reflect downward hydraulic gradients away from Craig 
Creek toward the adjacent shallow groundwater systems or localized high‑conductivity streambed 
zones. These findings, especially the dynamic gaining and losing conditions, highlight Craig Creek as a 
significant data gap in the Antelope Subbasin GSP. Given that Craig Creek conveys the entirety of 
Antelope Creek’s flow under all low to moderate flow conditions, failure to include Craig Creek in ISW 
analyses is a data gap that may lead to mischaracterization of DISW. 
 
3.3.3 Combined Reach: ANCK01 to CRCKSR 

The combined reach exhibited substantial temporal variability in Net Stream Gain as seen in Table 5. On 
September 10, the reach showed a losing condition (NSG = –2.5 CFS), suggesting seepage losses to 
groundwater or unmeasured outflows. On October 2, the reach switched to a gaining condition (NSG = 
+6.5 CFS), potentially reflecting storm‑related increases in groundwater gradients or small surface 
inflows. By December 2, the reach returned to a losing condition (NSG = –3.5 CFS). This shows that the 
stream-aquifer interactions in the downstream reach are larger than the upstream reach and drive 
overall gains and losses for the combined reach. The average NSG value across all three events was 
approximately +0.17 CFS, indicating a slight net gain overall, but this average masks large temporal 
fluctuations that correspond with shifts in hydrologic conditions. These results emphasize that the 
combined reach is not consistently gaining or losing; instead, it responds dynamically to hydrologic 
influences, likely including antecedent precipitation, streambed heterogeneity, overall stream flows, and 
seasonal groundwater levels and gradients. 
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Table 3. Stream reach water budget components for the upstream ANCK01–CRCK01 reach across the 
three 2025 synoptic gaging events. Consistently positive Net Stream Gain (NSG) values (+0.8 to +4.6 
CFS) indicate persistent gaining conditions, providing empirical evidence of groundwater discharge to 
Antelope Creek during the days of monitoring. These observations generally align with the Tehama 
IHM but suggest the model may underestimate the magnitude of stream–aquifer exchange in this 
reach, with implications for ISW characterization under SGMA. 

Reach ID Date Flowpath Description Value 
(CFS) 

Uncertainty 
(CFS) 

ANCK01_CRCK01 2025-09-10 

P inflow 0.0 ±0.0 
SI inflow 12.3 ±0.6 
MI inflow 0.0 ±0.0 
NSG inflow 0.8 ±0.8 
ET outflow -0.4 ±0.2 
SO outflow -12.7 ±0.4 
MO outflow -0.0 ±0.0 
∆S storage -0.0 ±0.3 
Total balance 0  

ANCK01_CRCK01 2025-10-02 

P inflow 0.0 ±0.0 
SI inflow 21.2 ±0.8 
MI inflow 0.0 ±0.0 
NSG inflow 4.6 ±1.0 
ET outflow -0.2 ±0.1 
SO outflow -25.6 ±0.5 
MO outflow -0.0 ±0.0 
∆S storage -0.0 ±0.4 
Total balance 0  

ANCK01_CRCK01 2025-12-02 

P inflow 0.0 ±0.0 
SI inflow 49.5 ±1.4 
MI inflow 5.2 ±0.2 
NSG inflow 0.5 ±1.8 
ET outflow -0.1 ±0.0 
SO outflow -50.0 ±1.1 
MO outflow -5.1 ±0.2 
∆S storage -0.0 ±0.2 
Total balance 0  
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Table 4. Stream reach water budget components for the downstream CRCK01–CRCKSR reach across 
the three 2025 synoptic gaging events. NSG values alternate between losing (–3.3 CFS) in September, 
gaining (+1.9 CFS) in October, and losing (–4.0 CFS) in December, reflecting a seasonally responsive 
hydrologic system and dynamic stream-aquifer interactions. The variability is likely influenced from 
rainfall-driven runoff and subsurface movement towards streams, groundwater levels and gradients, 
and localized streambed heterogeneity. These findings highlight Craig Creek as a critical, previously 
unrepresented ISW feature in the Antelope Subbasin GSP and Tehama IHM. 

Reach ID Date Flowpath Description Value 
(CFS) 

Uncertainty 
(CFS) 

CRCK01_CRCKSR 2025-09-10 

P inflow 0.0 ±0.0 
SI inflow 12.7 ±0.4 
MI inflow 0.0 ±0.0 
NSG inflow -3.3 ±0.6 
ET outflow -0.3 ±0.2 
SO outflow -9.1 ±0.4 
MO outflow -0.0 ±0.0 
∆S storage -0.0 ±0.2 
Total balance 0  

CRCK01_CRCKSR 2025-10-02 

P inflow 0.0 ±0.0 
SI inflow 25.6 ±0.5 
MI inflow 0.0 ±0.0 
NSG inflow 1.9 ±1.3 
ET outflow -0.2 ±0.1 
SO outflow -27.3 ±1.2 
MO outflow -0.0 ±0.0 
∆S storage -0.0 ±0.2 
Total balance 0  

CRCK01_CRCKSR 2025-12-02 

P inflow 0.0 ±0.0 
SI inflow 50.0 ±1.1 
MI inflow 0.0 ±0.0 
NSG inflow -4.0 ±2.3 
ET outflow -0.1 ±0.0 
SO outflow -46.0 ±1.9 
MO outflow -0.0 ±0.0 
∆S storage -0.0 ±0.4 
Total balance 0  
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Table 5. Stream reach water budget components for the combined ANCK01–CRCKSR reach across the 
three 2025 synoptic gaging events. The table shows substantial temporal variability in Net Stream 
Gain (NSG)—from losing (–2.5 CFS) in September, to gaining (+6.5 CFS) in October, and back to losing 
(–3.5 CFS) in December—highlighting dynamic stream–aquifer interactions influenced by factors 
including seasonal groundwater gradients, antecedent precipitation, and localized streambed 
conditions. These results underscore the importance of multi-season monitoring to characterize 
temporal variability in ISW behavior and provide valuable information for review and potential 
refinement of the Tehama IHM. 

Reach ID Date Flowpath Description Value (CFS) Uncertainty (CFS) 

ANCK01_CRCKSR 2025-09-10 

P inflow 0.0 ±0.0 
SI inflow 12.3 ±1.0 
MI inflow 0.0 ±0.0 
NSG inflow -2.5 ±1.0 
ET outflow -0.7 ±0.0 
SO outflow -9.1 ±0.0 
MO outflow -0.0 ±0.0 
∆S storage -0.0 ±0.0 
Total balance 0  

ANCK01_CRCKSR 2025-10-02 

P inflow 0.0 ±0.0 
SI inflow 21.2 ±1.0 
MI inflow 0.0 ±0.0 
NSG inflow 6.5 ±1.0 
ET outflow -0.4 ±0.0 
SO outflow -27.3 ±1.0 
MO outflow -0.0 ±0.0 
∆S storage -0.0 ±0.0 
Total balance 0  

ANCK01_CRCKSR 2025-12-02 

P inflow 0.0 ±0.0 
SI inflow 49.5 ±1.4 
MI inflow 5.2 ±0.2 
NSG inflow -3.5 ±2.4 
ET outflow -0.2 ±0.1 
SO outflow -46.0 ±1.9 
MO outflow -5.1 ±0.2 
∆S storage -0.0 ±0.4 
Total balance 0  
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3.4 Implications for ISW Characterization 

Across all reaches, NSG patterns reveal a system with substantial spatial and temporal variability. Based 
on Study results, Antelope Creek upstream of the split appears to be a consistently gaining reach. In 
contrast, based on Study results, Craig Creek transitions between gaining and losing conditions, 
depending on season and antecedent hydrologic conditions. These dynamics are directly impacted by 
adjacent shallow groundwater levels (which define the hydraulic gradient through these reaches) and 
other factors described previously, and they directly affect where and when pumping‑induced 
depletions of interconnected surface water might occur. 
 
The results underscore the need for: (1) inclusion of Craig Creek in the Tehama IHM, (2) expanded field 
monitoring beyond baseflow conditions, and (3) improved ISW delineations that reflect the observed 
dry‑reach behavior of Antelope Creek during most flow regimes. These, along with other 
recommendations, and described in more detail in the section below. 
 
 

4 Recommendations 

The recommendations stemming from the Study include recommendations within three different 
categories, as outlined in subsections below. These include recommendations for immediate review and 
potential refinement of the Tehama IHM, for additional field monitoring similar to that done in the 
Study to further improve understanding of ISW in the Antelope Subbasin, and for expansion of the scale 
and scope of ISW field monitoring not only for the Antelope Subbasin, but for the broader Sacramento 
Valley region. 
 
4.1 Review and Refinement of Tehama lHM 

4.1.1 Refine ISW delineations to include Craig Creek 

Field observations and synoptic flow measurements confirm that Antelope Creek becomes dry 
immediately downstream of its split with Craig Creek under low‑ to moderate‑flow conditions. During 
two of three synoptic measurements, surface flow from Antelope Creek was observed to route entirely 
into Craig Creek, leaving the Antelope Creek channel dry for a substantial distance downstream of the 
bifurcation. This condition is not currently represented in the Tehama IHM, which assumes continuous 
surface water conveyance along Antelope Creek. 
 
Because Craig Creek conveys all surface water beyond the split under most hydrologic conditions, it 
should be explicitly incorporated as a modeled stream reach in the next refinement of the Tehama IHM. 
Inclusion of Craig Creek would allow the model to more accurately characterize stream–aquifer 
exchanges, simulate depletion impacts, and support development of Sustainable Management Criteria 
(SMCs) for ISW. The configuration and modeled conditions in Antelope Creek should also be edited to 
represent the bifurcation of flow between Antelope and Craig Creek, with all flow continuing down Craig 
Creek under low‑ to moderate‑flow conditions. 
 
4.1.2 Review water budget results against model characterization of ISW 

The streamflow measurements and stream reach water budgets can also be used as reference points for 
comparison to model results from the Tehama IHM for that specific period of time or a historical time 
under similar hydrologic conditions to evaluate and, depending on the outcome of the evaluation and 



 

Synoptic Stream Gaging Study 03/31/2026 42 

other factors, potentially refine model results. This is recommended based on Study results, although 
results are limited and additional field data collection would be beneficial, as outlined in the following 
sections. 
 
4.2 Enhancements to Support ISW Characterization 

The Study only includes a limited dataset on ISW (three days of stream reach water budget results for 
two stream reaches), and the sections below highlight opportunities for additional field data collection 
related to stream reach water budgets to improve understanding and characterization of ISW. 
 
4.2.1 Additional stream gages and measurements to characterize ISW  

At present, only one permanent stream gage exists within the Antelope Subbasin—the Antelope Creek 
gage located upstream of the diversion dam9. This single stream gage limits the ability of the GSA and 
stakeholders to evaluate temporal and spatial variability in surface water availability, characterize 
gaining versus losing reaches, and identify potential depletion impacts. Expansion of the stream gage 
network would provide valuable additional information for ISW and related SGMA requirements and 
address the DWR recommendation to expand the Antelope Subbasin monitoring network. 
 
LSCE has installed several shallow monitoring wells as part of ongoing groundwater monitoring 
improvements. These wells will provide valuable groundwater elevation (GWE) data, but additional 
surface water measurements of stage are needed to link water surface elevation (WSE) to groundwater 
levels. Doing so will improve the GSA understanding of when and where surface water is hydraulically 
connected to shallow groundwater and allow for calculation of a hydraulic gradient between streams 
and adjacent shallow groundwater. 
 
Accordingly, we recommend the installation of additional stream gages collocated with shallow 
monitoring wells. These gages—combined with expanded seasonal discharge measurements—will 
enable quantification of WSE–GWE gradients and improve understanding of the timing, magnitude, and 
spatial extent of ISW connectivity across the subbasin. These gages could be installed along Antelope, 
Craig, and Little Antelope Creek and other potential ISW streams in the subbasin. 
 
4.2.2 Additional measurements to characterize flows of tailwater into Antelope Creek 

Antelope Creek downstream of the bifurcation with Craig Creek does receive tailwater inflows from 
upgradient agricultural operations. These inputs contribute measurable surface flow even when natural 
creek inflow is absent. Presently, the magnitude, timing, and recurrence of these tailwater contributions 
are not well characterized. We recommend conducting targeted field measurements during the 
irrigation season to: 
 

1. Quantify flow of tailwater inflows to Antelope Creek 
2. Map locations of tailwater inflows and extent of surface flow downstream in Antelope Creek 
3. Measure water quality and timing of tailwater deliveries 
4. Evaluate whether tailwater contributions influence stream–aquifer exchanges 

 

 
9 The permanent stream gage is CDEC Station ATC, with data available online at: 
https://cdec.water.ca.gov/dynamicapp/staMeta?station_id=ATC  

https://cdec.water.ca.gov/dynamicapp/staMeta?station_id=ATC
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Characterizing these flows will help the GSA distinguish natural hydrologic signals from irrigation‑related 
influences and improve the representation of surface water inputs in the Tehama IHM. 
 
4.2.3 Installation of water level sensor to determine periods where water does flow down Antelope 

Creek 

To better define when Antelope Creek carries surface flow below the split with Craig Creek—and when 
it becomes hydraulically disconnected—we recommend installing continuous water‑level sensors 
(pressure transducers) at one or more locations along the dry‑reach segment of Antelope Creek. These 
sensors will allow the GSA to: 
 

1. Identify the onset and cessation of flow during storm events 
2. Quantify the duration and frequency of intermittent surface water connectivity 
3. Differentiate natural flow events from tailwater discharge 
4. Support improved ISW delineation and stream depletion analysis 

 
The installation of sensors could potentially be combined with streamflow measurements (either spot 
discharge measurements, as performed in this Study, or stream gages, as recommended above) to 
better understand the division of flows between Antelope and Craig Creeks below the split. 
Incorporating these observations into future GSP updates and IHM refinements will substantially 
improve the accuracy of stream‑aquifer interaction modeling and strengthen the defensibility of 
ISW‑related SMCs. 
 
4.3 Expansion of Scale and Scope ISW Field Monitoring 

In addition to the recommendations above focused specifically on review and potential refinement of 
the Tehama IHM and additional stream-related field data collection and monitoring in the Antelope 
Subbasin, the Study also results in recommendations for expansion of both the scale and scope of ISW 
monitoring and analyses for both the Antelope Subbasin and the broader Sacramento Valley region. 
These recommendations are presented below, and can be pursued and implemented, dependent on 
GSA and DWR priorities and available funding and implementation opportunities. 
 
4.3.1 Expansion of Scale of ISW Field Monitoring 

As described previously, this initial synoptic stream gaging effort was focused in scope on quantifying 
stream-aquifer exchanges through stream reach water budgets and was limited in scale to Antelope and 
Craig Creeks with only three measurement sites and two reaches identified and included in the Study. 
Opportunities to expand the scale of this synoptic stream gaging and stream reach water budget 
approach include: 
 

1. Additional measurement sites and stream reaches along Antelope Creek 
2. Additional measurement sites along other potential ISW streams flowing across the subbasin 

(e.g. New Creek, Salt Creek, East Sand Slough) 
3. Additional measurement sites and stream reaches along the Sacramento River, which forms the 

western boundary of the Antelope Subbasin and is a surface water feature of regional 
importance. 
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The first two items listed above would be supported by implementation of the recommendations 
described in Section 4.2. 
 
4.3.2 Expansion of Scope of ISW Field Monitoring 

The scope of field monitoring and subsequent analyses could also be expanded to improve 
understanding of ISW and DISW, refine modeling through the Tehama IHM, and improve SGMA 
implementation and support groundwater sustainability. These expansion opportunities include both an 
expansion of the current Study to include additional related field data collection to improve 
characterization of ISW within the Tehama IHM and incorporation of new field data collection efforts 
and datasets to inform understanding of ISW and potential refinement of the Tehama IHM. 
 
As noted previously, the current Study provides data limited both spatially and temporally, and 
continued data collection would increase understanding of ISW on these streams. Additionally, the field 
data collection could be expanded to include: 
 

1. Surveying stream cross-sections to better understanding and improve simulation of stream 
stage-wetted perimeter relationships in the Tehama IHM, which defines the extent of 
connection and area of stream-aquifer interaction. 

2. Collecting stream stage and flow measurements across the full range of hydrologic conditions 
to better understand stage-discharge relationship along ISW streams, which are also included 
within the Tehama IHM. 

3. Evaluation of stream reach water budgets against Tehama IHM results, as recommended above, 
and potentially using stream reach water budget results for NSG to calibrate streambed 
conductivities in the Tehama IHM to more closely align with data measured in the field. 

 
New field data collection efforts that could undertaken to improve understanding if ISW and potential 
refinement of the Tehama IHM include: 
 

1. Measurement of stream stage and adjacent shallow groundwater levels to evaluate potential 
hydraulic connections between groundwater and surface water over space and time and to 
calculate hydraulic gradients (this recommendation was also previously described in Section 
4.2). 

2. Water sampling and testing for stable isotopes and radon to evaluate water source and gaining 
or losing conditions within streams. 

3. Biological surveys along streams to evaluate presence of groundwater dependent ecosystems 
(GDEs) and location of GDEs along riparian corridors as an independent evaluation of where ISW 
may be present within the subbasin. 

 
Overall, the implementation in part or whole of the recommendations above will improve the 
understanding of ISW and characterization of ISW in the Tehama IHM, which will in turn improve 
modeling of different conditions within the subbasin and management to prevent DISW. 
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6 Appendices 

6.1 Flow Measurement Reports 

6.1.1 ANCK01 
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6.1.2 MI LTANCK 
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6.1.3 MO ANCRCK 
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6.1.4 CRCK01 
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6.1.5 CRCKSR 
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6.2 Stream Reach Water Budget Plots 

6.2.1 ANCK01_CRCKSR 

 
 
6.2.2 ANCK01_CRCK01 
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6.2.3 CRCK01_CRCKSR 
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