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Executive Summary 

The principal objectives of this study were to understand how hydrodynamic and biogeochemical 

processes interact to produce reductions in dissolved oxygen concentrations in the Stockton Deep 

Water Ship Channel (DWSC) and to produce a three-dimensional hydrodynamic and coupled water 

quality model that could be used to examine these interactions. To address these objectives, an 

ambitious program of field experimentation and numerical model development was undertaken.  

The collaboration included UC Davis, Stanford University, the US Geological Survey, the University 

of Granada (Spain), UC Santa Barbara and the Lamont-Doherty Earth Observatory at Columbia 

University. The individual program elements were the subject of individual reports that were 

submitted and subsequently accepted by CBDA. This final report primarily collates these individual 

reports and the peer-reviewed publications that stemmed from them, into a single final report. 

The purpose of the field experiments was to understand the circulation, stratification, and dissolved 

oxygen characteristics of the DWSC, and to provide information for the calibration and validation 

of a three-dimensional hydrodynamic and water quality model for the DWSC. The data were 

collected during two experiments: one in August 2004 and the second during August 2005.  August 

was chosen for the experiments because it is the time of year when the most extreme low DO 

events have occurred in the past.  Each experiment consisted of a 3-5 week deployment of acoustic 

Doppler current profilers (ADCPs) and thermistor mooring arrays.  In addition to the long-term 

deployments, each experiment included two thirty-hour intensive studies, spaced one week apart in 

order to sample during different tidal regimes.  During the intensive experiments, three sets of data 

were collected.  One dataset was from a fixed platform within the DWSC. A second data set was 

from transects along the San Joaquin River and DWSC. A third data set was from a Self Contained 

Autonomous MicroProfiler (SCAMP) to study vertical mixing rates.  

During the 2005 experiment (the second experiment), a supplemental experiment was conducted, 

wherein the inert tracer sulfur hexafluoride (SF6) was released upstream of the DWSC, and for a 

period of approximately 1 week, the cloud of tracer was tracked using in-situ measurements. 

The temperature observations showed that a balance of advection, dispersion and surface 

forcing determines sub-tidal temperature variations in the Deep Water Ship Channel (DWSC), the 

tidal portion of the San Joaquin River.  Notably, dispersion appeared to play a significant role, such 

that temperatures were elevated in the middle of the DWSC relative to both upstream riverine and 
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downstream estuarine temperatures.  The thermal energy balance suggested a longitudinal dispersion 

coefficient,  K ≈ 1000 m2 s-1, a value far in excess of what might be expected from existing 

descriptions of shear flow dispersion in rivers and estuaries, i.e. K ≈ 100 m2 s-1 or less. Dispersion in 

the DWSC appears to result from a combination of how water parcels navigate the array of 

junctions and how flows in different connected channels are phased. In effect, this combination of 

processes may be considered to be a form of tidal pumping.  

By contrast, the SF6 study yielded a lower estimate of diffusivity. On August 14, 2005, ca. 1.6 mol of 

SF6 was injected in the SJR, 13 km upstream from the DWSC. The tracer entered the DWSC within 

one day, and was mapped for 8 consecutive days following the injection. From the change in SF6 

distribution with time, the longitudinal dispersion was determined to be 32.7 m2 s-1 and net 

advection was 1.75 km day-1 under the conditions observed during the study. The reason for this 

difference in dispersion can in part be attributed to the SF6 experiment largely occurring in the more 

riverine, upper part of the study area, whereas the temperature measurements were occurring in the 

more branching lower part of the study area. It is clear from these results that the impact of the 

branching nature of the delta on transport and dispersion is not fully understood. 

The impacts of geometry and flow on the low DO are inversely correlated, as the net velocity 

decreases when the channel area increases stepping from the SJR into the DWSC. Based simply on 

the advection calculated here in this study, the residence time for water in the DWSC is 7.7 days. 

The observed low DO concentrations suggest that this residence time associated with a flow of 34.5 

m3 sec-1 is too large, and that the BOD has ample time to decrease oxygen concentrations. 

A major aspect of this project was the application of the 3D finite difference circulation code, SI3D 

to the DWSC. SI3D solves the governing equations for three-dimensional hydrostatic fluid motions 

including the behavior of the free surface and density variations associated with salinity and 

temperature variations on a rectangular Cartesian grid.   

The domain encompassed in our model of the DWSC extended from the San Joaquin  River near 

French Camp Slough to just downstream of Turner Cut. The horizontal resolution of the grid was 

20 m and the vertical resolution was 1 m. Bathymetry was derived from the USGS bathymetry 

database.  Flows in this domain were driven by prescribed free surface elevations at the open 

boundaries, creating both tidal and mean flows. These surface elevations were derived from archived 
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DSM2 model runs. Surface heat exchanges were computed from meteorological data obtained from 

the Port of Stockton using standard meteorological formulae that derive fluxes from simpler 

measurements like wind speed. 

In Phase One of the modeling, a barotropic version was utilized. The model was calibrated for 

conditions existing in the summer of 2000. A straightforward comparison of results from this 

exercise to flows measured at the USGS flow station at Stockton showed an acceptable level of 

agreement between model and observations, although this calibration exercise revealed the 

importance of appropriately choosing a value of the horizontal eddy viscosity. Subject to stability 

constraints, this parameter should be chosen to be as small as possible to best represent the operant 

physics. 

SI3D was then used to model tidal currents observed in 2004, albeit omitting density variations (the 

barotropic model). Decomposing both modeled and observed currents and elevations into harmonic 

constituents, i.e. representing both as a sum of variations at tidal frequencies, revealed an important 

aspect of the model set up that should be considered in future limited area modeling exercises: In 

order to drive sufficient flows, it appears that free-surface elevation variations computed by DSM2 

are larger than what is observed. This resulted in an over-prediction of tidal currents in the DWSC. 

This suggested that a simple reduction in DSM2 derived elevations during calibration may suffice to 

get accurate tidal current predictions in the DWSC. 

Phase one of the modeling showed the value of a 3D model for practical modeling of flows in the 

Delta. A physical resolution of ca. 10m in the horizontal and 1m in the vertical can be successfully 

run on current desktop workstations. It appears that the coupling of DSM2 to a 3D model is 

straightforward, although it may be necessary in future to consider modifying DSM2 outputs so that 

they better match observations.   

In Phase two of the modeling, the hydrodynamic model was amended to allow for the modeling of 

baroclinic processes and allow for a water quality model to be run concurrently with the 

hydrodynamic model. The improved model, SI3DWQ, also used a three-dimensional to two-

dimensional mapping structure to decrease the memory requirements of the model.  The increased 

efficiency has improved the ability to use smaller grid sizes. The water quality model includes the 

transport of water quality constituents as well as source-sink terms for each constituent that take 
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into account all the major biogeochemical processes.  The transport of all water quality constituents 

is solved using the same two-level, semi-implicit scheme using operator splitting developed for scalar 

transport in SI3D.  SI3DWQ includes the following state variables: arbitrary constituent (used as a 

conservative tracer), dissolved oxygen, nitrogen species, phosphorus species, organic matter and 

phytoplankton. 

 

The model SI3DWQ showed promising results, and development and adaptation of the water 

quality portion of the model suggested that with further model enhancements and improved 

boundary conditions, a predictive, three-dimensional representation of water quality in the Stockton 

Deep Water Ship Channel is readily attainable.  Some limitation of the current model included the 

assignment of water temperature boundary conditions and attenuation coefficients.  It was obvious 

from initial model simulations that a constant attenuation coefficient for the entire system was not 

representative.  The model should be updated to allow this constituent to vary over the domain.  In 

addition, assuming well-mixed boundary conditions and a constant initial vertical water temperature 

are not accurate estimates for this system.  Another important improvement to the model would be 

the assignment of water surface heights at the boundaries.  The current model uses DSM2 output to 

provide boundary conditions.  Being able to use the output from another community-supported 

modeling effort was valuable; however, in this case, DSM2 does not seem to be as accurate as 

necessary for the section of river under study. With the relatively small model domain, errors 

introduced at the boundary dominate the entire domain.   

 

Without an accurate model of the hydrodynamics, modeling the water quality will be nearly 

impossible.  There are two ways to improve this downfall.  The first would be to extend the model 

boundaries to locations much further from the section of river of interest.  This will decouple the 

dependence of the area of interest on the boundaries, but would require much more computing 

power and the further development of the grid.  The second would be to move away from the 

DSM2-derived boundary conditions and derive input from another source.  All of these 

improvements were beyond the scope of this project. 

 

Based on our work, we make the following recommendations: 
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1. Any circulation modeling that is done for the Delta should use state of the art turbulence 

closures. 

2. To capture the full range of spatial scales important to flows in the Delta, hydrodynamic 

modeling of the Delta should be done using an unstructured grid model, a nested grid 

model, or other such numerical device that allows for the efficient resolution of small scale 

features.  

3. The accuracy of hydrodynamic models of the Delta should be assessed using quantitative 

metrics. 

4. Additional meteorological stations must be added to the existing monitoring network 

operated by the project agencies to allow for model forcing. 
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1. Introduction  

The principal objectives of this study were to understand how hydrodynamic and biogeochemical 

processes interact to produce reductions in dissolved oxygen concentrations in the Stockton Deep 

Water Ship Channel (DWSC) and to produce a three-dimensional hydrodynamic and coupled water 

quality model that could be used to examine these interactions. Our fundamental conceptual model 

was that thermal stratification forms in the DWSC because mixing due to winds and mean flows is 

not sufficient to overcome the stratifying effects of surface heating or to adequately flush the 

channel.  The presence of a step change in bottom elevation at the eastern end of the DWSC may 

also directly contribute to a low flushing rate in the ship channel.  As a result, particulate BOD input 

to the DWSC as well as organic matter produced locally via photosynthesis, are provided with the 

conditions needed to settle to the sediment where they decompose, leading to the development of 

low oxygen concentrations near the sediment-water interface when surface oxygen exchange is 

insufficient to overcome the dissolved oxygen deficits in the lower layer.   

 

To address these objectives, we undertook an ambitious program of field experimentation and 

numerical model development.  The individual program elements were the subject of individual 

reports that were submitted and subsequently accepted by CBDA.  These individual reports 

constitute the individual Sections of this Final Report.  In addition, Appendices are included 

containing two peer-reviewed papers that have thus far been produced from this research project.   

 

Sections 2 and 3 relate to Task 2 of the contract. Section 2 is a description of the originally proposed 

field measurement program and the results derived from it. Section 3 provides the results of field 

work conducted as part of an Amendment to the original contract. Appendix I and II are peer-

reviewed publications related to each of these efforts. 

 

Sections 4, 5 and 6 relate to Task 3 of the contract, the development of the 3-D numerical model. 

Section 4 provides a description of the initial hydrodynamic model and its application to flows in the 

SDWSC. An improved version of the hydrodynamic model, capable of handling thermal 

stratification, and with a coupled water quality model, is presented in Section 5. Section 6 contains 

the User’s Manual for the model. 
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2. Hydrodynamic and Water Quality Data from the Stockton Deep Water Ship 

Channel: August 2004 and August 2005 

The following Report was completed in May 2006, and describes the field operations associated with 

this study. All raw data collected over the course of the last two years are available through the UC 

Davis ftp server. The voluminous nature of these time series data make it unwieldy to display it in 

tabulated form.  For more information, contact Geoffrey Schladow at gschladow@ucdavis.edu 

 

Appendix I to the main report contains a peer-reviewed paper that was derived from these materials.  

mailto:gschladow@ucdavis.edu
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Introduction 

During August 2004 and August 2005, data were collected in the Stockton Deep Water Ship 

Channel (DWSC) by researchers from University of California at Davis, Stanford University and the 

United States Geological Survey (USGS).  The purpose of the field experiment was to understand 

the circulation, stratification, and dissolved oxygen characteristics of the DWSC, and to provide 

information for the calibration and validation of a three-dimensional hydrodynamic and water 

quality model for the Stockton DWSC in order to investigate the causes and possible solutions for 

the low dissolved oxygen (DO) problems in the channel. 

 

The data were collected during two experiments: one in August 2004 and the second during August 

2005.  August was chosen for the experiments because it is the time of year when the most extreme 

low DO events have occurred in the past.  Each experiment consisted of a 3-5 week deployment of 

acoustic Doppler current profilers (ADCPs) and thermistor mooring array.  In addition to the long-

term deployments, each experiment consisted of two thirty-hour intensive studies, spaced one week 

apart in order to sample during different tidal regimes.  During the experiments, three sets of data 

were collected.  The experiments were based from a 47-ft houseboat anchored just off the main 

channel (see Fig. 1).  The houseboat was placed in the area historically known to have the worst 

oxygen deficit, and it served two purposes.  First, it provided a platform for shipboard CTD casts, 

ADCP profiles and physical water sampling and filtering.  Second, it permitted small transecting 

boats to operate continuously by providing supplies and crew changes within the study area.  In 

addition to the houseboat, two small boats were used for transecting the San Joaquin River and 

DWSC.  These boats were equipped with an ADCP and a CTD with a DO sensor to collect data 

throughout the area affected by low DO.    The third data collection element was done with a Self 

Contained Autonomous MicroProfiler (SCAMP) to study vertical mixing rates.  The SCAMP 

collected turbulent microstructure profiles in the center of the channel next to the houseboat. 

 

Description of Equipment: 

 

RDI Acoustic Doppler Current Profilers  

The instruments used in the month long moorings were bottom-mounted upward-looking 

600 or 1200 kHz ADCPs.  Each ADCP had either a self-contained or external pressure 

sensor to measure water level. 
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Thermistors 

The moorings each had at least eight fast response (<0.5 s) thermistors, and were a mixture 

of RBR, OEI, and Sea-Bird models.  The thermistors were deployed in vertical chains to 

measure vertical temperature gradients and thus stratification. All thermistors were calibrated 

before deployment. 

 

SeaBird Conductivity-Temperature-Depth Profilers. 

The experiments utilized three different SeaBird CTDs.  The CTD located on the houseboat 

was an SBE-25.  This instrument has the following sensors: temperature, pressure, 

conductivity, pH, dissolved oxygen, transmissivity, PAR, fluorescence and optical back 

scatter.  The CTD used on the USGS R/V Holly Day had the following sensors: 

temperature, pressure, conductivity, dissolved oxygen, light transmissivity, chlorophyll 

fluorescence and optical backscatter.  The CTD used to collect data at the junction had the 

following sensors: temperature, pressure, conductivity, dissolved oxygen. 

 

SCAMP 

Turbulent microstructure profiles were collected using a SCAMP (PME, Inc.) profiler.  The 

casts were done every ca. 20 minutes in 2004 and every 10 minutes in 2005 during the 30-hr 

intensive experiments. The SCAMP was deployed in upward-mode where the instrument 

was lowered with a releasable weight, and profiled upward after a preset time delay. This 

mode permitted high resolution measurements in the near surface portion of the water 

column, where stratification was greatest. In 2004, the SCAMP was fitted with a pair of 

FP07 thermistors. In 2005, the instrument was upgraded to included fast-C, OBS, and 

fluorescence sensors. 

 

Specifics of experiments and sample data. 

 

August 2004 

 

During August 2004, five ADCP and thermistor strings were deployed at the M1-M5 as shown in 

Fig. 1.  The moorings were in the water from August 2, 2004 until September 2, 2004..  The 
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mooring at M2, which is in the location closest to the historical DO minimum region was selected 

for more intensive measurement: 21 thermistors were deployed at 0.5 meter intervals and the ADCP 

was upgraded to 2GB of memory and configured to measure turbulent Reynolds stresses for the 

duration of the experiment. 

 

 
Figure 1:  Map of study area and location of field measurements for August 2004.  M1 through M5 are locations 

of ACDP-thermistor string moorings.  M6 is the location of an ADCP mooring in Turner Cut to be used for 

model boundary conditions.  M7 is the location of an H-ADCP and pressure sensor to be used for model 

verifications.  Stations A through J are CTD-DO cast locations used during the two cruises.  Met is the 

meteorological and long term CTD-Do mooring.  UVM is the long-term USGS gauging station. 

 

A total of 66 instruments were deployed and all were successfully recovered. 
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Figure 1 Excerpt from time-series of a) along-channel velocity and b) temperature taken at mooring station 

M3.  Positive velocity is upstream (warm colors) and negative is downstream (cool colors).  Blue line indicates 

observed water level.  Grey shading indicates day-night cycle. 

 

The intensive studies took place on August 8-9 (neap tide) and August 16-17, 2004 (spring tide).  

Water samples for the 2004 experiments were only analyzed for the nitrogen species, but not the 

phosphorus species.  During the 2004 experiments, the PAR sensor on the SBE-25, located on the 

house boat, was not working properly, and those data should be disregarded.  In addition, during the 

first experiment of 2004, the first 3 hours of SBE-25 data was lost, and during the second 

experiment, an instrument malfunction caused all but the first eight hours of data to be 

compromised.   
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Figure 3:  Time-series contour plots of a) temperature b) conductivity c) chlorophyll d) density e) dissolved 

oxygen and f) tidal stage at the houseboat (M2 in figure 1) August 8-9, 2004. 

 

On the August 8-9 cruise, two small boats were used for transecting.  One boat visited sites A-D in 

Figure 1 and the other boat visited E-J.  The Sea-Bird 19plus was dropped at the upstream locations 

and the SBE-19 was dropped at the downstream locations.  The two instruments are not compatible 

for some constituents, including dissolved oxygen and fluorescence.  For this reason, during the 

second thirty-hour study, the SBE-19 plus was used at all locations.  In addition, after looking at 

some of the data from the August 8-9 data, it was decided that it would be beneficial to carefully 

study the junction.  The second boat transected the region where the San Joaquin River enters the 

Deep Water Ship Channel.  This boat was equipped with a shipboard ADCP and the SBE-19 which 

was towed continuously 2-m below the surface.  Finally, a third small boat was dedicated on each 

cruise to collecting SCAMP data.  The following figures present excerpts of the data collected on the 

transecting boats and the SCAMP data. 
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Figure 4: Longitudinal temperature sections taken during 16-17 August 2004 cruise.  Distance downstream is 

relative to the turning basin at the Port of Stockton (at station M1). 
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Figure 5: Longitudinal dissolved oxygen sections taken during 16-17 August 2004 cruise.  Distance 

downstream is relative to the turning basin at the Port of Stockton (at station M1). 
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Figure 6:  Example of shipboard ADCP data collected along a repeated transect at the mouth of the San 

Joaquin River at Channel Point (where the SJR meets the Deep Water Shipping Channel). 
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Figure 7:  Example of shipboard dissolved oxygen data collected along a repeated transect at the mouth of the 

San Joaquin River at Channel Point (where the SJR meets the Deep Water Shipping Channel).  Data were 

collected with a continuously sampling CTD/DO sensor set 2 m below the surface. 
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Figure 8:  Example microstructure profile.  Each profile was screened for quality control and trimmed at the 

surface and bottom.  The data were segmented and for each segment a Batchelor-spectra estimate of the 

turbulent dissipation rate was computed.  A second quality control was conducted for each segment.  The 

buoyancy frequency for each segment was a then calculated, with good segments permitting calculation of 

buoyancy Reynolds numbers. 
 

August 2005 

 

After interpreting the data from August 2004, the experiment layout for 2005 was modified.  As 

shown in the following map, there were less ADCP and thermistor chains deployed for the month, 

one was located at the downstream boundary condition (M5 in Figure 9a), another in the river, 

upstream of the junction (M-1 in Figure 9a) and the third was at the location of the most critical DO 

problem (M2 in Figure 9a). A final thermistor string was placed near the junction (M0 in Figure 9a).  
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The moorings were deployed on August 2-3, 2005 and recovered on August 24, 2005.  These data 

are still being quality checked. 
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Figure 9:  Map of study area and location of field measurements for August 2005. a) shows the locations of 

moorings.  M1, M2 and M5 are the locations of the ADCP and thermistor chains and M0 is the location of the 

thermistor string only.  b) shows the locations of the CTD-DO cast locations used during the two cruises. 
 

The concentrated studies occurred on August 16-17 (spring tide) and August 23-24 (neap tide).  The 

houseboat was located at the same location during 2005.  The water samples collected at the house 

boat during 2005, in addition to being analyzed for the nitrogen species, were also analyzed for 

phosphorus and total suspended solids. 

 

 
Figure 10:  Time-series contour plots of a) temperature b) conductivity c) chlorophyll d) density e) dissolved 

oxygen and f) tidal stage at the houseboat (M2 in figure 1) August 16-17, 2005.  In figure 10b, a spike in the 

conductivity is noted toward the end of the experiment.  This spike was noticed in the SBE25, as well as the 

SBE 19 plus data. 
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The locations of the transecting boat also changed during 2005.  More locations in the river were 

visited, and fewer locations in the DWSC were visited, as seen in Figure 9b.  The longitudinal 

transects began upstream of the Stockton wastewater treatment plant and down to near Buckley’s 

cove, on the main shipping channel.  Transects were run every 2-hrs, stopping at 11 stations.  The 

continuous ADCP/CTD transects at the junction were modified for the August 2005 experiments.  

The ADCP was upgraded from a 600 kHz to a 1200 kHz working in a fast-ping mode for increased 

accuracy.  The data from this boat is still being checked for accuracy.  The SCAMP measurements 

were increased in 2005, with upward casts being collected in the same location as 2004, but every 10 

minutes.  The following figures present excerpts of the data collected on the transecting boats and 

the SCAMP data. 
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Figure 11: Longitudinal conductivity sections taken during 16-17 August 2005 cruise.  Distance downstream in 

the river (left hand side plots) is relative to the UVM located at Garwood (station R1) and distance downstream 

in the ship channel (right hand side) is relative to the turning basin at the Port of Stockton (at station M1).  
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This figure presents the conductivity data for the second half of the experiment.  Note the conductivity spike 

that occurs in the ship channel beginning at 2:00am.  The source of this spike is still under investigation. 

 

 
 
Figure 12: SCAMP microstructure profile data collect on the San Joaquin River at 15:30 on 16 August 2005. 

Note the sharp change in water mass and turbulence properties at 2 m depth. 

 

Data Availability 

 

All raw data collected over the course of the last two years are available through the UC Davis ftp 

server. The voluminous nature of these time series data make it unwieldy to display it in tabulated 

form.  For more information, contact Laura DiPalermo via e-mail: ladipalermo@ucdavis.edu or 

telephone: 530-754-6433. 

 

 

mailto:ladipalermo@ucdavis.edu
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3. Stockton Deep Water Channel Tracer Experiment  

The Report contained in the following pages describes the field operations associated with a 

supplemental study using the inert tracer, sulfur hexafluoride to track water movement through the 

SDWSC.  Appendix II to the main report  includes the peer-reviewed paper that was developed 

from this effort.. 
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Stockton Deep Water Channel Tracer Experiment 

 

David T. Ho1, Paul J. Schmieder1, and Jordan F. Clark2 

 

1Lamont Doherty Earth Observatory, Columbia University, Palisades NY 
 

2Department of Earth Science, University of California, Santa Barbara, CA 

 

Objectives 

 

The objectives of the Stockton Deep Water Channel (SDWC) tracer experiment were to determine 

the longitudinal dispersion coefficient, tracer residence time, and the net down stream advection 

using the sulfur hexafluoride (SF6) tracer method developed by Clark et al. (1996) and Ho et al. 

(2002).  The study was conducted during a period of intensive field measurements as part of the 

larger project of S. Monismith, G. Schladow, and P. Smith, “Hydrodynamics and oxygen modeling 

of the Stockton Deep Water Ship Channel.”   

 

Methods 

 

For 9 days starting on August 14, 2005, the SF6 tracer study was conducted within the SDWC and 

the San Joaquin River. On August 14 (Day 0), approximately 1.6 mol (240 gr) of SF6 were injected 

over a period of 10 minutes at an average depth of 3.3 m into the San Joaquin River, 13 km 

upstream of the confluence between the river and the SDWC.  The tracer was injected at slack 

before ebb tide. 

 

SF6 samples were analyzed using an automated, high-resolution, measurement system that 

continuously measured SF6 concentration in the water at 1 minute intervals (Ho et al., 2002; Caplow 

et al, 2004). This system included a membrane contactor (Liqui-Cel) to extract gasses from the water 

sample, dual analytical columns to separate SF6 from other gases, and a gas chromatograph (GC) 

with an electron capture detector (ECD) to measure SF6.  Calibration of the system was determined 

using a gas standard (146 pptv) prepared and certified by Scott-Marrin, Inc. (Riverside, CA).  For 
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this experiment, modifications were made to the original system to use a peristaltic pump in place of 

the submersible pump.  

 

On subsequent days following the tracer release, Days 1-8, surveys were conducted in the SDWC 

and the San Joaquin River to define the structure of the tracer patch. Surveys continued until 

background SF6 concentrations were observed. Transects were also repeated each day. During the 

repeated surveys on Days 5, 6, and 8, a CTD sonde was lowered every 1 km to establish the 

temperature and salinity gradients with depth. Also, water samples from depth were pumped 

through the continuous system and collected as discrete samples to define vertical SF6 and DO 

concentration gradients.  

 

While sampling, the gas stripping efficiency of the membrane contactor decreases due to particles 

(<40 microns in size) clogging the contactor pores, and water flow rates vary since the flow is 

controlled manually. Final data calibrations account for the variability of these parameters, and SF6 

concentrations are presented in femto (10-15) moles per liter of water (fmol L-1). 

 

SF6 data from the SDWC study were corrected for tidal movement in order to obtain a synoptic 

distribution. SF6 data from each day were corrected to the time of slack before ebb tide (SBE) at the 

location of an ADCP (Acoustic Doppler Current Profiler), 14 km downstream of the confluence 

between the SDWC and the San Joaquin River. The tidal correction follows the methods of Ho et 

al., (2002):  

 

where x0 and t0 are the measurement distance (river kilometer; rkm) and time, respectively, and x(t) is 

the corrected distance at SBE at time t. vmax is the maximum ebb velocity observed at the ADCP 

location during each day of the study. The tidal period, P, was determined based on the amount time 

elapsed between consecutive SBE cycles. xref  and tref refer to the location and time of the SBE 

reference conditions, respectively. a is the upstream propagation velocity of the tidal wave, and the 

value for each day was determined from the time difference of low tide between two ADCP’s 

separated by 12 km. a and vmax were both assumed to be constant as a function of distance along the 

SDWC.  
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SF6 mass inventories for each day were obtained by combination measured SF6 concentrations with 

volumes of the SDWC. Volumes for the portions of the SDWC sampled during the study were 

determined using electronic NOAA navigational charts in ArcGIS. As the volumes of side channels 

and embayments are less than the volume of the main channel, these are excluded from the 

inventory calculations. 

 

Results 

 

The SF6 concentration data obtained from the repeated daily transects are presented in Figures 1 and 

2. In this study, distances along the channel are designated by river kilometers (RKM), and decrease 

downstream of the ship turning basin in the SDWC.  RKM 19 marks the confluence of the San 

Joaquin River and the SDWC. 

 

In Figure 1, transects are plotted for Days 1 – 8, following the tracer release.  In Figure 2, 

longitudinal SF6 profiles are presented from the SDWC for Days 2 - 8. Tracer tagged waters entered 

the SDWC 1 day following the tracer injection. SF6 concentrations remained high in the upper 

reaches of the SDWC throughout the survey. This region coincides with the boat turning basin and 

is upstream of the confluence of the San Joaquin River and the SDWC. The persistent elevated SF6 

concentrations indicate that the residence times for waters in the boat turning basin are greater than 

the residence times of water further downstream in the SDWC. Based on the migration of peak 

tracer concentration, the average advection over the investigation was 1.2 km day-1. 

 

Based on the decay of the SF6 mass inventory, the e-folding residence time for a volatile substance in 

the SDWC below the confluence of the San Joaquin River is ~6 days. The dispersion coefficient is 

determined by the change in moment method, which fits a Gaussian curve through the longitudinal 

profiles and then measures the change in variance over time. The dispersion coefficient is 56.9 m2 

sec-1 in the DWSC under the environmental conditions during the study. 

 

A manuscript, which discusses these results in more detail, is currently being prepared.  We 

anticipate submitting it during the summer. 
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Figure 1:  Daily SF6 concentration data in the San Joaquin River and the SDWC.  Concentrations are 

presented in fmol L-1.   
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Figure 2:  Daily SF6 longitudinal profiles in the SDWC.  Concentrations are presented in fmol L-1.  

RKM 19 marks the confluence of the San Joaquin River and the SDWC.  Upstream of this location 

is the ship turning basin. 
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Appendix 1:  Stockton Deep Water Channel Data 

 

 

GPS Time  

(EDT) Lat Long 

DO          

(mg L-1) 

Temp 

(°C) RKM 

Corrected   

RKM 

SF6              

(fmol L-1) 

150805-143538 37.97633 -121.38031 5.0 25.5 14.2 18.0 5.0 

150805-143650 37.97595 -121.37957 5.0 25.4 14.3 18.1 0.1 

150805-143802 37.97595 -121.37959 5.1 25.5 14.3 18.1 0.1 

150805-143915 37.97532 -121.37934 5.1 25.5 14.3 18.1 0.0 

150805-145734 37.97301 -121.37614 5.2 25.8 14.7 18.4 0.1 

150805-145845 37.97275 -121.37538 4.9 25.9 14.8 18.5 0.1 

150805-145957 37.97180 -121.37483 5.2 25.9 14.9 18.6 0.1 

150805-150110 37.97021 -121.37328 5.2 25.9 15.1 18.8 0.0 

150805-150221 37.96860 -121.37180 5.3 25.9 15.3 19.0 0.1 

150805-150333 37.96705 -121.37017 5.2 25.8 15.5 19.2 0.1 

150805-150445 37.96568 -121.36844 5.4 25.8 15.8 19.5 0.1 

150805-150556 37.96412 -121.36688 5.3 25.9 16.0 19.7 0.0 

150805-150818 37.96141 -121.36323 5.4 25.8 16.4 20.1 0.1 

150805-150931 37.95994 -121.36129 5.7 25.8 16.7 20.4 0.0 

150805-151042 37.95873 -121.35916 5.4 25.7 16.9 20.6 0.0 

150805-151154 37.95767 -121.35684 5.5 25.6 17.1 20.8 0.0 

150805-151305 37.95676 -121.35446 5.8 25.6 17.4 21.1 0.0 

150805-151418 37.95584 -121.35201 6.1 25.7 17.6 21.3 0.1 

150805-151528 37.95502 -121.34964 5.9 25.6 17.8 21.5 0.0 

150805-151641 37.95443 -121.34727 6.2 25.6 18.0 21.8 0.0 

150805-151902 37.95306 -121.34264 6.3 25.5 18.5 22.2 0.0 

150805-152014 37.95249 -121.33983 6.1 25.5 18.7 22.5 0.0 

150805-152126 37.95194 -121.33704 6.1 25.9 19.0 22.7 0.2 

150805-152238 37.95008 -121.33610 6.6 25.0 19.1 22.9 24.9 

150805-152349 37.94804 -121.33725 7.0 24.4     408.8 

150805-152503 37.94673 -121.33950 7.1 24.3     694.1 

150805-152614 37.94580 -121.34133 7.1 24.3     851.1 

150805-152726 37.94536 -121.34145 7.1 24.4     812.6 

150805-154048 37.94809 -121.33716 6.8 24.7     358.7 

150805-154200 37.94796 -121.33723 7.0 24.7     354.6 

150805-154311 37.94708 -121.33851 7.0 24.6     538.5 

150805-154423 37.94594 -121.34087 7.1 24.5     763.1 
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150805-154535 37.94408 -121.34242 7.1 24.4     1020.2 

150805-154647 37.94293 -121.34485 7.2 24.4     1010.2 

150805-154758 37.94115 -121.34516 7.2 24.3     1032.3 

150805-154910 37.93933 -121.34355 7.2 24.3     845.1 

150805-155133 37.93906 -121.33809 7.6 24.4     599.3 

150805-155243 37.93829 -121.33563 7.3 24.3     484.6 

150805-155356 37.93641 -121.33408 7.4 24.3     432.4 

150805-155508 37.93553 -121.33152 7.5 24.4     307.1 

150805-155620 37.93437 -121.32918 7.6 24.5     253.7 

150805-155731 37.93235 -121.32806 7.4 24.2     221.8 

150805-155843 37.93015 -121.32788 7.5 24.2     157.3 

150805-155955 37.92805 -121.32717 7.5 24.2     78.3 

150805-160217 37.92447 -121.32413 7.7 24.1     56.0 

150805-160330 37.92250 -121.32289 7.8 24.1     26.7 

150805-160442 37.92101 -121.32088 7.7 24.1     25.0 

150805-160553 37.92040 -121.31966 7.7 24.1     15.9 

150805-160705 37.92027 -121.31948 7.8 24.1     19.6 

150805-160817 37.92012 -121.31930 7.7 24.1     18.9 

150805-160929 37.92000 -121.31914 7.7 24.1     15.2 

150805-161041 37.91992 -121.31906 7.6 24.0     10.5 

150805-161304 37.91986 -121.31891 7.6 24.1     8.9 

150805-161416 37.91985 -121.31889 7.7 24.0     9.8 

150805-161526 37.91864 -121.32018 7.7 24.1     7.8 

150805-161639 37.91687 -121.32148 7.7 24.0     6.6 

150805-161750 37.91506 -121.32267 7.7 24.1     5.1 

150805-161902 37.91340 -121.32399 7.7 24.1     4.5 

150805-162012 37.91142 -121.32454 7.8 24.1     3.7 

150805-162126 37.90937 -121.32501 7.7 24.0     3.1 

150805-162346 37.90572 -121.32344 7.7 24.0     2.8 

150805-162458 37.90404 -121.32449 7.6 24.0     2.1 

150805-162610 37.90232 -121.32583 7.8 24.0     1.9 

150805-162723 37.90023 -121.32607 7.7 24.0     2.0 

150805-162833 37.89831 -121.32682 7.7 24.0     1.8 

150805-162945 37.89643 -121.32785 7.9 24.1     2.0 

150805-163056 37.89470 -121.32886 7.7 24.0     1.9 

150805-163210 37.89524 -121.32837 7.6 24.1     2.3 

150805-163431 37.89531 -121.32832 7.7 24.2     2.0 

150805-163543 37.89534 -121.32830 7.6 24.2     2.1 
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160805-115727 37.95882 -121.35829 5.2 25.1     51.7 

160805-115839 37.95882 -121.35826 5.2 25.0     44.3 

160805-115950 37.95883 -121.35826 5.1 24.9     63.3 

160805-120102 37.95884 -121.35825 5.2 24.9     60.6 

160805-120213 37.95884 -121.35825 5.2 24.9     68.1 

160805-120324 37.95884 -121.35822 5.2 24.9     73.6 

160805-125559 37.91550 -121.32194 7.1 23.5     7.9 

160805-125712 37.91606 -121.32151 7.1 23.5     1.6 

160805-125822 37.91640 -121.32151 7.1 23.5     0.7 

160805-125934 37.91540 -121.32233 7.1 23.4     1.0 

160805-133031 37.91253 -121.32415 6.7 23.4     0.3 

160805-133143 37.91424 -121.32372 6.7 23.5     0.6 

160805-133255 37.91469 -121.32314 6.8 23.6     0.5 

160805-133406 37.91607 -121.32164 6.9 23.6     0.6 

160805-133518 37.91846 -121.32017 6.7 23.6     0.6 

160805-133630 37.92060 -121.31978 6.7 23.6     0.8 

160805-133741 37.92228 -121.32247 6.7 23.4     0.9 

160805-133853 37.92461 -121.32408 6.7 23.6     0.8 

160805-134115 37.92894 -121.32769 6.4 23.5     0.8 

160805-134227 37.93152 -121.32764 6.5 23.6     0.9 

160805-134338 37.93394 -121.32880 6.4 23.5     0.6 

160805-134450 37.93544 -121.33135 6.8 23.5     0.7 

160805-134601 37.93651 -121.33424 6.6 23.5     0.6 

160805-134713 37.93854 -121.33623 6.6 23.6     0.8 

160805-134824 37.93912 -121.33926 6.4 23.6     0.5 

160805-134937 37.93900 -121.34261 6.8 23.6     0.7 

160805-135200 37.94279 -121.34490 6.5 23.8     0.8 

160805-135312 37.94424 -121.34225 6.4 23.8     0.8 

160805-135424 37.94635 -121.34038 6.8 23.8     0.6 

160805-135536 37.94762 -121.33755 6.7 23.7     0.7 

160805-135647 37.94981 -121.33582 5.9 24.5     10.6 

160805-135911 37.95198 -121.33150 8.1 25.6 19.5 23.2 37.3 

160805-140035 37.95230 -121.32813 8.8 25.6 19.8 23.5 20.0 

160805-140304 37.95267 -121.32208 10.8 25.7 20.3 24.0 2.7 

160805-140417 37.95273 -121.31902 10.2 25.8 20.6 24.3 0.4 

160805-140529 37.95280 -121.31598 9.9 25.9 20.8 24.5 0.1 

160805-140640 37.95300 -121.31309 10.0 26.0 21.1 24.8 0.2 

160805-140752 37.95316 -121.31312 10.3 25.9 21.1 24.8 0.1 
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160805-140904 37.95310 -121.31618 9.5 25.9 20.8 24.6 0.2 

160805-141016 37.95294 -121.31932 10.2 25.8 20.5 24.3 0.0 

160805-141128 37.95276 -121.32243 8.7 25.8 20.3 24.1 0.3 

160805-141351 37.95215 -121.32855 7.9 25.6 19.7 23.7 13.4 

160805-141504 37.95191 -121.33171 7.0 25.6 19.5 23.4 21.4 

160805-141614 37.95183 -121.33483 6.2 25.0 19.2 23.2 43.0 

160805-141727 37.95233 -121.33807 6.0 24.7 18.9 23.0 29.7 

160805-141839 37.95296 -121.34113 6.2 24.9 18.6 22.7 40.6 

160805-141951 37.95368 -121.34419 6.2 25.0 18.3 22.5 52.7 

160805-142102 37.95462 -121.34707 6.2 25.1 18.1 22.2 75.6 

160805-142214 37.95505 -121.34855 6.1 25.3 17.9 22.1 88.6 

160805-142438 37.95599 -121.35179 6.1 25.4 17.6 21.8 94.6 

160805-142550 37.95692 -121.35462 5.4 25.7 17.3 21.6 54.0 

160805-142703 37.95792 -121.35742 5.4 25.5 17.1 21.3 38.8 

160805-142815 37.95908 -121.35952 5.7 25.5 16.8 21.1 63.6 

160805-142926 37.96059 -121.36160 5.5 25.5 16.6 20.9 70.3 

160805-143038 37.96222 -121.36365 5.4 25.5 16.3 20.7 65.9 

160805-143150 37.96384 -121.36565 5.4 25.5 16.1 20.4 62.6 

160805-143302 37.96556 -121.36756 4.6 25.8 15.8 20.2 58.9 

160805-143525 37.96891 -121.37148 5.0 25.6 15.3 19.7 36.4 

160805-143638 37.97061 -121.37356 5.2 25.7 15.1 19.4 34.9 

160805-143748 37.97230 -121.37545 5.2 25.7 14.8 19.2 33.0 

160805-143900 37.97399 -121.37747 5.2 25.6 14.5 18.9 31.5 

160805-144012 37.97568 -121.37956 5.2 25.7 14.3 18.6 27.3 

160805-144125 37.97747 -121.38153 5.0 25.6 14.0 18.4 16.5 

160805-144237 37.97923 -121.38351 5.0 25.7 13.8 18.1 10.6 

160805-144349 37.98101 -121.38550 4.9 25.7 13.5 17.8 7.8 

160805-144611 37.98405 -121.38909 4.7 25.7 13.0 17.3 3.2 

160805-144723 37.98576 -121.39147 4.7 25.7 12.8 17.1 2.1 

160805-144833 37.98700 -121.39410 4.3 25.8 12.5 16.8 2.1 

160805-144946 37.98811 -121.39701 4.4 25.8 12.2 16.5 0.6 

160805-145057 37.98911 -121.39975 4.3 25.8 11.9 16.2 0.3 

160805-145209 37.99031 -121.40247 4.2 25.8 11.7 15.9 0.2 

160805-145320 37.99132 -121.40521 4.1 25.7 11.4 15.6 0.1 

160805-145432 37.99253 -121.40793 4.0 25.7 11.1 15.3 0.1 

160805-150632 37.99404 -121.41036 4.5 26.0 10.9 14.9 0.1 

160805-150744 37.99397 -121.41021 4.6 26.1 10.9 14.9 0.1 

160805-150855 37.99389 -121.40999 4.7 26.2 10.9 15.0 0.2 



HYDRODYNAMICS AND OXYGEN MODELING OF THE STOCKTON DEEP WATER SHIP CHANNEL 
  

30

160805-151007 37.99379 -121.40977 4.4 26.3 10.9 15.0 0.1 

160805-151118 37.99349 -121.40962 4.4 26.1 10.9 15.0 0.1 

160805-151231 37.99325 -121.40940 4.2 26.1 11.0 15.0 0.1 

160805-151342 37.99308 -121.40924 3.9 26.0 11.0 15.0 0.1 

160805-151454 37.99250 -121.40832 3.8 25.7 11.1 15.1 0.1 

160805-151715 37.99077 -121.40451 4.0 25.7 11.5 15.5 0.2 

160805-151828 37.98995 -121.40240 4.1 25.8 11.7 15.8 0.2 

160805-151938 37.98922 -121.40033 4.0 25.7 11.9 16.0 0.1 

160805-152051 37.98846 -121.39813 4.1 25.7 12.1 16.2 0.2 

160805-152201 37.98780 -121.39596 4.0 25.8 12.3 16.4 0.2 

160805-152313 37.98687 -121.39383 4.1 25.9 12.5 16.6 0.2 

160805-152426 37.98576 -121.39175 4.2 25.9 12.7 16.9 0.7 

160805-152538 37.98461 -121.38971 4.3 25.8 13.0 17.1 3.1 

160805-152801 37.98182 -121.38651 4.1 26.0 13.4 17.6 1.6 

160805-152913 37.98040 -121.38483 4.5 26.0 13.6 17.8 2.3 

160805-153025 37.97892 -121.38330 4.6 26.0 13.8 18.0 6.2 

160805-153137 37.97754 -121.38178 4.9 26.1 14.0 18.2 9.5 

160805-153248 37.97620 -121.38018 4.8 26.0 14.2 18.4 18.1 

160805-153400 37.97482 -121.37851 4.8 26.0 14.4 18.7 25.9 

160805-153513 37.97352 -121.37686 4.9 26.1 14.6 18.9 35.2 

160805-153625 37.97207 -121.37529 5.0 26.1 14.8 19.1 44.9 

160805-153848 37.97043 -121.37353 5.0 26.2 15.1 19.3 97.1 

160805-154000 37.97022 -121.37329 4.0 26.3 15.1 19.4 134.8 

160805-155229 37.96846 -121.37136 5.5 26.2 15.4 19.5 30.0 

160805-155342 37.96826 -121.37120 5.5 26.2 15.4 19.6 28.1 

160805-155451 37.96763 -121.37039 5.4 26.1 15.5 19.6 37.7 

160805-155605 37.96615 -121.36890 5.6 26.2 15.7 19.9 37.8 

160805-155716 37.96485 -121.36731 5.5 26.4 15.9 20.1 42.4 

160805-155828 37.96355 -121.36567 5.3 26.4 16.1 20.3 33.9 

160805-155940 37.96225 -121.36398 5.9 26.3 16.3 20.5 41.4 

160805-160052 37.96088 -121.36240 6.0 26.3 16.5 20.7 50.3 

160805-160315 37.95874 -121.35866 5.6 25.9 16.9 21.2 55.7 

160805-160427 37.95805 -121.35666 5.8 25.9 17.1 21.3 50.0 

160805-160538 37.95737 -121.35458 6.0 26.0 17.3 21.6 62.0 

160805-160650 37.95676 -121.35298 6.3 26.2 17.5 21.7 58.0 

170805-110905 37.95811 -121.35869 5.2 24.6 17.0 15.2 53.7 

170805-111017 37.95882 -121.35825 5.2 24.6 17.0 15.2 54.6 

170805-111129 37.95837 -121.35835 5.1 24.6 17.0 15.2 55.8 
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170805-111240 37.95859 -121.35828 5.2 24.7 17.0 15.3 54.4 

170805-111350 37.95876 -121.35829 5.2 24.7 17.0 15.3 56.9 

170805-111501 37.95854 -121.35825 5.2 24.7 17.0 15.3 55.6 

170805-111612 37.95867 -121.35827 5.3 24.7 17.0 15.4 57.8 

170805-111723 37.95875 -121.35828 5.3 24.7 17.0 15.4 49.7 

170805-111942 37.95878 -121.35826 5.3 24.7 17.0 15.5 56.3 

170805-112054 37.95882 -121.35826 5.2 24.7 17.0 15.5 50.2 

170805-112205 37.95884 -121.35843 5.3 24.8 16.9 15.5 54.6 

170805-112316 37.95817 -121.35883 5.3 24.8 16.9 15.6 55.1 

170805-112428 37.95728 -121.35622 5.5 24.7 17.2 15.8 57.9 

170805-112539 37.95628 -121.35335 5.4 24.7 17.5 16.1 64.5 

170805-112649 37.95553 -121.35032 5.8 24.7 17.7 16.4 57.9 

170805-112759 37.95469 -121.34727 5.9 24.6 18.0 16.7 50.1 

170805-113021 37.95302 -121.34119 6.0 24.6 18.6 17.3 39.3 

170805-113132 37.95227 -121.33816 5.9 24.5 18.9 17.6 34.1 

170805-113242 37.95069 -121.33605 5.9 24.3 19.1 17.8 36.0 

170805-113353 37.94866 -121.33688 6.2 24.0     21.7 

170805-113504 37.94702 -121.33872 6.2 23.9     15.4 

170805-113615 37.94587 -121.34105 6.5 23.8     10.1 

170805-113724 37.94406 -121.34254 6.5 23.7     7.2 

170805-113836 37.94296 -121.34494 6.5 23.8     4.7 

170805-114056 37.93952 -121.34355 6.9 23.7     2.2 

170805-114207 37.93914 -121.34104 6.8 23.7     1.5 

170805-114318 37.93896 -121.33828 6.8 23.7     1.3 

170805-114429 37.93819 -121.33580 6.9 23.8     1.0 

170805-114540 37.93637 -121.33406 6.9 23.6     0.9 

170805-114651 37.93553 -121.33170 6.9 23.7     0.6 

170805-114802 37.93453 -121.32940 7.0 23.8     0.6 

170805-114911 37.93259 -121.32829 7.0 23.8     0.6 

170805-115133 37.92840 -121.32752 6.3 23.7     0.6 

170805-115243 37.92797 -121.32715 7.4 23.5     0.6 

170805-115355 37.93013 -121.32782 7.4 23.5     0.4 

170805-115506 37.93289 -121.32822 7.3 23.4     0.4 

170805-115617 37.93490 -121.32981 7.4 23.4     0.4 

170805-115728 37.93563 -121.33233 7.3 23.4     0.5 

170805-115840 37.93681 -121.33443 7.2 23.4     0.5 

170805-115949 37.93849 -121.33586 7.3 23.5     0.5 

170805-120211 37.93890 -121.34088 7.5 23.6     0.7 
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170805-120322 37.93923 -121.34347 7.4 23.5     0.8 

170805-120432 37.94098 -121.34484 7.5 23.6     0.9 

170805-120543 37.94269 -121.34504 7.4 23.6     1.4 

170805-120654 37.94364 -121.34283 7.3 23.6     1.6 

170805-120804 37.94540 -121.34138 7.3 23.7     2.3 

170805-120915 37.94670 -121.33936 7.3 23.8     2.9 

170805-121026 37.94809 -121.33729 7.1 23.8     4.1 

170805-121247 37.95065 -121.33549 6.3 24.6 19.2 19.1 22.9 

170805-121357 37.95129 -121.33421 6.0 24.8 19.3 19.2 27.0 

170805-121509 37.95190 -121.33155 7.1 25.1 19.5 19.4 27.7 

170805-121621 37.95228 -121.32830 8.6 25.1 19.7 19.7 21.2 

170805-121731 37.95252 -121.32506 10.2 25.2 20.0 20.0 8.8 

170805-121843 37.95263 -121.32179 11.3 25.4 20.3 20.3 4.6 

170805-121953 37.95263 -121.31865 12.3 25.6 20.6 20.6 3.4 

170805-122104 37.95279 -121.31556 11.6 25.7 20.9 20.9 1.8 

170805-122324 37.95323 -121.30997 12.2 26.0 21.4 21.4 0.5 

170805-122436 37.95336 -121.30802 12.7 26.1 21.5 21.6 0.4 

170805-122548 37.95335 -121.30601 12.9 26.1 21.7 21.8 0.2 

170805-122659 37.95314 -121.30470 13.0 26.2 21.8 21.9 0.3 

170805-122811 37.95311 -121.30670 12.9 26.1 21.7 21.8 0.3 

170805-122921 37.95315 -121.30860 12.3 26.0 21.5 21.7 0.2 

170805-123032 37.95314 -121.31063 12.0 25.8 21.3 21.6 0.5 

170805-123143 37.95316 -121.31300 10.8 25.8 21.1 21.4 0.6 

170805-123404 37.95300 -121.31801 10.9 25.6 20.6 21.1 2.0 

170805-123515 37.95289 -121.32051 10.5 25.4 20.4 20.9 3.5 

170805-123625 37.95271 -121.32297 9.9 25.3 20.2 20.8 4.0 

170805-123736 37.95240 -121.32545 8.2 25.2 20.0 20.6 5.5 

170805-123847 37.95228 -121.32795 7.4 25.2 19.8 20.5 10.2 

170805-123959 37.95214 -121.33048 6.8 25.2 19.6 20.3 22.6 

170805-124111 37.95215 -121.33304 6.0 25.0 19.3 20.1 29.2 

170805-124222 37.95186 -121.33554 5.8 24.5 19.1 20.0 30.4 

170805-124443 37.95290 -121.34046 5.8 24.5 18.7 19.6 22.2 

170805-124555 37.95352 -121.34289 5.8 24.4 18.4 19.5 26.5 

170805-124705 37.95421 -121.34525 5.8 24.5 18.2 19.3 27.0 

170805-124816 37.95487 -121.34768 5.8 24.7 18.0 19.1 29.0 

170805-124927 37.95568 -121.35000 5.7 24.8 17.8 19.0 34.9 

170805-125038 37.95610 -121.35150 5.8 24.8 17.6 18.9 37.5 

170805-125147 37.95677 -121.35366 5.7 24.9 17.4 18.7 43.2 



HYDRODYNAMICS AND OXYGEN MODELING OF THE STOCKTON DEEP WATER SHIP CHANNEL 
  

33

170805-125259 37.95756 -121.35586 5.6 24.9 17.2 18.6 46.4 

170805-125520 37.95887 -121.35900 5.6 25.0 16.9 18.4 45.8 

170805-125630 37.96001 -121.36059 5.7 24.9 16.7 18.2 45.5 

170805-125742 37.96133 -121.36219 5.2 24.9 16.5 18.1 47.0 

170805-125854 37.96268 -121.36382 5.2 24.9 16.3 17.9 49.7 

170805-130004 37.96399 -121.36541 5.4 25.0 16.1 17.8 50.0 

170805-130115 37.96527 -121.36706 5.3 25.0 15.9 17.6 48.3 

170805-130228 37.96656 -121.36879 4.9 25.0 15.7 17.5 49.7 

170805-130338 37.96782 -121.37040 5.1 25.0 15.5 17.3 47.4 

170805-130600 37.97040 -121.37370 5.1 25.0 15.1 17.0 48.2 

170805-130712 37.97158 -121.37513 5.1 25.0 14.9 16.9 42.7 

170805-130824 37.97297 -121.37612 5.0 25.0 14.7 16.8 44.2 

170805-130933 37.97424 -121.37750 5.0 25.0 14.5 16.6 42.6 

170805-131045 37.97549 -121.37907 4.9 25.0 14.3 16.5 43.0 

170805-131156 37.97678 -121.38052 4.8 25.0 14.1 16.3 40.2 

170805-131307 37.97808 -121.38199 4.6 25.0 13.9 16.2 39.2 

170805-131417 37.97936 -121.38348 4.3 25.1 13.8 16.0 35.5 

170805-131639 37.98192 -121.38639 4.5 25.0 13.4 15.8 26.5 

170805-131749 37.98318 -121.38782 4.6 25.1 13.2 15.6 30.0 

170805-131900 37.98443 -121.38933 4.4 25.0 13.0 15.5 29.9 

170805-132011 37.98547 -121.39101 4.4 25.0 12.8 15.3 27.3 

170805-132120 37.98640 -121.39281 4.3 25.0 12.6 15.2 27.4 

170805-132232 37.98727 -121.39476 4.3 24.9 12.4 15.0 26.8 

170805-132344 37.98812 -121.39679 4.2 24.9 12.2 14.9 28.7 

170805-132454 37.98891 -121.39879 4.3 25.0 12.0 14.7 27.5 

170805-132714 37.99030 -121.40275 4.2 25.0 11.6 14.4 22.5 

170805-132825 37.99110 -121.40472 4.0 25.2 11.4 14.3 18.2 

170805-132935 37.99185 -121.40663 4.2 25.1 11.3 14.1 17.3 

170805-133046 37.99250 -121.40866 4.3 25.1 11.1 14.0 20.1 

170805-133157 37.99321 -121.41070 4.3 25.2 10.9 13.8 20.4 

170805-133308 37.99381 -121.41277 4.3 25.4 10.7 13.7 17.9 

170805-133420 37.99431 -121.41494 4.2 25.3 10.5 13.5 15.2 

170805-133531 37.99480 -121.41707 4.2 25.4 10.3 13.3 14.4 

170805-133752 37.99529 -121.42146 4.1 25.4 9.9 13.0 12.3 

170805-133903 37.99521 -121.42366 4.1 25.5 9.7 12.8 10.3 

170805-134014 37.99490 -121.42583 4.0 25.5 9.5 12.7 9.7 

170805-134124 37.99463 -121.42798 4.1 25.6 9.3 12.5 8.3 

170805-134237 37.99429 -121.43019 4.0 25.5 9.1 12.3 6.5 
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170805-134347 37.99402 -121.43236 3.9 25.4 8.9 12.2 5.1 

170805-134459 37.99393 -121.43458 3.9 25.4 8.7 12.0 3.6 

170805-134609 37.99435 -121.43668 4.0 25.5 8.5 11.9 2.8 

170805-134829 37.99577 -121.44064 3.9 25.4 8.1 11.5 0.6 

170805-134941 37.99659 -121.44255 3.9 25.5 7.9 11.4 0.3 

170805-135053 37.99753 -121.44442 3.9 25.5 7.7 11.2 0.2 

170805-135203 37.99861 -121.44606 3.9 25.5 7.5 11.0 0.1 

170805-135314 37.99978 -121.44766 3.9 25.5 7.4 10.9 0.1 

170805-135426 38.00053 -121.44880 4.0 25.7 7.2 10.8 0.1 

170805-145345 38.00705 -121.45430 4.1 26.0 6.3 10.6 0.0 

170805-145455 38.00583 -121.45335 4.0 26.0 6.5 10.7 0.0 

170805-145605 38.00462 -121.45239 4.2 26.1 6.7 10.9 0.0 

170805-145717 38.00343 -121.45131 4.1 26.0 6.8 11.1 0.0 

170805-145828 38.00221 -121.45038 4.2 26.1 7.0 11.3 0.2 

170805-145938 38.00102 -121.44943 4.2 26.1 7.1 11.4 0.5 

170805-150048 37.99993 -121.44828 4.1 26.0 7.3 11.6 1.6 

170805-150159 37.99876 -121.44664 3.9 25.7 7.5 11.8 1.9 

170805-150419 37.99600 -121.44164 4.1 25.8 8.0 12.4 4.8 

170805-150529 37.99476 -121.43898 4.2 26.0 8.3 12.6 7.8 

170805-150640 37.99380 -121.43614 4.3 25.9 8.6 12.9 9.9 

170805-150751 37.99375 -121.43303 4.3 25.8 8.8 13.2 13.7 

170805-150901 37.99413 -121.42998 4.2 25.7 9.1 13.5 14.6 

170805-151012 37.99451 -121.42687 4.3 25.9 9.4 13.8 15.4 

170805-151124 37.99470 -121.42488 4.5 26.1 9.6 14.0 14.4 

170805-151235 37.99525 -121.42333 4.4 25.9 9.7 14.1 13.6 

170805-151455 37.99520 -121.42014 4.5 26.1 10.0 14.4 17.0 

170805-151606 37.99569 -121.41853 4.4 26.0 10.1 14.6 16.7 

170805-151716 37.99496 -121.41734 4.4 25.8 10.3 14.7 20.2 

170805-151827 37.99519 -121.41595 4.6 26.1 10.4 14.8 18.1 

170805-151939 37.99480 -121.41488 4.3 25.8 10.5 14.9 18.5 

170805-152049 37.99479 -121.41335 4.6 25.8 10.6 15.0 17.3 

170805-152200 37.99354 -121.41231 4.8 26.0 10.7 15.2 16.1 

170805-152311 37.99382 -121.41072 4.4 26.1 10.8 15.3 14.2 

170805-152531 37.99190 -121.40834 4.8 26.2 11.1 15.6 27.1 

170805-152642 37.99084 -121.40582 4.8 26.1 11.4 15.9 31.1 

170805-152752 37.99040 -121.40294 4.6 26.0 11.6 16.1 36.1 

170805-152903 37.98958 -121.40004 4.6 26.0 11.9 16.4 44.5 

170805-153015 37.98873 -121.39754 4.4 25.8 12.1 16.6 40.8 
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170805-153124 37.98846 -121.39760 4.8 26.5 12.1 16.6 35.7 

170805-153235 37.98841 -121.39769 4.9 26.4 12.1 16.6 36.7 

170805-153347 37.98839 -121.39777 4.6 26.0 12.1 16.6 39.5 

170805-153608 37.98838 -121.39779 4.9 26.3 12.1 16.6 37.9 

170805-153719 37.98839 -121.39774 4.9 26.3 12.1 16.6 39.4 

170805-153829 37.98841 -121.39768 4.8 26.3 12.1 16.6 37.3 

170805-153941 37.98844 -121.39763 4.5 26.2 12.1 16.6 36.7 

170805-154050 37.98844 -121.39759 4.5 26.2 12.1 16.6 36.1 

170805-154203 37.98844 -121.39753 4.5 26.2 12.1 16.6 36.9 

170805-154313 37.98844 -121.39746 4.5 26.3 12.1 16.6 35.9 

170805-154424 37.98844 -121.39739 4.5 26.3 12.2 16.7 32.7 

170805-154645 37.98707 -121.39464 5.2 26.2 12.4 16.9 36.9 

170805-154756 37.98592 -121.39184 4.9 25.8 12.7 17.2 48.5 

170805-154907 37.98436 -121.38940 5.1 26.2 13.0 17.5 50.1 

170805-155017 37.98247 -121.38734 5.2 26.1 13.3 17.8 50.7 

170805-155128 37.98102 -121.38603 5.4 26.3 13.5 18.0 53.6 

170805-155239 37.98023 -121.38478 5.6 26.6 13.6 18.1 54.1 

170805-155350 37.97957 -121.38363 5.6 26.5 13.7 18.3 52.2 

170805-155502 37.97857 -121.38313 5.6 26.4 13.8 18.4 52.6 

170805-155723 37.97653 -121.38055 5.6 27.0 14.2 18.7 57.2 

170805-155834 37.97632 -121.38031 5.7 26.9 14.2 18.7 54.3 

170805-155944 37.97627 -121.38021 5.7 26.8 14.2 18.7 54.6 

170805-160055 37.97620 -121.38014 5.7 26.9 14.2 18.7 54.0 

170805-160207 37.97608 -121.38008 5.8 26.9 14.2 18.7 54.6 

170805-160318 37.97596 -121.38003 5.8 27.0 14.2 18.7 48.9 

170805-160427 37.97585 -121.37998 5.8 27.0 14.2 18.7 53.9 

170805-160539 37.97573 -121.37994 5.8 26.9 14.2 18.8 56.1 

170805-160800 37.97572 -121.37859 5.4 26.5 14.4 18.9 56.2 

170805-160910 37.97455 -121.37851 5.9 26.9 14.4 18.9 53.5 

170805-161021 37.97432 -121.37713 5.4 26.5 14.6 19.0 56.6 

170805-161131 37.97328 -121.37679 6.0 26.9 14.6 19.1 53.1 

170805-161244 37.97282 -121.37552 5.5 26.7 14.8 19.3 55.6 

170805-161354 37.97194 -121.37504 5.9 27.0 14.9 19.3 51.1 

170805-161505 37.97122 -121.37405 5.4 26.7 15.0 19.5 55.3 

170805-161616 37.97035 -121.37337 6.0 27.0 15.1 19.6 50.4 

170805-161837 37.96869 -121.37184 5.7 26.8 15.3 19.8 51.1 

170805-161949 37.96809 -121.37059 6.3 26.9 15.4 19.9 49.7 

170805-162059 37.96714 -121.36994 5.4 26.5 15.5 20.0 55.0 
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170805-162211 37.96651 -121.36885 5.4 27.0 15.7 20.1 47.8 

170805-162322 37.96590 -121.36786 4.8 26.4 15.8 20.2 35.1 

170805-162433 37.96486 -121.36748 5.7 26.9 15.9 20.3 37.4 

170805-162542 37.96449 -121.36612 6.6 26.6 16.0 20.5 48.4 

170805-162654 37.96338 -121.36555 6.9 27.0 16.1 20.6 56.4 

170805-162915 37.96258 -121.36456 7.1 27.6 16.2 20.7 55.2 

170805-163026 37.96244 -121.36438 7.2 27.5 16.3 20.7 55.8 

170805-163137 37.96227 -121.36416 7.2 27.5 16.3 20.7 56.7 

170805-163249 37.96212 -121.36396 7.4 27.5 16.3 20.7 55.1 

170805-163358 37.96198 -121.36378 7.3 27.4 16.3 20.7 57.1 

170805-163509 37.96182 -121.36358 7.3 27.2 16.4 20.8 58.1 

170805-163619 37.96167 -121.36338 7.3 27.2 16.4 20.8 58.8 

170805-163730 37.96153 -121.36315 7.3 27.1 16.4 20.8 57.9 

170805-163952 37.96072 -121.36209 7.4 26.7 16.6 20.9 56.6 

170805-164104 37.95990 -121.36105 7.7 27.1 16.7 21.0 54.5 

170805-164214 37.95934 -121.35989 7.9 27.0 16.8 21.1 53.7 

170805-164325 37.95814 -121.35915 8.4 27.3 16.9 21.3 50.6 

170805-164436 37.95835 -121.35724 7.8 26.7 17.1 21.4 52.1 

170805-164546 37.95701 -121.35649 8.3 27.1 17.2 21.5 51.0 

170805-164657 37.95741 -121.35479 8.5 27.0 17.3 21.6 47.3 

170805-164809 37.95610 -121.35373 8.0 27.6 17.4 21.8 49.5 

170805-165031 37.95556 -121.35073 7.6 27.5 17.7 22.0 43.5 

170805-165142 37.95550 -121.34929 8.1 26.8 17.8 22.1 41.1 

170805-165252 37.95463 -121.34827 8.6 27.2 18.0 22.2 35.3 

170805-165403 37.95491 -121.34672 8.9 26.7 18.1 22.3 32.0 

170805-165514 37.95381 -121.34564 9.2 26.7 18.2 22.5 31.5 

170805-165625 37.95381 -121.34420 9.1 26.6 18.3 22.6 23.1 

170805-165737 37.95307 -121.34263 8.5 25.9 18.5 22.7 22.5 

170805-165848 37.95248 -121.33946 8.8 26.3 18.8 23.0 18.8 

180805-111719 37.99844 -121.41066 3.8 24.3     10.0 

180805-111831 37.99842 -121.41066 3.8 24.3     10.1 

180805-112201 37.99842 -121.41066 3.7 24.3     10.8 

180805-112312 37.99843 -121.41065 3.7 24.3     10.4 

180805-112422 37.99842 -121.41066 3.7 24.3     10.0 

180805-112533 37.99842 -121.41067 3.7 24.2     9.0 

180805-112644 37.99858 -121.41180 3.7 24.2     10.0 

180805-112757 37.99861 -121.41506 3.6 24.3     10.2 

180805-112906 37.99784 -121.41805 3.5 24.3     9.7 
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180805-113016 37.99616 -121.42063 3.7 24.7     9.8 

180805-113237 37.99449 -121.42645 3.7 24.7 9.4 8.9 7.0 

180805-113349 37.99373 -121.43037 3.7 24.7 9.1 8.6 4.6 

180805-113501 37.99341 -121.43385 3.7 24.6 8.8 8.4 3.8 

180805-113612 37.99378 -121.43723 3.7 24.6 8.5 8.1 3.4 

180805-113724 37.99493 -121.44041 3.7 24.6 8.2 7.9 2.2 

180805-113834 37.99645 -121.44317 3.8 24.5 7.9 7.6 1.3 

180805-113947 37.99813 -121.44594 3.9 24.4 7.6 7.4 0.9 

180805-114057 38.00009 -121.44821 4.0 24.4 7.3 7.1 0.6 

180805-114319 38.00456 -121.45205 4.4 24.2 6.7 6.6 0.4 

180805-114430 38.00687 -121.45385 4.7 24.1 6.4 6.4 0.3 

180805-114540 38.00915 -121.45562 4.8 24.1 6.1 6.2 0.1 

180805-114651 38.01114 -121.45679 5.0 24.3 5.9 6.0 0.1 

180805-114802 38.00953 -121.45558 4.8 24.5 6.1 6.2 0.1 

180805-114913 38.00775 -121.45425 4.5 24.7 6.3 6.5 0.2 

180805-115024 38.00595 -121.45291 4.3 24.7 6.5 6.7 0.3 

180805-115134 38.00418 -121.45161 4.1 24.8 6.8 7.0 0.5 

180805-115354 38.00069 -121.44879 3.8 24.9 7.2 7.5 0.8 

180805-115507 37.99901 -121.44707 3.8 24.9 7.4 7.7 1.0 

180805-115616 37.99764 -121.44516 3.7 25.0 7.7 7.9 1.3 

180805-115727 37.99643 -121.44298 3.7 25.0 7.9 8.2 1.8 

180805-115838 37.99546 -121.44061 3.7 25.0 8.1 8.5 2.4 

180805-115948 37.99475 -121.43814 3.6 25.0 8.4 8.7 4.2 

180805-120059 37.99392 -121.43571 3.7 25.0 8.6 9.0 5.3 

180805-120211 37.99362 -121.43306 3.7 24.9 8.9 9.2 7.1 

180805-120431 37.99420 -121.42784 3.7 24.9 9.3 9.7 7.9 

180805-120542 37.99473 -121.42519 3.6 24.9 9.6 10.0 11.8 

180805-120653 37.99509 -121.42252 3.7 25.0 9.8 10.2 11.4 

180805-120805 37.99521 -121.41983 3.7 24.9 10.0 10.5 14.5 

180805-120915 37.99493 -121.41726 3.7 24.9 10.3 10.7 16.7 

180805-121026 37.99427 -121.41474 3.7 25.0 10.5 11.0 17.9 

180805-121137 37.99339 -121.41230 3.7 25.0 10.7 11.2 19.7 

180805-121248 37.99261 -121.40979 3.8 24.9 11.0 11.5 22.6 

180805-121509 37.99091 -121.40491 3.9 25.0 11.4 12.0 27.5 

180805-121620 37.99001 -121.40250 3.9 25.0 11.7 12.2 29.2 

180805-121732 37.98909 -121.40005 3.9 24.9 11.9 12.5 30.5 

180805-121843 37.98823 -121.39764 3.9 24.9 12.1 12.7 31.4 

180805-121954 37.98734 -121.39520 3.9 24.8 12.4 13.0 32.4 
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180805-122105 37.98623 -121.39292 3.9 24.9 12.6 13.2 32.2 

180805-122215 37.98498 -121.39081 4.0 24.9 12.8 13.5 32.6 

180805-122326 37.98357 -121.38883 4.1 25.0 13.1 13.7 33.4 

180805-122547 37.98054 -121.38532 4.0 24.9 13.5 14.2 34.2 

180805-122700 37.97897 -121.38349 4.1 24.9 13.8 14.4 34.1 

180805-122812 37.97732 -121.38182 4.2 24.9 14.0 14.7 38.0 

180805-122922 37.97591 -121.38033 4.2 24.8 14.2 14.9 34.6 

180805-123031 37.97462 -121.37874 4.3 24.9 14.4 15.1 35.9 

180805-123144 37.97314 -121.37680 4.4 24.9 14.6 15.4 35.9 

180805-123254 37.97163 -121.37502 4.5 24.9 14.9 15.6 36.9 

180805-123405 37.97008 -121.37319 4.5 24.9 15.1 15.8 37.4 

180805-123626 37.96685 -121.36978 4.6 24.9 15.6 16.3 37.8 

180805-123737 37.96539 -121.36780 4.8 24.9 15.8 16.6 36.9 

180805-123849 37.96379 -121.36586 4.9 24.9 16.1 16.8 36.4 

180805-124000 37.96221 -121.36397 4.7 25.0 16.3 17.1 35.9 

180805-124111 37.96059 -121.36214 5.2 25.0 16.6 17.3 34.7 

180805-124222 37.95927 -121.36005 5.4 24.9 16.8 17.6 28.8 

180805-124333 37.95829 -121.35769 5.9 25.0 17.0 17.8 23.2 

180805-124445 37.95733 -121.35518 5.8 25.0 17.3 18.1 22.5 

180805-124704 37.95557 -121.35031 5.9 24.9 17.7 18.6 20.5 

180805-124816 37.95478 -121.34770 5.7 24.8 18.0 18.8 17.9 

180805-124927 37.95401 -121.34514 5.7 24.8 18.2 19.1 18.6 

180805-125037 37.95334 -121.34255 5.8 24.8 18.5 19.3 17.9 

180805-125147 37.95286 -121.33996 5.7 24.7 18.7 19.5 16.0 

180805-125259 37.95246 -121.33793 5.6 24.6 18.9 19.7 14.0 

180805-125410 37.95216 -121.33539 6.3 25.0 19.1 20.0 14.8 

180805-125521 37.95191 -121.33276 6.4 24.9 19.4 20.2 17.5 

180805-125742 37.95235 -121.32757 7.1 25.0 19.8 20.7 19.3 

180805-125852 37.95256 -121.32501 9.7 25.2 20.0 20.9 14.0 

180805-130003 37.95276 -121.32242 9.9 25.4 20.3 21.2 11.1 

180805-130114 37.95273 -121.31978 10.4 25.6 20.5 21.4 10.0 

180805-130226 37.95284 -121.31710 9.2 25.6 20.7 21.6 8.7 

180805-130336 37.95291 -121.31452 9.6 25.6 21.0 21.9 9.2 

180805-130447 37.95312 -121.31192 10.4 25.8 21.2 22.1 4.4 

180805-130819 37.95333 -121.30655 12.8 26.1 21.7 22.6 1.2 

180805-130930 37.95338 -121.30502 13.9 26.2 21.8 22.8 1.0 

180805-131042 37.95334 -121.30344 13.5 26.3 21.9 22.9 1.0 

180805-131153 37.95334 -121.30188 13.8 26.3 22.1 23.1 0.6 
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180805-131303 37.95356 -121.30037 12.6 26.5 22.2 23.2 0.5 

180805-131414 37.95377 -121.29887 11.5 26.4 22.3 23.4 0.4 

180805-131524 37.95343 -121.29982 11.1 26.3 22.3 23.4 0.4 

180805-131636 37.95337 -121.30149 12.9 26.4 22.1 23.3 0.6 

180805-131856 37.95328 -121.30473 14.0 26.2 21.8 23.1 1.0 

180805-132006 37.95331 -121.30643 11.7 26.1 21.7 23.0 1.1 

180805-132117 37.95329 -121.30817 12.2 25.8 21.5 22.9 1.1 

180805-132229 37.95314 -121.31029 11.0 25.7 21.3 22.8 1.9 

180805-132340 37.95317 -121.31355 9.7 25.5 21.0 22.6 5.9 

180805-132451 37.95309 -121.31679 10.7 25.8 20.7 22.3 7.3 

180805-132600 37.95293 -121.31991 11.1 25.5 20.5 22.1 9.2 

180805-132712 37.95273 -121.32316 10.3 25.3 20.2 21.9 11.0 

180805-132932 37.95228 -121.32952 7.7 25.1 19.6 21.5 18.7 

180805-133043 37.95207 -121.33274 6.9 25.1 19.4 21.3 19.4 

180805-133153 37.95081 -121.33495 5.8 24.9 19.2 21.2 18.8 

180805-133304 37.94917 -121.33639 6.6 24.2     8.6 

180805-133415 37.94788 -121.33747 6.5 24.2     2.0 

180805-133526 37.94694 -121.33905 6.5 24.2     0.9 

180805-133637 37.94613 -121.34078 6.5 24.2     0.6 

180805-133748 37.94540 -121.34155 6.5 24.3     0.6 

180805-134008 37.94361 -121.34342 6.6 24.2     0.4 

180805-134119 37.94305 -121.34468 6.7 24.2     0.4 

180805-134229 37.94244 -121.34569 6.7 24.3     0.3 

180805-134341 37.94140 -121.34537 6.7 24.2     0.3 

180805-134452 37.94053 -121.34453 6.6 24.2     0.3 

180805-134603 37.94061 -121.34459 6.6 24.2     0.2 

180805-134715 37.94082 -121.34484 6.2 24.2     0.2 

180805-134826 37.94109 -121.34496 6.5 24.1     0.3 

180805-135047 37.94474 -121.34192 6.4 24.1     0.4 

180805-135158 37.94672 -121.33946 6.6 24.1     0.3 

180805-135307 37.94840 -121.33701 6.5 24.2     0.6 

180805-135419 37.95077 -121.33591 6.4 24.6 19.1 21.8 11.1 

180805-135530 37.95219 -121.33835 6.3 24.7 18.9 21.6 10.6 

180805-135641 37.95267 -121.34149 6.3 24.7 18.6 21.4 15.9 

180805-135751 37.95353 -121.34411 6.4 25.3 18.3 21.2 16.6 

180805-135902 37.95365 -121.34446 6.4 25.2 18.3 21.2 16.1 

180805-140123 37.95518 -121.34914 6.3 25.2 17.9 20.9 17.8 

180805-140234 37.95599 -121.35212 6.3 25.2 17.6 20.7 19.3 



HYDRODYNAMICS AND OXYGEN MODELING OF THE STOCKTON DEEP WATER SHIP CHANNEL 
  

40

180805-140345 37.95721 -121.35503 5.9 25.5 17.3 20.4 22.9 

180805-140457 37.95835 -121.35809 5.9 25.3 17.0 20.2 33.1 

180805-140608 37.96002 -121.36049 5.9 25.1 16.7 20.0 34.0 

180805-140720 37.96131 -121.36125 6.0 25.2 16.6 19.9 29.7 

180805-140829 37.96090 -121.36289 6.5 25.3 16.5 19.8 26.2 

180805-140941 37.96228 -121.36269 6.2 25.2 16.4 19.8 26.6 

180805-141202 37.96340 -121.36446 5.9 25.2 16.2 19.7 25.8 

180805-141313 37.96338 -121.36586 6.4 25.3 16.1 19.6 27.2 

180805-141424 37.96452 -121.36607 6.3 25.4 16.0 19.5 27.8 

180805-141534 37.96457 -121.36726 6.2 25.4 15.9 19.5 30.7 

180805-141645 37.96577 -121.36737 6.3 25.5 15.8 19.4 31.4 

180805-141756 37.96580 -121.36875 6.1 25.5 15.7 19.4 36.0 

180805-141906 37.96700 -121.36884 5.2 25.5 15.6 19.3 36.3 

180805-142018 37.96690 -121.37052 5.3 25.6 15.5 19.2 38.5 

180805-142238 37.96863 -121.37145 5.4 25.3 15.3 19.1 38.5 

180805-142349 37.96956 -121.37201 5.2 25.4 15.2 19.1 41.0 

180805-142500 37.96979 -121.37287 5.5 25.5 15.2 19.0 38.4 

180805-142611 37.96987 -121.37332 5.7 25.5 15.1 19.0 38.5 

180805-142721 37.97037 -121.37371 5.7 25.6 15.1 19.0 39.0 

180805-142833 37.97053 -121.37389 5.9 25.8 15.0 19.0 38.2 

180805-142943 37.97061 -121.37405 5.8 25.7 15.0 19.0 38.7 

180805-143055 37.97064 -121.37418 5.8 25.6 15.0 19.0 39.6 

180805-143315 37.97070 -121.37399 5.6 25.4 15.0 19.0 40.4 

180805-143426 37.97069 -121.37403 5.7 25.6 15.0 19.1 38.9 

180805-143538 37.97069 -121.37407 5.8 25.9 15.0 19.1 38.8 

180805-143649 37.97077 -121.37409 5.6 25.7 15.0 19.1 37.0 

180805-143800 37.97136 -121.37395 5.0 25.4 15.0 19.1 40.7 

180805-143911 37.97170 -121.37460 5.6 25.6 14.9 19.1 37.8 

180805-144022 37.97229 -121.37542 5.2 25.3 14.8 19.0 41.2 

180805-144133 37.97313 -121.37589 5.8 25.6 14.7 18.9 36.8 

180805-144352 37.97464 -121.37720 5.5 25.4 14.5 18.8 39.8 

180805-144505 37.97457 -121.37869 5.4 25.4 14.4 18.7 41.1 

180805-144614 37.97590 -121.37869 5.3 25.5 14.3 18.7 40.6 

180805-144726 37.97603 -121.38021 5.6 25.6 14.2 18.6 40.0 

180805-144836 37.97718 -121.38045 5.2 25.8 14.1 18.5 41.0 

180805-144947 37.97756 -121.38153 5.4 25.6 14.0 18.4 41.9 

180805-145058 37.97837 -121.38223 5.0 25.5 13.9 18.3 44.2 

180805-145209 37.97874 -121.38359 5.4 25.6 13.8 18.2 41.4 
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180805-145429 37.98075 -121.38501 5.2 25.7 13.6 18.0 43.6 

180805-145541 37.98099 -121.38651 5.5 25.7 13.4 17.9 40.2 

180805-145652 37.98239 -121.38670 5.3 25.6 13.3 17.9 37.6 

180805-145804 37.98281 -121.38807 5.2 25.6 13.2 17.7 41.1 

180805-145913 37.98429 -121.38811 4.4 25.4 13.1 17.7 41.0 

180805-150024 37.98421 -121.38978 5.2 25.7 13.0 17.6 37.8 

180805-150136 37.98561 -121.39035 5.3 25.6 12.8 17.5 40.4 

180805-150246 37.98560 -121.39186 5.0 25.4 12.7 17.4 40.8 

180805-150508 37.98709 -121.39399 4.7 25.4 12.5 17.2 42.2 

180805-150619 37.98721 -121.39540 5.0 25.6 12.4 17.1 40.8 

180805-150729 37.98810 -121.39629 4.4 25.4 12.3 17.0 42.7 

180805-150840 37.98880 -121.39718 4.6 25.5 12.2 16.9 41.2 

180805-150951 37.98830 -121.39871 4.9 25.7 12.1 16.8 40.8 

180805-151102 37.98855 -121.39940 4.8 25.7 12.0 16.7 39.3 

180805-151214 37.98889 -121.40012 4.9 25.7 11.9 16.7 39.9 

180805-151324 37.98967 -121.40101 4.6 25.6 11.8 16.6 42.0 

180805-151544 37.99041 -121.40321 4.7 25.8 11.6 16.4 41.0 

180805-151809 37.99116 -121.40535 4.7 25.9 11.4 16.2 39.0 

180805-151916 37.99126 -121.40643 4.6 25.7 11.3 16.1 39.4 

180805-152027 37.99194 -121.40727 4.6 25.8 11.2 16.0 39.8 

180805-152138 37.99192 -121.40846 4.6 25.8 11.1 16.0 35.0 

180805-152250 37.99297 -121.40927 4.2 25.6 11.0 15.8 36.3 

180805-152401 37.99403 -121.41018 4.5 25.6 10.9 15.7 29.0 

180805-152624 37.99697 -121.41036 5.4 25.9     4.5 

180805-152733 37.99786 -121.40923 5.5 25.9     3.4 

180805-152845 37.99883 -121.40793 5.6 26.1     3.1 

180805-152956 38.00001 -121.40687 5.7 26.1     2.6 

180805-153107 38.00119 -121.40588 5.6 26.0     2.4 

180805-153218 38.00241 -121.40494 5.5 26.1     2.5 

180805-153329 38.00362 -121.40394 5.1 26.1     3.1 

180805-153439 38.00467 -121.40273 5.9 26.4     2.8 

180805-153701 38.00603 -121.39955 5.8 26.3     1.6 

180805-153811 38.00661 -121.39793 5.9 26.4     0.9 

180805-153922 38.00725 -121.39641 5.9 26.5     0.6 

180805-154033 38.00800 -121.39486 5.7 26.3     0.6 

180805-154144 38.00869 -121.39330 5.6 26.5     0.3 

180805-154254 38.00909 -121.39287 5.8 26.3     0.4 

180805-154405 38.00804 -121.39516 5.6 26.3     0.4 
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180805-154517 38.00703 -121.39731 5.8 26.2     0.4 

180805-154737 38.00489 -121.40274 5.7 26.2     1.5 

180805-154849 38.00289 -121.40470 5.5 26.1     2.4 

180805-154958 38.00086 -121.40633 5.7 26.2     2.3 

180805-155109 37.99883 -121.40796 5.3 26.1     3.1 

180805-200000 0.00000 0.00000 11.1 25.7     3.7 

190805-112635 37.99843 -121.41066 4.0 23.6     15.6 

190805-112747 37.99842 -121.41065 4.0 23.6     15.2 

190805-113020 37.99842 -121.41067 3.9 23.6     15.1 

190805-113132 37.99842 -121.41067 3.9 23.7     14.9 

190805-113243 37.99842 -121.41067 3.9 23.7     14.8 

190805-113354 37.99843 -121.41067 3.9 23.6     14.4 

190805-113503 37.99842 -121.41066 3.9 23.6     14.1 

190805-113615 37.99845 -121.41101 3.9 23.5     14.3 

190805-113725 37.99866 -121.41363 3.9 23.6     16.1 

190805-113837 37.99849 -121.41667 3.8 23.7     15.8 

190805-114057 37.99563 -121.42175 3.9 24.2 9.8 9.4 16.1 

190805-114208 37.99484 -121.42466 3.9 24.2 9.6 9.2 15.2 

190805-114320 37.99436 -121.42759 3.9 24.2 9.3 9.0 13.3 

190805-114431 37.99393 -121.43049 3.9 24.1 9.1 8.8 12.6 

190805-114542 37.99368 -121.43345 4.0 24.2 8.8 8.6 12.1 

190805-114654 37.99378 -121.43649 3.9 24.0 8.6 8.4 11.3 

190805-114805 37.99472 -121.43912 3.9 24.0 8.3 8.2 9.4 

190805-114914 37.99578 -121.44166 4.0 24.0 8.0 8.0 7.9 

190805-115136 37.99871 -121.44639 4.2 23.8 7.5 7.5 5.7 

190805-115247 38.00046 -121.44845 4.4 23.7 7.3 7.3 4.8 

190805-115357 38.00236 -121.45038 4.5 23.7 7.0 7.1 3.5 

190805-115508 38.00442 -121.45205 4.7 23.6 6.7 6.9 2.3 

190805-115619 38.00648 -121.45375 4.9 23.5 6.4 6.6 1.8 

190805-115730 38.00861 -121.45543 5.2 23.4 6.1 6.4 1.2 

190805-115841 38.01079 -121.45703 5.4 23.3 5.9 6.2 0.8 

190805-115952 38.01291 -121.45875 5.7 23.1 5.6 5.9 0.6 

190805-120213 38.01705 -121.46190 5.8 23.0 5.0 5.5 0.4 

190805-120324 38.01900 -121.46360 5.9 22.9 4.8 5.3 0.3 

190805-120435 38.02091 -121.46497 6.2 22.8 4.5 5.1 0.2 

190805-120547 38.02290 -121.46621 6.1 22.7 4.3 4.9 0.1 

190805-120658 38.02456 -121.46792 6.1 22.6 4.1 4.7 0.1 

190805-120808 38.02580 -121.46996 6.2 22.9 3.8 4.5 0.1 
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190805-120919 38.02605 -121.46976 6.3 23.2 3.8 4.6 0.1 

190805-121030 38.02495 -121.46824 6.2 23.4 4.0 4.8 0.1 

190805-121246 38.02176 -121.46492 6.0 23.6 4.5 5.3 0.2 

190805-121402 38.01979 -121.46350 5.8 23.8 4.7 5.5 0.4 

190805-121512 38.01806 -121.46208 5.9 23.9 5.0 5.8 0.3 

190805-121623 38.01624 -121.46055 5.8 23.9 5.2 6.1 0.3 

190805-121735 38.01436 -121.45908 5.6 24.1 5.5 6.3 0.4 

190805-121846 38.01251 -121.45762 5.3 24.2 5.7 6.6 0.6 

190805-121955 38.01067 -121.45622 5.1 24.4 5.9 6.8 0.9 

190805-122107 38.00881 -121.45469 4.8 24.5 6.2 7.1 1.9 

190805-122328 38.00532 -121.45211 4.4 24.6 6.6 7.6 3.2 

190805-122438 38.00352 -121.45096 4.2 24.7 6.9 7.8 4.5 

190805-122550 38.00176 -121.44957 4.1 24.8 7.1 8.1 6.0 

190805-122701 38.00012 -121.44799 4.1 24.8 7.3 8.3 7.1 

190805-122811 37.99845 -121.44658 4.1 24.8 7.5 8.5 7.4 

190805-122922 37.99725 -121.44439 4.0 24.9 7.8 8.8 8.1 

190805-123033 37.99609 -121.44217 3.9 24.9 8.0 9.0 10.0 

190805-123145 37.99489 -121.43990 3.9 24.9 8.2 9.3 11.8 

190805-123404 37.99347 -121.43507 4.0 24.6 8.7 9.7 14.2 

190805-123515 37.99326 -121.43244 4.0 24.5 8.9 10.0 14.3 

190805-123627 37.99364 -121.42976 4.0 24.5 9.2 10.2 13.6 

190805-123738 37.99438 -121.42727 4.0 24.4 9.4 10.5 15.9 

190805-123848 37.99483 -121.42472 4.0 24.4 9.6 10.7 17.2 

190805-123959 37.99532 -121.42214 4.0 24.6 9.8 10.9 18.2 

190805-124110 37.99545 -121.41948 4.0 24.8 10.1 11.2 19.0 

190805-124221 37.99491 -121.41698 4.0 24.8 10.3 11.4 19.9 

190805-124442 37.99348 -121.41209 4.1 24.8 10.8 11.9 22.1 

190805-124553 37.99267 -121.40959 4.1 24.8 11.0 12.1 22.7 

190805-124705 37.99191 -121.40705 4.1 24.8 11.2 12.4 23.3 

190805-124816 37.99096 -121.40469 4.1 24.8 11.5 12.6 24.1 

190805-124926 37.98997 -121.40240 4.1 24.9 11.7 12.9 25.0 

190805-125039 37.98922 -121.39987 4.0 24.9 11.9 13.1 25.8 

190805-125147 37.98840 -121.39756 4.1 24.9 12.1 13.3 26.2 

190805-125259 37.98754 -121.39516 4.0 24.9 12.4 13.6 26.7 

190805-125520 37.98514 -121.39096 4.1 24.9 12.8 14.0 26.6 

190805-125630 37.98375 -121.38906 4.0 24.9 13.1 14.3 26.8 

190805-125743 37.98214 -121.38730 4.1 24.9 13.3 14.5 28.1 

190805-125853 37.98069 -121.38570 4.1 24.8 13.5 14.7 29.4 
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190805-130004 37.97983 -121.38427 4.0 24.6 13.7 14.9 27.0 

190805-130115 37.97966 -121.38427 4.1 24.7 13.7 14.9 25.7 

190805-130227 37.97964 -121.38431 4.2 24.7 13.7 15.0 25.1 

190805-130336 37.97962 -121.38429 4.2 24.7 13.7 15.0 22.3 

190805-130557 37.97725 -121.38163 4.3 24.8 14.0 15.4 24.5 

190805-130709 37.97568 -121.37980 4.5 24.8 14.3 15.6 24.1 

190805-130819 37.97411 -121.37799 4.5 24.9 14.5 15.9 23.1 

190805-130930 37.97248 -121.37631 4.5 24.9 14.7 16.1 22.7 

190805-131042 37.97103 -121.37436 4.7 24.9 15.0 16.3 20.8 

190805-131153 37.96956 -121.37253 4.7 24.9 15.2 16.6 20.1 

190805-131304 37.96804 -121.37080 4.9 24.9 15.4 16.8 19.0 

190805-131415 37.96639 -121.36911 5.0 24.9 15.7 17.0 18.4 

190805-131635 37.96321 -121.36558 5.0 24.9 16.1 17.5 17.3 

190805-131746 37.96171 -121.36361 5.1 24.9 16.4 17.7 16.3 

190805-131858 37.96015 -121.36164 5.2 24.8 16.6 18.0 14.9 

190805-132010 37.95882 -121.35944 5.5 24.7 16.9 18.2 12.9 

190805-132120 37.95767 -121.35716 5.7 24.7 17.1 18.4 10.8 

190805-132230 37.95678 -121.35472 5.8 24.6 17.3 18.7 9.2 

190805-132342 37.95592 -121.35217 6.1 24.5 17.6 18.9 8.8 

190805-132454 37.95518 -121.34955 6.1 24.6 17.8 19.2 8.9 

190805-132714 37.95361 -121.34448 6.1 24.5 18.3 19.6 7.5 

190805-132825 37.95289 -121.34188 6.2 24.6 18.5 19.9 7.1 

190805-132936 37.95208 -121.33933 6.0 24.4 18.8 20.1 7.4 

190805-133047 37.95193 -121.33673 6.0 24.4 19.0 20.3 6.9 

190805-133157 37.95183 -121.33398 6.3 24.7 19.3 20.5 11.8 

190805-133308 37.95207 -121.33119 6.3 24.8 19.5 20.8 15.0 

190805-133418 37.95229 -121.32845 6.3 24.8 19.7 21.0 17.9 

190805-133529 37.95251 -121.32571 6.5 24.7 20.0 21.2 19.1 

190805-133750 37.95268 -121.32027 9.1 25.0 20.5 21.7 17.7 

190805-133901 37.95271 -121.31751 10.3 25.2 20.7 21.9 15.3 

190805-134013 37.95281 -121.31469 10.4 25.3 20.9 22.2 11.6 

190805-134125 37.95312 -121.31193 11.6 25.5 21.2 22.4 7.8 

190805-134234 37.95326 -121.30970 11.9 25.5 21.4 22.6 6.5 

190805-134345 37.95330 -121.30779 13.1 25.9 21.6 22.8 5.4 

190805-134457 37.95329 -121.30587 13.1 25.9 21.7 22.9 5.0 

190805-134609 37.95329 -121.30395 13.2 25.8 21.9 23.1 5.1 

190805-134830 37.95338 -121.30023 13.9 25.9 22.2 23.4 4.9 

190805-134940 37.95369 -121.29844 12.9 25.9 22.4 23.6 5.2 
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190805-135051 37.95385 -121.29668 12.1 25.8 22.5 23.7 5.8 

190805-135202 37.95386 -121.29786 13.5 26.0 22.4 23.7 6.2 

190805-135313 37.95354 -121.29965 14.0 26.0 22.3 23.6 5.2 

190805-135424 37.95319 -121.30142 14.7 25.9 22.1 23.5 4.8 

190805-135535 37.95304 -121.30322 15.6 26.0 22.0 23.4 4.5 

190805-135646 37.95323 -121.30495 14.9 25.8 21.8 23.3 5.0 

190805-135906 37.95319 -121.30845 13.8 25.5 21.5 23.1 5.3 

190805-140018 37.95315 -121.31034 13.5 25.5 21.3 23.0 6.5 

190805-140130 37.95320 -121.31304 11.9 25.4 21.1 22.9 8.3 

190805-140241 37.95306 -121.31587 10.6 25.2 20.8 22.7 11.6 

190805-140352 37.95311 -121.31862 9.6 25.2 20.6 22.5 16.4 

190805-140503 37.95277 -121.32109 8.0 25.0 20.4 22.4 21.1 

190805-140613 37.95269 -121.32376 7.8 24.9 20.1 22.2 21.0 

190805-140724 37.95259 -121.32652 8.0 25.0 19.9 22.0 20.1 

190805-140943 37.95219 -121.33187 7.1 24.9 19.4 21.7 17.9 

190805-141100 37.95137 -121.33455 7.0 24.9 19.2 21.6 15.1 

190805-141207 37.94973 -121.33586 7.3 24.0     10.3 

190805-141318 37.94836 -121.33704 7.4 23.9     1.7 

190805-141429 37.94723 -121.33838 7.6 23.9     0.4 

190805-141539 37.94657 -121.34016 7.4 23.9     0.3 

190805-141651 37.94540 -121.34140 7.6 23.9     0.2 

190805-141802 37.94412 -121.34239 8.0 23.9     0.1 

190805-142023 37.94315 -121.34410 7.7 23.9     0.1 

190805-142134 37.94258 -121.34539 7.8 23.9     0.1 

190805-142245 37.94160 -121.34559 7.9 24.0     0.2 

190805-142355 37.94167 -121.34566 7.7 23.9     0.1 

190805-142507 37.94152 -121.34574 7.8 23.9     0.2 

190805-142618 37.94158 -121.34567 7.6 23.8     0.1 

190805-142729 37.94175 -121.34565 7.7 23.8     0.1 

190805-142840 37.94202 -121.34573 7.4 23.8     0.1 

190805-143101 37.94251 -121.34552 7.3 23.9     0.2 

190805-143212 37.94273 -121.34520 7.2 24.0     0.2 

190805-143322 37.94285 -121.34474 7.3 24.0     0.1 

190805-143435 37.94307 -121.34422 7.4 23.9     0.1 

190805-143544 37.94316 -121.34377 7.4 23.9     0.1 

190805-143654 37.94343 -121.34326 7.4 23.9     0.1 

190805-143805 37.94355 -121.34287 7.3 23.9     0.1 

190805-143916 37.94363 -121.34254 7.4 23.9     0.2 
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190805-144137 37.94498 -121.34159 7.2 23.9     0.1 

190805-144247 37.94567 -121.34138 7.2 23.9     0.1 

190805-144358 37.94598 -121.34117 7.0 23.9     0.1 

190805-144509 37.94612 -121.34105 6.8 24.0     0.1 

190805-144620 37.94656 -121.34001 6.6 23.9     0.1 

190805-144731 37.94761 -121.33780 6.7 23.9     0.2 

190805-144841 37.94941 -121.33631 6.3 23.9     0.1 

190805-144952 37.95133 -121.33590 6.3 24.4 19.1 22.5 5.3 

190805-145214 37.95245 -121.33911 6.8 24.3 18.8 22.3 5.9 

190805-145325 37.95296 -121.34064 6.9 24.3 18.6 22.2 5.5 

190805-145435 37.95336 -121.34212 7.0 24.4 18.5 22.1 5.5 

190805-145548 37.95361 -121.34297 6.8 24.6 18.4 22.0 5.7 

190805-145658 37.95412 -121.34489 6.9 24.7 18.2 21.9 7.1 

190805-145809 37.95475 -121.34704 6.7 24.8 18.0 21.7 7.7 

190805-145919 37.95479 -121.34743 6.7 24.7 18.0 21.7 7.4 

190805-150030 37.95481 -121.34748 6.7 24.7 18.0 21.8 7.4 

190805-154804 37.95432 -121.34663 7.3 25.1 18.1 22.7 6.4 

190805-154915 37.95425 -121.34658 7.4 25.2 18.1 22.7 6.5 

190805-155027 37.95419 -121.34655 7.2 25.2 18.1 22.7 5.6 

190805-155138 37.95517 -121.34782 7.0 25.0 18.0 22.6 6.9 

190805-155248 37.95581 -121.35081 7.0 25.0 17.7 22.4 7.5 

190805-155401 37.95676 -121.35395 7.3 25.2 17.4 22.1 7.6 

190805-155510 37.95782 -121.35689 7.2 25.5 17.1 21.9 13.3 

190805-155620 37.95807 -121.35776 6.9 25.5 17.0 21.8 13.5 

190805-155842 37.95766 -121.35778 7.0 25.7 17.1 21.8 13.3 

190805-155953 37.95780 -121.35769 6.9 25.7 17.1 21.9 13.7 

190805-160105 37.95781 -121.35763 7.1 25.6 17.1 21.9 13.1 

190805-160216 37.95869 -121.35905 6.9 25.4 16.9 21.7 12.2 

190805-160326 37.96015 -121.36097 6.8 25.3 16.7 21.5 12.7 

190805-160437 37.96195 -121.36317 6.5 25.3 16.4 21.3 12.2 

190805-160549 37.96384 -121.36533 6.8 25.5 16.1 21.0 12.4 

190805-160700 37.96413 -121.36576 6.7 25.5 16.1 21.0 11.6 

190805-160921 37.96395 -121.36563 6.5 25.4 16.1 21.0 11.8 

190805-161032 37.96393 -121.36556 6.7 25.4 16.1 21.0 10.4 

190805-161143 37.96511 -121.36725 6.8 25.4 15.9 20.8 11.0 

190805-161253 37.96659 -121.36890 5.7 25.3 15.7 20.6 16.5 

190805-161404 37.96811 -121.37094 6.0 25.2 15.4 20.4 18.1 

190805-161515 37.96991 -121.37317 4.9 25.1 15.1 20.1 155.1 
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190805-170931 37.96889 -121.37198 6.2 26.1 15.3 20.2 18.5 

190805-171042 37.96881 -121.37180 5.9 25.9 15.3 20.2 18.4 

190805-171152 37.96972 -121.37303 6.0 25.8 15.2 20.1 21.3 

190805-171303 37.97090 -121.37441 5.8 25.8 15.0 19.9 20.6 

190805-171414 37.97186 -121.37556 5.9 25.6 14.8 19.7 17.8 

190805-171526 37.97310 -121.37673 5.9 25.5 14.7 19.5 19.0 

190805-171636 37.97508 -121.37852 6.0 25.5 14.4 19.2 16.8 

190805-171748 37.97697 -121.38074 5.9 25.5 14.1 18.9 21.6 

190805-172008 37.97853 -121.38253 5.8 25.5 13.9 18.6 18.2 

190805-172119 37.97839 -121.38242 5.9 25.6 13.9 18.6 19.6 

190805-172229 37.97824 -121.38228 6.0 25.6 13.9 18.6 19.1 

190805-172340 37.97813 -121.38215 6.0 25.6 13.9 18.6 20.0 

190805-172451 37.97801 -121.38204 6.0 25.5 13.9 18.6 18.2 

190805-172601 37.97849 -121.38243 5.4 25.4 13.9 18.6 21.9 

190805-172712 37.98012 -121.38424 5.6 25.5 13.7 18.3 21.0 

190805-172823 37.98192 -121.38634 5.3 25.7 13.4 18.0 23.5 

190805-173044 37.98422 -121.38857 5.2 25.5 13.1 17.6 24.6 

190805-173155 37.98410 -121.38837 5.1 25.5 13.1 17.6 26.4 

190805-173306 37.98398 -121.38826 5.6 25.6 13.1 17.6 22.8 

190805-173416 37.98367 -121.38824 5.6 25.6 13.1 17.6 22.2 

190805-173527 37.98356 -121.38803 5.6 25.6 13.1 17.6 22.0 

190805-173638 37.98344 -121.38779 5.5 25.7 13.2 17.6 22.2 

190805-173749 37.98333 -121.38753 5.5 25.6 13.2 17.6 22.9 

190805-173900 37.98415 -121.38854 5.5 25.5 13.1 17.5 23.2 

190805-174121 37.98684 -121.39305 5.4 25.8 12.6 16.9 26.5 

190805-174232 37.98803 -121.39562 5.2 25.6 12.3 16.6 27.9 

190805-174343 37.98889 -121.39849 5.3 25.5 12.0 16.2 25.8 

190805-174455 37.98885 -121.39912 5.4 25.6 12.0 16.2 24.8 

190805-174604 37.98871 -121.39893 5.4 25.6 12.0 16.2 24.6 

190805-174715 37.98858 -121.39873 5.3 25.6 12.0 16.2 25.5 

190805-174826 37.98846 -121.39849 5.2 25.5 12.1 16.2 25.6 

190805-174937 37.98834 -121.39826 5.2 25.6 12.1 16.2 26.0 

190805-175158 37.98815 -121.39769 5.3 25.6 12.1 16.2 26.7 

190805-175309 37.98828 -121.39747 5.3 25.5 12.2 16.2 25.2 

190805-175421 37.98818 -121.39726 5.3 25.6 12.2 16.2 24.5 

190805-175532 37.98806 -121.39699 5.4 25.7 12.2 16.2 24.1 

190805-175642 37.98793 -121.39670 5.3 25.6 12.2 16.2 24.4 

190805-175755 37.98787 -121.39639 5.3 25.6 12.3 16.3 24.7 
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190805-175904 37.98780 -121.39612 5.3 25.6 12.3 16.3 24.6 

190805-180014 37.98774 -121.39578 5.3 25.6 12.3 16.3 25.3 

190805-180236 37.98819 -121.39706 4.9 25.3 12.2 16.1 28.3 

190805-180347 37.98919 -121.39962 5.0 25.5 11.9 15.8 27.7 

190805-180457 37.99000 -121.40227 4.9 25.4 11.7 15.5 26.7 

190805-180609 37.99107 -121.40495 5.0 25.4 11.4 15.1 26.6 

190805-180719 37.99232 -121.40743 5.0 25.5 11.2 14.8 30.2 

190805-180830 37.99269 -121.40912 4.9 25.6 11.0 14.6 27.5 

190805-180941 37.99244 -121.40896 5.0 25.7 11.0 14.6 26.3 

190805-181051 37.99222 -121.40861 5.0 25.7 11.1 14.6 26.9 

190805-181313 37.99186 -121.40802 5.1 25.8 11.2 14.7 26.8 

190805-181424 37.99166 -121.40766 5.1 25.8 11.2 14.7 26.1 

190805-181535 37.99144 -121.40743 4.9 25.7 11.2 14.7 24.1 

190805-181646 37.99226 -121.40856 5.0 25.5 11.1 14.5 28.5 

190805-181756 37.99354 -121.41083 4.9 25.5 10.8 14.2 27.4 

190805-181909 37.99444 -121.41353 5.2 25.6 10.6 13.9 24.1 

190805-182019 37.99509 -121.41631 5.2 25.7 10.3 13.6 23.1 

190805-182130 37.99551 -121.41919 5.3 25.7 10.1 13.2 19.0 

190805-182350 37.99535 -121.41918 5.4 25.7 10.1 13.2 24.0 

190805-182501 37.99529 -121.41875 5.4 25.8 10.1 13.2 23.2 

190805-182611 37.99523 -121.41859 5.2 25.7 10.1 13.2 29.9 

190805-182723 37.99536 -121.42112 4.9 25.6 9.9 12.9 26.4 

190805-182835 37.99505 -121.42393 5.1 25.7 9.7 12.6 26.0 

190805-182945 37.99469 -121.42671 4.7 25.5 9.4 12.2 28.2 

190805-183055 37.99434 -121.42945 4.5 25.4 9.2 11.9 27.7 

190805-183205 37.99384 -121.43139 4.7 25.6 9.0 11.7 23.3 

190805-183429 37.99363 -121.43080 4.7 25.6 9.1 11.7 21.4 

190805-183539 37.99349 -121.43078 4.9 25.7 9.1 11.7 23.7 

190805-183650 37.99339 -121.43366 4.9 25.7 8.8 11.4 22.9 

190805-183801 37.99391 -121.43640 5.2 25.8 8.6 11.0 20.4 

190805-183911 37.99495 -121.43886 5.0 25.7 8.3 10.7 19.1 

190805-184024 37.99609 -121.44139 5.0 25.7 8.0 10.4 18.0 

190805-184135 37.99634 -121.44202 5.0 25.7 8.0 10.3 18.0 

190805-184244 37.99607 -121.44157 5.0 25.8 8.0 10.3 17.5 

190805-184505 37.99649 -121.44232 4.7 25.6 8.0 10.1 19.6 

190805-184616 37.99793 -121.44457 4.9 25.7 7.7 9.8 17.7 

190805-184727 37.99921 -121.44698 5.1 25.6 7.4 9.5 16.2 

190805-184837 38.00087 -121.44885 5.1 25.6 7.2 9.1 17.5 
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190805-184948 38.00236 -121.45006 4.8 25.5 7.0 8.9 16.2 

190805-185059 38.00266 -121.45006 4.9 25.5 7.0 8.8 16.2 

190805-185209 38.00214 -121.45033 4.9 25.6 7.0 8.8 16.3 

190805-185320 38.00182 -121.45022 5.0 25.7 7.0 8.8 18.1 

190805-185542 38.00155 -121.45020 4.9 25.5 7.0 8.8 15.2 

190805-185652 38.00362 -121.45105 5.0 25.4 6.8 8.5 14.4 

190805-185805 38.00573 -121.45255 4.8 25.3 6.6 8.1 13.2 

190805-185915 38.00770 -121.45405 4.8 25.2 6.3 7.8 12.0 

190805-190026 38.00980 -121.45537 4.8 25.2 6.1 7.5 12.4 

190805-190137 38.01052 -121.45617 5.0 25.3 6.0 7.3 9.8 

190805-190247 38.01035 -121.45587 4.9 25.3 6.0 7.3 9.4 

190805-190359 38.01018 -121.45560 4.9 25.3 6.0 7.3 9.5 

190805-190619 38.00966 -121.45540 4.9 25.3 6.1 7.4 9.7 

190805-190731 38.00942 -121.45512 4.8 25.3 6.1 7.4 9.9 

190805-190840 38.00919 -121.45489 4.9 25.3 6.1 7.4 10.6 

190805-190952 38.00897 -121.45462 4.8 25.3 6.2 7.4 10.4 

190805-191103 38.00874 -121.45438 4.8 25.3 6.2 7.4 10.6 

190805-191214 38.00856 -121.45411 4.9 25.3 6.3 7.4 10.8 

190805-191325 38.00838 -121.45383 4.8 25.3 6.3 7.5 10.5 

190805-191436 38.00814 -121.45371 5.0 25.4 6.3 7.5 10.0 

190805-191659 38.00750 -121.45369 5.0 25.4 6.4 7.5 10.1 

190805-191809 38.00726 -121.45339 5.0 25.4 6.4 7.5 10.4 

190805-191920 38.00707 -121.45312 5.0 25.3 6.4 7.5 10.4 

190805-192031 38.00688 -121.45288 5.1 25.4 6.5 7.5 10.6 

190805-192141 38.00670 -121.45267 5.0 25.5 6.5 7.5 9.7 

190805-192252 38.00697 -121.45288 5.0 25.3 6.5 7.5 10.3 

190805-192403 38.00877 -121.45484 5.1 25.1 6.2 7.1 9.0 

190805-192513 38.01050 -121.45625 5.0 25.1 5.9 6.8 7.1 

190805-192735 38.01331 -121.45863 5.3 25.1 5.6 6.3 4.5 

190805-192846 38.01544 -121.45991 5.5 25.0 5.3 5.9 3.4 

190805-192957 38.01762 -121.46106 5.5 25.0 5.1 5.6 3.4 

190805-193109 38.01769 -121.46216 5.5 24.8 5.0 5.5 2.2 

190805-193219 38.01747 -121.46184 5.6 24.9 5.0 5.5 1.9 

190805-193330 38.01726 -121.46144 5.5 24.9 5.1 5.6 1.8 

190805-193442 38.01700 -121.46108 5.6 25.0 5.1 5.6 2.0 

190805-193553 38.01566 -121.45979 5.4 25.0 5.3 5.8 2.6 

190805-193813 38.01078 -121.45688 5.2 25.1 5.9 6.5 3.9 

190805-193923 38.00837 -121.45507 4.9 25.1 6.2 6.8 5.8 



HYDRODYNAMICS AND OXYGEN MODELING OF THE STOCKTON DEEP WATER SHIP CHANNEL 
  

50

190805-194034 38.00608 -121.45305 4.9 25.2 6.5 7.2 7.8 

190805-194145 38.00361 -121.45135 4.9 25.3 6.8 7.5 9.5 

190805-194257 38.00099 -121.44972 4.9 25.3 7.1 7.9 10.2 

190805-194408 37.99905 -121.44737 4.9 25.3 7.4 8.2 11.8 

190805-194519 37.99738 -121.44461 4.8 25.3 7.7 8.6 12.4 

190805-194631 37.99624 -121.44205 4.9 25.4 8.0 8.8 14.5 

190805-194850 37.99354 -121.43659 5.0 25.3 8.6 9.5 11.6 

190805-195001 37.99355 -121.43324 4.6 25.3 8.8 9.8 16.4 

190805-195111 37.99383 -121.42986 5.0 25.5 9.1 10.1 17.1 

190805-195224 37.99451 -121.42651 5.0 25.5 9.4 10.5 17.4 

190805-195334 37.99503 -121.42314 5.0 25.6 9.7 10.8 19.6 

190805-195445 37.99636 -121.42034 4.7 25.5     21.8 

190805-195556 37.99806 -121.41772 4.7 25.4     22.1 

190805-195707 37.99868 -121.41446 4.6 25.3     24.3 

200805-105004 37.99853 -121.41053 4.2 24.2     20.4 

200805-105115 37.99852 -121.41053 4.2 24.2     20.1 

200805-105226 37.99852 -121.41053 4.2 24.2     13.2 

200805-105337 37.99851 -121.41054 4.1 24.2     21.7 

200805-105449 37.99849 -121.41055 4.1 24.2     19.9 

200805-105601 37.99849 -121.41054 4.1 24.2     20.5 

200805-105712 37.99850 -121.41054 4.1 24.2     19.8 

200805-105822 37.99849 -121.41055 4.0 24.2     20.5 

200805-110046 37.99849 -121.41056 4.1 24.2     20.0 

200805-110156 37.99849 -121.41057 4.0 24.2     20.3 

200805-110306 37.99850 -121.41056 4.0 24.2     20.3 

200805-110418 37.99846 -121.41065 4.0 24.0     18.8 

200805-110528 37.99863 -121.41164 4.1 23.8     19.8 

200805-110639 37.99870 -121.41432 4.1 23.8     20.7 

200805-110750 37.99847 -121.41702 4.1 24.0     20.1 

200805-110901 37.99711 -121.41922 4.0 23.9     20.4 

200805-111122 37.99515 -121.42395 4.2 24.1 9.7 11.0 17.2 

200805-111233 37.99469 -121.42665 4.2 24.0 9.4 10.7 16.9 

200805-111342 37.99431 -121.42929 4.2 24.1 9.2 10.5 16.6 

200805-111455 37.99381 -121.43204 4.1 24.0 8.9 10.2 16.5 

200805-111605 37.99369 -121.43475 4.2 23.9 8.7 10.0 15.9 

200805-111716 37.99434 -121.43732 4.3 23.9 8.5 9.8 14.0 

200805-111827 37.99530 -121.43976 4.3 23.8 8.2 9.5 13.0 

200805-111938 37.99647 -121.44204 4.4 23.7 8.0 9.3 11.5 
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200805-112159 37.99864 -121.44646 4.6 23.6 7.5 8.8 6.6 

200805-112310 38.00038 -121.44850 4.9 23.4 7.3 8.5 6.7 

200805-112420 38.00265 -121.45021 5.3 23.2 7.0 8.2 3.8 

200805-112531 38.00491 -121.45202 5.5 23.1 6.7 7.9 2.3 

200805-112642 38.00717 -121.45376 5.5 23.1 6.4 7.6 2.0 

200805-112753 38.00946 -121.45545 5.7 22.9 6.1 7.3 2.9 

200805-112903 38.01168 -121.45713 5.9 22.8 5.8 7.0 1.3 

200805-113016 38.01354 -121.45880 6.0 22.7 5.5 6.7 0.9 

200805-113236 38.01802 -121.46158 6.1 22.6 5.0 6.2 0.5 

200805-113346 38.02009 -121.46366 6.1 22.5 4.7 5.8 0.4 

200805-113457 38.02242 -121.46523 6.2 22.5 4.4 5.5 0.4 

200805-113608 38.02436 -121.46742 6.3 22.4 4.1 5.2 0.3 

200805-113719 38.02603 -121.46992 6.3 22.3 3.8 4.9 0.2 

200805-113829 38.02775 -121.47231 6.3 22.3 3.5 4.6 0.2 

200805-113940 38.02915 -121.47478 6.3 22.3 3.3 4.3 0.3 

200805-114051 38.03069 -121.47735 6.4 22.3 3.0 4.0 0.2 

200805-114313 38.03272 -121.48138 6.4 22.8 2.6 3.6 0.2 

200805-114423 38.03140 -121.47924 6.4 22.9 2.8 3.9 0.1 

200805-114534 38.03017 -121.47695 6.4 23.0 3.0 4.2 0.1 

200805-114645 38.02881 -121.47476 6.3 23.0 3.3 4.5 0.2 

200805-114755 38.02746 -121.47262 6.3 23.1 3.5 4.8 0.2 

200805-114906 38.02637 -121.47029 6.3 23.1 3.8 5.1 0.2 

200805-115017 38.02492 -121.46824 6.3 23.2 4.0 5.5 0.2 

200805-115127 38.02349 -121.46632 6.2 23.2 4.2 5.8 0.3 

200805-115349 38.01987 -121.46343 6.1 23.4 4.7 6.4 0.3 

200805-115501 38.01815 -121.46176 6.1 23.5 5.0 6.7 0.5 

200805-115611 38.01634 -121.46032 5.9 23.6 5.2 7.0 0.7 

200805-115722 38.01440 -121.45915 5.6 23.8 5.4 7.3 1.3 

200805-115833 38.01245 -121.45789 5.7 23.8 5.7 7.6 2.3 

200805-115945 38.01066 -121.45649 5.6 23.9 5.9 7.9 1.9 

200805-120054 38.00875 -121.45525 5.3 24.1 6.1 8.2 2.0 

200805-120206 38.00706 -121.45367 5.2 24.2 6.4 8.5 3.3 

200805-120427 38.00327 -121.45090 4.6 24.3 6.9 9.2 7.3 

200805-120537 38.00145 -121.44943 4.5 24.4 7.1 9.5 9.5 

200805-120648 37.99969 -121.44779 4.4 24.5 7.4 9.8 10.9 

200805-120759 37.99812 -121.44586 4.3 24.6 7.6 10.1 12.7 

200805-120911 37.99688 -121.44350 4.3 24.6 7.8 10.4 14.7 

200805-121021 37.99571 -121.44116 4.2 24.6 8.1 10.7 16.0 
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200805-121132 37.99433 -121.43894 4.2 24.6 8.3 11.0 16.8 

200805-121243 37.99363 -121.43633 4.3 24.4 8.6 11.3 17.4 

200805-121506 37.99353 -121.43102 4.3 24.2 9.0 11.9 18.1 

200805-121616 37.99419 -121.42835 4.3 24.3 9.3 12.2 18.9 

200805-121727 37.99470 -121.42572 4.2 24.3 9.5 12.5 19.7 

200805-121838 37.99517 -121.42308 4.2 24.5 9.7 12.8 20.6 

200805-121948 37.99521 -121.42038 4.2 24.4 10.0 13.1 20.9 

200805-122101 37.99507 -121.41770 4.2 24.5 10.2 13.4 21.7 

200805-122211 37.99446 -121.41510 4.2 24.6 10.5 13.7 21.7 

200805-122320 37.99353 -121.41277 4.2 24.6 10.7 14.0 22.2 

200805-122542 37.99187 -121.40774 4.3 24.7 11.2 14.6 22.6 

200805-122653 37.99105 -121.40542 4.2 24.7 11.4 14.9 22.5 

200805-122803 37.99003 -121.40317 4.2 24.7 11.6 15.2 23.0 

200805-122915 37.98913 -121.40069 4.2 24.6 11.9 15.5 23.0 

200805-123026 37.98832 -121.39817 4.2 24.6 12.1 15.8 22.6 

200805-123135 37.98748 -121.39566 4.3 24.6 12.3 16.1 22.0 

200805-123247 37.98638 -121.39317 4.3 24.7 12.6 16.4 22.0 

200805-123358 37.98514 -121.39094 4.2 24.6 12.8 16.7 22.0 

200805-123618 37.98219 -121.38750 4.4 24.6 13.3 17.2 19.1 

200805-123730 37.98058 -121.38564 4.4 24.7 13.5 17.5 18.7 

200805-123841 37.97901 -121.38376 4.4 24.6 13.8 17.8 18.3 

200805-123952 37.97742 -121.38185 4.4 24.7 14.0 18.1 17.8 

200805-124103 37.97578 -121.37997 4.6 24.7 14.2 18.4 16.7 

200805-124213 37.97416 -121.37814 4.6 24.7 14.5 18.7 15.8 

200805-124326 37.97261 -121.37636 4.7 24.7 14.7 18.9 14.5 

200805-124435 37.97109 -121.37470 4.7 24.7 14.9 19.2 14.4 

200805-124657 37.96802 -121.37099 4.9 24.7 15.4 19.8 12.4 

200805-124808 37.96634 -121.36931 4.9 24.7 15.6 20.0 12.3 

200805-124918 37.96479 -121.36747 5.0 24.7 15.9 20.3 11.9 

200805-125029 37.96324 -121.36557 5.2 24.7 16.1 20.6 11.1 

200805-125140 37.96166 -121.36366 5.1 24.7 16.4 20.9 10.7 

200805-125250 37.96015 -121.36171 5.4 24.6 16.6 21.2 9.9 

200805-125402 37.95882 -121.35977 5.4 24.6 16.8 21.4 9.5 

200805-125512 37.95784 -121.35730 5.6 24.6 17.1 21.7 9.1 

200805-125733 37.95614 -121.35229 5.9 24.6 17.6 22.3 7.1 

200805-125844 37.95541 -121.34970 6.0 24.5 17.8 22.5 6.9 

200805-125954 37.95464 -121.34721 6.1 24.6 18.0 22.8 9.2 

200805-130105 37.95389 -121.34465 6.0 24.5 18.3 23.1 10.8 
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200805-130216 37.95324 -121.34202 6.0 24.4 18.5 23.3 8.2 

200805-130327 37.95241 -121.33947 5.9 24.3 18.8 23.6 7.2 

200805-130437 37.95203 -121.33707 5.8 24.3 19.0 23.8 7.0 

200805-130550 37.95194 -121.33424 6.9 24.7 19.2 24.1 11.3 

200805-130810 37.95214 -121.32880 6.9 24.8 19.7 24.7 19.0 

200805-130920 37.95230 -121.32647 6.8 24.8 19.9 24.9 18.9 

200805-131031 37.95247 -121.32395 6.6 24.7 20.1 25.1 20.7 

200805-131141 37.95261 -121.32128 6.7 24.6 20.4 25.4 20.1 

200805-131250 37.95265 -121.31863 8.6 24.8 20.6 25.6 17.5 

200805-131404 37.95278 -121.31579 8.4 25.1 20.8 25.9 17.0 

200805-131515 37.95296 -121.31313 9.8 25.1 21.1 26.1 14.9 

200805-131626 37.95315 -121.31056 10.0 25.1 21.3 26.4 12.6 

200805-131847 37.95325 -121.30669 13.5 25.6 21.7 26.7 8.9 

200805-131958 37.95313 -121.30478 13.6 25.7 21.8 26.9 8.1 

200805-132109 37.95308 -121.30285 13.0 25.7 22.0 27.1 8.2 

200805-132219 37.95324 -121.30097 13.5 25.8 22.2 27.3 7.9 

200805-132331 37.95356 -121.29905 12.8 25.9 22.3 27.4 8.2 

200805-132442 37.95392 -121.29719 12.0 25.8 22.5 27.6 8.8 

200805-132553 37.95407 -121.29660 13.0 25.8 22.5 27.7 8.3 

200805-132703 37.95399 -121.29839 13.6 26.0 22.4 27.5 8.2 

200805-132924 37.95308 -121.30159 13.6 25.8 22.1 27.3 8.2 

200805-133035 37.95305 -121.30307 14.4 25.7 22.0 27.1 7.9 

200805-133145 37.95329 -121.30447 14.8 25.6 21.8 27.0 7.8 

200805-133258 37.95334 -121.30614 15.1 25.6 21.7 26.9 8.0 

200805-133407 37.95337 -121.30770 13.6 25.3 21.6 26.7 9.0 

200805-133518 37.95337 -121.30928 11.5 25.1 21.4 26.6 10.9 

200805-133630 37.95342 -121.31098 10.5 25.1 21.3 26.5 12.6 

200805-133741 37.95309 -121.31267 10.5 25.1 21.1 26.3 13.4 

200805-134001 37.95179 -121.31548 10.1 25.0 20.9 26.1 15.1 

200805-134112 37.95277 -121.31664 10.2 24.9 20.8 26.0 16.0 

200805-134223 37.95370 -121.31797 7.8 25.0 20.6 25.8 19.3 

200805-134335 37.95363 -121.31843 7.2 25.0 20.6 25.8 20.9 

200805-134444 37.95265 -121.31897 7.3 24.9 20.6 25.8 20.9 

200805-134555 37.95208 -121.31988 7.4 24.7 20.5 25.7 19.6 

200805-134707 37.95289 -121.32115 7.1 24.9 20.4 25.6 19.9 

200805-134818 37.95267 -121.32257 6.9 24.9 20.2 25.5 20.0 

200805-135038 37.95275 -121.32540 7.4 25.0 20.0 25.2 20.1 

200805-135150 37.95210 -121.32690 7.5 24.8 19.9 25.1 20.4 
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200805-135302 37.95246 -121.32844 7.5 24.9 19.7 25.0 20.4 

200805-135411 37.95206 -121.32969 7.3 24.9 19.6 24.9 19.3 

200805-135522 37.95206 -121.33116 7.7 24.7 19.5 24.8 17.6 

200805-135634 37.95220 -121.33262 7.5 24.8 19.4 24.6 16.7 

200805-135745 37.95147 -121.33456 7.8 24.8 19.2 24.5 16.4 

200805-135856 37.94994 -121.33598 7.1 23.8     11.3 

200805-140117 37.94700 -121.33872 7.3 23.5     0.7 

200805-140228 37.94593 -121.34104 7.4 23.6     0.4 

200805-140338 37.94411 -121.34237 7.5 23.6     0.3 

200805-140451 37.94303 -121.34469 7.5 23.6     0.2 

200805-140603 37.94150 -121.34548 7.3 23.6     0.2 

200805-140714 37.93971 -121.34391 7.4 23.6     0.1 

200805-140824 37.93905 -121.34340 7.0 23.6     0.1 

200805-140935 37.93914 -121.34335 7.4 23.5     0.1 

200805-141153 37.94008 -121.34374 7.6 23.5     0.2 

200805-141306 37.94044 -121.34415 7.5 23.5     0.1 

200805-141416 37.94092 -121.34470 7.7 23.5     0.1 

200805-141527 37.94257 -121.34523 7.5 23.5     0.1 

200805-141638 37.94356 -121.34309 7.3 23.5     0.1 

200805-141749 37.94591 -121.34112 7.2 23.5     0.3 

200805-141859 37.94727 -121.33805 7.2 23.5     0.3 

200805-142010 37.94959 -121.33614 6.7 24.4     1.0 

200805-142232 37.95202 -121.33114 7.0 24.7 19.5 24.8 17.6 

200805-142342 37.95227 -121.32801 6.4 24.7 19.8 25.0 18.1 

200805-142453 37.95255 -121.32473 6.7 25.0 20.1 25.3 18.6 

200805-142605 37.95261 -121.32143 6.9 25.0 20.4 25.6 20.4 

200805-145940 37.95177 -121.31694 10.3 25.3 20.8 25.7 15.4 

200805-150050 37.95195 -121.31763 7.1 25.2 20.7 25.6 21.8 

200805-150203 37.95293 -121.32050 7.1 25.1 20.4 25.3 20.8 

200805-150313 37.95291 -121.32367 7.7 25.3 20.1 25.0 20.2 

200805-150424 37.95266 -121.32694 7.3 25.2 19.9 24.8 20.8 

200805-150535 37.95216 -121.32981 7.4 25.1 19.6 24.5 20.0 

200805-150647 37.95208 -121.33305 7.5 25.2 19.3 24.2 21.7 

200805-150758 37.95197 -121.33517 7.2 25.1 19.1 24.1 18.1 

200805-151018 37.95179 -121.33503 7.7 25.4 19.2 24.0 17.2 

200805-151128 37.95169 -121.33497 7.6 25.4 19.2 24.0 17.3 

200805-151240 37.95159 -121.33494 7.5 25.3 19.2 24.0 17.4 

200805-151352 37.95144 -121.33491 7.7 25.3 19.2 24.0 16.5 
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200805-151501 37.95128 -121.33500 7.8 25.2 19.2 24.0 14.4 

200805-151611 37.95176 -121.33679 7.0 24.5 19.0 23.8 13.4 

200805-151724 37.95267 -121.34164 6.8 24.6 18.6 23.4 10.3 

200805-151835 37.95338 -121.34310 6.8 24.6 18.4 23.3 7.7 

200805-152055 37.95524 -121.34603 6.9 24.7 18.1 22.9 8.7 

200805-152206 37.95604 -121.34749 7.1 24.8 17.9 22.8 7.9 

200805-152317 37.95594 -121.34896 7.2 24.9 17.8 22.7 7.9 

200805-152427 37.95585 -121.35042 7.2 25.0 17.7 22.5 8.0 

200805-152538 37.95581 -121.35189 7.3 25.0 17.6 22.4 8.0 

200805-152649 37.95578 -121.35335 6.8 25.0 17.5 22.3 7.0 

200805-152801 37.95643 -121.35482 6.5 25.0 17.3 22.1 8.7 

200805-152910 37.95736 -121.35628 6.7 24.8 17.2 22.0 10.6 

200805-153132 37.95813 -121.35921 6.6 24.8 16.9 21.7 10.3 

200805-153242 37.95943 -121.36067 6.7 24.9 16.7 21.5 8.8 

200805-153353 37.96115 -121.36214 6.5 24.8 16.5 21.3 8.2 

200805-153504 37.96293 -121.36360 6.4 24.8 16.3 21.1 9.2 

200805-160937 37.96332 -121.36653 6.3 25.1 16.0 20.2 7.1 

200805-161049 37.96362 -121.36799 6.2 25.0 15.9 20.1 8.2 

200805-161200 37.96522 -121.36946 6.0 25.2 15.7 19.9 8.2 

200805-161311 37.96702 -121.37092 5.5 25.0 15.5 19.7 10.8 

200805-161423 37.96890 -121.37239 5.8 25.1 15.2 19.4 10.2 

200805-161533 37.97085 -121.37385 5.7 25.2 15.0 19.2 9.3 

200805-161643 37.97277 -121.37532 5.6 25.1 14.8 19.0 11.0 

200805-161755 37.97424 -121.37678 5.5 25.1 14.6 18.8 10.5 

200805-162016 37.97457 -121.37971 5.8 25.2 14.3 18.5 9.5 

200805-162127 37.97457 -121.38117 5.8 25.2 14.2 18.4 9.7 

200805-162239 37.97458 -121.38264 5.8 25.2 14.1 18.2 9.4 

200805-162350 37.97459 -121.38410 5.8 25.2 14.0 18.1 9.7 

200805-162501 37.97453 -121.38557 5.7 25.1 13.9 18.0 10.1 

200805-162612 37.97602 -121.38703 5.7 25.1 13.6 17.7 9.6 

200805-162723 37.97780 -121.38849 5.5 25.1 13.4 17.5 10.5 

200805-162833 37.97983 -121.38996 5.1 25.2 13.2 17.3 13.4 

200805-163056 37.98333 -121.39289 5.3 25.1 12.8 16.8 14.5 

200805-163207 37.98445 -121.39435 5.5 25.2 12.6 16.7 12.5 

200805-163318 37.98443 -121.39582 5.5 25.3 12.5 16.5 12.1 

200805-163428 37.98447 -121.39728 5.5 25.3 12.4 16.4 11.9 

200805-163539 37.98445 -121.39874 5.5 25.2 12.3 16.3 10.7 

200805-163651 37.98560 -121.40021 5.5 25.1 12.1 16.1 11.4 
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200805-163802 37.98688 -121.40167 5.1 25.0 11.9 15.9 12.3 

200805-163913 37.98819 -121.40314 5.0 25.2 11.7 15.7 14.7 

200805-164132 37.99007 -121.40607 5.0 25.1 11.4 15.4 15.4 

200805-164243 37.99114 -121.40753 4.8 25.1 11.2 15.2 18.3 

200805-164354 37.99103 -121.40899 5.1 25.2 11.1 15.1 15.6 

200805-164505 37.99103 -121.41046 5.1 25.3 11.0 14.9 13.0 

200805-164615 37.99111 -121.41192 5.0 25.3 10.9 14.8 13.8 

200805-164726 37.99200 -121.41339 4.9 25.2 10.7 14.6 15.4 

200805-164837 37.99318 -121.41485 5.1 25.3 10.5 14.4 16.4 

200805-164948 37.99395 -121.41632 5.0 25.1 10.4 14.3 15.0 

200805-165209 37.99551 -121.41924 4.8 25.2 10.1 13.9 19.0 

200805-165320 37.99548 -121.42071 4.9 25.3 10.0 13.8 17.7 

200805-165431 37.99554 -121.42217 5.0 25.3 9.8 13.6 14.8 

200805-165542 37.99554 -121.42364 5.1 25.3 9.7 13.5 15.5 

200805-165652 37.99545 -121.42510 4.9 25.3 9.5 13.3 17.1 

200805-165804 37.99517 -121.42657 5.0 25.3 9.4 13.2 18.8 

200805-165915 37.99486 -121.42803 4.8 25.2 9.3 13.0 18.2 

200805-170026 37.99448 -121.42949 5.0 25.3 9.1 12.9 18.3 

200805-180031 37.99330 -121.43389 5.0 25.6 8.8 11.2 19.4 

200805-180141 37.99359 -121.43535 4.8 25.4 8.7 11.1 20.9 

200805-180252 37.99400 -121.43682 4.8 25.5 8.5 10.9 21.2 

200805-180403 37.99460 -121.43828 4.8 25.4 8.4 10.7 21.1 

200805-180514 37.99579 -121.43974 4.8 25.5 8.2 10.5 22.0 

200805-180626 37.99705 -121.44121 4.9 25.6 8.0 10.4 21.7 

200805-180737 37.99862 -121.44267 4.8 25.5 7.8 10.1 22.4 

200805-180847 38.00021 -121.44414 5.0 25.6 7.6 9.9 20.8 

200805-181108 38.00259 -121.44707 4.9 25.4 7.2 9.5 21.1 

200805-181218 38.00244 -121.44853 5.0 25.5 7.1 9.4 20.8 

200805-181329 38.00222 -121.44999 5.0 25.5 7.0 9.3 21.4 

200805-181440 38.00345 -121.45146 5.0 25.5 6.8 9.1 21.2 

200805-181552 38.00561 -121.45292 5.1 25.5 6.5 8.8 21.8 

200805-181703 38.00771 -121.45439 5.2 25.5 6.3 8.5 21.5 

200805-181814 38.00955 -121.45585 5.1 25.4 6.0 8.3 16.3 

200805-181925 38.01137 -121.45732 5.2 25.5 5.8 8.0 15.4 

200805-182146 38.01501 -121.46024 4.8 25.3 5.3 7.5 18.1 

200805-182257 38.01526 -121.46171 4.7 25.3 5.2 7.3 18.5 

200805-182409 38.01503 -121.46317 4.8 25.3 5.1 7.2 17.4 

200805-182519 38.01481 -121.46464 4.7 25.2 5.0 7.1 17.5 
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200805-182630 38.01462 -121.46610 4.7 25.3 4.9 7.0 16.5 

200805-182741 38.01472 -121.46757 4.8 25.2 4.7 6.8 16.2 

200805-182852 38.01671 -121.46903 5.0 25.2 4.5 6.5 14.8 

200805-183002 38.01832 -121.47049 5.1 25.3 4.3 6.3 13.9 

200805-183224 38.02234 -121.47342 5.0 25.1 3.8 5.8 13.2 

200805-183334 38.02398 -121.47489 5.4 25.1 3.6 5.6 11.8 

200805-183447 38.02552 -121.47635 5.3 25.2 3.4 5.4 12.0 

200805-183557 38.02662 -121.47782 5.3 25.2 3.2 5.2 11.5 

200805-183708 38.02763 -121.47928 5.6 25.2 3.0 5.0 8.2 

200805-183819 38.02876 -121.48074 5.6 25.1 2.8 4.8 8.1 

200805-183931 38.03010 -121.48221 5.9 24.9 2.7 4.6 7.0 

200805-184041 38.03142 -121.48367 5.7 24.8 2.5 4.4 4.4 

200805-184300 38.03100 -121.48660 5.6 24.7 2.3 4.1 4.3 

200805-184412 38.03077 -121.48807 5.8 24.8 2.2 4.0 3.9 

200805-184523 38.03215 -121.48953 6.1 24.5 2.0 3.8 3.2 

200805-184633 38.03347 -121.49099 6.2 24.4 1.8 3.6 2.0 

200805-184744 38.03493 -121.49246 6.2 24.3 1.6 3.4 1.4 

200805-184855 38.03591 -121.49392 6.6 24.1 1.4 3.2 0.9 

200805-185007 38.03710 -121.49539 6.6 24.0 1.3 3.0 0.6 

200805-185118 38.03834 -121.49685 6.5 23.9 1.1 2.8 0.4 

200805-185336 38.04076 -121.49978 6.5 23.8 0.7 2.4 0.3 

200805-185448 38.04208 -121.50124 6.7 23.9 0.5 2.2 0.4 

200805-185558 38.04299 -121.50271 6.6 23.9 0.4 2.0 0.3 

200805-185709 38.04438 -121.50417 6.7 23.9 0.1 1.8 0.3 

200805-185819 38.04602 -121.50564 6.7 23.9 -0.1 1.5 0.2 

200805-185931 38.04757 -121.50710 6.8 23.9 -0.3 1.3 0.2 

200805-190040 38.04854 -121.50857 6.8 23.9 -0.5 1.1 0.2 

200805-190151 38.04836 -121.51003 6.8 23.9 -0.6 1.0 0.1 

200805-190413 38.04749 -121.51296 6.7 23.8 -0.8 0.7 0.2 

200805-190524 38.04655 -121.51442 6.7 23.7 -0.8 0.7 0.2 

200805-190636 38.04420 -121.51589 6.6 23.7 -0.8 0.6 0.2 

200805-190746 38.04243 -121.49784 6.6 23.7 0.8 2.1 0.2 

200805-190856 38.04069 -121.49484 6.6 23.7 1.1 2.4 0.3 

200805-191008 38.03900 -121.49171 6.6 23.8 1.4 2.7 0.2 

200805-191118 38.03707 -121.48913 6.6 23.9 1.7 3.0 0.3 

200805-191229 38.03556 -121.48669 6.5 24.0 2.0 3.2 0.6 

200805-191450 38.03258 -121.48133 6.4 24.0 2.6 3.7 0.7 

200805-191600 38.03109 -121.47843 6.3 24.1 2.9 4.0 1.0 
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200805-191711 38.02937 -121.47562 6.1 24.2 3.2 4.3 1.1 

200805-191822 38.02784 -121.47294 6.0 24.6 3.5 4.5 2.4 

200805-191933 38.02620 -121.47056 6.1 24.6 3.8 4.8 3.1 

200805-192044 38.02445 -121.46784 5.7 24.7 4.1 5.0 3.9 

200805-192154 38.02208 -121.46608 5.3 24.7 4.4 5.3 5.0 

200805-192305 38.01961 -121.46437 5.1 24.8 4.7 5.6 8.1 

200805-192528 38.01511 -121.46056 5.2 25.0 5.3 6.1 10.7 

200805-192638 38.01281 -121.45866 5.1 25.1 5.6 6.4 11.8 

200805-194521 37.99394 -121.42939 5.0   9.2 9.5 21.0 

200805-194632 37.99451 -121.42607 5.0   9.5 9.8 20.8 

200805-194741 37.99496 -121.42271 5.0 25.5 9.8 10.1 20.2 

200805-194853 37.99661 -121.42007 4.7 25.5     20.3 

200805-195004 37.99789 -121.41796 4.7 25.4     19.1 

200805-195115 37.99869 -121.41558 4.8 25.2     17.8 

200805-195225 37.99875 -121.41297 4.9 25.2     17.4 

200805-195336 37.99862 -121.41040 5.0 25.3     16.2 

200805-195557 38.00035 -121.40642 5.2 25.7     15.9 

200805-195708 38.00270 -121.40459 5.2 25.7     15.5 

200805-195819 38.00480 -121.40246 5.2 25.5     15.3 

200805-195930 38.00579 -121.40012 5.4 25.6     13.4 

210805-114038 37.99841 -121.41066 4.4 23.8     16.1 

210805-114148 37.99841 -121.41065 4.4 23.9     16.1 

210805-114300 37.99839 -121.41067 4.3 23.8     15.6 

210805-114410 37.99866 -121.41151 4.4 24.0     16.3 

210805-114523 37.99849 -121.41025 4.3 24.0     16.3 

210805-114632 37.99838 -121.41029 4.4 23.8     16.0 

210805-114744 37.99844 -121.41099 4.3 23.9     16.1 

210805-114855 37.99865 -121.41090 4.4 23.9     15.9 

210805-115115 37.99849 -121.41010 4.3 23.9     15.8 

210805-115225 37.99842 -121.41018 4.3 23.8     16.2 

210805-115336 37.99849 -121.41052 4.3 23.8     15.3 

210805-115447 37.99848 -121.41061 4.3 23.9     15.4 

210805-115558 37.99850 -121.41057 4.2 23.7     14.0 

210805-115709 37.99873 -121.41275 4.3 23.8     15.6 

210805-115821 37.99860 -121.41624 4.4 24.0     16.4 

210805-115932 37.99718 -121.41914 4.3 23.9     17.4 

210805-120153 37.99502 -121.42522 4.5 24.2 9.5 10.7 17.5 

210805-120304 37.99433 -121.42847 4.5 24.2 9.2 10.3 17.7 
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210805-120414 37.99391 -121.43175 4.5 24.2 9.0 10.0 17.3 

210805-120525 37.99372 -121.43508 4.5 24.0 8.7 9.7 17.5 

210805-120636 37.99444 -121.43828 4.5 23.9 8.4 9.4 16.2 

210805-120747 37.99564 -121.44126 4.6 23.8 8.1 9.0 15.2 

210805-120858 37.99708 -121.44407 4.5 23.8 7.8 8.7 13.8 

210805-121008 37.99878 -121.44649 4.7 23.7 7.5 8.4 14.2 

210805-121228 38.00274 -121.45033 5.0 23.6 7.0 7.8 10.3 

210805-121339 38.00502 -121.45203 5.3 23.4 6.7 7.4 7.8 

210805-121450 38.00726 -121.45370 5.2 23.4 6.4 7.1 6.5 

210805-121601 38.00938 -121.45551 5.8 23.1 6.1 6.8 5.6 

210805-121711 38.01155 -121.45730 5.9 23.0 5.8 6.4 3.5 

210805-121823 38.01387 -121.45894 6.1 22.8 5.5 6.1 2.4 

210805-121934 38.01619 -121.46051 6.1 22.8 5.2 5.8 1.9 

210805-122045 38.01846 -121.46217 6.2 22.7 4.9 5.5 1.6 

210805-122305 38.02287 -121.46564 6.3 22.6 4.3 4.8 1.4 

210805-122417 38.02464 -121.46813 6.3 22.6 4.0 4.4 0.8 

210805-122530 38.02633 -121.47075 6.3 22.6 3.7 4.1 0.6 

210805-122640 38.02797 -121.47327 6.3 22.5 3.5 3.8 0.5 

210805-122752 38.02960 -121.47569 6.4 22.5 3.2 3.5 0.4 

210805-122901 38.03115 -121.47805 6.3 22.4 2.9 3.2 0.5 

210805-123014 38.03275 -121.48072 6.4 22.4 2.6 2.8 0.4 

210805-123124 38.03429 -121.48333 6.4 22.3 2.3 2.5 0.4 

210805-123345 38.03722 -121.48875 6.6 22.2 1.8 1.8 0.3 

210805-123455 38.03876 -121.49144 6.5 22.2 1.5 1.5 0.2 

210805-123606 38.04032 -121.49413 6.6 22.1 1.2 1.1 0.2 

210805-123717 38.04185 -121.49661 6.7 22.4 0.9 0.8 0.1 

210805-123826 38.04074 -121.49509 6.6 22.6 1.1 1.1 0.1 

210805-123940 38.03943 -121.49252 6.5 22.7 1.3 1.4 0.2 

210805-124052 38.03812 -121.49006 6.6 22.7 1.6 1.8 0.2 

210805-124203 38.03675 -121.48769 6.5 22.8 1.9 2.2 0.3 

210805-124423 38.03371 -121.48347 6.4 23.0 2.4 2.8 0.3 

210805-124533 38.03259 -121.48183 6.5 23.0 2.5 3.1 0.2 

210805-124644 38.03156 -121.47970 6.5 23.0 2.8 3.4 0.4 

210805-124755 38.03022 -121.47722 6.4 23.1 3.0 3.8 0.4 

210805-124906 38.02884 -121.47480 6.4 23.2 3.3 4.1 0.5 

210805-125017 38.02752 -121.47235 6.4 23.2 3.5 4.5 0.6 

210805-125128 38.02620 -121.47021 6.5 23.2 3.8 4.8 0.6 

210805-125238 38.02483 -121.46787 6.4 23.3 4.0 5.2 0.8 
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210805-125459 38.02085 -121.46487 6.2 23.4 4.5 5.9 1.1 

210805-125609 38.01893 -121.46335 6.2 23.5 4.8 6.2 1.4 

210805-125720 38.01691 -121.46168 6.0 23.6 5.1 6.6 2.3 

210805-125832 38.01517 -121.46061 5.9 23.6 5.3 6.9 2.3 

210805-125942 38.01380 -121.45962 5.8 23.7 5.4 7.1 2.8 

210805-130053 38.01175 -121.45797 5.7 24.0 5.7 7.5 3.9 

210805-130204 38.00997 -121.45656 5.3 24.2 6.0 7.8 6.4 

210805-130316 38.00797 -121.45497 5.0 24.4 6.2 8.2 9.3 

210805-130536 38.00406 -121.45184 4.9 24.6 6.7 8.9 13.9 

210805-130647 38.00211 -121.45026 4.9 24.6 7.0 9.2 14.6 

210805-130759 38.00001 -121.44879 4.8 24.6 7.3 9.6 15.1 

210805-130910 37.99849 -121.44658 4.7 24.6 7.5 9.9 16.1 

210805-131022 37.99721 -121.44413 4.6 24.7 7.8 10.3 17.5 

210805-131132 37.99578 -121.44183 4.6 24.7 8.0 10.6 17.9 

210805-131245 37.99461 -121.43921 4.7 24.6 8.3 11.0 17.8 

210805-131355 37.99372 -121.43650 4.7 24.6 8.6 11.3 18.1 

210805-131616 37.99382 -121.43071 4.7 24.5 9.1 12.0 17.8 

210805-131727 37.99446 -121.42786 4.7 24.5 9.3 12.3 19.3 

210805-131837 37.99490 -121.42514 4.6 24.5 9.6 12.7 18.4 

210805-131948 37.99507 -121.42270 4.6 24.5 9.8 13.0 16.6 

210805-132101 37.99515 -121.41978 4.7 24.6 10.0 13.3 16.5 

210805-132211 37.99479 -121.41678 4.6 24.6 10.3 13.7 16.2 

210805-132322 37.99398 -121.41390 4.7 24.7 10.6 14.0 14.7 

210805-132433 37.99315 -121.41111 4.8 24.7 10.8 14.3 14.2 

210805-132653 37.99109 -121.40561 4.8 24.7 11.4 15.0 13.2 

210805-132803 37.99004 -121.40291 4.7 24.7 11.6 15.4 12.8 

210805-132915 37.98910 -121.40004 4.7 24.6 11.9 15.7 12.4 

210805-133027 37.98826 -121.39713 4.8 24.7 12.2 16.1 12.0 

210805-133139 37.98709 -121.39442 4.7 24.7 12.5 16.4 11.7 

210805-133249 37.98581 -121.39198 4.7 24.7 12.7 16.7 11.7 

210805-133400 37.98432 -121.38964 4.7 24.6 13.0 17.1 10.9 

210805-133511 37.98253 -121.38776 4.8 24.7 13.2 17.4 10.8 

210805-133731 37.97920 -121.38390 5.0 24.7 13.7 18.0 10.4 

210805-133844 37.97745 -121.38187 5.0 24.7 14.0 18.3 9.4 

210805-133953 37.97562 -121.37990 5.0 24.7 14.3 18.6 9.2 

210805-134104 37.97369 -121.37780 5.0 24.7 14.5 19.0 9.5 

210805-134215 37.97182 -121.37562 5.1 24.7 14.8 19.3 9.0 

210805-134328 37.97040 -121.37387 5.3 24.6 15.0 19.6 8.0 
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210805-134438 37.96861 -121.37181 5.5 24.7 15.3 19.9 7.8 

210805-134549 37.96666 -121.36990 5.6 24.7 15.6 20.2 7.6 

210805-134809 37.96325 -121.36563 5.7 24.7 16.1 20.9 7.0 

210805-134919 37.96148 -121.36348 5.8 24.6 16.4 21.2 6.4 

210805-135030 37.95970 -121.36125 6.0 24.6 16.7 21.5 6.2 

210805-135142 37.95817 -121.35870 6.2 24.6 17.0 21.8 6.0 

210805-135252 37.95725 -121.35596 6.5 24.6 17.2 22.1 5.7 

210805-135404 37.95619 -121.35297 6.7 24.5 17.5 22.4 5.6 

210805-135516 37.95520 -121.34999 6.6 24.5 17.8 22.8 5.5 

210805-135627 37.95425 -121.34700 6.3 24.6 18.1 23.1 8.4 

210805-141215 37.95228 -121.33544 7.0 24.8 19.1 24.3 14.4 

210805-141325 37.95194 -121.33352 7.2 25.0 19.3 24.5 15.4 

210805-141437 37.95216 -121.33030 6.9 25.0 19.6 24.8 16.3 

210805-141548 37.95237 -121.32716 6.7 25.0 19.8 25.1 16.7 

210805-141659 37.95251 -121.32405 7.1 25.0 20.1 25.4 16.4 

210805-141811 37.95264 -121.32089 7.0 25.0 20.4 25.6 17.0 

210805-141922 37.95266 -121.31776 7.8 25.1 20.7 25.9 15.8 

210805-142033 37.95278 -121.31465 10.9 25.5 20.9 26.2 13.9 

210805-142254 37.95324 -121.30948 13.4 25.8 21.4 26.6 9.6 

210805-142404 37.95328 -121.30761 14.0 26.0 21.6 26.8 9.6 

210805-142515 37.95320 -121.30576 14.8 26.2 21.7 27.0 9.5 

210805-142625 37.95314 -121.30393 14.6 26.2 21.9 27.1 9.3 

210805-142737 37.95310 -121.30206 14.6 26.2 22.1 27.3 9.2 

210805-142848 37.95340 -121.30029 16.7 26.4 22.2 27.4 8.4 

210805-142959 37.95376 -121.29860 15.5 26.4 22.4 27.6 9.1 

210805-143110 37.95388 -121.29688 15.2 26.4 22.5 27.7 9.1 

210805-143331 37.95369 -121.29916 17.3 26.5 22.3 27.5 9.0 

210805-143442 37.95338 -121.30076 15.0 26.3 22.2 27.4 9.2 

210805-143551 37.95317 -121.30232 15.7 26.3 22.0 27.3 9.3 

210805-143703 37.95323 -121.30397 16.0 26.3 21.9 27.1 8.8 

210805-143814 37.95333 -121.30557 15.3 26.2 21.7 27.0 9.6 

210805-143924 37.95333 -121.30718 14.9 26.1 21.6 26.8 9.5 

210805-144036 37.95330 -121.30885 13.2 25.7 21.5 26.7 10.3 

210805-144147 37.95327 -121.31066 12.5 25.6 21.3 26.5 11.0 

210805-144407 37.95304 -121.31544 8.1 25.3 20.9 26.1 15.7 

210805-144519 37.95284 -121.31862 7.4 25.2 20.6 25.9 15.7 

210805-144630 37.95276 -121.32179 7.8 25.2 20.3 25.6 15.6 

210805-144741 37.95270 -121.32496 7.9 25.3 20.0 25.3 15.6 
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210805-144851 37.95246 -121.32811 8.2 25.3 19.8 25.1 15.1 

210805-145002 37.95228 -121.33130 8.1 25.2 19.5 24.8 16.3 

210805-145113 37.95154 -121.33429 7.4 25.0 19.2 24.6 17.1 

210805-145224 37.94996 -121.33599 8.1 24.2     12.0 

210805-145446 37.94913 -121.33644 8.0 24.1     0.4 

210805-145556 37.94934 -121.33636 8.1 24.1     0.2 

210805-145707 37.94958 -121.33633 8.0 24.1     0.3 

210805-145818 37.94983 -121.33629 7.8 24.1     0.2 

210805-145929 37.94998 -121.33624 8.2 24.1     0.2 

210805-150040 37.95011 -121.33616 7.9 24.3 19.1 24.5 0.2 

210805-150151 37.95024 -121.33607 7.6 24.3 19.1 24.5 2.9 

210805-150302 37.95018 -121.33603 7.6 24.4 19.1 24.5 5.0 

210805-161948 37.95248 -121.33946 6.9 24.6 18.8 23.3 6.0 

210805-162101 37.95292 -121.34156 7.0 24.6 18.6 23.1 6.0 

210805-162210 37.95349 -121.34372 7.2 24.8 18.4 22.9 5.9 

210805-162321 37.95419 -121.34573 7.2 25.0 18.2 22.7 6.1 

210805-162432 37.95489 -121.34775 7.1 25.0 18.0 22.6 5.9 

210805-162542 37.95562 -121.34971 7.0 25.1 17.8 22.4 5.9 

210805-162653 37.95625 -121.35176 6.8 25.0 17.6 22.2 6.6 

210805-162804 37.95687 -121.35385 6.6 25.4 17.4 22.0 7.2 

210805-163025 37.95840 -121.35780 6.6 25.1 17.0 21.6 7.3 

210805-163135 37.95927 -121.35964 6.6 25.2 16.8 21.4 6.8 

210805-163246 37.96060 -121.36096 6.5 25.1 16.6 21.2 6.7 

210805-163357 37.96189 -121.36232 6.5 25.0 16.5 21.1 6.2 

210805-163508 37.96289 -121.36398 6.3 24.8 16.3 20.9 5.7 

210805-163619 37.96406 -121.36562 6.2 24.7 16.1 20.7 5.8 

210805-163730 37.96528 -121.36720 6.1 24.8 15.9 20.5 6.2 

210805-163840 37.96651 -121.36872 5.4 24.9 15.7 20.3 7.4 

210805-164101 37.96908 -121.37168 5.9 25.0 15.3 19.9 7.1 

210805-164212 37.97041 -121.37320 5.9 24.9 15.1 19.7 6.7 

210805-164324 37.97159 -121.37446 5.9 25.1 14.9 19.5 6.9 

210805-164435 37.97272 -121.37577 5.8 25.1 14.8 19.3 7.0 

210805-164547 37.97390 -121.37697 5.8 25.0 14.6 19.2 7.2 

210805-164658 37.97503 -121.37825 5.8 25.1 14.4 19.0 7.1 

210805-164808 37.97609 -121.37960 5.8 25.1 14.3 18.8 7.1 

210805-164921 37.97727 -121.38092 5.6 25.1 14.1 18.7 7.2 

210805-165140 37.97942 -121.38360 5.5 25.0 13.7 18.3 8.0 

210805-165251 37.98071 -121.38500 5.5 25.0 13.6 18.1 8.0 
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210805-165403 37.98196 -121.38646 5.4 25.0 13.4 17.9 8.2 

210805-165514 37.98329 -121.38771 5.0 25.1 13.2 17.7 8.8 

210805-165625 37.98450 -121.38891 5.2 25.0 13.0 17.6 9.7 

210805-165735 37.98548 -121.39052 5.4 25.0 12.8 17.4 8.6 

210805-165847 37.98647 -121.39220 5.4 25.1 12.7 17.2 8.8 

210805-165958 37.98734 -121.39393 5.2 25.2 12.5 17.0 9.1 

210805-170218 37.98850 -121.39684 5.0 25.2 12.2 16.7 9.6 

210805-170329 37.98898 -121.39786 5.0 25.1 12.1 16.6 9.8 

210805-170441 37.98937 -121.39973 5.1 25.0 11.9 16.4 9.5 

210805-170550 37.98993 -121.40152 5.2 25.1 11.8 16.2 9.1 

210805-170701 37.99064 -121.40330 5.1 25.1 11.6 16.1 9.2 

210805-170811 37.99123 -121.40509 5.0 25.0 11.4 15.9 9.5 

210805-170923 37.99191 -121.40693 5.1 25.2 11.2 15.7 10.2 

210805-171034 37.99258 -121.40868 4.9 25.1 11.1 15.5 11.4 

210805-171255 37.99402 -121.41213 5.2 25.2 10.7 15.2 10.1 

210805-171405 37.99464 -121.41390 4.9 25.1 10.6 15.0 10.3 

210805-171516 37.99513 -121.41581 4.9 25.1 10.4 14.8 11.0 

210805-171627 37.99538 -121.41783 4.9 25.1 10.2 14.6 10.6 

210805-171737 37.99557 -121.41983 5.0 25.2 10.0 14.4 11.5 

210805-171850 37.99670 -121.41985 5.4 25.2     9.6 

210805-174340 38.00138 -121.40551 6.1 25.8     3.5 

210805-174453 38.00255 -121.40473 6.1 25.9     3.4 

210805-174602 38.00371 -121.40386 6.7 25.8     3.0 

210805-174714 38.00469 -121.40250 6.8 25.9     3.2 

210805-174824 38.00549 -121.40069 6.5 25.9     3.3 

210805-174935 38.00628 -121.39846 6.7 26.0     2.3 

210805-175048 38.00716 -121.39659 6.8 26.0     2.1 

210805-175158 38.00794 -121.39458 6.7 26.2     2.2 

210805-175418 38.00967 -121.39070 6.7 26.3     2.1 

210805-175529 38.01063 -121.38884 6.6 26.2     1.8 

210805-175640 38.01152 -121.38690 6.5 26.2     1.8 

210805-175750 38.01239 -121.38493 6.7 26.3     1.7 

210805-175903 38.01360 -121.38401 6.6 26.2     1.5 

210805-180014 38.01521 -121.38519 6.9 26.0     2.8 

210805-180124 38.01685 -121.38639 7.3 26.1     3.5 

210805-180235 38.01870 -121.38678 7.4 26.0     3.7 

210805-180457 38.02206 -121.38823 7.5 25.6     3.0 

210805-180607 38.02313 -121.39018 7.8 25.8     1.8 
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210805-180720 38.02412 -121.39215 7.6 25.8     0.7 

210805-180830 38.02489 -121.39414 7.9 25.7     0.3 

210805-180941 38.02582 -121.39614 8.0 25.7     0.2 

210805-181053 38.02663 -121.39825 7.8 25.6     0.2 

210805-181202 38.02758 -121.40011 7.9 25.6     0.1 

210805-181313 38.02874 -121.40181 8.0 25.8     0.0 

210805-200041 38.00701 -121.39722 5.5 25.6     12.7 

210805-200151 38.00817 -121.39419 6.0 25.8     10.1 

210805-200302 38.00948 -121.39131 6.2 25.9     6.6 

210805-200413 38.01069 -121.38859 6.2 25.9     4.6 

210805-200634 38.01276 -121.38313 6.4 26.3     3.5 

210805-200747 38.01460 -121.38454 7.1 26.0     4.2 

210805-200858 38.01649 -121.38640 7.1 26.0     2.3 

210805-201008 38.01878 -121.38704 7.1 26.0     0.9 

210805-201119 38.02083 -121.38705 7.2 25.9     0.6 

210805-201230 38.02251 -121.38905 7.2 25.9     0.4 

210805-201332 38.02350 -121.39126 7.3 25.6     0.0 

210805-201526 38.02204 -121.38936 7.2 25.6     0.1 

220805-111659 38.04552 -121.41905 6.5 23.1     0.1 

220805-111810 38.04551 -121.41906 6.5 23.2     0.1 

220805-111921 38.04553 -121.41907 6.5 23.2     0.1 

220805-112034 38.04552 -121.41915 6.6 23.3     0.0 

220805-112144 38.04516 -121.41949 6.6 23.3     0.0 

220805-112255 38.04450 -121.41984 6.6 23.3     0.1 

220805-112404 38.04403 -121.42026 6.6 23.3     0.1 

220805-112517 38.04335 -121.42108 6.5 23.3     0.0 

220805-112736 38.04214 -121.41873 6.6 23.2     0.1 

220805-112847 38.04234 -121.41701 6.7 23.3     0.1 

220805-112958 38.04162 -121.41432 6.6 23.3     0.1 

220805-113109 38.04113 -121.41087 6.7 23.3     0.0 

220805-113221 38.04162 -121.40739 6.7 23.4     0.1 

220805-113332 38.04105 -121.40499 6.8 23.5     0.0 

220805-113443 38.03846 -121.40469 6.7 23.5     0.0 

220805-113553 38.03588 -121.40499 6.8 23.4     0.0 

220805-113814 38.03079 -121.40368 6.8 23.5     0.0 

220805-113925 38.02842 -121.40218 6.8 23.5     0.0 

220805-114034 38.02687 -121.39967 6.8 23.6     0.1 

220805-114147 38.02541 -121.39671 6.7 23.7     0.1 
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220805-114257 38.02411 -121.39382 6.6 23.8     0.1 

220805-114408 38.02322 -121.39176 6.6 23.8     0.1 

220805-114520 38.02198 -121.38904 6.6 23.9     0.1 

220805-114631 38.02005 -121.38735 6.6 23.9     0.1 

220805-114853 38.01520 -121.38578 6.3 24.0     0.6 

220805-115005 38.01302 -121.38450 5.6 23.8     1.4 

220805-115115 38.01174 -121.38730 5.1 23.8     4.4 

220805-115226 38.01038 -121.39021 5.1 23.8     6.0 

220805-115337 38.00905 -121.39318 5.1 23.9     6.7 

220805-115448 38.00771 -121.39616 5.1 23.9     7.3 

220805-115558 38.00646 -121.39915 5.0 23.9     9.7 

220805-115709 38.00562 -121.40114 5.0 24.0     6.9 

220805-115932 38.00312 -121.40441 5.1 24.0     7.5 

220805-120042 38.00066 -121.40626 5.1 24.0     7.9 

220805-120155 37.99864 -121.40878 5.0 23.9     9.2 

220805-120305 37.99858 -121.41028 4.8 23.9     9.8 

220805-120414 37.99857 -121.41150 4.9 23.9     9.4 

220805-120526 37.99855 -121.41131 4.9 23.9     9.0 

220805-120637 37.99858 -121.41108 4.9 24.0     9.2 

220805-120748 37.99849 -121.41062 4.9 24.0     8.8 

220805-122751 37.99872 -121.41536 5.0 24.0     7.1 

220805-122902 37.99765 -121.41853 5.1 24.1     8.3 

220805-123014 37.99589 -121.42134 5.2 24.2     8.7 

220805-123125 37.99513 -121.42468 5.2 24.2 9.6 10.4 9.4 

220805-123235 37.99456 -121.42809 5.2 24.2 9.3 10.0 9.9 

220805-123348 37.99403 -121.43167 5.2 24.2 9.0 9.7 10.2 

220805-123457 37.99390 -121.43507 5.2 24.0 8.7 9.3 10.6 

220805-123608 37.99482 -121.43833 5.2 24.0 8.4 9.0 10.6 

220805-123829 37.99763 -121.44424 5.4 23.9 7.7 8.3 10.4 

220805-123940 37.99919 -121.44707 5.5 23.8 7.4 7.9 10.1 

220805-124052 38.00135 -121.44920 5.6 23.8 7.1 7.6 9.3 

220805-124203 38.00369 -121.45095 5.7 23.6 6.8 7.3 8.6 

220805-124314 38.00595 -121.45283 6.1 23.5 6.5 6.9 6.9 

220805-124425 38.00827 -121.45475 6.3 23.4 6.2 6.5 5.3 

220805-124537 38.01068 -121.45657 6.5 23.3 5.9 6.2 4.5 

220805-124648 38.01299 -121.45851 6.5 23.2 5.6 5.8 4.0 

220805-124908 38.01779 -121.46168 6.6 23.1 5.0 5.1 2.6 

220805-125020 38.01942 -121.46290 6.6 23.1 4.8 4.9 2.6 
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220805-125137 38.02205 -121.46482 6.7 23.0 4.5 4.5 2.5 

220805-125241 38.02395 -121.46670 6.9 22.9 4.2 4.2 2.0 

220805-125354 38.02599 -121.46929 6.9 22.8 3.9 3.8 1.5 

220805-125505 38.02779 -121.47204 6.9 22.8 3.6 3.5 1.3 

220805-125615 38.02939 -121.47487 6.9 22.7 3.3 3.1 1.1 

220805-125726 38.03103 -121.47771 7.0 22.7 2.9 2.7 0.9 

220805-125947 38.03416 -121.48336 7.3 22.5 2.3 2.0 0.5 

220805-130059 38.03592 -121.48610 7.2 22.4 2.0 1.7 0.4 

220805-130209 38.03752 -121.48895 7.1 22.4 1.7 1.3 0.4 

220805-130320 38.03921 -121.49177 7.2 22.4 1.4 0.9 0.3 

220805-130431 38.04077 -121.49470 7.3 22.3 1.1 0.6 0.3 

220805-130541 38.04239 -121.49756 7.3 22.3 0.8 0.2 0.2 

220805-130654 38.04452 -121.50002 7.3 22.3 0.5 -0.2 0.1 

220805-130804 38.04653 -121.50219 7.1 22.3 0.2 -0.5 0.2 

220805-131426 38.04861 -121.50401 7.5 22.6 -0.1 -0.7 0.2 

220805-131539 38.04882 -121.50385 7.4 22.6 -0.1 -0.7 0.1 

220805-131648 38.04685 -121.50274 7.4 22.7 0.1 -0.4 0.2 

220805-131759 38.04474 -121.50131 7.4 22.7 0.4 0.0 0.2 

220805-131911 38.04310 -121.49901 7.4 22.8 0.6 0.3 0.2 

220805-132022 38.04143 -121.49688 7.4 22.9 0.9 0.7 0.2 

220805-132132 38.04011 -121.49439 7.4 22.9 1.2 1.1 0.1 

220805-132243 38.03868 -121.49196 7.4 22.9 1.4 1.5 0.2 

220805-132503 38.03598 -121.48708 7.2 23.1 2.0 2.2 0.3 

220805-132614 38.03455 -121.48453 7.2 23.2 2.2 2.6 0.5 

220805-132725 38.03297 -121.48204 7.2 23.3 2.5 3.0 0.5 

220805-132836 38.03140 -121.47950 7.0 23.3 2.8 3.4 0.9 

220805-132948 38.02981 -121.47692 7.1 23.3 3.1 3.8 1.0 

220805-133057 38.02839 -121.47437 7.0 23.4 3.3 4.1 1.1 

220805-133209 38.02685 -121.47175 7.0 23.4 3.6 4.6 1.1 

220805-133320 38.02541 -121.46914 6.9 23.6 3.9 4.9 1.5 

220805-133541 38.02152 -121.46543 6.8 23.8 4.4 5.7 2.3 

220805-133652 38.01928 -121.46402 6.7 23.8 4.7 6.1 2.5 

220805-133803 38.01716 -121.46232 6.7 23.8 5.0 6.5 2.7 

220805-133913 38.01499 -121.46063 6.5 23.8 5.3 6.9 3.2 

220805-134024 38.01281 -121.45882 6.5 24.2 5.6 7.3 3.8 

220805-134135 38.01064 -121.45705 6.2 24.4 5.9 7.7 5.3 

220805-134245 38.00849 -121.45547 5.6 24.6 6.1 8.1 7.9 

220805-134356 38.00638 -121.45372 5.7 24.7 6.4 8.5 10.2 
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220805-134616 38.00218 -121.45050 5.5 24.7 7.0 9.2 11.1 

220805-134726 38.00007 -121.44885 5.4 24.6 7.2 9.6 11.3 

220805-134838 37.99838 -121.44644 5.5 24.7 7.5 10.0 11.2 

220805-134949 37.99678 -121.44399 5.4 24.7 7.8 10.4 11.1 

220805-135101 37.99561 -121.44124 5.4 24.7 8.1 10.7 10.8 

220805-135210 37.99415 -121.43876 5.5 24.7 8.4 11.1 9.5 

220805-135323 37.99364 -121.43619 5.4 24.7 8.6 11.4 10.1 

220805-135434 37.99334 -121.43304 5.4 24.6 8.9 11.8 9.7 

220805-135654 37.99437 -121.42692 5.4 24.6 9.4 12.5 9.1 

220805-135805 37.99482 -121.42378 5.5 24.7 9.7 12.9 8.9 

220805-135917 37.99506 -121.42053 5.4 24.6 10.0 13.3 8.7 

220805-140028 37.99491 -121.41732 5.5 24.6 10.3 13.7 8.0 

220805-140139 37.99416 -121.41430 5.7 24.8 10.5 14.0 7.2 

220805-140250 37.99300 -121.41140 5.6 24.7 10.8 14.4 7.1 

220805-140402 37.99198 -121.40834 5.7 24.8 11.1 14.8 6.7 

220805-140511 37.99078 -121.40554 5.8 24.8 11.4 15.2 6.6 

220805-140732 37.98885 -121.39966 5.9 24.7 12.0 15.9 6.2 

220805-140843 37.98780 -121.39672 5.8 24.6 12.2 16.2 5.7 

220805-140954 37.98691 -121.39422 5.8 24.6 12.5 16.6 5.5 

220805-141104 37.98544 -121.39168 5.7 24.6 12.8 16.9 5.7 

220805-141217 37.98372 -121.38912 6.0 24.7 13.1 17.3 5.5 

220805-141328 37.98188 -121.38699 6.0 24.8 13.3 17.6 5.4 

220805-141438 37.97997 -121.38484 6.2 24.7 13.6 18.0 5.4 

220805-141550 37.97808 -121.38254 6.3 24.7 13.9 18.4 4.9 

220805-141810 37.97422 -121.37838 6.4 24.7 14.5 19.0 4.6 

220805-141921 37.97245 -121.37607 6.6 24.7 14.7 19.4 4.5 

220805-142032 37.97052 -121.37389 6.8 24.6 15.0 19.7 4.3 

220805-142143 37.96859 -121.37171 7.0 24.7 15.3 20.1 4.2 

220805-142254 37.96663 -121.36949 7.0 24.7 15.6 20.4 4.2 

220805-142405 37.96466 -121.36722 7.0 24.7 15.9 20.8 4.2 

220805-142517 37.96282 -121.36479 7.1 24.7 16.2 21.1 4.2 

220805-142627 37.96091 -121.36259 7.2 24.7 16.5 21.5 4.1 

220805-142848 37.95761 -121.35736 7.6 24.7 17.1 22.2 3.9 

220805-142959 37.95647 -121.35428 7.9 24.7 17.4 22.5 3.8 

220805-143110 37.95551 -121.35116 7.9 24.6 17.7 22.8 3.5 

220805-143221 37.95469 -121.34813 7.6 24.7 18.0 23.2 3.7 

220805-143332 37.95383 -121.34516 7.5 24.7 18.2 23.5 5.6 

220805-143442 37.95300 -121.34223 7.8 24.2 18.5 23.8 4.8 



HYDRODYNAMICS AND OXYGEN MODELING OF THE STOCKTON DEEP WATER SHIP CHANNEL 
  

68

220805-143553 37.95240 -121.33920 7.7 24.0 18.8 24.1 3.2 

220805-143704 37.95215 -121.33609 7.5 24.3 19.1 24.4 2.2 

220805-143926 37.95221 -121.32967 7.3 25.1 19.6 25.0 9.4 

220805-144036 37.95240 -121.32660 8.0 25.1 19.9 25.3 9.1 

220805-144147 37.95254 -121.32388 8.0 25.0 20.1 25.5 9.8 

220805-144258 37.95259 -121.32115 7.6 25.0 20.4 25.8 10.5 

220805-144408 37.95246 -121.31856 8.3 25.0 20.6 26.0 9.6 

220805-144522 37.95278 -121.31578 13.6 25.7 20.8 26.3 9.7 

220805-144631 37.95305 -121.31317 14.7 25.8 21.1 26.5 10.8 

220805-144743 37.95321 -121.31053 15.6 25.7 21.3 26.7 10.1 

220805-145002 37.95328 -121.30678 17.5 26.2 21.6 27.1 9.2 

220805-145113 37.95329 -121.30484 19.7 26.5 21.8 27.2 8.9 

220805-145224 37.95325 -121.30291 18.1 26.5 22.0 27.4 9.1 

220805-145335 37.95332 -121.30098 17.2 26.2 22.2 27.6 8.1 

220805-145445 37.95363 -121.29913 15.0 26.2 22.3 27.7 10.0 

220805-145558 37.95392 -121.29721 14.7 26.2 22.5 27.9 10.5 

220805-145709 37.95397 -121.29756 14.1 26.1 22.4 27.9 11.2 

220805-145819 37.95366 -121.29937 16.6 26.2 22.3 27.7 10.8 

220805-150041 37.95336 -121.30304 19.3 26.5 22.0 27.4 9.4 

220805-150151 37.95342 -121.30488 18.0 26.3 21.8 27.3 9.8 

220805-150303 37.95334 -121.30678 16.6 26.2 21.6 27.1 9.6 

220805-150414 37.95331 -121.30851 15.1 25.7 21.5 27.0 10.1 

220805-150524 37.95324 -121.31019 15.6 25.9 21.3 26.8 9.6 

220805-150634 37.95330 -121.31179 14.1 25.7 21.2 26.7 10.8 

220805-150747 37.95334 -121.31437 12.7 25.7 21.0 26.5 13.4 

220805-150857 37.95326 -121.31670 10.4 25.5 20.7 26.3 12.7 

220805-151118 37.95294 -121.32147 8.7 25.3 20.3 25.9 9.5 

220805-151228 37.95266 -121.32423 8.6 25.2 20.1 25.6 9.9 

220805-151339 37.95239 -121.32696 7.8 25.0 19.9 25.4 10.1 

220805-151450 37.95221 -121.32970 8.0 25.2 19.6 25.2 9.2 

220805-151600 37.95208 -121.33238 7.9 25.1 19.4 25.0 9.4 

220805-151711 37.95125 -121.33469 8.2 25.0 19.2 24.8 9.5 

220805-151822 37.94948 -121.33624 8.5 23.9     5.9 

220805-151933 37.94890 -121.33672 8.7 23.7     1.5 

220805-152154 37.94641 -121.34031 8.9 23.6     0.2 

220805-152305 37.94463 -121.34187 9.0 23.6     0.1 

220805-152416 37.94328 -121.34389 9.0 23.6     0.1 

220805-152528 37.94183 -121.34564 9.3 23.5     0.1 
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220805-152639 37.94037 -121.34435 9.2 23.6     0.0 

220805-152748 37.94139 -121.34534 8.4 23.6     0.1 

220805-152900 37.94314 -121.34393 8.4 23.6     0.1 

220805-153011 37.94525 -121.34154 8.6 23.6     0.1 

220805-153231 37.94910 -121.33648 8.3 24.1     0.1 

220805-153341 37.95028 -121.33559 8.0 24.8 19.2 24.8 4.0 

220805-153454 37.95156 -121.33494 7.6 24.6 19.2 24.8 5.1 

220805-153604 37.95226 -121.33385 7.7 25.0 19.2 24.8 8.1 

220805-153715 37.95161 -121.33262 7.8 25.2 19.4 24.9 9.1 

220805-153815 37.95225 -121.33193 8.2 25.4 19.4 25.0 8.6 

220805-153938 37.95233 -121.33061 8.4 25.5 19.5 25.1 8.8 

220805-154026 37.95215 -121.32980 8.1 25.3 19.6 25.2 9.1 

220805-154307 37.95194 -121.32680 7.7 25.1 19.9 25.4 9.5 

220805-154419 37.95240 -121.32578 9.1 25.6 20.0 25.5 8.7 

220805-154530 37.95266 -121.32456 7.7 25.1 20.1 25.6 9.9 

220805-154641 37.95268 -121.32330 8.0 25.2 20.2 25.7 9.4 

220805-154752 37.95276 -121.32206 7.8 25.1 20.3 25.7 9.6 

220805-154902 37.95230 -121.32084 8.4 25.2 20.4 25.9 9.5 

220805-155014 37.95320 -121.31994 8.5 25.3 20.5 25.9 9.2 

220805-155125 37.95204 -121.31870 9.9 25.7 20.6 26.0 9.1 

220805-155345 37.95332 -121.31759 11.5 25.6 20.7 26.0 10.5 

220805-155457 37.95284 -121.31709 13.7 26.0 20.7 26.1 10.7 

220805-155607 37.95168 -121.31647 14.6 26.2 20.8 26.2 10.7 

220805-155718 37.95294 -121.31626 12.2 25.9 20.8 26.1 10.8 

220805-155829 37.95369 -121.31587 12.4 26.0 20.8 26.1 10.8 

220805-155940 37.95222 -121.31542 16.1 26.4 20.9 26.2 9.9 

220805-160050 37.95289 -121.31483 13.9 26.1 20.9 26.2 10.0 

220805-160202 37.95263 -121.31390 14.2 26.1 21.0 26.3 10.4 

220805-160424 37.95313 -121.31163 16.6 26.4 21.2 26.4 9.7 

220805-160533 37.95320 -121.31047 16.2 26.3 21.3 26.5 9.8 

220805-160644 37.95322 -121.31096 15.2 26.2 21.3 26.5 9.4 

220805-160756 37.95316 -121.31293 13.9 26.1 21.1 26.3 10.2 

220805-160907 37.95307 -121.31490 12.6 26.0 20.9 26.1 10.7 

220805-161018 37.95287 -121.31645 12.4 25.8 20.8 26.0 11.4 

220805-161129 37.95309 -121.31735 12.3 25.9 20.7 25.9 11.3 

220805-161240 37.95276 -121.31779 11.7 25.7 20.7 25.9 11.9 

220805-170042 37.95287 -121.31861 9.3 26.2 20.6 25.0 10.3 

220805-170153 37.95293 -121.32107 8.8 25.9 20.4 24.8 10.2 
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220805-170304 37.95275 -121.32442 8.5 26.1 20.1 24.6 9.6 

220805-170415 37.95250 -121.32780 8.2 26.2 19.8 24.3 9.4 

220805-170525 37.95219 -121.33110 8.0 26.0 19.5 24.0 10.9 

220805-170636 37.95200 -121.33443 7.4 25.7 19.2 23.8 10.5 

220805-170747 37.95195 -121.33482 7.2 25.5 19.2 23.7 9.7 

220805-170858 37.95190 -121.33473 7.2 25.5 19.2 23.7 9.7 

220805-171119 37.95194 -121.33544 8.0 24.5 19.1 23.6 8.4 

220805-171230 37.95263 -121.33861 8.3 24.6 18.8 23.3 3.6 

220805-171342 37.95331 -121.34192 8.4 25.0 18.5 23.1 3.2 

220805-171453 37.95407 -121.34454 8.5 25.0 18.3 22.8 2.4 

220805-171602 37.95431 -121.34569 8.7 25.3 18.2 22.7 1.9 

220805-171714 37.95497 -121.34808 8.9 25.6 18.0 22.5 2.4 

220805-171825 37.95576 -121.35036 9.2 25.6 17.7 22.3 2.9 

220805-171936 37.95654 -121.35265 8.8 25.9 17.5 22.1 3.5 

220805-172156 37.95815 -121.35702 9.3 26.2 17.1 21.7 4.7 

220805-172307 37.95857 -121.35822 9.4 26.0 17.0 21.5 4.2 

220805-172418 37.95841 -121.35862 9.2 25.8 17.0 21.5 3.9 

220805-172530 37.95833 -121.35866 8.9 25.5 17.0 21.5 3.8 

220805-172639 37.95829 -121.35864 9.0 25.6 17.0 21.5 3.5 

220805-172749 37.95823 -121.35858 9.1 25.8 17.0 21.4 3.4 

220805-172902 37.95943 -121.36011 8.7 25.8 16.8 21.3 3.7 

220805-173013 37.96132 -121.36230 8.7 25.7 16.5 21.0 3.7 

220805-173234 37.96510 -121.36686 7.7 25.9 15.9 20.4 3.8 

220805-173345 37.96704 -121.36912 6.3 25.7 15.6 20.2 4.7 

220805-173455 37.96901 -121.37128 7.6 25.8 15.3 19.9 4.7 

220805-173606 37.97092 -121.37359 7.5 25.8 15.0 19.6 5.1 

220805-173717 37.97118 -121.37409 7.8 25.8 15.0 19.5 4.6 

220805-173828 37.97109 -121.37407 7.6 25.8 15.0 19.5 4.8 

220805-173938 37.97104 -121.37407 7.7 25.7 15.0 19.5 4.6 

220805-174050 37.97096 -121.37405 7.6 25.8 15.0 19.5 6.5 

220805-174310 37.97358 -121.37673 7.7 25.6 14.6 19.1 3.9 

220805-174421 37.97557 -121.37885 5.9 25.7 14.3 18.8 26.5 

220805-181443 37.97946 -121.38350 7.3 25.7 13.7 17.7 4.0 

220805-181553 37.98061 -121.38499 7.1 25.6 13.6 17.5 3.5 

220805-181704 37.98202 -121.38660 6.9 25.9 13.4 17.3 4.5 

220805-181815 37.98397 -121.38888 7.1 25.8 13.1 17.0 4.9 

220805-181926 37.98581 -121.39134 6.7 25.6 12.8 16.7 5.2 

220805-182037 37.98671 -121.39309 6.7 25.6 12.6 16.5 5.0 
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220805-182147 37.98655 -121.39330 7.0 25.8 12.6 16.5 4.6 

220805-182258 37.98647 -121.39329 7.1 25.8 12.6 16.4 4.9 

220805-182519 37.98645 -121.39310 7.0 25.8 12.6 16.4 3.7 

220805-182630 37.98697 -121.39392 6.4 25.8 12.5 16.3 4.0 

220805-182741 37.98829 -121.39659 6.5 25.6 12.2 16.0 3.7 

220805-182852 37.98934 -121.39964 7.0 25.9 11.9 15.7 4.5 

220805-183003 37.99032 -121.40270 7.1 25.9 11.6 15.5 4.1 

220805-183113 37.99148 -121.40563 6.3 25.9 11.4 15.2 4.8 

220805-183224 37.99258 -121.40854 6.8 25.9 11.1 14.9 5.0 

220805-183336 37.99371 -121.41158 5.9 25.6 10.8 14.6 6.5 

220805-183558 37.99465 -121.41448 6.2 25.8 10.5 14.3 5.3 

220805-183710 37.99459 -121.41442 6.4 25.9 10.5 14.3 5.2 

220805-183820 37.99449 -121.41440 6.6 26.0 10.5 14.3 4.0 

220805-183930 37.99518 -121.41679 6.4 25.8 10.3 14.0 4.7 

220805-184042 37.99557 -121.42003 6.3 26.1 10.0 13.7 5.1 

220805-184153 37.99529 -121.42325 6.4 25.9 9.7 13.5 5.6 

220805-184304 37.99477 -121.42645 6.1 25.9 9.4 13.2 5.6 

220805-184415 37.99429 -121.42963 6.6 26.1 9.1 12.9 5.9 

220805-184635 37.99419 -121.43590 6.3 26.1 8.6 12.3 7.1 

220805-184747 37.99494 -121.43889 6.1 25.9 8.3 12.0 8.5 

220805-193512 37.99567 -121.44051 6.3 26.3 8.1 10.8 7.4 

220805-193624 37.99697 -121.44304 5.9 26.1 7.9 10.5 8.8 

220805-193733 37.99833 -121.44541 6.1 26.1 7.6 10.2 8.7 

220805-193845 37.99995 -121.44763 6.3 26.2 7.3 9.9 8.6 

220805-193956 38.00178 -121.44955 6.5 26.3 7.1 9.7 8.3 

220805-194108 38.00373 -121.45112 6.3 26.2 6.8 9.4 8.6 

220805-194218 38.00578 -121.45254 6.4 26.2 6.6 9.1 9.0 

220805-194329 38.00782 -121.45408 6.3 26.1 6.3 8.9 11.1 

220805-194549 38.01170 -121.45715 6.6 26.2 5.8 8.3 9.6 

220805-194700 38.01374 -121.45865 6.1 25.8 5.5 8.1 9.9 

220805-201930 38.00817 -121.45376 6.1 25.6 6.3 8.0 8.2 

220805-202042 38.00570 -121.45255 6.4 25.7 6.6 8.2 8.0 

220805-202154 38.00297 -121.45104 6.3 25.6 6.9 8.5 8.1 

220805-202305 38.00042 -121.44921 6.3 25.6 7.2 8.7 7.9 

220805-202415 37.99825 -121.44690 6.4 25.7 7.5 9.0 7.8 

220805-202526 37.99655 -121.44392 6.8 25.9 7.8 9.3 7.4 

220805-202637 37.99507 -121.44084 6.8 26.0 8.1 9.5 7.5 

220805-202749 37.99374 -121.43758 6.4 25.9 8.5 9.8 7.5 
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220805-203009 37.99374 -121.43048 5.9 25.6 9.1 10.3 7.0 

220805-203120 37.99440 -121.42692 5.9 25.7 9.4 10.6 6.7 

220805-203229 37.99493 -121.42342 6.0 25.8 9.7 10.9 6.4 

220805-203341 37.99636 -121.42032 5.7 25.6     5.6 

220805-203451 37.99802 -121.41772 5.6 25.4     5.4 

220805-203604 37.99872 -121.41449 5.6 25.3     5.2 

220805-203713 37.99860 -121.41129 5.7 25.3     5.0 

220805-203825 37.99862 -121.40805 5.9 25.8     5.0 

220805-204035 38.00257 -121.40475 5.9 25.9     3.9 

220805-204159 38.00497 -121.40216 5.9 25.7     3.8 

220805-204308 38.00605 -121.39924 6.0 25.7     3.4 

220805-204419 38.00724 -121.39626 6.2 25.9     3.2 

220805-204530 38.00846 -121.39347 6.5 26.0     2.1 

220805-204641 38.00977 -121.39070 6.5 26.1     2.5 

220805-204752 38.01091 -121.38796 6.8 26.5     1.5 

220805-204903 38.01215 -121.38577 6.5 26.4     1.8 

220805-205122 38.01586 -121.38592 8.3 26.7     1.2 

220805-205233 38.01817 -121.38680 8.2 26.5     0.9 

220805-205511 38.02249 -121.38957 8.0 26.2     0.2 

220805-205622 38.02382 -121.39207 8.2 26.0     0.1 
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4. An Application of the Si3D Hydrodynamics Model to the Stockton Deep 

Water Ship Channel: Physics and Model Application 

The following section contains the final report describing the initial application of the Si3D model 

to the Stockton Deep Water Ship Channel. At the time the report was completed, the model only 

represented barotropic forcing, viz., the effects of tides on water motion. The impact that vertical 

stratification had on water motions (the baroclinic forcing) was developed at a later stage in the 

project.
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 Executive Summary 

This report describes the physics and three-dimensional modeling of the Stockton Deepwater Ship 

Channel (DWSC) in summer. Besides tides, the physical processes that we find are important reflect 

the importance of temperature stratification. Like a lake, the DWSC is heated by the sun, cooled by 

evaporation, and mixed by the wind at the surface as well being mixed from underneath by 

turbulence produced at the bottom by tidal flows. While the top-bottom temperature difference is 

generally less than 3 deg C, this amount of stratification significantly alters turbulent mixing of 

momentum and thus changes the vertical distribution of currents from what would be expected for 

a homogeneous water body.  For example, during two field experiments (August 2004 and 2005), we 

observed vertically sheared flows, similar to gravitational circulation, although with upstream flow at 

the surface, i.e. in the sense opposite to usual estuarine circulation. By implication, stratification also 

alters the vertical transport of dissolved substances like dissolved oxygen. However, unlike lakes, 

even at the height of summer, the DWSC appears to stratify and de-stratify every day. The 

implication for the biogeochemistry/water quality of the DWSC remains to be clarified.  

At the scale of the Delta, the overall spatial gradients in depth-averaged temperature reflect a balance 

between surface heat fluxes, downstream advection and dispersion. Notably, dispersion plays a 

significant role such that temperatures are elevated in the middle of the DWSC relative to both 

upstream riverine and downstream estuarine temperatures. The thermal energy balance inherent to 

this model suggests a longitudinal dispersion coefficient, K x ≈ 1000 m2 s-1, a value far in excess of 

what might be expected from existing descriptions of shear flow dispersion in rivers and estuaries, 

i.e. 100 m2 s-1 or less (Fischer et al 1979). Dispersion in the DWSC appears to result from a 

combination of how water parcels navigate the array of junctions and how flows in different 

connected channels are phased. Although given that multiple channels are involved also means that 

the dispersion may also have similarities to the chaotic dispersion model of Ridderinkhof and 

Zimmerman (1992).  Indeed scale dependence should be expected since particle clouds that remain 

in a given channel only experience the kind of shear flow dispersion described by (7) whereas as 

particle clouds that span a significant portion of the Delta effectively feel the dispersive effects of a 

number of channel junctions leading (hypothetically) to the large dispersion coefficients we infer 

from our simple model and from observations. 

A major aspect of this project was the application of the USGS 3D finite difference circulation code, 

SI3D to the DWSC. SI3D solves the governing equations for three-dimensional hydrostatic fluid 
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motions including the behavior of the free surface and density variations associated with salinity and 

temperature variations on a rectangular Cartesian grid.  The version of SI3D that we used included 

modifications by Dr. Francisco Rueda to include the effects of surface heating and cooling. This 

version of SI3D had been previously used by Rueda to successfully model flows and temperature 

variability in Lake Tahoe.  

The domain included in our model of the DWSC extended from the San Joaquin  River near French 

Camp Slough to just downstream of Turner Cut. The horizontal resolution of the grid was 20 m and 

the vertical resolution was 1 m. Bathymetry was derived from the USGS bathymetry database.  

Flows in this domain were driven by prescribed free surface elevations at the open boundaries, 

creating both tidal and mean flows. These surface elevations were derived from archived DSM2 

model runs. Surface heat exchanges were computed from meteorological data obtained from the 

Port of Stockton using standard meteorological formulae that derive fluxes from simpler 

measurements like wind speed. 

The DWSC model was first calibrated for conditions existing in the summer of 2000. A 

straightforward comparison of results from this exercise to flows measured at the USGS flow station 

at Stockton showed an acceptable level of agreement between model and observations, although this 

calibration exercise revealed the importance of appropriately choosing a value of the horizontal eddy 

viscosity. Subject to stability constraints, this parameter should be chosen to be as small as possible 

to best represent the operant physics. 

The second application of SI3D was to model tidal currents observed in 2004, albeit omitting 

density variations. This is referred to as the barotropic model since it omits baroclinic pressure 

gradients associated with density variations. Decomposing both modeled and observed currents and 

elevations into harmonic constituents, i.e. representing both as a sum of variations at tidal 

frequencies, revealed an important aspect of the model set up that is worth considering in future 

limited area modeling exercises: In order to drive sufficient flows, it appears that free-surface 

elevation variations computed by DSM2 are larger than what is observed. This results in an over-

prediction of tidal currents in the DWSC. Although we did not do so, this does suggest that a simple 

reduction in DSM2 derived elevations during calibration may suffice to get accurate tidal current 

predictions in the DWSC. 

The third application of SI3D was one that included temperature variations and baroclinic pressure 

gradients, i.e. the full simulation of the DWSC. Unfortunately, despite substantial effort, including 

attempts to simplify the geometry, we were not able to obtain a working baroclinic model of the 
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DWSC.   Instead, the computed flows invariably developed instabilities after a few tidal cycles. We 

were unable to determine the source of these instabilities. 

In summary, the modeling activities supported by this project showed the value and the limitations 

of a limited domain 3D model for practical modeling of flows in the Delta. On the good side, a 

physical resolution of ca. 10m in the horizontal and 1m in the vertical can be successfully run on 

current desktop workstations. It appears that the coupling of DSM2 to a 3D model is 

straightforward, although it may be necessary in future to consider modifying DSM2 outputs so that 

they better match observations.  A more problematic issue for our modeling was the simple fact that 

we were never able to get the baroclinic version of SI3D to produce a stable calculation. This is 

disappointing because the observations make clear that baroclinic processes, notably the effects of 

diurnal stratification on turbulence, can have a dramatic effect on flow structure, and thus potentially 

on water quality. Perhaps the most important conclusion from this modeling exercise is that it is 

essential to support complex models with high-quality, well-designed observations.  

Finally, based on our work, we make the following recommendations: 

5. Any circulation modeling that is done for the Delta should use state of the art turbulence 

closures. 

6. To capture the full range of spatial scales important to flows in the Delta, hydrodynamic 

modeling of the Delta should be done using an unstructured grid model.  

7. The accuracy of hydrodynamic models of the Delta should be assessed using quantitative 

metrics. 

8. If it is of interest to predict temperatures in the Delta, additional meteorological stations be 

added to the existing monitoring network operated by the project agencies. 

Finally, it does appear that circulation models can be used to good effect in managing the Delta and 

to understand its functioning. Thus, we encourage their further use, especially the development and 

application of fully 3D models like SI3D since the physics of interest is ultimately three dimensional 
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Introduction and background 

The principal objective of this study was to understand how hydrodynamic and biogeochemical 

processes interact to produce reductions in dissolved oxygen concentrations in the Stockton Deep 

Water Ship Channel  (DWSC – figure 1). Our fundamental conceptual model is that thermal 

stratification forms in the DWSC because mixing due to winds and mean flows is not sufficient to 

overcome the stratifying effects of surface heating or to adequately flush the channel.  The presence 

of a step change in bottom elevation at the eastern end of the DWSC may also directly contribute to 

a low flushing rate in the ship channel.  As a result, particulate BOD input to the DWSC as well as 

organic matter produced locally via photosynthesis, are provided with the conditions needed to 

settle to the sediment where they decompose, leading to the development of low oxygen 

concentrations near the sediment-water interface when surface oxygen exchange is insufficient to 

overcome the dissolved oxygen deficits in the lower layer.  The process may be further exacerbated 

by enhanced rates of phosphorus release under anoxic conditions, which in turn will stimulate algal 

growth. These three physical factors – the lack of flushing, the thermal stratification and the unusual 

bathymetry of the system – interacting with the biological and chemical drivers of the system, 

combine to produce the severe water quality conditions that have been observed. 

Our view of the system is based on the synthesis given in Lee and Lee-Jones (2000) who in 

discussing historical data for the DWSC, cite the following factors as contributing to reduced DO in 

the DWSC: 

(1) increased residence time due to decreases in flow velocity that accompanied increases in depth 

due to dredging – presumably this reflects an increase in the amount of microbial degradation of 

organic materials that enter the DWSC from upstream; 

(2) a decrease in the amount of surface re-aeration per unit volume , another effect of increased 

depth; 

(3) decreased production of DO per unit volume by photosynthesis, again an effect of increases in 

flow depth, presumably without any change in photic depth. 

Most importantly, these bio-geochemical processes may vary with depth. For example in the 

presence of thermal stratification oxygen that enters the water column via surface gas transfer as well 

as oxygen produced in the photic zone via photosynthesis may not be mixed vertically to the deeper 

parts of the water column.  Phytoplankton biomass might increase in the presence of stratification 

when otherwise benthic grazers like corbicula fluminae  might be able to suppress phytoplankton 

blooms. Conversely, sediment-water column interactions will be limited to the bottom mixed layer if 
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stratification forms. We hypothesize that vertical structure and stratification dynamics are central to 

understanding the functioning of the DWSC. Consequently, to have predictive value, any model of 

the DWSC, not only must correctly resolve key chemical processes related to oxygen dynamics, but 

must also resolve the stratification dynamics operant in the DWSC. 

Given the central role hydrodynamics plays in DWSC oxygen dynamics, our field program and 

computations were designed to quantify the relationship between stratification dynamics and 

physical forcing, i.e., solar heating and tidal and mean currents. Our working hypothesis is that 

stratification in the DWSC forms when currents and hence bottom-produced turbulence, are weak, 

and that stratification breaks down when currents are strong. Since flows in the DWSC are due to 

both river flow and tides, “strong” currents may be the result of spring tides or of large through-

flows on the San Joaquin River. It is possible that most of the time mixing is just sufficient for the 

system to remain well mixed, such that under low flow conditions, or during periods of particularly 

strong heating, the system becomes stratified, thus, as discussed above, significantly affecting the 

various processes that determine DO levels.  Thus, our first objective is to develop a predictive 

relationship between stratification and physical conditions using a combination of a 3D, i.e, vertically 

resolved, hydrodynamic model and detailed field observations. 

Secondly, given the complex hydrodynamics of the Delta, and the possibility of various 

modifications to these flows, i.e., the construction of an operable tide gate in Old River, it is 

important to be know how the DWSC is affected by overall Delta hydrodynamics. Moreover a 3D 

model with adequate resolution of the DWSC will be too computationally expensive to cover the 

entire Delta. Hence our second objective is to link a 1-D model of the Delta, most likely the 

community model DSM2, so as to provide appropriate forcing of our 3D model. 

The rest of this report is organized as follows: We start (§2) by  discussing the salient features of the 

field observational program carried out in August 2004 and August 2005, highlighting important 

physics that it was intended to model. These observations have already been reported in a data 

report previously submitted to CALFED (citation). Next (§3), we describe the basic structure of 

SI3D. Note that details of the numerical methods used can be found in Smith (2006) as well as in 

Rueda (2001). We also describe the grid used for subsequent modeling, the way in which boundary 

conditions were supplied to the model, and the initial calibration of the model to tides and mean 

flows for the year 2000. In §4 we discuss the application of the calibrated model minus the effects of 

density variations to modeling tidal flows observed in August 2004 during our first field experiment.  

In order to calculate effects of thermal stratification on transport and mixing, we derived estimates 
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of surface heat fluxes using meteorological data obtained from CIMIS and from the Port of 

Stockton (§5).  A comparison of calculated heat fluxes with observed changes in heat content for 

both 2004 and 2005 shows the importance of dispersion in determining local temperatures in the 

DWSC.  In §6 we discuss the effects of including density variations (buoyancy effects on 

stratification and baroclinic pressure gradients) in SI3D modeling of the DWSC domain. 

Unfortunately, this modeling effort was not successful in that we were not able to obtain stable 

model runs even when the model domain was simplified to be little more than a box. We argue that 

this is a result of the short length of the domain.  We finish by summarizing our results and by 

offering suggestion for further work, most notably highlighting the importance of the need for a 

relatively large domain in order to model stratification effects in the DWSC. 

 
  

Figure 1.1 Stockton Deep Water Ship Channel and environs 
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2. Overview of observations:  Physical processes operant in the DWSC in 

summer 

2.1 Overview of observations 

A detailed discussion of the field observations is given in our field data report1. We deployed several 

ADCPs and thermistor chains in the DWSC in August 2004 and August 2005. The stations where 

these instruments were placed in shown in figure 2.1.  

 

2.2 Thermal variability 

To help understand both model dynamics and observations of the temperature field, we also 

obtained from the CDEC data server, other available temperature records in the San Joaquin River 

for the periods of the two field experiments. After some adjustments to account for inter-calibration 

errors (esp. in the 2005 Stanford-Davis moorings), we were able to fit our observations into the 

large-scale thermal behavior of the San Joaquin River. We have plotted these in color below for both 

2004 and 2005 (figures 2.2 and 2.3), with the x axis in each image representing time and the y axis 

showing stations, arrayed with downstream (Antioch) at the top of the figure and upstream 

(Vernalis) at the bottom.  

Both 2004 and 2005 show significant diurnal temperature variations as well as longer period 

variations that may either be associated with changes in meteorological forcing (esp. the latter half of 

2005 which was a period of significant cooling) or in spring-neap variations in upstream (negative) 

heat flux due to tidal dispersion. Interestingly, the 2004 data show 2 different temperature patterns, 

one in which the temperatures monotonically increase up into the river and one in which the DWSC 

near Stockton (i.e. near RRI) is the warmest part of the San Joaquin. The 2005 data only show the 

latter pattern, a likely effect of larger flows in August 2005 than in August 2004. In any event, both 

2004 and 2005 show the importance of heat fluxes from both the Bay and from the San Joaquin 

River in setting temperatures in the DWSC. For example, at a tidally averaged flow of 20 m3/s (600 

cfs), the 3 deg C drop in temperature between M0 and M5 is equivalent to ca. 100 W/m2 surface 

heat flux, i.e., is comparable to significant rates of heating or cooling due to synoptic weather 

variability. 
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In addition to the importance of estimating surface fluxes correctly, the implications of these 

observations for modeling are two-fold:  

1. The model must have approximately the correct mean flow at the upstream boundary to 

cool or heat the DWSC domain at the proper rate advectively. 

2. The model must correctly represent tidal (shear-flow) dispersion in order to correctly cool 

the DWSC from the downstream end. 

 

2.3 Barotropic flows 

The observed barotropic velocities at the M2 mooring are compared to the flow measured 

by the USGS UVM at the Garwood bridge (the UVM station closest to the DWSC) in figure 2.4a 

and 2.4b.  While these time comparisons look “good”, it is worth looking more closely at the match 

As a basis for examining the quality of the fit of numerical modeling and our observations, we show 

a scatter plot of the 2004 UVM/M2 data in figure 2.5.  

Besides comparison of the tidal variability, it is useful to look at a comparison of the low-pass M2 

and UVM flows. As seen in figure 2.6, while the overall patterns are similar, there are significant 

differences, both in mean and variation, between low-pass filtered flows seen by the ADCP and by 

the UVM. These differences are likely due to the placement of the ADCP at M2 on the side of the 

channel (to avoid shipping) and the fact that at M2, the subtidal flow has considerable vertical 

structure (see §2.5) and thus may also vary significantly across the channel. Thus, the conversion 

between ADCP velocity and flow, i.e., the rating curve, may not be describable by a simple linear 

relation. This is important to bear in mind when comparing ADCP data and model results since if 

the model does not properly resolve the vertical and horizontal structure of the mean flow, its match 

to observations should be comparable to that seen in figure 2.6. 

 

2.4 Effects of stratification on turbulence 

Diurnally varying thermal stratification is a persistent feature of the DWSC in summer (Fig. 2.8). 

During both field experiments we carried out two 30 hour long measurement programs using a 

SCAMP (Self Contained Autonomous Microstructure Profiler) to measure profiles of thermal 

microstructure (Carter and Imberger 1986). By fitting local spectra to small-scale (ca. 1mm vertical 

resolution) temperature variations, the rate of turbulent kinetic energy (TKE) dissipation, ε , can be 

inferred. Often used to represent how energetic turbulence is locally, ε  plays a critical role in the 
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theory of turbulent stratified flows. As discussed in Shih et al (2004, see also Ivey and Imberger 

1992) it has been observed that the value of the parameter  

 A =
ε

νN 2  (1) 

determines the extent to which density stratification affects turbulent mixing of momentum and 

heat, i.e. the eddy viscosities and eddy diffusivities. Here ν  is the molecular viscosity and  

 N 2 = −
1
ρ

∂ρ
∂z

g  (2) 

is the square of the buoyancy frequency. When A > 200 , there is little effect of stratification 

whereas  200 > A > 10  , stratification progressively has more effect, reducing eddy coefficients 

relative to their value in unstratified flows. When A < 10 , turbulent mixing is completely suppressed 

such that heat fluxes are functionally zero while modeling of weak momentum fluxes is complicated 

by the fact that much of the transfer of momentum is accomplished by internal waves such that 

eddy viscosities may not be appropriate.  

A sample of the data returned by SCAMP is shown in figure 2.9. This profile was taken in the 

afternoon during the spring tide 30 hour experiment in 2004. Stratification formed by diurnal 

heating is evident throughout the water column. As seen in the panel labeled “Grad T0” , the small 

scale temperature gradient, turbulent mixing primarily confined to the upper 2 m or so of the water 

column, showing the dynamical importance of even a small (3 deg C) amount of stratification.  

Figure 2.9 shows time-depth variations of the N 2 and ε  while figure 2.10 shows the time-depth 

variation in A, both taken from the neap-tide 30 hour experiment in 2005. It is noteworthy that the 

region of large temperature gradient (large N2 ), i.e., the diurnal thermocline (sensu Imberger 1985), 

descends through the day as wind and cooling generated turbulence in the upper mixed layer (the 

near-surface region of elevated ε ) causes the upper mixed layer to deepen. There is also a region 

near the bed of bed-generated turbulence, but evidently surface mixing seems to dominate over 

near-bed mixing. This is important because it means that eddy viscosity formulations parameterized 

using only bed stresses, even if corrected for stratification, should not give accurate predictions of 

turbulent mixing. Overall, it is clear that observed diurnal stratification is important to turbulent 

mixing in the DWSC.  

 

2.5 Vertically variable mean flows 
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As part of examining/comparing ADCP and USGS UVM data, we also looked at mean flows at our 

M2 mooring. Plots of the time averaged stream-wise velocity (positive is directed towards the Bay) 

as functions of depth are shown in figure 2.11, where it can be seen that the similarity of the two 

profiles is striking. Moreover both profiles are strongly sheared in a way not expected for a 

homogeneous water column, which should show a monotonic increase in velocity with height.  

Given that baroclinic pressure gradients are essentially zero in this reach, the shear in these profiles 

must be due to variations in turbulent shear stress divergence associated with diurnal stratification, 

with the largest asymmetries occurring near the bottom where the largest mean downstream flows 

are observed. 

When combined with the turbulence microstructure measurements we reported previously, these 

observations suggest a potential difficulty with the standard application of SI3D to this flow. SI3D 

nominally uses stratification (Richardson number) corrections to turbulent channel flow eddy 

viscosities. In the present case, much of the turbulence variation is associated with surface 

convection, something not readily accounted for in the scheme the USGS version of SI3D uses.  

Thus to correctly represent shear in the tidal flows, the averaged effect of which is seen above, the 

model may need to make use of more sophisticated closures like GOTM (General Ocean 

Turbulence Model) which are more capable of accounting for mixing due to cooling. 

 

2.6 Summary 

The data acquired during 2004 and 2005 define the following important features of flow in the 

DWSC that the circulation model should be designed to represent: 

(1) Shear flow dispersion is an important determinant of overall, large-scale temperature 

variations in the DWSC. It appears that an appropriate value of K, the shear flow dispersion 

coefficient is O(103) m2/s.  Given the very large value of K, far larger than would be 

expected based on vertical or lateral shear in the DWSC, it may be important to properly 

represent the dispersive effects of the junctions in order to predict the overall temperature 

structure of the Delta. 

(2) Local velocity measurements may vary somewhat from values inferred from gauged flows. 

This may define the limits of calibration accuracy for the model. 

(3) The DWSC in summer is (as originally hypothesized) stratified in summer, although the 

stratification develops and breaks down diurnally. 
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(4) The observed diurnal stratification modifies vertical mixing in ways that simple eddy 

viscosity models are not likely to capture. However, diurnal variations in stratification and 

mixing give rise to a vertically sheared net flow resembling gravitational circulation and that 

is as strong or stronger than the depth-averaged net subtidal flow, i.e. the flow that can be 

influenced by reservoir releases. 
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Figure 2.1  Map of study area and location of field measurements for (a) August 2004 and (b) 

August 2005. The letters in (a) refer to CTD transect stations. 

 

 
Figure 2.2 San Joaquin River July/Aug 2004: Stations are VERnalis, MoSDale, BranDT bridge, M0, 

Rough and Ready Island, M1, M2, M5, Prisoners PoinT, San Andreas Landing, JERsey point, and 

ANtioCh. All temperatures in deg C. 
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Figure 2.3 Same as figure 2.2 except for July/Aug 2005. Labels as above 

 

 
Figure 2.4a Comparison of M2 depth-averaged velocity (multiplied by 750 m2) and the Garwood 

UVM for July/August 2004. 
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Figure 2.4b Comparison of M2 depth-averaged velocity (multiplied by 750 m2) and the Garwood 

UVM for July/August 2005. 

 

 
Figure 2.5 Direct comparison of UVM and M2 data for 2004. 
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Figure 2.6 Low-pass filtered UVM data and inferred flows and M2. 

 
Figure 2.7: Top bottom temperature differences at Stanford/Davis DWSC thermistor chain 

moorings in 2004. 
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Figure 2.8: SCAMP microstructure profile data collect on the San Joaquin River at 15:30 on 16 

August 2005. Note the sharp change in water mass and turbulence properties at 2 m depth. 
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Figure 2.9: Stratification (N2) and turbulence dissipation (ε ) during the spring tide experiment in 

2005. 

 

 
Figure 2.10: Values of A for the spring tide experiment in 2005. 
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Figure 2.11: Residual flows at M2 
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3. SI3D: Basic structure, grid development, boundary conditions, and initial 

calibration2 

3.1 Overview of the USGS code SI3D 

A 3D hydrodynamic model SI3D, developed by Peter Smith of the USGS (Smith 1997, 2006), was 

applied to calculate flows in the region sketched in figure 2 below.  SI3D numerically solves the 

hydrostatic Reynolds-averaged form of the Navier-Stokes equations, including transport equations 

for temperature and salinity, and an equation of state relating temperature and salinity to fluid 

density.  

Depending on the version used, SI3D uses two forms of eddy viscosity. The first is a simple 

proscribed eddy viscosity distribution with a Richardson number based reduction due to 

stratification (Smith 2006). The second version (Rueda 2001) used eddy viscosities and diffusivities 

derived from the Mellor-Yamada level 2.5 closure (Blumberg and Mellor 1987).  

At its core, SI3D uses a semi-implicit three-level leapfrog-trapezoidal fixed resolution finite 

difference scheme formulated on a staggered Cartesian grid (Arakawa C-grid) to solve the layered-

averaged form of the 3-D shallow water equations (Smith and Larock 1993, Smith 1997, Smith and 

Larock 1997). The grid system is composed of horizontal layers, and the governing equations are 

integrated over the height of each layer. The layer integrated volume transport replaces velocity as 

the dependent variable so that the depth integrated continuity equation is effectively linear. The 

semi-implicit approach is based on treating the gravity wave and vertical diffusion terms implicitly to 

avoid time-step limitations due to gravity-wave CFL conditions, and to guarantee stability of the 

method. All other terms –including advection– are treated explicitly. This approach is similar to that 

followed in TRIM3D (Casulli and Cheng 1992, Gross et al 1999a,b), and avoids the use of mode 

splitting to solve the problem posed by a system of equations that supports both fast (barotropic or 

external) and slow (baroclinic or internal) waves. The leapfrog-trapezoidal algorithm used for time 

stepping gives second order accuracy both in time and space. The leapfrog scheme is used in the 

first iteration and is followed by as many trapezoidal steps as desired. The objective of the second 

iteration is to remove the well-known computational mode associated with the leapfrog 

discretization (Durran, 1999) and to increase the stability of the code. 
                                                 
2 The modeling described in this section was carried out wholly by Dr. P.E. Smith of the USGS, the 

original developer of SI3D. 
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The layer-averaged scalar transport equation used for heat and for scalars is solved using a two-level, 

semi-implicit scheme that uses operator splitting (Rueda 2001). Only the vertical diffusion in the 

governing equation is treated implicitly, following the Crank-Nicholson or trapezoidal method. The 

1-D advection operators in each of the three Cartesian directions are discretized using flux limiters. 

The corrected fluxes are constructed with the monotone upstream differencing scheme, the Lax-

Wendroff second-order method, and the Van Leer MC limiter. Special care was taken in the design 

of the temperature transport model to achieve consistency with continuity (Gross 1997) that would 

guarantee a mass conservative scheme. The method avoids spurious oscillations in the solution that 

could interfere in the calculations of turbulent transfer coefficients. Those oscillations appear, in 

particular, in the vicinity of discontinuities and poorly resolved gradients. Such conditions could 

occur at the end of the Turning Basin in the Stockton Channel, where a sharp step separates the 

dredged portion from Lake McLeod upstream. As discussed in Rueda (2001) and in §5, radiative 

heating is computed using the Beer-Lambert law with observationally derived values of the 

attenuation coefficient while surface heat exchanges are computed using standard bulk 

parameterizations (see e.g. Kondo 1975). 

3.2 Development of a SI3D grid for the DWSC 

The goal of the present work was to build a model domain that balanced grid resolution with 

computational speed and memory availability. Ideally, the model horizontal resolution should match 

the smallest horizontal flow features expected to develop in the model domain, i.e., approximately 5 

to 10 m (or less). On the other hand, as a general principle, the farther away from the area of most 

interest that the model boundaries can be placed the better. Thus, ideally the model should have a 

large domain and very fine resolution.  

This ideal must be balanced by two concerns: execution speed and memory size.  For example, each 

doubling of the horizontal grid resolution means a factor of 4 increase in memory that is required 

and a factor of 8 increase in computation time.  At present, SI3D does not have memory mapping, 

i.e. it must allocate memory to all points that are inside a 3D box that encloses the domain of 

interest. As a result, given 32-bit operating system workstations available at the time of this project, 

the maximum memory that can be used is approximately 2 Gbytes.  Reflecting this memory 

limitation and a compromise between execution speed and resolution, we chose a grid resolution of 

20 m in the horizontal and 1 m in the vertical.  The grid was also rotated 34 degrees from North so 

as to align the gird as much as possible with the main channel. As discussed in Monsen (2000), this 
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is necessary to minimize reduction in the flow through narrow channels which may only have one or 

two grid points. 

The overall domain was chosen to limit the number of open boundaries as much as possible, 

although in the Delta this is quite challenging. The overall model domain shown in figure 3.1 has 5 

open boundaries, boundaries for which stage or flow and temperatures must be specified. The basic 

data for the grid was obtained from the USGS and DWR databases and in some shallow areas (e.g. 

Burns cutoff) from NOAA nautical charts.  

3.3 Boundary conditions 

The model takes water level (stage) boundary conditions from DSM2 at 4 points: (1) San Joaquin 

River below Turner Cut (U/S end DSM channel 172) ; (2) Fourteen mile Slough (U/S end DSM 

channel 312); (3) Turner Cut (D/S end DSM channel 31) and the San Joaquin river below French 

Camp Slough (U/S end DSM channel 13). These are all shown in Figure 3.2. The datum used for 

both the bathymetry and the boundary water surface elevations was the National Geodetic Vertical 

Datum of 1929 (NGVD29).  Temperature data was specified on all these open boundaries using 

measured data. 

3.4 Calibration of the model 

The model was initially applied to simulate flows and water levels only (no temperature) for 

September 2 to October 7, 2000 (days 245 to 280). This barotropic case was used to debug the 

bathymetry and to look at the effects of horizontal diffusion on model calibration.  

In general the comparison between SI3D results and data from this period (drawn from the USGS 

hydrodynamics database) shows that when driven with DSM2 water levels, SI3D tidal predictions 

are quite similar to those of DSM2 (Fig 3.3-3.5). Subtidal flows are in slightly better agreement with 

observations (Fig 3.6), although the improvement is minor.  

In contrast, including the effects of horizontal mixing of momentum seem to have quite a 

pronounced effect on the computed fields. In effect, discretizing the momentum equations over a 

finite-resolution grid should produce Reynolds stress like quantities due to unresolved sub-grid scale 

eddying motions. These are typically represented in the form (for one velocity component, say U) 

 
  
Ax

∂2U
∂x 2 + A y

∂2U
∂y 2  
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For comparison sake, if Ax and Ay really represented turbulent motions, they would be 

approximately equal to    du * ; 10−2 m2/s (Fischer et al 1979) for conditions typical of flows in the 

DWSC.  

 As seen in figures 3.7 and 3.8, the choice of horizontal mixing coefficients has a large 

influence on the computed subtidal flow. Not surprisingly, smaller values of A give results closer to 

observations, since the effect of increased friction due to sidewall drag, what horizontal mixing will 

ultimately produce, will be to slow down the flow through the DWSC.  The fact that further 

reducing A below 0.1 m2/s (the physically plausible value) has little effect indicates that other 

sources of numerical damping of the flow (e.g. the treatment of advective accelerations) effectively 

are stronger than the damping produced by A = 0.01  m2/s and weaker than   A = 0.1  m2/s. 

 The effects of horizontal mixing also influence spatial structure of the flow as can be seen in 

Figure 3.9, where it can be seen that the computed flow at the junction of the San Joaquin River and 

the DWSC is weakened and smeared out by high values of A. Thus, it appears that it is necessary to 

keep   A ≤ 0.1 m2/s(at least with the 30 m grid) to best model flows in the DWSC. 
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Figure 3.1  SI3D model domain showing bathymetry 

 

 

 
Figure 3.2 Boundary condition locations for SI3D 
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Figure 3.3: Model results for SI3D – water levels and flows in the San Joaquin River at Stockton  
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Figure 3.4: Model results for full simulation period 

 
Figure 3.5: Tidal flow comparison at Rough and Ready Island 
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Figure 3.6 Mean flow comparison: model versus observations for flows in the Sand Joaquin River 

at Stockton 

 

 
Figure 3.7 Effect of horizontal mixing coefficient on compute flows: A=(0.01,0.1) m2/s 
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Figure 3.8 Effect of horizontal mixing coefficient on compute flows: A=(1,10) m2/s 
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Figure 3.9 Effects of A on flow patterns at junction of San Joaquin River and DWSC – phase of 

tide (in terms of flow) is given in the bottom panel. 
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4. Calculation of the 3D Barotropic flow for August 2004 

4.1 Model set up 

Following initial model development and calibration, we applied SI3D to model the flows in the 

DWSC for the August 2004 experimental period. Our initial efforts focused on computing flows 

and water levels as was done for the 2000 runs, i.e. in the absence of stratification and buoyancy 

effects. As before, the model was driven with water levels on open boundaries derived from DSM2.   

All of the calculations were done on Apple G5 Macintosh workststations with compilation done 

using the Absoft Fortran compiler. 

4.2 Water level results 

Figure 4.1 shows a sample result for water level at various stations throughout the DWSC. Note that 

this comparison is not a stringent test since the boundaries are reasonably close to all points in the 

interior and there is little phase difference between the two ends of the channel. Consequently, water 

levels in the interior of the domain largely reflect the boundary conditions.  Rather than just plot one 

time series on top of another, we also used a scatter plot to examine the correspondence of 

measured and modeled water surfaces (Figure 4.2). This comparison shows clearly that while the 

correlations are generally good with r2 > 0.87 for all of the data, a systematic deviation is apparent 

with the model generally showing higher water levels on the high tides than was observe. 

 This comparison can also been using harmonic analysis (see e.g. Gross et al 1999a). In this 

case both observed and modeled elevations and velocities can be decomposed into tidal constituents 

(see e.g., Emery and Thomson 2004): 

 
  
ζ = An

n
∑ cos ωnt + φn( ) (3) 

where  An  is the amplitude,  ωn is the (known) frequency and φn is the phase of the nth tidal 

constituent. Both  An and  φn are determined by least-squares fitting of the data (or model results) to 

(3). Generally the most important tidal constituents are M2, S2 K1, and O1, where the first two of 

these are the principal semi-diurnal components and the latter two are the principal diurnal 

components. Longer period tides, notably Msf, the fortnightly tide, are possible while in shallow 

waters like the DWSC, non astronomical periods like M4 (quarter-diurnal) can also arise through 

non-linear interaction of astronomically-forced tides. 

The results of this comparison for water levels in August 2004 are shown in figure 3.3.  The 

comparison of observed and modeled constituents shows that model M2 and K1 amplitudes are 
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systematically too large, even near the oceanic open boundary, suggesting that the 2004 DSM2 

model output used to force SI3D overestimates the semi-diurnal forcing relative to observed values. 

The fact that DSM2 tides are too high may be attributed to the fact that the 1D model of DSM2 

requires stronger pressure gradients, i.e. larger tides, to achieve a given flow. Thus if the calibration 

of DSM2 was done optimize flows, it might be expected that water levels might differ from reality. 

4.3 Comparison of computed and observed flows 

Currents also exhibit some differences between observations and model (figure 4.4). While the 

phasing of currents looks good, the model shows less shear in the water column than is observed. 

This effect is quite pronounced in the harmonically decomposed velocity profiles (figure 4.5), which 

show significant differences in both the M2 and K1 velocity profiles. The reason that observed 

profiles are more sheared in the water column than are modeled ones is not clear, although it is 

possible that this represents an effect of stratification on vertical mixing of momentum, which 

would tend to increase water column shear while reducing near-bed currents and hence near-bed 

shear. Additionally, as expected given that tidal variations in water level are too large, the overall 

amplitudes of M2 and K1 are also too large. 

4.4 Summary 

 Application of the barotropic version of SI3D, as calibrated for 2000 conditions to the time 

period of the 2004 field experiment show decent agreement between modeled and observed flows, 

although significant differences emerge. Notably, because forcing with DSM2 water levels is too 

strong, water level variations are too large and tidal currents are too strong. Moreover, at least the 

barotropic version of the model does not properly reflect the real vertical shear observed in the 

DWSC. 
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Figure 4.1 Time-series comparison of observed and modeled water levels for August 2004 at 

selected station in the San Joaquin River. 
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Figure 4.2  Comparison of modeled and observed water levels at selected stations in the San 

Joaquin River.  
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Figure 4.3 Comparison of observed (blue) and modeled (red) water level tidal constituents. Dashed 

blue lines indicate 95% confidence intervals on observed values.  
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Figure 4.4 Comparison of 2004 observed (blue) and modeled (red) velocities at Station M5, from a 

barotropic SI3D simulation. 

 



HYDRODYNAMICS AND OXYGEN MODELING OF THE STOCKTON DEEP WATER SHIP CHANNEL 
  

110

 
Figure 4.5 Comparison of 2004 observed (blue) and modeled (red) tidal ellipse parameters from 

harmonic analysis at Station M5. 
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5. Heat fluxes for temperature modeling 

The shortwave radiation  Qsw  is usually measured directly, although it can be calculated given 

knowledge of cloud cover. Unlike the other components of the surface heat flux,  Qsw penetrates into 

the water column according to Beer’s law: 

   Qsw z( )= Qsw z( )exp βz( ) (4) 

where  β
−1  is the effective extinction depth for light.  Often (4) is modified to be the sum of three 

terms reflecting different extinction lengths for different portions of the visible spectrum.  

 Qlw is the difference between incoming infrared radiation from the sky and outgoing infrared 

radiation from the water surface.  The standard model for Qlw  is: 

 
  
Qlw = 5.23 × 10−8Ts

4 − 5.18 × 10−13Ta
6 1 + 0.2C 2( ) (5) 

where  Ts  is the water surface temperature, Ta is the atmospheric temperature (measured ideally at 

10m above the water surface), and C is the fraction of sky covered with clouds. The dependence on 

clouds is the result of blackbody radiation by water moisture in the atmosphere.  

 Hl the surface heat loss due to evaporation, is parameterized in terms of air density,  ρa , latent heat 

of evaporation, Lw, the wind speed  U10 , the relative humidity at 10 m, r, and the saturation humidity 

at the water surface temperature,  qs Ts( ) 

 
  
Hl = ρa LwClU10 qs − q r ,Ta( )( ) (6) 

The exchange coefficient   Cl ≈ 0.0015  is an empirical function of fetch and atmospheric stability. In 

a like fashion, the sensible heat flux is given as  

 
  
Hs = ρc pCsU10 Ts − Ta( ) (7) 

where 
 
c p  is the heat capacity of water at constant pressure and Cs ≈ Cl is also an empirical constant. 

 Assuming that  Qsw is known, to compute heat fluxes one needsU10 , Ta  , Ts  , r, and C.  In 

SI3D, all heat fluxes can be specified, or they can be computed using model-computed values ofTs . 

This latter approach has the advantage of providing negative feedback; if the model gets warmer 

than observations, the heat losses will be greater than in reality, whereas if the model is tending to be 
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colder, heat losses will be less. In either case, the model temperature should be driven towards the 

observed one. This behavior is well known in thermal models of lakes. 

To provide the variables needed to compute heat fluxes in the model, meteorological data 

were obtained from the Port of Stockton (wind speed and direction, air temperature and relative 

humidity) and for the CIMIS3 weather station in Manteca (incident shortwave radiation), 

approximately xx km from our M2 mooring. Combined with our surface temperature data, these 

sets of meteorological data were used to compute heat fluxes (latent, sensible and net longwave) 

using the set of Matlab™ routines describe by Palowiscz et al (2001). Because we did not have any 

data on cloud fraction, i.e. the portion of the sky covered by clouds, we assumed a clear sky (C = 0 ) 

for all our calculations.  

These calculated fluxes for 2004 and 2005 are shown in figure 5.1 and 5.2, where it can be 

seen that latent heat fluxes make up a significant fraction of the overall thermal energy balance, 

although an uncertainty in the net longwave radiation due to uncertainty about cloud cover can 

easily be 10 W/m2 . To assess the fidelity of this heat flux, we compared the cumulative change in 

heat content with the change in thermal energy content at the M2 mooring for both 2004 and 2005 

(figures 5.3 and 5.4). In both cases, the computed fluxes show net heating whereas the observations 

in general do not.   

The observed and calculated changes in heat content can be reconciled by a two step 

process: (1) assuming that subtidal variations in heat content that are not accounted for by surface 

heat fluxes are due to dispersion (Fischer et al 1979), they can be removed by subtracting off the 

difference in low-pass filtered (4th order Butterworth, fc=0.5 cpd) heat contents; (2) multiplying the 

latent heat and sensible heat fluxes by empirical factors the such that the remaining differences do 

not vary systematically with either latent and sensible heat fluxes shows systematic errors. This latter 
                                                 
3 CIMIS url 
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adjustment should account for the fact that the standard bulk formulae parameters, which have been 

derived from open ocean measurements, may not be accurate for the limited fetches of our system 

and that the wind and humidity measurements at the Port of Stockton may not fully characterize the 

true fields of wind speed and humidity over the SJR.   

The results of this process are shown in figures 5.3 (2004), 5.4 (2005) and 5.5 (errors for 

2005). 

Making these adjustments to the heat flux shows a downriver dispersive heat flux in both 

years of ca. 100 to 200 W/m2, with the sign of the flux correct for Fickian diffusion-like process. We 

can check the consistency with known values of shearflow dispersion for estuaries of ca. 10-1000 

m2/s (Fischer et al 1979), by examining an integrated version of the heat conservation equation (see 

e.g. Edinger et al 1980) 

 
  
A x( )∂T

∂t
− Q f

∂T
∂x

=
∂

∂x
K x( )A x( )∂T

∂x
⎛
⎝⎜

⎞
⎠⎟

−
W %H
ρc p

 (8) 

Here A is the cross-sectional area, Qf is the river flow, T is the temperature, K is the dispersion 

coefficient, W is the local width, and   %H is the surface heat flux in watts/m2. The x axis points 

upstream and a positive heat flux represents a loss of heat from the water. 

If we integrate (8) from x=x0, the downstream end of DWSC where to the upstream end at 

Vernalis, x=x1 and assume that the surface heat flux is uniform (in the absence of any other data) we 

find that 
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A x( )∂T
∂t

dx
x0

x1

∫ ; x1 − x0( )W H
∂T
∂t

− Q f

∂T
∂x

dx
x0

x1

∫ = − Q f T x0

x1
= − Q f T x1( )− T x0( )( )

∂
∂x

K x( )A x( )∂T
∂x

⎛
⎝⎜

⎞
⎠⎟

dx
x0

x1

∫ = K x( )A x( )∂T
∂x x0

x1

≈ −K x0( )A x0( )∂T
∂x

x0( )

−
W %H
ρc p

dx
x0

x1

∫ = − x1 − x0( )W
%H

ρc p

 

where overbar quantities are averages between x=x0 and x=x1 . Thus,  

 
   
ρc p H

∂T
∂t

+ %H ; −
ρc pK x0( )A x0( )∂T

∂x
x0( )

W x1 − x0( )
+ ρc p Q f

T x1( )− T x0( )( )
W x1 − x0( )

 (9) 

Note that the LHS of (9) is the thermal energy balance calculated minus any correction so that the 

RHS is the correction, i.e. the RHS = O(100 W/m2). From figure A6, we have   ∂T ∂x ≈ 0.1 deg/km 

at x0, while   x1 − x0 ≈ 40 km, and   T x1( )− T x0( )≈  0.7 deg C. For 2004, Qf ≈ 5 m3/s, so the second 

term on the right is ca. 4 W/m2. Thus the correction must mostly be due to tidal dispersion at the 

downstream end, with K ≈ 1000 m2/s required to satisfy (9). 

 

This value of K is at the large end of what is typically found for rivers and estuaries (see Fischer et al 

1979) and most likely reflects the dispersive effects of the numerous channel junctions and 

bifurcations along the SJR. Most importantly, we see that subtidal dispersive heat fluxes are 

comparable to net surface heat exchanges and thus in order for a circulation model be able to 

predict temperatures in a system like the SJR, it must do a reasonable job at predicting dispersive 

heat fluxes as well as making use of accurate surface heat fluxes.  
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Figure 5.1 Temperatures and heat fluxes for 2004  

 

Figure 5.2 Temperatures and heat fluxes for 2005 
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Figure 5.3 Heat content including corrections for 2004 
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Figure 5.4 Heat content including corrections for 2005 
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Figure 5.5 Heat flux differences for 2004 
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6. Calculation of the 3D baroclinic flow 

Using the barotropic forcing discussed above (§3 and 4) and the heat fluxes (§5) discussed above, we 

attempted to run the full set of conditions, i.e. tidal and thermal forcing for 2004. The model used 

was the extended version of SI3D developed by Dr. Francisco Rueda as part of his PhD at UC 

Davis (Rueda 2001). This code has been used successfully to model flows in lakes (see e.g. Rueda 

and Schladow 2003, Rueda et al 2003). Our experience was somewhat different. 

Turning on thermal forcing caused the model results to “blow up”, i.e. caused the model to become 

unstable developing unphysical oscillations in computed velocities and temperatures such that no 

useable results could be achieved with baroclinic forcing. An example of this behavior is shown in 

figure 5.1, a sample output from one such run. The 2Δx oscillations seen in the vertical velocity near 

the end of the run are typical of problems that develop with accurate numerical methods, like the 

leap-frog trapezoidal SI3D uses when some stability boundary is crossed. We were not able to 

properly identify the appropriate stability condition. 

Once this instability emerged, we tried a number of different strategies to pin down the source of 

the problem: 

Work continued with the 3D circulation model, trying to obtain physically realistic simulations of 

thermal stratification. Our initial work with the full grid of the San Joaquin River proved 

unsuccessful, and model runs went quickly unstable. A large number of runs were made to diagnose 

and correct this problem including: 

• runs with advective acceleration terms turned off in selected sections of the 30-m grid 

• runs with different compiler flags and optimization levels 

• runs with different matrix solvers 

• runs with decreased time-step to increase model stability 

• runs with different levels of surface heat flux forcing 

• run with low-pass filtered surface heat flux forcing, to increase model stability 

• runs applying smoothing on the leap-frog step to zeta, velocity, and/or temperature 

• runs varying lateral eddy viscosity to increase model stability 

• runs with some of the model open boundaries closed to simply the boundary conditions 

• runs with zero-gradient open boundary conditions (requiring recoding in main program) 

• runs with different vertical mixing schemes including Mellor-Yamada 2.5 

• runs with baroclinic pressure gradient terms turned off to increase model stability 
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• runs with flux limiters to increase model stability 

• runs with tides and/or surface wind-stress turned off 

None of these runs produced adequate results. Further attempts to diagnose and solve the model 

stability problems were done using a highly idealized grid of DWSC. A grid was built of a straight 

channel with same nominal width, length, and depth as the DWSC. Further runs were done on this 

simplified domain, with marginal success. 

 
Figure 6.1 SI3D baroclinic model output at station M5 showing model instability.  
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7. Conclusions and Recommendations 

In short, the modeling activities supported by this project showed the value and the limitations of a 

limited domain 3D model for practical modeling of flows in the Delta. On the good side, a physical 

resolution of ca. 10m in the horizontal and 1m in the vertical can be successfully run on current 

desktop workstations. It appears that the coupling of DSM2 to a 3D model is straightforward, 

although it may be necessary in future to consider modifying DSM2 outputs so that they better 

match observations.  A more problematic issue for our modeling was the simple fact that we were 

never able to get the baroclinic version of SI3D to produce a stable calculation. This is disappointing 

because the observations make clear that baroclinic processes, notably the effects of diurnal 

stratification on turbulence, can have a dramatic effect on flow structure, and thus potentially on 

water quality. Perhaps the most important conclusion from this modeling exercise is that it is 

essential to support complex models with high-quality, well-designed observations.  

To move forward with understanding the biogeochemical functioning of the DWSC, it is clear that 

the highest priority is to get a functional baroclinic circulation model.  This model must have several 

characteristics to be accurate: 

1. Our observations make clear that the model must use some form of turbulence closure 

that properly accounts for the effects of stratification on turbulence, i.e. not a simple 

Munk-Anderson style closure that parametrizes stratification effects solely in terms of 

the local Richardson number. Given the widespread use of more advanced closures like 

GOTM4 in 3D circulation codes, this does not seem to be problematic.  Thus we 

recommend that any circulation modeling that is done for the Delta use state of the art 

turbulence closures. 

2. In the course of the project, it became clear that including a larger domain that stretched 

farther upstream would have been useful for carrying out the water quality modeling 

component. Since the version of SI3D that we used in this project did not include 

memory mapping, limits on memory that could be addressed by the executing code 

meant that the domain that could be covered at sufficient resolution was effectively 

limited to the domain covered by the grid shown above.  Likewise, given the large range 

of channel sizes existing in the DWSC, it appears that an unstructured grid code like 

                                                 
4 General Ocean Turbulence Model – see website 



HYDRODYNAMICS AND OXYGEN MODELING OF THE STOCKTON DEEP WATER SHIP CHANNEL 
  

122

UnTRIM5 (Casulli and Walters 2000) or SUNTANS6 (Fringer et al 2006) would be 

preferable. Indeed, current consulting work by Ed Gross and Mike MacWilliams carried 

out for the POD workgroup has resulted in a Delta grid for UnTRIM. Likewise, a 

Stanford-Berkeley consortium recently (April 2008) received funding from the Coastal 

Conservancy to apply SUNTANS to San Francisco Bay, including a model grid that will 

extend at least to the confluence of the Sacramento and San Joaquin rivers. Thus we 

recommend that further hydrodynamic modeling of the Delta be done using an 

unstructured grid model. Moreover, given the widespread interest in such modeling, we 

strongly recommend the use of an open-source rather than proprietary code. 

3. Assessing model fidelity requires developing formal criteria for assessing errors. One 

method that we employed to do so was to compare modeled and observed harmonic 

constants. Other approaches are possible and have been carefully laid out in the 

literature (see e.g. Warner et al 2005). Thus, we recommend that no results from 

modeling of the Delta be accepted if the only evaluation is what one might call the 

“LPG” metric7. 

4. A key aspect of modeling thermal variability in general is to correctly specify heat 

exchange between the Bay-Delta and the atmosphere.  A current limitation to this 

activity is the lack of meteorological stations, similar to those deployed by CIMIS, over 

much of the Delta. Thus we recommend that a few key additional meteorological 

stations be added to the existing monitoring network operated by the project agencies. 

These stations should be distributed with a view towards capturing the east-west 

variability in wind, humidity, insolation, and longwave radiation from the sky. Moreover, 

given uncertainty about the use of the standard bulk flux formulations for the very short 

                                                 
5 UnTRIM = Unstructured Tidal Residual and Intertidal Mudflat model  

6 SUNTANS – Stanford Unstructured Nonhydrostatic Terrain-following Adaptive Navier-Stokes 

Simulator  

7 LPG = Looks Pretty Good – this means some form of simple comparison plots, either as overlays 

or side by side. 
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fetches that characterize many of the Delta channels, it would be valuable to make direct, 

eddy-covariance measurements on water vapor flux for typical Delta channels. 

5. Temperature measuring instruments maintained by the project agencies can contribute 

enormously to our ability to understand and model thermal variability in the Delta. We 

recommend that their calibration be assessed on a more regular basis than is currently 

done.  

Finally, despite the issues listed above, it does appear that circulation models can be used to good 

effect in managing and understanding the functioning of the Delta. Thus, we encourage their further 

use, especially the development and application of fully 3D models like SI3D since the physics of 

interest is ultimately three-dimensional. 
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Appendix:  Dispersion and heating in a tidal river8 

We focus here on a simple analytical model of subtidal variations in temperature. 

Consequently, we also assume the heat flux to be constant, or at least not vary diurnally. We also 

assume that the temperature is, to first order, uniform across the cross-section and thus varies only 

in the longitudinal direction. Such 1D models have a long history in the theory and modeling of 

salinity in estuaries (see e.g. ). Thus, our starting point is the 1D advection dispersion equation for 

heat, including surface heating through an imposed surface heat that depends on wind speed, air-

water temperature difference etc. (see e.g. Fischer et al 1979) give above as eq (8) 

  

 
  
A x( )∂T

∂t
− Q f

∂T
∂x

=
∂

∂x
K x( )A x( )∂T

∂x
⎛
⎝⎜

⎞
⎠⎟

−
W %H
ρc p

 

For the sake of developing analytical solutions that describe the main features of the 

temperature distributions reported above, we further neglect time variations, assume that K and A 

do not depend on x and that the surface heat exchange can be represented by the form 

 
  

%H
ρc p

= −α Te − T( ) (10) 

where α is the heat transfer velocity and Te is the equilibrium temperature in the water, both of 

which are functions of the given the meteorological conditions and the incident shortwave radiation 

(Mohseni and Stefan, 1999).  With these drastic simplifications (8)becomes 

 
  
−

Q f

A
∂T
∂x

= K
∂2T
∂x 2 + α

Te − T( )
D

 (11) 

                                                 
8 A version of this appendix was submitted on February 14, 2008 to the journal “Estuaries and 

Coasts” for possible publication. 
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where  D = A W  is the effective depth. We suppose that the temperature at the riverine and ocean 

ends of this tidal river are specified. Without loss of generality, these can be assumed to be the same, 

so that 

   T = T0 x = 0, L  (12) 

To proceed, we look at the deviation of the temperature from T0 , i.e. 

 T ' = T − T0  (13) 

and then construct dimensionless variables from the temperature difference ΔT = Te − T0 : 

 
T * = T ' ΔT
x * = x L

 (14) 

In terms of these dimensionless variables (11) becomes 

 
  

∂2T *

∂x *2 +
Q f L
KA

∂T *

∂x * = −
αL2

KD
1 − T *( ) (15) 

or 

 
  

∂2T *

∂x *2 + P1

∂T *

∂x * = −P2 1 − T *( ) (16) 

The parameter 
  
P1 = Q f L KA  reflects the relative importance of advection and dispersion; this 

term will be important when L is comparable to or larger than intrusion length 
 
KA Q f that plays a 

fundamental role in salinity intrusion. P2 = αL2 KD reflects the relative importance of diffusion to 

heat exchange. In this case, heat transfer will be important when L is comparable to the diffusion 

scale  KD α( )1/2
. 

 The solution to (16) given the imposed conditions is easily found to be 

 
  
T * = 1 + A+ exp λ+x *( )+ A− exp λ−x *( ) (17) 
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where 

 

  

λ± = −
P1

2
±

P1
2 + 4P2

2

A+ =
−1 + exp λ−( )

exp λ+( ) 1 −
exp λ−( )
exp λ+( )

⎛

⎝
⎜

⎞

⎠
⎟

−1

A− = −1 − A+

 

As expected, the nature of the temperature field in the river depends on both advection and heat 

exchange, i.e., for systems like the San Joaquin River, on both water project operations (which 

determine flows in summer) and on weather. .  The solution given by (17) can easily be modified to 

choose  T
* 1( )= δ , i.e. to specify an upstream temperature that isT0 + δΔT . For this case  A− remains 

as given above (in terms of A+ ) but  A+  becomes 

 
  
A+ =

δ − 1 + exp λ−( )
exp λ+( )− exp λ−( ) 

 In figure A1 to A4, we have plotted sample solutions for different values of P1 and P2. The 

basic behavior that emerges is that for weak flows the temperature approaches the equilibrium 

temperature, whereas for strong flows, the temperature remains close to that of the boundaries. In 

all cases, because   Te > T0  the maximum temperature is found in the interior of the domain, exactly 

as seen in the observations reported in §2.  This simple theory shows that as the flow rate drops, 

upstream diffusion of “coldness” from the downstream boundary becomes increasingly important. 

For the case with asymmetrical boundary conditions, as the flow ( P1 ) increases, the maximum 

temperature in the interior rises as the flow carries heat from the upstream boundary further into the 

domain. 
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 To apply this theory to the DWSC it is necessary to estimate α, the heat transfer parameter. 

This can be done using the observations to compute Te and then to use the observed surface heat 

transfer,   H� to   

 
 
α =

H�

ρc p Te − Ts( ) (18) 

Calculated values of Te  are shown in figure A5 while values of a plotted as functions of various 

components of the meteorological forcing are shown in figure A6.  

 The striking aspect of these plots is how high the equilibrium temperature is above observed 

water temperatures. From this data we might estimate that Te − T0 ≈ 8 deg C, thus the relative 

warming of fluid in the DWSC by ca. 3 deg C relative to up and downstream 

suggests
  
T Te − T0( )( )

max
≈ 0.3 . Meanwhile, a typical value of α ≈ 6 × 10−6  ms-1.  L can be estimated 

to be ca. 75 km, so that with and Qf ≈ 5 m3s-1 (2004), a relatively large value of the dispersion 

coefficient, i.e. Kx ≈ 1000 m2 s-1 is required to produce a temperature variation that roughly matches 

what was observed in the DWSC (figure A6). 

 

 

Figure A1 : Solution for symmetrical temperatures; parameters as indicated 
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Figure A2 Solution for symmetrical temperatures; parameters as indicated 

 
 

Figure A3: Solution for symmetrical temperatures; parameters as indicated 
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Figure A4: Asymmetrical boundary condition - This one chosen to best match observations 
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Figure A5:  Meteorological forcing, boundary temperatures and Te calculated for the M2 mooring. 

All variables reflect conditions observed during the 2004 field experiment. 
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Figure A6: Q = 5 m3/s, L=75 km, α = 6 x 10-6 m/s, K = 1000 m2/s  and A = 1000 m2. The open 

symbols represent mean temperatures for the 2004 experiment starting at Prisoners Point and going 

upstream to Vernalis. 
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5. An Application of the SI3DWQ Hydrodynamics and Water Quality 

Model to the Stockton Deep Water Ship Channel 

The SI3DWQ model is a new, integrated, three-dimensional hydrodynamic and water quality model, 

developed as part of this project. The hydrodynamic sub-model is the USGS-developed SI3D, with 

improvements made by Francisco Rueda of University of Granada.  Many of these improvements 

were made subsequent to the initial testing of the hydrodynamic model described in Section 5. The 

water quality sub-model, which includes thirteen state variables, is totally new.  The model domain 

encompasses the 14-km stretch of river subject to low dissolved oxygen concentrations and 

simulations from the San Joaquin River below French Camp Slough, to the San Joaquin River below 

Turner Cut.  Model inputs are derived for the four open boundaries from a number of available 

sources, including data collected for this project during August 2004 (see Section 2) and long-term 

data sets collected by USGS and DWR in the San Joaquin River and DSM2 model output.  
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Executive Summary 

This report describes the three-dimensional modeling of hydrodynamic and biogeochemical 

processes in the Stockton Deep Water Ship Channel (DWSC) for August 2004.  Since the 1960s, a 

14-km stretch of this body of water, located in the freshwater tidal reaches of the San Joaquin River, 

has experienced low concentrations of dissolved oxygen.  The hypothesis for the current 

investigation, based on past research, is that during summer months, when heat fluxes increase and 

river flow decreases, thermal stratification forms in the DWSC, causing biogeochemical processes to 

vary with depth and preventing dissolved oxygen that enters at the surface from mixing to the 

sediment interface where increased decomposition of organic matter occurs.  The objectives of this 

study were to develop a model that accurately describes the physical and biochemical processes 

occurring in the channel to test this hypothesis.  A second objective was to use the model together 

with the community-supported DSM2 developed by the Department of Water Resources (DWR) to 

explore management options to improve conditions in the basin. 

 

A new, integrated, three-dimensional hydrodynamic and water quality model, SI3DWQ, was 

developed for this project. The hydrodynamic sub-model is the USGS-developed SI3D, with 

improvements made by Francisco Rueda of University of Granada.  The water quality sub-model, 

which includes thirteen state variables, was added by Laura Doyle of University of California, Davis, 

as part of this project.  The model domain encompasses the 14-km stretch of river subject to low 

dissolved oxygen concentrations and simulations from the San Joaquin River below French Camp 

Slough, to the San Joaquin River below Turner Cut.  Model inputs are derived for the four open 

boundaries from a number of available sources, including data collected for this project during 

August 2004 and long-term data sets collected by USGS and DWR in the San Joaquin River and 

DSM2 model output.  In addition, meteorological data are used to drive the heat flux portion of the 

model. 

 

Initial model simulations of the complete hydrodynamic model produced very encouraging results.  

The basic thermal structure observed in the ship channel for August 2004 was reproduced with the 

model.  However, it is unlikely that the differences in velocity, water surface elevation and water 

temperature can be fully resolved without more accurate boundary conditions, than those that are 

currently produced by DSM2.  Once a more representative set of boundary conditions can be 
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applied, SI3DWQ can be better calibrated and the entire suite of water quality constituents, beyond 

the key  water quality variable temperature, can be predicted.  

Acknowledgements 

This work was supported by CALFED Ecosystem Restoration grant ERP-02D-P51. The authors 

gratefully acknowledge the help with field work provided by a number of students and staff from 

Stanford (Kristen Davis, Sarah Giddings, Nick Nidzieko, Johanna Rosman) and from Davis (Steve 

Andrews, David Jassby, Todd Steissberg, Eugene Chung, Mike Barad, Jehan Fugitt, Bill Sluis, Daret 

Kehlet, Josh Mantell).  The field work was also made easy through the experience and assistance lent 

by Jay Cuetara and John Yokimizu of the USGS.  

 

1. Introduction  

1.1 Background 

Since the 1960s, a 14-km reach of the Stockton Deep Water Ship Channel (DWSC - Figure 1-1), 

part of the freshwater tidal reaches of the San Joaquin River, has been subject to critically low 

concentrations of dissolved oxygen.  Researches have conducted numerous studies of the hypoxic 

conditions and agree that the low oxygen concentrations are the consequence of the complex 

hydrodynamic and biogeochemical processes in the estuary.  In response to the low dissolved 

oxygen concentrations in the San Joaquin River Basin, the Central Valley Regional Water Quality 

Control Board of California (CVRWQCB) has imposed a dissolved oxygen total maximum daily 

load (TMDL) on the basin.  The TMDL requires dissolved oxygen concentrations above 5 mg/L 

during October through June and above 6 mg/L for July through September.  The higher 

concentration in late summer and early fall is in response to the fall run Chinook salmon population.  

Other TMDL limits are under considerations for the San Joaquin River.   
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Figure 1-1: The Sacramento-San Joaquin Delta, showing location of Stockton Deep Water Ship Channel. 

 

The low dissolved oxygen problem in the Stockton DWSC has been recognized and studied for 

many years, and an extensive data set exists.  There are considered to be five major factors that 

contribute to the low dissolved oxygen levels in the ship channel: 

 1.  The morphology of the channel. 

 2.  The load of oxygen demanding substances from the wastewater control facility. 

 3.  The load of oxygen demanding substances from non-point sources upstream. 

 4.  River flow conditions. 

 5.  Environmental conditions, including water temperature and meteorology. 

(Bain and Pierce 1968; Lee and Jones-Lee 2000; Lee and Jones-Lee 2003; Lehman et al. 2004; Jassby 

2005; Jassby and Van Nieuwenhuyse 2005).  Jassby (2005) further suggests that the variability in 

dissolved oxygen is linear in three processes: the residence time in the ship channel, the 

decomposition of oxygen-demanding materials, and phytoplankton metabolism.  Although previous 

work agrees that the low dissolved oxygen concentrations are a combination of all five of these 

factors, there is disagreement as to which of these factors has the most influence.   
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Bain and Pierce (1968) were the first to suggest that the alteration of the natural morphology of the 

channel had a negative impact on the water quality in the area.  The altered morphology increases 

the residence time of the water and thus allows for further decomposition of plant matter and 

associated consumption of dissolved oxygen.  The Stockton wastewater treatment facility is a point 

source that contributes nitrogenous biological oxygen demand (NBOD), carbonaceous biological 

oxygen demand (CBOD) and other nutrients necessary for algal growth in its effluent.  This oxygen 

demand is transported into the DWSC.  The algal growth that results from the increased nutrients 

adds a second source of oxygen demand in the ship channel.  In their study of the sources of 

dissolved oxygen deficits, Lehman et al. (2004) show that nitrification of ammonia load from the 

wastewater facility was the major source of oxygen demand in 2000 and 2001.  Lee (2003) suggests 

that when San Joaquin River flows are low and ammonia concentrations in the wastewater facility 

are high, the resulting NBOD can account for eighty percent of the oxygen demand in the DWSC.  

He further suggests that this is exactly the condition that caused the winter hypoxia conditions and 

fish kills that were observed in the winter of 2003 and 2004.  Non-point sources of oxygen 

demanding substances include detritus (dead and decaying phytoplankton and organic matter) 

transported from upstream sources, as well as nitrogen and NBOD from upstream.  

 

The flow in the San Joaquin River is heavily managed year round.  The flow of the San Joaquin 

River and its tributaries is highly regulated by reservoir releases and agricultural and other diversions.  

The management of the flow causes a decrease in the natural flow in March through July and an 

increase in the natural flow in September through October.  In addition, the Central Valley and State 

Water Projects pumping stations have a large influence on the flow rate through the downstream 

reaches of the San Joaquin River.  When the Head of the Old River Barrier is not in place and the 

water projects are pumping water, the flow patterns through the South Delta are changed 

significantly, with more San Joaquin River flow entering the Old River.  The decreased flow causes 

an increase in the residence time in the DWSC, causing oxygen-demanding substances to exert 

demand for a longer period of time.  Jassby (2005) and Lee (2003) agree that flow is the single most 

important factor that can control dissolved oxygen demands.  

1.2 Purpose 

The principal objective of this study is to use a three-dimensional numerical model of the DWSC, 

calibrated using field data collected during seasons with low dissolved oxygen, to understand how 
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hydrodynamic and biogeochemical processes interact to produce reductions in dissolved oxygen 

concentrations in the San Joaquin River.  The fundamental conceptual model is that thermal 

stratification forms in the DWSC because mixing due to wind and mean flows is not sufficient to 

overcome the stratifying effects of surface heating or to adequately flush the channel.  The presence 

of a step change in bottom elevation and channel width at the eastern end of the DWSC may also 

directly contribute to a low flushing rate in the ship channel.  As a result, particulate BOD input to 

the DWSC as well as organic matter produced locally via photosynthesis, are provided with the 

conditions conducive to settling to the bottom where they decompose.  The condition leads to the 

development of low oxygen concentrations near the sediment-water interface when surface oxygen 

exchange is insufficient to overcome the dissolved oxygen deficits in the lower layer. These three 

physical factors – the lack of flushing, the thermal stratification and the unusual bathymetry of the 

system – interacting with the biological and chemical drivers of the system, combine to produce the 

severe water quality conditions that have been observed. 

 

Most importantly, due to thermal stratification, the biogeochemical processes may vary with depth. 

For example, in the presence of thermal stratification, oxygen that enters the water column via 

surface gas transfer as well as oxygen produced in the photic zone via photosynthesis may not be 

vertically mixed to the deeper parts of the water column.  Phytoplankton biomass might increase in 

the presence of stratification when benthic grazers otherwise might be able to suppress 

phytoplankton blooms.  Conversely, sediment-water column interactions will be limited to the 

bottom mixed layer if stratification forms.  It is hypothesized that vertical structure and stratification 

dynamics are central to understanding the functioning of the DWSC.  Consequently, to have 

predictive value, any model of the DWSC, must not only correctly resolve key chemical processes 

related to oxygen dynamics, but must also resolve the stratification dynamics operant in the DWSC. 

 

Given the central role hydrodynamics play in DWSC oxygen dynamics, the field data collection 

program and computations for this project were designed to quantify the relationship between 

stratification dynamics and physical forcing.  The working hypothesis is that stratification in the 

DWSC forms when currents, and hence bottom-produced turbulence are weak, and that 

stratification breaks down when currents are strong.  Since flows in the DWSC are due to both river 

flow and tides, “strong” currents may be the result of spring tides and/or large through-flows on the 

San Joaquin River.  It is possible that most of the time mixing is just sufficient for the system to 
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remain well mixed and that under low flow conditions, or during periods of particularly strong 

heating, the system becomes stratified, significantly affecting the various processes that determine 

DO levels.  Thus, the first objective is to develop a predictive relationship between stratification and 

physical conditions using a combination of a 3-D, e.g., vertically resolved, hydrodynamic model and 

detailed field observations.  The second objective is to build upon the representation of the physical 

processes in the channel and predict the biochemical processes and water quality conditions in the 

channel. 

 

Lastly, given the complex hydrodynamics of the Delta, and the possibility of various modifications 

to these flows, e.g., the construction of an operable tide gate in Old River, it is important to know 

how the DWSC is affected by overall Delta hydrodynamics.  A 3-D model with adequate resolution 

of the DWSC will be too computationally expensive to cover the entire Delta.  Hence our second 

objective is to link a 1-D model of the Delta, most likely the community model DSM2, so as to 

provide appropriate forcing from the 3-D model. 

 

2. The integrated hydrodynamic and water quality model: SI3DWQ 

A new, integrated hydrodynamic and water quality model, SI3DWQ, was developed for this project.  

For a full description of this model, see Doyle (2007).  The model has two main parts: a 

hydrodynamic model and a water quality model.  The hydrodynamic model predicts the circulation 

of the water due to tides, river flow, wind, and density variations.  In order to capture stratification 

processes, the hydrodynamic model includes a water temperature variable.  The hydrodynamic 

model was based on SI3D, developed by Smith (1997, 2006) and Rueda (2001).  The water quality 

model represents the transport and biogeochemical processes occurring in the water and includes 

thirteen state variables, including dissolved oxygen, algae and nutrients.  The water quality model 

was added to the hydrodynamic model by Doyle for this project. 

2.1 Hydrodynamic Model 

The hydrodynamic model used in this study is the three-dimensional, semi-implicit model SI3D, first 

developed by Peter Smith of the USGS (Smith 1997, 2006) and further developed by Francisco 

Rueda of the University of Granada, Spain (Rueda, 2001).  This model has been used extensively in 

the San Francisco-San Joaquin Delta system as well as in lakes, reservoirs and other tidal systems 

(Rueda and Schladow 2003, Rueda et al. 2003, Rueda & Cowen 2005).  The model is based on the 
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continuity equation for incompressible fluids, the Reynolds-averaged form of the Navier-Stokes 

equations for momentum, the transport equation for temperature and salinity, and an equation of 

state relating temperature and salinity to fluid density.  The governing hydrodynamic equations, 

subject to appropriate boundary conditions (momentum and heat fluxes), are solved in layer-

averaged form using a semi-implicit, three-level, leapfrog-trapezoidal finite-difference scheme on a 

staggered Cartesian grid.  The scalar transport equation is solved using a two-level, semi-implicit 

scheme that uses operator splitting.  Only the vertical diffusion terms are treated implicitly, using the 

Crank-Nicholson scheme; the 1-D advection operators are discretized with flux-limiter methods.  

The corrected fluxes are constructed with the monotone upstream differencing scheme, the Lax-

Wendroff second-order method, and the Van Leer MC limiter.  Turbulent mixing is represented in 

the 3-D model following level 2.5 Mellor-Yamada hierarchy of turbulence closure models (Kantha 

and Clayson 1994).  Horizontal mixing of momentum is parameterized using a constant mixing 

coefficient.  Horizontal diffusion of scalars is not represented in the model. 

The current version of the hydrodynamic model includes improvements added by Rueda at the 

University of Granada.  The improvements allowed the water quality model to be run concurrently 

with the hydrodynamic model, and allows for the modeling of baroclinic processes.  These 

improvements were not available at the time the results described in Monismith et al. (2008) were 

produced. The model now uses a three-dimensional to two-dimensional mapping structure to 

decrease the amount of memory necessary to run the model.  The increased efficiency has improved 

the ability to model smaller grid sizes. 

 

2.2 Water Quality Model 

The water quality sub-model was developed and tested during the course of this project.  The sub-

model is solved within the same model as the hydrodynamic sub-model.  The water quality model 

includes the transport of water quality constituents as well as source-sink terms for each constituent 

that take into account all biogeochemical processes.  The transport of all water quality constituents is 

solved using the same two-level, semi-implicit scheme using operator splitting developed for scalar 

transport in SI3D.  Only the vertical diffusion terms are treated implicitly, using the Crank-

Nicholson scheme. The 1-D advection operators are discretized with flux-limiter methods.  The 

corrected fluxes are constructed with the monotone upstream differencing scheme, the Lax-

Wendroff second-order method, and the Van Leer MC limiter.  The construction of all source-sink 
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terms was based on a number of previously tested water quality models, including the publicly 

available RMA-11 (King 1998) and CE-QUAL-W2 (Chapra 1997).  SI3DWQ includes the following 

state variables: arbitrary constituent (used as a conservative tracer), dissolved oxygen, nitrogen 

species, phosphorus species, organic matter and phytoplankton. 

2.3 Model Configuration 

The area of interest for the model is the 14-km stretch of the Stockton DWSC subject to low 

dissolved oxygen.  In order to capture the three-dimensional detail in the reach, ideally, the 

horizontal resolution should match the smallest horizontal flow features expected to develop in the 

model domain, i.e., approximately 5 to 10 m (or less).  In addition, the boundaries need to be 

sufficiently far from the area of interest so as not to influence the results.  Thus, ideally the model 

should have a large domain and very fine resolution.  However, it is also critical to consider 

computational limitations.  A decrease in grid size will increase computational time.  The current 

model configuration takes all these limitations and idealizations into account.  To allow the least 

interference between the model domain and the area of interest, the model domain runs from the 

San Joaquin River below French Camp Slough, to the San Joaquin River below Turner Cut.  The 

San Joaquin-Sacramento Delta system contains many channels, but to minimize the open 

boundaries, only two additional channels are deemed significant and taken as boundaries.  The 

domain includes 579 x 186 grid cells in the horizontal plane, each is 30 m by 30 m, and there are 12 

vertical layers, each 1 m.  Many of these cells are ‘dry’, and no computations are completed.  Figure 

2-2 shows the rotated model domain, denoting wet cells and the location of four open boundaries. 
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Figure 2-2.  Rotated DWSC grid showing locations of open boundaries.  The grid was rotated 34 degrees 

counter clockwise. 

In order to comply with the Courant-Fridrichs-Lewey (CFL) condition, and keep the model stable, 

the time step for the current grid is 20-seconds.  The CFL condition is defined as uΔt/Δx where u is 

the velocity, Δt is the time step and Δx is the grid size.  For stability of the model, the ratio should be 

less than or equal to one.  The model calibration period is August 7, 2004 through August 19, 2004 

(Julian Day 220 – Julian Day 232).  This period was chosen because of the availability of both 

boundary condition and calibration data.  
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3. Model Inputs 

As described in the following sections, a number of inputs are necessary to drive the model.  At each 

open boundary inputs are needed for each constituent.  As shown in Figure 2-2, there are four open 

boundaries, the San Joaquin River below Turner Cut, Fourteen-Mile slough, the San Joaquin River 

below French Camp Slough and Turner Cut.  Table 1 summarizes the boundary condition 

information.  The numbering shown below is used by the model and will be referenced throughout 

this documentation.  

Table 1. Boundary Condition numbering for SI3D. 

Boundary Name Side of domain 

1 San Joaquin River below 
Turner Cut West 

2 Fourteen-mile Slough North 

3 San Joaquin River below 
French Camp Slough East 

4 Turner Cut South 
 

 In addition to inputs at each of these boundaries, meteorological information is necessary to 

calculate surface heat fluxes.   

3.1 Hydrodynamic Boundary Conditions 

The hydrodynamic sub-model in SI3DWQ requires both hydrodynamic and water temperature 

boundary conditions.  The model can accept hydrodynamic boundary conditions in three forms: 

water surface elevations, surface flow or sub-surface flow.  For the application in the Stockton Deep 

Water Ship Channel, water surface elevation output from DWR’s DSM2 model is used as input into 

the model.   Table 2 summarizes the DSM2 locations used as input into SI3D. 

Table 2.  Boundary Locations and corresponding DSM2 locations. 

SI3D Boundary DSM2 Location 
San Joaquin River below 

Turner Cut 031_6515 

Fourteen-mile Slough 312_11385 
San Joaquin River below 

French Camp Slough 013_0 

Turner Cut 172_0 
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The model reads fifteen-minute water surface elevations at each of the open boundaries, and 

interpolates to the time step modeled.  The water surface elevation boundary conditions are shown 

in Figure 3-3.  The first two days of the model show smoothed conditions, this is to provide the 

model a warm-up period. 

 

Figure 3-3. Water surface elevation boundary condition for (a) San Joaquin River below Tuner Cut, (b) 
Fourteen-Mile Slough, (c) San Joaquin River below French Camp Slough and (d) Turner Cut.  

The water temperature boundary conditions were constructed from a number of sources.  During 

August of 2004 and 2005, month long extensive studies were conducted in the Stockton Deep 

Water Ship Channel.  The studies consisted of month-long moorings with ADCP and thermistor 

strings to help gain an understanding of the hydrodynamic processes in the channel.  In addition, 

during the month, two 30-hour experiments were conducted.  During the 30-hour experiments, 

among other measurements, conductivity-temperature-depth profiles were taken with a Sea-Bird 

(SBE) at eleven locations in the San Joaquin River and Deep Water Ship Channel.  Figure 3-4 shows 

the locations in the model domain where measurements were taken during the experiments.  This 

month long record is supplemented with continuous measurements taken in the San Joaquin River 

by a number of government agencies, including the Department of Water Resources (DWR) and the 

United States Geological Service (USGS).  Locations of interest include San Joaquin River at 

Vernalis (VNS), San Joaquin River at Mossdale (MSD), San Joaquin River at Garwood Bridge (2005 
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only) and Rough and Ready Island (RRI).  Figure 3-5 shows monthly average water temperature 

profiles for the tidal portion of the San Joaquin River, from Antioch to Vernalis as collected by long-

term moorings.  Additional data were obtained from the City of Stockton.  The data from the City 

were collected a part of NPDES permits and include many physical and chemical constituents.  The 

data were collected at seven locations in the Stockton Deep Water Ship Channel. 

 

Figure 3-4.  DWSC map showing location where field data were collected. 
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Figure 3-5.  Profile of monthly mean water temperature for July (top), August (middle) and September 

(bottom) in the San Joaquin River.  The solid line is the historical average, based on available data from 1984 – 

2003, the dots are monthly averages for 2004 and the open circles are monthly averages for 2005.  The left side 

is downstream, and the right side is upstream.  The plots show the temperature profile for the portion of the 

river that is influenced by the tide. 

3.1.1  San Joaquin River below Turner Cut Water Temperature Boundary Condition 

The month long record of water temperatures recorded at DS5/M5 is used to create a fifteen-

minute time series of water temperature at the western boundary.  Although this location is not 

directly on the boundary, the detailed record gives the best estimate for the water temperature at the 

San Joaquin River below Turner Cut.  As seen in Figure 3-5, water temperature decreases in the 

channel from east to west, as a result of the influence of water from the Sacramento River pulled 

southward by the export pumps.  Therefore, if an improvement is made to the boundary condition, 

it will be a decrease in water temperature.  However, without further data to support the change in 

temperature from the boundary to M5, the M5 measured water temperature is the best available 

input.  Figure 3-6 shows a contour plot of water temperature at M5 during August 2004.  For most 

of the time period, the water temperature is constant with depth.  SI3DWQ assumes a well-mixed 
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boundary and the surface temperature was chosen as the input for this boundary.  Figure 3-7 shows 

the boundary condition.  Similar to the water surface elevation boundary, this boundary is smoothed 

for the first two days to give the model time to start-up.  

 

Figure 3-6.  Contour plot of water temperature at M5 during model period. 

 

Figure 3-7. Water temperature boundary condition for boundary 1. 
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3.1.2 Fourteen-Mile Slough Temperature Boundary Condition 

Construction of the water temperature boundary condition at Fourteen-Mile Slough follows 

procedures used by Hydroqual in their model of the Stockton Deep Water Ship Channel.  

Hydroqual used instream data from the City of Stockton R6 location for Fourteen-Mile Slough.  

This site provides weekly water temperature measurements.  A linear interpolation between 

measurements is used to construct an hourly boundary condition (Figure 3-8). 

 

Figure 3-8. Water temperature boundary condition for boundary 2 

3.1.3 San Joaquin River below French Camp Slough Boundary Condition 

Field data collection did not include collecting data at or near the upstream boundary condition in 

the San Joaquin River.  To construct the water temperature boundary condition at this site, 

continuous data collected by CDEC at Mossdale were used.  As seen in Figure 3-5, between Vernalis 

and Mossdale, the water temperature in the San Joaquin River increases.  Between Mossdale and the 

start of the Stockton DWSC, there is no additional water temperature information gathered before 

2005.  Starting in 2005, a water temperature sensor was installed at Brandt Bridge by the USGS.  As 

seen in Figure 3-9, this adds new information between Mossdale and Rough and Ready Island.  

Brandt Bridge is closer to the most upstream boundary of the model domain.  However, one year of 

data is not sufficient to be considered a trend in water temperature.  Because no further information 

was available, the mean temperatures at Mossdale were be used as the upstream boundary condition 

in the San Joaquin River below French Camp Slough.  This boundary condition is show in Figure 

3-10. 
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Figure 3-9. Profile of monthly mean water temperature in August for the tidal portion of San Joaquin River.  

The solid line is the historical average, based on available data from 1984 – 2003, the dots are monthly averages 

for 2004 and the open circles are monthly averages for 2005.  This plot includes the monthly average for Brandt 

Bridge, which was established in 2005. 

 

 

Figure 3-10. Water temperature boundary condition for boundary 3. 

3.1.4 Turner Cut Temperature Boundary Condition 

Construction of the water temperature boundary condition at Turner Cut follows procedures used 

by Hydroqual and the boundary condition at Fourteen-Mile Slough.  Weekly water temperatures 

collected at R7 by the City of Stockton are used with a linear interpolation between measurements to 

construct an hourly boundary condition (Figure 3-11). 
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Figure 3-11. Water temperature boundary condition for boundary 4. 

3.2 Meteorological Boundary Conditions 

In SI3D, the surface heat fluxes that drive the model can be specified directly or computed using 

model-computed values of surface water temperature, Ts .  The latter approach has the advantage of 

providing negative feedback; if the model predicts temperatures warmer than observations, the heat 

losses will be greater than actually occur, whereas if the model is tending to be colder, heat losses 

will be less.  The meteorological data necessary to compute heat fluxes, both in pre-processor and in 

the model include air temperature, shortwave radiation, surface water temperature, relative humidity, 

wind speed and wind direction.  Meteorological data were obtained from the Port of Stockton (wind 

speed and direction, air temperature and shortwave radiation) and from CIMIS (www.cimis.water.ca.gov) 

station # 166, Lodi West (relative humidity and wind speed), located 17.4 km from the Port of 

Stockton station.  Figure 3-12 shows the time series of data from the Port and CIMIS stations for 

the model period. 
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Figure 3-12. Meteorological data for Stockton DWSC: (a) shortwave radiation (POS), (b) air temperature 

(POS), (c) relative humidity (CIMIS), (d) wind speed (POS), (e) wind direction (CIMIS). 

 

Because the grid used was rotated 34 degrees counter-clockwise, the wind direction was also rotated 

by the same amount.  Figure 3-13 shows the rose plot for the original wind direction and the rotated 

wind direction. 

   

Figure 3-13.  Rose plot for (left) original wind direction data and (right) rotated wind direction. 
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For the Stockton DWSC model application, the data from the Port and CIMIS station were used to 

calculate the net heat flux and the shortwave heat flux, corrected for albedo, which are then supplied 

as input to SI3D.  There are two types of heat fluxes: penetrative and non-penetrative.  The non-

penetrative heat fluxes include evaporation or latent heat flux (QE ), conduction or sensible heat flux 

( QH ) and net long-wave radiation flux (QB ).  These fluxes occur only at the surface of the water.  

The penetrative heat flux include the shortwave radiation (Qs).  Depending on the extinction 

coefficient, the shortwave radiation distributes heat beyond the surface layer.  The net heat flux at 

the surface includes the contribution from all non-penetrative sources and the shortwave radiation 

that is absorbed in the surface layer.  The net heat flux is: 

Qn = Qs − (QB + QE + QH )  

The surface water temperature is determined as the average surface water temperature of M1-M5.  

To determine the shortwave radiation that penetrates the free surface (Qs), the CIMIS data, which 

included shortwave radiation that reaches the water surface (QG ), must be reduced by the albedo of 

the water surface ( As).   A mean value of 0.06 can be used for albedo.  However, the albedo can also 

be calculated as shown below, equations taken from Rueda (2001). 

As =
a0

a0 + sinα*  

where α∗ is the solar altitude, a0 is a coefficient and a function of fractional cloud cover, C1, , and 

Julian day, J, 

a0 = 0.02 + 0.01⋅ (0.5 − C1) ⋅ {1− sin[π ⋅ (J − 81) /183]}  

The solar altitude α∗ is determined using solar altitude to latitude, θ, solar declination, δ, and hour 

angles as shown below 

sinα* = sinθ ⋅ sinδ + cosθ ⋅ cosδ ⋅ cosh 

The hour angle h is zero at local noon and increases in magnitude by π/12 for each hour before and 

after noon.  The solar declination on the other hand will vary for each Julian day, J, and for the 

northern hemisphere is given by the expression 

δ = 0.4093⋅ sin[2π ⋅ (J * 79.75) /365] 

To get estimates for cloudiness, the average daily solar radiation data was determined and plotted.  

The equation 
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y = Asin[ωπ + J /α] + C    (Equation 3-1) 

was fit to encompass all the data.  A is the amplitude, ω is the angular frequency, α is the phase shift 

and C is the vertical offset and J is the Julian day.  Equation 3-1 represents expected solar radiation 

without clouds.  The pattern shown in Figure 3-14 follows the expected pattern of maximum solar 

radiation in the summer.  To estimate cloud cover, the observed solar radiation is divided by the 

theoretical radiation, and that value is subtracted from one.   The shortwave radiation at the surface, 

corrected for albedo is shown in Figure 3-15. 

 

Figure 3-14. Calculation of cloud cover for 2004.  The observed data are the daily average solar radiation from 

CIMIS and the theoretical was calculated from Equation 3-1. 
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Figure 3-15.  QG, solar radiation corrected for albedo, for the model period. 

 

The net long wave radiation, QB , is composed of two parts, the long-wave radiation emitted by the 

atmosphere (QB
ro) and the back-radiation  (QB

ra ).  The net long wave radiation necessary for model 

input is calculated as follows: 

QB = QB
ro + QB

ra

QB
ro = εwTs

4

QB
ra = εsσTA

4 (1− AL )

 

Ts and TA are surface water and air temperature, in degrees Kelvin, σ is the Stefan-Boltzmann 

constant andεw , εs  are emissivities of the water and air, respectively. εw is a constant and equal to 

0.972, but ε s  depends on vapor pressure ( eA ), air temperature (TA ) and cloud cover  (Cl ).   
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Figure 3-16 shows the emitted long-wave radiation, back-radiation and net long wave radiation. 
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Figure 3-16. Longwave radiation flux for model period. 

The evaporative heat flux is calculated in terms of the difference between the saturated vapor 

pressure at the surface water temperature and the actual vapor pressure at the temperature of the air, 

following the expression (Henderson-Sellers 1986): 

QE = ρw ⋅ Lv ⋅1.15 ⋅10−8 ⋅ cD ⋅ u2 (1+ a3cR )(es
sat − eA ) = C E (es

sat − eA )  

where 

   es
sat  = Saturated vapor pressure at the surface water temperature 

 eA  = Actual vapor pressure at the temperature of the air 

 Lv  = Latent heat of vaporization 

 cD  = Aerodynamic drag coefficient 

        cR , a3  = Coefficient that depends on the stability of the atmosphere. 

The following figure shows the evaporative heat flux for the period of interest. 
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Figure 3-17.  Evaporative heat flux during model period. 

The sensible heat flux is related to the evaporative heat flux by the Bowen ratio: QH/QE.  For SI3D, 

the Bowen ratio is assumed to be of the form: 

QH
QE

= 0.61 ⋅10−3 ⋅ p ⋅
Ts − TA

es
sat − eA

 

Therefore, the sensible heat flux is: 

QH = 0.61 ⋅10−3 ⋅CE ⋅ p ⋅(Ts − TA ) 

Figure 3-18 shows the sensible heat flux for the model period. 
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Figure 3-18. Sensible heat flux during model period. 

To calculate the fluxes for input into the model, the surface water temperature from the mooring 

data is used.  The meteorological data, together with the surface water temperature data, were used 

to compute heat fluxes (latent, sensible and net longwave) using the set of Matlab™ routines 

described by Palowiscz et al. (2001).  The net heat flux is shown in Figure 3-19. 
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Figure 3-19.  Net heat flux during model period. 

3.3 Water Quality Boundary Conditions 

Water quality boundary conditions were constructed using data collected by the City of Stockton as 

part of its NPDES permit compliance.  Data are available at Vernalis and Mossdale in the San 

Joaquin River, as well as at eight locations in the San Joaquin River and the Stockton Deep Water 

Ship Channel, labeled R1 – R8, and shown in Figure 3-20.  During 2004, these data were collected 

once each week beginning in June and ending December 1.  The constituents included in the 

boundary conditions are dissolved oxygen (DO), algae as chlorophyll-a (Chla), particulate organic 

nitrogen (PON), dissolved organic nitrogen (DON), ammonium (NH4), nitrate (NO3), particulate 

organic phosphorus (POP), dissolved organic phosphorus (DOP), phosphate (PO4), dissolved 

organic matter (DOM) and particulate organic matter (POM).  The data collected at each site are 

summarized in Table 3.  All necessary model constituents can be estimated from the collected data.  

Dissolved oxygen, chlorophyll-a, ammonium, nitrate and phosphate are used as presented in the 

data.  If a constituent was reported as <RL, then the reporting limit (RL) was used as an estimate for 

the constituent at that time period.  To determine the dissolved-to-particulate fraction of organic 

matter, nitrogen and phosphorus, the ratio of dissolved BOD to total BOD was used as the 
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dissolved fraction and the particulate fraction is 1 – dissolved fraction.  The same fractions are 

applied to each constituent.  To calculate total organic nitrogen, ammonia (NH3) was subtracted 

from TKN.  This was then partitioned into the dissolved and particulate fractions.  Similarly, total 

organic phosphorus was estimated as total phosphorus minus the soluble reactive phosphorus and 

partitioned the same way.  Dissolved organic matter was calculated using dissolved organic carbon.  

Using the stoichiometric ratios for organic matter presented in Chapra (1997), the DOC was divided 

by 0.4 to determine dissolved organic matter.  The TOC and DOC values in the data were nearly 

identical, and therefore instead of using DOC – TOC as particulate organic carbon, the VSS was 

used as POC.  The VSS was assumed to represent the particulate organic carbon, and the same 

stoichiometric ratio for organic matter used for the DOC to DOM conversion. 

 

Table 3.  Water quality constituents collected by City of Stockton. 

Constituent Abbreviation units 
Dissolved Oxygen DO mg/L 
Water temperature Tw oC 
pH pH SU 
Light penetration PEN inches 
Biological Oxygen 
Demand BOD mg/L 

Dissolved Biological 
Oxygen Demand DBOD mg/L 

Total Organic Carbon TOC mg/L 

Dissolved Organic Carbon DOC mg/L 

Turbidity Turb Hach FTU 

Total Suspended Solids TSS mg/L 

Volatile Suspended Solids VSS mg/L 

Electrical Conductivity EC umhos/cm 
Ammonia NH3 mg/L 
Nitrate + Nitrite NO3 mg/L 
Total Kjeldahl Nitrogen TKN mg/L 
Total Phosphorus TP mg/L 
Soluble Reactive 
Phosphorus SRP mg/L 

Chlorine Cl mg/L 
Chlorophyll-a Chl-a ug/L 
Pheophytin-a Phe-a ug/L 
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Figure 3-20. San Joaquin River and Stockton Deep Water Ship Channel, showing location of City of Stockton 

monitoring locations (R1 - R8).  Map from Jones & Stokes Data Atlas. 

 

Boundary 1 was created using data from R8, boundary 3 created using data from R1.  No data were 

collected in any other side channels, therefore, R6 was used for boundary 2 and R7 used for 

boundary 4.  A linear interpolation was used to create the boundary condition between sampling 

points.   
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Figure 3-21.  Water quality boundary conditions for boundary 1 constructed using data from R8.  a) DO, b) Chl-a, c) PON and DON, d) NH4, e) NO3, f) 

POP and DOP, g) PO4 and h) POM and DOM 
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Figure 3-22. Water quality boundary conditions for boundary 2 constructed using R6 data.  a) DO, b) Chl-a, c) PON and DON, d) NH4, e) NO3, f) POP 

and DOP, g) PO4 and h) POM and DOM 

 

 

 



HYDRODYNAMICS AND OXYGEN MODELING OF THE STOCKTON DEEP WATER SHIP CHANNEL   165

 

Figure 3-23. Water quality boundary conditions for boundary 3 constructed using R7 data.  a) DO, b) Chl-a, c) PON and DON, d) NH4, e) NO3, f) POP 

and DOP, g) PO4 and h) POM and DOM 
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Figure 3-24. Water quality boundary conditions for boundary 4 constructed using R1 data.  a) DO, b) Chl-a, c) PON and DON, d) NH4, e) NO3, f) POP 

and DOP, g) PO4 and h) POM and DOM 
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3.4 Model Constants 

All the water quality model constants are presented in Table 4.  Rates were taken from a number of 

sources.  When available, rates for this model application were taken from the Hydroqual modeling 

effort.  Missing variables were estimated from Bowie et al. (1985) 

Table 4  Summary of water quality model constants. 

Coefficient Units Value Definition 
acc ug-Chla/mgA 40.00 Phytoplankton ratio of C:chl-a 
anc mg-N/ mg-A 8.00 Fraction of algal biomass that is N 
apc mg-P/ mg-S 1.50 Fraction of algal biomass that is P 
FNH4 dimensionless 0.50 Algae preference for NH4 
k_a 1/day 1.00 Reaeration rate of DO 
k_arb 1/day 0.00 Decay rate for arbitrary constituent 
k_dn 1/day 0.10 Rate of denitrification 
k_DOM 1/day 0.11 Oxidation rate of DOM 
k_ex 1/day 0.00 Excretion rate of algae 
k_gr 1/day 0.10 Grazing rate of algae 
k_hc 1/day 0.05 Hydrolysis rate of POM 
k_hn 1/day 0.10 Rate of hydrolysis on PON 
k_hp 1/day 0.05 Hydrolysis rate of POP 
k_mn 1/day 0.07 Rate of mineralization of DON 
k_mor 1/day 0.01 Phytoplankton mortality rate 
k_mp 1/day 0.07 Mineralization rate of DOP 
k_n 1/day 0.07 Nitrification rate 
k_ra 1/day 0.05 Respiration rate of algae 
k_rs 1/day 0.00 Resuspension rate 
k_set 1/day 0.00 Settling rate  
k_setarb 1/day 0.00 Settling rate for arbitrary constituent 
k_vn 1/day 0.01 Volatilization rate of NH4 
KDOM mg-DOM/L 0.05 Half-saturation coefficient for DOM oxidation 
KNIT mg-N/L 0.60 Half-saturation coefficient for nitrification 
KSN mg-N/L 0.10 Half-saturation coefficient for nitrogen for algae growth 
KSP mg-P/L 0.01 Half-saturation coefficient for phosphorus for algae growth 
mu_max 1/sec 2.20 Maximum growth rate of algae 
roc mg-O/mg-A 2.67 Ratio of O:C in photosynthesis & resp 
ron mg-O/mg-N 4.57 Ratio of O:N in nitrification 
Theta_a dimensionless 1.05 Tw dependence for k_a 
Theta_dn dimensionless 1.045 Tw dependence on denitrification 
Theta_DOM dimensionless 1.045 Tw dependence for DOM oxidation 
Theta_gr dimensionless 1.045 Tw dependence for grazing of algae 
Theta_hc dimensionless 1.045 Tw dependence for hydrolysis of POM 
Theta_hp dimensionless 1.045 Tw dependence for hydrolysis of POP 
Theta_mn dimensionless 1.020 Tw dependence for DON mineralization 
Theta_mor dimensionless 1.080 Tw dependence for phyto mortality 
Theta_mp dimensionless 1.020 Tw dependence for mineralization of Dop 
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Theta_mu dimensionless 1.045 Tw dependence for growth of algae 
Theta_n dimensionless 1.045 Tw dependence for nitrification 
Theta_PON dimensionless 1.045 Tw dependence of PON hydrolysis rate 
Theta_ra dimensionless 1.045 Tw dependence for k_ra 
Theta_SOD dimensionless 1.045 Tw dependence for SOD 
Theta_vn dimensionless 1.045 Tw dependence for volatilization of NH4 

 

The boundary conditions and model constituents discussed in this chapter were the best estimate of 

conditions based on field measurements, previous studies and modeling experience.  Through the 

successful calibration of all constituents, these constants and rates will change so that the model best 

reflects observed conditions. 
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4. Hydrodynamic Calibration 

After initial calibration of the model for flows and water level only for 2000 (see Monismith et al.  

2008), the full model, including the effects of temperature, was applied to the DWSC for the August 

2004 experimental period.  Calibration of the hydrodynamic sub-model was broken into three parts: 

water surface elevation, velocity/currents and water temperature.  The model discussed in this 

report is an updated version of the model used by Monismith et al. (2008) for calibration.  The 

original model proved unstable when the effects from water temperature were added, but the revised 

model did not encounter the same problems.   

4.1 Water Depth 

Water surface elevation results at the five long-term mooring stations can be seen in Figure 4-25.  

Results show that there was a temporal lag between the model and the observed data, but very good 

correlation between SI3D model output and DSM2 output.  This was further reflected in Figure 

4-26 and Figure 4-27, which show scatter plots of measured and modeled water surface elevation.  

The correlations (r2) between modeled and observed data (Figure 4-26) range between 0.649 and 

0.714, with increased correlation moving downstream.  However, the correlation between SI3D 

output and DSM2 output is much stronger (Figure 4-27) with all correlations above 0.95.  Because 

the domain was limited, water levels in the interior are largely controlled by the boundary conditions.  

The model can only be as accurate as the boundary conditions provided from DSM2. This suggests 

that improvements in calibration of water surface elevation will require a correction to DSM2 

output.  
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Figure 4-25.  Time series comparison of observed (dashed), modeled (solid) and DSM2 output (dash- dot) 

water surface elevations for August 7 - August 19, 2004. 
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Figure 4-26. Comparison of modeled and observed water levels at selected stations in the San Joaquin River for 
(a) station M1, (b) station M2, (c) station M3, (d) station M4, (e) station M5. 
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Figure 4-27. Comparison of SI3D model output and DSM2 model output for water levels at selected stations in 
the San Joaquin River for (a) station M1 (no DSM2 data available), (b) station M2, (c) station M3, (d) station 
M4, (e) station M5. 

 

 

 

 

4.2 Velocity and Flow 

As expected from the water surface elevation, the modeled velocity was out of phase from the 

observed velocity (Figure 4-28 through Figure 4-32).  The model maintained the general observed 

pattern of flow, which included an influence from the tide.  In addition to being out of phase, the 

model overestimated the range in velocity, at all depths.  The peak velocities, in both the positive 

and negative direction, were greater in the model than the observed conditions.  Some of the 

stations deviated more than others.  In particular, station M3, in the middle of the domain, has a 

better match than the other stations.  Station M2 has significant deviations from observed 
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conditions.  This was the station closest the confluence of the San Joaquin River and Deep Water 

Ship Channel and the location where previous model applications required increasing the mixing 

coefficient in that region.  The amplitude error was similar for a range of horizontal mixing 

coefficients, ranging from 0.01 m2/s to 1.0 m2/s.   

 

Similar to the water surface elevation, the modeled flow did match the DSM2 modeled flow.  As 

discussed in Monismith et al. (2008), the simulated DSM2 and SI3D flows are similar, and both 

diverge from the observed flow conditions.  In 2004, the flow gage in the domain (at RRI) was not 

functioning properly, so no data exists.  However, as shown in Figure 4-33, the flow at this location 

output by SI3D and DSM2 are similar, further suggesting that SI3D is dependent on the conditions 

supplied by DSM2. 

 

 

Figure 4-28.  Comparison of observed (dashed) and model (solid) velocities at Station M5 in the Stockton 
DWSC. 
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Figure 4-29. Comparison of observed (dashed) and model (solid) velocities at Station M4 in the Stockton 

DWSC. 

 

 
Figure 4-30. Comparison of observed (dashed) and model (solid) velocities at Station M3 in the Stockton 

DWSC. 
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Figure 4-31. Comparison of observed (dashed) and model (solid) velocities at Station M2 in the Stockton 

DWSC. 

 
Figure 4-32. Comparison of observed (dashed) and model (solid) velocities at Station M1 in the Stockton 

DWSC. 
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Figure 4-33. Comparison of SI3D (solid) and DSM2 (dashed) flow at RRI in the Stockton DWSC. 

 

4.3 Water Temperature 

Water temperature model outputs were compared to two sets of observed data.  The first was the 

month long data set at locations M1 – M5 shown in Figure 3-4.  At these locations, fast response 

thermistors were placed at one-meter intervals.  The thermistors collected temperatures every 

minute during the month of August, providing a complete picture of the thermal pattern over the 

course of an entire tidal cycle.  

 

The initial model simulation, including water temperature as an active constituent, produced 

promising results.  The model simulation calculated surface boundary conditions in a pre-processed 

mode, as described in Section 0 of this report.  The results are shown in Figure 4-34 through Figure 

4-42.  The outcome of the model versus observed data was significantly different from location to 

location.  At the location closest to the ocean, station M5, the model was slightly too cool.  As 

expected, the surface water temperatures at M5 were very similar in pattern to the observed 

temperatures, but the same was not true for the bottom temperatures (Figure 4-35).  As previously 

mentioned, station M5 was close to the downstream boundary, and in fact, the observed surface 

conditions at M5 were used as the boundary conditions at this location.  However, between the 

boundary and the M5 location, the water warms, suggesting that a correction for the input at 

boundary condition 1 may be necessary.  The results from this location also suggest that assuming 

constant temperature at the boundary may not be an accurate assumption.   
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At station M4, the model and observed conditions behave similarly. The pattern of diurnal 

stratification was reproduced in the model.  At the beginning of the period of interest, the peak daily 

temperatures were similar, but toward the end of the model period, it was the daily low surface 

temperatures that were similar.  The initial temperature used for the model appears to be appropriate 

for this location. 

 

At station M3, the daily stratification pattern was reproduced by the model, but the model was 

slightly too cool for the entire period.  Even though the pattern of heating and cooling was similar, 

the predicted temperatures are low.  This appeared to be a function of the initial water temperature 

selected. 

 

At station M2, the model predicted more stratification than was observed in the system.  The 

observed conditions show daily mixing, but the model has long periods where the system remained 

stratified, with the surface and bottom temperatures remaining separated by half a degree.  The peak 

temperatures predicted do match the observed conditions, but too much cooling occurs.  The 

bottom temperature predicted by the model was much cooler than observed conditions. 

 

At the station furthest upstream, station M1, more stratification was predicted by the model than 

observed in the system.  The bottom temperatures were too cool, by as much as 2 oC.  The surface 

temperatures, however, were similar, with peak highs and lows matching observed conditions.   

 

Another method used to calibrate and assess the validity of the model predictions was to compare 

the model and observed data with the theoretical prediction of the longitudinal change in surface 

temperature.  The theory was based on a one-dimensional model of water temperature as described 

in Monismith et al. (2008).  The theory suggests that for weak flows, the temperature approaches 

equilibrium temperature, whereas for strong flows, the temperature remains close to that of the 

boundaries.  In addition, the maximum temperature is found in the interior of the domain.  The 

observed conditions matched closely to the theory presented, however, the first model simulation 

exhibited a significantly different pattern (Figure 4-44).  The interior of the domain was cooler than 

the downstream boundary.  This model pattern suggests that the water temperature was dominated 

by the upstream boundary condition.  In order to try and fit the model predictions to the theory and 

observed data, the heat fluxes were altered.  After calculating the heat fluxes as described in the 
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previous section, they were increased by 10%.  This was done to try and increase the heat at the 

surface boundary.  The results from this simulation predicted an increase in temperature in the 

interior section of the domain (Figure 4-45).  Looking at the temperature patterns at the moorings 

for this change in heat fluxes shows an improvement at some stations, but not at others.  For 

example, at Station M1, the bottom temperatures were still too cool, the surface temperatures start 

out similar to observed conditions, but toward the end of the period, continue to increase (Figure 

4-46).  

 

The initial model simulations and calibration results shown were promising, but suggested a number 

of improvements that should be made to the model.  This includes allowing the initial water 

temperature to vary over the domain.  In addition, because the boundary conditions were so close to 

the area of interest, it will be an improvement if the downstream boundary condition varies over the 

depth of the channel.  Another improvement to the model would be allowing the attenuation 

coefficient to vary over the domain, allowing some areas to absorb more heat than other sections of 

the domain.  These improvements would go a long way in making the calibration of water 

temperature to observed conditions a success. 
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Figure 4-34. Comparison of observed (dashed) and modeled (solid) water temperature at Station M5 in the 

DWSC. 

 
Figure 4-35.  Surface (solid) and bottom (dashed) water temperature in the Stockton DWSC. 
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Figure 4-36. Comparison of observed (dashed) and modeled (solid) water temperatures at Station M4 in the 

DWSC. 

 

Figure 4-37. Surface (solid) and bottom (dashed) water temperature in the Stockton DWSC. 
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Figure 4-38. Comparison of observed (dashed) and modeled (solid) water temperature at Station M3 in the 

DWSC. 

 

 

Figure 4-39. Surface (solid) and bottom (dashed) water temperature in the Stockton DWSC 
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Figure 4-40. Comparison of observed (dashed) and modeled (solid) water temperatures at Station M2 in the 

DWSC. 

 

Figure 4-41. Surface (solid) and bottom (dashed) water temperature in the Stockton DWSC 
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Figure 4-42. Comparison of observed (dashed) and modeled (solid) water temperatures at Station M1 in the 

DWSC. 

 

Figure 4-43. Surface (solid) and bottom (dashed) water temperature in the Stockton DWSC 
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Figure 4-44. Comparison of theory, observed and modeled one-dimensional prediction of longitudinal change 

in water temperature for original simulation. 

 
Figure 4-45. Comparison of theory,  observation and modeled prediction of longitudinal change in water 

temperature for an increase in surface heat fluxes of 10%. 
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Figure 4-46. Comparison of observed (dashed) and modeled (solid) water temperatures at Station M4 in the 

DWSC for an increase in fluxes. 
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5. Conclusion and Recommendations for Further Study 

In order to solve the problem of low dissolved oxygen in the Stockton Deep Water Ship Channel, a 

complete understanding of all processes, physical, biological and chemical, as well as their 

interactions must be understood.  Due to the complex bathymetry of the channel, a detailed three-

dimensional model of the system is the best method available for understanding how these 

processes interact, and, more importantly, what can be done to remedy the poor conditions. 

 

The model selected to represent the hydrodynamics of the system showed promising results, and 

development and adaptation of the water quality portion of the model suggested that with further 

model enhancements and improved boundary conditions, a predictive, three-dimensional 

representation of water quality in the Stockton Deep Water Ship Channel is readily attainable.  Some 

limitation of the current model included the assignment of water temperature boundary conditions 

and attenuation coefficients.  It was obvious from initial model simulations that a constant 

attenuation coefficient for the entire system was not representative.  The model should be updated 

to allow this constituent to vary over the domain.  In addition, assuming well-mixed boundary 

conditions and a constant initial vertical water temperature are not accurate estimates for this 

system.  Another important improvement to the model would be the assignment of water surface 

heights at the boundaries.  The current model uses DSM2 output.  Being able to use the output 

from another community-supported modeling effort was valuable; however, in this case, DSM2 

does not seem to be as accurate as necessary for the section of river under study. With the relatively 

small model domain, errors introduced at the boundary dominate the entire domain.   

 

Without an accurate model of the hydrodynamics, modeling the water quality will be nearly 

impossible.  There are two ways to improve this downfall.  The first would be to extend the model 

boundaries to locations much further from the section of river of interest.  This will decouple the 

dependence of the area of interest on the boundaries, but would require much more computing 

power and the further development of the grid.  The second would be to move away from the 

DSM2-derived boundary conditions and derive input from another source.  All of the improvements 

suggested were beyond the scope of this project. 

 

During the course of this project, significant improvements were made to the model. The most 

notable of these was the development and use of three-dimensional to two-dimensional mapping 
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functions.  This freed up memory used by the model, and allowed the water quality model to be a 

sub-model of the hydrodynamic model.  The original scope of work suggested that the water quality 

model would be run in a post-processor mode, but the advancement of the hydrodynamic codes 

allowed the two models to run simultaneously.  This will prove to be beneficial in the future use of 

this model both in the Stockton Deep Water Ship Channel and in other systems.  The water quality 

constituents and hydrodynamic constituents can now interact.  For instance, the attenuation 

coefficient necessary in the temperature sub-model, which drives the hydrodynamics, can be altered 

with an increased flux of sediment, or as algal biomass increases. 

 

A fully calibrated water quality model of the Stockton Deep Water Ship Channel will be an 

invaluable tool for stakeholders.  Determining the causes and exploring solutions for the dissolved 

oxygen crisis is essential for the health of the system, and it is the hope of the researchers from this 

project that the model will be further developed and applied to the system. 
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6. SI3DWQ User’s Manual 

One of the primary objectives of this research project was to develop a three-dimensional 

hydrodynamic and water quality model, and to use it to better understand processes in the SDWSC. 

Using three-dimensional models requires familiarity with numerical methods and modeling 

principles in general. The User’s manual, which was completed in December 2007, was written with 

the assumption that the user will have an appropriate background.  
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