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Designing a High-Frequency Nutrient and Biogeochemical
Monitoring Network for the Sacramento—San Joaquin

Delta, Northern California

By Brian A. Bergamaschi, Bryan D. Downing, Tamara E.C. Kraus, and Brian A. Pellerin

Executive Summary

This report is the third in a series of three reports
that provide information about how high-frequency (HF)
nutrient monitoring may be used to assess nutrient inputs
and dynamics in the Sacramento—San Joaquin Delta,
California (Delta). The purpose of this report is to provide
the background, principles, and considerations for designing
an HF nutrient-monitoring network for the Delta to address
high-priority, nutrient-management questions. The report starts
with discussion of the high-priority management questions to
be addressed, continues through discussion of the questions
and considerations that place demands and constraints on
network design, discusses the principles applicable to network
design, and concludes with the presentation of three example
nutrient-monitoring network designs for the Delta. For three
example network designs, we assess how they would address
high-priority questions that have been identified by the Delta
Regional Monitoring Program (Delta Regional Monitoring
Program Technical Advisory Committee, 2015).

This report, along with the other two reports of this series
(Kraus and others, 2017; Downing and others, 2017), was
drafted in cooperation with the Delta Regional Monitoring
Program to help scientists, managers, and planners understand
how HF data improve our understanding of nutrient sources
and sinks, drivers, and effects in the Delta. The first report in
the series (Kraus and others, 2017) provides an introduction
to the reasons for and fundamental concepts behind using
HF monitoring measurements, including a brief summary

of nutrient status and trends in the Delta and an extensive
literature review showing how and where other research

and monitoring programs have used HF monitoring to
improve our understanding of nutrient cycling. The report
covers the various technologies available for HF nutrient
monitoring and presents the different ways HF monitoring
instrumentation may be used for both fixed station and spatial
assessments. Finally, it presents numerous examples of how
HF measurements are currently (2017) being used in the Delta
to examine how nutrients and nutrient cycling are related to
aquatic habitat conditions.

The second report in the series (Downing and others,
2017) summarizes information about HF nutrient and
associated biogeochemical monitoring in the north Delta. The
report synthesizes data available from the nutrient and water
quality monitoring network currently (2017) operated by the
U.S. Geological Survey in this ecologically important region
of the Delta. In the report, we present and discuss the available
data at various timescales—first at the monthly, seasonal, and
inter-annual timescales; and, second, for comparison, at the
tidal and event timescales. As expected, we determined that
there is substantial variability in nitrate concentrations at short
timescales, such as within a few hours, but also significant
variability at longer timescales such as months or years.

This high variability affects calculation of fluxes and loads,
indicating that HF monitoring is necessary for understanding
and assessing flux-based processes and outcomes in Delta
tidal environments.
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An Introduction to the Sacramento—
San Joaquin Delta

The Sacramento—San Joaquin Delta (Delta) of
northern California is a tidal-freshwater river delta
comprising about 3,000 km? (1,158 mi?) of the
northeastern extent of the San Francisco Estuary
(fig. 1). Previously an area dominated by wetlands,
the Delta has experienced large-scale alterations
to aquatic habitats. Today, the area is a mosaic of
deeply subsided islands predominantly maintained
as agricultural, protected by more than 1,000 km of
levees, and interconnected by an artificial network
of deep tidal channels. Freshwater enters the Delta
primarily from the Sacramento River to the north,
the San Joaquin River to the south, and several other
minor tributaries. Flows from these sources depend
on seasonal precipitation, upstream reservoir releases,
and discharges from agricultural and urban uses.

The complex hydrodynamics that result from tidal
and river currents propagating through the channel
network affect all aquatic processes in the Delta
because it alters residence times, causes high levels
of mixing, and transports material both landward and
seaward. Adding to this complexity is the export of
water from the southern Delta by means of State and
Federal water projects, which imposes a net north-
to-south flow through the Delta during periods of
high pumping. It is estimated that the Delta supplies
freshwater to more than 1 million ha of agricultural
land and more than 27 million people (Delta
Stewardship Council, 2016). The Delta also serves as
critical habitat for fish, birds, and wildlife, but with
ever-growing urban and agricultural demands on this
resource, there is an increasing need to understand
drivers of ecosystem health, including the role of
nutrients.

Nutrients

Nutrient loads delivered by the Sacramento and
San Joaquin Rivers comprise the largest source of
nutrients to the Delta, with municipal and agricultural
discharge contributing the bulk of these nutrients
(Kratzer and others, 2011). The loading to the Delta
can vary rapidly over time in response to storms,
seasonal changes in discharge, and other processes,

and is also influenced by long-term trends in climate.
Municipal wastewater accounts for about 25 percent
of the total nitrogen loads and 20 percent of the total
phosphorus loads to the Delta (Domagalski and Saleh,
2015; Saleh and Domagalski, 2015).

There are some ongoing trends in nutrient
concentrations and loads. Annual mean nitrate
concentration in the Sacramento River has been recently
decreasing, but the flow-normalized annual load has
remained relatively constant (Schlegel and Domagalski,
2015). Conversely, in the San Joaquin River, no recent
decreases are evident in the annual mean nitrate
concentrations and loads (Schlegel and Domagalski,
2015). Central Valley watersheds supply only a small
fraction of ammonium, the other major form of inorganic
nitrogen, to the Delta, with the Sacramento Regional
Wastewater Treatment Plant accounting for 90 percent
of the total ammonium load (Jassby, 2008). Watershed
contributions to concentrations and loads of ammonium
and total phosphorus have recently continued to modestly
decrease (Schlegel and Domagalski, 2015).

Although there are few data, loading of nutrients
within the Delta is thought to be relatively small and
constant, arising primarily from Delta island drainage
(Novick and others, 2015). However, biological and
physical processes within the Delta cause temporal and
spatial changes in nutrient concentrations. Uptake of
nutrients by phytoplankton and vegetation, nitrification
(the biological transformation of ammonium into nitrate),
and denitrification (the biological transformation of
nitrate to nitrogen gas) vary seasonally and spatially in
the Delta and play important roles in determining the
local concentration and distribution of nutrients (Foe and
others, 2010; Parker and others, 2012; Novick and others,
2015). Phosphate, which primarily travels with sediment,
is similarly variable (Morgan-King and Schoellhamer,
2013; Cornwell and others, 2014). Some studies suggest
that nutrient forms and ratios affect Delta food webs
by changing patterns of phytoplankton productivity
and community composition (Glibert, 2010; Parker and
others, 2012; Senn and Novick, 2014). Trends in nutrient
concentrations in the Delta generally have been flat or
decreasing since 1998, which is attributed to management
source-control efforts as they run counter to the increasing
population density and agricultural intensity in the Central
Valley (Novick and others, 2015). The Delta is the largest
source of nutrients to the San Francisco Estuary.
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Background
The Need For High-Frequency Monitoring Data

In hydrologically complex tidal systems like the
Sacramento—San Joaquin Delta (Delta), it is difficult to detect
long-term trends in water quality because they occur against
a background of short-term variability that can obscure the
underlying change. Analyses of historical data from the
Delta and elsewhere have shown that if high-frequency (HF)
variability is not taken into account, trends observed in the
degree (for example, concentration, discharge) and timing
of any observed change, as well as values of any averaged

quantities (for example, weekly, monthly, seasonal, and
yearly averages typically used in regulatory frameworks) can
be misleading (Schoellhamer and others, 2007; Pellerin and
others, 2009). To accurately resolve any underlying change,
sampling must occur often enough to capture the most rapidly
varying component in the system. Sampling below this critical
frequency can lead to errors in the assessment of the timing
and magnitude of underlying trends, and also can completely
miss important ephemeral events. As a consequence, many
estuarine-monitoring programs in the San Francisco Estuary
and elsewhere now record data continuously at 15-minute
intervals to resolve tidally forced variations and to ensure that
short-term events are captured.

Deployment of monitoring buoy from which multi-
parameter water-quality sondes are suspended.
Photograph by Bryan Downing, U.S. Geological Survey.
September 9, 2014.

Attributes of a High-Frequency, Nutrient Monitoring Network for the Delta

High frequency (HF): In tidal systems, measurements are made at
least once every 15-20 minutes.

Continuous: Data are collected continuously over an extended
period (months—years) of time.

Real time: Data are delivered to users in real time, facilitating
decision making by managers, improving data quality, and acting
as a trigger for additional data collection efforts. Data collected in
the Delta are available at https://waterdata.usgs.gov/nwis.

Flux-based: Simultaneous collection of flow data permits
calculation of mass fluxes and loads. Most existing nutrient
stations in the Delta are co-located with the Delta flow-station
network (Burau and others, 2016; https://doi.org/10.3133/
fs20153061).

Multi-parameter: Simultaneous collection of related water quality
parameters improves understanding of nutrient sources, sinks,
processing, and effects. In the Delta, stations that are equipped
with nitrate sensors also measure temperature, pH, conductivity,
dissolved oxygen, turbidity, and fluorescence of dissolved organic
matter, chlorophyll-a, and blue-green algae.

Network: Stations are spatially distributed so that sources,
transport, and fate of nutrients can be tracked and their effects on
Delta habitats can be assessed at multiple spatial scales.
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Estimating nutrient loading is a common component of
most nutrient-monitoring programs. Most load estimates are
based on discrete sampling programs that provide on the order
of 5-50 discrete nutrient-concentration data points per year
for a given location, combined with higher-frequency flow
data. Empirically derived concentration-flow relationships
typically are then used to quantify loads. Prior modeling of
loads in different systems has indicated that HF monitoring
can significantly improve quantification of river-borne nitrate
loads, particularly at ecosystem-relevant timescales of weeks
or months (Pellerin and others, 2009, 2014). Pellerin and
others (2014) compared multiple methods for quantification
of nitrate loads in the Mississippi River and found that
although annual loads were comparatively similar between
methods, daily, weekly, and monthly loads were considerably
improved using HF data. Similarly, in an earlier study on
the San Joaquin River, Pellerin and others (2009) found that
conventional methods could overestimate or underestimate
daily loads of nitrate by more than 25 percent in comparison to
loads calculated from HF data. Thus, the use of HF monitoring
is indicated, even for the relatively routine purpose of
calculating external loads to the Delta (see section, “Attributes
of a High-Frequency, Nutrient-Monitoring Network for
the Delta”).

Another common component of nutrient-monitoring
programs is assessment of long- and short-term change.
Whereas long-term monitoring data provide critical
information to assess how water quality changes in relation
to changes in land use, population growth, and climate, one
of the great benefits of continuous, real-time HF data is the
ability to analyze the effects of intentional and unintentional
changes to a system. These effects may result from
management actions such as implementation of new best
management practices (BMPs), changes in reservoir releases
or diversions, or emplacement of temporary barriers. They
also may include unforeseen events such as levee failure,
spills, or floods. Data from each event provide an opportunity
to learn more about the function of Delta systems that is
often lost because of logistical constraints when relying
on traditional discrete sampling programs. Furthermore,
we have learned that to improve understanding of nutrient
sources, sinks, transformations, and effects, it is necessary for
monitoring records to capture various events such as storms,
floods, and reservoir releases. This approach yields more
robust information than is possible by studying one or only
a few such events (Saraceno and others, 2009; Pellerin and
others, 2011). The only practical method for collection of such
data is through an in situ, continuous monitoring network
that collects data at appropriate spatial and temporal scales
(Kraus and others, 2017). The goal of HF monitoring is not
to replace sample-based monitoring such as that historically
conducted in the Delta, but rather to augment those programs
and to improve the quality and value of information available
to managers.

Background 5

Such an augmented monitoring network supports a
better understanding of the separate and different effects that
changing nutrient concentrations may have in different parts
of the Delta. Nutrients will have different lifetimes within the
Delta depending on, for example, hydrology (water velocity,
temperature, residence time), benthic substrate, abundance
of tidal wetlands, presence of submerged aquatic vegetation,
and extent of agricultural diversion. Therefore, as inflows
change because of natural variability, climate change, or
management actions, an HF monitoring network can provide
a clearer picture of the ecosystem response within the
different biophysiographic regions of the Delta. Furthermore,
these individual biophysiographic regions also are in a
continuing process of change, characterized, for example,
by restoration projects, changing agricultural practices, and
continued subsidence.

In addition to collection of HF (15-minute) data at a
fixed station, boat-based instrument platforms recently have
been developed for collection of spatially explicit data across
a broad region over a short period of time (Crawford and
others, 2015; Fichot and others, 2016; Downing and others,
2017). “Mapping” allows for collection of data between
established fixed stations to help resolve gradients in nutrient
concentrations and other parameters. Furthermore, because
the measurements can be made across different types of
aquatic habitats (major channels, backwater sloughs, flooded
islands, tidal wetlands), these data can help in identifying
nutrient sources and hot spots of nutrient consumption or
transformation, and in quantifying how nutrients vary in
relation to other measured parameters. Mapping also can
be used to verify whether fixed stations are adequately
representing local conditions. Mapping is one part of an
integrated nutrient-monitoring approach.

Although the focus here primarily is on nutrient
monitoring, to address management and policy questions
and to realize the greatest benefit from an investment in HF
monitoring, every effort should be made to extract maximum
knowledge and value by linking nutrient data to other data
being collected in the system (for example, river flows, water
temperature, dissolved oxygen, chlorophyll-a concentration,
clam abundances, fish populations, and treatment plant
operations). In particular, efforts are underway to identify links
between nutrients and aquatic primary productivity (a function
of phytoplankton abundance, species composition, and health),
the spread of invasive aquatic vegetation, the success of
wetland restoration efforts, and the health of the pelagic food
web. It also is becoming apparent that a more comprehensive
system for monitoring beneficial and harmful algal blooms,
and the conditions that cause them, is needed in the Delta
and other estuarine systems (Graham, 2007; Lehman and
others, 2013). As blooms are ephemeral events, continuous
monitoring is necessary to assess whether their cause and
frequency of occurrence, duration, or extent is changing.
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As HF monitoring data—from fixed stations and
boat-based mapping campaigns—become integrated
into habitat evaluation models and into physical-
dynamic models, the value, need for, and power of
such data are expected to grow. In the near-term,
improvements in data visualization and analysis
can provide tools for more rapid assessments and
greater recognition and anticipation of deleterious
events. With sufficient continuous real-time
HF data, modeling tools may be developed that
integrate these data with real-time meteorological
and hydrological data to forecast conditions in
the Delta. As computational power continues to
improve, continuous real-time models of physical and
biogeochemical dynamics in the Delta can use real-
time data to better understand within-Delta nutrient
sources, sinks, transformations, and effects.

Existing Challenges to High-Frequency
Nutrient Monitoring in the Delta

To fully understand the sources, sinks,
transformations, and effects of nutrients on water
quality and ecosystem function, we need to understand
not only nutrient concentrations, fluxes, and loads, but
also their specific forms and ratios. The nutrient forms
have ramifications for their transport, persistence,
biogeochemical cycling, and toxicity, which, in turn,
determine their biological effects. For example, nitrate
(NO,) and ammonium (NH,) may differentially affect
phytoplankton primary production (for example,
Glibert and others, 2014; Senn and Novick, 2014).
The ratios of nutrients are another factor that should
be taken into consideration, particularly nitrate-
to-ammonium ratios (NO,:NH,) and nitrogen-to-
phosphorus ratios (N:P) of dissolved and particulate
material (Conley and others, 2009; Senn and Novick,
2014; Paerl and Otten, 2016). Data from the Delta
indicate that concentrations and ratios can change
quickly (Kraus and others, 2017). Furthermore,
whether nutrients are in the dissolved or particulate
phase dictates how they will be transported through
the system and their ecological role. Similarly,
organic compared to inorganic forms of both N and
P can have different effects on water quality and
ecosystem function.

Instruments that can measure nutrients other than
nitrate in situ and at appropriate frequencies are still
in their developmental infancy, often with limited

There is widespread recognition
that, in order to obtain information
to support ecosystem management
decisions and plan for future
conditions, a monitoring program
should not simply document the
status and trends in constituent
concentrations and loads, but
should strategically collect
information to inform a processes-
based understanding of constituent
sources, sinks, transformations, and
effects, and thus allow improved
forecasting of water quality and
ecosystem health.

capabilities, particularly in regard to their deployment duration
(Pellerin and others, 2016). Until further research and development
work is completed, this challenge restricts the present-day use of
such instruments in HF monitoring programs to targeted events
and special studies. Phosphate analyzers that use wet chemistry
followed by an optical measurement presently are in commercial
production and can be deployed relatively routinely, but the costs
and complexity of their operation and maintenance are still high.
At present (2017), there are no commercially available sensors for
in situ measurement of ammonium, although the U.S. Geological
Survey (USGS) currently has two prototype ammonium sensors
operating periodically in the Delta. Organic forms of nitrogen and
phosphorus in the dissolved phase (dissolved organic nitrogen
[DONT] and dissolved organic phosphorus [DOP], respectively)

can be assessed using their relationship to fluorescent dissolved
organic matter (fDOM), which is easily measured in situ; however,
empirical relationships between fDOM, DON, and DOP have yet to
be developed for the Delta. Tools that not only measure turbidity, a
proxy for sediment concentration, but also can identify and quantify
organic particles, as differentiated from mineralic particulate
material, also are under development.



Developing Monitoring Program Objectives and
Design

To design a successful HF nutrient-monitoring program
for the Delta, the first requirement is a clear definition of the
overarching monitoring program objectives, which starts
with a clear understanding of how the data will be used
and by whom. It also is important to understand how HF
measurements fit into the larger water quality monitoring
program and how HF measurements integrate with other
components of the greater Delta Regional Monitoring Program
(Delta RMP) and all other Delta monitoring activities such
as those conducted under the auspices of the Interagency
Ecological Program.

In the broadest terms, HF monitoring should provide
timely, high-quality information to managers that permits
them to more effectively manage the Delta as a functioning
ecosystem and the primary water supply for much of
California (DiGennaro and others, 2012). One of the needs of
future monitoring programs in the Delta is to fill data gaps,
improve understanding, and advance water quality forecasting
models. To aid in the development of regional monitoring
programs for the Delta, the Delta RMP developed a list of
initial assessment questions (table 1). These questions relate
not only to monitoring of nutrients in the Delta, but also to
monitoring for mercury, pesticides, toxicity, and pathogens.

To illustrate how the objectives of a monitoring program
influence its design, we divided the RMP initial assessment
questions into three groups corresponding to types of
monitoring programs, based roughly on the complexity of
the resulting network design. Monitoring Program Type 1
focuses on quantifying nutrient fluxes and loads entering and
exiting the Delta. Monitoring Program Type 2 focuses on
identifying internal nutrient loads and key processes, and
quantifying rates of nutrient transformation and loss in the
Delta. The most ambitious monitoring program, Monitoring
Program Type 3, focuses on identifying and understanding
the effects of nutrients on other ecosystem components.

The different program types have different challenges and

use contrasting approaches, and ultimately place different
requirements and constraints on the design of an HF nutrients
monitoring system. Each program type also addresses a
different group of the initial assessment questions identified by
the Delta RMP (table 1).

Monitoring Program Type 1—Concentrations,
Fluxes, and Loads

Accurate concentration measurements and associated
estimates of loads entering and exiting a system are important
to managers and regulators who want to identify and quantify
nutrient sources, assess long-term trends, and identify
ecosystem impacts. These data, for example, are used to
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Terminology—FLUX and LOAD

FLUX: Constituent flux, sometimes referred to as
instantaneous load, has units of mass per unit time.
It is calculated as the product of concentration

and discharge through a channel cross section; it
typically is reported as the flux per second, but also
can be reported per minute, hour, day, or other time
period.

LOAD: Constituent load is calculated as the
integrated flux over a specified period of time, and
has units of mass. The time over which the flux

is integrated must be specified. For example, an
annual load is the flux integrated over a year, but
other time periods may be chosen.

NOTE: As a general rule, the higher the temporal
frequency (resolution) of the flux data, the more
accurate the load calculation will be.

determine acceptable “total maximum daily loads” (TMDLs)
required by the Clean Water Act (40 CFR) for impaired

water bodies. Under this act, high-quality data are needed to
determine water body impairment with regard to “beneficial
uses” and to plan and implement management practices
aimed at protecting or restoring beneficial uses and protecting
human health.

A comparatively straightforward monitoring program
focused on quantification of nutrient concentrations for the
purpose of calculating constituent fluxes and loads in the Delta
is likely to concentrate its efforts on measuring (1) nutrients
entering and exiting the entire Delta, and (2) nutrient sources
and sinks in specific regions of the Delta. This program type
relates to initial assessment questions ST-1, ST-1B, SPLP-1B,
and SPLP-1G (table 1). Nutrient fluxes—a rate defined as the
mass of a constituent moving past a channel cross section per
unit time (typically per second, minute, hour, or day)—are of
key importance in the Delta where complex hydrodynamics
mean fluxes can rapidly vary in magnitude and sign. For
example, nutrients passing a station flowing seaward during
ebb tide have a positive flux value, while nutrients passing
that same station flowing landward during flood tide have a
negative flux value. The ability to accurately calculate nutrient
loads—defined as the flux of a constituent integrated over a
specified period of time (most commonly over a year)—relies
on the summation of accurate flux data. Thus, in addition to
requiring nutrient concentration data, a monitoring program
geared towards documenting fluxes and loads requires
collection of accurate flow data for the site of interest.
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Table 1. Initial assessment questions developed by the Delta Regional Monitoring Program.

[Columns to the right indicate whether each question would be addressed by the three different plans presented in section, “Example Network Plans.” Blank
cells indicate questions not addressed by the example network scenario. For details, see Delta Regional Monitoring Program Technical Advisory Committee
(2015)]

Example network #

Delta RMP initial assessment questions 1 2 3

Question addressed

Status and trends (ST)

ST-1 How do concentrations of nutrients (and nutrient-associated parameters) Yes Yes
vary spatially and temporally?
ST-1A Are trends similar or different across subregions of the Delta? Yes Yes
ST-1B How are ambient levels and trends affected by variability in climate, Partially Partially Yes
hydrology, and ecology?
ST-1C Are there important data gaps associated with particular water bodies Partially Yes
within the Delta subregions?
ST-2 What is the current status of the Delta ecosystem as influenced by nutrients? Yes Yes
ST-2A What is the current ecosystem status of habitat types in different types of Partially Yes

Delta waterways, and how are the conditions related to nutrients?

Sources, pathways, loadings, and processes (SPLP)

SPLP-1 Which sources, pathways, and processes contribute most to observed Yes
levels of nutrients?
SPLP-1A  How have nutrient or nutrient-related source controls and water management Partially Partially Yes
actions changed ambient levels of nutrients and nutrient-associated parameters?
SPLP-1B  What are the loads from tributaries to the Delta? Yes Yes
SPLP-1C ~ What are the sources and loads of nutrients within the Delta? Yes Yes
SPLP-1D  What role do internal sources play in influencing observed nutrient levels? Yes
SPLP-1E ~ Which factors in the Delta influence the effects of nutrients? Partially Yes
SPLP-1F  What are the types and sources of nutrient sinks within the Delta? Partially Yes
SPLP-1G  What are the types and magnitudes of nutrient exports from the Delta to Partially Yes

Suisun Bay and water intakes for the State and Federal Water Projects?

Forecasting scenarios (FS)

FS-1 How will ambient water quality conditions respond to potential or planned Partially Partially Yes
future source control actions, restoration projects, and water resource
management changes?




Because most water enters the Delta from the Sacramento
River (about 84 percent annually) and San Joaquin River
(about 13 percent annually) (Jassby and Cloern, 2000),
and exits the Delta through Suisun Bay, establishment
of monitoring stations at the periphery of the Delta at
approximately these three locations would allow a first
approximation of nutrient loads entering and exiting the
Delta. The Sacramento and San Joaquin Rivers both receive
nutrients from natural, agricultural, and urban sources. In
particular, large inputs of both N and P enter these rivers from
wastewater treatment plant (WWTP) discharges—Sacramento
Regional WWTP on the Sacramento River and the City of
Stockton Regional Wastewater Control Facility on the San
Joaquin River (Saleh and Domagalski, 2015). Whether a
monitoring station is located upstream or downstream of these
inputs will thus have an extremely large effect on calculated
loads entering the Delta.

For example, Sacramento River nutrient load estimates
based on data collected at Freeport (river mile 46.4, just
upstream of the Sacramento Regional WWTP) do not include
WWTP nutrient inputs, and thus, by default, consider those
loads as internal to the Delta (for example, Kratzer and others,
2011; Schlegel and Domagalski, 2015). In contrast, they are
included in Sacramento River loads calculated downstream of
the WWTP discharge location at approximately river mile 44
(Station C3; Novick and others, 2015; Saleh and Domagalski,
2015). When deciding on the specific location of monitoring
stations that will represent nutrient inputs to the Delta, it is
important for managers to agree on whether they want to focus
on a site representing the most upstream point of the legally
defined Delta or a point farther downstream that might better
meet the monitoring objectives.

Similarly, the decision to establish a HF monitoring site
that will represent water exiting the Delta needs to consider
whether inputs from Suisun Bay should be included or
calculated separately. Historically, estimates have been made
from stations located both upstream (USGS station D10) and
downstream (USGS station D6) of Suisun Bay, but because
of tidal action, both of these locations receive water that
has interacted with the Suisun Bay ecosystem and both can
even receive wastewater-derived nutrients from downstream
sources. To add to this complexity, water exported from the
Delta by State and Federal water projects to the south can
remove a large portion of water and nutrients from the Delta
(Novick and others, 2015).

Identification and quantification of more diffuse internal
loads and sinks in specific regions of the Delta present yet
another layer of complexity. Given that internal loads are
contributed largely by ungaged and nonpoint sources (Novick
and others, 2015), direct measurement of internal contributions
must be calculated from the difference in concentration, load,
or flux between two points along a Delta flow network.

Background 9

Nutrient Monitoring Program Objectives

Procram TypE #1
Concentrations, Fluxes, and Loads

ProcrAm TyPE #2
Internal Sources, Processes, and Ratea

ProGram TyPE #3
Ecosystem Level Effects

An example of this can be found in O’Donnell (2014),
where nitrate inputs to the Sacramento River between Freeport
(river mile 46) and Walnut Grove (river mile 23) were
calculated using the difference in HF nitrate concentration
data between these two stations. This study is instructive
because it highlights the difficulty in making such calculations
in hydrodynamically complex environments, even given this
relatively simple channelized section of the Sacramento River.
Because this section of the river has tidally driven changes in
water velocity, the time it takes for water to travel between
these stations is highly variable. Therefore, a modeling
approach was necessary to ensure data from both stations
were appropriately matched such that they represented the
same water parcel as it transited this river section. The model
was validated by taking advantage of natural tracers of water
movement recorded over a 1-year period of HF, continuous
data collection at both stations. A similar approach would be
necessary for assessing nutrient inputs in the central Delta,
albeit the greater hydrologic complexity would increase the
uncertainty of the calculated value.

Monitoring Program Type 2—Internal Sources,
Processes, and Rates

A second type of monitoring program is focused on
identification and quantification of within-Delta sources and
processing that affect nutrient concentrations, fluxes, and
loads. These processes may include microbial transformations
(for example, mineralization, nitrification, and denitrification),
abiotic transfer between water and sediment, biological
uptake by phytoplankton and terrestrial vegetation, and
burial by sedimentation of detrital material (Novick and
others, 2015). A process-based objective relates to initial
assessment questions ST-1, ST-1A, ST-1B, SPLP-1D, and
SPLP-1F (table 1). This objective is more complex and, thus,
more challenging to address than the objective of simply



10 Designing a High-Frequency Nutrient and Biogeochemical Monitoring Network for the Sacramento—San Joaquin Delta, Northern California

assessing nutrient concentrations, fluxes, and loads, placing
greater demands on data generated by an HF monitoring
network. With regard to nutrient monitoring, this approach

is the same as that for estimating fluxes and loads described
above under Program Typel (simultaneous collection of HF
nutrient concentration and flow data), but additional ancillary
measurements are required and monitoring stations must

be spatially arrayed to capture the relevant processes in the
complex hydrodynamics of the region. Measured changes
between stations in concentrations, flux, or loads must be
apportioned to a corresponding source or sink. For example,
ammonium loss could be due to (1) uptake by phytoplankton
as evidenced by increases in chlorophyll-a, dissolved oxygen,
and pH (the latter two parameters are related to photosynthetic
rate), (2) nitrification (conversion of ammonium to nitrate), or
(3) both (1) and (2). A type-2 program uses simultaneous HF
measurements of nitrate, ammonium, chlorophyll-a, dissolved
oxygen, pH, water flow, and other parameters to quantify these
different processes.

Because processes and rates also are determined by
environmental drivers such as temperature, pH, salinity, light,
and hydrodynamics, collection of these kinds of ancillary data
often is a required component of a process-based monitoring
program. Furthermore, because residence time is a master
variable determining the extent to which a process can occur,
connecting water quality data to information about water
residence time (that is, the time it takes water to move through
a specific region of the Delta) enhances our ability to identify
processes affecting nutrient concentrations, ratios, and forms,
and to accurately determine their rates.

Monitoring Program Type 3—Ecosystem Level
Effects

The third type of HF nutrient-monitoring program is the
most ambitious and produces the richest information. It is
intended to help elucidate how an ecosystem is affected by
nutrients, how management actions affect nutrient sources
and cycling, and how water quality conditions will change
in the future in response to system modifications such as
wetland restorations, droughts, climate change, and population
changes. These objectives relate to or incidentally address
most of the initial assessment questions (table 1), and differ
from the other two monitoring programs in that they require
not only collection of ancillary data pertaining to water
quality, flow, and environmental drivers, but also collection
of robust data relating to the effect of interest. Thus, with this
larger scope in mind, the monitoring of nutrients needs to take
place within the framework of other monitoring efforts taking
place in the Delta. Current high-priority topics, to name a
few, include:

* Location, extent, biomass, and type of invasive aquatic
vegetation;

» Location, abundance, timing, duration, and frequency
of both beneficial and harmful algal blooms;

+ Extent, species composition, and productivity of
wetland vegetation; and

 Population characteristics of threatened and
endangered fish taxa.

The initial assessment questions in table 1 are designed to
support adaptive management. For example, whereas nutrient
availability is expected to affect the success of wetland
restoration projects, the establishment of these habitats, in
turn, is expected to affect nutrient concentrations by increasing
nutrient demand, altering process rates, and changing water
residence time (Downing and others, 2016), affecting nutrient
concentrations, forms, and ratios. Similarly, the adoption
of best management practices can alter nutrient loads to the
Delta, but without collection of appropriate data to analyze
long-term trends, managers cannot know if these practices are
actually helping to meet water quality objectives (Schlegel
and Domagalski, 2015). Tracking nutrients in the Delta under
existing and future conditions is particularly relevant in the
Delta considering forthcoming (2019-23) changes to the
Sacramento Regional WWTP, which will include conversion
to biological nitrification and denitrification treatments. The
upgrade is expected to decrease WWTP-derived nitrogen
inputs to the Sacramento River by more than 65 percent,
while shifting the dominant form of nitrogen in effluent
from ammonium to nitrate (O’Donnell, 2014; Kraus and
others, 2017).

The need for answers to ecosystem level questions
makes clear the benefits of and need for integrating HF
monitoring into a comprehensive, directed, regional research
and modeling program. In the context of directed research,
HF monitoring can provide the information necessary to
develop, calibrate, and validate the complex hydrodynamic-
biogeochemical models needed to make such assessments.
Without HF measurements, such models must rely on the
small number of published values extrapolated from other
systems (for example, for rates of uptake, transformation, or
loss under different environmental conditions of temperature,
light, etc.). Recent examples of how HF measurements in the
Delta support the determination of nutrient transformation
rates and exchanges between different environmental pools
include rates of net ecosystem N uptake (Downing and others,
2016), and determination of nitrification rates (O’Donnell,
2014). Futher examples are given in the first report of this
series (Kraus and others, 2017).



Designing a High-Frequency
Monitoring Network

This section is intended to provide guidance for
translating the goals and objectives of an HF monitoring
network into a functional plan. The section is divided into
(1) the considerations that should be applied during the
planning process to further refine the scope and purpose of
the network in a way that informs the network design, (2) the
approximate 2015 costs for station infrastructure, installation,
instrumentation, operation, and maintenance to help match
available resources to initial and ongoing expenses, and (3) the
operational principles and constraints that should be applied
to designing the network. The following section provides
examples of how these considerations, principles, and costs
are put to use in the design and planning process.

Considerations

As discussed above, prior to establishing an HF
monitoring program in the Delta, the goals and objectives
of the monitoring effort should be clearly identified and the
purposes for which the data will be used should be clearly
defined. Further refinement of the goals and objectives
typically is required prior to design of the network to match
the scope of the design with available human and monetary
resources and to ensure that the network design is suitable
for monitoring at the desired level of accuracy, temporal
resolution, and spatial resolution. Given that network design
typically is a tradeoff between competing resources and
objectives, defining the objectives in detailed terms helps
assess whether a network design will be able to meet the
monitoring objectives. Every possible effort should be made
to use existing stations (appendix A). Examples of the types
of questions that should be answered to start planning a
monitoring network are as follows:

* What level of accuracy is needed for quantification
of inputs of nutrients from (A) upstream of the Delta,
and (B) internal sources within the Delta to meet the
objectives of the network? What specific information
is needed (for example, nutrient concentrations, forms,
fluxes, and loads; flow measurements; and ancillary
data)? What is the temporal resolution needed—
hourly, daily, monthly, or annually? How accurate
does each specific type of information need to be at
each timescale?

* What spatial resolution is required to meet the
objectives of the network? What is the spatial extent of
the network?
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* How will high-resolution mapping be useful for
filling in gaps in the network? At what frequency and
spatial extent should map data be collected?

» Will the focus be only on nutrient loads and fluxes,
or is the network intended to provide information about
the effects of nutrients on the ecosystem?

* How important are estimates of transformation
rates (due to, for example, uptake, denitrification, and
particle settling)? What level of accuracy is needed
in the determination of these rates? Is there a need to
explore spatial variability in these rates?

* How important are assessments of distant effects?
Will the data from the network be used to assess
propagation or effects of nutrients contributed by point
sources to locations distant from the source? Which
point sources? Over what spatial domain will effects
be evaluated?

» Will the network act as an “early warning system”
of deleterious or beneficial conditions? What types of
conditions? What are the response thresholds?

» Will data from the network be used to trigger
additional monitoring activity such as to sample a
phytoplankton or harmful algal bloom or low-dissolved
oxygen event?

* Will the data be used as input to specific modeling
efforts? What constituents are needed, and with what
accuracy and frequency?

* How will the data be made available to users?
* What funding is available?

* What agencies will be involved in operation of the
network, and what will be their respective roles?

* What future needs are anticipated?

Consideration should be given to the fact that HF in
situ measurements are not practical, or warranted, in every
location. Because of technological limitations, it also is not yet
possible to collect in situ HF data for all desired parameters
(for example, ammonium). For some parameters, short-term
instrument deployments or collection of grab samples and
analysis by traditional methods will be required. Furthermore,
some sites may not be amenable to continuous monitoring
because site conditions preclude the possibility of using
existing instrumentation. For example, excessively high
turbidity can interfere with measurements made by optical
instruments (Downing and others, 2012; Pellerin and others,
2013). Some sites may be subject to such extensive biofouling
so as to make continuous measurements impractical.
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It may be prudent to identify which users beyond the
nutrient-monitoring program will find the data from the
monitoring network useful. A broad base of users likely will
make support of the network more sustainable. For example,
much of the data produced by the nutrient-monitoring network
would be directly applicable to the evaluation of drinking
water quality with respect to dissolved organic carbon
concentration and bromide, both of which are problematic in
the context of drinking water treatment. Elevated nutrients
also contribute to downstream aquatic production, particularly
when waters exported from the Delta clarify in storage
reservoirs, and the resulting phytoplankton increases the
amount of dissolved organic carbon, and also can contribute
to taste and odor problems (Kraus and others, 2008; Carpenter
and others, 2013). The data from a nutrients network also
may be useful for identifying the sources and effects of
contaminants like mercury (Bergamaschi and others, 2012).

Because it is unlikely that a network will be established
with sufficient spatial resolution to resolve the entire Delta,
and because a fixed station network usually locates sites in
high-capacity channels to facilitate flux calculations, part of
the program is likely to include a systematic mapping element
to periodically assess conditions not well represented by the
fixed station network (Kraus and others, 2017).

Costs

Initial installation costs of an HF monitoring network
can be large, due primarily to initial investments in
instrumentation. However, because of advances in technology
and automation, the operation of an HF nutrient-monitoring
network over the long term is not necessarily more expensive
than the traditional monthly or twice-monthly sampling
followed by laboratory sample analysis. Moreover, costs must
be weighed against the scientific value of the data obtained
from such a network, the management (including scientific
management) value of obtaining the data in real time, and
the cost of obtaining the necessary information using discrete
grab sampling. Costs also should be evaluated within the
framework of other investments, such as management
actions, modeling efforts, and investment in infrastructure. A
cost-benefit analysis of HF data collection, therefore, should
consider the value of this approach compared to other data
collection approaches. For example, HF data can:

* Provide improved characterization of source
contributions,

* Provide more accurate load estimates,

 Reliably capture event-related changes in
concentration,

* Provide real-time data to inform immediate
management actions, and

* Provide other scientific benefits (summarized in
section, “Background”) that improve assessment of the
efficacy of nutrient-management programs.

These benefits must be weighed against the costs of alternative
schemes such as using automated samplers or high-intensity
grab sampling programs, as well as the “costs” (various
possible types, including monetary) of high error in load
estimates, poor resolution, and source misattribution. Costs
also should be evaluated within the framework of other
investments, such as management actions, modeling efforts,
and investment in infrastructure.

The estimated 2015 costs associated with installation and
maintenance of a single, HF nutrient-monitoring station are
summarized in table 2, including the costs of instrumentation
and infrastructure procurement, installation, annual operations,
annual maintenance, and data management and analysis.
These costs are based on the existing USGS California Water
Science Center HF water quality monitoring network, which
operates stations equipped to measure nitrate, temperature,
conductivity, pH, dissolved oxygen, turbidity, chlorophyll-a,
phycocyanin (a tracer for blue-green algae such as
Microcystis), and fluorescent dissolved organic matter (fDOM,
a proxy for dissolved organic carbon concentration) (Downing
and others, 2017). Flow data are collected separately (Burau
and others, 2016). Costs also are shown for HF water quality
mapping (table 3).

HF monitoring involves an initial investment of about
$150,000 per station (including instrument purchases,
installation costs, and institutional overhead) and an ongoing
cost of about $127,000 per year (including annual operations,
maintenance, instrument replacement, data management, data
analysis, and institutional overhead). These costs assume
each station will be serviced approximately monthly, and that
discrete samples will be collected to verify and calibrate the
sensor data.

In comparison to these HF costs, collecting a single
discrete grab sample was estimated to cost $4,400 net in 2013,
taking into consideration salary, equipment, and laboratory
expenses (Betanzo and others, 2015); this per-event cost adds
up to an annual net cost of $105,600 for bi-monthly sampling,
or a total cost of about $200,000 if the same institutional
overhead (0.8 of net) as used in table 2 is applied. If event
sampling is necessary, the cost associated with discrete sample
collection at a site will increase considerably, depending on
the number of events that need to be sampled. Furthermore,
low-frequency grab sampling will be subject to aliasing,
whereby samples collected may misrepresent conditions.

In the Delta, aliasing due to effects of the tidal cycle can be
mitigated if careful attention is paid to sampling only during
specific points of the cycle, but this approach further increases
the cost of grab sampling as fewer samples may be collected
in a day.
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Table 2. Detailed estimated 2015 costs of establishing and operating over a 1-year period multiparameter continuous monitoring
stations including nitrate and ancillary parameters.
[In situ phosphate and ammonium sensors are listed separately as optional add-ons. Indirect cost at 0.8: A conservative indirect costs factor (also known as
overhead rate) of 0.8 was applied to all direct costs]
_n . Indirect cost
Type Description Direct cost each at08 Total cost
Instrumentation and infrastructure procurement costs per station
Nutrient sensors SUNA nitrate analyzer $ 25,175 $ 20,140 $45,315
SUNA bio-wiper $2,003 $ 1,602 $ 3,605
YSI EXO YSI EXO2 sonde $ 6,090 $4,872 $10,962
EXO Temp/Cond sensor $ 888 $710 $ 1,598
EXO pH sensor $507 $ 406 $913
EXO D.O. sensor $2,186 $ 1,749 $3,935
EXO turbidity sensor $2,003 $ 1,602 $ 3,605
EXO fDOM sensor $2,357 $ 1,886 $4,243
EXO total algae sensor (chlorophyll-a and BGA) $3,774 $3,019 $6,793
EXO central wiper $1,127 $902 $2,029
YSI signal output adaptors $279 $223 $ 502
Infrastructure Data collection platform (enclosure, datalogger, wire and cable, $ 7,500 $ 6,000 $ 13,500
telemetry, solar panels, regulators, and batteries)
Fondriest CB 950 buoy $ 14,704 $11,763 $ 26,467
Miscellaneous hardware, electrical, wire and cable $ 10,000 $ 8,000 $ 18,000
TOTAL $ 141,466
Optional instrumentation ~Wetlabs Cycle-P, phosphate analyzer $22,320 $ 17,856 $ 40,176
Wetlabs Cycle-N, ammonium analyzer $ 26,908 $ 21,526 $ 48,434
Wetlabs Cycle-P, phosphate analyzer reagent packs, contract $6,324 $ 5,059 $ 11,383
Wetlabs Cycle-N, ammonium analyzer reagent packs, contract $ 6,324 $ 5,059 $ 11,383
Installation costs per station
Lead technician Field supervisor $2,040 $1,632 $3,672
Field technicians Field technicians $1,920 $1,536 $3,456
Vehicle General Services Administration leased vehicle $50/day, $145 $116 $261
(includes lease rate, maintenance, fuel, and repairs)
Boats Boat fleet charges $250/day, (includes daily rate, maintenance, $1,250 $1,000 $2,250
fuel, and repairs)
TOTAL $9,639
Annual operations costs per station
Lead technician Operations and Maintenance supervisor $9,792 $ 7,834 $17,626
Field technicians Field support staff $9,216 $7,373 $ 16,589
Vehicle General Services Administration leased vehicle $50/day $ 1,200 $ 960 $ 2,160
(includes lease rate, maintenance, fuel, and repairs)
Boat Boat fleet charges, $450/day (includes daily rate, maintenance, $10,800 $8,640 $19,440
fuel, and repairs
Field standards Field calibration standards (pH, conductivity, turbidity, nitrate, $ 1,200 $ 960 $2,160
quinine sulfate, and rhodamine WT dye)
Shipping Shipping charges (repairs kits, parts) $ 2,000 $ 1,600 $ 3,600
Telemetry contracts Cell modem $ 600 $ 480 $ 1,080
Miscellaneous electrical ~ Electrical hardware; wire and cable, terminal lugs, tape, $ 3,500 $ 2,800 $ 6,300
heatshrink, solder)
Miscellaneous hardware ~ Hardware, clamps, u-bolts, deployment pipes, aluminum angle, $ 5,000 $ 4,000 $ 9,000

aluminum channel, nuts, bolts, and washers



14 Designing a High-Frequency Nutrient and Biogeochemical Monitoring Network for the Sacramento—San Joaquin Delta, Northern California

Table 2. Detailed estimated 2015 costs of establishing and operating over a 1-year period multiparameter continuous monitoring
stations including nitrate and ancillary parameters.—Continued

Indirect cost

Type Description Direct cost each at 0.8 Total cost
Annual operations costs per station—Continued
Sample analyses Nitrate $ 103 $83 $ 186
(analytical cost for 12 Ammonium $103 $83 $ 186
samples per year Orthophosphate $103 $83 $ 186
Dissolved organic matter absorbance and fluorescence (optics) $ 720 $576 $ 1,296
Dissolved organic carbon $ 840 $672 $1,512
Pore filters, labware, sample jars, etc. $ 384 $ 307 $ 691
Sample preparation, packing, and shipping $25 $20 $45

TOTAL $ 82,057

Annual maintenance costs per station

Typical repair SUNA repair $2,500 $ 2,000 $ 4,500
YSI pH sensor repair kits $ 194 $ 155 $ 349
Y SI pH/ORP sensor repair kits $ 254 $203 $ 457
YSI D.O. sensor repair kits $ 242 $ 194 $436
YSI sensor repairs $700 $ 560 $ 1,260
YSI Sonde repairs $700 $560 $ 1,260
Y SI bio-wiper replacements $62 $50 $112
YSI cable replacements $500 $ 400 $ 900
YSI signal output adaptors replacements $279 $223 $ 502
SUNA wiper replacements $ 100 $80 $ 180
SUNA cables $ 500 $ 400 $900
Cell telemetry modem replacement $ 505 $ 404 $ 909
Cell antenna replacement $125 $ 100 $ 225
Storage battery replacement $ 140 $112 $252
Solar panel replacements $ 140 $112 $252
Field sampling gear $2,000 $ 1,600 $ 3,600

TOTAL $ 16,094

Data management per station

Lead technician Monthly data correction quality assurance/quality control $ 4,896 $3,917 $8,813
Field technician Monthly data corrections $ 4,608 $ 3,686 $ 8,294

TOTAL  $17,107

Data analysis per station

Research hydrologist Data analysis and interpretation $ 2,800 $2,240 $ 5,040
Research biogeochemist ~ Data analysis and interpretation $ 4,000 $ 3,200 $ 7,200
TOTAL  $12,240




Designing a High-Frequency Monitoring Network 15

Table 3. Detailed estimated daily 2015 costs for high-frequency mapping of water quality.

[Rows include costs associated with instrument preparation, clean up, boat staging, and same-day travel costs. Indirect cost at 0.8: A conservative indirect cost

(also known as, overhead rate) of 0.8 was applied to all direct costs]

Indirect cost

Type Description Direct cost at0.8 Total cost

Lead technician Operations and Maintenance supervisor $ 1,296 $ 1,037 $ 2,333

Field technician Field technician $ 576 $ 461 $ 1,037

Boat operator Boat operator $1,224 $979 $2,203

Vehicle General Services Administration leased vehicle $50/day $75 $ 60 $ 135
(includes lease rate, maintenance, fuel, and repairs)

Boat Boat fleet charges $250/day (includes daily rate, maintenance, $250 $200 $ 450
fuel, and repairs)

Fuel $250 $200 $450

Field standards Field calibration standards (pH, conductivity, turbidity, $ 40 $32 §72
nitrate, quinine sulfate, and rhodamine WT dye)

Consumables Miscellaneous filters, hardware, tubing, sample bottles etc. $ 250 $ 200 $ 450

Data specialist Download, process, correct, and visualize data $ 156 $125 $ 281

Supervisory researcher Data analysis and interpretation $ 2,000 $ 1,600 $ 3,600

TOTAL $ 11,011

Planning Principles

Operational principles that improve network performance
and reduce cost are discussed in this section.

Selecting Station Locations

Although the decision of where to place an HF station
may be readily made on the basis of a specific mandate or
objective, station placement within a larger network means
that one must take into account where stations are relative to
each other. The total number of stations in an HF network will
be defined by the desired spatial resolution and the available
level of funding, but within those constraints, each station or
group of stations should have a clear primary purpose. For
example, a station could have the primary purpose of:

1. Providing concentration data in support of accurate load
calculations, source attribution, and determination of
internal process rates and losses of nutrients;

2. Identifying events such as phytoplankton blooms or
dissolved oxygen depletion; or

3. Comparing regions with different attributes such as light
penetration depth, residence time, amount of wetland, or
nutrient concentration.

It may be possible to optimize station locations based on
the objectives and priorities of the monitoring program. Some
stations could be dedicated to quantifying loads, others could
be dedicated to quantifying losses and effects, and others may
be established in relation to management actions (for example,
flow barriers and restoration projects). In some scenarios,
stations could be deployed in clusters to accomplish multiple
objectives. In turn, some stations may be installed indefinitely,
whereas others may be installed for shorter time periods
to document sudden change, support model calibration,
and enable determination of process rates for a specific
habitat type.



16 Designing a High-Frequency Nutrient and Biogeochemical Monitoring Network for the Sacramento—San Joaquin Delta, Northern California

Where feasible, stations should be located at or near a site
where discharge is continuously measured (see fig. 2). Without
discharge measurements, it is not possible to calculate fluxes,
loads, or rates of loss. However, there may be cases where
discharge is not required to meet the purpose of the station.
For example, the purpose of the station may be to ensure that
a parameter remains below a threshold value, or to document
the occurrence of harmful algal blooms in relation to nutrient
concentrations, neither of which requires concomitant
measurement of discharge, or calculation of flux. The number
and type of variables measured at each station in a network
generally should correspond to the individual, site-specific
purpose of each station as well as to its purpose within the
larger network.

Within the station network, each station also should have
a clear priority to guide the order of network expansion, in
addition to the priority for station support and maintenance
when the inevitable failures occur. The prioritization is
obviously related to the primary monitoring objectives of
the network.

Station Attributes

Stations should be capable of two-way communication,
permitting remote troubleshooting of instruments or software
and reducing the number of visits necessary by network
personnel, which can substantially reduce costs. Two-way
communication also can provide information about the
specific nature of an operational problem, permitting personnel
to prepare for the necessary repairs and again reducing the
number of trips to the station. Two-way communication also
permits station operators to make software changes or other
operational changes remotely, as may be desired during an
unusual event when a high frequency of data may be useful.

Whenever possible, stations should be accessible under
all anticipated conditions to ensure that stations may be
serviced during high- or low-flow conditions, when the data
may be particularly valuable because it represents an unusual
event in the time series.

Station infrastructure should be capable of hosting more
than the immediate instrumentation for several reasons.

First, the field of in situ water quality instrumentation is
rapidly developing, and it may be desirable to add additional
instrumentation to the stations as it becomes available.
Second, it may be useful to deploy multiple instruments of
the same type for cross validation. Third, it may be useful

to deploy instruments at different levels in the water column

or at different locations within a channel to evaluate vertical
or lateral variability. Finally, stations also should be able

to support special or intensive studies that use instruments
presently only capable of short-term deployments, such as
phosphate or ammonium instruments.

There could be a diversity of station types in the
network, across increasing levels of complexity or intensity
of measurement to accomplish the objectives of the network.
However, it often is useful to have the capacity for a diversity
of capabilities to assess the quality of network data—for
example, to explore if measurements made at one location in
the water column are representative of conditions across the
channel, or representative of the full depth of the channel.

It often is useful to develop one station as a testbed
for new instrumentation, new operations, or new software.
Such a station would be configured to allow addition of the
redundant data collection platform without interfering with
the primary measurements made at the station. It also should
have additional deployment infrastructure to accommodate
future instrumentation.

There should be a stand-by capacity in the network for
rapid response to station failure and for emplacement of new
temporary stations to ensure the minimal loss of data, and also
to permit collection of data at nonstandard locations or during
unusual events.

Quality Assurance

The first principle of quality assurance for a real-time,
HF network is to look at the incoming data daily. Data should
be examined to ensure that the reported values are within
normative ranges for the contemporaneous environmental
conditions, and that the reporting intervals are correct. If burst
sampling (collection of many data points over a short period
of time) is used, the reproducibility of the samples within
the burst should be examined. For example, the coefficient
of variation of the data should meet predetermined criteria.
Results should be compared with those from nearby stations to
help identify sensor drift or malfunction.

Discrete water samples should be collected at the HF
station while it is taking measurements or automatic samples,
preferably during every scheduled site visit when there is
already an investment of time and labor. If possible, to further
validate station performance, additional samples should
be collected over a period of particularly high constituent
variability, such as over a tidal cycle or during storm events.
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Another principle of quality assurance is consistency,
to ensure that the data are collected to a common standard,
including development of written guidelines and standard
operating procedures. It also includes training for individuals
who will be involved in installation, operation, or maintenance
of stations in the network. These individuals should
periodically refresh their training to ensure data quality,
compatibility, and continuity of operations.

Careful records should be maintained for all metadata
associated with collection of any data point, and these
metadata should be linked to the data in the repository,
including information such as the instrument manufacturer,
type, serial number, and condition notes for all system
components. Metadata also should include details such as
how the instrument was mounted, the length of cable, etc.
Photographic documentation of atypical site, sample, and
equipment conditions also should be collected and managed
as metadata records. This information is invaluable for
troubleshooting and identifying anomalous data.

If multiple administrative units, research groups, or
agencies are operating the network, to ensure maximum
inter-comparability of data, common standards and practices
for instrument qualification, instrument calibration, instrument
operation, data collection, and data quality assurance and
control should be negotiated and adopted by all groups
collecting HF data as part of the network.

Periodic reviews of the HF monitoring program should be
conducted by outside experts involved in similar monitoring
from other hydrologic systems. The review should assess
whether the Delta monitoring is meeting its data quality
objectives and whether the information provided by the
network is being used to maximum effect. The review also
could assess the extent to which the network and resulting data
are meeting the stakeholders’ needs and monitoring purposes
set out in the guidance documents.

Data Processing

Processing HF data and ensuring data quality often are
implemented by quasi-automated routines, but these are best
conceptualized as a multistep process. First, it requires an
initial data evaluation to assess if the instrument performance
metrics indicate that the data are valid and within nominal
or historical bounds, and whether they generally meet
expectations based on the response of nearby stations, recent
changes in hydrology, etc. Once data are known to be of high

quality, data corrections are applied, including corrections for
offsets, drift, and interferences such as temperature, turbidity,
or dissolved constituents (Wagner and others, 2006; Downing
and others, 2012). The chemical time series data are then
integrated with the hydrodynamic data (which require their
own quality assurance procedures) to calculate instantaneous
flux and cumulative loads by applying, for example, rating
and cross-section corrections. It is only then that the data are
passed off for second-level review.

The process of ensuring data quality and integrity is
time-consuming and must be done by knowledgeable staff.
Past experience has shown that applying data visualization
tools as well as providing data as rapidly as possible to end
users facilitates the process of developing well-vetted, high-
quality datasets.

There inevitably will be gaps in the data as the result
of instrument failures or exclusion of data that fail to pass
quality criteria. These gaps often interfere with the analysis
of network data. Other environmental fields have addressed
this problem by developing multi-parameter approaches
to estimate “imputed” values for infilling lost data and for
calculating the uncertainty of doing so. Similar techniques
that rely on strong relationships between covariant parameters
could be developed for use in HF nutrients monitoring
networks. Once these techniques are operational, the Delta
monitoring program’s datasets can be reprocessed to fill data
gaps, and then revised time series data and derivatives could
be published along with the associated uncertainty.

Example Network Plans

The three network examples described separately in the
following subsections show how to use the list of questions
in section, “Considerations” to plan and evaluate potential
HF network designs of different capabilities and costs, and to
compare their utility. Although these three examples loosely
follow the three HF monitoring program types discussed
in section, “Background,” they are not intended to directly
correspond to those program types. There are numerous
possible combinations of monitoring questions, objectives, and
consequent configurations for network designs depending on
the goals and available resources; the three examples provided
are intended to help foster the types of discussion needed to
establish a realistic plan.



High-Frequency Monitoring Network
Example 1—A Minimal Network Focused on
Concentrations and Loads

The network goals are to document variability and
temporal changes in the magnitude of nitrogen loads to
the Delta for the purpose of evaluating nutrient-reduction
strategies and estimating their effects on the Delta and
downstream environments.

The network consists of three stations along the eastern
margin of the Delta (tables 4 and 5, fig. 3) that capture the
principal sources of nutrients entering the Delta (Novick
and others, 2015). Stations on the Sacramento and San
Joaquin Rivers are located downstream of the major WWTP
discharges because these are known to be significant drivers
of nutrient concentrations in these rivers. The third station is
at the downstream end of the Cache Slough Complex in the
northern Delta, which at times receives nutrient inputs from
the Yolo Bypass.
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With this design, there will be an ability to relate overall
loading to observed effects within the Delta, but there will
be no ability to relate nutrient concentrations to those effects
except in the broadest sense because there is no data with
which to assess effects observed in the Delta, limiting the
usefulness for establishing target threshold values. There
also will be no ability to estimate internal sources, sinks,
transformations, or rates of processes.

Although the network will provide information about
daily or weekly loads entering the Delta, it will not provide
any additional ability to act as an “early warning” system
for phytoplankton blooms, spills, or other event-driven or
ephemeral water quality conditions in the central Delta unless
and until predictive relationships are established between these
events and nutrient loading. However, even with these types of
predictive relationships, early warnings derived from stations
along the margins of the Delta will never provide the same
level of reliability and accuracy as warnings raised by stations
placed in the central Delta.

Table 4. Three stations proposed as part of high-frequency Monitoring Network Example 1, Sacramento—San Joaquin

Delta, northern California.

Station
Station name abbreviation Station primary purpose
(see fig. 3)
San Joaquin River at Stockton SJG(C)  Monitor fluxes and loads from San Joaquin Valley and Stockton
Regional Wastewater Treatment Facility.
Sacramento River at Walnut Grove, SDC (A)  Monitor fluxes from Sacramento Valley and Sacramento storm
above Georgianna Slough discharge and Sacramento Wastewater Treatment Facility.
Cache Slough at Ryer Island RYI(B)  Monitor fluxes from Yolo Bypass, Miner Slough, and Cache Slough

Table 5. Estimated 2015 costs for high-frequency Monitoring
Network Example 1, consisting of three stations, Sacramento—San
Joaquin Delta, northern California.

[Initial costs include equipment purchases and installation, and operations and

maintenance costs are based on a 12-months/annual basis. See table 2 for details]

The network will not be particularly useful
for targeted sampling of beneficial or harmful algal
blooms, or to relate nutrient loading to habitat quality
in the Delta.

The data will be primarily useful for managers
seeking to document the efficacy of BMPs, other

Operations and

nutrient reduction efforts, and TMDLs for detecting
trends in nutrient loads to the Delta, and for evaluating
changes in timing of those loads.

Network Example 1 best addresses initial
assessment question SPLP-1B; partially addresses
ST-1B, SPLP-1A, and SPLP-1G; and provides
information for initial assessment question FS-1
(table 1). Because only inputs and outputs are
monitored, this example does not address important
data gaps associated with subregions of the Delta
(ST-1C).

Example 1 T;::; Maintenance
costs

Instrumentation and infrastructure $424,398

Installation $28,919

Operations $246,172

Maintenance $48,281

Reserve and rapid response instrumentation ~ $113,000 $74,000

Quality assurance and data management $62,000

Data analysis $44,000
TOTALS $566,318 $474,453
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Figure 3. Three nutrients monitoring stations (circled letters) proposed as part of high-frequency Monitoring Network Example 1in
relation to existing and proposed flow-monitoring stations in the Sacramento—San Joaquin Delta, northern California. Station A is on the
Sacramento River, station B is at the entrance to the Cache Slough Complex, and station C is on the San Joaquin River. See table 4 for

details. DWR, California Department of Water Resources; Reclamation, Bureau of Reclamation; USGS, U.S. Geological Survey; WWTP,
wastewater treatment plant.



High-Frequency Monitoring Network
Example 2—A Network Focused on Internal
Sources, Processes, and Rates

The network goals are to:

* Document internal fluxes and loads in the Delta,
including loading of nitrogen and phosphorus from
island drains and wetlands;

» Evaluate the extent to which nutrients are attenuated
through interaction with wetlands and submerged
islands;

* Include monitoring of nutrient concentrations of
water bound for export; and

* Presume external loadings to the Delta are
adequately constrained by monthly sampling
programs and discharger reporting.
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The network includes HF monitoring stations across
the central and northern Delta, and routes to export facilities
(tables 6 and 7, fig. 4).

The intent is to be able to quantify internal nutrient
fluxes, load transformations, and loss processes (including
nitrogen and phosphorus) by mass balance between stations.
There will be an ability to relate instantaneous concentrations
to observed effects in the Delta, and, thus, to infer effects of
changes of external and internal loading. These data may be
useful in establishing concentration targets to achieve specific
habitat quality criteria in the Delta. Internal loads and rates of
loss will be quantitatively estimated, improving modeling of
nutrient concentrations and loads.

The network will provide real-time data for the Delta, and
thus may be used as a reliable and accurate “early warning”
system for beneficial or harmful algal blooms or other
ecological conditions where targeted conditional sampling
may be useful.

Table 6. Six stations proposed as part of high-frequency Monitoring Network Example 2, Sacramento—San Joaquin

Delta, northern California.

Station
Station name abbreviation Station primary purpose
(seefig.4)
Sacramento River at Rio Vista SRV (A)  Monitor nutrient concentrations and fluxes in Sacramento River.
Jersey Point SJJ (B) Monitor nutrient concentrations and fluxes in the San Joaquin mainstem.
Assess contributions from Central Delta Islands.
Old River OH4 (F)  Assess nutrient by mass balance contributions from Central Delta Islands.
Middle River MDM (E) Assess mass balance contributions from Central Delta Islands.
Middle River near Holt HLT (D)  Assess exchange contributions from Central Delta Islands.
Old River at Franks Tract OSJ(C)  Assess exchange contributions from Central Delta Islands.

Table 7. Estimated 2015 costs for high-frequency Monitoring
Network Example 2, consisting of six stations, Sacramento—San
Joaquin Delta, northern California.

[Initial costs include equipment purchases and installation, and operations and

maintenance costs are based on a 12-months/annual basis. See table 2 for details]

The data will be useful for managers documenting
the persistence, transit times, and effects of nutrients
in the Delta; for establishing trends in nutrient
loads internal to the Delta; and for relating nutrient
concentrations in the Delta to flows and exports.
Network Example 2 best addresses initial

Operations and

assessment questions ST-1, ST-1A, ST-2, SPLP-1C;
and partially addresses initial assessment questions
ST-1B, ST-2A, SPLP-1A, SPLP-1E, SPLP-1F, FS-1

(table 1). Because tributary inputs and outputs are not
included, and the spatial distribution of stations in the
central Delta is minimal, this example does not allow
assessment of the importance of different nutrient
sources (SPLP-1B, SPLP-1D, and SPLP-1G) and does
not fully address important data gaps associated with
subregions of the Delta (ST-1C).

Example 2 I:(i)tsifsl Maintenance
costs

Instrumentation and infrastructure $848,797
Installation $57,839
Operations $492,343
Maintenance $96,563
Reserve and rapid response instrumentation ~ $136,000 $88,000
Quality assurance and data management $103,000
Data analysis $73,000

TOTALS $1,042,636  $852,906
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Figure 4.  Six nutrients monitoring stations (circled letters) proposed as part of high-frequency Monitoring Network Example 2 in
relation to existing and proposed flow-monitoring stations in the Sacramento—San Joaquin Delta, northern California. See table 6 for
station details. DWR, California Department of Water Resources; Reclamation, Bureau of Reclamation; USGS, U.S. Geological Survey;
WWTP, wastewater treatment plant.



High-Frequency Monitoring Network
Example 3—A Comprehensive Network Focused
On Ecosystem-Level Effects

For the third and most comprehensive example, the
network goals are to:

¢ Document loads to and within the Delta, including
loading of nitrogen and phosphorus;

 Evaluate rates and extent of nutrients attenuated
through interaction with wetlands and
submerged islands;

» Evaluate habitat conditions and relationship
between nutrients, environmental factors, and
phytoplankton abundance;
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¢ Include monitoring of dissolved organic carbon,
bromide, and nutrient concentrations in water bound
for export; and

* Monitor loads to and permit analysis of effects of
nutrients from the Delta on ecosystem responses
in the upper San Francisco Estuary, such as the
effects of nutrient forms and ratios on phytoplankton
production (Glibert, 2010).

The spatial extent of the network spans the central and
northern Delta, and routes to export facilities (tables 8 and 9,
fig. 5).

Table 8. Eighteen stations proposed as part of high-frequency Monitoring Network Example 3, Sacramento—San Joaquin Delta,

northern California.

Station
Station name abbreviation Station primary purpose
(see fig. 5)
Sacramento River at Freeport FPT (A) Monitor fluxes from San Joaquin Valley.
Yolo Bypass at Toe Drain TOE (B) Resolve fluxes at Cache Slough from Yolo bypass.
Shag Slough SHG (R) Observe concentrations and fluxes in long-detention-time areas of the northern Delta.
Sacramento River at Walnut Grove, SDC (D) Monitor fluxes from Sacramento Valley and Sacramento storm discharge and Sacramento
above Georgianna Slough Wastewater Treatment Facility. Assess rates in the Sacramento River.
Liberty Island LIB (C) Monitor interactions with shallow water areas of Liberty Island.
Cache Slough at Ryer Island RYI(E) Monitor fluxes from Yolo Bypass, Miner Slough, and Cache Slough.
Sacramento River at Rio Vista SRV (F) Monitor concentrations and fluxes in Lower Sacramento River.
Decker Island SDI (G) Models continuous productivity in lower Sacramento River.
Confluence CFL (O) Assess mass flux into San Francisco Estuary.
Suisun Bay SUIL (J) Link mass flux to conditions in Suisun Bay.
Jersey Point SJI (D) Monitor concentrations and fluxes in the San Joaquin River mainstem. Assess
contributions from central Delta islands.
False River FAL (K) Assess by exchange contributions from central Delta islands.
Old River at Franks Tract OSJ (H) Assess by exchange contributions from central Delta islands.
Old River OH4 (L) Assess by mass balance contributions from central Delta islands.
Middle River MDM (M)  Assess by mass balance contributions from central Delta islands.
Middle River near Holt HLT (P) Assess by exchange contributions from central Delta islands.
San Joaquin River at Stockton SJIG (N) Monitor fluxes from San Joaquin Valley and Stockton Regional Wastewater Treatment
Facility.
San Joaquin River at Vernalis SIR (Q) Monitor fluxes from Sacramento Valley and Sacramento storm discharge and Sacramento

Wastewater Treatment Facility.
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Table 9. Estimated 2015 costs for high-frequency Monitoring
Network Example 3, consisting of 18 high-frequency monitoring
stations, Sacramento—San Joaquin Delta, northern California.

[Initial costs include equipment purchases and installation, and operations and
maintenance costs are based on a 12-months/annual basis. See table 2 for details]

Example 3

Operations and

Instrumentation and infrastructure
Installation
Operations

Maintenance

Reserve and rapid response instrumentation

Quality assurance and data management

Data analysis

TOTALS

:‘;g:: Maintenance
costs

$2,546,391
$173,517

$1,477,029

$289,688

$272,000 $177,000

$216,000

$154,000

$2,991,908  $2,313,718

The intent is to enable analysts to quantify the internal
loading, including nitrogen and phosphorus by calculating
the mass balance between stations. The density of stations
allows instantaneous concentrations to be linked to observed
effects in the Delta, and, in combination with the network of
flow stations, to infer ecological effects caused by changes
of external and internal loading. The resulting data may be
useful in establishing concentration targets to achieve specific
habitat quality criteria. Internal loads and rates of loss will
be quantitatively estimated, improving modeling of nutrient
concentrations and loads.

The network will provide real-time data, and thus may be
used as an “early warning” system for beneficial or harmful
algal blooms or other ecological conditions, providing not

only lead time to prepare but also signalling where targeted
conditional sampling may be useful.

The data will be useful for managers documenting the
persistence, transit times, and effects of nutrients in the Delta;
for establishing trends in nutrient loads internal to the Delta;
and for relating nutrient concentrations in the Delta to flows
and exports.

Network Example 3 addresses the broadest range of the
initial assessment questions listed in table 1, although there
may still remain data gaps associated with specific subregions
of the Delta (ST-1C) that would require targeted monitoring
efforts.



Designing a High-Frequency Monitoring Network 25

122°00' 121°45' 121°30° 121°15'

{ {

i
30 ]
FPT
Freeport
Cache __
Slough
Complex
A
BKS uLT
B | n
15 ,
Y,

ovisa WY SRV —"J ~
Rio Vista r_f f- LN
Threemile Slough P ( M Lodi
—. 2
98" — "~ Antioch _
- Q
N~ Q .
0BIR € Stockton
I DME (e m
—_ = Middle River N
: & SIB )
. VL{Q ;( \
s L -’»"”’ef-»”"w-\ (2~
<& & '
A\ 7 VCU N N
EXPLANATION State W.ater Project "‘ GLC Grant Line Canal . :
- umping plant P— = oy S
\ ] 1 Yolo Bypass P \j fonn S L(_ﬂ
SDI' o USGS flow stations funded by DWR : \’~@M &\ 2
FAL <> USGS flow stations funded by Reclamation —~= \ v L C&
ié — uLr © Proposed flow stations \\ Lt}’j ]
LSB @ Solano County flow station Central Valley Project \\\ Tracy { _
BKS @ DWR flow station pumping plant \\\ ‘\].'?
BN X
1 1 1 Y SIR@
Base modified from U.S. Geological Survey and other Federal and 0 4 8 Kilometers
State digital data, various scales; Albers Equal Area Projection e )
North American Datum of 1983 0 4 8 Miles

Figure 5. Eighteen stations (circled letters) proposed as part of high-frequency Monitoring Network Example 3 in relation to existing
and proposed flow-monitoring stations in the Sacramento—San Joaquin Delta, northern California. See table 8 for station details. DWR,
California Department of Water Resources; Reclamation, Bureau of Reclamation; USGS, U.S. Geological Survey.



26 Designing a High-Frequency Nutrient and Biogeochemical Monitoring Network for the Sacramento—San Joaquin Delta, Northern California

Summary and Conclusions

The challenge in designing a monitoring program first
requires the objectives to be clearly defined, from which
follows what parameters should be measured, and at what
temporal and spatial frequency they should be collected to
sufficiently provide comprehensive, relevant, and robust
information. In a complex system like the Sacramento—San
Joaquin Delta of northern California, adding additional
stations will, to a point, help us better:

* Quantify nutrient concentrations, fluxes and loads;
* Identify nutrient sources, sinks, and transformations;

» Understand ecosystem drivers, processes, and effects;
and

» Detect and predict changes in these processes resulting
over time due to natural factors and (or) human action.

Although a high-frequency (HF) monitoring component
can significantly contribute to addressing these issues, current
limitations in our understanding of ecological process and in
the capabilities of the technology indicate that HF monitoring
will be able to provide maximum benefit in conjunction with
integrated research, development, and modeling programs.
Design of an HF network should carefully consider the
existing and future uses to which the HF data will be applied
and how these and related data should be served to users.
Furthermore, given that HF monitoring technology is in its
infancy, the network design should anticipate and build in
the capacity to expand scope as appropriate when future
technologies offer advances that align with monitoring goals
and information needs.
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Appendix A. All Known High-Frequency Monitoring Stations
and Water-Data Parameters Recorded, Sacramento—
San Joaquin Delta, Northern California
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Figure A1. All known surface-water monitoring stations ever reporting any type of high-frequency monitoring

data overlaid with stations where measurements are reported for (A) nitrate, (B) chlorophyll-a fluorescence,

(C) dissolved oxygen, (D) turbidity, Sacramento—San Joaquin Delta, northern California. (Station details are shown in
appendix table A1.)



Appendix A

122°00' 121°45' 121°30' 121°15'
I I IS ! I I

B. Chlorophyll-a 3 Frecpor
J .QQ/“
(&s‘&‘
&
&
Cache
Slough —
Complex
\?'\»«- )
3° |- e /
15' ]

Walnut Grove
110

(- 55
56

Rio Vista

Threemile Slough
@ Lodi

Pittsburg T 97 04—
38° — @1
Antioch —
Stockton
EXPLANATION
. Yolo Bypass

All Bureau of Reclamation, California Department of
Water Resources, and U.S. Geological Survey stations 30C 126

@ Chlorophyll-a

37° — ®  Other

102
| | |
Base modified from U.S. Geological Survey and other Federal and 0 5 10 Kilometers
State digital data, various scales; Albers Equal Area Projection f . — U
North American Datum of 1983 0 5 10 Miles

Figure A1.—Continued.



Designing a High-Frequency Nutrient and Biogeochemical Monitoring Network for the Sacramento—San Joaquin Delta, Northern California

122°00' 121°45' 121°30' 121°15'
[ [ ' R [ [
C. Dissolved oxygen 3 Freeport
990 @e‘.
W&
N
$
¢
Cache Hood
Slough —
Complex
128\
. {
] /
38° — o {40, /
15 NS y |
Walnut Grove
110
55
56
Rio Vista
Threemile Slough
E Lodi
38° T~
Antioch —
Stockton
.
N
EXPLANATION
~ Line
: Yolo Bypass I 62 Canal 21 23 129 s103
All Bureau of Reclamation, California Department of 2 0
Water Resources, and U.S. Geological Survey stations 300 126
@ Dissolved oxygen
37° = ®  (Other
45 —
101
102
| | |

Base modified from U.S. Geological Survey and other Federal and
State digital data, various scales; Albers Equal Area Projection
North American Datum of 1983

? 1|0 Kilometers
T

1
5 10 Miles

oo

Figure A1.—Continued.



122°00° 121°45'

121°30°

Appendix A

121°15'

D. Turbidity

Rio Vista
Threemile Slough

Antioch

EXPLANATION

Yolo Bypass

All Bureau of Reclamation, California Department of
Water Resources, and U.S. Geological Survey stations

©  Turbidity
37° |— ®  Other

Line

‘\ Freeport

~ 62 ¢ 2] 25

E Lodi

D Stockton
2.
%
1055 =
.
N\
98

101
102
| | |
Base modified from U.S. Geological Survey and other Federal and 0 5 10 Kilometers
State digital data, various scales; Albers Equal Area Projection f . —! 1
North American Datum of 1983 0 5 10 Miles

Figure A1.—Continued.

33



| Monitoring Network for the Sacramento—San Joaquin Delta, Northern California

ient and Biogeochemica

High-Frequency Nutri

Des

34

X 0£69°121 067€'8€ DALY OJUSWIEIOES AMa AT 890TY - PUB[S] ALaqQr] ¢
X X X TL99'1T1 $TTE8E LiEtel sosn 1071 VO Pue[Lno) eau ‘pues] A11qr je i) Aqry 9¢
X X 8IS 1Tl YTCo'LE Bpda Ima ALl JORIL, SQUO[  G¢
X 0889°1CI 0€S0°8¢ Bj[og  uonewe[oy HAr Jurog A3sIof ¢
X L109°1T1 €0v8’LE IoARy umbeo ueg ama HSI uoIAg I1edu JojeMpedH YSno[S uerel] ¢¢
X 06LS°1T1 0800°8€ B9 UOHBWER[OY TIH j0R1] PUB[OH  Z¢
X X X 618S°1C1 ¥910°8¢ 1oAY umbeoy ueg SOSN TOH PUE]S] [oyjog Jeaujny pue[joy [¢
0€29°1¢l1 086L°LE Bled IMA O¥H jue[d Surdwng syueq O AoAleH (¢
X 8L7079°1C1 ¥r6108°LE BRq ama dgH (1£€000V3D) uelq Surdwng syueq O AoAIRH 6T
X IS 1Tl SyeE8¢ IOATY OjudleIdRS  UONBUWIR[OIY NTD Surpue s, uedln 87
X X X oISy 1Tl 00T8'LE ToAry umbeoy ueg ama 109 98pLIg peoy AdBI] Je [eUE)) dUIJUBID) /T
X X X S8YS 1Tl 9618°LE JoAry umbeof ueg sosn 1D (SDSN) [eUR) dUIjURID 9T
X X 6veEr1TI €0C8°LE ToAry umbeoy ueg ama 471D Iseq [RUBD SUIT JUBID  GT
X X X 081S°1CI 0LET8E ISAY Ojuswreldes SOSN SSD I9ARY OJUSWIRIORS 18 YSNO[S BURISION) 7T
X 186S°1C1 L1¥9%0°8€ l2Elel ama pRE 1001] PIA 19BI], SUBL] €T
X 00¥9°1C1 0T10°8¢ B0 UOHEBWERIIY REl yled reire] 7z
X X X 6999°1C1 8550°8€ eIR_A SOsN vd TOATY 3s[ed 1T
X 06€L°1CT1 0€80°8¢ Bl UONBWE[IY IWINA (uonjewreooy) uojewW Wy ()7
X 0979°121 6L16°LE LiCTel ama and [#dd dI Auno) enuo) iseq 61
X X X 01,9121 0€10°8€¢ oAy umbeof ueg sosn rsa pueys £9s1or Je ySnols yoing g1
X X 0STy 1Tl 0SI8’LE IoAry umbeor ueg AMa 15d [eue)) duIT JuBID dA0qe 1) Aysnoq L[
X L98S° 1T 8L16°LE IoAry umbeor ueg AMa 19a 43no[S uerpuy 18 Aeg A1A00SI] 9]
X §T09° 121 8768°LE IoAry umbeor ueg IMa ada pIeadnog Aeq A10A0081(] Je Aeg K19A008Iq G
X X X 0S0S°1C1 0SYT']¢ ISATY ojudwerdes SOHSN J1d mmw‘_wUOEm PuB ISATY OjudweldeS udamiaq [duuey)) ssoI) ejed 1
X £999°1T1 1967°8¢ elpd sOsn (@sma [ouuey) Surddiyg sopepm dooq €1
X 000L°1C1 0566°LE Bj[pg  uonewey IND ©ISO) BUOD) 7]
X X 1058121 ¥L0'SE l2Elel ama ENe) IOARY OJUSWIBIORS UO J[[IASUI[[0) ]
X YLSSITI 8678LE Bpg ama ovi 1S 1591 (000000V ) HNOD WOPLD) O]
X LSS TTT 86C8'LE BpPda amda 210 HNOD UOYIDH 6
X 0L 1T 9SLT'8¢ T SOSN BISIA Oy IBdU 01, STunseH Iedu y3no[S ayoe) g
X X X 7699°1C1 8TIT'8€ JOARY OJudLIBIOES SHSN 1AY pue[s] JoKY 18 YSno[S ayde) L
X ocyL 1Tl 056C°8¢ Bj[pg  uonewe[y SOD y3no[s ayoe) 9
X oceL el 0820°8¢ Bpda IMa d1d jurod pullg ¢
X LBITEY1TI 61601+0°8¢ eIed amda ra4d Pue[s] [o(peg ¥
X S96L°1T1 6SLT'8E BRd AMa syg juelq Surdwing ysno[g oseyg ¢
X X 01,811 0TL6'LE eIR_A ama ovd IOARY PIO I© pUR[S] uodeq ¢
X X 0rv08°121 0+00°8€ B9  UOHBWER[OAY ONV yoonuy |
-hw.“__“_«_w._. afiieyasiq afieg apnybuoq apneq uiseg lo0jesadg __c__«_M__”M_M._a aweu uoneys ._M___z

"BIUIOJI[RY UJBYLIOU ‘BY8 UINbBO UBS—0JUBWEIJRS ‘YIBa 18 PapJodal sialaweled elep-1a1em ayl pue suonels Buonuow Aduanbaij-ybiy

[AoAIng 180130]090) *S'( ‘SDHS feourIdNPUOd dYI103ds ‘HdS (IOATY unbeor ueg (S “IOATY OJUSWERIORS
“ 98BS ‘@reniu “ON ¢ 1onew o1uRSI0 PIA[OSSIP JUDSAIONY NOQ 2ousosatony p-[[AYdoIo[yo ‘D-[y0) uaBAx0 PIA[OSSIP ‘O ‘B2 UINbBO[ UBS—O0JUSWERIORS “B[3(] ‘UONRWER[IIY JO NBAING ‘UONRWR[IIY
1SUONBIAJIQQY SUONL]S SO UOIRIO] 10J [V 213y 23S 1 deJAl (€8 AVN) €861 JO WNJE(] UBILIOUIY (IION O} PIOUIDJAI ‘SIQITIP [RWIJAP 216 IpMISUO| PUB IpMINE] JO SHUM W) I9A0 dFURYD UL UOIIR)S

UQAIS B JB paInseaw s1ojowered Jo 9)Ins dy) 1By} pue QAISuoyaIdwod oq Jou Aewl ISI] UOIL)S SIY] JBY} AJON "SIMU/A0S SFsn eiepIojem//:sdyy (10) pue /A03 8o 10JeM 09pI//:d1NY J& S[qR[IBAR JIE BIRp 9SOy ]

RA AL


http://cdec.water.ca.gov/
https://waterdata.usgs.gov/nwis

35

Appendix A

890CY - PueS] ALaqrT L¢
X X X X X X X PUEINOD TeOU ‘Pue|s] ALAQIT & N AdQIT  9¢
X JoRI], SQUO[ G¢
X U0 A3SI[ ¢
X uoIAg Iedu 10JempeaH y3noJs uerel] ¢¢
WeIL PUB[OH ¢
X X X PUE[S] [9y)0g 1BdU IND) PUB[[OH €
X X wed Surdwung syueq O AoAare (¢
X X X X (1€€000V 1) Jue[d Surdwng ssyueq O LoAreH 67
X Surpue| s, uddIn) 87
X X X X X o3pLig peoy Aoei], Je [BUBD) QUIURID) [T
X X X X X (SDSN) [euR) dUIpURI) 9T
X X X X Iseq [eue) Ul uRID T
X X IOATY OjUdWEIORS Je Y3no[S BUBISIOdD) {7
X X X X X 1ORI], PIA JOBIL S UBL] €T
X Sjied Iele] gg
X X X X ToARY os[ed 1
X (uonyewre[ooy) uoyewwy ()7
X [#dd I &uno) enuo) iseg 61
X X X puels] Los1of J& ySno[g yom 81
X X X X X [eue)) QuIT JURID) dA0qe IND) AySnoq L]
y3nojS uerpuy e Kegqg A10A00SI(] 9]
piead[nog Aeg A19A00s1( Je Aeg A19A00S1(] G|
X SSBISPOUS PUE JOATY OJUSWIRIILS UdIMIQQ [uuey)) SSOI) B)jod  #1
X X X X X X X X [euuey) Surddiyg rorep deoq €1
X ©)JSO)) BNUOD) T
X IOATY OJUSWIRIORS UO J[[IASUI[[0D) ]
X X X X 151591 (000000V 3) HNOD UoYI) (1
X X X X Mo UOPID 6
X X X BISIA OIY Jeau 9oel] sSunseH Jeau y3no[s ayoe) §
X X X X X X X X pue[s] 1oAY 1e YSno[s ayoe) L
X ySno[g oyoe) 9
X X X X tod pure S
X X X pue[s [oyeg ¢
X X X X Jueq Surdwng ySnos 1odreqg ¢
X IOATY PIO e puB[s| uodeq ¢
X yoonuy |
al
ON V94 oa Hd woai uoque) e-lyyy  Aupiqang 2ds aweu uone)s depy
panunuo)— eIuI04|BY) UIayLou ‘e}a(Qg uinbeop ueS—ouaweldes ‘yaes 1e paploaal sialaweled elep-iaiem ayl pue suonels bunoyuow Asuanbaly-ybiH *Lv 9lqelL



| Monitoring Network for the Sacramento—San Joaquin Delta, Northern California

ient and Biogeochemica

High-Frequency Nutri

Des

36

X $$€989°1T1 LEL6ST 8E B Ima SAY BISIA OIY 6L
X ¥989°1C1 L6ST°8€ BOQ  UONEWENY AT BISIA OIY 8L
X 0295°12C1 0990°8¢€ Lelel ama 1dd JuIOd SISUOSL] /[
X 0€88°121 0£€0°8€ B9  UOHBWR[OSY S1d smgspid 9.
X YA a4l 6108°LE elRPq AMA 00d JOARY PIO dA0QE I Ssipered G/
X X X 96TTIF'ITI  86S0T08°LE JoAry umbeor ueg AMA oad mp esipered L
X X X 8ELISITI P8E6L'LE JoAry umbeor ueg Ima WO 30010 9SNOH UIEIUNOJA JO weansdn 1oAY PIO €L

X 6y 1C1 S08°LE BRq ama J10 KoBI], T0U IOATY PIO 7L

X X X 0671 12T 0S08'LE BRq ama aio KoBIL, 180U TOATY PIO L
X X 0LYS1T1 0TI8'LE JoARy umbeof ueg AMA adgo wep Mo[aq DN 1edu AR PIO 0L
X 0TFS 121 0T18°LE JoARy umbeof ueg AMA avo wep dA0QE DN Jeau AR PIO 69

X YLSYITI 8C08'LE JoAry umbeor ueg AMA VML UONRIDOSS Y AIP[IA AOBLL J& IOATY PO 89
X X X T695°1C1 1168°LE BRq sSOsN ¥HO ¥ AeMUSIH 18 JOARY PIO L9
X X X 062€° 12T 0808°L€E IoAry umbeor ueg AMa THO PeoH ¥e I0ARY PIO 99
X X X 68LS'TTT 11L0°8€ BIRq Sosn rso STOUTULIA) JBOU JOBI], SYULL] JB AR PIO §9
X X X 01¥S° 121 0018°LE iETel SOSN WNao [eue)) eJOpUSA B} 18 AR PIO 9
X X 69€S°1T1 19¥8°LE JoAry umbeof ueg AMA SID pue[s[ £3u0)) 18 AR PIO €9
X X 9SS I1TI 08T8'LE JoAry umbeor ueg AMA O AeIUL 1IN0 UOYI[D I JOARY PIO 79
X 00LS°1T1 0068°L€E JoAry umbeor ueg AMA a0 U0IAg 1 AT PIO 19

X X X 11LS° 121 00L6'LE epg SOSN 190 (SDSN) pue[s] uooed e ALY PIO 09
X X 998¢'TCT 0T18'LE IoAry umbeor ueg ama X¥0 m) Ayysno 0A0qe I0ATY PIO 6
X X X SH9S 1Tl TLT0°8€ JoARy umbeof ueg SOSN O¥0 pues] oyl Iedu st A[quimg) e AR P[0 8S
X [1LS'1TT 00L6°LE elRq AMA IO Arenysy pa1a)[L A[[ePLL ‘SIOAR A[PPIA PUE PIO LS

X X X 1L0S'1T1 T€TT'8E JOARY QUWN[NON SOSN AN PEOY SAOID) JNUIBAY ISOA 1B IOATRY SWUN[IOJA YHON 96
X LL90S'1TI 8€1€TT' 8¢ JOATY QUWN[ONOIA! AMA NN Y3no[S sSeISpoug MO[aq JOARY SUWN[ONOJA 310 YHON 6§
X X X T1LSTTT 1901°8€ TOATY QUWN[NOIN SOsSN SO JOARY umbeof UeS Je AR SUWN[ON S
X $50999°'1ZT LTO9ET 8¢ TOATY OJUSWIEIOES ama AN TOATY OJUSWIEIOES 183U YSNO[S IOUTA €6
X X X 80€9°1¢1 L16T'8€ I9ATY OJudIEIdES SOSN dMH o3pug 8 AeMUSIH 1€ YSNo[S DU 7§
X 6£¥9°1T1 L68T'8€ JOARY OJudWIEIORS AMA AAN SJUI0J SAL] Je YSnO[S JOUIN  [§

X S6ELIYITI SIYI8Y'LE JoAry umbeor ueg ama XAN pIeAd[NOg AdBI], 1edU IATY JA[PPIA 0
X €e8¢ITI T9L8°LE B AMA OHI a3pLg peoy pIeMOH 1edU IATY JPPIN  6F
X X X 801S1T1 1£00°8¢€ IoAry umbeor ueg NolNe! ITH JOH IeoU JOATY S[PPIN 8
X P88 1C1 8068°LE IoAry umbeor ueg IMa dNN JuIoJ UOTU( Je IOARY S[PPIN Lt
X X 098€°1T1 6€€8°LE JoARy umbeof ueg AMA MAIN PEOY AUIPU( J¢ IOARY S[PPIN 9t
X X 09St°1T1 0188°LE JoAry umbeof ueg AMA aLN pIeAs[nog Adel], Je JOATY S[PPIAN  SF
X X X 0veSITI 0EY6'LE el SOSN INAN TOARY SIPPIIA & JOATY SIPPIN  t
X X 0v8E1TI 0LLY'LE JoAry umbeor ueg AMA YHN o3pLIg peoy pIeMOH JE IATY JPPIN  ¢F
X X 8TLY'1TI 7688°LE IoAry umbeor ueg ama avIN JoLLIEq 9AOQE JOARY S[PPIN  Th
X X X 196%1C1 £960°8¢ IoAry umbeor ueg sosn Sd1 SNOUTULIS) J& YSNO[S 038)0d AT [
X §T89°1CI €SYT8¢ iETel SOSN ©BISIA ONY Jedu ‘Joei], SSuSeH Je Pue[s| Aqr] (f
X X X 6v89° 171 12vT°8€ IOATY OJUdWRIORS SOSN ar1 puo yinos 1udd A[rewrxoldde je puelsy A119qr]  6¢
X 0€69°1¢1 06T€°8¢€ JOARY OjudLIRIORS ama AI'T ssedAg] 0[0x - pue[s] AqIT 8¢

-._H__HM._. afiieyasiq abie)g apmifiuoq apmnel uiseg lo0jesadg __o__“M__”M“Mﬁ aweu uonejs nm__z

panunuo)— eluJo4|e uiayuou ‘eyag uinbeop ueS—ouaweldes ‘yaes 1e paploaal sialaweled elep-iaiem ayl pue suonels Bunoyuow Asuanbaly-ybiH  *Lv 9lqelL



37

Appendix A

X X X X X BISIA OR 6L
X BISIA OR 8L
X X X X X Lo SIOUOSL] L[
X smqsuid 9L
X 1oAY PIO 2A0QE IND asIpered G/
X mnp esipered L
X X X X X 3091 9SNOH UIBUNOJA JO weansdn IOATY P[0 €L
Koel], 189U JOATY PIO 7L
X Koel], 189U I0ATY PIO 1L
X wep Mo[aq DN 1edu AR PIO 0L
X X X X X wep 2A0qe DN 18U AR PIO 69
X X X X X UONEIO0SSY JI[PIA} AOBLL, J& I0ARY PIO 89
X X ¥ KeMyUSIH 1€ 10ATY PIO L9
X X X X X PEIH 18 19ATY PIO 99
X X X X SNOUTULId) JBAU JORI], SYURI] I8 IOATY P[0 S9
X X X X X [eUE)) BIOPUSIA] EIO(T JE 10ATY PIO 9
X pue|s| £ou0) e 10ARY PIO €9
9YeIUl 10D UOYI[D 1B 1A PIO 79
uoIkg 38 AT PO 19
X X (SDSN) Pue[s] UodRY Je AR PIO 09
X m) AySno 9A0qe ARY PIO  6S
X X pue[s] Toyeg Teau st A[quiIng) Je AT P[0 8S
Aremsy paIa[] A[[EPLL ‘SI2ATY PP PUE PIO LS
X X PROY 9A0ID) INU[BAA ISOAN 1B QALY SWUN[NOJA YLON 9§
X [3NO[S SSeISpous MOo[dq JOATY QUWN[INOIN S0 YHON 6§
X X JOATY urnbeo( UeS je JIOALY SUWN[ON  +§
X X X IOATY OJUSWRIORS JBdU Y3NOo[S IdUIN €6
X X X o3pug 8 AeMySIH Je ySno[s N 7§
SIUI0 9AL] I8 4Sno[S JOuIjN |G
X X X X X pIeAd[nOg AOBL, IEdU JOATY S[PPIA 0
X X X X X o3pLIg Peoy PIEMOH IBdU JIOAT] O[PPIA  6F
X X X 1OH Teaul JOARY SIPPIN 8%
X X X X X UI0J UOTU[) J& 1AL S[PPIN Lt
X X X X X PEOY 2UIPU( & AT J[PPIN 9%
X pleadinog Aoel], 18 JOATY J[PPIAN  SP
X X TOARY SIPPUA 18 AT 9PN +1
X o3pLIg Peoy PIEMOH 1 ALY APPIN ¢t
IoL1Ieq 9A0QE JOATY PPN TF
X X snouruLd) e y3no[g oyeyod oy v
X X X BISIA OIY Jeau ‘1oel], s3unsey je pue[s| A119qIT (Of
X X X X X X X X puo yInos 19juad A[rewrxoldde je puelsy A119q17  6¢€
X ssed&gf 0[0A - pue[s] A110qIT 8¢
ai

ON V99 oa Hd woa: uogieg e-yy  Aupiqny 2ds auweu uone)s depy

panunuo)— eIuI04|BY) UIayLou ‘e}a(Qg uinbeop ueS—ouaweldes ‘yaes 1e paploaal sialaweled elep-iaiem ayl pue suonels bunoyuow Asuanbaly-ybiH *Lv 9lqelL



| Monitoring Network for the Sacramento—San Joaquin Delta, Northern California

ient and Biogeochemica

High-Frequency Nutri

Des

38

X X X 0L89°1C1 0060°8¢ JOARY ojudwieIdRS  YMA/SOSN TSL IoAry umbeo ueg 1e ySno[g AN 901 L [T]
X TLL98Y 1TI 601060°'8¢ ToAry umbeoy ueg ama [N I9ARY umbeof ueg 18 Y3no[s SN 1YL (7]
X 000L°1C1 0901°8¢ JIOALY OjudUIEIdES IMA SIALL Y3no[S S[IA 91T 611
X X X CTLLS'1TI 98T¢'8¢ ISALY Ojuowreldes SOSN 1Ns puepno) je ysnoyg soung 811
X X X SovITy 1Tl 86S8COL'LE Toary umbeor ueg ama VDS m) edng L[]
X €61y 1C1 G88LLE eea IMa ANS np resng 91|
So¢TITl €96°L¢E IoAry umbeo ueg Ima odas 0d 1puuey) diyg 11ep doo uopPOI§ §11
X X I88LE9°1T1 L9T161°8¢ JOALY OjudUIBIdES AMA SXS IOARY OJUSWIEIOES JBSU Y3NO[S Je0quIesls 41|
X X X 0L8S'ICI 0S8T'8¢ IOATY Ouﬁoamhumm m@mD wmw ﬂwﬁoﬁm Huﬁ—.—m Pue ISATY OjusWeIdeS U3oMI9q EWSOﬁm umOQEmDHW CIl
X ¥109°121 STST8E TOARY OJUSWIRIORS ama SNs y3no[S 11ng Mo[dq Y3no|S Jeoques 11
X 0L6Y'1TT 0LTT1'8¢ Bled  UOnBWE[OY ILS puejspuarels  [11
X X X 116¥° 121 §eTT8e JOARY dUWN[ON SOSN ANS POy 9AOLD INUTBM ISOM JE JOATY SUWN[INON YINOS O
X 096¢°1C1 005S0°8¢ IoAry umbeoy ueg IMma INA PUR[S] 9IUGA J& JoARY umbeof ues 601
X 1699°1¢1 6960°8¢ ToAry umbeoy ueg AMa ML PUR[S] [[9YONM], 1B JOAR] uinbeor ues g0 [
X X X 090¢°1C1 098L°LE ToAry umbeoy ueg IMA asn 93pLig J[ePSSOIA] J& 19ATY uinbeof ues /0]
X X X 0689°1C1 0750°8€ IoAry umbeo ueg SOsn s (SDSN) utog Aasiaf Je 1oy umbeof ues 901
X X X 06zE 1Tl 0S€6°LE IoAry umbeo ueg SOSN DrS a3pLg poomiIes) Je I0ARy uinbeof ueg g0
X X 0208°1C1 0810°8¢ ToAry umbeoy ueg IMa HNV Yo0nuY e 1ALy umbeof ues ([
X X LLIETTT €TTYLE IoAry umbeoy ueg IMa ars SIOY SO(J 9A0QE I0ARY] umbeof ueg  ¢0[
X X €99T'1¢I 09L9°LE ToAry umbeoy ueg SHSN ALS SI[EUIOA Teau 10ARY uinbeor ueg Q1
X 1S9T°1¢C1 €6L9°LE IoATY umnbeof ueg IMa ArS SI[RUIOA JBOU UOTJB}S QUNDOIA IOARY umbeor ueg 10T
X X ogTeIet 0018°LE ToAry umbeoy ueg AMA us dorye T Teau “I9AR] P[O MO[2q 1oAY umbeof ues (01
X X X TLSSTITI ¥650°8¢€ ToAry umbeoy ueg SHsN d OUTULIOL, Teall JUIO  SIQUOSLI] & JPATY uInbeof ues 66
X X X reeeiet 0S98°LE ToAry umbeoy ueg IMa Lag a3puig puelq Je JAR uinbeor ues 86
X X 0€08°1C1 8L10°8¢ IoAry umbeoy ueg IMa HNV yoonuy je 10ATy umbeof ueg /6
X 016S°1C1 0v01°8¢ BIOQ  UOnEBWE[OY VS Surpue] searpuy UeS 96
X X X yECS 1T 68€T°8¢ IOALY OjudUIBIdES SHSN S5 YSN0[S BUBISIOdN) MO[3q IOARY OJUSWEIES GG
X X ¥989°1C1 L6S1°8€ 1oAY OJUOWIEIOES ama aAd o5pLIg BISIA O JE IOARY OJUSWRIOES  f6
X X X 0989°1C1 0091°8¢ ISARY OjuSWIEIES SOSN A4S (SDSMN) BISIA ORY B IOATY OJUSWBIES €6
X X [43 14! 89¢°8¢ IOALY OJUdWRIDES SHSN ads POOH e 1A OJUSWERIORS 76
X X X 0616°1T1 078¢'8¢ JOARY ojuswieIdES  SOSN/AMA HYS POOH e 10ARY OJUSWEIORS |6
X X X 000S°1C1 00S¥'8¢€ JOALY OjudUIBIdES SHSN Ldd 110da01] 1B JOARY OJUSWRIORS ()6
X X X 09€L°1T1 ¥€60°8¢ JOALY OjudUIBIdES SHSN 1as PUB[S] JOY09(T J& IOATRY] OJUOWEIoeS (8
X 9ELTIL'ITT L60YL08€E IOALY OjuLUIEIdES IMA ISS PUB[S] UBULIBYS JBIU IOATY OJudWRIoeS 38
X X X £98959°1CI 8YSLI'8E ISARY OjuSWIEIdES IMa 108 UOJ3[S] JO WEBANSUMOP ISATY OJusWeIdes /8
X TLITSTITL Y1v6£T 8¢ ISARY OjuSIEIES ama SOM 98e1S 9A0ID) JNURA 1B JOATY OJUSWRIORS 98
X ILLYIS 1T 1S81+T'8¢ IOALY OUdWIRIDES AMA HMS DH SAOID JNUBA J& IOALY OJUSWERIdES  CY
X X X 08IS°1CI 0LST' 8¢ DAY OJUdWRIORS SDSN ods [ouuByD) SSOID) BI[Q(] QA0QE JOALY OJUSWRIORS 8
X X X 19€L°1T1 £€60°'8¢ JIOALY OjudUIBIdES SHSN 1as PUB[S] IOY09(T J& IOARY] OjuoWeIoeS €8
X X X L999°1T1 196T°8¢ JOARY OJUSWRIORS SOSN SMa [ouuey) Surddiyg 1ojep dod( ojudwedes 78
X X X 059¢€'121 0€96'LE IoAry umbeoy ueg ama ra pue[s| Apeay pue ySnoy |8
X X 0S€9°1C1 09L6°LE eed Ima 1S [BUE)) BISOD) BIUOD) SAOQE Y3NO[S Y00y (8
.._H__HM._. afiseyasig abe)g apnybuoy apmeq uiseg lo0jesadg __o_,—_M__“.M“Mﬁ aweu uonejg ._m__z
panuiuo)—'eluJo4|e uiayuou ‘eyag uinbeop ueS—ouaweldes ‘yaes 1e paploaal sialaweled elep-iazem ayl pue suonels buoyuow Asuanbaly-ybiH  *Lv 9lqelL



39

Appendix A

X X X IToAry umbeof ues e YSno[§ I Q1YL 1TI
X IOATY urmnbeor ueg e ySno[s oI Iy (T
X YSNO[S 9N 9IYL 611
X X X puepno) 1e ysno[s onng 1|
X mp resng  LI]
X np resng 91|
X 0d [puuey) diyg 101ep\ doo uoppPOIS ¢11
X X X IOATY OJUQWIRIORS JBOU Y3NO[S JBOqUIEBAS ]
X X X [SNO[S 10)NS PUE IOATY OJUSUWIBIORS UOIMIOQ YTNO[S JeoquiedlS ¢
X y3no|g 191ng Mo[2q ysSno[s jeoquiedls 711
X puespuaeis 11
X X PEOY 9A0ID) JNUJBA ISOA T8 JOATY QUWIN[OIN YINoS O]
PUB[S] 9OIUIA JE JOARY uInbeor ueg g0
X X X X X PUE[S] [[QUONM], & 10ALY utnbeof ueg 80|
X X X X X o3pLIg A[EPSSOIN e I0ATY utnbeof ues L0[
X X X X (SOSN) yu0g Ad3s1af Je 12ARy umbeof ues 90|
X X X 33pLg poomien) Je I9ARY uinbeof ueg G|
X X X X X [oonuy Je 10ARy uinbeof ueg 0|
X SI10Y SO(] 9A0qe IOARY uinbeor ueg ¢o[
X X X X X X X X SI[RUIOA IeoU JOATY umbeof uesg (1
X X X X X X SI[EUIOA JEQU UOTIE)S QUNDOIA JOATY umbeor ueg 10
X doxyyeT 189U I9ATY P]O MO[2q IARY urnbeof ues (001
X X OUIULIQ], TBAU “JUI0 ] SIOUOSLI] 1B IOARY umbeof ueg 66
X 93puig 1puelg e 1Ay umbeor ueg g4
X X X X X YoonuY e IoARy umbeop ues /6
X Suipue] sealpuy ueS 96
X X 43no[S eUBISIOIN) MO[Iq JOATY OJUSWRIORS GG
X X X X X X 93pLIg BISIA OIY 1B JOATY OJUSWEINRS {6
X X X X X (SDSN) BISIA OIY I8 10ARY OJUOUWIRIOES €6
X POOH 1B IOATY OJUdWRIORS 76
X X X X X POOH 1B I9ATY OJUdWRIORS |6
X X X X 110d031,] JB JOATY OJUSWRIORS (6
X X X X X X X PUB[S] JOY09(] J& JOALY OJUSWILIORS 6]
X X PUR[S] UBWLIOYS JBOU JOATY OJUdWERIdRS 88
X X X X X UO0JI[S] JO WEBINSUMOP JOATY OJUSWRIORS /8
93e)S 9A0ID) JNUJBAN JB IOATY OJUSWIBIORS 9§
X DH 9A0ID) INUBA\ 18 JOATY OJUSWIRIORS G§
X X X X X X X X [ouuey)) SSOI) B[O QAOQE JOATY OjudWEIdeS 48
X X X X X X X X PUB[S] 19309(] JB IOATY OJUdWRIORS €8
X X 1ouuey) Surddiyg 191ep doog oyusweIoes 7§
X X X X X pue[s| Apeay pue ySnoy |8
X [eue)) ©)S0)) BIUO)) 9A0qE YINO[S Yooy (8
ai
ON vod 0a Hd Woa;  uogquey ey Aupiguny ads aweu uone)s depy
panunuo)— eIuI04|BY) UIayLou ‘e}a(Qg uinbeop ueS—ouaweldes ‘yaes 1e paploaal sialaweled elep-iaiem ayl pue suonels bunoyuow Asuanbaly-ybiH *Lv 9lqelL



| Monitoring Network for the Sacramento—San Joaquin Delta, Northern California

ient and Biogeochemica

High-Frequency Nutri

igning a

Des

40

X X X X uoqst 1e ssedAq ojox €€l

BT JINOD UOYI[D 18 [eUBD) ISOM  TE

X X X X pue[S] BLIOJOIA  [€]

X X uoIAg Jeou [eue)) BLIOPIA (€]

X pue[sp uotun) 671

X X X X BITWI[E] JBSU 921D sue[] 871

X X yog Tedu ) oUWl /7]

X jueld Surdwng Koe1], 97|

010pe0soy 1edu y3no[g sured woj, SCI

X [INOW Y} 9A0QE YINO[S dured WOL +7[

X 2IMIONIS SYBIUI IA0qE YSNO[S SUIRJ WOL, €T

X X X X X X X X sda)s a1es JO yiiou urelq 0L ¢TI

ai

‘ON vog 0a Hd IWoaj uogle) 21424 Anpigang 2dS alweu uolels dey
panuiuo)—eiulofl|eq ulayuou ‘ey@g uinbeop ueg—01UBWIERIOELS ‘YIRS 18 PAPI0dal sialaweled elep-1a1em ay) pue suonels Bulonuow Asuanbai-ybiH Ly 9jqelL

X X X 0L8S°1CI- 0SLy'8¢ ToARY oyustueIdES Imda SI'T uogsr e ssedAq ojox €1

X X 0vSS1CI- 91€8°LE IoAry umbeo ueg Ima DM OYEIUT INOD) UOYID 18 [eue) I1SOM  TET

X 068%1¢1- 0168°LE Beg  UONEWE[ISY JIA pUB[S] BLIOWIA  [€]

X X X €8TSITI- LILS'LE LElel SOSN NDA uoikg Ieou [eUe)) BLIOWIA  OE[

X 09LE1CI- 0pe8'LE Bl[od  UOhEBWE[IY INN pue[spuotun)  6¢I

X L6SL'ICI 6T 8¢ Bed SDSN BIIUW[Y Teau 3a2I7) sBe[) 8T

X X X (445 A1! 8T66°LE IoAry umbeor ues  YMA/SOSN NIL yog Jeauny Joumy, /LT[

0S8S°ICI 0008°LE IoAry umbeo ueg Ima AL wueq Surdung Koerp, 9z1

X 00S€1CI TL'LE IoAry umbeo ueg Ima ddlL 0I0pEOSd 1eau YSNo[§ dured Wox, ¢T[

X X SLIV'ICIL 806L°LE IoAry umbeoy ueg ImMa SdL [nowr 2y} 2A0qe ySnojg aured WoL, gl

X X CLIVICI €06L’LE IoAry umbeoy ueg Ima IdL 2ImjonIs AYEIUT A0QE YSNO[S duled WOL, €T

X X X LLEYTTI CS9¢'8¢ Bled SDSN d0L sdojs Iress Jo yuiou urei(q 0L ¢l

-hwh.__”_._w._. abieyosig abe)g apmibuoq apmueq uiseg 10jesadg =o__“M__”M“Mﬁ aweu uonels gm__z
panunuo)—eiulofl|eq ulayLou ‘ey@g uinbeop ueg—01UBWIERIOERS ‘4oL 18 PAPI0dal sialaweled elep-1a1em ay) pue suonels Bulonuow Asuanbai-ybiH Ly 9|qelL



Publishing support provided by the U.S. Geological Survey
Science Publishing Network, Tacoma Publishing Service Center
For more information concerning the research in this report, contact the
Director, California Water Science Center
U.S. Geological Survey
California State University Placer Hall
6000 J Street
Sacramento, California 95819-6129
http://ca.water.usgs.gov


http://ca.water.usgs.gov

Bergamaschi and others—Designing a High-Frequency Nutrient Monitoring Network, Sacramento—San Joaquin Delta, C

https://doi.org/10.3133/sir20175058

=
=
=
EO)
)
&
1]
R
)
1
8
13
=
7]
&)




	Designing a High-Frequency Nutrient and Biogeochemical Monitoring Network for the Sacramento–San Joaquin Delta, Northern California
	Contents
	Figures
	Tables
	Conversion Factors
	Datum
	Abbreviations
	Executive Summary
	Background
	The Need For High-Frequency Monitoring Data
	Existing Challenges to High-Frequency Nutrient Monitoring in the Delta
	Developing Monitoring Program Objectives and Design
	Monitoring Program Type 1—Concentrations, Fluxes, and Loads
	Monitoring Program Type 2—Internal Sources, Processes, and Rates
	Monitoring Program Type 3—Ecosystem Level Effects

	Designing a High-Frequency Monitoring Network 
	Considerations
	Costs
	Planning Principles
	Selecting Station Locations
	Station Attributes
	Quality Assurance
	Data Processing

	Example Network Plans
	High-Frequency Monitoring Network Example 1—A Minimal Network Focused on Concentrations and Loads
	High-Frequency Monitoring Network Example 2—A Network Focused on Internal Sources, Processes, and Rates
	High-Frequency Monitoring Network Example 3—A Comprehensive Network Focused On Ecosystem-Level Effects


	Summary and Conclusions
	Acknowledgments
	References Cited
	Appendix A. All Known High-Frequency Monitoring Stations and Water-Data Parameters Recorded, Sacramento–
San Joaquin Delta, Northern California



