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1. Introduction

This review focuses on chemical sensor networkiscdua be deployed on
autonomous platforms in the aquatic environmentapetated without significant
human intervention for extended periods of timée &quatic sensor networks that we
consider have two essential characteristics; 1)nated sensors are deployed at multiple
locations, and 2) the networks are operated forthwoto years. We focus on observing
systems that operate for extended periods for tivogry reasons. Long-term
observations of the environment are essential texgtanding variability driven by
natural and anthropogenic climate change. Insgtsors also provide the continuous
data needed to characterize high frequency sighatcannot be easily sampled by
manual methods. Under-sampling of time-varyingimmmental processes can result in
aliasing of the observed signal. The variabilitsttis driven by processes occurring at
higher frequencies than the environment is samgd@dappear as unrecognizable low

energy events.

Environmental chemists have often avoided the questelated to
under-sampling time varying signals by assumingj dlgaatic systems are in a steady
state. This has been necessary because, untédast past, nearly all observations of
chemicals in the aquatic environment have requlatia sample be collected and
returned to the laboratory where a variety of ssiitated tools can be used for sample
analysis® Much of the ocean is sampled only a few times éfecade because of the long

(weeks in some cases) transit times from seapmrtsd-ocean regions. Even in the



coastal ocean, or lakes and rivers, samples fanidad analysis are generally collected
only at monthly intervals, if at afl. Such sampling rates are often inadequate to
characterize dominant seasonal, daily or semi-diysrocesses. Even the signals of
decadal-scale processes may be contaminated lapiityithat occurs at higher
frequency. Interpretation of the linkages betwprtesses is further obscured due to
long-term lags between cause and effeéts a result, we begin by arguing that

observing the environment requires sustained obtiens at relatively high frequency.

1.1 The Sampling Problem

We illustrate the problems that arise in monitorgffgprts that are based on
manual sampling by considering nitrate in aquatsteans. Nitrate is the dominant
source of fixed nitrogen for new plant growth inshaquatic ecosystems. Surface
waters in the open ocean are depleted in planiemigt including nitrate. This depletion
is a result of nutrient incorporation by photosytit organisms and subsequent sinking
of organic material in fecal pellets and decayingaoic matter. Deep waters are
enriched in nutrients when bacteria remineralizesinking particles. The low
concentrations of nitrate in the sunlit surfaceesstimit the accumulation of plant
biomass in many marine and freshwater systerfibe vertical mixing of essential
nutrients from deep waters into the sunlit euphobice then becomes the rate-limiting

step for primary production of new organic carbon.



Figure 1 shows nitrate measurements made on a mgoocated 20 km off the
central California coast at hourly intervals foreoreaf using an optical nitrate sen5or
and nitrate measurements in samples collectedtheanooring at ~21 day intervals. The
annual cycle observed by the moored chemical sestgws a series of events
throughout the year with high (>10 uM) nitrate cemitations. These events are
produced by upwelling of cold, nutrient rich watehich is driven to the surface when
the wind blows to the southwest in this region.waéping of cold, nutrient-rich deep
water into warm, nutrient-poor surface water praduthe anti-correlation in temperature
and nitrate (Figure 1). The nutrients carried sualit surface waters during the
upwelling events result in phytoplankton bloomg tharease chlorophyll concentrations
and deplete nitrate (Figure 1). This cycle cdrag, clearly seen in the hourly data, is
not easily resolved in monthly monitoring data. géantitative understanding of such
processes has come from intensive field samplingpeggns. However, intensive field
programs are difficult to sustain in the long-terfs a result, most aquatic environments
are severely under-sampled, long-term variatioashat understood, and our

understanding of environmental processes can lie biaised.

In addition to large temporal variability, thereaiso significant spatial variability
in concentrations of chemicals that play importates in regulating ecosystems. For
example, the physical processes that reintrodutteents to the surface have high spatial
variability. This may produce great spatial vatligpin the growth of phytoplankton
populations. Thus, chemical sensors in this tyfjegironment should, ultimately, be

capable of characterizing high spatial variabilgg,well as temporal variability.



The under-sampling problem, which is inherent irmgugement programs that are
based on manual sample collection, can be overtgynegher using remote sample
collection devicel® or by making nearly continuous chemical measurésnever long
time periods on networks of unattended platforidere we focus on systems that make
in situ measurements. Chemical sensors deploysitLifior extended periods have
shown the impacts of events driven by stotfreidies' *2El Nifio climate

13,14

oscillations* ** planetary (Rossby) wavéstides!® upwelling® and ice melting’

1.2 Data at Global Scales

The need for a better understanding of the linkégdseen chemicals and
environmental processes is being driven by theesobgnvironmental change presumed
to be occurring around the planet. During the fi@tyears, concentrations of carbon
dioxide in the atmosphere have increased 36%, tndland agricultural processes that
fix dinitrogen gas have grown to the point whereittihates now exceed natural
processe$® some 10 to 50% of the photosynthetic productsaad kre appropriated by
processes controlled by humadisnd one half of the accessible freshwater rursoff i
already utilized® Such global scale processes necessarily regioibal observing

systems.

The best example of the power of a global enviramalechemical analysis

network is the system of stations that collect aph@ric measurements of carbon



dioxide and oxygen. These networks build on tlom@ering work of the late Charles
David Keeling, who started the time series of atohesic carbon dioxide measurements
at Mauna Loa in Hawaii. Keeling’'s G@ata from Mauna Loa have played a seminal
role in identifying human perturbation of globalkchical cycles and it has been the most
influential environmental data set now availabldis results led to an expansion of the
observing system and there is now a network oifostaitaround the world where samples
for carbon dioxide and oxygen are collectéd? The network measurements reveal
distinct annual cycles in atmospheric oxygen anbdaradioxide concentrations. Further,
there is a distinct geographic pattern to the \drig that is related to differences in land
and ocean areas in the Northern and Southern Hearsp. The patterns of annual
variation are driven by photosynthesis and respmatn land and in the sea and by
differences in the rates at which these two chelsieguilibrate across the air-sea
interface. These geographic and temporal vanatio chemical properties of the
atmosphere allow the long-term, network-based oasiens to be used to create
estimates of global net primary production on land in the ocean and to quantify the

inter-annual change in these rate$?

Ultimately, monitoring the aquatic biogeochemicgtles and their impacts on
the environment and climate will require dense ek of chemical sensors that operate
at global scales within the oceans, lakes andgj\as well as in the atmosphere. While
there are no direct examples operating at a gkdzde today, there are a variety of in situ
chemical sensor networks operating at smaller scdterther, there are examples of

global aquatic sensor networks that illustratepbeential for the development of



networks that sense chemical properties. For elgme describe in Section 3.2
chemical sensors measurements from the Argo afrprofiling floats*® These

platforms have become an important tool for obsgytine large-scale ocean circulation.
Profiling floats typically drift passively with thikow at depths of 1000 or 2000 m in the
ocean and then cycle at 7 to 10 day intervals bewieeir parking depth by inflating an
external bladder, which increases float volume autichanging mass. This causes the
float to rise. During the ascent to the surfabe,ftoats collect measurements of oceanic
variables such as temperature and salinity at S@H#&rent pressure levels. The floats
transmit their data to an orbiting satellite wiole the surface and then descend back to

their parking depth to begin another cycle.

A map of seawater salinity at a depth of 200 m dasein situ salinity
measurements that were made by ~1200 Argo flodteiRacific Ocean during the first
two weeks of December 2005 is shown in Figure 20{8%he IAPSO Practical Salinity
Scalé”is nearly equal to 35 g salt/1000g seawater). pfhgram OceanDataViétwas
used to read the data and create the map. Theakrgy illustrates the potential for
operating global sensor networks within the aquati@ironment. Further, profiling

floats are now being equipped with chemical sen€ors

The Argo array is building to a sustained set d@i®Bfoats, approximately one
per each 3 degree longitude by 3 degree latitudarbthe ocean. Given the richness of
biological and chemical processes, which produsgidutions with greater complexity

than temperature or salinity, we will need sensays with equivalent, if not greater



sampling density, to be able to resolve importaoiblgical processes in the ocean. On
continents, one might expect that chemical senstwarks designed to monitor transport
of nutrient elements from land to the coastal ocgaunld require sampling densities
similar to that used to assess water flow in steeafrhere are presently some 3600 real-
time stations operated by the United States GecdbGurvey to monitor stream flow in

the USA.

2. In Situ Chemical Sensorsand Analyzers

There has been an extensive effort to design claisensors and analyzers that
are capable of operating in situ. Much of this kvieas been recently summarized in two
volumes on chemical sensor systems for aquatiose®®’ ?® In addition, in situ
electrochemical sensors have been revietles, were chemical and biological sensors
for time-series researcfl. The two volumes contain chapters that descriggriaty of
continuous flow analyzers, electrochemical senantsoptical sensors for in situ
measurements of dissolved chemical species. Mdbitsowork remains focused on the
research required to develop prototype sensormgséad relatively few chemical
sensors are available that are robust enough @ineand widespread use in networks.
Here we focus on chemical monitoring systems thaehmatured to the point where
there are data records from instruments deploy¢deitield for at least one to two

months.
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Why are autonomous chemical sensors not in bragse# The scarcity is related
to the analytical challenge in making autonomotenulal measurements in natural
waters with complex background matrices againstkvtow analyte concentrations must
be detected. In the laboratory, these analyticallenges can be overcome through the
use of very sophisticated instrumentation. Thesepiex measurements often involve
several analytical steps and are the so calleddngited methods: for example, gas
chromatography-mass spectrometry, organic extragiraphite furnace atomic
absorption spectrophotometry, and isotope diluh@ resolution inductively coupled
plasma-mass spectromefrytVhile a number of laboratories have developetapde
instrumentation based on sophisticated methods asitGP-MS* they still require
frequent operator attention and, in many casey, riguire a portable laboratory on site
to provide power and clean working spaces. Indiemical sensors or analyzers that
can be deployed in network arrays for long timequs require much simpler and more

robust methods of chemical analysis.

A variety of approaches have been used to monitemacals in situ. Most
familiar are sensor systems in which the sampkraats directly with the sensor without
additional chemical manipulations. These incluéeteochemical sensors such as
membrane-covered Clark oxygen c&land pH electrodes. A variety of more
sophisticated sensors based on electrochemicalsasadre now possibféwhich enable
studies of chemical speciation in unique environsi&h Direct optical chemical sensors
are also becoming more common. Fluorescence gungnsénsors based on

immobilized platinum and ruthenium complexes arailable for measurement of
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oxygen®* **> Spectrophotometers can be used in situ for tfeeiletermination of
nitrate and sulfide using their distinctive ultraleit absorption spectfa®® All of these
instruments must either be extremely stable orlapaf self-calibratiofY in order to

produce quality data over long periods of time.

One of the major challenges to operation of chehsieasor systems is biofouling
of sensor surfaces. In highly productive coamstal estuarine waters, sensor surfaces
may be overgrown by organisms within a few weekgufe 3). The biofouling
organisms may create microenvironments that aftemical concentrations, block
optical paths and create barriers to the flow @noitals to sensing surfaces. A variety
of methods have been adapted to mitigate the sfteédtiofouling®® *° However, none
has proven universally successful and each systgmres empirical assessments to find

effective methods.

Simple sensor systems that are immune to fouliagalble of operating without
drift for long periods of time, and sufficientlylsetive and sensitive are not yet available
for most chemical species of interest in the aguativironment. As a result, in situ
chemical monitoring often requires more complexrimeentation, which is used to
perform multi-step chemical analyses in the samen®aas the familiar continuous flow
analyzers that are used on board ship. Theseimstits generally require more complex
apparatus with pumps, valves, fluidic manifoldgpasate detectors, reagent reservoirs
and highly trained operators. These analyzersféea based on the principles of Flow

Injection Analysis'® Reviewé! *?describe a variety of these in situ analysis syste
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In the following sections, we describe the chemseadsors that have been
deployed in situ, in lakes, rivers or the oceanwahath have data records that extend
over periods of at least a few months. Given timg ltime frames required to bring
chemical analysis systems to this level of matuthigse sensors are likely the main
candidates for deployments in the next generatiamemical sensor networks. We then
describe examples of the networks that are nowabipgrand which use these sensors or

analyzers.

2.1. Dissolved Gases other than LCO

A variety of sensors exist for dissolved oxygemaltgas pressure, and methane
that have demonstrated endurances in excess ohtnwhile deployed in situ. Sensors
for dissolved gases, particularly oxygen, are pobbthe most widely used of chemical

sensors in aquatic environment.

2.1.1 Dissolved Oxygen

Oxygen sensors are of particular interest becaligegole of oxygen in
metabolism. The dissolved oxygen concentrati@nighdicator of primary production
of fixed organic material and respiration of orgacarbor{> The depletion of oxygen
below critical levels is lethal to animals? Oxygen sensors based on a membrane

covered, amperometric electrode (the Clark eleetfpdre probably the most common
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chemical sensor system used in the aquatic scientasy are routinely used on
conductivity-temperature-depth,QCTDO,)/rosette sampler packages that are lowered
from ships to collect water and measure the vértisribution of temperature, salinity,
and oxygen. Handheld oxygen sensors are oftenfaseg@ot monitoring of inland

waters.

Biofouling in productive environments can requinattClark oxygen sensors be
cleaned or replaced at weekly intervals when tlieycantinuously deployef. Monthly
recalibration is required even in very low produitji regions of the upper ocedh.As a
result, there are not large numbers of long-termones from Clark oxygen electrodes in
the aquatic environment, although they are becommage common as solutions to the
biofouling problem are developed. The effectsiofduling on Clark electrodes tend to
be least severe in lakes and they have been usedgerm studies of primary
production under ice in northern lak€s.In estuaries and the ocean, the applications
include studies of gas exchanyand respiration and primary producti®r’ during

long-term deployments.

Deployment of oxygen electrodes on vertically gnodj platforms, such as
floats™ and gliders?® greatly alleviates the fouling problems in maramironments.
These platforms spend a substantial fraction oé @tdepths below the euphotic zone in
waters where biofouling is not severe. For edamonsider results obtained with the
first profiling float equipped with a modified SeabElectonics SBE43, which is a

membrane-covered Clark oxygen electrode. Thid fh@s deployed as part of the Argo
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array (University of Washington float 0894) neag thawaii Ocean Time series (HOT)
statiorf® at 22.75°N, 158°W in August of 2002. Float 08%ited at a depth of 1000 m
and profiled to the surface at 10-day intervalsifearly 3 years, reporting more than 100
oxygen profiles. Before every fourth profile, theat descended to a depth of 2000 m
and then rose to the sea surface. As can beséggure 4, float 0894 remained in the
vicinity of the Hawaiian Islands for most of itsy@ar drift, only breaking away to the
west during its final 10 profiles. This allows amngful comparisons to be made with

monthly shipboard measurements at the HOT station.

A profile of float 0894 from 2000 m to the surfg€egure 5) shows the typical
distribution of temperature, salinity, and dissol\@ in the North Pacific. All three
variables take on their maximum values near thessdace. Temperature decreases
monotonically from the surface to 2000 m. Saliribd dissolved ©show a decrease in
the upper ocean with a mid-depth minimum near 5@0rmsalinity and 800 m for
dissolved Q. The subsurface ninimum is due to a balance betweenitiputs from
the atmosphere and biological production at thesgeface, and its loss by respiration in
the ocean interior. High oxygen concentrationthandeepest water are produced by the
high solubility of oxygen in cold water masses tsiak from the surface in polar oceans
and spread into the deep basins. Measurementsaale at 71 different pressure levels
(note that the pressure at the bottom of a 1 noelemn of seawater is almost exactly 1
decibar, so that the depth given in meters andspresn decibars are essentially
interchangeable numerically) and the vertical distions of each property are well

resolved.
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There is a seasonal cycle in dissolvedc@ncentration measured at the sea
surface near the HOT site (Figure 6a). This ciglarimarily controlled by the seasonal
cycle of sea surface temperature and the temperdtpendent solubility of On
seawater. The {Bolubility at the sea surface is highest durirgwlinter, when the sea
surface temperature is a minimum. ThecOncentration steadily increases early in the
year as atmospheric,@quilibrates with surface water. As the tempegatises in the
spring, the water becomes supersaturated witla by late spring or early summer
dissolved Qis removed from the surface waters by outgassirige atmosphere. This
seasonal cycle is seen in both the HOT shipboarst&ion data, which is collected at

the same site each month, and the surface datapirofiing float 0894 (Figure 6a).

While the temporal variability in the shipboard diuht O, observations is
similar, the actual measured values of dissolveth@he two datasets differ consistently
by about Sumol/kg (a 2.5% offset), with the shipboard valuesally higher. Since the
shipboard values are determined manually from hlfigccurate Winkler titratior’
they are presumed to be correct. The offset ightyuconsistent with the manufacturer’s
specifications for the SBE oxygen sensor of indieturacy of 2% of the saturation
value. A similar finding emerges for the deep water: ¢hisrno systematic divergence
over ~3 years time at 2000 m between the shipboaatsurements and those collected
from float 0894 (Figure 6b). This again suggestslibration offset on the float sensor,

but again the lack of systematic sensor drift &/gears is highly encouraging. This is
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an important finding and bodes well for the usswth sensors on profiling floats, where

the sensor is unattended for periods of 5 yeansare.

The problems created by biofouling have led to marable effort to develop
even more robust oxygen sensors based on altezrtatitinologies. Oxygen quenching
of fluorescent compounds containing metal ions saschuthenium or platinum is one
extremely promising technology. Fluorescence sensors do not consume oxygen and
they are less sensitive to fouling that altersdifi@sion rate of oxygen through the
membrane. At least three commercial products usitsgprinciple are now available for
in situ measurements. Fluorescence-based seresp@nd to oxygen partial pressure, as
opposed to oxygen concentration in electrode systerhe fluorescence quenching is
generally not linear, which makes calibration soinaiwmore complicated in these
systems. Fluorescence-based systems may also lsuiifeterm drift due to photo-
bleaching of the dye and leaching of the dye frommatrix used to immobilize it.
Robust, long-term deployments have required systhatisuse fluorescence life-time
measurement methods. Lifetime measurements arly maaune to loss of the
fluorophore due to photo-bleaching or other proessghen compared to direct detection
of fluorescence intensity. Lifetime-based flu@@&sce quenching oxygen sensors have
been deployed for time periods in excess of one with no significant drift> >? For
example, measurements of dissolved oxygen in thithMdlantic Ocean were made over
a time period of 600 days on a profiling float béttype described above (Figure’Y).
Measured oxygen concentrations at a depth of 1800hare little change was expected,

averaged 295.0£0.7 (1 standard deviation) uM dweentire period. Further, some of
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the change appears to be related to changes in mass properties, identified by
independent observations of density (Figure 7)esElresults suggest that oxygen
measurements with a precision near 0.1% may bealtle over time periods greater
than one year. Such capability would enable cetepyt new methods of observing

primary production and respiration in the oceakes$aand rivers.

In addition, it is now possible to utilize noveavweforms in voltammetric sensors
to measure oxygen without using membranes to prtteclectrodes from fouling.
Unprotected electrodes may have a variety of adwgm®, particularly a faster response
rate> Better response rates will be key to utilizatidroxygen sensors for applications
such as the long-term measurements of oxygen fitaxsediments by the eddy-

correlation method®

2.1.2 Methane and Total Gas Tension

The gas tension device (GTD) uses a rigid, gas @aiole membrane and a stable,
high precision pressure sensor to determine tla¢ po¢ssure exerted by dissolved
gases® The signal detected by the GTD is dominated g Q in natural waters. If
oxygen measurements are available, then its comiitbocan be subtracted from the total

gas tension to yield the Nartial pressure.

GTD instruments are available commercially and Haeen successfully used on

long-term ocean mooring deployments to deconvdieevarious processes that may
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change gas concentratiolisFor example, oxygen saturation may increase @ue t
biological oxygen production or due to seasonalwag that reduces the oxygen
solubility with no actual change in concentratiddeasonal warming will also increase
the percent saturation of dinitrogen gas. Parallgkeases in oxygen and dinitrogen gas
saturation are, therefore, indicative of warmiragher than biological production.
Oxygen and GTD sensors has been used on open mogaimgs at the HOT station near
Hawaii to compute primary production rates aftarecting the observed changes in
oxygen for the effects of seasonal warming thaevestimated from changes in the
degree of Nsaturatio’® These instruments have very good, long-termilgtatalbeit a
slow response time that is required for gas taidéfacross the rigid membrane. Efforts
are underway to adapt GTD’s for oxygen sensingdoyldbing oxygen inside the

instrument.

Methane is of considerable interest in aquaticreme because of its heat trapping
properties in the atmosphere and the role thatanethydrates may play in regulating
production of methane in the ocenMethane sensors are commercially available that
utilize a rigid, gas permeable membrane to sepaases from water and a
semiconductor methane sensor to measure concentmtihe gas phase. The systems
have been used for a variety of studies, incluthng-term measurements of methane in
ground water entering the coastal oc&ahe rigid membranes required for high

pressure applications also limit the responseaftieese sensors to ten’s of minutes.
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2.2 Inorganic Carbon System

Understanding the long-term variation in the mdsanthropogenic carbon
dioxide stored within the ocean, the fluxes of&0ross the air-sea interface, and the
rates of biological processes that move carbohdaaleep sea are leading challenges in
biogeochemistry. Complete characterization ofdissolved, inorganic carbon system
requires measurement of two independent carbonddiggarameters and a thorough
understanding of the thermodynamic equilibria fodéase chemistry in the solution
under study. The parameters measured in the lalvgiaclude the partial pressure of
carbon dioxide in solution (pG) pH, total inorganic carbon (TGYPor titration

alkalinity (TA).

2.2.1 CQ Partial Pressure (pGPD

The partial pressure of GQas dissolved in water is currently the only irsonig
carbon parameter that is regularly measured infertlong time periods. A variety of
optical sensors have demonstrated high qualityp@€asurements with endurances of
many months on moorings and drifting bud$s® °° In order to be broadly useful, these
methods must have an accuracy of 1 ppm pC&everal methods for pG@heasurement
are based on equilibrating seawater carbon dicatdess a gas-permeable membrane
with a solution containing an acid-base indicatget °* The pCQ is then determined
from the absorption spectra of the acid and based®@f the indicator dye. Response

rate may be limited to 30 minutes or more if trass entirely by diffusioff? To
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overcome slow response rates, a pump may be ugettitalically flush the optical path

and refresh the indicator solutiéh.

Combining information from sensors for several cloahs can be especially
useful for interpreting the biogeochemical proceseeaquatic system¥. >° Figure 8
shows a 3.5 month time series of measurements ©f p@d dissolved oxygen at two
depths in a small lake that was initially ice cadY’ The combination of multiple
sensors at several depths showed a surprising s#revents during the spring ice melt.
The vertical gradient in chemical properties dissgypd before ice melted in late April
(Figure 8). This indicates convective overturrired water column. These convective
processes could not be easily observed with madktimnal temperature measurements
as the water column was nearly isothermal. Thelreverturning was followed by a
period of vertical mixing events that supplied Bamounts of nutrients to the sunlit
waters under the ice, resulting in high primaryduction rates. These processes have

not been observed in programs based on manual isgmpl

Direct measurements of the carbon dioxide molditraalifference between the
atmosphere and seawater, from whiitCO, = pCQ[seawater] — pCO2[air] is
calculated, have been made using dual-beam inf(#Rddjas analyzers on moorings.
In this system, carbon dioxide dissolved in seamiatequilibrated with an isolated gas
volume using wave energy to provide mixing in tiyeigbrator. The IR analyzer then
measures the absorbance difference between oroalogil filled with gas quilibrated

with surface seawater and one cell filled with aenbiair. The equilibrator cell is
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periodically filled with ambient air to calibratkd offset between the two beams.
Measurements dipCQO; using this method have been made continuouslydar-long
time intervals on several of the TAO/TRITON moosrig the equatorial Pacifié. A
similar system, combined with a Clark oxygen senisas been used for shorter periods
to examine the processes that control net ecosystetabolism in a large number of
northern lake&? Instruments based on measurements in the gas phagenerally

limited to deployments within a few meters of tlea surface.

2.2.2 pH and Other Inorganic Carbon Properties

To fully characterize the state of inorganic cark@solved in seawater, which
would allow calculation of carbonate and bicarberaincentrations, one additional £0
system parameter must be measured. Seawater pdtiraeeents with glass
potentiometric electrodes are most familiar. Whitgificant improvements have been
made in the endurance and stability of pH elecsptlere remain significant issues with
drift and stability during pressure and temperatagations. There are few long-term
studies with potentiometric pH sensors that hae&led useful data in natural waters.
Measurements of pH using optical measurementspiitsensitive dyes have generally
replaced electrode measurements for high precistipboard studie¥. In situ pH
measurements using spectrophotometric procedusasoar being made on an
experimental basi®. Measurements of TGGnd TA with in situ analyzers are still in

development’
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2.3 Nutrients

Measurements of dissolved plant nutrients (e.gateif ammonium, phosphate,
orthosilic acid/dissolved silicate ion) are an esisé component of most biogeochemical
studies. The availability of these nutrients is ginoximal control of primary production

in most aquatic environments.

2.3.1 Nutrient Analyzers

A variety of adaptations of the standard colorineatrethod&® for nitrate
(reduction on cadmium to nitrite and determina@sran azo dye), phosphate and silicate
(as reduced molybdate dyes) have been developa&d $du analyses. These systems
operate as continuous flow systém& "*similar to an unsegmented continuous flow
analyzer or as batch analyz&tsSeveral of these instruments are available
commercially. The basic hardware in these systoansists of pump, valves, fluidic
manifold and a colorimetric detector. These congnds can be assembled in a variety of
ways and, with relatively minor modifications, stpossible to use one set of hardware
for a variety of analyses. Systems that use osalbtipowered sample and reagent
pumps® requiring no external power source, have beentaddpr year-long
measurements of iron in hydrothermal vent systemigpths in excess of 2000 M.
Most systems are designed to be recalibratedurasiperiodic intervals by substituting a
blank and standard for the sampfe?? This can be done with stream selection vabres

with individually selectable pumps for each solatio
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To date, most of the published, long-term measunésna situ analyzer systems
have focused on nitrate. Colorimetric nitrate gsial systems have been deployed in the
open ocean for up to 4 month periods. These sgskave been used to demonstrate the
impacts of eddi€s$ and planetary (Rossby) wavésn the upward transport of nutrient
from deep water into the euphotic zone, and theegient impact on the phytoplankton
community (Figure 9). In the coastal zone, moonéite analyzers have been used to
study vertical nutrient transport by internal wa¥&and the impact of lateral nutrient flux
through estuarié® "*and through the North Sé&a. Colorimetric nutrient analyzers have
been primarily deployed from piers or mooringszeSpower, complexity and cost
would all impact the feasibility of long-term deptaents on other types of platforms

such as profiling floats.

2.3.2 lon Selective Electrodes

lon selective electrodes have not often been usgelyvon autonomous
observing systems because of the difficulty in keggystems in calibration and because
they often lack sufficient specificity in marinessgms with high salt backgrounts.
Monitoring systems that utilize ion selective etedes for long time periods generally
include a capability for autonomous recalibratidhe system every few houfs.
However, new sensor membranes are being developedwproved performance. For
example, a new nitrate electrode system using NiNallylleucine betaine chloride

immobilized in a polymer membrane has been develdpat exhibits long-term
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(months) stability.” Diurnal nitrate variations were found over a tmonth period with
this electrode during low flow conditions in thevRi Taw, in the southwest United
Kingdom.® These diurnal concentration changes were substiyuwerified with an
intensive 90-hour discrete sampling program. &Danube River, continuous hourly
measurements of nitrate concentrations over andrithhmperiod with ion selective
electrodes recorded weekly concentration variatimew the Vienna, Austria waste
water treatment plant that were 50% of the meamesd! Ammonium concentrations
show daily variations that were 100 % of the meamcentration value, with “spot

events” or spills that were 300% higher than theamdH, concentration values.

2.3.3 UV Optical Nitrate Sensors

Recent developments in opto-electronics now magessible to measure nitrate
in seawater directly using its UV absorption spetif' ** Such measurements require no
chemical manipulations and will greatly extend fisibility of routinely monitoring
nitrate. The optical systems require approximabely 10 W for continuous operations,
but operation on a reduced duty cycle of aboutcBseés per complete measurement
cycle makes year-long deployments feasibke significant issue with all long-term
deployments is the ability of the sensor systemetoain in calibration over long-term
deployments. Nutrient analyzers solve this pnaoblg carrying blank and standard
solutions on board and periodically substitutingse solutions for the sample. UV

optical sensors can solve this problem by meastii@gbsorption spectrum with high
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resolution. The spectrum contributed by foulingésarly linear and can be deconvolved

from the absorption signals due to nitrate andrdthé-absorbing compounds.

Long-term deployments of optical nitrate sensorgehzeen used to calculate
daily changes in primary productidh.Hourly measurements of nitrate on moorings
show a diel cycle in nitrate concentration thatrsated by daytime uptake of nitrate
during photosynthesis and restoration at nighthysical processes (Figure 10). These
changes in nitrate can be used to estimate th@fatrbon uptake and incorporation into
living particles because the ratio of nitrogen aobon in phytoplankton is nearly
constant. The daily estimates of primary producfrom nearly three years of
autonomous nitrate measurements show a consig@ssal variability that is regulated

by the rate of upwelling (Figure 10d).

2.4 Empirical Sensors

There are empirical relationships between sensgokpties and chemical
concentration that can be used to determine thieliison of chemicals in space and
time. For example, it has been shown that theaarédatively constant proportionality
between light scattering detected with a transmmeter and the concentration of
particulate organic carbon (POC) in seawdfeiThe proportionality occurs in open
ocean waters because there are few sources afleaither than in situ production by
phytoplankton. This correlation has been usedakanong-term observations of POC

with transmissometers on profiling floats in thertiicPacifi¢' and Southern Ocedh.
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These measurements have been used to monitor pidat phytoplankton biomass
following soil-aerosol deposition events in the thdPacific that release phytoplankton

from iron-limitation®!

3. Chemical Sensor Networks

Considerable work is underway to develop enviromiaesensor
networks®> #n this section we present examples of chemicaa@enetworks that have
been operated in the aquatic environment for peradat least one month with sensors at
multiple locations. There are many challengesuiiding a network beyond that of
developing and operating the sensor for extendedgse These challenges include
providing a platform on which to deploy the senSof: providing power and
communication&? and controlling biofouling® Operating a complete network involves
much greater complexity than chemical analysisalddowever, here we focus only on

chemical sensing.

Most of the systems with chemical sensors thahavein place are focused

around oxygen sensors, which are deployed in [¥k&%estuaries®®

or coastal
water§® to address water quality issues that result wixggen is depleted in eutrophic
environments. In the following, we focus on acdeexamples that illustrate the next
challenges in chemical sensor deployment as we meyend oxygen sensor

deployments in environments that are relativelyeasible. These examples emphasize
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sustained observations in difficult environmentéuch of this work is based on newly

developed capabilities.

3.1. MBARI/NOAA pCO; array

In section 2.2.1, we described the technology¢hatbe used for measurements
of the sea-air pC&difference. Measurements dpCQO; in surface seawater represent
the longest record of autonomous, chemical measmenin the marine environment.
Measurements on moorings in Monterey Bay bega®®Y land extend through the
present? These long-term measurements allow the effedisf@quent events on
carbon dioxide transfer from the air to the seahsas the El Niflo/La Nifia climate
oscillations, to be assessed in cod$ehd open ocean environmefis.The pCQ of
recently upwelled water is generally very high hessarespiration of organic carbon in
sinking patrticles releases carbon dioxide intodbeper waters. As a result, p£©high
in the equatorial upwelling zone and in recentlyalbed water of the eastern boundary
currents along the US west coast. However, dUEingifio events, reversals in wind
direction along the equator send warm water aslarkeave from the western to the
eastern Pacific and then poleward along the comiiié This warm water deepens the
thermocline and, although upwelling favorable wikedsatinue along the California coast,
the upwelled water does not have elevated carlmnddi concentrations. Chemical
sensor measurements on moorings off the Califawo#ést show that these effects reach
the Monterey Bay region and appear as an annualdoerth no large increases in

surface pC@during El Nifio years (Figure 11j. Such processes can alter the air-sea
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transfer of carbon dioxide by large amounts. Iatoration with NOAA scientists, this
network has been extended to include moorings fimout the Pacific Ocean that are

operating in real-time (Figure 12).

3.2. Trans-Pacific Sections of Dissolveg Measured on Argo Profiling Floats

The largest sensor network now operating autonolmaushe ocean is the Argo
array of profiling float$> As discussed above, Argo is primarily an expeninuesigned
to map the fields of oceanic temperature and sglover the globe in order to determine
the ocean’s role in the global balance of heatfeeghwater. The float array enables
decadal-scale changes in these fields, which arerdby climate change, to be directly
observed. In recent years, some floats have kepgpped with dissolved £3ensors.

The goal of this work is to examine sensor perforoesover times of a few years and to
begin to plan future efforts, where the issue oboa cycling and its relation to climate is

likely to be more prominent.

As discussed in Section 2.1.1, profiling floats énéeen deployed using both
optical sensors (the Aanderaa Optodend electrochemical, Clark-c€lensors.
Deployments on floats have demonstrated advantaggsdisadvantages to each of these
sensor types. Optode sensors on floats have ptovamextremely stable over times of a
year or more (Figure 7§:* Electrochemical @sensors on floats, manufactured by
SeaBird Electronics (SBE), have exhibited moreateon. Very little drift has been seen

with some sensors over times of several years (&igh), but the mean drift for a large

29



number of sensors is greater than that observdtdtiagt Optode sensors, as we discuss
below. The Clark cell, however, uses considerédsdyg power in a float configuration
than the Optode, an important issue since floatst fioenction unattended over times as
long as 5 years. At this point in time, the Argomenunity is actively exploring the

optimal sensor configuration.

In late 2005, a line of 22 University of Washingtargo floats equipped with
SBE dissolved @sensors was deployed across the South PacificlQasahown in
Figure 13a. This was the first attempt at deplgyoch a large number of floats with O
sensors at one time for the purpose of examiniagéniability of dissolved @over
basin scales. All of the floats were parked dépth of 2000 m and profiled to the
surface at 7-day intervals. A trajectory of oneh#f floats (Figure 13b) shows typical
motions at 2000 m in this portion of the world atedéhe most prominent features are
transient motions (eddy variability) that are usuaeveral times larger than the weaker
mean circulation. These currents dispersed tteg 8oay weakly over the course of

several months.

The G sensor drift for each of the 22 South PacifictBoaas estimated from the
measured oxygen at 2000 m for each profile, mihasrtitial 2000 m @value (in order
to remove the initial offset) (Figure 14). Theu#s indicate that the drift over the first
18 profiles for 20 of the 22 floats ranged from e@Oumol/kg towards lower values, a
relative change of 0 to 6% (somewhat above the faaturer’s specification). The two

exceptions were floats 2340 and 5025 (Figure @) etratic drift in the oxygen
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measurements reported by these two floats resuggests major @sensor problems.

For 20 of the 22 floats deployed (>90%), the SBES€nsors performed reasonably well.
These results illustrate one of the strengthss#resor network. Unreliable sensors can
often be identified if they exhibit behavior thatinconsistent with other members of the

array.

Data from the first 150 days after deployment &@as for one sensor deployed
on float 2348 (Figure 15), whose trajectory is showFigure 13b. The £data from
profile to profile are quite consistent, formingght temperature-grelation. At
temperatures in excess of aboutCrthere is some profile-to-profile variability,
indicative of seasonal variations over the 150 alagervation period. At temperatures
below about 5C, where there is little seasonal change in oxygertentration, there is
very little profile-to-profile change in the temp#uire-Q relation (no more than about 2

pmol/kg).

The South Pacific at these latitudes has previdosgn only sparsely explored.
A comparison between the historical database amélaht-derived @estimates is not
possible for the upper ocean. The seasonal aythe upper ocean is too strong, and
the variability in the historical £database is too large for meaningful comparisonset
made. Since dissolved oxygen has no seasonal alythe parking depth of the floats,
however, it is possible to compare the float mezm@nts of @at 2000 m with the
historical data (Figure 13a). The first measu@edalue at 2000 m from each of the

floats has been compared in Figure 16 to the v@ddured from the 2000 mO
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climatology, based on shipboard measurementsedtdat position (Figure 13a). The
float-derived Q values at 2000 m are generally lower than theatlogy, as was also
the case with the HOT comparisons (Figures 6a ahd 6There are several possible
explanations for these offsets. First, thecdimatology shown in Figure 13a could be
incorrect, due either to faulty historical data ppiag errors, or real changes in the deep
O, distribution in the S. Pacific in recent decadesch of these potential causes seems
unlikely, since the historical data used here aw@\n to be of excellent quality and
other, more recent shipboard measurements indgiem show values consistent with
climatology. The contouring scheme shown in FiglBeesults from objective analysis
of the historical data using a 300 km Gaussianetation function. A hand-contoured
plot of the deep ©in the region is similar to Figure 13, suggestimgt this cannot be the

cause of the apparent difference in data from iffieroshg methodologies.

It is possible that the discrepancies in Figureefi®ct a problem with the initial
calibration of the @sensors at the factory. This would seem to bikeig| since each
sensor is calibrated in a temperature-controlled,b@here sensor-derived values are
compared to samples pulled from the bath and thalyzed by the Winkler method.
Finally, it is possible that the float;@ensors could age after leaving the SBE factory.
One of the features of the SBE oxygen sensor islieg are always polarized with an
internal battery. Since the chemical reaction leyed in the Clark cell is operative in
air as well as seawater, continuous sensor degoadatpossible, although the sensors

are in most cases deployed within a few monthsofdmanufactured. Presently each
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of these scenarios is being investigated in oml@stess the cause of the initiald@fsets

seen both at Hawaii and in the S. Pacific floaadat

There is seasonal variability in dissolvegl@ong the upper portions of the
section (Figure 17) that is substantially largertithe apparent sensor drift of ~5
pmol/kgly. Throughout the period of November 2@@%ugh March of 2006, the
western S. Pacific had relatively high dissolvedr©the upper 200 m of the water
column and lower values in the eastern S. PacBelow 200 m, there is evidence of low
O, water in the eastern portion of the section. Bigsal intensifies through the austral
summer as low oxygen water is transported polewabmadg the continental margin. The
first profiles (in early November of 2005) wererfidate spring, and the dissolved i@
the upper 150 m reached very high values, in exae260umol/kg in the upper ocean.
By mid-January 2006 (one month into austral sumpaerjhe water warmed,@as less
soluble in near surface waters. The surfaggdlues decreased by 20-@thol/kg. Two
months later, in mid-March 2006 (near the end strali summer), the surface Gad
decreased by an additional gthol/kg over much of the South Pacific. It is aipated
that these instruments should continue to opeaatthfee to four more years and, as long
as they do not disperse far from their initial piosis, it will be possible to monitor the
variability in dissolved @across the South Pacific using data from thes#ipgpfloats.
This will provide unprecedented views of oxygenliygon the scale of an ocean basin.
It will also be possible to assess the performdinuiés that will characterize relatively

large chemical sensor arrays.
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3.3. TheRiverNet System: Monitoring Nitrate Flux in Rivers

Human induced changes in the nitrogen cycle on'fatfd®are recorded in the
nitrogen flux of rivers, which integrate the landpe processes in their drainage basins.
Increased rates of anthropogenic fixed nitrogemlpeton have caused a four- to five-
fold increase in the fixed nitrogen flux in the Missippi River basin and in watersheds
around the Baltic Sea, but have had little effedilortheast Canada or Hudson Bay
watersheds. Nitrogen fluxes have increased 8 toltidn the heavily populated regions
of the Northeast United States and Northern Eurdpthe release of reactive nitrogen
(N,) into the environment is proportional to human yafion growth?' then ~570 Tg N
y'* of N; will be released by 2050. This is ~2 times thedieased globally in 1858:**

These changes will be recorded by the N flux iensv

Most river monitoring programs rely on monthly oeekly sample&? which
under-sample many water quality variations. Fa@neple, intensive 2-hour sampling
over a 102 day period in the River Maine, Northieetand showed that the
concentrations of soluble and particulate P andtatN were significantly related to
short-term variations in floW? Using log-load, log-flow relationships, the loadtors for
weekly sampling of the River Main, relative to tmgh frequency samples, ranged from -
20% to +45% for fixed N and P loadfs. These results suggest that monitoring at weekly
or monthly intervals, which creates a bias towdogsflow conditions, can produce large

errors when estimating river nutrient loads. Hoarewnore intensive river sampling
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programs cannot be easily sustained and in situtororg systems that make

measurements in the water and transmit data daity real time are required.

The RiverNet program was created in 1999 to contisly monitor water quality
and nitrate flux in the Neuse River basin of NdZdrolina on the Atlantic Coastal plain.
Nitrate concentrations and discharge measurementsieen made for 5 years at 8
different stations by the RiverNet program (htpzérnet.ncsu.edu). During the 2001 to
2004 period, nitrate concentration measurements ywade hourly with WS Envirotech
NAS 2E nitrate analyzerS. The NAS 2E requires chemicals and standardsatieat
prepared and maintained with sterile techniques/tind loss of nitrate in standards. The
NAS 2E can make ~720 unattended measurements watbl@mical payload, so it must
be serviced every three weeks for hourly intervahsurements. Stage measurements
were made every 15 minutes by a USGS gauge si@atiary S| 9620 Sonde, and
converted to discharge with standard rating cuee@rtiques. Nitrate concentrations
were interpolated to 15-minute intervals and corabiwith the discharge measurements
to estimate flux. In 2004, Satlantic ISUS UV ai&r analyzers similar to those described
by Johnson and Colettivere deployed in the basin and used to make memsmts
synchronously with the stage measurements at 1&tmintervals. The UV nitrate
analyzers are sensitive to sediment accumulatiorte@optics during high flow turbidity
events. This problem was addressed by cleaninggties with a high pressure water

pump before UV measurements are made.
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Five-year records of nitrate concentration andrrilev are shown at a station
below a large waste water treatment plant in thgeuBasin (Figure 18a), and in the
lower basin just above the Neuse River estuaryu(€id8b). Large variations in nitrate
concentrations were observed throughout the 5+geards at each station in the Basin at
all frequencies that were sampled. These condentr@ariations are found during high
and low flow conditions and may bias flux estimat@&® illustrate the potential bias of
under-sampling the high-frequency nitrate conceioinasariations, daily grab sample
results were compared to NAS-2E measurements alyhotervals and ISUS nitrate
concentration measurements at 15 minute interwads @four day period at a station in
the upper basin of the river (Figure 19). A 0.4&/lnmoncentration spike is seen in the
highest frequency data. The daily sample intemsblved only a 0.1 mg/l concentration
change over this same period, while the hourly sammperval resolved a 0.25 mg/I

concentration peak.

Improved monitoring technologies with higher tenmgdaesolution are required to
eliminate errors in our N flux estimates from watexds, particularly in watersheds
affected by waste treatment plant point sourceswever, there is much that remains to
be learned about N flux in watersheds. It mayha¢ the nitrogen concentration
variations or “noise” seen in high temporal resolutconcentration records is actually a
signal that can help identify the importance ofaté#nt N sources on a watershed scale.
Managing surface water quality will be crucial hetfuture as population growth

increase sewage discharges into surface watergsagundwater resources are over
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committed or contaminated. Accurate surface waiatity monitoring will be essential

to make policy decisions to meet our populationé&ex resources needs in the future.

3.4. Land/Ocean Biogeochemical Observatory

The large nutrient loads carried by rivers are $aclinto the coastal ocean
through estuarie3® These regions are difficult to monitor with sciéint temporal
resolution because the interactions of river flodal oscillations and stratified water
columns can produce rapid changes in concentra#ionexample of an operational
estuarine observatory that is capable of providiregchemical measurements that
address the coupling of nutrient inputs and ecesysesponse at the appropriate spatial
and temporal scale is the Land/Ocean Biogeocher@ibakrvatory (LOBO) located in
Elkhorn Slough, CA. The watershed is dominateddvy crops and the climate allows
two to three harvests per year. The observatawor& consists of moorings deployed
throughout the 11 km waterway that extends inlanthfthe Monterey Bay coastline
(Figure 20). Each mooring is equipped with phylsical chemical sensors and a
telemetry system for data transmission via a waeleetwork. Nitrate and oxygen are
measured with optical sensdrd> Data from each instrument is collected hourlyaby
microprocessor-based mooring controller and trattethby wireless radio to a computer
at the Monterey Bay Aquarium Research Institut®loss Landing, CA. Once the data

is received, it is made available through the me¢athttp://www.mbari.org/lobo
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The 2.5 year-long data set from the LOBO LO1 maptocated approximately
1.5 km inland from Monterey Bay (Figure 20) revdals relationship between nitrate,
salinity and rainfall in the lower estuary (Fig@#). Nearly all of the rainfall comes
during winter, and each of the three winters tlaatehbeen monitored autonomously with
the LOBO network are characterized by periods ghmitrate concentrations and low
salinities. The maximum nitrate concentrations @9 4 M) occur during or after rainfall
events and can be more than an order of magnitgtierthan typical surface marine
waters (0-20 uM). During long periods with little o rainfall (typically May through
November) the nitrate concentrations are much ldhem the winter values. The high
nitrate concentrations and low salinities are poeduby runoff from the watershed that

flows through cultivated fields and strips fertdiz from the soil.

Surprisingly, brief periods of low salinity and higitrate can also persist during
summer (Figure 21 and 22). A mechanistic undedstgnof nitrate inputs was identified
by examining data from across the chemical senstwark at short timescales. Data
from the sensor network records high nitrate, lalingy water moving from the mouth
of Elkhorn Slough towards the inland regions dutimg rising tide (Figure 23). High
nitrate pulses first appear shortly after low tad¢he LO1 mooring near the mouth of the
Slough. These pulses appear at the LO4 mooringdrSlough later on the tide (Figure
23). They reach the LO2 mooring at the head oSloaigh at high tide. The two
freshwater point source regions of Elkhorn Slough@arneros Creek at the head of the
waterway and the Old Salinas River near the Mokithufe 20). The data shown in

Figure 23 demonstrates that the high nitrate pudsgamate at the Old Salinas River in
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the lower estuary and propagate landward, a rédsatlis contrary to intuition. The
salinity at the LO3 mooring, close to the Old SadirRiver, fluctuates between nearly
fresh and nearly marine water over the daily t@ale during all seasons of the year.
This results from the tidally driven flow of salyater from Monterey Bay flowing
upstream to LO3 at high tide, and freshwater froen®Id Salinas River that flows past
the mooring towards the ocean during low tide. iDmthe dry season, the freshwater
source is irrigation runoff from the intense aglicte in the Salinas Valley. In wet
periods, the freshwater comes from precipitatiat tlows over and through the fields.
This produces a high nitrate/low salinity sourcevater at LO3 (Figure 22) that enters
the mouth of Elkhorn Slough during low tides. Thigh nitrate/low salinity water is
then carried inland by the rising tide. The n#rkttading in the source changes on a

seasonal basis as the balance between irrigatiter @wad precipitation changes.

The nutrients carried into Elkhorn Slough are luhke elevated rates of primary
production, and this must influence the daily chemnign oxygen concentratidn.
However, the diel variation in £Zoncentration may also be influenced by transport
processes. Long-term observations with a senswaonie are key to the deconvolution of
the important frequencies that drive spatial amgp@ral variability of Q. For example,
O, concentrations in the main channel exhibit regeatpatterns in diel variability that
fluctuate at the spring-neap tidal period of 14gdéigure 24). The diel Gamplitudes
are determined by how much contact the marsh lhads with the water, and how fast
the water and its accumulated oxygen is flushedbtlte system. Thus, variability in

oxygen concentration reflects both the productigitgl respiration rates in the upper
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regions of the slough combined with timing and sizéhe tide. During the time period
shown in Figure 24, the photoperiod occurs durigi tide, so that the subsequent ebb
tide has a high oxygen signal that is characteradthigh daytime productivity in the
upper regions of the slough. At other times ofytear the photoperiod has changed
phase with the tide, and high tides occur durirgrtight. This produces the opposite
results in the patterns described above; the dighbility occurs with low @
concentrations at low tide, the gradient ofi©towards lower concentrations in the upper
slough, and the spring-neap pattern in averageasxyglues is representative of periods

with high respiration rates.

4. Conclusions and Future Prospects

In this review, we have summarized the work thdteig done to develop
chemical sensor networks that can be used forisestand autonomous observations
within natural aquatic systems. There is now ao§ehemical sensors that are clearly
capable of operating in situ for long periods ofdi These sensors have demonstrated
remarkable performance under very strenuous camgiti They validate the feasibility of
making accurate chemical measurements in diffealironments for long time periods
with no human intervention. While the data retarbg these sensors, in some cases, do
not match the highest precisions and accuracialbleawith laboratory measurements,
the continuous data records that they return cavigle a much broader perspective on
environmental processes. The situation is, in s@gards, similar to measurement of

ocean chlorophyll concentrations using satelliteakamcean color sensors. The satellite
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measurements at any one surface location are adiras precise or accurate as
laboratory based measurements of chloropfiytowever, the global picture returned by
satellites is much richer and reveals processesthéd not be detected by ship-board
sample collection. In this same sense, the datahtve been returned with autonomous
chemical sensor systems have provided an unpreteetieiew of biogeochemical

cycling that could not be obtained with conventisampling. It is clearly possible to

consider the operation of global-scale chemicassenetworks.

The technologies that enable long-term, autonomsbagsrvations will be
expanded to additional chemicals. A particulaitgivneed exists for pH or other carbon
system sensors that can compliment the existing@@sors and which can be used for
profiling to ocean depths. In situ sensors alsoaestrate the role that chemical
speciation plays in determining bioavailabilityexfologically important chemicafs.
Measurements of chemical speciation have not y&t beade in situ for long time
periods, but there is a critical need to develap ¢apability. Long-term, in situ
measurements of trace elements such as iron arerétisal for our understanding of the
role that they play in structuring aquatic ecosyste Efforts to develop in situ analyzers
that are capable of detecting trace elements ahaobmolar concentrations, which are

typical of the marine environmehgre just beginnind’

Existing sensors can also be adapted to additpdatdbrms. For example, it
appears to be straightforward to modify opticatlaté sensors presently employed in

moored applications for use on profiling flodtsn combination with oxygen, this would

41



allow observations of the processes that drive grynproduction (nutrient availability)

and the ecosystem response (oxygen productiona@msimption). However, it is also
clear that most chemical species will still havééoanalyzed in samples that are returned
to the laboratory. The rate of progress in deveal@pew sensors capable of long-term
operation is not rapid enough to anticipate theetwhen a much broader suite of
chemicals can be sensed autonomously. One ofghiéicant roles of a long-term
chemical sensor network will be to provide the eafiial information on variations in
major biogeochemical processes within which moceised environmental studies can

be made using more complex instrumentation.
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Figure Legends

Figure 1. Measurements of temperature, nitratecatatophyll made at hourly
intervals for one year on the M1 mooring 20 km lodie in Monterey Bay, California.
Nitrate was measured with a nitrate seris@hlorophyll concentration was calculated
from the attenuation of sunlight at 490 nm betw#ensurface and 10 m. Measurements
of nitrate and chlorophyll in samples collectedmrtéa mooring at approximately 21 day

intervals are shown as open circles. Adapted fiohmson et 4l.

Figure 2. Salinity measured on the Practical SgliBcalé* at 200 m depth in the
Pacific Ocean. The map was contoured using thgrano OceanDataVietv after
importing vertical profile data for ~1200 Argo fleadrom the Argo data center

(ftp://ftp.ifremer.fr/ifremer/coriolis/global prof/pacific ocean/ Data was collected

during the first 2 weeks of Dec. 2005. The logatwd each vertical profile is shown as a

black dot.

Figure 3. An ISUS optical nitrate sensor encrdistéh hydroids. Red arrows
identify the outside diameter of the instrument.§1@n) and the green arrow points to a

copper anti-fouling sheild that protects the optics

Figure 4. The trajectory of UW float 0894 near Heavaiian Islands, deployed in

August of 2002. The red dots show the locatiothefprofiles at 10-day intervals. The
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green dot denotes the location of profile 009, sinowFigure 5. This float was parked at

a depth of 1000 m and collected data from 2000 revemny fourth profile.

Figure 5. Temperature, salinity, and dissolvedo@ftiles from UW float 0894,
profile 009. The dots denote the pressures whatieewlere collected. The position
where these data were collected is denoted byrtenglot along the trajectory of Float

0894 shown in Figure 4.

Figure 6. A) Time series of shipboard surfacedat collected at the HOT site,
near 22 °N, 158 °W (red dots), and O2 data frore@ldof 5 m collected by float 0894
(blue dots). B) Time series of shipboard 200@#ndata collected at the HOT site, near
22 °N, 158 °W (green dots), and O2 data from aldep2000 m collected by float 0894

(red dots). The shipboard values were determisetyuhe Winkler titration method.

Figure 7. Oxygen concentration measured over 3§8 dt 1800 m depth on an
Argo profiling float in the Labrador Sea. Densiglues calcuated from temperature,
salinity and pressure are also shown. The averaggen concentration was 295.0+0.7
(1 SD) umol/L for the 580 day period. The shifidensity and oxygen at ~360 days
suggests that some of the concentration varialatiyurred as the float entered a new
water mass with different properties. ReproducethfTengberg et & with

permission.
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Figure 8. A 3.5 month time series of pCO2 (top] dissolved oxygen
concentration (bottom) in Placid Lake, Montana dgthe transition from the lake
covered with ice, through melting and into the sgibloom. Measurements were made
with instruments at 2m (black lines) and 20 m (@dtines). Atmospheric equilibrium
values are shown as dotted lines marked atm. Woe¢rtical dash-dotted lines bracket
the three distinct physical periods discussedentéxt: (1) under-ice near isothermal
conditions (19 March—-23 April), (2) post—ice-oue@anixing (23 April-18 May), and

(3) stable stratification (18 May—2 July). FromeBaand Degrandptewith permission.

Figure 9. Measurements of (A) seasurface heightnaiy (note inverted scale),
(B) temperature at 180 m (note inverted scale) d@ly average nitrate concentration at
180 m, and (D) daily average chlorophyll concemratat 25 m on the HALE/ALOHA
mooring at the Hawaii Ocean Timeseries stationmoftOahu. Seasurface height
anomaly was measured by the Topex/Poseidon satalimeter. Nitrate was measured
with an osmotically powered chemical analyZerNitrate concentrations measured in
samples collected near the mooring during HOT @wgmonthly visits by ship are show
as black circles. Chlorophyll was determined fritwa attenuation of sunlight at 490 nm.

Adapted from Sakamoto et &l.

Figure 10. A) Nitrate concentration measurednenM1 mooring 20 km
offshore in Monterey Bay, CA using an optical ni#raensor during 5 days in 2004. B)
Nitrate concentrations after high-pass filtering ttata to remove frequencies lower than

0.7 cycles/d. The decrease in high-pass filtergdta concentration during daylight is
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presumed to be due to biological uptake at a fre¢id to carbon of 16 N/106 C, typical
of phytoplankton. C) Photosynthetically activeiagidn measured on the mooring with a
spectral radiometer. D) Monthly average valuegrohary production, which were
calculated from daily uptake of nitrate concentnasi measured by autonomous sensors
on the M1 mooring as shown in (B) and a N/C rafia@106 are shown for 3 years from
1/2002 to 12/2004 (open triangles). The upweliimaex (n? water upwelled/100 m
coastline/s), calculated from wind speed and dwacnd coastline orientation is also

shown for Monterey Bay (solid circles). Adapteorfr Johnson et &l.

Figure 11. Measurements of the sea-air differem€&0, partial pressure made
on a mooring in Monterey Bay using autonomous setestinology. The impact of
1997 EIl Niflo/La Nifia on the carbon dioxide systermanifested by low variability in
1997/1998 due to weakened upwelling. Reproduazd friederich et al’ with

permission.

Figure 12. Locations (solid circles) where measents of pC@are made on
remote moorings by the MBARI/NOAA sensor netwotkata from these moorings can

be accessed on the Internehtp://www.pmel.noaa.gov/co2/moorings/

Figure 13. A) Dissolved O2 (mmol/kg) at a deptt20600 m in the South Pacific
(red contours), determined by objectively analyzugjorical data for the region using a
Gaussian 300 km correlation function. The hisedratation data used in the calculation

(positions noted by the green dots) were determusaty the Winkler titration method.
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Deployment locations of 22 profiling floats withsdplved O2 sensors are shown by the
blue dots. The trajectories of the floats from Bioer 2005 through March 2006 are
shown as the black lines emanating from the blus.dB) The trajectory of UW float
2348 from the S. Pacific, deployed in November@d2 The figure shows the location
of the float through March of 2006. The red datsate profile locations. The float was

parked at a depth of 2000 m.

Figure 14. The 2000 m dissolved O2 climatologthatposition of the first float
profile (see Figure 4 for float deployment locagpplotted against the float-derived
2000 m O2 value for the first profile, for eachtloé 22 floats shown in Figure 13. The

line shows the least-squares fit between the flifaaind the climatology.

Figure 15. A diagram showing the temperature-divesbO?2 relation for the first
18 profiles of float 2348 (see Figure 13 for theations of these profiles). Note the lack

of scatter in the data below about 7 °C, indicathmgylack of sensor drift.

Figure 16. The change in dissolved O2 comparetirtatology at 2000 m
relative to the value measured at 2000 m on proflE, for each of the 22 floats
deployed in the S. Pacific (see Figure 13). Nb& 20 of the 22 instruments showed a
weak drift over time towards lower values, whileotef the instruments showed a much
larger drift. The large drift is presumed to be da faulty sensors and data from these

two instruments has not been used.
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Figure 17. Sections of dissolved O2 in the up®€r #h across the S. Pacific,
determined from 20 profiling floats deployed in ovber of 2005. Data from two of
the floats (2340 and 5025) have not been usedsrcéiculation due to the extreme drift
exhibited by these two sensors. The positions®flbats are shown in Figure 13. The

positions of the float profiles along the sectians noted by the dotted lines.

Figure 18. A5 year time series of nitrate conidn measured with in situ
sensors (green line), nitrate measured in diss@tgles (red diamonds) and river stage
(black line) in the upper Neuse River basin jusbwea waste water treatment plant (A),

and in the lower Neuse River Basin just above thad¢ River Estuary (B).

Figure 19. Comparison of grab samples (red ciychesurly measurements in situ
with a NAS-2E analyzer (open diamonds), and 15 teimitrate measurements with an
ISUS optical nitrate sensor (black circles) durgngitrate concentration spike in the

upper Neuse River basin.

Figure 20. Map of Elkhorn Slough, CA showing thedtion of the moorings that

house the sensors for the Land/Ocean Biogeoche@lzsdrvatory. Data from each

mooring is accessible at http://www.mbari.org/lobo.

Figure 21. Salinity (A), Nitrate (B), at the LO1 oring of the Land/Ocean

Biogeochemical sensor network measured from Nove2®@3 to April 2006. Also
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shown is daily precipitation (C) at a nearby weastation. Nitrate was measured with

an optical nitrate sensor.

Figure 22. Nitrate-Salinity relationship at the mag LO3 for the periods March

2005 (filled circles), August 2005 (open circleailddecember 2005 (open triangles).

Figure 23. Nitrate and salinity, over a four dayipe at three locations in Elkhorn
Slough, CA. A) LO1 — 1.0 km inland (from Highwaybtidge), B) LO4 — 4.0 km inland,

and C) LO2 — 6.9 km inland. The solid green lindicates the relative tide height.

Figure 24. Oxygen at three locations in Elkhornug§lg CA. A) LO1 — 1 km

inland (from Monterey Bay), B) LO4 — 3 km inlanahcdaC) LO2 — 8 km inland. Also

shown is the tidal cycle (D).
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Figure 10
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Figure 12
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Figure 13
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Figure 14
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Figure 15
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Figure 16
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Figure 17
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Figure 18
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Figure 19
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Figure 21

l& atlies w &

Ayuies

by IR0 ve » 08
O Gadnn s S0 o
s .
's %s ° o0
T
0 o o
- - O
o

06

Mar-04 Jul-04 Nov-04 Mar-05 Jul-05 Nov-05 Mar-

Nov-03

Date

78



Figure 22
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Figure 23
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Figure 24
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