Tracing the fate of dissolved terrestrial carbon in the coastal ocean: An integrated study using MODIS satellite data, land flux models, and Lagrangian tracers

Abstract

We propose a study of the source, trajectory and fate of dissolved organic carbon (DOC) in the coastal waters of the Gulf of Maine.  We have assembled a research team with expertise in land flux, coastal circulation and inverse modeling and satellite data processing techniques.  Land flux models, improved through the use of MODIS land products, are used to estimate the spatiotemporal land-to-ocean? flux of both DOC concentration and the absorption of/by what? of its colored fraction.  Each river-estuary-plume system is characterized in terms of its absorption-concentration relationship. Advective circulation models are then used for tracking of both absorption and DOC as plumes mix with each other and with the oceanic waters.  Using in-situ data corresponding in time and space to cloud free MODIS ocean color products, DOC and absorption gains & losses are characterized in terms of the advective flow path and their temporal coincidence to ocean color and in-situ measurements.  In this proposal we emphasize the importance of understanding the flow path history of a water parcel in order to adequately resolve processes related to carbon cycling.  We submit that lack of knowledge about terrestrial inputs and advective loss & gain terms have been impediments to using MODIS data for the study of land-ocean dynamics.
Introduction 

Our efforts constitute an Integrated Science Data Analysis proposal that offers innovative approaches to analyze EOS data. Such research is poised to answer key questions of the Climate Change Science Program (CCSP) related to improving the quantification of forces involved in the Earth’s changing climate. We seek the ability to routinely monitor watershed attributes and coastal ocean properties, thus our work will be of interest those involved with the planning and implementation of the Global Earth Observation System of Systems (GEOSS).  Our land flux efforts are also in line with priorities in the U.S. Ocean Action Plan that call for a detailed assessment of terrestrial inputs to estuaries.

The global coastal zone conveys many important benefits to human society. It is the site of intense processing of land-derived constituents through physical processes and high rates of community metabolism. Hence, it not only responds to land use and hydrological changes, but also affects the global oceanic carbon and nutrient cycles. While human activity has transformed land-to-ocean biogeochemical fluxes, fundamental questions remain about the movement, processing and ultimate fate of terrestrial inputs in coastal-oceanic waters. Rivers, the major conduits linking terrestrial and coastal marine environments, are integral systems in the delivery and cycling of nutrients and carbon constituents. An understanding of the origin and fate of dissolved and particulate materials in coastal waters is crucial for the proper monitoring and management of marine resources and evaluating the impact of human activities at regional to global scales. 

In this study we will seek to resolve critical issues surrounding the cycling of terrestrial DOC in coastal waters using an ensemble of models, satellite and in-situ data.   Although riverine DOC fluxes to coastal oceans are small in terms of the global carbon cycle, the transfer of organic carbon from land to ocean is on the same order of magnitude as the net air-sea carbon flux (Aumot et al., 2001).  Its fate in the ocean is enigmatic, as sink terms (sedimentation, photolysis, microbial consumption and air-sea exchange) have yet to be quantified (Hedges and Kiel, 1997).   At the same time the global land flux of DOC appears to be increasing rapidly, possibly as a consequence of global warming (Mellilo et al. 2002; Tranvik and Jannsen, 2002) or via anthropomorphic influences such as increasing nitrogen deposition (Findlay, 2005). It is clear that understanding of terrestrial DOC source and sink terms in the regions where DOC enters the coast are of high value for NASA’s mission and for the science community at large.

Several factors contribute towards setting the stage for this study. Firstly, several MODIS land products offer the scope to improve estimates/models of terrestrial DOC fluxes. Secondly, the colored fraction of DOC (CDOC) supplied to the coastal ocean primarily through terrestrial runoff, is found to be a largely conservative (non-reactive) tracer generally staying strongly coupled to the salinity deficit (freshness).  Hence, its distribution, which can be diagnosed from MODIS-derived ocean color products (e.g. ag443), can be considered as a tracer for the movement and dissemination of terrestrial runoff in the coastal ocean.  Model velocity fields from the Gulf of Maine Ocean Observing System (GoMOOS, ref) modeling effort can then be used to drive a Lagrangian particle model that simulates parcel advection. Biological reactions can also be added to this particle model and be inferred from inverse modeling. This is possible from the ongoing measurement program in the Gulf of Maine that provides measurements of DOC in the coastal ocean. They deviate in their carbon to color ratio from their source waters and because of reactions, which can be characterized in terms of the properties of the waters through which the DOC has passed.

We will show that MODIS ocean color products can be used to improve terrestrial DOC flux estimates, and when used in tandem with robust coastal circulation models and in-situ data sets, they will offer the ability to diagnose source and sink terms for DOC.  Modeling efforts are primarily done to assist in the interpretation of EOS data to extend their application to study environmental parameters and processes. The moderate-resolution satellite data as used here will provide the basis for quantifying changes in a globally relevant coastal carbon stock (DOC). The ability to monitor changes in the magnitude and distribution of coastal DOC will allow us to monitor long-term trends in source and sink terms of this important carbon pool.
Objectives
The main scientific objective of this study is to characterize the sources and sinks for dissolved organic carbon (DOC) in surface waters of the coastal ocean using models, observations and satellite data.  As DOC transits the salinity gradient, processes such as productivity, photolysis and microbial respiration will produce or consume DOC.  We hypothesize that a suite satellite data including MODIS ocean products, contain sufficient information about these processes as to enable an empirical understanding of DOC production and consumption within coastal plume waters.  We submit that lack of adequate knowledge about terrestrial inputs and advective loss & gain terms have been impediments to using satellite data for such purposes.  Thus we propose to study DOC dynamics using an integrated suite of land flux, coastal circulation and Lagrangian advection-reaction models in tandem with terrestrial and ocean color MODIS satellite data. 

Two allied technical goals guide our efforts:  

1. We seek to improve land flux estimates of DOC and endmember values of CDOC absorption (@443nm) using MODIS land data products. 

2. We seek to develop methodologies that characterize the “history” of a water parcel in terms of its relationship to processes that can be inferred using satellite data.
Our study will focus on the coastal Gulf of Maine region, for which UNH has built up a repository of satellite observations and field measurements in river plumes. These will be synthesized with the fields from an operational ocean model. The study will comprise of three parts:

1. Terrestrial modeling (endmember DOC concentrations and absorption values): Using MODIS land products, (e.g. LAI, NDVI, EVI and LST), watershed soil characteristics, and runoff, we will improve the existing DOC flux model of Aitkenhead and McDowell (2001).  Specifically, incorporation of dynamic fields (e.g. MODIS and Q) will allow the characterization of temporal DOC variability.  We will develop a similar model to estimate the absorption coefficient of CDOC @443nm (ag443) as a function DOC concentration and drainage basin attributes.

2. Modeling oceanic distributions of conservative tracers originating on land: Treating ag443 as a conservative tracer originating from terrestrial runoff, we will account for the ag443 distribution in coastal ocean waters based on the terrestrial flux and modeled ocean flow fields. Inverse methods will be applied to Lagrangian particle trajectories for correcting velocities and distributions in the nearshore region, so as to minimize the difference between the MODIS-derived 
and model-derived ag443 distributions.

3. Characterizing sources and sinks of DOC in the coastal ocean: In nearshore regions proximal to discharge points, surface concentrations of DOC will be estimated from MODIS ocean color data using the characteristic ag443 to DOC ratio expressed from various drainage basins (known a priori from our models and observations).  Measurements in coastal plume waters show a scatter in this ratio due to the mixing of different characteristic plume signals as well as sources and sinks for DOC in the coastal ocean.  The contribution of the various terrestrial signatures, assumed from the mixing of terrestrial end members, will be identified within our model. Sources and sinks of DOC will then be characterized in terms of estimated spectral UV irradiance and MODIS-derived Chl, PAR & SST of a water parcel during its trajectory from the coast to the location of DOC measurement using inverse methods. 

BACKGROUND

The Gulf of Maine

The Gulf of Maine (GOM) is a unique, productive continental shelf sea bounded by Cape Cod to the south and Nova Scotia to the northeast.  It has significant economic viability in terms of its major fin and shellfisheries, deep-water harbors and recreation potential. Intrusion of deep nutrient-rich waters (admixtures of both warm and Labrador slope sources) is perhaps the most important factor in the regulation of GOM productivity. These intrusions occur in strong pulses over time scales from days to weeks and are driven by barotropic pressure gradients induced by seasonal wind stress (Ramp et al. 1985).  A key circulation feature in the GOM is the Maine Coastal Current (MMC), whose counterclockwise flow typically delivers freshwater and constituents from the rivers northeast to our study region. Here, we could add a figure on the GOM circulation. The MMC is variable on multiple scales, including turbulence and tidal scales, (sub)-mesoscales, and seasonal and annual scales. The flow is intensified during spring runoff when density contrasts are at their maximum.  Some of the variance in the MMC circulation is associated with events having annual time scales (or longer), which drive low frequency geostrophic changes in the major water masses in the vicinity of Jordan Basin (Bisagni et al. 1996). There is a strong seasonal signal in salinity and along-shore velocity of MCC, caused by the freshwater inputs of the rivers entering the western GOM. Surface salinity within the coastal current during the spring freshet is typically 2 psu below ambient, and along-shore currents in the surface layer are directed southwestward at speeds of 0.10-0.50 m s-1. The plume thickness is typically 10-20 m in water depths of 50-100 m, thus it is well isolated from the bottom over most of its areal extent. The along-coast freshwater transport within the plume varies considerably due to variations in wind stress, but on time scales of weeks to months it follows the variations of riverine input, with a time lag consistent with the advective velocity. (Geyer et al, 2004). 

The largest watersheds of interest to this project are the Kennebec-Androscoggin (ME) and the Penobscot (ME).  These similar in size, but show differences in DOC export. The Kennebec and Androscoggin River watersheds in west-central Maine drain 27,300 km2 of land dominated by mixed & softwood forest (79%) and agricultural land, and are sparsely populated (8 people/km2). The Penobscot drains 22,400 km2, and is also dominated by forest (89%) and sparsely populated (7 people/km2). However, there is a significant difference is in the amount of wetland (7% Penobscot versus 5% Kennebec) between the 2 watersheds.  This translates a higher inferred soil C:N ratio for the Penobscot versus the Kennebec (land cover and C:N data - Salisbury, unpublished) which corresponds to a higher DOC flux according to the model of Aitkenhead and McDowell (2001).
DOC

Dissolved organic carbon represents the primary means by which terrestrial, reduced carbon is transported to the oceans (Schlesinger, 1995). It comprises of organic materials (humic or tannin substances, natural acids, fats, proteins, carbohydrates or unstructured organic complexes) of a size fraction small enough to be considered dissolved. Many of these substances are pigmented, imparting color to the water, thus a fraction can be detected using ocean color data.  The global annual flux is ~0.4 Pg y-1 (Aitkenhead and McDowell, 2001; Schlesinger and Melack, 1981) which would represent a significant fraction of the inferred annual air-sea carbon flux (~2 Pg y-1). Thus terrestrial carbon, whether exported to deeper waters or sequestered in marine sediments, may be an important net sink for anthropogenic CO2 (Liu et al 2000; Peng et al, 1999).  However, it may also represent a source if rapidly consumed by microbial or photolytic processes (Smith and MacKenzie 1987; Zweifel et al. 1995; Miller and Zepp, 1998).  On the continental margin a large percentage of DOC is derived from terrestrial origins (Chen, 2002; Zweifel et al. 1995) while beyond the margins the concentration of terrestrial DOC is low with autochthonous sources dominating its distribution.

Terrestrial and aquatic ecosystem studies have sought to understand the control on riverine DOC export (e.g. Clair et al. 1994; Hope et al. 1997; Aitkenhead and McDowell 2000) through an examination of physical and chemical watershed attributes. Concentrations of DOC are variable in surface waters draining watersheds with different soil qualities.  Typically, a greater percentage of peatland or wetland in a watershed corresponds to higher stream DOC concentrations (Eckhardt and Moore 1990; Gorham et al. 1998; Aitkenhead et al. 1999). Streams draining landscapes dominated by surface water flowpaths in contact with organic rich soil horizons typically have higher DOC concentrations than those streams receiving water draining deeper flowpaths through mineral soils (Mulholland 2003).  Streams with watersheds dominated by deciduous hardwood forests tend to have peak DOC concentrations during litter fall in the autumn months (Mulholland 2003), and streams draining conifer-dominated watersheds tend to exhibit higher DOC concentrations than streams draining hardwood forests (Aitkenhead et al., 1999). 

Thus far, mean watershed soil C:N appears to be the best global predictor of riverine DOC export (Aitkenhead and McDowell, 2000). Their global C:N model is based on a database of soil C:N which is derived from on biome characteristics.  Each biome appears to have certain soil carbon and nitrogen contents that correspond to DOC flux. This notion will be the initial basis of our DOC modeling efforts. Why a significant positive relationship should exist between DOC export and soil C:N is unclear but may be related primarily to soil litter quality.  The quality of litter residue in a watershed soil is determined by its C:N ratio, with a higher C:N typically depicting poorer quality and extended period of decay.  Soils with a higher C:N ratio exhibit a tendency toward leaching over in-situ mineralization.  A higher C:N ratio will also likely increase microbial demand for N and decrease plant N availability.  Inversely, a lower soil C:N ratio reflects a better quality litter residue with a fast decay rate resulting in a greater proportion of the carbon being mineralized and unavailable for leaching. 

Absorbance characteristics of naturally occurring humic substances in streams and lakes have historically been used to estimate DOC concentration (Dobbs et al. 1972; Lewis and Canfield 1977; Stewart and Wetzel, 1980).  In the following section we show that data taken from diverse watersheds draining into the Gulf of Maine show that absorbance is a function of both watershed attributes (e.g. soil C:N ratios) and DOC concentration. In near shore marine environments influenced by terrestrial discharge, several researchers have found the absorption of UV to visible light by CDOC to be related to the concentration of DOC (Vodacek et al. 1995; Ferrarri et al. 1996; Ferrarri, 2000; DelCastillo et al. 1999, Rochelle-Newell and Fisher, 2001).  These researchers generally attribute scatter in the data to the processes we intend to study (i.e. sources and sinks of DOC in the coastal ocean that will alter the absorption to DOC ratio).  Sinks of terrestrial DOC include flocculation (Sholkovitch, 1978), microbial consumption (e.g. Kirchman et al., 2004) and photochemical transformations (e.g. Smith and Benner, 2005). These processes can be interrelated in that changes in light penetration depth due to photobleaching can make DOC more labile and thus will modify the activities of the micro-heterotrophic community (Moran et al, 2000). In near shore waters affected by terrestrial fluxes, additional DOC sources originate via water mass mixing and degradation products associated with autotrophic production (Vodacek, 1997; Rochelle-Newell and Fisher, 2001). 
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MODIS Satellite data

The Moderate Resolution Imaging Spectroradiometers (MODIS) were launched by NASA aboard the Earth Observing System (EOS) satellites Terra on December 18, 1999 and on May 4, 2002 aboard the EOS-Aqua platform. With both instruments in operation, MODIS provides a morning and afternoon view with global, near-daily repeat coverage of ???, complementing the spectral, spatial, and temporal coverage of the other research instruments aboard each platform. The EOS platforms carrying MODIS enable atmospheric, land, and ocean imaging in a single instrument at 1,000-m, 500-m, and 250-m resolution spectral bands.  The instrument features spectral bands from 0.4 to 14.4 µm with improved signal-to-noise characteristic over previous sensors (e.g. SeaWiFS).

MODIS land products include surface reflectance, land surface temperature (based on emissivity) and a variety of derived indices based on surface reflectance (e.g. vegetation indices and NPP to be used in our proposed land modeling efforts).  The standard MODIS ocean color products include 6 bands of water-leaving radiance, SST (@ 4 and 11 microns), aerosol thickness @869nm, and derived products such as chlorophyll-a concentration and the diffuse attenuation coefficient @490nm. Several biogeochemical parameters can be derived from MODIS water leaving radiance data.  Of particular interest to this proposal are MODIS-derived estimates of absorption attributable to CDOC
 only.
Modeling (Amala, Bror and Pierre)

Data assimilation and inverse modeling has been used in coastal ocean regions for varied scientific inquiries (Robinson et al, 1998; Robinson and Lermusiaux, 2000)

Prior Work and Proposed Research

Our collective prior research strongly suggests that tracing DOC from its terrestrial origin to its fate in coastal waters is feasible using our integrated approach. Central to these efforts will be a rich in-situ database of coincident DOC and absorption information as well as circulation model validation data. A Center of Excellence in Coastal Ocean Observation and Analysis was established at UNH in 2002 as part of NOAA’s Coastal Observation Technology System (COTS).  The Coastal Observing Center, as it is called, supports regular monthly surveys and use of satellite data to assess spatial variation in biogeochemical and optical variables in the western Gulf of Maine.  To date, 55 cruises have been completed and approximately 50 more have been scheduled, of which about half are carried out in the estuaries and plumes of interest. In addition, we sample 11 different watersheds on a quarterly frequency for a full suite of in water constituents, soil properties, physical properties, and inherent optical properties (See Facilities and Measurements attachment).  Successful acquisition of this grant will supplement our measurement campaign by an additional 4 cruise days per year specifically for the purposes of calibration and validation of our models.  These cruises encompass a thorough assessment of optical properties and organic carbon distributions and will be carefully planned to coincide with cloud-free days to take full advantage of MODIS passes.

Terrestrial DOC flux and absorption models:

To estimate the DOC export flux from watersheds in the study area, we have used a modified version of the global DOC model of Aitkenhead and McDowell (2000) which statistically relates biome DOC flux (kg ha-1 y-1) to biome soil C:N ratios. To estimate soil C:N for each watershed in the Gulf of Maine, we use  land cover data (National Land Cover 1km Data Set (NLCD – USGS) and assume a characteristic soil C:N ratio for each land cover type corresponding to its biome equivalent.  We predict DOC flux from each grid cell using the Aitkenhead and McDowell model.  We predict DOC flux at basin mouths by weighting these based on area of each land use type.  To derive DOC concentrations, we used the climatological discharge (Fekete et al., 1999).  This simple model gives a reasonable first approximation of DOC export concentrations into the Gulf of Maine (Figure 1a).  Although the predictions based on the global DOC model provide reasonable estimates of mean annual DOC export concentrations, there is considerable temporal variability that could be an important influence on coastal processes (e.g. Figure 1b).   Under this proposal, we seek to understand processes responsible for temporal DOC variability in terrestrial export fluxes.  MODIS land products show considerable promise for these efforts, as there is significant co-variability between several MODIS products (NPP, LAI, LST) and seasonal DOC concentrations (Figure 1b).  Based on prior work using our Gulf of Maine watershed data, it is likely that colored DOC (ag443) is also predictable based watershed attributes (runoff, landcover, soil characteristics) and DOC concentration (Figure 1c).

Within Gulf of Maine estuary plume systems we find that the ag443 and associated DOC mixes quasi-conservatively along the salinity gradient and is dependent on the terrestrial end member values (Figures 2a & 2b).   To the first order this means that if one has knowledge of each watershed’s characteristic ag443:DOC ratio (as proposed through modeling), terrestrial DOC can be traced in near shore waters using satellite data
. It also means that characteristic watershed ag443 values will aid in the tracking of water parcels as plumes mix.  In reality we find that the ag443 is much more conservative than DOC, which we attribute to larger variations in the source and sink terms of DOC versus ag443 which are a focus of this study.  

Preliminary research into using MODIS ocean color data for in-water retrievals (including ag443) is ongoing at the UNH Ocean Processes Analysis Lab and for this proposal we have been evaluating several options based on MODIS data. The multi-band quasi-analytical (QAA) ag443 algorithm (qaa_ag443) developed by Lee and Carder (2002) appears to provide reasonable ag443 retrievals in turbid Gulf of Maine waters (Figure 2c). The QAA algorithm is able to retrieve absorption coefficients of phytoplankton pigments and CDOM. This method has been adopted by SeaWiFS Data Processing System (SeaDAS) 4.8 version. The main idea of QAA is to calculate optical properties in a level-by-level scheme. First the values of total absorption and backscattering coefficients are analytically calculated from values of remote-sensing reflectance. Then, phytoplankton and CDOM coefficients are decomposed from the total absorption. 
Prior work – modeling (Bror, Pierre, Amala)
Physical simulations and process studies have been carried out for nearly two decades at Harvard. Coupled physical-biogeochemical (Besiktepe et al., 2003) data assimilation and dynamical studies have also been carried out. The ability to accurately forecast Lagrangian particle paths with the numerical Harvard Ocean Prediction System (Lermusiaux, 2001) has been demonstrated in real applications, including for example hindcasts inverse modeling for the drift of a floating dead whale (Staccato; e.g., http://people.deas.harvard.edu/~robinson/Staccato/staccato.html) and the forecasts of floating debris used by the US Navy for the Egypt Air Flight 990 accident in the New England Bight region (http://people.deas.harvard.edu/~robinson/EA990/EA990.html). A recent project in the Gulf of Maine region was the Assessment of Skill for Ocean Transients, ASCOT-01 (http://people.deas.harvard.edu/~leslie/ASCOT01/index.html). Biogeochemical-physical data collected by 3 research vessels and by the Massachusetts Water Resource Authority (MWRA) were assimilated in real-time and model forecasts were issued and evaluated. The study of dynamical events that occurred in the region is expected to be completed this fall by the PhD thesis of a student, Patricia Moreno.
Work plan

I. Modeling terrestrial fluxes 

We will model time varying (daily time step) DOC export fluxes from land to ocean for the entire Gulf of Maine drainage area.  The model will incorporate linkages between hydrological and terrestrial ecosystem processes, as modified by land cover characteristics.  We will integrate a hydrology model, time-varying MODIS information on terrestrial ecosystem properties (GPP, LAI, NDVI, etc), GIS data sets on land surface characteristics (Land Cover, Soil C:N, etc.).  Although DOC concentrations appear to be more strongly correlated to MODIS land products (Figure 1B) than to runoff conditions (data not shown), DOC fluxes will be driven as much by runoff conditions.  Runoff will be modeled using a daily time step Water Balance Model (pWBM, Rawlins, Vorosmarty) already applied to the Gulf of Maine domain with good preliminary results.  Routing of discharge through the Gulf of Maine will be accomplished using the Muskingum method (ref).  The river network will be at the 2-minute resolution (~3 x 4 km).  Time varying DOC concentrations entering the river network will be based on a combination of land cover/soil C:N and MODIS terrestrial products.  The former will control the magnitude of the concentrations, whereas the latter will control the temporal variability.  The magnitude of DOC export concentration from each grid cell will be determined based on soil C:N as described above (Figure 1a).  To drive the temporal variability of DOC concentration, we will develop empirical models between DOC concentrations in the Ipswich R. and various MODIS land products and other land surface conditions (e.g. soil moisture from pWBM).  MODIS-EVI in particular looks promising as a driver of export concentrations (e.g. Figure 1b).  Similar models based on Ipswich R. data will be applied to major watershed across the entire Gulf of Maine.  We will test the Gulf of Maine DOC export model against existing DOC data sets from COOA, which includes DOC measurements from 11 watersheds.
II.  Satellite and in-situ data

Our prior research shows evidence that encourages the use of MODIS satellite data to assess ag443 distributions in coastal plume waters.  Within individual plumes we have seen excellent covariance between salinity and ag443 with weaker covariance between salinity and DOC (Figure 2a and 2b).  Thus we make a starting assumption that the primary deviation in the ratio of ag443 to DOC (within an individual plume) will be caused by sources and sinks of DOC.  We acknowledge that many processes will affect ag443 (e.g. photobleaching), but maintain that they are secondary drivers of this ratio in our region over the 2-day to weekly time scales we expect to investigate.  (Note: we do not intend to ignore these secondary processes. Our physical modeling efforts will account for ag443 terms caused by mixing of different plumes and we intend to investigate potential changes in both ag443 and DOC as a function of cumulative spectral UV radiation.) 

It is clear that the efficacy of this work will be limited by the accuracy of satellite ag443 retrievals and its partition between terrestrial and marine sources
. Our approach then will be to determine the best MODIS-based ag443 retrieval scheme for coastal Gulf of Maine waters. As a starting point, the Lee and Carder (2002) qaa_ag443 algorithm is encouraging (Figure 2c). However we believe it can be improved for our purposes by changing parameters in the algorithm for which we have local optical data (e.g. spectral slope of ag absorption).  As we search for an optimal ag443 retrieval scheme, our database also will enable us to thoroughly validate several algorithms using data from a setting known for its optical complexity.  We believe our validation efforts will be of high value for the coastal remote sensing community.

Ancillary data used to process the ocean color data stream (e.g. ozone spectrometer data (Earth Probe -TOMS) and ozone monitoring instrument data (Aura-OMI)) will also be used to achieve our overall goal of understanding potential changes in ag443 (and DOC) caused by photochemical effects.  Spectral (290 – 400 nm) incident ultraviolet (UV) radiation will be approximated as a function of stratospheric ozone layer thickness (from the Earth Probe- TOMS and sensors), location, and time & day-of-year using the model proposed by Baker et al., 1980. 
Here, I would add some brief lines or a small table that would list the main types of data and the objectives for which they will be used. Some links between the different modeling tasks in section III and the data inputs would also be helpful. This could be another column or row in the table. Without such links, some readers will be lost.

III. Tracking the movement and distribution of ag443 in the coastal ocean

The terrestrial modeling effort (#1 above) will provide an estimate of the spatially and temporally varying influx of DOC from land to ocean and well as the value of its absorption coefficient ag443 at this land-ocean boundary. Empirical relationships between DOC and ag443 based on strong correlations seen in measurements in watersheds enable us to translate the modeled DOC into a source of ag443 and vice-versa.  Further the strong relationship between salinity and terrestrial ag443 within plume waters (confirmed in both satellite and in-situ data), allows a reasonable partitioning of terrestrial ag443 versus ag443 from other sources (e,g. phytoplankton).  (Amala, the deleted sections will be covered in the background section)
Velocity fields from the Gulf of Maine ocean model (GoM), developed as part of the GoMOOS (refs), are available to us at a horizontal resolution of 3 km. We are using the flow fields, available at 3 hourly intervals, to drive a Lagrangian particle model (cite refs). Add some sentences that describe the peculiarities of this model which not that simple from Bror’s description. 
One to two satellite views of the Gulf of Maine are available at roughly 1 km resolution from the Aqua and Terra satellites on cloud-free days. For proof of concept, we will focus our modeling efforts around those days when both satellite fields and in situ DOC measurements are available during the past two years and for the duration of the project. 
The following steps will enable us to model the distribution of terrestrial ag443 in the coastal ocean.

1. (Amala – we need a statement here that indicates we have the ag443 errors in check ie – that the ag443 here is good) We will use Lagrangian particles to model the concentration of terrestrial ag443 in the surface ocean. The ocean model based on GoM velocity fields will be continually seeded with Lagrangian particles to represent the flux of terrestrial ag443 into the ocean at the coast. The evolution of the particle distributions will represent the evolution of the ag443 distribution in time and space, which will be compared to the satellite terrestrial-based ag443 when available. As discussed above in Section ???, a salinity-based weighting scheme (or mask) is used to filter out the satellite ag443 values contributed by phytoplankton from the total satellite ag443. Salinity will be taken from model fields and corrected for systematic model bias using in situ salinity observations.
2. There are likely to be significant differences between the modeled and satellite-derived distributions of ag443. The next stage is to use inverse modeling to minimize these differences. We will first consider errors in the ag443 distribution due to inaccuracies in the model velocity fields. Oceanic velocity fields that are consistent with the advection of satellite-derived ag443 can be obtained from estimating: i) the spatial concentration gradients of ag443, 
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, are the horizontal velocity components. These velocities will be compared to model velocities to characterize their errors. Since the data coverage is not complete, these equations will be under-determined and are expected to be solved by an inverse modeling approach (see Wunsch, 1996, and the literature cited therein, for several examples). First, a classic least-square inversion using the constraint of minimum velocity amplitudes, over the x, y and t dimensions, will be employed (this constraint is the condition used in a classic regression). A tapered least-square scheme, weighting the velocity terms based on an a priori estimate of their uncertainties, as is carried out in modern ocean data assimilation (e.g. Lermusiaux, 2001; Lermusiaux et al, 2006), will then be utilized if deemed necessary.
3. Next, we will consider errors in the redistribution of discharged ag443 along the coast due to high variability in the nearshore region, the costal current, waves, topography, and coarse model resolution. The model will be seeded with particles to represent satellite fields of ag443 in a region, and backward trajectories will be computed using the Lagrangian model to determine where these particles left the coastal strip. In a first approach, a transfer function will then be optimized to redistribute the ag443 leaving the river plume in a region along the coast, so that the consequent advection of particles results in the satellite-derived distribution of ag443. The transfer function governing the redistribution of an ensemble of particles leaving the estuary will characterize the nearshore spreading of the river plume that is not captured by the coastal ocean model. A second complementary approach based on data assimilation theory will also be investigated. Uncertainties in the form of stochastic noise and diffusion will be added to the Lagrangian model to account for the above mentioned uncertain near-shore variability and coarse model resolution. Either a generalized inverse modeling scheme (Bennett, 1992) based on the adjoint equation of the Lagrangian model or the smoothing algorithm of the Error Subspace Statistical Estimation scheme will then be implemented to carry out the inversion and so estimate the updated ag443 leaving the river plume along the coast. These two approaches are important steps towards the determination of novel systematic techniques for incorporating terrestrial runoff or riverine fluxes into coastal ocean models. Linking terrestrial, riverine and coastal models is an important modern scientific and technical challenge which is addressed in this proposal.
Having achieved these steps, we will be in a position to model the advection of a passive scalar in the Gulf of Maine. By redistributing and advecting the coastal ag443 fluxes provided by the terrestrial model, we expect to be able to simulate the satellite-derived distribution of sea surface ag443 originating from terrestrial inputs.

IV. Characterizing oceanic sources and sinks for DOC

The next stage is to characterize the sources and sinks for DOC in coastal ocean waters. The ag443 and DOC tend to be correlated at the ocean-land interface, because runoff from each terrestrial watershed has a characteristic color to carbon ratio
. Terrestrial CDOM is well conserved in the coastal ocean, but DOC has sources and sinks associated with photo-bleaching, microbial and biological processes, that are poorly understood. Our intention is to investigate systematic relationships between MODIS satellite products (specifically, photosynthetically available radiation (PAR), sea surface chlorophyll (Chl), sea surface temperature (SST)), estimated spectral UV irradiance and sources and sinks of DOC. For models of DOC and DOM dynamics in the coastal ocean, we refer for example to Vallino (2000), Hofmann and Friedrichs (2002), and to the Harvard generalized biogeochemical model (Tian et al, 2004) which continues to be developed.
Oceanic measurements of DOC procured by UNH will be examined to determine their ratio to the local CDOM concentration. If terrestrial DOC is conserved as it travels offshore from the coast, it will maintain the CDOM/ DOC (color/ carbon) ratio of its estuarine source waters. However, the ratio is usually not maintained due to sources and sinks, the result of which, DOC, is the deviation from the DOC value that would maintain the color to carbon ratio of source waters. We attribute the scatter about the regression line (in fig 1x) as evidence of this. We will ascribe DOC to processes that can be diagnosed from MODIS PAR, SST, Chl and estimated spectral UV of neighboring waters. The Lagrangian particle model will be used to simulate backward trajectories of water parcels from the site of DOC measurement to the coast, gathering a time history of association with waters of varying SST, Chl , PAR and spectral UV. By creating such records for numerous water parcels, we will be in a position to ascribe a functional dependence between DOC and the PAR, SST ,Chl and spectral UV history, namely: DOC = f(SST, Chl, PAR, UV). As an example, one might consider the following linear relationship: 

DOC = a SST + b Chl + c PAR + d spectral UV, 
With this relation, one can utilize the SST, Chl, PAR and spectral UV from the time history of a number of trajectories and find a,b,c,d by classic regression or uncertainty-tapered least-square inversions to give the best fit to the assumed equation. 

Models and Data

In this work, we will use an off-line module to advect Lagrangian particles in already existing velocity fields, and then compute statistics. For the present, we intend to use flow fields from the GoMOOS Gulf of Maine model (GoM), which is run in operational mode with realistic, time dependent forcing. But the research may be done with other model flow fields, as they become available. We will rely on satellite data and oceanic measurements of DOC, and will hence target those times, when data from both sources are available. This is an exploratory study proposing new methodologies for synthesizing terrestrial and ocean data, using models. But, as ocean model simulations improve, and our database of observations becomes more populated, we intend to see rapid improvements in its capability. 

Personnel 

The research brings together an interdisciplinary team from the University of New Hampshire (UNH), Boston University (BU) and Harvard University.  Joe Salisbury (UNH), the lead PI, is has expertise in remote sensing of river plumes and carbon cycling in coastal waters. Will ..(UNH) is a terrestrial modeler (?)..Amala Mahadevan (BU) is an ocean modeler who examines the coupling between physical processes and biogeochemistry, Bror Jonsson (BU) is an estuarine modeler with expertise in Lagrangian modeling. Pierre Lermusiaux (Harvard) is an ocean modeler with expertise in using inverse methods for operational forecasts. A graduate student will be enrolled at UNH and will join the team in working with…. 

Management Plan

Time Line (Amala, Bror, Pierre, Wil – please put in a bullet for each year

Year 1  

· Select graduate student

· Optimize robust ag443 algorithm based on MODIS data for the Gulf of Maine

· Organize DOC and optical data; year 1 cruises.

Year 2

a. ldkjls

Deliverables

· Daily estimates DOC concentrations and associated ag443 values for each major watershed draining into the Gulf of Maine.

· Seabass formatted database of corresponding optical properties and corresponding constituent concentrations

· Modeling methodology

Expected significance
Land modeling

Time history

Evaluation of ag443 algorithms in optically complex waters

Facilities, Equipment and Measurement Capabilities
As needed we will make use of the suite of measurements taken by the UNH Coastal Ocean Observatory These include CTD, IOP and AOP casts and pCO2, oxygen, attenuation, CDOM and chlorophyll fluorescence.   At each depth sampled, we collect water for lab analysis of alkalinity, pH, DIC, DOC/DON, nutrients, POC, TSM, chlorophyll (HPLC and fluorometric), Ca++ and spectral absorption of colored dissolved organic matter, total absorption and phytoplankton. A list of routine measurements is listed below:

	PROFILER
	
	
	

	Measurement
	Equipment
	Method
	

	temperature
	Sea-bird SBE 49
	thermocouple
	

	salinity
	Sea-bird SBE 49
	conductivity cell

	Depth
	Sea-bird SBE 49
	pressure sensor

	Oxygen
	Sea-bird SBE 43
	oxygen-permeable gas membrane

	absorption
	WETLabs AC-S and AC-9(filtered)
	hyperspectral attenuation meter

	attenuation
	WETLabs AC-S and AC-9(filtered)
	hyperspectral attenuation meter

	scattering
	WETLabs ECO bb
	Backscatter sensor

	Stimf
	WETLabs ECO fluorometer
	in situ fluorescence

	stimfCDOM
	WETLabs ECO fluorometer
	in situ fluorescence

	StimfPE
	WETLabs ECO fluorometer
	in situ fluorescence

	Ed()
	Satlantic Hyperspectral Profiler
	profiling irradiance meters

	Lu()
	Satlantic Hyperspectral Profiler
	profiling radiance meters

	Kd()
	Satlantic Hyperspectral Profiler
	profiling ir/radiance meters

	Lwn()
	Satlantic Hyperspectral Profiler
	profiling irradiance meters

	
	
	
	

	CONTINUOUS DATA (SEC-1)
	
	

	Measurement
	Equipment
	Method
	

	Temp
	Sea-bird SBE 45
	
	

	Salinity
	Sea-bird SBE 45
	conductivity cell

	Oxygen
	Sea-bird SBE 43
	oxygen-permeable gas membrane

	Beamc
	WETLabs C-Star
	light transmittance at 660 nm

	f-CDOM
	WETLabs WETStar fluorometer
	in situ fluorescence

	f-CHL
	WETLabs WETStar fluorometer
	in situ fluorescence

	atmospheric pressure
	Vaisala PTB 210 barometer
	sensitive pressure sensor

	In-water gas pressure
	Pro-oceanus GTD Pro
	gas-permeable pressure sensor

	Oxygen
	Aanderaa Optode 3830
	Fluorometric quenching

	pCO2
	Li-cor 6262
	Infrared CO2 
detection of equilibrated seawater

	
	
	
	

	TITRATION
	
	
	

	Measurement
	Equipment
	Method
	

	total alkalinity
	Radiometer Titralab
	automated end-point titration

	PH
	Radiometer PHC electrode
	liquid-junction electrode

	Ca++
	Radiometer Titralab
	ion selective electrode

	
	
	
	

	BENCHTOP SPECTROPHOTOMETER
	
	

	Measurement
	Equipment
	Method
	

	Ap
	Perkin-Elmer Lambda 35
	particulate absorption at 200-800 nm

	CDOM
	Perkin-Elmer Lambda 35
	absorption at 200-800 nm

	ApH
	Perkin-Elmer Lambda 35
	algal absoption 200-800 nm

	Chla/phaeo
	Turner 10-AU fluorometer
	emission fluorescence
	

	
	
	

	Measurement
	Equipment
	Method
	

	Pigments
	Perkin-Elmer HPLC
	high pressure liquid chromatography

	
	
	
	

	Measurement
	Equipment
	Method
	

	
	
	
	

	DOC
	Shimadzu TOCV
	high-temp catalytic oxidation

	Nutrients
	SmartChem Discreet Autoanalyzer
	discrete colorimetry

	POC
	Perkins Elmer 
	CHN analyzer

	TSS
	pre-weighed GFF
	gravimetric analysis


Computing

Ample computing capabilities will be available to this project. The Science Computing Facility (SCF) at Institute for the Study of Earth, Oceans, and Space (EOS, where OPAL is housed) has a wide range of servers, printing and plotting devices, and archiving systems that are integrated using several internal networks. Overall SCF support is provided by the Research Computing Center (RCC), which is located within EOS.  The main CSRC servers consist of high-end, multi-processor computing systems manufactured by Dell, SGI, and SUN Microsystems. The Dell systems run Linux and are used for CPU intensive jobs, parallel modeling, and storage. They include an 18 CPU Beowulf cluster with 1.35 Terabytes of RAID5 disk space, five dual-CPU servers with a combined capacity in excess of 16 Terabytes of RAID5 storage, and several other application and web servers. The SGI server is an Origin 2000 with four R10000 processors. It is used primarily as an application server with 700 Gbytes of disk space and another 450 Gbytes of RAID5 disk space. The Sun system is a Sunfire 280R that operates as both an application server and as the backup/archive server. Backups and archives are done using the Networker product from Legato. Most of the main servers share a gigabit switch with the archive/backup system for high-speed communications. Nearline storage is done on two tape library units. The first is a 30 slot unit with 2 DLT7000 drives capable of 1.5 Tbytes of native storage. The second is a 120 slot qualstar 46120 unit with 4 AIT-3 drives capable of 12.0 Tbytes of native storage. All of this equipment is kept within a physically secured, humidity and temperature controlled machine room with UPS power. Final data and image products can be produced from any of our ink-jet plotters and laser printers. Additionally, there are several CD writers and a DVD writer for data distribution.

Individual scientists and research groups have additional computing resources that include dedicated servers, individual workstations, and various peripheral devices. The group servers and individual workstations include: Linux, SGI and SUN workgroup servers and workstations, Windows workstations, Apple MacIntoshes and laptop computers. All servers, user systems and networked peripheral devices are accessible within the EOS Institute through a 100/1000 Mb Ethernet network. There are also wireless access points in many areas of the building. These systems also have access to both internet 1 and internet 2.
Budget Justification.
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�Which marine MODIS-derived data? This data must give the ag443 that is due to only terrestrial sources (DOC) and not to other sources. This should be explained somewhere.





�Provide a bit more info here. See my comment on ag443 in objective 2 above.


�Which marine satellite data is used here? This point is important to mention. The satellite data used must be able to provide the ag443 due only to terrestrial sources (DOC) and not ag443 due to other sources. See objective 2. These point are partially explained below but some sentences are needed here.


�Add a sentence to explain how this is done.


�This is a comment


�Add diffusion coefficient nu in equation


�To help the reader, refer here to the previous section where this is discussed in more detail.
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