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Understanding the Coupling of Greenhouse Gases (Methane, Carbon Dioxide, Water Vapor) and Energy Fluxes and Scaling them across a Spectrum of Time and Space over a Vulnerable Ecosystem and a Biological Hot Spot: the Sacramento-San Joaquin Delta Peatland


Introduction

Scientific Problem and Background

Peatlands are composed of vegetation growing in water-logged, wetland environments (Gorham 1991; Holden 2005).  They are found in the subarctic tundra and boreal forests of the north, along brackish coastal estuaries, in freshwater river deltas or tropical rainforests and inhabit 3% of the land and freshwater surface area (400 million acres).   In general, peatlands are effective sinks of carbon because their water-logged soils inhibit the decomposition of detritus. Peatlands in the boreal and subarctic tundra zones, for example, store over 400 Pg of carbon, which constitutes about one-third of the world’s soil carbon store (Gorham 1991).   Mitigating factors affecting carbon gains and losses across peatland regions include differences in climate, ecophysiology, biogeochemistry, plant functional types and hydrology (Brinson et al. 1981; Bubier and Moore 1994; Gorham 1991; Holden 2005).  Because peatlands store so much carbon they have played a critical role in maintaining regulating and moderating climate (Gorham 1991; Whalen 2005)−the current carbon stored in peatlands effectively reduces global temperatures by 1 to 2 oC (Holden 2005).  Consequently, peatlands are expected to play a critical role in our future climate, especially if their water table drops and the organic peat is oxidized and released to the atmosphere as carbon dioxide (Gedney et al. 2004).

Fresh-water peatlands, with saturated soils and high carbon content, are also significant sources of carbon, in the form of methane, an important greenhouse gas (Conrad 1996; Conrad 2005; Whalen 2005).   In anaerobic settings, hydrogen (H2) and acetate are produced by fermenting bacteria.  These compounds then serve as electron donors for the metabolism of methanogenic bacteria (Conrad 1996; Schimel 2004).  The net emission of methane, however, is complicated.  It is a function of the rate of methane production, coupled with the methane consumed by methanotrophic bacteria as methane diffuses across aerobic zones in the soil and into the atmosphere, or is shunted  past the soil aerobic via xylem transport and ebullition (Conrad 1989; Teh et al. 2005; Whalen 2005).   The methanogenic bacteria need anaerobic conditions to produce methane, but if soils are too saturated diffusion will be constrained.   And if the soils are too dry, methanotrophic bacteria will consume methane before it is able to leave the soil. This is especially true if soil moisture is below about 10 cm (Jungkunst and Fielder 2007).




Figure 1



The metabolism of a peatland can be best understood by studying the exchanges of carbon dioxide, water vapor, methane and energy between peatlands and the atmosphere in tandem because they are intrinsically linked (Figure 1).  Solar radiation provides the source of energy that drives carbon assimilation.  It sets the upper limit for photosynthesis, respiration, evaporation and canopy leaf area, which are tied to one another (Brinson et al. 1981; Monteith 1972; Monteith 1981).  The soil moisture and the water table depend on inputs and outputs of water via precipitation, evaporation, lateral flow and drainage (Holden 2005; Porporato et al. 2003). Alternations in the soil water budget above or below field capacity will cause ecosystem metabolism to operate below its ideal.   Deficits in soil moisture will expand the aeration zone.  If soil moisture deficits are chronic, they will limit physiological processes like photosynthesis, transpiration and stomatal conductance and they will restrict how much leaf area is established and can be sustained. This in turn will feedback on how much light can be intercepted, as well as on net canopy carbon uptake and evaporation.   Periodic saturation of soil profiles will stress non-adapted plants by reducing oxygen in the soil.  Chronic saturation, on the other hand, can serve as a genetic filter and limit vegetation to aquatic macrophytes that can live in inundated conditions, like grasses, sedges, and rushes (Brinson et al. 1981).

On short time scales we expect methane production to be decoupled from photosynthesis and evaporation.  On a daily basis, methane production and its efflux into the atmosphere is linked to the hydrology (water table and ebullition), physiology (xylem transfer), soil biogeochemistry (pH and oxygen), and meteorology (pressure pumping and temperature) of the ecosystem (Bubier and Moore 1994; Cicerone and Oremland 1988; Conrad 1989; Verma et al. 1992; Whalen 2005).  In addition, methane can be consumed by methanotrophs if it diffuses through aerated soil layers (Bubier and Moore 1994; Whalen 2005). 


[image: ]
Figure 2 Figure from Dimmie Hendriks, Free University, Netherlands



On seasonal and annual time scales there is a tighter correlation between annual primary productivity and methane production (Bubier and Moore 1994; Suyker et al. 1996; Whiting and Chanton 2001).  This is because plant and animal necromass that enters the saturated soil pool provides substrate for methane production (Whalen 2005).    

[image: ]
Figure 3 (Whiting and Chanton 1993)


Few studies exist on how methane production and net carbon uptake will co-vary on interannual time scales and interannual variations in climate and hydrology (Kim et al. 1999; Lafleur et al. 2003; McMillan et al. 2007; Rinne et al. 2007; Shurpali and Verma 1998; Suyker et al. 1996; Werner et al. 2003).



[image: ]
Figure 4 (McMillan et al. 2007)


Water quality is another factor controlling methane emission into the atmosphere. In peatlands formed in salt-water marshes and estuaries methane production is inhibited.  Sulfate- and iron-reducing bacteria out-compete methanogens for H2 and acetate. Iron is thought to be a more preferable electron acceptor thermodynamically over sulfate and methane (Conrad 1996; Whalen 2005).  Methane oxidation can be inhibited by excess ammonium concentrations (Gulledge et al. 2004; Steudler et al. 1989), typical of ecosystems that experience anthropogenic N inputs or are downstream of fertilized agricultural fields or livestock farms.

[image: carbon dioxide methane water energy]
Figure 5 Schematic of links between energy, water, carbon dioxide and methane exchange between a vegetated wetland ecosystem and the atmosphere.


Methane is of particular interest to biogeoscientists and policy makers because it is a radiatively-active trace gas whose greenhouse warming potential is more than 21 times greater than CO2 on a per molecule basis (Ramanathan 1998; Whalen 2005).  Methane is also a major actor in a complex suite of chemical reactions that determine the oxidative capacity of the atmosphere (Crutzen and Lelieveld 2001).   For example, in NOx rich environments, like the San Francisco Bay Area, methane reacts with oxygen to form carbon monoxide, water, hydroxyl radical and ozone.

Over the past two centuries atmospheric methane concentrations have risen from 0.7 to 1.8 ppm (Crutzen and Lelieveld 2001).  This growth has been in lock step with growth in the world’s population and its reliance on methane producing food sources such as rice cultivation and cattle production (Khalil and Rasmussen 1994).   To understand the steady-state and background methane budget and how it may change in the future, one needs to assess methane production from major natural sources, such as wetlands and termites (Fung et al. 1991).  Current methane budgets estimate that natural sources contribute about 33% of the current atmospheric methane burden.  A large and significant component of natural methane sources are wetlands, which release between 115 and 175 Tg of carbon per year (Crutzen and Lelieveld 2001; Whalen 2005).    However, these budgets remain highly uncertain due to the high spatial and temporal variability in methane production (Fung et al. 1991). A second source of uncertainty can be attributed to the episodic and periodic sampling campaigns on which these budgets are based (Moore and Knowles 1990; Whalen 2005).  And a new source of uncertainty may exist if plants are methane sources, as reported recently (Keppler et al. 2006). 

The next generation of coupled climate-carbon cycle and atmospheric chemistry models will require mechanistic information on the biophysical processes that control fluxes of carbon dioxide, water vapor and methane in tandem (Gedney et al. 2004).  Reaching this goal will require long-term and continuous measurements of methane fluxes, as well as carbon dioxide and water vapor, over key ecosystems and associated measurements to characterize biogeochemical mechanisms.   It will also require development and testing of methane emission models and exercises which upscale this information to the regional and model grid scale, e.g. 30 to 50 km2.

Most methane emission datasets and derived source-functions have been generated using chambers placed over wetlands, plants and soils (Bubier and Moore 1994; Harriss et al. 1985; Miller et al. 2000; Moore and Knowles 1990; Whiting and Chanton 1993).  This methodology is useful and appropriate for studying mechanisms and spatial variability at small scales (Livingston and Hutchinson 1995).  However, it is less well suited for estimating annual fluxes or patterns over large areas.  Most annual methane budgets are derived from twenty or fewer sampling campaigns over the course of a year and measure fluxes from 10 or few chambers, small in area (< 1 m2) (Miller et al. 2000; Moore and Knowles 1990).  Methane chambers are also poorly suited to study interactions of the plant/soil system with the atmosphere.  Xylem transport and ebullition are major pathways for the transfer of methane from the anoxic soil sediments to the atmosphere (Bubier and Moore 1994; Conrad 1989; Conrad 1996; Verma et al. 1992).  To better estimate temporal and spatial patterns in methane efflux across the soil-plant-atmosphere interfaces, we need quasi-continuous long term studies that measure carbon dioxide, methane and water fluxes directly and simultaneously (Lafleur et al. 2003; Suyker et al. 1996; Verma et al. 1992; Werner et al. 2003).

The eddy covariance method is capable of measuring methane efflux directly and for extended periods to times in a quasi-continuous manner (Kim et al. 1999; Suyker et al. 1996; Verma et al. 1992).  In particular, the eddy covariance method is capable of detecting methane losses via xylem transport and ebullition, without introducing artifacts, because it measures fluxes across the vegetation-atmosphere interface.   Furthermore, it has the potential to measure how methane fluxes will be modulated by temporal changes in water table, atmospheric pressure and water chemistry.   Unfortunately, the eddy covariance method has been under utilized to measure methane fluxes continuously over large areas of natural methane sources, in part because of the reliance on expensive, labor-intensive and complicated tunable diode laser spectrometers (Kim et al. 1999; Shurpali and Verma 1998; Suyker et al. 1996; Verma et al. 1992).

[bookmark: OLE_LINK6]A new generation of affordable infrared laser absorption spectrometers has recently become available (http://www.lgrinc.com/docs/CH4-datasheet.pdf) that is suitable for continuous eddy covariance measurements of methane.  The instrument uses off-axis integrated cavity output spectroscopy (O'Keefe et al. 1999).  A mid-infrared quantum cascade laser that centers on and is tuned across the 6057 cm-1 wavenumber (1651 nm) methane absorption band is used for the spectroscopy.   The laser is reflected between two curved mirrors multiple times to produce an optical path-length that is on the order of several kilometers. Light attenuation is measured directly and methane concentrations are computed using Beer’s Law. Consequently, the instrument produces an absolute measure of methane. Because the laser was been developed for commercial telecommunication purposes it does not require cooling by liquid nitrogen, making it conducive for continuous and unattended measurements.  Together, these attributes produce an instrument that is based on direct and fundamental physics, is highly accurate, has high precision, negligible zero and span drift and no interference by other trace gases.    The sensor built by Los Gatos Research has a reported accuracy of 1.0% and a precision of 0.1%.  The sensor is capable of measuring methane concentration ten times per second, as is required to apply the eddy covariance method (Baldocchi 2003).  Based on the sensor’s specification, we estimate that it is capable of detecting a minimum methane flux density on the order of 4.68 nmol m-2 s-1 (0.27 mg CH4 m-2 h-1), an adequate detection limit based on numerous methane emission studies with chambers and micrometeorological fluxes based on gradients and eddy covariance (Miller et al. 2000; Shurpali and Verma 1998).       

Scientific Rationale, Intrinsic Merit and Broader Impact

We recently purchased a Los Gatos Research laser spectrometer methane sensor.  We propose to use it to study methane fluxes, in tandem with separate and simultaneous measurements of carbon dioxide, water and energy exchange, within and over a peatland pasture in the Sacramento-San Joaquin Delta.   With these measurements, we will determine the biophysical factors controlling the fluxes at the local scale with a set of plot and laboratory studies.  We will upscale this information with GIS and remote sensing to the regional scale (Ju et al. 2006).  The later task will be accomplished by developing and testing methane efflux models.  A product of this research will be new methane emission algorithms that can be later implemented in coupled climate-carbon cycle models (Gedney et al. 2004) or regional atmospheric chemistry models (Allison Steiner, in preparation).

The Sacramento-San Joaquin Delta region is ¾ of a million acres in size and is replete in marshes, wetlands and agricultural peatlands (Figure 2).   One rationale for quantifying the coupled methane and carbon dioxide fluxes arises from the fact that this temperate peatland region has received relatively little attention from the methane community (e.g. Miller et al., 2000) compared to the plethora of studies previously conducted in northern peatlands, such as those in Minnesota (Harriss et al. 1985; Verma et al. 1992), Canada (Lafleur et al. 2003; Moore and Knowles 1990; Roulet et al. 1993), Siberia (Corradi et al. 2005), Scandanavia (Christensen et al. 1996) and the tropics (Silver et al. 1999; Teh et al. 2005).  Yet, with a long growing season, warm temperatures and high rates of net primary productivity (Brinson et al. 1981), we expect greater rates of methane emissions from Delta peatlands than from colder climates.  We also expect methane fluxes to vary across the spatial transect of the Delta.  High methane emission rates will be mediated by periodic fluctuations of the water table and by the occasional intrusion of saline water, due to the Delta’s proximity to the San Francisco Bay estuary.

From a scientific and ecological viewpoint, the Delta is vulnerable, providing additional rationale for warranting further study.  Over the past 150 years, the Delta region has undergone considerable land use change.   The region was an extensive wetland before the Gold Rush era (circa 1849).  Afterward, much of this region was reclaimed and drained for agriculture by building a network of ‘islands’ surrounded by levees.  The exposure of organic peat soil to air has caused the peat soil to oxidize and soil to subside (Deverel and Rojstaczer 1996).   Today, a combination of oxidation, subsidence, erosion, and compaction has caused many ‘islands’ to be 10 m below sea level (Anonymous 1995).  

The continued oxidation/subsidence of the Delta peatlands is threatening long-term agricultural use of these lands by pushing the soil level further and further below sea-level.   It is also threatening the availability of freshwater to about two-thirds of the population of California.  The probability of levee breaching and island flooding by levees holding back the rivers and sloughs is high at present (Prof. Jeff Mount, University of California, Davis, personal communication).  These levees are especially vulnerable to breaching by a major earthquake, winter storms, high tides, natural seepage and invasion by burrowing animals.   Any flooding of the Delta will cause an intrusion of salt water from the San Francisco Bay estuary and will have a dire impact on over 20 million Californians, who rely on high quality water flowing through the Delta for irrigation, commerce and drinking (Miller et al. 2000).  

[image: ]

State and Federal governmental institutions (e.g. CalFed) and local water districts are interested in converting some of these agricultural lands back to wetlands.  This can be accomplished by breaching levees, with the intent of sequestering carbon and building up the soils (Miller et al. 2000; Simenstad et al. 2000).    Knowing what the environmental trade-offs of such land conversion on coupled carbon and water exchange is critical for proper environmental management.  Temperate peatlands, such as those in the Delta, have the potential to be among the most productive ecosystems in the world due to their exposure to high levels of sunlight and the supply of ample water and nutrients (Brinson et al. 1981).  But flooding agricultural lands can also promote anoxic conditions and methane production.   Since methane is a much stronger greenhouse gas than CO2 and is a precursor for ozone production in the presence of nitrogen oxides, stimulating methane losses could have detrimental effects on the climate, atmospheric chemistry and hydrology of Central California.    .

Many scientific questions arise with regards to the uptake and losses of carbon by peatland agriculture and the consequences of land use change on the ecosystem, climate and chemical composition of the atmosphere.   Among the critical questions are:

· Under current agricultural practices, what is the net greenhouse trace gas (methane, CO2, water vapor) flux to and from Delta peatlands?
· How do fluxes of methane, carbon dioxide and water vapor vary and co-vary seasonally, annually and inter-annually over peatlands?
· What are the effects of weather, water table, salinity and vegetation function on net greenhouse gas fluxes, on short and long time scales?
· How will changes in land-use alter methane production of the Delta peatlands?     
· How much methane is produced and how much carbon dioxide is sequestered by the Delta region?
· Can we upscale methane fluxes by knowing relationships between it, net carbon uptake, temperature, water table depth and remotely sensed vegetation indices?

Since methane emissions scale with net primary productivity (Bubier and Moore 1994; Whiting and Chanton 1993) we hypothesize that converting these lands from agriculture to wetlands will produce a new and large source of methane production.   Current agricultural practices in the Delta may also produce significant rates of methane emission.  These peat soils overly a water table that varies from close to the surface to several meters below as land managers vary the pumping of ditches for irrigation and drainage (Deverel and Rojstaczer 1996).   

Methane emission has various paths, sources and sinks.  Methane is produced by methanogenic bacteria in anoxic soils. It will diffuse through the soil-water matrix, rise through bubbles or be transported via xylem.  Methane is destroyed by methanotrophic bacteria. 


Location

Address

20890 Sherman Island East Levee Road


GPS

This site is on Sherman Island, which is on the west side of the Delta and is on land managed by the California Department of Water Resources (Figure 2; lat: 38.0373N; long: 121.7536W; Elevation -12.1 m).

Magnetic Declination 14 deg 35’

[image: sherman_twitchell.jpg]



The pasture is representative of many long the western edge of the Delta.



[image: delta_visions_pasture]
Figure 6


Much of Sherman Island is flat and below sea level (Figure 7).  Our site in particular is about 7 m below sea level.

[image: C:\Documents and Settings\biomet\Local Settings\Temporary Internet Files\Content.Outlook\FHBVY0AY\sherman.jpg]
Figure 7 Digital Elevation map of Sherman Island; map credit Oliver Sonnentag

These data are from LIDAR flights of the Sacramento-San Joaquin Delta conducted during late January and February of 2007.  The work was conducted under contract issued by California Department of Water Resources to URS Corporation.  The prime LIDAR creation subcontractor was EarthData International, (later Fugro EarthData), also known as EDI.  The principal aerial survey firm under subcontract to EDI was Airborne 1 Corporation.  In effect, Airborne 1 performed the aerial survey, and EDI did the processing and deliverables preparation.  Also involved in the contract to URS was an independent QA/QC firm, Spectrum Mapping LLC.  

For this release, the survey includes:

a) raw data, in folders titled “point cloud”
b) bare earth elevations
c) canopy/first return points
d) LIDAR intensity return images
e) flightlines and project tiles

The data are in a variety of formats, including ASCII, native LIDAR .las formats, ESRI v. 9.2 geodatabase points, and ESRI raster export format.  The intensity images are geotiffs.

All data are registered to UTM Zone 10, NAD83, vertical datum NAVD88.  The elevation units in the point files are in meters.  The elevations for the ESRI grids are in decimeters (done to allow integer type grids to save file size).

The bare earth grid is of one meter resolution.

The accuracy specifications are as follows:

Vertical accuracy: 	95% at 0.6’ (<18.5cm) and 90% at 0.5’ (15cm)
Horizontal accuracy: 	1.0’ (30cm), 1 sigma.

The final QA/QC reports, final metadata, and the 1 foot contours (with breakline development) are not yet available and will be delivered later, probably around early January.


Climate

The field site is close to Antioch Ca.  Mean annual air temperature is 15.9 C from 1949-2000.  The mean rain fall is 346 mm +/- 136.







Vegetation

The site is heavily infested with an invasive species, pepper weed (Lepidium latifolium L.)

http://www.ipm.ucdavis.edu/PMG/PESTNOTES/pn74121.html

Perennial pepperweed (Lepidium latifolium), an introduced plant from southeastern Europe and Asia, is invasive throughout the western United States. It can establish in a wide range of environments and is a common problem in flood plains, irrigation structures, pasture, wetlands, riparian areas, roadsides, and residential sites. Recent surveys identify perennial pepperweed as a weed problem in nearly all of California, and both the California Department of Food and Agriculture (CDFA) and California Invasive Plant Council (Cal-IPC) list it as a noxious weed of greatest ecological concern. Populations form dense monocultures that are easily spread by root fragments and seed. Perennial pepperweed has many common names including tall whitetop, perennial peppercress, ironweed, perennial peppergrass, and broad-leaved pepperweed.

IDENTIFICATION
Perennial pepperweed is a member of the Brassicaceae (mustard) family. Stems range from 2 feet to over 4 feet tall. Mature plants have numerous erect, semi-woody stems that originate from large, interconnected roots. Roots are long, minimally branched, and enlarged at the soil surface forming a semi-woody crown. The foliage is glabrous and green to gray-green in color. Rosette leaves are ovate to oblong with entire to serrate margins on long petioles. Rosette leaves are about 4 to 11 inches long and 1 to 3 inches wide. Stem leaves are sessile and lanceolate, have entire to toothed margins, and become smaller toward the top of the stem. Small, white flowers form dense clusters arranged in panicles at the tip of each stem. Perennial pepperweed is often confused with hoary cress (Cardaria draba); also called whitetop. However, unlike the taller perennial pepperweed, hoary cress stems are less than 3 feet tall and have leaves that clasp the stem and lack an obvious petiole. 
Under the pepper weed is a grass.  The herbarium guys suggested that the grass sample was likely a Festuca (though do indeed want the flowers to make sure).  At least one reference (Koukoura, 1998) calls Festuca ovina a C3.

[bookmark: LIFE]LIFE CYCLE
Perennial pepperweed is a long-lived herbaceous perennial that thrives in seasonally wet areas or areas with a high water table. Perennial pepperweed is typically found invading fine-textured, saline/sodic soils, although populations can establish and persist on course-textured, alluvial soils. Plants reproduce from perennial roots or seed. In early spring, new shoots emerge from root buds forming low-growing rosettes (basal leaves with no obvious stem). Plants remain in the rosette stage for several weeks before developing a flowering stem. Flowering typically begins in late spring with mature seed being produced by mid-summer. After seed production, flowering shoots die back, although rosettes can emerge again in fall and persist through winter in frost-free areas. Dead stems are slow to decay and accumulate over time, forming dense thickets that prevent growth of desirable species. Perennial pepperweed is a prolific seed producer. Laboratory tests suggest seeds germinate readily with fluctuating temperatures and adequate moisture; however, seeds do not appear to remain viable in the soil for extended periods. 
Established perennial pepperweed plants develop an extensive root system capable of storing large amounts of energy. Roots can grow to soil depths greater than 10 feet and spread laterally several feet each year. Root segments also produce adventitious buds capable of generating new shoots. Perennial pepperweed's root system is the foundation of the plant's competitiveness and the major target of control efforts.
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Pepperweed experiences many phenological phases over the year

[image: ]
Figure 9(Hestir et al. 2008)


Salinity

There is a strong salinity gradient along the Bay-Delta Estuary. Sherman Island is near the level where fresh water dominates, but due to changes in river flow, season and tides, saline levels can become elevated. 

Water quality is another factor controlling methane emission into the atmosphere. In peatlands formed in salt-water marshes and estuaries methane production is inhibited.  Sulfate- and iron-reducing bacteria out-compete methanogens for H2 and acetate. Iron is thought to be a more preferable electron acceptor thermodynamically over sulfate and methane (Conrad 1996; Whalen 2005).  Methane oxidation can be inhibited by excess ammonium concentrations (Gulledge et al. 2004; Steudler et al. 1989), typical of ecosystems that experience anthropogenic N inputs or are downstream of fertilized agricultural fields or livestock farms.

[image: ]
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Soils

The soils of the Delta overlay deep peat that was sequestered over the Holocene as sea-level rose and flooding of archaic wetlands prevented decomposition of roots and stems.

The island has been drained and farmed since the late 1800s. Hence upper 10 m of peatland has been lost to decomposition, compaction and subsidence.  Today a mineral soil over lays a peat layer which coincides with the general depth of the water table.  C content in the upper layer is about 5 to 10%. At depth it increases quickly to 15% and reaches 50%.



Figure 10  Profile of soil C at Sherman Island. Data collected by Ben Runkle
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Figure 11 (Drexler et al. 2009)


Soil nitrogen levels are on the order of 0.4 to 0.6% in the mineral soil and over 1% at depth



Figure 12 data collected by Ben Runkle.



We computed potential amounts of C Sequestered or Lost in the Sacramento-San Joaquin delta over the Holocene

C storage = Area times Depth times bulk density times C content

Legal Delta Area = 1156 mi2 = 2994 km2 = 2.994 e9 m2
Primary Delta is 490,000 acres = 765 sq miles =1.981 e9 m2
Delta 1900’s 540 sq mi= 1400 km2 = 1.4 e9 m2

Peatland Depth = 10 m (a conservative estimate given there may be or have been 30 to 50 m of peat in places)

Carbon Content ~ 10 to 50% based on cores by Drexler across the Delta For ball park assume 40%

Bulk Density of deeper peat 0.10 to 0.29 g cm-3 or 100 to 290 kg m-3



Figure 13 (Drexler et al. 2009)

Bound C
1.981 e9 m2 x 10 m x 0.4 x 100 kg m-3 = 0.79 e12 kgC = 0.79 PgC


Delta may have taken up 0.3% of atmospheric C over the glacial interglacial period!
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COWS

The site is heavily grazed with cattle.  About 100 cows graze the area of 38 ha, that circumscribe the main field and fetch.  The cows tend to be outside the fetch during the day, but they circulate around the field and may congregate near the flux tower at night.  Hence, it is important to inspect web camera images and the covariance between CO2 and methane, to determine if the efflux data is being affected by the cows.


Other Experiments

April 6, 2010 we put a tower, using the LGR trailer, upwind of the peatland paddock to measure air entering Sherman Island and more importantly air downwind from a large wetland.  We hope to use Backward Lagrangian model to deduce potential methane efflux from this system.

coordinates are 38° 1' 56.18" N, 121° 46' 19.25"

[image: ]


Materials and Methods

Micrometeorology

Air temperature and relative humidity will be measured with a platinum resistance thermometer and solid-state humicap, respectively (model HMP-45A, Vaisala, Helsinki, Finland), which are shielded from the sun and aspirated. Static pressure will be measured with a capacitance barometer (model PTB101B, Vaisala, Helsinki, Finland).  Soil temperatures will be measured with multi-level thermocouple probes. Volumetric soil moisture content will be measured continuously in the field at several depths in the soil with frequency domain reflectometry sensors (Theta Probe model ML2-X, Delta-T Devices, Cambridge, UK).  Sensors will be placed at various depths in the soil (5, 10, 20 and 50 cm) and will be calibrated using the gravimetric method.  Profiles of soil moisture (0-15, 15-30, 30-45 and 45-60 cm) will be made periodically and manually using an enhanced network of time-domain, reflectometer (Moisture Point, model 917, E.S.I Environmental Sensors, Inc, Victoria, British Columbia).   Water table is measured with a Druck pressure sensor that is in a well dug about 3 m deep into the peat. Precipitation is measured with a Texas Electronics tipping rain gauge.  Incoming and reflected solar radiation is measured with a Kipp and Zonen Pyranometer. Incoming and emitted long wave radiation is measured with a set of Kipp and Zonen Pyrogeometers.  Net radiation is measured with a Kipp and Zonen Lite Net radiometer and incoming and out going PAR are measured with Kipp and Zonen Quantum sensors.  We are using a rotating shadow band, developed by NOAA/ATDD Oak Ridge, TN, to measure diffuse PAR.  A home-made LED sensor is measuring reflected light in the red and NIR wavebands.
	
Ancillary meteorological and soil physics data will be acquired and logged on CR-23x and CR-10x dataloggers (Campbell Scientific Inc., Logan, Utah, USA).  The sensors will be sampled every second, and half-hour averages will be computed and stored on a computer, to coincide with the flux measurements.

Fluxes of carbon dioxide, water vapor and heat between the land and the atmosphere will be measured with the eddy covariance method (Baldocchi 2003). Wind velocity and virtual temperature fluctuations will be measured with a three-dimensional ultra-sonic anemometer (Windmaster Pro, Gill Instruments, Lymington, UK). Carbon dioxide and water vapor fluctuations will be measured with an open-path, infrared absorption gas analyzer (model LI-7500, LICOR, Lincoln, NE).   The micrometeorological sensors will be sampled and digitized ten times per second.    In-house software will be used to process the measurements into flux densities.  

Data quality are inspected by plotting signals with MATLAB. Below is an example of time series over 24 hours for all the scalars.



[image: DOY296.png]

Phenology and the presence and absence of cows are monitored with digital camera that is pointed to the west, towards the prevailing wind.

[image: fig_cam]



Analysis of the digital pictures gives us a portrait of when cows were present or absent from the scene. As cows are active emitters of methane, this information is critical for distinguishing the land vs the cows a sources in our data record.


[image: ]


The software computes covariances between velocity and scalar fluctuations over half-hour intervals.   Turbulent fluctuations will be calculated using the Reynolds decomposition technique by taking the difference between instantaneous and mean quantities.  Mean velocity and scalar values will be determined using thirty-minute records.  The computer program also removes electrical spikes and rotates the coordinate system to force the mean vertical velocity to zero.  Corrections for the effect of density fluctuations will be applied to the scalar covariances that are measured with the open-path sensor using theory developed by Webb et al. (1980).   

Data gaps are inevitable and must be filled to compute daily and annual sums of fluxes.  We will filled data gaps with several methods, including the mean diurnal average method, look-up table and neural network approaches (Falge et al. 2001; Moffat et al. 2007).  The diurnal means were computed for consecutive 26-day windows to account for seasonal trends in phenology and soil moisture.   The 26-day window corresponds well with a spectral gap in energy fluxes, suggesting that this time window was nearly optimal.

The fast response CO2/water vapor sensors will calibrated every three to four weeks against gas standards and are compared regularly with the precision profile system.  The calibration standards for CO2 are traceable to those prepared by NOAA’s Climate Monitoring and Diagnostic Laboratory.  The output of the water vapor channel will be referenced to a dew point generator (LI-610, Licor, Lincoln, NE).  

Methane Sensor

Methane Concentrations and fluxes are being detected with a Los Gatos methane sensor.

We inspected the performance of the laser system by downing loading HI Tran Spectra of Methane.  There are a variety of lines in the 1.6 to 1.7 micron region.  






We suspect Los Gatos Research chose the 1651 nm region of the absorption spectrum because it is clean (no water or CO2 cross contamination) and because midrange IR lasers are available.









In terms of wavenumber, this wavelength translated to a value of 6057 cm-1.   


To assess Beer’s Law absorption, information on laser intensity is needed.  This value,   I(0), is assessed by measuring transmission at the adjacent wavenumber, eg 6056 cm-1.  The next figure shows the absorption at 6057 and the openness of the adjacent wavenumber.










In principle, the Laser has a width of 1 Mhz.   Based on the speed of light, , this is equivalent to 0.000033 cm-1.   The Los Gatos laser scans a 30 GHz portion of the spectrum, which is approximately 1 wavenumber (cm-1).




Flux detection limit based on noise level of the methane sensor




rwc ~ 0.5  assuming same correlation from scaling theory between w and u.

w ~ 0.125 m s-1  (assuming u* = 0.1 m s-1)

c ~ 0.001 ppm

New update 0.84 ppb

Based the sensor’s specification, we estimate that it is capable of detecting a minimum methane flux density on the order of 4.68 nmol m-2 s-1 (0.27 mg CH4 m-2 h-1), an adequate value based on numerous methane emission studies with chambers and tunable diode laser systems (Miller et al. 2000; Shurpali and Verma 1998).  

With data in hand, we find the site very windy, with u* more often in the 0.5 to 1 m/s range


	
	
	
	
	

	u*
	sigma w
	sigma CH4
	air density
	F CH4 detection

	
	m/s
	ppb
	
	mol m-2 s-1

	0.1
	0.125
	0.84
	40.61423
	2.13225E-09

	0.3
	0.375
	0.84
	40.61423
	6.39674E-09

	0.5
	0.625
	0.84
	40.61423
	1.06612E-08

	0.7
	0.875
	0.84
	40.61423
	1.49257E-08

	0.9
	1.125
	0.84
	40.61423
	1.91902E-08

	1.1
	1.375
	0.84
	40.61423
	2.34547E-08



So the flux detection limit ranges between 2 and 23 nmol m-2 s-1, depending on how windy it is and how large u* is>


Also check out Flux Noise Level of Lenschow and Wesely and Hart









January 21, 2011


Calibrated the methane sensor with the new NOAA CMDL standard. The standard is 1897.8 ppb.  We observed:




The system measures with a precision of 4 in 20,000, or 1 in 5000.





We started some initial lag analyzes for the tubing by adding or removing N2.  Preliminary data are







Looking at a log linear plot we observe that the e folding time constant for flushing the cell is 6.25 s.  Note on the test where we introduced N2 we had a 12.3 time constant, but that was the first run and there may have been uneven flow of N2 into the cell.








Spectral analysis with wavelets is underway and is showing we are able to measure fluxes with confidence.
[image: ]
Figure 14 Detto, Baldocchi and Katul. In press Boundary Layer Meteorology.





The flux footprint has been evaluated for the site and we tend to see most of the dry paddock during the day.  There is expectations that the footprint is much elongated at night and may reach out to the tules on Sherman lake, which pilot studies are showing to be huge methane souces.



[image: ]
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CO2/water vapor analyzer

LI 7500 

LICOR
	4421 Superior St
	Lincoln, NE


The LI-7500 Open Path CO2/H2O gas analyzer consists of two components: the analyzer sensor head and the control box which houses the electronics. 
The sensor head has a 12.5 cm open path, with single-pass optics and a large 1 cm diameter optical beam.  Reference filters centered at 3.95 µm and 2.40 µm provide for attenuation corrections at non-absorbing wavelengths.  Absorption at wavelengths centered at 4.26 µm and 2.59 µm provide for measurement of CO2 and water vapor, respectively.  These features minimize sensitivity to drift and dust, which can accumulate during normal operation.  The LI-7500 operates over a temperature range of -25 to +50 °C.  An additional calibration verification of the LI-7500 can allow for operation to -40 °C.


[image: http://www.licor.com/env/Products/GasAnalyzers/7500/7500_graphics/7500spectable.gif]


April 12, 2007


Site Setup, Methane Inlet, Sonic anemometer and Licor 7500





[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK5]Tower Location

38.036639 North
121.754028 West

Soil Moisture

Soil moisture is measured with two sets of sensors. Theta probes are used to measure soil moisture continuously, at a few locations.  Spatial sampling is augmented with a network of Moisture point segmented time domain reflectometers.





TDR Probes

	Sherman Island
	
	Lat/Long

	#1 East in fence
	0FEDDAA1
	                   38.036694

	
	 
	121.75389

	 #2 West in fence
	AB5408F

	 
	 
	38.036722

	
	
	121.754083

	
	
	

	#3 
	FED8688
	38.036778

	
	
	121.754417

	#4 Middle T
	0FED7C67
	38.036833

	
	
	121.754694

	#5 South T
	0A6D8356
	38.036667

	
	
	121.754722

	#6 North T
	0FEDDO1B
	38.037333

	
	
	121.754694

	
	
	







Footprint modeling to assess methane flux

(Detto et al. 2006)


Density Corrections, from Detto

Simplified expressions for adjusting higher order turbulent statistics obtained from closed path gas analyzers 









Following similar argument in Detto and Katul (2007), the concentration (often referred as ‘mixing ratio’) fluctuations of any scalar  (, where overbar indicates Reynolds averaging and primed quantities are fluctuations) such as CO2 and CH4, in the atmosphere (expressed as moles of  per moles of air) can be decomposed into two contributions: one due to the ‘natural’ fluctuations by the transport phenomena such as turbulence () and the other due to fluctuations in external conditions () mainly due to changes in water vapour density (), note that temperature and pressure doesn’t affect the mixing ratio.  In micrometeorological applications, separating these ‘external’ fluctuations from the measured fluctuations is needed when linkages between sources and sinks of scalar  at the ground and turbulent fluxes in the atmosphere is investigated.  Hence, the instantaneous scalar concentration and its variations can be expressed as


									(1).



To link to changes , we start writing that



  



In the absence of injection or removal of molecules of dry air (i.e. mass of dry air is preserved) and  (we are interested in deriving expressions for ),  is constant and it is convenient to express




									(2)

Combining these results with equations (1) we obtain a complete relationship to express the natural concentration fluctuations:


									(3).






From equation (1), note that  because  and these external effects do not alter the mean gas mixing ratio.  It is now straightforward to derive from equation (5) all the higher order statistics of  from  .  For instance, multiplying equation (3) by the turbulent vertical velocity  and applying Reynolds averaging we obtain:


								(4).




The flux is now obtained multiplying equation (4) by the density of air  (expressed in moles of air per unit of volume).  Since it’s more common to measure or compute the density of dry air  and water vapour flux as , we rewrite equation (4) as:


 							(5)

where we assume that the ratio of the mean molar concentrations is equal to the ratio of the mean molar densities.
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