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Introduction
A two phase project was designed to assist Marine Corps Installations West (MCI West) entities
and organizations in developing a strategy to reduce their overall carbon footprint, especially
greenhouse gas emissions. This report covers the second phase of the project, which had three
main components:
e an assessment of the carbon footprint at MCI West based on existing information, which
was used to develop a science-based profile showing migration pathways;
e an examination of potential natural sources and sinks for carbon, which was conducted to
help understand the potential for natural processes to offset anthropogenic emissions.
e and a prioritization of technological solutions for reducing carbons emissions was
produced in the context of our understanding of the emissions profiles of the installations.

Because US Marine Corps installations operate in accordance with environmental and other legal
requirements, and seek measures that sustain regulatory compliance and operational
requirements, MCI West requested a project which would provide Marine Corps Air Ground
Combat Center (MCAGCC) Twentynine Palms and other West Coast USMC installations with a
strategy for reducing the carbon footprint associated with non-tactical mobile and stationary
sources of carbon. The project described in this report contributes to assessing the best strategies
for reducing and/or eliminating carbon related emissions at USMC installations in the western
region, with a particular focus on MCAGCC and in the context of a significant growth in force
within MCI West, and also in consideration of Assembly Bill 32 (AB32) regulations.

Two areas in which the results of this project might be especially important for MCIl West are 1),
they will assist efforts to comply with California state regulations (AB32) which requires that
greenhouse gas (GHG) emissions be lowered to 1990 standards by 2020, and 2), as reducing
GHG emissions will be part of a global effort to minimize affects of climate change, MCI West
is well positioned to be a proactive player in this activity.

The importance of climate change to land management activities, and agencies’ decision making
processes is not thoroughly understood, but Federal agencies have been directed to ensure the
scientific and professional integrity of their assessment of the ways in which it might affect
proposed action (CEQ, 2010). It is recognized that the ability to accurately predict climate
change effects, especially in the short term, is limited and the National Environmental Policy Act
(NEPA) is recommended as a vulnerability reduction and mitigating strategy technique (CEQ,
2010). Any planning conducted by MCI West must therefore consider the climate change factor.

Regulations



This project was conducted largely in response to regulatory need. As stated in the California
State Assembly Bill 32, “Global warming poses a serious threat to the economic well-being,
public health, natural resources, and the environment of California. The potential adverse
impacts of global warming include the exacerbation of air quality problems, a reduction in the
quality and supply of water to the state from the Sierra snowpack, a rise in sea levels resulting in
the displacement of thousands of coastal businesses and residences, damage to marine
ecosystems and the natural environment, and an increase in the incidences of infectious diseases,
asthma, and other human health-related problems.” This recognition has led California to take
action to regulate greenhouse gas emissions and to reduce its overall carbon footprint.

The State of California is in the process of finalizing regulations on GHG emissions based on the
Global Warming Solutions Act of 2006 (California Assembly Bill 32 or AB32). AB32 directs
the California Air Resource Board (ARB) to cap all major GHG emissions in the state of
California to 1990 levels by 2020. A major emphasis of AB32 is on the electricity and natural
gas sectors and carbon reductions in these sectors are critical in reaching the goals of AB32.

On June 26, 2012, the U.S. Court of Appeals D.C. Circuit upheld the Environmental Protection
Agency’s (EPA) Endangerment Finding and GHG regulations issued under the Clean Air Act
(CAA) for passenger vehicles and CAA permitting for stationary sources. This follows the April
2009 ruling by the US EPA which acknowledged that GHGs pose health and safety risks. The
ruling comes after the 2007 Supreme Court decision required the EPA to review the justification
in regulating GHGs under the Clean Air Act. The evolution of AB32 and the decision by the
EPA that GHGs are a health and safety risk, demonstrate that the national trend will be to
regulate the production of GHGs. In addition to regulatory standards, Cap and Trade methods or
carbon tax may be employed as additional methods to control GHG emissions.

Relevance

There are several factors which indicate that the MCAGCC is an important study site for military
compliance to reduce GHG emissions and reduce its carbon footprint. The southwestern US is a
mosaic of land uses, land ownership, and varying ecoregions. The Department of Defense
manages a considerable inventory of installations and facilities in this region - approximately
40,000 km? in Southern Nevada, Southeast California, and Western Arizona - which were once
relatively remote and had a very low population density. However, most of them today are near
or even adjacent to urban development due to unprecedented growth in the Southwest, which is
among the highest in the country. This juxtaposition of military lands with areas of rapid urban
growth and a tendency toward a “green” demographic provides a suitable context for
demonstration of military preparedness not only in terms of defense, but also in the wider global
scenario of the effects of climate change.



Arid regions, such as the context area of MCAGCC, are increasingly being looked at as potential
areas for assessing CO, flux. The military may become a major player in managing lands for its
training and testing activities as well as for sequestering carbon.

Sources and Sinks

CO; cycling between the terrestrial surface and the atmosphere

Carbon dioxide (CO,) cycles between the atmosphere and terrestrial ecosystems/sources and
there are several sources and sinks for CO, on the Earth’s surface (Figure 1). One of the major
sources of CO; into the atmosphere from Earth’s surface is from the burning of fossil fuels. The
burning of fossil fuels accounts for the majority of CO, that is emitted into the atmosphere. Other
sources of emission include animal and plant respiration (above and belowground respiration),
soil heterotrophic respiration, and dead and decaying animal and plant tissues. The major sinks
for atmospheric CO, include plants, soils (if managed properly), soil biological crusts
(photosynthesizing organisms on the soil surface that can take up or release CO3), and oceans.
Many factors affect the strength of these various sources and sinks for CO,. Plant source or sink
strength is usually determined by the type of plant, the leaf area index of the plant, the canopy
cover per unit of land area, soil nutrient availability, and environmental factors such as
temperature and precipitation which can change dramatically within and between years (intra and
inter annual variability).
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Figure 1. Carbon dioxide (CO,) cycling between the atmosphere and terrestrial ecosystems
and other sources.



Carbon sequestration potential of arid shrublands

Deserts (arid and semiarid) cover >30% of Earth’s land surface and are also home to >30% of its
population. Arid desert shrublands similar to the Mojave occupy approximately 20% of the
Earth’s land surface. The extent to which these deserts currently modulate global atmospheric
COg levels is poorly understood. This is because of the worldwide paucity of empirical
measurements of net ecosystem CO, exchange (NEE; the instantaneous net ecosystem CO; flux)
in desert and semiarid biomes (Falge et al., 2002a, b; Law et al., 2002). This, in turn, is perhaps
due to the perception that sparse vegetation cover and seemingly bare soil surfaces translate into
a low net annual positive ecosystem CO, balance (net ecosystem productivity, NEP; the annual
sum of NEE) or even to a neutral or negative balance. Certainly biomass carbon stocks of arid
shrublands pale in comparison with forests hectare for hectare (Grace, 2004) and their net
primary production (NPP) is considered among the lowest of any ecosystem type (Larcher,
2001). However, existing NEE and NEP data from sparsely covered (5—20% plant cover) arid
shrublands indicate that deserts may rival or even exceed net CO, uptake by forests and
grasslands, at least in some years (e.g., years with high precipitation) (Table 1). Wohlfahrt et al.
(2008) measured carbon fluxes from a Mojave Desert shrubland using the eddy covariance
method and measured an annual NEP of -102+67 g C m™ (2005), -110+70 g C m™ (2006), and
-81+52 g C m™ (2007; unpublished eddy covariance data from this Mojave Desert shrubland)
(note: negative NEP values are net uptake of CO; by the ecosystem), indicating that the Mojave
Desert ecosystem studied was a significant net sink for CO; during the 2-year study (2005 —
2006), corroborating the annual net gains of -127+17 g C m™ measured in 2004 by Jasoni et al.
in the nearby ambient CO, FACE plots using large static ecosystem chambers (Jasoni et al.
2005). These sink strength estimates are in line with the few other studies available in the
literature: -212 g C m (March—December only) reported by Scott et al. (2006) for a semiarid
riparian shrubland in Arizona, -39 to -52 g C m™ found by Hastings et al. (2005) for a desert
shrub community in Baja California/Mexico, -96 to -155 g C m™ determined under normal
weather conditions by Luo et al. (2007) for a mature semiarid chaparral ecosystem in California
(under severe drought conditions this ecosystem was found to be a large source of CO,; 207 g C
m, and -7 to -59 g C m™ for a Great Basin arid shrubland ranging in canopy cover from 35 to
20% (unpublished data). Emmerich (2003), though, reported a net annual loss of 144 g C m™in
a semiarid bush site in Arizona, however, this loss appears to stem from the large pool of soil
inorganic carbon. Thus, these high NEPs and the large global extent of the arid and semiarid
biome (>30% of Earth’s land surface; Lal, 2004) strongly suggest that deserts are playing a much
larger role than previously expected in modulating atmospheric CO; levels. Expansion of arid
shrubland vegetation cover, similar to that observed in the Mojave Desert of the southwestern
United States over the past three decades (Webb et al., 2003), or potential increases in the
activity or land-area-based mass of cryptobiotic crust communities that cover large areas of
desert soil (Evans & Johansen, 1999; Belnap et al., 2004) may be contributing to the large
positive NEPs that have been measured. Although there is evidence indicating that deserts of the
world sequester carbon, and in some cases large amounts of carbon, it has been suggested that



intra- and inter annual variability as well as properly accounting for measurement errors play a
large role in determining the true role of desert ecosystem carbon sequestration (Schlesinger et
al. 2009).

Table 1. NEP values measured using static chamber and eddy covariance (EC) methods.

Desert | Location Year NEP Notes Reference
(g C m-2yr-1)
Mojave | S. Nevada 2004 -127 Chamber measurement | Jasoni et al. 2005
2005 -102 Eddy covariance Wohlfahrt el al. 2008
2006 -110 Eddy covariance
2007 -81 Eddy covariance Unpublished
G.Basin | E. Nevada 2006 -18 Eddy covariance
-59 Eddy covariance
-56 Eddy covariance
2007 -7 Eddy covariance
-53 Eddy covariance
-59 Eddy covariance
Sonoran | Baja Calif. 2002 -39 Eddy covariance Hastings et al. 2005
2003 -52 Eddy covariance
S. California | 1998 -96 Eddy covariance Luo et al. 2007
2000 -100 Eddy covariance
2001 -155 Eddy covariance

Sequestration at MCAGCC

There are capture and storage opportunities at the Marine Corps Air Ground Combat Center
(MCAGCC) at Twentynine Palms. California currently operates two Combined Heat and Power
(CHP) systems. While these systems do produce GHG emissions, the total output of 16.4 MW is
much less than when compared to a large scale power plant. For a scale comparison, when the
U.S. Department of Energy's (DOE) National Energy Technology Laboratory (NETL) published
its Coal-Fired Power Plants in the United States: Examination of the Costs of Retrofitting with
CO, Capture Technology, Revision 3report, it excluded power plants from the analysis that had a
capacity less than 100 MW (2011). In addition, all of the references for this section were
compiled from papers, journals, and other sources related to larger-scale power producing
operations and carbon capture and storage (CCS) projects because no notable information on
CCS projects at a small-scale is available. See Appendix A for more details on the potential cost
of doing CCS on the MCAGCC cogen plant.

Carbon sequestration and storage operations require substantial capital to operate and maintain
even when suitable environmental conditions are present. The feasibility of carbon capture and
storage (CCS) is divided into three components or steps: 1) CO, capture and compression, 2)
transportation of CO,with pipeline being the most used, and 3) underground storage (ICF Inter.
2009). In general, components 1 and 3 will have higher costs and the most challenges when




compared to component 2.*Component 2, the transportation of COcan be done by vehicle
transport or by pipeline. The pipeline industry and technology for transporting gasses and liquids
is well established, therefore transporting COzvia pipeline is the most used for ease of
implementation and lower costs. Components 1 and 3 costs and methods will be dependent on
the type of fossil fuel(s) and the system used to produce the energy and/or heat, CO, capture
system, location of storage site, and whether or not it will be used for enhanced oil recovery
(EOR).?A 2009 paper for the Interstate Natural Gas Association of America (INGAA) lists
general CCS component costs for capture as ranging from zero to over $50/tonne (costs are
measured by metric tonne), compression would add $9 to $15/tonne, transportation via pipe and
pumping ~$4.60/tonne per 150 miles, and -$40 (EOR use) to $20+/tonne for injection depending
on use or site (ICF Inter). In addition to the operating costs are upfront expenses that increase
the cost of a new CCS power plant by 15%-30%, and even more to retrofit an existing plant with
CCS (MIT 2007, Rubin et al. 2007).

Site selection and development for CCS facilities can range from 3-10 years and require
extensive studies (Cooper et al. 2009) including detailed geologic studies, without which, a
storage site cannot be considered adequate. But assumptions with current available data can be
used to compile potential options for onsite CCS. If MCAGCC were to develop onsite CCS with
injection into a saline aquifer, the Dale Valley Groundwater Basin would be most suitable when
compared to other groundwater basins in the area. Water quality of the Dale Valley Basin
aquifer is unsuitable for domestic and agricultural use. The basin itself may have a large storage
capacity and is isolated from other potable groundwater basins (CA Dept. of Water 2003). These
general attributes are considered by experts to be the most important for storage of CO; in saline
aquifers. The groundwater basin information and Geographic Information System (GIS) data was
acquired from the California Department of Water Resources. Like other agencies that share
GIS data with the public, the California Department of Water Resources cautions users about the
potential for errors and quality of the data. Without a detailed hydrologic study of the area, it is
unclear if the Dale Valley Basin is connected to the Pinto Valley Groundwater Basin or is an
error in the data. The Pinto Valley Groundwater Basin is shown abutted to the southeast
boundary edge of the Dale Valley Basin. The shared boundary is displayed in a GIS shapefile,
but is not referenced in the logs, reports, or other maps.

Future opportunities to connect to CO, transmission pipelines should also be considered. The
U.S. Department of Energy's (DOE) National Energy Technology Laboratory (NETL) is

! See these reports: "A Technical Basis for Carbon Dioxide Storage," by Members of the CO,Capture Project and
edited by Cal Cooper; "Developing a Pipeline Infrastructure for CO,Capture and Storage: Issues and Challenges," by
ICF International

’Enhanced oil recovery (EOR) is the last phase of oil recovery after primary and secondary recovery. CO2 used for
EOR is injected into the reservoir and as it expands, it pushes oil to a production well while dissolving in the oil and
lowering its viscosity and improving the flow rate. EOR can account for 30 to 60 percent, or more of the reservoir’s
original oil in place (DOE’s Fossil Energy Office of Communications 2011).
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developing a technology portfolio that will include cost-effective commercial-scale CO; capture,
storage, and mitigation technologies that will be available for commercial deployment beginning
in 2020 (2010). As a result, regional and commercial CCS projects are expected to materialize
(NETL 2010) and will require extensive CO, transmission pipelines. ICF International’s 2009
report to Interstate Natural Gas Association of America developed four future scenarios for CO,
transmission pipelines in the United States for 2030: The High CCS with (projected) enhanced
oil recovery (EOR) scenario would require 20,610 miles of pipeline; the High CCS with Greater
EOR scenario would require 36,050 miles of pipeline; the Low CCS with (projected) EOR
scenario would need 5,900 miles of pipeline; and the Low CCS with the Greater EOR scenario
would require 7,900 miles pipeline. ICF International's projections remain dependent on
countless factors, but even in the conservative case, a significant amount of transmission pipeline
will be created. Therefore, the potential for MCAGCC to connect to a CO,transmission pipeline
and be managed by another party may become an option in the near future.

Sequestration of carbon in the terrestrial biosphere has emerged as the principal means by which
the US will meet its near-term international and economic requirements for reducing net carbon
emissions (Unkefer et al. 2001, DOE 1999). The research team has found that the terrestrial
biosphere at MCAGCC can sequester a significant amount of CO,.Currently, MCAGCC’s on
site vegetation is estimated to sequester (-102,650 + 60,299 metric tons of C/MCAGCC land
area/year) with a ~10% average vegetation cover(discussed later in this report). Plant
community structure in arid environments is strongly shaped by disturbance regimes and
prolonged drought (Herberl and Gibbens 1996). And studies conducted in the Chihuahuan
Desert on vegetation dynamics show that improved management practices or favorable moisture
periods in canopy cover similar to MCAGCC's can increase canopy cover (Havstad et al. 1999).
Agriculture, urban development, military maneuvers, pipeline, road and power line construction,
and recreation vehicles all destroy vegetation cover and expose the soil to wind erosion (Herberl
and Gibbens 1996, Watts 1998). MCAGCC cannot cease military maneuvers and training, but
incorporating varying degrees of land management can preserve and improve vegetation cover.
Land management techniques as simple as conducting operations in areas already disturbed with
natural windbreaks such as hills, and mountains would limit degradation of vegetation (OKkin et
al. 2001,). Land managers can administer more complex schemes and use integrated framework
management systems and plan for climate change and the affects to local vegetation.®

Existing vegetation should be protected when possible, but cultivating additional vegetation for
carbon sequestration to offset anthropogenic carbon emissions might be practicable to

? See these articles: An Integrated Framework for Science-based Arid Land Management. J.E. Herrick, B.T.
Bestelmeyer, S. Archer, A.J. Tugel, J.R. Brown. Journal of Arid Environments 65 (2006) 319-335; Degradation of
Sandy Arid Shrubland Environments: Observations, Process Modelling, and Management Implications. Gregory S.
Okin, Bruce Murray & William Schlesinger. Journal of Arid Environments 47 (2001) 123-144; A multi-scale
classification of vegetation dynamics in arid lands: What is the right scale for models, monitoring, and restoration?.
B.T. Bestelmeyer, D.A. Trujillo, A.J. Tugel, K.M. Havstad. Journal of Arid Environments 65 (2006) 296-318.
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implement, cost less, and be less environmentally intrusive than a ground water basin CCS
project. MCAGCC receives little precipitation and uses all of the water that is extracted from
groundwater basins. MCAGCC has stated there is no available source of water that can be used
for vegetation irrigation. The research team understands that it is not feasible to irrigate
vegetation for carbon sequestration because of limited water availability. Nevertheless, we think
it is important to discuss the possibilities of using halophytes for CO, sequestration. Of course, a
large-scale halophyte farming operation would require considerable study to determine if such a
project could remain operational and the CO, sequestration would warrant the cost and
resources.

The chemical composition of water, climate, soil characteristics, drainage conditions and the
irrigation method, and water management would need to be addressed to determine if a
halophyte farm is sustainable in a given location. If the needed criteria and resources for a
halophyte farm could be met at MCAGCC, brackish water and wastewater might be used. In a
project in Spain where biosolids were added to degraded soils in semiarid environments, the
biomass production increased more than 200%-900% (Navas et al. 1999, Albaladejo and
Stocking, 1994). While applying bio solids to arid and semiarid soils is not always agreed upon,
the potential to degrade poor soils further is low (Lado and Ben-Hur 2009, Navas et al. 1999,
Beltran 1999) and is a less volatile process to manage. Researchers studied growth, water use,
and salt uptake of four halophytic species: Atriplex nummularia Lindl., a C4 perennial shrub;
Distichlis palmeri Fassett, a C4 perennial saltgrass; Batis maritima L., a Cz perennial succulent;
and Suaeda esteroa Ferron and Whitmore, a C4 annual succulent. Researchers found that the list
of halophytes can be grown productively with water classified as brackish (5-20 g I'*) and can
grow when applied with salinity solution as high as 40 g I"*(Miyamoto et al. 1996).

This project would also require special attention on various components to maintain farming
operations. The biggest need would be for less brackish or even better quality water. Depending
on whether natural drainage or subsurface drainage is used, leaching of salts and dissolved
minerals would be required (Beltran 1999) to maintain the optimal water mixture (i.e., using the
least amount of higher-quality water to reduce or remove salt). This high salinity drainage water,
in most cases, is in excess of the seawater salinity (35 g I"!) (Miyamoto et al. 1996) and can be
disposed of in evaporation lakes or even injected into confined aquifers (Beltran 1999). The
concept of a halophyte project is not insensitive to the required prudent water management at
MCAGCC and the surrounding communities. Instead, the scope of the project is to look at all
possibilities and resources for consideration.

Eddy Covariance Study - Materials and Methods

Study site



The study site is located on the grounds of the MCAGCC (34°18°37” N 116° 15°8” W) near
Twentynine Palms, California. The plant communities at the MCAGCC are dominated by the
evergreen shrub creosote bush (Larrea tridentata). The density of annual plants that occur at this
site depends on the amount and seasonality of rainfall (Jordan et al., 1999; Jasoni et al., 2005).
Percent perennial plant cover at the MCAGCC is approximately 10% (this was determined
through a multi-faceted approach that will be described subsequently). The site receives an
average of 108 mm of precipitation per year (http://www.wrcc.dri.edu/cgi-
bin/cliMAIN.pl?catwen+sca; July 1, 1948 — December 31, 2005) and has an average annual
temperature of 20 °C (http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?catwen+sca; July 1, 1948 —
December 31, 2005).

Vegetation Cover Mapping

The MCAGCC landscape is a patchwork of varying soils and landforms, each with its associated
vegetation. Plants occupy spatial niches which are defined by soil, climate and topography and
comprise a number of co-existing species. Because carbon flux is calculated from surface
vegetation, it was necessary to map the vegetation of the installation. An initial reconnaissance
of MCAGCC indicated that there were three basic vegetation types (and a barren class) with
some variation. These types are creosotebush dominated types and bursage (Ambrosia dumosa)
dominated types that occur over most of the Base and riparian types dominated by mesquite
(Prosopis juliflora) and smoketree (Psorothamnus spinosus).

The eddy covariance tower (ET) was located in an area which is representative of the entire
MCAGCC in terms of vegetation composition and cover, soils and landforms. Both plot and
regional data were gathered to discern landform, vegetation and soil variables and quantify
vegetation cover.

Six components provided input at plot and local scales:
¢ Remote sensing and GIS
e Landform assessment
e High resolution imagery
e Helicopter survey data
e Information from a 1998 soil survey report
e Ground-based surveys

Determining land cover was accomplished using a multifaceted approach that integrated satellite
imagery with high resolution sensor data and digital camera images. No single sensor provides
all the information needed for vegetation mapping (Xie et al., 2008) and typically images from
several sensors are combined and correlated, as was done for this project. A Geographic
Information System (GIS) was used to georeference and integrate data, delineate the tower site
survey boundary and plot data; providing maps, statistics and, most importantly, the ability to
scale up and down as needed.
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In the GIS, a geomorphic raster dataset for the region was transformed into a vector file to
display soil composition and delineate soil groups. A landform map was available for the base as
was a soils map specifically developed for the base, and both these were used to further define
the geomorphic soil data and identify and categorize vegetation by soil composition, which was
then entered into a GIS database.

Because plant species are constrained by soils, climate and topography, landform is a robust
indicator of plant composition and cover (e.g., Mouat, 1974) and landform is also a dominant
feature, both on the ground and when viewing imagery, for arid and semi arid areas where
vegetation is sparse. Combining the results of this multi scale and multi resolution approach
with a soils and topographic data provided a landform map (Figure 2) which was the primary
georeferenced source for this component of the project.

Figure 2. Landform types of MCAGCC. Mountains shown in green, consolidated alluvium in
blue and brown, unconsolidated alluvium in purple, bare ground in dark green and riparian and
washes in light beige.

Initially, common automatic computer classification methods including supervised classification
and unsupervised classification methods were conducted on image data, but these methods
proved to be unsuccessful because of the scale of the data. As a result, man-computer interactive
interpretation was used, which resulted in higher accuracy than automatic computer
interpretation. The man-computer interactive classification approach also relied on visual
interpretation of ArcMap’s Bing base map and other thematic base maps.
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Researchers then visited all soil groups depicted in the GIS data to conduct a soil analysis and
vegetation assessment. The combination of helicopter reconnaissance plus field reconnaissance
proved to be useful for determining cover. The field visit data was used to adjust the GIS data
used to calculate vegetation composition and cover. Lastly, Mouat and Marin flew a helicopter
reconnaissance of much of the base on September 21, 2011, including all landform types. They
both took 100s of high-resolution georeferenced digital photographs (taken at an angle
perpendicular to the surface of the earth). The georeferenced photographs were then rectified in
GIS and used to make the final adjustments of the remote sensing data. The helicopter
reconnaissance proved to be invaluable for assessing cover accurately. Ultimately, the research
team decided on five groups to represent the land cover of MCAGCC as shown in Table 2.

Table 2. Quantification of landform type in the eddy covariance tower area.

Landform Group Area (kmy) Ave Veg Cover (%)
Bare 133 0.53
Mountainous 840 8.70
Consolidated Alluvial 1147 10.12
Unconsolidated Alluvial 141 7.68
Riparian 144 11.82

Eddy covariance and meteorological instrumentation

Eddy covariance is used to determine the exchange rate between the atmosphere and plants by
measuring the covariance between fluctuations vertical wind velocity and CO2 mixing ratio. In
June 2011, a 5-m tall EC and a 3-m tall meteorological tower were installed at the site (Figure 3).
The instruments installed on the 5-m EC tower consisted of a three-dimensional sonic
anemometer (CSAT3, Campbell Scientific Inc., Logan, Utah, USA) to measure the three wind
components, and an open-path infrared gas analyzer (IRGA) to measure CO, molar density (LI-
7500, LI-COR Inc., Lincoln, Nebraska, USA) and were positioned downwind of the predominant
wind direction to capture CO, fluxes of the vegetation cover. All sensors on the EC tower were
mounted 4.25 m above mean vegetation height on the south (predominant wind direction) side of
the tower. The sensor height above mean vegetation height was selected to increase the number
of points within the footprint and to avoid interference from sources outside of this area. The
ensuing larger high-frequency flux contributions and unavoidable low-pass filtering caused by
the sensor height was accounted for during post-processing using the method described by
Massman (2000). The instruments installed on the 3 m meteorological tower consisted of a
shielded air temperature and humidity sensor (HMP-45C, Viasala, Finland; mounted 2.0 meters
above ground surface), wind vane anemometer (RM Young Wind Sentry, RM Young Company,
Traverse City, MI, USA; mounted 2.5 meters above ground surface), net radiometer (NR-Lite,
Campbell Scientific, Logan, UT, USA; mounted 1.8 meters above ground surface),
photosynthetically active radiation sensor (Q-190-SB, Campbell Scientific; PAR, 400-700 nm;
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mounted 2.5 meters above ground surface), tipping bucket rain gauge (TE525, Texas Electronics,
Dallas, TX, USA; mounted 2.5 meters above ground surface). Soils instrumentation included :
soil heat flux plates (Hukse flux HFPO1SC, Campbell Scientific, inserted at 8-cm soil depth), soil
temperature thermocouple probes (TCAV averaging soil thermocouple probes, Campbell
Scientific; installed at 2 and 6-cm soil depth adjacent to the soil heat flux plates), and a soil
moisture probe (CS-616, Campbell Scientific; installed at a depth of 8 cm). Data from the EC
instrumentation were recorded with a data logger (CR5000, Campbell Scientific) at a frequency
of 10 Hz (10 times per second) while data from the other instrumentation were recorded as 30-
min averages. Both the 10 Hz and 30-min averages were stored on a compact flash card. Data
from the compact flash card were downloaded monthly when instruments were also checked and
maintained. The data were also transmitted to the Desert Research Institute (DRI) via a CDMA
modem every hour, and stored on a data server located at DRI in Reno. Eddy covariance was
calculated using the methods described in Appendix B.

LRt =
£ X8 1 7 T e | Caoy L, e e —— i

Figure 3. Photograph of the eddy covariance (EC) instrumentation at the Marine Corps Air
Ground Combat Center (MCAGCC) near Twentynine Palms, California. The instrumentation
was installed on June 15 2011.The rightmost tripod tower in the photograph is the 5-m tripod
tower and contains the EC instrumentation. The leftmost tower in the photograph is the 3-m
tripod tower and contains the meteorological instrumentation.

Analysis
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With any study involving instrumentation there are inevitably some gaps in data. The method
used to fill these gaps, in order to obtain continuous values, is described in Appendix C.

Results

Footprint measurement analysis

The measurement footprint that was calculated for the one year study had an area of 30,426 ha?
(Figure 4). Within the footprint, the average plant canopy cover was 10 percent. The footprint
encompassed an area that contained representative vegetation and canopy cover typically found
in this area, but excluded houses to the south and west, and “main side” (the main population
center of the MCAGCC) to the east of the EC instrumentation. The exclusion of these areas
prevented contamination from sources other than the desired land area. Calculations for the
procedure used are shown in Appendix D.

Systematic uncertainty

The largest contributor to the overall systematic uncertainty was the uncertainty in the
quantification of the sensible heat fluxes (Table 3). Uncertainty in the quantification of sensible
heat fluxes accounted for 99 percent of the overall systematic uncertainty. Air temperature,
water vapor density, static air pressure, and quantification of latent energy accounted for the
remaining one percent of the overall systematic uncertainty.

Figure 4. Data collection for the measurement footprint at the Marine Corps Air Ground Combat
Center (MCAGC, light blue line). The green dot indicates the location of the EC tower. Yellow
points represent individual 30-min flux values measured by the EC instrumentation between June
15, 2011 and June 15, 2012.

Table 3. Total systematic uncertainty of annual net ecosystem CO, exchange (NEE) (g C m™
year™) calculated as the square root of the sum of the squared individual sources of uncertainty
using density corrected data (Webb et. al.,, 1980) for the Marine Corps Air Ground Combat
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Center (MCAGCC) for the period of June 15, 2011 to June 15, 2012.T 4 — air temperature; pv —
H,0 density; P — air pressure; Fy — sensible heat before accounting for density effect and storage
flux; Fuzo — latent energy before accounting for density effects and storage flux.

Source of uncertainty (g C m? year?)
r
Tair (2%) 0.0
o (10%) 0.2
P 7 (10%) 0.7
r
Fu | (5%) 25.0
Frzo (5%) 0.1
Total systematic uncertainty (g C m™ year™) + 26

Meteorological conditions during the study period

Air temperature ranged between -6 and 41 °C (Figure 5), with an annual average of 19 °C
which is close to the annual average for Twentynine Palms (1948 — 2005) of 20 °C. Soil
temperature ranged from -1 to 50 °C, with highest soil temperatures occurring during the
summer and the coolest temperatures during the winter. Annual precipitation during the study
period amounted to 11 mm, almost an order of magnitude lower than the 1948 — 2005 annual
average of 108 mm. Daily average soil water content ranged from 2 to 4 vol. %.
Photosynthetically active radiation showed typical diurnal and seasonal patterns with the lowest
PAR values during the winter and highest PAR values during the summer. Periodic dips in PAR
throughout the study year reflected cloudy conditions.

Missing data

During the one year study, 27 percent of the 30-min NEE values were gap filled using the mean
diurnal variation method. Gaps in the data resulted from inferior quality data being removed
because of the quality control filtering methods that were used in this study (see Materials and
Methods section above) and because of the exclusion of points when the footprint of the
footprint was created. Data gaps of this nature are unavoidable, and very common in EC data
sets, but still allow for accurate estimates of annual carbon sequestration (Baldocchi 2003) when
accurate gap filling techniques are used. The mean diurnal variation method was extensively
tested along with 15 other gap filling methods, and was shown to be accurate (Moffat et al
2007).
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Figure 5. Daily photon flux density of PAR (a), mean daily air temperature (b), mean daily soil
water content (SWC) (c), daily precipitation (d), and net ecosystem CO, exchange (NEE) (c)
measured at the MCAGCC between June 15, 2011 ND June 15, 2012. Data are missing from soil
water content between 2/15/2012 to 4/17/2012 because of soil moisture sensor malfunction.
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Net ecosystem CO; exchange and annual C sequestration

Daily NEE during the one-year study varied from day-to-day and seasonally, but with CO,
uptake occurring during most of the year (Figure 6 i.e., mostly negative NEE values). There was
a brief period of time between late November 2011 and mid-January 2012 when release of CO;
to the atmosphere dominated,averaging+0.1 g C m? d™*. Highest uptake rates were observed
between March and June 2012 (-0.3 g C m™ d™) and lowest uptake rates between June and
November 2011 (-0.1 g C m? d™"). Daily NEE for the one-year study ranged from a release of
0.6g C m? d™ to an uptake of -0.7g C m? d'with a mean of -0.1g C m™?d™. Spikes in NEE
occurred during or immediately after rainfall. Annual carbon sequestration within the footprint
(with 10 percent canopy cover) was -43+26 g C m™ year™ (102,650 + 60,299 metric tons of C
year™ when extrapolated to the entire MCAGCC land area [250,000 ha]). As discussed in the
section describing canopy cover estimation. The average canopy cover throughout MCAGCC
was very nearly exactly the same as the canopy cover for the footprint. In addition, the species
composition was also comparable.

Simple linear regression analysis showed that changes in NEE were significantly (P<0.0001)
related to daily average air and soil temperatures, average daytime PAR Flux Density (PFD),
average daytime net radiation, and daily average soil water content.Net ecosystem exchange was
not significantly related to precipitation (Figure 7). However, all statistically significant
regressions had low r? values ranging from 0.07 to 0.28, indicating a low power for any of these
environmental variables on their own to predict variations in NEE. However, when all of these
variables were included in a multiple linear regression, the r® value increased to 0.5.

Discussion

At an annual rate of -43+26 g C m™ year™ the MCAGCC was a net sink for atmospheric CO
during the one year study period (Figure 8). A significant portion of this uptake occurred in the
summer and fall of 2011 that corresponded with the timing of growth of new Larrea shoots and
foliage and the emergence and growth of herbaceous annuals and perennials. Most of the annual
CO; uptake, however, occurred from February to June of 2012 (Figure 6) in spite of the lack of
rain during this period. Non-extreme air temperatures prevalent during this period likely kept
atmospheric vapor pressure deficits below levels that inhibit leaf stomatal conductance (e.g.,
Oren 1993; Bunce et al. 1984; Kdorner 1994) and photosynthesis (Arnone et al. 2008). It appears
that strong plant growth during the spring and early summer of 2012 was enabled by soil water
that likely accumulated from rains that fell in 2011 (Figure 6). The carbon sequestration rate we
measured at the MCAGCC is within the range of other published studies: -106+69 g C m? year
(2005 and 2006 average carbon sequestration) for a Mojave Desert shrubland (Wohlfahrt et al.,
2008), -127+17 g C m™ year™ for a Mojave Desert shrubland (Jasoni et al., 2005), -46 g C m™
year™ (2002 and 2003 average carbon sequestration) for a Baja California shrubland (Hastings et
al., 2005), and -212 g C m™ year™ for a semiarid shrubland in Arizona (Scott et al., 2006).
Statistically significant regression line slopes (Figure 7) suggest that air and soil temperatures,
PFD, net radiation, and soil water content all modulated NEE to some degree. As air
temperature, soil temperature, PAR, and net radiation increased, NEE became more negative
(more CO, uptake). As air temperature, soil temperature, PAR, and net radiation increased, NEE
became more negative (more CO, uptake). Increasing soil moisture had an opposite effect—
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Figure 6. Net ecosystem productivity (NEP, cumulative sum of NEE) (red line), net ecosystem
COsflux (NEE) (green line), mean daily air temperature (purple line) and daily precipitation
(blue bars) measured at the Marine Corps Air Ground Combat Center (MCAGCC) measured
between June 15, 2011 and June 15, 2012.
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Figure 7. Regression analysis of daily sums of net ecosystem exchange (NEE) vs. (a) soil
temperature, (b) air temperature, (c) daytimePAR flux density (PFD), (d) precipitation, (e) soil
water content, and (f) daytime net radiation measured at the Marine Corps Air Ground Combat
Center (MCAGCC) between June 15, 2011 and June 15, 2012.
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especially following rains—on ecosystem CO; uptake (Figure 8), apparently promoting the
activity of heterotrophic microorganisms (and heterotrophic respiration: Rp) more than the
activity of plants (Huxman et al. 2004) and autotrophic crust organisms. Large CO, effluxes
occurring immediately after rains in the warm seasons of 2011 (less so in winter months, Figure
8) indeed suggest that this precipitation only infiltrated the topmost layers of the soil, stimulating
Rn more than plant photosynthesis. The larger negative NEE values (net CO, uptake) and faster
accumulation of ecosystem C measured in late winter through spring and summer of 2012,
relative to the less negative values observed in the summer of 2011, may have been due at least
in part to the absence of large post-rainfall CO, efflux events in 2012 (i.e, so few rains in 2012).
The lack of any such efflux events in 2012 following rains may have been due to the low
amounts that fell, even though large efflux pulses have been observed during rains that fall on
particularly dry soils (Wohlfahrt et al. 2008; Hastings et al. 2005, Veenendaal et al. 2005; Xu
and Baldocchi 2003).

Quantification of NEE in arid environments using open path infrared gas analyzers IRGAS) can
be difficult because of the uncertainties associated with parameters used in the density correction
calculation; therefore, the resulting total systematic uncertainties in arid environments tend to be
large. The main cause for these large uncertainties in arid environments is the low CO; fluxes
and the large density corrections that are needed because of large sensible heat fluxes (Webb et
al., 1980). To partially overcome these challenges the EC instrumentation must be maintained
regularly, appropriately calibrated before deployment, and data properly analyzed (especially
frequency response corrections). During this one-year study, we had a sensor maintenance
schedule which included monthly cleaning and checking of all instrumentation that kept all
sensors at the highest level of functionality. Data also were analyzed using the most appropriate
EC corrections and filtering procedures (see Materials and Methods section).
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Combat Center (MCAGCC).
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Collectively, our results show that: (1) the Mojave Desert ecosystem situated at MCAGCC was a
net sink for C on an annual basis and is within the range of other studies; (2) our choice of
analysis methods were appropriate for use in an arid ecosystem; (3) seasonal variation in NEE,
and therefore annual C sequestration, most likely depends on soil moisture conditions and
precipitation, and their effects on plant, microbial, and soil biological crust activity; (4) low
precipitation years might have lower annual C sequestration than years with average or above
average precipitation, but with a possible lag (one to two years) in the response (higher carbon
sequestration) to increased precipitation after prolonged drought conditions; and (5) arid
shrublands similar to those found at the MCAGCC may play a significant role in modulating
anthropogenic greenhouse gas emissions.

Land management options

It is possible to manage carbon within the biosphere by planting or removing vegetation and by
managing soils. Increasing carbon stocks within the ecosystem can help reduce CO;
concentrations within the atmosphere and store carbon within the ecosystem (within plants or
soil). Increasing carbon stocks can have an immediate effect on atmospheric CO, concentration,
however, lower atmospheric CO, concentration reduces the natural CO, uptake of oceans thus
creating a feedback effect complicating the apparent ease of planting more vegetation to mitigate
anthropogenic CO; emissions. Most of the limitations to the use of vegetation to offset
anthropogenic CO, emission are the result of the carbon-storage potential on any given area of
land which can be rather small. Therefore, in order to maximize the atmospheric mitigation
potential of vegetation or soils the feedback effects need to be considered before deciding on the
optimal mitigation strategy. Overall, mitigation of anthropogenic CO; within the atmosphere by
vegetation is possible, and can play a useful role in mitigating atmospheric CO, concentrations,
even if the impact is small. However, the most practical long-term solution to reducing large
amounts of CO, in the atmosphere is to reduce fossil fuel emissions. Conversion from fossil
fuels to alternative energy sources will directly reduce atmospheric CO, concentration.
Although a combined approach using alternative energy sources and vegetation/soil approaches
may effectively reduce atmospheric CO, concentrations.

Offset projects are quantified under regulatory protocols that are approved by the Board and
must meet the AB 32 offset criteria of being real, additional, quantifiable, permanent, verifiable,
and enforceable. ARB has approved offset protocols for four project areas: forestry, urban
forestry, livestock digesters, and the destruction of ozone depleting substances. ARB accredits
third-party verifiers to independently verify all offset project reports. Accredited third-party
verifiers have extensive backgrounds in related areas, including appropriate field and auditing
experience, as well as the scientific and engineering knowledge required for verification. Third-
party verifiers must work through ARB accredited verification bodies and must complete ARB's
training and pass a specialized test.

22



Issues

There are two potential drawbacks to drawing conclusions from a short-term, or “snapshot”
study such as described in this report. Firstly, year-to-year variability in climate can alter
CO,fluxes and can change fluxes from net sinks to net sources. Secondly, biological soil crusts
and disturbance — both of which occur on site, can reduce C sequestration.

However, making carbon flux measurements for multiple years, and even possibly at multiple
sites would to some extent mitigate the variability in climate and its impact on the data. An
evaluation of soil carbon would provide input for more thorough quantification of carbon
sequestration, although disturbance levels may vary which would again result in data of a
snapshot nature.

Conducting ecosystem modeling with our existing data would help to more accurately determine
carbon flux at MCAGCC scales, and would provide some solutions to the issues described
above.

Summary

Project results indicated that inspite of a low precipitation year, the land surface of the Marine
Corps Air Ground Combat Center (MCAGCC) sequestered a significant amount of CO,,

Arid ecosystems cover a significant amount of the Earth’s terrestrial land surface and can play a
significant role in modulating atmospheric CO, concentrations. Net ecosystem CO, exchange
was measured for a one year period at MCAGCC near TwentyninePalms, CA using the eddy
covariance (EC) method. Annual C sequestration was -43+26 g C m™ year(note: a negative
value, in this case “-43, indicates sequestration of carbon), making the MCAGCC a net sink for
CO; during the one year measurement period. Daily net ecosystem CO, exchange(NEE) during
the one year study varied, but overall, CO, uptake occurred for the majority of the year. There
was a brief period of time between late November 2011 and mid-January 2012 when there was
an overall release of CO, to the atmosphere with an average release of 0.1 g C m? d™. The
highest uptake rates were observed between March and June 2012 with an average uptake of -0.3
g C m?d™ The lowest uptake rates occurred between June and November 2011, with daily NEE
remaining relatively consistent during this time period with an average rate of approximately -0.1
g C m? d™. Daily NEE for the one year study ranged from a release of 0.6g C m™ d*to an uptake
of -0.7 g C m? d. Average daily NEE during the one year study was -0.1 g C m™
d*. Spikes in NEE occurred during or immediately after rainfall. Very little precipitation fell
during the one year study period which most likely had a significant impact on C sequestration.
Years with higher precipitation may lead to higher C sequestration values because of a greater
stimulation of plant photosynthesis. Results indicate that arid shrublands similar to those found at
the MCAGCC may play a significant role in modulating anthropogenic greenhouse gas
emissions.
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Appendix A

Potential cost of doing carbon capture and sequestration and storage for the MCAGCC
cogeneration plant.

GHG mitigation at the cogeneration plants could theoretically be augmented through the use of
emerging carbon capture and sequestration (CCS) technologies, if local geology is favorable.
Recent International Energy Agency data®® indicate that overnight® costs for post combustion
CO2 capture (capture only, excludes transport and storage of CO2) from natural gas combined
cycles ranges from $2,502 to $3,776 U.S. dollars in 2010 (USD 2010) per kilowatt output
capacity at average CO2 capture rates of 87%. These data were generated for plants with non-
CO2 capture output capacities ranging from 395 to 776 MW. Linear extrapolation of this data set
toa 16.2 MW size provides a rough estimate of overnight(2) cost (capture only, excluding
transport and storage of CO2) of CCS applied to both MCAGCC cogeneration plants ranging
from $40 to $60 million USD 2010. This indicates that CCS would not be a cost-effective
strategy to address GHG emissions under AB 32. CHP facilities represent the most efficient
source of baseloaded electricity available from current generating technologies. No source of
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power could provide the reliable supply that is available from the CHP plants at MCAGCC with
a cleaner GHG and air quality profile. (MCAGCC ISAP draft final Nov 2012)

@ International Energy Agency, 2011. "Cost and Performance of Carbon Dioxide Capture from
Power Generation”. Paris, France.

@ Overnight costs assume the power plant could be constructed in a single day. They reflect
technological and engineering costs in a particular country but avoid impacts of the specific
financial structure that is in place to realize construction. While for real projects investors need to
pay close attention to total capital requirements, overnight costs are useful in particular to energy
scenario modelers, policy makers and utilities for comparisons of cost at an early stage of
assessment.
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Appendix B

Eddy covariance calculations

Eddy fluxes were calculated as the covariance between turbulent fluctuations of the vertical wind
speed and CO, molar density derived from Reynolds (block) averaging of 30-min blocks of data.
The sonic anemometer’s coordinate system was numerically rotated during each averaging
period by applying a double rotation, aligning the longitudinal wind component into the main
wind direction, and forcing the mean vertical wind speed to zero (Kaimal and Finnigan, 1994;
Wohlfahrt et al., 2008). Frequency response corrections were applied to raw eddy fluxes
accounting for low-pass (lateral and longitudinal sensor separation, sensor time response, scalar
and vector path averaging) and high-pass (block averaging) filtering (Massman, 2000, 2001)
using a site-specific, co-spectral reference model (Massman and Clement, 2004; Wohlfahrt et
al.,2005). Experimentally-derived frequency response correction factors (Aubinet et al., 2000,
2001) were used to assess the validity of the theoretical low-pass filtering correction method as
detailed in Wohlfahrt et al., (2005). Fluxes also were corrected for the effect of air density
fluctuations following Webb et al., (1980). Finally, CO, fluxes were analyzed for biases due to
low and high turbulence (Guet al., 2005) (Figure 4). Night time respiration was independent of
friction velocity (u) (friction velocity is a measure of turbulent mixing) between 0.03 and 0.55
m st (Figure 4). Flux measurements below or above this threshold indicate advection and
pressure-pumping, respectively (Wohlfahrt et al., 2008; Massman and Lee 2002) both of which
can cause flux underestimation during periods of low turbulence, and therefore errors in night
time respiration values. Errors during periods of low turbulence can lead to inaccuracies in CO,
balance calculations; therefore, flux data were excluded when p* was outside of the 0.03 and
0.55 m s™ range.

Half-hourly flux data were quality controlled in a five-step filtering procedure. First, periods
were identified when the EC system was not working properly because of adverse environmental
conditions (usually rain or snow) or instrument malfunction. Second, half-hourly values that
were comprised of less than the full complement of measured values (i.e., less than 18,000) were
removed. Third, data were subjected to the integral turbulence test (Foken and Wichura, 1996)
and accepted only on the condition that they did not exceed the target value (Foken et al., 2004)
by more than 60 percent (Wohlfahrt et al., 2008). Fourth, data were subjected to the angle of
attack test (P - beta; the angle between the wind vector and horizontal), which identifies errors in
data resulting from the imperfect cosine response of sonic anemometers. Data were excluded
when the angle of attack was greater than 20° (Geissbiihler et al., 2000; Gash and Dolman,
2003). Finally, data were excluded when the automatic gain control (AGC) of the IRGA was
greater than 10percentof the specific baseline value for each instrument. Increases from baseline
AGC typically result from rain, snow, or ice accumulation on the surface of the lens of the IRGA
and result in errors in water vapor density values.
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Figure 4. Night time ecosystem respiration normalized with a parametric model relating soil
temperature to ecosystem respiration, as a function of friction velocity. Green circles represent
half-hourly data from June 15, 2011 to June 15, 2012, red circles (with line between) represent
bin-averages (0.5 m s bins) of normalized night time NEE. Error bars are + standard error.
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Appendix C

Gap filling and systematic uncertainty analysis

The following gap filling procedure was performed in order to obtain continuous NEE values
and to calculate annual C sequestration. Data gaps (30-min time steps; both daytime and night
time values), resulting from filtering or missing data, were filled using the mean diurnal variation
method with a time window of one month (Wohlfahrt et al., 2008; Falge et al., 2001). The mean
diurnal variation method has been shown to be very accurate (Wohlfahrt et al., 2008; Moffat et
al., 2007) and therefore we did not attempt any other gap filling methods.

Systematic uncertainty of CO, estimates derive primarily from the collective effects of inherent
instrument measurement errors on density corrections (Webb et al., 1980; Webb, Pearman and
Leuning Correction [WPL]). Uncertainty introduced by applying the WPL correction under the
range of inherent measurement errors for each instrument (sensor) was estimated by defining a
likely relative uncertainty for each independent parameter (instrument measurement) and by
applying this, in turn, to calculate annual NEP. Assuming that the various component
uncertainties are independent, the combined uncertainty from the WPL correction was calculated
by taking the square root of the sum of the squared individual uncertainties. Based on
manufacturers’ specifications, and on past experience with long-term sensor stability, the water
vapor density, and static air pressure were assigned uncertainties of 10 percent (Wohlfahrt et al.,
2008) while air temperature was assigned an uncertainty of two percent. Uncertainty in the
sensible heat flux may arise from the fact that the sensible heat flux was measured based on
speed of sound measurements, which has been shown by Loescher et al., (2005) to deviate from
sensible heat flux derived from measurements of air temperature with a fast-response platinum
resistance thermometer by up to 10 percent for this specific sonic anemometer model.
Alternatively, Ham and Heilman (2003) -again for the same anemometer model used in this
study - found extremely close correspondence between sonic- and thermocouple-derived sensible
heat flux measurements. Additional uncertainty of the sensible heat flux arises from the choice of
coordinate system (Lee et al., 2004) and from the necessary (small) frequency response
corrections (Massman 2001).Based on the research findings presented above and some
preliminary sensitivity tests with different coordinate systems (data not shown), a five percent
uncertainty for the sensible heat flux was assumed. Similar to the sensible heat flux, a five
percent uncertainty for latent heat flux was assumed, intended to reflect uncertainties because of
choice of the coordinate system and frequency response corrections, which are based on a
site-specific co-spectral reference model (cf. Massman and Clement, 2004; Wohlfahrtet al.,
2005) and have been validated against experimentally derived frequency response correction
factors following Aubinet et al., (2000) and Aubinet et al., (2001) as described in Wohlfahrt et
al., (2005) and Wohlfahrt et al., (2008). Based on this information, five percent uncertainty is
justified and not nearly as large as the upper range of potential errors in frequency response
correction factors (30 percent) reported by Massman and Clement (2004).
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Appendix D
Measurement footprint analysis

The area of the measurement footprint was calculated using the footprint model of Hsieh et al.,
(2000) to estimate the upwind distance and compass direction that represented 90 percent of the
surface flux for each half-hour period (Xgos). Close agreement between modelled and measured
data from arid and agricultural areas has shown the model to be valid and provides reliable
footprint data (Hsieh et al., 2000).

_D| L|(17P) ZP
7 k2In(0.90)

Eq. 1

Where k is the von Karman constant (0.4), L is the Obukhov length, and Z, is the length scale
calculated as:

Z =—"1 Eq. 2

Where Z,, is the measurement height, u is the mean wind speed, and D and P are stability-
dependent coefficients:
D =0.28; P = 0.59 for unstable conditions ( Z,/L< -0.04)

D =0.97; P =1.00 for near-neutral conditions (-0.04 <Z,/L< 0.04)
D = 2.44; P = 1.33 for stable conditions (Z,/L> 0.04)

Each calculated point, or footprint distance and direction (that corresponds to an individual 30-
min CO; flux value), was then plotted in ArcGIS and a polygon circumscribed on the outside of
the collective set of points that represented the footprint. Net ecosystem productivity for the
footprint was then calculated using NEE values that were within the polygon. Net ecosystem
efflux values that were removed during this process were gap filled using the gap filling method
previously described.

33



