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EXECUTIVE SUMMARY

Ellen G. Cool, Ph.D, is a Vice President and Principal of Levitan & Associates, Inc. and
testifies as the sponsor for the Advisory Opinion of the Rhode Island Office of Energy Resources
(“OER”) dated September 12, 2016 (“OER’s Advisory Opinion™). She testifies as to the impact
the Clear River Energy Center (“CREC” or the “Facility” or the “Project”) will have on regional
greenhouse gas (“GHG”) emissions, specifically, carbon dioxide (“CO2”), the primary GHG
associated with operation of a power plant. Ms. Cool testifies for purposes of updating certain
findings in OER’s Advisory Opinion based on information that has become available since the
filing of OER’s Advisory Opinion, and to address several issues raised by the Conservation Law
Foundation’s witness, J. Timmons Roberts. Dr. Cool, based on her expertise and experience,
opines that the updated information does not alter the overall conclusion in OER’s Advisory
Opinion that the operation of CREC will contribute to lowering CO. emissions, on a

consumption-accounting basis for Rhode Island.
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STATE OF RHODE ISLAND AND PROVIDENCE PLANTATIONS
ENERGY FACILITY SITING BOARD

IN RE: INVENERGY THERMAL DEVELOPMENT LLC :

APPLICATION TO CONSTRUCT AND : SB-2015-06
OPERATE THE CLEAR RIVER ENERGY :

CENTER, BURRILLVILLE, RHODE ISLAND

RHODE ISLAND OFFICE OF ENERGY RESOURCES’
PRE-FILED DIRECT TESTIMONY OF ELLEN G. COOL

Q. Please state your name, title, and business address.
A. | am Ellen G. Cool, Ph.D, Vice President and Principal of Levitan & Associates, Inc.

(“LATI”), and my business address is 100 Summer Street, Suite 3200, Boston, Massachusetts,

02110.
Q. Please summarize your educational background and professional experience.
A. | have an A.B. degree in geological sciences from Harvard University, and an M.S. and

Ph.D. in geological sciences from the University of Washington. From 1985 to 1999 | was an
environmental consultant for several environmental engineering firms, attaining the level of
principal and regional manager. | am currently a Vice President and Principal at LAI, which |
joined in 1999. | have 30 years of consulting experience in the energy and environmental
industries. | have advised clients on competitive procurement options for wholesale power
supply, including high-voltage, direct current (“HVDC”) transmission projects, natural gas-fired
plants, and renewable generation projects. My experience includes advising clients on
environmental compliance strategies and liability assessments, siting and permitting of
generation, transmission, and pipeline projects, cogeneration development, contract
restructuring, acquisition of deregulated energy service companies and the net environmental
impact of new and repowered generation projects. A detailed description of my experience and

educational background is in my curriculum vitae which was filed with the Rhode Island Energy
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Facility Siting Board (“EFSB”’) on September 12, 2016.

Q. Please describe LAI.

A LAI is a management consulting firm specializing in power market design, power and
fuel project evaluations, pipeline infrastructure, and competitive energy economics. Since its
founding in 1989, LAI has conducted numerous assignments in New England and other markets
throughout the United States and Canada on diverse matters pertaining to generation and
transmission project evaluations, wholesale energy and capacity price forecasts, retail price
impacts, competitive power market design, asset valuation, bulk power security, power and fuel
procurements, contract structures, gas/electric interdependencies, natural gas infrastructure, and
risk management. LAI’s clients include utilities, generators, Independent System Operators
(“ISOs”), Regional Transmission Organizations (“RTOs”), end-users, state regulatory
commissions, and financial institutions.

Q. Have you previously testified before the EFSB?

A No.

Q. Have you previously provided expert testimony before any regulatory commission,
board, or agency?

A. Yes. | have testified before the Massachusetts Energy Facilities Siting Board on the
economic benefits, environmental impacts, and non-transmission alternatives of a new 345
kilovolt (“kV”) transmission line in southeast Massachusetts, and I testified before the New
Jersey Board of Public Utilities regarding the environmental impact, including greenhouse gas
(“GHG”) emissions, associated with the proposed construction of three proposed gas-fired
combined-cycle plants. | have also testified frequently before the Connecticut Public Utilities

Regulatory Authority regarding the integrity of procurements for standard service supplies, as
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well as procurements for renewable and conventional generation projects.

Q. On whose behalf are you testifying?

A. My testimony is on behalf of the Rhode Island Office of Energy Resources (“OER”).

Q. What is your role in this proceeding?

A. LAI was engaged by OER to provide technical assistance in developing the Advisory
Opinion of the Rhode Island Office of Energy Resources dated September 12, 2016 (“OER’s
Advisory Opinion™). I am the designated sponsor of OER’s Advisory Opinion.!

Q. What was the subject matter of OER’s Advisory Opinion?

A Consistent with the EFSB’s directives found on page 17 of the Preliminary Decision and
Order dated March 10, 2016, OER’s Advisory Opinion examined the impacts of the Clear River
Energy Center (“CREC” or the “Facility” or the “Project”) on anticipated GHG emissions and
whether the Facility will conform to the requirements and provisions of the Resilient Rhode
Island Act, R.1. Gen. Laws 8 42-6.2-1 et seq. (the “Act”), and other state energy policies.

Q. What was your role in preparing OER’s Advisory Opinion?

A LAT’s role 1s described in Section II of OER’s Advisory Opinion. In summary, I along
with colleagues at LAI analyzed the data and other information provided by the applicant,
Invenergy Thermal Development LLC (“Invenergy”), through its application filed with the
EFSB on October 29, 2015 (“Application”), and through its responses to data requests issued by
OER and other parties. I developed findings that were provided in OER’s Advisory Opinion
regarding the impact of the Project on regional GHG emissions, and consistency of the Project

with respect to Rhode Island energy policy.

! The EFSB requested “that each such agency ... [providing an informational advisory opinion] prepare to have a
representative appear at the final hearing of the [EFSB] to sponsor the informational advisory opinion, as well as to
sponsor and enter into evidence any information outside of the record of this docket that is relied upon in the
advisory opinion”. [Preliminary Order and Decision dated March 10, 2016, section VI (B)].
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Q. What is the purpose of your testimony?

A. The purpose of my testimony is twofold: (1) to update certain findings in OER’s
Advisory Opinion based on information that has become available since OER’s Advisory
Opinion was filed, including testimony and updated analyses provided by Invenergy; and (2) to
address several issues raised by Professor J. Timmons Roberts, a witness for the Conservation
Law Foundation (“CLF”), through CLF’s responses to data requests and through Professor
Roberts’ pre-filed direct testimony.

Q. Did you prepare this testimony yourself?

A. | personally conducted or supervised the work of LAI staff that assisted me in preparing
this testimony.

Q. The Office of Energy Resources’ Third Set of Data Requests Directed to Invenergy
dated April 10, 2017 asked Invenergy to update its analysis of the Project’s operation and
GHG emissions. Why was this necessary?

A. Invenergy’s Application provided a forecast of CREC’s impact on the regional electricity
markets and on GHG emissions over the period 2019 to 2025. Invenergy acknowledged that the
forecast model was based on electricity and fuel market data and other assumptions available to
its consultant, PA Consulting Group, Inc. (“PA”), when it ran the model, some time prior to June
2015.2 The purpose of OER’s data request was to assess whether market developments over the
past two years may have altered Invenergy’s or OER’s conclusions regarding GHG impacts
ascribable to CREC.

Q. What relevant market developments have occurred over the past two years?

A. There have been four significant market changes that have the potential to materially

2 PA issued a confidential memorandum describing its model on June 16, 2015, so the model inputs were “locked
down” prior to that date.
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change the GHG impact results: (i) A decrease in the price of natural gas over the forecast
period, and more specifically, a decrease in natural gas price relative to coal and oil; (ii) An
increase in the penetration of new renewable resources over the forecast period, attributable in
part to an expansion of distributed renewable generation across the region, and pending
procurement of renewable resources under long term contracts conducted by Rhode Island,
Massachusetts and Connecticut; (iii) An increase in energy efficiency and behind-the-meter solar
photovoltaic (“PV”) resources over the forecast period; and (iv) A decrease in forecasted net
load, as evident by a comparison of the load forecast data in the 2015 Capacity, Energy, Loads,
and Transmission (“CELT”) report issued by the Independent System Operator — New England
(“ISO-NE”) versus the 2017 CELT report.

Q Did PA’s revised model utilize updated market information?

A. The model appears to have utilized the most currently available market information at the
time that the modeling work was undertaken. Through supplemental response 3-2 of Invenergy
Thermal Development LLC’s Supplemental Responses to the Office of Energy Resources’ Third
Set of Data Requests dated June 23, 2017 (“OER-DR-3-2”), Invenergy provided information
regarding the market assumptions used by PA in its May 2017 update to the electric market
simulation model. Natural gas prices were based on NYMEX futures prices on April 28, 2017,
which are reasonably current. For New England, PA utilized the load data from the 2017 CELT
report, which appropriately updates the load forecast for the region and was released by ISO-NE
on May 15, 2017. For New York, PA used the 2017 Load and Capacity Data Report, the most
recent forecast publicly available released on April 1, 2017. PA’s carbon dioxide (“CO2”)
emission allowance price forecast was also updated based on more recent Regional Greenhouse

Gas Initiative (“RGGI”) auction results, including the March 8, 2017 auction.
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Q. Were there any other significant updates to the input assumptions in PA’s model?
A. The buildout of renewable resources in New England increased by 665 megawatts
(“MW?”) (151%) on a nameplate capacity basis in the 2017 model update, reflecting an expected
increase in the penetration of renewable resources across the region.

Q. What were PA’s conclusions regarding changes in GHG emissions based on the
updated analysis?

A. In his pre-filed direct testimony, filed June 30, 2017, Mr. Ryan Hardy reported that over
the first five years of CREC’s operation, 2020 through 2024, CREC would lead to an annual
average CO2 emissions reduction of 0.95% for the New England and New York Region (p. 21,
lines 20-25).

Q. Is this statement consistent with more detailed model results provided by Invenergy
in its response to OER-DR-3-2?

A Yes, | confirmed this percent reduction from the data provided in Confidential Exhibit B
to OER-DR-3-2.

Q, How do the updated model results compare with the model findings presented in the
Application?

A. On a percentage basis, this emission reduction resulting from the updated analysis is
generally consistent with PA’s results presented in the Application (p. 120). The Application
concluded that operation of CREC would produce a 1.01% reduction in CO2 emissions across
the New England and New York region, on an average annual basis between 2019 and 2025, just
slightly higher.

Q. Did the 2017 updated model reveal any other changes to the forecast of regional

emissions?
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A Yes. If | compare the forecast of total regional emissions of CO> across New England
and New York between PA’s updated model and PA’s 2015 model, CO, emissions decreased by
approximately 10% on an average annual basis in the 2017 updated model, regardless of whether
CREC was included in the model.

Q. Why do you believe that the modeled CO2 emissions have decreased across the
region between the 2015 analysis and the 2017 update?

A | believe that there are three contributing factors. First, from 2015 to 2017, ISO-NE’s
forecast of net load across New England has decreased, reducing the demand for electricity. The
decreased net load forecast is due, in large part, to the increase in energy efficiency and behind-
the-meter PV. Dispatchable fossil-fuel fired resources would run less in response to decreased
demand for energy, reducing CO2 emissions. Second, a decrease in natural gas prices relative to
coal prices would cause gas-fired resources to displace coal, which is a more carbon-intensive
fuel. I noted that coal generation in the 2017 updated model results has decreased by 88%
relative to the 2015 model results. Third, the increase in renewable resources in the 2017
updated model results would also contribute to reducing CO2 emissions.

Q. Does the decrease in overall CO2 emissions in the 2017 updated model alter your
conclusion about the impact of CREC’s operation on CO2 emissions?

A. No. As previously stated, on a percentage reduction basis, the 2017 model results are
consistent with the model results presented in the Application. Because the total emissions
across the region is reduced in the 2017 update, a 0.95% average annual decrease in regional
emissions ascribable to the addition of CREC is equal to approximately 644,000 short tons per
year of avoided CO emissions when both CREC units are in service. The comparable value

presented in the Application was approximately 1,058,500 short tons. That is, the updated model
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indicates that operation of CREC still results in a decrease in CO2 emissions, but the magnitude
of the decrease on a short tons per year basis is smaller.

Q. Mr. Hardy’s pre-filed direct testimony and Invenergy’s response to OER-DR-3-2
presented only model results from 2020 through 2024. In his testimony (page 41, lines 10-
11), Mr. Hardy stated that he “would expect continued emissions and ratepayer energy
costs savings over a much longer timeframe.” Is it reasonable to draw conclusions about
the impacts of CREC’s operation over the long term based on only five years of model
results?

A Without model results beyond 2024, it is not possible to quantify CREC’s contribution to
emissions reductions across the New England and New York region. | do, however, concur that
it is reasonable to expect that CREC will continue to contribute to regional CO, emissions
reductions beyond 2024, relative to a future without CREC. As discussed in OER’s Advisory
Opinion (page 20-21), because CREC would be one of the most efficient gas-fired resources in
the region, it will continue to displace energy from less efficient and higher emitting fossil-fired
resources. | anticipate that clean energy policies of New England states will continue to promote
increased development and penetration of renewable resources and energy efficiency in order to
achieve states’ greenhouse gas reduction targets. As a consequence, over time the region will
rely less on the incumbent fossil-fired resources, including CREC, and therefore CREC’s
contribution to reducing regional CO> emissions will diminish.

Q. Are you aware that Invenergy has submitted an Addendum to its Major Source
Permit Application, in which Invenergy proposes to reduce the number of days per year
that the Facility would be permitted to burn ultra-low sulfur distillate (“ULSD”) as a

backup fuel when the primary fuel, natural gas, is not deliverable due to pipeline
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constraints?

A Yes. Invenergy’s Application states that it requested the Rhode Island Department of
Environmental Management (“DEM?”) to issue an air permit that would allow it to run each of
the two combustion turbine units for 30 days per year on ULSD. | am aware that the Addendum
that Invenergy subsequently filed on September 15, 2016 proposed to revise the limit to 15 days
per year on ULSD for each unit. The Addendum also stated that ULSD would be used only for
oil system readiness testing, if gas is curtailed, or if the pipeline declares a force majeure event.
Table 1 of the Major Source Permit Addendum also provides an update to the potential
emissions summary data for the Facility.

Q. Would the change from 30 days per year to 15 days per year on ULSD for each unit
change any of the findings in OER’s Advisory Opinion?

A Yes. On page 15 of OER’s Advisory Opinion, I calculated that burning ULSD for 30
days for each unit would emit 415,440 tons of CO: during those days, or an increase of
approximately 128,000 tons per year over burning natural gas. If the allowable days of ULSD
usage were reduced to 15 days per year for each unit, the Project would emit 209,736 tons of
CO2 during those days, or an increase of approximately 75,850 tons of CO2 over burning natural
gas. This calculation utilizes the updated emission rate information provided in Table 1 of the
Major Source Permit Addendum.

Q. How would burning oil for 15 days each year affect PA’s updated model results,
which concluded that operation of CREC would reduce regional CO2 emissions by 0.95%
on an annual average basis between 2020 and 2024?

A. I cannot quantify this from the available information, since an event that would trigger

ULSD usage was not modeled. Plants with dual fuel capability can switch to burning oil when
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there are constraints on the gas pipeline system. This typically occurs during cold snaps, when
the lion share of gas pipeline capacity is used by the local gas distribution companies to deliver
gas for their core heating load, driving up the delivered price of natural gas. While CREC might
switch to ULSD during cold snaps, other plants in the region would do so as well. Since oil is a
more COz-intensive fuel than natural gas, emissions would increase across the region, relative to
a case where there are no gas pipeline constraints. However, | would expect that emissions with
CREC in operation would be less than without CREC in operation, since even when burning
ULSD CREC will be one of the most efficient plants in the region.

Q. Are there any other findings in OER’s Advisory Opinion that would change?

A Yes. On page 19 of OER’s Advisory Opinion, I calculated that burning ULSD for the
maximum of 30 days per year for each unit would result in an average annual CO, emission rate
of approximately 815 pounds per megawatt-hour (“MWh”). If the annual limit is reduced to 15
days per year for each unit, and using the emission rate data in the Major Source Permit
Addendum, the average annual CO, emission rate falls to approximately 776 pounds per MWh.
Q. Would these changes alter the conclusion in OER’s Advisory Opinion that operation
of CREC would contribute to lowering CO2 emissions, on a consumption-accounting basis,
for Rhode Island?

A. No. Using ULSD for 15 days per year for each unit rather than 30 days per year for each
unit would reduce the overall GHG emissions from the Project all else remaining the same, since
ULSD is a more carbon-intensive fuel than natural gas.

Q. According to Invenergy’s Application, 67 acres will be acquired from Spectra
Energy to construct the Facility. The Application (at page 9) indicates that the property is

forested. Recognizing that trees and other vegetation sequester carbon, shouldn’t clearing

10
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of vegetation to construct the Facility be accounted for in the GHG impact analysis of
CREC?

A Removal of trees and other vegetation from the site has no direct impact on electric sector
GHG accounting for Rhode Island. However, it is possible to estimate the CO2 equivalent that
would otherwise be sequestered in the biomass each year if the vegetation were not cleared.

Q. Would this be a material offset to the CO2 emission reduction that Invenergy’s
consultant, PA, attributes to CREC?

A. No. The available measurements of carbon content in forests indicate that removing trees
and other vegetation from the CREC site would not be a significant offset to the CO> emissions
reduction ascribable to the operation of CREC. | relied on a metastudy conducted by S.
Luyssaert and others, which compiled a global database of CO> data for various types of forests.
The mass of CO; that is sequestered in forests varies widely depending on the type and age of
trees and the climate. For temperate deciduous forests found in the Northeast, measurements of
the uptake of CO, average approximately 5.1 short tons of CO, per acre per vyear.
Conservatively, assuming that all 67 acres of the property would be cleared, this would result in
341 tons per year of CO that would not be sequestered by forest growth. This incremental
quantity represents a very small offset to the approximately 644,000 short tons per year of
avoided CO; based on the 2017 model update.

Q. What about the COz2 content of the trees and vegetation currently on the property?
A. Assuming that the trees and other vegetation currently on the property would all be
combusted or allowed to biodegrade, I computed the total CO equivalent content across the

property. | relied on a study by Thurner and others, who measured carbon content and carbon

3 Luyssaert, S., et al, 2007, “CO; balance of boreal, temperate, and tropical forests derived from a global database,”
Global Change Biology, 13, 2509-2537. A copy is attached as Exhibit ECG-1.
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density in temperate forests in the Northern Hemisphere.  They found that temperate broadleaf
and mixed forests in the Northern Hemisphere store on average approximately 95 short tons of
CO2 equivalent per acre. This equates to approximately 6,400 tons of CO2 equivalent for the
entire 67-acre CREC site. That is, if we suppose that all of this vegetation on the site is cleared
and either used as biomass fuel or allowed to naturally decompose, it would emit 6,400 tons of
CO2. We could account for this as either a single year’s release or spread out over the life of the
plant. Either way, it is clear that the CO> emission reduction ascribable to the operation of
CREC would dwarf the incremental CO: release from clearing the vegetation across the
property.

Q. Are you aware of the changes to the Invenergy Water Supply Plan?

A. Yes. | understand that Invenergy submitted on January 11, 2017 a revised Water Supply
Plan under which water would be transported by truck to the site.

Q. Does the revised Water Supply Plan alter your findings in OER’s Advisory Opinion
submitted in September?

A. No. However, it would be reasonable to include tailpipe emissions associated with
delivery of water, fuel, and other supplies to the Facility. Based on my analysis, | conclude that
the tailpipe emissions would be a minor offset and not enough to materially change the findings
of OER’s Advisory Opinion.

Q. Please explain the basis for this conclusion.

A. | estimated the CO, emissions that would result from the water deliveries based on the
revised Water Supply Plan filed on January 11, 2017 and information submitted by Invenergy on

February 14, 2017 through Invenergy’s Responses to the Town of Burrillville’s 22nd Set of Data

4 Thurner, M, et al., 2014, “Carbon stock and density of northern boreal and temperate forests,”” Global Ecology and
Biogeography, 23, 297-310. A copy is attached as Exhibit ECG-2.
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Requests. Appendix E to Invenergy’s revised Water Supply Plan contains a traffic analysis and
provides expected truck travel routes. Based on Invenergy’s Response to the Town of
Burrillville’s Data Request 22-13, it is expected that two to three water trucks per day would be
needed on a daily basis when the Facility is fueled by gas, but up to five trucks per day may be
needed occasionally. Invenergy proposed the trucks be filled with water at a station in Johnston,
Rhode Island and transported to the Spectra Energy Algonquin Compressor Station site on
Wallum Lake Road in Burrillville, which by way of US-44 and RI-100 is approximately 40 miles
roundtrip. The tailpipe emissions rate for diesel-fueled trucks is 22.4 pounds of CO per gallon
burned, based on information from the U.S. Energy Information Administration.>  Assuming
gas mileage for heavy-duty trucks that utilize diesel fuel ranges from four to eight miles per
gallon, truck deliveries of water would result in an additional 41 to 205 tons of CO2 emissions
per year ascribable to CREC, depending on the number of daily roundtrips and the truck fuel
efficiency, assuming that the plant operates on natural gas year-round. Relative to the annual
average avoided emissions ascribable to CREC of 644,000 tons per year, this is a small offset.

Q. How would the tailpipe emissions from water trucks change if ULSD is burned for
15 days a year?

A. According to the Water Supply Plan (page 14), each day of an oil firing will require
724,320 gallons of water from the on-site water tank, which would be replenished after an oil-
firing event. The water delivery trucks are expected to have a capacity of 8,000 gallons. Thus,
for 15 days of oil usage, 1,358 truck round trips would be needed to replenish 10,864,800 gallons
of water used. The water replenishment trucks following 15 days of ULSD use would contribute

an incremental 152 tons of CO: in tailpipe emissions, conservatively assuming a truck fuel

5> Based on U.S. Energy Information Administration, Carbon Dioxide Emissions Coefficients by Fuel,
https://www.eia.gov/environment/emissions/co2_vol_mass.php
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efficiency of only 4 miles per gallon. On an annual basis, assuming ULSD is burned for 15 days
per year and natural gas for the remaining days, the total tailpipe emissions from water supply
trucks would be a maximum of 357 tons of CO- per year ascribable to CREC.

Q. Are there other truck deliveries that should be accounted for?

A Yes. In addition to water deliveries, Invenergy’s Response to the Town of Burrillville’s
Data Request 22-1 (“Burrillville-22-1") and 22-2 (“Burrillville 22-2”) indicate that there will be
an estimated 15 ammonia trucks making trips to the CREC site per month, and typically one
demineralizer trailer per month.

CREC does not yet have a contractual agreement with any suppliers for the plant’s
delivery of ammonia, demineralization, or ULSD, but several potential suppliers have been
contacted. Based on Invenergy’s response to the Town of Burrillville’s 27th Set of Data
Requests, Request 27-6 (“Burrillville-27-6”) and 27-7 (“Burrillville-27-7), 1 computed the
approximate round trip mileage for the ammonia trucks and demineralizer trailer, each from two
separate potential suppliers. The potential ammonia truck routes will range from 86.4 to 104.6
miles roundtrip, and would result in 22 to 53 tons of CO2 emissions per year ascribable to CREC,
depending on the selected supplier and truck fuel efficiency. The potential demineralizer trailer
routes range from 116 to 117 miles roundtrip, and would result in an additional 2 to 4 tons of
CO2 emissions per year ascribable to CREC, depending on the selected supplier and truck fuel
efficiency. According to Burrillville 22-8, two additional trucks for ammonia, demineralization,
and/or wastewater may be required following oil firing. Additionally, following an oil firing
event, ammonia and demineralizer trucks would contribute an additional 0.31 to 0.62 tons of
COz per day. Assuming one day of replenishment for each day of oil firing, and a full 15 days of

ULSD usage per year, tailpipe emissions associated with ammonia and demineralizer deliveries
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would contribute in approximately 4.7 tons to 9.3 tons on an annual basis.

No supplier has been contacted yet for the delivery of hydrogen tube trailers, so I am
unable to provide emission estimates for these trucks at this time | would expect, however, that it
would be a small adjustment and not alter my conclusions.

Q. Did you estimate the tailpipe emissions associated with delivery of ULSD?

A Yes. According to Exhibit 27-7 to Burrillville-27-7, the truck route from the potential
ULSD supplier is approximately 54.4 miles roundtrip. Based on the maximum unit heat input
rate for ULSD provided in Table A-2 of the Major Source Permit Addendum, | estimated that the
Facility could burn a maximum of 19,000,000 gallons per year if both units burned ULSD for the
full 15 days per year. The capacity of oil tank trailers is not specified, but for the purpose of this
analysis | assumed the capacity would be 8,000 gallons, which is a typical size. If the ULSD is
delivered in 8,000-gallon capacity trailers, this would require a total of 2,377 round trips per
year, resulting in approximately 181 to 362 tons of tailpipe CO2 emissions per year, depending
on truck fuel efficiency. Larger trailers would require fewer trips.

Q. Based on your estimates, what would be the maximum tailpipe emissions associated
with deliveries to the Facility?

A, Conservatively, the total contribution of tailpipe CO. emissions from the water, ULSD,
ammonia, and demineralization trucks, assuming a full 15 days of ULSD burn, would be
approximately 785 tons CO> per year. This represents only a 0.122 percent offset to the 644,000
tons annual average avoided emissions ascribable to operation of CREC.

Q. What would be the maximum annual GHG burden ascribable to CREC if you
included all the tailpipe emissions and the impact from clearing all of the vegetation on the

site?
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A The sum of my estimate of the total tailpipe emissions plus the impact of land clearing
would be 1,446 tons per year, assuming that the vegetation initially cleared from the property
decomposes over 20 years. This is only 0.22 percent of the expected annual average CO>
emissions.
Q. Is there any other information included in OER’s Advisory Opinion which should
be updated?
A Yes. Figure 1 on page 13 of OER’s Advisory Opinion compares the forecast of CO>
allowance prices produced for the RGGI 2016 Program Review, to the CO: allowance price
forecast utilized by PA. The RGGI 2016 Program Review produced a range of forecast
trajectories, corresponding to a range of assumptions regarding the stringency of the RGGI
annual CO> cap and other future regulations. On June 27, 2017, the RGGI Program Review
released a draft 2017 policy scenario overview that unveiled nine new forecast scenarios that
collectively replace the scenarios used in the 2016 RGGI Program Review and in OER’s
Advisory Opinion. The new scenarios feature three policy cases: Policy Case 1 has a 2.5% cap
decline from 2021-2030; Policy Case 2 has a 3.5% cap decline from 2021-2030; and Policy Case
3 has a 6.52% cap reduction in 2019 and a cap that declines 3.0% from 2021-2030. The different
Policy Cases were run with alterative scenarios that incorporate differing assumptions regarding
a national CO2 program. The range of the new RGGI forecast scenarios, shown in the figure
below, result in overall price trajectories that are generally lower than the forecast range
illustrated in Figure 1 of OER’s Advisory Opinion.

Figure 1

2017 RGGI Policy Scenario Forecast Range®

6 RGGI Program Review materials may be accessed at: http://www.rggi.org/design/2016-program-review/rggi-
meetings
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Q. Does the change in the RGGI forecast change the findings in OER’s Advisory
Opinion?

A. No. OER’s Advisory Opinion noted that PA’s RGGI allowance forecast is low compared
to all of the RGGI 2016 Program Review scenario forecasts, but that using a low forecast
conservatively estimates the output of the Facility and the system-wide CO2 emission reductions.

PA’s updated allowance price forecast remains at or below the lowest of the RGGI scenario

forecasts.
Q. How do these forecasts compare with recent RGGI auction clearing prices?
A. Quarterly RGGI auction clearing prices from 2014 through the most recent auction on

June 7, 2017 have ranged from $2.53/ton to $7.50/ton, with an average of $4.78/ton.

Q. Are you familiar with the pre-filed direct testimony offered by Professor J.
Timmons Roberts in this docket, on behalf of CLF?

A Yes, | am.

Q. On page 16 of his pre-filed direct testimony, Professor Roberts predicts that CREC

would likely run on backup ULSD during heat waves during the summer and compound
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the GHG emissions impacts. Do you agree with this assertion?

A. No, I do not.

Q. Why not?

A. In the Northeast, the demand for natural gas is highest on very cold winter days when
homes and businesses rely on gas for heating. On those days, the interstate pipelines that
transport gas into and through the region operate at full capacity, or very nearly so. Local gas
distribution companies (“LDCs”) that deliver gas to homes and businesses have primary firm
contractual rights to the capacity on the pipelines. Most gas-fired electric generators take
interruptible service on the pipelines, which is a lower priority right, and so they can only
schedule gas to the extent that there is spare pipeline capacity not used by the LDCs. On very
cold winter days when pipelines are most constrained, interruptible service customers are most
likely to be curtailed, and electric generators that are permitted to use backup fuel oil are likely to
switch to oil. During the summer, when residential, commercial, and industrial customers’ gas
demand is low and gas demand for electric generation is highest, there is typically sufficient
pipeline capacity for interruptible service customers, and electric generators do not need to rely
on backup fuel oil.

Q. Do you have any data that supports your expectation of electric generators’ use of
backup fuel in summer versus winter?

A. Yes. | examined the recent operating history of the three gas-fired electric generators in
Rhode Island that are permitted to use backup fuel oil: Manchester Street, Ocean State Power,
and Pawtucket Power. Manchester Street and Ocean State Power are directly connected to the
Algonquin pipeline system, the same pipeline on which CREC proposes a direct connection.

Pawtucket Power is located behind the citygate of the LDC, National Grid.
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| analyzed a database of plant emissions that is maintained by the U.S. Environmental Protection
Agency (“EPA”) and publicly available on the EPA’s website. Most fossil-fueled electric
generators are required to report to the EPA hourly emissions data collected by their continuous
emission monitoring systems (“CEMS”). This information is used by regulators to determine
whether fossil-fueled electric generators are operating within their emission limits for regulated
pollutants. Because the CO2 emission rate when a unit is burning natural gas is quite different
from the rate when burning oil, it is possible to distinguish which fuel was burned in each hour
the unit is producing electricity. 1 used the CEMS hourly CO, emissions data to determine
whether the individual units at these three plants were burning gas or oil during each hour of the
peak summer months (July and August) and the peak winter months (December, January, and
February). Review of CEMS data was performed for the peak months in 2013 through February
2017.

Exhibit EGC-3 shows the percentage of hours that each Manchester Street, Ocean State
Power, and Pawtucket Power unit burned oil during these months. The results show that
Manchester Street and Ocean State Power burned oil only during the winter, and none during any
of the peak summer months, 2013 through 2016. Pawtucket Power burned oil nearly all of the
time it operated in January and February, but only during 2% of the time that it operated during
one of the summer months, August 2015. These findings are consistent with the statement in
CREC’s air permit application that “the gas turbines would primarily fire ULSD during the
winter months.”’

Q. Is it reasonable to look back at recent historic emissions in gauging CREC’s

potential use of oil going forward?

" Major Source Permit Application Addendum. Clear River Energy Center — Burrillville, Rhode Island. ESS Group.
Page 3.
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A Yes. The historic data are illuminating in regard to fuel use at existing and proposed
generation in Rhode Island. In January 2017, Enbridge (formerly Spectra Energy) completed a
342 MDth/d expansion of its mainline route system in New York, Connecticut and Rhode Island
to serve increased LDC loads through the Algonquin Incremental Market (“AIM”) project. If,
say, all AIM capacity were available for power generation during the summer, the equivalent
power generation output at full load would be sufficient to support 1,900 MW. While AIM
capacity is fully subscribed by LDCs in Rhode Island, Connecticut, and Massachusetts, and
likely fully or near fully utilized by the LDCs during the peak heating season, it will not be fully
utilized during the non-heating season, a time when LDC loads constitute a small percentage of
peak demand. The majority of the AIM capacity will therefore be available to generators in
southern New England during the summer, thereby reducing the demand for backup oil for
electricity generation across the Algonquin pipeline system. Enbridge is also currently in the
process of adding an incremental 132.7 MDth/d of pipeline capacity to its system between
Mahwah, NJ and downstream points including an interconnection with the Maritimes &
Northeast pipeline in Beverly, MA, through the Atlantic Bridge project. Similar to the AIM
project, the capacity associated with the Atlantic Bridge project has been contracted by LDCs
and industrial customers. The market effects of the project will therefore be similar to those
described above. The facilities associated with the project are now under construction for a
November 1, 2017 target in-service date.

Q. Why did Pawtucket Power burn any oil in the summer?

A. I do not know exactly why. Since Pawtucket Power is not directly connected to an
interstate pipeline, it must rely on National Grid for the last leg of the supply chain from the

pipeline citygate to the generator gate station. LDC tariffs governing interruptible transportation
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can sometimes include costly imbalance resolution charges, penalties for non-ratable use, as well
as significant volumetric charges. These restrictive tariff provisions sometimes favor oil use
rather than natural gas. Also, LDCs typically conduct local maintenance during the summer,
which may cause oil use. The CEMS data show that Pawtucket Power relied on backup fuel oil
almost entirely during the peak winter months. Oil use during the summer of 2014 and 2015
was a relatively negligible amount and oil was not used at all during the summer of 2016.

Q. Has Invenergy stated whether it will contract for interruptible or firm gas
transportation service?

A. Invenergy has indicated that it would rely on firm gas transportation service for at least a
portion of its natural gas requirements. See page 119 of Invenergy’s Application and response 3-
5 of Invenergy Thermal Development LLC’s Responses to the Division of Public Utilities and
Carriers Third Set of Data Requests in Docket Number 4609 before the Rhode Island Public
Utilities Commission. If CREC acquires a primary firm entitlement to mainline capacity on
Algonquin for a portion of its maximum daily requirement (“MDQ”), then at least a portion of its
generating capacity could be scheduled on natural gas throughout the winter, even on extremely
cold winter days. Use of firm gas transportation service for all or a portion of CREC’s MDQ
would lessen CREC’s potential reliance on ULSD.

Q. Are firm service customers ever curtailed?

A. Yes, firm customers can be curtailed, but such curtailments are rare and almost always
require the pipeline to declare a force majeure event. A force majeure event is associated with an
operating contingency or emergency that requires the pipeline operator to take whatever action is
necessary to ensure the safety and security of the pipeline system. Last resort measures can

include isolation of a route segment or the reduction in pressure and flow to firm service
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customers along the route segment where the incident occurred.

Q. On page 2 of the Conservation Law Foundation’s Response to Town of Burrillville’s
First Data Requests, CLF states that CREC would emit more carbon than the current New
England average when it burns gas or oil. Please comment on this statement.

A. | agree that CREC’s expected annual average CO2 emission rate, whether it burns only
natural gas or all of its permitted ULSD each year, would be somewhat higher than the average
New England-wide CO, emission rate. However, it is misleading and incorrect to simply
compare the average CREC emission rate to the average New England system-wide emission
rate. This is because CREC’s emissions are not additive to the average emissions of all of the
other existing plants in the region. Consistent with the way that 1ISO-NE, the regional grid
operator, dispatches available generating resources to minimize system-wide production costs,
the energy that CREC generates would replace energy that would otherwise be generated from
less efficient and more carbon-intensive plants. By adding CREC to the region’s resource mix,
the average annual emission rates will therefore decrease. Over the long term, as the generation
fleet becomes increasingly cleaner and more efficient, energy from CREC will in turn be
displaced by more efficient gas-fired plants, if they are constructed, and by renewable resources,
which have no fuel costs and little to no emissions.

Q. What is the appropriate 1ISO-NE system-wide emission rate that the CREC emission
rate should be compared to?

A. As discussed on pages 15 through 19 of OER’s Advisory Opinion, since operation of
CREC will displace less efficient and higher-emitting dispatchable resources, the appropriate
comparison is to ISO-NE’s marginal emission rate. When OER’s Advisory Opinion was filed,

the most up-to-date information from ISO-NE was the “2014 ISO New England Electric
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Generator Air Emissions Report.” ISO-NE has since released the results of its 2015 analysis.®
The 2015 data indicates that the system-wide marginal emission rate in 2015 was 857 Ib/MWh.
Although the ISO-NE marginal emissions rate dropped by 9% from 2014 to 2015, it remains
significantly above the average CREC emission rate of 760 Ib/MWh on natural gas. Even if
ULSD is burned for the maximum of 15 days per year for each unit, the calculated average CO>
emission rate of 776 Ib/MWh previously stated is still less than the 2015 ISO-NE marginal
emission rate of 857 Ib/MWHh. | note that over the same period of time, the average 1SO-NE
system-wide emission rate increased by 2.9%, from 726 Ib/MWh in 2014 to 747 Ib/MWh in
2015.

Q. On page 10 of his testimony, Professor Roberts states that “carbon emission levels
today are significantly above 1990 levels.” Have you seen any data that supports that
statement?

A No, the available data is not consistent with Professor Roberts’ assertion. In this portion
of his testimony, he is addressing the economy-wide carbon reduction goals set forth in the Act.
The Act requires the Rhode Island Executive Climate Change Coordinating Council (“EC4”) to
submit to the Governor and General Assembly a plan that includes strategies, programs, and
actions to meet specific targets for GHG emissions reductions: 10% below 1990 levels by 2020;
45% below 1990 levels by 2035; and 80% below 1990 levels by 2050. Since filing his
testimony, the EC4 issued its Greenhouse Gas Emissions Reduction Plan (“GHG Plan”)°, which
identifies proposed strategies, programs, and actions to meet the targets for GHG emissions

reductions established in the Act. Figure 2 on page 9 of the GHG Plan displays the state’s

8 ISO New England, Inc. System Planning, “2015 ISO New England Electric Generator Air Emissions Report,”
January 2017. Available at: https://www.iso-ne.com/static-assets/documents/2017/01/2015_emissions_report.pdf

® The Rhode Island Greenhouse Gas Emissions Reduction Plan by the EC4, December 2016 may be accessed at:
http://www.planning.ri.gov/documents/climate/EC4%20GHG%20Emissions%20Reduction%20Plan%20Final%20D
raft%202016%2012%2029%20clean.pdf
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historic GHG emissions, and a projection of emissions under a “business-as-usual” scenario,
relative to the 1990 baseline and relative to the emissions reduction targets for 2020, 2035, and
2050. It is clear from the figure, which is reproduced herein as Figure 2, that the current
emissions are significantly below the 1990 baseline. Importantly, the data demonstrate that
Rhode Island is on track to achieve the 2020 emissions reduction target, due to the success of
current GHG reduction policies and programs.

Figure 2

Rhode Island Business-as-Usual GHG Projection
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Q Do you disagree with any other statements in Professor Roberts’ testimony?

A Yes, I do. On page 15 of his testimony, he states that “The plant will have to be used, or
there will be huge stranded costs for the firm and the state.” As New England’s generation fleet
evolves and is modernized over time, with more efficient resources displacing and replacing less

efficient generation resources, it is true that CREC may in the future be dispatched only
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sparingly by ISO-NE. There may be a point in time when revenues from the electricity markets
administered by ISO-NE are insufficient to cover CREC’s fixed and variable operating costs, and
CREC may decide to mothball or retire the plant. However, the risk of financial losses is borne
entirely by Invenergy and its investors, and not by electric customers in Rhode Island or
elsewhere in New England.

Q. On page 17 of his testimony, Professor Roberts states, “Having a surplus of natural
gas-fired electricity here in the state will decrease the incentive to make the competing
long-term investments that will be needed for new renewables.” Do you agree with this
statement?

A. No, | do not. Gas-fired generation plants and renewable resources are not directly
competing investments. Investments in gas generation by the private market do not have a direct
impact on the public policy motivation of decision-makers to promote renewable energy through
mandates or incentives. An investor seeking to develop a new power plant will develop a pro
forma analysis of the projected investment returns, based on a forecast of project revenues and
all fixed and variable costs, including all financing costs, taxes, and depreciation. Project
revenues for natural gas-fired plants consist of revenues from the ISO-NE energy, capacity, and
ancillary services markets. While the overnight capital costs for renewable resources such as
wind and solar may be somewhat higher than for gas-fired simple or combined cycle plants,
renewable resources have an additional revenue stream in the form of Renewable Energy Credits
(“RECs”), and in some cases, favorable tax treatment. RECs represent the value of the
environmental attributes associated with renewable energy generation. One MWh of energy
generated by a qualified renewable resource produces one REC. All the New England States,

including Rhode Island, have implemented a renewable portfolio standard (“RPS”), termed
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renewable energy standard, or RES, in Rhode Island, which requires all load serving entities to
either purchase renewable energy or RECs up to a specified percentage of their annual load.
Rhode Island, along with several other New England states, have also required the state’s electric
distribution companies (“EDCs”) to solicit proposals and enter into long term contracts for
renewable resources. A firm demand for RECs under the RPS, coupled with long term contracts
with EDCs, support financing of new renewable projects. Regardless of the total capacity of the
gas-fired fleet in Rhode Island or across the region, New England states have legislative and
policy tools that promote the development of renewable resources to achieve state’s GHG
reduction and renewable energy goals.

Q. You previously mentioned the GHG Plan issued by the EC4 in December 2016. The
GHG Plan identifies mitigation options for Rhode Island to achieve the GHG reduction
targets set forth in the Act. Would the development and operation of CREC hinder Rhode
Island’s ability to implement the proposed mitigation options?

A. No, it would not.

Q. Please explain why development and operation of CREC would not hinder or
impair Rhode Island’s ability to implement the GHG mitigation options.

A. The GHG Plan identifies ten major mitigation options available to Rhode Island to meet
its economy-wide GHG reduction targets. These include options that pertain to the
transportation, industrial processes, and building heating sectors, as well as electricity. There are
several options that are relevant to the electricity sector: energy efficiency, utility-scale
renewable energy, distributed generation, clean energy imports, and relicensing of the Millstone
nuclear units. Except for preservation of the nuclear units, each of these mitigation options can

be implemented, at least in part, through policy tools that are available to Rhode Island, and that
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build upon existing state programs such as Least Cost Procurement, the RES, the Renewable
Energy Growth Program, the Long Term Contracting Standard for Renewable Energy, and the
Affordable Clean Energy Security Act. The GHG Plan also recognizes that achieving the GHG
reduction targets will also require actions outside of the State’s direct control. These may
include expansion of clean energy resources throughout New England and contracting for
imports of clean energy such as hydropower from outside of the region. Indeed, the Plan
acknowledges that “Reaching the levels of GHG reduction in 2050 implied by the Act would
require existing stocks of conventional technologies (e.g., fossil fuel generating resources,
heating equipment, and vehicles) to be largely replaced with alternative, carbon-free
technologies by 2050.” These tools available to Rhode Island and the other states in the region
will continue to increase the percentage of energy sold in Rhode Island that is derived from clean
energy resources. Thus the demand for energy from incumbent fossil-fired resources including
CREC will diminish, regardless of how much fossil-fueled capacity remains in the region’s fleet.
CREC’s operation would contribute to lowering GHG emissions in the near term until a
decreased demand for fossil-fueled generation leads to its output being replaced by lower and
zero carbon emitting resources in the long term.

Q. Does this conclude your testimony?

A. Yes.
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Abstract

Terrestrial ecosystems sequester 2.1 Pg of atmospheric carbon annually. A large amount
of the terrestrial sink is realized by forests. However, considerable uncertainties remain
regarding the fate of this carbon over both short and long timescales. Relevant data to
address these uncertainties are being collected at many sites around the world, but
syntheses of these data are still sparse. To facilitate future synthesis activities, we have
assembled a comprehensive global database for forest ecosystems, which includes
carbon budget variables (fluxes and stocks), ecosystem traits (e.g. leaf area index, age),
as well as ancillary site information such as management regime, climate, and soil
characteristics. This publicly available database can be used to quantify global, regional
or biome-specific carbon budgets; to re-examine established relationships; to test emer-
ging hypotheses about ecosystem functioning [e.g. a constant net ecosystem production
(NEP) to gross primary production (GPP) ratio]; and as benchmarks for model evalua-
tions. In this paper, we present the first analysis of this database. We discuss the climatic
influences on GPP, net primary production (NPP) and NEP and present the CO, balances
for boreal, temperate, and tropical forest biomes based on micrometeorological, ecophy-
siological, and biometric flux and inventory estimates. Globally, GPP of forests benefited
from higher temperatures and precipitation whereas NPP saturated above either a
threshold of 1500 mm precipitation or a mean annual temperature of 10 °C. The global
pattern in NEP was insensitive to climate and is hypothesized to be mainly determined
by nonclimatic conditions such as successional stage, management, site history, and site
disturbance. In all biomes, closing the CO, balance required the introduction of
substantial biome-specific closure terms. Nonclosure was taken as an indication that
respiratory processes, advection, and non-CO, carbon fluxes are not presently being
adequately accounted for.

Nomenclauture:

DOC = dissolved organic carbon;
fNPP = foliage component of NPP;
GPP = gross primary production (GPP>0 denotes photosynthetic uptake);
mNPP = missing component of NPP;
NBP = net biome production (NBP >0 denotes biome uptake);
NECB = net ecosystem carbon balance (NECB >0 denotes ecosystem uptake);
NEE = net ecosystem exchange (NEE >0 denotes ecosystem uptake);
NEP = net ecosystem production (NEP >0 denotes ecosystem uptake);
NPP = net primary production (NPP>0 denotes ecosystem uptake);
R, = autotrophic respiration (R,>0 denotes respiratory losses);
Re. = ecosystem respiration (R.>0 denotes respiratory losses);
Ry = heterotrophic respiration (Ry, >0 denotes respiratory losses);
rNPP = root component of NPP;
Rs = soil respiration (Rs>0 denotes respiratory losses);
VOC = volatile organic compounds;
wNPP = wood component of NPP

Keywords: carbon cycle, CO,, forest ecosystems, global database, gross primary productivity,
net ecosystem productivity, net primary productivity
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Introduction

By sequestering large amounts of atmospheric carbon,
forests play an important role in the global carbon cycle
and are thought to offer a mitigation strategy to reduce
global warming (Schimel et al., 2001). The awareness
that fossil fuel burning has perturbed the carbon cycle,
with feedbacks to global climate, has inspired research-
ers and funding agencies worldwide to invest in carbon
cycle research. Hence, many more data on carbon
cycling in forests have become available in recent
decades. Knowledge of global patterns in net primary
production (NPP) improved substantially during the
1970s thanks to the International Biological Program
(IBP; Jager et al., 2000). More recently, additional insight
in global NPP was gained by analyses of updated
comprehensive data summaries (Scurlock & Olson,
2002; Ciais et al., 2005), as well as by modelling studies,
such as the Potsdam NPP model intercomparison study
(Cramer et al., 1999). Global patterns (both spatial and
temporal) in gross primary production (GPP) and re-
spiration (R.) are mainly based on modelling exercises
(i.e. Schimel et al., 2001). Exceptions include analyses of
NEP and GPP measurements from eddy covariance flux
networks (Valentini ef al., 2000; Janssens et al., 2001; Law
et al., 2002; Reichstein ef al., 2003) and a synthesis of the
CO, balance of a boreal, temperate and tropical forest
site (Malhi ef al., 1999).

Because the wide spread application of the eddy
covariance technique our understanding of the magni-
tude, temporal, and spatial variability of CO, cycling in
terrestrial ecosystems has evolved quickly (Baldocchi,
2003). However, considerable uncertainties remain re-
garding the current status of terrestrial sinks and the
fate of the carbon sequestered by the terrestrial bio-
sphere over both short and long timescales. The flow of
carbon between the different components of forest
ecosystems and its eventual allocation to long-term
storage pools (wood and soil organic matter) is likely
to vary across forests of different growth strategies
(deciduous vs. evergreen), age, management regime,
and climate. The relevant data are collected at many
sites around the world, but need to be synthesized to
address the remaining uncertainties. Therefore, we have
assembled a comprehensive global database for forest
ecosystems, which includes carbon budget variables
(fluxes and stocks), ecosystem traits (e.g. leaf area index,
age), as well as ancillary site information such as
management regime, climate, and soil characteristics.
This publicly available database is dedicated to quanti-
fying the global and biome-specific carbon budget of
the forests, re-examination of previously hypothesized
global relationships, testing emerging hypotheses about
ecosystem functioning, and providing benchmarks for
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ecosystem model evaluations. The database will be
updated as additional data become available.

The objectives of this manuscript are to (1) present the
database structure, explain data consistency and quality
control mechanisms, (2) identify data gaps, (3) present
global patterns in GPP, NPP and NEP, and (4) establish
forest carbon budgets by biome.

Components of the C-balance

GPP of an ecosystem represents the gross uptake of CO,
that is used for photosynthesis. The synthesis of new
plant tissue from CO,, water and nutrients and the
maintenance of living tissues are energy demanding
processes (Penning de Vries et al., 1974; Amthor, 2000).
Hence, some photo-assimilated compounds are lost
from the ecosystem as autotrophic respiration (R,) due
to the costs associated with growth and maintenance of
foliage, wood, and roots. The amount of photosynthates
that is not used for respiration and is available for other
processes is defined as NPP and relates to GPP and R,
as

GPP = NPP + R,. (1)

The bulk of NPP is allocated to the production of
biomass in different ecosystem components: foliage
(fNPP), wood (WwNPP; including branches and stems),
and root ’NPP; including coarse and fine roots) pro-
duction. In addition to these measurable components,
NPP also includes a variety of additional components
and processes that are more difficult to measure and
often ignored. In this manuscript, these components
were called mNPP and include the carbon invested in
understory plant growth and in reproductive organs
(flowers, seeds, fruits), as well as carbon lost through
herbivory, emitted as volatile organic compounds
(VOC) and methane (CHy), and exuded from roots or
transferred to mycorrhizae. The global average of pro-
duction and losses contained in mNPP was estimated to
be 11% (Randerson et al., 2002) but can easily amount to
20% of the sum of fNPP, wNPP, and rNPP in tropical
forests (Clark et al., 2001). Thus,

NPP = fNPP + wNPP + rNPP + mNPP.  (2)

The residence time of carbon, which is the time
between fixation in photosynthates and the return to
the atmosphere following respiration or chemical trans-
formation into VOC, exudates or CH,, differs among
NPP components. Carbon incorporated in wood, which
is physiologically dead, has a residence time within the
living tree of years to centuries, whereas the carbon
deposited in foliage and fine roots has residence times
of months to years. Each year part of the standing
biomass is transferred to litter- and/or soil layer carbon
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pools (each of which has different residence times).
These carbon pools are subjected to decomposition by
microbial activity, a process defined as heterotrophic
respiration (Ry). The decomposition processes that con-
tribute to Ry, include decomposition of current year
biomass, but also contain decomposition of organic
matter that accumulated in the ecosystem during the
last decades, centuries or millennia. The imbalance
between NPP and Ry, is the NEP

NPP = NEP + Ry,. (3)

The sum of Ry, and R, represents the total ecosystem
respiration (R.) and the sum of the belowground frac-
tion of R, and Ry, is the soil respiration (Ry). NEP is
determined by the difference between GPP and R, and
differs from the net rate of organic carbon accumulation
in ecosystems (Schulze et al., 2000).

GPP = NEP + R.. (4)

The carbon fluxes observed in experiments differ
from the long-term carbon balance mainly because
non-CO, losses and nonrespiratory CO, losses, which
occur at a range of timescales, are typically ignored.
Shortly (<1 year) after uptake, synthesized compounds
are lost from the ecosystem as VOCs (Guenther et al.,
1995) or as plant-produced CH, (Keppler et al., 2006).
On longer timescales (>1 years), part of the annually
accumulated NEP leaves the ecosystem as dissolved
organic carbon (DOC) or microbially produced CH,. In
addition, all or part of the carbon that has been built up
over the years by the accumulation of the annual NEP
can leave the ecosystem and eventually return to the
atmosphere as nonrespiratory CO, fluxes by forest fires,
harvests and/or erosion (Randerson et al., 2002; Amiro
et al., 2006). Therefore, non-CO, and nonrespiratory
CO; losses should be accounted for in Eqn (4) to obtain
the carbon balance. The net ecosystem carbon balance
(NECB) is the term applied to the total rate of organic
carbon accumulation (or loss) from ecosystems (Chapin
et al., 2006) and balances NEP as follows:

NECB =NEP
— nonrespiratory CO; losses — non-CO, losses
+ import from bordering ecosystems.

(5)

GPP, NPP, NEP, and NECB may all represent carbon
sinks or sources (except GPP which is always a sink) but
the relevance of the sink or source depends on the
temporal and spatial scale one wants to study. Where
the carbon sink in GPP is only sustained for minutes,
the sink or source quantified as the NECB equals the
long-term carbon-sequestration by ecosystems. When

integrated over time and space the NECB equals the net
biome production (NBP; Schulze & Heimann, 1998;
Buchmann & Schulze, 1999). It is the NBP that is
reflected in the long-term atmospheric concentration
of CO,, CH, and other atmospheric carbon-compounds.

Materials and methods

Database

A comprehensive relational database structure was
designed to store information on carbon fluxes, ecosys-
tem properties, and site information of forest stands.
Data entries originated from peer-reviewed literature,
established databases (e.g. Olson et al., 2001; Papale
et al., 2006) and personal communications with research
groups involved in Fluxnet (Baldocchi et al., 2001). The
high quality of the database is ensured by several
features: (1) referential integrity is ensured by the
structure of the database, (2) data selection is based
on strict methodological criteria, (3) consistency of the
NPP data is ensured by a hierarchical framework, (4)
uncertainty of the fluxes are estimated in a consistent
manner accounting for the methodological approach
and the length of the time series, (5) the uncertainty of
aggregated fluxes is estimated, and (6) a variety of
observed and/or modelled meta-data is included in
the database.

Structure of the database. The database is structured by
site. A site is a forest or a stand with a known
geographical location, biome (US Department of
Agriculture biome classification; Reich & Eswaran,
2002), tree species composition and management
regime. Hence, different treatments within an
experimental forest or different aged stands that form
a chronosequence were recorded as different sites. Each
site in the database is linked to at least one carbon
balance component and each component is further
linked to the methodology that was used to estimate
it. Owing to its structure, the database can contain
multiple estimates of the same flux for the same year
(i.e. if these estimates were reported in different studies
or estimated with different measurement techniques).
Because data from different sources or references are
stored as different entries, the structure of the database,
thus ensures referential integrity.

Selection criteria. Flux estimates were included in the
database when they were based on direct measurements
(NPP, NEP, R, Ry, and R,), derived from single
or multiple direct measurements (GPP, NPP, NEP, R.,
Ry, and Ry) or modelled (GPP, NPP, NEP, R., R,, R},
and R,).
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NPP estimates were included in the database when
they were based on direct measurements of the main
components of NPP (Clark et al., 2001) if these were
obtained as follows: the net annual production of leaves
or needles was determined by collecting leaf /needle fall
throughout the year; annual stem and branch increment
were determined using species- and region-specific
allometric equations relating aboveground woody
biomass increment to the change in basal area of
individual trees in the plot; and coarse-root production
was determined through species- and region-specific
allometric equations relating root mass to basal area
and fine-root production was determined by repeated
soil coring, isotopic estimates of fine-root turnover
combined with biomass measurements, upscaled root-
length production observed in minirhizotrons or the soil
respiration and litterfall constraint formulated by Raich
& Nadelhoffer (1989). Furthermore, to be included in the
database, foliage, stem, branch, coarse and fine root
biomass increment had to be corrected for the annual
litterfall of these components. When available, we also
included estimates of NPP which accounted for: the NPP
of the understory vegetation through destructive
harvests (available for 30% of the sites with NPP
estimates); fruit and seed production (availability:
<4%); herbivory (availability: <4%); emissions of
volatile compounds (availability: 0%) and leaching of
root exudates (availability: 0%). However, availability
of these NPP components was not a necessary criterion
for inclusion.

Direct measurements of annual and multiple-year
NEP were included in the database when based on
continuous measurements with a tower-based eddy
covariance system. NEP estimates were accepted
when data gaps due to system failure, stable
atmospheric conditions or data rejection were filled by
means of standardized methods (Falge et al., 2001;
Reichstein et al., 2005) to provide complete data sets.
These data, however, do not include corrections for
possible effects of advection, which may lead to a
systematic underestimation of night-time respiration
even at high turbulence.

Biometric NEP estimates were included in our
database when they were based on the difference
between biomass production and heterotrophic re-
spiration (e.g. Hanson et al., 2003) or repeated biomass
inventories and soil respiration measurements (e.g. Law
et al., 2004).

Estimates of Rs and its heterotrophic component
Ry, were included in the database when based on
subtracting chamber measurements from undisturbed
plots from measured and up-scaled root respiration
(Hanson et al., 2000) or chamber measurements after
trenching or girdling. Directly measured estimates
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of R, were included in the database when the estimate
was based on up-scaled chamber measurements of
foliage, stem and root respiration (e.g. Ryan et al., 1996).

Half-hourly eddy covariance measurements can be
used to derive an estimate of R, and GPP. At night there
is no photosynthesis, so the site-specific relationship
between the night-time NEE and soil temperature can
be used to estimate the half-hourly respiration during
the day given the daytime soil temperature. However,
due to below-canopy CO, storage and advection,
nocturnal NEE measured on calm nights (u*
threshold) is not used to estimate R.. These rejected
data were treated as gaps and filled by means of
standardized methods (Falge et al., 2001). Only
measured data were used to fit a relationship between
night-time NEE and soil temperature, from which
daytime respiration was estimated. The relationship
can be fitted with constant parameter values (Falge
et al., 2001) or with variable parameter values
(Reichstein et al., 2005). Respiration estimates from
either method of fitting were included in the database.
Applying Eqn (4) results in half-hourly estimates of
GPP that must be integrated over the course of a year to
obtain an estimate of the annual GPP. On sites affected
by advection, GPP and R, are both likely to be
underestimated.

When data are available for at least two flux
components, the identities given by Eqns (1)-(4) can
be used to estimate a missing flux (e.g. R, can be
calculated from the difference between R. and Rj).
Flux estimates obtained by applying these equations
were also included in the database. However, modelled
GPP, NPP, NEP, R, R, Ry, and R, estimates were only
included when a mechanistic process model driven by
daily or more detailed climatological input variables
was used, and when the model was calibrated with
site-specific parameters and/or validated against site-
specific measurements such as biomass, NEP, etc.

Consistency of the flux data. Despite the strict selec-
tion criteria there are still inconsistencies between
methodological approaches (i.e. an eddy covariance-
based estimate of GPP includes the understory, whereas
most process models limit the GPP to the photosynthesis
of the overstory vegetation). Depending on the
methodological approach, respiration by mycorrhizae
may be included either in R, or in Ry These
inconsistencies contribute to the observed variation
among sites, but given the small contribution of
understory and mycorrhizal fluxes are unlikely to
have severely affected the results presented below.
More problematic are the inconsistencies in NPP.
Although NPP data are more widely available than
other carbon-flux estimates, there are considerable
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problems of consistency among NPP studies. Reported
NPP values can range from the NPP of a single
component (e.g. foliage NPP) to the complete NPP of
the ecosystem. The database accounted for these
inconsistencies by combining 11 components and nine
aggregation levels of NPP in a hierarchical framework
(Fig. 1). At the lowest level, stem and foliage NPP were
recorded. When both components were measured, the
lowest possible level of aboveground NPP (ANPP_1;
foliage + stem NPP) was calculated. The next level
included branch NPP. If branch NPP was measured,
wood NPP (stem +branch NPP) and ANPP 2
(foliage + stem + branch NPP or foliage + wood NPP)
were calculated. Coarse and fine root NPP were
recorded as separate components and summed to
obtain the belowground NPP (BNPP_1; coarse + fine
roots NPP). If all required low-level components were
available, the total NPP (TNPP_1) was calculated as
ANPP_2+BNPP_1. If the understory NPP was
measured, the next level of total NPP was calculated
(TNPP_2). Adding estimates of the NPP of the
reproductive parts, herbivory, root exudation and
VOC’s and CHj; resulted in TNPP 3, TNPP 4,
TNPP_5, and TNPP_6, respectively. The framework
was considered hierarchical because a certain level of
NPP was calculated only when all underlying
components were measured. For example, TNPP 4
was not calculated unless TNPP_3 was available and
NPP consumed by herbivores was measured. There
was, however, one exception: NPP calculated from the
difference between GPP and R, or the sum of NEP and
Ry, was set to TNPP_5 despite the absence of lower-level
NPP estimates. The imbalance between GPP and R, was
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Fig. 1 Hierarchical framework for net primary production
(NPP) where 11 components of the NPP are hierarchically
combined in nine aggregation levels of NPP.

assigned to TNPP level 5 instead of level 6 because most
often GPP and NEP were estimated on the basis of eddy
covariance measurements which do not capture VOC’s
and CH, losses.

Given this careful processing and quality evaluation
of data for each site, the NPP data are consistent when a
single level of NPP data is used. For the majority of the
sites, only a few components were reported such that
TNPP_1 was the most common estimate for total NPP. It
should be noted that minor inconsistencies remain within
an individual component (i.e. the use of different cut-off
diameters between coarse and fine roots). However, the
variation due to these inconsistencies is expected to
disappear when NPP estimates of a higher level are
used [i.e. the variation due to different cutoff diameters
are expected to disappear when total belowground NPP
(BNPP_1) is used].

Uncertainty of the measured CO; fluxes. Although recently
efforts have been made to quantify the uncertainties of
eddy covariance measurements (Hollinger et al., 2004;
Hollinger & Richardson, 2005; Richardson et al., 2006;
Black et al., 2007), uncertainty of CO,-flux estimates are
only rarely reported in the literature and when reported
it is often unclear whether the given value denotes
instrumental, spatial, temporal and/or other sources
of variability. Therefore, we ignored the reported
uncertainty and instead estimated the total uncertainty
for every component flux contained in the database.
The uncertainty was estimated in a uniform way based
on expert judgment. We could not identify prior
information that could constrain the absolute range of
the estimated NEP. Without measurements or prior
information, experts agreed that the NEP of a forest
most likely ranges from —100 to 600gCm “yr "
The absolute range of the NEP estimate is, thus,
+350gCm 2yr ' (this manuscript). However, all
methodological approaches contained in the database
used site-specific observations and are therefore
expected to reduce the uncertainty surrounding the
NEP estimates. Consequently, the uncertainty was
reduced with a method-specific factor (i.e. when NEP
was determined by eddy covariance measurements),
the precision was thought to be 30% of 350 or
105gCm *yr '. This estimate is similar to those
presented by Griffis et al. (2003), Richardson &
Hollinger (2005) and Oren et al. (2006). For tropical
forest, where night-time measurements are often
problematic the absolute range of the NEP estimate
was set to +700gCm 2yr '. The applied method-
specific reduction factors (i.e. 30% for eddy
covariance, are given in Table 1). When a flux was a
multiple-year mean value, its value is less prone to
interannual variability and, therefore, its uncertainty
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Table 1 Method-specific reduction factors for GPP, NPP, NEP, R,, R, R, and R, determined by expert judgment

Method GPP NPP NEP R. Ry Ry R, Reduction factor
Eddy covariance and data assimilation X 0.2
Eddy covariance X X X 0.3
Measured increment and litterfall X 0.3
Chamber based X 0.4
Measured and modelled increment and litterfall X 0.6
Process-model based X X X X 0.6
Chamber + girdling X 0.8
Chamber + root excised X 0.8
Chamber + trenching X 0.8
Radiocarbon X 0.8
Chamber based X 0.8
Alkali absorption X 0.8
Chamber + gap based X 0.9
Process-model based X X X 1.0
Flux component based X X X X X X X 1.0

The reduction factors account for the precision of a method and are multiplied with the absolute range of the uncertainty of the

fluxes (Table 2) to get the uncertainty of a specific observation.

NPP, net primary production; NEP, net ecosystem production; GPP, gross primary production.

Table 2 Absolute range (gCm 2yr~') of GPP, NPP, NEP, R,,
Rs, Ry and R, under the assumption that measurements are
absent

Component flux Uncertainty

GPP 500 + 7.1 x (70-latitude)
NPP 350 + 2.9 x (70-latitude)
NEP 350 if latitude >23

700 if latitude <23
R. 500 + 7.1 x (70-latitude)
R, 200 + 8.6 x (70-latitude)
Ry 100 + 2.9 x (70-latitude)
R, 100 + 4.3 x (70-latitude)

Values determined by expert judgment.
NPP, net primary production; NEP, net ecosystem production;
GPP, gross primary production.

(sij) was further reduced by accounting for the length of
the time series. Thus,

sij = (pi % RF;‘)/\/Ev

where p; is the initial uncertainty for site i in the absence
of measurements according to Table 2 and RF; is the
reduction factor for method j according to Table 1 and I;;
is the length of the time series (in years) for site i for
which the fluxes where estimated with method j.

A similar approach was followed to estimate the
uncertainty of GPP, NPP, R., R,, Ry, and R,. However,
for these fluxes the latitude of the site contained prior
information regarding their absolute range [i.e. GPP at a
boreal site likely ranges from 0 to 1000gCm *yr ',
whereas GPP at a tropical site likely ranges from 2000 to
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4000gCm 2yr ' (this manuscript)]. Consequently, the
absolute range for GPP in the absence of measurements
depends on the latitude (Table 2). For each site contained
in the database the latitude was known and as such,
the absolute range in the absence of measurements
could be estimated. This initial uncertainty was then
reduced by the method-specific factor (Table 1) and
further adjusted for the length of the time series.

Aggregated fluxes and their uncertainty. According to the
planned analysis, differently structured tables can be
extracted from the database (e.g. for low-resolution
model comparison, the data should be aggregated by
latitudinal and longitudinal cells whereas for analyzing
C balances of different forests the data should be
aggregated by site). For a given site or cell (i), the flux
component (F) was determined with k different
methods j. The average flux component determined
by method j for site or cell i was then given as F;;. The
average flux component across methods (F;) was
calculated as the weighted mean:

r Z;(:l l,']' X F,‘j
[ k .
Zj:l li]’

The wuncertainty of the weighted mean was

calculated by means of error propagation:

SO

il % (si)
>kl

S; =
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where 1; is the total number of observations for the flux
component F; for site or cell i and [;; is the number of
observations determined with method j. Hence, the
obtained uncertainty (s;) is a proxy for the uncertainty
surrounding the mean annual flux for the site or cell.

Site description data. Additional site information related
to stand characteristics, standing biomass, leaf area index
and growing environment were added to the database as
separate tables (see Appendix A). Stand characteristics
such as basal area, mean tree diameter, mean tree height,
mean tree density and mean stand age are available for
many sites. Also, the observed standing biomass and its
major components, the maximal observed leaf area
index, and some methodological details of the leaf
area measurement technique were available and
stored in the database for many sites. A description
of stand management was also included in the
database. Among sites, information on management
was of variable quality and detail. Therefore, a coarse
classification, distinguishing managed (when the
description contained a reference to planting, thinning
or harvesting), unmanaged (when no management had
occurred during the last 50 years), recently burned
(when burned in the last 25 years), recently clear cut
(when clear cut in the last 25 years) and fertilized
and irrigated sites (when the site was fertilized or
irrigated often as part of an experimental set-up).
Finally, the growing environment was characterized
by the observed mean annual temperature and annual
precipitation.

For almost all sites, soil texture expressed as the
volumetric percentage of sand, silt and clay was
extracted from Global Soil Data Products (Global Soil
Data Task, 2000). The spatial resolution is 5min. Mass
percentages were converted to volumetric percentages
by dividing the mass percentage by the bulk density
(i.e. 1.19 g(:mf3 for sand and O.94gc:rn*3 for clay). The
percentage silt was calculated as the difference of the
volumetric percentage sand and clay from 100%. The
normalized different vegetation index (NDVI) at a
spatial resolution of 8x8km? and 15-day interval
were acquired from the Global Inventory Monitoring
and Modelling Studies (GIMMS) group derived from
the NOAA /AVHRR series satellites NOAA 7,9, 11 and
14) for the period January 1982 to December 2003
(Tucker et al.,, 2005). In addition to the direct
measurements, monthly precipitation, air humidity
and temperature were extracted from the CRU data
set (Mitchell & Jones, 2005). The observed temperature
and precipitation were strongly correlated to the CRU-
derived temperature and precipitation (+*=0.93 and
0.70, respectively). However, the CRU data were
added to the database and used in the present

analysis because these data was more complete and
consistent (all from 1990 to 2003) than the observed
data. Monthly net solar radiation, absorbed downward
longwave radiation, net surface longwave radiation,
soil moisture, dry nitrogen deposition, wet nitrogen
deposition and ammonia deposition were simulated
with the model ORCHIDEE (Krinner et al., 2005).

Biome-specific CO, balances

The different biomes were characterized by means of a
stand and climate description. The stand description
was based on observed values, the climate description
was based on the CRU data set (Mitchell & Jones, 2005)
and ORCHIDEE model output (Krinner et al., 2005). All
data were extracted from the database and mean values
with their SD were presented for the different biomes.
For the selected biomes, site-specific GPP, NPP, NEP,
Re, Ra, Ry values and their uncertainty were extracted
from the database and aggregated as explained above.
Evergreen and deciduous sites were analyzed sepa-
rately. Flux estimates affected by climatic anomalies
such as El Nifio events or the 2003 summer drought
were included, however, recently cut, burned, fertilized
or irrigated sites were excluded from the present ana-
lysis (although these are included in the database).
Whenever an estimate was available for two of the three
respiration components (R,, Ry, and R.), the missing
component was calculated based on the relationship
between the respiration components. A similar proce-
dure was used to calculate R, when GPP and NEP were
measured. The uncertainty of the calculated component
was calculated by error propagation. In theory R, and/
or Ry, can also be calculated when estimates of GPP and
NPP and/or NPP and NEP are available. However, the
NPP values that were extracted from the database were
not the total NPP but just the sum of foliage, wood and
root NPP (TNPP_1). Using Eqns (1)-(4) with only part
of the NPP (TNPP_1) instead of the total NPP
(R,=GPP-TNPP_5 or Rj,=TNPP_5-NEP) violates
the underlying assumptions of the equations.
Subsequently, the biome-specific weighted mean was
calculated for each flux, using the inverse of the un-
certainty as the weight. Hence, the mean values are
strongly determined by flux estimates from long-term
experimental sites and by estimates obtained with more
precise measurement techniques (see Table 1). The flux
values in the CO, balances should be interpreted as the
most reliable mean estimates currently available but it
should be noted that the balances are only representa-
tive for a larger region as far as the sites with the long
time series and more precise flux estimates are repre-
sentative for that region. As with most general patterns,
these mean fluxes, which are the result of both spatial
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and temporal averaging may not apply to specific sites
or specific years (Gower et al., 1996).

Robustness of the CO, balances was tested by remov-
ing the lowest and highest observed flux for each
component and re-calculating the weighted mean. The
weighted mean for the trimmed data set was compared
with the weighted mean of the original data set. When,
for all flux components, the difference between the
original and truncated weighted means was less than
+ 10%, the CO, balance was considered robust. CO,
balances for which none of the weighted means of the
trimmed components deviated more than 25% from the
weighted means of the original components were con-
sidered acceptable. If one of the weighted means de-
viated more than 25% from its original value, the CO,
balance was considered sensitive to the available data.

It is conceivable that GPP could be estimated for
many years on a site where R, was not measured or
that GPP at a given site was measured with a precise
method whereas R, was measured with a less precise
technique. Consequently, the biome-specific CO, bal-
ances were not necessarily closed. Closure of the bal-
ances was enforced by introducing terms that closed the
budget. Six closure terms, one for each flux, were
introduced to Eqns (1), (3) and (4) introduced. The
equations can be rewritten as follows:

GPP + 6GPP =NPP + SNPP + R, + 0R,,
NPP + SNPP =NEP + SNEP + Ry, + 6R,
GPP + 6GPP =NEP + 6NEP + Re + 0R..

The CO, balance was further constrained by introdu-
cing the soil respiration (R;). Following the definitions
of the respiration components the following inequalities

apply:

Ra +0R; > Re + 0Re — Rq,
Ry > Ry + Ry,
Re + 0R: > Rq,
Ra + 0R, + Ry + 0Ry, > Rs.

For the selected biomes, mean biome-specific esti-
mates were available for GPP, NPP, NEP, R., R,, Ry,
and R,. The closure terms were optimized by means
of quadratic programming such that the objective func-
tion (16GPPI| + IONPP | + [ONEPI + |6R.| + |6R, |
+ 15Ry, 1)? was minimal and the CO,-balance closed.

The closure terms are a numerical way to approach
data quality and flux uncertainty on the biome level.
Ideally each individual closure term should be zero;
deviations from zero indicate a closure problem. Small
deviations indicate a good agreement between the
fluxes unless the fluxes were not measured indepen-
dently. Large closure terms (i.e. beyond uncertainties in

© 2007 The Authors

measured fluxes) could indicate problems with the
accuracy of the measurement technique or missing
components in the CO, balance but could also be due
to a high natural variability within the biome because a
different set of sites may have been used to calculate the
different carbon fluxes. An underestimation of one flux
(i.e. NPP can be accounted for by adding a closure term
to NPP but also by decreasing R, or GPP). Therefore,
the sum of the absolute values of the closure terms were
discussed instead of individual closure terms.

Mean biome-specific fluxes (weighted by the inverse
uncertainty), closure terms and NPP components were
calculated for 1000 bootstrap data sets for GPP, NPP,
fNPP, wNPP, rNPP, NEP, R, R,, and R;. Consequently,
the SD of the mean fluxes, closure terms and NPP
components could be estimated for each biome.

Results and discussion

Awvailable data

In total, 513 forest sites are included in the database: 309
needle-leaved, 181 broadleaved and 23 mixed sites or
345 evergreen, 146 deciduous and 22 mixed sites. The
database contains 519 GPP estimates for 133 sites, 298
NPP (TNPP_1) estimates for 244 sites, 714 NEP esti-
mates for 164 sites, 504 R, estimates for 112 sites, 40 R,
estimates for 21 sites and, 186 Ry, estimates for 138 sites.
Irrespective of the classification, southern hemisphere
ecosystems were highly underrepresented with just 21
sites (Fig. 2). Many common tree species from the
southern hemisphere are, therefore, not represented in
the database and coverage would greatly benefit from
additional southern hemisphere data. However, only
part of the data that is collected within the frame of
Fluxnet was made available for use at this moment.
Therefore, we expect that more GPP, NEP, and R, data
will become available in the near future, especially for
South America.

The applied biome classification (Reich & Eswaran,
2002) distinguished eight forest biomes; the database
contained 96 boreal humid (13% of the forested biomes
vs. 19% of the sites), 38 boreal semiarid (5% area vs. 19%
sites), 299 temperate humid (17% area vs. 58% sites), 17
temperate semiarid (10% area vs. 3% sites), 18 mediter-
ranean warm (5% area vs. 4% sites), 0 mediterranean
cold (1% area vs. 0% sites), 29 tropical humid (20% area
vs. 3% sites) and 16 tropical semiarid sites (28% area vs.
6% sites). Although the temperate humid forest are
overrepresented compared with their areal extent, all
main climatic regions that support forest growth are
present in the database. The lack of data for mediterra-
nean cold forests is considered less essential because
these ecosystems account for <1% of the global biomes
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Fig. 2 Geographical distribution of the sites contained in the database.

that support forest growth. Their extent is limited to the
Sierra Nevada and Cascade mountain ranges in the
western US, the western half of the Russian-Kazakh
border and the Caucasian mountain range between
eastern Turkey and northwestern Iran (Reich & Eswar-
an, 2002). Semiarid forests, particularly tropical semiar-
id forests (covering almost 30% of the global forested
biomes) appear under-studied. It is not clear whether
the data gaps are the result of a lack of data or whether
the data exists but the ecosystems were not classified as
forest. The difference between forests, shrublands and
savannas is not always clear, and this is especially a
problem in semiarid regions where forests are less
dense and individual trees are smaller than in more
mesic regions.

Beside climatic conditions, growth strategy (i.e. ever-
green vs. deciduous) is also expected to influence the
CO, balance. Therefore, evergreen and deciduous sites
were analyzed separately. Highly disturbed sites such
as recently cut, burned, fertilized or irrigated sites are
included in the database but were excluded from the
current analysis. Separation by growth strategy high-
lighted several data gaps. Subdividing the data accord-
ing to climate and growth strategy revealed that only
the CO, balances of temperate humid evergreen, tem-
perate humid deciduous and tropical humid evergreen
forests were robust. Our robustness measure quantifies
the leverage of individual observations on the overall
mean but contains no information concerning the re-
presentativeness or the quality of the observations. The
robustness of the CO, balance for boreal humid ever-
green and temperate semiarid evergreen was acceptable
and for the other biomes (i.e. boreal semiarid evergreen,
boreal semiarid deciduous and mediterranean warm
evergreen forests), CO, balances were only indicative

because the current estimates were highly sensitive to
the available data due to smaller sample sizes and
greater variability among sites.

Although robustness is not solely a function of the
number of sites, we observed a relationship between the
number of sites included in the budget calculation and
the robustness of individual flux estimates (not shown).
Across biomes and fluxes, weighted means calculated
from at least 18 sites consistently produced robust flux
estimates. In addition, 16% of the R}, and 33% of the R,
were estimated with process models (compared with
10% of the GPP, 3% of NEP, 5% of R,, and 1% of the
NPP). The low number of real observations and the
correspondingly high share of modelled values, tend to
suggest that more effort should be put into measuring
the components of R, (i.e. R, and R;, independently).
More direct (and thus less uncertain) observations
would increase the robustness of the flux estimates
and would also be valuable for testing or improving
models of heterotrophic and autotrophic respiration.
Even up-scaled measurements of aboveground auto-
trophic respiration and soil respiration from chamber
measurements would be valuable data with which
constraints on R, and Ry could be improved. For all
biomes, data of non-CO, and nonrespiratory CO, losses
are rare. Consequently, more data are needed before
these carbon fluxes can be included in biome-specific
balances.

How do climate, stand characteristics and CO; fluxes
differ among biomes?

Climate and stand characteristics across biomes. Mean
climate, stand characteristics and CO, fluxes of the
biomes are based on the observations contained in the
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database. Hence, the values given in Tables 3-5 are
representative for the sites contained in the database
and not necessarily representative for the entire biome.
Nevertheless, the well-known climatological contrasts
between biomes were obvious across the investigated
sites. Going from boreal towards tropical forests, the

mean annual temperature at sites in the database
increases from —3 to 23 °C and the difference in mean
temperature between winter (December, January and
February for the northern hemisphere and June, July,
and August for the southern hemisphere) and summer
(June, July, and August for the northern hemisphere

Table 3 Mean carbon fluxes, NPP components, sum of closure terms [Z(6Flux) = |6GPP| + |ONPP| + |6R.| + [0R,| + 1R, 1]
and their standard deviation for the different biomes. The SD refer to the variability surrounding the mean values

Boreal semiarid Temperate humid Temperate ~ Mediterranean  Tropical

Boreal humid semiarid warm humid

Evergreen Evergreen = Deciduous  Evergreen Deciduous  Evergreen Evergreen Evergreen
GPP 973 £ 83 773 £ 35 1201 £ 23 1762 + 56 1375 + 56 1228 +286 1478 4+ 136 3551 + 160
NPP 271 £17 334 £55 539 £73 783 £45 738 £55 354 £33 801 = NA 864 £ 96
fNPP 73+9 47 £ 5 109 £ 11 159 £+ 19 235+ 13 56 + 11 134 £ NA 316 £ 32
wNPP 205 + 28 110 + 20 304 £+ 36 280 £ 29 329 + 47 117 £ 20 389 £ NA 212 £ 52
rNPP 69 £9 157 + 31 112 £+ 22 235 + 14 207 £ 20 172 + 19 278 £ NA 324 £ 56
NEP 131 £ 79 40 £ 30 178 £ NA 398 £ 42 311 £ 38 133 £ 47 380 + 73 403 + 102
R 824 £+ 112 734 £ 37 1029 £ NA 1336 £ 57 1048 £ 64 1104 £ 260 1112 £ 100 3061 £ 162
Ra 489 + 83 541 £ 35 755 £ 31 951 + 114 673 £+ 87 498 + 58 615 £ NA 2323 + 144
Ry 381 & 40 247 £ 26 275 + 31 420 £ 31 387 + 26 298 + 16 574 £+ 98 877 + 96
Z(6Flux) 439 + 122 176 £ 81 163 £ 90 216 + 102 206 & 95 713 + 314 359 + 131 774 £ 225
R./GPP  0.88 + 0.09 097 +0.04 086+001 077+003 077£004 087+£022 0.76=+0.07 0.88 + 0.04
R./GPP  0.85+ 0.14 095 +£0.06 086+002 076+004 076=+£006 096+038 0.76+0.10 0.86 + 0.06

The R./GPP ratio was calculated for each bootstrap before and after balance closure.
NPP, net primary production; NEP, net ecosystem production; GPP, gross primary production.

Table 4 Stand climate characterized by the mean + SD in winter (December, January and February in the northern hemisphere
and June, July and August in the southern hemisphere) and summer (June, July and August in the northern hemisphere and
December, January and February in the southern hemisphere) for the different biomes

Boreal Temperate
semi-arid humid Temperate Mediterranean Tropical
Boreal humid semiarid warm humid
Evergreen Evergreen  Deciduous Evergreen Deciduous Evergreen Evergreen Evergreen
Mean winter -9+7 —-18+6 20+ 8 4+5 2+9 0+5 10+£3 23 +4

temperature (°C)
Mean summer 13+4 13+ 4 13 +4 17 £ 4 20+5 14 +£3 23+3 24+3
temperature (°C)

Precipitation sum 205 + 110 52 + 33 47 + 31 449 + 337 183 + 164 356 + 182 239 + 212 685 + 664
winter (mm)

Precipitation sum 144 + 88 183 105 156 + 86 194 + 234 356 + 259 81 +£99 106 + 127 469 4+ 395
summer (mm)

Net radiation sum 46 + 48 46 + 31 33 +29 147 +£92 150 £ 100 152 + 141 196 + 47 361 + 55
winter (Wm™2)

Net radiation sum 216 + 35 359 + 102 348 + 108 473 + 104 425 + 78 502 £ 95 550 + 102 437 + 47
summer (Wm?)

Mean winter air 86 + 16 83 £ 19 79 + 22 84 +11 79 + 11 85+18 7447 82 +4
humidity (%)

Mean summer air 72 £+ 12 71+ 6 70+ 6 67 + 12 77 £5 50 £ 6 60 £ 8 77+ 6

humidity (%)

The temperature, precipitation and air humidity values are based on the CRU data set. Net radiation are model outputs from
ORCHIDEE.
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Table 5 Stand characteristics for the different biomes

Boreal Temperate Mediter-
semiarid humid Temperate ranean Tropical
Boreal humid semiarid warm humid
Evergreen Evergreen  Deciduous Evergreen Deciduous Evergreen Evergreen Evergreen
Latitude (°) 58 +7 59 +5 61 +£5 44 + 8 44 +9 44 +2 40 + 4 14 +£8
Max LAI 41 +3.0 34+18 35+15 7+29 6.1 £3.5 1.8 +1.0 35+1.2 52+1.2
(m?m™?)
Tree height (m) 14+7 8+2 19+£5 20 + 12 19+7 10+£5 12+8 28 +9
Basal area 28 + 12 26 + 10 28 +4 42 +24 31+15 8+2 24 + 14 23 + 13
(m*ha™?)
Tree density 3767 + 5652 4230 4+ 3018 1451 4+ 720 1399 + 1985 1723 + 2439 506 4 326 2136 + 2815 385 + 221
(numberha™")
Stand age 72 + 52 121 £ 67 78 + 31 91 + 141 75 + 50 94 + 86 45 + 34 >100
(years)
Aboveground 5761 £ 3708 4766 4 2498 7609 + 2438 14934 + 13562 10882 + 5670 6283 + 5554 5947 + 1808 11389 + 5824
biomass
(gCm?
Belowground 1388 £ 836 1604 4 925 1352 £ 645 4626 + 4673 2565 + 2609 2238 + 1728 3247 + 2212 2925 + 2284
biomass
(gCm™?

The values are the mean =+ the standard deviation of the observed values for the sites included in the CO,-balances

and December, January, and February for the southern
hemisphere) decreased from 31 to 1°C (Table 4). Along
the same gradient, the difference in net radiation sum
between winter and summer decreased from 315 to
76 Wm 2 The annual precipitation sum in boreal
semiarid forests was <400 mm and exceeded 2200 mm
in tropical humid forests. In the semiarid forests, the
difference in precipitation between winter and summer
was more pronounced than in the humid biomes (Table
4). Pronounced differences between winter and summer
relative air humidity were only present in the temperate
semiarid and mediterranean warm forests.

The distribution of plant species and, thus, forest
ecosystems depends on historical events (i.e. ice ages),
migrational ability and ability to adapt to present
environmental conditions (Schulze, 2005). The mean
ecosystem characteristics for each of the selected
biomes are given in Table 5. The unexpected high
latitude of the tropical forests is caused by the high
number of Hawaiian sites with latitude around 20°N.
The low leaf area index for temperate semiarid
evergreen forests is not robust and most likely due
to the low number of observations for this biome.
Maximum LAI (in most cases, LAI refers to tree LAI
and does not include the LAI of the understory or the
herb layer), tree height, basal area, tree density, and
biomass do not follow a clear trend but overall higher
biomass accumulation is observed in forests from the
poles to the equator with the highest accumulation in
temperate-humid evergreen forests. Within a climatic

zone, forests in the humid biomes accumulate in
general more biomass compared with forests in
semiarid biomes. Despite the exclusion of recently
disturbed sites, there is a 50-year gap between the
mean and median age of the trees in the temperate
humid evergreen biome, which indicates a skewed age
distribution. Unrepresentative sampling in the presence
of both intensively managed and old-growth stands
(mostly located in the Pacific Northwest of the United
States) in this biome likely explains the lower median
age of the evergreen biome.

Global patterns in GPP, NPP, and NEP. The global pattern
in GPP shows a clear dependency on the climatic
conditions (Fig. 3). Temperature and precipitation
which are both sensitive to effects of continentality
and topography were thought to give a more
meaningful representation of climate than Ilatitude,
longitude, and elevation. Climatic conditions explain
71 £ 2% of the variability in GPP [P<0.01 for GPP =
f(temperature) x f(precipitation), where f is a power
function]. In line with the basic ecological principles
(e.g. Liebig’'s ‘Law of the Minimum’), the GPP of
ecosystems that are already limited by low precipitation
sums (<800mm) or low mean annual temperatures
(<5°C) do not benefit from higher mean annual
temperatures or precipitation, respectively. Given a
sufficient amount of precipitation (>800mm), GPP
increases with increasing temperatures (Fig. 3, top
panel). A similar relationship between temperature
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Fig. 3 The top panel shows the gross primary production (GPP) according to the mean annual temperature, the size and color of the
marker is a measure for the annual precipitation sum (mm). The bottom panel shows the GPP according to the annual precipitation sum,
the size and color of the marker is a measure for the mean annual temperature (°C). Stars, boreal; circles, temperate; diamonds,

Mediterranean; and squares, tropical forests.

and GPP has been reported for different types of
terrestrial vegetation such as tundra, forest, and
grasslands (Law et al., 2002). Given a nonrestrictive
mean annual temperature (>5°C), GPP benefits from
higher annual precipitation sums. However, the
beneficial effect of precipitation appears to saturate
above 1500 mm (i.e. for tropical forests, there was no
correlation between precipitation and GPP, see Fig. 3,
bottom panel). This apparent saturation could originate
from the use of precipitation as the independent
variable instead of plant available water. At high
precipitation sites, run-off is a major component of the
hydrological balance and hence evapotranspiration
remains almost constant beyond annual precipitation
sums of 1500mm (Schulze, 2005). At temperatures
between 5 and 15°C, some of the dryer forests even
have higher GPP than wetter forests (Fig. 3), likely
because the dryer sites experience less cloudiness and
hence more sunshine (Table 4).

Although an effort was made to use consistent NPP
data (TNPP_1), the observed relationships between
climatic variables and NPP are more scattered than
earlier reported relationships (Lieth & Whittaker, 1975;
Scurlock & Olson, 2002). Some of the scatter in our data

© 2007 The Authors

set is caused by including chronosequences (i.e. the
‘line” at 25°C or at 1200 mm in Fig. 4, top and bottom
panel, respectively) in the analyses. Nevertheless,
temperature and precipitation explain 36 + 5% of the
variability in NPP [P <0.01 for NPP = f(temperature) x
f(precipitation), where f is a power function]. Similar to
the results for GPP, the NPP of ecosystems does not
respond to increasing temperatures or precipitation
when the ecosystem is limited either by precipitation
(<800 mm) or temperature (<5 °C), respectively (Fig. 4,
top and bottom panel). For mean annual temperatures
ranging from 5 to 10 °C, NPP increases with increasing
temperature but appears to saturate beyond 10 °C (Fig.
4, top panel). Although low NPP values are observed at
sites with low precipitation, there is no clear correlation
between NPP and precipitation above precipitation of
1500 mm (Fig. 4, bottom panel). Schuur (2003) reported
that NPP decreased beyond the 1500 mm threshold, but
our results are not conclusive. This saturation or
decrease could be the effect of using precipitation
instead of plant available water as the independent
variable in the figures. Similar to our observations for
GPP, some of the dryer forests at intermediate mean
annual temperatures (between 5 and 15 °C) have higher
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Fig. 4 The top panel shows the net primary production (NPP) according to the mean annual temperature, the size and color of the
marker is a measure for the annual precipitation sum (mm). The bottom panel shows the gross primary production (GPP) according to
the annual precipitation sum, the size and color of the marker is a measure for the mean annual temperature (°C). Stars, boreal; circles,

temperate; diamonds, Mediterranean; and squares, tropical forests.

NPP than wetter forests at similar temperatures, likely
because these dryer sites have a higher GPP. Despite
tropical forests having the highest observed GPP
values, the highest NPP values were observed in the
temperate forests. High autotrophic respiration and/
or non-CO, losses in tropical forests compared with
the other biomes could explain this observation, but
this then raises the question why these factors are
particularly important in tropical humid forests.
Similar to earlier studies (Law et al., 2002), NEP was
found independent from the mean annual temperature
and precipitation sum (Fig. 5). Climate explained just
5+ 1% of the wvariability in NEP [P=0.03 for
NEP = f(temperature) x f(precipitation), where f is a
power function). However, the highest NEP values are
observed in temperate humid forests. This may be
related to forest management, which is more intensive
in this biome. Forest management targets to increase the
production of woody biomass. Therefore, it is to be
expected that the effect of forest management is
reflected in the CO, balance as thinning and
harvesting result in a higher wNPP and a lower
heterotrophic respiration due to the removal of woody
biomass before it dies and decomposes in situ. Mean

wNPP in temperate humid forests is among the highest
values observed (Table 3), which supports the idea that
management is the cause of the high-observed NEP
values. However, an effect of management on Ry, is not
seen in the data (Table 3). Although some of the higher
NEP values in temperate forests might be due to
management, management in itself neither explains
the magnitude of the NEP value nor whether the
ecosystem is a CO, source or sink. The global pattern
of NEP values of unmanaged forest across biomes
(Fig. 6) is similar to that of forests in general (Fig. 5)
and shows that also unmanaged forests are most often
carbon sinks. This finding indicates that preservation of
unmanaged forest ecosystems could be just as
important as reforestation efforts in mitigating climate
change through carbon sequestration.

Across European forests, the absence of a latitudinal
trend in GPP, in the presence of a latitudinal trend
in NEP was the foundation for the hypothesis that
respiration was the main determinant of the CO,
balance at the regional scale (Valentini et al., 2000).
However, the current analysis at larger spatial scale
shows exactly the opposite (i.e. a global pattern in
GPP in the absence of a global pattern in NEP). Our
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findings suggest that on the global scale GPP is mainly
climate driven (R?=0.72, P<0.01) and only marginally
sensitive to nonclimatic conditions. In contrast, the
global pattern in NEP was found be insensitive to
climatic conditions (R*=0.05, P=0.03) and was,
therefore, expected to be mainly determined by
nonclimatic conditions such as successional stage,

© 2007 The Authors

management, site history and site disturbance. We
hypothesize that different drivers determine the
carbon fluxes at different spatial scales (i.e. the
magnitude of NPP on the global scale can is likely
driven by the climatic conditions, whereas the site
level NPP is also determined by site quality and
management).
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Despite the difference in drivers between GPP and
NEP, a linear relationship between GPP and NEP has
been reported across terrestrial vegetations (Law et al.,
2002). If we confine our data set to a similar range in
GPP as in Law et al. (2002; 600—2200ng’2yr’1), a
similar relationship is observed (Fig. 7). However,
increasing GPP beyond 2200gCm 2yr ' does not
result in a further increase of NEP (Fig. 7). Although
below a GPP of 2200 g Cm 2yr ™' there is a tendency of
higher NEP with higher GPP, this relationship has
limited predictive power. At any GPP, the range of
possible NEP values is so wide that it is even not
possible to predict whether the forest will be a carbon
source or sink (R*=0.28 for a quadratic regression
model, P<0.01).

Effect of the growth strategy and water availability. The
differences in CO, fluxes between growth strategies
were tested individually for each flux in each biome
(one-way ANOVA, assuming equal variances and using
growth strategy as a factor). Out of the potential 42 tests
(seven biomes x six fluxes), 19 tests could not be
performed due to the absence of one of the growth
strategies within the biome (i.e. no data available of
deciduous forests in the humid tropics). In general, the
fluxes between evergreen and deciduous forests did not
differ within the same climate zones (ANOva, P>0.15;
see Figs 8-10). Five exceptions were observed (ANOVA,
P <0.10): GPP and R. are higher in evergreens
compared with deciduous forests in the temperate
humid zone, GPP and R. are higher in deciduous
forests in the boreal semiarid zone (based on few
observations) and NEP is lower in deciduous than
in evergreen mediterranean warm forests (based on
few observations). Current statistical evidence, thus
justifies merging growth strategies and hence limiting
the stratification of biomes to the climatic zones.

Nevertheless, we opted to present biomes that
distinguish growth strategies to acknowledge other
ecological differences and because 19 out of 42 tests
could not be performed.

In general fluxes are lower in semi-arid ecosystems
compared with humid ecosystems (Figs 3-5). In the
temperate zone, this difference is significant at the
0.05 level for GPP, NEP, and R;, while for NPP the
difference is significant at the 0.10 level.

CO, balances

Where is the CO, going?. Eddy covariance studies have
indicated uncertainties concerning the correct
interpretation of CO, fluxes measured on calm nights
(Goulden ef al., 1996, Malhi & Grace, 2000). These
uncertainties are exceptionally important in tropical
rain forests where typically about 80% of all nighttime
data is collected during calm nights. The uncertainties
are caused by CO, storage below the canopy, advective
losses of CO, and higher random uncertainties during
calm nights (Araujo et al., 2002; Kruijt et al., 2004;
Richardson et al., 2006) and it is often unclear how
to deal with night-time flux measurements in tropical
forests (however, see Saleska et al., 2003). Two different
approaches for replacing night-time measurements at
low turbulence were reported to result in at least 100%
difference of the annual NEP (Kruijt et al., 2004).
Consequently, the reported NEP’s for tropical forests
are likely to be an overestimate of the true CO, uptake.
Based on the current estimates of NEP in tropical humid
evergreen forests, the equivalent of 10% of the CO,
influx by photosynthesis remains in the ecosystem
(Fig. 8). Wood growth accounts for 50% of the carbon
sink. However, the importance of woody biomass as a
long-term sink of carbon in tropical humid forests is still
under debate (cf. Phillips et al., 1998; Clark, 2002;
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Tropical humid / Evergreen

3562 (6)
3145 - 3735

30586 (5)
2849 — 3229

2212 (4)
2085 - 2635

317 (15)
53 — 408
215 (12)
a7 - 206
325 (12)
38 — 468

863 (12)
731 — 965

885 (8)
685 — 935

410 (7)
75 — 538

Fig. 8 Observed CO, balance for the mediterranean warm and tropical humid biome. These CO, balances were not closed and
therefore the identities given by Eqns (1)—(4) do not apply. The width of the arrows is proportional to the fluxes and all units are in

gCm™2yr!, (n) refers to the number of observations; 25-75% refers to the 25th an

75th percentiles of the observations. Flux values were

obtained from the same data but a different bootstrap-run and can therefore be slightly different from the values reported in Table 3.

Temperate humid / Evergreen Temperate humid / Deciduous

1759 (29) 1333 (22)
1385 - 2129 1195 - 1737

1369 (22) 1046 (24)
1279 - 1585 864 — 1221

Temperate semiarid / Evergreen

1215 (4) 1108 (2)
530 - 1472 773 - 1638

957 (13) 670 (15) 500 (4)
804 — 1524 486 — 885 413 - 801
159 (99) 235 (32) 56 (14)
120 - 232 158 — 206 25-73
280 (108) 330 (21) 118 (14)
167 - 423 202 - 419 61 - 172
235 (60} 206 (52) 172 (14)
172 - 282 102 - 230 87 - 212
783 (61) 418 (46) 738 (52) 388 (40) 355 (14) 200 (4)
565 - 818 301 - 587 540 — 874 274 - 516 260 - 411 278 - 343
402 (53) 310(29) 137 (14)
199 - 509 222 - 526 -41 - 181

Fig. 9 Observed CO, balance for the temperate biomes. These CO, balances were not closed and therefore the identities given by Eqns

(1)-(4) do not apply. The width of the arrows is proportional to the fluxes and all

units are in gCm 2yr ' The legend of the figures is

given in Fig. 8. Flux values were obtained from the same data but a different bootstrap-run and can therefore be slightly different from

the values reported in Table 3.
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Boreal humid / Evergreen

972 (15) 827 (13)
653 — 999 577 — 820

Boreal semiarid / Evergreen

771 (7) 730 (4)
691 — 903 594 — 784

Boreal semiarid / Deciduous

1201 (2) 1030 (1)
1160 - 1215 1030 - 1030

487 (3) 542 (5) 753 (2)
382 - 600 479 - 597 725 - 805
84 (26) 47 (17) 109 (5)
50 - 120 28 - 61 90 — 121
206 (26) 108 (17) 304 (5)
100 - 262 36 - 165 205 - 364
69 (36) 155 (14) 112 (5)
33 - 118 95 - 168 65 — 142
271 (38) 382 (12) 331 (14) 248 (13) 536 (6) 277 (2)
213 - 345 293 - 503 187 - 381 163 — 335 335 - 664 225 - 305
134 (14) 42 (4) 178 (1)
-61 - 270 18 - 237 178 - 178

Fig. 10 Observed CO, balance for boreal biomes. These CO, balances were not closed and therefore the identities given by Eqns (1)—(4)
do not apply. The width of the arrows is proportional to the fluxes and all units are in g Cm2yr~'. The legend of the figures is given in

Fig. 8. Flux values were obtained from the same data but a different bootstrap-run and can therefore be slightly different from the values

reported in Table 3.

Phillips et al., 2002). Even if the non-CO, losses amount
to 15-20% of the NPP (Clark et al., 2001; Grace & Malhi,
2002; Richey et al., 2002), the sequestration of carbon in
soils and organic matter pools is expected to be an
important process in tropical humid forests. Despite
the summer drought in Mediterranean warm forests,
the equivalent of 25% of the CO, accumulated through
photosynthesis remains in the ecosystem (Fig. 8). In this
biome, wNPP is roughly equal to NEP, which suggests
declining soil organic matter pools in response to land-
use change or ecosystem perturbation.

Within the different temperate biomes, large
differences were observed in absolute flux values (i.e.
GPP, NPP, NEP; Fig. 9). In temperate humid evergreen
forests the mean annual NEP is larger than the wNPP.
Roughly 70% of the NEP accumulates in the woody
biomass, and therefore sequestration of carbon in soils
and organic matter pools is expected to be an important
process. Temperate semiarid forests are close to a
COy-neutral state, which means that an equal amount
of CO, that was taken up by photosynthesis is released
by auto- and heterotrophic respiration (Fig. 9). In
temperate humid deciduous and temperate semiarid
evergreen forests, WNPP and NEP are almost equal so

accumulation of the entire annual NEP can occur in the
woody biomass reducing the importance of the soil and
organic matter pools for carbon sequestration.

The differences among the boreal biomes are smaller
than the differences among the temperate biomes. In
general, the boreal humid evergreen forests have higher
absolute fluxes than the boreal semiarid evergreen forests.
However, the boreal semiarid deciduous biome is more
productive than its humid counterparts. In all three boreal
biomes WNPP exceeds NEP, suggesting an important
contribution of decomposition of historical carbon
through land-use change or ecosystem perturbation.

Carbon use, expressed as the ratio of R, over GPP
(Table 3), is significantly different between temperate
humid evergreen, temperate humid deciduous, and
mediterranean warm forests in one group, boreal humid
evergreen, boreal semiarid deciduous and tropical humid
in a second group and boreal semiarid evergreen and
temperate semiarid in a third group (aNova, P<0.01).
High efficiencies, indicated by low R./GPP ratios were
found in temperate humid and mediterranean forests.
The variability in carbon use across forest biomes
observed from our database is larger than the
previously reported variability across forests, grasslands
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Fig. 11 Global patterns in R./gross primary production (GPP) according to the mean annual temperature and annual precipitation
sum. The size and the color of the marker are measures for the absolute flux value. Stars, boreal; circles, temperate; diamonds,

Mediterranean; and squares, tropical forests.

and tundra (Law et al., 2002). As the drivers of NEP are
not well understood it is not clear what determines these
differences in carbon use but it is hypothesized that
intensive managed (i.e. increasing wood production
through thinning is among the causes of a more-efficient
carbon use in forest biomes). We did not observe a global
pattern in carbon use (Fig. 11).

Closing the CO; balance. In Figs 8-10, weighted mean
CO,-fluxes are plotted for different biomes without any
further consideration. At intermediate temporal scales
(years to decades) and in the absence of measurement
and conceptual errors [Eqns (1)-(5) are to be used on the
appropriate timescale], the theoretical relationships
among the fluxes should hold. However, the figures
indicate that this agreement is often poor. Therefore,
closure of the CO, balance was enforced by adding an
additional ‘closure term.’

The closure terms are a numerical way to approach
data quality and flux uncertainty on the biome-level. An
underestimation of one flux (i.e. NPP can be accounted
for by adding a closure term to NPP but also by
decreasing R, or GPP). Therefore, it is preferable to
focus on the sum of the absolute values of the closure
terms (Table 3), instead of individual closure terms (not
shown). For all biomes, substantial correction terms
(ranging from 10% to 60% of GPP) were needed to
close the CO, balance (Table 3). There is no relationship
between the relative amount of unallocated carbon and
the mean annual temperature (Fig. 12) or annual
precipitation sum (not shown).

Recall that the CO, balances for temperate humid
evergreen, temperate humid deciduous and tropical
humid evergreen forests were found to be robust
against the influence of individual flux estimates (see
‘Available data’). Despite robustness, 10-20% (Fig. 12)

© 2007 The Authors
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Fig. 12 Relationship between the unallocated carbon, calcu-
lated as the sum of the closure terms for gross primary produc-
tion (GPP), net primary production (NPP), net ecosystem
production (NEP), R, R, and R}, and the mean annual tempera-
ture. Biomes from left to right: boreal semiarid deciduous, boreal
semiarid evergreen, boreal humid evergreen, temperate semiarid
evergreen, temperate humid evergreen, temperate humid decid-
uous, mediterranean warm evergreen, and tropical humid ever-
green.

of the photosynthetic carbon uptake remains
unallocated to a specific flux component, indicating
that for these biomes better data in terms of accuracy
and precision are needed rather than more data.
Although the CO, balances for boreal humid
evergreen and temperate semi-arid evergreen forests
are reasonable robust (see ‘Available data’), 45-60% of
the carbon uptake remains unallocated in these
ecosystems. More and better observations of the
respiratory processes and lateral fluxes at the
ecosystem scale (i.e. advection, VOC, DOC) would
enable us to better close the CO, balances and to
estimate regional and global carbon budgets more
accurately than currently possible.
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Conclusions

We have described a new global database of forest C
fluxes and pools. This database, which quantifies CO,
fluxes and pathways across a number of different levels
of integration (from photosynthesis up to net ecosystem
production), fills an important gap for model calibra-
tion, model validation and hypothesis testing at global
and regional scales. The database contains 513 sites
from eight major biomes. Estimates of the mean fluxes
in temperate humid evergreen, temperate humid decid-
uous and tropical humid evergreen were found to be
robust; in other biomes, small sample sizes and high
variability among sampled sites resulted in less robust
flux estimates. Closing the CO, balances required the
introduction of closure terms. The value of the closure
terms was taken as an indication for the existence of
methodological and conceptual errors in the CO, bal-
ances. For all biomes, the correction terms needed to
close biome-specific CO, balances are substantial, ran-
ging from 10% to 60%. We believe that a better under-
standing of respiratory processes and lateral fluxes at
the ecosystem scale is a prerequisite to closing CO,
balances at the ecosystem level. This would enable us
to estimate regional and global carbon budgets more
accurately than currently possible. Carbon budgets of
semiarid forests (boreal, temperate and tropical) would
benefit most from additional data inputs.

The global patterns in GPP and NPP show clear rela-
tionships with mean annual temperature and annual
precipitation. Primary production increases with increas-
ing temperature and precipitation, but saturates beyond a
threshold of 1500 mm precipitation for GPP and NPP or
10 °C mean annual temperature for NPP. Global patterns
in NEP were not correlated with climatic variables. We
hypothesize instead that variability in NEP is mainly
determined by nonclimatic conditions such as successional
stage, management, site history and site disturbance.

Availability of the database

Contributions or corrections to the database, as well
as requests to use the database (subject to standard
‘Fair Use’ policies), should be directed to the
corresponding author (S. L.).
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Plot information
Plot name
Biome
Growth strategy
Growth form
Tree species
Tree species
Latitude
Longitude
Elevation
Management

Observed stand characteristics

Basal area
Diameter
Height
Density
Age
LAI
Method
Observed stand biomass
Foliar biomass
Branch biomass
Stem biomass
Stump biomass
Coarse root biomass
Fine root biomass
Aboveground biomass
Belowground biomass
Observed stand climate
Temperature
Precipitation
Evaporation
APAR
PAR
IPAR
Observed flux estimate
GPP
NEP
Re
NPP wood
NPP foliage
NPP branch
NPP stumps
NPP coarse
NPP fine
NPP repro
NPP herbi
NPP under
NPP VOC
NPP exudates
R,
R,
Rn
Methodology
Site climate and environment
Temperature
Precipitation
Air humidity
Cloud cover
Number of wet days
Long wave radiation (1)
Long wave radiation (2)
Solar radiation
Soil moisture
Dry deposition
Wet deposition
NHx deposition
NDVI

Text
Text
Text
Text
Text
Text
Number
Number
Number
Text

Number
Number
Number
Number
Number
Number
Text

Number
Number
Number
Number
Number
Number
Number
Number

Number
Number
Number
Number
Number
Number

Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Text

Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number
Number

Name of the plot

Biome according to US Department of Agriculture (1999)
Evergreen, deciduous or mixed

Needle-leaved, broadleaved or mixed

Dominant tree species

Co-dominant tree species

Latitude in decimal degrees

Longitude in decimal degrees

Elevation above sea level in m

Relevant information on management and disturbance

Basal area in m™2ha™"

Diameter at breast height in m
Mean tree height in m

Stand density in number of trees.ha
Age of the dominant trees in years
Maximal LAI in m?m 2
Description of the method used to determine LAI

-1

Foliar biomass in gCm 2
Branch biomass in gCm ™
Stem biomass in gCm >
Stump biomass in gCm™>
Coarse root biomass in gCm™
Fine root biomass in gCm ™2
Total aboveground biomass in gCm™>
Total belowground biomass in gCm™>

2

Mean annual temperature in °C

Total annual precipitation in mm

Total annual evaporation in mm

Total annual absorbed radiation in MJ m
Total annual incident radiation in MJm™
Total annual intercepted radiation in MJm

-2
2
-2

Ecosystem GPP in gCm > yr
Ecosystem NEP in gC m2yr
Ecosystem Re gCm Zyr "'
NPP of the stems/wood ngm yr !
NPP of the foliage gCm yr !
NPP of the branches ng yr
NPP of the stumps gCm 2yr "
NPP of the coarse roots ng yr!

NPP of the fine roots gCm 2yr '

NPP of the reproductive organs gCm 2yr '
NPP of the herbivory gCm *yr '
NPP of the understory gC m -yr
NPP of the VOC’s gCm ™ 2yr*
NPP of the root exudates ng yr
Total soil respiration gCm > yr
Autotrophic respiration gCm™2yr
Heterotrophic respiration gCm yr ™'

—1

—1

—1

—1

—1

Description of the different methodologies that were used to estimate the fluxes

Monthly mean annual temperature in °C (CRU, 2006)
Monthly precipitation sum in mm CRU (2006)
Monthly air humidity CRU (2006)

Monthly average cloud cover (%) CRU (2006)
Monthly sum of wet days CRU (2006)

Monthly absorbed downward longwave radiation in Wm™2 Krinner et al. (2005)

Monthly net surface longwave radlatlon in Wm™2 Krinner et al. (2005)
Monthly solar radiation in W m™2 Krinner et al. (2005)

Monthly soil moisture in mm Krinner et ul (2005)

Mean monthly dry deposition of N gNm month ™! Krinner et al. (2005)
Mean monthly wet deposition of NgNm™> month Krmner et al. (2005)

Mean monthly NHx deposition of NgNm > month~' Krinner et al. (2005)

Mean 14-day NDVI Tucker et al. (2005)
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ABSTRACT

Aim To infer a forest carbon density map at 0.01° resolution from a radar remote
sensing product for the estimation of carbon stocks in Northern Hemisphere boreal
and temperate forests.

Location The study area extends from 30° N to 80° N, covering three forest
biomes — temperate broadleaf and mixed forests (TBMF), temperate conifer forests
(TCF) and boreal forests (BFT) — over three continents (North America, Europe
and Asia).

Methods This study is based on a recently available growing stock volume (GSV)
product retrieved from synthetic aperture radar data. Forest biomass and spatially
explicit uncertainty estimates were derived from the GSV using existing databases
of wood density and allometric relationships between biomass compartments
(stem, branches, roots, foliage). We tested the resultant map against inventory-
based biomass data from Russia, Europe and the USA prior to making
intercontinent and interbiome carbon stock comparisons.

Results Our derived carbon density map agrees well with inventory data at regional
scales (* =0.70-0.90). While 40.7 £ 15.7 petagram of carbon (Pg C) are stored in
BFT, TBMF and TCF contain 24.5+9.4 Pg C and 14.5 £ 4.8 Pg C, respectively.
In terms of carbon density, we found 6.21 +2.07 kg C m™ retained in TCF
and 5.80 £2.21 kg C m™ in TBMF, whereas BFT have a mean carbon density of
4.00 £ 1.54 kg C m™. Indications of a higher carbon density in Europe compared
with the other continents across each of the three biomes could not be proved to be
significant.

Main conclusions The presented carbon density and corresponding uncertainty
map give an insight into the spatial patterns of biomass and stand as a new
benchmark to improve carbon cycle models and carbon monitoring systems. In
total, we found 79.8 = 29.9 Pg C stored in northern boreal and temperate forests,
with Asian BFT accounting for 22.1 + 8.3 Pg C.

Keywords

Boreal forest, carbon density map, carbon monitoring, forest biomass, forest
carbon stocks, global carbon cycle, growing stock volume, SAR remote sensing,
temperate forest.

INTRODUCTION

Terrestrial vegetation plays an important role within the global
carbon cycle and hence the earth system, as it sequesters atmos-
pheric carbon dioxide and is thus able to mitigate global

© 2013 The Authors. Global Ecology and Biogeography published

by John Wiley & Sons Ltd

warming (Denman et al., 2007; Bonan, 2008). Biomass dynam-
ics reflect the potential of vegetation to act as a carbon sink over
the long term, as they integrate photosynthesis, autotrophic res-
piration and litterfall fluxes. However, the interannual variability
of carbon fluxes remains relatively unexplored (Wolf et al.,
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2011), mainly due to the absence of consistent spatial informa-
tion on biomass (Bellassen et al., 2011). Lack of knowledge
about the initial condition of vegetation biomass is one impor-
tant reason for the large discrepancies in the projected land
carbon sink between coupled climate—carbon cycle models
(Friedlingstein et al., 2006; Hurtt et al., 2010).

Forest cover and forest structure provide additional impor-
tant feedbacks on biophysical properties and processes like
albedo and evapotranspiration. Thus, improving our knowledge
about the state of the world’s forests is also important for under-
standing their influence on energy and water fluxes. Beside their
ecological importance, forests are also of great social, economic
(Bonan, 2008) and even political value in terms of the Reduc-
ing Emissions from Deforestation and Degradation (REDD)
scheme (UN-REDD, 2011). Despite their relevance, forests are at
risk due to deforestation and degradation processes. Although
reforestation is expected to have exceeded deforestation in
boreal and temperate forests in the period between 1990 and
2010, logging, fires and insects can have a significant impact in
these biomes at regional scales (FAO, 2010).

Current estimates of the carbon stock for boreal and temper-
ate forests are usually based upon upscaling of often sparse
forest inventory data to national estimates. Such approaches
involve a poor spatial resolution and high remaining uncertainty
(Boudreau et al., 2008). Previous studies show important diver-
gences in estimated carbon stocks and densities of temperate
and boreal forests (e.g. Saugier et al., 2001; Pan et al., 2011).
Although there are discrepancies in the methods used for esti-
mating biomass, and in the forest area and biomass compart-
ments considered, these large differences highlight the need to
improve our knowledge of the current state of non-tropical
forests.

As forest inventories are always limited, especially in remote
areas, remote sensing can serve as a very useful tool for moni-
toring the state and also the dynamics of forest ecosystems.
While biomass maps based on remote sensing data recently
became available for the tropics (Saatchi et al., 2011; Baccini
et al., 2012), spatially explicit datasets on forest carbon stocks in
the Northern Hemisphere have been rare and inconsistent up to
now. Remote sensing has shown the potential to overcome this
shortcoming and biomass has already been successfully mapped
using light detection and ranging (LiDAR; e.g. Lefsky et al.,
2002; Boudreau et al., 2008) and synthetic aperture radar (SAR;
e.g. Ranson et al., 1997; Wagner et al., 2003; Neumann et al.,
2012) data. However, these studies either do not cover the whole
extent of temperate and boreal forests in a single product, rely
on using classifications with an early biomass saturation and/or
are highly dependent on inventory data.

The availability of extensive observations by the Envisat
Advanced Synthetic Aperture Radar (ASAR) has boosted the
development of an algorithm to retrieve forest growing stock
volume (GSV) (Santoro et al., 2011, 2013). The major innova-
tion of this retrieval algorithm, referred to as the BIOMASAR
algorithm, is that it does not require reference data to calibrate
the model linking the remote sensing observation with the
output variable, i.e. the GSV. Recently, a dataset of GSV esti-
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mates covering the Northern Hemisphere between 30° N and
80° N, and thus including the boreal and temperate forests of
North America, Europe and Asia, was generated with the
BIOMASAR algorithm at a spatial resolution of 0.01° (Santoro
et al., in prep.). While forestry and remote sensing scientists tend
to quantify ‘biomass’ in terms of GSV, scientists working on the
carbon cycle and climate modelling, as well as national carbon
monitoring systems (involved in REDD), require information
on how much carbon is stored in vegetation expressed in mass
units, and comprising in addition estimates of carbon in other
tree compartments such as branches and roots. This allows for
comparison with the carbon pools usually implemented in
dynamic global vegetation models (DGVMs; e.g. Moorcroft
et al., 2001; Beer et al., 2006; Randerson et al., 2009) on the one
hand and for assessment of national forest resources (e.g.
DeFries et al., 2002; Grainger, 2009) on the other.

Many studies have inferred biomass from GSV by applying
so-called biomass expansion factors, which were empirically
derived for a certain species or region (e.g. Somogyi et al., 2008;
Teobaldelli et al., 2009; Guo et al., 2010). In contrast, this study
intends to derive biomass from GSV using information on wood
density and the allometric relation between biomass compart-
ments. At the same time, these relations should be consistently
applicable over the whole study area. This approach allows for a
division between biomass compartments (stem, branches, roots,
foliage), which can provide useful information for applications
requiring such detailed data.

The aims for this study are (1): to infer a consistent forest
carbon map from recently available remote sensing GSV data,
(2) to provide spatially explicit uncertainty estimates to the
biomass map, (3) to estimate the total carbon stocks in Northern
Hemisphere boreal and temperate forests, (4) to evaluate the
derived product against independent datasets, and finally (5) to
demonstrate the potential of multitemporal Envisat ASAR data
to consistently map biomass at a moderate resolution covering
large areas.

MATERIALS AND METHODS

GSV data

This study is based on GSV estimates obtained with the
BIOMASAR algorithm from large numbers of observations by
the ASAR instrument on board the Envisat satellite (Santoro
et al., 2011). Forest GSV refers to the volume of tree stems per
unit area and is measured in m?® ha™'. The GSV estimated from
the SAR data is determined by (1) the wavelength of the ASAR
instrument (5.6 cm) and (2) the structural and dielectric prop-
erties of the forest. Objects with a size smaller than the wave-
length are transparent to ASAR; similarly, objects with frozen
water are transparent. By combining in a weighted approach
individual GSV estimates from primarily winter-time ASAR
data, the GSV estimation procedure extracts the maximum in
terms of signal related to GSV in the radar data (Santoro et al.,
2011). Stumps are accounted for in the ASAR GSV estimate as
long as they are seen by ASAR, i.e. their size is larger than the

Global Ecology and Biogeography, 23, 297-310, © 2013 The Authors.
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wavelength and they are standing. GSV estimates might also
contain a necromass component if this is directly sensed by the
radar. However, these aspects have not been quantified so far.

Spatially explicit GSV data with a resolution of 0.01° were
obtained for North America, Europe and Asia covering the lati-
tudes between 30° N and 80° N. The multitemporal SAR dataset
was acquired between October 2009 and February 2011, thus
containing information on the state of the vegetation structure
in the year 2010. GSV was mapped without saturation up to
300 m® ha™'. Above this level the retrieved GSV was character-
ized by a tendency to saturate, i.e. increasing underestimation
for increasing GSV (Santoro et al., unpublished data). How-
ever, less than 1% of the pixels in the study area had a GSV above
this value. The uncertainty of GSV estimates was quantified to
be 10% (Santoro etal., 2011). The BIOMASAR algorithm
retrieves GSV regardless of the vegetation type. To ensure that
the biomass estimates reported here correspond to a forest type
of vegetation, non-forested areas were masked out beforehand
according to the GLC2000 land-use/land-cover map (JRC, 2003;
see Appendix S1 in Supporting Information).

Additional datasets

In addition to GSV, the Global Wood Density Database (Chave
et al., 2009; Zanne et al., 2009) and the JRC GHG-AFOLU Biomass
Compartment Database (JRC, 2009) were used in this study. While
the Global Wood Density Database contains information on wood
density, the JRC Biomass Compartment Database includes meas-
urements of the absolute amount of biomass in different compart-
ments, both over a wide range of species and sufficiently covering
the study area. The Global Wood Density Database consists of
more than 16,000 entries, covering more than 8000 tree species.
The JRC Biomass Compartment Database also gives additional
information on latitude/longitude, tree age, diameter, height and
density amongst other things.

As there is no detailed tree species map available covering the
whole study area, information contained in those databases had
to be aggregated to the level of leaf types (broadleaf, needleleaf
deciduous, needleleaf evergreen forest). GLC2000 could be
further used to distinguish between leaf types. GLC2000 assigns
one of 22 different land-cover classes to each pixel. These
classes were summarized to broadleaf, needleleaf deciduous,
needleleaf evergreen, mixed forest and non-forest (for details see
Appendix S1). GLC2000 was reprojected using nearest neigh-
bour resampling to 0.01° in order to match the resolution of the
GSV map.

Derivation of total forest carbon from GSV

In a first step, stem biomass (SB) was derived from GSV using
information on wood density (WD) from the Global Wood
Density Database (Fig. 1) as follows:

SB=GSV x WD. (1)

All the entries for different tree species contained in the data-
base were summarized to tree genera and leaf types. In the
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Figure 1 Processing algorithm.

absence of a global tree species map, no weighting according to
the occurrence of tree species could be implemented. Investiga-
tions concentrated on the most common genera in boreal and
temperate forests, including Abies, Acer, Alnus, Betula, Fagus,
Fraxinus, Larix, Picea, Pinus, Populus, Quercus, Tilia and Tsuga.
For each pixel of the GSV map stem biomass was calculated
following equation (1). Mean wood density per leaf type has
been applied according to the leaf type distribution derived
from the GLC2000 land-cover map.

In a second step, allometric relationships at leaf type level
between stem biomass and the other required biomass compart-
ments (BC; including branches, foliage, roots) were derived by
fitting root functions to the Biomass Compartment Database.
Nonlinear models of the following form were fitted using gen-
eralized least square regression (Pinheiro & Bates, 2000):

BC=axSB". (2)

The model form is similar to the allometric relationships used
by Zianis et al. (2005) and Wutzler et al. (2008), although we
used stem biomass instead of tree diameter as a predictor.
Branch, root and foliage biomass were calculated in this manner.
These relationships were applied to the stem biomass map
leading to maps of the other biomass compartments. The coef-
ficients a and b in equation (2) were also derived for each leaf
type. Then, the GLC2000 land-cover map was applied again to
estimate biomass compartments for the different leaf types.
Abies, Alnus, Betula, Fagus, Larix, Picea, Pinus, Populus, Quercus
and Tsuga could be included in this analysis. Unfortunately, for
Acer, Fraxinus and Tilia there was not sufficient information
(at least 10 database entries) on root biomass available in the
database.

Finally, total biomass (TB) was inferred as the sum of the
biomass compartments stem, branches (BB), root (RB) and
foliage biomass (FB):

TB=SB+BB+RB+FB. (3)

The carbon content in vegetation varies between leaf type and
biomes (Thomas & Martin, 2012); however, variations between
plant tissues are of minor importance. This was taken into
account here:
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TC=0.488TB (4)

for temperate/boreal broadleaf tree species and

TC=0.508TB (5)

for temperate/boreal needleleaf tree species.

Uncertainty analysis

In addition to the total carbon density map, an uncertainty
estimate was derived for each pixel. Here we refer to uncertainty
in terms of the standard deviation of the biomass value. All the
steps of the processing algorithm contribute to the overall
uncertainty. Factors adding uncertainty to the final product
include: (1) uncertainty of the BIOMASAR GSV estimates; (2)
uncertainty of GLC2000 land-use/land-cover classification; (3)
uncertainty of wood density data; (4) uncertainty of biomass
compartment data; (5) uncertainty of the carbon content in
vegetation.

The relative error of GSV estimates related to the retrieval
algorithm was quantified by Santoro etal. (2011) to be on
average 10%. The uncertainty of GLC2000 land cover could not
be accounted for in this analysis. It is assumed to slightly affect
the spatial distribution of uncertainties, but to have only a
minor effect on their overall range. The land-cover classification
potentially introduces uncertainty by applying a wood density
or an allometric relation for the wrong leaf type. The standard
deviation of wood density for different leaf types, containing its
variance between species, could be used to quantify its uncer-
tainty. The uncertainty introduced by the relationship between
biomass compartments, which is caused by the variation of
allometric functions within leaf types, was estimated from the
variance of residuals of the model fit. It was estimated by apply-
ing a generalized model (Pinheiro & Bates, 2000; Zuur et al.,
2009). This kind of model allowed an increase of the variance
of residuals with increasing covariate, in this case the stem
biomass. Hence an increasing uncertainty in branch, root and
foliage biomass could be modelled with increasing stem
biomass. The uncertainty of the carbon content of vegetation
was considered negligible compared with the magnitude of the
other uncertainties.

Error propagation was implemented following Taylor (1997).
We applied a Gaussian error propagation (GEP) approach. Its
use in ecological studies has been demonstrated by Lo (2005) for
a similar example. It was found to be especially beneficial when
implying step-by-step calculations or different scales, both of
which are relevant to this study.

Uncertainty of stem biomass (usg) can be calculated from the
relative error of GSV (ugsy = 10% GSV) and the standard devia-
tion of wood density (uwp). These uncertainties can be assumed
to be independent and random:

. _\/( dsB__ )2+(dSB Ny )2
*VWdgsy ) "\awp ™" (6)

=JWD -ty +(GSV - i)’
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Here dSB/dGSV denotes the partial derivative of SB with respect
to GSV. The uncertainty of branches biomass (ugs) for given
stem biomass consists of the propagated uncertainty of stem
biomass and the uncertainty of the fitted relationship between
those two variables (ugg - fisp), cf. Taylor, 1997, p. 190), which is
caused by the uncertainty of the Biomass Compartment Data-
base. Again, these uncertainties can be assumed to be independ-
ent and random:

dBB ’ a ’
Upp = \/(E uss) + U _sp) = \/[z -SBY - uSB) + MIZ%B:f(SB)
(7)

The derivatives are evaluated at given stem biomass and esti-
mated model parameters. The uncertainty of the allometric
function can be derived from the generalized model. We are
interested in the uncertainty introduced by the influence of
species, climate, tree age and other possible factors on this
allometric relation. The variance of the residuals is expressed in
dependence of the residual standard error (RSE) and rising with
the power of the absolute value of the covariate (SB). The
parameter § is fitted by the model (Pinheiro & Bates, 2000; Zuur
et al., 2009):

u123B:f(SB) =RSE’ ><|SB|28 (8)

The uncertainty of root (ugs) and foliage (ups) biomass can be
derived in the same way.

As the uncertainties of the biomass compartments cannot be
considered to be independent (they are all calculated out of stem
biomass; i.e. if the uncertainty in stem biomass increases, the
uncertainty in the other biomass compartments will also
increase), the uncertainty in their sum (urg) has to be calculated
as the sum of the original uncertainties:

Urp = Usp + Upp + Urp + Ups. (9)

Finally, the uncertainty of total biomass was propagated in order
to derive the uncertainty of total carbon, assuming negligible
uncertainty of carbon content:

C
urg =0.488u 10
dTB TB TB ( )

Urc =

for temperate/boreal broadleaf tree species and

dTC
urc = ——urp =0.508u 11
TC dTB TB TB ( )

for temperate/boreal needleleaf tree species.

Evaluation

The carbon map we produced was evaluated against different
independent datasets, covering an exhaustive range of ecosys-
tems and forest structures. For intercomparison, Russian forest
enterprise data (Shvidenko et al., 2010; Schepaschenko et al.,
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2011), the United States National Biomass and Carbon
Dataset for the year 2000 (NBCD2000; Kellndorfer et al., 2010;
Kellndorfer et al., 2012) and European national statistics (EFI,
2005) were used. The intercomparison was implemented at a
regional level (Russian forest enterprises, US counties, European
countries) to ensure that the biomass values in the two datasets
refer to the forest structure, i.e. are of the same scale.

The Russian land-cover dataset produced by the International
Institute for Applied Systems Analysis (ITASA; Shvidenko et al.,
2010; Schepaschenko et al.,2011) is based on integration of forest
inventory data and other relevant information. The dataset con-
tains detailed forest characteristics (species composition, age,
GSV, biomass etc.) at 1-km resolution. Intercomparison was
performed for approximately 1600 forest enterprises with an
average area of 9132.3 km?, ranging from 2.8 to 550,074.0 km?.
While forest enterprises are usually small in densely populated
territories in European Russia, they cover very large areas in
remote territories of Siberia.

NBCD2000 (Kellndorfer et al., 2012) was produced by the
Woods Hole Research Center (WHRC) and can be seen as a
benchmark map covering the conterminous United States.
Combining United States Department of Agriculture (USDA)
Forest Service Forest Inventory and Analysis (FIA; USDA, 2012)
and remote sensing data [interferometric SAR (InSAR) data
from the Shuttle Radar Topography Mission (SRTM) and
optical Landsat data], a high-resolution (30 m) raster dataset of
aboveground wood carbon was derived (Kellndorfer et al., 2010,
2012). Aggregated biomass values could be compared for more
than 3000 counties with an average area of 2405.7 km? ranging
from 0.8 to 52,109.4 km?® The comparison at the level of forest
enterprises, counties or countries ensures a comparison to origi-
nal forest inventory data and is not affected by the spatial vari-
ability introduced by other remote sensing data into the
reference datasets.

Estimation of boreal and temperate forest carbon
stock and density

Based on the new total carbon density map, boreal and temper-
ate forest carbon stock and carbon density were estimated across
three continents — North America, Europe and Asia. Biomes
were extracted according to Olson et al. (2001), including boreal
forests (BFT), temperate broadleaf/mixed forests (TBMF) and
temperate conifer forests (TCF). Continental boundaries were
defined according to ESRI (2008). The land-cover map
GLC2000 was used as a forest mask in order to specify forest
area. GLC2000 considers a pixel containing more than 15% tree
cover as forest (JRC, 2003). When deriving biomass estimates at
a coarser spatial scale, the actual area of each grid cell was
explicitly taken into account, assuming the earth to be a perfect
sphere. The carbon stock and its corresponding uncertainty of
biomes and continents were calculated as the sum of the abso-
lute biomass and uncertainties of the corresponding pixel
values, respectively. In order to derive the carbon density and its
uncertainty per biome and continent, the carbon stock and its
uncertainty were divided by the covered area.
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Table 1 Wood density mean and standard deviation obtained
from the Global Wood Density Database for different leaf types.

Needleleaf ~ Needleleaf
Forest leaf type Broadleaf = deciduous  evergreen
Mean wood density (g cm™)  0.570 0.464 0.411
Standard deviation of wood 0.150 0.057 0.066

density (g cm™)

RESULTS AND DISCUSSION

Wood density

The mean values and standard deviations of wood density for
different leaf types are summarized in Table 1. Corresponding
boxplots show the median values and quartiles not only across
leaf types but also in more detail across tree genera (Fig. 2). As
the differences between mean and median values are negligible,
the mean values can be considered to describe the distributions
of wood density sufficiently well. Thus, they were used to calcu-
late stem biomass following equation (1). When summarized to
leaf types, the wood density of broadleaf trees in particular
varies considerably between tree species. In this processing step,
the uncertainty introduced by the Global Wood Density Data-
base is relatively large for broadleaf trees. In terms of their mean
value, broadleaf trees have the highest wood density and thus a
higher biomass per volume, followed by needleleaf deciduous
and needleleaf evergreen trees.

Allometric relationships

The allometric relationships between branch, root and foliage
biomass to stem biomass were found to be best modelled as a
root function (Fig. 3). While an increasing stem biomass is able
to support the growth of more branches and also leaves, at the
same time more biomass has to be allocated to roots in order to
supply water and nutrients for increasing maintenance and
growth needs. These findings are consistent with the pipe model
(Shinozaki et al., 1964). Increasing competition for resources
with increasing stand biomass is responsible for the nonlinearity
of the relationship. The database contained trees with a stem
biomass up to about 400 t ha™'. While broadleaf trees were found
to be able to support higher branch biomass, needleleaf ever-
green trees were found to have higher foliage biomass compared
with the other leaf types. However, at a 95% confidence interval,
these findings were not significant, except a significantly higher
multiplier in the allometric relation between foliage and stem
biomass for needleleaf evergreen trees compared with broadleaf
trees. The modelled relationship of root biomass to stem
biomass was not significantly different between leaf types. Rela-
tive uncertainty introduced in this processing step is highest for
inferring foliage biomass from stem biomass, especially for
needleleaf deciduous trees with low stem biomass values.

301



M. Thurner et al.

0.9

0.7

0 &9=7

=5 Te.

0.5

Wood Density [g cm‘3]

0.3

I
Eééégzg

Ab  Ac Al Be Fa Fr La

Pic Pin Po Qu Ti Ts b nd ne

Figure 2 Variance in wood density (g cm™) measurements contained in the Global Wood Density Database across tree genera (left: Ab,
Abies; Ac, Acer; Al, Alnus; Be, Betula; Fa, Fagus; Fr, Fraxinus; La, Larix; Pic, Picea; Pin, Pinus; Po, Populus; Qu, Quercus; Ti, Tilia; Ts, Tsuga)
and leaf types (right: b, broadleaf; nd, needleleaf deciduous; ne, needleleaf evergreen). The box—whisker plots show the median and the
interquartile range of values. The whiskers extend up to the most extreme data point which is no more than 1.5 times the interquartile

range away from the box. Outliers are drawn as circles.

T b . b —
= s Q 2
= 1 — v=o04s- x(111.26) ot ﬁ_'—y=195'x"\1r1.64l -
0w o | 0. = - = ye-d1 gtz 029) | -

G ®© P — @
E - [} 4]
[0+
o : -

° o
8 il o o
5 o T T 8 T T %
c =
© 0 200 400 o 0 200 400 2
o . . " =
Stem Biomass [t ha ] Stem Biomass [t ha™']
i nd . nd -
= T @
e ~ 1] - e
:‘ — y=0.87x1/1.66) o= "‘9 — y= 1847 X417 1.55) =,
o || T = ket AL
g 2 - y 4= 15477 [x]"(2* 0.3) = y4- 3767 M2 * 0.33) g
= - w ©
(1]
o 9 E :
i=] o
3 m o
é = T T g T T E
© 0 200 400 o 0 200 400 2
@ ) i ) i
Stem Biomass [t ha ] Stem Biomass [t ha ']
T ne _ ne -
= s g
ﬁ' N — y=10wqi0y £ ,"r_) 1 — y=o092-xv17139) =
g g A== yeo7zr e lDsﬂ) ﬁ. - :w—fsz [XIM2 * 0.38) %
E w ©
© £
2 E S
0 m
& m o
£= - ()]
o T T 8 T T o
© 0 200 400 o 0 200 400 2
m

Stem Biomass [t ha ] Stem Biomass [t ha™']

Carbon density map

Most of the forests with the highest carbon content per area
(>8kg C m™) are situated along the Rocky Mountains in
north-west Canada and the USA, the European mountains
(both mostly temperate coniferous forest), European Russia,
southern central Siberia (temperate broadleaf and mixed
forests, southern boreal forests) and Japan (mostly temperate
broadleaf and mixed forests; Fig. 4). In the boreal zone, forest
carbon decreases to the north along a latitudinal gradient. The
spatial patterns give information on potential carbon loss due
to disturbances or potential availability of wood to humans.
Corresponding relative uncertainty is most often between 20
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and 40%, especially in the high-biomass areas. The lowest rela-
tive uncertainties are estimated in the high-biomass areas of
north-west Canada and the USA, central Siberia, most Euro-
pean mountain ranges and Japan. The relative uncertainty of
this modelling approach increases in the northern taiga, where
there is very low biomass.

The individual biomass compartment maps are presented in
detail in Appendix S2. The differences in spatial patterns follow
the distributions of leaf types in GLC2000 and can be explained
by the differences between leaf types in modelled compartment
relationships (Fig. 3). The relative uncertainty of stem carbon
(Appendix S2) is below 20% in most areas, except for broadleaf
trees where the high variation in wood density causes higher
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Figure 4 Spatial distribution of
total forest carbon density (tree
stems + branches + roots + foliage) in

Northern Hemisphere boreal and
temperate forests and its corresponding
relative uncertainty (a value of 1 means
100% uncertainty). Non-forest is masked
out according to the GLC2000 land-
use/land-cover map (JRC, 2003). The
dashed black line indicates the boundary
between Europe and Asia (data from
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ESRI, 2008) used for the estimation of
continental carbon stocks in this study.

uncertainties. Modelling of branch, and particularly root and
foliage carbon, introduces additional uncertainty (Appendix
S2), which is highest (in relative terms) in low-biomass areas
(mostly the northern taiga). But as the total carbon map is
dominated by stem biomass, while the other compartments
account only for a small proportion of total carbon, the overall
relative uncertainty of the final map (Fig. 4) is within a very
satisfactory range.

For Russia, the estimated carbon density at forest enterprise
level agrees well with I[TASA data (r* = 0.78, RMSE = 1.13 kg Cm™,
Fig. 5a). In an additional investigation no significant differences in
this relationship were found for different bioclimatic zones in
Russia (Appendix S3). For the USA, the comparison of aggregated
values at county level shows strong agreement with the WHRC
NBCD 2000 dataset (* = 0.90, RMSE = 0.54 kg C m, Fig. 5b). For
European countries, evaluation results are comparable (% =0.70,
RMSE = 0.87 kg C m™, Fig. 5¢). While there is no systematic error
apparent from the intercomparison in Russia, our product might
slightly underestimate high carbon densities, as can be seen from
the evaluation results for US and European data.

Boreal and temperate forest carbon stock and
carbon density

In 2010, the boreal and temperate forests of the Northern Hemi-
sphere (30 to 80° N) stored about 79.8 £ 29.9 Pg C (Table 2) and
their mean carbon density was 4.76 £ 1.78 kg C m™ of forest area
(Table 3). Most of the forest carbon in the Northern Hemisphere
is stored in BFT (40.7 +15.7 Pg C), while TBMF and TCF
account for 24.5+9.4 PgC and 14.5% 4.8 Pg C, respectively
(Table 2). In terms of carbon density, 6.21 +2.07 kg C m™ are
retained in TCF and 5.80 + 2.21 kg C m™ in TBMF, whereas we
found a mean carbon density of 4.00 + 1.54 kg C m™ in BFT
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Table 2 Estimated mean and uncertainty of total forest carbon
for North America, Europe and Asia across three different biomes.
Uncertainty denotes the aggregated uncertainty (i.e. standard
deviation) of each pixel belonging to the specific biome and
continent.

Total forest North Sum of three
carbon (PgC) America Europe Asia continents
TBMF 9.7+3.8 8.6 3.1 6.2t2.4 24.5+9.4
TCF 10.1+£3.3 1.5+0.5 29+1.1 14.5+4.8
BFT 8.9+3.7 9.8+3.6 22.1%8.3 40.7 £ 15.7

Sum of three 28.7+10.8 199+73 31.2%+11.8 79.8%£29.9

biomes

TBME, temperate broadleaf and mixed forests; TCFE, temperate conifer
forests; BFT, boreal forests/taiga.

Table 3 Estimated mean and uncertainty of carbon density for
North America, Europe and Asia across three different biomes.
Uncertainty denotes the aggregated uncertainty (i.e. standard
deviation) of each pixel belonging to the specific biome and
continent.

Carbon density  North Mean of three

(kg C m™ forest) America  Europe Asia continents
TBMF 542+2.14 6.70+2.46 5.38+2.05 5.80+2.21
TCF 6.42+2.07 7.60+2.62 5.13+1.86 6.21+2.07
BFT 2.99+1.26 547%+2.04 4.07+1.53 4.00%1.54

Mean of three
biomes

453+1.71 6.08+2.24 436+1.64 476+1.78

TBME, temperate broadleaf and mixed forests; TCF, temperate conifer
forests; BFT, boreal forests/taiga.
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(Table 3). The uncertainty of these estimates is the sum of the
uncertainties of all 0.01° pixels and is within the range of 30—40%.

Forest biome carbon stock and density values were also
obtained more detailed for North America, Europe and Asia (see
Tables 2 & 3 and Fig. 6). Asian BFT account for the largest
carbon stock within the investigated biomes. Concerning
carbon density, TBMF were found to have a higher carbon
density than TCF in Asia, in contrast to the other two conti-
nents. European forests exhibit a higher carbon density across all
the three biomes compared with North America and Asia. Due
to the conservative approach of estimating uncertainty imple-
mented in this study, many of these findings are not significant
at the 95% confidence interval. However, some of the reported
results are significant. Carbon stocks (Table 2) in TCF are sig-
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nificantly smaller in Europe and Asia than in North America. On
the other hand, carbon stocks in BFT are significantly higher in
Asia than in Europe and North America. In Europe, there is
significantly less carbon stored in TCF than in TBMF and BFT,
while in Asia carbon stocks were found to be significantly higher
in BFT than in TBMF and TCE. Carbon density (Table 3) is
significantly higher in European versus North American BFT. In
North America, carbon density was found to be significantly
higher in TBMF and TCF than in BFT.

While European forest carbon stocks are relatively small com-
pared with those of the other continents, the carbon density is
higher in Europe across all the three biomes compared with
North America and Asia (Fig. 6, see also Tables 2 & 3). These
patterns are also visible in Fig. 7, which shows carbon density per
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Table 4 Total forest carbon values reported in other studies. Pan et al. (2011) distinguished between continents and biomes. Goodale et al.
(2002) and Liski et al. (2003) distinguished between continents only. Saugier et al. (2001) distinguished between biomes only.

Total forest North Sum of three Saugier et al.
Other studies carbon (Pg C) America Europe Asia continents (2001)$
Pan et al. (2011)* TBMF + TCF 19.4 10.5 8.3 38.2 139
BFT 14.0 12.1 27.9 53.9 57
Sum of three biomes 334 22.6 36.2 92.1 196
Goodale et al. (2002)t Sum of three biomes 31.3 52.2 83.5
Liski et al. (2003)# Sum of three biomes 31 49 80

TBME, temperate broadleaf and mixed forests; TCF, temperate conifer forests; BFT, boreal forests/taiga.
*Forest total living biomass from 2007; understorey vegetation may be excluded if very small compared with total biomass; excluding Australia, New

Zealand and ‘other countries’.
tLive vegetation from 1990; including understorey vegetation.

$Woody biomass on forest and other wooded land in temperate and boreal forests; including dead trees; including shrubs and bushes; from early/mid

1990s; China, Korea and Japan excluded.

§Carbon in living phytomass; including understorey vegetation; based on different studies.

forest area aggregated to a regional scale (0.5° pixel size). Carbon
stocks per area of forest are estimated to be high in central
Europe, for example (Fig. 7), while relative to total land the
carbon density is small (Fig. 4) since the European landscape is
dominated by agricultural areas. Average biomass density is
higher in Europe, probably due to the influence of favourable
climatic conditions, forest management activities and protected
areas. Such information is important, for example for a compari-
son with process-oriented ecosystem models, such as DGVMs,
which are often operated at coarser spatial resolutions like 0.5°.
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The obtained forest carbon stock and density values were
compared against estimates reported in the literature (Tables 4
& 5), although differences in the method for estimating biomass,
the forest area and biomass compartments considered and in the
time of investigation limit a direct comparison with other
studies. The inclusion of understorey and green forest floor
vegetation in literature values in particular might contribute
substantially to some disagreements with our reported values,
particularly in boreal forests (Schepaschenko etal., 1998;
Shvidenko et al.,, 2007). Furthermore, differences in the
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Table 5 Carbon density values calculated from other studies. Pan et al. (2011) distinguished between continents and biomes. Goodale et al.
(2002) and Liski et al. (2003) distinguished between continents only. Saugier et al. (2001) distinguished between biomes only.

Carbon density North Mean of three Saugier et al.
Other studies (kg C m™ forest) America Europe Asia continents (2001)$§
Pan et al. (2011)* TBMEF + TCF 7.55 7.27 4.47 6.51 13.35

BFT 6.10 5.28 4.12 4.76 4.15

Mean of three biomes 6.87 6.05 4.20 5.35 8.13
Goodale et al. (2002)+ Mean of three biomes 4.46 3.88 4.07
Liski et al. (2003)# Mean of three biomes 4.3 4.3 4.3

TBME, temperate broadleaf and mixed forests; TCF, temperate conifer forests; BFT, boreal forests/taiga.
*Forest total living biomass and forest area data from 2007; understorey vegetation may be excluded if very small compared with total biomass; excluding

Australia, New Zealand and ‘other countries’.

fLive vegetation and total forest and woodland area from 1990; including understorey vegetation.
+Woody biomass on forest and other wooded land in temperate and boreal forests; including dead trees; including shrubs and bushes; from early/mid

1990s; China, Korea and Japan excluded.

§Carbon in living phytomass; including understorey vegetation; based on different studies; using biome area instead of forest area.

definition of GSV between forest inventory and Envisat ASAR
data, primarily concerning the inclusion of trees of certain
diameters, stumps and necromass, can potentially lead to a bias
in the estimated biomass. However, the validation of remote
sensing-based biomass against inventory-based estimates
showed no clear bias (Santoro etal, 2011). Therefore, we
assume the effects of GSV definition to be small compared with
other sources of uncertainty. The shift in time between our
product and other studies can further contribute to differences,
since forest carbon stocks might have been affected significantly,
for example by fires, insects (Kurz et al., 2008) or climate change
(Allen et al., 2010), in the meantime.

Estimated temperate forest carbon stocks agree well with
recently published results by Pan et al. (2011), who used a dif-
ferent biomass estimation method based mainly on forest inven-
tory data. The value reported by Saugier etal. (2001) for
temperate forests seems to be far too high in light of our study.
The estimated value for boreal forests is a bit lower than those of
Pan et al. (2011) and Saugier et al. (2001), but at least the value
from Pan et al. (2011) is within the range of uncertainty of this
study. Carbon stocks derived by Goodale et al. (2002) and Liski
et al. (2003) for North America and Eurasia were very close to
the results of this study, and were well below the uncertainty
margin.

We confirm higher carbon densities in temperate forests com-
pared with boreal forests as already reported by Pan et al. (2011)
and Saugier et al. (2001). Values estimated for boreal forests
agree well with these studies; however Saugier et al. (2001) dra-
matically overestimate temperate forest carbon density. While
all the densities stated by Pan et al. (2011) for European and
Asian boreal and temperate forests are within the uncertainty of
the values calculated in this study, Pan etal. (2011) reported
much higher carbon densities in North America, especially for
boreal forests. Carbon densities calculated by Goodale et al.
(2002) and Liski et al. (2003) are close to our estimates in North
America, but lower in Eurasia.
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Outlook

A comparison of different sets of predictors for the modelling of
allometric relationships has shown that the applied algorithm
could be further improved by the availability of a consistent
global tree species map. For example modelling of branch
biomass out of stem biomass using a generalized additive model
(GAM) (Hastie & Tibshirani, 1990; Wood, 2006; for a detailed
description of methods see Appendix S4) was significantly
improved in terms of adjusted R% root mean square error
(RMSE) and Akaike’s information criterion (AIC) (Akaike,
1974) when information on tree genus was taken into account
(Fig. 8). In contrast, the approach used in this study could only
make use of leaf type information in addition to the stem
biomass. Results were similar for root and foliage biomass.

The Global Wood Density Database and the Biomass Com-
partment Database could be explored by tree genus and not by
leaf type only. There is a need for a global tree species map
comparable to the tree species map covering Europe available
from JRC (Koble & Seufert, 2001). Further investigations could
explore improvements in the derivation of a biomass map
making use of such more detailed information. The considera-
tion of different climate zones could further improve modelling
of allometric relationships (Fig. 8). This would require more
extensive and standardized measurements of biomass compart-
ments, covering all important tree species across all the different
climate zones. In contrast, tree age and tree density did not have
much effect on GAM results. Such improvements would lead to
a better biomass estimate and to a reduction in the uncertainty
of the resulting total carbon map.

It should be noted that the uncertainty estimate given has to
be interpreted as an upper bound. As discussed in Taylor (1997),
the calculation of the uncertainty of the sum of biomass com-
partments as the sum of their uncertainties (equation 9) might
also lead to an overestimation of the error in the case of depend-
ent variables. A direct estimation of total biomass (as the sum
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of compartments) from stem biomass based on the Global
Biomass Compartment Database would decrease the uncer-
tainty estimate but lead to an inconsistency between the
estimated biomass compartments and the total biomass. Never-
theless, the application of GEP allowed for a conservative uncer-
tainty estimate over a large dataset. Its benefits for ecological
studies have already been illustrated by Lo (2005). However,
uncertainty estimation due to land cover and of the GSV
product should be further improved.

Land-cover information is essential for our method of esti-
mating the biomass at the 0.01° pixel size level since the leaf type
determines the applied wood density and the parameters used
for the allometric equation (equation 2). Therefore, assuming a
pixel size of 0.01° X 0.01° to be covered by a single leaf type is a
simplification in our study which we cannot avoid because the
underlying GSV map also comes with this pixel size. At a higher
level of aggregation, land-cover uncertainty directly translates
into forest area uncertainty which is used to estimate total
carbon stocks at a continental scale. In general, two types of
uncertainty are important here: First, there is no information
about forest area within a 0.01° land-cover pixel and second,
misclassification leads to uncertainty in forest area at the conti-
nental scale. The subpixel uncertainty (first type) effect on
carbon stock estimates is considered to be small. In case of a
pixel that is classified as forest but in reality contains only minor
tree coverage, the GSV estimate at the same scale will be also
small. The effects of the second type of uncertainty are also
considered to be small since forest misclassifications most often
occur in heterogeneous landscapes (Mayaux et al., 2006), where
areas of sparse forests with low carbon stocks are usually
situated. In this respect, using GLC2000 has the advantage of
using a low threshold (15%) of tree cover for forest classification
(JRC, 2003). In doing so, we make sure to include most forest
areas.

The evaluation results indicate that the accuracy of the pre-
sented carbon density map is comparable to upscaled forest
inventory data at a regional scale. This highlights the potential of
remote sensing data to complement biomass inventories.
Although Envisat ASAR data are not optimal and other SAR
datasets exist that might lead to improved estimates, only
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Envisat ASAR data are available globally and are free to users. At
a finer resolution of about 1 km, a direct comparison to other
data remains problematic. Forest inventory data represent the
stand scale and upscaling is also highly uncertain (Gibbs et al.,
2007; Saatchi et al., 2007, 2011). Upscaling forest inventory data
by high-resolution airborne LiDAR data is the most promising
type of product for the evaluation of the small-scale variability
of biomass (Patenaude et al., 2004; Saatchi et al., 2011). Such
products are being processed currently and should be used in
the near future. This will help to also understand if a resolution
of 0.01° is also sufficient in spatially heterogeneous European
forests or if a finer-scale mapping is required in patchy forest
ecosystems.

CONCLUSION

In this study we have presented a biomass map originating from
one consistent remote sensing and modelling approach, cover-
ing all the extratropical regions of the Northern Hemisphere in
a single product with a moderate spatial resolution. This map,
together with the spatially explicit quantification of its uncer-
tainty, updates current estimates of the carbon currently stored
in the forests of North America, Europe and Asia. Together with
recent results of Saatchi et al. (2011) or Baccini et al. (2012), for
example, it can be of great value for a wide range of users,
spanning from global climate modellers to national carbon
monitoring systems. Evaluation results have shown that this
product can serve as a new benchmark regarding spatially
explicit and consistent biomass and carbon mapping with mod-
erate spatial resolution. The forest carbon density dataset (total
carbon and single compartments) and its corresponding uncer-
tainty are available at the BIOMASAR project website (http://
www.biomasar.org) and at the GEOCARBON Data Portal
(http://www.bgc-jena.mpg.de/geodb/projects/Home.php).

In the Northern Hemisphere, boreal and temperate forest
carbon stocks were found to be almost equal in magnitude.
Temperate forests have a higher carbon density than boreal
forests. However, due to our conservative uncertainty estimate
these findings could be proved to be significant only for North
America. Despite higher carbon densities across boreal and tem-
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perate forest biomes in Europe when compared with the other
continents these are still within its confidence intervals. While
our results confirm the temperate forest carbon given in Pan
etal. (2011), there seems to be less carbon stored in boreal
forests than previously estimated (Saugier et al., 2001; Pan et al.,
2011), although such a comparison with other studies is prob-
lematic due to the different methods employed. We consider an
earlier estimate of temperate forest biomass (Saugier et al.,
2001) to be unrealistically high. In the future, a regular repeti-
tion of consistent biomass estimation from remote sensing data
may also help to improve our knowledge on disturbance, defor-
estation, degradation and regrowth processes in addition to the
current state. The lack of continuity of most remote sensing
missions is a disadvantage since it implies an additional cross-
calibration step between GSV or biomass datasets obtained from
different sensors and, therefore, retrieval approaches. The avail-
ability of a global tree species map as well as more comprehen-
sive allometric biomass databases would further reduce the
uncertainties of the results.
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EXHIBIT EGC-3




Percentage of Hours Burning Oil (2017, Selected Months)

Winter
Jan Feb

Manchester Street

Unit 9 0% 0%

Unit 10 0% 0%

Unit 11 0% 0%
Ocean State Power

Unit 1 - 0.07%

Unit 2 - 0.06%
Pawtucket Power

Unit 1 - -

Percentage of Hours Burning Oil (2016, Selected Months)

Winter Summer
Jan Feb Dec Jul Aug
Manchester Street
Unit 9 0% 0% 0% 0% 0%
Unit 10 0% 0% 0% 0% 0%
Unit 11 0.03% 0% 0% 0% 0%
Ocean State Power
Unit 1 0% 0% 0% 0% 0%
Unit 2 0% 0% 0% 0% 0%
Pawtucket Power
Unit 1 - 0% 50% 0% 0%




Percentage of Hours Burning Oil (2015, Selected Months)

Winter Summer
Jan Feb Dec Jul Aug
Manchester Street
Unit 9 0% - 0% 0% 0%
Unit 10 16% 67% 0% 0% 0%
Unit 11 15% 77% 0% 0% 0%
Ocean State Power
Unit 1 35% 44%, 0% 0% 0%
Unit 2 32% 71% 0% 0% 0%
Pawtucket Power
Unit 1 100% 95% 0% 0% 2%

Percentage of Hours Burning Oil (2014, Selected Months)

Winter Summer
Jan Feb Dec Jul Aug
Manchester Street
Unit 9 37% 16% 0% 0% 0%
Unit 10 0% 37% 0% 0% 0%
Unit 11 51% 17% 0% 0% 0%
Ocean State Power
Unit 1 0% 0% 0% 0% 0%
Unit 2 0% 0% 0% 0% 0%
Pawtucket Power
Unit 1 - - 0% 0% 0%




Percentage of Hours Burning Oil (2013, Selected Months)

Winter Summer

Jan Feb Dec Jul Aug

Manchester Street
Unit 9 4% 17% 10% 0% 0%
Unit 10 4% 19% 0% 0% 0%
Unit 11 0% 0% 33% 0% 0%

Ocean State Power
Unit 1 0% 0% 0% 0% 0%
Unit 2 0% - 0% 0% 0%

Pawtucket Power
Unit 1 - - . 0% 0%

Note: Dash means did not operate during the month.

Source: EPA CEMS




