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Forests play a critical role sequestering atmospheric carbon dioxide, partially offsetting greenhouse gas
emissions, and thereby mitigating climate change. Forest management, natural disturbances, and the fate of
carbon in wood products strongly influence carbon sequestration and emissions in the forest sector. Government
policies, carbon offset and trading programs, and sustainable forestry certification programs make it increasingly
important that carbon dynamics are incorporated into forest management decisionmaking. Many analytical tools
(which we refer to as forest carbon calculators) have been developed to quantify carbon stores and dynamics
in the forest sector, but it can be difficult for potential users to know which carbon calculator(s) may be best
for any given application. We review 12 forest carbon calculators, providing a classification and synthesis to assist
forest managers, policymakers, and educators. Additionally, we discuss key characteristics missing in existing
forest carbon calculators that are needed for current and future forest management decisionmaking.
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F orests provide invaluable ecosystem
services such as wood products, wild-
life habitat, nutrient cycling, and rec-

reational opportunities (Daily et al. 1997).
One important ecosystem service provided
by forests is the sequestering of carbon from
the atmosphere, incorporating carbon from
atmospheric carbon dioxide (CO2) into bio-
mass. Forests are the largest terrestrial car-
bon pool, storing more than 800 billion
metric tons of carbon globally (Pan et al.
2011). Forests play a critical role as a carbon
sink of atmospheric CO2 by partially offset-
ting human-caused greenhouse gas emis-
sions and thereby mitigating climate change
(Goodale et al. 2002, Heath et al. 2011, Pan
et al. 2011). For example, forests in the

United States currently offset approximately
13% of US annual CO2 emissions (US En-
vironmental Protection Association 2015).
Whereas forests can be a carbon sink, defor-
estation, forest management practices, and
natural disturbances such as wildfire and in-
sect outbreaks can weaken the strength of
this carbon sink or even turn forests into
sources of atmospheric CO2 (DeFries et al.
2002, Houghton 2003, Kurz et al. 2008,
Mitchell et al. 2009). Forest carbon seques-
tration alone is unlikely to halt rising atmo-
spheric CO2 concentrations but is one of
many components for mitigating human
impacts on the global climate system (Inter-
governmental Panel on Climate Change
2014). Furthermore, forest carbon dynam-

ics are not just the result of forest growth and
disturbance but require integration of many
components in the forest sector such as
wood products, bioenergy production, and
land management policy (Malmsheimer et
al. 2011). Given the importance of forests
and the forest sector in the global carbon
cycle, the impacts of management and dis-
turbance agents on forest carbon dynamics
are increasingly recognized by government
policies and initiatives (California Global
Warming Solutions Act 2006, Western Cli-
mate Initiative 2007, United Nations
Framework Convention on Climate Change
2009), forest carbon offset programs associ-
ated with proposed emission reductions
(Climate Action Reserve 2010), carbon
trading markets (for review, see Peters-Stan-
ley et al. 2013), and forest carbon verifica-
tion and standards (International Organiza-
tion for Standardization 2013, American
Carbon Registry 2014).

Forest landowners, managers, policy-
makers, and educators require an under-
standing of carbon dynamics in forests, spe-
cifically how forest management decisions
and disturbance agents will affect forest car-
bon over time. This in turn requires im-
proved “carbon literacy” and the use of ana-
lytical tools (i.e., forest carbon calculators)
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to quantify forest carbon pools and fluxes,
assess how different management activities
and disturbances will impact forest carbon,
and determine the fate of carbon in the
wood products stream (i.e., life cycle analy-
sis). Forest carbon calculators vary greatly in
how they represent ecological, management,
and life cycle processes and also vary in their
convenience in terms of user interfaces, data
required from the user, and outputs gener-
ated. This diversity of forest carbon calcula-
tors, combined with the absence of a concise
synthesis summarizing their strengths and
weakness, makes it difficult to determine
which forest carbon calculator may best fit a
potential user’s objectives and constraints.
The purpose of this review is to classify and
characterize existing forest carbon calcula-
tors. Given the wide range of potential user
objectives and constraints, our goal is not to
rank or grade forest carbon calculators, but
rather to provide a concise classification and
review to aid potential users in determining
for themselves which forest carbon calcula-
tor(s) best meet their needs. The target au-
dience for this review includes forest
managers, policymakers, and educators. A
secondary goal of this review is to assess the
general state of forest carbon calculators and
determine important limitations and con-
straints inherent in many or all forest carbon
calculators that inhibit their usefulness, per-
haps pointing the way for development of
new or enhanced calculators.

Methods

The Forest Carbon Calculators
To be included in this assessment, for-

est carbon calculators had to meet multiple
criteria. Forest carbon calculators could
be web-driven, spreadsheets, or stand-alone
computer programs, but all had to be free
and accessible to anyone with a computer
and Internet access. Only carbon calculators
focused on forest carbon were considered,
and we excluded calculators that focused
solely on forest product life cycle assess-
ments. We did not consider forest carbon
calculators developed from a small number
of plots within forests of limited composi-
tional, structural, and management diversity
because these highly specialized research or
management calculators are unlikely to have
the flexibility required for a wide range of
forest conditions and user objectives. Many
sophisticated ecosystem models used in eco-

logical research were also excluded, because
their complexity, potentially high user
training time, lack of forestry-specific in-
puts, and lack of end user support make
them unlikely to be used by our target au-
dience. This review focused geographi-
cally on calculators designed for forests of
North America, although we considered
more globally oriented calculators if they
were in English. From online searches and
conversations with forest carbon experts,
we found 12 forest carbon calculators that
met our selection criteria (Table 1; Sup-
plemental Table S1).

Classification Overview
Rather than subjectively assessing forest

carbon calculators based on expert knowl-
edge or personal bias, our goal was to group
forest calculators as objectively as possible
based on key characteristics relevant to users
with a wide potential range of expertise and
applications. Forest carbon calculators were
classified into groups based on answers to
questions designed to evaluate three broad
characteristics that can influence calculator
utility for a wide range of potential users:
forest system representation, user interface,
and output usefulness. Forest system repre-
sentation can be thought of as a forest car-
bon calculator’s ability to reasonably repre-
sent key aspects of ecological, management,
and life cycle processes that control carbon
pools and fluxes. Examples of system repre-
sentation include trends in aboveground
and belowground forest carbon balance in
relation to forest type or stand age, the ef-

fects of forest harvest or disturbance on for-
est carbon; and decomposition rates of wood
products in different product and waste
streams (i.e., building construction, land-
fills, bioenergy generation, and recycling).
User interface refers to how the user operates
the forest carbon calculator (i.e., download-
able spreadsheet, web-driven model, or
stand-alone software downloaded to a per-
sonal computer), as well as usability issues
such as transparency of methods and key
assumptions, documentation, training ma-
terial, and data input requirements. Finally,
output usefulness refers to both the flexibil-
ity and the type of output data created by the
carbon calculator. For example, flexibility
may refer to a carbon calculator’s ability to
compare different management or distur-
bance scenarios, the ability for outputs to be
customized by the user, or whether outputs
meet any carbon accounting standards or
guidelines. We note that these questions did
not assess more technical aspects of the cal-
culators (e.g., non-CO2 greenhouse gas
emissions, parameterization of land-use
changes, model initialization of below-
ground and dead carbon pools, and sensitiv-
ity and uncertainty analyses). Although
these characteristics and many more are im-
portant for evaluating the technical and
quantitative aspects of forest carbon calcula-
tors, an in-depth technical evaluation was
beyond the scope of this review. From the
three general groups above, 41 yes/no ques-
tions were developed and answered by the
authors for each of the 12 forest carbon cal-

Management and Policy Implications

Forest carbon calculators vary in how they represent forest sector carbon dynamics, with important
implications for their application in forest management decisionmaking. All reviewed forest carbon
calculators estimate aboveground live carbon pools, but many do not estimate carbon fluxes or
belowground or dead carbon pools (e.g., roots, soil organic matter, and snags), which respond to
forest management activities and natural disturbances differently from aboveground live carbon.
Forest managers often want to know how specific silvicultural treatments could affect the carbon
balance of forest stands, but only a few forest carbon calculators were designed for and have the
capability to be used as forest management decision-support tools. Only a few carbon calculators
estimate the impacts of natural disturbances, despite strong impacts of natural disturbances on
carbon dynamics. Climate change is anticipated to have an impact on many aspects of forest carbon
dynamics (i.e., forest productivity and disturbance regimes), yet few forest carbon calculators
incorporate any aspects of climate change impacts on forest sector carbon dynamics. Finally, most
carbon calculators include user guides, but few provide tutorials or content designed to improve the
carbon literacy of users, and we believe this is especially important for calculators likely to attract
first-time users without training or experience in forest sector carbon dynamics.

Supplementary data are available with this article at http://dx.doi.org/10.5849/jof.15-019.
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culators (Table 2; Supplemental Table S2).
For specific questions that had potentially
conditional or equivocal answers, we con-
sulted with foresters and forest ecologists
with working or research knowledge of for-
est carbon accounting and forest simulation
models. We strove to be objective in our re-
views and disclose that we were involved de-
veloping two of the calculators (FSCC and
FORGATE).

Statistical Analysis
All statistical analyses were conducted

in PC-ORD, version 6.04 (McCune and
Mefford 2011). Using the answers to the 41
questions described above, we classified for-
est carbon calculators into groups using ag-
glomerative cluster analysis (Orloci 1967,
Wishart 1969), determining the number of
groups in the cluster analysis using indicator
species analysis (ISA) (Dufrêne and Leg-
endre 1997). Following Dufrêne and Leg-
endre (1997), we also used indicator values
from ISA to determine which characteristics
(answers to questions) were most important
in determining group membership. We vi-
sualized relative similarities and differences
of forest carbon calculators with respect to

surveyed characteristics using nonmetric
multidimensional scaling (NMS) ordina-
tion (Kruskal 1964, Mather 1976). For de-
tails regarding all statistical analyses, see the
online supplemental material.

Results
Forest carbon calculators clustered

best into six groups (Figure 1; Supplemen-
tal Figure S1). There were four forest car-
bon calculators in group 1 (AFOLU-CC,
CCTv4.0, COLEv3.0, and FICAT), one
calculator each in group 2 (FORPLAN) and
group 3 (THPGGEC), two calculators in
group 4 (FORGATE and GTR-NE-343),
one calculator in group 5 (LMS), and
three calculators in group 6 (CBM-CFS3,
CR-FVS, and FSCC). Indicator species
analysis found six significant and three
suggestive characteristics that defined for-
est carbon calculator groups (Supplemen-
tal Table S3), all of which were related to
ecological and management system repre-
sentation. NMS ordination described
89.6% of the cumulative proportion of
variance in the original data, predomi-
nantly along the first ordination axis. The

NMS ordination indicates that forest car-
bon calculators within groups have more
similar characteristics than calculators be-
tween groups (Figure 2), whereas both the
NMS ordination and cluster analysis den-
drogram suggest that the groups can be
broadly assigned to three larger classes.

Discussion
Broadly, our analysis found three ma-

jor classes of forest carbon calculators fol-
lowing a gradient from low to high system
representation (i.e., representation of eco-
logical patterns and processes, forest man-
agement activities and natural distur-
bances, and the wood products life cycle).
Within these three classes we found six
distinct groups of forest carbon calcula-
tors. Our discussion below focuses on the
key characteristics and potential applica-
tions of each group of forest carbon calcu-
lators (summarized in Table 3), which we
believe will aid potential users. It is impor-
tant to note that our classification and syn-
thesis do not represent a grading of carbon
calculators, especially because many of
them were developed for different forest

Table 1. Forest carbon calculators evaluated in this study.

Acronym Name Organization URL

AFOLU-CC Agriculture Forestry and Other Land Use
Carbon Calculator

US Agency for International Aid and Development www.afolucarbon.org/

CBM-CFS3 The Operational Scale Carbon Budget
Model of the Canadian Forest Sector

Natural Resources Canada carbon.cfs.nrcan.gc.ca/CBM-CFS3_e.html

CCTv4.0 US Forest Carbon Calculation Tool USDA Forest Service, Northern Research Station nrs.fs.fed.us/pubs/2394
COLEv3.0 Carbon Online Estimator National Council for Air and Stream

Improvement, Inc.
USDA Forest Service, Northern Research
Station

www.ncasi2.org/COLE/
GCOLE1

COLE-EZ1

COLE lite1

CR-FVS Carbon Reports using the Forest
Vegetation Simulator with the Fires and
Fuels Extension

USDA Forest Service www.fs.fed.us/fmsc/fvs/

FICAT Forest Industry Carbon Assessment Tool National Council for Air and Stream
Improvement, Inc.

www.ficatmodel.org/landing/index.html

Internation Finance Corporation of the World
Bank Group

FORGATE A Forest-Sector GHG Assessment Tool
for Maine: Calibration and Case Study

University of New Brunswick, Manomet Center
for Conservation Sciences, FORUS Research,
USDA Forest Service

www.nrs.fs.fed.us/tools/ForGATE/

FORPLAN Forest Planner Ecotrust forestplanner.ecotrust.org/
FSCC Forest Sector Carbon Calculator Oregon State University, USDA Forest Service,

Pacific Northwest Research Station
landcarb.forestry.oregonstate.edu

GTR-NE-343 Methods for Calculating Forest Ecosystem
and Harvested Carbon with Standard
Estimates of Forest Types of the United
States

USDA Forest Service, Northern Research Station nrs.fs.fed.us/pubs/8192
FORCARB21

LMS Landscape Management System University of Washington, Yale, USDA Forest
Service, The Cradle of Forestry in America

landscapemanagementsystem.org/

THPGGEC Timber Harvest Plan Greenhouse Gas
Emissions Calculator

California Department of Forestry and Fire
Protection

www.fire.ca.gov/resource_mgt/resource_
mgt_forest practice_pubsmemos_
memos.php

1 Denotes functionally similar members within a calculator family that were not included in comparisons.
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types, data sources, and user applications.
Forest carbon calculators are relatively
new, and we expect rapid evolution and
proliferation of these analytical tools in
the future. We follow discussion of the
classes and groups of carbon calculators

with key limitations and weaknesses com-
mon to all or most calculator groups, with
the hope that these limitations and weak-
nesses will be addressed in the develop-
ment of the next generation of forest car-
bon calculators.

Class 1, Low System Complexity:
Groups 1A and 1B

All four carbon calculators in this class
represent forest carbon with a low degree of
system complexity. They provide large-proj-
ect or regional static estimates of forest car-
bon, and do not provide stand-level esti-
mates or quantify carbon fluxes over time.
Although some can estimate carbon pools
over time based on changes in forest age, this
is not the same as quantifying carbon flux.
For example, none of these carbon calcula-
tors quantify heterotrophic respiration,
which in some forest types can be greater
than CO2 sequestered by forest regrowth for
years to decades after disturbance such as fire
or insect mortality, resulting in large and
long-lived CO2 sources to the atmosphere
(Dore et al. 2008, Kurz et al. 2008). Al-
though the four carbon calculators in this
class were all clustered into one group, they
have divergent applications so we treated
them as separate subgroups below.

Group 1A: Regional Carbon Pool Es-
timators (CCTv4.0 and COLEv3.0). These
two carbon calculators provide regional to
national estimates of forest carbon in the
United States using forest inventory data
from the US Department of Agriculture
(USDA) Forest Service Forest Inventory and
Analysis Program. Their strengths lie in ro-
bust empirical estimates of aboveground for-
est carbon pools, and the ability to quantify
forest carbon pools across major geographic
regions and forest types in the continental
United States. However, they do not pro-
vide stand-level estimates of forest carbon,
nor can a user enter stand-level data from his
or her own specific timber cruise or forest
inventory. Whereas both of these carbon cal-
culators can provide estimates of carbon
pools over time, these are not truly fluxes
between pools. Neither calculator simulates
forest management activities or natural dis-
turbances, so they cannot be used to quan-
tify carbon changes resulting from harvest or
natural disturbances such as wildfire. Be-
cause they do not assess impacts of forest
management activities on forest carbon, they
do not quantify emissions associated with for-
est harvesting, wood products manufacturing,
or the subsequent fate of carbon in the wood
products life cycle. These forest carbon calcu-
lators are best suited to applications such as
estimating current regional or national
aboveground live forest carbon pools or possi-
bly extracting baseline forest carbon pool in-
formation to parameterize more sophisticated
carbon models.

Table 2. Survey questions for forest carbon calculators.

Question no. Question group Question description

1 System representation
(ecological)

Does it quantify stand live forest C pools?

2 Does it quantify stand live forest C fluxes?
3 Does it quantify stand dead forest C pools?
4 Does it quantify stand dead forest C fluxes?
5 Does it quantify both stand above- and belowground live

forest C pools?
6 Does it quantify both stand above- and belowground dead

forest C pools?
7 Does it directly incorporate the primary limiting factors?
8 Does it incorporate effects of natural disturbance

events/regimes on forest C?
9 Can effects of climate change on forest C pools and fluxes be

quantified?
10 Can a range of forest types or ecological regions be modeled?
11 Can the user specify stand level treatments?
12 Can the user specify the area of treatments?
13 Can the user treat landscapes (multiple stands with different

treatments or treatment regimes)?
14 System representation

(forest management)
Can the user specify the treatment intensity (percentage of

stand basal area �BA�, board feet [BF], cover, leaf area index
�LAI�)?

15 Can the user specify the treatment rotation length or interval?
16 Can the user specify additional treatment details, such as

diameter limits, species, etc.?
17 Can the user specify any postharvest site preparation?
18 Can the user specify the intensity/magnitude/severity of a

natural disturbance event or regime?
19 Can the user specify the frequency or frequency distribution of

a natural disturbance event or regime?
20 Can the user specify the size or size distribution of a natural

disturbance event or regime?
21 System representation

(product life cycle)
Is the fate of C in forest products quantified throughout the

product life cycle?
22 Is the utilization efficiency of harvested wood incorporated

into C pools and fluxes?
23 Are the C costs of forest operations incorporated?
24 Does the user need to provide detailed forest inventory data?
25 Is it easy to enter user-provided data into the model?
26 Interface (ease of use) Can a first-time user have model results within hours?
27 Is it easy for the user to change treatment and/or disturbances

events?
28 Can the user design their own specific treatment/disturbance

scenarios?
29 Interface (transparency) Is the calculator’s modelling approach described?
30 Are the methods documented and available on same website,

or up to date URL links?
31 Are assumptions and/or constraints explicitly stated?
32 Interface (general) Does it operate from a website?
33 Are there support staff to talk to?
34 Are there in person or online training opportunities (i.e.,

workshops, webinars, etc.)?
35 Is there an online tutorial with example data?
36 Interface (outputs) Does it automatically produce output tables?
37 Does it automatically produce output figures?
38 Can model output tables be easily exported to another

program?
39 Can output be exported into a geographic information system?
40 Does the output include evaluation of other noncarbon

management objectives?
41 Does it state that it meets any carbon accounting standards or

guidelines
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Group 1B: International Forest Man-
agement and Development Carbon Estima-
tors (AFOLU-CC and FICAT). Unlike
the carbon calculators in group 1A,
AFOLU-CC and FICAT are both de-
signed to quantify carbon costs of forest
management and therefore explicitly esti-
mate changes in carbon pools resulting
from management activities such as har-
vest and reforestation/afforestation. Nei-
ther is designed to examine the carbon
consequences of different stand-level
treatments but instead focus on large-scale
forest management (although with very
different applications in mind). Both were
designed for international applications,
with parameterization of forest carbon
pools across a wide range of geographic
regions, generic forest types, and general-
ized management scenarios. AFOLU-CC
is specifically designed for application by
the US Agency of International Aid and

Development to calculate carbon storage
and emissions in relation to five main ac-
tivities associated with international forest
development projects (forest protection,
forest management, afforestation, refores-
tation, and agroforestry). AFOLU-CC fo-
cuses on how forest development projects
may affect carbon storage and emissions at
the forest scale but does not quantify the
emissions associated with wood harvest or
life cycle analysis of the wood products. In
contrast, FICAT is geared toward indus-
trial forest projects, with greater emphasis
on emissions associated with harvest and
life cycle analysis of wood products.

Class 2, Intermediate System
Complexity: Groups 2–4

These calculators incorporate greater com-
plexity in their representation of ecological and
management dynamics of forest carbon, gener-
ally quantifying stand-level carbon pools and

fluxes and allowing users more flexibility in as-
sessing the impacts of harvest on carbon dynam-
ics. However, not all calculators in this group es-
timate belowground carbon, forest management
is represented by generalized silvicultural treat-
mentswithpredeterminedharvest intensitiesand
rotation intervals, the impacts of natural distur-
bances on carbon dynamics are not quantified,
and they vary in how they quantify emissions as-
sociated with harvesting and the fate of wood
products. Three of the four calculators (FOR-
GATE, FORPLAN, and THPGGEC) in this
class cover narrow geographic ranges and only a
few forest types, greatly restricting their broader
utility.

Group 2: FORPLAN. FORPLAN is
unique among calculators in its use of a web-
site-driven geographical information system
(GIS) user interface. The online GIS inter-
face allows the user to select a particular for-
est area, which in combination with user-
provided stand-level information (stand age,
forest type, tree density by species, and size
class) is used to automatically and without
user involvement parameterize and run a
growth-and-yield model (Forest Vegetation
Simulator [FVS]) (Dixon 2002). This ap-
proach has the benefit of being easy to use
while using sophisticated growth-and-yield
modeling. FORPLAN can simulate total
harvests or thinning, but the range of harvest
activities is limited to those most commonly
applied in Oregon and Washington, which
is also the calculator’s geographic extent.
FORPLAN also allows the user to assess the
financial revenues and costs of harvest oper-
ations, although it does not estimate emis-
sions associated with harvest or wood
products. FORPLAN is well suited to appli-
cations for which forest owners and manag-
ers have forest inventory data and want to
assess both the carbon and financial effects
of generalized management activities on in-
dividual stands or management units.

Group 3: Spreadsheet Forest Car-
bon Management Calculator Requir-
ing User Inventory Data (THP-
GGEC). THPGGEC was designed for use
in the forests of California, although its pa-
rameters for growth, harvest, milling, and
wood products can be modified for applica-
tion in other geographic regions and forest
types. THPGGEC combines relatively sim-
ple representations of forest carbon dynam-
ics with more complete representation of
carbon emissions associated with harvest,
milling, and wood products life cycle.
THPGGEC does not provide default car-
bon stores or growth rates for any forest

Figure 1. Dendrogram from cluster analysis of forest carbon calculators. The alphanumeric
code preceding each carbon calculator denotes class/group membership in the dendro-
gram as described in the Methods and online supplemental material. The hash marks and
associated text show cluster break points at different group levels and associated charac-
teristics. See Table 1 for full names of the forest carbon calculators.

Figure 2. NMS ordination of forest carbon calculators in characteristic space. The alpha-
numeric codes correspond to class/group membership in Figure 1. Percentage values are
the percentage of variance in the original data matrix described by each ordinate axis. See
Table 1 for full names of the carbon calculators, and the Discussion for class descriptions.
See the online supplemental material for statistical details.
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Table 3. Summary of forest carbon calculator key characteristics and applications.

Class Group Calculator Defining characteristics Applications

Lower ecological and
management
complexity

1A CCTv4.0 Forest carbon pools across major geographic regions and forest types
Large area forest carbon estimates, little user data required
Does not simulate management activities or natural disturbance
No emissions associated with harvest, manufacturing, product life

cycles

Estimating regional or national forest
carbon pools

Estimating regional or national forest
carbon pools

1� COLEv3.0 Forest carbon pools across major geographic regions and forest types
Large area forest carbon estimates, little user data required
Does not simulate management activities or natural disturbance

1� AFOLU-CC Forest carbon pools across major geographic regions and forest types
Large area forest carbon estimates, little user data required
Simulate generalized management activities, not natural

disturbances
No emissions associated with harvest, manufacturing, product life

cycles

Carbon in international forest
development projects

1� FICAT Forest carbon pools across major geographic regions and forest types
Large area forest carbon estimates, few user data required
Simulate generalized management activities, not natural

disturbances
Emissions associated with harvest, manufacturing, product life

cycles

Carbon in international industrial
forest sector projects

Intermediate ecological
and management
complexity

2 FORPLAN Forest carbon pools in forests of Oregon and Washington
Stand-level forest carbon estimates, unique web GIS user interface
Simulate common regional management activities, not natural

disturbances
No emissions associated with harvest, manufacturing, product life

cycles

Stand-level carbon and financial
assessments of management
activities with user-provided data

3 THPGGEC Forest sector carbon pools in California
Stand-level forest carbon estimates, user stand data required
Simulate specific management activities, not natural disturbances
Emissions associated with harvest, manufacturing, product life

cycles

Forest sector carbon assessments of
stand-level management activites
with user-provided data

4 GTR-NE-343 Forest sector carbon pools in major forest types of United States
(excluding Alaska)

Stand-level and forest sector forest carbon estimates via unlinked
lookup tables

Harvest activities primarily clearcuts, no natural disturbances
Emissions associated with harvest, manufacturing, product life

cycles

National forest sector carbon
assessments of stand-level without
user-provided data

4 FORGATE Forest sector carbon pools in major forest types of Maine
Stand-level and forest sector forest carbon estimates via linked

lookup tables
Simulate predetermined set of management activities, no natural

disturbances
Emissions associated with harvest, manufacturing, product life

cycles

Regional forest sector carbon
assessments of stand-level without
user-provided data

High ecological and
management
complexity

5 LMS Forest sector carbon pools in major forest types of Unite States
Stand-level and forest sector forest carbon estimates, user-provided

data
Wide range of user specified management activities, no natural

disturbances
Emissions associated with harvest, manufacturing, product life

cycles
Simulates other noncarbon management criteria (wildlife,

economic, etc.)

Decision-support tool assessing how
management activities may have
an impact carbon pools and
noncarbon criteria, requires user-
provided data

5 FSCC Forest sector carbon pools in forests of Oregon Cascades
Stand, landscape, and forest sector forest carbon estimates process-

based model
User inventory data not required
Flexible user specified management activities, natural disturbances

(wildfire)
Emissions associated with harvest, manufacturing, product life

cycles

Decision-discussion tool assessing
how management activities,
natural disturbances, and forest
products effect forest sector carbon
dynamics that does not require
extensive user data

6 CBM-CFS3 Forest sector carbon pools in forest types across globe, with focus on
Canada

Stand, landscape, and forest sector forest carbon estimates
User inventory data required
Flexible user specified management activities, natural disturbances
Emissions associated with harvest, manufacturing, product life

cycles
Incorporates some aspects of climate change that influence carbon

dynamics

Decision-support tool assessing how
management activities, natural
disturbances, and forest products
effect forest sector carbon
dynamics that requires extensive
user data

6 CR-FVS Forest sector carbon pools in forests types of the United States,
excluding interior Alaska

Stand, landscape, and forest sector forest carbon estimates
User inventory data required
Flexible user-specified management activities, natural disturbances
Emissions associated with harvest, manufacturing, product life

cycles
Incorporates some aspects of climate change that influence carbon

dynamics

Decision-support tool assessing how
management activities, natural
disturbances, and forest products
effect forest sector carbon
dynamics that requires extensive
user data
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type; instead the user must provide estimates
of basal area and annual basal area incre-
ment. Aboveground live carbon stores over
time are estimated from user-provided basal
area and basal area increment estimates, but
dead carbon (both above- and below-
ground) is not estimated, and as previously
noted carbon stores over time are not the
same as carbon flux. Forest harvest intensity
(as basal area removed) and rotation interval
are easy to modify, and the user can also
specify the intensity of site preparation.
THPGGEC does not quantify the impacts
of natural disturbances on carbon pools and
fluxes. THPGGEC is well suited to applica-
tions for which forest owners and managers
have forest inventory information and want
to estimate the carbon storage and emissions
associated with forest management (includ-
ing storage and emission associated with
harvest, milling, and wood products).
THPGGEC is not well suited to applica-
tions in which information is desired for for-
est carbon flux, dead carbon in forests, or the
impacts of natural disturbances on forest
carbon.

Group 4: Spreadsheet Forest Carbon
Management Calculators without User
Inventory Data (GTR-NE-343 and FOR-
GATE). Compared with the calculators in
group 3, calculators in group 4 do not re-
quire user-provided forest inventory and
growth data, instead estimating carbon
pools using a combination of national in-
ventory data and growth-and-yield model-
ing. GTR-NE-343 and FORGATE are
stand-alone spreadsheet tools that provide
estimates of above- and belowground dead
carbon pools, as well as estimates of carbon
storage and emissions associated with mill-
ing, wood products, and disposal of wood
products. Despite their similarities, GTR-
NE-343 and FORGATE have very different
constraints and ease/difficulty of use. GTR-
NE-343 is parameterized for 51 major forest
types across the continental United States
(excluding Alaska), whereas FORGATE is
only parameterized for major forest types in
the State of Maine. In GTR-NE-343, the
user needs to work through a number of
“look-up” tables that are not dynamically
linked to generate estimates of how harvests
influence carbon pools in forests, wood
products, and waste disposal. In contrast,
the tables in FORGATE are linked, making
it much easier for the user to calculate
changes in forest sector carbon in response
to management activities. FORGATE pro-
vides a set list of common silvicultural pre-

scriptions that are much easier to apply than
harvests in GTR-NE-343, in which any har-
vest activities besides complete harvest re-
quire additional calculations by the user.
Both of these forest carbon calculators are
suitable for applications for which forest
owners and managers do not have detailed
inventory data but want initial estimates of
carbon storage and emissions associated
with forest management activities (includ-
ing storage and emissions associated with
harvest, milling, and wood products).

Class 3, High System Complexity:
Groups 5 and 6

This class represents the most complex
forest carbon calculators, primarily charac-
terized by high flexibility for which the user
can simulate a wide range of harvest intensi-
ties, rotation lengths, and site preparation.
All calculators in this class can operate at the
stand level, as well as at larger spatial scales.
Calculators in this class are also character-
ized by more complex representation of for-
est carbon dynamics, with quantification of
above- and belowground carbon pools and
fluxes. These calculators are more computa-
tionally intensive than classes 1 and 2, and
they all operate as web-driven or desktop
computer programs versus the spreadsheets
and tables more common in other classes.
Although similar with regard to representa-
tion of management complexity, there are
important differences between them in in-
put data, geographic extent, impacts of nat-
ural disturbances on forest carbon dynamics,
and user interface, resulting in two groups
and additional separation of the last group
into two subgroups.

Group 5: Regional Carbon Decision-
Support Tool (LMS). LMS is closely re-
lated to CR-FVS, in that both rely on the
FVS (Dixon 2002) for growth-and-yield
modeling to quantify carbon pools (LMS
can optionally use the growth-and-yield
model ORGANON [Hann 2006]). As with
CR-FVS, the LMS user must provide de-
tailed inventory data for the stand(s) to be
analyzed, and both LMS and CR-FVS esti-
mate the fate of carbon in the wood products
stream. Unlike all other calculators in class
3, LMS does not quantify the impacts of
natural disturbances on carbon pools and
fluxes. When FVS is used, growth-and-yield
modeling in LMS can be parameterized for
major forest types and regions in the United
States, but is restricted to forests of the Pa-
cific Northwest when parameterized using
ORGANON. LMS also provides outputs

for a number of noncarbon management cri-
teria, such as habitat suitability indices for
northern spotted owl and economic reve-
nue/cost analyses. LMS is well suited to ap-
plications as a decision-support tool, when
detailed information is required about how
management activities may have an impact
on carbon pools and when these impacts
need to be assessed against economic and
other noncarbon management objectives.

Group 6A: Regional Carbon Decision-
Discussion Tool (FSCC). Unlike other cal-
culators in class 3, FSCC does not require
the user to provide inventory data. Instead,
FSCC is based on the process-based model
LANDCARB (Harmon 2012) that simu-
lates forest carbon dynamics in response to
the primary factors that influence carbon dy-
namics (i.e., disturbance, climate, soils, and
seed zones). We refer to the FSCC as a deci-
sion-discussion tool rather than as a deci-
sion-support tool, because its complex
system representation (e.g., ecosystem pro-
cesses and management activities) and rela-
tive ease of use from a website with a simple
interface allows management scenarios to be
quickly generated by a first-time user (Figure
3), yet the absence of user-provided inven-
tory data precludes running scenarios for a
specific stand(s) that are often needed in de-
cision-support applications. The combina-
tion of high system representation and ease
of use also makes FSCC useful as an educa-
tional tool about carbon dynamics in forest
ecosystems and the wood products sector.
The educational function is aided by accom-
panying tutorials designed as much to in-
form users about forest carbon dynamics as
they are to teach users how to operate the
calculator. FSCC is geographically limited
to forests of the Oregon Cascades and to
applications for which the user does not have
forest inventory data, but wants to under-
stand how different harvest, disturbance,
and wood product uses influence carbon dy-
namics in the forest sector.

Group 6B: National Carbon Decision-
Support Tools (CBM-CFS3 and CR-
FVS). Both of these calculators are extensive
decision-support tools that can model car-
bon dynamics in a wide range of forest types
and geographic regions. They are both
stand-alone computer programs with many
user-adjustable settings. They require sub-
stantial time for a first-time user to generate
outputs, although both have extensive doc-
umentation and training workshops. They
both require the user to provide stand inven-
tory data. Simulation of management activ-
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ities and disturbance events such as wildfire
are more sophisticated and flexible than
those of any other calculators we reviewed.
CBM-CFS3 tracks how much wood is trans-
ferred to the forest product sector by region,
softwood, hardwood, and year of harvest,
but the fate of carbon in harvested wood
products is tracked in a separate model. In
combination with other FVS extensions, it is
possible in CR-FVS to assess carbon dynam-
ics of management activities in relation to
noncarbon management objectives such as
economics and fire risk. CR-FVS and CBM-
CFS3 are also unique in incorporating some
climate change impacts on forest processes
that in turn alter forest carbon dynamics
(Crookston et al. 2010, Metsaranta et al.
2011). As the group name suggests, these
carbon calculators are best suited to applica-
tions for which detailed inventory data are
available, and users have the need and time
to generate outputs to be used in a decision-
support capacity.

Conclusions and Limitations of
Current Forest Carbon
Calculators

All carbon calculators are not created
equal, nor do they have the same goals. They
vary widely in forest system representation,
data input requirements, and type of out-
puts. On one end of the spectrum are carbon
calculators that represent forest carbon dy-
namics and management activities with a
low degree of sophistication and complexity.

These calculators are not well suited for ex-
amining stand-level carbon dynamics, but
are easy to use, have broad geographic cov-
erage, and require few data from the user.
On the other end of the spectrum are fully
developed decision-support tools that en-
able sophisticated and flexible examinations
of forest carbon dynamics in response to
management activities and some natural dis-
turbance agents such as wildfire. However,
these calculators are harder to run and often
require more data from the user. The field of
forest carbon calculators is rapidly evolving,
and we expect many more to be developed in
the near future to meet user needs and appli-
cations. In this context, we believe their po-
tential usefulness could be improved
through (1) incorporating the impacts of
natural disturbances, (2) including impacts
of climate change, (3) expanding the geo-
graphic extent of moderate-complexity cal-
culators, and (4) developing education com-
ponents such as tutorials to expand their use
and improve carbon literacy.

Only the most complex calculators sim-
ulate the impacts of natural disturbances
such as wildfire or insect outbreaks on forest
carbon dynamics. Natural disturbance
agents can result in significant reductions in
forest carbon storage, even converting for-
ests from sink to sources of atmospheric
CO2 (Dore et al. 2008, Kurz et al. 2008,
Seidl and Blennow 2012). Furthermore,
changes in forest structure and composition
associated with management activities can

strongly increase susceptibility to and sever-
ity of disturbances (Seidl et al. 2011). Alter-
natively, management activities can reduce
susceptibility to disturbance agents. For ex-
ample, thinning and prescribed fire are
widely used to moderate stand-level fire be-
havior (for a review, see Agee and Skinner
2005). These management activities can
have impacts on forest carbon emissions in
landscapes prone to wildfires (Wiedinmyer
and Hurteau 2010), whereas treatments that
restore historical species composition and
active fire regimes may stabilize future live-
tree carbon stores (Earles et al. 2014). How-
ever, it is important to note that there is con-
siderable uncertainty and debate about the
impacts of forest management on carbon dy-
namics in fire-prone forests (Campbell et al.
2011, Hurteau et al. 2012, Campbell and
Ager 2013, Restaino and Peterson 2013).
This uncertainty is further complicated in
the context of bioenergy production, for
which utilization of residue from harvest op-
erations may have favorable impacts on for-
est sector carbon dynamics versus traditional
wood products such as pulp or lumber (Ter-
Mikaelian et al. 2015). Even with this un-
certainty, the absence of many disturbance
types, as well as the lack of linkages between
management, disturbance, and carbon is a
major limitation in all but the most sophis-
ticated forest carbon calculators.

The impacts of climate change on forest
carbon dynamics are also largely absent from
the carbon calculators we reviewed, with

Figure 3. Example of carbon stores over time in a simulated forest stand in the western Oregon Cascades as generated by the FSCC. In this
example, an old-growth forest was harvested in 1950, with a subsequent harvest in 2010 (60-year rotation), followed by harvests on a
30-year rotation.
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only limited incorporation into the most so-
phisticated calculators (CR-FVS and CBM-
CFS3). Climate change may directly influ-
ence forest carbon dynamics by altering
forest ecosystem processes such as growth,
mortality, decomposition, and soil respira-
tion (Allen et al. 2010, Latta et al. 2010,
Giasson et al. 2013, Giardina et al. 2014), as
well as altering the frequency and severity of
disturbance agents such as wildfire, insect
outbreaks, and windthrow (Westerling et al.
2006, Seidl et al. 2011, 2014). The effects of
climate change on forest carbon dynamics
and how management activities may interact
with these effects, are highly uncertain. This
uncertainty may preclude incorporation of
many climate change impacts into forest car-
bon calculators, but as the projected effects
of climate change on ecosystem processes
become more certain, these processes should
be incorporated into carbon calculators to
assess future environmental conditions hav-
ing an impact on forest carbon dynamics.

Three of the four calculators that are
easy to use and moderately sophisticated
(class 2) had very limited geographic extents.
We recognize that many of these calculators
were designed for specific local or regional
applications and may not receive the fund-
ing or institutional support of larger-scale
decision-support tools. However, these
moderately sophisticated calculators fill an
important application niche, enabling users
to quickly make reasonable estimates of
stand-level carbon dynamics in relation to
common management activities, but the
narrow geographic focus of these calculators
greatly restricts their potential usefulness.

Finally, we found that few of the carbon
calculators included tutorials and additional
information designed to teach users about
carbon dynamics in the forest sector. It
could be argued that forest carbon calcula-
tors are designed for use by people who al-
ready have a certain level of understanding
about forest sector carbon dynamics, and so
documentation should be focused on user
guides rather than on broader education.
However, without basic training or knowl-
edge of forest sector carbon dynamics, users
may not be able to appropriately parameter-
ize carbon calculators, critically evaluate
outputs, or compare difference management
scenarios from a carbon dynamics perspec-
tive. Furthermore, free and easy-to-use car-
bon calculators are an excellent platform for
inclusion of tutorials and information that
improve the carbon literacy of users. We
suggest that future development of educa-

tional content in carbon calculators with
specific characteristics (i.e., web-driven,
easy-to-use, and with moderate-to-high sys-
tem representation) would greatly enhance
the education component of carbon calcula-
tors and improve the carbon literacy of users.
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DUFRÊNE, M., AND P. LEGENDRE. 1997. Species
assemblages and indicator species: The need
for a flexible asymmetrical approach. Ecol.
Monogr. 67:345–366.

EARLES, M.J., M.P. NORTH, AND M.D. HUR-
TEAU. 2014. Wildfire and drought dynamics
destabilize carbon stores of fire-suppressed for-
ests. Ecol. Applic. 24:732–740.

GIARDINA, C.P., C.M. LITTON, S.E. CROW, AND

G.P. ASNER. 2014. Warming-related increases
in soil CO2 efflux are explained by increased
below-ground carbon flux. Nat. Climate
Change 4:822–827.

GIASSON, M.A., A.M. ELLISON, R.D. BOWDEN,
P.M. CRILL, E.A. DAVIDSON, J.E. DRAKE, S.D.
FREY, ET AL. 2013. Soil respiration in a north-
eastern US temperate forest: A 22-year synthe-
sis. Ecosphere 4(11):art140.

GOODALE, C.L., M.J. APPS, R.A. BIRDSEY, C.B.
FIELD, L.S. HEATH, R.A. HOUGHTON, J.C.
JENKINS, G.H. KOHLMAIER, W. KURZ, AND S.
LIU. 2002. Forest carbon sinks in the Northern
Hemisphere. Ecol. Applic. 12:891–899.

HANN, D.W. 2006. ORGANON user’s manual,
ed. 8.0. Department of Forest Resources, Or-
egon State University, Corvallis, Oregon.
129 p. Available online at www.cof.orst.edu/
cof/fr/research/organon/; last accessed Feb.
15, 2015.

HARMON, M.E. 2012. The Forest Sector Carbon
Calculator. Available online at landcarb.forest-
ry.oregonstate.edu/; last accessed Feb. 15,
2015.

HEATH, L.S., J.E. SMITH, K.E. SKOG, D.J.
NOWAK, AND C.W. WOODALL. 2011. Man-
aged forest carbon estimates for the US green-
house gas inventory, 1990–2008. J. For. 109:
167–173.

HOUGHTON, R.A. 2003. Revised estimates of an-
nual net flux of carbon to the atmosphere from
changes in land use and land management
1950–2000. Tellus B. 55:378–390.

HURTEAU, M.D., B.A. HUNGATE, G.W. KOCH,
AND M.P. NORTH. 2012. Aligning ecology and
markets in the forest carbon cycle. Front. Ecol.
Environ. 11:37–42.

INTERGOVERNMENTAL PANEL ON CLIMATE

CHANGE. 2014. Climate change 2014: Miti-
gation of climate change. Contribution of
Working Group III to the fifth assessment re-
port of the Intergovernmental Panel on Cli-
mate Change, Edenhofer, O., R. Pichs-
Madruga, Y. Sokona, E. Farahani, S.
Kadner, K. Seyboth, and A. Adler (eds.).
Cambridge University Press, Cambridge,
United Kingdom.

INTERNATIONAL ORGANIZATION FOR STANDARDIZA-
TION. 2013. ISO 14065:2013. Greenhouse
gases—Requirements for greenhouse gas validation
and verification bodies for use in accreditation or
other forms of recognition. Available online at
www.iso.org/iso/home/store/catalogue_ics/
catalogue_detail_ics.htm?csnumber�60168;
last accessed Feb. 15, 2015.

KRUSKAL, J.B. 1964. Nonmetric multidimen-
sional scaling: A numerical method. Psy-
chometrika 29:115–129.

KURZ, W.A., C.C. DYMOND, G. STINSON, G.J.
RAMPLEY, E.T. NEILSON, A.L. CARROLL, T.

142 Journal of Forestry • March 2016

http://americancarbonregistry.org/carbon-accounting/verification/verification
http://americancarbonregistry.org/carbon-accounting/verification/verification
http://americancarbonregistry.org/carbon-accounting/verification/verification
http://www.arb.ca.gov/cc/docs/ab32text.pdf
http://www.climateactionreserve.org/how/protocols/adopted/forest/development/
http://www.climateactionreserve.org/how/protocols/adopted/forest/development/
http://www.climateactionreserve.org/how/protocols/adopted/forest/development/
http://www.fs.fed.us/fmsc/ftp/fvs/docs/gtr/EssentialFVS.pdf
http://www.fs.fed.us/fmsc/ftp/fvs/docs/gtr/EssentialFVS.pdf
http://www.cof.orst.edu/cof/fr/research/organon/
http://www.cof.orst.edu/cof/fr/research/organon/
http://landcarb.forestry.oregonstate.edu/
http://landcarb.forestry.oregonstate.edu/
http://www.iso.org/iso/home/store/catalogue_ics/catalogue_detail_ics.htm?csnumber=60168;
http://www.iso.org/iso/home/store/catalogue_ics/catalogue_detail_ics.htm?csnumber=60168;


EBATA, AND L. SAFRANYIK. 2008. Mountain
pine beetle and forest carbon feedback to cli-
mate change. Nature 452:987–990.

LATTA, G., H. TEMESGEN, D. ADAMS, AND T.
BARRETT. 2010. Analysis of potential impacts
of climate change on forests of the United
States Pacific Northwest. For. Ecol. Manage.
259:720–729.

MALMSHEIMER, R.W., J.L. BOWYER, J.S. FRIED, E.
GEE, R.L. IZLAR, R.A. MINER, I.A. MUNN, E.
ONEIL, AND W.C. STEWART. 2011. Managing
forests because carbon matters: Integrating en-
ergy, products, and land management policy.
J. For. 109:S7–S51.

MATHER, P.M. 1976. Computational methods of
multivariate analysis in physical geography. John
Wiley & Sons, London, UK. 532 p.

MCCUNE, B., AND M.J. MEFFORD. 2011. PC-
ORD. Multivariate analysis of ecological data,
version 6.04. MjM Software, Gleneden Beach,
OR.

METSARANTA, J.M., C.C. DYMOND, W.A. KURZ,
AND D.L. SPITTLEHOUSE. 2011. Uncertainty of
21st century growing stocks and GHG balance
of forests in British Columbia, Canada result-
ing from potential climate change impacts on
ecosystem processes. For. Ecol. Manage. 262:
827–837.

MITCHELL, S.R., M.E. HARMON, AND K.B.
O’CONNELL. 2009. Forest fuel reduction alters
fire severity and long-term carbon storage in
three Pacific Northwest ecosystems. Ecol. Ap-
plic. 19:643–655.

ORLOCI, L. 1967. An agglomerative method for
classification of plant communities. J. Ecol. 55:
193–206.

PAN, Y., R.A. BIRDSEY, J. FANG, R.
HOUGHTON, P.E. KAUPPI, W.A. KURZ, O.L.
PHILLIPS, A. SHVIDENKO, S.L. LEWIS, AND

J.G. CANADELL. 2011. A large and persistent
carbon sink in the world’s forests. Science
333:988 –993.

PETERS-STANLEY, M., G. GONZALEZ, AND D. YIN.
2013. Covering new ground: State of the forest
carbon markets 2013. A report by Forest
Trends’ Ecosystem Marketplace. Available on-
line at www.forest-trends.org/fcm2013.php;
last accessed Feb. 15, 2015.

RESTAINO, J.C., AND D.L. PETERSON. 2013.
Wildfire and fuel treatment effects on forest
carbon dynamics in the western United States.
For. Ecol. Manage. 303:46–60.

SEIDL, R., AND K. BLENNOW. 2012. Pervasive
growth reduction in Norway spruce forests fol-
lowing wind disturbance. PloS One 7(3):
e33301.

SEIDL, R., M.J. SCHELHAAS, AND M.J. LEXER.
2011. Unraveling the drivers of intensifying
forest disturbance regimes in Europe. Global
Change Biol. 17(9):2842–2852.

SEIDL, R., M.J. SCHELHAAS, W. RAMMER, AND P.J.
VERKERK. 2014. Increasing forest disturbances
in Europe and their impact on carbon storage.
Nat. Climate Change 4:806–810.

TER-MIKAELIAN, M.T., S.J. COLOMBO, AND

J. CHEN. 2015. The burning question: Does

forest bioenergy reduce carbon emissions? A
review of common misconceptions about forest
carbon accounting. J. For. 113:57–68.

UNITED NATIONS FRAMEWORK CONVENTION ON

CLIMATE CHANGE. 2009. Report of the confer-
ence of the parties on its fifteenth session, 2009
December 17–19, Copenhagen. Available on-
line at unfccc.int/documentation/documents/
advanced_search/items/3594.php?rec�j&
priref�600005735#beg; last accessed Feb. 15,
2015.

US ENVIRONMENTAL PROTECTION AGENCY. 2015.
Inventory of US greenhouse gas emissions and sinks:
1990–2013. 430-R-15-004. Available online
at www.epa.gov/climatechange/Downloads/
ghgemissions/US-GHG-Inventory-2015-
Main-Text.pdf; last accessed Apr. 24, 2015.

WESTERLING, A.L., H.G. HIDALGO, D.R. CAYAN,
AND T.W. SWETNAM. 2006. Warming and ear-
lier spring increase western US forest wildfire
activity. Science 313:940–943.

WESTERN CLIMATE INITIATIVE. 2007. WCI gov-
ernors’ agreement. Available online at www.
westernclimateinitiative.org/component/
remository/general/WCI-Governors-Agreement/;
last accessed Feb. 15, 2015.

WIEDINMYER, C., AND M.D. HURTEAU. 2010.
Prescribed fire as a means of reducing forest
carbon emissions in the western United States.
Environ. Sci. Technol. 44:1926–1932.

WISHART, D. 1969. An algorithm for hierarchical
classifications. Biometrics 25:165–170.

Journal of Forestry • March 2016 143

http://www.forest-trends.org/fcm2013.php
http://unfccc.int/documentation/documents/advanced_search/items/3594.php?rec=j&priref=600005735#beg
http://unfccc.int/documentation/documents/advanced_search/items/3594.php?rec=j&priref=600005735#beg
http://unfccc.int/documentation/documents/advanced_search/items/3594.php?rec=j&priref=600005735#beg
http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2015-Main-Text.pdf
http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2015-Main-Text.pdf
http://www.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2015-Main-Text.pdf
http://www.westernclimateinitiative.org/component/remository/general/WCI-Governors-Agreement/;
http://www.westernclimateinitiative.org/component/remository/general/WCI-Governors-Agreement/;
http://www.westernclimateinitiative.org/component/remository/general/WCI-Governors-Agreement/;

