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Appendix C. Characterization and Modeling of Major Ecosystem Disturbances

The assessment of the Nation’s ecosystems for biological
carbon sequestration will explicitly address disturbances such as
wildfires (resulting from natural causes and human activity), as
required by section 712 of the Energy Independence and Secu-
rity Act (EISA; U.S. Congress, 2007). The national assessment
disturbance methodology also will include tornadoes, damaging
winds, hurricanes, and insect and disease outbreaks (table C1).
Additionally, management activities, such as fuel treatments,
designed to affect disturbances also will be considered by the
disturbance methodology. For each disturbance type or man-
agement activity, the national assessment will follow a similar
series of steps (fig. C1). First, recent disturbance patterns will
be characterized as the number of events and area affected each
year by ecoregion. The characterizations of recent trends will
then be used to identify relations with climate, biophysical, and
anthropogenic variables using statistical methods. When the
resulting relations are statistically significant and ecologically
relevant, they will be used to project future disturbance patterns.

The characterization of recent trends and statistical rela-
tions will capture broad-scale patterns, but additional methods
are needed when projecting to locate and simulate the effects
of each individual disturbance event; therefore, the national
assessment will incorporate a second suite of methods to
simulate the spread or placement of individual disturbance
events at the pixel level when possible. These components
of the disturbance model will include fire spread, empirical
wind-fields, and habitat-suitability models for insects and
disease. Some disturbances, especially insects and diseases,
will lack the data or ecological understanding needed to build
predictive relations at the 30-meter (m) pixel scale. In these
cases, the summaries of recent disturbances and projections
will be used to provide ecoregion-level disturbance probability

distributions to the biogeochemical model (appendix D of this
report), which will incorporate the spatial uncertainty inherent
to the ecoregion-scale probabilities. The disturbance modeling
will be adaptive and will incorporate new scientific under-
standing, data, and methods as they become available during
the national assessment.

C.1. Characterizing Past and Current Ecosystem
Disturbances

C.1.1. Events Database

The national assessment will leverage the fire-disturbance
data compiled and used to maintain the Landscape Fire and
Resource Management Planning Tools Project (LANDFIRE)
data products. Additionally, several key datasets, not cur-
rently (2010) utilized by LANDFIRE, will be incorporated to
characterize past and current nonfire disturbances. An events
database will be constructed to hold data describing major
ecosystem disturbances from the LANDFIRE refresh data call;
burn perimeter and severity data from Monitoring Trends in
Burn Severity (MTBS) (Eidenshink and others, 2007); data
describing insects and diseases from the Forest Health Moni-
toring (FHM) program of the U.S. Forest Service (USFS); data
from the National Oceanic and Atmospheric Administration
(NOAA) National Hurricane Center’s hurricane archive; and
data from NOAA’s National Weather Service Storm Prediction
Center tornado track and damaging wind event archives (table
C1). Data from the National Fire Plan Operations and Report-
ing System (NFPORS) also will be incorporated into the
events database to characterize fuel treatments (table C1).

Figure C1. Generalized process
and data flow chart showing
disturbance modeling component
tasks. Solid lines represent
processes linking input datasets,
models, and output datasets.
Dashed lines indicate processes
that update data sources required
for disturbance modeling. Because
each disturbance type differs in
terms of the driving forces and the
scales over which they operate, this
streamlined modeling approach will
be modified for each disturbance
type. These distinctions will
necessitate that the disturbance
methodology be adaptive and
include components that operate at
different spatial and temporal scales.
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For many disturbance types, the existing data incorpo-
rated into the events database will contain only point and
line vector information. For example, hurricane, tornado,
and damaging wind data consist of lines and points of the
approximate storm locations; additional information is
needed to characterize the area affected. Remote sensing of
landscape change can help fill these information gaps. Dra-
matic vegetation changes, such as stand-replacing fires and
forest clearcuts, are easily identified in imagery; however,
less severe types of disturbances, such as insect outbreaks
and storm damage, are more difficult to distinguish (Ahren,
1988; Franklin and others, 2003; Skakun and others, 2003;
Kennedy and others, 2007; Vogelmann and others, 2009).
Therefore, disturbed areas will be identified by using vegeta-
tion change-detection algorithms that (1) take advantage
of the rich temporal information in Landsat and Moderate
Resolution Imaging Spectroradiometer (MODIS) time-series
stacks, and (2) that search for anomalies in spectral reflec-
tance and vegetation indices trends across all image dates
(Huang and others, 2009, 2010).

The results of the vegetation change analysis will be
used to augment the events database and provide additional
data about the locations of fuel treatments, insect and disease
outbreaks, and storm damage to vegetation. For instance, the
FHM aerial-survey data are provided as polygons indicating
disturbance cause; for example, the mountain pine beetle.
There is heterogeneity in disturbance severity within the FHM
polygons—healthy trees are interspersed among unhealthy
trees. This heterogeneity will be captured by assigning attri-
bute information about the disturbance cause provided by the
FHM polygons to disturbed areas identified by the vegetation
change analysis. Similarly, disturbed patches in the imagery
that are spatially coincident with storm locations would be
attributed as storm damage.

C.1.2. Field-Reference Database

The field-reference database will be a compilation of
all existing georeferenced field data available for the United
States in the Fire Effects Monitoring and Inventory Protocol
(FIREMON) database structure compiled for LANDFIRE. It
includes Forest Inventory and Analysis (FIA) data from the
USFS, fire monitoring data from the National Park Service,
and data from the U.S. Geological Survey’s Gap Analysis
Program (GAP). Data will be acquired and compiled as the
assessment progresses geographically across the Nation. Data
in the field-reference database will be used to validate the dis-
turbance and management information in the events database
(section C.1.1 of this report).

C.1.3. Annual Summaries of Past and Current
Disturbances

Using the disturbance data described above, participants
in the national assessment will start by characterizing past
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disturbances into annual summaries using records of recent
wildfires, storms, and insect and disease outbreaks by ecore-
gion. These annual summaries will include disturbance type,
cause, number of events, and total area affected. Fire sum-
maries will include additional ecoregion-level estimates for
emissions, and individual estimates for each fire calculated
will be totaled using the Consume model (Prichard and oth-
ers, 2006) and the First Order Fire Effects Model (FOFEM)
(Reinhardt and others, 1997) with the fuel-loading model
(FLM) and fuel-characteristic classification system (FCCS)
data produced for the LANDFIRE project (Rollins, 2009). The
annual disturbance summaries will be provided as tables and
further summarized as probability distributions for each U.S.
Environmental Protection Agency (EPA) Level II ecoregion
(modified from Omernik, 1987) (table C2).

Table C2. Example of an output table showing recent
disturbance summary data for the Mississippi Valley Loess Plains
ecoregion.

[V, number; MTBS, Monitoring Trends in Burn Severity]

Disturbance type Year N Hectares  Source
Wildfire, human 1984 0 0 MTBS
Wildfire, human 1985 0 0 MTBS
Wildfire, human 1986 1 239 MTBS
Wildfire, human 1987 0 0 MTBS
Wildfire, human 1988 2 518 MTBS
Wildfire, human 1989 0 0 MTBS
Wildfire, human 1990 2 529 MTBS
Wildfire, human 1991 0 0 MTBS
Wildfire, human 1992 1 223 MTBS
Wildfire, human 1993 3 705 MTBS
Wildfire, human 1994 4 2,666 MTBS
Wildfire, human 1995 0 0 MTBS
Wildfire, human 1996 6 4,367 MTBS
Wildfire, human 1997 0 0 MTBS
Wildfire, human 1998 2 383 MTBS
Wildfire, human 1999 1 202 MTBS
Wildfire, human 2000 2 731 MTBS
Wildfire, human 2001 0 0 MTBS
Wildfire, human 2002 0 0 MTBS
Wildfire, human 2003 0 0 MTBS
Wildfire, human 2004 0 0 MTBS
Wildfire, human 2005 0 0 MTBS
Wildfire, human 2006 0 0 MTBS
Wildfire, human 2007 0 0 MTBS
Wildfire, human 2008 2 599 MTBS
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C.2. Identifying Drivers of Ecosystem
Disturbances

To project future disturbance events, the critical driv-
ing variables determining occurrence patterns need to be
identified. Within the disturbance-modeling framework, these
relations will be identified for ecoregions and for individual
disturbance events. This two-scale approach will allow incor-
poration of broad-scale climatic drivers as well as fine-scale
land-use, vegetation, and topographic patterns that affect
individual disturbance events.

C.2.1. Ecoregion-Level Relations

The ecoregion annual disturbance summaries will be used
to identify relations between disturbances and broad-scale
climate, biophysical, and anthropogenic drivers using empiri-
cal methods. For example, inter-annual variability in fire
occurrence has clear relations to extreme weather (Bessie and
Johnson, 1995) and climate variables capturing drought and
moisture availability and vegetation productivity in the pre-
ceding year (Swetnam and Betancourt, 1990; Westerling and
others, 2006; Falk and others, 2007). Similarly, severe insect
outbreaks often are related in part to climate conditions (Gan,
2004; Aukema and others, 2008). Broad-scale patterns of land
use and land cover (LULC), topography, and population also
may play significant roles in explaining disturbance patterns,
especially for human-caused wildfire ignitions (Cardille and
others, 2001; Syphard and others, 2007). By using previously
identified relations, researchers will use statistical methods to
test ecoregion-scale relations among recent disturbance occur-
rence, weather, climate, LULC trends, and population trends.
General linear models will be used with negative binomial
and Poisson responses for the number of disturbances and
Gaussian responses for area affected; however, other statistical
techniques may be used where appropriate. For certain distur-
bance types, such as hurricanes, where there is little evidence
of a long-term trend, relations with climate and other broad-
scale predictors may not be identified. In such cases, the recent
annual disturbance summaries will be used to simulate future
disturbance occurrence patterns.

C.2.2. Fine-Scale Relations

Ecoregion-level relations will explain broad-scale
patterns in terms of the number of disturbance events and
total area disturbed each year; however, they provide mini-
mal information about exactly where within ecoregions the
individual disturbance events are most likely to occur. These
patterns will be explained by using a second suite of empirical
methods that predict the probability of disturbance at fine spa-
tial resolutions (250-m pixels) and will incorporate fine-scale
relations between disturbance-occurrence patterns and vegeta-
tion types, topography, and land use—especially from human
pressures. For instance, abiotic and anthropogenic variables
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have been shown to be effective predictors of human-caused
wildfire ignitions (Cardille and others, 2001; Syphard and oth-
ers, 2008). Similarly, many of these same variables also have
been shown to affect insects and disease because of preferen-
tial selection for certain hosts or vegetation types and transport
by humans to previously unaffected areas (Prasad and others,
2010) in addition to topographic position, climate conditions,
and previous outbreak locations (Dodds and others, 2006;
Aukema and others, 2008; Santos and Whitham, 2010). In
contrast, the likelihood of hurricane, tornado, and wind dam-
age is largely dependent on vegetation type and topographic
position (Boose and others, 2001; Kramer and others, 2001;
Ramsey and others, 2001; Schulte and others, 2005). For each
disturbance type, potential predictors will be identified from
existing studies, and the relation between disturbance locations
and predictors will be tested and quantified using statistical
methods.

C.3. Future Ecosystem Disturbance

For the national assessment, projections of future dis-
turbance events will be made for each of the reference and
enhanced carbon-sequestration scenarios. The number of
events and area affected by each disturbance will be projected
using the previously identified ecoregion-scale and fine-scale
methods (sections C.2.1 and C.2.2 above). To incorporate
management activities, model parameters, probabilities, and
predictions may be altered. For example, an increase in a
prescribed fire-use scenario may simply double the number
of prescribed fires simulated in any given year. Ecosystem
disturbance modeling will be conducted and reported for EPA
Level II ecoregions. The details of the modeling steps for each
disturbance type and incorporation of mitigation and manage-
ment actions are provided in the following sections.

C.3.1. Wildfire (Human Caused and Natural)

Simulations for wildfires will be made for each EPA
Level III ecoregion for each reference and enhanced scenario.
Predictions of annual ecoregion fire activity (n wildfires per
year) will be based on previously developed empirical rela-
tions with broad-scale climate and LULC variables (section
C.2.1 above). Ignition locations of individual fire events will
be based on an additional set of probability surfaces based on
empirical relations with weather, climate, vegetation, topogra-
phy, and LULC (section C.2.2 above). Once ignition locations
are determined, individual fire spread will be simulated using
the minimum-travel-time (MTT) algorithm (Finney, 2002),
the LANDFIRE fuels and topography layers (Rollins, 2009),
and the fire-weather climatology derived from the NOAA
North American Regional Reanalysis (NARR) weather data.
Following fire spread, emission estimates will be summarized
for each fire using the Consume and FOFEM models and
the FCCS and FLM data produced by LANDFIRE (Rollins,
2009).



C.3.2. Fuel Treatment (Including Prescribed Fire)

Simulations for fuel treatments will be run for EPA
Level III ecoregions for each reference and enhanced sce-
nario. Predictions of annual ecoregion treatment activities
will be based on a random selection from the recent prob-
ability distribution of fuel-treatment activity (» treatments and
area treated per year), but may be modified in terms of the
number of treatments per year or area treated per year under
the different enhanced scenarios. Individual fuel treatments
will be restricted to public lands and randomly placed within
wildland vegetation types depending on the type of treatments;
for instance, forest-fuel thinning cannot occur in grasslands.
Nonfire treatments will expand using a patch-grow algorithm
until a final predicted treatment size is reached, or an entire
contiguous wildland vegetation patch is treated. For prescribed
fire-fuel treatments, the MTT fire-spread algorithm used by
the wildfire modeling will be used (section C.3.1 above). The
LANDFIRE fuel data layers will be updated after placement
of fuel treatments, to account for treatment effects on fire
behavior and spread.

C.3.3. Insect and Disease Activity

Simulations will be run for EPA Level I1I ecoregions for
each reference and enhanced scenario. Predictions of annual
ecoregion-level insect and disease activity (area affected per
year) will be based on ecoregion empirical relations derived
from epidemiological and species distribution modeling tech-
niques (section C.2.1 above; Elith and others, 2006; Phillips
and others, 2006; Elith and Leathwick, 2009) using climate,
vegetation, topography, and previous outbreaks as predic-
tors. Because of the potentially large number of unique insect
species and diseases that could be simulated, spatially explicit
species-occurrence modeling will be prioritized on the basis of
the amount of area currently (2010) affected and the effect on
standing biomass; example insects include the mountain pine
beetle (Dendroctonous ponderoseae), the southern pine beetle
(Dendroctonus frontalis), and the gypsy moth (Lymantria
dispar; Krist and others, 2007). In cases where it is not possible
to generate statistically and ecologically significant, spatially
explicit probability surfaces, ecoregional probability distribu-
tions will be used instead.

C.3.4. Tornado and Damaging Wind Events

Tornado and damaging wind simulations also will be
made for EPA Level III ecoregions under each reference and
enhanced scenario. Ecoregion-level predictions of tornado
activity (n storms per year) will be based on a random selec-
tion from regional summaries of recent occurrences. Then for
each simulated tornado, an empirical storm-track generator
(Vickery and others, 2000) will establish the tornado path. The
width of the tornado-disturbance footprint will be determined
from the recent distribution of storm track widths measured
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using remote sensing of landscape change (section C.1 above).
If wind damage to vegetation can be effectively monitored
from remote sensing of landscape change, then damaging wind
models will be made similarly to tornado methods. Historic
frequencies of the number of damaging wind events and area
affected will be used to simulate future occurrence patterns.

C.3.5. Hurricane Events

Hurricane effects often occur over areas larger than the
EPA Level III ecoregions used for other disturbance types;
therefore, hurricane simulations will run annually, but for the
entire United States for each reference and enhanced scenario.
Predictions of hurricane activity (n storms per year) will be
based on a random selection from regional summaries of
recent occurrences. As with tornadoes, an empirical storm-
track generator will create a storm path and wind speeds along
the path for each hurricane (Vickery and others, 2000). A
surface wind-field and exposure probability surface based on
topography and vegetation, calibrated with remote sensing of
landscape change data, will determine areas where vegetation
damage will occur (Boose and others, 1994).

C.4. Disturbance Model Outputs

Disturbance model outputs are listed in table C1 and will
include tabular annual summaries of the number of events and
area affected for each disturbance type or management activity
for each assessment unit. Additionally, tabular summaries of
annual greenhouse-gas emissions (methane, carbon monox-
ide, carbon dioxide, and nonmethane hydrocarbons) will be
produced for wild and prescribed fires. Disturbance maps with
250-m spatial resolution also will be generated annually, with
unique labeling for specific disturbance types. These outputs
will be provided for recent disturbances (1984-2010) and
future disturbances (2011-2050). Outputs for projections will
be presented as probability distributions to represent the range
of values observed under a number of simulation replicate runs.

C.5. Vegetation Dynamics

At the end of each year in the LULC-change model
and disturbance-model simulations, updates will be made to
vegetation-type and fuel data layers to incorporate the effects
of disturbances, management actions, LULC, and vegetation
succession. Initial vegetation conditions will be established
from the existing vegetation-type and succession-class data
layers in LANDFIRE (Rollins and Frame, 2006; Rollins,
2009). Each vegetation type has an existing vegetation-dynam-
ics model that defines transitions among a number of succes-
sion classes. Transitions will be initiated using disturbance
type, severity, and time since last disturbance. These succes-
sion trajectories are defined from historic disturbance regimes,
and the vegetation dynamics are being updated to incorporate
modern disturbance types; for instance, forest harvesting and
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invasive species. Furthermore, LANDFIRE fuel-model layers
are defined using the vegetation types and succession classes,
thereby allowing updates to account for vegetation change
(Keane and others, 2001; Rollins and Frame, 2006). Thus,
future vegetation-type, succession-class, and fuel models will
be updated using the existing vegetation type and succession
class and the outputs from the simulated disturbances and
LULC changes.

C.6. Scenarios and Management Options

Management activities affecting fuel and ignition patterns
potentially can have effects on carbon storage and greenhouse-
gas emissions. The disturbance task will allow different man-
agement activities in future scenarios that incorporate a range
of fire-management strategies. Specifically, fuel treatments
(including fuel reduction and prescribed fire) will allow for
increases or decreases in the area of different fuel treatments
to be specified under alternative scenarios. The disturbance
model also will incorporate fire suppression and its effect on
limiting the size of wildfires using a wildfire containment
probability algorithm developed by Finney and others (2009).
Finally, the disturbance model’s probability surfaces are
sensitive to LULC changes and, therefore, may demonstrate
unintended effects of land-management policies on distur-
bance regimes.

Management activities and the extent to which they affect
disturbances will be simulated for each of the IPPC reference
and enhanced scenarios. See section 3.3.1 of this report for
details of the scenario development. Specifically, informa-
tion will be gathered using questions such as “Within the A2
storyline, would it be feasible to double the area treated using
prescribed fire in your region?” The results will be compiled
into a management portfolio for each scenario and will be
used to assess how different mitigation strategies might affect
biological carbon storage and greenhouse-gas emissions.

C.7. Relations to Existing Disturbance Models

The modeling approach for future potential fires paral-
lels other fire-modeling efforts in the United States, but there
are some important differences. Desktop applications such
as Fire Area Simulator (FARSITE) and FlamMap (a USFS
fire-behavior mapping and analysis model) are used to exam-
ine individual fire events or landscape-level fire behavior.
FARSITE simulates individual fire growth given an ignition
point (Finney, 2004) and is considered to be “state of the art”
in terms of fire-spread simulation, but the computation require-
ments are expensive and that prohibits its use for national-
scale assessments. The MTT algorithm, which is used for the
national assessment, produces similar results with less of a
computational burden (Finney, 2002). The MTT algorithm
is integrated into FlamMap and relies on landscape-level fire
behavior outputs produced by FlamMap to simulate fire growth
in addition to other fire-behavior indices across a landscape

(Finney, 2006). The Fire Spread Probability model (FSPro)
simulates fire spread using the MTT algorithm from thousands
of randomly placed fire ignitions and stacks the results to pro-
duce burn probabilities. FSPro is integral to the wildland fire
decision-support system (WFDSS) and fire program analysis
(FPA). This approach is similar to FSPro in many ways because
the same fire-spread algorithm is used; however, instead of
generating burn probabilities like FSPro, this method generates
individual burn perimeters and interacts with the LULC change
model and the biogeochemical cycling model.

C.8. Integrating Land-Use- and Land-Cover-
Change Modeling and Biogeochemical
Modeling

There are reciprocal feedbacks among the primary mod-
eling components, with the disturbance model, LULC-change
model (appendix B of this report), and biogeochemical model
(appendix E of this report) sharing data before and after each
year in the simulations. At the end of each annual disturbance-
model simulation, the results will be communicated to the
LULC-change model and the biogeochemical model. The
biogeochemical and LULC-change models do not require the
level of thematic and spatial detail provided by the LAND-
FIRE vegetation types; therefore, the LANDFIRE vegetation-
type layer will be aggregated to 250-m pixels and reclassified
to National Land Cover Database (NLCD) categories using a
look-up table at the end of each year in the disturbance-model
simulations. The updated layer will then be transferred to the
LULC-change model, and eventually to the biogeochemi-
cal model for calculating carbon stocks and greenhouse-gas
fluxes for the current model-simulation year. In turn, the
LULC-change modeling component will provide an updated
land-cover layer to the disturbance-model component so that
disturbance probability surfaces can be updated to reflect
any changes that occurred. Additionally, the biogeochemical-
model component will provide information on biomass-pool
changes because of growth, mortality, and decomposition to
recalibrate fuel-load data.

C.9. Ecosystem-Disturbance Data Needs

Representing the range of disturbances affecting ecosys-
tem carbon stocks and greenhouse-gas fluxes depends largely
on the availability of input data needed to parameterize and
execute the various disturbance components. Fires and fuel
treatments have the most complete existing datasets; how-
ever, even these datasets have limitations. Many fires are not
mapped by the MTBS project, especially small fires and unre-
ported fires occurring on public and private lands (Eidenshink
and others, 2007). The NFPORS fuel-treatment database lacks
the spatial detail and treatment-effects information needed
for more sophisticated modeling. Other disturbance types,
especially insect outbreaks and storms, lack data documenting
the extent and effects of these disturbances with enough detail



to use for the modeling efforts. Even though the capability to
use remote-sensing data or aerial surveys to track storm and
insect damage has been demonstrated, nationally consistent
datasets currently (2010) are lacking. Consequently, these
data gaps will limit the ability to account for the effects of all
disturbances on ecosystem carbon storage and greenhouse-gas
fluxes. Future research is needed to identify the most suit-
able algorithms and approach to generate a comprehensive
land-disturbance and severity inventory for the Nation for use
in carbon and greenhouse-gas assessments, and to develop
models sensitive to climate and land change to project future
disturbance-occurrence patterns.
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