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Foreword

Wildfires intrude on public awareness only periodically, when blazes in particular
parts of the United States, mainly in the West, cause a level of destruction and
disruption that wins attention from the national news. But particular groups of
American, and particular professional categories, pay more consistent attention to
the incidence and impact of wild fires. And there is some general understanding
the wildfires risk becoming more devastating in future, because of climate changes
and because expansion of urban sprawls put more and more communities in the
midst of potential hazards.

In this context, it is important to recognize that expanding branches of science are
available to help explore the phenomenon, facilitating prediction and management
alike. This book, building on the expansion of computational facilities at George
Mason University’s EastFIRE Lab and on other research contributions, provides
important evidence of the relevance of remote sensing and modeling to
understanding wildland fires and to the provision of effective management
decisions. The issue is national and international alike, and the contributions of a
growing global community of scholars to this focus for remote sensing provides
a vigorous basis for further research and for advanced training. This book deals
principally with the eastern United States, where issues are less familiar to a wider
public but the potential problems are acute. However, the findings and procedures
have broader applicability, as an important sub-discipline steadily gains in maturity
and visibility.

Peter N. Stearns
Provost, George Mason University
June 16, 2011
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1 Introduction to Remote Sensing and Modeling
Applications to Wildland Fires

John J. Qu and Xianjun Hao

Environmental Science and Technology Center, Department of Geography and
Geoinformation Science, College of Science, George Mason University,
Fairfax, VA 22030, USA
Email: jqu@gmu.edu, xhaol @gmu.edu

Abstract Wildland fire is one of the most disastrous natural hazards
threatening life and properties. The rapid growth of wildland-urban interface
since last century has increased the complexity of fire management. It is
important to exploit new technologies for fire risk assessment, fuel
management, wildland fire detection, fire behavior modeling, smoke emissions
estimation, and analysis of fire impacts on air quality. This book contains 23
chapters, covering various topics related wildland fires, including satellite
remote sensing applications for fire detection and monitoring, fire behavior
simulation, smoke emissions and monitoring, and fuel managements. It can
be used as a reference book for graduate students and researchers interested
in wildland fire study.

Keywords Wildland fires, Remote sensing, Fire behavior model, Air quality,
Fire management

Wildland fire is one of major natural hazards. For the last century, North American
forest communities have been vitally concerned with wildland fires. They have
tried to eliminate wildland fires entirely, to reduce fire intensity, to thin and burn,
and even to return to a more naturally occurring wildland fire regime. Urban and
suburban growth through the 20th century has dramatically increased the association
of housing and people with wildlands, increasing the complexity of fuel management
and fire fighting activities. Since topography, climate, ecosystems, and development
patterns are all so different in east and west, it is time for a focused look at these
issues from an eastern perspective. The EastFIRE conference brings together
researchers, subject matter experts, technicians, vendors, and decision makers to
share information on using remote sensing (RS), decision support systems and
simulation to better manage wildland fire in the eastern United States. Planned
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products of this conference will capture the significant outcomes for determining
future plans of action.

The core of this book arose from the EastFIRE conference held at George Mason
university May 11— 13, 2005 (http://eastfire.gmu.edu/workshop). The primary
objectives of the conference are: () Develop bridging approaches that link ecology
and the physical sciences at local, landscape, state, and regional scales for
wildland fire in the east. (2) Suggest decision support views of integrated data for
policy makers and front-line decision-makers. 3 Share information on new
technologies and techniques which address eastern states fire management issues.
@ Create new understanding of the challenges ahead for eastern states wildland
fire management and how RS might better address them. &) Create appreciation
for geographic scale issues in wildland fire management and rehabilitation in the
east, and descriptions of experiences in applying RS and simulation modeling
to these issues. The Conference would accelerate coalescence of scientists and
managers around a strategy aimed at providing timely, cost effective, and technically
appropriate fire related information to the broad and diverse fire community of
the Eastern United States. We believe that the conference was largely successful
in providing that acceleration. Over 111 papers were delivered at the conference
covering, by over 100 authors representing a diverse area of public and private
institutions. Based on session chairs’ suggestions, the EastFIRE conference editorial
board selected 28 tentative chapters for the book.

We proposed five sessions: (D research needs and programs; 2) fire-atmosphere,
® fire-RS; @ fire-modeling, and & Fuels and impacts. This book can be use a
reference book for graduate and under graduate students. This book includes 23
chapters in total.

In Chapter 2, Dr. William T. Sommers discusses “Wildland Fire and Eastern
states diversity” (Sommers, 2010), provides an introduction of wildland fires in
the Eastern United States. Much of wildland fire management, research and resource
allocation in the United States is focused on the Western states, while the Eastern
states are different from the west in terms of ecosystems, climate, land use, and
demographics etc., it is necessary to study the characteristics of wildland fires in
the eastern states so as to meet the diverse needs of eastern fire managements.

In Chapter 3, Dr. John A. Stanturf and Dr. Michael C. Wimberly analyze demo-
graphic trends in the Eastern United States and the impacts on fire management
(Stanturf et al., 2010). The changing demographics and growing wildland urban
interface (WUI) of the Eastern United States were characterized, and the implications
for the land manager of the expansion of dense human settlements into fire-affected
forests were discussed. To improve the capability of fire risk estimation and fire
monitoring, land managers and policy makers need to exploit new approaches,
such as RS and geographic information systems, to monitor land use change and
update the WUIL.

Dr. LeRoy Spayd provides an overview of NOAA’s fire weather, climate and
air quality forecast products and services in Chapter 4 (Spayd, 2010). NOAA’s
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national weather service’s (NWS) fire weather program provides timely fire
weather data and forecasts, which are critical to wildland firefighting and resource
management. NWS climate services provide data products of major drought
indicators, as well as services for drought monitoring and prediction. For air
quality forecast, NOAA and the environmental protection agency (EPA) have
teamed together to develop a national air quality forecasting (AQF) system.

Dr. Douglas G. Fox, Dr. Allen R. Riebau, and Dr. Pete Lahm review wildland
fire and air quality management in Chapter 5 (Fox et al., 2010). Wildland fire and
smoke can make significant contribution to air pollution. Smoke emissions from
fires that are not “natural”, such as prescribed fire and agricultural burning, need to
be planned, managed, and mitigated in the same way as other air pollution sources.
US regional Haze rule and national ambient air quality standard for particulate
material are described, as well as recommendations for strategic and tactical
planning, operations and evaluation of smoke management activities.

High resolution numerical models for smoke transport in plumes from wildland
fires are discussed by Dr. Philip Cunningham and Dr. Scott L. Goodrick in
Chapter 6 (Cunningham et al., 2010). It is a critical problem to predict the impacts
of wildland fires and prescribed burnings on air quality, especially in the Eastern
United States where wildfire-prone regions are often located near populated areas.
While various models are available for modeling the air quality impacts of smoke
from wildland fires, it is of particular interest, to explore the fundamental dynamics
of buoyant plumes arising from intense heat sources to assess the utility and accuracy
of the models and identify situations in which these models may have significant
errors. The details of a high-resolution large-eddy simulation (LES) model are
described, and the basic time-averaged properties of the simulated plumes and their
dependence on the heat source strength and the ambient wind are analyzed.

Weather is one of key factors leading to extreme wildfire behavior, and may
have significant impact on fire intensity. In Florida, sea-breeze circulations are
frequently observed to have a significant impact on fire behavior, but the interaction
between wildfires and the sea-breeze is still poorly understood. In Chapter 7, Dr.
Deborah E. Hanley, Dr. Philip Cunningham, and Dr. Scott L. Goodrick conduct
insight analysis based on radar observations and numerical simulations to explore
the interaction between a buoyant plume and a density current (Hanley et al., 2010).

In Chapter 8, Dr. Gary L. Achtemeier, Dr. Yongqiang Liu, and Dr. Scott L.
Goodrick review efforts in investigating the air quality impacts of prescribed fires
in the southern United States (Achtemeier et al., 2010). Tools for smoke transport
and the regional air quality modeling of prescribed burns, SHRMC-4S and
Daysmoke, are described. SHRMC-4S is a framework for smoke and air quality
modeling focused on prescribed fires in the southern United States. Daysmoke is
a plume model that incorporates a human factor to assist land managers in
prescribed burning. Applications of SHRMC-4S and Daysmoke are illustrated
with case studies.

As one of the major natural disasters, wildland fires release large amount of
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particulate matter (PM) and ozone precursors that adversely affect regional air
quality. Emissions from wildland fires can cause severe environmental consequences.
Dr. Yongqiang Liu, Dr. John J. Qu, Dr. Wanting Wang, and Dr. Xianjun Hao
discuss calculation and analysis of fire emissions (Liu et al., 2010) in Chapter 9.
Approaches for fire emission calculation and techniques for fuel and fire properties
estimation are reviewed briefly. Uncertainty in fire emission estimation is analyzed.
And future works for fire emission research are discussed.

Foliar phenology significantly influences the exchange of mass, energy and
momentum between the Earth’s surface and its atmosphere (Jolly, 2010). In Chapter
10, Dr. Jolly presents a phenology monitoring system that combines satellite-
derived vegetation indices from the advanced very high resolution radiometer
(AVHRR) and surface weather data (Jolly, 2010). It is the first of its kind to integrate
RS and surface weather-based models to determine green up dates and green
factors. The system provides friendly web-based user interface that is suitable for
use by land managers and general public.

In Chapter 11, Dr. Bill Millinor, Dr. Hugh Devine, and Dr. Elizabeth Eastman
present the development of a comprehensive database that can be used to crosswalk
formation-level vegetation maps to NFFL fuel-model maps (Millinor, 2010). Fuel
type and fuel load are critical to the performance of fire behavior models. Current fire
models reply heavily on national fire fuel laboratory (NFFL) fuel-classification
procedures. It is found that there was a one-to-one relationship between vegetation
type and NFFL fuel models for mid-Atlantic Eastern United States forests. This
chapter investigates the vegetation type-fuel model relationship in eight additional
Northeastern national parks, with focus on the development of a comprehensive
database.

Although the primary objective of the tropical rainfall measuring mission
(TRMM) is to improve observations and understanding of the tropical rainfall
variability, the visible infrared scanner (VIRS) on board TRMM has the capability
of producing continuous global fire data set over tropics and subtropics. In
Chapter 12, Dr. Yimin Ji and Dr. Erich Stocker summarize the algorithm for
detecting land fires with TRMM/VIRS measurements, and discuss the diurnal and
seasonal cycles of land fires based on TRMM fire products (Ji et al., 2010).

In Chapter 13, Dr. John Hom, Dr. Kenneth Clark, Dr. Yude Pan, Dr. Steve Van
Tuyl, Dr. Nick Skowronski and Dr. Warren Heilman introduce an interdisciplinary
research program to enhance fire research in New Jersey and the Eastern coastal
plain. Research products and applications of the program are described, including
network of observation towers, mesoscale fire weather modeling and validation,
vegetation mapping by RS and validation, and estimation of forest productivity
and fuel dynamics.

Dead fuel load is one of the major factors associated with wildfire risk, but
there is still little data available for local and regional applications. For better
quantification of wildland fire risks, it is critically important to develop the
capability to estimate dead fuel load and investigate uncertainties of the estimates.
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In Chapter 14, Dr. Michael J. Gavazzi, Dr. Steven G. McNulty, Dr. Johnny L.
Boggs, Dr. Sara E. Strickland, and Dr. David C. Chojnacky compare dead fuel load
estimates across six North Carolina forest communities with different management
objectives and assess the accuracy of NFDRS dead fuel load estimates for these
forest types (Gavazzi et al., 2010).

In Chapter 15, by numerical simulations of grassland fires, Dr. William E. Mell,
Dr. Joseph J. Charney, Dr. Mary Ann Jenkins, Dr. Phil Cheney, and Dr. Jim Gould
review and compare FIRETEC and WFDS, two physics-based fire models capable
of predicting time dependent fire behavior and fire-atmosphere interactions in 3D
(Mell et al., 2010). Although these two models are still in their initial stages of
development, they have the potential to provide reliable and detailed predictions
of the behavior and effects of fire over a much wider range of conditions than
operational models. Case studies show that FIRETEC and WFDS can produce
similar results qualitatively, although there are some differences.

In WUI, since structures and vegetation are intermixed, fire behaviors are
different from pure wildland. Dr. R.G. Rehm and Dr. D. D. Evans discuss the
mechanisms and major features of WUI fires, and physics-based modeling of
fires in WUI in Chapter 16 (Rehm et al., 2010). To build a complete and accurate
model of the WUI fire, methods of fire propagation, including spread by brands,
need to be quantified.

The impacts of climate change, and the associated increase in wild fire frequency
and severity will very likely increase in coming years and decades. It is important
to investigate the impacts of climate change and fires on ecosystem health. In
Chapter 17, Dr. Steven G. McNulty, Dr. Sara E. Strickland, and Dr. Jennifer A.
Moore Myers assess the climate change and fire impacts on ecosystem critical
nitrogen load (Strickland et al., 2010). Change of ecosystem parameters due to
drought, climate change shifts in water availability, increases aire temperature, as
well as wildfires and prescribed burns, are exmined. The combined impacts of
climate change and fire on critical nitrogen load are discussed.

Understanding fuel structure in a landscape and its potential influence on
fire spread is helpful in fire and land management. In Chapter 18, Dr. Jacob J.
LaCroix, Dr. Qinglin Li, Dr. Soung-Ryoul Ryu, Dr. Daolan Zheng, and Dr. Jiquan
Chen investigate the impacts of fuels in AEI (LaCroix et al., 2010). Through
simulating fire spread with landscape level edge fuel scenarios using the FARSITE
model, it is found that separating AEI from other landscape elements clearly
produced different projections of fire spread, fuel loading around edges plays
significant role in determining the rate of fire spread and the total size of burns in
the landscape. The results suggest that fuel management around edge sould be
considered seriously.

Because of the interdependent nature of the variables on which sustainable
forestry depends, sustainable forest management requires knowledges from multiple
disciplines. In Chapter 19, Dr. Christine M. Stalling discusses integrating social
and biophysical processes using SIMulating patterns and processes at Landscape
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scales (SIMPPLLE), which is a management tool developed to help land managers
integrate the best available knowledge of vegetation change caused by disturbances,
including fire, insects and disease, fire suppression, and fuel treatment. Criteria and
indicators from the Montreal process, combined with modeling techniques and
cooperative efforts will provide the capability to help land managers in protecting
and maintaining sustainable forests.

Satellite RS has become the primary technique for wildland fire detection and
monitoring. Although there exist automatic algorithms for various space-borne
measurements, such as data from the geostationary operational environmental satellite
(GOES), the AVHRR and the moderate resolution imaging spectroradiometer
(MODIS), human element is still important for accurate fire detection and analysis.
The NASA goddard space flight center (GSFC) has been collaborating with NOAA
national environmental satellite, data and information service (NESDIS) to automate
hazard mapping system by training neural networks to mimic the decision-making
process of fire experts (Miller et al., 2010). In Chapter 20, Dr. Jerry Miller, Dr. Kirk
Borne, Dr. Brian Thomas, Dr. Zhenping Huang, and Dr. Yuechen Chi describe these
efforts for automated wildfire detection using artificial networks, including data
reduction, architecture of neural network, traing and testing of the neural network,
as well as classification and analysis.

Wildland fire is not only a natural disaster, but also an essential process for
maintaining ecosystem health. Prescribed burning is an important approach for
land management. It is important to analyze fire regimes and related ecological
changes. In Chapter 21, Dr. Gregory J. Nowacki and Dr. Robert A. Carr compare
the past and current fire regimes in the Eastern United States using GIS and
remote technology, illustrate the distainct difference between the past and current
fire regimes across the Eastern United States, and investigate the ecological
consequences (Nowacki et al., 2010).

The prediction of fire spread behavior and burned area across landscape is very
important in fire suppression planning. In Chapter 22, Dr. Zheng, Dr. LaCroix, Dr.
Ryu, Dr. Chen, Dr. Hom, and Dr. Clark investigate the effects of weather, landscape
structure and land management on fire spread (Zhang et al., 2010) by combining
simulations with 3 models. The results demonstrate that landscape structure and
fuel type composition can significantly affect fire spread behavior. Roads can
remarkablely reduce burned area and thus function as fire barriers. Surface
temperature and moisture conditions are the weather factors having most significant
impacts on fire spread.

In the last chapter, Chapter 23, Csiszar et al. introduce the fire mapping and
monitoring theme of global observation of forest cover-global observation of
landcover dynamics (GOFC-GOLD) program (Csiszar et al., 2010), including
GOFC-GOLD fire goals, current implementation status, and future plans.
Contributory activities from US Agencies are also discussed.

Contributed by many scientists and experts from areas related to wildland fire,
this book covers various topics related to wildland fire, including fire detection

6



1 Introduction to Remote Sensing and Modeling Applications to Wildland Fires

and monitoring, fire behavior modeling and analysis, smoke emissions and air quality,
as well as fire management. It can be used as reference book, and readers can get
more details from the chapters and references.
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Abstract The frequency, severity and extent of wildland fires are largely a
function of interactions deriving from ecosystem, atmospheric and demographic
processes. Science explains universally applicable characteristics of wildland
fire, but practical application of fire science requires knowledge of a diverse
array of regionally to locally specific conditions. These include ecosystems and
how they have evolved, land use history and land use change, demographic
trends, fire history and current risk, and the ability of fire managers to
bring resources and experience to emergencies in a timely manner. The 95™
meridian divides the continental United States in terms of ecosystems, climate,
demographics and fire regimes. Fire management and research funding
favors the west, but over half of our forests, 70% of our people and the bulk
of wildland urban interface (WUI) lands are in the east. Efficient application
of fire science information for eastern fire management will benefit from
strategies that account for climate, ecosystem, demographic and fire regime
diversity of the eastern United States.

Keywords Wildland fire, WUI, fire regimes, fire information, eastern
United States

2.1 Introduction

Wildland fire shares universally applicable characteristics related to the classic
triangle of fuel, weather, and ignition sources. Conversely, practical application
of fire science knowledge in fire management practices introduces several factors
that require a diverse array of additional considerations. Included are knowledge
of specific ecosystems and how they have evolved, land use history and land use
change, demographic trends, risks and values as visualized by local publics,
frequency and severity of wildland fire in shared local memory, and the ability of fire
managers to bring resources and experience to emergencies in a timely manner.
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Much of the current United States focus of wildland fire management, research
and resource allocation is on our Western states. Frequent television coverage of
firefighters facing vast Western blazes, in military style campaigns, has heightened
public awareness and shaped perceptions of wildland fire. An overwhelming
percentage of federal emergency firefighting expenditures are, year in and year
out, justified by Western fire conditions and then allocated to fighting a very few
large fires in the west.

Emergence of the Wildland-urban interface (Radeloff et al., 2005) concept and
a deeper understanding of the differing ecological roles of fire in many ecosystems
have begun a reexamination of the costs and benefits (United States government
accountability office, 2005) for 21st century America of fire management approaches
that were so successfully developed during the second half of the 20th century.
That reexamination should include a reinvigorated consideration of how best to
meet 21st century wildland fire needs in our Eastern states.

2.2 The Eastern United States

The Eastern states (defined herein as those lands east of the 95™ meridian) are
different from the West in terms of ecosystems (Fig. 2.1), climate and weather, land
use history and change, demographics and intraregional diversity. Nearly three
quarters of the 2000 population of the United States lived in these Eastern states
(Fig. 2.2). Housing density reflects this population distribution. The Eastern states
ecosystems are classified as humid temperate and humid tropical, compared to
predominantly dry in the west. This means drought in the east does not have to
be prolonged for forest fuels to move into heightened fire danger categories.
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Figure 2.1 Description of the ecoregions of the United States ecosystem domains
(Bailey, 1995)
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Weather and climate which drive these ecosystem classifications are also clearly
divided by the 95th meridian. Land use in the east resulted in the almost complete
removal of existing forests by arriving Europeans, with much of the removal tied
to land use change from forest to agriculture. Prior to European settlement, native
people populated post glacial Eastern forests in increasingly settled communities
dependent on agriculture and forest resources. Starting in the post civil war era,
conversion of forest lands has been largely reversed in the east.

Today the east is more heavily forested than at any time since the 19th century
(USDA Forest Service, 2004), and many of those forests are becoming increasingly
mature. Post glacial evolution of Eastern forests has continuously occurred in the
presence of human use patterns, and those patterns have shown large and dramatic
shifts over the last 300 years. Demographics in the east have shown an increasing
trend towards urbanization (Theobald, 2005), particularly through suburban
expansion around urban centers, which has contributed to significant increases in
tree coverage as agricultural lands are abandoned and converted. Large areas of
Eastern forests appear at risk from increased fire activity related to climate change
(Bachelet et al., 2004; Breshears et al., 2005).
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Figure 2.2 Population density of the United States in 2000. http://www.census.gov/
population/cen2000/atlas/censr01-103.pdf (last accessed on 06/16/2009)
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2.3 [Eastern United States Diversity

Generalized statements used to differentiate the east from the west tend to obscure
an equally important consideration—the east is internally very diverse in terms of
ecosystems, demographics, land use history, social values, and fire management
capabilities. For example, the region experienced the worst recorded forest fire in
North American history in terms of fatalities (Peshtigo Fire of 1871), the creation
of our Nation’s first large forest preserve (Adirondack Forest Preserve, 1885), and
a renowned restoration of degraded lands through forestry (Southeastern states).

European explorers found the Eastern United States covered with rich forest
ecosystems dominated by old growth trees from what is now the Hudson Bay to
the Gulf of Mexico (Biodiversity Project, 2003). The Eastern forests found by
Europeans had evolved with climate change (Delcourt and Delcourt, 1987) and
been shaped by human use of fire (Delcourt and Delcourt, 1997). These Eastern
forests fueled the emerging American economy from ship building to iron furnaces.
Forest use and clearing for agriculture decimated much of the Eastern forest by
the end of the 19th century, leading to passage of the Weeks Act of 1911 which
established Eastern National Forests. Eastern forest acreage was reduced from
650 million acres to 400,000 million acres by 1900, with much of the reduction
coming in the last 50 years of the 19th century (Heinz Center, 2002). Since then,
acreage has remained stable. The Climate Change Atlas for 80 forest tree species
of the Eastern United States (Prasad and Iverson, 1999) is an excellent source for
viewing the diversity of forest tree species for the Eastern states and how there
distributions are likely to change under various climate model scenarios.

Fire regimes are a useful approach for documenting the role of fire in particular
ecosystems. While fire regimes have not been extensively studied for all of the
Eastern United States, the work of Lafon, Hoss and Grissino-Mayer (2005) on fire
regimes and climate variability in the Central Appalachian Mountains is indicative
of how important fire is to Eastern ecosystems. They point out the importance of
fire regime knowledge to fire management decisions and to understanding the
ecological role of fire for any given ecosystem. Much of the area studied appears
fire dependent, especially the oak and pine dominated stands. Suppression of fire
has lead to species decline and increases in stand density and fuel loads.

2.4 A Fire Information Strategy for the Eastern States

East-west equity in funding of fire management (United States Government
Accountability Office, 2006) and fire research is not likely to develop, either in
view of currently justified circumstances or a major shift in national priorities.
Scientists and managers, therefore, should coalesce around a strategy aimed at
providing timely, cost effective, and technically appropriate fire related information
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to the broad and diverse fire community of the Eastern United States.

There are several key components to such a strategy. (D recognize the diversity
of Eastern fire management needs and the limited resources available to meet
them. @) utilize the broadly applicable state of art fire science currently flowing
from research funded by the joint fire science program (JFSP, 2007) and the
national fire plan (NFP, 2007). 3 emphasize decision support technologies to
knowledge engineer products designed to meet specific local user needs at
very low cost. @ base the strategy on using available satellite measurements to
continuously supply near real time fire information. Developing the mathematical
algorithms needed to monitor rapidly changing local fuel conditions from satellite
measurements is a technical linchpin to this strategy.

Recognize the diversity of eastern fire management needs and the limited
resources available to meet them. One size does not fit all for Eastern fire
management. This paper illustrates how fire management needs, and resources,
vary from Florida to Maine to Minnesota to east Texas. While florida’s State
forester deals with acreage burned that exceeds those of many Western states in a
typical fire year, New Jersey may face those fire loads on a decadal basis. While
a nature conservancy manager needs to introduce prescribed fire on an acre by
acre basis to restore the health of the pine bush in Western Albany, New York,
wildlife managers will need to burn significant jack pine acreages in Michigan to
meet Kirtland Warbler habitat goals. While the supervisor of the superior national
forest treats the vast acres of timber blow down in the boundary waters canoe
area with prescribed fire to avert disaster, the Supervisor of the Francis Marion
national forest in South Carolina must balance fire hazards and red cockaded
woodpecker habitat needs following the heavy disturbance caused by Hurricane
Hugo. The resources available to meet these diverse and important fire management
needs are scarce and must be carefully managed. The incident command system
(ICS) which was invented in southern California in the 1970s and has become
the backbone of emergency management throughout the much of the country.
The ICS is an example of applicable fire research that can and should be tuned to
recognize the diverse needs of Eastern fire management.

Utilize the broadly applicable state of art fire science currently flowing from
research funded by the joint fire science program (JFSP) and the national fire
plan (NFP). A very significant amount of extremely useful research is flowing out
of the JESP and NFP. Concentrated attention should be paid by knowledgeable
scientists and technology transfer experts to the task of identifying and applying
state of the art fire science to Eastern fire needs. Active utilization of state of the
art science is a cost efficient necessity for meeting diverse Eastern fire program
needs.

Emphasize decision support technologies to knowledge engineer products
designed to meet specific local user needs at very low cost. Most Eastern fire
managers can not afford the continuing overhead of technical staff dedicated to
ongoing analysis that is possible in the west, based on preparedness for large
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campaign fires. While many users remain uncomfortable with disembodied machine
based guidance, both the user and science communities need to make special efforts
to overcome this difficulty. By using improved decision support technologies,
including artificial intelligence, low overall program costs can be maintained while
providing placed based information designed to meet specific user needs.

Base the strategy on using available satellite measurements to continuously
supply near real time fire information. The key to making this strategy successful
is the cost effective use of available satellite measurements engineered to meet
diverse local needs. As with many other areas of fire research, research on the
utility of using remote sensing (RS) measurements is yielding exciting results. In
particular, research advances aimed at using remotely sensed fuel measurements
that can be directly used in fire danger, fire behavior, smoke management
and other real time fire management information needs without the artifice of
parameterized fuel models are extremely promising. Advances deriving from
research on the utility of satellite measurement for the forest inventory and analysis
(FIA) program (USDA Forest Service, 2007) promise significant collateral benefits
for Eastern fire programs. FIA data bases for the east can supply the forest vegetation
ground truth information needed to rapidly tune applications designed for fire
program needs.

The time is now and the technology is here to address the goal of meeting the
diverse needs of Eastern fire management by employing state of the art fire
science, decision support science and RS data processing technologies to available
satellite RS measurements. Carefully tuned knowledge engineered outputs can
and should provide useful, timely and geographically specific information to
federal, state and local fire managers and other users in the east.
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Abstract Over the last century, the United States has evolved from a
predominantly rural to an urbanized society with an exurban area currently
referred to as the wildland urban interface (WUI). This WUI is critical as it
occupies three to five times as much land area as urban areas with emerging
and latent conflicts between traditional resource management and preferences
of new residents. The effect of development on wildland fire management
has received the most attentions. Increasingly, one of the most effective
tools in the manager’s kit, fuel reduction by frequent understory burning, is
off-limits because of safety and liability risks or public dislike of smoke.
Fire risk in the WUI is greater than in wildland because there is a higher risk
of catastrophic wildfire. The WUI, however, cannot be defined by simple
proximity of forest to urban areas but more realistically is conceptualized as
a set of complex social, physical, and biotic gradients. The Southern US
exemplifies the problems of mixing urbanized land uses with fire-affected
natural vegetation. Remote sensing and geographic information systems,
along with spatial information at appropriate scale, will play a critical role
in providing managers with monitoring capability that can also be used to
educate the public about the wildland urban interface.

Keywords Prescribed burning, hazardous fuel reduction, smoke management,
WUI Index, forest land management
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3.1 Introduction

Over the last century, the United States has evolved from a predominantly rural
to an urbanized society (Hobbs and Stoops, 2002). Since the World War II,
growth of exurban areas has dominated: beyond the suburbs, not exactly rural
and not quite urban. Today this exurban area, currently referred to as the wildland
urban interface (WUI) is critical as it occupies three to five times as much land
area as urban areas (Theobald, 2001; Radeloff et al., 2005). Although there are
many emerging emergent and latent conflicts in the WUI between traditional
resource management and preferences of new residents, the effect of development
on wildland fire management has attracted the greatest attention from policymakers.
As human populations expand farther into fire-affected natural landscapes, more
people, more natural ecosystem area, and greater capital investment are at risk
from wildfire. Fragmentation of forest land due to land use change driven by
population growth constrains many traditional methods of forest management,
particularly the use of prescribed burning to manage fuel loads. Prescribed fire is
used routinely in conifer forests in the South, Lake States, and Northeast to
reduce fuel loads and decrease the risk of catastrophic wildfires, improve forest
health, and manage habitat for threatened and endangered species. Increasingly,
one of the most effective tools in the manager’s kit, fuel reduction by frequent
understory burning, is off-limits because of safety and liability risks (Achtemeier
et al.,, 1998; Wade and Brenner, 1995) or public dislike of smoke (Macie and
Hermansen, 2002).

Demographic changes in the Eastern United States affect natural resources
and the attitudes of the public toward traditional management practices such as
prescribed burning (Cordell et al., 1998). The WUI, however, is not a discrete
management unit that can be defined, more or less, by simple proximity of forest
to urban areas. Because of heterogeneous patterns of both forest cover and human
settlement across broad landscapes, the WUI is more realistically conceptualized
as a set of complex social, physical, and biotic gradients (Wimberly et al., 2005).
Our objectives in this chapter are to briefly describe the changing demographics
of the Eastern United States (focusing on the South), characterize the growing
WUI, and describe the implications for the land manager of the expansion of
dense human settlements into fire-affected forests.

3.2 Demographics

The population of the United States grew 270% over the course of the 20th century,
from approximately 76 million to 281 million and growth in the 1990s was the
greatest increase in population for any decade in history (Hobbs and Stoops,
2002). The South, defined for our purposes as the 13 states in region 8 of the US
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forest service, showed a greater percentage increase, 319% (from 22 million to
almost 92 million) over the same century (Hobbs and Stoops, 2002; Cordell and
Macie, 2002). These growth rates are the combined effect of lowered mortality,
longer living, and immigration (Cordell et al., 2004). Population increase was not
steady, however, and the post World War Il “baby boom” shows clearly when
increases are viewed at decadal intervals (Fig. 3.1). Applying the rate of increase
for the decade from 1990 —-2000 (13.1%) to future growth, the United States
population is predicted by the bureau of census to double in size in the next 100
years, to 570 million (Cordell et al., 2004).
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Figure 3.1 Decade to decade population increases for the entire United States
and the 13 Southern states in region 8 of the US forest service. Population totals for
the United States exclude Alaska and Hawaii through 1950. Source: US census,
decennial census of population, 1900 — 2000 presented in Appendix A Table 1 of
Hobbs and Stoops (2002)

More than 70% of the current population lives east of the 100™ Meridian, i.e. in
the East. Increasingly, the US population lives within a metropolitan area. In 1910,
only 28% lived in a metropolitan area but by 2000, the US population was 80%
metropolitan (Hobbs and Stoops, 2002). The growth of metropolitan population
in the South has increased, especially since World War II, and now approaches
the national average (Fig. 3.2). Since World War 1I, growth has been concentrated
outside of the central cities; half the US population now lives in suburban areas
(Hobbs and Stoops, 2002). In the South, 20.8% of the increase between 1990 and
1999 has been in metropolitan areas outside of the central cities (Mackun and
Wilson, 2000).

Increased population levels do not tell the whole story, however. Given a fixed
area of land, increasing population means higher population density. The US
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Figure 3.2 Increase in the metropolitan population of the United States and the
13 Southern states in region 8 of the US forest service, 1910 — 2000, shown as the
percentage of the total population that lived in metropolitan areas at each decennial
census. Population totals for the United States exclude Alaska and Hawaii through
1950. Source: US Census, decennial census of population, 1900 — 2000 presented
in Appendix A Table 3 a and b of Hobbs and Stoops (2002)

tripled in density, from 10 people per km® at the beginning of the 20" century to 31
people per km” at the beginning of the 21% century. The US remains relatively less
densely populated, however, in comparison with most countries and is lower than
the average world population density of 46 people per km* (Hobbs and Stoops,
2002). The average population density in the South exceeds the national average,
and has increased more rapidly than the national rate since World War 1I (Fig. 3.3).

Despite the danger of extending past trends into the future, we see no reason to
expect that population levels will decline in the United States, or even that the
rate of growth will decline (Nowak et al., 2005). Another trend besides the growth
of population that is likely to continue is the increase in per capita footprint.
Since the 1960s, conversion from rural to urban land use has exceeded the rate of
population growth (Hirschorn, 2000), with a preference for non-urban settings
(Sullivan, 1994). This trend is due to the combined effects in exurban versus urban
areas of lower housing density, larger average lot size, and the expansion of
supporting infrastructure such as roads, schools, and commercial area (Cordell et
al., 2004). In the decade and a half from 1982 - 1997, developed area in the US
increased 34%, with the largest regional increase in the South (Alig et al., 2004).
Thus demographics can be visualized through the effect of human population
growth on land use, both in terms if the present distribution of people on the
landscape in urban, exurban, and rural areas and the likely changes in land use
patterns over the next century.
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Figure 3.3 Average population density per km? of the United States and the 13
Southern states in region 8 of the US forest service, 1910 — 2000, shown as the
average density at each decennial census. Density levels for the United States
exclude Alaska and Hawaii for 1900 — 1950. Density levels are based on census 2000
land area measurements. Source: US census bureau, geography division; decennial
census of population, 1900 — 2000 presented in Appendix A Table 2 of Hobbs and
Stoops (2002)

3.3 The Wildland Urban Interface

The traditional concept of the WUI is that of an area of urban sprawl where new
housing developments abut large areas of public or private wildland. Recreation
managers view this interface in terms of adjacency of people seeking recreational
opportunities and access to backcountry. Fire managers view the interface in
terms of adjacency of flammable wildland fuels and structures (Long et al., 2005).
The federal government defined the interface as “...the area where houses meet
or mingle with undeveloped wildland vegetation” and described three types of
interface communities: () the “interface community” where structures about
wildland fuels, @ the “intermix community” where structures are dispersed within a
wildland matrix, and 3) the “occluded community” where wildland fuels are patches
within a matrix of structures, for example a park (USDA and USDI, 2001).
Attempts to map the interface and intermix conditions based on this definition
use the threshold set in the Federal register of one house per 40 acres (Radeloff et
al., 2005). Further assumptions must be made about the nature of the wildland
vegetation. The WUI map for 2000 produced by Radeloft and colleagues (2005)
used a 50% threshold for wildland vegetation: greater than 50% for the interface
community, less than 50% wildland vegetation but within 1 mile of wildland
vegetation for the intermix community type. They estimated that 10% of the area
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and 33% of the housing units in the conterminous 48 states are in the WUI. As
they point out, this approach does not directly map fire risk because wildland
vegetation communities vary considerably in their fuel types, fire frequency, and
fire regimes. Flammability of construction materials and accessibility to firefighting
equipment also must be considered in evaluating fire risk (Cohen, 2000); spatially
explicit data on these factors are lacking, except for small areas (e.g., Haight et
al., 2004).

Developing fire risk assessments for the WUI is a daunting challenge; most of
the needed data are lacking over large areas and such data as exist, primarily from
the decennial US Census, provide an incomplete picture. For example, the size of
a census block varies with population level, so that rural blocks tend to be of large
areas, which limits the spatial precision with which housing units can be mapped
(Wimberly et al, 2005). Further, census data do not map associated infrastructure
such as schools, hospitals, or industrial sites. Using census housing data to map the
WUL is further limited by the omission of second-home, recreational housing; only
primary abodes are listed in the census data. Spatial information on the pattern of
roads is useful in mapping the WUI, and in combination with census data can
overcome some of these limitations. Roads tend to be correlated with housing in
rural areas; individual buildings are more likely to be located close to roads, and
roads themselves have an impact on probability of ignition (Forman, 2002).

Attempts to map the WUI to date have produced static snapshots of land use
and population density. Other predictors of fire risk related to the socioeconomic
environment are even harder to map, such as labor markets, law enforcement,
and socioeconomic conditions (Prestemon et al, 2002; Mercer and Prestemon,
2005; Butry and Prestemon, 2005). Because it is impractical for managers to redo
a WUI map for each fire season, a dynamic view of the WUI is needed, one that
identifies where change is most likely to occur (e.g., growth clusters—Hammer
et al., 2004). We propose a new typology that defines the WUI along two axes:
from wildland to urban land use and private to public land ownership. At one
extreme is dispersed urban development within a wildland matrix, typified by
second home or summer recreation development, the interface zone. Often these
are private in-holdings within large areas of public ownership. The Wildland Island
at the other extreme is a park or forest stand within an urban area. These remnant
natural areas frequently are rich in plant species; the pine rocklands in South
Florida exemplify this form of the WUI (O’Brien, 1998; Snyder et al., 1990).

Between these extremes is the intermix zone of areas undergoing a transition
from natural resource uses such as forestry or agriculture to urban uses. We
distinguish two types based on the sharpness of the boundary between wildland
and urban land uses: the diffuse boundary and defined boundary intermix zones.
In both types, developed parcels are small relative to forested land. The diffuse
boundary intermix zone occurs where private ownership predominates and parcel
sizes are relatively small. Typical leapfrog urban development creates zones of
development well beyond the edge of urban development, with land between
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remaining undeveloped. The undeveloped land may remain in active forest
management for a time, unless the patch size is too small to be economical or rising
land values push landowners toward development (Wear and Newman, 2004).
Another type of intermix occurs where large areas are in public or single private
ownership (such as forest industry land); in this case the mixture of forest land
with individual private development produces a well-defined boundary between
urban and wildland land uses. These two types of intermix zone differ in their
dynamism; the diffuse boundary intermix may be unstable over time as individually
owned parcels are developed and infrastructure is added. The distinct boundary
intermix may remain stable as long as the large publicly or privately owned
forestland stays in resource use. The developed side of the boundary likely will
be fully developed, however.

We have observed several spatial growth patterns in the WUI. Around small
towns and areas of slower growth, a typical pattern is accretion; land at the edge
of town is developed, particularly along major roads. Accretion generally develops
a defined boundary with wildland. In larger towns undergoing more rapid
development, a typical pattern is leapfrog and fill-in; development occurs beyond
the outskirts of older development, leaving a sizeable area of undeveloped land
between, resulting in a diffuse boundary. Over time, the gap is closed. Analysis
of county-level census data illustrates this phenomenon: counties mapped as
40% — 60% urban in the 1990 census saw the greatest increase in urban area in
2000 (Nowak and Walton, 2005). In the southeastern U. S., 35% of the census
blocks that converted from rural to WUI between 1990 and 2000 were not adjacent
to existing WUI blocks, indicating a leapfrog pattern of development (Zhang and
Wimberly, 2007). Another common development pattern seen especially in rapidly
developing areas of the South such as Florida and along the Atlantic and Gulf
coasts is concentrated development. This is called variously a planned unit
development, or a gated or golf course community. Sometimes these developments
result from large blocks of forest owned by industry being converted to up-scale real
estate development. Vacation home development can occur within the intermix zone
on large lots, or be truly dispersed in private forest areas (Stein et al., 2005).

Each type of WUI is dynamic and local factors of economics, access, and
proximity to naturalness and scenery largely determine the rate of conversion from
wildland to developed land within the national context of capital availability. The
types of vegetation communities, stand structures, fuel types and loads vary as
well by physiographic province, from the coast to the mountains. There is no
single parameter, or simple set of parameters, that adequately describe the WUI
environment. As noted by Wear and Bolstad (1998), “...coarse-scale measures of
the human drivers of landscape change (for example, population growth measured
at the county level) appear to be poor predictors of changes realized at finer scales.”
The characteristics and significance of the WUI for fire managers at a given
location may vary depending upon the spatial scale of the effects considered.
Whereas forest patch sizes and interspersion with housing can be assessed at the
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local level, the potential influences of escaped fires and smoke dispersion must
be analyzed over much larger areas. Additionally, fire managers need to be aware
of the likelihood of land use changes in intermix areas.

In many ways, the entire South is a WUI. Much of the South was once cleared,
farmed, or grazed. Past land use has left many legacies, including an extensive road
system (Fig. 3.4). Population growth since the middle of the last century has caused
increasing urbanization and fragmentation of the forested landscape (Wear, 2002),

Figure 3.4 A legacy of roads in the South as compared to the West: Roads in an
approximately 26,000 km? area of southwestern Georgia, the Flint River Valley (a),
compared to a similar area of the Bitterroot Valley in Montana (b)
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increasing the size and importance of the WUI. More people now live at the
interface and the transportation system is expanding, becoming denser and more
pervasive (Riitters and Wickham, 2003). The density of public roads in the US is
0.65 km/km? (0.79 km/km? for the contiguous US excluding Alaska and Hawaii)
and the average for the southern states is 0.98 km/km? (US DOT, 2004). The road
density in Georgia is 1.22 km/km®, higher than the national average; the density
in Montana is lower than the national average at 0.29 kmv/km?. Continuing growth
in the South is projected to occur along the Atlantic and Gulf coasts and the
Piedmont Crescent, mostly from the conversion of forest to urban land use (Wear,
2002). Besides the physical aspects of the WUI, changing demographic profiles
and cultural values (Cordell et al., 1998) have altered attitudes towards natural
resource management in general (Bliss et al., 1997; Jacobson et al., 2001; Hull and
Stewart, 2002) and prescribed burning in particular (Loomis et al., 2001; Duryea
and Hermansen, 2002). In general, Southerners share the same attitudes about the
environment as the general population and even small forest landowners are averse
to even-aged management practices such as clearcutting and use of herbicides to
control competing vegetation (Bliss et al., 1997).

Land ownership in the South and East differs from the West; Eastern forests
are predominantly in private ownership, approaching 80% or more in most states.
Forest land ownership differences lead to distinctive land cover patterns (e.g.,
Turner et al., 1996). A distinctive feature of southern forests is the relatively large
industrial ownership, especially coastal plain pine plantations. Forest industry has
for many years developed or sold parcels with high amenity values, such as coastal
islands and lakeshores, and increasingly a significant proportion of new housing
starts are vacation homes on wildland/high contrast edges such as abutting national
forest or national park land (Theobald, 2004). The 1990s saw a new phenomenon in
the wholesale divestiture of industry land to financial and real estate organizations,
the Timber Investment Management Organization (TIMO) and Real Estate
Investment Trust (REIT) (Ravenel et al., 2002; Stanturf et al., 2003). Although
purchased and managed in the short-term for their timber value (Caulfield, 1998;
Yin et al., 1998), the long-term fate of this land base is uncertain (Clutter et al.,
2005); the question is whether the land will be reforested once the standing value
is harvested, or sold for urban development. Again, local and national economics will
influence such decisions (Wear and Newman, 2004). Large contiguous blocks of
industrial ownership are not limited to the South, and there is concern throughout
the Eastern US for the uncertainty of future uses of forest industry land (e.g.,
Hagan et al., 2005).

3.3.1 Georgia Case Study

To further explore the characteristics of the WUI in the southeastern US, we carried
out a GIS modeling exercise for the state of Georgia, in which digital maps of
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forest cover, housing density, and road density were combined to map the spatial
pattern of the WUI. A vector dataset containing housing density from the 2000
census, mapped at the census block level, was obtained from the SILVIS website
(Radeloff et al., 2005). The road layer was derived from 1:100,000 digital line
graphs (DLGs) originally produced by the USGS. A 18-class land cover map of
Georgia, developed by the Institute of Ecology for the Georgia Gap Analysis
Project and the Georgia Land Use Trends program, was used to map forest cover
(Kramer et al., 2003). This 30 m raster dataset characterized land cover in 1998
and was developed by classifying Landsat TM images from 2 dates representing
leaf-on and leaf-off conditions. For this study, cells mapped as deciduous forest,
conifer forest, mixed forest, and forested wetlands were reclassified with a value of
1 (forested), and all other pixels were reclassified with a value of 0 (non-forested).
Our WUI map for Georgia was developed using the methodology of Zhang (2004).
These data sets were transformed spatially using a moving-window analysis. The
housing densitymap was converted toa raster dataset with a 30 m cell size to match
the land cover dataset. A new housing density value was then assigned to each cell,
based on the average housing density within a 2.4 km?® radius circular neighborhood
(Fig. 3.5(a)). This radius was chosen to match the buffer zone for WUI identification
that had been used in previous mapping efforts (Radeloff et al., 2005). Road
density, computed as km of road per km®, was also summarized within a 2.4 km®
circular neighborhood with the output stored in a 30 m raster dataset (Fig. 3.5(b)).
Forest cover for each cell was similarly computed as the proportion of forested
cells within the surrounding 2.4 km? circular neighborhood (Fig. 3.5(c)).

Each spatial variable was converted into an index between 0 and 1 using a scaling
function. These functions were based on the assumption that areas with a high
WUI index (WUI,) value should contain both high levels of wildland vegetation
(predominantly forests in Georgia), and also have high levels of human habitation
and utilization. Thus, both the forest index (F}) and the road index (R;) increased
linearly with increasing densities. The housing index (H;) increased logarithmically
with housing density, based on the assumption that differences in the index at
lower housing densities are more important for defining the WUI than differences
at higher housing densities.

These input layers were combined using an enhanced version of the favorability
function (O'Sullivan and Unwin, 2003). The final WUI index was computed for
each 30 m cell as:

WUI, = FIS x HI*® x RI** (3.1)

This function was a weighted geometric mean of the three indices defined
previously, with equal weighting assigned to wildland characteristics (the forest
index) and to the combined urban characteristics (the housing and road indices).
The value of the WUI index was zero whenever one or more of the component
indices was zero, and equaled one only when all three of the component indices
were equal to one. Thus, the resulting WUI index was lowest at the extremes of
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Figure 3.5 Georgia example. (a) Housing density in residential units per square km.
(b) Road density in km of road per square km of land area. (c) Forest cover in Georgia
as a proportion of total land area. (d) Calculated WUI Index; high index indicates
local juxtaposition of housing and natural vegetation, low index value indicates either
urban or wildland conditions

the urban-wildland gradient and highest for landscapes falling near the middle of
this gradient.

Almost all the areas in Georgia that had high forest cover also had a high WUI
index, reflecting the ubiquity of diffuse, low-density development on private lands
and extensive road systems (Fig. 3.5(d)). The major exception was the Okefenokee
national wildlife refuge, located in the southeastern corner of the state. Another
large concentration of the public land in Georgia is in the Chattahoochee national
forest, located in the southern Appalachians of Northeast Georgia. However, much
of this land was heavily roaded and interspersed with private property, resulting
in high WUI indices associated with defined intermix patterns in this portion of

29



Remote Sensing and Modeling Applications to Wildland Fires

the state. The Piedmont region northeast of Atlanta had comparatively low forest
cover, but also had high WUI indices because of high housing and road densities.
Another large concentration of high WUI indices was found along the Atlantic
Coast, resulting from the defined intermix patterns of large areas of industrial
timberland juxtaposed with scattered population centers and extensive roads.
WUI indices were much lower in other portions of South Georgia, particularly in
southwest Georgia where agriculture remains the dominant land use.

In additional to these statewide trends, the WUI index also exhibited finer-
grained local variability. In South Georgia, linear patterns reflected the association
between forested wetlands and bottomland habitats. Circular patterns around
numerous small cities reflected the accretion pattern of development, which
created rings of high WUI index values where increasing forest cover intersected
suburban housing densities on the urban fringes. Local variability in the relative
dominance of forest and agricultural land cover also influenced WUI index
patterns across much of Central and South Georgia.

Although road and housing densities were generally correlated, there were
several areas where the WUI index was sensitive to our specification of the road
index. West of the Okefenokee, housing densities are extremely low but rural road
densities were very high. Therefore, this area was assigned high WUI indices rather
than being identified as a wildland area. A similar phenomenon was observed at
the Fort Stewart military base, which also had low housing densities and high
road densities. Our decision to weight all types of roads equally in the road density
calculations influenced these outcomes. Areas with high densities of unimproved
roads had a similar influence on the final WUI index as areas with similar
densities of highways. This decision can be justified on the contention that smaller
roads provide direct human access to forested areas for camping, hunting, dumping,
and other activities that can have a strong environmental impact. For the
standpoint of fire risk assessment, road density may be correlated with the density
of ignitions from human sources (Cardille et al., 2001; Zhai et al., 2003).

This example demonstrates that the results of this type of deductive modeling
exercise are highly sensitive to the assumptions that underlie the variable selection,
scaling, and weighting. However, this sensitivity is advantageous in that it allows
the WUI index to be “tuned” to specific objectives. Consider a WUI index intended
to identify areas where human infrastructure is likely to limit the applicability of
prescribed fire as a fuel management treatment. Potential liability for traffic
accidents caused by smoke is a major concern in this regard. Because the potential
for such an accident would increase with traffic volume and speed, it would make
sense to develop a weighted road density function based on road size.

Additional sources of spatial data can also be readily incorporated into a WUI
model. In particular, more detailed information on historical fires, fuels and
potential ignitions sources would help to identify forested areas where uncontrolled
wildfire is most likely to occur. Detailed information on the locations, of hospitals,
schools, utilities, and other infrastructure would be also useful for evaluating the
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WUI from the standpoint of potential wildfire risks, as well as managing smoke
away from these facilities during prescribed burns. Although our current model
presents a static picture of the WUIL, it could be enhanced to investigate patterns
of development, leading to a more dynamic view of the interface.

3.4 Implications for Managers

Growth of the WUI has many influences on forests and their management (e.g.,
Duryea and Hermansen, 2002; Zipperer, 2002). Tourism, recreation, and amenity
migration are prime examples of these influences. Here we will concentrate on the
relationships with fire and smoke. The issues can be generalized into a primary
effect on fire risk and a secondary effect on traditional forest management, which
includes the use of prescribed burning to manage hazardous fuels. The values at
risk are substantial: recent wildfire seasons have seen high costs for suppression
($1.5 billion nationwide in 2002, NIFC, 2001) and damage (the 1998 wildfires
in Florida alone cost close to $800 million in damage, Butry et al., 2001). The
growing WUI increases both the risk of wildfire occurring and the cost of wildfire
by placing higher values at risk than in wildland areas.

Fire behavior is understood at its simplest as the interaction of fuels, weather,
and an ignition source. People in the WUI can affect fire behavior by altering
natural plant communities as well as by placing artificial fuels (i.e., structures) in
the landscape Doolittle, 1978; Donoghue and Main, 1985; Prestemon and Butry,
2005). Natural ignition sources are generally lightning but humans introduce arson,
accidents, and transportation as ignition sources. Estimating actual wildfire risk
introduces broader spatial and temporal considerations than are used for predicting
fire behavior. For example, the devastating 1998 fire season in Florida was below
average in number of fires, but double the average number occurred during the
summer (Butry et al., 2001). Anomalous weather patterns associated with El
Niflo-Southern Oscillation (ENSO) caused a build-up in fuels during the preceding
year and there was an unusually sharp transition to the dry La Nifia phase (Brenner,
1991; Butry et al., 2001). Broad scale modeling of the 1998 Florida fires validated
that temporal dynamics are important to effectively estimating wildfire risk
(Prestemon et al., 2002) and including socioeconomic conditions of communities
improves the understanding of underlying causes of wildfires (Mercer and
Prestemon, 2005). At the rural end of the WUI, at least in Florida, there were fewer
wildfire ignitions and lower aggregate area burned, probably because forest
management was active and prescribed burning frequent. In more densely populated
areas with higher property values, prescribed burning was rare and ignitions and
the area burned were higher (Mercer and Prestemon, 2005).

Managing hazardous fuel loads in the WUI will be critical for reducing the risk
of catastrophic wildfires. Even though land ownership changes and land use is
converted from forestry to housing development, the land cover often remains in
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forest, albeit a less dense forest cover than if managed for timber. In the South,
especially in the rapidly urbanizing areas along the coasts, long growing seasons
and usually abundant moisture cause those potentially hazardous fuels re-grow
within a few years of burning (Brose and Wade, 2002). Prescribed burning remains
the most effective treatment of potentially hazardous fuels in southern forests
(Haines et al., 2001) and there are many guidelines for conducting prescribed
burns in wildland areas (Wade et al., 1989). Land managers use prescribed burning
to treat 6 million — 8 million acres of forest and agricultural land annually in the
South. Use of prescribed burning in the WUI is still practical but calls for an even
higher level of planning and preparedness, safe conduct, and communication to
neighboring landowners and local officials (Miller and Wade, 2003; Wade and
Mobley 2007).

Even when continued forest management is feasible, there will be further
constraints on use of prescribed burning in the WUI due to smoke. In fact, smoke
is probably the key issue in suitability of prescribed burning as a way to manage
fuel loads in the interface. Concerns with smoke are several: local and regional air
quality (Achtemeier 2001 and 2003), visibility on roads (Mobley, 1989), health
impacts especially on sensitive segments of the population with respiratory
problems (Sorenson et al., 1999), and nuisance effects (Monroe, 2002). Problem
smoke is not confined to the South and reduced visibility from smoke on highways
has caused fatalities in Western states such as Oregon, as well as in the South
(Achtemeier et al., 1998; Achtemeier, 2002). Nevertheless, smoke from prescribed
burning is a critical issue in the South due to a combination of physical (meteorology,
climate, topography), biological (fire-affected vegetation and hazardous fuels),
and social (population density, road network) factors. While smoke can be a
problem at any time during a wildland fire, the worst conditions are in valley
bottoms and drainages during the night (Achtemeier, 2002) and smoke can combine
with moist air masses to produce exceptionally dense “superfog” that reduces
visibility to fractions of a meter (Achtemeier, 2003).

Managing hazardous fuel loads across the wildland to urban gradient is a complex
problem of many facets without obvious solution. The location within the WUI,
time since last fire, stand density, and the quality of woody material affects the
range of treatment options available. Not all ecosystems within the WUI are
susceptible to ignition, except under extreme drought conditions. If fuels have
accumulated by fire exclusion (lack of prescribed burning or suppression of
wildfires), overly dense forest stands will have developed that require mechanical
reduction of overstory and midstory woody stems before understory woody and
herbaceous material can be treated. If the stand to be treated is in the wildland,
conventional timber harvesting equipment may be used, and the operation may
be economically feasible if there is sufficient timber value. If the operation is
conducted in the intermix zones, mechanical reductions (i.e., thinning) may be
feasible as a one-time treatment to bring fuel loads into balance. Forest operations
selected for WUI applications must be appropriately matched to the terrain and
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stand conditions, the unique constraints of operating in the WUI, the product
specifications of any extracted materials, and the prescription requirements of the
treatment. Conventional mechanical reduction equipment is designed to operate
effectively on large areas so high speed and maximum cutting width are common
design goals. Operations for the WUI, on the other hand, should be lightweight to
minimize soil impacts and road transportation problems. Cutting width and speed
may not be as important as minimizing thrown debris and operating in tight quarters
near structures and the public.

Suitability of an area for continued forest management is affected by
exurbanization due to parcelization of the forest estate, reduction of tract size, and
diseconomies of scale. Conventional forest operations face significantly increasing
costs as tract size drops below 25 acres (Greene et al., 1997). This is primarily
due to the increasing overhead of move-in costs and delay time associated with
large capital-intensive equipment. In the diffuse boundary intermix zone where
individual ownerships are small or in the distinct boundary zone where forest land
is becoming parcelized into smaller ownerships, conventional economics may
not apply (Wear and Newman, 2004). In the WUI, operations that involve a single
machine performing multiple functions will have lower move-in costs (Wilhoit
and Rummer, 1999). A small forwarder with a harvester head on the crane (a
harwarder) would be a unique multi-function machine for WUI extraction needs.
Smaller equipment where multiple machines can be moved on a single transport
trailer may also be advantageous. Harvesting equipment mounted on all-terrain
vehicles (ATV) can be easily transported from site to site. In dense, overstocked
stands resulting from fire suppression, individual stems may be too small for
conventional products and biomass thinning for energy wood may be appropriate.
In such cases, combining a small chipper with cut-to-length harvesting systems
may be feasible (Bolding and Lanford, 2001). Biomass material that has no
product value may have to mulched and left in the stand to minimize costs. New
technology to collect and bundle small material in the woods for transport to
processing facilities and the development of bioenergy conversion technologies
may provide additional options in the future. A complete fuel reduction treatment
in the WUI will thus require an integrated system of several machines to achieve
stand management goals while minimizing costs and maximizing fiber recovery
and utilization.

Once woody fuels have been reduced, there remains the need to establish and
maintain a low-risk herbaceous understory and prevent development of higher-
stature woody fuels. In the South, the need for re-treatment can be as frequent as
every 2—5 years in some fuel types (e.g., coastal flatwoods; Brose and Wade,
2002). Alternatives to use of fire to manage understory fuel loads over large areas
are few, due to higher cost of mechanical and chemical alternatives and the
required frequency of application. In localized areas protecting high-value structures
or resources, alternatives to prescribed burning may involve mechanical reduction
such as mowing or bush-hogging (Windell and Bradshaw, 2000; Rummer et al.,
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2002) of current fuel loads and maintenance of low-risk understory through repeated
mechanical treatments or herbicides, although such options may not be acceptable
to some landowners (Loomis et al., 2000). At the urban end of the WUI gradient
and throughout the WUI where individual home sites abut wildland, application
of defensible space concepts and use of fire-resistant building and landscaping
materials are critical to minimizing losses due to wildfires (Monroe, 2002; Long
et al., 2005). In some states, local regulations are beginning to reflect these needs
(Haines et al., 2005).

3.5 Conclusion

The rapid expansion of the US population since World War II into formerly rural
areas has caused significant shifts in land use and land cover that present the natural
resource manager not only with constraints on traditional land management but
also a new class of resource and people management problems in the interface
zone where urban and wildland uses must co-exist. This rapidly expanding and
changing WUI is more than a boundary or discrete class of land use, and can best
be understood as a set of complex social, physical, and biologic gradients. Where
the WUI mixes people with fire-affected forest vegetation, particular problems
arise. Fire risk problems in the WUI are greater than in wildland because there is
a higher risk of catastrophic wildfire; ignitions by humans increase and fuel loads
generally are greater because of lack of on-going management. By placing higher
values at risk (i.e., structures built within fire-affected forests), the potential costs
of wildfires are greater. The cost of wildfires goes well beyond damage to structures,
as scenic viewscapes can remain damaged for years and affect tourism-based
economies (Butry et al., 2001).

The Southern US exemplifies the problems of mixing urbanized land uses with
fire-affected natural vegetation. Because of an extensive road system, the entire
South must be regarded as a WUI, at least in terms of managing smoke from
prescribed burning. Even highly urbanized areas such as Atlanta, Georgia have
been affected by smoke from wildfires and prescribed burning. Urbanization
constrains traditional forest management and use of prescribed burning even at
the wildland end of the WUI gradient because of concerns for liability from
escaped fire, transportation safety, and regional air quality. Moving toward the
urban end of the gradient, these concerns greatly increase and pose the dilemma
of the lack of fuel management increasing the risk of occurrence and severity of
inevitable wildfire.

Managers need additional tools to define the current WUI and affordable methods
for monitoring land use change and updating the WUI. Such tools will provide
managers with improved ability to estimate wildfire risk at a scale that permits
them to plan appropriately to attack wildfire when it occurs to minimize property
losses and insure firefighter safety. Individuals living in the WUI need to be
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educated as to their risk and their responsibility for reducing that risk. Remote
sensing (RS) and geographic information systems, along with spatial information
at appropriate scale, will play a critical role in providing managers with monitoring
capability that can also be used to educate the public about the WUI: nothing
says it like a map.

Acknowledgements

Discussions with many people helped shape the ideas presented here. Special
mention goes to Scott Goodrick, Gary Achtemeier, and Yongqiang Liu for
broadening our understanding of the issues surrounding smoke management. We
also profited from discussions with Joe O’Brien, Tom Waldrop, Ken Outcalt,
Dale Wade, and Yangjian Zhang. Helpful reviews were provided by Ken Cordell,
Jeff Prestemon, Wayne Zipperer, and two anonymous reviewers.

References

Achtemeier GL, (2001), Simulating nocturnal smoke movement. Fire Management Today, 61:
28 -33

Achtemeier GL, (2002), Problem smoke. In: Hardy C, Ottmar RD, Peterson JL, et al. (eds) Smoke
management guide for prescribed wildland fire. Boise, ID: National Wildfire Coordinating
Group

Achtemeier GL, (2003), On the origins of “Superfog”—a combination of smoke and water vapor
that produces zero visibility over roadways. In: Proc. 2™ Intl. Wildland Fire Ecology and Fire
Management Congress and 5™ Symposium on Fire and Forest Meteorology, held 16 — 20
November 2003, Orlando, FL; American Meteorological Society, Boston, MA; J8.9, 4

Achtemeier GL, Jackson W, Hawkins B, Wade DD, McMahon C, (1998), The smoke dilemma:
A head-on collision! In: Wadsworth KG (ed), Transactions of the 63 North American
Wildlife and Natural Resources Conference, held 20 — 24 March 1998, Orlando, FL. Wildlife
Management Institute, Washington, DC: 415 — 421

Alig RJ, Kline JD, Lichtenstein M, (2004), Urbanization on the US landscape: looking ahead
in the 21* century. Landscape and Urban Planning, 69: 219 — 234

Bliss JC, Nepal SK, Brooks RT, Larsen MD, (1997), In the mainstream: environmental attitudes
of mid-South landowners. Southern Journal of Applied Forestry, 21(1): 37 — 43

Bolding MC, Lanford BL, (2001), Forest fuel reduction through energy wood production using
a small chipper/CTL harvesting system. Proceedings of 24™ Annual Meeting Council on Forest
Engineering, 15— 19 July 2001, Snowshoe, West Virginia. Council on Forest Engineering,
Corvallis, OR; CD-ROM

Brenner J, (1991), Southern oscillation anomalies and their relation to Florida wildfires. Fire
Management Notes, 52(1): 28 — 32

35



Remote Sensing and Modeling Applications to Wildland Fires

Brose P, Wade DD, (2002), Potential fire behavior in pine flatwood forests following three
different fuel reduction techniques. Forest Ecology and Management, 163: 71 — 84

Butry DT, Mercer DE, Prestemon JP, Pye JM, Holmes TP, (2001), What is the price of
catastrophic wildfire? Journal of Forestry: 9 — 17

Butry DT, Prestemon JP, (2005), Spatio-temporal wildland arson crime functions. Paper presented
at the Annual Meeting of the American Agricultural Economics Association, 26 — 29 July
2005, Providence, Rhode Island. Published on the Internet at http://agecon.lib.umn.edu/
cgi-bin/pdf view.pl?paperid=16442&ftype=.pdf (last accessed 9 October 2007)

Cardille JA, Ventura SJ, Turner MG, (2001), Environmental and social factors influencing
wildfires in the upper Midwest, United States. Ecological Applications, 11: 111 — 127

Caulfield JP, (1998), A fund-based timberland investment performance measure and implications
for asset allocation. Southern Journal of Applied Forestry, 22(3): 143 — 147

Cohen JD, (2000), Preventing disaster: Home ignitability in the wildland-urban interface.
Journal of Forestry, 98(3): 15— 21

Cordell HK, Bergstrom JC, Betz CJ, Green GT, (2004), Socioeconomic forces shaping the
future of the United States. In: Manfredo MJ, Vaske JJ, Bruyere BL, Field DR, Brown PJ
(eds). Society and natural resources: A summary of knowledge. Jefferson, MO: Modern
Litho. 361

Cordell HK, Bliss JC, Johnson CY, Fly M, (1998), Voices from Southern forests. In Wadsworth,
K.G., editor, Transactions of the 63" North American Wildlife and Natural Resources
Conference, held 20 — 24 March 1998, Orlando, FL. Wildlife Management Institute,
Washington, DC: 332 — 347

Cordell HK, Macie EA, (2002), Population and demographic trends. In: Macie EA, Hermansen
LA (eds) 2002. Human influences on forest ecosystems—the Southern wildland-urban
interface assessment. USDA Forest Service Southern Research Station General Technical
Report SRS-55. Asheville, NC: 11 — 35

Clutter M, Mendell B, Newman D, Wear D, Greis J, (2005), Strategic factors driving timberland
ownership changes in the U.S. South. Report to the Southern Group of State Foresters,
November 2005. Retrieved January 7, 2006 from http://www.srs.fs.usda.gov/econ/pubs/
southernmarkets/strategic-factors-and-ownership-v1.pdf

Duryea ML, Hermansen LA, (2002), Challenges to forest resource management. In: Macie
EA, Hermansen LA (eds) 2002. Human influences on forest ecosystems—the Southern
wildland-urban interface assessment. USDA Forest Service Southern Research Station
General Technical Report SRS-55. Asheville, NC: 93 — 113

Donoghue LR, Main, WA, (1985), Some factors influencing wildfire occurrence and measurement
of fire prevention effectiveness. Journal of Environmental Management, 20: 87 — 96

Doolittle ML, (1978), Analyzing wildfire occurrence data for prevention planning. Fire
Management Notes, 39(2): 5—-17

Forman RTT, (2002), Road Ecology. Island Press, Washington, D.C

Greene WD, Harris TG, DeForest CE, Wang J, (1997), Harvesting cost implications of changes in
the size of timber sales in Georgia. Southern Journal of Applied Forestry, 21(4): 193 — 198

Hagen JM, Irland LC, Whitman AA, (2005), Changing timberland ownership in the Northern
Forest and implications for biodiversity. Manomet Center for Conservation Sciences,

36



3 Demographic Trends in the Eastern US and the Wildland Urban Interface:
Implications for Fire Management

Report #MCCS-FCP-2005-1, Brunswick, Maine, 25

Haight RG, Cleland DT, Hammer RB, Volker CR, Rupp TS, (2004), Assessing fire risk in the
wildland-urban interface. Journal of Forestry, 102(7): 41 — 48

Haines TK, Busby RL, Cleaves DA, (2001), Prescribed burning in the South: Trends, purpose,
and barriers. Southern Journal of Applied Forestry, 25(4): 149 — 153

Haines T, Renner C, Reams M, Granskog J, (2005), The national database of wildfire mitigation
programs: state, county and local efforts reduce wildfire risk. p 1 — 7 in Proceedings of the
joint meeting of the Society of American Foresters and Canadian Institute of Foresters “One
Forest Under Two Flags”, held Edmonton, Alberta, Canada: Society of American Foresters,
Bethesda, MD

Hammer RB, Stewart SI, Winkler RL, Radeloff VC, Voss PR, (2004), Characterizing dynamic
spatial and temporal residential density patterns from 1940 — 1990 across the North Central
United States. Urban and Landscape Planning, 69: 183 — 199

Hirschhorn JS, (2000), Growing pains: Quality of life in the new economy. National Governors’
Association, Washington, DC

Hobbs F, Stoops N, (2002), Demographic trends in the 20th Century. Census 2000 Special
Reports, CENSR-4. US Census Bureau, Washington, DC

Hull RB, Stewart SI, (2002), Social consequences of change. In: Macie EA, Hermansen LA
(eds) 2002. Human influences on forest ecosystems—the Southern wildland-urban interface
assessment. USDA Forest Service Southern Research Station General Technical Report
SRS-55. Asheville, NC: 115 - 129

Jacobson SK, Monroe MC, Marynowski S, (2001), Fire at the wildland interface: the influence
of experience and mass media on public knowledge, attitudes, and behavioral intentions.
Wildlife Society Bulletin, 29(3): 929 — 937

Kramer EA, Conroy MJ, Elliott MJ, Anderson EA, Bumback WR, Epstein. J, (2003), A Gap
Analysis of Georgia. U.S. Geological Survey, Reston, VA

Long AJ, Wade DD, Beall FC, (2005), Managing for fire in the interface: Challenges and
opportunities. Chapter 13 in Vince SW, Duryea, ML, Macie EA, Hermansen LA. Forests
at the Wildland-Urban Interface. CRC Press, Boca Raton. 201 — 223

Loomis JB, Bair LS, Omi PN, Rideout DB, Gonzalez-Caban A, (2000), A survey of Florida
residents regarding three alternative fuel treatment programs. Report to the Joint Fire Science
Program, July 26, 2000. 88

Loomis JB, Bair LS, Gonzalez-Caban A, (2001), Prescribed fire and public support: knowledge
gained, attitudes changed in Florida. Journal of Forestry, 99(11): 18 — 22

Macie EA, Hermansen LA (eds), (2002), Human influences on forest ecosystems—the Southern
wildland-urban interface assessment. USDA Forest Service Southern Research Station
General Technical Report SRS-55. Asheville, NC: 160

Mackun PJ, Wilson SR, (2000), Population trends in metropolitan areas and central cities, 1990
to 1998. Retrieved January 7, 2006 from http://www.census.gov/prod/2000pubs/p25-1133.pdf

Mercer DE, Prestemon JP, (2005), Comparing production function models for wildfire risk
analysis in the wildland-urban interface. Forest Policy and Economics, 7: 782 — 795

Miller SR, Wade D, (2003), Re-introducing fire at the urban/wild-land interface: planning for
success. Forestry, 76: 253 — 260

37



Remote Sensing and Modeling Applications to Wildland Fires

Mobley HE, (1989), Summary of smoke-related accidents in the South from prescribed fire
(1979 — 1988). American Pulpwood Association Technical Release 90-R-11

Monroe M, (2002), Fire. In Macie EA, Hermansen LA (eds) 2002. Human influences on forest
ecosystems—the Southern wildland-urban interface assessment. USDA Forest Service
Southern Research Station General Technical Report SRS-55. Asheville, NC: 133 — 150

NIFC, (2001), National Fire News, Wildland Fire Season 2000 At A Glance, updated June 14,
2001. National Interagency Fire Center, Boise, ID. Retrieved January 7, 2005 from
http://www.nifc.gov/fireinfo/2000/

Nowak DJ, Walton JT, (2005), Projected urban growth (2000 — 2050) and its estimated impact
on the US forest resource. Journal of Forestry, 103(8): 383 — 389

Nowak DJ, Walton JT, Dwyer JF, Kaya LG, Myeong S, (2005), The increasing influence of
urban environments on US forest management. Journal of Forestry, 103(8): 377 — 382

O’Brien 17, (1998), The distribution and habitat preferences of rare Galactia species (Fabaceae)
and Chamaesyce deltoidea subspecies (Euphorbiaceae) native to southern Florida pine
rockland. Natural Areas Journal, 18(3): 208 — 222

O’Sullivan D, Unwin DJ, (2003), Geographic Information Analysis. John Wiley & Sons,
Hoboken, NJ

Prestemon JP, Butry DT, (2005), Time to burn: Modeling wildland arson as an autoregressive
crime function. American Journal of Agricultural Economics, 87: 756 — 770

Prestemon JP, Pye JM, Butry DT, Holmes TP, Mercer DE, (2002), Understanding broadscale
wildfire risks in a human-dominated landscape. Forest Science, 48(4): 685 — 693

Radeloff VC, Hammer RB, Stewart SI, Fried JS, Holcomb SS, McKeefry JF, (2005), The
wildland-urban interface in the United States. Ecological Applications, 15: 799 — 805

Ravenel R, Tyrrell M, Mendelsohn R (eds), (2002), Institutional timberland investment. Yale
Forest Forum Vol. 5 No. 3. Global Institute of Sustainable Forestry, Yale University, New
Haven, CT

Riitters KH, Wickham JD, (2003), How far to the nearest road? Frontiers in Ecology and
Environment, 1(3): 125-129

Rummer R, Outcalt K, Brockway D, (2002), Mechanical mid-story reduction treatments for
forest fuel management. 2002. In: New century: new opportunities: 55th annual Southern
Weed Science Society meeting; 28 — 30 January 2002; Atlanta, GA. Champaign, IL: Southern
Weed Science Society: 76 [Abstract]

Snyder JR, Herndon A, Robertson WB, (1990), South Florida rockland. 230 — 277 in Myers RL,
Ewel JJ (eds), Ecosystems of Florida. University of Central Florida Press, Orlando, FL. 765

Stanturf JA, Kellison RC, Broerman FS, Jones SB, (2003), Productivity of southern pine
plantations: where are we and how did we get here? Journal of Forestry, 101(3): 26 — 31

Stein SM, McRoberts RE, Alig RJ, Nelson MD, Theobald DM, Eley M, Dechter M, Carr M,
(2005), Forests on the edge: Housing development on America’s private forests. General
Technical Report PNW-GTR-636. Portland, OR: USDA Forest Service, Pacific Northwest
Research Station. 16

Sorenson B, Fuss M, Mulla Z, Bigler W, Wiersma S, Hopkins R, (1999), Surveillance of morbidity
during wildfires—central Florida 1998. Morbidity and Mortality Weekly Report, 48(4):
78-179

38



3 Demographic Trends in the Eastern US and the Wildland Urban Interface:
Implications for Fire Management

Sullivan WC 111, (1994), Perceptions of the rural-urban fringe: citizen preferences for natural
and developed settings. Landscape and urban Planning, 29: 85 — 101

Theobald DM, (2001), Land-use dynamics beyond the American urban fringe. The Geographical
Review, 91(3): 544 — 564

Theobald DM, (2004), Placing exurban land-use change in a human modification framework.
Frontiers in Ecology and Environment, 2(3): 139 — 144

Turner MG, Wear DN, Flamm RO, (1996), Land ownership and land-cover change in the
Southern Appalachian Highlands and the Olympic Peninsula. Ecological Applications,
6(4): 1150-1172

Turner MG, Pearson SM, Bolstad P, Wear DN, (2003), Effects of land-cover change on spatial
pattern of forest communities in the Southern Appalachian Mountains (USA). Landscape
Ecology, 18: 449 — 464

USDA and USDI, (2001), Urban wildland interface communities within vicinity of Federal
lands that are at high risk from wildfire. Federal Register, 66: 751 — 777

US DOT, (2004), Highway statistics 2003, Public Road Length (Table HM-10). Federal Highway
Administration website accessible at http://www.thwa.dot.gov/policy/ohim/hs03/htm/hm10.htm;
last accessed January 24, 2006

Wade DD, Brenner J, (1995), Florida’s solution to liability issues. In Weise DR, Martin RE
(technical coordinators), Proceedings of the Biswell Symposium: fire issues and solutions
in urban interface and wildland ecosystems. USDA Forest Service, Pacific Southwest
Research Station General Technical Report PSW-158. Berkeley, CA: 131 — 138

Wade DD, Custer G, Thorsen J, Kaskey P, Kush J, Twomey B, Voltolina D, (1998), Reintroduction
of fire into fire-dependent ecosystems: Some southern examples. In Pruden TL, Brennan LA
(eds), Fire in ecosystem management: shifting the paradigm from suppression to prescription.
Tall Timbers Ecology Conference Proceedings No. 20. Tall Timbers Research Station,
Tallahassee, FL: 94 — 98

Wade DD, Lunsford JD, (1989), A guide for prescribed fire in southern forests. Tech. Pub.
R8-TP11, USDA Forest Service Southern Region, Atlanta, GA

Wade D, Mobley H, (2007), Managing smoke at the wildland urban interface. General Technical
Report SRS-103, USDA Forest Service Southern Research Station, Asheville, NC. 28

Wear DN, (2002), Land use. In: Wear, D.N. and Greis, J.G. eds. Southern forest resource
assessment. General Technical Report SRS-53. USDA Forest Service Southern Research
Station, Asheville, NC: 153 — 173

Wear DN, Bolstad P, (1998), Land-use changes in Southern Appalachian landscapes: spatial
analysis and forecast evaluation. Ecosystems, 1: 575 — 594

Wear DN, Liu R, Foreman JM, Sheffield RM, (1999), The effects of population growth on
timber management and inventories in Virginia. Forest Ecology and Management, 118:
107-115

Wear DN, Newman DH, (2004), The speculative shadow over timberland values in the U.S.
South. Journal of Forestry, 102(8): 25— 31

Wilhoit J, Rummer B, (1999), Application of small-scale systems: evaluation of alternatives.
Presented at the 1999 ASAE/CSAE-SCGR Annual International Meeting, Paper No. 99-5056.
ASAE, 2950 Niles Road, St. Joseph, M1 49085-9659 USA

39



Remote Sensing and Modeling Applications to Wildland Fires

Wimberly MC, Zhang Y, Stanturf JA, (2005), GIS Application in the wildland-urban interface.
Chapter 9 in Shao G, Reynolds K (eds) Computer Applications In Sustainable Forest
Management. Springer, Heidelberg. In Press

Windell K, Bradshaw S, (2000), Understory biomass reduction methods and equipment. USDA
Forest Service, Technology & Development Program 0051-2828-MTDC. Missoula, MT.
[Partial document summarizing the full version, Understory Biomass Reduction Methods
and Equipment Catalog 0051-2826-MTDC]

Yin R, Caulfield JP, Aronow ME, Harris TG Jr, (1998), Industrial timberland: current situation,
holding rationale, and future development. Forest Products Journal, 48(10): 43 — 48

Zhai YS, Munn IA, Evans DL, (2003), Modeling forest fire probabilities in the South Central
United States using FIA data. Southern Journal of Applied Forestry,27: 11 - 17

Zhang Y, (2004), Identification of the Wildland-Urban Interface at Regional and Landscape
Scales. Ph.D. Dissertation. University of Georgia, Athens

Zhang Y, Wimberly MC, (2007), The importance of scale in using hierarchical census data to
identify the wildland-urban interface. Southern Journal of Applied Forestry, 31: 138 — 147

Zipperer WC, (2002), Urban influences on forests. In: Macie, E.A. and Hermansen, L.A., editors.
2002. Human influences on forest ecosystems—the Southern wildland-urban interface
assessment. USDA Forest Service Southern Research Station General Technical Report
SRS-55. Asheville, NC: 73 - 91

40



An Overview of NOAA’s Fire Weather, Climate,
and Air Quality Forecast Services

Elliot Jacks and Heath Hockenberry

Office of Climate, Water, and Weather Services, NOAA National Weather Service,
1325 East West Highway, Silver Spring, MD 20910, USA
Email: {Elliot.Jacks, Heath.Hockenberry} @noaa.gov

Abstract Among the many products and services NOAA provides include
those oriented towards supporting prediction of fire danger and spread, climate
prediction with a focus on drought, and air quality predictions with regard to
ozone and smoke. The National Weather Service (NWS) Fire Weather program
supports two main areas of concern, fire suppression and resource management,
with NWS Fire Weather Planning Forecasts, NWS Fire Weather Watch and
Red Flag Warning program, site specific spot forecasting, and onsite support
services by specially trained incident meteorologists (IMETs). The NWS
recently began the implementation of the national digital forecast database
(NDFD) that features an interactive map. NWS Climate Services are leading
the development of the management structure for the national integrated
drought information system (NIDIS) Implementation Team to lead improved
monitoring and prediction of drought. The NWS Climate Prediction Center
took an active role in the implementation of the new climate forecast system
(CFS), a coupled model which represents the interaction between the Earth’s
atmosphere and oceans. NOAA and the Environmental Protection Agency
(EPA) have developed a national air quality forecasting capability to improve
the basis for EPA’s air quality alerts and to provide a broad spectrum of air
quality information, including with respect to smoke. NOAA'’s products and
services to support predictions for Fire Weather, Air Quality and Climate all
share the common thread of evolving towards a higher degree of specificity
and accessibility.

Keywords Fire weather watch, red flag warning, IMET, NDFD, NIDIS, CFS,
AQF System
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Among the many products and services National Oceanic and Atmospheric
Administration (NOAA) provides include those oriented towards supporting
prediction of fire danger and spread, climate prediction with a focus on drought,
and air quality predictions with regard to ozone and smoke. In particular, the fire-
based products used heavily by Incident Commanders at fire scenes to direct daily
fire fighting operations, as well as fire managers to support planning and placement
of fire fighting resources.

Figure 4.1 An engine crew scouts a dangerously active crown fire

NOAA’s drought and air quality products also support fire planning and mitigation
in advance of and in the wake of fires, respectively. This chapter provides an
overview of these products and services, including an overview of NOAA’s new
digital databases which make these products and services increasingly available
to a wide spectrum of users.

4.1 NWS Fire Weather

The vision of NOAA’s national weather service’s (NWS) fire weather program is
to provide timely data and forecasts to support wildland firefighters in minimizing
fire fatalities, injuries, and loss of property; and to reduce fire suppression and land
management costs by providing more timely and accurate weather information.
The role served by the NWS is of critical importance to fire managers, who rely
heavily on the most timely fire weather planning and forecast information. The
NWS uses the latest available technology to continuously advance fire weather
forecasting systems and services.
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4.2 Products and Services

There are two main areas of concern for NWS customers; these include suppression
and resource management. NWS fire weather planning forecasts provide site-
specific, detailed information critical to the suppression of a wildfire or a federal
prescribed burn. These vital forecast elements include temperature, humidity, wind
speed and direction, and dispersion. NWS forecasters focus on weather events
such as dry thunderstorms, erratic wind conditions, dangerous lightning, and dry
cold fronts which endanger the firefighters and crews on the line. The planning
forecast provides 147,000 elements per day. This takes into consideration the 100
forecast offices which each cover 15 zones, twice daily, for a seven-day forecast
with seven elements included in each.

For resource management, the NWS takes an active role in forecasting conditions
for prescribed burns. Prescribed burning is defined as “fire applied in a knowledgeable
manner to forest fuels on a specific land area under selected weather conditions
to accomplish pre-determined, well-defined management objectives.” Prescribed
burns are a safe and cost-effective way to reduce fuels that could lead to destructive,
unplanned fires during the next fire season. Prescribed burning is also essential to
the maintenance of many healthy ecosystems by creating the necessary changes for
habitat manipulation.

National Weather Service
Weather forecast offices
and
County warning forecast areas

D mwf.am - B2

OCTOBER 2004 MIRS GIS GROUP =t

Figure 4.2 Figure indicates the distribution of NOAA’s Weather Forecast Offices
throughout the country
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Figure 4.3 An ominous scene of the glow from a wildland urban interface (WUI)

The NWS fire weather watch and red flag warning program is the nationally
recognized federal warning system used to alert wildland firefighters when
conditions are favorable for fire weather activity. This program is essential to the
safety of fire management crews. A fire weather watch is issued when red flag
conditions are expected within the next 72 hours. A watch is upgraded to a red
flag warning if the red flag criterion is expected to occur within the next 24 hours.
By definition, a red flag event includes weather conditions which could sustain
extensive wildfire activity, including sustained surface winds or high gusts, unusually
hot and dry conditions or dry thunderstorm activity during a dry period. The NWS
issues over 8,000 red flag warnings and fire weather watches throughout the course

I Red flag warning
Fire weather watch
Fire weather forecast (current)

Figure 4.4 A graphic from the National Fire website, highlighting areas of critical
fire weather
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of a year. These warnings and watches are issued with an 85% rate of accuracy
and a false alarm rate of only 22%. The NWS averages a lead-time of 7.8 hours
for these warnings.

Site specific spot forecasting is another service provided by the NWS to support
fire weather management for wildfires and prescribed burns. Spot forecasts are
defined as non-routine forecasts that include skycover/weather, maximum/minimum
temperature, maximum/minimum relative humidity, 20-foot winds, wind shifts/gusts
and instability. Optional elements provided in a spot forecast include Haines
index, transport wind, missing depth, lightning activity level (LAL) and chance
of wetting rain. The NWS policy states that any public safety official is permitted
to request a spot forecast for non-wildfires if it is deemed a threat to life and or
property. The NWS issues over 15,000 fire weather spot forecasts, annually.

The storm prediction center (SPC) produces operational guidance products for
fire weather each day. The products are designed to provide forecasting guidance
to each weather forecast office (WFO) on the possibility of significant fire weather
activity. SPC assesses dry lightning, low relative humidity, and significant wind
potential. Areas are then highlighted to emphasize where these dangerous fire
weather elements will occur. SPC plans on extending this product to highlight
significant fire weather areas up to 8 days in advance.

The NWS also provides onsite support services for wildfires, Federal Prescribed
Burns, and hazardous material (HAZMAT) incidents. The NWS currently employs
65 specially trained incident meteorologists (IMETs), who are professionally
qualified in fire weather forecasting and onsite assistance. Each IMET receives at
least three years of forecaster training and over 225 hours of fire weather classroom
and on-the-job training, prior to becoming certified. In addition, IMETs are required
to complete over 25 hours of fire weather refresher training annually, throughout
the course of their careers and are sent to remote locations across the country to
support hundreds of wildfire incidents every year. NOAA plans to continue
expansion of IMET capabilities to new cities, and to train its forecasters on how
to effectively respond to a wide variety of Incident Support needs from all of its
WFOs. This may include supporting response to toxic spills, chemical releases,
or other events of national significance such as large public gatherings. Also,
IMETs will continue to support emergency managers at local emergency operations
centers by utilizing their specialized equipment and expertise.

IMETs use a collection of specialized equipment when issuing on-site fire
weather forecasts. The atmospheric theodolite meteorology unit (ATMU) consists
of a theodolite, which is used in tracking weather balloons to calculate wind aloft,
and various other instruments including a thermometer, anemometer, tools to
measure humidity, and a first aid kit. This device gives IMETs the capability to
efficiently operate at remote locations while providing close meteorological support
to the fire management team. The all-hazards meteorological response system
(AMRS) is another tool used by IMETs for data assimilation. The AMRS is
comprised of high-tech computer software and satellite communications which
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make it possible for the IMETs to access accurate and timely weather data while
in the field. IMETs also utilize laptop computers with FX-NET software, developed
by NOAA’s forecast systems laboratory (FSL) in Boulder, CO. This software
provides IMETs with the capability to process weather observations and forecast

data using an interface which is identical to their home office.
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Figure 4.5 IMETs are strategically positioned to quickly meet the threat of wildfires
and other hazardous, life-threatening incidents

Figure 4.6 Two NWS IMETs set up a mobile communications dish at an area
command in Oregon
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While the IMET concept has generally been intended to support wildland fires,
IMETs are also used to support non-fire events which require weather support.
For example, IMETs were deployed to assist in the Challenger Space Shuttle
Recovery Mission, and also to assist with Hurricane Katrina when weather data were
unavailable. The expanded use of IMETs is anticipated in support of non-fire
events and Homeland Security needs.

NOAA operates two geostationary operational environmental satellites (GOES),
one centered over the equator and 75° west and the other positioned at the equator
and 135° west, providing images of atmospheric moisture and thermal structure
over the continental U.S. at least every fifteen minutes. Each GOES satellite has
a 3.9 um infrared channel that can be used to detect forest fires. They also have
high-resolution visible channels that can detect smoke from fires.

Figure 4.7 An example of the visible imagery showing the smoke from fires is shown.
The red areas indicate the location of fires detected on the 3.9 pm of infrared imagery

4.3 Making Optimal Use of NWS Technology

4.3.1 Digital Services

The NWS recently began implementation of the national digital forecast database
(NDFD) to track and display forecast elements. The database features an interactive
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map, which allows the user to “point and click” on a specific location and display
forecast information for virtually any point across the entire United States. The
database, which currently operates at a 5 km resolution, features two different
types of forecasts. The forecast for the upcoming 1 — 3 days is updated every 3 hours
and the forecast for days 4 — 7 is updated every 6 hours.

Y-

\ L R Sy

Relative humidity (%)  for The Sep 29 2005 5PM EDT
@ Exper imental (Thu Sep 292005 21Z) =7
u National digital forecast database 5 4

16z issuance Graphic created-Sep 29 12:16PM EDT ™ -

Figure 4.8 An example national mosaic of relative humidity for the continental
U.S. generated from the NDFD

The forecaster on duty at each of the local WFOs is responsible for making
updates to their segment of the digital database. In order to make the most
accurate projection, the forecaster first looks at each of the models, and determines
which appears to be the most accurate, based on current conditions and observations
in combination with their forecasting experience. The forecaster then “populates”
the grids using one of the models or keeping the previous forecast and adjusting
it. Smart tools, which were developed to ensure grid consistency, are then run to
ensure that forecast elements are consistent. The NDFD currently features six
operational elements that are functional in the continental United States. These
elements are maximum and minimum temperature, probability of precipitation
over a 12 hour period, temperature, dew point, and weather. There are a number of
forecast elements that are currently being tested and considered to be “experimental.”
These elements are evaluated for accuracy, timeliness, and consistency before
they are deemed operational. The current experimental elements for CONUS are
wave height, wind speed and direction, quantitative precipitation forecast (QPF),
snow amount, sky cover, relative humidity and apparent temperature. More
elements are scheduled to become operational in 2006.
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Figure 4.9 Flow chart illustrating how spot forecasts are generated

4.4 NWS Climate Services

NWS Climate Services are leading the development of the management structure
for the national integrated drought information system (NIDIS) Implementation
Team. The goal of the NIDIS Team is to create a comprehensive system to compile
and incorporate data on the major indicators of drought including ground water
levels, soil moisture, snow pack, stream flow, climate and forecasts. This early-
warning system will enable users to efficiently determine appropriate mitigation
efforts. The objective of the NIDIS Team is to lead to improved prediction, in
addition to improved monitoring of drought.

4.4.1 Product Improvements

The NWS Climate Prediction Center took an active role in the implementation of
the new climate forecast system (CFS). The CFS was developed at NOAA’s
environmental modeling center in conjunction with NOAA’s office of oceanic and
atmospheric research (OAR). CFS is a coupled model approach, which represents
the interaction between the Earth’s atmosphere and oceans. The study of this data
is critical to the accurate determination of climate on seasonal time scales. This new
system is expected to improve the accuracy and precision of climate forecasting.
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Figure 4.10 An example of the U.S. seasonal drought outlook generated by NOAA’s
NWS climate prediction center
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Figure 4.11 A sample of the interagency North American Drought Monitor product
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Drought monitoring is a fundamental element in the planning and preparation
stages for droughts and the necessary mitigation efforts that often follow. The
NWS climate prediction center (CPC) is an integral part of the team developing
international drought products and services, including the north american drought
monitor (NA-DM). The NA-DM is a collaborative effort among drought experts in
the United States, Mexico and Canada, to implement a system for monitoring
drought conditions across the continent on a continual basis. The NA-DM is
following the path of the already incepted and greatly successful united states
drought monitor (US-DM). Since implementation in 1999, the US-DM has proven
to be a highly effective tool in drought assessment and reporting on a weekly basis
throughout the U.S. The CPC also manages the hazard assessment website which
includes information concerning potential hazards in the areas of temperature, wind,
precipitation, and soil/wildfire conditions. The purpose of the hazards assessment
is to provide emergency managers and the general public with advance notice of
potential hazards related to climate, weather and water events. These assessments
are formulated by integrating NWS forecasts with long-range seasonal predictions,
using state-of-the-art technology and science.
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Figure 4.12 An example of the NWS hazard assessment for Soil/Wildfires drought
monitoring product

4.5 National Air Quality Forecasting

4.5.1 Planned Capabilities

Under the direction of Congress, NOAA and the environmental protection agency
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(EPA) have teamed up with State and local agencies to develop a national air quality
forecasting (AQF) system. The goal of this AQF team is to limit harmful effects
from poor air quality by forecasting ozone, PM and other pollutant levels with
enough advance notice and accuracy for the public to make informed decisions
when potentially harmful conditions exist. The initial deployment of NOAA’s air
quality forecast occurred in September of 2004 in the Northeastern United States.
Since then, the AQF system has been expanded to include the entire U.S., east of
the Rockies. The current system provides 1-day forecast guidance in 1-hour and
8-hour average concentrations for ground-level ozone. Nationwide deployment
of the AQF system is expected to take place by 2008. NOAA plans to improve
and expand the AQF system capabilities over the next decade. For example, in
the next five to seven years, NOAA and the EPA plan to develop and test the
possibility of forecasting concentrations of PM size, less than 2.5 microns. Also,
within the next ten years, NOAA plans to extend the AQF range to 48 — 72 hours
and include a broader range of significant pollutants.

2 S
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o u Sep 29 2005 16Z) ¢
u National digital gmdance database QZ ;
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Figure 4.13 The above figure indicates average ozone concentrations over the entire
Eastern U.S., east of the Rockies

The AQF system is managed by the national center for environmental prediction
(NCEP) in the Environmental Modeling Center (EMC). The AQF system includes
weather observations from the NWS and emissions inventory from the EPA,
which is operationally integrated on NCEP’s “Supercomputer.” This collaboration
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of data, which is referred to as the community multiscale air quality model (CMAQ),
is run twice daily, at 6Z and 12Z. Users are able to access this information on the
NWS and EPA websites.

ABBA fire product
is and prediction system (NAAPS)

OES-8 wildfire ABBA fire product

for the Pacific !

Time: 1200 UTC

Figure 4.14 An example of how air quality and aerosol levels are now detectable
by GOES satellite. (University of Wisconsin, CIMSS)

In conjunction with its federal, state and local government agencies, the NWS
strives to meet its mission statement as outlined in NOAA’s 2005 — 2010 strategic
plan, which is “to understand and predict changes in the Earth’s environment and
conserve and manage coastal and marine resources to meet our Nation’s economic,
social, and environmental needs.” The NWS and its partners continue to progress
by utilizing the latest, state of the art technology and science to produce fire
weather, climate, and air quality digital and graphical products.

4.6 Summary

NOAA’s products and services to support predictions for fire weather, Air quality
and climate all share the common thread of evolving towards a higher degree of
specificity and accessibility to support an increasingly sophisticated user base.
This evolution includes (but is not restricted to) the provision of on-site and spot
forecast services to support fire fighting and planning, access to real time models
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and other predictive information in digital formats, collaborative operational research
geared towards improving predictions in critical areas such as climate and air
quality to support public health and preparedness.
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Abstract This chapter reviews relationships between wildfire fire and air
quality management in the US. Smoke fire emissions contribute to fine
particulate concentrations for which there is a national ambient air quality
standard (NAAQS) and to regional haze. The status of US regulatory programs
for NAAQS and for regional haze are briefly reviewed along with the estimated
contribution made by fire to each of these. We suggest that fire emissions can
be best managed using emissions management systems adapted to smoke
management and recommend that fire management agencies formally adopt
such tools.
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5.1 Introduction

5.1.1 Smoke Contributes to Air Pollution

Forest, range and agricultural burning contribute to air pollution, locally, regionally,
nationally and globally. Global emissions estimates from biomass burning are
quite uncertain but the latest studies suggest that fires may contribute up to
40% — 50% of fine particulate and carbon in the atmosphere (Andreae and Merlet,
2001; IPCC, 2001; Hoelzemann et al., 2004).
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Locally, regionally and nationally in the United States emissions are equally
significant. Figure 5.1 shows an estimate of the regional emissions of PM, s for
the Western United States for the year 1996 taken from the work of the Western
regional air partnership (WRAP) and a projection of how these are anticipated to
grow by 2018. This inventory was developed considering a variety of different
sources with a significant effort to estimate and quality control fire sources. The
total emissions of PM, s are 1, 630,185 tons. Fire sources account for 760,733 or
approximately 47% of the total emissions. (WRAP, 2003). For the same baseline
year, fire represents approximately 9% of VOC and NO, emissions, 3% of SO,
and 27% of CO emissions.

PM, ; Emissions

1996 2018
1.557.098 tons 1,620,072 tons

Increase=62,975 tons (+4%) from 1996

Point Unpaved Point
Unpaved 8% Arca road dust 9%

Area

road dust 34% 3% 36%
4% Paved ?
Paved ruuilodu:.l
road dust 3%
3%

Ag fire
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Rx fire
3%
On-road
moblle
3%
Non-hrlnlmd RaFi
Vildfie moblle % Fire Non-Road
\Alllld‘}j”;m 6% 7%, Moblle
Wildfire 3%

14%

Figure 5.1 The change in PM,; 5 emissions in the Western US in 1996 and projected
emissions for 2,018, assuming wildfire emissions are typical and prescribed burning
programs are functioning

* From Regional Technical Support Document for the Requirements of §309 of the Regional Haze
Rule (64 Federal Register 35714 — July 1, 1999) WRAP Technical Oversight Committee. December
15, 2003. Available at: http://www.wrapair.org/ 309/031215Final309TSD.pdf

Since smoke makes a significant contribution to air quality it has to be considered
in the mix of sources that contribute to regional and local pollution. Smoke from
forest burning is, to some extent, natural in as much as it would be present with or
without human intervention. However, the “natural” amount of smoke is difficult
to determine. Humans have influenced forests through management practices and
agricultural burning cannot be considered natural in any way. One might argue
wildfire is natural; however, wildfire burning in a forest that has had 75 years of
fire exclusion and suppression is hardly natural. Prescribed fire for the purpose of
restoring a “natural” fire regime is different from prescribed fire for the purpose
of maintaining a natural fire regime. Prescribed fire as a silvacultural tool to
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enhance production similarly is not natural. Thus, from the air quality perspective,
it is no longer sufficient to fall back on the “natural” label for all smoke. Fire and
smoke can lead to significant regional air quality impacts. Smoke emissions,
especially the fraction of them that are not “natural” need to be planned for,
managed, and to the extent possible, mitigated in much the same way as other
air pollution sources (for a more in depth discussion of these factors, the reader
is referred to the WRAP Fire Emissions Joint Forum and their discussions
(http://www.wrapair.org/forums/fejf/index.html).

5.2 Regulatory Considerations Relating to Smoke

5.2.1 Regional Haze Rule

In 1999, the US implemented a new Regional Haze Rule (see http://vista.cira
.colostate.edu/improve/Overview/hazeRegsOverview_files/frame.htm for a thorough
review of the provisions of the regulations). These regulations protect class I
area visibility, specifically 156 federal Wilderness and National Park locations
in the US. The regulations are based on the IMPROVE monitoring network
(http://vista.cira.colostate.edu/improve/).

IMPROVE measures the dominant chemical species that make up ambient
atmospheric aerosols so that their relative contribution to visibility reduction can
be evaluated. Aerosols both scatter and absorb light which can be quantified by
the extinction coefficient. Specifically, the relationship between visibility and
atmospheric aerosols is, for the purposes of the regional haze rule, defined by the
IMPROVE equation, a relationship between measured aerosol concentrations, the
extinction coefficient and visibility reduction (see http://vista.cira.colostate.edu/
improve/Tools/ReconBext/reconBext.htm). This allows the regional haze rule to
focus on reducing the ambient concentration of atmospheric aerosols, specifically
on their sulfate, nitrate and organic components.

Under the regional haze rule, all states (and participating Indian tribes) are
required to develop a “state (or tribal) implementation plan” to reduce emissions of
the most appropriate visibility degrading aerosols. By far sulfate is the most significant
contributor to poor visibility in the United States (http://vista.cira.colostate.edu/views/).
However, the regulations specifically require States to identify for each class I
area in their State, what is the natural background for visibility, what is the mean of
the 20% haziest and 20% cleanest days (based on a 5 year average) and establish a
program of emissions limitations to reduce the haziest days to natural background
conditions (whilst not reducing the cleanest days) over the next half century,
measuring progress in 10 year increments.

Natural background is a complex concept but it is specifically identified in the
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regulations to be: reflective of contemporary conditions and land use patterns
(not historical, pre-European conditions); a long-term average condition analogous
to the 5-year average best-and worst-day conditions that are tracked under the
regional haze program, and; estimated for each class I area in the absence of
human-caused impairment. For the purposes of the RHR, a document exists that
defines the natural condition (USEPA, 2003).

In many class 1 areas, especially in the cleanest areas of the US, the northern
Rocky Mountains and intermountain west, organic carbon is the pollutant responsible
for over 50% of the visibility impairment. Figure 5.2 shows IMPROVE data from
2002 to illustrate this point. Organic carbon comes from a variety of sources,
namely biogenic (including all forms of fire as well as secondary organic aerosol
generated from VOC emissions from vegetation) and from fossil fuel combustion
(oil and gas). There are research activities underway to better determine exactly
how much of this organic carbon aerosol comes from forest and other fire smoke.
However, since forest fire smoke is generally recognized as a significant contributor
to regional haze and, at the same time is different from other pollution sources (e.g.
industrial and transportation activities), the RHR calls upon States to implement
Smoke Management Programs (SMP) as part of their S/TIPS. The WRAP has
issued policy guidance on what constitutes a SMP (see http://www.wrapair.org/
forums/fejf/documents/esmptt/policy/030115_ESMP_Policy.pdf).

2002 Worst 20%

F_OMC_bext |
Figure 5.2 On the 20% of days that exhibited the poorest visibility in 2002, this
contour shows the percentage of total extinction caused by fine organic particulates.
Downloaded from the Visibility Information Exchange Web System (VIEWS) on
7 October, 2005. at http://vista.cira.colostate.edu/views
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5.2.2 National Ambient Air Quality Standards for PM

At present (October, 2005), the US EPA is reviewing its national ambient air quality
standard for particulate material. This review, part of the required review process
for NAAQS, may result in changes of both the numerical value and averaging
methods of the standard. At present there are 120 counties that are in non-attainment
for annual PM, 5. Figure 5.3 shows EPA data from 2000 —2002. It is likely that
any revision of the standard will be more restrictive than the current values (see
http://www.epa.gov/ttn/naaqs/standards/pm/s_pm_index.html for more information
about the current status of the particulate standard). At any rate, the message here is
simply that conducting burning programs in any of the counties shown in Fig. 5.3
is likely to be subject to added complexity and possible limitations in the future.

2000-2002 PM, 5 design values for counties-concentration ranges
(Only counties with a complete site are shown)

s =171 [36 counties] .
}? ::};g E‘a:‘;} (bronn omprroE e 120 violating counties l\x
= 14.1-15.0 |57] {blue on previous map) Data Source: AQS July 9, 2003
=140  [348] AQTAG

Figure 5.3 [Illustration of counties in the US which are not in attainment of
the PM,s annual standard of 15 pug/m’. This standard is currently under going
review and may change in the near future taken from http://epa.gov/oar/oaqps/pm25/
pmfinedesignvalues2000 —2002.pdf

5.2.3 Managing Smoke from Wildfire

As a result of advances in computing and remote sensing (RS) technologies, there
have been significant advances over the past decade in the ability to monitor and
to predict smoke from burning activities. There are a number of satellites and sensor
packages allowing steadily improved temporal, spatial, and spectral monitoring
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of smoke. Similarly, the cost and accessibility of computers allows simulations of
fire events in predictive and real time modes, including all the burning in a region
and comparison with other pollution sources to discern the relative contribution
of the burning.

5.3 A Review of the TASET Report—Tools Available to
Manage Smoke

Under funding from the joint fire sciences program in 2000, the authors completed
a study addressing technically advanced smoke estimation tools (TASET) (Fox and
Riebau, 2000). The study made 9 specific recommendations for research activities
associated with both strategic and tactical planning, operations and evaluation of
smoke management activities. It is useful to review these recommendations in light
of recent accomplishments and the current research program in smoke management.

Recommendation 1 was for the fire community to collaborate with universities
and other partners to develop consortia for advancing land manager’s capability
to simulate weather and smoke. This recommendation was taken up and funded
within the National Fire Plan (NFP) with the result being a national network of
fire consortia for advanced modeling of meteorology and smoke (FCAMMS.)
At present there are consortia (http://www.fs.fed.us/fcamms) operating in East
Lansing MI (USFS Northern Station); Athens, GA (USFS Southern Station); Ft.
Collins, CO (and Missoula, MT. USFS Rocky Mountain Station); Seattle, WA
(USFS Pacific Northwest Station) and Riverside, CA (and Reno, NV Pacific
Southwest Station).

Figure 5.4 illustrates where the FCAMMS are operating. These regions represent
the domain of a 12 km (or higher resolution) simulation of hourly weather. The
weather simulation represents the basis for calculation of fire weather relevant
indices, smoke dispersion from prescribed fire operations and a host of other
special weather related parameters.

Recommendation 2 was to conduct a national smoke and visibility conference
because of the potential for impacts by the RHR on fire applications. The need for
this conference has been supplanted by the development of active fire emissions
related activities on the part of the regional planning organizations (RPO). RPOs are
state level organizations created by the EPA for the purpose of doing the technical
work needed to support the RHR and associated S/TIPS. Specifically, many of
the things we were recommending were also accomplished at the National Fire
Emissions Technical Workshop held in May of 2004, under the auspices of the RPOs
(see http://www.wrapair.org/forums/fejf/documents/wildland _fire/index.html).

Recommendation 3 was to design and implement a national smoke emissions
data structure or database system. The call for this was based on the new regulatory
programs mentioned above for PM, s and regional haze, and the feeling that a
national record keeping on fire emissions is needed. We felt that these data will

60



5 A Review of Wildland Fire and Air Quality Management
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Figure 5.4 The figure shows the high resolution modeling domains of the USDA
Forest Service FCAMMS. FCAMMS are primarily research activities located as
shown who are engaged in weather, fire behavior and smoke research based on real
time simulation of meteorology at spatial and time resolutions that are needed to
advise fire management and improve research products. (http://www.fs.fed.us/fcamms)

need to be accessible to many parties including the federal EPA, state air agencies,
researchers, fire managers, and the interested public. Smoke emissions will also
need to be available for use in regional scale modeling using such systems. Data
in such a system would need to be easy to up-date, provide for documentation of
the sources of data, provide information on the quality of data, provide explicit
geographic reference information, and allow data to be preprocessed for use in
modeling. This still exists as a need for this although the RPOs have taken on the
responsibility of developing the immediate inventories needed for their modeling.
The WRAP has also developed an emissions data management system (EDMS)
and specifically designed a fire module for this system. (http://www.wrapair.org/
forums/fejf/documents/edms/04100SEDMS_Fire Module Data.pdf)
Recommendation 4 was to use RS to characterize fuels and fire area for the
purpose of improving emissions inventories. There is a recognized need for fuels
inventory at state, regional, and national scales. Such information as amount of fuel
loading, fuel temperature, and fuel moisture would be extremely useful in calculation
of potential for fire. For emissions calculation, accurate estimates of fire area and
fuel consumed are also needed. Meaningful spatial resolution for this information
would be 100 meters or less. Time resolution for this information would be at
several days to daily resolution. New multi-spectral sensor/platform combinations
are continuing to become available with the potential to provide significantly
enhanced information for fire managers. RS products, preferably from space
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based platforms, can solve fuels inventory and classification needs if spectral,
spatial and temporal resolution are high enough. This information when coupled
with burn area estimates can give regional to national emissions estimates for all
fires. To achieve this level of information it will require new techniques for data
collection, management, and analysis. In 2000 we said that we thought that
technology may not exist at the present time to reach the level of spatial and
temporal resolution we desire, we should strive to work to develop the framework
for methodologies/processes will allow both useful products now and improved
technology management as RS advances as a practice. The EASTFire Conference
is one result of this sort of recommendation; this volume will advance our level
of knowledge in RS for fire.

Recommendations 5, 6 and 7 all related to the need for national fire smoke
modeling products. Without going into the details here the functionality being rapidly
developed and deployed by the BlueSkyRAINS system (http://www.blueskyrains.org)
is exactly what we were calling for to be developed. BlueSkyRAINS is a smoke
modeling framework allowing specific fire emissions to be input to a dispersion
model (the EPA regulatory CALPUFF model) that is driven by high resolution
weather predictions. The system is packaged with an interactive web-based GIS
to allow identification of smoke sensitive areas and thus anticipate problems.
This fire season (2005) the system is being deployed throughout the Western US
at a spatial resolution of 12 km and with predictions for 48 hours in advance.
BlueSkyWEST is undergoing an evaluation of its ability and utility for managers
(see http://www.fs.fed.us/rmc/). In addition, the Southern high resolution modeling
center (SHRMC) is deploying BlueSky for the Southern US, especially in support
of the clean up efforts in the wake of the hurricanes that impacted the Gulf States
in september 2005. As well other FCAMMS are all implementing versions of
BlueSky for their own needs as determined by their user communities.

Recommendation 8 called for the development and deployment of improved
on-site fire emissions measurements. Although fire emissions modeling are
improving, we need to improve our ability to accurately measure emissions at the
fire site. Accurate measurements of emissions at fire sites will become more
important as the regulatory programs discussed above start to ramp up. One
extremely useful measurement would be the total amount of PM; 5 emitted during
the course of the fire. Currently, some fire managers are attempting to measure
particulate concentrations at fires and near fires using portable light scattering
measurements. The limitations of these devices are well known; inability to provide
accurate measurements at high concentrations and point rather than spatial
measurements being two that are often cited. The Forest Service Missoula Fire
Laboratory is investigating LIDAR technologies that can produce fire emission
species concentrations and plume volume measurements to calculate total emissions
from fires. Work is on-going in this important field.

Recommendation 9 called for the development of apportionment tools to smoke
contributions at specific locations. Development of these tools was the subject of
a recent joint fire science program (JFSP) call of research proposals. Thus, assuming
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the research progresses successfully, in the next few years such tools will be
available in the literature.

There are a wide variety of tools available for managing smoke from wildfire.
Many of these tools, as described above, have developed over the past five years.
They add to a rich assortment of tools that have been available from some time
for smoke management (Riebau and Fox, 2001).

Technically, these tools provide the needed support for smoke management. The
tools are not perfect; they represent approximations of various sorts with varying
degrees of accuracy. The next phase of smoke management requires the fire
community to step forward and start to use these tools. The context for applying
tools is the Smoke Management Program and, more generally, the implementation
of a Smoke Management System by the wildland fire community.

5.4 Smoke Management—Programs and Systems

Smoke management programs are identified in the regional haze regulations as
being required in selected States to ensure that smoke from managed fire is properly
managed. The Western regional air partnership (WRAP) has proposed that the smoke
management program should specifically include requirements to: () minimize
fire emissions; ) evaluate smoke dispersion; ) identify alternatives to fire;
@ notify the public; & monitor resulting air quality; © provide surveillance and
enforcement of burning programs; (7 evaluate the program; ® specific burn
authorizations, and; (@ coordinate regional burning. (WRAP, 2001; 2002).

This idealized form of a smoke management program shares much in common
with the international standard (ISO 14001) for environmental management systems
(EMS) (Savage-Tate, 2005; http://www.iso.org/iso/en/iso09000-14000/index.html).

ISO 14000 concerns environmental management in general. It identifies what
an organization does to:

(1) Minimize harmful effects on the environment caused by its activities;

(2) Achieve continual improvement of its environmental performance.

It is a “generic management system standard” meaning that the same standards
can be applied:

(1) To any organization, large or small, whatever its product;

(2) Including if its “product” is actually a service;

(3) In any sector of activity, and;

(4) Whether it is a business enterprise, a public administration, or a government
department.

No matter what the organization’s scope of activity, if it wants to establish an
environmental management system, then such a system has a number of essential
features identified by the ISO standard. “management system” refers to the
organization’s structure for managing its processes - or activities - that transform
inputs of resources into a product or service which meet the organization’s objectives,
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such as complying with regulations, meeting environmental objectives, or
accomplishing the job in a professional manner. The components of an EMS are
illustrated in Fig. 5.5.

We propose that the fire community consider developing and implementing a
formal “smoke management system (SMS)” based on the ISO 14001 standard
and built on the generic elements outlined in Fig. 5.5.

Act
(Improve)

Conduct burn
Use best available
tools

Check 0
(Evaluate) (Implement)

Figure 5.5 Generic environmental management plan with notations associated
with a wildland burning application

5.4.1 Plan

In smoke management there are a number of planning activities that occur. These
range from management planning at the broadest possibly level, namely the
forest plan which might identify general fuel management targets, to specific
accomplishment targets for a particular burning season. An important aspect of
planning is permitting. Permitting is specifically identified in several of the existing
state smoke management programs and takes a variety of different formats. In
general it requires identification of a prescription for the burn, which includes
windows of wind speed, direction, fuel moisture, humidity and other meteorological
parameters, a location and a specific time frame for it. However, in the context of
an SMS, this planning needs to take a step or two back and look at the Agency
policy with regard to its broadest goals, i.e. wishing to maximize the health and
productivity of the forest, to maintain the urban interface as a safe place for people
to live, maintain firefighter safety, minimize negative impacts from forest burning,

64



5 A Review of Wildland Fire and Air Quality Management

etc. A SMS will also need to identify the environmental “aspects” of the Agency.
These “aspects” include positive as well as negative effects of the Agency activity
on the environment. Finally, the SMS should specify goals for the Agency, as
specifically as possible.

5.4.2 Do (Implement)

This of course represents the actual conduct of the burning activity. Burning should
be carried out in as safe and environmentally benign manner as possible. The
implementation phase includes utilization of many of the tools we have mentioned,
i.e. BlueSkyRAINS, to best manage the burning.

5.4.3 Check (Evaluate)

This involves the evaluation of the burning program. It requires post fire monitoring,
evaluation utilizing for example satellite RS and ground based monitoring networks
to evaluate the effectiveness of smoke management activities, to evaluate the quality
of the smoke modeling estimates and the overall accomplishments of identified
targets. This is phase of the current fuel management program that might be
considerably enhanced by formal identification of requirements and activities
through a formal SMS.

5.4.4 Act (Improve)

This is a critical component of the SMS, and one which traditionally is not formally
identified and commissioned. Thus, it may be the single most important contribution
that adopting a formal SMS can generate. This element would require formal
management review of the fuel management activity, a formal comparison with
identified goals and an evaluation of accomplishment, identification of inadequacies
and developing plans for improving next year.

5.5 Summary

It seems appropriate for the fire and fuel management communities to start to
think in terms of developing and establishing formal SMS at appropriate levels in
the agencies. In the forest service, for example, this might be at a district or a forest
level. It will require resources to be developed, to be monitored and to be evaluated.
We feel the potential benefits of adopting such a SMS will be significant. For one,
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it will place the forest manager in a definite leadership position with regard to
smoke management issues. It will serve to communicate to the public as well as to
State and local regulators, that the agency is responsible and professional. Further,
it will clearly identify that the Agency is trying to do the right thing. Finally, the
bottom line will be better burning programs, better smoke management and fewer
negative outcomes.
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Abstract A high-resolution large-eddy simulation (LES) model is employed
to examine the fundamental structure and dynamics of buoyant plumes
arising from heat sources representative of wildland fires. Herein we describe
several aspects of the mean properties of the simulated plumes. Mean plume
trajectories are apparently well described by the traditional two-thirds law for
plume rise; however, the spatial structure of the mean plume is significantly
different from the Gaussian distributions typically assumed in simple plume
models. This discrepancy arises from the fact that entrainment properties of
a buoyant plume in a cross wind are significantly different from those of a
buoyant plume in the absence of a cross wind, a result of the interaction of
the buoyancy-generated vorticity in the plume with the vorticity in the ambient
wind. The depth of the crosswind shear layer at the surface also appears to play
a role in both the horizontal and vertical spread of the plume boundaries
downwind, and in particular the increase in horizontal spread acts to increase
the departure from a Gaussian distribution seen in the plume cross sections.

Keywords Fire plumes, large-eddy simulations, smoke transport, plume rise,
turbulent kinetic energy, vorticity and entrainment

6.1 Introduction

Predicting the impacts on air quality due to the smoke from prescribed fires and
wildfires represents a central problem in smoke management, particularly for many
locations in the Eastern United States where wildfire-prone regions are often located
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near populated areas. A variety of models and tools are available for the purpose
of modeling smoke impacts from wildland fires, and in many cases these models
are appropriate and provide valuable information. These tools typically fall into
three categories: simple Gaussian plume models, Lagrangian puff models, and
Eulerian grid models.

Gaussian plume models, such as VSmoke (Lavdas, 1996) are frequently used by
land managers during the planning phase of a prescribed burn. VSmoke assumes
Gaussian dispersion in both the horizontal and vertical directions from a straight-line
trajectory for each independent period of the simulation. VSmoke is designed to
provide the best estimate of maximum concentrations of smoke at the surface,
rather than accurate concentrations of smoke within the plume. To achieve this
estimate, VSmoke allows the user to partition emissions between a component
subject to plume rise, following the formulation of Briggs (1975), and a surface
component that lacks the buoyancy to achieve significant rise.

As computing power has increased, the use of more complex descriptions of
plume behavior, such as Lagrangian puff models, has become more widespread.
Lagrangian puff models operate by releasing a series of puffs that are transported
by spatially and temporally varying weather conditions. While within-puff dispersion
is still handled in a Gaussian manner, puffs are allowed to split when subject to high
levels of vertical wind shear. CALPUFF (Scire et al., 2000) is a Lagrangian puff
model that is an integral component of the BlueSky smoke modeling framework
(Ferguson, 2003). Plume rise from area sources in CALPUFF follows the derivation
of Weil (1988), with the exception that the Boussinesq approximation employed by
Weil (1988) is not made. CALPUFF assumes that the plumes will have a circular
cross section despite evidence that fire plumes are often dominated by a pair of
counter-rotating vortices; however, this may be an acceptable approximation since
the presence of the counter-rotating vortices does not appear to impact plume rise
calculations (Zhang, 1993; Zhang and Ghoniem, 1993).

Eulerian grid models are frequently used in air quality modeling for assessing
the cumulative impact of a wide variety of emission sources at a regional scale
and can include complex chemical transformations. Although the scale of these
models is generally much larger than the scale of a wildland fire plume, air quality
models such as the United States environmental protection agency (EPA) community
multiscale air quality (CMAQ) modeling system (Byun and Ching, 1999) can
contain subgrid-scale parameterizations for representing smaller scale features
such as plumes from individual sources. In CMAQ this is handled by the plume-
in-grid (PinG) formulation (Gillani and Godowitch, 1999), which behaves in the
manner of a hybrid of the Gaussian and puff models. Transport is handled by the
mean wind throughout the depth of the plume, similar to the use of a layer-mean
wind in the Gaussian models. The plume itself is constructed as a succession of
slabs perpendicular to the flow. The lateral spread of these slabs is governed by
turbulence, wind shear and a background entrainment value, while the vertical
spread of the plume is governed predominantly by turbulence. Each crossflow
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slab is divided into a series of columns with an initially Gaussian lateral distribution
of pollutants. After initialization, the lateral distribution of concentration is controlled
by a series of mass balance equations, transferring concentration between columns
through parameterized diffusion and entrainment processes.

Although these models have been applied with general success over a wide range
of atmospheric conditions, they are all based on simplifications to the governing
equations, and none of them is able to represent accurately the 3D turbulent
dynamics of the plume itself and its interaction with the ambient atmosphere. It is
of particular interest, then, to explore the fundamental dynamics of buoyant plumes
arising from intense heat sources (e.g., plume trajectory, lateral and vertical spread,
entrainment) to assess the utility and accuracy of the models currently in use for
air quality assessment, and in particular to identify situations in which these models
may have significant errors.

In a recent study, Cunningham et al. (2005) employed a high-resolution LES
model to explore the dynamics of buoyant plumes arising from a heat source
representative of wildland fires. This model was designed to resolve the majority
of the turbulent eddies in the plume and its environment, and thus does not suffer
from the approximations inherent to the models discussed above. The simulations
shown by Cunningham et al. (2005) suggest that, even for simple configurations,
plume behavior is highly complex and dominated by a variety of coherent vortex
structures that may have a significant impact on smoke transport. In the present
chapter, we continue and extend this investigation of the fundamental dynamics
of buoyant plumes in a cross wind by describing the mean properties of the
simulated plumes for different heat source intensities and different ambient wind
conditions.

In the following section, the details of the numerical model are described briefly.
In Section 6.3, the basic time-averaged properties of the simulated plumes and their
dependence on the heat source strength and the ambient wind are shown, while
Section 6.4 presents a summary of these results and directions for future research.

6.2 Numerical Model

For this study we utilize the LES model described by Cunningham et al. (2005).
The governing equations are those for 3D, compressible flow in a density-stratified
atmosphere forced by a prescribed volumetric heat source, Q:

0 0 op' 9z,

o, (P o (puu,) o, T8O =5 D (6.1)
P P oH, 06
—(pO0)+—(pbu,)=—=>+=— 6.2
5 P9 ax, (pOu;) or el (6.2)
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P9 (puy=0 6.3)
X

where p is the density, u, is the wind velocity in the x; direction with i, j, k=
1, 2, or 3 representing streamwise (x), spanwise (), or vertical (z) directions,
respectively, p' and p' are the departures of pressure and density, respectively,
from a hydrostatic base state, D; is a drag term intended to represent the effects of
a vegetation canopy, 7 and @ are the temperature and potential temperature, and
¢p 1s the specific heat at constant pressure.

A conventional approach to subgrid-scale modeling (e.g., Deardorff, 1973; Moeng
and Wyngaard, 1988) is employed for the LES model, in which the subgrid-scale
stress tensor, 7, and the subgrid-scale heat flux, H;, are represented respectively by

ou Ou,| 2 ou
=pK | —+—L|-ZpK —£§. 6.4
and
06
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where K, is the eddy viscosity and K}, is the eddy diffusivity.
The eddy viscosity is taken to depend on the subgrid-scale turbulent kinetic
energy (TKE), e, as follows

K =Ce"*A 6.6
m k ( )

where Cy is a constant and A is the grid spacing. The eddy diffusivity is then
related to the eddy viscosity via a turbulent Prandtl number, Pr =K, /K, , which
is assumed to be equal to 1/3 herein. An additional equation for the subgrid-scale
TKE is then required, and is given by
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where the last term on the right hand side represents the dissipation of subgrid-
scale TKE. Following Moeng and Wyngaard (1988), values for the constants in
Eq. (6.6) and Eq. (6.7) are chosen to be C,=0.1 and C.=0.93.

The heat source, Q, in Eq. (6.2) is intended to represent in an idealized manner
the heating due to a fire of moderate intensity, and has the form of a smoothed
top-hat distribution, as given by Eq. (6.10) in Cunningham et al. (2005). The heat
source is centered at point (x;, v), which is (450 m, 600 m) from the origin. The
total heat release rate (HRR) is given by the volume integral of O, and is taken to
be constant after a ramp-up period of 10 s at the beginning of each simulation.
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The governing equations are solved using the dynamical core of the weather
research and forecasting (WRF) model (Skamarock et al., 2001). The computational
domain is a rectangular box with spatial dimensions of 1,800 m in the streamwise
direction (x), 1,200 m in the spanwise direction (), and 1,800 m in the vertical
direction (z). A uniform grid spacing of 10 m is employed in all directions. The
ambient potential temperature is taken to be uniform and equal to 300 K in all
simulations. For additional details of the numerical solution procedure, refer to
Cunningham et al. (2005).

In an effort to explore the dependence of plume dynamics on the intensity of
the heat source and on the nature of the ambient wind, several simulations have
been performed for different heat source intensities, and different ambient wind
profiles specified by

U(z)=U, tanh(z/z,) (6.8)
Parameters employed for each simulation described here, along with the identifying

label for each case, are provided in Table 6.1.

Table 6.1 Parameters for the simulations

Case Heat source (MW) Up (m's™) zo (M)
Q2U3H50 350 3 50
Q2U3H100 350 3 100
Q2USHS0 350 5 50
Q2U5H100 350 5 100
Q3USH50 525 5 50
Q3USH100 525 5 100

In an effort to explore further the dynamics of buoyant plumes in a crossflow,
in Chapter we examine the basic structure of various mean properties of simulated
plumes. To explore these mean properties, simulations were performed for each case
for 20,000 time steps, with statistical properties evaluated over the last 10,000 steps.
Herein we examine the mean plume trajectories for each case, the mean structure
of temperature and wind, and the mean TKE.

6.3 Dynamical Properties of Simulated Plumes

Instantaneous snapshots of potential temperature, vorticity magnitude, and vertical
component of vorticity from the simulation Q2U5H100 are shown in Fig. 6.1,
and illustrate the characteristic plume structure as well as the highly vortical nature
of the flow. It is apparent from these images that even in such simple initial
configurations, the plume is highly turbulent and dominated by coherent vortical
structures. These structures include the counter-rotating vortex pair aligned with
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the plume trajectory that may be associated with bifurcation of the plume,
transverse shear-layer vortices on the upwind face of the plume, and vertically
oriented wake vortices that form downwind of the heat source and that extend
from beneath the bent over plume down to the surface. These vortical structures
are described and discussed in more detail by Cunningham et al. (2005).

(b)

© (d)

Figure 6.1 Instantancous fields from the Q2U5H100 simulation. (a) and (b) Potential
temperature from different view perspectives, (c) total vorticity magnitude, and (d)
vertical component of vorticity (blue — positive values; red — negative values)

6.3.1 Mean Plume Trajectories

Mean plume trajectories for each case are depicted by the black and green lines
in Fig. 6.2; these plume trajectories are calculated based on the maximum potential
temperature deviation from ambient at each location downwind of the heat source
along the plume centerline (i.e., the x — z plane that intersects the center of the
heat source). Also shown in Fig. 6.2 are trajectories predicted (based on heat source
intensity and the magnitude of the ambient cross wind) by the traditional two-thirds
law plume rise model of Briggs (1975) and its modification by Mills (1987) to
account for finite-area sources.
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Figure 6.2 Simulated mean plume trajectories for (a) Q2U3 cases, (b) Q2U5 cases,
and (c) Q3US5 cases. Trajectories for the shallow shear layer (zo =50 m) are shown
by black lines, while trajectories for the deeper shear layer (zo =100 m) are shown by
green lines. Also shown are plume rise calculations based on equations of Briggs
(1975) and Mills (1987), depicted as red and blue lines, respectively
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Following Briggs (1975), the rise height, /g, for buoyancy-dominated plumes
in a neutrally stratified atmosphere is given by

3 3 23
h, :[232j Fyx (6.9)
B U,

where £ is an empirically derived entrainment rate, typically chosen to have a
value of 0.6, Uj is the (constant) ambient wind speed, x is the distance downwind
from the center of the source, and Fj is the buoyancy flux, given by

Fy =80 (6.10)
mp,¢, T,
In Eq. (6.10), O is the total HRR, and p, and 7, are an ambient air density and
temperature, respectively. Trajectories calculated via Eq. (6.9) for a given heat
source and ambient wind speed are shown by the red lines in Fig. 6.2.
Equation (6.9) assumes that the plume evolves from a point source, and it can
be modified to account for a finite diameter, d, of the source (e.g., Mills, 1987;
Zhang and Ghoniem, 1993), such that the plume rise height, 4y, is given by

S\3
hM{thr(iH _ 4 (6.11)
28 2B

Trajectories calculated via Eq. (6.11) for a given heat source and ambient wind
speed are shown by the blue lines in Fig. 6.2.

It is apparent that several fire diameters downstream of the heat source the mean
plume rise seen in the simulations is well described by a power-law trajectory,
and is in reasonably good agreement with the simple plume rise calculations.
Nevertheless, the trajectories of the simulated plumes do exhibit some dependence
on the depth of the shear layer in the ambient cross wind, as evidenced by the
difference between the black and green lines. In particular, plume trajectories are
slightly lower when the crosswind shear layer is deeper (e.g., Fig. 6.2(¢)).

6.3.2 Mean Plume Structure

Despite the fact that the mean plume trajectories appear to be consistent with the
well established two-thirds law for plume rise, the mean structure of the simulated
plumes departs from the Gaussian or top-hat distribution often assumed in plume
models. Indeed, as shown in Fig. 6.3, all of the simulated plumes exhibit a kidney-
shaped, or even bifurcated, structure with a local minimum along the plume
centerline resulting from the presence of the counter-rotating vortex pair.
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(e) ()

Figure 6.3 Mean potential temperature for case: (a) Q2U3H50, (b) Q2U3H100,
(c) Q2U5HS50, (d) Q2U5H100, (e) Q3U5H50, and (f) Q3U5SH100

Figure 6.3 also illustrates the fact that the depth of the cross wind shear layer
also has a significant impact on the mean structure of the plume, as discussed by
Cunningham et al. (2005). Specifically, the lateral spread of the plume and the
separation of the plume branches are greater for the deeper ambient shear layer.
This property appears to result from the enhanced entrainment of ambient cross
wind vorticity into the plume for the deeper shear layer, but this process requires
further study and quantification.

Mean streamlines in the y —z plane 1000 m downstream of the heat source are
shown in Fig. 6.4; these streamlines illustrate clearly the presence of the counter-
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rotating vortex pair in the time-averaged plume, and the associated upward vertical
motion along the plume centerline. This upward motion may be important for PM
transport, and may result in different downwind distributions for PM of different
sizes (e.g., fine particles with smaller terminal velocities may be kept aloft along
the centerline longer than larger particles).

(b)

(c) (d)
Figure 6.4 Mean streamlines in the y —z plane at x = 1,600 m for case: (a) Q2U3HS50,
(b) Q2U3H100, (c) Q2U5HS50, and (d) Q2U5H100. Color shading corresponds to
vertical velocity in m-s~

6.3.3 Turbulent Kinetic Energy (TKE)

Figure 6.5 shows mean subgrid and total (subgrid plus resolved) TKE for the
Q2U3H100 case, both in the x — z plane along the plume centerline (Figs. 6.5(a)
and (b)), and in the y— z plane 1,000 m downstream of the heat source (Figs. 6.5(c)
and (d)).
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(© (d)

Figure 6.5 Mean turbulent kinetic energy (m*s?) for the Q2U3H100 case:
(a) subgrid TKE along centerline, (b) total TKE along centerline, (c) subgrid TKE
at x =1,600 m, (d) total TKE at x=1,600 m

First, it is apparent from these figures that the subgrid TKE is significantly
smaller in magnitude than the total TKE, indicating that the energy containing
eddies in the plume are well resolved on the grid employed in these simulations.
Second, it is apparent that the turbulence seen in the simulations is dominated
by the mean effect of the vortical structures seen in the instantaneous images. In
particular, turbulence, and thus entrainment and mixing, along the centerline
(Fig. 6.5(b)) is associated with the repeated passage of shear-layer vortices seen
on the upwind face of the plume, whereas farther downwind the turbulence is
dominated by the counter-rotating vortex pair (Fig. 6.5(d)).

It is of considerable interest to examine the dynamics of the transition between
these turbulence regimes, and specifically how the distance downwind from the
heat source at which this transition occurs depends on the parameters of the
simulation, such as the intensity of the heat source and the depth of the crosswind
shear layer. Investigation of this transition is part of future research.
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6.4 Summary and Conclusions

Several simulations have been performed using a high-resolution LES model to
examine the dynamics of buoyant plumes arising from heat sources representative
of wildland fires. This model is capable of representing the 3D turbulent eddies
characteristic of such plumes, and is being employed in an effort to understand the
fundamental structure and dynamics of buoyant plumes, including the nature and
importance of the coherent vortical structures that are common to these flows.

In this Chapter we describe several aspects of the mean properties of the simulated
plumes. It is apparent that the mean plume trajectories (based on potential
temperature along the plume centerline) are well described by the traditional
two-thirds law for plume rise; however, the spatial structure of the mean plume is
significantly different from the Gaussian distributions typically assumed in simple
plume models. This discrepancy arises from the fact that entrainment properties of
a buoyant plume in a cross wind are significantly different from those of a buoyant
plume in the absence of a cross wind, a result of the interaction of the buoyancy-
generated vorticity in the plume with the vorticity in the ambient wind.

While the two-thirds plume rise formulation appears to agree well with the
simulations of buoyant plumes in a neutral atmosphere presented herein, the
modeling results raise several questions for further investigation. The depth of
the crosswind shear layer at the surface appears to play a role in both the horizontal
and vertical spread of the plume boundaries with downwind distance, and in
particular the increase in horizontal spread acts to increase the departure from a
Gaussian distribution seen in the plume cross sections. Source strength, or fire
intensity, as well as shear layer depth influence the vertical spread of the plume,
with intense fires and deeper shear layers providing enhanced vertical plume spread.
How well these plume spread results agree with those predicted by current plume
formulations is an open area for research.

Ongoing and future research is focused on the continued analysis of these
simulations in an attempt to: O quantify further the nature of the turbulent
entrainment in these plumes, and how the entrainment depends on the vortical
structures seen in the simulations; and (2) examine the nature of turbulent transport
in the plume (e.g., of PM of a range of sizes).
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Abstract Florida experiences sea breezes, lake breezes, and bay breezes
almost every day during the year, and there are frequently complex interactions
between many of these breezes. Given the often-rapid changes in temperature,
humidity and wind speed that accompany these breezes, most wildfires and
prescribed fires in Florida are affected in some way by their interaction with
these circulations. In this paper, we explore the interaction between sea breezes
and wildland fires from both an observational and an idealized modeling
perspective. The progression of the sea-breeze front and its interaction with
the smoke plume from a 26,000 acre wildfire are tracked using a variety of
data sources including surface and upper-air observations as well as NEXRAD
radar imagery. Idealized numerical simulations of a thermally buoyant plume
interacting with a density current are performed in an effort to enhance
our understanding of the dynamics of the interaction between sea breeze
circulations and the convective column of the fire. Our observational analysis
and idealized modeling results suggest that the arrival of a sea breeze
front induces a temporary, but significant, increase in fire intensity. This
intensification precedes the arrival of the sea-breeze front at the location of
the fire, such that the fire intensity is at a maximum at the time of, and slightly
after, the passage of the front, and decreases gradually thereafter as cooler
and moister air behind the front arrive.

Keywords Sea-breeze, fire behavior, fire weather, numerical modeling
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7.1 Introduction

Weather is one of the most important factors leading to extreme wildfire behavior.
Rapid changes in wind can quickly affect the rate and direction of fire spread,
and may have a significant impact on fire intensity. Changes in temperature and
humidity also may cause unexpected changes in fire behavior. Florida coastlines
experience sea-breezes, lake breezes, and bay breezes almost every day during
the year, and there are frequently complex interactions between many of these
breezes. Given the often-rapid changes in temperature, humidity and wind speed
that accompany these breezes, most wildfires in Florida are affected in some way
by their interaction with these circulations. Nevertheless, despite the importance
of sea-breeze circulations for fire behavior, the nature of the interaction between
sea-breezes and wildfires remains relatively poorly understood.

Previous studies of sea-breezes depended upon a network of observation sites
in the area of the sea-breeze (e.g., Atkins and Wakimoto, 1997), or used numerical
models to simulate the sea-breeze (e.g., Pielke, 1974; Sha et al., 1991; Rao et al.,
1999; Colby, 2004). Radar and satellite imagery have been shown to be useful in
tracking the structure, evolution and timing of the movement of sea-breeze fronts
(e.g., Atlas, 1960; Wakimoto and Atkins, 1994; Atkins et al., 1995; Atkins and
Wakimoto, 1997), and have also been used to observe smoke plumes from fires
(e.g., Banta et al., 1992; Rogers and Brown, 1997; Hufford et al., 1998), as well
as from other sources of particulate emissions such as volcanoes, dust storms,
and industrial emissions.

In this Chapter, we explore the interaction between sea-breezes and wildfires
in more detail from both an observational and an idealized modeling perspective.
The progression of the sea-breeze front and its interaction with the smoke plume
from the fire are tracked using a variety of data sources including surface
observations from the remote automated weather station (RAWS) network,
surface and upper-air observations from the national oceanic and atmospheric
administration/national weather service (NOAA/NWS), and imagery from the
Weather Surveillance Radar-1988 Doppler (WSR-88D) site in Tallahassee, Florida.
Given that the sea-breeze may be represented by a density current, idealized
numerical simulations of a thermally buoyant plume interacting with a density
current are performed in an effort to enhance our understanding of the dynamics
of the interaction between sea-breeze circulations and smoke plumes. Although
these idealized simulations do not allow us to determine directly the impact of the
sea-breeze on fire behavior, which would require a fully coupled atmosphere—fire
model (e.g., Clark et al., 1996ab, 2004; Linn, 1997; Linn and Cunningham, 2005),
they do provide insight into the interpretation of fire behavior observations, and
allow us to make inferences as to how the fire behavior would likely change in
response to the simulated changes in atmospheric circulations. The combination
of observations, idealized modeling results and inferences on fire behavior lead
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to the development of an initial conceptual model of how the sea-breeze impacts
wildfire behavior.

7.1.1 Sea-Breeze Structure and Characteristics

Simpson (1994) provides a detailed overview of the structure and evolution of
the sea-breeze front derived from observations as well as numerical and
laboratory studies. It is generally observed that the development of the sea-
breeze is dependent both upon the temperature difference between the land and the
adjacent water surface and upon the strength of any prevailing offshore winds.
Offshore flow can often have a dramatic effect on the depth of the sea- breeze
circulation. The depth of the sea-breeze circulation may be less than 50 m with
winds above this level blowing in the opposite direction. As time progresses, the
depth of the sea breeze may reach 1,000 m or more.

The inland penetration of the sea-breeze can vary from 30— 300 km depending
upon the location. Typical distances in Florida are about 50 km, although strong
prevailing winds that are in the same direction as the sea-breeze can often result
in much deeper penetration, almost to the opposite coast. Florida also has a unique
geographic design, being surrounded by water on the east and west coast of the
peninsula as well as along the Panhandle coastline. Sea-breezes are observed along
all the coasts as well as along the bays, inlets and large lakes like Lake Okeechobee
in central Florida. These lake and bay breezes interact with the coastal sea-breezes
and result in very complicated wind patterns. Forecasting the winds associated
with the sea-breeze passage is also made more difficult by the presence of convex
and concave coastlines, resulting in additional convergence and divergence effects
(Simpson et al., 1977).

Wakimoto and Atkins (1994) and Atkins and Wakimoto (1997) showed that
there were significant differences between the sea-breezes observed under offshore
and onshore flow conditions. The offshore flow case exhibited stronger low-level
convergence, larger vertical velocities, and higher radar reflectivity values at the
sea-breeze front, also known as a radar thin line. The sea-breeze thin line and the
kinematic sea-breeze frontal boundary are found to be co-located and easily
identifiable on offshore flow days. Onshore flow days typically have a much weaker
front and the radar thin line is often hard to detect. In the offshore flow case, the
radar thin line is found to increase in intensity during the day and gradients of
temperature and moisture are strongest on these days.

It is generally accepted that sea-breeze circulations are dynamically similar to
density currents (e.g., Simpson, 1994), which are predominantly horizontal flows
driven by density differences. Atkins et al. (1995) note that in the case of an
offshore flow sea-breeze, there was a kinematic frontal structure similar to that
found in density currents produced in the laboratory. Wakimoto and Atkins (1994)
calculated the speed of sea-breeze fronts and found them to be closely matched
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to the theoretical speeds of comparable density currents. Further study by Atkins
and Wakimoto (1997) showed Froude numbers for offshore and parallel flow
sea-breeze events, as well as for gust fronts, compared well to values calculated
from laboratory density current experiments. This comparison was not as well
defined on the onshore flow days where the sea-breeze was moving slower than
would be expected using density current theory. It is not clear why this discrepancy
exists for onshore flow sea-breezes, although it is suggested that it may be related
to the difficulty in locating the location of the frontal zone in these cases.

7.1.2 Radar Observations of Smoke Plumes and the Sea-Breeze

Many wildfires occur in remote regions where observations are limited; as a result,
the use of satellite and radar imagery is becoming more prominent in fire detection
and monitoring. It has been suggested that remotely sensed data might also be
useful in fire behavior prediction (Hufford et al. 1998). Both smoke plumes from
fires (e.g., Banta et al., 1992) and sea-breeze fronts (e.g., Wilson et al., 1994) are
clearly visible on radar, especially when the radar is in clear-air mode.

Previous studies of the signals returned from the radar during clear-air mode
operation have suggested that the echoes are most likely that of birds or insects
(Crawford, 1949; Hardy and Katz, 1969; Wilson et al., 1994). Wilson et al. (1994)
found that the thin line echoes commonly seen in association with sea-breezes
correlated to updraft regions and result from insects actively flying downward to
avoid being carried to colder regions of the atmosphere. Atlas (1960) discounts
the idea of echoes resulting from birds or insects since they would have to fly
along in a very narrow beam, lowering their flight as the beam lowered, or fly in
broad waves normal to the beam with the same speed as the beam. Instead, Atlas
suggests the pattern seen is a result of a sharp increase in the refractive index.
The contrast on the radar is highest when the offshore flow is dry so the contrast
is high, leading to higher refractive discontinuities. This would require a sharp
vertical lapse rate. Battan (1973) suggests both insects and refractive gradients
could be responsible for the radar echoes. Despite some uncertainty regarding
exactly what causes the echoes, the sea-breeze signature is readily apparent on
the radar for the present case and can be used to follow the inland propagation of
the sea-breeze front.

Plumes of smoke have also been observed using radar and satellite imagery in
remote locations such as Alaska (Hufford et al., 1998), where plumes from a
large wildfire were readily apparent on radar. The plumes from smaller fires were
not visible, and it was suggested that the plumes in these cases were concentrated
below the level of the radar beam. High reflectivities (i.e., 20— 25 dBZ) were
noted near the head of the fire, however, and Hufford et al. (1998) suggested that
radar imagery can be used to provide information on fire location, intensity and
growth, smoke plumes and fire weather.
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Smoke from a major industrial fire in Montreal, Canada, was observed on three
radars operated by McGill University on 23 May 1996 (Rogers and Brown, 1997).
They suggested that fires produce particulate matter (PM) and create fluctuations
in the refractive index, both of which are potentially detectable by the radar. In this
case, they concluded that the echoes are the result of scattering by the particles.
Banta et al. (1992) also support the idea that particles in smoke are responsible
for the echoes, with the particles having a flat or needle shape (ash platelets or
pine needles).

7.1.3 Effect of Sea-Breezes on Fires

There are three main factors that affect fire behavior: fuel, weather and topography.
Weather is by far the most variable and arguably the most important of the three.
Wind is a strong driver of the rate and direction of fire spread and can also alter
fire intensity as well. Changes in wind direction can transform a low intensity
backing fire (moving into the wind) or a moderate intensity flanking fire (moving
laterally to the wind) into an intense head fire (moving with the wind) capable of
overrunning fire fighters who thought they were located in a safe area.

Firefighters typically monitor weather conditions regularly for any changes
in wind speed or direction at the scene of the fire using hand-held instruments or
portable weather stations. On days where there is adequate moisture, a line of
approaching clouds and a gust front may indicate the approach of the sea-breeze
front. On dry days, there may be no clouds to warn of the impending frontal passage
and the first indication may be the arrival of the gust front. Most fire personnel
do not have direct access to radar or satellite data while on a fire scene. Local
knowledge of the behavior of the sea breeze is extremely important on both wildfires
and prescribed fires as the onset and structure of the sea breeze are typically
highly regular in Florida in spring and summer months. One case of a springtime
wildfire that is of interest is the East fork fire because of the array of data that
was available during the incident and the opportunity it provided to study the
sea-breeze—wildfire interaction in a novel way.

7.1.4 East Fork Fire

The East fork fire began either late on 4 April 2004, or early on 5 April 2004, in
the Bradwell Bay Wilderness area of the Apalachicola national forest. This area
is located in the Florida Panhandle, just southwest of Tallahassee. It is believed
that the fire was human-caused, either arson or accidental. The fire ultimately
burned over 26,000 acres of the wilderness area. Fire fighting was made difficult
due to the restriction on the use of heavy equipment in the wilderness area itself.
The fire was considered 90% contained by April 16, 2004.
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The sea-breeze was a major factor in fighting the East fork fire. Winds shifted
direction on most afternoons, and these wind shifts resulted in varying directions
of fire spread. Firefighters had to be aware of these possible weather changes and
be able to adjust tactics as the weather changed. Conditions during this period were
generally dry, and the daily sea-breeze circulations did not bring any beneficial
rains and for the most part were dry events. Because of the dry conditions, the
WSR-88D radar site in Tallahassee was operating in clear-air mode at the time of
the fire. During clear-air mode periods, the sea-breeze front is often clearly visible
on the radar; moreover, smoke plumes can often be seen if they are close enough
to the radar. In this case, both the sea-breeze and the smoke plume were noted
together and the resulting interaction between the plume and the sea-breeze front
could be observed.

The plan of the present Chapter is as follows: in the following section, the data
and methodology for both the case study and the idealized numerical simulations
are described, while Section 7.3 presents the results of the case study. In Section
7.4, idealized numerical simulations are presented that explore the interaction
between a buoyant plume and a density current, and Section 7.5 summarizes the
main results of the present investigation and presents a conceptual model for
sea-breeze—fire interactions.

7.2 Data and Methodology

7.2.1 Case Study

The goal of this study is to provide an improved understanding of the interactions
between wildfires and sea-breeze circulations. The foundation of this understanding
is based upon specific observations of one event that will be augmented by
idealized numerical simulations. The atmospheric component can be adequately
described through a combination of surface observations, upper-air soundings
and radar data (both base reflectivity and radial velocity). Description of the fire
is considerably more problematic, as no direct measurements of the fire are
available, except for daily estimates of area burned. As an alternative, we focus
on the behavior of the smoke plume as observed by the Tallahassee WSR-88D
radar as a surrogate, since Hufford et al. (1998) found high reflectivities to be
associated with more intense burning.

The East Fork Fire burned over a period of approximately two weeks in early
April of 2004; however, this study only focuses on the early stages of the fire,
specifically the afternoon of April 5. The location of the East fork fire and the
four nearby weather stations are shown in Fig. 7.1. Observations of temperature,
relative humidity, wind speed and direction are used to track the passage of the
sea-breeze front. A high-pass filter was applied to the temperature and relative
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humidity time series to remove waves with periods greater than or equal to 24 h.
The high-pass filter was accomplished using a Fourier decomposition of a 96 h
time series for each station and recomposing the time series with the longer wave
periods excluded.
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Figure 7.1 Fire perimeters and observation locations

As noted above, the Tallahassee WSR-88D radar was operating in clear-air mode
during this period, which is its most sensitive mode of operation (Crum and Alberty,
1993). The antenna has a slower rotation rate than in precipitation mode that
increases the radar sensitivity, and therefore its ability to sense smaller objects in
the atmosphere. Most of the signal in this mode will be the result of airborne dust
and PM. In this mode, the radar scans five different elevation angles (0.5°—4.5°,
in 1° increments) and takes about 10 minutes to complete each scan. In this study
we will focus our attention on the three lowest elevations (0.5°, 1.5°, and 2.5°) of
the base reflectivity and radial velocity fields.

7.2.2 Idealized Numerical Simulations

The sea-breeze has been studied extensively in the past, and many studies have
involved the use of numerical models to simulate sea-breeze circulations, both in
an effort to simulate observed cases and in an idealized context to explore their
structure and dynamics. From the perspective of idealized simulations of the
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sea-breeze, Dailey and Fovell (1999), Fovell and Dailey (2001), and Fovell (2005)
used a 3D cloud-resolving numerical model with horizontal resolutions as high
as 500 m to explore various aspects of the interactions between sea-breeze fronts
and horizontal convective rolls in the boundary layer. Several investigators have
employed even higher resolution in 2D configurations to explore the parallel
between sea-breeze fronts and density currents (e.g., Sha et al., 1991), and in this
regard, simulations exploring the dynamics of thunderstorm outflow boundaries
are also relevant (e.g., Droegemeier and Wilhelmson, 1987; Xu et al., 1996; Xue
etal., 1997).

As discussed further below, our approach follows these studies in that the
sea-breeze is idealized as a density current; however, we employ a large-eddy
simulation (LES) model focusing solely on the atmospheric boundary layer, with
model grid spacing on the order of 10 m in all three dimensions, to explore the
dynamics of the interaction of this density current with a buoyant plume that is
representative of the smoke plume from a wildland fire. Since it is expected that
the most significant interaction between the sea-breeze and a fire and its attendant
plume will occur primarily with the passage of the sea-breeze front, this approach
appears to be justified, although we acknowledge that there are several details of
observed sea-breeze circulations that cannot be represented by the present model.

The LES model to be used is described by Cunningham et al. (2005), and is
based on the dynamical core of the weather research and forecasting (WRF) model
in physical height coordinates (Skamarock et al., 2001). The domain size used in
these simulations is a rectangular box of size 800%3,200%1,000 m in the x, y,
and z directions, respectively, with a uniform grid spacing of 10 m in all three
directions. Boundary conditions are periodic in the x-direction and open-radiative
in the y-direction. Other details of the LES model are identical to those described
by Cunningham et al. (2005).

As noted previously, there is significant evidence that a sea-breeze front can be
interpreted as a density current, particularly when the ambient wind is in the
offshore direction. Density currents have been explored extensively by numerical
models, in an atmospheric context primarily in connection with thunderstorm
outflows (e.g., Droegemeier and Wilhelmson, 1987; Xu et al., 1996; Xue et al.,
1997), but also in oceanographic (e.g., Ozgdkmen et al., 2004) and general fluid
mechanics (e.g., Hartel et al., 2000) contexts, and even with respect to the backdraft
phenomenon in building fires (e.g., Fleischmann and McGrattan, 1999). Here we
initialize the density current with a cold pool that is uniform in the y-direction in
the presence of an opposing flow, to simulate the advance of a sea-breeze front in
the presence of offshore winds.

As a final comment concerning the modeling approach, we emphasize that
the goal of the idealized modeling portion of this study is not to reproduce the
behavior in the observed case, but rather to gain insight into the basic dynamical
processes associated with the interaction between a sea-breeze front and a buoyant
plume representative of those seen with wildland fires.
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7.3 Case Study Analysis

The East fork fire began late on April 4, 2004, or early on April 5, 2004, and is
suspected to have been started by human causes, either accidental or arson. The
fire burned in timber and southern rough fuel groups. According to the National
Interagency Coordination Center reports, by April 7 the fire reached 7,000 acres
(28.3 km?) and was only 20% contained. Spotting of up to 0.25 mile (0.4 km)
ahead of the main fire front was observed with rates of spread of 20 — 30 chains
per hour (0.11—0.17 m-s ") reported. This observed fire activity continued and by
April 8, the area burned had increased to over 8,400 acres (34.0 km?). By April
13, the fire had consumed almost 20,000 acres (80.9 kmz) and was only 70%
contained. The fire ultimately consumed over 26,000 acres (105.2 kmz) of wilderness
area and was 90% contained by April 15. The total area burned was increased by
back burning activities of the fire suppression crews. Back burning is used to
remove fuels ahead of the active fire front and impede the spread of the fire and
help in containment.

Hourly surface observations were used to provide an estimate of the passage of
the sea-breeze front. Unfiltered time series of temperature and relative humidity
data from four stations near the fire (not shown) indicate that Sanborn, the closest
of the four stations to the coast, shows the earliest peak in temperature (1,400 EDT),
while the peak at the other stations is delayed by approximately 2 h. Following
the temperature maximum is a decrease in temperature spanning 6 — 8 h, which is
hardly indicative of the passage of the sea-breeze front, and more closely resembles
the normal diurnal cycle. The unfiltered relative humidity time series does not
show a marked change in air mass either. Using a high-pass filter to remove the
diurnal signal as described in the previous section reveals a stronger sea-breeze
signal in both the temperature and relative humidity time series (Fig. 7.2). It is
apparent that Sanborn shows the earliest start to humidity recovery around 1,700
EDT with the other stations following rather sharply an hour later.

The sea-breeze front can be seen clearly on the Tallahassee 0.5° elevation
base reflectivity imagery at 1828 UTC (Fig. 7.3). The East Fork Fire is visible
approximately 40 km southwest of the radar location and is indicated by a
reflectivity of approximately 18 dBZ with the smoke plume traveling toward the
southeast (Fig. 7.3(a)). The sea-breeze front continues to move inland over the
next several hours and by 1927 UTC (Fig. 7.3(b)) the smoke plume from the fire
can be seen to increase in intensity with reflectivities reaching 28 — 32 dBZ for
a brief period prior to the arrival of the sea-breeze front. By 2025 UTC the
sea-breeze is just reaching the fire and the plume is displaying reflectivities in the
range of 20 — 25 dBZ near the fire (Fig. 7.3(c)), consistent with values observed
by Hufford et al. (1998) near the head of a rapidly moving wildfire. At 2124 UTC,
the sea-breeze front has reached the fire, as evidenced by the humidity recovery
indicated by the Sanborn RAWS site. Despite the start of humidity recovery the
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Figure 7.2 High-pass filtered time series of (a) temperature and (b) relative humidity
at the surface for the period starting at 0900 EDT 5 April 2004 and ending at 0000
EDT 6 April 2004, for several stations identified in Fig. 7.1

plume intensifies to levels not previously seen with a large core of the plume
now displaying reflectivities in the 28 — 32+ dBZ range (Fig. 7.3(d)). Upper-level
winds at this time are carrying the plume back toward the coast, aided by the
upper-level return flow of the sea-breeze circulation. The reflectivity of the plume
decreases from this peak over the next several hours as the fire begins to respond
to the decreased temperature and increased moisture of the marine air, leading to
a decline in fire intensity (Figs. 7.3(e) and (f)).

Base reflectivities from the 0.5°, 1.5° and 2.5° elevations are used to examine
the vertical structure of the plume at 2,124 UTC, the time of greatest intensity
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Figure 7.3 Radar reflectivity (dBZ, shaded as indicated) at a scan elevation of
0.5° at (a) 1828 UTC, (b) 1927 UTC, (c) 2025 UTC, (d) 2124 UTC, (e) 2223 UTC,
and (f) 2323 UTC for 5 April 2004

(Fig. 7.4). At the lowest elevation, the overall plume is 21.25 km in length with
the region of reflectivity >28 dBZ having a length of 8.75 km. The approximate
heights of the centroids of the ends of the plume at this elevation are 453 m and
638 m, well within the 800 m deep mixed layer (estimated from the 1200 UTC
sounding and observed high temperature). At the 1.5° elevation, the plume is
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slightly longer, 23.75 km (length of the 28+ dBZ core has shrunk to 3.75 km),
ranging in height from 1,151 - 1,637 m. At this elevation the plume is clearly
above the mixed layer and in the return flow of the sea-breeze circulation. The
2.5° elevation reveals a considerably smaller plume, 8.75 km in length (2.5 km for
the 28+ dBZ core), and spanning elevations of 1,849 — 2,157 m. The northwest
corners of the plumes at each level are collocated, indicating that the plume has a
rather strong vertical core immediately above the fire that would be consistent
with an intensely burning fire producing a strong buoyancy flux.

Figure 7.4 Radar reflectivity (dBZ, shaded as indicated) at 2124 UTC for 5 April
2004 at scan elevations of (a) 0.5°, (b) 1.5°, and (c) 2.5°
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The radial velocity field from the WSR-88D is a useful tool in identifying
areas of convergence and divergence. The 0.5° elevation radial velocity field from
Tallahassee shows a well defined convergence zone along the sea-breeze front as
it pushes inland against the prevailing northwesterly flow in the region (Fig. 7.5).
Near the fire the pattern is more complex as the rising plume generates a region
of divergence oriented along the axis of the plume, possibly marking the return
flow of the thermal circulation generated by the intense heating of the fire. At
the 1.5° elevation, a divergence pattern is still discernible along the plume axis
although its extent is limited to the area near the peak in base reflectivity.

It should be noted that we have avoided making any direct comments as to the
magnitudes of the velocities shown. This is due to the relatively broad spectrum
width observed by the radar in the vicinity of the plume which is indicative of a
highly turbulent environment, and thus renders the magnitudes of the radar-derived
velocities less reliable.

@ (b)

(d)

Figure 7.5 Radial velocity (m's™', shaded as indicated) at 2,124 UTC for 5 April
2004 at scan elevations of (a) 0.5° and (c) 1.5°. Panels (b) and (d) provide close-up
representations of panels (a) and (c), respectively, with base reflectivities of 12 dBZ
and 28 dBZ indicated by the solid contours
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7.4 Numerical Simulations

In this Section, we present results from three numerical simulations to explore
the nature of the interaction between a density current and a buoyant plume: two
simulations in which a density current and a plume are examined in isolation,
respectively, and one in which both are present and are allowed to interact.

The density current is initialized with a cold pool at one end of the domain
(Fig. 7.6). When the simulation is started, the cold pool adjusts under gravity and
initiates a density current that travels in the positive y-direction. The ambient
winds are directed in the negative y-direction, thus representing an offshore flow
situation. The cold pool is initially uniform in the x-direction, but rapidly becomes
3D with the development of lobe and cleft instabilities (not shown), consistent
with laboratory experiments and previous numerical investigations using three-
dimensional models.
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Figure 7.6 Model initial conditions in the y—z plane at x=480 m of potential
temperature (contour interval 1 K) and wind vectors in the plane of the section (in
m-s™, vector scale shown at bottom right)

Figure 7.7(a) depicts the potential temperature, vertical velocity, and wind field
in the y—z plane. The Kelvin—Hemholtz billows characteristic of the interface
between the density current and the ambient atmosphere are apparent, as is the
enhanced vertical motion and return flow associated with the density current.

Figure 7.7(b) illustrates the simulation of the plume only. The plume is initiated
by a heat source centered at y=2,700 m, the spatial configuration of which is a
smoothed top-hat function. Characteristic features of the plume are similar to those
described in more detail in the simulations by Cunningham et al. (2005).

The simulation in which both the plume and the density current are present is
depicted in Fig. 7.7(c). It is evident that the interaction between the density current
and the plume results in an apparent intensification of the plume, particularly in
the vertical velocity field, in conjunction with the arrival of the circulation
associated with the current, and that this intensification occurs before the head of
the density current reaches the heat source. The intensification apparently occurs
in response to the pressure perturbation that precedes the head of the current: this
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pressure perturbation, which can impact the plume for a period of time before the
arrival of the colder, more dense air behind the head of the current, counteracts
the ambient flow at low levels such that the plume becomes more vertical
(compare Fig. 7.7(b) with Fig. 7.7(c)), resulting in vertical velocities that are
significantly stronger than those seen in the plume in isolation.
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Figure 7.7 Vertical velocity (in m's™, shaded as indicated) and potential temperature
(contour interval 1 K) in the y—z plane for (a) the density current only, (b) the
plume only, and (c) the density current and the plume. Vectors depict velocity in
the plane of the section, with the scale in m's™" at the bottom right
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7.5 Summary and Conclusions

Sea-breeze circulations are frequently observed to have a significant impact on
fire behavior; however, the nature of the interaction between wildfires and the
sea-breeze is poorly understood, and has not been studied extensively. In this
Chapter, radar observations of a plume associated with a wildfire in Florida were
presented that suggest that the arrival of a sea-breeze front results in a temporary,
but significant, increase in fire intensity. This intensification precedes the arrival
of the sea-breeze front at the location of the fire, such that the fire intensity is a
maximum at the time of, and slightly after, the passage of the front, and decreases
gradually thereafter with the arrival of cooler and moister air behind the front.

There is insufficient evidence to explain this intensification; however, the
idealized numerical simulations presented in Section 7.4 suggest that the period
of interaction preceding the arrival of the current may result in the temporary
intensification of vertical velocity in the plume. This increase in vertical velocity
appears to result from the interaction of the plume with a pressure perturbation
that precedes the head of the density current. The direct impact of this interaction
on fire behavior is uncertain, however, and requires further study, particularly
using coupled atmosphere-fire models to explore the details of this interaction.
Another aspect of the wildland fire-sea-breeze system that warrants investigation
is how these interactions influence local and regional air quality.
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Abstract In this paper, conflicting interests in prescribed burn practice and
improving air quality in the South are reviewed. Conflicting societal interests
and legislative actions threaten to curtail the use of prescribed fire to manage
for endangered species and for other land management objectives in the South.
This comes at a time when efforts are being made to increase prescribed
burning on existing forest land and to initiate prescribed burning on tracts of
old agricultural land that are being restored to forest land. Regulatory interests
regarding impacts of regional haze on visibility and impacts of fine particulate
matter on health are increasingly in conflict with management objectives
driven by natural resource management. The air quality community is
increasingly relying on computer air quality models for understanding the
movement of pollutants across regions and for the chemical interactions of
airborne materials. The success of air quality/air chemistry models depends
on the availability of accurate source inventories. Wildland burning in the
South is considered a significant contributor to the organics inventory.
Because prescribed fires are managed, the timing and locations of burns and
where in the atmosphere fire products are distributed must be taken into
account. Therefore land managers become active players in local and regional
air quality.

A technique for incorporating the land manager into regional air quality
modeling is described. The core of the technique is two modeling tools for
dealing with the conflicting interests, that is, a dynamical-stochastic smoke
model, Daysmoke, and a “modeling framework”, the SHRMC-4S. Daysmoke
distributes smoke in the atmosphere after the manner the burns are “engineered”
by land managers. SHRMC-4S is constructed by linking an atmospheric
chemical model, CMAQ, with Daysmoke. Applications of the two modeling
tools to a prescribed burn case are illustrated. Daysmoke produces a ground
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PM level close to the measured value if complex plume structures are correctly
modeled. CMAQ simulations of ground-level PM for a single prescribed
fire suffer from grid resolution.

Keywords Prescribed burning, smoke, air quality, modeling, daysmoke,
SHRMC-4S

8.1 Introduction

The American South comprises one of the most productive forested areas in the
United States with approximately 200 million acres (81 million ha) or 40% of the
nation’s forests in an area occupying only 24% of the U.S. land area (SRFRR,
1996). Furthermore, Southern forests are dynamic ecosystems characterized by
rapid growth and hence rapid deposition of fuels within a favorable climate, and
a high fire-return rate of every 3 —5 years (Stanturf et al., 2002).

Research efforts in investigating the air quality effects of prescribed fires in
the South have been made in the Southern high-resolution modeling consortium
(SHRMC). SHRMC was established as one of the USDA forest service fire consortia
for advanced modeling of meteorology and smoke (FCAMMS) centers funded
by the national fire plan (NFP).

As the air quality community relies more on high-resolution air quality/air
chemistry models such as CMAQ, it is critical that emissions inventories from
prescribed burns supplied to these models are accurate. The timing and locations
of burns and where in the atmosphere fire products are distributed must be taken
into account.

Prescribed burns are managed fires. Land managers choose the day and time to
conduct their burns under favorable dispersion conditions. Land managers determine
how much fire to place on the landscape and how the fire is to be distributed.
Therefore, land managers are active players in local and regional scale air quality.

Our objective is to design a regional scale air quality “modeling framework”
that gives land managers a “say” in how their land management practices are
incorporated into air quality/air chemistry models. The framework is called
Southern High-Resolution Modeling Consortium Southern Smoke Simulation
System SHRMC-4S (Achtemeier et al., 2003; Liu et al., 2004). SHRMC-4S
includes models to simulate fire emissions, local smoke movement (including
plume rise), high-resolution meteorological processes (MMS5) and air chemistry
(CMAQ). SHRMC-4S, in comparison with the modeling framework, Bluesky
(O’Neill et al., 2003), is designed specifically for assessing air quality impacts
from prescribed burning in the South through CMAQ.

The impact of prescribed burn “engineering” by the land manager is modeled
through plume rise—how high the plume goes and the vertical distribution of
smoke particles. The plume model determines the fraction of smoke left in the
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atmospheric boundary layer (mixed layer) that can be transported to the ground
locally and the fraction of smoke partitioned at higher altitudes. Smoke carried to
higher altitudes will be transported regionally or beyond by prevailing winds.
The national ambient air quality standards (NAAQS) apply to the ground-level
pollutant concentrations. When more smoke is injected at higher altitudes and
dispersed to remote areas, the chances for exceeding the NAAQS standards locally
and regionally are reduced. Specification of plume rise is thus crucial for evaluating
the air quality effects of prescribed burning. Many efforts have made to develop
smoke plume rise schemes (e.g. Pouliot et al., 2005).

In this Chapter, issues on the air quality effects of prescribed fire are discussed.
The development of the modeling tools and their applications to simulating the
air quality effects are described.

8.2 Conflicts over the Airshed of the American South

One of the adverse consequences of prescribed burning is degradation of air
quality (Ward and Hardy, 1991; Sandberg et al., 1999; Riebau and Fox, 2001). Air
pollution from smoke has led to conflicts between interest groups involved with
clean air and forest management. Issues of human health, nuisance smoke,
visibility, and transportation hazard often stand against issues of forest health and
safety, wildlife management, ecosystem restoration, timber production, and carbon
sequestration. In some instances, the clean air act conflicts with the threatened
and endangered species act.

Prescribed burning is extensively used, treating 6 — 8 million acres (2 — 3 million
ha) of forest and agricultural lands each year (Wade et al., 2000). Prescribed fire
has long been recognized as the most economical means for managing timberlands
for fiber production. Prescribed fire eliminates species that compete for nutrients
and reduces buildup of dead and live fuels that increase the hazard of destructive
wildfire.

The mild, mostly snow and ice free winters make the Southern climate ideal
for the development of retirement communities. Thousands of older people, some
with respiratory problems, have relocated into these communities. Many of these
retirees have little or no experience with forestry practices and therefore may not
be receptive to frequent incursions of smoke into their communities. Human health
concerns and issues of nuisance have created a need for regulation of smoke.

The South has some of the highest levels of PM and ozone in the nation. Fires
have been found to be an important contributor (Zheng et al., 2002). Smog, regional
haze, and visibility impairment are air quality issues addressed by the U.S. EPA.
Prescribed burning releases PM, s and PM, (particulate matter (PM) with a size not
greater than 2.5 um and 10 pm, respectively), NO, and volatile organic compounds
(VOC), which are either direct contributor or precursors of Os. Prescribed burning
also emits CO, SO, which together with PM, NO,, and Os are the criteria air
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pollutants subject to the U.S. NAAQS (EPA, 2003).

The EPA has issued the interim air quality policy on wildland and prescribed
fire to protect public health and welfare by mitigating the impacts of air pollutant
emissions from wildland fires on air quality (EPA, 1998). Among various issues
of concern in the South is the contribution of burning to PM; s concentrations.
PM, 5 is a risk to both human health and the environment. It is able to penetrate
to the deepest parts of the lungs. It is also a major cause of visibility impairment
and a contributing factor for acid rain. EPA established NAAQS for PM; 5 in 1997
and Biomass burning is one of the major sources for the atmospheric PM; s.

These air quality regulatory concerns conflict with growth in the need for
prescribed burning of Southern forest lands. The Endangered Species Act, requires
land managers to manage habitat to preserve or increase populations of threatened
and endangered species. For example, prescribed fire is used in the coastal plains
and Piedmont regions of the Southeast to improve habitat for the red-cockaded
woodpecker (Picoides borealis Vieillot)—a species listed as endangered under
the endangered species act (Achtemeier et al., 1998).

An example of conflicting legislation is to be found in the Southern Appalachians.
There, a low-growing shrub species called Hudsonia montana Nuttall is listed as
a threatened species under the endangered species act. H. montana is dependent
upon fire for survival. Including prescribed burning in a recovery plan would be
straightforward except that the largest populations of H. montana are found within
and adjacent to the Linville Gorge Wilderness, a Class I area, governed by clean
air regulations (Achtemeier et al., 1998).

The conflict between managing for natural resources and managing for air
quality has placed Southern land managers in the difficult position of “getting it
right all of the time.” Through careful monitoring of fuel moisture and weather
conditions land managers have learned to “engineer” prescribed burns to accomplish
natural resource objectives while minimizing (though not eliminating) impacts
on local air quality. Although the vast majority of prescribed burns are done
without incident, there are occasions when weather conditions are not as expected
and local and regional air quality is compromised.

8.3 Daysmoke

The southern burn program is threatened by nuisance complaints, litigation, and
lowering of 24 hour fine particulate (PM, 5) air quality standards. Land managers
need to have accurate downwind fine particulate predictions if they are to continue
burning at the same levels as they have in the past or increase their burning
programs. The daysmoke plume model incorporates a human factor—how burns
are engineered by land managers through burning techniques/ignition methods—in
modeling smoke from prescribed burns. Therefore daysmoke may provide land
managers with a tool that will assist in achieving their burn programs.
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Daysmoke (Achtemeier et al., 2006) is a dynamical-stochastic plume model
designed to simulate smoke from prescribed burns in a manner consistent with
how the burns are engineered by land managers. It is an extension of ASHFALL,
a plume model developed to simulate deposition of ash from sugar cane fires
(Achtemeier, 1998). Daysmoke consists of four models (Fig. 8.1): @ Entraining
turret plume model. The plume is assumed to be a succession of rising turrets.
The rate of rise of each turret is a function of its initial temperature, vertical
velocity, effective diameter, and entrainment. 2 Detraining particle trajectory
model. Movement within the plume is described by the horizontal and vertical
wind velocity within the plume, turbulent horizontal and vertical velocity within
the plume, and particle terminal velocity. Detrainment occurs when stochastic
plume turbulence places particles beyond plume boundaries, plume rise rate falls
below a threshold vertical velocity, or absolute value of large eddy velocity exceeds
plume rise rate. @ A large eddy parameterization. Eddies are 2D and oriented
normal to the axis of the mean layer flow. Eddy size and strength are proportional
to depth of the planetary boundary-layer (PBL). Eddy growth and dissipation are
time-dependent and are independent of growth rates of neighboring eddies. Eddy
structure is vertical. Eddies are transported by the mean wind in the PBL.
@ Relative emissions production model. Particles passing a “wall” three miles
downwind from a burn are counted for each hour during the burning period.

Daysmoke components

Entraining turret model Detraining particle trajectory model

Plume boundary

Plume boundary

(a) (b)

Large eddy parameterization

Detraining particle trajectory model

(¢) (d)

Figure 8.1 An overview of daysmoke, including Entraining turret plume model
(a), Detraining particle trajectory model (b), Large eddy parameterization (c), and
Relative emissions production model (d)
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Daysmoke has many unique features in comparison with some existing smoke
transport tools used by land and fire managers in determining downwind transport
of PM, 5. The ventilation index (V) is the product of the depth of the atmospheric
boundary layer (mixing layer) with the transport wind speed (the mean wind speed
within the mixing layer). The VI is used to regulate the amount of fuel consumed
on a given day according to ambient weather conditions. However, the VI is
limited by the inherent assumptions that the horizontal dimension of the burn site
normal to the wind speed is of infinite length and that all smoke remains within
the mixed layer. The dispersion index (Lavdas, 1986) modified the VI for an
ensemble of finite burn areas and explicitly incorporates atmospheric stability;
although the dispersion index also maintains the assumption that all smoke remains
within the mixed layer. Lavdas (1996) linked fuels information with meteorological
data through VSMOKE, a smoke “screening” model for local smoke dispersion.
The Florida fire management information system (Goodrick and Brenner, 1999;
Brenner and Goodrick, 2005) merges the cross flow Gaussian horizontal dispersion
properties of VSMOKE with 3D trajectories produced by HYSPLIT (Draxler and
Hess, 1997) to estimate smoke plume movement and the ground-level impact of
PM, 5 concentrations on potentially hazardous visibility reductions.

However, none of the existing tools includes the “human element”—how the
burns are engineered by land managers. By the choice of firing method—head
fire, back fire, mass ignition (where, when, and how much fire is dropped from
helicopters)—land managers can influence the timing of heat production and
how much heat is produced over the course of the burn. Thus fire ignition timing
and pattern can be a major contributor to how high smoke rises and how much is
released during a period of evolving mixing layer height within a time-dependent
wind field.

Daysmoke includes theory for particulate detrainment from the smoke plume.
Daysmoke removes a restrictive assumption inherent in VSMOKE and the
Ventilation Index namely that all smoke is contained within the mixed layer.
Daysmoke also removes the imposed vertical distribution of smoke in VSMOKE
and the instantaneous even distribution of VI. If the convective smoke plume is
relatively weak, all or part of it may be captured, torn apart, and dispersed by
turbulence within the mixed layer before it rises to an altitude of thermal
equilibrium. If the convective smoke plume is strong, most of the smoke may be
ejected into the free atmosphere far above the top of the mixed layer with little or
no smoke remaining to be dispersed within the mixed layer.

The primary application of daysmoke is simulating local scale smoke
concentrations for planning and regulatory purposes. A secondary application is
acting as a “smoke-injector” for regional scale air quality models by replacing
current plume rise formulations and providing a more representative vertical smoke
distribution for wildland fires. Daysmoke is also intended as a training tool to
increase our understanding of how ground-level concentrations of PM; 5 can be
manipulated by burn technique/ignition strategies.
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8.4 SHRMC-4S

An overview of SHRMC-4S is shown in Fig. 8.2. Each box along the blue arrow
represents steps needed to accomplish the objective of including emissions from
wildland fires in regional scale air quality models. The first box, Fire Data, gets
SHRMC-4S started. Information on the size of the tract of land to be burned, the
date and time of the burn, the location of the burn, plus pertinent data on the
kinds and state of fuels is supplied by the land manager. Fire activity data is
processed through combustion models that calculate emissions inventories for
the burns (the Emissions Calculation box). The outputs are hourly productions of
heat and the masses of gases and particulate compounds—fire products. The sparse
matrix operator kernel emissions modeling system (SMOKE) (Houyoux et al., 2002)
processes emission data and provides initial and boundary chemical conditions
for the community multiscale air quality (CMAQ) model (Byun and Ching, 1999)
for chemical modeling (fourth box). Then a visualization for illustrating
modeling results is the last step. The NCAR/Penn State mesoscale model (MMY5)
(Grell et al., 1994) is used for providing meteorological conditions for emission
calculation and SMOKE and CMAQ simulation.

Figure 8.2 An overview of the SHRMC-4S framework

Several modifications were made to SMOKE for prescribed burning applications
(Liu et al., 2006a). Area and point sources are among the various emission categories
in SMOKE. Area source emissions are annual amounts (or converted to daily
averages) from counties, and are put only at the lowest model level, whereas point
source emissions are emitted daily or hourly amounts from certain locations like
power plants, and are partitioned to multiple levels. Fires have been traditionally
regarded as an area source, but they are more likely a point source because they
occur as individual events geographically with hourly and daily variability, and
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smoke may be partitioned through a depth of a few kilometers. To include fire
emissions as a point source in SHRMC-4S, fire emission files for SMOKE were
created. A fire is identified through its latitude and longitude in an emission file
in the inventory data analyzer (IDA) format. All fire properties (height, diameter,
exit temperature, exit velocity, and flow rate) are included in this file. Day- or
hour-specific emissions of various chemical species are stored in separate files in
the emissions modeling system’95 (EMS-95) format.

The other modification was to link daysmoke to SMOKE as an addition to the
laypoint algorithm for estimating plume rise and specification of plume vertical
profiles. The fourth component of daysmoke, the relative emissions production
model, counts particles passing a “wall” three miles downwind from a burn for each
hour during the burn period. A percent of particle number at each layer at each hour
relative to the total particle number is assigned to SMOKE/CMAQ simulations.

Prescribed fire data is obtained from the existing systems or those to be developed.
The portion of this total fuel load consumed by the fire is determined using the
single parameter regression equations of CONSUME 3.0 (Ottmar et al., 1993).
Fire emissions are calculated by multiplying the consumed fuel by an emission
factor appropriate for the fuel type and ignition plan (Mobley et al., 1976). These
total emission values are transformed into hourly values using equations provided
in Sandberg and Peterson (1984).

8.5 Application

Daysmoke and SHRMC-4S have been used for simulating smoke movements
and the air quality impacts of a number of prescribed burns in the South.
Simulations with the two modeling tools of a burn case at the Tennessee /North
Carolina border on March 18, 2006 have been conducted (Achtemeier et al., 2006;
Liu et al., 2006b). They are briefly illustrated here.

8.5.1 Burn

The Cherokee national forest conducted the Brush Creek prescribed burn on 743
ha of woodland near the Tennessee/North Carolina State line (upper left hand
corner of Fig. 8.3) approximately 50 km northwest of Asheville, NC on 18 March
2006. Approximately 670 ha or 90% of the land area was expected to be burned.
The site had never had a prescribed fire nor had a wildfire occurred recently. The
district staff estimated 26.9 metric tons of fuel would be consumed for each
hectare burned. Aerial ignition at Brush Creek began along the main and spur ridges
between 1,220 and 1,400 EST then further ignition was done between 1,620 and
1,710 EST. During the active burning phase, fire would have spread down the side
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slopes until no fuels were available to ignite. Hourly estimates of area consumed
were used by the REM to model the history of the burn.

Satellite Value
High: 97933209 4

s P - Vil =

Figure 8.3 Smoke plume image processed from the Polar satellite (received from
National Oceanic and Atmospheric Administration) showing the cloud of smoke
from the Brush Creek prescribed fire at 1,715 EST (Provided by William A. Jackson,
Air Resource Specialist, Cherokee National Forest)

The leading edge of the smoke plume from the Brush Creek burn passed
Asheville, NC, between 1,515 and 1,530 EST. Shortly after 1,600, elevated fine
PM concentrations were measured at a particulate monitor in Asheville operated by
the Western North Carolina Regional Air Quality Agency (Fig. 8.4). Concentrations
of PM, stose from near zero to 106 pg'm™ at 1,700 EST and to 130 pg'm by
1,800 EST. These PM levels could cause some people who are sensitive to air
pollutants to experience short-term health problems. The concentrations fell back
to 30 pg'm° by 2,100 EST.

8.5.2 Daysmoke Simulation

Even though the smoke plume shown in Fig. 8.3 is a simple plume, with the
implication of a simple plume updraft, the plume structures can be complex. Many
smoke plumes are supported by multiple-core updrafts—subplumes rising from
the flaming areas and merging into a single plume. Daysmoke allows for the
simulation of multiple-core updraft plumes.

107



Remote Sensing and Modeling Applications to Wildland Fires

Asheville, North Carolina PM, 5 concentrations
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Figure 8.4 Fine PM concentrations (ug'm™) measured at the Buncombe County
Board of Education monitoring site in Asheville, North Carolina between March
16 and March 20, 2006 (Provided by William A. Jackson, Air Resource Specialist,

Cherokee National Forest)

Figure 8.5 shows the hourly PM, 5 concentration at Asheville as calculated by
daysmoke. Each line represents a ten-simulation average. Maximum hourly

concentrations range from 42 pgm for a one-core plume updraft to 244 pg-m"

for a ten-core plume updraft.

Hourly PM, ; concentration at asheville NC as a
function of plume updraft cores (c,= 0.03)

Concentration (pg/m?)

Figure 8.5 Hourly PM, s smoke concentrations for Asheville, NC, for six multiple-

core updraft simulations by daysmoke. (from Achtemeier et al., 2006)
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Daysmoke is a combined dynamic-stochastic model. Stochastic terms control
small scale turbulence within the plume and within the ambient atmosphere. The
large eddy parameterization model is linked to clock-time so that large eddy
magnitudes and distributions will be different each time daysmoke is executed
(averages of ten simulations for each updraft core were used to calculate the
concentrations shown in Fig. 8.5). Therefore, individual simulations by daysmoke
vary according to the stochastic terms. The average peak concentration for the one-
core updraft is 42 pg'm but varies between 30— 60 pg'm °. The ensemble average
for the 10-core updraft is 244 pg'm > with a range between 211 — 279 pg'm .

Figure 8.6 compares the means and distributions of daysmoke-predicted ground-
level PM, s concentrations at 1,700 hours as a function of the number of updraft
cores in a prescribed burn plume. PM; s concentrations from the 1-core solutions
were all under-predictions of observed levels at Asheville (130 pg'm ~—dashed line).
Furthermore, concentrations from the 10-core solutions were all over-predictions
of observed levels. Although the mean of the 4-core solution (141 Hg'm") was
closest to the Asheville observation, some results from the 3-core and 5-core
solutions also bracketed the 130 pg'm concentration.

300 -

250 -

Nzt
g -

50 - E

1 2 3 4 5 10
Core number

Concentration (pg/m3)

Figure 8.6 The means and distributions for each updraft core number compared
with the maximum hourly PM, 5 concentration (dashed line) observed at Asheville,
NC (from Achtemeier et al., 2006)

8.5.3 CMAQ Simulation

The model domain is configured with a 40x30 horizontal grid with 21 vertical
layers. The horizontal resolution is 12 km. This resolution is too low to accurately
simulate smoke concentration from a single burn with a size of approximately
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1 km. The emission intensity for the grid box that includes the burn site is about
two-orders of magnitude smaller than that at the burn site. This simulation provides
an example of application of daysmoke in CMAQ. The Carbon Bond-IV (CB-IV)
chemical mechanism is used to simulate gas-phase chemistry in CMAQ. Daysmoke
is used to estimate plume rise and vertical distribution.

Figure 8.7 shows the height of smoke plume (plume rise) and vertical profile
of the smoke particle simulated with Daysmoke for 1-core and 10-core updrafts.
For the 1-core updraft (Fig. 8.7(a)), plume rise is about 1.5 km from 1,200 to
1,600 LST and increases to 2.1 km at 1,700. For the 10-core updraft (Fig. 8.7(b)),
plume rise is about 0.75 km at 1,200 LST with the largest percentage occurring at
about 0.6 km. Plume rise gradually increases to 1.1 km at next hour and remains
there until 1,700. It reduces to 0.92 km at 1,800. These results indicate two
differences between 1- and 10-core updrafts. First, plume rise is usually smaller for
multiple-core. Thus, more smoke particles are distributed at lower levels in the
atmosphere. Second, plume rise simulations for 1-core updrafts place most smoke
high above the PBL, while simulations for 10-core updrafts place smoke close to
or slightly higher than the PBL. This results in significant impacts on the ground
concentrations when daysmoke smoke profiles are linked to CMAQ.

Figure 8.8 shows the geographic distribution of ground-level PM, s at 1,700,
when largest concentrations were observed at Asheville. The smoke plume spreads
from the burn site south-southeastward to the North Carolina-South Carolina
border. The transport track is close to what shows in the satellite image (Fig. 8.3)
but with too much lateral spread. For both simulations, the magnitudes of
concentrations are too small in comparison with the measurements at Asheville.
The underprediction by CMAQ is primarily due to the 12 km resolution of the
model domain which causes a laterally wider spread of the plume. In comparison,
the magnitudes of the concentrations for the 10-core updraft are about 2 — 3 times
of that for the 1-core updraft.

Figure 8.9 shows time-height cross sections of PM,s concentrations over
Asheville as simulated by daysmoke/CMAQ. The plume reaches Asheville after
1,500. Both simulations show two peaks in concentrations (an outcome of a 1-hour
lapse in aerial ignition) the first arriving at 1,600 and the second arriving at 1,800.
This result compares with the PM measurements at Asheville which show a general
peak between 1,700 and 1,900. The main difference between the 1- and 10-core
updraft simulations is in the vertical distributions of smoke. Large concentrations
are found between 1.1 km and 1.5 km above ground for 1-core updraft, and within
about 1 km above ground for 10-core updraft. The one-core simulation placed most
smoke far enough above the PBL that few particles were transported to the ground
(Fig. 8.9(a)). As Fig. 8.9(b) shows, most particles are found within the PBL for the
10-core updraft simulation and these are nearly uniformly distributed from the
ground to the top of PBL by strong turbulent mixing.

110



8 Prescribed Fire and Air Quality in the American South: A Review of Conflicting Interests
and a Technique for Incorporating the Land Manager into Regional Air Quality Modeling

0 [ 1,100 I 1,200 I 1,300 IV 1,400
10.04 E 1 4
8.0 4 1 1
6.54 4 4 i
50 E g i
2.0 4 1 4
~ 3N 1 1 1
£ 154 ] - —>
2 11 4 1 g
= 93 1 1 ]
5 ogig_ ] ] ]
T 035 - - 1
025 1 ] 1
0.18 B 1 q
0.134 b B 1
0091 ] ] ]
- - -
"7 2040 60 80100 20 40 60 80100 20 40 60 80100 20 40 60 80100
o V 1,500 VI 1,600 VI 1,700 VIl 1,800
10.04 i 4 J
8.0 - - -
6.54 E E .
504 4 1 B
404 : — .
~ 3 1 1 ]
£ 134 g g E
< 0'9'%:// 1 ] 1
| | ;
T 01351 1 1 1
0.25 b b b
0.181 ] 1 1
0.134 b b 1
0.091 b b 1
b | ' '
"7 2040 60 80100 20 40 60 80100 20 40 60 80100 20 40 60 80100
Percent
(@)
I 1,100 1 1,200 1 1,300 IV 1,400
150 ] ] ]
8.0 . 1 ]
6.5 . : 1
504 1 1 1
40 — — —
304 : 1 1
CHERS ] ] ]
2 17] ] ] \
= 0934 - - i
S 0754 : 1
Ry ] ] ]
T 033 . : .
0.254 g B B
018 1 1 1
U.134 b b b
0.094 B B 1
b - - -
20 40 60 80100 20 40 60 80100 20 40 60 80100 20 40 60 80100
V 1,500 VI 1,600 VI 1,700 VIT 1,800
100 ] ] ]
8.0 1 ] ]
65 1 ] ]
501 1 1 1
40 1 ] 1
= 391 ] ] 1
LS ] ] ]
£ 09 ] ] ]
Y ] ] ]
T 0331 g g E
025 ] ] ]
0.184 B 1 1
0.131 b b b
0.094 1 1 b
B3 - - -
20 40 60 80100 20 40 60 80100 20 40 60 80100 20 40 60 80100
Percent
(b)

Figure 8.7 The vertical distribution of smoke particles (in %) at the hours from 1,100
throughout 1,800 LST calculated using Daysmoke. The light horizontal lines indicate
the top of planetary boundary layer. (a) one-core updraft. (b) 10-core updraft. (from Liu
et al., 2006b). The light horizontal lines indicate the top of planetary boundary layer
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Figure 8.8 Spatial distribution of ground PM, s concentration (ug~m’3) at 1,700 LST
simulated with CMAQ using plume rise and smoke particle vertical profile specified
with daysmoke. (a) one-core updraft. (b) 10-core updraft (from Liu et al., 2006b)
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Figure 8.9 Time-height across section of PM, 5 concentration (1g m'3) at Asheville
simulated with CMAQ with plume rise and smoke particle vertical profile specified
with daysmoke. (a) one-core updraft. (b) 10-core updraft (from Liu et al., 2006b)

8.6 Summary and Discussion

Two tools for smoke transport and the regional air quality modeling of prescribed
burns, daysmoke and SHRMC-4S, have been described. Their applications have
been illustrated by a recent burn case in a National Forest. The daysmoke plume
model incorporates a human factor—how burns are engineered by land managers
through burning techniques/ignition methods—in modeling smoke from prescribed
burns. Therefore daysmoke may provide land managers with a tool that will assist
in achieving their burn programs. SHRMC-4S is a framework for smoke and air
quality research focused on prescribed fires in the South. daysmoke has been
linked as an alternative to the layer fraction method in SMOKE/CMAQ for smoke
plume rise calculation and vertical profile specification.

Simulations of a prescribed burn at the Tennessee /North Carolina border on
March 18, 2006 indicate that daysmoke and SHRMC-4S are useful modeling
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tools for understanding smoke transport and the impacts on local and regional air
quality. Daysmoke produces a ground PM level that could cause some people
who are sensitive to air pollutants to experience short-term health problems. The
simulated magnitude is close to the measured one. Daysmoke simulation and the
resultant plume rise are dependent on the number of updraft cores. This property
has an important impact on CMAQ simulations. The simulated ground PM level
with CMAQ is larger for multiple-core updraft than single-core updraft.

Although some measurements were used for the development and validation
of daysmoke, more measurements are needed for further validation of this model
and comparison with other plume rise schemes. Furthermore, more complete
prescribed fire information is needed for improving the performance of SHRMC-4S.
Model performance is dependent on accurate specification of burn and other
properties such as the number of updraft cores. In addition, the application case
of daysmoke to CMAQ simulate presented here was run off-line. The two models
need to be coupled to each other to make daysmoke a more practically useful tool
for CMAQ simulation.

Daysmoke has shown us that the dynamics of smoke plumes from prescribed
burns are complex, often far more complex than dynamics of plumes from industrial
stacks. Application of smoke models designed for industrial stacks should not be
expected to yield accurate results for smoke plumes from prescribed burns unless
the multiple-core updraft issue is taken into consideration.
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Abstract Wildland fire missions can significantly affect regional and global
air quality, radiation, climate, and the carbon cycle. A fundamental and yet
challenging prerequisite to understanding the environmental effects is to
accurately estimate fire emissions. This chapter describes and analyzes fire
emission calculations. Various techniques (field measurements, empirical
relations, modeling, and remote sensing) to obtain fuel and fire properties are
first reviewed. A calculation of fire emissions across the continental U.S. is
then illustrated. In this calculation, an approach recently developed based on
high-resolution fuel types from satellite remote sensing is used for fuel loading
factors. The burning information is obtained from a historical fire dataset
collected by multiple U.S. governmental agencies. The U.S. fire emissions
show large spatial and temporal variability. Finally, uncertainties in fire
emission estimates are examined by comparing with another method using
the traditional AP-42 Table approach for fuel loading. Emissions with the
satellite remote sensing approach are mostly reduced in the western U.S., but
increased in the eastern coastal regions. A perspective on future fire emission
research is given.

Keywords Wildland fire, emission calculation, emission factors, fuel loading,
U.S. fire emission results and analyses

9.1 Introduction

Wildlfire is one of the major natural disasters in the United States that threaten
human life and property. Millions of acres of forest and other ecosystems are
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burned annually. In 2000, for example, more than 100 thousand fires consumed
8.4 million acres (3.4 million ha) (NIFC, 2002). Nearly 30 thousand people were
involved in wildland firefighting efforts, costing the federal agency fire suppression
about $1.4 billion. Prescribed burning, on the other hand, is a forest management
technique that temporarily reduces damage from wildfire by removing a portion
of the accumulating dead fuels (such as duff and logs on the forest floor) and
reducing the stature of the developing understory when burning conditions are not
severe (Wade and Outcalt, 1999). These intentional fires also serve as a surrogate
for the historical fires by recycling nutrients and restoring/sustaining ecosystem
health. The areas burned by prescribed fires have the same order as those by
wildfires (Stanturf et al., 2002).

Emissions from wildland fires can cause severe environmental consequences.
Fires release large amount of particulate matter (PM) and ozone precursors,
adversely affecting regional air quality (Sandberg et al., 1999; Riebau and Fox,
2001). PM and ozone, as well as some other trace gas emissions, are criteria air
pollutants subject to the national ambient air quality standards (NAAQS) established
by the U.S. Environmental Protection Agency (EPA, 2003a). EPA recently
established air quality standards for PM,s (PM with a diameter of 2.5 pm or
smaller) and revised standards for ground-level O; and PM;, (PM with a diameter
of 10 pm or smaller) as an effort to reduce regional haze and smog and to improve
visibility. EPA also issued the interim air quality policy on wildland and prescribed
fire (EPA, 1998) to protect public health and welfare by mitigating the impacts of
air pollutant emissions from wildland fires on air quality.

Smoke particles are one of the atmospheric aerosol sources, which can affect
global and regional radiation (e.g., Penner et al., 1992). They can modify earth
radiation balance by scattering and absorbing solar radiation (direct radiative
forcing) (Charlson et al., 1992), and by changing droplet size and life time of clouds,
which are one of the most important factors for atmospheric radiative transfers
(indirect radiative forcing) (Twomey et al., 1984). The radiative forcing can further
change regional climate, monsoon, and drought (Hansen et al., 1997; Ackerman
et al., 2000; Menon et al., 2002; Koren et al., 2004; Liu, 2005a and b).

Fires also affect the carbon cycles. Carbon emissions due to fire increase
atmospheric CO, concentration. The perturbation of atmospheric chemistry induced
by biomass burning is comparable in magnitude to the effect of fossil fuel burning
(Lindesay et al., 1996). The 1997 Indonesia Fires emitted as much carbon into the
atmosphere as Europe’s annual carbon emissions from burning fossil fuel (Page
et al., 2002). Thus, biomass burning is an important source for regional atmospheric
carbon. On the other hand, fires affect the ecosystem uptake of atmospheric carbon.
Biomass accumulates by consuming atmospheric carbon through photosynthetic
reaction. The terrestrial ecosystem, therefore, acts as a sink of atmospheric carbon
during this process. Fire disturbance will alter the magnitude of this sink.

A fundamental and yet challenging prerequisite to understanding the environmental
effects of smoke is to accurately estimate fire emissions. Fire emissions can be
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calculated using fire and fuel properties such as area burned, fuel loading or
consumption factors, and emission factors. Various techniques for calculating these
properties have been developed. This Chapter describes calculation and analysis
of fire emissions. Fire emission calculation formula and techniques for obtaining
fuel and fire properties are reviewed in Section 9.2. A calculation of fire emission
in the continental U.S. is presented in Section 9.3. Uncertainty in fire emission
estimates is discussed in Section 9.4. Summary and a perspective on future fire
emission research are given in Section 9.5.

9.2 Fire Emission Calculation

As indicated in the following formula (Seiler and Crutzen, 1980),
E=AfLS 9.1)

fire emission £ (in mass) is determined by four fuel and fire properties: area
burned A, consumption efficiency f (fraction of fuel consumed), fuel loading L
(mass of forest fuel per unit area), and emission factor S (mass of the species per
unit mass of forest fuel consumed). The product of fand L is also called effective
fuel consumption or fuel loading factor (mass of forest fuel per unit area burned).
These properties can be obtained using the techniques briefly described below.

9.2.1 Measurements

Burned area has been traditionally obtained from ground measurement and reporting
systems. There are a number of regional and national datasets available, in the
format of either individual burnings or total burnings of a county or state. The
examples are the nation-wide prescribed fires in 1989 (Peterson and Ward, 1993;
Ward et al., 1993), wildfires over 11 Western states (Hardy et al., 1998), the data
used for developing the EPA the national emission inventory (NEI) for three base
years of 1996, 1999, and 2002 (EPA, 2003a), and the federal fire historic dataset
(BLM, 2003). The dataset developed by the department of interior bureau of land
management (BLM) collects individual fires over the lands owned by five U.S.
federal agencies (BLM, Bureau of Indian Affairs, Fish and Wildlife Service, National
Park Service, and USDA Forest Service). Besides area burned, this dataset also
includes fire information on number, date, location, type, and causes. Figure 9.1
shows wildfire burned areas in each of the contiguous U.S. states.

9.2.2 Empirical relations

Empirical relations have been used extensively to obtain fire emission factors and
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Figure 9.1 Annual burned area by wildfires in the contiguous U.S. states during
1980 —2002. The horizontal line represents the average over all states. Below the state
names are forest service regions (see Fig. 9.2) (redrawn from Fig. 1 in Liu, 2004)

fuel consumption factors. EPA (1995) has formed a table of default values (AP-42
Table) for emission factors of major species. Emission factors in Table 9.1 are
adopted from the AP-42 Table for all species except CO,, which is derived based
on the flaming fire emission factor (Battye and Battye, 2002, Table 39) and Hao
et al. (2002). The emission factors are geographically independent. Fuel loading
factors for the USDA forest service regions (Fig. 9.2) from the AP-42 Table are

listed in Table 9.2.

Table 9.1 Emission factor (Ibs/ton)

Component PM, 5

PM;,,

co

SO,

NO,

voC

CO,

Factor 11.7

13.0

140.0

0.15

4.0

19.2

3,500.0
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Figure 9.2 The USDA forest service regions (old division)
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An effort was recently made to improve the traditionally used AP-42 fuel loading
factors. The Western regional air partnership (WRAP, 2002) developed an approach
to estimate fuel loading and consumption using the national fire danger rating system
(NFDRS) (Cohen and Deeming, 1985) vegetation types for the WRAP states.
This approach was extended by EPA (2003b) to the reminder of the contiguous
U.S. using the 1999 NFDRS fuel classification map at 1 km resolution derived
from a combination of satellite and ground data (Burgen et al., 1998). The state
accumulated values from the RS approach are also listed in Table 9.2.

Table 9.2 Fuel loading factor L (ton/acre)

Remote sensing AP-42 Remote sensing AP-42
approach approach

State L Region” L State L Region L

MT 4.7 TN 4.3
N 60

ND 0.5 NC 9.6
wYy 5.0 KY 33
CcO 12.6 VA 7.7
SD 1.3 RM 30 MN 13.6
NE 1.1 1A 2.8
KS 1.0 WI 7.4
AZ 17.7 IL 3.1

SW 10 NC 11
NM 14.1 MI 10.1
ID 8.1 IN 2.4
NV 3.0 M 8 OH 3.0
uT 9.6 MO 2.7
CA 15.5 PS 18 ‘A% 4.8
WA 2.6 MD 5.4

PN 60

OR 12.5 PA 33
OK 2.7 DE 7.7
TX 3.5 g 9 NY 20.3
AR 10.1 NJ 11.6

NE 11
LA 9.1 CT 3.1
MS 9.7 RI 3.1
AL 10.1 MA 24.0
GA 13.2 SE 9 VT 51.3
FL 19.7 NH 334
SC 9.6 ME 27.8

" See Fig. 9.2 for various regions
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9.2.3 Modeling

Numerous fuel models have been developed. Fuel types in NFDRS are represented
by 20 fuel models, each of which falls into one of four groups that account for fuels
composed mainly of grass, shrub, timber, or slash. In consume, a comprehensive fuel
model (Ottmar et al., 1993), separate algorithms are used to calculate consumption
of different fuels based on fuel loading, slope, wind, and fuel moisture. In the FCCS
(Sandberg et al., 2001), live and dead fuel loadings for 16 types of fuels across 6
layers, from canopy to duff, for 150 fuelbed types defined for the continental U.S.
are quantified. The system calculates available fuel potential index between 0— 9 for
each FCCS National or customized fuelbed and provides available consumption
of fuels. The fire emissions production simulator (FEPS) is developed to calculate
fuel consumption efficiency (PNW, 2005). The FEPS model is run for each of the
NFDRS fuel models and for each of the six fuel moisture classes in the model. For
each of these combinations the model is used to estimate a unique fuel consumption.

Fire emissions can be simulated using modeling tools such as emission production
model (EPM) (Sandberg et al., 1984), first order fire effects model (FOFEM)
(Reinhardt et al., 1997), and community smoke emissions modeling (CSEM) (Barna
and Fox, 2003). In the recently upgraded version of EPM, FEPS (Anderson et al.,
2004), fuel loading, fuel moisture, meteorological conditions, and other parameters
are used to obtain hourly fire emissions as well fuel consumption, heat release
and plume rise. CSEM, specifically designed to provide historical fire emission
estimates for use in air quality models, uses consume and EPM and national GIS
coverage for developing a fire inventory, locations, time and size.

A comprehensive modeling tool, BlueSky (O’Neill et al., 2003), was developed
as a framework for fire emission and air quality effect simulation and prediction.
Regional forecast of smoke concentrations is made using burn information from state
and federal agency burn reporting systems, and meteorology, fuel consumption,
emission, and dispersion and trajectory models. The southern high-resolution
modeling consortium southern smoke simulation system (SHRMC-4S) (Achtemeier
et al., 2003) is similar to bluesky but more specifically for prescribed burning in the
south. It uses the sparse matrix operator kernel emissions modeling system (SMOKE)
(Houyoux et al., 2002) for processing emission data and providing initial and
boundary chemical conditions, and the community multiscale air quality (CMAQ)
(Byun and Ching, 1999) model for chemical modeling. A unique feature with
SHRMC-4S is that it includes a dynamical model (daysmoke) (Achtemeier, 1998)
to calcualte smoke plume rise. Figure 9.3 shows a simulation result of SHRMC-4S.

9.2.4 Remote Sensing

Satellite remote sensing (RS) has emerged as a useful technique for fire detection
in the past decade. With the unique features of global coverage, high-resolution,
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Level

8 9 10 11 12 13 14
Local Time

Figure 9.3 Time-height section of PM, 5 concentration (ug'm™) from prescribed
fire emissions in Florida simulated with SHRMC-4S. The horizontal and vertical
coordinates represent hour (local time) and height in level (from Liu et al., 2006)

and continuous operation, RS is able to obtain detailed information of fuel type
and loading, fire occurrence, extent, structure, and temporal variation (Riebau and
Qu, 2004; Qu et al., 2003 and 2005). Satellite instruments such as the advanced
very high resolution radiometer (AVHRR) (Kaufman et al., 1990; Justice et al., 1996;
Li et al., 1997; Burgan et al., 1998), the geostationary operational environmental
satellite (GOES) (Prins and Menzel, 1990), and the moderate resolution imaging
spectroradiometer (MODIS) (Kaufman et al., 1998; Justice et al., 2002) have been
applied to field experiments and routine monitoring of fuels and wildfires.

AVHRR has daily data over two decades. Algorithms for detecting active fires
and mapping burned area (Fraser et al., 2000) have been developed and validated
for the fires in North America (Li et al., 2003). With more spectral bands and higher
spatial resolution, MODIS measurements can be used to retrieve fire information
more accurately (Kaufman et al., 2003). The MODIS rapid response system (MRRS)
was recently developed to provide rapid access to MODIS data globally with
initial emphasis on 250 m color composite imagery and active fire data. MODIS
was found to be able to detect small and cool fires in the South more robustly and
accurately (Wang et al., 2005). The Hazard Mapping System (HMS) (NOAA, 2006)
was developed to manually integrate data from various automated fire detection
algorithms with GOES, AVHRR, MODIS and defense meteorological satellite
program/operational linescan system (DMSP/OLS) images. It produces a quality
controlled display of the locations of fires and significant smoke plumes detected
by meteorological satellites for air quality forecast. Figure 9.4 shows an example
of MODIS detection of wildland fires.
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. - ! . e
Figure 9.4 An example of True-color composite MODIS GeoTiff data (Bands 1, 4

and 3) of the Flathead and Bitterroot Valleys in Montana. Image acquired August 19,
2003 (from Quayle et al., 2003)

In spite of not being a parameter in the formula for fire emissions, fuel moisture
is an important property for estimating fuel consumption and fire emissions. Forest
fuel consists of live and dead vegetation. Meteorological measurements are
traditionally used to estimate fuel moisture. The NFDRS monitors fuel moisture
of live vegetation for shrub ecosystem using the normalized difference vegetation
index (NDVI) and calculates dead fuel moisture with air temperature, humidity, and
cloudiness. The Canadian forest fire danger rating system (CFFDRS) calculates live
and dead fuel moisture using various algorithms basically based on meteorological
measurements. The limitations with the traditional technique include relatively
small spatial resolution of observations, unavailability over part of forest regions,
and uncertainties in the relationship between meteorological data and fuel moisture.
RS technique has been demonstrated as an efficient means to supplement field
measurements for monitoring live fuel moisture, especially in locations not
readily accessible by forest rangers. In addition to covering extensive regions, RS
also provides values closely related to forest vegetation status such as NDVI and
Surface Temperature. Thus, RS data can be directly used to estimate fuel moisture
(Chuvieco et al., 1999).

9.3 U.S. Fire Emissions

9.3.1 Parameter Specifications

This section describes a calculation of the U.S. fire emissions. The BLM fire dataset
(BLM, 2003) is used. The data used are monthly total acres burned by wildfires
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for each of the 48 contiguous states during 1980 —2002. The areas burned by
wildfires were about 41,000 acres per year averaged over the contiguous U.S.
states (Fig. 9.1). Large emissions occurred in the Western states. Idaho, California,
Nevada, Oregon, Montana and Utah had burning areas over hundreds of thousands
of acres. Florida was the only state in the East with the emission reaching the
national average. A detailed description of the fire statistics is given in Liu (2004).
Emission factors are adopted from Table 9.1. Fuel loading factors are adopted
from the values for RS approach in Table 9.2.

9.3.2 Spatial Distribution

Figure 9.5 shows geographic distribution of PM, s emissions from wildfires
expressed as emission intensity (kg-km ). Large emissions are found in the West.
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Figure 9.5 Spatial distribution of annual wildfire emissions of PM,s (kgkm™)
(a) and standard deviation (b)
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Two centers with a magnitude of over 40 kg-km ? are located in Pacific South and
Pacific North, respectively. Emissions gradually decrease to below 10 kg-km
east of the Rocky Mountains. Emissions, however, have a center in Florida with a
magnitude of about 35 kg'km *. Emissions decrease rapidly to less than 10 kg-km 2
in the surrounding states. Standard deviation of annual emission series has the same
magnitude as the average in most states, indicating large inter-annual variability.
As shown in Liu (2004), wildfire emissions are characterized by a number of
strong emission events and a relatively quiet episode up to a decade long between
two strong emission events.

9.3.3 Seasonal Distribution

Figure 9.6 shows total annual emissions of PM, s of each state and each season. In
the West, California, Idaho and Oregon have the emissions around 15,000 tons, a
majority of which is during summer. In the East, Florida has the emissions over 5,000
tons. Different from the West, a substantial portion of wildfire emissions in Florida
and many other southern states occurs during spring, when the weather is warming
up but not very moist yet. The emissions of PM;y, VOC and NO; are roughly com-
parable to those of PM, s, while the emissions of other components are significantly
different. CO and CO, are about one and two orders larger, respectively, while SO, is
about two orders smaller. They reflect the differences in the AP-42 emission factors.
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Figure 9.6 Wildfire emissions of PM, 5 by state and season

9.4 Uncertainties

Substantial differences in fire emissions are found between the RS and AP-42
Table approaches for fuel loading factors. In general, wildfire emissions from the
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RS approach are smaller in the west and larger in Florida than those from the
AP-42 Table approach. A quantitative comparison is shown in Fig. 9.7 using the
ratio of the difference in emission between the RS and AP-42 Table approaches
to emission from the AP-42 Table approach. Remarkable changes ranging from
—100%~450% are obtained. The changes display certain geographic patterns.
The RS approach leads to overall reduced emissions in the regions from the
Pacific coast to Midwest except Southwest. In contrast, overall increased
emissions are found in Southeast and Northeast. The largest increase of 200% or
more is found in a number of New England states due to the extremely small
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Figure 9.7 Ratio of the difference in fire emissions between RS technique and
AP-42 Table to the emission estimated using AP-42 Table for wildfire (a) and
prescribed fires (b)
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amounts of emission in these states. Among the states with large emissions, the
most significant changes happens in Oregon and Florida, where emissions are
reduced by about 80% and increased by about 160%, respectively. Changes in
California and Idaho are less than 20% in magnitude.

Besides wildfires, fuel loading factors for prescribed burning have also been
developed using satellite remote sensed fuel types and loading and consumption
of individual fuel types (EPA, 2003b). In Florida, a state with the most extensive
prescribed burning in the nation, for example, fuel loading factor is increased
from 9 ton/acre in the AP-42 Table to 19.7 ton/acre estimated by the RS approach
for wildfire, comparing from 7.1 — 17.2 ton/acre for prescribed burning.

Most fire emission inventories, including fire emissions in the EPA NEIs, have
been developed using the AP-42 Table default fuel loading factors. The remarkable
changes in the magnitude of fire emissions between this approach and RS
approach, including in some states with large fire emissions such as Oregon
and Florida, suggest a large uncertainty in estimating fire emissions in these
inventories. The result that the fire emissions are reduced in most Westerns states
and increased in most Eastern states with RS approach than the AP-42 approach
would lead to a reduced geographic contrast between the two regions. Especially,
it suggests larger importance of prescribed burning for air quality and other
smoke-related environmental issues in the Southeast, which is a major region of
such burning.

The changes in fire emission estimates can have some important implications for
the environmental effects of wildland fires. A recent modeling study using CMAQ
model (Byun and Ching, 1999) with fire emissions estimated using the AP-42 Table
fuel loading factors indicated significant impacts of Florida prescribed burning on
regional air quality (Liu et al., 2004). The impacts could more serious considering
that emissions are about 1.6 times larger if using the RS approach. In addition, a
simulation study with a regional climate model indicated the role of wildfires in
enhancing drought with emissions estimated using the AP-42 Table fuel loading
factors (Liu, 2005b). A better understanding of the role could be achieved by
using the RS approach for fuel loading factors.

9.5 Summary and Perspective

Fire emissions are determined by area burned, consumption efficiency, fuel loading,
and emission factor. The ground measurement and recording systems have been
traditionally used to obtain burned area and fuel loading information. Satellite RS,
a new technique developed rapidly in the past decade, is able to provide high-
resolution fire and fuel properties. Actual fuel consumption and fire emissions
can be determined using modeling and empirical relations.

The U.S. fire emissions estimated using the fuel loading factors recently developed
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based on satellite RS and ground measurements are found large in Pacific South
and Pacific North. A majority of fire emissions occur during summer. In addition,
there is an emission center in Florida, which is the largest during spring. There
are significant differences in wildfire emissions between the RS and AP-42 Table
approaches for fuel loading factors. In general, fire emissions are reduced in the
Western U.S. except the Southwest, and increased in the Eastern coastal regions
by using the RS approach. The magnitude is up to about 80% in the major Western
emission regions and 160 % in the Eastern ones.

It appears that the RS approach is able to detect high resolution properties of
fuel type and consumption and therefore is useful for understanding more spatial
details of wildfire emissions. The EPA Regional Planning Organizations, for
example, has recently decided to re-calculate wildfire emissions in the 2002 NEI
using the RS approach (WRAP, 2005).

The following studies in the future are critical to improving our understanding
of fire emissions and their environmental effects:

(1) Wildfire data is a key to analyzing fire regimes and the spatial and temporal
variability. Continuous efforts are needed to develop historical datasets, and improve
the capacity to obtain real or near real time fire information. Some existing datasets
such as the one developed by BLM (2003) only include burns occurred on the
federal lands, while those of state and private lands and Department of Defense
lands, which together contribute to a substantial portion of the acres burned in the
South. Expansions to these datasets will make them more valuable.

(2) The lack in systematic prescribed burning information, especially real time
burning information, has been one of the major limitations in estimating fire
emissions and environmental consequences. The efforts in developing automated
reporting systems will provide a capacity in obtaining such information.

(3) More and more RS applications are expected for fire and fuel detection.
Further algorithm development and evaluation are needed to solve some technical
issues such as false fire signals and cloud interference. The development of the
capacity in detecting prescribed fires is of great value. So is the capacity in measuring
atmospheric concentrations of fire emissions.

(4) Fuel and fire properties are under constant disturbances from natural processes.
Hurricanes, for example, can increase dead fuel loading, which in turn increases
wildfire risks. More studies are needed to understand fuel and fire variations in
response to environmental forcing.

(5) Decision making support systems are a useful tool for fire and land managers
to understand and predict the effects of fire emissions on air quality, radiation,
climate, the carbon cycle, and other environmental processes, and to plan and
implement plans to migrate possible diverse consequences. Bridging between
measurements and monitoring techniques (e.g., satellite RS) and modeling
techniques (e.g., fuel, climate, ecosystem, and air quality models) is critical for
the development of the systems.
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10 Integrating Remote Sensing and Surface Weather
Data to Monitor Vegetation Phenology
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Abstract The US national fire danger rating system (NFDRS) generates daily
estimates of fire potential throughout the United States. A key component of
this system is the condition of live vegetation. Currently, there are no
objective methods for determining vegetation condition. Inter-annual climatic
variability causes the onset of spring green-up and fall leaf senescence to
vary substantially from year-to-year. Therefore, methods used to assess live
vegetation condition must be robust to these climatic changes. We present a
system designed to integrate both remote sensing and surface weather-derived
metrics of foliar greenness. This system provides two independent metrics
that are meaningful representations of landscape level greenness responses and
are suitable for use in verifying NFDRS greenup dates and greenness factors.

Keywords Phenology, fire danger rating, green-up dates, greenness factors,
NDVI

10.1 Introduction

Foliar phenology significantly influences the exchange of mass, energy and
momentum between the Earth’s surface and its atmosphere. Canopy timing and
duration constrain annual plant productivity and alter global seasonal cycles of
atmospheric CO, (Keeling et al., 1996). Plant canopies lose water to the atmosphere
through transpiration. Leaf area alters the boundary layer and changes the coupling
between the land surface and the atmosphere. As such, we see many connections
between plant foliar dynamics, the global carbon cycle and the global water cycle.
Understanding plant phenology is a requisite for a proper understanding of these
cycles.

Many methods exist to characterize vegetation foliar phenology across the
landscape. Mathematical models driven by both satellite data and / or surface
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weather data are common tools for assessing seasonal changes in phenology
(Schwartz, 1999). Although these tools are useful, there has never been an integrated
system that publicly offers multiple resources for the assessment of seasonal
changes in leaf cover. Such a system would be useful to a variety of disciplines
including fire managers who need live vegetation conditions to initialize the live
fuel moisture model of the US national fire danger rating system (NFDRS).
NFDRS is used to make fire danger assessments across the United States and is
the foundations for many wildland fire management decisions. There are currently
two operational versions of NFDRS and each version requires different information
about the condition of live vegetation. The 1978 version of NFDRS requires
the bud break or green-up date (Deeming et al., 1977) while the 1988 revision
to NFDRS added greenness factors which are required daily inputs to NFDRS
and are used to express the seasonal greenup and curing rates of live vegetation
(Burgan, 1988).

Currently, there are no mechanistic models that can be used to derive both
greenup dates and greenness factors from prevailing weather data. Thus, there are
no means to examine historical fire potential or to project the fire danger under
changing climates. Such a model and the means to estimate it operationally would
benefit land managers by providing standardized estimates of vegetation greenness
conditions across the entire country. Here we present a phenology monitoring
system that combines satellite and surface derived phenology proxies into a simple,
automated system. The system assesses phenology across the continental United
States and Alaska. It is the first of its kind to provide multiple phenology proxies in
near real-time to the general public. The system combines data from point-source
surface weather data and satellite-derived vegetation indices from the advanced
very high resolution radiometer (AVHRR). Surface weather data are interpolated
and used to drive a generalized foliar phenology model which provides estimates
of phenology that are interdependent of the satellite-derived metrics. The model
combines temperature, water and light constraints into one simple daily metric
that can be continually assessed across large regions. The web-based system
provides both spatial and temporal phenological metrics across the landscape. This
phenology monitoring system will be integrated into the wildland fire assessment
system (WFAS) to provide fire managers with quick access to live fuel conditions
(http://www.wfas.net) (Jolly et al., 2005a).

10.2 Methods

10.2.1 System Introduction

The phenology monitoring system is composed of two components: the surface
weather-based phenology model and the satellite-derived vegetation indices.
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These two sources provide independent assessments of phenology spatially.

10.2.2 Surface Weather-Based Phenology Monitoring System

10.2.2.1 Surface Observations Gridding System (SOGS)

This system uses station weather data from multiple obtained automatically from
multiple sources to create surfaces of weather variables using the methods described
by Jolly et al., (2005b). This system automatically retrieves, stores, and interpolates
surface weather observations to create spatially continuous estimates of key
meteorological data fields across a region of interest. Interpolation grids are
user-defined and can be generated at any spatial resolution. This system is used
to generate daily gridded weather data for minimum temperature, vapor pressure
deficit and daylength which are provide spatial inputs to a generalized phenology
model to estimate greenness conditions of live vegetation across the landscape.
The system is configured to make use of multiple mathematical interpolators. For
this operational system we chose to use the Truncated Gaussian Filter because it
is efficiently calculated and results were similar to other more complicated
interpolation schemes (Jolly et al., 2005b).

10.2.2.2 Growing Season Index (GSI)

These interpolated weather grids are then used to spatially estimate the GSI, a
relative index of the bioclimatic constraints on plant functioning (Jolly et al.,
2005¢). This index relates well to plant foliar phenology and can be estimated
daily from available surface weather data. The index is calculated as the product of
three indicators which express the relative constraints of temperature, evaporative
demand/water availability and light on plant functioning. The index uses indicator
functions of three weather variables as good surrogates for each of these three
constraints: minimum temperature, vapor pressure deficit and photoperiod. Each
of these variables is assumed to have a value where below which it completely
limits plant functioning (1) and a value where above which it does not constrain
plant function (2). The upper and lower limits of the indicator functions for each
of these three variables are shown in Table 10.1. The GSI is calculated as the
product of these three daily indicator functions.

Table 10.1 GSI meteorological data indicator function parameters used in PhenMon

Variable Units Indicator minimum value | Indicator maximum
(fully constrained) value (unrestricted)

Minimum temperature C -2.0 5.0

Vapor pressure deficit Pas 900 4,100

Daylength (photoperiod) s 36,000 (10 h) 39,600 (11 h)
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These daily data provide two potential sources of information to land managers
for use with both the 1978 version and the 1988 revisions of the NFDRS. First, the
time series can be monitored in the spring or throughout the year to approximate a
green-up condition. When the index value exceeds a pre-defined threshold, green-up
can be declared and the users can make the appropriate entry into NFDRS. This
threshold method has been evaluated at a long-term research site and does well at
detecting inter-annual difference in green-up dates (Jolly et al., 2005¢). GSI is
unique for this application because it is a continuous measure of greenness. This
means that it can predict multiple green-up and curing events within the same year.
Therefore, it can be monitored continuously throughout the season to understand
how bioclimatic limitations are likely affecting vegetation vigor across the landscape
for an area of interest. In addition to estimating a green-up date for the 1978 version
of NFDRS, GSI can provide estimated greenness factors for the 1988 NFDRS
revision. Greenness factors vary as whole numbers from zero to twenty. They are
meant to express greenup and curing of live vegetation in a relative context
where zero is completely cured and twenty is completely green (Burgan, 1988).
GSI is an identical metric but it is scaled continuously from 0 — 1 and requires the
definition of a simple threshold value of greenup. GSI can thus be used to calculate
greenness factors by a simple linear transformation as follows:

0 if GSI, <0.5
GF88, = .
GSI, -40-20 ifGSI, =0.5

Where GF88, is the greenness factor for the 1988 version of NFDRS at time ¢ and
GSlI,is the GSI at time ¢ and assuming a GSI greenup threshold of 0.5 (Jolly et al.,
2005b). Greenness factors are rounded to the nearest whole number.

10.3 Satellite-Derived Vegetation Index Data

10.3.1 AVHRR Normalized Difference Vegetation Index (NDVI)

Weekly AVHRR NDVI data are obtained from the wildland fire assessment system
(WFAS) (Jolly et al., 2005a). These data are produced operationally each week
by the USGS at NC EROS and they are used to calculate two products that are
commonly used by fire managers to assess the condition of live vegetation: relative
greenness and departure from average greenness (Burgan and Hartford, 1993;
Burgan et al., 1996). Although these products are useful in providing spatial
assessments of vegetation across the landscape, to date there has been no system
to extract time-series data from the raster images for points. This hinders their
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utility because fire management decisions are often based on data derived from
point-sources such as remote automated weather stations.

10.3.2 Point Retrieval Interface

PhenMon provides two separate point retrieval interfaces. The first point retrieval
interface provides time-series of GSI for any point within either of the two
regions of interest. This interface provides land managers with a tool to assess
both the current and short-term changes in greenness at a given location such as
an NFDRS station. The second point retrieval interface provides time-series data
for AVHRR NDVI. This point summary includes the historical minimum and
maximum NDVI value, the historical mean for the current period and the current
NDVI value in addition to time series plots of the last year’s data along with the
mean. Both interfaces provide options for either data values served as text or
time-series plots of data for the entire period of record.

The interface is built around a raster extraction tool written using the USGS
general cartographic transformation package (GCTP: ftp://edcftp.cr.usgs.gov/pub/
software/gctpc/). This tool extracts a given value from a projected raster based on
geographic coordinates. The tool can extract either the coincident pixel value from
a raster or the values from a user-defined window around the point.

10.3.3 PhenMon: The Phenology Monitoring System

PhenMon uses the interpolated surface weather data from SOGS to run GSI across
the regions of interest. A system flow diagram is shown in Fig. 10.1. SOGS is run
daily using weather data from the remote automated weather stations (RAWS) and
the temperature and precipitation summary from the climate prediction center.
SOGS interpolates these data at an eight kilometer resolution for two regions: the
continental United States and Alaska. These interpolated data are used as inputs to
GSI in addition to the previous twenty days of data. Daily GSI rasters are produced
as the 21 day average of daily GSI values (Jolly et al., 2005¢). Images suitable for
display on the world wide web are created by a custom image generator and the
data rasters are archived for use in the point retrieval interface. The system also
automatically retrieves the most current AVHRR NDVI data for the continental
United States and stores these data in an archive to provide access to data for at
least the past year. In addition to these real-time data sources, the system also
maintains rasters of long-term weekly mean NDVI as well as the historical minimum
and maximum values for each pixel.
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Figure 10.1 PhenMon phenology monitoring system flow diagram

10.4 Results and Discussion

10.4.1 Surface Observations Gridding System

Example images of interpolated surface weather data from SOGS for both the
continental United States and Alaska are show in Fig. 10.2. These surfaces of
minimum temperature and vapor pressure deficit are generated daily. Photoperiod
(daylength) is also calculated each day as a function of site latitude and julian day.
These rasters are used as inputs to calculate the GSI. The accuracy of this method
has been verified in a previous study. In general, minimum temperature predictions
are accurate to within ~2.0°C and vapor pressure deficit is accurate to within
approximately 168 pascals (Jolly et al., 2005b).

10.4.2 Growing Season Index

GSI data are produced daily using the interpolated weather data from SOGS for
both the continental United States and Alaska. Example spatial images for each
region are shown in Fig. 10.3. An example time-series plot derived from the
point retrieval tool is shown in Fig. 10.4.
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Figure 10.2 Example surfaces of minimum temperature (left column) and vapor
pressure deficit (right column) generated with the SOGS for the continental United

States (a) and Alaska (b) for October 15,

2007. These rasters of weather data are

generated daily using point-source information from both the remote automated
weather stations (RAWS) and the Climate Prediction Center’s Temperature and

Precipitation Summary
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Figure 10.3 Example raster images of the GSI for October 15, 2007 for both the
continental United States (a) and Alaska (b), calculated daily as part of the phenology
monitoring system (PhenMon). This index integrates temperature, water and light
limitations into a single metric that expresses the relative bioclimatic constraints on
plant functioning across the landscape

[ &+ GSI —=—NDVI -=—Long-tem mean NDVI |

T16l1
T156
T 151
146
T 141

VI (DN value)

‘
v
&

I

\Ji31 2
1126

Growing season index (GSI)

/1472008 SH/2004 42372004 6/1272004 81173004 972073004 117972008 13/39/2004
Date

Figure 10.4 Time-series plots of the GSI, current NDVI and the long-term mean

NDVI for a point in Western Montana. These data were derived from the PhenMon

point retrieval interface. There is generally a good temporal correlation between

GSI and NDVI
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10.4.3 AVHRR NDVI Data

An example image of the weekly NDVI data is shown in Fig. 10.5. These images
are generated each week by the EROS Data Center of the USGS as part of the
wildland fire assessment system (WFAS). PhenMon retrieves these images and
stores them in the archive for use in the point retrieval tool. Graphic images of the
rasters are not produced to avoid duplication of processing already being done by
WFAS. An example time series of NDVI along with the long-term weekly mean
values and the GSI for the same point is shown in Fig. 10.4. We see good agreement
between the satellite derived and the surface weather-derived metrics of greenness
for the same location. In a previous study, the GSI has been compared more
extensively to NDVI for different vegetation types throughout the world (Jolly et
al., 2005c¢). In addition to the standard point retrieval interface which plots the
time-series or provides access to the data via a text output, there is also another
feature which allows the users to view the most current NDVI for a given point.
This value is also expressed as a function of the historical range of variability for

Legend
NDVI-10/15/2007
I RN N SR eI B

IRy

DRENOENEANEE NN NN
Figure 10.5 Example AVHRR NDVI composite for the continental United States
at one kilometer resolution for the weekly composite period ending October 11, 2005.
These data are produced weekly by the EROS data center as part of the wildland
fire assessment system (WFAS) (Jolly et al., 2005a). White areas show regions with
extensive cloud cover during the week
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that point as both relative greenness and departure from average greenness (Burgan
and Hartford, 1993; Burgan et al., 1996). This interface can be used for a quick
summary around an NFDRS weather station to verify green-up conditions predicted
using GSI. NDVI data can be used to provide estimates of greenup dates by
comparing the current NDVI value to the long-term mean. Greenup can be declared
when NDVI exceeds half its seasonal maximum or relative greenness exceeds
50% (White et al., 1997).

10.4.4 General Discussion

This is the first system to its kind to integrate RS and surface weather-derived
metrics of canopy greenness into a single, simple interface suitable for use by the
general public. The tool is unique because it provides point-wise access to two
independent metrics of canopy foliar phenology. This system is not intended to
replace field observations but rather to supplement those observations with resources
that are standardized across different geographic areas. Greenup conditions are
somewhat arbitrary when observed from the field because different species and even
similar species within different canopy positions do not green-up at the same time
(Gill et al., 1998; Sawada et al., 1999; Augspurger and Bartlett, 2003). Both GSI
and NDVI represent the areal-average greenness conditions rather than the green-up
dates of a single species in time. Land managers can then use these data to verify
observations prior to “greening up” a fire danger rating station.

It is important to note that RS data alone cannot meet the needs of land managers.
Passive RS requires temporal compositing to remove the effects of clouds and
aerosols that are present in daily images (Holben, 1986). Temporal aggregation
reduces this impact but also limits their applicability to systems that require more
timely data. The weekly composite period NDVI data that are used in WFAS and
integrated into PhenMon are some of the timeliest RS data available. More advanced
sensors commonly use longer composite periods which result in longer delays for
data delivery. For example, vegetation index data for MODIS use sixteen day
composites (Huete et al., 2002). These data are rarely available even as much as a
week after the end of the composite period due to the intensive processing and
quality control that the data undergo prior to public distribution.

Land managers are not concerned with state values at a given time, they are more
concerned with the state transitions of vegetation over time such as the greening
up of vegetation in spring or the drying (curing) of vegetation in the summer
and the leaf senescence in the fall. These represent rates of change rather than
snapshots in time. RS can be used examine these states transitions but this means
that at a minimum, users must look at two composite periods to see where NDVI
has changed greatly. In reality, it often takes three or four composite periods to
adequately depict the change due to problems such as cloud contamination that are
present in the weekly images. Studies thus often use running averages of several
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composite periods before attempting to examine state transitions (Jolly and Running,
2004). This significantly hinders the utility of satellite data as the sole resource for
determining greenness conditions especially when greenness can change rapidly
with the season, especially in vegetation with shallow roots.

In summary, this system is the first of its kind to integrate RS and surface
weather-based models into a simple, user friendly interface that is suitable for use
by land managers to remotely determine greenness conditions across the landscape.
It provides estimates of both greenup dates and greenness factors for both versions
of NFDRS that are currently in operation. Although satellite data themselves do not
solely meet the needs of land managers, they do provide independent verification
of greenness conditions that are estimated from methods with higher temporal
resolution. This system will be useful in standardizing greenness assessment
throughout the United States.
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Abstract The US national fire danger rating System (NFDRS) generates
daily estimates of fire potential throughout the United States. A key com-
ponent of this system is the condition of live vegetation. Currently, there are no
objective methods for determining vegetation condition. Inter-annual climatic
variability causes the onset of spring green-up and fall leaf senescence to vary
substantially from year-to-year. Therefore, methods used to assess live vegetation
condition must be robust to these climatic changes. We present a system
designed to integrate both remote sensing and surface weather-derived
metrics of foliar greenness. This system provides two independent metrics
that are meaningful representations of landscape level greenness responses and
are suitable for use in verifying NFDRS greenup dates and greenness factors.

Keywords Phenology, fire danger rating, green-up dates, greenness factors,
NDVI

11.1 Introduction

With more and more people moving into the wildland urban interface, wildfires
have become an increasing concern for the National Park Service and other
land-management agencies. According to the National Interagency Fire Center,
almost 7 million acres and over 1,000 structures burned in 2004 (National
Interagency Fire Center, 2005). This is nearly a 2-million-acre increase over the
previous 10-year average and it came with an estimated $890-million-dollar
fire-suppression price tag. These increases have generated expanded interest
among fire managers and scientists developing more robust fire-behavior models.
Key to the performance of these models is an accurate depiction of the spatial
arrangement of fire fuel loads.

Current fire-behavior models (e.g., FARSITE) rely heavily on National Fire
Fuel Laboratory (NFFL) fuel-classification procedures. These procedures, in turn,
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are based on litter (downed woody material), vegetation type, and overall vegetation
structure (Anderson, 1982). Previous work in two national parks (Booker T.
Washington National Monument and George Washington National Monument)
found that there was a one-to-one relationship between vegetation type and NFFL
fuel models for Mid-Atlantic Eastern United States forests (Devine, et al., 2003).
This chapter expands those findings by further exploring this vegetation type-fuel
model relationship in eight additional Northeastern national parks from East central
Maine to SOUTH central Virginia. The national parks are listed below:

(1) Acadia National Park

(2) Appomattox Court House National Historical Park

(3) Colonial National Historical Park

(4) Fire Island National Seashore

(5) Fredericksburg and Spotsylvania County Battlefields Memorial National
Military Park

(6) Petersburg National Battlefield

(7) Richmond National Battlefield Park

(8) Thomas Stone National Historic Site

This chapter focuses on the development of a comprehensive database that
could be used to crosswalk formation-level vegetation maps to NFFL fuel-model
maps. The process involved developing digital aerial photograph mosaics and
using three-dimensional GIS procedures to combine these mosaics with vegetation
information. This was followed by the development of techniques to produce
complacent and available live fire-fuel-load maps. This chapter is divided into
three sections describing the methods and results of the digital orthophoto mosaic
production, the formation-level vegetation databases, and the fire fuel mapping.

11.2 Digital Orthophoto Mosaics

For this research we created digital orthophoto mosaics from color infrared, stereo
pair 1:6,000-scale aerial photography with airborne global positioning system
(GPS) and inertial mapping unit (IMU) data for eight national parks in the NPS
Northeast Region. In the first step, the air photos were scanned at 600 dpi with
24-bit color depth on flatbed 11-x-17 scanners with transparency adapters. We found
that these scanner settings resulted in manageable file sizes while maintaining a
high level of detail.

During this multi-year research project we refined and improved our procedures.
The final methodology included five basic steps:

(1) We imported scanned images of the air photos in tiff format to ERDAS’
Imagine (.img) format (Erdas, 2004).

(2) We created a photo block in Leica’s Photogrammetry Suite (LPS), using
airborne GPS and IMU data and a digital elevation model from the United States
Geological Survey (USGS, NED) (Leica, 2004).

148



11 Creating a Crosswalk of Vegetation Types and Fire Fuel Models for the
National Park Service

(3) We triangulated each mosaic photo block with a root mean square error
(RMSE) of less than 1. We then generated single frame orthophotos (one for each
air photo) within Imagine.

(4) We exported the single frame orthophotos to Imagine .lan format and then
imported the .lan files into ER Mapper’s native (.ers) format (ER Mapper, 2004).
An ER Mapper algorithm was created for color balancing, manual cutline creation,
and final mosaicking.

(5) In ER Mapper we generated a band interleaved by line (.bil) image and
header file for the final orthophoto mosaic. We imported the .bil image into
Imagine .img format and compressed the .img image using MrSid software with
a 20:1 target compression ratio (Lizardtech, 2001).

Figures 11.1 and 11.2 illustrate the visual improvements obtained with our
final methodology using ER mapper for cutlines and color balancing. Figure 11.1
shows the Green Springs area of Colonial National Park. The left half of the
image is the original mosaic and the right half shows the recreated mosaic. In the
newer mosaic on the right, the red tint is substantially reduced, photo seamlines
are nearly invisible, and the overall color balancing is much improved.

Figure 11.1 Imagine screenshot of initial (left half of image) and final (right half
of image) mosaics of the Green Springs area of Colonial National Park

Figure 11.2 shows mosaics of the five forks area of Petersburg National Battlefield
that illustrate similar improvements to those shown in Fig. 11.1. The mosaic created
with the newer methodology using ER Mapper has better overall color balance,
less noticeable seam lines, and less pronounced red tint.

The horizontal positional accuracy of each mosaic was then assessed following
guidelines of the NBS/NPS vegetation mapping program (ESRI, NCGIA, and
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Mosaic created
using imagine

Mosaic created
using ER mapper

Figure 11.2 Initial and final mosaics of the five forks area of Petersburg National
Battlefield

TNC, 1994). At least 20 well-defined positional accuracy ground control points
were placed throughout all quadrants of the mosaic in ArcMap. Ground control
points and zoomed in screenshots of each point were plotted on hard copy maps
with the mosaic as a background. These maps and plots were used to locate the
ground points in the field. For each ground-control point, field staff noted any
alterations to the locations in the field and then recorded the coordinates with
a Trimble Pro XR/XRS or GeoXT. Mapped ground-control points that were
physically inaccessible were also noted. The coordinate data were collected with
real-time GPS and post processed with differential correction using Trimble’s
Pathfinder Office software (Trimble, 2004).

Before positional accuracy was calculated, we excluded ground-control points
identified by SAS’s JMP program as outliers (SAS, 2004). Following USGS/NPS
vegetation mapping guidelines, no more than 10 percent of the ground control
points for any one mosaic were excluded. We then entered the field-collected GPS
coordinates and the coordinates obtained from the mosaic viewed in ArcMap into
a spreadsheet designed to calculate horizontal positional accuracy (in meters).

At the beginning of this project, the accepted method of calculating horizontal
positional accuracy was based on Euclidean distance. Subsequently, a method
based on root mean square error became the accepted procedure for assessing
horizontal positional accuracy (FGDC, 1998b; Minnesota Governor’s Council on
Geographic Information and Minnesota Land Management Information Center,
1999). A positional accuracy handbook and a copy of the spreadsheet that contains
the RMSE accuracy calculation formulas (horizontal.xIs) can be downloaded
from the Minnesota Department of Administration, Office of Geographic and
Demographic analysis website (Minnesota Dept. of Administration, 2005).

Horizontal positional accuracy of the 15 mosaics' created for this project

! For some of the national parks involved in this research, we created two mosaics—a spring/leaf-off mosaic
and a fall/leaf-on mosaic.
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ranged from 0.815— 1.580 meters. Thirteen of the 15 mosaics meet the class 1
national map accuracy standard (NMAS) of 1.5 meters or better for 1:6,000-scale
photography and the other two mosaics failed to meet that standard by only 0.08
and 0.04 meters.

11.3 Formation-Level Vegetation Databases

The USGS and the NPS have standardized on the use of the hierarchal national
vegetation classification system (NVCS) (FGDC, 1997) for their national vegetation
characterization program. The formation-level is the lowest of the five physiognomic
levels in the NVCS and it identifies ecological groupings of vegetation units with
similar broadly defined environmental and physiognomic factors.

We created formation-level vegetation databases by interpreting the digital
orthophoto mosaics for each park to delineate vegetation polygons to the formation-
level defined in the NVCS. Table 11.1 displays the basic hierarchy of the system
as well as some class examples.

Table 11.1 Hierarchy of the U.S. national vegetation classification (from Grossman

et al., 1998)
Level Primary basic for classification Example
Class Growth form and structure of Woodland
vegetation
Subclass Gﬁrowtlh form characteristic, e.g., leaf Deciduous woodland
Physio- PIeTo o8y
gnzmic Group Leaf types, corresponding to climate |Cold-deciduous woodland
Subgroup Relgtlve human impact (nature/ Natural/Semi-natural
semi-natural, or cultural)
Formation Additional physiognomic and environ- | Temporarily flooded Cold-
mental factors, including hydrology |deciduous Woodland
Alliance Dominant/diagnostic species of Populus deltoids Temporarily
uppermost or dominant stratum flooded Woodland Alliance
Floristi o -
Onishe . Additional dominant/diagnostic Populus deltoids — (Salix
Association . amygdaloides) / Salix
species from any strata .
exigua Woodland

Formation-level vegetation databases were created within ESRI’s ArcMap using
the orthophoto mosaics (both leaf-off and leaf-on, when available) as basemaps
(ESRI). Photo interpreters viewing the mosaic(s) in two-dimensions delineated
visible areas of homogeneous vegetation (i.e., vegetation polygons) using ArcMap’s
onscreen digitizing tools. Although the minimum mapping unit was 0.5 hectare,
the photo interpreters were usually able to delineate polygons as small as 0.5 acre.
After vegetation polygons were delineated for the entire park area, the photo
interpreters created and populated three fields in the attribute table, entering a
unique polygon identification number, the formation-level vegetation class code,
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and notes when they were unsure of the appropriate vegetation class code or could
not assign a code. The photo interpreters relied on their experience to attribute
the proper vegetation class. In some cases, digital raster graphics and existing
spatial vegetation data were used to supplement the photo interpreters vegetation
classification. The photo interpreters then examined each polygon in three-
dimensions using Leica’s Stereo Analyst software to verify the formation-level
vegetation class code entered in the attribute table, and they entered a new or
corrected code if appropriate (Leica, Stereo Analyst, 2003). Delineating the
vegetation polygons in three dimensions is very time consuming. After considerable
testing, the methodology was finalized to delineate in two-dimensions and perform
validation and accuracy checks in three dimensions. This greatly increased pro-
ductivity while conserving accuracy over a strictly three-dimensional approach.
The final formation-level vegetation databases are archived in ESRI shapefile and
geodatabase formats.

Sample field data were collected to assess the thematic accuracy of the
formation-level vegetation databases at Booker T. Washington National Monument
and George Washington National Monument.' These two databases were made
up of 68 and 262 vegetation polygons and the final estimated thematic accuracy
was 97% and 83%, respectively, based on field accuracy assessment data collected
at 64 of the 68 polygons in the first park and at 96 of the 262 polygons in the other.

11.4 Fire Fuel Mapping

After each vegetation database was completed, we collected fire fuel load data at
each of the 10 parks. Within each park the data-collection points were stratified
by vegetation type to ensure that data would be collected for vegetation types for
which we had little or no previous fire fuel data. The number of data-collection
points per park ranged from 4 to 101, depending on the size of the park. At each
point field crews measured downed woody debris using a modified Brown’s transect
line technique (Brown, 1974) developed by Shenandoah National Park (Carmichael
and Cass, 2001) and an ocular estimation procedure (Burgan and Rothermel, 1984).
Additional data that were collected include transect slope measurements, amounts
of fine and coarse woody debris intersects, duff and litter depth measurements,
canopy cover, average stand height, and height to live crown base (Smith, 2003).
Sample forms used to record these data are included in Appendices A and B. On
average, it took a two-person field crew 2 hours to take and record downed woody
debris and Burgan/Rothermel measurements at each field location. Field plot
photos were very helpful in crosswalking the vegetation to the fire fuel models.
In future work we will take an additional field photo, looking up at the canopy, to
help characterize canopy closure and crown bulk density.

! For the other parks, thematic accuracy assessment will be performed for alliance-level vegetation databases to
be created in the future.
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Analysis of the fire fuel load data included comparing the field data to standard
NFFL fire fuel model values following Brown’s procedures (1974). We found that
fuel loads in the parks were consistently lower than fuel loads reported by Anderson
(1982). This is undoubtedly because Anderson’s work is based exclusively on data
from the western United States, where vegetation and forest characteristics are
different from those in the Eastern states. Therefore, we worked closely with NPS
personnel to crosswalk vegetation to fire fuel models based on their experience
and Anderson’s narrative descriptions.

We produced final fire fuel load databases by assigning complacent and available
live fuel fire fuel model values to each vegetation polygon. Distinguishing between
complacent and available live fuel conditions is important because fire behavior is
affected by seasonal differences in vegetation. The available live fuel model
represents the fall period when previously unavailable fuels are available due to
seasonal curing and drying of vegetation. For example, many shrub fields are
considered to be a barrier to fire spread until a critical live fuel moisture threshold
is reached. Figure 11.3 shows a completed complacent fire fuel map for the
Western Front Unit of Petersburg National Battlefield.

Petersburg National Battlefield §&
Western Front Unit
Complacent Fire Fuel Models

[ tccrsbrrg Wecsbern fvomt thuandary SeHardwood Lilter
Miles  Pelersburg Fire Fucl Modcls ah-Water Il
B Devcloped [ - Timcn i [ 9-Reoads Lt

Figure 11.3 Complacent NFFL map of the Western Front of Petersburg National
Battlefield

11.5 Discussion

As a result of this research, we have created a fairly comprehensive database of
complacent and available fuel loads by vegetation type that could be used to
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easily crosswalk formation-level vegetation from other areas to NFFL fuel models
without the need for the time consuming fire fieldwork (Appendix C). We also
have a large database of Brown’s and Burgan and Rothermel data that could be
used to create custom fire fuel models for Eastern landscapes or, at the least, to
generate numbers more useful in determining fire fuel models for national parks
in the east. These data have become standard elements in the new fire behavior
modeling program of the National Interagency Fire Center.

Based on our experience, we strongly recommend collecting airborne GPS and
IMU data with aerial photography that will be used to create digital orthophoto
mosaics. Use of these data, as opposed to external reference sources such as USGS
digital orthophoto quadrangles (DOQQs), for ground control substantially reduces
the time required to create the mosaics and increases their positional accuracy.

Table 11.2 compares the horizontal positional accuracy of four mosaics
orthorectified with airborne GPS and IMU data with the positional accuracy of
four mosaics orthorectified with DOQQs. The first four mosaics shown in Table
11.2 were orthorectified with airborne GPS and IMU data that were collected at the
time the photography was acquired. The other four mosaics were orthorectified using
external reference sources such as DOQQs and hand selected ground control
points. The externally referenced DOQQS have a much poorer average accuracy.
Additionally, the use of airborne GPS and IMU data substantially decreases the time
needed to create an orthophoto mosaic because there is no need to place manual tie
points or manual ground control points. Finally, airborne GPS/IMU data have been
essential for creating mosaics in areas with little or no development, which describes
many of our National Parks. When using DOQQs or other external reference sources,
we must find recognizable, accurate landmarks throughout the entire area for control.
With largely forested and/or uninhabited areas, this is often very difficult, if not
impossible. The use of airborne GPS and IMU data eliminates this issue.

Table 11.2 Comparison of horizontal positional accuracy of mosaics orthorectified
with airborne GPS and IMU data versus external reference source data

Horizontal Positional Accuracy (m)

Park Photography

RMSE X RMSE Y
Mosaics orthorectified with airborne GPS and IMU data:
APCO Leaf-on (Fall 2001) 0.859952 0.756570
GEWA-1 Leaf-on (Fall 2001) 1.068192 1.276164
GEWA-2 Leaf-off (Spring 2002) 0.826132 0.908170
HOFU Leaf-off (Spring 2002) 1.188310 0.764670
Average 0.985647 0.926392
Mosaics orthorectified with external reference source data:
PETE-MU  Leaf-off (Spring 1992) 1.624120 2.811615
PETE-FF  Leaf-off (Spring 1992) 1.885895 3.674856
VAFO Leaf-on (Fall 1999) 1.184401 2.894345
APCO Leaf-off (Fall 2000) 0.603000 2.415000
Average 1.324354 2.948954
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Appendix A

Brown’s Transects Field Data Collection Sheets

NCSU Vegetation Map Fuels Inventory Data Sheet

Plot D Districe: Due__/__J,
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Transect Leagths (Nx: 0-0.25 02813 Sec
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—— [ (B () (00 L D e L D Hm
1 -]
-y e s »
10| k]
15 -
E “
woms:
BAST [TF T R des der
Compans. by (M) (MO0be) sm L 1] Mowe L D Nt
1 F-]
sope s 3 e
1w o
15 -
u -
NOTER:
1
I
Overstory
CamCode___{ %)
Species ® Species

Canopy Codes: | = 0-20, 2= 21-50, 3 = 51-80, and 4 = §]1-100

Lv Cram Notes
= I | ]
Wm&h{??‘:rjuﬁun&lrggm
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= I <
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Figure |
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Appendix B

Burgan Rothermel Field Data Collection Sheets

Figue 9. Durgan snd Rotherme! Datsabeet {iront)
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Appendix C

Formation-Level Vegetation and Associated Fire Fuel Models

Fire Fuel Model
Formation-Level Vegetation Class Complacent Available Live

NVCS formation codes:

[LA4N.a 8 9
L.A.8.Cx 8 9
LLA.8N.b 8 9
L.A.8.N.c 8 9
[.LB.2.N.a 9 9
[.B.2.N.d 9 9
I.B.2.N.e 9 9
I.B.2.N.g 9 9
I.C.3.N.a 8 9
I.C.3.N.b 8 9
I.C.3.N.d 8 9
II.LA4N.a 8 9
IILA4.N.b 8 9
ILA4N.f 8 9
II.B.2.N.a 9 9
II.B.2.N.f 9 9
III.LA.2.N.a 5 6
LA2.N.f 5 5
II.A2.N.g 5 5
NI.B.2.N.a 5 6
NI.B.2.N.d 5 5
NIL.B.2.N.e 6 6
HL.B.2.N.f 5 5
III.B.2.N.g 6 6
I1I.B.2.N.h 1 1
IVA.IN.a 2 3
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(Continued)
Fire Fuel Model
Formation-Level Vegetation Class Complacent Available Live
IVA.IN.b 5 5
IVA.IN.g 5 5
IV.B.2.N.a 5 5
V.A5N.c 1 1
V.A5.Cx 1 1
V.A5N.c 1 1
V.A5N.e 1 1
V.A.5.N.k 1 1
V.A5.N. 1 1
V.A.5N.n 1 1
V.A.7.Ca 1 2
V.B.2.N.d 1 3
V.B.2.N.g 1 3
V.C.2.N.a 1 3
VIB.1.N.c 1 1
VIC2Na 98’ 98
VILLA2N.a 1 1
VII.C.2.N.d 98 98
VIL.C.4.N.d 98 98
Water 98 98
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