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PREFACE

Forest fires, either man-made or natural, as a consequence of extreme drought, occur in many parts of
the world. Smoke from forest fires consists mainly of fine particulate matter in the respirable range and
to a lesser extent, of carbon monoxide and polycyclic aromatic hydrocarbons. During the episode of
smoke in the South East Asian countries, monitoring of particulate matter of mean aerodynamic
diameter at or below 10 gm has shown that short-term air quality standards of WHQO's 1987 air quality
guidelines for respirable particulate matter are largely exceeded.

The recurrence of transboundary smoke originating from uncontrolled forest fires in many countries
around the world causing acute and longterm respiratory health problems requires a comprehensive
strategy based on broad international consensus. Any comprehensive strategy must include:

a) rapid detection capability of uncontrolled vegetation fire events on a global scale;
b) the gathering of useful and reliable monitoring data and health surveillance;

c. the dissemination of information to all affected parties for appropriate decision making; and
d. the development of national environmental and health response plans to vegetation fire events,
based on an international guideline.

The WHO, in a collaboration of the Department of Emergency and Humanitarian Action (EHA) and
the Department of Protection of Human Environment (PHE), with the support of the Ministry of
Health, Japan, UNEP and WMO convened an Expert Meeting on the Health Guidelines for Vegetation
Fire Events in Lima, Peru, 6-9 October 1998. Background papers on the various issues mentioned
above were contributed to the meeting. At the meeting, the Health Guidelines for Vegetation Fire
Events were formulated and a final draft was delivered by the consultant after review from several
experts by 31 January, 1999.

This document, Health Guidelines for Vegetation Fire Events - Background Papers, forms a set of
three publications which provide global advice and guidance on the management of vegetation fire
events. The others are Health Guidelines for Vegetation Fire Events - Guidelines Document and
Teacher's Guide. The background papers serve as valuable materials to understand the scientific basis
of the Health Guidelines.

A field application of the Health Guidelines was performed in a training course on the guidelines, held
in Kuala Lumpur for the ASEAN countries n December 1998. Another course was subsequently held
in Brasilia, Brazil, in May 19909.

I has turned out that the WHO document on Health Guidelines for egetation Fire Events constitutes an
important publication needed by many eveloping countries in which recurrent vegetation fires occur.
These countries are distributed around the world and eminently in South East Asia, South and Central
America, Africa, North East Asia, and Eastern Europe. From the experience with the first two training
courses on the Health Guidelines held in Malaysia and Brazil, it became clear that there is a definite
need for more training courses.
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SUMMARY

Wildfires annually affect several hundred million hectares o forest
and other vegetation of the world. In some ecosystems, fire plays an
ecologically significant role in maintaining biogeochemical cycles and
disturbance dynamics. In other ecosystems, fire may lead to the destruction
of forests or to long-term site degradation. In most areas of the world,
wildfires burning under extreme weather conditions will have detrimental
impacts on economies, human health and safety, with consequences that are
of significance and severity comparable to other major natural hazards.

Fires in forests and other vegetation produce gaseous and particle
emissions that have impacts on the composition and functioning of the global
atmosphere. These emissions interact with those from fossil-fuel burning
and other technological sources. Smoke emissions from wildland fires also
cause visibility problems which may result in accidents and economic losses.
Smoke generated by wildland fires also affect human health and, in some
cases, leads to loss of human lives. Fire risk modelling in expected climate
change scenarios indicate that within a relatively short period, the next three
to four decades, the destructiveness of wildfires will increase. Fire



management strategies which include preparedness and early warning cannot
be generalized due to the multi-directional and multi-dimensional effects of
fire in the different vegetation zones and ecosystems and the manifold
cultural, social, and economic factorsinvolved. However, unlike the majority
of the geological and hydro-meteorological hazards included in the
International Decade of Natural Disaster Reduction (IDNDR) Early Warning
Programme, wildland fires represent a natural hazard which can be predicted,
controlled and, in many cases, prevented.

Early warning systems are essential components of fire and smoke
management. They rely on evaluation of vegetation dryness and weather;
detection and monitoring of active fires; integrating and processing of these
data in fire information systems with other relevant information, eg.
vegetation cover and values at risk; modelling capabilities of fire occurrence
and behaviour; and dissemination of information.

Early warning of fire and atmospheric pollution hazard may involve
locally generated indicators, such as loca fire-weather forecasts and
assessment of vegetation dryness. Advanced technologies, however, which
rely on remotely sensed data, evaluation of synoptic weather information and
Iinternational communication systems (e.g., Internet) are now also available
for remote locations.

The paper presents the findings of the IDNDR Early Warning Group
on Wildfire and Related Hazards and reviews the current state of knowledge
and practice on the subject. It provides a state-of-the-art analysis of existing
and projected early warning and fire information systems that can be equally
made accessible on aglobal scale.

Recommendations are also made for improvements and areas that
require additional international attention: the design and implementation of a
global fire inventory; establishment of a Global Vegetation Fire Information
System (GVFIS); establishment of a system in which real-time information
on early warning of wildfire precursors and on ongoing wildfire situations
across the globe are gathered and shared, e.g. through the Globa Fire
Monitoring Center (GFMC); development of spaceborne sensors and
platforms with improved early warning capabilities; establishment of an
information network which includes the resource status by continuously
monitoring the disposition of suppression resources, establishment of a
globa fire management facility under the auspices of the UN system;
promotion of policies and agreements on early warning of wildfires at
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international levels; and coordination of research efforts with ongoing and
future fire science programmes.

INTRODUCTION
General firehazard

General remarks

Fire is an important recurrent phenomenon in all forested and
non-forested regions of the globe. In some ecosystems, fire plays an
ecologicaly significant role in biogeochemical cycles and disturbance
dynamics. In other ecosystems, fire may lead to the destruction of forests or
to long-term site degradation. As a consequence of demographic and land use
changes and the cumulative effects of anthropogenic disturbances, many
forest types adapted to fire are becoming more vulnerable to high-intensity
wildfires: often, ironically, due to the absence of periodic low-intensity fire.
In other forest types, however, aswell as many non-forest ecosystems, e.g. in
savannas and grassands, fire plays an important role in maintaining their
dynamic equilibrium productivity and carrying capacity (1-3).

In most areas of the world, wildfires burning under extreme weather
conditions will have detrimental impacts on economies, human heath and
safety, with consequences which are comparable to the severity of other
natural hazards. In al ecosystems, fire needs to be managed to balance the
benefits derived from burning with the potential losses from uncontrolled
fires.

Fires in forests and other vegetation produce gaseous and particle
emissions that have impacts on the composition and functioning of the global
atmosphere (3-6). These emissions interact with those from fossil-fuel
burning and other technological sources. Smoke emissions from wildland
fires also cause visbility problems which may result in accidents and
economic losses. Smoke generated by wildland fires affects human health
and can lead to increased morbidity and mortality.

Fire risk modelling in expected climate change scenarios indicate that
within a relatively short period, over the next three to four decades, the
destructiveness of human-caused and natural wildfires will increase. Fire
management strategies which include preparedness and early warning cannot
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be generalized due to the multi-directional and multi-dimensional effects of
fire in the different vegetation zones and ecosystems and the manifold
cultural, social, and economic factorsinvolved.

However, unlike the magority of the geological and hydro-
meteorological hazards included in the IDNDR Early Warning Programme,
wildland fires represent a natural hazard, which can be predicted, controlled
and, in many cases, prevented.

Recent major fire events and fire losses

Comprehensive reports with final data on losses caused by forest and
other vegetation fires (wildland fires) are only occasionally available. The
main reason for the lack of reliable data is that the majority of both the
benefits and losses from wildland fires involve intangible non-use values or
non-market outputs which do not have a common base for comparison, i.e.
biodiversity, ecosystem functioning, erosion, etc. (7).

Market values such as loss of timber or tourism activity have been
calculated in some cases. Thelarge wildfiresin Borneo during the drought of
1982-83, which was caused by the El Nifio-Southern Oscillation (ENSO),
affected a total of more that 5 million hectares of forest and agricultural
lands (8). It resulted in the loss of timber values of about US$ 8.3 hillion,
and a total of timber and non-timber values and rehabilitation costs of about
US$ 9 billion (9).

The damages caused by the fire episode of 1997-98 in Indonesia;
Brazil and Central America are not yet fully assessed at the time of writing
this report. According to the interim results of a study conducted by the
World Wide Fund for Nature (WWF) in the framework of the Economy and
Environment Program for South East Asia (EEPSEA), the economic damages
caused by fire in Indonesia during 1997 are in the region of US$ 2.8 billion,
and additional costs arising due to fire and haze in Indonesia and in the
neighbouring countries are in the region of US$ 1.6 billion. Total damage
assessed at about US$ 4.5 billion includes short-term health damages, losses
of industrial production, tourism, air, ground and maritime transportation,
fishing decline, cloud seeding and fire-fighting costs, losses of agricultural
products, timber, and direct and indirect forest benefits and capturable
biodiversity (10).



The Centre for Remote Imaging, Sensing and Processing (CRISP),
National University of Singapore, currently investigates the total area
affected by land-use fires and wildfires on the islands of Sumatra and Borneo
during the 1997-98 fire season based on the high-resolution SPOT (Systeéme
pour la Observation de la Terre) satellite data (11). Preliminary data (which
were based on the EEPSEA/WWF study) suggest that a total area affected by
fire exceeds 4-5 million hectares.

The economic and environmental damages caused by fires in Latin
America (Brazil and Central America) during early 1998 are not yet assessed.
Figures released by Mexican authorities in May 1998 indicate that the
reduction of industrial production in Mexico City, which was imposed in
order to mitigate the additional smog caused by forest fires, involved daily
losses of US$ 8 million (12).

Australia's Ash Wednesday Fires of 1983, which were aso linked to
the ENSO drought of 1982-83, resulted in a human death toll of 75, aloss of
2539 houses and nearly 300,000 sheep and cattle. In South Australia alone,
the estimated direct losses of agricultural output (sheep, wool, lambs, cattle,
pasture, horticulture) were estimated to be A$ 5.7 million (on the basis of
1976-77 prices), and the estimated net costs of the 1983 bushfires to the
government sector were A$ 33 million (13).

Wildfire damage to agricultural lands, particularly in the tropics, may
have tremendous impact on local and regional famine. In 1982-83, the West
African country, Céte d'lvoire, was swept by wildfires over a total area of
about 12 million hectares (14). The burning of about 40,000 hectares of
coffee plantations, 60,000 hectares of cocoa plantations, and some 10,000
hectares of other cultivated plantations had detrimental impacts on the local
economy. More than 100 people died during this devastating fire period.

The "Great Black Dragon Fire" of 1987 in the People's Republic of
China burned atotal of 1.3 million hectares of boreal mountain forest and the
houses of 50,000 inhabitants, and resulted in a human death toll of 221,
mostly caused by high carbon monoxide concentrations in the forest villages.
The long-term statistics in China reveal that between 1950 and 1990, a total
of 4,137 people were killed in forest fires (15). Inthe same period, satellite-
derived information reveals that about 14.5 million hectares of forest were
affected by fire in the neighbouring Soviet Union, predominantly in the
Siberian boreal forests, which have a composition similar to Northeast China
(16).
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The last major fire episode in central Eurasia occurred in Mongolia
between February and June 1996. A total of 386 forest and steppe fires
burned over an area of 2.3 million hectares of forest and 7.8 million hectares
of pasture land, resulting in the loss of 25 human lives, more than 7000
livestock, 210 houses, 560 communication facilities, and 576 facilities for
livestock; the cost of the damage based on the preliminary assessment was
about US$ 2 billion (17). Recent evaluation of fire data from Mongolia
revealsthat 2.47 million hectares of forest were burned in 1993 (18).

The 1988 fires in the Yellowstone area of the United States cost
around US$ 160 million to suppress and an additional estimated loss of US$
60 million in tourist revenues between 1988 and 1990 (19). In the longer
term, however, the increased biodiversity created by the firesin Y ellowstone
National Park may well yield benefits that outweigh these losses.

Reliable statistical data on occurrence of wildland fires, areas burned
and losses incurred are available for only a limited number of nations and
regions. Within the northern hemisphere, the most complete dataset on
forest firesis periodically collected and published for the member states of
the Economic Commission for Europe (ECE). It includes al Western and
Eastern European countries, countries of the former Soviet Union, the USA
and Canada. The last data set covers the period 1995-97 (20). In the
European Union, a Community Information System on Forest Fires has been
created on the basis of information collected on every fire in national
databases. The collection of data on forest fires (the common core) has
become systematic with the adoption of a Commission Regulation in 1994.
The Community Information System on Forest Fires currently covers 319
provinces (departments, states) of Portugal, Spain, France, Italy, Germany and
Greece (21, 22). It contains information on 460,000 fires recorded between
1 January 1985 and 31 December 1995 involving a total of six million
hectares. Other countries from outside the ECE/EU region report fire
statistics in the pages of International Forest Fire News or are included in the
FAO report on global wildland fires (23).

In many countries (e.g. Australia) where fire is used as a management
tool by the indigenous population, graziers and managers of forests and
natural areas, it is impossible to discriminate between management fires and
wildfires. Statistics for wildfires are usually available only for production
forest and national park lands.
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A globa dataset has been developed on the basis of active fires
detected by the Nationa Oceanic and Atmospheric Agency (NOAA)'s
Advanced Very High Resolution Radiometer (AVHRR) sensor. The "Global
Fire Product" is an activity of the International Geosphere-Biosphere
Programmme Data and Information System (IGBP-DIS; for detals see
section on “Global fire monitoring, p. 43).

I mpacts of fire on the environment

From the perspective of the IDNDR, wildland fires may affect two
basic environmental problem areas. (i) atmospheric pollution (direct impact
of smoke on human health and economies; influence of gaseous and particle
emissions on the composition of the atmosphere); and (ii) biodiversity,
ecosystem performance, and landscape stability. Both these areas can have
deleterious consequences for the severity of other hazards.

Atmospheric pollution
Human fatalities and health

Smoke pollution generated by wildland fires occasionally creates
situations during which human lives and local economies are affected.
Fatalities in the general public caused by excessive carbon monoxide
concentrations have been reported from various fire events, e.g. the large
forest fires in China in 1987. Firefighters who are regularly subjected to
smoke are generally at higher health risk.

The use of fire in forest conversion and other forms of land clearing,
and wildfires spreading beyond these activities are very common in tropical
countries. In the 1980s and 1990s, most serious pollution problems were
noted in the Amazon Basin and in the South East Asian region. The most
recent large smoke episodes in the South East Asian region were in 1991,
1994 and 1997 when land-use fires and uncontrolled wildfires in Indonesia
and neighbouring countries created a regional smoke layer which lasted for
several weeks. In 1994, the smoke plumes of fires burning in Sumatra
(Indonesia) reduced the average daily minimum horizontal visibility over
Singapore to less than 2 km; by the end of September 1994, the visibility in
Singapore dropped to as low as 500 metres. In the same time, the visibility in
Malaysia dropped to 1 km in some parts of the country. A study on asthma
attacks among children revealed a high concentration of fire-generated
carbon monoxide (CO), nitrogen dioxide (NO,) and inhalable suspended
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particul ate matter (PM,) was responsible for the health problems (24). The
worst smoke pollution in the region occurred in September 1997, as
reflected by a value of 839 of the Pollutant Standard Index (PSI; see section
on “Atmospheric pollution warning”, p. 35) in the city of Kuching (Sarawak
state, Malaysia); the Malaysian government was on the verge of evacuating the
400,000 inhabitants of the city.

In the same regions, the smoke from fires caused disruption of local
and international air traffic. 1n 1982-83, 1991, 1994 and 1997-98, the smoke
episodes in South East Asiaresulted in closing of airports and marine traffic,
e.g. in the Straits of Malacca and along the coast and on rivers of Borneo.
Several smoke-related marine and aircraft accidents occurred during late
1997. The loss of an airplane and 234 human lives in September 1997 in
Sumatra was partially attributed to air traffic control problems during the
smoke episode.

Wildfires burning in radioactive-contaminated vegetation has led to
uncontrollable redistribution of radionuclides, eg. the long-living
radionuclides caesium (**’Cs), strontium (°Sr) and plutonium ¢*°Pu).* In
the most contaminated regions of the Ukraine, Belarus and the Russian
Federation (the Kiev, Zhitomir, Rovmo, Gomel, Mogilev and Bryansk
regions), the prevailing forests are young and middle-aged pine and pine-
hardwood stands of the high-fire-danger classes. In 1992, severe wildfires
burned in the Gomel region (Belorussia) and spread into the 30-km radius
zone of the Chernobyl power plant. Research reveals that in 1990, most of
the ¥’Cs radionuclides were concentrated in the forest litter and upper
mineral layer of the soil. In the fires of 1992, the radionuclides were lifted
into the atmosphere. Within the 30-km zone, the level of radioactive caesium
in aerosols increased 10 times; for more detaills on resuspension of
radioactive matter from forest fires, see reports by Dusha-Gudym (25).

Fire emissions, atmosphere and climate

In recent years, increasing attention has been given to the role of
vegetation fires in biogeochemical cycles and in the chemistry of the

! Radionuclides of plutonium are found mainly within the 30-km zone around the Chernobyl power plant.
Radionuclides of strontium have contaminated a number of districts in the Kiev region (Belarus) and in the
Bryansk region (Russian Federation). Radionuclides of caesium are the largest contributors in the
contaminated areas in these states. In the Russian Federation, the soil surface, in which caesium radionuclide
contamination exceeds 37 GBg/km? [(1 GBq (gigabequerel) = 10° Bq], totals 4.9 million hectares within 15
regions. The areas in which the radiocaesium contamination density is between 0.55 and 1.5 TBq/km2 [1
TBq(terabequerel) = 10% Bq) and higher, are mainly in the Bryansk region (about 250,000 hectares).
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atmosphere (4). According to recent estimates, some 1.8-4.7 billion tons of
carbon stored in vegetation may be released annually by wildland fires and
other biomass burning (26). It must be noted that not all of the biomass
burned represents a net source of carbon in the atmosphere. The net flux of
carbon into the atmosphere is due to deforestation (forest conversion with
and without involving the use of fire) and has been estimated by Houghton
(27) to be in the range of 1.1-3.6 billion tons per year. Important
contributions to the total worldwide biomass burning, which are included in
the numbers mentioned above, are fires in savannas, shifting agriculture,
agricultural waste burning and firewood consumption (28).

Although the emissions from tropical vegetation fires are dominated
by carbon dioxide (CO,), many products of incomplete combustion that play
important roles in atmospheric chemistry and climate are emitted as well,
e.g., a number of gases that influence the concentrations of ozone and
hydroxy! radicals and thus the oxidation efficiency of the atmosphere, in
particular, NO, CO, CH, and reactive hydrocarbons. The influence of these
emissions affects especially the southern hemisphere during the dry (winter)
season, i.e. during August - November, and manifests itself in strongly
enhanced tropospheric ozone concentrations, extending from the regions
regularly affected by biomass burning in Brazil and southern Africa across the
Atlantic and the Indian Ocean al the way down to Tasmania (3,29,30). Other
gases whose atmospheric concentrations are strongly dominated by biomass
burning are CH5Cl and CH;Br, which together with CH, play asignificant role
in stratospheric ozone chemistry (31).

Biodiver sity, ecosystem performance, and landscape stability

The impacts of wildfires on the performance and stability of
ecosystems has been described widely in numerous publications, covering the
full range of geographical, ecological, socio-cultural and economic
conditions of the globe. The magnitude of the phenomena resulting from
wildfires prohibits any detailed review in the context of this paper.

On the one hand, fireis an integrated element which contributes to the
stability, sustainability, high productivity and carrying capacity of many
ecosystems. On the other hand, wildfire, in conjunction or interaction with
land use systems and exploitation of natural resources, leads to the loss of
forest and agricultural products and can have negative impacts on biodiversity,
ecosystem function and land stability. For example, in the dry forests of
Australia, low-intensity fireis regularly applied to maintain understorey plant
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species and habitat for native fauna, as well as to reduce surface fuels to
mitigate against the impacts of high-intensity wildfires. During the dangerous
summer period, all fires are suppressed as quickly as possible both to reduce
damage to forest values and to reduce the chance of wildfire burning out of
the forest and causing severe losses to houses and structures in the built
environment.

Many plant and animal species, e.g. in the tropical lowland rain forest
ecosystems and elsewhere, are susceptible to fire influence and are easily
destroyed by fire and replaced by less species-rich communities. Human-
induced fire regimes in tropical rain forests result in degraded vegetation
types (grasslands, brushlands) which are less stable and productive, both from
an ecological and economic point of view. Fires may also lead to the
depletion of soil cover, resulting in increased runoff and erosion, with severe
downstream consequences, e.g. mudflows, landslides, flooding or siltation of
reservoirs.

Fires often interact with other disturbances, e.g. extreme storm events
(hurricanes) or insect outbreaks. The extended rain forest fires of 1989 in
Y ucatan (Mexico) represent atypica example because they were the result of
achain of disturbance events. Hurricane "Gilbert" in 1987 opened the closed
forests and increased the availability of unusual amounts of fuels. The downed
woody fuels were then desiccated by the subsequent drought of 1988-89, and
the whole of the forest area was finally ignited by escaping land clearing
fires. None of these single three factors, the cyclonic storm, the drought, or
the ignition sources, if occurring alone, would have caused a disturbance of
such severity and magnitude on an area of 90,000 hectares (32).

In the Krasnoyarsk region, Russian Federation, an on-going mass
outbreak of the Siberian gipsy moth (Dendrolimus superans sibiricus) since
1989 has meanwhile affected a total of 1 million hectares of boreal forest
(33). It is expected that large wildfires will occur in the partialy or
completely killed stands within the next few years.

Early warning systemsin fire and smoke management

Early warning (fire intelligence) systems are essential components of
fire and smoke management 2. They rely on

% For clarification of terminology used in this report, the terms “fire management”, “prescribed burning”
and “smoke management” are briefly explained (34):
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- evaluation of vegetation dryness and weather;
- detection and monitoring of activefires,

- integrating and processing of these data in fire information
systems with other relevant information, e.g. vegetation cover
and values at risk;

- modelling capabilities of fire occurrence and behaviour; and
- dissemination of information.

Early warning of fire and atmospheric pollution hazard may involve
locally generated indicators, such as loca fire-weather forecasts and
assessment of vegetation dryness. Advanced technologies, however, which
rely on remotely sensed data, evaluation of synoptic weather information and
international communication systems (e.g., Internet) are now also available
for remote locations.

In this report the large variety of standards, methods and technologies
of fire and smoke management which are used in national programmes cannot
be described in detail. Generally speaking, however, it is obvious that, due to
the lack of resources, fire management systems are disproportionately less
available in devel oping countries.

In some industrialized countries, e.g. in Central and Northern Europe,
wildfires have been largely eliminated due to high-intensity land use,
improved accessibility of potentialy threatened land and the availability of
infrastructures and advanced fire management technologies. Regions with
less developed infrastructures are found in densely populated lands (e.g., in
the tropics and subtropics) and in sparsely inhabited regions (e.g., in the

Fire management embraces al activities required for the protection of burnable forest values from fire and the
use of fire to meet land management goals and objectives. This includes fire prevention, early warning of fire
risk, detection and suppression of fires, and the application of prescribed burning.

Prescribed burning is the controlled application of fire to wildland fuels in either their natural or modified
state, under specified environmental conditions which alow the fire to be confined to a predetermined area
and at the same time to produce the intensity of heat and rate of spread required to attain planned resource
management objectives.

Smoke management is the application of knowledge of fire behaviour and meteorologica processes to
minimize air quality degradation during prescribed fires.
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northern boreal forests). They are equally subjected to high wildfire risk
because of the abundance of human fire sources or the lack of human
resources to control fires, respectively.

This paper provides a state-of-the-art analysis of existing and

projected early warning and fire information systems which can be equally
made accessible on aglobal scale.
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Relationsto other activitiesof the IDNDR early war ning programme

Some of the issues described in thisreport are closely related to other
activities of the IDNDR early warning programme, e.g. the reports on
hydrometeorological hazards, technological opportunities, and local
perspectives. The cross-cutting issues show that there are areas of potential
common activities and programmes.

The conclusions of a recent global wildland fire forum, the "Second
International Wildland Fire Conference" (Vancouver, Canada, May 1997),
clearly underscored the fact that unlike other natural disasters, fire is one of
the few natural disturbances that can be forecast and mitigated (35). Thisfact
may explain why forecasting fire events and the potential of mitigating fire
impacts are comparably better developed as compared to other natural
disasters. The description of the early warning systems for wildfires, which
are available, in the development stage or proposed, may therefore serve as
examples for other local, regional and international mechanisms of
cooperation in early warning and management of disasters.

HAZARD ASSESSMENT ASTHE BASISOF RISK ANALYSIS

Early warning systems for fire and smoke management for local,
regional, and global application require early warning information at various
levels. Information on current weather and vegetation dryness conditions
provides the starting point of any predictive assessment. From this
information, the probability of risk of wildfire starts and prediction of the
possibility of current fire behaviour and fire impacts can be derived. Short- to
long-range fire weather forecasts allow the assessment of fire risk and
severity withinthe forecasting period. Advanced space-borne remote sensing
technologies allow fire weather forecasts and vegetation dryness assessment
covering large areas (local to global) at economic levels and with accuracy,
which otherwise cannot be met by ground-based collection and dissemination
of information. Remote sensing also provides capabilities for detecting new
wildfires, monitoring ongoing active wildfires, and, in conjunction with fire-
weather forecasts, an early warning tool for estimating extreme wildfire
events.
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Firedanger rating (firerisk assessment)
Introduction

Fire danger rating systems have been devised by fire authorities to
provide early warning of conditions conducive to the onset and development
of extreme wildfire events. The factors that predispose a particular location
to extreme wildfire threat change over time scales that are measured in
decades, years, months, days and hours. The concept of fire danger involves
both tangible and intangible factors, physical processes and hazard events. By
definition: "Fire danger” is a general term used to express an assessment of
both constant and variable fire danger factors affecting the inception, spread,
intensity and difficulty of control of fires and the impact they cause (36).

The constant factors in this definition are those which do not change
rapidly with time but vary with location, e.g. slope, fuel, resource values, etc.
The variable factors are those which change rapidly with time and can
influence extensive areas at one time, and these are primarily the weather
variables which affect fire behaviour. All the potentials referred to in the
definition must be present. If there is absolutely no chance of ignition, there
iIsno fire danger. If fuelsare absent or cannot burn, thereis no fire danger. If
fires can start and spread, but there are no values at risk, as may be perceived
for remote areas managed for ecological diversity, thereis no fire danger for
valuesat risk.

Fire danger rating systems produce qualitative and/or numerical
indices of fire potential that can be used as guides in a variety of fire
management activities, including early warning of fire threat. Different
systems of widely varying complexity, which have been devel oped throughout
the world reflect both the severity of the fire climate and the needs of fire
management. The simplest systems use only temperature and relative
humidity to provide an index of the potential for starting a fire [e.g. the
Angstrom index (36)]. Fire danger rating systems of intermediate complexity
combine measures of drought and weather as applied to a standard fuel type to
predict the speed of afire or its difficulty of suppression (37-39). The most
complex systems have been developed in Canada (40) and the United States
(41) which combine measures of fuel, topography, weather and risk of
ignition (both caused by lightning and human activity), to provide indices of
fire occurrence or fire behaviour, which can be used either separately or
combined, to produce asingle index of fireload.



While a single fire danger index may be useful to provide early
warning of wildfire activity over broad areas, it isimpossible to communicate
a complete picture of the daily fire danger with asingle index. Therefore, it
IS necessary to break fire danger rating into its maor components to
appreciate where early warning systems for single factors fall into the overall
picture of fire danger rating. These fall into three broad categories: changes
in fuel load; changes in fuel availability or combustion; and changes in
weather variables that influence fire spread and intensity.

Early warning of fire precursors

Changesin fuel load

In al fire danger rating systems, fuel load is assumed to be constant
although specific fuel characteristics may be formulated for specific forest
or other vegetation types, as in the Canadian fire danger rating system or for
specific fuel models; i.e. combinations of vegetation and fuel with similar
characteristics as in the US Nationa Fire Danger Rating System. These fuel
models may overlook major shiftsin total fuel loads which may be changing
over periods of decades or even centuries. Fuel changes start immediately
after the cessation of cultural or agricultural burning. This change usualy
runs in paralel with increased suppression efficiency whereby small fires
under moderate fire danger conditions are suppressed early in their life. In
this scenario, fire authorities and the general public may be lulled into afalse
sense of security because the potential for high-intensity forest fires is not
manifest except under rare events of extreme weather. In some places, this
may be complicated by the introduction of exotic forest species (e.g. the
establishment of eucalypti forests on formerly oak woodland savannas in
central California), and a shift of the population from living in relatively
low-fuel areas, which were maintained either by frequent burning through
cultural or agricultural practices, or through frequent low-intensity wildfires.

Thus, the first element of early warning for a potential fire risk is a
major shift in the total forest fuel complex towards denser forests with a
large build-up of surface debris and a change in vulnerability of the population
by living more intimately with these fuels. Over thelast 20 years, this change
has occurred in the urban/forest intermix associated with most of the
population centres located in forest regions of many of the more developed
countries.
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Fuel availability

The seasona change in fuel availability as fuels dry out during the
onset of the fire danger period sets the stage for severe wildfires. Under
drought conditions, more of the total fuel complex is available for
combustion. Deep litter beds and even organic soils may dry out and become
combustible. Large fuels such as downed logs and branches may burn
completely. Drought stress on living vegetation reduces the moisture content
of the green foliage. Dried plant matter such as leaves and bark can be shed,
adding to the total load of the surface fuel. Under extreme drought
conditions, normally moist areas such as swamps and creek lines dry out and
are no longer a barrier to the spread of fires as might be expected in anormal
fire season. Long-term moisture deficiency in itself cannot be used to
forecast critical fire situations, because, if the smaller fine fuels are wet or
green, serious fires will not occur at any time of the year. However, most
devastating fires occur when extreme drought is combined with severe fire
weather variables.

There are a number of book-keeping methods of monitoring the
seasonal development of drought. The Keetch-Byram Drought Index is a
number representing the net effect of evapo-transpiration and precipitation in
producing a cumulative measure of moisture deficiency in the deep duff and
soil layers (42). It is a continuous index which can be related to the changes
in fuel availability mentioned above and the occurrence of severe fires. The
Index has proved to be a useful early warning tool and is now incorporated
into the US National Fire Danger Rating System (43) and the Australian
Forest Fire Danger Rating System (38). Most recently, the index has been
used to establish auser-friendly early warning system in Indonesia (44).

There are a number of similar drought indices used elsewhere in the
world. For example, the drought code component of the Canadian Fire
Weather Index System (40), the Mount Soil Dryness Index of Australia (45)
and the Drought Index used in France [quoted in (33)].

Although drought indices can be built into a broader fire danger rating
system, they are most effective as an early warning system when they are
maintained separately and charted to illustrate the progressive moisture
deficit for a specific location. This allows the fire manager to compare the
current season with historical records of past seasons. The fire manager can
also make associations between level of drought index and levels of fire
activity which are specific to the region. This overcomes the problems
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caused by variation of both forest and soil type which can mask the
recognition of severe drought when a drought index is applied across broad
areas.

Regular charting of bookkeeping-type systems such as the
Keetch-Byram Drought Index (42) or the Mount Soil Dryness Index (45) are
particularly useful in monitoring the effects of below-average rainfall during
the normal wet or winter season. Moisture deficits from the previous dry
season may be carried over winter. As the next fire season develops, high
levels of drought may occur early in the season when, under the normal
seasonal pattern, large and intense fires rarely occur. In some parts of the
world, there are indices which indicate the changes in the global circulation
patterns which may provide warning as much as six to nine months in advance
of extremely dry conditions. One of these is the Southern Oscillation Index
which records the difference in atmospheric pressure between Darwin in the
north and Melbourne in the south of Australia. This index can be related to
the EI Nifio events in the southern Pacific Ocean. When the Southern
Oscillation Index is strongly positive, wetter than normal conditions are
expected in south-eastern Australia; when the index is strongly negative,
drought conditions are forecast for the south-east of Australia.

Early warning of fire behaviour

The fire spread component of fire danger rating systemsis designed to
combine the weather elements affecting fire behaviour, and provide a
prediction of how fires will change hourly during the day. Most indices use
24-hour precipitation, and daily extremes or hourly measurements of
temperature, relative humidity, and wind speed to predict the rate of spread of
forest fires. In some systems, notably the US National Fire Danger Rating
System (43) and the Canadian Fire Weather Index System (40), indices of
fire spread are combined with a long-term measure of drought to provide an
index of the total severity of the fire. Thisistermed a Burning Index in the
United States system or a Fire Weather Index in the Canadian system.

In some systems, the risk of ignition from either lightning activity or
human activities is calculated to form an index of fire occurrence which can
be combined with a Burning Index to give an overall Fire Load Index (41).
These are rarely used in the USA today (46). Therisk of ignition by lightning
Is calculated separately and areas with historical records of high
human-caused ignitions are mapped as a constant fire danger variable and are
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used in concert with aburning index to calculate fire threat in awildfire threat
analysis system.

Fire spread indices are essentialy weather processors (47), and the
data required to provide early warning of severe fire conditions depends
primarily on the ability to provide adequate space and time forecasts of the
weather. The synoptic systems which are likely to produce severe fire
weather are generally well known but the ability to predict their onset
depends largely on the regularity of movement and formation of atmospheric
pressure systems. In Australia, the genesis of severe fire weather synoptic
systems has, at times, been recognised up to three days in advance; more
often less than 24 hours warning is available before the severity of fire
weather variables can be determined. Extended and long range forecasts
contain greater uncertainty, and there is less confidence in fire severity
forecasts at these time scales. Even so, these forecasts are useful in fire
management in that the forecasts can be used to develop options, but not
implementing them until the forecasts are more certain.

As improved fire behaviour models for specific fuel types are
developed, there is an increasing need to separate the functions of fire danger
and fire spread (48). A regional fire weather index based on either fire spread
or suppression difficulty in a standard fuel type and uniform topography is
required to provide public warnings, setting fire restrictions, and establishing
levels of readiness for fire suppression. At alocal level, fire spread models
which predict the development and spread of a fire across the landscape
through different topography and through a number of fuel types are required
for suppression planning and tactical operations. However, these systems can
be confusing on a broader scale by providing too much detail. They may be
influenced by atypical variations of critical factors at the measuring site and
may |ose the broad-scale appreciation of regional fire danger that is required
for early warning purposes.

Use of satellite data to help assessfire potential
Introduction

The amount of living vegetation, and its moisture content, has a strong
effect on the propagation and severity of wildland fires. The direct
observation of vegetation greenness is therefore essential for any early

warning system. Current assessment of living vegetation moisture relies on
various methods of manual sampling. While these measurements are quite
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accurate, they are difficult to obtain over broad areas, so they fail to portray
changes in the pattern of vegetation greenness and moisture across the

landscape.

The current polar orbiting meteorological satellites provide the
potential for delivering greenness information and other parameters needed
for fire management and fire impact assessment at daily global coverage at
coarse spatial resolution [see section on “Active fire detection by satellite
sensors’, (p. 32) and (49)]. This is achieved using wide angle scanning
radiometers with large instantaneous fields of view, e.g. the NOAA Advanced
Very High Resolution Radiometer (AVHRR) instrument which measures
reflected and emitted radiation in multiple channels including visible, near-
infrared, middle-infrared, and thermal ones (50). Because of its availability,
spatia resolution, spectral characteristics, and low cost, NOAA AVHRR has
become the most widely used satellite dataset for regional fire detection and
monitoring. Currently, AVHRR data are used for vegetation analyses and in
the detection and characterization of active flaming fires, smoke plumes, and
burn scars.

Since 1989, the utility of using the Normalized Difference Vegetation
Index (NDVI) to monitor seasonal changes in the quantity and moisture of
living vegetation has been investigated (51-56). Dally AVHRR data are
composited into weekly images to remove most of the cloud and other
deleterious effects, and an NDVI image of continental US is computed by the
US Geological Survey's Earth Resources Observation Systems Data Center
(EDC). These weekly images are obtained via the Internet and further
processed into images that relate to fire potential (57, 58) so that they are
more easily interpreted by fire managers.

Vegetation greenness information: An early warning indicator

Four separate images are derived from the NDVI data - Visud
Greenness, Relative Greenness, Departure from Average Greenness, and Live
Shrub Moisture.

Visual Greennessissimply NDVI rescaled to values ranging from O to
100, with low numbers indicating little green vegetation. Relative Greenness
maps portray how green each 1 km square pixel isin relation to the historical
range of NDVI observations for that pixel. The Departure from Average
Greenness maps portray how green the vegetation is compared to the average
NDVI vaue determined from historical data for the same week of the year.
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Use of this map, along with the Visual and Relative Greenness maps, can give
fire managers a good indication of relative differences in vegetation
condition across the nation and how that might affect fire potential.

As for Live Shrub Moisture, the National Fire Danger Rating System
(NFDR) used by the United States requires live shrub and herbaceous
vegetation moistures as inputs to the mathematical fire model (59). For this
reason, and to help fire managers estimate live shrub moistures across the
landscape, Relative Greenness is used in an algorithm to produce live shrub
moistures ranging from 50 to 250 percent.

The above maps may be viewed at this Internet site:
http://www.fs.fed.us/land/wfas/wel come.html

Development of fire hazard maps

Improvement in the spatial definition of fire potential requires use of a
fire danger fuel model map to portray the spatial distribution of fuel types. In
the USA, the Geological Surveys Earth Resources Observation Systems Data
Center (EDC) used a series of 8 monthly composites of NDV|I data for 1990
to produce a 159 class vegetation map of continental US at 1 km resolution
(60). Data from 2560 fuel observation plots randomly scattered across the
US permitted the development of a 1 km resolution fuel model map from the
original vegetation map. This fuel model map is now being used in two
systems to provide broadscal e fire danger maps.

Integration of satellite data into fire danger estimates

The state of Oklahoma provides a good example for early warning of
wildfires. The state operates an automated weather station network that
consists of 111 remote stations at an average spacing of 30 km. Observations
are relayed to a central computer every 15 minutes. Cooperative work
between the Intermountain Fire Sciences Laboratory (US Forest Service) and
the Oklahoma State University resulted in the development of a fire danger
rating system that produces map outputs (61). The satellite-derived NFDR
fuel model map is used to define the fuel model for each 1 km pixel, and the
weekly Relative Greenness maps are used to calculate live fuel moisture
input for the fire danger calculations. This results in a fire danger map
showing a smooth transition of fire danger across the state. These maps may
be viewed at this Internet site: http://radar.metr.ou.edu/agwx/fire/data.html.
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A goa of fire researchers in the US is to expand the techniques
provided for Oklahoma to other states and nations. An alternative method of
estimating fire potential has been developed (62) using just the 1 km
resolution fire danger fuel model map, relative greenness, and interpolated
moisture for dead fuels about 1.25 cm in diameter. This map was found to be
highly correlated with fire occurrences for California and Nevada for the
years 1990 to 1995 (63). It isnow being, or will be, further tested by Spain,
Chile, Argentina, and Mexico as part of an effort between the Intermountain
Fire Sciences Laboratory and the EDC, sponsored by the Pan American
Institute for Geography and History. The Fire Potential Map is updated daily
and can be seen at this Internet address: under "experimental products’.

http://www.fs.fed.us/land/wfas/wel come.html

While these examples, and many other published papers (64), indicate
the usefulness of current satellite data for fire management purposes, it is
obvious that satellite data will become ever more useful and accurate.
Instruments that were presented at the IDNDR Early Warning Conference
1998 in Potsdam, e.g. the satellites and sensors BIRD and FOCUS of the
DLR, hold great promise for several fire management requirements, such as
fire detection, fuel mapping, monitoring seasonal greening and curing (65).

Fireweather forecasts
Introduction

Improved fire weather forecasts are needed at a variety of time and
space scales. At large space and time scales, accurate fire weather forecasts
have potential for long range planning of allocation of scarce resources. At
smaller time and space scales, accurate fire weather forecasts have potential
usein aerting, staging and planning the deployment of fire suppression crews
and equipment. At the smallest time and space scales, accurate fire weather
forecasts can be helpful in fighting fires as well as determining optimal
periods for setting prescribed silvicultural fires (66-68).

Current US fire weather forecasts are prepared from short-range

weather forecasts (1-2 days) by the Eta model of the US National Center for
Environmental Prediction (NCEP), other model output statistics, and human
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judgement. These fire weather forecasts include information about
precipitation, wind, humidity, and temperature.  To test whether even longer
range forecasts focused on fire weather products would be useful, an
experimental modelling system, developed at the NCEP for making
short-range global to regional weather forecasts, is currently being devel oped
at the Scripps Experimental Climate Prediction Center (ECPC) (69).
Although this system is currently focused for Southern California on making
and disseminating experimental global to regional fire weather forecasts, it
could be easily transferred to and applied anywhere else in the world.



Global to regional fire-weather forecasts

At the largest space and time scales, a modelling system utilizes
NCEP's Global Spectral Model (GSM) (70). A high resolution regional
gpectral model (RSM) (71) is nested within the global model by first
integrating the GSM which provides initial and low spatial resolution model
parameters as well as lateral boundary conditions for the RSM. The RSM
then predicts regional variations influenced more by the higher resolution
orography and other land distributions within a limited but high resolution
domain (70).

Global to regional forecasts of the fire weather index and precipitation
are currently displayed on the world-wide web site of the ECPC asfollows:

http://meteora.ucsd.edu/ecpc/ (hit the predictions button, then
the ecpc/ncep button)

Due to bandwidth limitations of the Internet, only the complete initial and 72-
hour forecasts 4 times daily (00, 06, 12, 18 UCT) for the global model are
transferred. From these global initial and boundary conditions, regional
forecasts at 25 km resolution are then made and also displayed.

Future work

New forecast methods are being developed. Besides preliminary
development of longer-range monthly globa to regiona forecasts, the
current fire weather forecasting methodology will be validated. Experimental
global to regional forecasts for other regions are also being prepared.
Provision of additional output of corresponding land surface variables such as
snow, soil and vegetation moisture are now being extracted and may soon be
provided as part of the forecasts; these additional variables are needed to
transform fire weather indices into fire danger indices, which include
vegetation stresses.
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Activefiredetection by satellite sensors
Introduction

The middle-infrared and thermal AVHRR bands of the NOAA polar-
orbiting satellites have been used for identifying fires. Several techniques are
currently used to detect active fires at regional scales using multispectral
satellite data. A comprehensive validation of AVHRR active fire detection
techniques through a range of atmospheric and surface conditions has not yet
been performed. A number of studies, however, have provided some level of
validation.

Limitationsin AVHRR fire detection

Data are sensed by al channels ssimultaneously at 1.1 km spatial
resolution. Data acquired by the instrument are resampled on board the
satellite to 4 km spatial resolution and recorded for later transmission to one
of two NOAA Command Data Acquisition (CDA) stations, at Gilmore Creek,
Alaska, and Wadlops Idand, Virginia. This is known as the Global Area
Coverage (GAC) mode of transmission. In addition, the full spatia
resolution 1.1 km data can be recorded for previously scheduled areas of the
world, in the Local Area Coverage (LAC) mode, or can be received directly
from the satellites by suitably equipped receiving stations, in the High
Resolution Picture Transmission (HRPT) mode.

Even in full configuration, with two NOAA satellites in operation, the
AVHRR data provide only alimited sampling of the diurnal cycle. The orbital
characteristics of the satellites result in two daytime and two nighttime orbits
per location. The afternoon overpass provides the best coverage in terms of
fire detection and monitoring in tropical and subtropical regions (72). In
addition, the afternoon overpass enables detection of the full range of
parameters described (i.e. vegetation state, active fires, burn scars, smoke).

Perhaps the most fundamental problem to AVHRR fire detection is
that analysis is limited to relatively cloud-free areas. This can be a serious
issue in tropical and sub-tropical regions. Cloud cover can cause an
underestimation in the extent and frequency of burning, and limits the ability
to track vegetation parameters. This issue is not limited to the NOAA
satellite system. Dense clouds will prevent detection of the surface by all
visible and infrared sensors. A satisfactory methodology for estimating the
amount of burning missed through cloud obscuration has yet to be devel oped.



Within these limitations, it is possible, due to the characteristics of
the NOAA meteorological satellites described, to collect near real-time
information to support fire management activities.

Automatic fire alerts

A prototype software has been developed in Finland for automatic
detection of forest fires using NOAA AVHRR data. Image data are received
by the Finnish Meteorological Institute. From each received NOAA AVHRR
scene, a sub-scene covering as much as possible of the monitoring area is
extracted (approximately 1150 sguare km). The processing includes:
detection and marking of image lines affected by reception errors, image
rectification, detection of "hot spots', elimination of false alarms, and
generation of alert messages by e-mail and telefax. The prototype system has
been tested in four experimentsin 1994-1997 in Finland and its neighbouring
countries. Estonia, Latvia, Russian Carelia, Sweden and Norway. For each
detected fire, a telefax including data on the location of the fire, the
observation time and a map showing the location, is sent directly to the local
fire authorities. Nearly all detected fires were forest fires or prescribed
burnings (73).

The screening of false alarms is an essential technique in fire
detection if the results are to be used in fire control. Effective screening
enables fully automatic detection of forest fires, especially if known sources
of error like steel factories are eliminated. In the experiments in 1994-97,
most of the detected fires that were in areas where verification was possible,
were real fires. This shows that space-borne detection of forest fires has
potential for fire control purposes.

Atmospheric pollution warning

The drought and fire episodes in Southeast Asia between 1992 and
1998 resulted in severe atmospheric pollution. The regional smoke events of
1992 and 1994 triggered a series of regional measures towards cooperation
in fire and smoke management. In 1992 and 1995 regiona workshops on
"Transboundary Haze Pollution” were held in Balikpapan (Indonesia) and
KualaLumpur (Malaysia). Thiswas followed by the establishment of a"Haze
Technical Task Force" during the Sixth Meeting of the ASEAN Senior
Officials on the Environment (ASOEN) (September 1995). The task forceis
chaired by Indonesia and comprises senior officials from Brunei Darussalam,



Indonesia, Malaysia, and Singapore. The objective of the work of the task
force is to operationalize and implement the measures recommended in the
ASEAN Cooperation Plan on Transboundary Pollution relating to
atmospheric pollution, including particularly the problem of fire and smoke
(24, 74-76).

Thefirst regional cooperation plans include the use of satellite datato
predict smoke pollution from wildfires based on detection of active fires and
smoke plumes and the forecast of air mass trgjectories. In addition, some
Southeast Asian countries have developed an air quality index for early
warning of smoke-generated health and visibility problems.

In Singapore, air quality is monitored by 15 permanent stations and
reported using the Pollutant Standard Index (PSl), a set of criteria devised by
the US Environmental Protection Agency (EPA). The PSI value of 100
equalslegal air quality standard (or limit) and is based on risk to human health
(primary standard) or non-human health (animals, plants; secondary standard).

Under this system, the levels of key pollutants like sulphur dioxide (SO,),
nitrogen dioxide (NO,), carbon monoxide (CO), ozone (O;) and respirable
suspended particles (PM,) are used to come up with a single index, the PSI.
The ESI Is a standard index, averaged over a 24-hour period, on a scale of O-
500.

Another potentialy useful tool for analyzing fire-generated smoke
sources, as detected or monitored by spaceborne sensors, is the rose-diagram
technique (77). In conjunction with trgjectory analysis, this spatial analysis
technique allows the establishment of the relationships between smoke
pollution and the potential sources, e.g. wildfiresvs. industrial pollution.

Climate-change/firerisk modelling
Introduction

The Intergovernmental Panel on Climate Change (IPCC) has recently
concluded that "the observed increase in global mean temperature over the

* A PSl value <50 is good (no hedlth effects; no cautionary actions required); 50-100 is moderate; 100-200
"unhealthy" (irritation symptoms; no vigorous outdoor activities recommended); 200-300 is "very unhealthy"
(widespread symptoms in population with heart or lung diseases; elderly and sick persons should stay
indoors); and PSI >300 is "hazardous' (aggravation of symptoms, premature death; elderly and sick persons
stay indoors and keep windows closed, general population to avoid outdoor activities). Malaysiais using a
similar system for early warning of smoke-caused health problems (Air Pollution Index [API]).



last century (0.3-0.6°C) is unlikely to be entirely due to natural causes, and
that a pattern of climate response to human activities is identifiable in the
climatological record" (78). In west-centra and northwestern Canada and
virtually all of Siberia, for instance, this pattern of observed changes has
taken the form of major winter and spring warming over the past three
decades, resulting in temperature increases of 2-3°C over thisperiod (79).

Numerous General Circulation Models (GCMs) project a global mean
temperature increase of 0.8-3.5°C by 2100 AD, a change much more rapid
than any experienced in the past 10,000 years. Most significant temperature
changes are projected at higher latitudes and over land. While GCM
projections vary, in general, summer temperatures are expected to rise 4-6°C
over much of Canada and Russia with a doubling of atmospheric carbon
dioxide. In addition, changes in the regiona and tempora patterns and
intensity of precipitation are expected, increasing the tendency for extreme
droughts associated with an increase of fire risk and severity.

In the lower latitudes and in coastal regions, the expected changes in
temperatures, precipitation and dry season length will be less pronounced
than in higher latitudes and in continental regions. However, the manifold
interactions between changing climate and human-caused disturbances of
ecosystems may result in change of fire regimes in the densely populated
regions of the tropics and subtropics (80) (see section on “ Assessing impact
of climate change and human population growth on forest fire potential in the
tropics’, p. 38).



Modelling climate change and forest fire potential in boreal forests

Despite their coarse spatial and temporal resolution, GCMs provide
the best means currently available to project future climate and forest fire
danger on a broad scale. However, Regional Climate Models (RCMs)
currently under development (81) with much higher resolution, will permit
more accurate regional-scale climate projections. In recent years, GCM
outputs have been used to estimate the magnitude of future fire problems.
Flannigan and Van Wagner (82) used results from three early GCMs to
compare seasonal fire weather severity under a doubled CO, climate with
historical climate records, and determined that fire danger would increase by
nearly 50% across Canada with climate warming. Wotton and Flannigan (83)
used the Canadian GCM to predict that fire season length across Canada
would increase by 30 daysin adoubled CO, climate. An increasein lightning
frequency across the northern hemisphere is also expected under a doubled
CO, scenario (84, 85). In arecent study (86), the Canadian GCM was used,
along with recent weather data, to evaluate the relative occurrence of extreme
fire danger across Canada and Russia; a significant increase in the
geographical expanse of the worst fire danger conditions in both countries
under awarming climate was demonstrated.

In arecent study (87), Canadian and Russian fire weather datafrom the
1980s, the warmest decade on record in Canada (88) were used, in
conjunction with outputs from four recent GCMs, to compare the spatial
distribution of current seasonal levels of fire weather severity across both
countries with those projected under a doubled CO, climate.

Daily May - August weather data were collected in the 1980s from
224 Russian and 191 Canadian climate stations. Local noon measurements
of temperature, relative humidity, windspeed and precipitation were used to
calculate the component codes and indices of the Canadian Fire Weather
(FWI) System (89) for each station. Daily FWI values were then converted to
Daily Severity Rating (DSR) values using a technique developed by Williams
(90) and modified by Van Wagner (91). This severity rating technique
permits the integration of fire severity over periods of various lengths, from
daily (DSR) through monthly (MSR) to seasona (SSR) values. In this
analysis, both MSR and SSR values are used. The FWI System provides an
assessment of relative fire potential based solely on weather observations,
and does not take forest type into consideration.



As an example of possible conclusions, the monthly progression of
modelled MSR under a doubled CO, climate indicates an earlier start to the
fire season, with significant increases in the geographical extent of extreme
fire danger in May. The month of June shows the most significant increase,
however, with virtually all of Siberia and western Canada under extreme fire
danger conditions during that period. A more modest increase is observed in
July and August. The seasonal pattern changes indicate an earlier annual start
of high to extreme fire severity, and a later end to the fire season across
Canada and Russia as awhole, although there are important regional variances
from this pattern.

Changes in the area in each fire danger class are perhaps more
important than absolute value changesin MSR. Dramatic changes in the area
extent of high to extreme fire danger in both countries under a doubled CO,
climate were observed. In generadl, there is a decrease in moderate MSR and
SSR levels, and a significant increase in the area experiencing high to
extreme M SR and SSR levels under awarmer climate. Thisis particularly true
in June and July, but increases in the area under extreme fire danger (and
therefore greatest fire potential) are common to al months. Significantly,
two to three-fold increases are projected for Russia during the June-July
period.

Although hampered somewhat by coarse spatial and tempord
resolution, the four GCMs utilized in this study show similar increasesin fire
danger levels across much of west-central Canada and Siberia under a warmer
climate. While shiftsin forest types associated with climate change were not
considered in this analysis, these increases in fire danger alone will almost
certainly trandate into increased fire activity, and, as fire management
agencies currently operate with little or no margin for error, into large
increases in area burned. The result will be more frequent and severe fires,
shorter fire return intervals, a skewing of forest age class distribution towards
younger stands, and a resultant decrease in the carbon storage of northern
forests (92).

A warmer climate, in combination with severe economic constrants
and infrastructure downsizing, which will decrease the effectiveness and thus
the area protected by fire management agencies, means anew reality in forest
fire impacts is on the horizon. There is a strong need to continue modelling
future climates, using higher-resolution models as they become available, so
that future development of long-range early warning systems and fire
management planning can be accomplished.
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Assessing impacts of climate change and human population growth
on forest fire potential in the tropics

With growing population pressure and accelerating change of land use
in tropical vegetation, i.e. conversion of tropical forested ecosystems into
farming and pastoral ecosystems, fire is being used increasingly. While
certain tropical dry forests and savannas have been adapted to anthropogenic
fire use for millennia and show typical features of sustainable fire
ecosystems, the opening and fragmentation of tropical evergreen forests has
increased the risk of wildfires that will have destructive impacts on
biodiversity and sustainability of these forest ecosystems.

A recent assessment of potential impacts of climate change on fire
regimes in the tropics based on GCMs and a GCM-derived lightning model
(80) concluded that there is a high degree of certainty that land use and
climate features under conditions of a doubled CO, atmosphere will
influence tropical fireregimes. The conclusions are elaborated bel ow:

- Tropical closed evergreen forests will become increasingly subjected
to high wildfire risk because of land-use changes (opening and
fragmentation of closed forest by logging and conversion), increasing
fire sources (use of fire as land clearing tool), and climate change
(prolongation of dry seasons, increasing occurrence of extreme
droughts, increase of lightning asfire source). Tropical dry forests and
savannas in regions with predicted reduction of average total annual
precipitation and average prolongation of dry seasons will be
subjected to higher fire risk. However, the reduction of net primary
production (NPP) and the increasing impacts of farming and grazing
systems will lead to formation of open and sparse vegetation cover
with restricted capability to support the spread of fires (discontinuity
of fuelbed).

- Tropical dry forests and savannas in regions with predicted increase of
average total annual precipitation and average reduction of dry season
length will be subjected to higher fire risk due to the fact that
increased NPP will lead to the build-up of more continuous fuel beds
that may carry more frequent and larger-sized wildfires.

Long-range forecasting of fire potential: conclusions



The models and assumptions described in this section clearly exceed
the time horizon of early warning systems. However, the IDNDR Working
Group strongly suggests that relevant follow-up processes, in conjunction
with other international activities, programmes and agreements, should
consider this extended time horizon. The disaster management community
needs to be prepared for managing situations which in the near future may
require the development of innovative technologies and the preparedness of
administrations to accomplish tasks that may differ from today's situation.
While warning of potential disaster implies a high level of confidence, a
second level, or alert level, with lower level of confidence is useful from the
standpoint of strategic or contingency planning. Thisalert level isintended to
convey the message that the potential for disaster has increased, but that
actions would be limited to planning.

Towardsaglobal wildland fire infor mation system
A demonstration concept

One demonstration project is the Canadian Wildland Fire Information
System (CWFIS), developed by the Canadian Forest Service. The CWFISisa
hazard-specific national system envisioned as a prototype system that is
adaptable to other countries. Establishing and linking a number of compatible
national systems could provide the nucleus of a global fire information
network. Following the conceptua design of CWFIS, future early warning
systems would have three goals:

- Facilitate information sharing among all agencies through a national
network.

- Facilitate interagency sharing of resources by providing national fire
information.

- Facilitate the application of fire research results through an
interoperable platform.

The CWFIS incorporates several functions: weather observations,
weather forecasts, fire danger, fire behaviour, fire activity, resource status,
situation reports, decision support systems, technology transfer, and
information exchange.

Weather observations
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The system automatically downloads weather observations from a
national satellite network. Although Canadian weather data are not mapped,
exported systems [eg. USA (Florida) or ASEAN region] provide this
capability. Data needed for daily fire-danger calculations are extracted from
alarger set of hourly weather observations. Maost countries operate national
weather observing networks. The World Meteorological Organization
maintains a global network of synoptic weather stations which is accessible
through satellite downlinks. Nationaly, research is underway to produce
automated spot fire-weather forecasts using a Regional Atmospheric
Modelling System (RAMS). When operational, users will be able to submit
coordinates for a specific fire and obtain computer- generated hourly
forecasts for that location.

Weather forecasts

At globa and national scales, forecasts are important because
large-scale mobilization requires one or more days to accomplish. The
CWFIS accesses 3 days of numeric forecast data generated by the Canadian
Meteorological Centre (CMC). In Florida, a RAMS is used to forecast
weather on a finer scale than that available nationaly. Many countries
operate similar national weather forecasting systems. Alternatively, the CMC
(or other major national agencies) can generate a numeric weather forecast
for any region on earth (see also section on “Fire weather forecasts’, p. 30).

Firedanger

Weather data are transformed into components of the Canadian Forest
Fire Danger-Rating System. Station data are converted to national contour
maps with an ARC/INFO GIS processor. The maps are converted to GIF
Images and stored on a World-Wide Web server. Daily maps overwrite those
from previous days and date indices are automatically updated. Fire-danger
maps are retained for seven days to provide backup.

Fire behaviour

Digital fuel and topographic databases enable absolute fire behaviour
potential such as rate of spread, head-fire intensity, fuel consumption, and
fire type to be calculated. The CWFIS uses a 16-class satellite-derived
land-cover classification to approximate a national fuel map which is not
directly available. Thefire-behaviour maps are in acell format, reflecting the



underlying fuel database. Satellite-based land cover classifications should be
derivable for most countries. The system provides seven days of history,
current observations, and three days of forecasts.

Fireactivity

Fundamental to any fire information system is compiling and
disseminating fire statistics such as number of fires and area burned.
Although this currently requires manual reporting, tabulation, and graphing, it
could be automated by having data entered directly into a remote database. A
project has been proposed to develop an automated national satellite
monitoring and mapping system for fires with an extension of more than 200
hectares. This system would transmit large-fire maps and associated
statistics directly to the CWFIS for distribution via the web server.
(Currently, it is partially functioning through the Globa Fire Monitoring
Center, p. 48).

Resource status

It isimportant to continuously monitor the disposition of suppression
resources. This includes the location and status of individual resources as
well as potential availability for interagency mobilization. Manua systems
are in place for monitoring resource status at agency and national levels; this
information could be displayed by the CWFIS.

Situation reports

It is useful to provide public information on the status of individual
fires on the world-wide web. Providing an alternate media access point
reduces the workload of public information officials during fire emergencies.
Nationally, an overall synopsis of the current situation and prognosis for the
near future is useful for senior executives, policy analysts, and governments.
Reports are prepared manually and distributed through the internet.

Decision support systems

Decision-support systems (DSS) are often used for complex tasks,
such as resource prepositioning, detection route planning, fire prioritization,
and dispatch. Most agencies in Canada operate such systems.

Technology transfer
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A web-based fire information system provides an interoperable
platform to inform users about scientific results and technological
developments. It also allows users to test and evaluate new systems.
Accessibility through the web allows system developers to focus on
underlying technology while avoiding system-specific idiosyncrasies. The
CWEFI'S accomplishes this through a link to the Canadian Forest Service Fire
Research Network, where emerging technol ogies such as hourly and seasonal
fire growth models can be tested.

I nformation exchange

The most important aspect of the CWFIS may be its use as an example
and a platform that enables fire management agencies to exchange
information among themselves. The CWFIS also provides a national node
that links individual fire agencies to the global fire community and vice versa.

Similar national nodes in other countries could be readily linked to form a
global forest fire information network. For example, FireNet (Australia) has
proven invaluable as the principal server for a globa fire community
discussion group.

Canadian experience has shown that exchanging information among
fire agenciesis a precursor to developing mutual understanding. This, in turn,
fosters agreements to exchange resources as no agency or nation can be an
island in fire management. Prior interagency and intergovernmental
agreements are the key to avoiding bureaucratic delays that can preclude
effective resource exchanges. The process begins slowly and increases
gradually as mutual trust develops among agencies. Implementing resource
exchanges also fosters common standards for equipment and training;
exchanging people fosters technology transfer. The overal result is
enhanced fire management effectiveness and efficiency among all
participants.

Global fire monitoring

It is currently technically feasible using the described earth
observation and information systems (see sections on “Use of satellite data
to help assess fire potential”, p.27 and “Active fire detection by satellite
sensors’, p 32) to collect, analyze and share information on wildfire
throughout the world on adaily basis. The Monitoring of Tropical Vegetation
Unit of the Space Applications Institute at the EC Joint Research Centre has
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been working on a globa fire dataset based on the NOAA AVHRR products
(83, 93, 94). The "Globa Fire Product”, in its first phase, is generating a
dataset for the 21 months of globa daily coverage from April 1992 to
December 1993. Because of the significance of the dataset for global change
studies, the latest state-of-the art report was produced under the umbrella of
the International Geosphere-Biosphere Programme Data and Information
System (IGBP-DIS) (95).

Malingreau (96) proposed the creation of aworld fire web in which a
network of centres with facilities to receive and process fire observation data
from satellites, will be connected via the World Wide Web (WWW). This
concept is meanwhile available through the Global Fire Monitoring Center
(GFMCQC) (see p. 48). Through the GFMC, scientists, managers, and policy
makers have instant access to local, regional and world data; they can
exchange experience, methods and trouble-shoot each other. The GFMC
web, in conjunction with the spaceborne evaluation of vegetation dryness and
fireeweather forecasts, will provide a powerful early warning and disaster
preparedness and management tool once it covers systematically all
continents.



RECOMMENDATIONS

The recommendations given by the IDNDR Early Warning Working
Group on fire and other environmental hazards build on a series of previous
international efforts which addressed the needs of international collaboration
in providing and sharing information and technologies and creating
Institutional mechanisms necessary to fulfil the overall goals of the IDNDR
as related to fire disasters. The recommendations are in agreement with and
legitimated by internationa initiatives at science, management and policy
levels. They address a broad scale of fire management issues which will be
mentioned here because they are prerequisites for operational early warning
systems. Summary recommendations of the IDNDR Early Warning Working
Group will be given the end of this chapter.

International initiatives and non-binding inter national guidelines

The methodologies, systems, and procedures in early warning of fire
and atmospheric pollution, as described in page 19/20, are not equally
available worldwide. Furthermore, some information systems, such as the
global fire dataset, global coverage of fire-weather prediction, or real-time
monitoring of active fires are still in the phase of being tested and further
devel oped.

Several recent international initiatives in fire science and policy
planning have developed concepts and visions for collaboration in fire
science and management at international level. The recommendations of the
UN FAO/ECE seminar on forest, fire, and globa change, Shushenskoe,
Russian Federation, August 1996 (97), acknowledged by the resolution of the
International Wildland Fire '97 Conference, Vancouver, British Columbia,
Canada, May 1997 (40, 98), and presented at the 11th World Forestry
Congress, Antalya, Turkey, October 1997 (99), underscored the need of
providing international agreements. These recommendations include the
following:

- Quantifiable information on the spatial and temporal distribution o
global vegetation fires relative to both global change and disaster
management issues is urgently needed. Considering the various
initiatives in recent years of the UN system in favour of global
environmental protection and sustainable development, the
ECE/FAO/ILO seminar on forest, fire and global change strongly
urges the formation of a dedicated UN unit specifically designed to



use the most modern means available to develop a globa fire
inventory, producing a first-order product in the very near future, and

subsequently improving this product over the next decade. This fire
inventory data will provide basic inputs into the development of a
Global Vegetation Fire Information System (100). The FAO should
take the initiative and co-ordinate a forum with other UN and non-UN

organizations working in this field, e.g. various scientific activities of

the International Geosphere-Biosphere Programme (IGBP), to ensure
the realization of this recommendation [see also recommendations of

the ECE/FAO and the international fire science community (99)].

The development of a satellite dedicated to quantifying the
geographical extent and environmental impact of vegetation fires is
strongly supported.

A timely process to gather and share information on ongoing wildfire
situations across the globeis required.

Mechanisms should be established to promote community self
reliance for mitigating wildfire damages, and to permit rapid and
effective resource-sharing between countries as wildfire disasters
develop. It is recommended that the UN be entrusted to prepare the
necessary steps. The measures taken should follow the objectives and
principles of the IDNDR.

The unprecedented threat of consequences of fires burning in
radioactive-contaminated vegetation and the lack of experience and
technologies of radioactive fire management requires a special
internationally concerted research, prevention and control programme.

The International Tropical Timber Organization (ITTO) took the first

step to develop "Guidelines on Fire Management in Tropical Forests' (101).
The document provides a comprehensive guidance targeted at the situation in
the economically less developed regions of the tropics. Among others, the
guidelines state:

"Assessment, prediction and monitoring d fire risk and means of
guantification of forest fires and other rural fires are prerequisites for
fire management planning purposes. Statistical datasets can also be
used to call attention of authorities, policy makers and the genera
public. In the tropics, such information is difficult to be gathered by



ground based-methods. Air- and space-borne sensors offer
possibilities to monitor less accessible and sparsely populated land
areas with inadequate ground-based infrastructures.”

Accordingly, ITTO recommends that:

- Access to meteorological information from ground stations and
space-borne systems should be sought, and thisinformation be utilised
for fireintelligence (fire risk assessment).

- Existing orbital remote sensing systems for fire detection and
prediction which provide real-time information on the geographical
location of fires should be used.

- ITTO member countries should join others in supporting the
development of international mechanisms to predict wildfires (early
warning systems).

- The UNCSD (United Nations Commission on Sustainable
Development) should ensure that in the implementation of Agenda 21
for forests, due attention is given to forests fires in relation to
arrangements that may be developed to harmonize and promote
international efforts to protect the world's forests. A UN-sponsored
Globa Fire Research and Management Facility which includes a
Global Vegetation Fire Information System and the capabilities to
provide support on request to any nation in fire management and
prevention and management of wildfire disasters should be considered
by the UNCSD.

The ITTO guidelines provide general recommendations which must be
fine-tuned to specific national requirements. In Indonesia, for instance, ITTO
Is sponsoring the development of the "National Guidelines on Protection of
Forests against Fire", which were finalised in December 1997. Thisinitiative
Is particularly important in light of the repeated smoke episodes in Southeast
Asia caused by land-use fires and wildfires. Other countries, like Namibia
and possibly Mongolia, aim to base their national programmes on the ITTO
guidelines.

The first regiona initiative is underway among member states of the
Association of South East Asian Nations (ASEAN). The ASEAN Conference
on "Transboundary Pollution and the Sustainability of Tropical Forests:



Towards Wise Forest Fire Management” (Kuala Lumpur, December 1996)
(102) *“recognised the International Tropical Timber Organization (ITTO)
Guidelines on Fire Management in Tropical Forests which has been adopted
by most of the ASEAN member countries’; and recommended that: "A
collaborative meteorological and air monitoring information network and
workable partnership in ASEAN should be further explored. The network
would make use of up-to-date remote sensing and communication
technologies in order to provide regional assessment of fire risk, fire and
smoke events and early warning systems. The related existing national and
regional institutions should form a core group of agencies that could be co-
ordinated by a regional centre. This centre will take the lead in the
organisation of such a network, and to assist the ASEAN Senior Officials on
Environment (ASOEN) Haze Technical Task Force, asrequired in the ASEAN
Cooperation Plan on Transboundary Pollution.”

Another regional initiative is underway in the Baltic Region. The First
Baltic Conference on Forest Fire (May 1998, Poland) was designed to
Improve the cooperation in early warning of fire and fire management among
the countries bordering the Baltic Sea. The recommendations of the Baltic
fire forum, among others, recommended that the problem of forest fires
should be handled in compliance with the "Action Plan BALTIC 21". The
international framework for the "BALTIC 21", among other, are the UNCED
Forest Principles and the Agenda 21, and the Intergovernmental Panel on
Forest (IPF 1995-1997), the results of the Ministerial Conferences on the
Protection of Forests in Europe (Strasbourg 1990, Helsinki 1993, Lisbon
1998).

At the time of finalising this chapter (December 1998), various UN
agencies have responded to the fire and smoke events in 1997-98. The UN
Secretary General asked the UN Environmental Programme (UNEP) to co-
ordinate the UN response to Indonesian fires. Asaresult of an international
meeting in Geneva (April 1998), the joint unit of UNEP and the UN Office of
the Coordination of Humanitarian Affairs (OCHA) has proposed an
internationally supported fire suppression action in Indonesia and a global
fireinitiative.

While these recommendations are still under discussion, the World
Meteorological Organization (WMO) convened a workshop on "Regional
Transboundary Smoke and Haze in South-East Asia' (Singapore, June 1998)
for the preparation of an internationally supported plan to enhance the
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capabilities of national meteorological and hydrological services in
transboundary haze issues.

The World Health Organization (WHO) has prepared a document
entitled "WHO Health Guidelines for Vegetation Fire Events' which focuses
on fire emissions and human health issues; the workshop for the preparation
of the guidelineswas held in Lima, Peru (October 1998).

The Food and Agriculture Organization (FAO) has responded by an
expert consultation on "Public Policies Affecting Forest Fires' (October
1998) (103). Information on the activities of the FAO in preparing a global
fire inventory and an update of the FAO internationa fire glossary can be
found on the internet (see below).

Meanwhile, the Office of Humanitarian Affairs of the German Foreign
Office financed the establishment of the Global Fire Monitoring Center
(GFMC) as a contribution to the IDNDR. The scope of the GFMC is to
establish a global real-time monitoring system on all fire-related information
(environmental, ecological, economic, policies, international collaboration).
It is envisaged that the scope of work of the GFMC will be expanded towards
a Globa Fire Management Facility. The GFMC is public domain and can be
accessed through the internet (http://www.uni-freiburg.de/fireglobe). For
details: see also ANNEX J of the main volume of the WHO Health
Guidelines on Vegetation Fire Events.

Science and technology development

Fire research and technology development have received considerable
stimulation by scientific projects conducted under the umbrella of the
International  Geosphere-Biosphere Programme (IGBP) and  other
programmes devoted to global change research (3, 29, 30, 94, 103, 104).
While the scope of global change research is not necessarily directed
towards requirements of operational management systems, e.g. early warning
of natural hazards, the spin-offs of basic science nevertheless have a
considerable potential for management solutions.

However, the application of existing technologies, methods, and
procedures of information gathering, processing and distribution has revealed
that many of the existing systems must be further developed in order to meet
the requirements of precise and real-time application for early warning and
management of fire and other environmental hazards.



Communication systems for early warning information dissemination
are generally advanced since they rely on the technological progress in the
civilian telecommunication sector. Space-borne sensing and collection of
real-time data for early fire warning purposes generally depend on systems
which were not specifically designed for sensing fire precursors, active fires,
and fire effects. Thus, a short overview is given on the most important
sensors which are currently designed or the construction isin progress.

New spaceborne sensors for early warning of fires and atmospheric
pollution

In accordance with the analysis of Kendall et al (49), it is obvious that
the remote sensing fire community, in addition to continuing experimentation
and refinement of methods, needs to provide the operational monitoring
dataset, at regional and global scales, to contribute to early warning of fire
hazard, fire and smoke management and earth system studies. The
development of operational automated monitoring techniques and the
provision of consistent long-term dataset is a challenge that the remote
sensing community is now facing. Issues associated with prohibitive data
costs, computing resources, data management, data archival, and distribution
need to be addressed.

Dataset development is being undertaken with satellite sensing
systems which were not designed for fire monitoring purposes. The current
suite of sensors suitable for fire monitoring have problems such as
calibration, saturation, spatial resolution, orbital overpass time and coverage,
which need to be taken into account in the data processing and dataset
compilation. It is critical that the user community fully understands the
limitations of the data and its utility. New sensors are being designed and
built which will reduce or eliminate some of these problems, but they will
introduce new, and in some cases unanticipated, problems. The development
of new satellite dataset is an iterative process and has to be undertaken in
close collaboration with the user community. The planned sensing systems
will certainly provide a challenge to the remote sensing community in terms
of data volume. The challenge will be to render the raw data to a volume and
information content suited to the user community.

Some of the sensing systems which are in the planning and/or
construction phase are facing financial constraints. As the user community
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requires new spaceborne technologies for early warning applications, palled
satellite programmes need to be materialised.

MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) is
planned for launch as part of NASA's Earth Observing System (EOS) in 1998.
This system will provide new capabilities over the currently utilized coarse
resolution sensors. Thirty six spectral bands between 0.4 min and 14.3 pin &
resolutions ranging from 250 m to 1000 m are planned. Currently, two
MODIS instruments are planned with the first platform providing a 10:30 am
and pm overpass and the second providing a 2:30 am and pm overpass. For
fire monitoring, the one kilometre infrared channels at 3.96 nin and 11.0 min
bands will have increased saturation levels, 500 K and 335 K, respectively,
which will permit improved active fire monitoring. Full resolution MODIS
fire products will have 1km resolution, and the data will be summarized for
coarser grids. In the post-launch period, emphasis will be placed on validating
the fire product and developing and testing automated burn scar detection
techniques. The improved spatial and radiometric resolution of MODIS at
250 m in the visible and near-infrared bands will permit more accurate area
estimate of burn scars.



BIRD

BIRD will be asmall satellite mission for early warning of vegetation
conditions and fires. Starting from their FIRES proposal (105), the DLR
(Deutsche Forschungsanstalt fir Luft- und Raumfahrt) had proposed a new
approach in the design of a small satellite mission dedicated to hot spot
detection and evaluation. The new approach is characterized by a strict
design-to-cost philosophy. A two-channel infrared sensor system in
combination with a Wide-Angle Optoelectronic Stereo Scanner (WAOSS)
shall be the payload of asmall satellite (80 kg).

The primary objectives of the planned BIRD mission are:

- test of a new generation of infrared array sensors adapted to earth
remote sensing objectives by means of small satellites;

- detection and scientific investigation of hot spots (forest fires,
volcanic activities, burning oil wells or coal seams); and

- thematic on-board data processing, test of a neuronal network
classificator in orbit.

The unique combination of a stereo camera and two infrared cameras
givesthe opportunity to acquire:

- more precise information about leaf mass and photosynthesis for the
early diagnosis of vegetation condition and changes; and

- real time discrimination between smoke and water clouds.

FOCUS on theinternational space station

The European Space Agency (ESA) recommended that the earth
observation from the International Space Station be focussed on areas and
processes, where non-sun-synchronous missions have the potential to make
unique contributionsto ESA's Earth Observation Programme.

The FOCUS instrument of the German Agency for Aeronautics and

Space (DLR) was initially proposed to ESA in reaction to the announcement
of opportunity for externally mounted payloads during the early utilisation
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period of the space station. It contains the following unique features which
are neither available on MODIS on EOS AM 1 nor on FUEGO (see below):

a forward-looking imaging IR sensor with a direct link to on-board
intelligence dedicated for the autonomous seeking, detection and
selection of hot spots, and

a high-resolution spectrometer part for the remote sensing of the hot
event plume.

The autonomous detection capability to be demonstrated by FOCUS

on the International Space Station may contribute significantly to the
improvement of a forest fire earth watch mission, which is considered by

ESA.

The general utilisation objectives are ecology- and environment-

oriented:

spectrometric / imaging remote inspection and parameter extraction
of selected high temperature events, such as vegetation fires and
volcanic activities, and

assessment of some environmental consequences of these activities,
such as aerosol and gas emission from forest fires and volcanoes and
from the thermal biomass conversion.

Furthermore, FOCUS has the important operational utilisation aspect

of the autonomous hot spot detection and identification procedures,
including:

fore-field sensor data based hot spots detection;
fire classification based on the fore-field sensor signals,
selection of the target/area of interest;

tilting of main sensor field of view to the area of interest and dynamic
range control;

selection of relevant hot spot data (thematic data reduction); and
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- geocoding of thematic reduced data (maps).

The Intelligent Infrared Sensor System FOCUS has to perform a
prototype function for operating a worldwide high temperature environmental
disaster recognition system.

FOCUS is considered as a demonstration experiment with regard to
the verification and validation of the autonomous detection and identification
procedures of hot spots.

The FUEGO programme

The FUEGO programme aims at developing a satellite system for
forest fire detection and monitoring system for the Mediterranean area, or
other area with its respective latitude. The FUEGO system consists of a
constellation of small satellites (nine to eleven) and a decentralised ground
receiving station network with data processing facilities. The FUEGO
satellites will look at prescribed risk areas to provide early alarm of afireto
the fire management authorities locally, regionaly or nationaly, depending
on the structure of the civil protection administration in the country in
guestion.

Next generation geosynchronous satellites

The next generation of geosynchronous satellites will provide
improved fire monitoring capabilities with continued high temporal coverage.
This means that a better understanding of the diurnal cycle of firein arange
of ecosystems will be possible. For monitoring North and South America, the
GOES NEXT (I-M) series of satellites was launched in 1994. The new GOES
satellites offer greater radiometric sensitivity and spatial resolution aong
with improved geolocation. Preliminary results from GOES-| data indicate
enhanced capabilities in the identification of fires and the quantification of
associated haze. Geosynchronous coverage of Africaand Europe will also be
improved in the coming years as the METEOSAT Second Generation (M SG)
satellites are launched in 1998. MSG will offer a significant improvement in
biomass burning monitoring capabilities through increased spectral coverage.
The new sensors will provide 3 km scale coverage every fifteen to thirty
minutes with a spectral range similar to that provided by the NOAA-AVHRR.
With the addition of a middle-infrared channel (3.8 nin), an opportunity for
thorough investigation of the diurnal cycle of fire in African ecosystems will
befeasible at |ast.



Challenges: multispectral and multitemporal sensing of early warning
parameters

Early warning, monitoring and inventory of wildfire needs to be
accompanied by monitoring and inventory of those ecological characteristics
that lead to fire. Disturbances, such asinsect or disease outbreak, wind throw
of trees, forestry and other land use are frequently precursors to fire events,
fire patterns and severity. Insects and disease stress ecosystems, resulting in
partial mortality and production of dead materials, particularly foliage and
other fine materials which are critical to fireignition and behaviour. Post-fire
vegetation recovery isimportant to predict fire-return intervals.

Advanced early warning systems will need to integrate these
parameters into multi-layer fire information systems. Geographic
information systems (GIS) technology, combined with decision support
systems (expert systems), offer feasible, cost-efficient, and user-friendly
solutions.

A review of some potential applications of the space techniquesin fire
management has been conducted under the auspices of the Disaster
Management Support Project as a part of the Integrated Global Observation
Strategy (IGOS) of the G7 Committee on Earth Observation Satellites
(CEOS). Within the project, a number of hazard-specific teams have been
created: drought, earthquake, fires, flooding, oil spill, tropical cyclone, and
volcanic ash. These teams have coordinated the development of statements
of user requirements. One of the documents is an outcome of the
international working group with experience in the field of space
technol ogies applied to fire management. The document can be found on the
internet (e.g. viathe GFMC website).

International fire research programmes

The fire research programmes conducted under the International
Geosphere-Biosphere Programme (IGBP) offer a suitable mechanism to
provide the scientific perspectives for the related programmes such as those
under the UNEP, WHO, WMO, IDNDR, etc. As it is anticipated that the
consequences of global change in general and climate change in particular
will increase global natural hazards, the merging of joint interests between
the IGBP and the UN communities seems to be advisable.



Previous and current international fire experiments under the IGBP
scheme are regularly announced in the pages of the UN-ECE/FAO
International Forest Fire News (IFFN) and published in scientific media (29,
30, 104) (see also section on “Use of satellite data to help assess fire
potential”, p. 27).

Recommendations by the IDNDR Early Warning Working Group on
Fireand other Environmental Hazards

In accordance with the conclusions and recommendations given by the
various international initiatives, the IDNDR Early Warning Working Group
on Fire and other Environmental Hazards in 1997 recommended the priority
activities listed below. (The author of this paper has edited or updated these
recommendations by some remarks given in brackets).

- In order to provide a basis for early warning systems, a global fire
inventory must be designed and implemented, producing a first-order
product in the very near future, and subsequently improving this
product for standardized application over the next decade. This fire
inventory data will provide the basic inputs into the development of a
future relational (geo-referenced) global fire database within the
proposed Global Vegetation Fire Information System (GVFIS). The
FAO should take the initiative and coordinate a forum with other UN
and non-UN organizations working in this field; e.g. various scientific
activities of the International Geosphere-Biosphere Programme
(IGBP) and the mechanisms of the Intergovernmental Panel on
Climate Change (106). [Remark: The FAO is working on the global
fireinventory.]

- A timely process to gather and share real-time information on ongoing
wildfire situations across the globe is required. Thiswould follow the
proposal to create a "world fire web" in which a network of centres
with facilities to receive and process fire observation data from
satellites will be connected via the World Wide Web (WWW).
Through the world fire web, scientists, managers, and policy makers
can have instant access to local, regional and world data; they can
exchange experience, methods and trouble-shoot each other. The web,
in conjunction with the spaceborne evaluation of vegetation dryness,
fire-weather forecasts, and the possibility of forecasting fire danger
and fire behaviour, may provide a powerful early warning and disaster
preparedness and management tool at national, regional and global



scales. Theinformation network should include the resource status by
continuously monitoring the disposition of suppression resources.
This includes the location and status of individual resources as well as
potential availability for interagency and international mobilization.
[Remark: The Global Fire Monitoring Center has taken over theinitial
role of theworld fireweb.]

Technology transfer and information exchange on early warning and
fire management decision support systems must be provided through
international collaborative agreements or aid programmes. Such
programmes must support countries in fire-prone regions of the
tropics and subtropics where advanced fire management systems are
not yet available.

The development of spaceborne sensor technologies devoted to the
specific tasks of recognizing wildfire disaster precursors, fire
activities, and the impacts of fire (ecological, atmospheric chemical)
must receive high priority. [Remark: The development of the DLR
sensors and platforms BIRD and FOCUS is underway .|

More fire research is needed in those regions where existing early
warning systems cannot be applied due to the particular relationships
between vegetation conditions, local/regional weather and the socio-
economic and cultural conditions which cause wildfires and secondary
damages like atmospheric pollution. South East Asiais one of the less
explored regions in which fire research must receive adequate
attention as postulated by the ASEAN Transboundary Haze Pollution
initiative and the IGBP global-change oriented science programmes
such as the South East Asian Fire Experiment (SEAFIRE) and the
SARCS Integrated IGBP/IHDP/WCRP Study on Land-use Change in
SE Asia. [Remark: After the 1997-98 smoke-haze episode, severa
research initiatives are operational .]

Policies and agreements on environmental protection at international
levels; e.g. the work of the United Nations Commission on Sustainable
Development (CSD), should ensure that in the implementation of
Agenda 21 for forests, due attention is given to forests fires in
relation to arrangements that may be developed to harmonize and
promote international efforts to protect the world's forests.



- Regardless of the technological possibilities of decentralized
gathering, processing and dissemination of early warning and fire
management information, it is recommended that the suggestion of
ITTO to establish a UN-sponsored facility for global fire research and
management be followed. This would facilitate the proposed Global
Vegetation Fire Information System and the capabilities to provide
support on request to any nation in early warning, prevention,
management and mitigation of wildfire disasters. [Remark: The Global
Fire Monitoring Center has been established.]
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It can be seen that two years between theinitial report and this updated
chapter, a remarkable progress has been made in international cooperation in
the field of fire and related environmental, humanitarian, and public health
aspects. This progress was manly due to an increased interest by
international organizations and policy makers in the aftermath of the extended
smoke-haze episode in Southeast Asia, the large burning activities in Brazil
and the wildfiresin the USA, the Mediterranean and the Russian Federation in
1998.

The establishment of the Global Fire Monitoring Center in 1998 was a
conseguent step towards the implementation of the proposals made by the
IDNDR fire group in 1997. Details of the operating mode and services
offered can be taken from Annex J of the main body of the WHO Health
Guidelines on Vegetation Fire Events (Global Fire Monitoring, Data
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SMOKE FROM WILDLAND FIRES

Darold E. Ward

USDA Forest Service

Rocky Mountain Research Station
Fire Chemistry Project
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MT 59807

INTRODUCTION

Biomass burning is a major contributor of toxic air pollutants,
particulate matter (PM), and greenhouse gases, but unlike some
anthropogenic sources, poorly quantified. On aglobal basis, the net effect on
human heath and impact on climate change has not been adequately
determined. The temporal and spatia distribution of these emissionsis very
difficult to estimate and the interannual variability of smoke production can
range by an order of magnitude or more. With the advent of sensors
operating over a temporal scale of hours, progress in estimating smoke
emissions should be advanced. Still, the exposure of people to smoke
emissions on aregional scalewill continue to be very difficult to quantify.

Measurement techniques such as open-path Fourier transform
infrared (FTIR) spectroscopy have allowed for measurements of oxygenated
compounds and other more reactive compounds in situ rather than sampling
for later analyses. Many different vegetation types have been examined for
the release of CO,, CO, and CH,. Mass concentrations of products of
incomplete combustion including particles less than 2.5 pm in diameter
(PM, 5) can generaly be correlated with CO and CH,. For example, Hao et al
(1) reported the concentrations of many aliphatic hydrocarbons of G and
lower carbon number as being correlated with the concentration of CH,
Some compounds such as those sulphur and nitrogen-based compounds
depend both on the efficiency of the combustion process and the chemical
composition of the vegetation burned by the fires. Utilizing ratios of air
toxic compounds to CO, CH,, and/or PM, 5 allows reasonable estimates of
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exposure to a number of other compounds based on the characterization of
one or two compounds. Of course, this assumes that the emissions are from
biomass burning or that the contribution of biomass burning can be
apportioned.

FACTORSAFFECTING INCOMPLETE COMBUSTION

Combustion efficiency is defined as the ratio of carbon released as
CO, to total carbon. For convenience, we use modified combustion
efficiency which istheratio of carbon released as CO, divided by the sum of
CO, and CO. The smouldering combustion phase, which is generally a very
low-intensity combustion process, produces high emissions of particulate
matter, CO, and other products of incomplete combustion. Fuel properties
can markedly affect the amount of smouldering combustion and the overall
mixture of combustion products. The mixture of products of combustion
produced by afirein a particular vegetation type may result in 90 per cent of
the vegetation being consumed through flaming combustion (e.g., savanna
ecosystems), and this would be quite different from a fire burning in a
vegetation type where 90 per cent is consumed through smouldering
combustion (peat, rotten logs, deep duff, etc.).

DISCUSSION OF PRODUCTS OF COMBUSTION

In the study of smoke related to its effect on the health of wildland
firefighters, Ward et al (2) discussed several combustion products and
classes of combustion products. These substances are categorized as
follows:

Particul ate matter

Polynuclear aromatic hydrocarbons

Carbon monoxide

Aldehydes

Organic acids

Semivolatile and volatile organic compounds
Freeradicals

Ozone

Inorganic fraction of particles

CoNOGOrWNE
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Particulate matter

Particulate matter from wildland firesis highly visible, affects
ambient air quality, and has various effects on human health. Particles are
abundantly produced by forest fires with source strengths exceeding 0.6
tonnes per second on some large fires (3). The mass of particles can be
separated into two modes: (i) afine-particle mode generally considered to be
produced during the combustion of organic material with a mean-mass
diameter of 0.3 micrometres; and (ii) a coarse particle mode with a mean-
mass diameter larger than 10 micrometres. Research, both from ground-
based sampling (4) and arborne sampling systems, shows the bimodal
distribution with a small fraction of the total mass (less than 10 per cent)
between 2 and 10 micrometres (5). Smouldering combustion releases several
times more fine particles than flaming combustion. The fine particles
account for up nearly 100 per cent of the mass of particulate matter. The
percentage of fine particles produced through flaming combustion ranges
from 80 per cent to 95 per cent depending on the turbulence in the
combustion zone and other factors. The smaller fine particles consist of 60
to 70 per cent organic carbon (4). Many known carcinogenic compounds are
contained with the organic carbon fraction. Roughly, another 2 per cent to 15
per cent is graphitic carbon and the remainder is inorganic ash material (6).
Particles are aso known to carry adsorbed and condensed toxic gases and
possibly freeradicals.

Polynuclear aromatic hydrocarbons

Polynuclear aromatic hydrocarbons (PAH) is one class of
compounds contained in the organic fraction of the fine particle matter.
Some of the PAH compounds associated with the particles are carcinogenic.
Benzo[a]pyrene, for example, is a physiologicaly active substance that can
contribute to the development of cancer in cells of humans. Examples of
PAH compounds are listed in Table 1 for prescribed fires in logging slash,
laboratory fires of pine needles, fireplaces, and woodstoves. Not all of the
compounds listed in Table 1 are of equal carcinogenicity. More data have
been developed for benzo[a]pyrene than other PAH compounds for smoke
from wildland fires. Ward et al (2) found for benzo[a]pyrene that emission
factors increased proportionally to the density of live vegetation covering the
prescribed fire units. This has not been verified for other ecosystems with
live vegetation involved in flaming combustion.
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PAH compounds are synthesized from carbon fragments into
large molecular structuresin low-oxygen environments, such as occursinside
the flame envelope in the fuel-rich region of the flame structure. If the
temperature is not adequate to decompose compounds upon exiting from the
flame zone, then they are released into the free atmosphere and condense or
are adsorbed onto the surface of particles. Many different combustion
systems are known to produce PAH compounds, and the burning of forest
fuels is documented as one of these sources. Little is known about
combustion conditions on wildfires, but recent experiments would suggest
that emissions are not that different from prescribed fires when burning
conditions are similar. Evidence suggests that for low-intensity backing
fires, theratio of benzo[a] pyrene to particulate matter is higher by almost two
orders of magnitude over that for heading fire (7). For wood stoves, a
relationship was established between burn rate and PAH production.
Specifically, as the burn rate increased, total organic emissions decreased,
but the proportion that was PAH compounds increased. DeAngelis et al (8)
found the PAH emission rate to be highest over atemperature range of 500°C
to 800°C. This would be consistent with the low-intensity backing fire
results of McMahon and Tsoukalas (7).

Carbon monoxide

Carbon monoxide is a colourless and odourless toxic gas. It is
produced through the incomplete combustion of biomass fuels. CO is
second in abundance to CO, and water vapour. Carboxyhaemoglobin is
created in the blood of humans in response to the exposure to CO, which
replaces the capacity of the red blood cells to transport oxygen. Generally, a
level of 5 per cent carboxyhaemoglobin results from three to four hours of
exposure to CO of concentrations of 35 ppm and may result in people
showing signs of disorientation or fatigue.
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CO is produced more abundantly from smouldering combustion of
forest fuels. Immediately following the cessation of flaming combustion,
maximum levels of CO are produced. This phenomenon coincides with
suppression activities, especially where direct attack methods are being used.

As the flames subside, CO is released at the highest rate and, typicaly,
continues at a high rate during the first few minutes of the die down period.
For fires burning under high drought conditions, the smouldering combustion
can be self-sustaining and consume deep into the duff and in some cases, soil
where the organic component of the soil makes up more than 30 per cent of
the total. Tremendous amounts of smoke can be produced under severe
conditions which is some times sustained for days and weeks.

Aldehydes

Aldehydes are compounds of which a few are extremely irritating to
the mucous membranes of the human body. Some, such as formaldehyde, are
potentially carcinogenic and in combination with other irritants may cause an
increase in the carcinogenicity of compounds like the PAH compounds.
Formaldehyde is one of the most abundantly produced compounds of this
class and is released proportional to many of the other compounds of
incomplete combustion. Formaldehyde is transformed rapidly to formic acid
in the human body with formic acid being removed very slowly.

Acrolein is also known to be produced during the incomplete
combustion of forest fuels. Acroleinisknown to effect respiratory functions
at concentrations as low as 100 ppb. Studies of pathogenesis in rabbits
exposed to smoke from low-temperature combustion of pine wood suggest
that low-molecular-weight aldehydes, including acrolein, are the most likely
agents of injury. The ability of scavenger cellsin the lung to engulf foreign
material of bacteria is decreased through exposure to aldehyde compounds,
which may accentuate infections of the respiratory system. Acrolein may
have a high likelihood of making a discernible addition to the irritant
character of smoke near firelines, and its concentrations could be as high as
0.1 to 10 ppm near fires.

Aldehydes as a class of compounds have been difficult to quantify for
forest fires and there are still many issues to be worked out. Some recent
research by Reinhardt et al (9) suggest that acrolein is produced proportional
to formaldehyde. On the other hand, Y okelson et al (10) using a very straight
forward analytical technique were not able to identify acrolein in as high a
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concentrations as those reported by Reinhardt et al (9) and in much less
abundance than formaldehyde.

Organic acids

Organic acids are known to form from the combustion of biomass
fuels. Yokelson et al (11) and McKenzie et al (12) have recently made
significant progress in characterizing some of the emissions of organic acids
including acetic and formic acid finding molar ratios to CO of 7.4+6.2 and
1.5+1.5, respectively. Through the application of the molar ratios of
different air toxic compounds to CO, McKenzie et al (12) reported possible
exposure levels that were well below the allowable time weighted averages
(TWA'’Ss) based on a peak exposure of firefighters of 54 ppm [based on
Reinhardt's et al (9) datafor peak exposure]. No single compound is present
at a hazardous level except for vinyl acetate and 2-furaldehyde, which are
suspected carcinogens (Table 2). It should be noted however, that the
synergistic effects of some or all of these compounds and others have not
been determined.

Semivolatile and volatile or ganic compounds

Semivolatile and volatile organic compounds in smoke contain a wide
variety of organic compounds, many with significant vapour pressures at
ambient temperatures. Some compounds are partitioned between the gaseous
and liquid or solid phase at ambient temperature; e.g., benzene, naphthalene,
toluene. Fires are known to produce a variety of these types of compounds,
but little characterization work has been done. The phenolic compounds are
important because they contain compounds that are very strong irritants and
are abundantly produced from the partial oxidation of cellulosic fuels.
Various phenolic compounds are used as starting materials in the manufacture
of resins, herbicides, and pharmaceutical products. Other PAH compounds
of low-molecular weight are contained with the semivolatile class of
compounds. Because of the volatility and in some cases reactivity of these
compounds, special sampling protocols are required including charcoal
adsorption, porous polymer adsorption, and whole-air sampling. These
materials are difficult to sample, and surrogate methods are needed for
correlating exposures of the more volatile materials with the semivolatile
components. Methane and carbon monoxide gases are often produced
proportional to other products of incomplete combustion and may serve as
indicators of their abundance.
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Free-radicals

Free-radicals are abundantly produced through the combustion of
forest fuels. The concern lies with how long these materials persist in the
atmosphere and their reactivity when in contact with human tissues. Most of
the chemical bonding is satisfied through recombination of free-radical
groups by condensation within the few seconds of time it takes for the
mixture of gases to exit from the flame which should reduce the overall
toxicity of the smoke. However, some free-radicals persist up to 20 minutes
following formation and may be of concern to people exposed to fresh
aerosols. How much of the organic material remains in a reactive, free-
radical state isunknown.

Ozone

Ozone concentrations close to fires that are high enough to be
concerned about would not be expected. Ozone is formed photochemically
near the top of smoke plumes under high sunlight conditions. Generaly,
ozone is formed in situations where smoke is trapped in valleys or under
temperature inversion conditions of the atmosphere, or both. Fire crews
working at high elevation locations may encounter elevated levels of ozone.
Any effort to characterize exposure of people to smoke from vegetation fires
must account for the potential exposure to ozone in areas where personnel
are working at elevations close to the top of the atmospheric mixing layer.

RATIOSOF TOXIC AIR POLLUTANTSTO CO, CH4, AND PM3 5

In performing a risk assessment and establishing the relative
importance of different compounds from a human health standpoint, a method
Is needed to estimate the exposure levels based on the measurement of CO
and/or PM. Many of the compounds discussed are very difficult to measure
which makes breathing space sampling nearly impossible for most of the
toxic air compounds. Correlations of toxic air compounds to CO, CH,, and
PM , 5 has proven to be an effective way of estimating the release of a
number of compounds (11-13).

If this method is to be used, then it is important to give “safe-side”
estimates or to use very specific information for the phase of combustion
producing the smoke of concern. For example, ratios of benzo[a]pyrene to
CO and/or to PM for different fuel types show a significant difference
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between flaming and smouldering combustion and fuel type (Table 3). There
Is amost an order of magnitude difference between emission ratios of
benzo[a]pyrene to CO for flaming in comparison to smouldering ratios. An
average weighted emission ratio can be calculated based on the percentage of
fuel consumed by phase of combustion producing the emissions contained
within the breathing space. This can be done by assuming, for example, that
the emissions along the fireline consist of 10 per cent from vegetation
consumed during the flaming phase, 70 per cent for the first smouldering
phase and 20 per cent for the fina smouldering phase. The results are
Illustrated in Table 3. On the other hand, emissions released through flaming
combustion are generally accompanied by the release of significant heat
which lofts the emissions through convective forces acting on the smoke
plume. Most of the emissions near the surface may be produced through
smouldering combustion. It is recommended that emission ratios for
smouldering combustion be used for assessing exposure, except for those
conditions where 75 per cent to 80 per cent or more of the fuel is consumed
through flaming combustion.

CONCLUSIONS

1. The mixture of particles, liquids, and gaseous compounds found in
smoke from wildland firesis very complex. The potential for adverse
health effects is much greater because of this complex mixture.

2. The particles are known to contain many important organic compounds
some of which condense to form tarry droplets over a substrate
material of ash or graphitic carbon or both.

3. The size distribution of smoke particlesis such that alarge percentage
arerespirable.
4. Gaseous compounds in the air adjacent to fires in association with the

particles include carbon monoxide, methane, oxides of nitrogen and
many organic compounds - some of which are carcinogens and many
of which areirritants.

5. Other semi-volatile compounds have a significant vapour pressure at
ambient temperature and pressure which results in a gas phase
emission and many of these compounds to be important from a health
standpoint, but have not been adequately quantified.
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6. With the data available today, we still do not know what the overall
toxicity of smoke is from wildland fires or how this toxicity varies
fromfiretofire.

7. The large variance in the concentration of smoke needsto be evaluated
to assessthe level of exposure and risk to humans.

8. The new USEPA PM, 5 air quality standard is designed to protect
human health and suggests that health is most at risk from particles
lessthan 2.5 um in diameter.

9. Along with the combustion products is the dust, heat, and remoteness
of many of the wildland fires making exposure to humans difficult to
assess. The fire, fuel, and weather vary continuously, which changes
the fire dynamics and the dilution occurring over time and space.
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Tablel
Comparison of polynuclear aromatic hydrocarbons from four sources: (i)

prescribed firesin logging slash in western Washington and western Oregon (2);

(ii) pine needle litter fuel of southeast Pinewood (7); (iii) fireplace emissions
testswith green southern pine wood (8); and (iv) woodstove emissions tests with

green southern pinewood (8). Carcinogenicity isfrom National Academy of
Sciences (23) and is coded asfollows: “-" isnot carcinogenic; “+” isuncertain or

weakly carcinogenic; and “++" or “+++” isstrongly carcinogenic

Logging slash Pineneedles Fire Wood Carcino-

Compound (mean+SD) (mean+SD) places soves genicity
(ug of compound per g of particulate matter)
Anthracene/phenanthrene 42429 185+72 575 6345 -/-
M ethylanthracenes 61+38 NA 692 3147 NA
Benz[a]anthracene/chrysene  17+8 43+25 117 2276 +/+
1,2-benzanthracene 17+8 NA NA NA +
Chrysene/triphenylene 20+11 NA NA NA NA
Dibenzanthracenes/ NA NA 4 3 NA
Dibenzophenanthrenes
Fluoranthene 47+23 51+29 125 1153 -
Benzofluoranthene NA 11+11 133 865 NA
Benzo (ghi) fluoranthene 11+5 NA NA NA -
Benzo (a) fluoranthene 7+4 NA NA NA NA
Benzo (b) oranthenes 2619 NA NA NA ++
Benzo (j) oranthenes 26+9 NA NA NA ++
Benzo (k) oranthenes 2619 NA NA NA -
Pyrene 42424 73+46 133 1153 -
Benzo(a)pyrene 13+14 32 NA NA +++
Benzo(e)pyrene 13+5 6+3 NA NA -
Benzopyrenes/perylene NA NA 117 578 NA
Perylene 312 2+2 NA NA NA
Indenopyrene 13+14 NA NA NA NA
Indeno(1,2,3-c,d)pyrene NA NA NA NA +
Anthanthrene/dibenzopyrene 618 NA 8 1 -
Benzo[ghi]perylene 15+19 NA 117 288 -

NA: Not avalable
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Table2

Listing of ratios of toxic air pollutantsto CO determined for a variety of fuel
types. The bold type valuesin column 3 are the ratios recommended for usein
making risk assessments and are calculated from the highest 1 to 3 values listed
for each compound in column 2.

Literaturevalues

Valuesto beused for risk
assessment

mean molar ratioto CO (x10°)

mean molar ratio to CO (x10

’)

5-methylfuraldehyde

2acetylfuran
Phenol

o-cresol
m/p-cresol
Guaiacol
4-methylguaiacol
Vanillin

Acetol

Vinyl acetate

2-cyclopenten-1-one

Acetic acid

Formic acid

Propanoic acid
3-oxobutanoic acid
Methanol
Methane

Ethane

Ethene

1.50+0.93*2
0.30+0.19*?
0.33+0.16"2
0.32+0.2*2

0.27+0.13*?
0.52+0.25*?
0.17+.081*2
1.00+0.83"2
0.50+0.57*2
1.20+1.7%?

1.70+2.1%?

0.20£0.13*?

7.406.2%7; 22.6,870+6.1"%;
1.60+2.4“9:8.00+4™";
3.20+0.4";2.60+6.8""

1.50+1.5%2;1.6"9;

9.1%Y: 2.60+£29:

0.17+0.27%9; 20047 ;
35.00+221"

0.39+0.19"?: 0.66'*
0.41+0.44*2

11.00+9"?: 18.0*Y
29.00+11?; 55001; 83.4™:
4500+13"® ; 140,00+93":

58,00+18%% ; 71.00"¥; 91.00+3.1%Y;

76.00+13%

2.50+1.212): 9,419
4.00+1.4%9 : 6.80+5.22V
12,0092 135V
17.00+9.149; 12,00+8.7%

1.50+0.93*2
0.30+0.19"?
0.33+0.16"?
0.32+0.2*2
0.27+0.13"?
0.52+0.25"?
0.17+.081"2
1.00+0.83"?
0.50+0.57"?
1.20+1.7%2
1.70+2.1%2
0.20+0.13"?
7.40£6.2"Y 22 619; 8 70+6.1™°
12.1

9.1V ;35.00:22*"; 1.6
15.2

0.66"4

0.41+0.44"?
11.00£92: 18.0*Y
83.4"Y: 140,00+93";
91.00+3.14Y

104.8

9.4"9: 4,00+1.4'"® 6,80+5.2Y
6.7

12.00+9*? :13 51
17.00+9.118%®

14.2
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Table 2(continued)
Literaturevalues Valuesto be used for risk
assessment
mean molar ratioto CO (x10°%) mean molar ratioto CO (x10°%)
Glycol 10.8*" 10.8
Formaldehyde 17.3 17.3@
Ammonia 260" 26.01
HCN 4.0 4.0
1,3-butadiene 1109 1.109
Benzene 213" 2130
Toluene 1.79Y 1.79®
o-xylene 0.24% 0.249
m,p-xylene 043" 0.430
n-hexane 0.06" 0.06
Pyruvicaldehyde 629 6.2
Crotonic acid 0.2149 0.2144
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Table 3
Example of application of data for prescribed firesin the Pacific Northwest used
as an estimate of emissions exposur e of 10 per cent flaming, 70 per cent primary
smouldering, and 20 per cent secondary smouldering. Theratios can be
multiplied by the concentration of CO to calculate either B[a]P or PM exposure.
If only PM exposureisavailable, CO can be calculated and B[a]P estimated
along with other air toxicsfound in Table 2.

PM/C
Phaseof PM  B[aP  B[a]P/CO  B[a]P/PM 0

combustio
o (PPm)  (ug/m)  (ug/m’)  (ug/mppm)  (uglg)  (Hg/m?
ppm)
F 140 15740 01284  0.0009 8.2 1124
S| 113 8391 01608 00038 4238 743
2 26 1214 01024 00067 126.4 46.7
Weighted 98 7690 0.0040 56.1 782
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ANALYTICAL METHODSFOR
MONITORING SMOKES AND AEROSOL S
FROM FOREST FIRES: REVIEW,
SUMMARY AND INTERPRETATION OF
USE OF DATA BY HEALTH AGENCIES
IN EMERGENCY RESPONSE PLANNING

William B. Grant

NASA Langley Research Center
Atmospheric Sciences Division
MS401A

Hampton, VA 23681

USA

EMISSION AND TRANSPORT

Forest fires result in emission of range of gases and aerosols which
can travel thousands of kilometers from the fire. A pair of field experiments
conducted in 1992 serve to illustrate both the emissions and the species
received downwind of the fire: the South Tropical Atlantic Regional
Experiment (SAFARI) was conducted in Africa from mid-August to mid-
October; the Transport and Atmospheric Chemistry Near the Equator--
Atlantic (TRACE-A) mission was conducted from mid-September to late
October over Brazil, Africa, and the South Atlantic (1).

Anderson et a (2) discuss aerosols emitted from biomass burning in
Brazil and Africa. Measurements were made using a passive cavity aerosol
scattering probe in the range from 0.1 to 3 microns, which is the range of
most interest in terms of human health effects. Near Ascension Island in the
South Pacific, fine aerosol number concentrations were found to be 200-300
per cm® in the lower 2 km. Nearer the source regions, fine aerosol number
concentrations greater than 1000/cm® were recorded. Aerosols may be the
greatest health risk from biomass burning at downwind locations.
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Blake et a (3) give concentrations for a number of hydrocarbons near
biomass burning sitesin both Brazil and Africa. While the concentrations for
each hydrocarbon are relatively low in the boundary layer, the aggregate for
hydrocarbonsis relatively high.

Cheng et a (4) measured CO, NO, NO, and O; in Edmonton, Alberta
in early June 1995 from a fire 300 km north of Edmonton. They found
significant enhancements of all species above their seasona climatological
means, with O, for example, reaching 92 ppb compared with a climatol ogical
mean of 24 ppb. These readings are especially significant given the fact that
the back trgjectory calculations indicate that the smoke travelled about 1000
km to reach Edmonton. Among the hydrocarbons, alkanes had the highest
concentration.

Browell et al (5) used an airborne UV differential absorption lidar
(DIAL) system to measure ozone and aerosol profiles above and below the
NASA DC-8 used in TRACE-A. The African plumes had both aerosols and
ozone, while the long-distance Brazilian plumes had only ozone, since the
process of convective lofting of the plumes stripped the aerosols out.

Gregory et a (6) discuss the chemical characteristics of tropical
South Atlantic air masses arising from biomass burning. They point out that
ratios of short- to long-lived species can be used to determine the
approximate age of the air mass. For example, the ratio of acetylene (GH,)
to COis>3for air lessthan 1 day from the source, approximately 1.5 for 3-5
days, and <1 for >5 days. Such information might be of use in determining
the source region for forest fire plumes.

Hao et al (7) measured the emissions of CO and various hydrocarbons
from firesin savannas in Zambia and South Africa. They found CO to have 19
times the emission rate of methane, and ethene to have 23 per cent of the
emission rate of methane. Other hydrocarbons were emitted at less than 10
per cent of the methane rate, with ethane (C,Hg), ethyene (C,H,), and propene
(C5Hg) each being emitted about 7 per cent of the methane rate. This
information is useful in determining which hydrocarbons to measure, should
hydrocarbons be of interest.

Singh et a (8) discussed the impact of biomass burning emissions on
the reactive nitrogen and ozone in the South Atlantic troposphere. They found
0zone mixing ratios enhanced by about 20 ppb above the marine boundary
layer (MBL). The South Atlantic is different from land masses in that the
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MBL isrelatively stable while the BL over land masses is turbulent and more
rapidly mixes with air aoft. Thus, enhancement of ozone should be
considered an important consequence of biomass burning.

INSTRUMENTS

The measurements of interest are the following:

1 - meteorological parameters;

2 - aerosols:
a- aerosol loading at the surface
b - visibility

C - aerosol loading above the surface

3 - molecular species
a-Co
b - ozone
¢ - hydrocarbons

M eteor ological parameters

It is important to include meteorological information in any analysis
regarding the transport of smoke from forest fires and other biomass burning.
Such factors as wind speed and direction at a number of atitudes, the
existence of low- and high-pressure regions, cloud cover, precipitation,
temperature (surface and profile), etc., al play important roles in the
transport and transformation of aerosols and gases from burning regions.
Most likely, meteorological stations aready exist throughout much of the
regions that are of interest. The existing stations should be identified and
compared with the network required that would best provide the information
useful in studying transport, and any gapsidentified.

Campbell Scientific, Inc. manufactures weather stations. Didcot
Instrument Company Ltd. aso manufactures a small automatic
meteorological station. It measures wind, solar radiation, air temperature and
humidity, net radiation, and rainfall.

Handar manufactures weather stations with a number of sensors. Met
One Instruments manufactures weather stations with a number of sensors.
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Their system is caled MicroMet Data System, and includes MicroMet Plus
software; and sensors are available that measure wind velocity, solar
radiation, temperature, relative humidity, dew point, precipitation,
evaporation, barometric pressure, soil water potential, and leaf wetness.

Vaisala manufactures an automatic weather station (MAWS). It can
measure wind, relative humidity, temperature and pressure; and sensors are
also available for measuring global solar radiation. It hasamass of 15 kg, can
be set up on atripod, and has a RS-232 output port for transmitting data to a
remote location.

Visibility

One additional factor of particular interest isvisibility. Most likely, it
Is determined by manual observations. However, such measurements are not
possible at night. There are el ectro-optic techniques for measuring visibility,
generally involving lasers, which could be installed at a few sites if deemed
important enough.

Belfort Instruments manufactures avisibility sensor, Model 6210. It is
a point monitor that uses a xenon flashlamp and measures forward scatter
from aerosols to determine visibility. It can measure visibility over a range
of 5m to 50 km.

Handar manufactures a visibility sensor with a visibility range from
0.25to 30 km.
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Vaisala manufactures the PWD11 which emits laser radiation and
senses forward scattering a few cm from the laser. It can measure visibility
in the range from 10 m to 2000 m, as well as amount and type of precipitation
with a sensitivity of 0.1 mm/hr. They also manufacture the FD12P Wesather
Sensor which isalarger version of the PWD11, and can measure visibility up
to 50 km and detect precipitation down to 0.05 mm/hr.

Aerosols-in situ

AlIRmetrics manufactures a MiniVol Portable Air Sampler. It is
lightweight and compact and can run off a battery or AC power. It can sample
ambient air for particulate matter [total suspended particulates (TSP), particle
mass concentrations for particles less than 10 microns (PM,g) or 2.5
microns (PM,s) in diameter] and non-reactive gases such as CO and NO,.
The system makes up to six "runs" at atime over a period of up to 24 hours or
aweek. Ambient air is pumped through the unit at a rate of 5 liters/minute.
For TSP, filters are used. For PM;, and PM, 5, impactors are used. For
gases, 6-liter Tedlar bags are used. The advantages of this instrument include
that it islightweight and portable, can operate using a battery, and isrelatively
inexpensive. The disadvantage is that the material obtained by the unit must
be collected and analyzed in a laboratory with the proper anaytica
equipment, such as highly accurate balances. This instrument may be more
suited to industrial site evaluations than to monitoring of forest fire
emissions.

Met One Instruments, Inc. manufactures aerosol mass monitors. The
Beta-Attenuation Mass Monitor, BAM 1020, uses beta rays from *C (60
ng/m?) to measure the amount of aerosol collected on a filter tape in the
instrument. This model was shipped to Malaysia for instalation at various
sites. Another particulate monitor, Model GT-640, is a portable monitor that
can be used to measure TSP, PM,o, PM, 5 or PM4 . A laser optical sensor is
used to detect and measure particulate concentrations up to 1 mg/m® on a
continuous flow basis. It ismore commonly used than the BAM 1020.

Rupprecht and Patashcnick manufacture a line of aerosol samplersin
their Partisol line. The Model 2000 is manual, and can measure PM-10, -2.5,
-1 and total suspended particulates (TSP). The Model 2025 automatically
changesthefilter.

Aerosols - remote
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Handar manufactures a ceilometer that measures cloud heights to 8
km, and can, most likely, be used for aerosol plume measurements aswell.

Vaisala manufactures a laser cellometer, Model CT25K. It transmitsa
laser beam and detects backscatter up to 7.5 km above the surface. The
wavelength employed is 905 nm, and it is an eye-safe system. While it is
generally used at airports to detect cloud bottom heights, it can also be used
to measure aerosol profiles such as those associated with forest fire plumes,
and to monitor the transport of smoke plumes.

There are also lidar systems operating in such countries as Indonesia.

A lidar system is installed in Jakarta, where it has been used to monitor the
atmospheric boundary layer (9). Another advantage of lidar systems is that
they can give the top of the boundary layer as one of the measurement
parameters. This permits a determination of the total depth of the boundary
layer, which can be used to estimate the concentrations of pollutants trapped
in the layer: the thinner the layer, the higher the concentrations, other things
being the same. Of course, during the day, the top of the boundary layer
increases during daylight hours and decreases during non-daylight hours due
to solar heating.

Solar radiation

As mentioned above, a number of companies manufacture solar
radiation sensors, including Didcot, Met One Instruments and Vaisaa.

Yankee Environmenta Systems manufactures several instruments
which may be of interest in monitoring emissions from forest fires. Their
best known product is probably their ultraviolet pyranometer, used for
monitoring solar UV-B radiation reaching the surface (10). There are two
reasons why this instrument might be of interest here. First, smoke plumes
from biomass burning reduce UV-B radiation reaching the surface, so
monitoring UV-B is one way to determine whether smoke plumes are passing
overhead. Of course, such measurements would have to be augmented with
other factors such as time of day and cloud cover. Second, UV-B radiation
kills microorganisms, and there is reason to believe that reduced UV-B
radiation |eads to increased disease incidence in the tropics (11).

A second Yankee instrument of interest is the multi-filter rotating

shadow-band radiometer (12). This instrument is useful for monitoring
global, diffuse, and direct solar irradiance. It includes a rotating sun blocker
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which, when between the sun and the detector, blocks direct solar irradiance,
leading to a measurement of diffuse solar irradiance. The presence of an
aerosol plume would reduce the direct solar irradiance while increasing the
diffuse solar irradiance. Such a device might be quite useful in determining
the amount of aerosols overhead as well as determining the presence of
clouds. Broken or scattered clouds show up in the increased variability of
irradiance (13). The signals at the various wavelengths from 415 to 940 nm
can be used to determine the coarse aerosol size distribution. This would be
useful, for example, in separating out crustal material aerosols, which tend to
be large, from biomass burn aerosols, which tend to be small, especially near
the source region. This radiometer is fully automated and the data obtained
using it can be transmitted to a central location over a phoneline.

Solar Light Co. aso makes a sun photometer, which is a five-band
Instrument, and does not include the rotating shadow band. Thus, it is less
expensive. The instrument is similar to that used by Forrest Mims 111, since
he developed the prototype. In his report on using a 4-band sun photometer
(14), he describes a transect through a diffuse smoke plume obtained by
driving along a mountain road in Wyoming. The shortest wavelength (376
nm) measured over 4 times the optical depth (0.22) as did the longest
wavelength (1020 nm). Since the ratio of wavelengths was only 2.7, this
indicates the presence of fairly small particles, as expected from fresh
biomass burning aerosols. Had the optical depth scaled inversely with
wavelength, it would have indicated the presence of large aerosols.

Cimel Electonique manufactures the Cimel CD 318-2 Sun
Photometer. It is adirect solar-viewing photometer with filters at 440, 670,
870, and 1020 nm for measuring atmospheric aerosol optical thickness. It
has a filter at 936 nm for measuring atmospheric water vapour. It also has 3
polarized filters at 870 nm. It does not separate direct from diffuse radiation,
but is thought to be quite accurate for aerosol measurements. It has been
used quite successfully to invert data to obtain aerosol volume size
distributions from 0.1 to 8 nim with good accuracy (15). It has been adopted
in the AERONET programme (15), and is used in 167 locations worldwide as
of 1997. All dstes ae listed a the AERONET web site
(http://spamer.gsfc.nasa.gov). An advantage of adopting Cimel CD 318-2 Sun
Photometers is the ability to participate in the AERONET network and take
advantage of algorithm developments, etc., from others participating in the
network.
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Point monitors

Dasibi Environmental Corp. manufactures UV photometric ozone
analyzers. They use the 254-nm mercury line to monitor absorption through
a cell with ambient air, then compare these measurements to those with
ozone removed from the ambient air stream. They make two models, the
Series 1003, which is the basic instrument, and the Series 1008, which is a
microprocessor-based instrument.

Thermo Environmental Instruments makes a number of analytical
instruments that are useful for monitoring smoke emissions from forest
fires. One is a methane, non-methane analyzer. It uses the principle of gas
chromatography to separate the hydrocarbons, then a flame ionization
detector (FID) to measure the amount of hydrocarbons present. Methane,
being the lightest hydrocarbon, is the first one to emerge from the column.
After methane is measured, a valve is closed to reverse direction of flow in
the column, back-flushing the other hydrocarbonsto the FID. Thisinstrument
Is useful in regions closer to anticipated forest fire regions, since many of
the hydrocarbons are removed during transport. Hydrocarbons are of interest
for several reasons: they are indicators of forest fires, they have minor health
impacts, and they are precursors of ozone. However, in the tropics with so
many trees, photochemical production of ozone is probably limited by NO,
rather than hydrocarbons (16).

Ancther instrument manufactured by Thermo Environmenta is a
chemiluminescence NO-NO,-NO, analyzer. It can measure over the range
from sub parts per billion (ppb) to 100 parts per million (ppm). Ozone is
generated to react with NO and produce a characteristic chemiluminescence.
NO, is converted to NO in order to enable its measurement. It monitors
continuously with 10- to 300-sec averaging times, and can be accessed
remotely over telephone lines.

Thermo Environmental Instruments aso manufactures a UV
photometric ozone analyzer. It monitors continuously with a 20-sec
response time, and has a precision of 1 ppb. Use of the mercury line at 254
nm has become the standard way of monitoring ozone.

Finally, Thermo Environmental Instruments manufactures a gas filter
correlation CO analyzer. The gas filter has two components, one containing
CO, the other, N,. When the CO cdll is between the infrared source and
detector, a background signal is obtained, independent of CO. When the N,

93



Health Guidelines for Vegetation Fire Events, Lima, Peru, 6-9 October 1998.
Background papers
© WHO, 1999

cell isinserted, the signal increases, with greater increases corresponding to
lower CO concentrations. CO has a comb-like absorption band in the 4.6-
micron region which enables this approach to work well. The precision is
one per cent of the reading or 0.05 ppm, and the response time is 60 sec. It
monitors continuously and can be accessed over aphoneline.

Vistanomics, Inc. manufactures ozone badges that can be used to
measure persona exposure to ozone. The badge has a paper coated with an
iodine compound that changes colour upon exposure to ozone, similar to the
old potassium iodide wet chemistry approach for measuring ozone. After a 1-
or 8-hour exposure, the colour of the paper can be compared with the colour
set provided with the badge to determine the average ozone concentration
during that period. The badge measures in 40-ppb steps, so is a bit coarse.
However, since human health effects begin at levels above about 80 ppb, the
badge would be useful in determining whether levels adverse to health had
been reached. Geyh et a (17) describe a similar instrument that used nitrite
which reacts with ozone to form nitrate.

Networ k

Thus, there are a number of instruments which can measure pollutants
and meteorological parameters both in situ and remotely. There is probably
some redundancy, possible in the use of various instruments. Forest fires
generaly have emission factors for various pollutants that are closely linked
to each other; i.e., if one pollutant emission rate is known, a number of others
can be estimated fairly closely. Asaresult, not all of the instruments would
be required, and certainly not at each monitoring station. However, having
several, including redundant ones, would enable continuous monitoring even
when one or more instruments failed.

The value of monitoring increases considerably when the instruments

are integrated into a network of stations located between the likely fire

regions and population centres. Thisway, both the transport of the pollutants

and the concentrations or column loading of the pollutants can be determined.

In addition, by operating the stations prior to the burning season, background

levels can be determined, and the instruments can be brought back into
working order.

Networks of stations with meteorological instruments and some
pollution monitoring instruments are already set up in some southeast Asian
countries. Each country could be contacted to learn what is aready in place.
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INTERPRETATION AND USE OF MONITORING
DATA BY HEALTH AGENCIES

As discussed above, there are a number of analytical instruments that
can be used to obtain both in situ and remotely-sensed data on molecular
species and particul ates associated with forest fires that pose various degrees
of health risks, aswell as meteorological parameters. By having a network of
instruments, the emissions can be followed as they are transported towards
highly populated regions. By using a combination of sightings of fire and
plume locations and meteorological information that can be used for
forecasting future air mass motion as a function of altitude, the time of
arrival at the population centres can be estimated. Also, the loading can be
estimated so that more serious health risks can be assessed. By continuing to
monitor the molecular species and particles between the fire locations and
the population centres, information leading to estimates of the anticipated
changesin pollution loading in the population centres can be obtained.
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Once the health agencies have the information, what can they do with
it? First, they will have both real-time and advance information on the
concentrations of pollutants in the populated regions. They may also have
information regarding the expected duration and magnitude of the source
fires. They can assess which pollutants pose the most serious threat to health
and safety based on concentrations, expected doses, and health effects vs.
concentration and dosage. Since different pollutants have different impacts
on people; some acting through the lungs, with various short- and long-term
effects, and some affecting the eyes, the health agencies could determine
which impacts are most likely. Armed with information about the health
impacts of various pollutants as a function of concentration and duration, they
will be able to make estimates of how much pollution the people should
experience before, say, long-term adverse consequences ensue.

Second, they could make decisions to reduce the impacts of the
pollution. Perhaps, simple particle masks could be distributed. Perhaps
people should stay indoors if possible. Perhaps, they should not do strenuous
physical activity. Perhaps, as a long-term measure, buildings should be
equipped with air purifiers. Perhaps, airports should be closed if visibility
goes below safe levels. Perhaps, fossil fuel combustion in vehicles and for
power generation should be reduced in order to reduce total pollution levels.
All of these decisons would be made in an economic framework; i.e., if
serious adverse impacts were to ensue by shutting down production for two
weeks, the policy makers would probably elect not to shut down.
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Company contact infor mation

AIR metrics. 225 5th Street, Suite 501, Springfield, OR 97477, phone 541-
726-0560; fax 541-726-1205; sales@airmetrics.com, wWww.airmetrics.com

Belfort Instrument Co. 727 South Wolfe Street, Baltimore, MD 21231,
phone 410-342-2626; fax 410-342-7028.

Campbell  Scientific. Phone 435-753-2342; fax 435-750-9540;
webmaster @campbellsci.com; Campbell Australia. phone 61-77-254-100;
fax 61-77-254-155; csa@ultra.net.au

Cimel Electronique. 5 cité de Phalsbourg, Paris, France, cimel @worldnet.fr,
http://www.soton.ac.uk/~epfs/specs/cimel .html

Dasibi Environmental Corp. 506 Paula Ave., Glendale, Calif. 91201, phone
818-247-7601; fax 818-247-7614

Didcot Instrument Company Ltd. Thames View Industrial Park, Station Road,
Abingon Oxon, OX 14 3UJ, England, phone 0235-22345; fax 0235-553471.

Handar. 1288 Reamwod Ave., Sunnyvale, CA 94089, phone 408-734-0655;
fax 408-752-2272; Handar International, 5801 Lee Highway, Arlington, VA
22207, phone 703-53308753, fax 703-53303190.

Met One Instruments, Inc. 1600 Washington Blvd., Grants Pass, OR 97526,
phone 541-471-7111; fax 541-471-7116; http://www.metone.com,
metone@metone.com

Rupprecht and Patashnick. 25 Corporate Circle, Albany, NY 12203, 518-
452-0065.

Solar Light Co., Inc. 721 Oak Lane, Philadelphia, PA 19126, phone 215-927-
4206; fax 215-927-6347; info@solar.com, www.solar.com
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Thermo Environmental Instruments Inc. 8 West Forge Parkway, Franklin, MA
02038, phone 508-520-0430; fax 508-520-1460;
www.thomasregister.com/thermoenvrinstr (they also have an office in Kyoto
under the name of Thermo Electron Nippon Co., Ltd.)

Vaisada Inc. 100 Commerce Way, Woburn, MA 01801-1068, phone 781-
933-4500; fax 781-933-8029 (headquarters in Helsinki, Finland),
selwyn.alpert@vaisala.com

Vistanomics, Inc. 230 N. Maryland Ave., Ste. 310, Glendale, CA 91206-
4261, phone 818-409-9157; fax 818-409-9334.

Y ankee Environmental Systems, Inc. Airport Industrial Park, 101 Industrial

Blvd., Turners Falls, MA 01376, phone 413-863-0200; fax 413-863-0255;
info@sunlight, www.yesinc.com
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THE ROLE OF THE ATMOSPHERE IN
FIRE OCCURRENCE AND THE
DISPERSION OF FIRE PRODUCTS

Michael Garstang

Department of Environmental Sciences
University of Virginia

Charlottesville, Virginia

USA

SUMMARY

The large-scale atmospheric controls on the spatial and temporal
distribution of fires are discussed and related to a hierarchy of smaller scales.
Interactions between scales and between the fire and the atmosphere are
important in determining transport pathways and concentrations of fire-
generated products. Climatic change on a range of time scales is considered
in determining fire distributions. Sudden changes in climate are of particular
concern.

Long-range, large-scale transports of fire-generated products can be
calculated for prototypical conditions and used as guidelines for preparation
and emergency planning. Methodology for the computation of trajectories
and transports of particulates and trace gases are provided within a
meteorological framework of synoptic states. Both direct and indirect
recirculated products and concentrations are considered. A hierarchical
classification of global fire regimes is proposed as a basis for developing an
emergency response plan.

INTRODUCTION

An objective of this paper with respect to the WHO Health Guidelines
on Episodic Vegetation Fire Events is to provide both background as well as
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predictive information about the occurrence of large fires and the transport
of their products.

Atmospheric processes which influence the temporal and spatial
distribution of rainfal through the balance between precipitation and
evaporation, directly influence the occurrence, distribution and nature of
fires and their products. The occurrence of fire not only depends upon
climatic and more immediate weather conditions, but is strongly influenced
by the quantity and nature of the fuel availableto thefire. Thisfuel isinturn,
and in part, dependent upon climate. Feedback loops such as herbivory
intensify the interaction between climate, fire, and vegetation (1).

Fire occurs within the atmospheric fluid system. An intense heat
source, such as afire, at the base of a fluid can create its own “storm”. The
resulting heat-driven turbulence and convective motions interact with the
atmosphere’s fields of motion prevailing over the fire. The result can be
nonlinear and unexpected. Prediction of where and how fast the products of a
fire will go requires as complete an understanding of these complex
Interactions asis possible.

Fire and the distribution of products from afire, therefore, require an
understanding of processes in the atmosphere which range in scale from
motions occupying a significant fraction of the planet to motions on a scale
smaller than that of the fire itself. The large scales of motion in the
atmosphere such as the semipermanent subtropical anticyclones, occupying
most of a given continent, such as northern or southern Africa for much of a
season, represent potentially predictable, near steady state conditions.
Similarly, the large seasonal oscillations of the Australian monsoon represent
predictability in time and space of conditions both favourable and
unfavourabletofire.

Fire at agiven location, however, within these large-scale atmospheric
circulations, is dependent both at inception and in its subsequent behaviour,
on the interactions of a number of atmospheric scales of motion which range
downwards from the large planetary scale, through storm, sub-storm (squall
line), to convective (thunderstorm cloud), and turbulent scales. All of these
scales interact with each other and with the fire itself. Predicting or even
determining behaviour of a fire and its products depends on our ability to
understand these nonlinear processes. To do so precisely is not now
possible, nor likely to be so at any point in the future. Part of the behaviour
of the fire-atmosphere system will remain indeterminate, chaotic, and
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unpredictable. An attempt in this chapter will be to seek out the more
deterministic and predictable aspects of this complex fire-atmosphere
system.

CIRCUMSCRIPTION OF THE OCCURRENCE OF
FIRE AND THE DISPERSION OF FIRE PRODUCTS

Spatial identification of fire-proneregions

Few fires produce the widespread and serious conditions to human and
environmental health as did the fires over the Indonesian region in 1997. The
need exists to detect the occurrence of fires which are likely to pose
hazardous environmental heath problems. The first step towards detecting
seriousfiresisto identify globally vulnerable areas.

Fosberg and Levis (2) model fire upon climate in a framework shown
in Figure 1. Climate, in turn, can be described in terms of the large-scale
circulation fields of the globe. Figures 2 and 3 show the dominant large-
scale meridional and zonal circulation patterns of the atmosphere. When
these large-scale circulation fields are compared to global meridional
pressure and rainfall fields (Figure 4 a & b) near coincidence is seen between

upward motion, low surface pressure, and high annual rainfall;
and
downward motion, high surface pressure and low annual rainfall

(note that a paucity of measurements in high southern latitudes fails to show
the high zonal pressure over Antarctica). The wet regimes of Figure 4b
correspond to cyclone tracks along the corridors of the polar fronts in both
hemispheres and to the equatorial trough about the meteorological equator.
The dry regions correspond to the subtropical high pressure belts and the
polar highs. Based on these simple meridional fields alone, we would not
expect serious firesin either the wet or dry zones of the globe. Serious fires
are most likely in the margins of these zones where changes in precipitation
can be the greatest.

An important departure to this simple meridional model isto be found
in the zonal Walker circulations which are subject to reversal. The Low
Phase of the Southern Oscillation, with an accompanying El Nifio, results in
either the diminution of upward motions over the Maritime Continent, and
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over the Amazon and Zaire Basins or actual reversal of the vertical velocity
fields. A strong El Nifio event such as that of 1996/1997 may reverse the
upward motions of the La Nina creating sinking motions, persistent high

pressures, inversions, and drought conditions.

All of these conditions point to serious fire hazards and pollution
events, serving as a prototype example of fire-prone regions. Such fire-prone

regions are typically regions where:

the standard deviation from the mean of the rainfall is high;
dry or extremely dry periods can occur and wet years are

infrequent;
biomass and fuel levels can be high;

dry conditions are persistent in time, accompanied by large

scale sinking in the atmosphere;

large-scale sinking produces adiabatic warming and drying;
cloud cover is reduced or absent, solar insulation is high, and
with reduced water, conversion of solar radiation at the surface

to sensible heat resultsin high surface temperatures;

high daytime surface temperature produces enhanced buoyant

mixing and deep mixed layers;

large-scale sinking produces temporally persistent and spatially
extensive capping inversions which trap and concentrate fire

products,

polluted layers under persistent inversions
temperaturesin the layer, intensifying the inversion further; and
stratification of the atmosphere may lead to strong low-level
nocturnal winds which transport fire products over long

distances.
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Fire climatology documenting the distribution of large fires which
pose health and environmental hazards should be compiled and compared with
the above climatologically defined fire-prone regions. Satellite-based
remote sensing of fires can be employed to provide a global view of fire
occurrence and distribution. Figure 5 shows an example of the detail now
available from satellite remote sensors. Methodology will have to be devised
to identify the large fires which pose serious environmental threats,
separating these from the many smaller and less serious fires.

Global rainfal distributions provide an initial indication of the
transitional zones identified above as potential fire regions. Rainfal
variability in terms of departures from the mean represents a guide to regions
where serious fires are likely. Similarly, distribution of drought-prone
regions provide additional guidance to fire-prone locations. In each case
(rainfal, rainfall variability, and drought regions), consideration of fuel loads
are crucial to the actual fire potential of the region.

Time-Dependent Fire Regimes

Climate change research has identified a range of periodicities in the
system which have potential impact on the occurrence of fire (3, 4). The
absence of adequate understanding of the cause or even clear existence of
such periodicities should induce caution but not abstention from the use of
these indicators.

Long-term (thousands to millions of years) temperature and rainfall
records have been reconstructed for the earth (5). Inferences from such
records can aso be drawn regarding the strength and direction of surface
winds and the associated transports. These records |leave little doubt that the
earth has undergone major changes in climate ranging through wet, dry, cold,
and warm conditions. A model of an expanding and strengthened circumpolar
vortex with a corresponding weakening of the tropical easterlies has been
used to explain cool, dry conditions over the summer rainfall regions of
southern Africa (6, 7). A weakening of the polar vortex would have the
opposite effect. These changes in rainfall regimes occur on a global scale
appearing in al of the continents and in the maritime regions.

105



Health Guidelines for Vegetation Fire Events, Lima, Peru, 6-9 October 1998.
Background papers
© WHO, 1999

Davis et a (8) have found a statistically significant oscillation in the
strength of the Atlantic anticyclone over the past 100 years. Strengthening of
the anticyclone corresponds to strong zona (E-W, W-E) flow resulting in
wet conditions in the tropics and subtropics and dry conditions in
midlatitudes. A weakening of the anticyclone implies the opposite response
in rainfall. These periodicities must be clearly reflected in the temporal
changes of fire in temperate and tropical regions. Documentation of such
temporal trends could provide useful guidance for planning any response to
fires.

While much of the early climatological research suggested that
climate changes occur gradually over long periods of time, recent research
shows sudden discontinuous shifts from one level (of energy) to another (3,
4). Such sudden shifts in climate occurring in time intervals of less than a
decade must be taken seriously in any plan to respond to seriousfires.

Climate changes occurring on intermediate time scales ranging from
annual to about 100 years are becoming increasingly well documented.
Tyson (9) has documented a near 18-year periodicity in summertime rainfall
which is seen to occur in the subtropics on aglobal scale. The approximately
nine years of below and nine years of above average rainfall can depart from
the mean by as much as + 50 per cent. Such extended dry and wet periods
provide avaluable guide to the probability and nature of fire in each period.

Similar periodicities have been suggested for the strong El Nifio
events (10, 11). While uncertainties exist on whether and what periodic
functions may exist during the strong El Nifio events, observational systems
(particularly remotely sensed sea surface temperatures) provide excellent
day-to-day documentation of the temperature fields and their temporal and
gpatial changes across the tropical Pacific Ocean. These data provide the
basis for predicting potential fire conditions months in advance. Such
guidance should clearly be incorporated as part of the overall response plan.

Droughts which last for periods of less than one season can have
substantial influence on the occurrence of fire. Failure of the onset of rains
in a region with strong seasonal cycles trigger outbreaks of fire. Failure of
the onset of the summer rains in monsoon regions brings the risk of fire and
crop failures. Regions of the globe and times of the year of well-known
increased fire risks can be systematically documented. In cases of lack of
rain, conditions which amplify the risks of seriousfire include:
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vegetation isaready dry;

precursor cloud convection is frequently accompanied by
severe lightning;

clear (cloudless) skies and low moisture content enhance
nocturnal inversions and the occurrence of strong low level
nocturnal winds,; and

inversions in the atmosphere are strong, widespread and
persistent.

Particulate matter transport models

The transport of particulate matter as well as trace gases produced by a
fire is a highly scale-dependent phenomenon. The antecedent conditions
prior to the fire and potentially surrounding the fire after onset are governed
by large and synoptic scale atmospheric conditions. These conditions not
only influence rainfall, but control the three-dimensional velocity fields and
the thermodynamic structure of the atmosphere. The existence or absence of
vertical shear of the horizontal wind and the presence, intensity, height, and
thickness of temperature inversions influence where and in what
concentrations fire products will be transported.

Interactions of intense turbulent and convective circulations created
by the fire with the surrounding atmospheric environment will ultimately
dictate the transport patterns of arange of particle sizes. Large particles (>
100 um) will be elevated by the fire into the lower atmosphere. Transport
away from the fire will depend not only on the velocity and thermodynamic
fields of the atmosphere but also on the time of day or night. In the presence
of nocturnal jets with speeds in excess of 20 m s* at altitudes of 500 m or
less, particles of considerable size will be transported away from the fire.
Similarly, plumes of smaller particles can be transported up to 1000 km
during a 10-hour night in the presence of anocturnal jet of 25 ms™.

Vertical velocities within the fire can range between 20 and 40 m s™*.
A 20 m s upward velocity operating over 10 min will elevate materia to 12
km. While a number of factors such as dilution by entertainment of air
outside of the active fire plume into the plume will dilute and reduce such
upward transports, considerable uncertainty exists as to the mean or modal
height to which most of the fire products will be transported. Knowledge of
what this height is, is critical to determining where the fire plume will go.
The uncertainties are such that the best approach is to choose a range of
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heights above the fire and to calculate forward trgjectories. Based upon those
heights, a comparison between the trajectories and the observed (satellite)
smoke plume will provide an indication of the height of the core transport.

Long-range, large-scale transports

Calculation of long-range, large-scale transports from a fire depend
upon knowledge of the properties of the surrounding atmosphere. In many
locations where serious fires occur, information on the structure of the
atmosphereislikely to be lacking.

From the above discussion, it is recommended that the general
structure (wind and thermodynamic fields) be characterized according to the
dominant synoptic systems of the region [see Tyson et a (12); Garstang et al
(13, 14) for the procedures]. Such models of the dominant synoptic systems
will provide generalized information on the horizontal velocity fields as a
function of height and the vertical thermodynamic structure (presence of
inversions) of the atmosphere. Locations (heights) of the dominant
inversions should be considered when choosing the heights at which the
calculation of forward tragjectories should be initiated.

Prototype trgjectory calculations prior to and in the absence of fires
could be run for fire-prone regions at the times of year when fire hazards are
greatest. The “time of year” will dictate the most likely dominant synoptic
situation. Choice of such synoptic conditions will provide the framework for
trajectory calculations based upon actual meteorological conditions. These
prototype trajectories will provide guidance on the most likely transport
pathways, average transport velocities, plume heights and sizes, and potential
concentration levels of particulate material aong the transport pathway. The
occurrence and character of inversions present under the archetypical
synoptic conditions will be important in determining concentrations and
plume heights. Circulation patterns associated with the archetypical synoptic
system will govern the degree to which recirculation takes place.
Recirculation will influence the concentration, particle size distribution, and
elemental composition of the plume.

Kinematic trgectory calculations are recommended over other
(isobaric, isotropic, constant absolute vorticity) methods of calculating
trgjectories (15). The kinematic technique (as do all other methods) depends
upon knowledge of the existing meteorological fields. Provision would have
to be made to acquire large-scale numerical model generated wind fields,
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such as those produced by the European Center for Medium Range Weather
Forecasting (ECMWF). Such fields would be required for at least five levels
in the atmosphere (875, 850, 700, 500 and 200 hPa) every six hours. A point
of origin (geographic coordinates) would be chosen over the fire and forward
tragjectories at each chosen level would be calculated for as long as the fire
presented a hazard. Initial conditions would be chosen some five days before
the fire. Traectories would then be calculated for those five days using the
principle of Lagrangian advection. Horizontal (u,v) and vertical (w) wind
components at the starting point are used to compute a new downstream
location every 15 min. New trgectories would be started at least once per
day for every day considered. Astime progressed beyond the starting time of
five days before the fire, trgjectories would be accumulated. Vertical planes
normal to the trgjectory pathway such as illustrated in Figure 6, should be
constructed. The construction of the core transport is based upon a contour
enclosing 95 to 98 per cent of all of the trgectories striking a given plane as
illustrated in Figure 7.

Once the 95 or 98 per cent transport area has been identified on the
X,z planes norma to the trgectory pathway, a volume transport can be
calculated by multiplying the area in the plane by the transport velocity.
Volume fluxes may be converted to mass fluxes using information available
on concentrations in the plume. If successive measurements of
concentrations are available along the trgectory pathway then deposition
rates can be estimated.

Vertical distribution of the temperature and velocity fields
surrounding a fire will govern the degree to which recirculation of fire-
generated products will occur. Fire-prone regions and times of occurrence
of fires arelikely to coincide, dominated by anticyclonic circulation fieldsin
the atmosphere. Semipermanent anticyclones dominate fire-prone regionsin
the subtropics. Transient but often persistent high pressure systems are
typical of dry or drought and fire-prone states in mid-latitude forests. As
described above, sinking and warming air characteristic of high pressure
systems produces strong, widespread and persistent inversions. Under such
conditions, fire products are concentrated in stratified layers and trapped into
recirculating gyres which frequently bring fire products back to the vicinity
of their origin.

The trajectory methods described above and presented in greater detail

in Garstang et al (16) and Tyson et a (17) are capable of keeping track of the
recirculated material. Theindividual trgectories originating at the prescribed
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heights above the fire are tracked through each of the vertical planes erected
normal to their transport. The spatial and tempora location on the plane
(x,y,z,t) of each trgectory strike is noted. Forward traectory strikes are
distinguished from return trajectory strikes (see Figures 6 and 7). The
fraction (per cent) of return trgjectories is easily determined. An ensemble
of trgjectories calculated for a given fire over a period of time will alow the
percent return flow to be calculated. Extreme pollution events are often
characterized by such trapping and recirculation. It is thus, important to
determine whether such processes are at work.

Long-range, large-scale trgjectory calculations will provide general
guidance to the transport of material from the fire providing information on
the plume width, plume height, plume level, plume direction, and
concentration along the plume. If sufficient observations of concentrations
are available, the trgectory calculation will also provide an estimate of
deposition. The trgectory calculation will work best under conditions in
which atmospheric circulations are persistent or changing only slowly.
Clearly, the trgjectory calculation depends upon the existence of observations
and a model-generated database. The large-scale trgjectory calculation will
not be reliable under conditions in which marked weather changes are
occurring (thunderstorms, squall lines, cyclones, etc.). However, these
weather conditions may not be likely in locations where serious fires develop
or alternatively, if they occur, the fire will be extinguished. Because the
trgjectory calculation is based upon large-scale meteorological data, it cannot
depict smaller local scale processes. If, for example, because of say marked
terrain, local conditions dominate the situation, the above method is not
applicable.

Short-range mesoscale transports

Short-range mesoscale transports are dealt with in greater detail
elsawhere in this volume. Various transport models such as the HYbrid
Single-Particle Langrangian Integrated Tragectory (HYSPLIT) mode are
available to calculate transport and deposition from point sources such as
fires (18, 19). The trgectory model depends upon meteorological fields
which are generated from a separate mesoscale model. Choice of the
mesoscale model depends upon the location and observational data base
surrounding the fire and the local computational facilities available. Models
such as the RAMS (20) can be operated in complex terrain with sophisticated
inputs including the effects of vegetation. Other mesoscale models are less
complex but may not be capable of adequate simulationsin complex terrain.
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CONCLUSIONSAND RECOMMENDATIONS

The thesis developed in this chapter is that climate and weather play
important roles in the initiation, kind and consequences of a fire. To the
extent which this hypothesis is true, considerable advantage can be taken of
existing global climatological and meteorological knowledge.

It isrecommended that
a hierarchial classification of global fire regimes should be
constructed to identify fire-prone regions;
the classification should follow an atmospheric scale of
motion format from the planetary scale to the fire-generated
perturbation;
globa rainfall statistics be combined with the atmospheric
circulation fields and fire distributions to identify fire-prone
regions and times;
knowledge of periodic behaviour in climate be utilized to
identify time periods and locations of heightened firerisk;
large-scale trgjectory analyses be used to describe transport
patterns of fire products, plume size, height, and possibly
concentrations.

The purpose of the above recommendations is to provide a procedure
which anticipates regions and times of high fire risk, has a pre-constructed
framework of the meteorological conditions for any location where serious
fires occur, and a procedure for determining the large-scale transports
associated with any fire that should occur.

Measurements of fires on the ground, in the fire plume, and from
remote platforms are essential if an adequate job is to be done on describing
the hazard. Support for ground observations is necessary. Coordination with
space agencies capable of monitoring fires from satellites must be organized.

Coordination of global meteorological centres is required to ensure
that model generated data fields are available when required and that the
calculations using these data can be carried out.

Transport models should be clearly identified on two scales. long-
range and short-range. The model software should be acquired and tested.
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Increasing human populations increase the likelihood of fires and
certainly increase the probability of loss of life and property. Problem
regions where fire occurrence and population pressures coincide should be
identified. One of the most serious outstanding problems is that of adequate
measurements of particulates and trace gases in the immediate vicinity of the
fire and in the smoke plume. Support for adequate measurement programmes
including any emergency strike force will be difficult to come by.
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FOREST FIRE EMISSIONS DISPERSION
MODELLING FOR EMERGENCY
RESPONSE PLANNING:
DETERMINATION OF CRITICAL
MODEL INPUTS AND PROCESSES

Nigel J. Tapper
Environmental Climatology Group, Monash University,
Melbourne, Australia

G. DaleHess
Bureau of Meteorology Research Centre, Melbourne, Australia

INTRODUCTION

The last two years have seen many countries in South East Asia,
Central and South America severely affected by transboundary smoke haze
originating from uncontrolled forest fires, burning mainly in tropical forests
severgly affected by drought. The magnitude of these events was largely
unpredicted and unprecedented, and understandably governments were
anxious for advice about health impacts on their populations along with steps
that could be taken to mitigate the problems. In the absence of global
guidelines for dealing with such emergencies, the WHO is currently faced
with the difficult task of developing workable guidelines for dealing with
forest fire emissions and their impact on human health and well-being.

Almost certainly, implementation of guidelines relating to health
effects of exposure to emissions from biomass burning will involve the use
of atmospheric transport models (ATMs) that allow the ability to predict
impact areas and pollution concentrations downwind of forest fire source
areas. Current ATMs utilising numerical weather prediction (NWP) model
outputs have been developed to a high level of sophistication and can be
initialised and run at a range of resolutions for any location on the globe.
They can be used in the analysis and understanding of past events aswell asin
forecasting. Many countries affected by regional smoke haze from forest
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fires lack meteorologica and air quality monitoring and modelling
infrastructure. Atmospheric transport modelling based on NWP is clearly the
most useful approach to determine the local and regional impacts of forest
fires, particularly if the predictions are made readily accessible, most likely
through specialized meteorological centres located strategically around the
globe.

Since the Chernobyl nuclear accident in 1986, there has been a
growing interest in the long-range transport and dispersion of atmospheric
pollutants. The International Atomic Energy Agency (IAEA) coordinates the
response to nuclear accidents or radiological emergencies. Meteorological
support for these environmental emergencies is given through a network of
centres of the World Meteorological Organization (WMO), known as
Regional Specialized Meteorological Centres (RSMCs). There are now eight
centres (Toulouse, France; Bracknell, UK; Montreal, Canada; Washington
DC, USA; Mebourne, Australia; Tokyo, Japan; Beijing, China; and Moscow,
Russian Federation). Each centreisresponsible for the provision of advicein
the form of a basic set of products, which includes the prediction of
trajectories for releases at specified heights, atmospheric exposure and
surface deposition.

Volcanic ash is an environmenta problem that is a significant hazard
to aircrafts. Inasimilar fashion to the response for nuclear emergencies, the
prediction of the long-range transport and dispersion of volcanic ash is
performed at centres coordinated by the International Civil Aviation
Organization (ICAO).

Within the next year, al of the RSMCs will be able to respond to an
emergency situation located anywhere in the world. In addition to these
centres with global or hemispheric capability, there are many more centres
that can respond regionaly, that is, use limited area meteorological models
to provide input data for ATMs, and an even larger number of organisations
that possess ATMs. For example, the European Tracer Experiment (ETEX)
(1) evaluated 47 models, while in a previous evaluation, 22 ATMs were
applied using Chernobyl data (2).

A recent WMO Workshop (3) identified a range of meteorological
and other requirements to support the forecasting of smoke and haze that
could be divided into long-term and short-term. Long-term forecasts are
associated with improved predictions of climate variability, such as that due
to the El Nifio Southern Oscillation (ENSO). Short-term forecasts are
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closely linked to daily and shorter time-scale smoke trgectory and
dispersion forecasts. A number of limitations on the short-term forecasting
of smoke from ATMs were identified at that meeting; many of these are
elaborated later in this paper.

In this paper, we will focus on meteorologica and emissions data
available during forest fire episodes for input to ATMs, the output of which
could be made available to health agencies for emergency response planning
and decision making. Although ATMs can handle gaseous emissions, we
concentrate here on the particulate matter emitted from forest fires since this
apparently provides the greatest environmental and health impacts. It is
emissions from tropical forest fires that have been most problematic in
recent years.

Nature of current atmospheric transport models (ATMs)

The work of the RSM Cs has demonstrated the value of two modelling
techniques for planning purposes (4). The first technique is to compute the
tragjectories of air parcels. A "trgjectory" isthe path that an air parcel takes as
it is transported by the winds. The computation assumes that the three-
dimensional wind field is known accurately from NWP models, and that the
parcel follows the wind (that it is neutrally buoyant). Earlier work relied on
rawinsonde (instrumented balloons providing vertical soundings of
atmospheric thermodynamics and winds) data alone, but the accuracy of the
computations has been improved by the better temporal and spatial resolution
of NWP models. The use of NWP modelsto provide the datainput for ATMs
also permits forecasts of trgjectories whereas the use of rawinsondes does
not. The trgectory technique is conceptualy simple and requires only
modest computer resources. Trajectories can be run forward in time to
determine receptor areas, or backwards in time to determine the pollutant
source areas. In general, multiple trgectories are required because of the
variability of the wind field (e.g. the presence of vertica wind shear).
RSMCs use trgjectories released at three heights (500 m, 1500 m and 3000
m) above the source location. In regions of sparse data or atmospheric
complexity, the determination of the wind field is uncertain. The spread of
the end points of a number of trajectories released under nearly identical
(spatial and temporal) initial conditions is a measure of atmospheric
predictability. The larger the spread, the less predictable the atmosphereis.

The second technique isto use an ATM. This type of model is based
on the conservation of mass for the pollutant. The movement of the pollutant
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through the atmosphere as a result of the mean wind field (provided by the
NWP model) and turbulent mixing processes (parameterized in the ATM) is
balanced by the difference between the emission inputs and pollutant |osses
due to deposition by wet (precipitation) and dry processes (also
parameterized in the ATM). For species other than smoke, losses could also
include radioactive decay or change of chemical species.

There are two main modelling approaches used in ATMs; Lagrangian
models that follow the trajectories of segments, puffs or particles and
Eulerian models which solve the diffusion equation at every point on a fixed
grid. In Lagrangian models, the dispersion is accomplished by Gaussian (or
an equivaent probability function) diffusion for segments and puffs and by
Monte Carlo (Langevin-Markov) techniques for particles. For Eulerian
models, the dispersion is usually performed by first order turbulent closure
(transfer down the gradient), but higher-order turbulent closures could be
used.

For long-range transport, both the Lagrangian and Eulerian modelling
techniques provide similar results. The accuracy of the predictionsis highly
dependent on the NWP model input, particularly the moist convection and
precipitation fields, atmospheric stability (the intensity of turbulent mixing
depends on this quantity), the boundary-layer height (the value of this quantity
reflects the spatial distribution of turbulent mixing), and surface roughness
and topographical influences. Improving the NWP model data input,
initialization and physical parameterizations improve these factors. In
addition, the transport model requires good knowledge of the area of
emissions, the amount of material released, the initial height over which the
release occurs, and the equivalent particle size. For more sophisticated
modelling, knowledge of the emissions of a spectrum of particle sizes would
be required as well as information about coagulation and other physica
processes affecting deposition processes in complex ways.
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For emergency applications, ATMs are run off-line. For daily
predictions of events which have emissions over along period of time, such
asthefiresin SE Asiain 1997 and 1998, the ATMs may need to spun-up for
initialization. Questions of what spin-up time to use for the initialization of
the ATM and what averaging time to use can only be determined empirically
through model calibration and verification.

The use of limited area NWP models (LAMSs) allows increases in the
model resolution of wind field. In general, meteorological centres possess a
suite of models of different domain sizes and resolutions. Increased model
resolution input data for ATMs can produce better results, provided that the
frequency of input dataisincreased as well asits spatial resolution. For very
high-resolution NWP models, the physics of ATM turbulent mixing
processes change as the atmosphere goes from being quasi two-dimensional
In nature to three-dimensional. Also, the treatment of the rainfall changes
from being parameterized at larger spatial scales, to being explicit at smaller
gpatial scales. A third changein moving to higher horizontal resolution isthat
the LAM must then account for vertical accelerations and become non-
hydrostatic.

Verification of the general smoke pattern predicted by ATMs can be
performed using satellite and aircraft data. This is sufficient for relative
(qualitative) modelling. However, for hedth applications, quantitative
modelling may be needed. In this case, determination of emission rates as a
function of particle size, emission area, height extent and measurements of
airborne concentrations and surface depositions need to be performed, in
addition to smoke patterns derived from satellite measurements, in order to
initialize, calibrate and verify the model. Typica forest fire smoke
deposition velocities should also be determined experimentally.

Meteorological inputsfor ATMs

The input necessary to drive ATMs comes from NWP models. These
data are available on grids at regular temporal intervals in the form of direct-
access, fixed-length records, one record per variable per level. Some pre-
processing of the data is required. The data usually arrive in a compressed
form and must be unpacked. The map projection and the vertical coordinate
systems of the ATM and the NWP models often differ and interpolation to
the ATMs coordinates may be required.
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The basic fields required are the wind components (u, v, w) (although
the vertical velocity could be derived from the continuity equation if it was
missing, for example if rawinsonde data were used instead of NWP data),
temperature, height or pressure, and the surface pressure. For smoke
applications, it is also necessary to have the moisture and rainfall fieldsto be
able to compute the wet deposition. Other fields that are desirable, but not
essential, are the surface fluxes of momentum, heat and moisture.

Additional information is required to initialize the ATM. The starting
time, run duration time, number and location of sources, height of emissions,
emission rate, hours of emission, averaging interval, and the diameter, density
and shape factor of the particles or their deposition velocity are all required.
For applications other than smoke, a number of other quantities may also
need to be specified.

NWP models rely on data from a variety of sources, including the
synoptic surface network (wind, temperature, humidity, pressure,
precipitation), the ship surface network, pilot balloons, rawinsondes,
dropsondes, buoys, pilot reports (AIREP), wind and temperature profilers,
automatic sensing of winds and temperatures from commercial aircraft
(ACDAR, ASDAR, AMDAR), sadlite-derived temperatures (SATEM,
TOVS), moisture (HUMSAT), cloud-drift winds (SATOB), scatterometer
winds (ERS-2) and sea surface temperatures (SATOB-SST).

A data assimilation and analysis procedure is then employed which
accounts for the raw observations, their reliability (instrument error) and
representativeness and the state of the atmosphere (all the atmospheric
variables must be mutually compatible and must satisfy certain balance
conditions). The data are then analyzed onto a regular spatial grid at fixed
times. Even with al of these sources of data, there are still regions of the
atmosphere that are sparsely covered, such as at the equator. The
introduction of pseudo-observations (PAOBS) and tropical cyclone
bogussing offers some help here.
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The RSMCs, outside the South East Asia - Western Pacific region,
have the following suite of models that could be used to drive ATMs (1, 5, 6).
It should be noted that:

1. Model resolution is not a static quantity; Centres will increase their
model resolution as computer resources improve.

2. Specification of the resolution for spectral models is ambiguous. We
have used a linear grid estimate and have given the equatoria
resolution for the non-stretched global spectral models.

Canada:

Global, 21-level, T199 spectral model (resolution about 0.90 degrees, or
about 100 km); LAM, 28-level, variable resolution, uniform resolution of
0.33 degree (or about 35 km) over North America and adjacent oceans, ATM
(7), Eulerian model, 11-levels, 150 km, 50 km and 25 km resol ution options.

China:

Global, 19-level, T106 spectral model (resolution about 1.7 degrees, or about
189 km); LAM, 19-level, 1 degree model (resolution about 91 km); ATM,
details not available.

France:

Global, 3-10 day forecasts, 31-level, T213 spectra model (resolution about
0.84 degrees, or about 93 km); Global, 0-96 hour forecasts, 27-level, variable
resolution, T521.5 spectral model over France (about 20 km), T42.5 over
New Zedand (about 250 km); LAM, 27-level, E66 model (resolution about
10 km); ATM (8), Eulerian model, 15-levels, 0.5 degrees (resolution about
40 km).

Japan:

Global, 30-level, T213 spectral model (resolution about 0.84 degrees, or
about 93 km); LAM, 36-level, 20 km resolution; ATM (6), Lagrangian
particle model, resolution about 0.84 degrees, or about 93 km.
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Russian Feder ation:
Hemispheric, 15-level, T40 spectral model (resolution about 4.5 degrees, or
about 350 km); LAM, 11-level, 50 km resolution; ATM, details not available.

United Kingdom:

Global, 19-level, 0.83 degrees latitude and 1.25 degrees longitude or about
111 km; LAM, 19-level, 0.44 degrees (resolution about 31 km); LAM, 31-
level, 0.15 degrees (resolution about 11 km); ATM (9), Lagrangian particle
model, variable resolution.

United States:

Global, 28-level, T126 spectral model (resolution about 1.43 degrees, or
about 159 km); Global, 42-level, T170 spectral model (resolution about 1.06
degrees, or about 117 km); LAM, 38-level, 48 km resolution; LAM, 50-level,
29 km resolution; ATM (10), hybrid Eulerian-Lagrangian model using
particles and puffs, variable resolution. (This model can be run via the
internet: http://www.arl.noaa.gov/ready/ hysplit4.html)

Australia

The Australian modelling suite is illustrated in Figure 1. The NWP
models available include the global model (GASP), which is a 19-level, T79
spectral model (resolution of about 2.25 degrees, or about 250 km at the
equator); the tropical limited area model (TLAPS) which is a 19-level finite
difference model with resolution of 0.75 degrees, or about 83 km at the
eguator; the mid-latitude limited area model (LAPS) whichisa19-level finite
difference model with resolution of 0.75 degrees, or about 83 km at the
equator; and mesoscale limited areas models (meso-LAPS) which are 19-
level, finite difference models with aresolution of 0.25 degrees, or about 25
km.

Because of increased computer resources from October 1998, the
resolution of al of the above models will be increased substantially. GASP
will become 29 levels, T239 (resolution about 0.75 degrees, or about 83 km
at the equator); TLAPS and LAPS, 29 levels, 0.375 degrees (resol ution about
42 km at the equator); and meso-LAPS, 29 levels, 0.125 degrees (resolution
about 12 km). The domain of meso-LAPS will be expanded to include all of
Australiain a single forecast (55 S - 0 S latitude, 90 E - 170 E longitude).
The ATM used in the Melbourne RSMC is a hybrid Eulerian-Lagrangian
model which uses puffs in the horizontal and particles in the vertical, and it
can be driven by any of the operational models described above (9). The
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resolution of the output concentration grid can be varied to suit the
application.

In addition to the RSMCs, a number of other countries possess global
meteorological modelsor LAMs. Some of these include:

The common ECMWF model:
Global, 31-levels, T213 spectral model (resolution about 0.84 degrees, or
about 93 km)

The common Nordic-Dutch-Irish-Spanish model called HIRLAM:
LAM, 31-levels, 0.5 degreesresolution, or about 50 km

Germany:

Global, 19-level, T106 spectral model (resolution about 1.7 degrees, or about
189 km); LAM, 20-level, 0.5 degree (about 50 km); LAM, 30-level, 0.125
degrees (about 12 km)

Brazil:
Global, 28-level, T62 spectral model (resolution about 2.9 degrees, or about
322 km); LAM, 42-level, 40 km

South Africa:
Global, 28-level, T62 spectral model (resolution about 2.9 degrees, or about
320 km); LAM, 17-level, 80 km

India:
LAM, 16-level, 0.5 degrees (resolution about 50 km)

Republic of Korea:
Global, 21-level, T106 spectral model (resolution about 1.7 degrees, or about
189 km); LAM, 23-level, 40 km resolution

Hong Kong:
LAM, 13-level, 1 degree (resolution about 100 km)
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Singapor €
Global, 16-level, T63 spectra model (resolution about 2.8 degrees, or about
312 km); LAM, 12-levels, 127 km resolution; 13-levels, 63.5 km resolution

Emission rateinputsand deposition ratesfor ATMs

Previous sections of this paper discussed the meteorological inputs
for ATMs in some details. To provide reasonable predictions of particulate
concentrations for assessment of health impacts, ATMs also require
knowledge of the area and location of emissions, the amount of material
released, the height of that release, and the equivaent particle size. In
addition, for more detailed understanding of health impacts and processes
such as settling velocity for deposition calculations, detailed particle size
distributions should be obtained. Unfortunately, it is in these areas that the
greatest uncertainty in air quality modelling for forest fires occurs.

Since the discovery of the importance of biomass burning, particularly
in the tropics, for global atmospheric chemistry (11), there has been a great
deal of work done on the nature and impacts of biomass burning in many parts
of the world. This is reflected in the very comprehensive review edited by
Joel Levine (12). Much of the work has been concerned with characterizing
emissions, emission factors, impacts and measurement systems at the global,
sub-global (eg. tropics), regional (eg. Amazonia, Southern Africa) and local
level. However, there is very little discussion of emission rates from
biomass burning in the literature. Our ability to reliably predict ground level
particul ate concentrations using ATMs running with NWP input islikely to be
severely constrained without such information. Whilst it is possible to
broadly characterize area emission rates based on published estimates of total
emissions over a period of time (for example a season or year) and area
burnt, this is likely to be very imprecise. Unfortunately, there are major
difficulties in overcoming this because emission rates are hard to
characterize, being dependent on many factors including fuel type, climatic
conditions and fire intensity (13).

Recently, the NOAA Air Resources Laboratory (ARL) (Web page
mentioned above under the United States ATM) has used published data for
tropical biomass burning (14,15) to calculate the amount of particulate
emitted per hectare of forest burning. Thiswas then used inthe HYSPLIT 4
ATM (10) for prediction of particulate concentrations downwind of firesin
South East Asia, Mexico and Florida. When the ARL ATM is operated for a
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major fire, source locations and areas are updated on a daily basis from
satellite imagery. ARL acknowledges the uncertainty of emission rates and
calibrate their ATM predictions of concentrations by balancing their
emission rate and their deposition velocity (particle size, density and shape)
assumptions to give approximately the same order of magnitude for predicted
concentrations as those determined by PM,, (sub-10 micron sized particles
which are of significance for human health) measurements at 10 m height.
They also compare predicted patterns and concentrations to satellite-
observed quantities. The quantitative predictions by ARL are the only use of
forest fire emission ratesin aregional ATM that we know of.

Although local burning experiments (16-18) can provide more precise
emission characteristics and rates, such information is of only limited use for
atmospheric modellers wishing to predict air quality downwind of a forest
fire, anywhere on the globe, in real time. The development of new satellite
remote sensing techniques based on improved sensors provides probably the
best possibilities for developing real time estimates of particul ate emissions.

Kaufman et al (19) describe a promising method for estimating the rate of
emission of aerosol and trace gases from fires based on the thermal radiation
emitted from the fires. It is assumed that the emitted thermal radiation is
proportional to the biomass consumed, and hence also to the emission rates
of aerosols and trace gases. The method therefore can distinguish between
smouldering and flaming fires, processes that are known to have different
emission ratios (13).

There is relatively little experimental information available about the
time evolution of particles in smoke plumes, including processes such as
coagulation and deposition. Hobbs et a (18) provided some results from
airborne remote sensing of a prescribed burn in the Pacific Northwest of the
USA. Taking HYSPLIT 4 as an example of a state-of-the-art ATM, the dry
deposition is determined either by a deposition velocity, or for particles, it
may be computed as being the equivalent to the gravitational settling velocity,
or it may be computed using the resistance method and information about the
surface (10). In the simulation of the South East Asian fires, they used a
deposition velocity of 0.004 m/s, typical of a 2.5 micron particle. Wet
removal for soluble gases and particlesis aso defined in HY SPLIT_4, where
particle wet removal is defined by a scavenging ratio within the cloud and by
an explicit scavenging coefficient below cloud base.
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EXAMPLESOF THE USE OF ATMSIN
REGIONAL FIRE STUATIONS

During August-October 1994, significant wildfires burning in Borneo
and Sumatra produced heavy smoke haze across much of Borneo and
Peninsular Malaysia, including Singapore. Particularly large fires occurred in
the area around Pangkalan Bun in Indonesian Kaimantan. Figure 2a shows a
composite of daily trgjectories (each starting at 00Z) for the period 10
September - 15 October, initialized at 950 hPa (500 m) above Pangkalan Bun.

These trgjectories show the 3-day forward motion of individual parcels of
air, with no attempt to show smoke dispersion or concentration patterns.
There appears to be two families of trajectories, with~50 per cent of the total
moving northwest over Singapore, Peninsular Malaysia and Sumatra, and the
remainder recurving in monsoon flow towards the Philippines. It would
appear that smoke entrained above Pangkalan Bun had a significant impact on
the observed severely degraded air quality of Singapore, Peninsular Malaysia
and Sumatra, although the latter location had forest fires of its own at this
time. Equivalent backward trgectories from Singapore (Figure 2b) provide
confirmation that the trade wind circulation is bringing smoke-laden air from
fire regions, with more than 50 percent of traectories passing over
Kalimantan during their 3-day track.

Plots such as those produced in Figure 2 suggest that monthly or
seasonal trajectory climatologies could be of value for risk assessment in
regions known to suffer regularly from forest fire smoke (eg. South East
Asia, Amazonia), especialy if they could be tied to cyclica drought
occurrences such as that due to the El Nifio Southern Oscillation (20).

In Figure 3, we present a calculation of the transport and dispersion of
smoke from the fires burning in Kalimantan, Sumatra, Irian Jaya and Papua
New Guineaduring October 1997. Thisfigureisintended to show the kind of
forecast that can be made when little information about the initialization is
known. The emissions rate and the height over which the emission occurred
were unknown. The emissions rate was set to unity (thus the resulting
concentrations will be relative, not absolute values). The smoke was assumed
as being released uniformly from the surface to 1000 m. The sources were
located by determining "hot spots' from images of the fires produced by the
NOAA-14 satellite. A deposition velocity of 0.001 m/s was used. No spin-up
was employed, but instead the concentrations were averaged over 48 hours.
The ATM was driven by the LAPS NWP model data.
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Figure 4 shows a schematic diagram produced by the Singapore
Meteorological Service, resulting from their analysis of the smoke pattern
given by NOAA-14. The satellite images differentiate between the smoke and
convective (water/ice) clouds to some degree, but often it takes careful
analysis by an experienced person to see the smoke pattern clearly.
Comparing the patterns given in Figures 3 and 4 shows agreement in the
major patterns. This agreement occurs in spite of the fact that the
calculations were averaged over 48 hours and the satellite scan was of the
order of 20 minutes. The pattern of the surface deposition of smoke
particles was similar to that for the airborne concentrations and is not shown.

Another comparison of predicted and observed smoke patterns is
shown in Figures 5 and 6. In this case, the moddl was spun-up for a day as
part of the intialization process. An attempt was made to produce absolute,
rather than relative predictions. The emission rate/hectare was estimated
from Levine (15) and the fire area estimated by NASA from satellite imagery.

It was assumed that the smoke was released uniformly between the surface
and 500 m. The resulting concentrations were averaged over 6 hours. Again,
the airborne concentrations and the surface deposition patterns were similar.
This time, we present the surface deposition pattern. The ATM in this case
was driven by the US global model data. Particles were assumed to be 2.5
micrometers in diameter to simulate PM, 5, and Stokian gravitational settling
was computed. The predicted smoke concentration at 10 m over Kalimantan
was several hundred micrograms per cubic metre. We also show the aerosol
index determined by TOMS in Figure 7. The predictions give reasonable
agreement with the limited observations that were available to us. The
relatively minor differences shown are an artifact of the difference between
times of prediction and observation, aswell as averaging period differences.

Our last example relates to situations where there is controlled
burning to reduce fuel loading. The Australian Bureau of Meteorology
provides forecasts twice a day for 18 prescribed sites in Western Australia.
The fire authority responsible for the burning wants to avoid smoke impacting
on populated areas. In Figure 8, we show the example of the 18 trajectories
initiated at 0300 UTC on 10 November 1997. Note in the upper left-hand
panel that two trajectories amost coincide, but one continues on to the
northwest and the other curves around towards the city of Perth. Thereis a
time difference when their geographical positions coincide that leads to the
later divergence of the trgjectories. Comparing the two traectories near the
centre of the upper right-hand side and the lower right-hand side panels, it is
observed that although they start at nearly the same place, one travels over the
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city and the other to the west of the city. In the upper two panels, it is seen
that those trgjectories that start north of the city travel eastward while all of
the others travel north or northwestward. These samples illustrate the non-
linearity and chaotic nature of atmospheric flow.

CONCLUSON

In this paper, we have reviewed the current status of ATMs suitable for
regional scale modelling and prediction of particulate pollution arising from
large-scale forest fire events. We believe that through the RSMCs and the
ICAO volcanic ash centres, there currently exists a global infrastructure
capable of undertaking smoke modelling in real time, and these centres
should be an initial focus of WHO's effort in this area. Additional modelling
capabilities and experience exist in various regional centres, for example in
Brazil, South Africa and Singapore. Whilst there is aways room for
improvement, current ATMs utilizing NWP inputs are well advanced in terms
of their meteorology. However, the required level of information on
emission rates from forest fires (in particular) and smoke deposition rates
for input to the ATMs is lacking. This is an area that must be quickly
addressed if a global capability to issue forest fire smoke predictions, which
give suitable guidance to health authorities and emergency management
planners, isto be rapidly achieved.

We recommend that WHO and ICAO collaborate with WMO to
coordinate the modelling effort to forecast the extent and concentrations of
smoke from large-scale fires likely to last for periods of several weeks. This
would include satellite measurements, surface and aircraft monitoring, in
addition to the modelling, in order to be able to initialize, calibrate and verify
the models. In South East Asia, the programme to address ASEAN Regional
Trans-boundary Smoke (PARTS) under the auspices of WMO is aready
beginning to develop an integrated approach. It would be helpful if a data set
suitable for initialization, calibration and verification of models were
collected and made available to the modelling community. Preliminary
efforts to develop such a data set have begun [through the WM O Commission
for Atmospheric Science (CAS)], but financia support is now required. In
their meeting early in 1998, CAS emphasised the importance of the
coordinating role of WMO in emergency response activities.
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Figure 1. Australian Bureau of Meteorology Numerical Meteorological Products
(NWP), September 1998
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Figure 2. Daily trajectoriesfor the period 10 September-15 October 1994.

(a) A composite of 3-day forward trajectories, startingat 950 hPa (500m)

Above Pangkalan Bun, Kalimantan. (b) A composite of 3-day backward
Trajectories ending at 950 hPa (500m) above Singapore. HYSPLIT_3
Trajectory dispersion model running on Bureau of Meterology TAPS data (20).
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Figure3. Therédative particulate concentrationsover South East Asia, 5-7 October 1997. An
example of forecasts able to be madewith littleinitialization information. Bureau of M eteor ology
LAPSdata, HYSPLIT_4trajectory dispersion model.
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Figure 4. Schematic diagram showing the distribution of smoke haze, 7 October
1997. Diagram produced by courtesy of the Meteorological Service, Singapore.
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Figure5. Ground-level particulate deposition over South East Asia, April 1998.
US global model data; HYSPLIT_4 trajectory dispersion model; emission rates
from Levine (15). Diagram produced by courtesy of NOAA Air Resources
Laboratory.
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Regional Surface Winds and
Observed Smoke Haze/Hot Spots over Cloud-free Areas
Issued at 06:00 PM on 1 April 98
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Figure 6. Schematic distribution of smoke haze over South East Asia, 1 April
1998. Diagram produced by courtesy of the Meteorological Service, Singapore.
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Earth Probe TOMS
Smoke over Indonesia for Mar 31, 1998

fierosol Index

Figure 7. Atmospheric aerosol index over South East Asia, 31 March 1998,
produced by TOM S satellite. Diagram produced by courtesy of NASA.
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W.A. Smoke trajectories from
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Figure 8. Smoke management using trajectory modelling. Eighteen smoke
trajectoriesinitiated at 0300 UTC, 10 November 1997. The small square near
the centre of the panelsindicates the city of Perth, the asterisks are the starting
locations and the other symbols are 6-hourly time markers. The large squares
are 1 degree by 1 degree.
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APPROACHESTO MONITORING OF AIR
POLLUTANTSAND EVALUATION OF
HEALTH IMPACTS PRODUCED BY
BIOMASS BURNING

Joseph P. Pinto and Lester D. Grant

National Centre for Environmental Assessment-RTP
USEnvironmental Protection Agency
Research Triangle Park, NC 27711

INTRODUCTION

Biomass burning is a persistent activity occurring throughout the
world. Biomass burning refers to the burning of live or recently living
vegetation to clear land for agriculture, plantations, and resettlement; for the
disposal of agricultural and domestic refuse; and as fuel for cooking and
heating. Intense forest fires can aso ignite subsurface organic soil
components (e.g., peat), which can continue to smoulder long after the
original surface fires are out. In many instances, biomass fires can result in
human exposure to high levels of various air pollutants. Among the air
pollutants (or their precursors) emitted from biomass fires that are often of
most concern for general population exposures are certain widespread
pollutants, e.g., particulate matter (PM), sulfur oxides (SO,), carbon
monoxide (CO), etc., typically found in urban air mixes, aswell asavariety of
other toxic metals and volatile and semi-volatile organic compounds (VOCs).

In general, comprehensive approaches intended to be standardized for
use in dealing with potential risks to public health of emissions from biomass
fires should include: (a) characterization of the magnitude and composition
of the emissions and their transformations during transport; (b) quantification
of resulting concentrations of toxic air pollutants in ambient air in popul ated
areas; (c) evauation of likely exposure scenarios for affected populations
(both indoors and outdoors); and (d) assessment of consequent health risks
posed by such human exposures.
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This paper first highlights, briefly, certain key types of health-related
information that can be useful in evaluating the potential health impacts of air
pollution resulting from biomass fires. It also provides an overview of
genera air monitoring approaches and preferred methods for monitoring
ambient concentrations of selected key air pollutants useful in evaluating the
effects of biomass fire emissions. Lastly, the methods employed and results
from a specific monitoring study designed to support assessments of health
risks caused by exposure to high air pollutant levels in areas affected by
biomass burning emissions (specifically in SE Asia) are also discussed as a
case study. This study, carried out in Indonesia and Malaysia during the haze
event of 1997 (1), focused mainly on measuring PM,, and PM,5
concentrations, and on characterizing the chemical composition of the
aerosol. The emphasis on measuring PM components arose because PM
levels were by far the most elevated compared to US values and the highest
air pollutant alert system values were obtained for PM,,, compared to the
other pollutants that were measured simultaneously with PM,,. Levels of air
pollutants in US cities are also presented as part of the case study to give an
Idea of what typical levels of these pollutantsin urban areas are with pollution
control measuresin place. These data can aso be used as background values
in estimates of health risks posed by exposure to aerosol components.

This paper does not address issues related to the atmospheric
chemistry or transformations of biomass burning emissions, nor on the use
of remote methods (e.g., satellite imagery) for monitoring the spread of
biomass burning plumes (i.e., as given in item (a) above). These issues will
be covered in other reviews. Methods for characterizing total human
exposure to biomass burning products and to other pollutants (i.e., asgivenin
item (c) above) in indoor and outdoor environments will also not be covered.

However, it should be noted that significant exposures to biomass burning
products occur in indoor environments in developing countries where wood
and other biomass fuels are burned for cooking and heating in an inefficient
manner (2). Thus, fully comprehensive evaluations of total human exposures
would also need to consider exposure to indoor sources.
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APPROACHESFOR EVALUATION
OF POTENTIAL HEALTH IMPACTS

Probably of most use, currently, in evaluating potential health impacts
of air pollution derived from biomass fires is the comparison of monitored
ambient air concentrations of toxic pollutants against already established
pertinent air standards or guidelines and associated air pollution alert system
levels, e.g., the US National Ambient Air Quality Standards (NAAQS) and the
associated Pollutant Standard Index (PSI) alert system, and/or World Health
Organization (WHO) Air Quality Guidelines.

Concern about health and welfare effects of exposure to ambient air
pollution levels led to the passing in 1970 of the US Clean Air Act to control
the levels of ambient air pollutants in the United States. The Clean Air Act,
which was last amended in 1990, requires the US Environmental Protection
Agency to set NAAQS for widespread ambient air pollutants considered
harmful to public health and the environment. The Clean Air Act established
two types of NAAQS. Primary standards set limits to protect public health,
including the health of sensitive subgroups of the general population such as
the asthmatics, children, and the elderly. Secondary standards set limits to
protect public welfare, including protection against visibility degradation, and
damage to aguatic and terrestrial ecosystems, agricultural crops, vegetation,
and buildings. The current NAAQS for the various “criteria’ pollutants are
shown in Table 1. The US Pollutant Standard Index (PSl) aert system has
been developed as a way to provide accurate, timely, and easly
understandable information to the public about the general health effects
associated with different pollution levels, and to describe the precautionary
steps that need to be taken if air pollutant levels rise into the unhealthful
range. The correspondence between pollutant concentrations, the NAAQS
and PSI valuesis shown in Table 2. It should be noted that the PSI value that
is reported does not include the combined effects of different pollutants;
instead the highest individual PSI value and the responsible pollutant involved
are reported.

Markedly elevated particulate matter (PM) levels are one common
feature of air pollution resulting from biomass fires and, hence, the typical
need arises to emphasize evaluation of potential PM-related health impacts as
a key part of any assessment of public health risks associated with any given
biomass fire situation. By far, the bulk of information concerning health
effects resulting from exposure to PM air pollution has been collected in
urban areas in Europe and North America. Severeair pollution episodes
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involving high PM concentrations, e.g., those that occurred in the Meuse
Valley, Belgium; Donora, Pennsylvania; and London, England (among others),
have been found to contribute to notable increases in mortality and morbidity.
The most notable episode in this regard occurred in London from
December 5 to 8, 1952 in which some 4000 excess deaths were recorded.
During this episode, peak citywide 24-h particle concentration (measured as
“British smoke”) was 1.6 mg/n, and the mean citywide daily smoke level
was approximately 1.0 mg/m®. The mean citywide sulfur dioxide
concentration was also over 1 mg/m® but the pesk 24 h average SO,
concentration was about 2 mg/n?®. The correspondence between smoke
measurements and the mass of suspended particulate matter (PM) is not
straightforward (3).

The high PM and SO, values that occurred during the above noted air
pollution episodes are generally no longer found in industrialized areas in
North America and Western Europe, but can still be found in Eastern and
Central Europe and in China. Also, high concentrations of PM, of about 1.6
mg/m® have been reported in the city of Jambi on Sumatra, Indonesia (4) in
the haze produced by biomass burning in 1997, and similar concentrations
were obtained in some Florida areas affected by forest firesin June 1998 (5).

By comparison, annual average PMj, concentrations in the United States
range from about 10 ? 9/m®in very clean wilderness areas to about 50 ? g/m?
In western US cities which are subject to dust storms and dust suspension by
traffic on paved or unpaved roads, agriculture and construction; and maximum
24-h average concentrations are typically factors of two to five times the
annual average vaues.

Although existing guidelines for evaluating the heath effects of
exposure to PM have been based on data collected in industrialized areas, it
should be noted that there are distinct differences in the composition and
toxicity of PM produced by biomass burning and fossil fuel burning (6). In
addition, the physical conditions which characterized the above-mentioned
urban episodes (i.e., acidic fogs and low temperatures) do not necessarily
apply to biomass burning episodes. Insufficient data exist to characterize
differences in mortality caused by exposures to these two types of PM
mixtures but, in general, emissions from fossil fuel burning and industria
operations appear to be more toxic than those from biomass burning (7).

Available data indicate that most of the particulate matter produced by
the combustion of either fossil or biomass fuels is found in particles less
than 2.5 micrometres in aerodynamic diameter (6). Recent research
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summarized in the USEPA report (6) has found evidence for small, but
significant, increases in mortality at much lower PM,, levels than in the
episodes mentioned above.

PM,, particles having aerodynamic diameters less than 10
micrometres (also known as thoracic particles) can be inhaled past the nose
and throat into lower respiratory tract areas, including the lungs. PM;q
particles consist of two main groups:

() PM, s particles having aerodynamic diameters less than 2.5
micrometres, and

(i) PM ., 5 particles having aerodynamic diameters between 2.5
and 10 micrometres.

PM, 5 particles are often referred to as “fine” particles, whereas PM,.
» 5 particles are often referred to as “ coarse” particles. They can reach lower
regions of the lung, and are of much concern with regard to a variety of
potential adverse health outcomes. PM, 5 in populated areas is composed
mainly of substances derived from high temperature processes (e.g.,
combustion of fossil or biomass fuels). PM,s in remote areas may be
produced by the oxidation of SO, or NO emitted by natural processes. There
may also be some addition of crustal materials from the coarse mode mixed
Into the PM, 5 size fraction. Coarse (PM,q.,5) particles include substances
such as suspended crustal material, plant and insect debris, mould spores,
etc., some of which may also be of health concern (e.g., they may exacerbate
asthma symptoms). The efficiency of penetration of particles of different
sizes deep into the lungs depends on the health status of the individual and his
(or her) ventilation rate. Increasing the level of physical activity and switching
from nasal to ora breathing results in increased ventilation rates and
enhanced delivery of inhaled particlesto lower respiratory tract areas.
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In addition to evaluating possible acute health risks in relation to the
total mass of PM,o and/or PM,, 5 particles, efforts should be made to assess
possible chronic heath risks associated with specific chemical
subcomponents of the aerosols resulting from biomass burning. This may
include the assessment of health risks associated with exposures to ambient
levels of trace metals and/or benzo[a]pyrene (BaP) or other polycyclic
aromatic hydrocarbons (PAHs) found often in fossil fuel or biomass
combustion emissions. Consideration should also be given to the assessment
of potential risks associated with other gaseous compounds often directly
emitted or formed as transformation products from precursors emitted from
biomass fires, e.g., carbon monoxide, nitrogen oxides, ozone, and/or various
volatile organic compounds (VOCs) such as xylenes, benzene or toluene
(so-caled “XBT").

AIR MONITORING APPROACHESAND METHODS

Under ideal circumstances, a monitoring network, which can provide
the necessary information about exposures to pollutants emitted by local
sources as well as from biomass burning emissions would already be in place
in affected areas. There are several genera considerations which should be
considered in the design of monitoring networks, e.g., the objectives of the
monitoring programme, the spatial and temporal resolution of the monitors
needed to meet these objectives, the specifications of performance of the
monitoring devices, the siting of the individual monitors, the management of
data, and the development of a quality assurance/quality control programme.
Meteorological parameters should also be monitored aong with air
pollutants. The criteria used for the placement of monitoring sites vary
according to the intended uses of the monitoring data. In many specialized
studies designed to evaluate the health effects of exposure to ambient air
pollutants, the general approach has been to site monitors within a variety of
environments in an urbanized, metropolitan area to obtain a clear picture of
the variability in ambient concentrations likely to be encountered by the
general population. Large urban areas also have a sufficiently large population
to be able to discern differences in health outcomes that are related to
variationsin air pollutant levels.
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Data collected by air monitors are meant to represent variations in
ambient concentrations over a range of separate spatial scales. The highest
concentrations of pollutants in an urban area are typically found close to
highways and major point sources (e.g., power plants, smelters, etc.), and
monitors located near these sources collect data meant to be representative
over spatial scales ranging from tens to hundreds of metres. Sites designed to
characterize exposures of the general population to ambient concentrationsin
environments ranging from residential-suburban to city centre obtain data
meant to be representative over spatial scales ranging from kilometres to a
few tens of kilometres.

Finally, sites designed to characterize background concentrations are
intended to obtain data meant to be representative over spatial scales ranging
from tens of kilometres to hundreds of kilometres. The microenvironmental
characteristics of any monitoring site must be evaluated to minimize the
effects of potential artifacts caused by nearby sources or by physical features
(e.g., overhanging tree limbs, close-by buildings, etc.), which may interfere
with the interpretation of the data. Methods are available for determining the
optimum placement of monitoring sites to meet the objectives given above
while minimizing the artifacts caused by nearby objects (8).

The spatial and time representativeness of the monitoring sites also
depends on the pollutant being measured. A number of studies (see e.g. (9))
have indicated that the spatial distribution of PM, s particles is relatively
uniform and the day-to-day variability in their concentrations tends to be
similar across a given urban area. This coherence in the PM, 5 data results in
part from long range transport from distant sources on spatial scales which
are much larger than the city under study and from widespread area sources
which exhibit similar temporal behaviour (e.g., motor vehicle traffic). PM, 5
particles also have an atmospheric lifetime (with respect to removal by wet
and dry deposition), which is long compared to the transport time across a
given urban area, leading to more complete mixing in urban airsheds.
However, coarse mode particles (aerodynamic diameters >2.5um) have much
shorter atmospheric lifetimes than PM, 5 particles and, as a result, are less
likely to be as evenly distributed across an urban area. These considerations
likely form the basis for the health effects associated with exposure to
ambient PM, demonstrated by epidemiological analyses using central site
monitorsin urban areas (6).

For the purposes of examining the effects of distant sources (e.g.,
biomass burning) on alocal population, at least one additional monitor should
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be placed at a site which is expected to be affected by the emissions before
they reach the urban study area. This monitoring site should be sited to
capture the effects of the pollution plume before additions from local
sources have occurred. Thus, the contributions from local sources can, in
principle, be separated from those of distant sources. Data from such a site
can also be used for health studies relating to the non-urban population. The
location of this site could be determined on the basis of calculations of the
most likely transport routes (i.e., climatological trgjectories) from fire prone
areas. However, the extent to which data collected by such a site can be used
to generate early warnings for the urban area can only be evaluated after the
most likely transport routes have been calculated. Inaddition, monitoring
should also be performed at a control site which is unaffected by either the
long range transport of the pollutants under study or high levels of local
pollution.

A quality assurance plan is essential for ensuring maximum credible
use of results of a monitoring effort. Elements which are included in the
development of USEPA quality assurance plans (10) relate to understanding
the objectives to be met by the monitoring programme, personnel training
requirements, sampling methods, sample handling, calibration standards, the
frequency of calibration of monitoring devices, external performance and
system audits, data acceptance criteria, data management and archiving, data
review and evaluation, and reconciliation of data reporting with user
requirements.

Monitoring of the pollutants shown in Table 1 is routinely performed
throughout the United States: to characterize trends in and the current status
of air quality; to determine compliance with the relevant NAAQS,; to evaluate
the effectiveness of control strategies; to provide data for atmospheric
modelling and health studies; and to provide timely warning to the public
before potentialy hazardous levels of pollutants are reached. Monitoring
requirements are met in the United States by using Federal Reference
Methods (FRMs) or designated equivalent methods. Methods accepted for
measuring PM;, are summarized in Table 3. These methods are also used in
many monitoring networks elsewhere in the world. Since the announcement
of NAAQS for PM, 5 on 18 July 1997, four manual FRMs for monitoring
PM, 5 concentrations have been developed. These are: BGI PM, 5 Ambient
Fine Particle Sampler (RFPS-0498-116); Graseby Anderson PM, 5 Ambient
Air Sampler (RFPS-0598-119); Graseby Anderson PM, s Sequential Air
Sampler (RFPS-0598-120); Ruprecht and Patashnik Partisol® FRM Model
2000 Air Sampler (RFPS-0498-117); and Ruprecht and Patashnik Partisol®
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Plus Model 2025 Sequential Air Sampler. Alist of Federal Reference
Methods and designated equivalent methods for the pollutants shown in Table
1 can be found on the USEPA website: www.epa.gov/ttn/amtic/criteria.html.

The principa FRMs for monitoring PM, s and PMj, involve the
collection of aerosol deposits on filter substrates. PM filter samples are
collected based on 24-hour sampling periods. The filters are weighed prior
to, and after sampling following equilibration under conditions of fixed
relative humidity and temperature for 24 hours. Timely information about
ambient levels for reporting to the public or for taking measures to protect
the public health cannot therefore be obtained by filter measurements
because of the constraints imposed by the long sampling and equilibration
times. For purposes of determining compliance with the NAAQS, particle
sampling is conducted using a schedule ranging from once per day to once
every six days in the United States. However, two automated methods are
capable of providing nearrea time, hourly measurements of PM
concentrations and have been designated as equivalent methods, based on
their performance in comparisons with FRMs (Table 3). These are the beta
gauge sampler (11) and the Tapered Element Oscillating Microbalance
(TEOM) method (12). Data collected using these methods are used to
calculate PSlI values in the United States in metropolitan statistical areas
whose populations are over 200,000. Such automated methods represent
feasible sampling techniques for operating an effective alert system.

It should be noted that both of these automated methods are subject to
artifacts which result from the heating of the inlets to temperatures ranging
from 30°C to 50°C (to avoid interference from the condensation of
moisture). The heating tends to drive off semi-volatile components such as
ammonium nitrate and some organic compounds. The magnitude of error in
the mass measurement, therefore, depends on the composition of the
particles that are being sampled, which in turn, depends on the nature of
contributing PM sources. Under same circumstances, then, the actual
ambient PM mass concentration may be underestimated by such methods
(unless site-specific calibrations against gravimetric measurements are
performed)—thus arguing for caution in ascribing precise quantitative
accuracy to the values obtained and associated PSI values.

In addition to determining the mass of particlesin the PM;, and PM, 5
size ranges, the composition of the ambient particles can also be determined
for estimating the potential consequences of long-term exposures to toxic
trace components. Thus, airborne concentrations of trace elements (e.g.,
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potassium, lead, etc.) and concentrations of total organic and elementa
(“black” or “soot”) carbon in the particles can be measured. Images of
particles on selected samples can be obtained by scanning electron
microscopy to provide additional insights about the sources of the particles.

The concentrations of PAHs in the gas phase and in the particulate phase can
also be measured. Methods of sampling and analysis for trace components
summarized in Table 4 (as employed in the SE Asia case study presented
later) have been used extensively by the USEPA (13-15) and are considered
to be EPA recommended methods. However, other sampling and analysis
techniques are in use by other governmental and non-governmental
organizationsin the United States and elsewhere.

Although the foregoing discussion focuses on techniques for sampling
and analyzing aerosol components, gaseous components also need to be
considered. As part of initial assessments, canister samples of gaseous
hydrocarbons of potential health concern (e.g., xylenes, benzene, and toluene)
should be obtained.

SOUTHEAST ASIA CASE STUDY

During the summer and autumn of 1997, uncontrolled biomass burning
in the SE Asia region (especialy in Indonesia) created a widespread, dense
smoke haze, which spread as far as the Philippine Islands to the northeast and
the SE Asian mainland (including areas of Vietnam, Thailand, and Malaysia) to
the north and northwest. As described in earlier reports (16, 17, 18), haze
episodes resulting from biomass burning have previously affected Malaysia,
Singapore and Indonesia. The 1994 haze event described by Nichol (18) was
associated with an El Nifio atmospheric pattern, as was the haze event of
1997.

The biomass burning in SE Asiaresulted in the exposure of millions of
people to potentially dangerous levels of pollutants during the 1997 episode.
At the height of the episode in late September 1997, the Malaysian Air
Pollution Index (API) reached values of over 800 in Kuching, Sarawak and a
peak API of 300 was reached in Kuala Lumpur, Maaysia. The high values of
the APl were caused in both places by elevated levels of suspended particles
in the air (as depicted in Figure 1 for Kuala Lumpur). Malaysian APl values
are analogous to USEPA Pollutant Standard Index (PSI) values, in that both
the APl and PS| value of 100 is assigned to the concentration of the 24-h
standards in the respective countries. In this case, the Malaysian 24-h PM,
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standard is equivalent to the comparable 24-h PM;, US National Ambient Air
Quality Standard (NAAQS).

Most of the data shown in Figure 1 for Malaysiawere collected during
the period of the southwest monsoon, which transported pollutants from
biomass burning areas in Kalimantan and in Sumatra. The peak PMy, level
measured by the Malaysian Department of the Environment (MDOE) during
late September, probably represents short-term incremental PM contribution
from the biomass fires of about 350 pg/nt above background PM levels from
sources in Kuala Lumpur, assuming that the urban background level could be
represented by the average PM;, level observed during November. However,
because of enhanced stability in the boundary layer during the haze, the
background PM levels resulting from the local, urban sources may have been
larger. The transition to the northeast monsoonal regime occurred in
November and was associated with lower PM concentrations. The levels of
other criteria pollutants during the period of the southwest monsoon were all
significantly lower with respect to either exceedences of the relative NAAQS
or to their API values. Corresponding values could not be shown for affected
areas on Sumatraor Kalimantan because of alack of reported measurements.
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Air pollution monitoring was conducted by USEPA from 2 to 11
November, 1997 in Petaling Jaya, several km to the southwest of central
Kuala Lumpur. Particle mass in the PM,s and PM;, Size ranges was
measured in Malaysia to provide an initial comparison with data obtained by
the MDOE. However, measurements of PM, 5 only were obtained at Shah
Alam. The period of measurement in Malaysiaisindicated by the bar |abelled
“EPA” in Figure 1. Samples were also collected from 4 to 8 November,
1997 in Palembang, and on the campus of Sriwijaya University (30 km to the
south of Palembang) in Sumatra, Indonesia, to obtain datain areas affected by
the haze in Indonesia and situated closer to the biomass fire sources. Aerosol
composition data in both countries were obtained using the methods
summarized in Table 4. The mix of sampling sites chosen in Malaysia and
Indonesia were similar (i.e., measurements were made in both countries at
urban sites and at more rural upwind sites). The upwind measurements were
meant to capture the composition of the particles transported from the
biomass burning before substantial additions of particles from local, urban
sources, while the urban measurements were meant to capture the
composition of the particles produced by local sources in addition to those
produced by biomass burning. The two sets of monitoring sites were
deployed along the prevailing wind direction in both countries (i.e., along the
Klang Valey in Malaysia, and south to north in Sumatra from Inderalaya to
Palembang in Indonesia). The general locations of the sampling sites and the
general meteorological and haze conditions during the period of sampling are
shown in Figure 2.

Thedaily 24-h PM;, concentrations obtained at Petaling Jaya with the
modified dichotomous sampler, along with data from collocated MDOE
-gauge monitoring equipment are shown in Figure 3. The average PM,q levels
recorded by the MDOE -gauge sampler (82.4 ug/n®) were about 11 pg/n?
(15 per cent) higher than those obtained using the modified dichotomous
sampler (71.1 pg/m?). This difference is within the range of more extensive
comparisons, athough the direction of the discrepancy is opposite to what is
expected. A longer record is needed to draw more definitive conclusions
(19).

It rained on several days during the sampling period, resulting, in part,
in the day-to-day variability seen in the PM,, levels shown in Figure 3.
Winds were mainly from the northeast during this period (Figure 2), except
for a brief time when they had originated in the southwest and may have
brought in contributions of the biomass burning particles from Sumatra.
Therefore, the results presented here may be viewed mainly as representing
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contributions from local sources to the measured ambient particles with
some contribution from the Indonesian biomass fires. The mean PM, 5
concentration measured at Petaling Jaya was 59.1 ug/nt. The US Army,
Centre for Health Promotion and Preventative Medicine, measured PM, 5
concentrations at Shah Alam and at Petaling Jaya. They obtained mean PM, 5
concentrations of 59.7 pg/m® at Petaling Jaya and 50.1 pg/n?® at Shah Alam.
Data obtained at Shah Alam were highly correlated with those obtained by
either method at Petaling Jaya (r>0.98). All of the above considerations
suggest that the samplers at Petaling Jaya and Shah Alam were monitoring
primarily the urban plume from Kuala Lumpur during the early November
sampling period. These findings are also consistent withremarks in the
preceding sections about the uniformity of PM, 5 levels across urban areas.
The measurements made on Sumatra, discussed below, are considered to be
more representative of the composition of the biomass burning emissions.

The mean concentrations and composition of suspended PM, s and
PM.o5 particles measured in Petaling Jaya, Paembang, and Inderalaya
(Sriwijaya University) are shown in Table 5. As can be seen from Table5,
PM, 5 constituted over 80 per cent of PM, a Petaling Jaya and Palembang.
There are many possible sources (e.g., motor vehicles, vegetation burning,
plant and animal debris, pollen, fungal spores, organic compounds which
condensed onto existing particles) for the carbonaceous constituents that
were sampled in Petaling Jaya. The value shown for organic carbon also
reflects a rough estimate of the amounts of organic compounds containing
hydrogen, nitrogen and oxygen. Selected filter samples were analyzed by
scanning electron microscopy to obtain information about the nature of the
carbonaceous particles collected on them. Most of the larger particles were
mould spores, with afew particles present that are typical of diesel exhaust.
The smaller particles were probably generated by combustion by motor
vehicles, power plants, and perhaps by vegetation burning. These types
of particles are to be expected, given the proximity of the monitoring site to
vegetation and to a nearby road. The mean concentration of lead (Pb) in
Petaling Jaya was 39 ng/m®, compared to the US National Ambient Air
Quality Standard for lead of 1500 ng/m?® (1.5 ? 9/m® 90-day ave). The
concentrations of other heavy metals such as nickel (Ni), copper (Cu), and
zinc (Zn) were al substantialy lower, and cobalt (Co) and cadmium (Cd)
were not detected. An example of a typical profile of trace elemental
composition of emissions from wood burning isshownin Figure 4. It isagain
worth noting that organic compounds constitute the magor component of
biomass burning emissions, thus underscoring the need for detailed
evauations of artifacts which may be produced by heating the inlets in
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continuous monitors. The ratio of potassium (K) to PM,s in the data
collected at Petaling Jaya is consistent with biomass burning emissions,
however, it is difficult to say how much of the fine particle mass measured in
Petaling Jaya was due to local vegetation burning or transport from
Indonesian biomass fires. Background levels of K could have been
contributed by other sources (e.g., soils, coa burning, etc.) in the Kuala
Lumpur area.

Sulfate in aerosol samples collected in the United States is associated
typicaly with the oxidation of sulfur dioxide (SO,) emitted by power plants
and to a lesser extent by motor vehicles. Similar sources may also have
contributed to the sulfate seen at Petaling Jaya. Wind blown dust suspended
from roads, construction sites, and natural surfaces probably represents the
major source of the crustal elements (e.g., Al, Si, Ca, Ti, Fe). Heavy metals
originate from a variety of industrial processes such as incineration,
manufacturing, smelting, etc. Motor vehicles are also a likely source of Pb
seen in the samples collected in Malaysia. Asisthe case for biomass burning
emissions, automotive emissions consist mainly of organic carbon species
and they likely contributed to the observed organic carbon levels in Petaling

Jaya.

The mean daily (24-hr) PM,, concentration at Palembang was 402
ug/nt. The mean daily fine particle (PM, 5) concentration was 341 pg/nt a
Palembang and 264 pg/n? at Sriwijaya University. The concentrations of
PM,o and PM, 5 exceeded the 24-h US NAAQS for both PM,o (150 pg/nt)
and PM, 5 (65 pg/n?®) by large margins on al five days. The PM,, average
corresponded to a USEPA PSI value of about 300 for PM,, levels, with
values for several individual days reaching higher levels categorized as
“Hazardous’. Approximately 85% of the mass of the particles was
concentrated in the PM,s (fine size) fraction at Palembang. Since the
Indonesian government does not routinely monitor airborne particulate
matter levels at the Sumatran sites sampled by USEPA, no intercomparisons
with their equipment or evaluation of their techniques could be performed.

Scanning electron microscopy (SEM) images of filter deposits
collected in Palembang indicate that the particles were composed mainly of
hygroscopic carbon compounds. Small amounts of the organic compounds
could have also been produced by motor vehicle emissions and the
condensation of organic vapours. Mould spores and plant and animal debris
were aso present in the images.
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As can be seen from Table 5, the values for most trace metals in
Palembang and Inderalaya (Sriwijaya University) are similar to those obtained
in Petaling Jaya, but concentrations of chlorine (Cl) and potassium (K) are
much higher at the Indonesian sites. Ratios of K to total mass ranged from
0.5to0 1.0% in the PM,, 5 samples collected. These values are characteristic of
wood burning emissions (Figure 4). As mentioned above, most of the mass
of the emissions from biomass burning is typically in the form of organic
compounds, and these were elevated at both the Palembang and Sriwijaya
University sites. Thus, the organic matter and the overall PM, 5 particle
composition at both Indonesian sites appear to be dominated by biomass
burning emissions. Sources of sulfate, crustal elements and heavy metals are
probably similar to those in Malaysia.

The composition of the coarse particles, i.e, particles with
aerodynamic diameters between 2.5 and 10 micrometres (PMyg.05), IS
dominated by soil particles and some biological material, such as mould
spores at Petaling Jaya. The composition of the coarse particles at
Palembang reflects mainly soil, perhaps suspended by motor vehicle traffic,
with additions of biomass burning products.

The composition of particle samples obtained in selected US cities
(Los Angeles, CA, Philadelphia, PA, and Roanoke, VA) and in a city in the
Czech Republic (Teplice) are shown for comparison in Table 6. The same
sampling and analysis methods that were used in SE Asia were also used to
collect and analyze samples in Philadelphia and Teplice. These comparisons
are shown to help place the air pollution values obtained in SE Asia in
perspective in relation to those encountered elsewhere. Los Angeles and
Philadelphia were chosen because they are both large urban areas with a
somewhat different mix of aerosol characteristics, and Roanoke because it is
frequently impacted by wood smoke during the winter. Teplice was chosen
because it is a heavily industrialized Central European city, which is subject
to frequent air pollution episodes during the winter when lignite (a soft brown
coal formed from peat) is widely used for residential heating and results in
exposures to elevated levels of many of the same air pollutants derived from
biomass fires. During the period from January through March 1993, as shown
in Table 6, the overwhelming bulk of suspended aerosol mass in Teplice was
found to be due to coal combustion (13).

During a severe episode that occurred in February 1993, a peak 24-h

average PMy, level of about 1 mg/m® was reached. As can be seen from a
comparison of Tables 5 and 6, concentrations of the trace metals observed at
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the three sites in SE Asia are well within the range of values routinely
observed in US cities. However, the concentration of K and the ratio of K to
total fine particle mass is elevated in the SE Asian samples compared to the
samples collected in Los Angeles and Philadelphia. The ratio of K to total
fine particle mass is similar among the samples collected in Roanoke and in
SEAsa InPhiladelphia, K is mainly found in the coarse size mode,
consistent with wind-blown soil as a major source of K. In contrast, K is
mainly found in the fine particle mode in the SE Asian and in the Teplice
samples, which is consistent with a combustion source of K.

Levels of sulfate, reported as S, are highly elevated in the samples
collected in Sumatra compared to those collected in US cities. They are
more reminiscent of the values found in Teplice, a heavily industrialized city,
during a winter season marked by several air stagnation-pollution episodes.
The ratio of S to total mass in particulate emissions from wood burning is
about 0.005 (Figure 4), while the ratio of S to total fine particle mass was
about 0.032 in Palembang and 0.026 at Sriwijaya University.

Thus, over 80 per cent of the observed sulfate at the two sitesis due to
other sources (e.g., the oxidation of SO, emitted by power plants and biomass
burning and sea spray). Unfortunately, pH measurements were not performed
on extracts of the samples collected in Sumatra.
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PAHSs are produced by the incomplete combustion of biomass, motor
vehicle fuels (e.g., diesel fuels are rich sources of PAHS), and other fossil
fuels such as coal and oil. They may be present in either the gas phase or
attached to particles, depending mainly on temperature. Benzo[a]pyrene
(BaP) isaPAH found mainly in the particulate phase and is of potential health
concern because it is a strongly carcinogenic compound. BaP concentrations
found in a number of studies are shown in Table 7. Airborne levels of BaP
and other PAHs measured in approximately 60 urban areas around the world
since the mid-1970's are reviewed by Menichini (25), to which the reader is
referred for further characterization of PAH levels.

POTENTIAL HEALTH IMPLICATIONS
Malaysia

The potential health implications of the air monitoring data collected
in Petaling Jaya are difficult to assess because of the very limited data set.
Based on data collected by MDOE, the short-term excursions of ambient
PM, concentrations to levels notably above the USEPA and Malaysia's daily
PM,, standards nearly every day during the last two weeks of September,
1997 must certainly be viewed as having posed some increased acute health
risks for the general population in the Kuala Lumpur area. Thisis especially
likely, given indications from the USEPA air monitoring efforts that a
substantial proportion (~80 per cent) of the PM;, mass in the Kuala Lumpur
area appeared to be small sized, fine (PM,5) particles. Available
epidemiological studies, reviewed in the recent USEPA air quality criteria
document for particulate (6) and by WHO (26), indicate that short-term (24-
hr) exposures to ambient particles measured as PM;, or PM, 5 are associated
with some increased risk of mortality and morbidity (measured as increased
respiratory symptoms, hospital admissions, etc.), especialy among the
elderly (>65 yrsold) and persons with preexisting cardio-respiratory disease.

Some increased risk for exacerbation of asthma symptoms in asthmatic
individuals or, possibly, worsening of acute respiratory disease (e.g., in the
case of acute respiratory infections or pneumonia), could also occur based on
available PM epidemiological studies.
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As for the headth implications of specific PM constituents (e.g.,
elemental or organic carbon, crustal materials, heavy metals, sulfate, or
PAHSs), the EPA monitoring results obtained in Kuala Lumpur were not
indicative of much, if any, increase in acute exposure health risks. This
outcome is not necessarily very meaningful, however, given that the USEPA
monitoring data were obtained during a distinctly lower air pollution period
after the peak period of haze from the biomass fires had passed. Also,
increased risks of possible cancer and non-cancer health risks associated with
the specific compounds measured are typically of most concernin relation to
prolonged chronic exposures to ambient air concentrations encountered by
the general public (versus usually much higher acute exposure levels often
experienced in occupational settings). Such chronic environmental exposure
health risks are generally assessed and quantified based on the assumptions of
daily (24-hr) exposures over an entire lifetime (70 yrs average) for
susceptible individuals—a scenario clearly not met by the relatively brief
increased exposures in Malaysia to biomass fire emissions components in
1997. Repeated, more prolonged exposures to biomass fire smoke
constituents every few years, however, might result in cumulative doses
projected to be associated with increased health risks. Much more extensive
data and assessment efforts would be necessary to attempt any more specific
estimation of potential health impacts of increased air pollution
concentrations in Malaysia due to haze from biomass fires. On the other
hand, people with undiagnosed asthma or those progressing toward more
severe asthma from mild forms readily amenable to effective medication
control, or persons with acute respiratory infections (e.g., pneumonia), could
be placed at increased risk for rapid onset of worsening of respiratory
systems and lung function declines due to short-term acute exposure to the
haze produced by the biomassfires.

Indonesia

The situation in Indonesian areas impacted by haze from the biomass
fires, especially those relatively close to “hot spots” where concentrations of
PM and certain other air pollutants are likely at their highest, amost certainly
posed substantially greater risk for the local general population. Daily PM;q
levels in Palembang approached or exceeded levels that would be deemed to
be “Hazardous® in terms of the USEPA Pollutant Standard Index (PSI) or
analogous Maaysian API values shown in Figure 1. Furthermore, given that
the USEPA monitoring effort occurred after the extent and intensity of the
fires had already been substantially reduced from earlier peak levels, thelocal
population in Palembang and its vicinity were likely exposed on a daily basis
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to even higher PM levels during the preceding months of September and
October.

Of particular concern isthe very high percentages (i.e., 85 per cent) of
the PM, mass attributable to PM, s, the “fine particle” size fraction thought
to be most clearly implicated in increasing risks of mortality and morbidity
due to exposures to PM of ambient origin, as evaluated by both USEPA (6)
and WHO (26). Assuming that the average PM, s mass concentration of 264
?9/m® detected by USEPA monitoring at Sriwijaya University largely
reflects the impact of smoke from nearby biomass burning and that similar
biomass smoke input levels contributed to the average 341 ? 9/m* PM, ¢
mass found by USEPA monitoring in Palembang, it can be estimated that an
average increment of about 250 ? 9/m® PM, < from the biomass burning haze
was added to the daily average of about 75 ? 9/m® of PM, s generated from
other local sources in Palembang. That increment of haze-related particle
exposure in excess of background particle levels due to local sources can be
projected based, for example, on quantitative risk estimates published by
WHO (26), to have contributed to detectable increases in respiratory
symptoms and hospital admissions for respiratory problems among the local
genera population and, even possibly, some mortality among the elderly and
those with preexisting chronic lung diseases or cardiac conditions. Again,
much more extensive information and assessment efforts would be needed to
attempt even arough estimate of potential increasesin mortality or morbidity
among members of the general population in Palembang or other Indonesian
areas impacted by the haze from the biomass burning. The public health
impacts could be fairly substantial given the PM concentrations involved and
the size of the likely affected Indonesian populations in Sumatra, Kalimantan,
etc. Even larger, very substantial public health impacts would be projected if
Jakarta and other parts of densely populated Java (which was much less
impacted by the 1997 biomass burning haze than were Sumatra and
Kalimantan) experienced any prolonged periods of haze from biomass
burning.
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The lack of any well-established, routinely operating air monitoring
network in Indonesia precludes having data available by which to attempt
analyses analogous to the one presented here based on MDOE PM data for
KL during August-November, 1997. Nevertheless, even the brief period of
USEPA monitoring in early November at two sites near biomass fire hot
spots in Sumatra indicates that ambient levels of both PM;q, and PM, 5
markedly exceeded US PM standards and approached or exceeded 24-h PM
levels designated as “Hazardous’ in terms of US PSI values. Most of the
particles were in the PM, 5 fraction, and the specific composition of the
particles and presence of particular PAH compounds are characteristic of
wood smoke. The daily (24-h) PM, and PM, 5 concentrations measured by
USEPA at the Sumatra sites (Palembang and Sriwijaya University) probably
posed increased public health risks for the local genera population. The
USEPA monitoring was conducted after reductions in the number of hot
spots seen in satellite images had occurred. Thus, exposures of the general
population to even higher PM levels for prolonged periods of time (weeks,
months) likely occurred, pointing toward even more substantial public health
Impacts in Indonesia being associated with exposures to haze from the
biomass burning.

Annua average data for heavy metals and B[a]P can be compared to
cancer and noncancer dose-response assessments available in the integrated
risk information system (IRIS) (27) or the health effects assessment
summary tables (HEAST) (28) to obtain estimates of the long-term risks
posed by exposure to these substances. Needless to say, the data reported
here cannot be used for defining long-term average concentrations. However,
the data can be used to place potential attendant health risks in perspective, if
frequently repeated extended exposures to the levels measured in SE Asia
were to occur annually over anindividual’slifetime.

SUMMARY AND RECOMMENDATIONS
Summary of findingsin SE Asia

Based on MDOE air monitoring results during the last haf of
September, 1997, daily PM;, concentrations in Kuaa Lumpur (KL)
dramatically increased to levels well in excess of US and Malaysian PM,g air
standards, on some days approaching levels judged to be “Hazardous’ in terms
of US PSI or Maaysian API values, largely as the result of haze transported
from Indonesian biomass fires. Although data are not readily available from
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affected areas in Kalimantan and Sumatra, it may be surmised that similar or
worse conditions were found in these areas.

USEPA air monitoring results, obtained during the first two weeks of
November, 1997 (after the peak period of biomass fire haze over Malaysia
had passed), indicated good agreement with MDOE results (within 15 per
cent) obtained from collocated PM,;, monitoring a Petaling Jaya (aKL
suburb). Approximately 80 per cent of the PM,;q mass at Petaling Jaya was
attributable to PM, s concentrations monitored there. Based on current
knowledge of the sizes of particles produced by biomass burning and the
results in Sumatra (which indicate that over 80 per cent was present as
PM, 5), most of PM;, monitored at Kuala Lumpur during the haze episodes
was probably made up of PM, s.

Recent USEPA and WHO evauations of avalable PM
epidemiological studies indicate that such incremental acute exposures to
daily (24-h) PM concentrations as found during the haze episode in Malaysia
and Indonesia were likely associated with increased risk of adverse health
effects (e.g., increased mortality or respiratory symptoms and hospital
admissions of the elderly, those with preexisting chronic cardiorespiratory
disease, and asthmatic persons) among the genera local population,
especialy in Indonesian areas affected by the biomass fire haze.

The concentrations of specific chemical components monitored by
EPA in the KL area or in Sumatra (e.g. trace metals, PAH compounds, etc.)
were not found to be particularly remarkable, individually, in being likely to
pose much, if any, health threat, unless repeated prolonged exposures over
several weeks or months occurred virtually every year. Such repeated
exposures could result in cumulative doses associated with some increased
risk of adverse cancer or non-cancer health effects. However, even though the
concentrations reported here were observed after peak exposures to haze
components had passed, cancer risks projected to be possibly associated with
much higher air pollution levels experienced earlier during the 1997 haze
episode would still be much smaller than mortality or morbidity rates
estimated to be associated with exposures to measured PM,o or PM,, 5 levels.

Recommendations
1. In addition to strong measures to control the setting and spread of

biomass fires, public education programmes should be conducted to
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better inform the populations in affected regions about the detrimental
health and environmental impacts of uncontrolled biomass burning.

2. Air quality monitoring should be conducted on aregular basisin major
urban areas and in areas likely to be impacted by biomass burning
emissions. Monitoring the so-called criteria air pollutants (PM4g,
PM, s, O;, CO, SO,, NO,, and Pb) should be given priority, with
measurements of PM,, and PM, 5 given highest priority.

3. Prior to the establishment of a ground-based monitoring network, the
location of sampling sites should be determined in accordance with
existing guidelines (8, 29) to minimize artifacts in sample collection
and measurement. An ongoing quality assurance programme should
also be established according to international guidelines.

4, Efforts should be made to separate contributions to total aerosol mass
and toxic components (e.g., sulfate, B[a]P, metals, etc.) from biomass
burning and other sources.

5. An effective air quality index system analogous to the USEPA PSI
system should be implemented to better inform local civil authorities
and citizens about unhealthy air quality conditions and to assist in
taking appropriate actions to avert or lessen public health impacts.

6. Possibilities for conducting health effects measurement studies to
evaluate health impacts of recurring biomass fires should be explored.
As an example, retrospective epidemiological analyses relating health
statistics (e.g. hospital admissions, mortality rates, etc.) in Kuala
Lumpur to PM,, levels measured by the MDOE from August to
November, 1997 could be done to evaluate quantitatively the potential
health impacts of the biomass burning haze on the general population.
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Tablel
US national ambient air quality sandards
Pollutant Standard value Standard type
Carbon monoxide (CO)
8-hour average 9ppm (10 mg/n?)** Primary
1-hour average 35ppm (40 mg/nT)** Primary
Nitrogen dioxide (NO,)
Annual arithmetic mean 0.053ppm (100 pg/nt)** Primary & secondary
Ozone (O,)
1-hour average* 0.12ppm (235 ug/mi)** Primary & secondary
8-hour average 0.08ppm (157 ug/mi)** Primary & secondary
Lead (Pb)
Quarterly average 1.5 pg/n? Primary & secondary
Particulate matter < 10 micrometres
(PMy) 50 pg/n? Primary & secondary
Annua arithmetic mean 150 pg/nt Primary & secondary
24-hour average
Particulate matter < 2.5 micrometres
(PM, )
Annua arithmetic mean 15 pg/nt Primary & secondary
24-hour average 65 pg/nt Primary & secondary
Sulfur dioxide (SO,)
Annual arithmetic mean 0.03 ppm (80 pg/n?)** Primary
24-hour average 0.14 ppm (365 pg/nt)** Primary
3-hour average 0.50 ppm (1300 pg/ni)** Secondary

*  The ozone 1-hour standard applies only to areas that were designated nonattainment when the
ozone 8-hour standard was adopted in July 1997. This provision alows a smooth, legal, and

practical transition to the 8-hour standard.

**  Parenthetical value is an approximately equivalent concentration.

Source: EPA Website: www.epa.gov/criteria.html.
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Table2

Comparison of PS| valueswith pollutant concentrations, descriptor words, generalized health effects, and cautionary statements

Pollutant levels

Inde
i i PM1o SO, co O3 NO:
va)l(u Alrlgygllty (24-h)  (24-h)  (8-h)  (1-h)  (1-h) HSZISE?iS];L$Ct General health effects Cautionary statements
e Hg/m Hg/m ppm  ppm  ppm
Acutely incapacitating symptoms Same recommendations as
experienced by significant portion for Emergency level
of the population especially by
persons undergoing light exercise;
health status of particular vulnerable
cardiopulmonary subjects may be
compromised.
500 SIGNIFICANT 600 2,620 50 0.6 2.0 HAZARDOUS Premature death of ill and elderly. All persons should remain
HARM Healthy people will experience indoors, keep windows and
adverse symptoms that affect their doors closed, minimize
normal activity physical exertion, and
avoid traffic.
400 EMERGENCY 500 2,100 40 0.5 1.6 HAZARDOUS Premature onset of certain diseases Elderly and persons with
in addition to significant aggravation  existing diseases should
of symptoms and decreased exercise  stay indoors and avoid
tolerance in healthy persons. physical exertion.
General population should
avoid outdoor activity.
300 WARNING 420 1,600 30 0.4 1.2 VERY Significant aggravation of symptoms  Elderly and persons with
UNHEALTHFU and decreased exercise tolerance in existing diseases should
L persons with heart or lung disease, stay indoors and reduce
with widespread symptoms in the physical activity.
healthy population.
200 ALERT 350 800 15 0.2 0.6 UNHEALTHFU Mild aggravation of symptomsin Persons with heart or
L susceptible persons, with irritation respiratory ailments
symptoms in the healthy should stay indoors and
population. reduce physical activity.
100 NAAQS 150 365 9 0.12 a MODERATE
50 50% OF NAAQS 75 80 4.5 0.06 a GOOD
0 - 0 0 0 0 a

a No index values reported at concentrations level below those specified by “Alert level” criteria
b Annua primary NAAQS
Source:  www.epa.gov/oar/oagps/psi.html
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Table3
US Environmental protection agency-designated refer ence and equivalent methods for PM,,, (6)
Method No. Identification Description Type Date
RFPS-1087-062 Wedding & Associates PM1o Critical High-volume (1.13 m3/min) sampler with cyclone-type Manual reference method 10/06/87
Flow High-Volume Sampler. PMaio inlet; 203 x 254 cm
(8x10in) filter. R
RFPS-1287-063 Sierra-Andersen or General Metal Works ~ High-volume (1.13 m“/min) sampler with impaction-
Model 1200 PM1o High-Volume Air type PMuo inlet; 203 x 254 cm Manual reference method 12/01/87
Sampler System (8 x 10in) filter.
RFPS-1287-064 Sierra-Andersen or General Metal Works ~ High-volume (1.13 mG/min) sampler with impaction-
Model 321-B PM1o High-Volume Air type PMo inlet; 203 x 254 cm Manual reference method 12/01/87
Sampler System (8 x 10in) filter. (No longer available.)
RFPS-1287-065 Sierra-Andersen or General Metal Works  High-volume (1.13 mslmin) sampler with impaction-
Model 321-C PMio High-Volume Air type PMo inlet; 203 x 254 cm Manual reference method 12/01/87
Sampler System (8x 10in) filter. (Nolonger available.)
RFPS-0389-071 Oregon DEQ Medium Volume PM1o Non-commercial medium-volume (110 L/min) sampler
Sampler with impaction-type inlet and automatic filter change; Manual reference method 3/24/89
two 47-mm diameter filters.
RFPS-0789-073 Sierra-Andersen Models SA241 or Low-volume (16.7 L/min) sampler with impaction-type
SA241M or General Metal Works PM1o inlet; additional particle size separation at 2.5 Manual reference method 7/27/89
Models G241 and G241M PMzo micron, collected on two
Dichotomous Samplers 37-mm diameter filters.
EQPM-0990-076 Andersen Instruments Model FH62I-N Low-volume (16.7 L/min) PM1o analyzers using
PM10 Beta Attenuation Monitor impaction-type PM1o inlet, 40 mm filter tape, and beta ~ Automated equivalent 9/18/90
attenuation analysis. method
EQPM-1090- Rupprecht & Patashnick TEOM Series Low-volume (16.7 L/min) PM1o analyzers using
079 1400 and Series 1400a PMio Monitors impaction-type PM1o inlet, 12.7 mm diameter filter, and Automated equivalent 10/29/90
tapered element oscillating microbalance analysis. method
EQPM-0391- Wedding & Associates PM1o Beta Gauge Low-volume (16.7 L/min) PM1o analyzer using cyclone-
081 Automated Particle Sampler type PMo inlet, 32 mm filter tape, and beta attenuation ~ Automated equivalent 3/5/91
analysis. method
RFPS-0694-098 Rupprecht & Patashnick Partisol Model Low-volume (16.7 L/min) PM1o sampler with impaction-
2000 Air Sampler type inlet and 47 mm diameter filter. Manual reference method 7/11/94
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Table4
Sampling and analysis methods for data collected in Malaysia and Indonesia.

Sample collected Method

PM,5 PM 4o Modified virtual impactor containing 47mm Teflon filters.

Organic carbon, Samples collected on 47mm quartz filters mounted in same virtual
elemental carbon impactor.

PAHs Samples collected on 47mm Quartz filter for particulate bound PAHs

followed by polyurethane foam (PUF) trap for gas phase PAHS.

Trace elements Samples collected on 47mm Teflon filters.
(Na-Pb)

Sample Analysis M ethod

PM,5 PM 4o Gravimetric analysis of deposit on Teflon filters.

Organic carbon, Thermo-optical analysis of deposit on quartz filters.
elemental carbon

PAHs Gas chromatography using FID/M S detection for analysis of extracts
from quartz filters and polyurethane foam traps.

Trace elements X-ray fluorescence analysis of particles collected on Teflon filters.
(Na-Pb)
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Table5
Mean aerosol composition measured in Petaling Jaya, Malaysia; Palembang, Sumatra, Indonesia;
and the campus of Sriwijaya University, Sumatra, Indonesiain November 1997.

Species Petaling Jaya Palembang gri},\v/gra;'/g/
Particulate matter (ug/m°)

Fine Coarse Fine Coarse Fine

(PM25)  (PMyo25) (PM25)  (PMyo25) (PM5)
No. of samples 9 9 5 5 5
Total mass 62.1 119 341 61 264
Organic carbon 26.1 no 282 no' 200
Elemental carbon 19 no 54 no* 32
Metal oxides 10.0 10 15 — 13
Sulfate 100 10 4 44 29
Trace elements (ng/m°)
Al Bd? 630 bd? 1300 bd*
S 160 1270 200 3700 115
S 2400 235 11000 1100 6900
c 70 83 4500 1200 4600
K 280 160 1400 420 1500
Ca 93 580 7 1400 a7
Ti 27 55 11 100 6.5
% 9.3 15 bd? 30 bd?
Cr 02 24 bd? 13 bd?
Mn 45 39 17 17 bd?

no = not obtained.
hd = beneath detection limit.

179



Health Guidelines for Vegetation Fire Events, Lima, Peru, 6-9 October 1998.
Background papers
© WHO, 1999

Table5 (Cont’d)
Mean aerosol composition measured in Petaling Jaya, Malaysia; Palembang, Sumatra, Indonesia;
and the campus of Sriwijaya University, Sumatra, Indonesiain November 1997.

Species Petaling Jaya Palembang Sriwijaya
University

Particulate matter (ug/m°)

Fe 120 310 83 1000 71
Ni 22 10 38 04 <01
Cu 9.3 102 21 21 39
Zn 43 13 13 20 6.4
As 23 05 12 05 13
Se 0.7 bd? 39 <01 14
Br 9.8 10 % 1 72
Pb 39 19 64 15 77
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Table6
Mean aerosol composition measured in Los Angeles, CA; Philadelphia, PA; Roanoke, VA; and
Teplice Czech Republic.

LosAngeles®  Philadelphia,® Roanoke?  Teplice®
CA PA VA CR
(1987) (1994) (1988) (1993)

Particulate matter (ug/m°)

Fine Fine Coarse Fine Fine Coarse
(PM25) (PM25) (PMig25)  (PMys) (PM25)  (PMio25)
No. of samples 11 21 21 — 66 62
Total mass 41 32 8 20 122 185
Organiccarbon 83 45 no* 73 338 no'
Elemental carbon 2.4 08 no* 15 23 no*
Metal oxides 6.5 140
Sulfate 11.8 138  bd? 49 413 15°
Trace elements (ng/n)
Al 35 114 325 18 510 1900
S 52 165 933 7 930 3100
S 2830 330  bd? 1180 10000  370°
c 93 26 a7 53 410 100
K 41 60 100 177 300 210
Ca 22 58 421 47 140 600
Ti 5 <42 30 bd? 51 140
v 6 <13 bd® 17 7.7 -02°

'no = not obtained

*bd = beneath detection limit

*Detected at the analytical uncertainty in fewer than half the samples.
“Detected at 3 timesthe analytical uncertainty in fewer than half the samples.
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Table6 (Cont’d)
Mean aerosol composition measured in Los Angeles, CA; Philadelphia, PA; Roanoke, VA; and
Teplice Czech Republic.

LosAngeles®  Philadelphia,® Roanoke? Teplice®
CA PA VA CR
(1987) (1994) (1988) (1993)

Particulate matter (ug/me)

Cr 22 bd®>  bd? 1 47 03
Mn 16 3 6 12 17 12
Fe % 127 332 114 30 840
Ni 5 7 2 bd? 36 08
Cu 63 7 bd? 7 12 78
Zn 20 a1 5 83 160 20
As 22 bd®>  bd? 2 K’ 36°
Se 13 <2 bd? 2 67 03
Br 13 9 3 5 18 35
Pb 33 19 13 27 110 65
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Table7
Concentrations of benzo[a]pyrene (BAP) in selected ar eas of theworld

L ocation BaP concentration (ng/m®) Sour ce

LosAngeles, CA (23
- summer 0.2
- winter 0.6

Teplice, Czech Republic (13
- summer 05
- winter 80

Prachatice, Czech Republic (13
- summer 0.1
- winter 05

KuaalLumpur, Maaysia (24
- Sept. 1997 0.6

Palembang, Indonesia (@)
- Nov. 1997 71
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Figure3

PM 10 concentrations monitored by US EPA and ASMA, 3-11 November 1997
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HEALTH IMPACTS OF BIOMASS AIR
POLLUTION

Michael Brauer

The University of British Columbia
Occupational Hygiene Program and Department of Medicine
2206 East Mall, Vancouver, BC V6T 173 Canada

SUMMARY

In 1997, uncontrolled forest fires burning in Indonesia resulted in a
regional air pollution episode of smoke which impacted several Southeast
Asian nations. Beginning in late July 1997, elevated levels of particulate
matter air pollution were observed for a period of approximately 2 months in
many areas, with a severe episode occurring during most of the month of
September. During this episode, particle levels in some areas were up to 15
times higher than normal levels. Exposures to “haze’-type air pollution can
be substantial and are of public health concern due to the large numbers of
individuals who may be exposed.

Smoke from biomass burning (in the following referred to as “biomass
smoke”’) contains a large and diverse number of chemicals, many of which
have been associated with adverse health impacts. These include both
particulate matter and gaseous compounds such as carbon monoxide,
formaldehyde, acrolein, benzene, nitrogen dioxide and ozone. Exposures to
high concentrations of carbon monoxide and other pollutants are highly
variable and only occasionally observed in individuas such as wildland
firefighters and people who cook with biomass fuels. Particulate matter is
itself a complex mixture which is associated with a wide range of health
impacts. Review of the literature on exposure and health impacts, as well as
initial evaluation of the available air monitoring data from the 1997 episode,
indicate that the pollutant variable most consistently elevated in association
with biomass smoke is particulate matter. Accordingly, the emphasis
throughout this paper and of recommended future studies will be focused on
particulate matter.
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Non-cancer health effects

Studies of wildland firefighters, an occupational group exposed to high
levels of biomass smoke clearly indicate an association between exposure
and acute effects on respiratory health. Longer term effects, lasting for a 3-6
month firefighting season, have also been observed in most studies although
these effects appear to be relatively small and may bereversible. Firefighters
are an extremely fit and hedthy group and cannot be considered
representative of the general population. Accordingly, the demonstration of
health effects in this occupational group indicates the plausibility, but not the
magnitude, of an association between biomass smoke exposure and adverse
effectsin the general population.

The health effects of biomass smoke inhaation have also been
documented in developing countries where women, and in some cases,
children spend many hours cooking over unvented indoor stoves.
Approximately 50 per cent of the world’s population uses biomass fuels for
cooking and/or heating. In particular, exposure to smoke from cooking fires
has been identified as a risk factor for acute respiratory illness. Women and
children are also at risk for chronic respiratory diseases. As these exposures
last for 20 or more years, they are much higher than those associated with
“haze” episodes. However, the studies conducted in developing countries
indicate the serious consequences of exposure to high levels of biomass
smoke. Increased acute respiratory illnessin childrenislikely a major cause
of infant mortality and the development of chronic lung disease in adults is
associated with premature death and increased illness.

Many recent studies have also indicated that levels of air pollution
currently measured in most urban areas in the world are associated with a
range of adverse health outcomes. The most startling finding of these
studies, is the association of particulate air pollution, with increased daily
mortality. These studies have been conducted by different investigatorsin a
variety of locations, using a variety of study designs. In nearly al cases, the
studies indicate an association between particle air pollution and increased
risk of death, primarily in the elderly and in individuals with pre-existing
respiratory and/or cardiac illness. Recent studies have also suggested an
association between particulate matter and infant mortality. Increased risk of
hospital admissions and increased emergency room visits have also been
associated with short-term increases in the levels of particle air pollution.
These data strongly suggest that any combustion-source particulate air
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pollution, including that produced during forest fires, is associated with a
whole range of adverse health outcomes.

Specific studies of exposure to biomass smoke indicate a consistent
relationship between exposure and increased respiratory symptoms,
increased risk of respiratory illness and decreased lung function. These
studies have mainly been focused on children, athough the few studies which
evaluated adults also showed similar results. A limited number of studies also
indicate an association between biomass smoke exposure and visits to
hospital emergency rooms. There are also indications from several studies
that asthmatics are a particularly sensitive group. By analogy to the findings
of numerous studies associating increased mortality with urban particulate air
pollution mixtures, there is no evidence that particles from different
combustion sources have different impacts on health, while particles
generated by natural processes such as volcanic eruptions and windblown soil
do appear to have less of an impact on health. Therefore, thereislittle reason
to expect that biomass smoke particles would be any less harmful than other
combustion-source particles and it is prudent to consider that “haze”
exposure will also be related to increased mortality. The studies also do not
show evidence for a threshold concentration at which effects are not
observed.

Nearly all of the studies of biomass smoke health effects conducted in
North America evaluated impacts of concentrations which were much lower
than those associated with the 1997 Southeast Asian haze episode. Similarly,
these studies involved exposure duration which were of comparable length to
those experienced in Southeast Asia. Based on these studies, it is reasonable
to expect that the Southeast Asian haze episode resulted in the entire
spectrum of acute impacts, including increased mortality, as well as seasonal
effects on lung function, respiratory illness and symptoms. It is not possible
at this time to determine the long-term effect, if any, from a single air
pollution episode, although repeated yearly occurrences of haze should be
cause for serious concern. Long-term (several years) exposure to particulate
air pollution in urban areas, at levels much lower than those experienced in
Southeast Asia in 1997, has been associated with decreased life expectancy
and with the development of new cases of chronic lung disease.

Cancer

The available, athough limited, data on biomass smoke and cancer do
not indicate an increased risk even at very high levels of exposure. This



Health Guidelines for Vegetation Fire Events, Lima, Peru, 6-9 October 1998.
Background papers
© WHO, 1999

evidence includes studies of long-term exposure to high levels of biomass
smoke from domestic cooking in developing countries. Evidence for a
relationship between urban particulate air pollution and lung cancer is also
limited, but is suggestive of a small, but measurable, increased risk. There
have not been enough studies conducted to evaluate the consistency of any
increased risk for different particle sources. However, while biomass smoke
clearly is potentially carcinogenic, it is much less so than motor vehicle
exhaust.

Resear ch questions

Given the uncertainty regarding the potential for long-term effects
associated with “haze” type air pollution, it would seem reasonable to initially
evaluate the acute health impacts, especialy since these are likely to include
severe impacts such as increased mortality. To help understand the potential
for adverse health effects and to evaluate the effectiveness of various
mitigation measures, there is also a need to investigate several exposure
Issues. Several major research questions are summarized below. However,
before these questions can be addressed, it will be necessary to identify the
availability of data, specifically air monitoring data and valid data on health
indicators such as daily mortality, hospital visits, clinic/emergency room
visits, etc.

1. What were the short-term human impacts associated with exposure to
biomass air pollution in Southeast Asia?

For the range of identified impacts, were the effects reversible or
permanent?

2. What were the long-term human heath impacts (if any) associated
with exposure to biomass air pollution in Southeast Asia?

3. Which (if any) population groups were especialy susceptible to
adverse health effects of biomass air pollution in Southeast Asia?

4, What was the size of the exposed population?
Using study results and available air monitoring data (possibly

including satellite data), can the region-wide health impacts be
estimated?
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5. What was the relationship between differences in exposure and health
Impacts across the affected region?

Were there exposed areas in which health impacts were larger/smaller
than others?

Can an exposure-response relationship be demonstrated throughout
the region?

6. What was the effectiveness of the following heath protection
measures?

a) The use of dust masks
b) Advising the population to remain indoors

7. What was the composition of the biomass air pollution which affected
Southeast Asia?

Can specific biomass marker compounds be identified?

To what extent is it possible to distinguish biomass air pollution from
the “background” urban air pollution?
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Recommended studies

With regard to the general research questions identified above, several
possible study designs are proposed:

a Formal study of the acute impacts of forest fire-related air pollution
episodes should be conducted. Ideally, these studies should be directed
towards the most severe health outcomes, while considering that impacts of
air pollution will be small relative to all other causes of morbidity and
mortality. To the extent possible, specific study protocols should be
standardized and conducted in severa regions where ambient air
concentrations differed.

b. Formal study of the long-term impacts of forest fire-related air
pollution may be attempted athough it must be acknowledged that these
studies are extremely difficult to conduct, and even the best studies are
unlikely to provide firm results.

C. A region-wide composite database of ambient air concentrations
should be developed. Estimated air pollution contour plots can be developed
using available air monitoring data, and, if feasible, supplemented with airport
visibility and remote sensing data. With this type of a database, the regional
health impact of biomass air pollution episodes can be estimated.

d. The effectiveness of masks for use by the general public should be
evaluated. An additional am should be an adequate understanding of the
variables which determine mask effectiveness, including technical factors
such as filtration efficiency and leakage, as well as non-technical issues such
as population compliance and comfort. Identification of the most important
variables determining mask effectiveness will enable the design of new masks
that are specifically applicable for general public use.

e. The effectiveness of remaining indoors during haze episodes should
be investigated.  Specifically, the effectiveness of air cleaners, ar
conditioners, open/closed windows within various building types as they
relate to indoor penetration of fine particles should be assessed.

f. Detailed chemical analysis of particle samples should be conducted to
identify the proportion of various functional groups within the haze
particulate matter. While this analysis may be useful in future risk assessment
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and in comparing the toxicity of these particulate samples to those collected
in other locations, the current emphasis should be on identifying marker
compounds which may be used to distinguish air pollution originating from
biomass burning from other sources.

Recommended health protection measures

Due to the limited effectiveness of other health protection measures
during regional haze episodes, priority emphasis must be given to elimination
of the source of the air pollution, which in this case is extinguishing fires or
preventing their occurrence. Close interaction between health, environment
and meteorological agencies could result in effective forecasting of future
air pollution episodes, be they related to forest fires or local sources of air
pollution. However, despite efforts to prevent and control fires it is
acknowledged that other measures may be necessary to help mitigate public
health impacts. If the control or prevention of fires is not feasible, this
should be followed by exposure avoidance activities such as reduced physica
activity and remaining indoors. To enhance the protection offered by
remaining indoors, individuals/building managers should take actions to
reduce the infiltration of outdoor air. There is evidence that air conditioners,
especially those with efficient filters, will substantially reduce indoor
particle levels. To the extent possible, effective filters should be installed in
existing air conditioning systems and individuals should seek environments
protected by such systems. There is strong evidence that portable air
cleaners are effective at reducing indoor particle levels, provided the specific
cleaner is adequately matched to the indoor environment in which it is placed.
Unfortunately, economics will limit the distribution of such devices
throughout the population. As with air conditioners, the increased use of
such devices by a large segment of the population may have a significant
impact on energy consumption. The least desirable measure of health
protection is the use of dust masks. While these are relatively inexpensive
and may be distributed to a large segment of the population, at present, their
effectiveness for general population use must be questioned. Despite this
reservation, it is likely that the benefits (even partial) of wearing dust masks
will outweigh the (physiological and economic) costs. Accordingly, in the
absence of other mitigation techniques, the use of dust masks is warranted,
Education of the population regarding specific mask types to purchase, how
to wear masks and when to replace them will increase their effectiveness as
will the development of new masks designed for general population use.
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INTRODUCTION

In 1997, uncontrolled forest fires burning in the Indonesian states of
Kaimantan and Sumatra, in combination with a severe regional drought,
depressed mixing heights and prevailing winds resulted in a regiona air
pollution episode of biomass smoke which impacted Indonesia, Malaysia,
Singapore, southern Thailand, Brunel, and the southern Philippines. In
particular, several large urban areas such as Singapore, Kuala Lumpur and
Kuching were affected. Emissions from biomass burning resulted in elevated
levels of particulate air pollution for a period of approximately 2 months in
many areas (beginning in late July 1997), with a severe episode occurring
during most of the month of September. During this episode, a state of
emergency was declared in Sarawak, Malaysia, as 24-hour PMy, levels
reached as high as 930 pg/m?®, more than 15 times higher than normal levels.
Intermittent episodes occurred in Indonesia, Malaysia and Singapore until
mid-November.

Several recent review papers have discussed the health impacts and
pollutants associated with wood smoke air pollution (1-3). Although the
emphasis of these reviews was on North American exposures, many of the
conclusions are relevant to the broader understanding of biomass air
pollution, which is the subject of this paper. This chapter will describe
materials presented in these reviews as well as updated information. In
addition, this paper will cover additional exposures to biomass air pollution
encountered by forest firefighters and by individuals who use biomass for
cooking and heating in developing countries. The available data on health
impacts associated with community exposure to forest/bush fire related air
pollution will also be presented. Emphasis will be placed on epidemiological
studies on human hedth impacts and on peer-reviewed literature. The
emission of pollutants from forest fires will also be addressed, with
particular emphasis on tropical rain forests. As data regarding the specific
concentration measurements and health impacts associated with the 1997
Southeast Asian biomass air pollution (“haze”) episode are just becoming
available, these will not be addressed directly in the review portion of this
paper. The second part of this paper will specificaly be directed to the
situation experienced in Southeast Asia and will cover research needs,
suggest several possible research designs and discuss measures which
national governments may employ or recommend to mitigate public health
Impacts associated with biomass air pollution originating from forest fires.
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AIR POLLUTION RESULTING FROM BIOMASS BURNING

Biomass smoke contains a large and diverse number of chemicals,
many of which have been associated with adverse health impacts. These
include both particulate matter and gaseous compounds such as carbon
monoxide, formaldehyde, acrolein, benzene, nitrogen dioxide and ozone.
Particulate matter isitself a complex mixture which is associated with awide
range of health impacts. Components of particul ate matter such as polycyclic
aromatic hydrocarbons (PAHs) are also found in biomass smoke. The
transport of biomass burning emissions over hundreds of kilometresin Brazil
has been extensively documented (4). Haze layers with elevated
concentrations of carbon monoxide (CO), carbon dioxide (CO,), ozone (Oy),
and nitric oxide (NO) have been observed. During transport, many of the
gaseous species are converted to other gases, such as ozone, or into particles,
such as nitrate and organic nitrogen species. Table 1 summarises the major
pollutants of biomass burning.

Pollutants

Gaseous

The main gaseous components in smoke which are potential health
hazards are carbon monoxide and aldehydes. A number of studies have also
reported elevated concentrations of ozone, as well as ozone precursors
(nitrogen oxides and hydrocarbons), in plumes from forest fires. In
particular, fires burning in the savanna regions of Central Africa and South
America have been studied in detail. In Brazil, ozone concentrations reach
equilibrium values of approximately 20 ppb above background levels
throughout a 2 million km? region during fire seasons (5).

Comparisons have been made between three years of data collected at
a coastal site in Brazil not significantly impacted by biomass burning and
measurements collected in a savanna region directly downwind of an Amazon
forest region with intense burning. During the dry season, elevated levels of
CO and O; were measured at the savanna site, while during the wet season,
levels at the two locations were nearly identical. Monthly average CO levels
increased from 100 ppb to 700 ppb and monthly average (noontime) O3 levels
increase from 20 ppb to 80 ppb (6). At these G levels, which are high
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relative to those in rura areas, adverse hedth impacts have also been
demonstrated.

Hydrocarbon and CO emissions were also measured in a study of
savanna and forest regions in Brazil. The emission of hydrocarbons in forest
regions were mainly alkanes (ethane and propane) and alkenes (ethylene and
propylene) with smaller amounts (13 per cent) of aromatics (benzene and
toluene). Some differences in the relative composition of hydrocarbons
were observed between forest fire and savanna emissions. CO levels were
only dlightly (500 ppb) increased in the atmospheric boundary layer. A
recent study documented the impact of biomass pollutants transported 300
km from afire in Alberta, Canada, to the urban area of Edmonton (7). Air
trgectory analysis combined with monitoring of G, nitrogen oxides and
hydrocarbons, indicated that the forest fire had a significant impact on
concentrations of gaseous pollutants. O; and nitrogen dioxide (NO,)
concentrations were 50-150 per cent higher than seasonal median levels.

Particulate composition and size distribution

The size distribution of wood smoke has been measured by several
investigators and indicates that nearly all particles are smaller than 1 um, with
a peak in the distribution between 0.15 um and 0.4 pm. One assessment of
particle size distributions of forest residue indicated that 82 per cent of the
particle mass was smaller than 1um and 69 per cent smaller than 0.3 um (8).
These size ranges are consistent with particle formation via condensation (3).

Particles of this size range are not easily removed by gravitational settling
and therefore can be transported over long distances. Constituents of
biomass smoke may aso undergo atmospheric transformations, athough
these have not been studied in detail. Hueglin and colleagues (9) reported on
a detailed analysis of wood smoke particle size. Particle sizes distributions
were sensitive to specific combustion conditions, but generally were bimodal
with a peak at approximately 0.1 - 0.2 pum, corresponding to incomplete
combustion and larger (approximately 5 pm) particles consisting of unburned
material. Only the smaller particles are expected to remain suspended in
wood smoke (9). Measurements of particle size distribution inside forest fire
plumes in the Amazonian forest indicate that two particle generation
mechanisms operate in forest fires. gas to particle conversion resulting in
particles smaller than 2.0 um, and convective dispersion of ash and semi-
burned material. Due to high settling velocities of large particles, only the
smaller particles (smaller than 2 um) can be transported over long distances
(20).
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Biomass smoke contains organic and inorganic particulate matter,
including PAHs and a number of trace metals. Larson and Koenig (3)
recently reviewed the available information on particle composition. While
approximately 5-20 per cent of wood smoke particulate mass is elemental
carbon, the composition of the organic carbon fraction varies dramatically
with the specific biomass fuel being burned and with the combustion
conditions. Accordingly, profiles of specific PAHs, which are of concern for
their potential carcinogenicity, are likely to be variable. For this reason, many
measurements have focused on a single PAH with probable human
carcinogenic properties; benzo[a]pyrene (BaP), as a representative of the
PAH group. Detailed analysis of organic wood smoke aerosol were
conducted by Rogge et a (11). Nearly 200 distinct organic compounds were
measured in wood smoke, many of them derivatives of wood polymers and
resins. Wood consists of cellulose (50-70 per cent), hemicellulose (20-30
per cent), lignin (30 per cent), plus small amounts of resins and inorganic
salts. In wood, cellulose compounds form a supporting mesh that is
reinforced by lignin polymers. Together, these compounds form the rigid
wood structure.  When burned, lignin polymers produce methoxyphenols,
methoxy benzenes, phenols, catechols and benzene. Non-wood biomass does
not contain lignin and, therefore, the methoxy phenols and methoxy benzenes
are unique tracers of wood smoke combustion. Conifers (softwoods)
produce large amounts of resin acids while deciduous (hardwoods) trees do
not. Combustion of hardwoods produces more ash and therefore more trace
elements that softwoods (3). Potassium is the trace element found at highest
concentrations in wood smoke and has often been used as a wood smoke
tracer.

Daisey et a (12) compared concentrations of respirable particulate
matter (RSP), extractable organic matter (EOM) and PAHSs inside seven
Wisconsin homes when the home' s woodstove was operated and when it was
not. No statistically significant difference was observed between the two
periods for RSP concentrations. Concentrations of EOM, however, were
approximately two times higher, and concentrations of PAH were 2 to 46
times higher during the periods when the wood stoves were in operation.
Total PAH levels were below 10 ng/mP. This study indicates that wood
burning can increase indoor concentrations of particulate organic matter and
PAH, due to direct indoor emissions and/or infiltration from outdoors (12).
The atmospheric concentrations of total suspended particulate (TSP) matter
and BaP were measured in a mountain community highly dependent on wood
for residential space heating. BaP levels ranged from 0.6 to 14.8 ng/me.
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These levels were significantly higher than BaP levels observed in
metropolitan US cities which are in the range of 2-7 ng/m?® (13).

Inorganic particle composition was studied inside biomass fire plumes
from Amazonian forest and African and Brazilian savannas. Particles from
savanna fires were enriched in K, P, Cl, Zn and Br, while tropical forest fire
emissions were enriched in S and Ca. The authors suggest that K may
therefore be useful as a tracer for flaming and not smoldering fires (10).
These measurements also indicated that smoldering fires contributed more
than flaming fire to fine particle emissions (14). Mass concentrations ranged
from 30 pg/m?® in areas not affected by biomass burning to 300 ug/m? in large
areas (2 million km?) with intense burning. Additional studies of fine particle
(<2 pm) composition associated with biomass burning in the Amazon Basin
was reported by Artaxo et al (14). Biomass burning particulate is dominated
by elemental (soot) and organic carbon, K and Cl, along with S, Ca, Mn and
Zn. 24 hour average inhalable (PM,) and fine (PM, 5) mass concentrations as
high as 700 pg/m® and 400 pg/n?, respectively, were observed. The fine
particle mass is composed of naturally released particle - organic carbon, soil
dust particles and particles emitted during biomass burning. Dry season
particulate levels were increased as a result of soil dust release during the
entire dry season and biomass burning at the end of the dry season.

The issue of particulate matter air pollution and the components
responsible for the observed associations between particulates and adverse
health impacts is still quite controversial and currently unresolved. However,
it may not be an important issue for health impacts, if one agrees with the
assumption that even though PM, s (or PM,g) itself may not be the agent
responsible for health impacts, it is a good (the best known) surrogate for
whatever components of air pollution are responsible. There is however,
evidence to support a conclusion that PM, 5 particulate is a better measure
than PMy, (15, 16). Further, thereis even reason to believe that combustion-
source PM, 5 itself is a responsible agent. This is based on the observation
that numerous studies which demonstrate a relationship between particulate
matter and health outcomes have been performed in different locations,
where both the major particulate sources and the particulate composition
itself are quite different. The only known common feature in these studiesis
the presence of combustion-source particulate air pollution.

Exposures
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Exposure to biomass air pollution occurs in many settings. The
highest concentrations of particles have been measured in forest fires
themselves and in indoor air in developing countries where wood and other
biomass is used as a cooking and heating fuel. In terms of exposure,
domestic cooking and heating with biomass clearly presents the highest
exposures since individuals are exposed to high levels of smoke on a daily
basis for many years. Perez-Padilla and colleagues (17) developed an index
of hour-years, analogous to pack-years for smoking history. In a study of
rural Mexican women who cooked with biomass, the mean exposure was 102
hour-years. Pollutant levels measured in these settings have been described
in several investigations, some of which are discussed in more detail in the
following sections. Daytime respirable particulate matter measurements
(approximately corresponding to PM5s) in China were 1600 pg/n (18). In
Kenya (19) and the Gambia (20), 24-hour respirable particulate
measurements were 1400 and 2100 pg/m?, respectively, while in Guatemala,
24-hour PM,, measurements were 850 pg/m® (21). Brauer and colleagues
(22) measured particulate levelsin rural Mexican homes. Mean PM,q levels
were 768 pg/m®.  During cooking periods, the mean PM, 5 level was 887
ug/n?, while peak (5 minutes) PM, 5 concentrations reached 2000 pg/m® or
higher in most of the homes cooking with biomass (22). During cooking
periods, measurements in Brazil and Zimbabwe reported respirable
concentrations of 1100 and 1300 pg/n, respectively (18). Even higher
levels have been reported in Nepa and India, accompanied by extremely high
exposures to BaP. These exposures have recently been reviewed by Smith
(18, 21).

Wildland (forest) firefighters comprise an occupational group with
high exposure to biomass smoke. Exposures of wildland firefighter were
recently reviewed by Reinhardt and Ottmar (23), and will be discussed further
in the health effects section. The information regarding smoke exposures and
health effects in firefighters is presented here to provide information on the
plausibility of a relationship between smoke exposure and health impacts, as
well as to indicate the levels of exposure encountered in this setting. It must
be noted that firefighters are normally among the most physically fit in the
entire population and do not normally suffer from any pre-existing heath
conditions. Accordingly, the absence of health impacts among this group
does not indicate that health impacts will not be observed in the general
population. In contrast, it is reasonable to argue that the demonstration of
health impacts amongst firefighters provides strong evidence that similar
effects will be observed within the general population at equivalent or lower
levels of exposure. Exposures of the firefighter population are seasonal (4-5
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months per year) and highly variable depending upon the number of fires per
season, the intensity of the fires and specific job tasks.

In alarge study of 221 firefighters at 39 prescribed fires, Reinhardt
and Ottmar (23) measured mean CO and PMss levels of 4.1 ppm
(maximum=38) and 0.63 (maximum=6.9) pg/m?, respectively. Mean
formaldehyde, acrolein and benzene levels were 0.047 ppm, 0.009 ppm and
0.016 ppm, respectively. Griggs and colleagues (24) measured CO
exposures of firefighters at a peat and ground fire in North Carolina.
Downwind of the fire, CO concentrations averaged 75 ppm and peak values of
500 ppm were measured. Carbon monoxide exposure of bush firefighters
were measured by Brotherhood et a (25). Non-smoking individuals
experienced mean exposures of 17 ppm and peak levels of 40-50 ppm.
Smoking crew members were exposed to as much CO from their cigarettes as
from the fires. Measurements of carboxyhemoglobin in these firefighters
indicated that health impacts of CO exposure were unlikely to occur. In a
study of 22 firefighters, personal sampling was conducted for carbon
monoxide, sulphur dioxide, nitrogen dioxide, aldehydes, volatile organic
compounds, total particulates, and PAHs. CO levels ranged between 4 and 8
ppm, while nitrogen dioxide concentrations were below the 0.2 ppm limit of
detection. SO, concentrations ranged from non-detectable to 1.2 ppm.
Aldehyde, PAH and volatile organic compound levels were aso low or below
detection limits. Most total particulate concentrations were below 1.2
mg/m?, athough two 4 hour samples were above 15 mg/me. It is not known
what percentage of this was respirable. Across-shift symptom surveys
indicated slight increases in eye, nose and throat irritation (26). Materna and
colleagues (27) measured exposures of firefighters during severd
measurement campaigns over a three year period. Mean CO, respirable
particulate and formaldehyde exposures were 14 ppm, 1.4 mg/n?® and 0.13
ppm, respectively. Of the 12 specific PAHs detected, all were found at low
levels (mean exposures <100 ng/m?® except for phenanthrene at 380 ng/nt).
Although these data are limited, they are the most extensive available for
PAH exposures.

Reh and colleagues (28) conducted extensive exposure assessment in
combination with amedical evaluation. Respirable particulate levels were 0.6
- 1.7 mg/m® and sampling for acid gases detected low levels. Lung function
decreased (<3 per cent change) and symptoms reports increased across
workshifts. Electron microscopic examination of bandanas worn by the
firefighters indicated that the bandanas had pore sizes of more than 100 um,
and therefore were not protective against respirable particulates or gaseous
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pollutants (28). Another extensive series of exposure measurements was
conducted by Reinhardt and colleagues. Personal sampling was conducted on
37 firefighters. Peak (15 minute) exposures averaged 14 ppm, 2.08 mg/n,
0.018 ppm, 0.177 ppm and 0.035 ppm, for carbon monoxide, respirable
particulates, acrolein, formaldehyde and benzene, respectively (29). In
summary, the exposure measurements of firefighters, while variable, indicate
the potential for exposure to carbon monoxide and respirable particulates at
levels (above 40 ppm for CO and above 5 mg/m?® for respirable particulate)
which have been associated with adverse health impacts. These health effects
will be discussed in more detail in the health effects section.

In one of the few measurements of rural community air pollution
associated with large tropical forest fires, Reinhardt (29) measured
formaldehyde, acrolein, benzene, CO and respirable particulates (PM35) in a
rural area of Rondonia, Brazil, during the peak of the biomass burning season
in 1996. Of the species measured, respirable particulate matter levels were
significantly elevated, with mean levels of 190 pg/m?®, and with levels as high
as 250 pg/m® measured during several of the 12-hour sampling periods. The
author estimated that background levels of particulates in non-burning periods
were 10-20 per cent of the levels measured during their study period.
Particulate matter levels were also highly correlated with carbon monoxide
concentrations, suggesting that carbon monoxide could be used as surrogate
measurement of smoke exposure. Similar correlations have been observed in
studies of North American wildland firefighters (23). The mean CO level was
4 ppm, which issimilar to levels measured in moderately polluted urban areas
and below the level expected to be associated with acute health impacts. The
authors also reported increased levels of formaldehyde (average ambient
levels of 16 pg/m®) and benzene. Benzene levels (11 pg/nt® average) were
found to be higher than those measured in rural areas in other parts of the
world and were comparable to those measured in many urban areas.

Another population with biomass pollution exposure are residents of
North American communities where wood burning is prevalent. Elevated
levels of ambient air pollution are seasonal (3-8 months depending upon the
climate) and variable as they are strongly influenced by local meteorology.
PM,o concentrations as high as 800 pg/m® have been messured in these
communities, although peak levels (24-hour averages) of 200-400 pg/nt are
more common (3, 30). PMj;y, measurements in British Columbia
communities where wood smoke is the primary source of particulates
indicate 24-hour averages of 2-420 pg/m® (2). Larson and Koenig (3)
summarised several studies of PM measurements in communities with wood
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smoke as a maor particulate source. In the reported studies, PM;g
concentrations as high as 150 pg/m® and PM, s levels of 86 pg/m® were
measured in cases where wood smoke contributed more than 80 per cent of
the particulate mass. Aswood smoke is generally emitted outdoors and since
people spend most of their time indoors, indoor penetration is an important
variable for exposure assessment and will be discussed in more detail in
following sections. It is estimated that approximately 70 per cent of wood
smoke particulate penetrates indoors (3), athough this estimate is based upon
alimited number of measurementsin North American winter conditions.

Summary of biomass smoke exposures

Elevated concentrations of particulate matter are consistently
observed in situations where exposure to biomass combustion occurs. Due to
the size distribution of biomass particulates, essentially all will be contained
in the PM, s fraction, while the PM;, fraction will include additiona
particulates from resuspension of soil and ash. The highest concentrations
are associated with indoor biomass combustion in developing countries and
with exposures of wildland firefighters. These levels are 10-70 times above
those observed in urban areas. Lower concentrations have been observed in
ambient air within communities where wood burning is common and in
plumes associated with large-scale tropical forest fires. These levels are 2-
15 times those observed in urban areas. Domestic biomass burning in
developing countries has also been associated with extremely high BaP levels
(4000 times levels in urban air), while ten-fold lower exposures have been
measured in wildland firefighters and even lower concentrations measured in
community wood smoke (100 times urban air levels). Exposures to high
concentrations of carbon monoxide are highly variable and only occasionally
observed in wildland firefighters and in those exposed to domestic biomass
smoke. Concentrations associated with tropical forest fires and community
wood smoke are similar or dlightly higher than those associated with motor
vehicle emissions in urban areas. Large-scale tropical biomass fires are a'so
associated with the production of ozone. Concentrations similar to those
often measured in urban smog episodes have been measured in remote rural
areas. Review of the literature on exposure and health impacts, as well as
initial evaluation of the available air monitoring data from the 1997 “haze”
episode, indicates that the pollutant variable most consistently elevated in
association with biomass smoke is particulate matter. Accordingly, the
emphasis throughout this paper and of recommended future studies will be
focused on this compound.
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ACUTE AND CHRONIC HEALTH IMPACTS
Experimental and animal toxicology studies

Many of the constituents present in wood smoke have been studied for
their abilities to irritate mucous membranes and aggravate respiratory
disease. Relatively few studies have evaluated the effects of whole wood
smoke. Severa studies have found an overall depression of macrophage
activity as well as increases in albumin and lactose dehydrogenase levels,
Indicating damage to cellular membranes. Epithelial cell injury has also been
demonstrated. A study in dogs indicated an increase in angiotensin-1-
converting enzyme, a possible indication of an initia step towards pulmonary
hypertension (3).

Two preliminary reports suggest that wood smoke exposure may lead
to increased susceptibility to lung infection (31). These observations lend
support to epidemiological associations between wood smoke exposure and
respiratory illnesses in young children, as discussed below. In one study,
Mary Jane Selgrade of the US EPA compared infectivity of Streptococcus
zooepidemicus aerosol exposure in mice exposed previously to clean air, oil
furnace emissions and wood smoke. The Streptococcus zooepidemicus
causes severe respiratory infections. Two weeks post-exposure, 5 per cent of
the mice in the control and oil furnace groups died, compared to 26 per cent
of the wood smoke exposed group. Judith Zelikoff and colleagues at New
York University exposed rats nasally to 800 pg/m® red oak smoke for one
hour. The rats were then exposed to Staphylococcus aureus, a respiratory
pathogen. These bacteria were more virulent in rats exposed to the smoke
relative to controls, although the rats lungs did not show any signs of
inflammation. The researchers suggested that the wood smoke suppressed
marcrophage activity.

These studies are best viewed as indications of plausibility for
observed epidemiological associations and to help understand the
mechanisms by which biomass smoke exposure may lead to adverse health
outcomes. To demonstrate that adverse impacts of biomass smoke exposure
in humans do occur, we will first evaluate population groups which are
exposed to high levels; i.e. forest firefighters and those exposed to indoor air
pollution in developing countries where biomass is used for cooking and/or
heating.

Epidemiological studies of non-cancer health risks
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Although the composition and concentrations of specific
contaminants in smoke may vary by specific sources, associations between
adverse health effects, particularly amongst children and the elderly, have
been documented in numerous studies. Little is known about the toxicology
of biomass smoke as a complex mixture, athough the epidemiological
findings are most consistent with those found for particulate matter.

Wildland firefighters

Several studies have evaluated impacts of biomass smoke exposure on
wildland (forest) firefighters. These studies are summarised in Table 2, and
several of them are discussed in more detail in the following section.

A study of 76 firefighters in the US Pacific Northwest evaluated
cross-shift and cross-season respiratory effects. No significant increase or
decrease in respiratory symptoms was observed across the firefighting
season. The cross-shift and cross-season analysis identified significant mean
individual declines in lung function. Although annual lung function changes
for asmall subset (n=10) indicated reversibility of effect, this study suggests
a concern for potential adverse respiratory effects in forest firefighters.
These firefighters worked an average of 15 fires during the season (31).
Sutton et al (33) measured CO levels of 4-200 ppm and 24-hour TSP levels
of approximately 0.5 mg/m® at a firefighter camp in California  Health
assessment of the firefighters indicated a high prevalence of headaches (50
per cent), cough (66 per cent), shortness of breath (38 per cent),
lightheadedness (32 per cent) and wheezing (31 per cent).

Letts and colleagues (34) evaluated cross-season changes in lung
function and respiratory symptoms in 78 Southern California firefighters.
Overall, the mean cross-season changes for lung function were -0.5 per cent
FEV, (forced expiratory volume), 0.2 per cent FVC (forced vital capacity)
and -0.5 per cent in the FEV,/FVC ratio. No significant increase in the
prevalence of respiratory symptoms was noted cross seasonally and those,
which did occur, were not associated with exposure. The authors concluded
that there was limited evidence that forest fire fighting results in cross-
season changes in lung function, although the firefighters themselves
indicated that the season of measurements contained fewer fires than was
typical (34).
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Rothman and colleagues (35) studied cross-seasonal changes in
pulmonary function and respiratory symptoms in 52 wildland firefigthers in
Northern California. The mean cross-seasonal change in FEV; was —1.2 per
cent, with a corresponding mean change in FVC of -0.3 per cent. Decreasesin
FEV, and FVC were most strongly associated with hours of recent fire-
fighting activity. When the study group was divided into three categories
based on recent fire-fighting activity, firefightersin the high activity category
(mean +/- SE, 73+/- hours of fire fighting in previous week) had a -2.9 per
cent change in FEV, and a -1.9 per cent change in FVC. There was a
significant cross-seasonal increase in most respiratory symptoms eval uated.
Several symptoms (eye irritation, nose irritation, and wheezing) were
associated with recent fire fighting. These findings suggest that wildland
firefighters experience a small cross-seasonal decline in pulmonary function
and anincrease in several respiratory symptoms (35).

Liu and colleagues (36) studied cross-season lung function and
airways responsiveness in 63 wildland fire fighters during a 5-month season
of active fire fighting. There were significant mean individual declines in
post-season lung function, compared with pre-season values. There was a'so a
statistically significant increase in airway responsiveness when comparing
pre-season methacholine dose-response slopes with post-season dose-
response slopes. The increase in airway responsiveness appeared to be
greatest in fire fighters with a history of lower respiratory symptoms or
asthma, but it was not related to smoking history. These data suggest that
wildland firefighting is associated with decreases in lung function and
Increases in airway responsiveness independent of a history of cigarette
smoking (36).

A recent study compared lung function of wildland firefighters in
Sardinia with a control group of policemen, in an attempt to evaluate chronic
impacts of firefigthing exposure. On average, the firefighters worked during
the 4-month fire seasons for 16 years. The firefighters had significantly
lower levels of lung function (after controlling for age, height and smoking).
Lung function measurements were conducted 10-11 months after the
conclusion of the previous fire season. No relationship was observed
between years of firefighting and lung function leading the authors to suggest
that the adverse effect was due to repeated episodes of acute intoxication
(37).

Summary of wildland firefighter studies
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In summary, these studies clearly indicate an association between
exposure and acute effects on respiratory health. Cross-seasonal effects have
also been observed in most studies although these effects appear to be
relatively small and may be reversible. As stated earlier, firefighters are an
extremely fit and healthy group and cannot be considered representative of
the general population. Accordingly, the demonstration of acute and sub-
chronic effects in this occupational group indicates the plausibility, but not
the magnitude of an association between biomass smoke exposure and
adverse effectsin the general population.

Indoor air pollution in developing countries

The hedlth effects of biomass smoke inhalation have been documented
in developing countries where women and children spend many hours cooking
over unvented indoor stoves. On a global basis, it is the rura population in
developing countries who are most highly exposed to fine particulates (22).
Approximately 50 per cent of the world's population uses biomass fuel for
cooking and/or heating.

The potential health effects associated with exposure to biomass
combustion products in developing countries are widespread and have
recently been reviewed (21). In particular, exposure to biomass combustion
products has been identified as a risk factor for acute respiratory infections
(ARI). ARI aretheleading cause of infant mortality in developing countries.
In addition to the risks of infants, the women who are cooking are also at risk
for chronic respiratory diseases as well as adverse pregnancy outcomes.
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A number of studies have reported associations of health impacts with
use of biomass fuels, athough few have directly measured exposure. These
studies have been reviewed in detail by (21, 38) and are summarised in Table
3. Several of the more recent studies, including some in which exposures
were measured will be discussed further. A case control study conducted in
Zimbabwe found a significant association between lower respiratory disease
and exposure to atmospheric wood smoke pollution in young children. Air
sampling within the kitchens of 40 children indicated very high
concentrations (546-1998 pg/m®) of respirable particulates.  Blood
carboxyhaemoglobin (COHb) was determined for 170 out of 244 children
confirming that they did experience smoke inhalation (39).

The association between exposure to air pollution from cooking fuels
and health aspects was studied in Maputo, Mozambique (40). Personal air
samples for particulate matter (roughly equivalent to PM,,) were collected
when four types of fuels [wood, charcoal, electricity and liquified petroleum
gas (LPG)) were used for cooking]. Wood users were exposed to
significantly higher levels of particulate pollution during cooking time (1200
ug/nt) than charcoal users (540 pg/m®) and users of modern fuels (LPG and
electricity)(200-380 pg/m®). Wood users were found to have significantly
more cough symptoms than other groups. This association remained
significant when controlling for a large number of environmental variables.
There was no difference in cough symptoms between charcoal users and
users of modern fuels. Other respiratory symptoms such as dyspnea,
wheezing, and inhalation and exhalation difficulties were not associated with
wood use (40). Lifetime exposure from cooking fuels was estimated by
multiplying the exposure level (1200 pg/m® for wood) by years of exposure
(23 for wood), duration of daily exposure (3 hours) and use intensity factor
(proportion of respondents using wood on the day of the measurement). The
mean lifetime exposure variable was 2800 exposure-years for those currently
using wood as the principal fuel. For comparison to other studies, the group
using wood for burning had 69 hour-years of exposure.

A recent case-control study of Mexican women reported an increased
risk of chronic bronchitis and obstructive airways disease associated with
cooking with wood (41). The risk of chronic bronchitis was linearly
associated with hour-years of cooking with biomass. Crude odds ratio for
chronic bronchitis and chronic bronchitis/obstructive airways disease with
wood smoke exposure were 3.9 and 9.7, respectively. Adjusted odds ratios
ranged from 1.6-8.3, and 1.1-2.0 for chronic bronchitis and obstructive
airways disease, respectively, depending upon the specific control group used
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for comparison. The median duration of wood smoke exposure were 25 and
28 years for the chronic bronchitis and obstructive airways disease groups,
respectively. The median hours per day of wood smoke exposure was 3 in the
groups. Interestingly, the same research group who conducted a cross-
sectional study of Mexican women currently exposed to varying levels of
biomass smoke, indicated an association between biomass exposure and
increased phlegm production and reduced lung function. Although these
adverse effects were observed, they were smaller than expected based on the
results of the case-control study. Possible explanations include different
study design, biasin the case-control study and the development of resistance
in women repeatedly exposed (41).

A case-control study conducted in Colombia identified a similar risk
of obstructive airways disease (OAD) in women who cooked with biomass.
Univariate analysis showed that tobacco use (OR=2.22; p<0.01), wood use
for cooking (OR=3.43;p<0.001) and passive smoking (OR=2.05;p<0.01)
were associated with OAD. The adjusted odds ratio for OAD and wood use
(adjusted for smoking, gasoline and passive smoke exposure, age and
hospital) was 3.92. The mean number of years of wood smoke exposure was
33 in the cases. The authors suggested that wood smoke exposure in these
elderly women was associated with the development of OAD and may help
explain around 50 per cent of all OAD cases (42).

A recent clinical report described a group of 30 non-smoking patients
with lung disease thought to be associated with biomass smoke exposure
during cooking. The patients had abnormal chest x-rays and evidence of
pulmonary arterial hypertension. Their pulmonary function was consistent
with mixed obstructive-restrictive disease (43).

Cassano and colleagues (44) reported on a cross-sectional study of
approximately 8000 individualsin rural areas of Chinawith 58 per cent wood
use as domestic cooking fuel and 77 per cent use of vented stoves. Vented
stoves were associated with increased lung function and time spent cooking
was related to decreased lung function. Countywide chronic obstructive
pulmonary disease (COPD) mortality data were inversely related to lung
function data. These findings were similar for all fuel types and suggest alink
between wood use as a cooking fuel and COPD.

Summary of studiesof indoor air pollution in developing countries
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Studies in developing countries indicate that biomass smoke exposure
Is associated with both acute respiratory illness in children and the
development of chronic lung disease in adults. As these exposures are much
higher than would occur as a result of short-term exposure to biomass air
pollution associated with forest fires, direct comparisons are difficult to
make. More so than with studies of wildland firefighters, the studies
conducted in developing countries indicate the serious consequences of
exposure to high levels of biomass air pollution. Increased acute respiratory
illness in children associated with biomass smoke exposure is alikely cause
of infant mortality while the development of chronic lung disease in adultsis
associated with premature mortality and substantial morbidity.

Community/cohort indoor and ambient air pollution studies

Particulates - overview

This paper will not discuss the voluminous particulate epidemiology
literature in detail as a book (45) and several review articles have recently
been published (16,46,47). Instead, an overview of the findings, and
examples of the mgjor study types and their findings, will be discussed with
emphasis on the time series studies of acute health impacts and the recent
prospective cohort studies of chronic exposure impacts. The available
evidence associating biomass air pollution with adverse health outcomes will
then be discussed in detail.

Early air pollution disasters, such as the London fog of 1952, were
dramatic examples of the impact of air pollution on mortality and other health
effects (48,49). These air pollution episodes were the motivation for
regulations and consequent air quality improvements in the past 30-40 years.
However, recent studies have indicated that current levels of air pollution are
associated with adverse health outcomes. The most startling finding of these
studies is the association of particulate matter air pollution, with increased
daily mortality (50-58). Different investigators have conducted these studies
in avariety of locations, using a variety of study designs. In nearly all cases,
the studies indicate an association between particle air pollution and
increased risk of death, primarily in the elderly and in individuals with pre-
existing respiratory and/or cardiac illness (59,60). Recent studies have also
suggested an association between particulates and infant mortality (61,62) as
well as with low birth weight (63). Increased risk of hospital admissions and
increased emergency room visits have also been associated with short-term
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increases in the levels of particle air pollution (46, 59, 64-68). Table 4
summarizes the results of these studies for the various heath outcomes
assessed. One common feature of the study locales is that ambient
particulate matter is produced in combustion processes. Studies of naturally-
produced particles (such as those generated from windblown soil or volcanic
eruptions) show a much smaller impact on health outcomes for an equivalent
particle concentration (46, 69, 70). These data support the hypothesis that
any combustion-source particulate air pollution is associated with adverse
health outcomes. The implications of this hypothesis are far-reaching, as
they suggest that particulates are associated with adverse health effects in
essentially all urban areas.

The majority of the particulate epidemiology studies have evaluated
the acute impacts of particulate air pollution with time-series study designs.
Only a limited number of studies have investigated long-term effects. Of
these, the most significant are the prospective cohort studies in which the
analyses can control for individual differences in risk factors such as
smoking. Dockery et al (50) studied over 8,000 adults in six US cities with
different levels of air pollution over a period of 16 years. The adjusted
mortality risk was 26 per cent higher in the most polluted city relative to the
least polluted city. Survival decreased with increasing particulate levels. Ina
study of more than 500,000 adults with 8-year follow-up, Pope and
colleagues found a significant association between fine particles and particle
sulfate with cardiopulmonary mortality after controlling for smoking,
education and other potential confounding factors (58). The adjusted
mortality risk was 15-25 per cent higher in cities with the highest particulate
levels relative to the cities with the lowest levels. Together these studies
indicate that long-term exposure to particulate air pollution has a significant
Impact on reduction of life expectancy. The results of the cohort studies of
Dockery and Pope (46) were used to estimate the reduction in life
expectancy associated with long-term particulate exposure. For a 10 pg/nt
difference in long-term exposure to PM, s, the relative risk of mortality is
1.1. When applied to a 1992 life expectancy for Dutch men, the estimated
effects is a 1.1 years reduction for each 10 pg/m?® difference in long-term
exposureto PM, 5,

In the only cohort study of morbidity associated with long-term
particulate exposure, Abbey and colleagues (71, 72) studied a cohort of
nearly 4000 non-smoking Seventh Day Adventistsin Caifornia. The relative
risks of developing new cases of chronic respiratory disease were
significantly associated with particulate levels. For TSP levels above 100
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ug/n? (in this case similar risks were observed for PM,, levels above 80
ug/n?), significantly elevated risks were observed for as few as 500 hours
(21 days) of exposure per year, for 4 years (71,72). Increased risks were
observed for longer duration and higher levels of exposure. A significant risk
for the development of asthma was associated with long-term exposure to
TSP above 150 pg/m®. Similar analyses were also conducted for estimated
and measured concentrations of PM,, and PM, 5. While the risk of asthma
development was not evident in these analyses, significant risks for the
development of new cases of chronic bronchitis and obstructive airways
disease were found at annual average PM;o and PM, 5 levels of 20-100 pg/m?®
(73). Increased symptoms severity was associated with annual average
concentration of 20-40 pg/m® and 40-50 pg/m® for PM,s and PM,
respectively.

While the vast majority of studies have measured PM,q, there is
evidence to support regulating PM, 5 levels. Schwartz et a (74) compared
PM,s and the coarse fraction of PM;y, (PM-PM,5) as indicators of
mortality. A significant relationship between PM, 5 and mortality, but not
with coarse particles, was found. These results are also consistent with our
understanding of particle deposition since coarse particles are efficiently
removed in the upper respiratory tract, while fine particle penetrate deep into
the lung. A recent analysis of insoluble particles in autopsy lungs found that
96 per cent of the particles were smaller than 2.5 pg/m (75). The PM, 5
fraction also contains primarily particles produced in combustion processes,
while the coarse fraction contains solid and crustal material that is not as
toxicologically reactive.
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Currently inhalable particulate matter is regulated in many countries.

Since 1987, the US EPA standard for PM,, has been 150 pg/m® and 50 pg/n?
for 24-hours and one year, respectively. California has set a standard of 50
and 30 pg/n? for 24 hour and annual averages, respectively. The WHO Air
Quality Guidelines for Europe declined to recommend specific guidelines
for particulate matter as the available studies do not indicate an obvious
exposure concentration and duration that could be judged a threshold. The
document argues that the available data suggest a continuum of effects with
increasing exposure. Recently the US EPA set the first standard for PM, 5 as
65 pg/m® and 15 pg/n for 24 hour and annual averages, respectively.

Wood and other biomass smoke

Epidemiological studies of wood smoke in North America have
focused on symptoms and/or lung function as the main outcome measures.
The majority of studies have focused on children, due to the assumption that
children are susceptible due to small lung volumes and incompletely
developed immune systems. Children are also somewhat simpler to study, as
cigarette smoking or occupation does not confound their exposures.

Several early studies focused on the presence of awood burning stove
in the home as a risk factor. These studies indicate that wood stoves,
especially older varieties can emit smoke directly into the home (3). Newer
airtight stoves emit less smoke into the homes, but indoor exposure still
occurs due to infiltration of smoke emitted outdoors into the home.
Therefore, while these earlier studies strongly suggest that there are adverse
impacts associated with wood smoke exposure, their crude exposure
assessment precludes more specific conclusions. The Harvard University Six
Cities Study reported that wood stove use was associated with an increased
risk of respiratory illness in children (76). Honicky and colleagues (77, 78)
studied 34 children living in homes with wood stoves compared to 34 with
other heating sources, mainly gas. Occurrence of wheeze and cough was
much greater in the group of children living in homes with wood stoves,
although no measurements were made of wood smoke (77). The study of
Honicky and Osborne (78) was motivated by a case report of a 7 month old
infant hospitalised with serious respiratory disease, which was associated
with the family’s purchase of a wood burning stove. Another clinical case
report strongly argues for the biological relationship between wood smoke
exposure and lung disease, in this case, interstitial disease, and not the
obstructive lung disease commonly associated with biomass smoke exposure
in developing countries (79). Ramage et a (80) reported on the case of 61-
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year-old women with interstitial lung disease. Bronchioalveolar lavage
revealed numerous particulates and fibres, as well as celular and
immunoglobulin  abnormalities. The particles were shown to be
carboneceous by energy dispersive X-ray anaysis (EDXA). Inflammation
and fibrosis were found surrounding them on open biopsy. The particle
source was traced to a malfunctioning wood-burning heater in the patient’s
home (80).

Tuthill (81) measured respiratory symptoms and disease prevalencein
258 children living in homes with wood stoves compared to 141 children in
homes without wood stoves. A dlight, but not statistically significant elevated
risk of symptoms was found in this study. No exposures were measured.
Butterfield et al (82) monitored 10 respiratory disease symptoms in 59 one
to 5/, year old children, again comparing those living in homes with and
without wood stoves. Wheeze and cough symptoms were associated with
living in ahome with awood stove. Although no measurements were made of
wood smoke exposure, a study conducted during the following winter
indicated monthly mean outdoor PM levels of approximately 50-65 pg/m®
while source apportionment studies indicated that approximately 70 per cent
of the winter particulate was from wood burning (83). A case-control study
of 59 matched pairs of native American children less than 2 years old
indicated increased risk of lower respiratory tract infection for children
living in homes with wood stove (84).

A similar case-control study conducted among Navgo children
evaluated the association between wood smoke exposure and acute lower
respiratory illness (ALRI). Inasignificant improvement from earlier studies,
indoor particulate levels were measured in this investigation. Forty-five 1-24
month old children hospitalised with an ALRI were compared with age and
gender matched controls who had a health record at the same hospital and had
never been hospitalised for ALRI. Home interviews of parents of subjects
elicited information on heating and cooking fuels and other household
characteristics. Indoor PM;, sampling was conducted in the homes of all
cases and controls. Matched pair analysis revealed an increased risk of ALRI
for children living in households that cooked with any wood or had indoor
particle concentrations greater than or equal to 65 pg/m®. The indoor particle
concentration was positively correlated with cooking and heating with wood
(geometric mean levels of approximately 60 pg/m?®) but not with other
sources of combustion emissions (85). In the only study to date to evaluate
impacts of wood burning on adult asthma, Ostro et a (86) measured
symptoms in a panel of 164 asthmatics. Exposure to indoor combustion
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sources, including wood stoves was associated with increased asthma
exacerbation. The studies of low-level indoor exposure are summarized in
Tableb.

Severa other studies, summarised in Table 6, have evaluated health
outcomes in communities where wood smoke is a major, athough not the
only, source of ambient particulate. Heumann et a (30) studied lung function
in 410 school children in Klamath Falls, Oregon, during a winter season.
Children from schools in high and low exposure areas were studied. In
Klamath Falls, it has been estimated that wood smoke accounts for as much
as 80 per cent of winter period PM,q. Winter period PM,, levelsin the high
exposure area ranged from approximately 50-250 pg/n while levels in the
low exposure area ranged from 20-75 pg/m. Lung function decreased during
the wood burning season for the children in the high exposure area, but not in
the low exposure area (30). Two studies were conducted in Montana to
evaluate acute changes in lung function in children within a single community
at different levels of air pollution and also to evaluate cross-sectional
differences in lung function between communities with different air quality
levels, as an indication of chronic impacts (87). Acute lung function
decrements measured in 375 children were associated with increased levels
of particulates. 24-hour averages ranged from 43-80 pg/n® and 14-38 pg/m®
for PMq and PM, 5, respectively. The chronic impact study also associated
small decrements in lung function with residence in communities with higher
levels of air pollution. Although particle composition was not measured
directly in this study, measurements conducted in the acute study community
during the same period, attributed 68 per cent of the PM; 5 to wood smoke

(3).

A questionnaire study of respiratory symptoms compared residents of
600 homes in a high wood smoke pollution area of Seattle with 600 homes
(questionnaires completed for one parent and two children in each residence)
of alow wood smoke pollution area. PM,, concentration averaged 55 and 33
ug/nT in the high and low exposure areas, respectively. When all age groups
were combined, no significant differences were observed between the high
and low exposure areas. However, there were statistically significant higher
levels of congestion and wheezing in 1-5 year olds between the two areas for
al three questionnaires (1 baseline questionnaire and two follow-up
guestionnaires which asked about acute symptoms). This study supports the
other investigations suggesting that young children are particularly
susceptible to adverse effects of wood smoke (88).
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A more comprehensive study in the same high exposure Sesttle area
was initiated in 1988. In these residential areas in Seattle, 80 per cent of
particulate matter are from wood smoke (3). Lung function was measured in
326 elementary school children (including 24 asthmatics) before, during and
after two wood burning seasons. Fine particulate matters was measured
continuously with an integrating nephelometer. Significant lung function
decrements were observed in the asthmatic subjects, in association with
increased wood smoke exposure. The highest (night time 12-hour average)
PM, s level measured during the study period was approximately 195 pg/n?
and PM,, levels were below the US National Ambient Air Quality Standard of
150 pg/m?® during the entire study period (89). For the asthmatic children
FEV,/FVC decreased by 17 and 18.5 ml for each 10 pg/n? increase in PM, s,
while no significant decreases in lung function were observed in the non-
asthmatic children. A companion study evaluated the impact of particulate
matter on emergency room visits for asthma in Seattle (66). In this study a
significant association was observed between PM,, particle levels and
emergency room visits for asthma. The mean PM,, level during the 1-year
study period was 30 pg/nt. At this concentration, PM;, appeared to be
responsible for 125 of the asthma emergency room visits. An exposure
response relationship was also observed down to very low levels of PMyy,
with no evidence for a threshold at concentrations as low as 15 pg/nr. The
authors indicate that on an annual basis 60 per cent of the fine particle mass
in Seattle residential neighbourhood is from wood burning.

Two time series studies (90, 91) have been conducted in Santa Clara
County, Cadlifornia, an area in which wood smoke is the single largest
contributor to winter PM,o, accounting for approximately 45 per cent of
winter PMy,. Particulate matter levels are highest during the winter in this
area. Thefirst study was one of theinitial mortality time series studies which
indicated an association between relatively low PM,, levels and increased
daily mortality (90). A recent study of asthma emergency room visits in
Santa Clara County and winter PM,q found a consistent relationship.
Specificaly, a 10 pg/m? increase in PM;o was associated with a 2-6 per cent
Increase in asthma emergency room visits (91). These results demonstrate an
association between ambient winter time PM,, and increased daily mortality
and exacerbation of asthma in an area where one of the principal sources of
PM, isresidential wood smoke.

Two other studies (92, 93) conducted in North America focused on

other sources of biomass burning besides wood burning stoves or fireplaces.
In a small study of 7 medicated asthmatics, subjects were walked 0.5 mile

214



Health Guidelines for Vegetation Fire Events, Lima, Peru, 6-9 October 1998.
Background papers
© WHO, 1999

with and without exposure to burning leaves on the same day, under very
similar environmental conditions. Significant decreases in lung function
were observed in the asthmatics within 30 min of exposure to leaf burning,
while lung function of non-asthmatics was not affected (92). In a recent
study, 428 subjects with moderate to severe airways obstruction were
surveyed for their respiratory symptoms during a 2-week period of exposure
to combustion products of agricultural burning (straw and stubble). During
the exposure period, 24-hour average PM,, levels increased from 15-40
ug/nt to 80-110 pg/m®. 1-hour level of carbon monoxide and nitrogen
dioxide reached 11 ppm and 110 ppb, respectively. Tota volatile organic
compound levels increased from 30-100 pug/m® before the episode to 100-
460 pg/m® during the episode. While 37 per cent of subjects were not
bothered by smoke at all, 42 per cent reported that symptoms (cough,
wheezing, chest tightness, and shortness of breath) developed or became
worse due to the air pollution episode and 20 per cent reported that they had
breathing trouble. Those with symptoms were more likely to be female than
male and ex-smokers than smokers. Subject with asthma and chronic
bronchitis were also more likely affected (93). The results of these studies
indicate that other forms of biomass air pollution, in addition to wood smoke,
are associated with some degree of impairment, and suggest that individuals
with pre-existing respiratory disease are particularly susceptible.
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Perhaps the study with the most relevance to the issue of biomass air
pollution in Southeast Asia is an analysis of emergency room visits for
asthma in Singapore during the 1994 “haze” episode (94). The study,
described briefly in aletter to Lancet, indicates an association between PM,
and emergency room visits for childhood asthma. During the “haze” period,
mean PM;, levels were 20 per cent higher than the annual average. Although
a time series analysis was not conducted, the authors suggest that the
association remained significant for all concentrations above 158 pg/m?.

Two studies (95, 96) have been conducted regarding asthma
emergency room visits and PM,, levels associated with smoke from
bushfires in Sydney Australia. During 1994, PM,, levels were elevated
(maximum hourly values of approximately 250 pg/nt’) for a 7-day period.
Ozone levels were not elevated during the period in which smoke impacted
Sydney. Neither study detected any increase in asthma emergency room
visits during the bushfire smoke episode. Both studies used relatively simple
analyses. One study had little power to detect small changes in emergency
room visits as they related to air pollution and the other only used relatively
short periods for comparison; neither detected any association. The results
appear to conflict with those of studies conducted in North America
Possible reasons are differences in study design and sample size as well as
differences in chemical composition of the particulates and differences in
the relative toxicity of the specific particle mixture.

Inasimilar analysisto the studies of Australian bushfires, Duclos et al
(97) evaluated the impact of a number of large forest fires in California on
emergency room visits. During the approximately 2, week period of the
fires, asthma and chronic obstructive pulmonary disease visits increased by
40 and 30 per cent, respectively. PM,, concentrations as high as 237 pg/m®
were measured. Based on TSP concentration, PM,, levels were significantly
higher in other regions without PM,, monitoring.

Summary of wood and biomass community/cohort studies

The epidemiological studies of indoor and community exposure to
biomass smoke indicates a consistent relationship between exposure and
increased respiratory symptoms, increased risk of respiratory illness and
decreased lung function. These studies have mainly been focused on
children. The few studies which evaluated adults also showed similar results.
A limited number of studies also indicate an association between biomass
smoke exposure and visits to hospital emergency rooms. A notable
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exception is the analysis of populations exposed to large bushfires in
Australia, which did not show any association between PM,, and asthma
emergency room visits. There are also indications from severa studies that
asthmatics are a particularly sensitive group. No studies have explicitly
evaluated the effect of community exposure to biomass air pollution on
hospitalisation or mortality, although one study indicated a relationship
between PM,, and mortality in an area where wood smoke is a major
contributor to ambient PMy,. By anaogy to the findings of numerous studies
associating increased mortality with urban particulate air pollution mixtures,
It is reasonable to conclude that similar findings would also be observed in
locations exposed to biomass smoke. From the vast number of particulate
studies, there is no evidence that airborne particles from different
combustion sources have different impacts on health. Particles generated by
natural processes such as volcanic eruptions and windblown soil do appear to
have less of an impact on health. Therefore, there is little reason to expect
that biomass smoke particulate would be any less harmful than other
combustion-source particles and it is prudent to consider that biomass smoke
exposure is also related to increased mortality. The particulate mortality
studies also do not show evidence for a threshold concentration at which
effects are not observed. If such athreshold level does exist it islikely to be
a very low level, below those levels measured in most urban areas to the
world.

Nearly all the low-level indoor and community biomass smoke studies
mentioned above evaluated impacts of concentrations which were much lower
than those associated with the 1997 Southeast Asian haze episode. Similarly,
the studies of seasonal exposure to wood smoke involved exposure duration,
which were of comparable length to those experienced in Southeast Asia
Based on these studiesiit is reasonabl e to expect that the Southeast Asian haze
episode resulted in the entire spectrum of acute impacts, including increased
mortality, as well as subchronic (seasonal) effects on lung function,
respiratory illness and symptoms. It is not possible at this time to determine
the long-term effect, if any, from a single air pollution episode, although
repeated yearly occurrences of high biomass smoke exposure should be
cause for serious concern. Chronic (several years) exposure to particulate
air pollution in urban areas, a much lower levels than experienced in
Southeast Asia in 1997, has been associated with decreased life expectancy
and with the development of new cases of chronic lung disease.

Cancer
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Cohen and Pope (98) recently reviewed the evidence associating air
pollution with lung cancer. Studies suggest rather consistently that ambient
air pollution resulting from fossil fuel combustion is associated with
increased rates of lung cancer. Two recent prospective cohort studies
observed 30-50 per cent increases in lung cancer rates associated with
exposure to respirable particulates, best viewed as a complex mixture
originating from diesel exhaust, coal, gasoline and wood. One of these
studies suggested that sulfate particles (likely originating from coal and
diesel combustion) appeared to be more strongly associated with lung cancer
than fine particles. The results of these cohort studies are generally
consistent with other types of exposure to combustion-source pollution such
as occupationa exposure and environmental tobacco smoke. While biomass
smoke may be similar in some respects to cigarette smoke, the excess lung
cancer risk associated with ambient air pollution (relative risks of 1.0-1.6) is
small compared with that from cigarette smoking (relative risks of 7-22) but
comparable to the risk associated with long-term environmental tobacco
smoke exposure (relativerisk of 1.0-1.5).

There is little direct information regarding the human cancer risks
associated with biomass air pollution. The US EPA studied the contribution
of wood smoke and motor vehicle emissions to the mutagenicity of ambient
aerosols in Albugquerque, NM. This study found that, despite wood smoke
being the major contributor to the mutagenicity of ambient particulate matter,
it was 3 times less potent as a mutagen than extractable organic associated
with vehicle emissions (99). The mutagenic potency of air samples
decreased linearly with increased fraction of samples originating from wood
smoke.

In an application of this and other work, the estimated lifetime cancer
risk associated with 70 years of exposure to air pollution dominated by wood
smoke (80 per cent) was calculated to be approximately 1 in 2,000. This
calculation assumes lifetime exposure to PM;o levels of 25-60 ug/m® of
which wood smoke is a major component for approximately 3 months every
year. Extrapolating these estimates to an environment of 100 per cent wood
smoke estimates an individual lifetime cancer risk of approximately one in
10,000 (83). It must be emphasized that these risk estimates do not mean
that out of every 10,000 exposed people, one will develop cancer, but rather
serve as estimates upon which different exposure scenarios and pollutants can
be compared and to evaluate whether certain exposures can be considered as
significant risks. For environmental exposure, regulatory agencies often
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consider lifetime cancer risk greater than one in one million to be significant.

BaP is a human carcinogen as defined by the International Agency for
Research on Cancer (IARC) and is present in biomass smoke at high levels.
Smith and Liu (18) reviewed studies of BaP levels in biomass smoke and
discussed studies which have evaluated lung cancer risks. Despite high
exposures to a known human carcinogen, there isrelatively little evidence for
a relationship between lung cancer and biomass smoke exposure. |If any
effect does exist it is thought to be small, relative to other risk factors such
as diet or exposure to air pollution from coal burning. Lung cancer is itself
relatively rare in areas of biomass fuel use, even if age-adjusted cancer rates
are analysed (18). A similar argument is presented for nasopharyngea
cancers, which are also rare in areas of biomass smoke use (100).

The findings of relatively low mutagenicity for wood smoke, have, to
some extent, been vaidated in an ongoing study (101) of indoor
environmental exposure risks and lung cancer in China. Cross-sectional
comparisons of population subgroups in Xuan Wei, China, an area noted for
high mortality from respiratory disease and lung cancer, suggested that the
high lung cancer rates cannot be attributed to smoking or occupational
exposure. Since residents of Xuan Wei, especialy women, are exposed to
high concentration of coal and wood combustion products indoors, a study
was undertaken to evaluate the lung cancer risks of these exposures. On
average women and men in Xuan We spend 7 and 4 hours per day,
respectively, near a household fire. A 1983 survey indicated that the lung
cancer rate in Xuan Wei was strongly associated with the proportion of
homes using smoky coal in 1958 (101). No relationship was observed
between lung cancer and the percentage of homes using wood.

A follow-up study (102) compared exposuresin two otherwise similar
Xuan Wei communities, one with high lung cancer mortality (152/100,000)
where smoky coal was the mgjor fuel and another with low lung cancer
mortality (2/100,000) where wood (67 per cent) and smokeless coal (33 per
cent) were used. Lung cancer mortality was strongly associated with indoor
burning of smoky coa and not with wood burning. This association was
especially strong in women who seldom smoked and were more highly
exposed to cooking fuel emissions than men. Indoor PM;, concentrations
measured during cooking were extremely high (24, 22 and 1.8 mg/n? for
smoky coal, wood and smokeless coal, respectively). In contrast to other
studies of wood smoke particle size distribution, measurements in Xuan Wel
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indicated that only 6 per cent of the particles emitted during wood
combustion were smaller than 1 pm in size, whereas 51 per cent of the smoky
coal particles were submicron. Mutagenicity tests of particulates collected
from the various combustion processes indicated that smoky coal was
approximately 5 times more mutagenic than wood (103). This study suggests
that there was little association between open-fire wood smoke exposure and
lung cancer, despite very high exposure with long duration (women generally
start cooking at age 12). One possible explanation is the relatively low
biological activity of wood smoke particulate matter combined with less
efficient deposition of the larger particles.

The available, although limited, data on biomass smoke and cancer do
not indicate an increased risk even at very high levels of exposure. This
evidence includes studies of long-term exposure to high levels of biomass
smoke from domestic cooking in developing countries. Evidence for a
relationship between urban particulate air pollution and lung cancer is also
limited but is suggestive of a small, but measurable, increased risk. There
have not been enough studies conducted to evaluate the consistency of any
increased risk for different particle sources. However, while biomass smoke
is clearly mutagenic, it is much less so than motor vehicle exhaust, on a
comparable mass basis.
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RESEARCH NEEDS

The gudies discussed above indicate that biomass air pollution is
clearly associated with some degree of adverse health outcome. By analogy
to the genera particulate epidemiology, it is likely that the exposures
encountered during biomass air pollution episodes in Southeast Asia will
result in acute health impacts spanning the entire range of severity, from sub-
clinica impacts on lung function to increased daily mortality. Shorter
duration episodes at lower air pollution concentrations have been linked with
adverse impacts, while chronic exposure to higher levels of biomass air
pollution and to lower levels of urban air pollution have been associated with
development of chronic lung disease and decreased life expectancy.
Therefore, the Southeast Asian biomass air pollution scenario falls into a
relatively unique exposure category in which acute effects are highly
probable but at exposure levels much lower (especially in terms of duration)
than those experienced in studies which have demonstrated chronic impacts.
Given the uncertainty regarding the potential for chronic effects, it would
seem reasonable to initially evaluate the acute health impacts, especialy
since these are likely to include severe impacts such as increased mortality.
Further, acute impacts are expected to be much easier to detect with a high
degree of confidence than chronic health endpoints. To help understand the
potential for adverse health effects and to evaluate the effectiveness of
various mitigation measures, there is aso a need to investigate several
exposures issues. Several major research questions are summarised below.
However, before these questions can be addressed, it will be necessary to
identify the availability of data, specifically air monitoring data and valid data
on health indicators such as daily mortality, hospital visits, clinic/emergency
room visits, etc.

1. What were the short-term human health impacts associated with
exposure to biomass air pollution in Southeast Asia?

For the range of identified impacts, were the effects reversible or
permanent?

2. What were the long-term human health impacts (if any) associated
with exposure to biomass air pollution in Southeast Asia?

3. Which (if any) population groups were especially susceptible to
adverse hedlth effects of biomass air pollution in Southeast Asia?
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4. What was the size of the exposed population?

Using study results and available air monitoring data (possibly
including satellite data) can the region-wide health impacts be
estimated?

5. What was the relationship between differences in exposure and health
Impacts across the affected region?

Were there exposed areas in which health impacts were larger/smaller
than others?

Can an exposure-response relationship be demonstrated throughout
the region?

6. What was the effectiveness of the following health protection
measures ?

a) The use of dust masks
b) Advising the population to remain indoors

7. What was the composition of the biomass air pollution, which affected
Southeast Asia?

a) Can specific biomass markers compounds be identified?

b) To what extent is it possible to distinguish biomass air pollution
from the “background” urban air pollution?

POSSIBLE RESEARCH DESIGNS

In developing study designs for epidemiological investigations, it is
important to note that, in general, the more serious the outcome measure, the
smaller the affected population will be. In turn, the more serious the
outcome measure, the greater the availability of data. The pyramid (Figure 1)
illustrates these tradeoffs, with the size of each level representative of the
number of people affected. Severe outcomes such as mortality will only be
seen in arelatively small group of people, and will therefore require a large
sample size to detect an effect. However, such information is often easily
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available from administrative databases (death registries, for example). Less
severe outcomes such as reduced lung function will generally be evident in a
larger segment of the population, therefore requiring a smaller sample
population to detect an effect. To obtain this information, however, requires
individual assessment.

A smilar set of trade-off occurs when selecting exposure
measurements. At one extreme, regional data on air quality can be obtained
from remote sensing data relatively inexpensively and efficiently. These data
are imprecise and only provide a crude, but still quantitative, estimate of
exposure. It is possible to estimate concentrations for several gases and for
particulates by this technique. No detailed information on particle
composition can be obtained and the measurements are “snapshots’ of
selected time intervals. This approach may be most useful for evaluating
impacts in rural areas without ambient monitoring stations. Ground-based
ambient air monitoring can either provide a continuous or time-integrated
assessment of particulate and gaseous pollutants. Integrated particulate
measurements have the advantage that post-sampling of chemical analysis of
particlesispossible. The usefulness of these datais determined by the extent
of regional coverage of a monitoring network. In the absence of these
measurements, airport visibility data has been used as a surrogate measure of
particulate concentrations (73). For particular study populations, specific
ambient monitoring stations that more closely reflect the populations
exposure may be required - such as placing specific monitors in selected
nei ghbourhoods.

Since individuals spend the mgjority of time indoors, more precise
exposure estimates are obtained from indoor monitoring. The cost of this
enhancement is that an individua monitor must be placed in each
residence/workplace of the study population. Often indoor and outdoor
measurements can be combined with information about an individua’s
activity patterns (how much time they spend in particular locations) to
estimate their exposure. Large scale models have been developed to estimate
population exposure based on census data, time-activity surveys of the
population, and information on indoor and outdoor relationships for various
pollutants within the various “microenvironments’ where individuals spend
time throughout their lives (home, work, school, etc.). The US EPA has
developed models for CO and G;. Currently, researchers at the US EPA,
Harvard University and The University of British Columbia are working
together to develop models for PM,q and PM, 5 exposure. The most precise
exposure measure is obtained by actually monitoring personal exposure -

223



Health Guidelines for Vegetation Fire Events, Lima, Peru, 6-9 October 1998.
Background papers
© WHO, 1999

having an individual wear a monitor as they move from microenvironment to
microenvironment throughout the day. Whileit is possible with this approach
to accurately measure exposure of a representative population sample, the
extent of such monitoring limited by financial and logistical constraints.
Further, such monitoring is often inconvenient for subjects and the
measurement technology may be constrained to the extent that precision is
affected.

With regard to the general research gquestions identified above, several
possible study designs are proposed:

Acute health impacts

Comprehensive studies of the acute impacts of forest fire-related air
pollution episodes should be conducted. Idedly, these studies should be
directed towards the most severe health outcomes. Accordingly, the use of
adequately large sample sizes is critical, as is the selection of appropriately
sensitive statistical modelling techniques. Examples of studies are:

(& A time-series study of hospital visits in one or more major
metropolitan areas with air monitoring and complete hospital
visit data. In such studies, daily counts of deaths/hospital
admission are compared to daily air pollution concentrations.

(b) A time-series study of acute mortality in one or more major
metropolitan areas.

(c) Where feasible, additional time series studies on emergency
vigits, clinicvisits, respiratory symptoms, work or school
absenteei sm can be conducted.

To the extent possible, individual factors such as age, hedth status,
socioeconomic factors, etc. should be evaluated in the analysis, both to
control for potential confounding as well as to evaluate the existence of
susceptible population sub-groups.

Further, to the extent possible, specific study protocols should be

standardised and conducted in severa regions where ambient air
concentrations differ.
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Chronic health impacts

Comprehensive study of the long-term impacts of forest fire-related
air pollution may be attempted although it must be acknowledged that such
studies are extremely difficult to conduct, and even the best studies will
provide equivocal results due to issues of confounding variables and
misclassified exposure. Such issues are particularly complicated in the study
of impacts of episodic air pollution events. Furthermore, the cross-sectional
and semi-individual study designs depend on the identification of measurable
variability in exposure, and in this case, that the impact of the specific haze
episode(s) resulted in variability in exposure. Possible study designs might
include:

(& continuation of any ongoing cohort studies of heath status (in
which individual-level data are available) in locations where air
monitoring data are available or where concentrations can be
reliably estimated. Studies of large populations with varying
exposure to biomass air pollution would be particularly useful. If
available, such databases can be linked retrospectively with air
pollution data.

(b) cross-sectional comparisons of respiratory/cardiovascular disease
incidence and mortality in areas with differing exposure to
biomassair pollution.

(c) semi-individual studies in which members of a demographically
homogeneous population can be individually evaluated for health
outcomes (lung function measurements, for example) and in which
potential confounding variables (smoking status, for example) can
be measured. The measured health outcome is then compared to
individual exposure profiles which are determined retrospectively
by combining subject interviews with ambient air monitoring data.
Examples of populations studied by this method are military
recruits and students entering university.

(d) Case-control studies have also been used in the past to estimate
the risk of chronic health impacts. In such studies, individuals with
some well-defined health outcomes are identified and the exposure
of these “cases’ is compared to a suitable control group which is
similar to the case group, except for the presence of the health
outcome. It is quite difficult to conduct such studies, primarily
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since the selection of a suitable control group is critical. If an
Inappropriate control group is used, biased results can be obtained.
To estimate the impact of biomass-related air pollution using this
study type would require the identification of a control group
which was similar (in terms of age, socioeconomic status, smoking
status, etc.) to agroup treated for some respiratory illness after the
haze episode.

Exposureissues
Regional exposure

A region-wide composite database of ambient air concentration should
be developed. Estimated air pollution contour plots can be developed using
available air monitoring data, and if feasible, supplemented with airport
visibility and remote sensing data. Using such a database combined with
region-specific demographic data and with exposure-response relationship
determined from epidemiological studies, the regiona impact of the biomass
air pollution episode can be estimated.

Mask effectiveness

The effectiveness of masks for use by the general public should be
evauated. An additional am should be an adequate understanding of the
variables determining mask effectiveness, including technical factors such as
filtration efficiency and leakage, as well as non-technical issues such as
population compliance and comfort. Identification of the most important
variables determining mask effectiveness will enable the design of new masks
that are specifically applicable for general public use.

I ndoor penetration

The effectiveness of air cleaners, air conditioners, open/closed
windows within various building types (residential or office) as they relate to
indoor penetration of fine particles should be assessed. Perhaps the simplest
investigation would be to measure air exchange rates in representative
building types under different scenarios. As discussed in the Mitigation
Measures section, once air exchange rate information is known the
infiltration of outdoor particles can be calculated. Verification of these
calculated values could then be undertaken on asmaller set of buildings.
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Biomass smoke composition

Detailed chemical analysis of particulate samples should be conducted
to identify the proportion of various functional groups (PAHSs, elemental
carbon, trace metals, etc.) within the haze particulate matter. While this
analysis may be useful in future risk assessment and in comparing the toxicity
of these particulate samples to those collected in other locations, the current
emphasis should be on identifying marker compounds which may be used to
distinguish air pollution originating from biomass burning from other
sources. If identified, tracer compound(s) may be used to refine exposure
assessment in epidemiological studies and to specifically evaluate indoor
penetration of biomass particulate. Additional efforts should be directed to
the determination of the size distribution of the biomass particulate and to an
analysis of impacts of the haze episode on other routinely monitored ambient
air pollutants, in particular, carbon monoxide and ozone.

MITIGATION MEASURES

Due to the limited effectiveness of exposure avoidance activities
during regiona haze episodes, priority emphasis must be given to elimination
of the source of the air pollution, which in this case is extinguishing fires or
preventing their occurrence. Close interaction between health, environment
and meterological agencies could result in effective forecasting of future air
pollution episodes, be they related to forest fires or local sources of air
pollution. However, despite efforts to prevent and control fires it is
acknowledged that other measures may be necessary to help mitigate public
health impacts. Following from basic principles of exposure control, if
source control is not feasible then administrative or engineering controls
receive priority, followed by personal protective equipment such as dust
masks. In this exposure situation, administrative controls might include
recommendations to the population to reduce their level of physical activity,
while engineering controls include the use and/or enhancement of air
conditioning or indoor air cleaning. Reduction of physical activity will
certainly reduce the dose of inhaled air pollutants and will likely reduce the
risk of health impacts, athough no formal studies have been conducted for
particulate matter. Other mitigation measures are discussed in more detail in
the following sections.

Dust masks
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During the 1997 haze episode, one of the mgor government and
commercial efforts to mitigate public health impacts was the distribution of
facial masks. Many different types of masks with variable filtration
effectiveness were used. Several of the most effective masks have been
tested to meet older United States of America National Institute of
Occupational Safety and Headth (NIOSH) standards for dust respirators.
These masks passed a test procedure which uses 0.5 um silica particles and
have been demonstrated to filter more than 99 per cent of challenge particles.

However, in order for these masks to reduce human exposure by the same
degree, the masks must provide an airtight seal around the face. Asall masks
are designed for use by adult workers, the effectiveness of even the highest
quality masks for use by the general public (including children) has not been
evaluated. It is likely that they will provide more than partial protection.
Lower quality masks will offer even less protection. Further, while it is
expected that such masks would also filter a high percentage of the smaller
(<0.1um) particles present in biomass smoke, no performance data are
available.

Wake and Brown (104) evaluated nuisance dust masks, which are
generally not approved by health and safety authorities, for their filtration
efficiency. These masks are designed for coarse dusts and not for the fine
particles present in biomass smoke. Handkerchiefs and tissues were also
tested. Although the smallest particle size used in testing was 1.5 pg/m, they
found no difference between wet and dry handkerchiefs and in general found
the penetration of 1.5 um particles to be quite high (60-90 per cent) for all
dust masks tested. Penetration for handkerchiefs and tissues was 70-90 per
cent. In all case, higher airflow was associated with increased filtration
(104).

Qian et a (105) evaluated dust/mist respirators which met older
NIOSH regulations and surgical masks, and compared these to new N95
respirators which, by definition, meet newer NIOSH regulations. In 1995
NIOSH issued new regulations for non-powered particulate respirators. The
regulations indicate 9 classes of filters (3 efficiency levels - 95, 97 and 99
per cent and 3 series of filter degradation resistance). Criteria are met by
testing with aerosols of the most penetrating size (0.1-0.3 um) at an 85 I/min
flow rate. N95 respirators from different companies were found to have
different particle penetration for the most penetrating sizes (0.1 -0.3um), but
all were more than 95 per cent efficient. For particleslarger than 0.3 um, the
filtration increased with increasing size such than 99.5 per cent of 0.75 um
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particles are removed. For welding fumes with sizes smaller than 1 um,
approximately 1.8 per cent of the mass penetrated the respirator, indicating
excellent protection if a good face seal exists. Minimum efficiencies at the
most penetrating particle sizes were 96, 82 and 71 per cent for the N95, dust
mask and surgical mask, respectively.

The devices were also tested at a lower flow rate, which may be more
representative of general population use.  Under these conditions,
efficiencies increased due to the increased time available for particle
removal by the electrostatic material in the masks. Efficiencies were 98.8,
86 and 80 per cent for the N95, dust masks and surgical masks, respectively.
It should be noted that these efficiencies do not consider face seal leakage.
Asfilter material isloaded the pressure drop across it increases, encouraging
air to bypass the filter material through any leaks that are present. Dust
masks meeting the older NIOSH certification were used in Malaysia during
the 1997 haze. It is unclear whether any NO95 respirators were used.
Although the N95 respirators have higher collection efficiencies, the dust
masks, and even surgical masks will provide a high degree of protection,
provided there is an adequate seal around the face and provided that they are
changed once | oaded.

Chen et a (106) evaluated dust masks and surgical masks for their
filtration efficiency of 0.8 um polystrene latex spheres at a flow rate of 46
I/min. As with the other studies, the effect of facial fit was not addressed.
NIOSH has estimated that at least 10-20 per cent |eakage occurs in masks not
fitted to the wearers face and measurements have confirmed this problem for
dust masks (106). One of the masks tested by Chen et a was used in
Malaysia during the 1997 haze. This mask had a mean efficiency of 96 per
cent while the surgical mask had an efficiency of 96 per cent (106). The
same mask was tested by Hinds and Kraske at a number of flow rates and
particle sizes (108). Efficiency decreased with decreasing particle size and
increasing flow rate. At normal resting or moderately active respiratory rates
and for the particle sizes present in biomass smoke, this mask type would be
expected to be 80-90 per cent efficient. However, despite these relatively
high filtration efficiencies, the magnitude of the face seal |eakage (up to 100
per cent for sub-micron particles) indicates that fit testing and selection of
tight-fitting masks is essential for protection. Surgical masks, in contrast to
approved dust masks, are not designed for fit testing or for an adequate face
seal.



Health Guidelines for Vegetation Fire Events, Lima, Peru, 6-9 October 1998.
Background papers
© WHO, 1999

Adverse effects of wearing a disposable respirator (the same type used
In Malaysia as described above) were evaluated by doing treadmill exercise.
Physiological stress indicators such as heart rate, breath rate, and blood
pressure were monitored as well as breath assistance and heat stress imposed
by wearing a respirator. Although resistance to breathing through a
disposable respirator is not great, a disposable respirator imposes significant
physiological stress including increased heart and respiratory rates,
especially at moderate and heavy work load (109).

The Ministry of the Environment of Singapore (110) developed
recommendations for mask use during biomass air pollution episodes. These
recommendations suggest that surgical and other similar masks are not useful
in preventing the inhalation of fine particles as they are not efficient in the
filtration of particles of less than 10 um, such as those present in biomass
smoke. Accordingly, the use of these masks may provide a false feeling of
protection to the users. The recommendations also suggest that respirators
(which include some types of dust masks) are able to filter 80 per cent to 99
per cent of particles between 0.2 and 0.4 um. The recommendations indicate
that respirators may be useful, but are uncomfortable and increase the effort
of breathing. According to some assessments, over an eight-hour period of
use, a respirator of 95 per cent efficiency can offer satisfactory filtration
without undue breathing resistance to an average hedthy adult. At higher
efficiencies, breathing resistance increased and the user will experience
more discomfort. Respirators may have arole for those with chronic cardio-
respiratory illness, but should be used on the recommendation of their
attending physicians. The recommendations also suggest that during periods
of intense air pollution, it would be better for the public to avoid outdoor
activity than to put on a mask and stay outdoor for prolonged periods.
However, for those who cannot avoid going outdoors, the use of respirators
would provide some relief.

Indoor penetration

Another major recommendation for the population was to stay
indoors. Unfortunately, this recommendation islikely to provide only partial
protection, and in some cases, no protection at all. Data from studies
conducted in the US for combustion-source particulates indicate that in non
air-conditioned homes, approximately 88 per cent of outdoor particles
penetrate indoor during summer (111). Limited measurements conducted in
Singapore in 1994 indicate that during biomass episode periods, the increase
in particle concentrations was due to particles smaller than 2 um and on
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average 60 per cent penetrated indoors (112). In a sample of 11 homes with
air conditioning, an average infiltration factor of 44 per cent was measured.
Simultaneous indoor and outdoor measurements with continuous particle
monitors were performed in Seattle areas impacted by residential wood
burning. These measurements demonstrated a strong correlation between
indoor and outdoor levels and an indoor:outdoor ratio of 0.98, presumably
due to the high air exchange rates in these homes (113). Brauer et al (114)
measured indoor:outdoor ratios in 6 non air-conditioned homes in Boston
during summer. Using sulfate as a tracer of outdoor source fine particles,
indoor:outdoor ratios of 0.96 was measured. Other studies in homes have
measured indoor:outdoor sulfate ratios of approximately 0.7, while a similar
value was observed in office buildings with mechanical ventilation systems.
The variation between these measurements are likely due to differencesin air
exchange rates (114), as discussed below. The PTEAM study of nearly 300
homes in Riverside, California indicated that nearly 100 per cent of indoor
particle sulfur was of outdoor origin (115).

Since the majority of time is spend indoors, exposure indoors is an
important variable to consider, even for pollutants generated outdoors. The
impact of outdoor particles on indoor levels was discussed in detail by
Wallace (116). Recent research has indicated that the impact of outdoor
particle on indoor levelsis afunction of the particle penetration through the
building envelope, the air exchange rate and the particle decay rate. Severd
studiesindicate that penetration is complete for PM4oand PM, 5. This means
that the impact of outdoor particle on indoor levels is determined by the
decay of particles indoor and by the rate of ventilation. Particle decay rates
for PMy, and PM, s are also known. Therefore, the impact of outdoor
particles can easily be calculated for any air exchange rate. In typical North
American homes, outdoor air accounts for 75 per cent and 65 per cent of fine
and coarse particles, respectively. In North American homes, the geometric
mean air exchange rates are 0.45-0.55/hr, but vary by season and specific
geographic location. In general, air-conditioned homes typically have lower
air exchange rates than homes that use open windows for ventilation. In one
study, air conditioned homes had air exchange rates of 0.8/hr, while non air-
conditioned homes had rates of 1.2/hr, implying indoor fractions of outdoor
PM,s of 67 and 75 per cent, respectively. Wallace comments that one
method of reducing particle exposure would be to decrease home air
exchange rates, by weatherizing in cold seasons and by installing air
conditioners for hot seasons to reduce the use of open windows (116).
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Commercial building studies were also reviewed by Wallace, although
little information is available as most studies have been directed toward the
impact of smoking and not outdoor air pollution (116). In astudy of 40 non-
smoking buildings, the mean indoor:outdoor respirable particulate ratio was
0.9, athough it is not possible to determine the relative importance of
particles originating outdoors or indoors. The infiltration of outdoor
particles into commercial buildings is likely to be highly variable as it is
dependent upon the air exchange rate and specific characteristics of the
ventilation system, including the efficiency of air filters.

Air cleaners

Offermann et a (117) conducted chamber tests to evaluate portable
air cleaners for their effectiveness in controlling indoor levels of respirable
particles. Mixing fans, ion generators and small panel-filter devices were
ineffective for particle removal. In contrast, electrostatic precipitators,
extended surface filters and HEPA filter units worked well, with effective
cl 3eani ng rates (for removal of 98 per cent of particlesin aroom) of 100-300
me/hr.

The Ministry of the Environment (ENV) of Singapore conducted an
assessment of the use of portable air cleaners for homes, during period of
biomass air pollution (118). The ENV found that several models of portable
air cleaners were able to reduce the level of fine particles in atypical living
room or bedroom to an acceptable level when there is an intense biomass
episode. The ENV also suggest that households can add a special filter to
window or split-unit air-conditioners to achieve similar results for particle
removal. For central air conditioning systems, electrostatic precipitators,
high-efficiency media filters and medium-efficiency media filters can be
added so that the particle level in the indoor air can be kept within acceptable
levels during a prolonged biomass smoke period.

Portable air cleaners were also discussed in a US EPA report (119).
Studies have been performed on portable air cleaners, assessing particle
removal from the air in room-size test chambers or extensively weatherized
or unventilated rooms. All of the tests addressed removal of particles from
cigarette smoke, which is similar in size to biomass smoke. The studies show
varying degrees of effectiveness of portable air cleaners in removing
particles from indoor air. In general, units containing either electrostatic
precipitators, negative ion generators, or pleated filters, and hybrid units
containing combinations of these mechanisms, are more effective than flat
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filter units in removing cigarette smoke particles. However, effectiveness
within these classes varieswidely. The use of asingle portable unit would not
be expected to be effective in large buildings with central heating, ventilating,
and air-conditioning (HVAC) systems. Portable units are designed to filter
theair inalimited areaonly.

The effectiveness of air cleaners in removing pollutants from the air is
a function of both the efficiency of pollutant removal as it goes through the
device and the amount of air handled. A product of these two factors (for a
given pollutant) is expressed asthe unit’sclean air delivery rate (CADR). The
Association of Home Appliance Manufacturers (AHAM) has developed an
American National Standards Institute (ANSI)-approved standard for portable
arr cleaners (ANSI/AHAM Standard AC-1-1988)25. This standard may be
useful in estimating the effectiveness of portable air cleaners. Under this
standard, room air cleaner effectivenessis rated by a CADR for each of three
particle types: tobacco smoke, dust, and pollen. For induct systems, the
atmospheric dust spot test of ASHRAE Standard 52-76 and the DOP method
in Military Standard 282 may be used, respectively, to estimate the
performance of medium and high efficiency air cleaners (119).

Table 7 shows the percentage of particles removed from indoor air in
rooms of various size by rated CADR, as estimated by AHAM. The table
provides estimates of the percent of particles removed by the air cleaner and
the total removal by both the air cleaner and by natural settling. If the source
is continuous, the devices would not be expected to be as effective as
suggested by Table 7. In addition, the values represent a performance that can
be expected during the first 72 hours of use. Subsequent performance may
vary depending on conditions of use.

RECOMMENDATIONSOF HEALTH PROTECTION MEASURES

As discussed above, the hierarchy for health protection is control or
prevention of fires followed by administrative controls such as reduced
physical activity and remaining indoors. To enhance the protection offered
by remaining indoors, individuals/building managers should take action to
reduce the air exchange rate. Clearly there are comfort and economic costs
associated with reduced air exchange, as well as potential health effects due
to increased impact of indoor pollution sources. It is not possible at this
time to recommend more specific measures which would be feasible to
employ on a population-wide basis. There is evidence that air conditioners,
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especially those with efficient filters, will substantially reduce indoor
particle levels. To the extent possible, effective filters should be installed in
existing air conditioning systems and individuals should seek environments
protected by such systems. There is strong evidence that portable air
cleaners are effective at reducing indoor particle levels, provided the specific
cleaner is adequately matched to the indoor environment in which it is placed.
Fortunately most air cleaners have been evaluated by manufacturers and their
effectiveness in known. Unfortunately, economics will limit the distribution
of such devices throughout the population. As with air conditioners the
increased use of such devices by alarge segment of the population will have a
significant impact on energy consumption, and may in turn have negative
impacts on ambient air quality. The least desirable measure is the use of
personal protective equipment, such a dust masks. While these are relatively
inexpensive and may be distributed to a large segment of the population, at
present their effectiveness for general population use must be questioned.
Education of the population regarding specific mask types to purchase, how
to wear masks and when to replace them will increase their effectiveness as
well as the development of new masks designed for general population use.
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