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Air Quality in Southeast Asia: The growing threat of coal
emissions and land use change fires to human health in a

rapidly evolving region

Abstract

Southeast Asia is one of the most densely populated, rapidly developing regions in

the world. Despite the extreme rate of economic and population growth, the implica-

tions for air quality and human health from the consequent rise in particulate matter

(PM) and ozone pollution remain largely unquantified. In this thesis I investigate how

anthropogenic activity associated with rapid economic growth in Southeast Asia influ-

ences regional air quality and human health, and how these processes are projected to

change in the future. In particular, I use the GEOS-Chem chemical transport model

(CTM) along with surface and satellite observations to assess 1) the human health

implications of projected coal plant expansion across Southeast Asia, and 2) the me-

teorological and anthropogenic factors contributing to severe haze events stemming

from agricultural fires in Indonesia.

I first quantify the burden of disease from rapidly expanding coal fired power plant

emissions, both in the present day and for projected 2030 levels. Southeast Asia has

a very high population density and is on a fast track to economic development, with

most of the growth in electricity demand currently projected to be met by coal. From

a detailed analysis of coal-fired power plants presently planned or under construc-

tion in Southeast Asia, we project in a business-as-usual scenario that emissions from

coal in the region will triple to 2.6 Tg a-1 SO2 and 2.6 Tg a-1 NOx by 2030, with the

largest increases occurring in Indonesia and Vietnam. Simulations with the GEOS-
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Chem chemical transport model show large resulting increases in surface air pollution,

up to 11 µg m-3 for annual mean fine particulate matter (PM2.5) in northern Vietnam

and up to 15 ppb for seasonal maximum 1-h ozone in Indonesia. We estimate 20,000

excess deaths per year from Southeast Asian coal emissions at present, increasing to

70,000 by 2030. 9,000 of these excess deaths in 2030 are in China. As Chinese emis-

sions from coal decline in coming decades, transboundary pollution influence from

rising coal emissions in Southeast Asia may become an increasing issue.

Next, I assess the contributions of fires in different geographic areas to deteoriated

air quality across Equatorial Asia during an extreme haze event in September-October

2015, demonstrating for the first time the utility of a new rapid assessment frame-

work. In September-October 2015, El Nino and positive Indian Ocean Dipole condi-

tions set the stage for massive fires in Sumatra and Kalimantan (Indonesian Borneo),

leading to persistently hazardous levels of smoke pollution across much of Equatorial

Asia. Here we quantify the emission sources and health impacts of this haze episode

and compare the sources and impacts to an event of similar magnitude occurring un-

der similar meteorological conditions in September-October 2006. Using the adjoint

of the GEOS-Chem chemical transport model, we first calculate the influence of po-

tential fire emissions across the domain on smoke concentrations in three receptor

areas downwind Indonesia, Malaysia, and Singapore during the 2006 event. This

step maps the sensitivity of each receptor to fire emissions in each grid cell upwind.

We then combine these sensitivities with 2006 and 2015 fire emission inventories from

the Global Fire Assimilation System (GFAS) to estimate the resulting population-

weighted smoke exposure. This method, which assumes similar smoke transport path-

ways in 2006 and 2015, allows near real-time assessment of smoke pollution exposure,

and therefore the consequent morbidity and premature mortality, due to severe haze.
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Our approach also provides rapid assessment of the relative contribution of fire emis-

sions generated in a specific province to smoke-related health impacts in the receptor

areas. We estimate that haze in 2015 resulted in 100,300 excess deaths across Indone-

sia, Malaysia and Singapore, more than double those of the 2006 event, with much of

the increase due to fires in Indonesias South Sumatra Province. The model framework

we introduce in this study can rapidly identify those areas where land use manage-

ment to reduce and/or avoid fires would yield the greatest benefit to human health,

both nationally and regionally.

In the final section of this thesis, I diagnose the meteorological drivers of an unex-

pected haze event in Singapore during June 2013, and I demonstrate that the con-

ditions responsible for June 2013 are in fact a recurring mechanism for smoke ex-

posure in the Malay Peninsula that has never been identified before. In June 2013,

Singapore experienced severe smoke levels, with surface particulate matter concen-

trations reaching above 300 µg m-3. Unlike other intense haze events in Singapore

and Equatorial Asia (e.g., September 1997, October 2006, September 2015), the June

2013 episode occurred in the absence of El Nino-positive Indian Ocean Dipole (pIOD)

conditions generally associated with drought. The smoke originated from fires in the

Riau province of central Sumatra and was carried to the Malay Peninsula by west-

erly winds, unlike typical conditions in September-October events when Singapore

is affected by smoke from fires in southern Sumatra and Kalimantan transported by

southerly winds. We show that June 2013 was not an exceptional event; inspection of

the 2005-2015 record identifies two other severe haze events in the Malay Peninsula

(August 2005 and October 2010) occurring under the same conditions. Common to

all three events was a combination of late-phase Madden-Julian Oscillation (MJO)

and negative phase of the IOD. Our work suggests that the MJO-IOD combination
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in medium-range weather forecasts could help predict severe haze events in Singapore

and the Malay Peninsula.
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1
Introduction

1.1 Economic development in Southeast Asia

Southeast Asia is one of the most densely populated and rapidly growing regions in

the world. It is also resource rich with abundant fossil fuel reserves, dense forests full

of valuable timber, and conditions prime for crop production. Between 2000 and 2013,

Southeast Asia as a region experienced the 3rd most gross domestic product (GDP)

growth globally, exceeded only by China and India (HV et al., 2014). Electricity de-

mand in 2035 is projected to increase by 83% from 2011 levels, more than twice the

global average (IEA, 2013). Most of this growing electricity demand is projected to be

met by coal given its local abundance and consequently lower cost (Zhu, 2013). Keep-

ing pace with this econcomic expansion is a growing population; the population of

Southeast Asia is currently growing at 1.1% ( 6 million people) per year projected to
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continue growing at this rate for the foreseeable future (Jones, 2013). People are also

migrating from rural areas to cities, increasing the population density in urban cen-

ters even further (IEA, 2015). Such booming development coupled with an expanding,

urbanizing population is compounding the existing, already severe air quality problem

plaguing this growing region (Chapter 2).

In addition to domestic economic development, growing global markets have also

catalyzed the expansion of anthropogenic activity within the region, particularly in

Indonesia. Since the 1970s, Indonesia has become a global leader in the production of

timber for pulp and paper, and oil palm fruit for palm oil, whose applications range

from cosmetics and food products to biofuels. To accomodate the increasing global

demand for these products, extensive swaths of land are cleared every year with slash

and burn techniques to make way for large plantations. Unlike other regions that ex-

perience significant annual burning such as sub-Saharan Africa or the western U.S.,

high fire activity is not a natural feature of the Indonesian landscape (Mouillot &

Field, 2005; Page et al., 2009). Indonesia’s two main islands, Sumatra and Borneo,

both contain large mountain ranges through their centers, signficantly limiting the

amount of flat land available for crop cultivation. The remaining surface area is dom-

inated by low lying coastal wetlands, which, in their pristine state, are covered in

standing water for more than half the year (Turetsky et al., 2015). In order to burn

more efficiently, the peatlands are drained via massive canals cut through the swamps.

Consequently, the once fire-resistant peatswamps have become increasing vulnerable

to burning, and under particular meteorological conditions can create massive haze

events blanketing the entire Equatorial Asian region, such as those in 1997 and 2006.

Despite growing awareness about the underlying meteorological and anthropogenic

drivers of these extreme haze events, regional governmental efforts to reduce the eco-
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nomic and air quality damage during these episodes remain ineffective, as was evi-

denced by the recent haze of 2015 (Chapter 3). In some areas like Riau province, peat

degradation may be extensive enough that extreme drought conditions are no longer

needed to facilitate haze, for example the unexpected haze in the Malay Peninsula

during June 2013 (Chapter 4).

1.2 Air pollution and human health

The primary outdoor air pollutants responsible for degraded human health are fine

particulate matter (PM2.5) and ozone. Both are respiratory irritants that can lead

to a range of respiratory and cardiopulmonary afflictions in humans, as well as re-

duced visibility and damage to crops and ecosystems (Ainsworth, 2008; Anenberg

et al., 2010). Many anthropogenic and natural process release emissions of chemi-

cal species that go on to form PM2.5 and ozone in the atmosphere. Primary PM2.5,

i.e. particles directly emitted as PM2.5 from the source, is produced mainly by com-

bustion processes, for example fly ash from coal burning or the carbonaceous aerosol

present in smoke from fires. Secondary PM2.5, or particles that were originally emit-

ted in the gas phase and then became aerosols as a result of chemical proccesing in

the atmosphere, is formed from a range of atmospheric emissions but most prevalently

from sulfur dioxide (SO2) and nitrogen oxides (NOx), both of which are also released

from coal combustion. NOx is also a precursor for ozone formation.

Given knowledge about the atmospheric composition in a particular region, which

can be estimated with a well-constrained a chemical transport model, it is possible to

estimate the human health impacts of air pollutant concentrations with emperically

derived concentration-response functions (CRFs) from the epidemiological literature
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(Jerrett et al., 2009; Krewski et al., 2009). CRFs quantitatitvely relate a change in

a particular risk factor (e.g. PM2.5 or ozone) to a change in a the health endpoint of

interest (e.g. premature death). A range of possible CRFs exist in the literature, and

so it can be difficult to compare across assessments that make different assumptions.

Additionally, many of the CRFs used in the literature are based on data from the

U.S. or Europe, potentially confounding efforts to apply such relationships in other

parts of the world. Despite these challenges, incorporating assessments of the human

health implications of economic and energy-related decisions is increasingly regarded

as an important consideration for state, regional, and national governments (Kemm,

2001).

1.3 Research objectives and approach

Despite its large populations and accelerating development, the situation in South-

east Asia has been largely overshadowed by the scale of activity occuring elsewhere in

Asia. The goal of this thesis is to understand and quantify the rising risk to human

health of the vigorous economic expansion occuring in such a dynamic yet understud-

ied region. Specifically, I address the following objectives:

1. Develop updated inventories of presently operating and planned coal fired power

plant emissions across Southeast Asia to estimate the implications of rising coal pollu-

tion for regional air quality and human health.

2. Quantify the contributions from fires in specific geographic areas to regional

smoke-related PM2.5 and the associated premature mortality during the severe El

Nino-positive Indian Ocean Dipole haze of September-October 2015, demonstrating

for the first time the utility of a new near real-time assessment framework during an

4



ongoing haze event.

3. Understand the meteorological mechanism driving the unexpected non-El Nino-

pIOD haze in the Malay Peninsula during June 2013 (as well as the previously un-

explained events of October 2010 and August 2005) in order to better predict and

mitigate the damage from similar events in the future.

To achieve these objectives, I use simulations of PM2.5 and ozone concentrations

from the GEOS-Chem chemical transport model in conjunction with a suite of surface

and satellite observations, state-of-the-science emission inventories, and empirically

derived concentration-response functions from the epidemiological literature.

1.4 Summary of results

Emissions from coal fired power plants in Southeast Asia could triple by 2030, lead-

ing to more than 70,000 premature deaths annually. Southeast Asian coal pollution

will be increasingly important for air quality in China as domestic emissions there

decrease.

Using the SMOKE rapid assessment framework to characterize an ongoing haze

event for the first time, we estimate that fires in Indonesia during September-October

2015 released enough particulate pollution to cause upwards of 100,000 premature

deaths across Indonesia, Malaysia, and Singapore. Because of its low computational

costs, the SMOKE framework could be easily implemented to help stakeholders allo-

cate fire management resources more effectively in the future, even as a haze event is

still unfolding.

The Madden Julian Oscillation (MJO) - negative Indian Ocean Dipole (nIOD) con-

ditions that lead to the severe haze in Singapore during June 2013 represent a previ-
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ously unappreciated meteorological pathway by which fires in Riau province are re-

peatedly degrading air quality and impacting human health across the Malay Penin-

sula. Our results suggest that the MJO-nIOD pathway may occur more frequently

than the El Nino-pIOD mechanism conventionally associated with extreme haze in

Equatorial Asia.
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2
Burden of disease from rising coal

emissions in Southeast Asia

2.1 Introduction

Coal emissions have been decreasing in the U.S. and Europe for the past two decades

due to concern over public health and now increasingly over climate change. In con-

trast, coal emissions in much of Asia have been increasing rapidly (Amann et al.,

2013; Klimont et al., 2013). Air quality impacts of coal use in China and India have

received considerable attention (Chen & Xu, 2010; Wang et al., 2010; Lu et al., 2013;

Guttikunda & Jawahar, 2014). Far less attention has been given to the growing use of

coal in Southeast Asia including Indonesia, Vietnam, Thailand, and neighboring coun-

A version of this chapter written with Daniel J. Jacob, Melissa P. Sulprizio, Lauri Myl-
lyvirta, and Colleen Reid is in review with Environmental Science & Technology.
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tries. Southeast Asia is one of the fastest developing regions in the world; electricity

demand in 2035 is projected to increase by 83% from 2011 levels, more than twice the

global average (IEA, 2013). Accompanying this economic development is population

growth. Indonesia alone is projected to increase its population by 67 million people

(28%) between 2010 and 2035 (McDonald, 2014). Population migration from rural ar-

eas to cities, or urbanization, also increases population densities in polluted areas and

heightens demand for grid-based electricity produced by power plants; urbanization

rates in Southeast Asia are some of the highest globally, and are projected to increase

significantly by 2030 (IEA, 2015). This growing demand for energy is presently ex-

pected to be met by coal because of its low cost and domestic abundance (Zhu, 2013).

We show here that the public health consequences would be severe.

Coal combustion emits sulfur dioxide (SO2) and nitrogen oxides (NOx), leading

to formation of fine particulate matter (PM2.5), particles less than 2.5 µm in diame-

ter) and ozone. PM2.5 increases the risk of premature mortality from respiratory and

cardiovascular disease. It is the most harmful pollutant to human health worldwide

(WHO, 2010). Surface ozone is also a major concern for public health and ecosystems

(Ainsworth, 2008; Anenberg et al., 2010). Emissions of SO2 and NOx can vary widely

by coal plant depending on the grade of coal combusted, the type of boiler used, and

the emission controls in place (Miller, 1986; Zhao et al., 2010).

Here we estimate the burden of air pollution disease due to current (2011) and pro-

jected (2030) coal use in Southeast Asia and other East Asian countries outside of

China and India. Our 2030 projection is for a coal future scenario including all plants

currently in construction or in the planning stages. The resulting PM2.5 and ozone

concentrations are computed with a high-resolution version of the GEOS-Chem global

3-D chemical transport model, and the resulting premature mortalities are estimated

8
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Figure 2.1: Coal SO2 emissions in 2011 and 2030 for the countries considered in this work
(see Table 2.1). The left panel shows national emissions in 2011 and 2030, where the areas of
the circles are proportional to emissions (see Figure A.1 for plant locations). The right panel com-
pares 2011 and 2030 total regional emissions from countries in this work (Other East Asia) to
2010 estimates for the U.S.(USEIA, 2011), China (Liu et al., 2015), and India (Lu et al., 2011).
The red arrows represent projected future trends for China, India, and the U.S.

using approaches from the epidemiological literature.

2.2 Methods

2.2.1 GEOS-Chem simulations

We use the GEOS-Chem simulation of aerosol-oxidant chemistry (Park, 2004; Kim

et al., 2015a) (v9-02; http://geos-chem.org) driven by 2011 assimilated meteoro-

logical data from the Goddard Earth Observation System (GEOS-5) of the NASA

Global Modeling and Assimilation Office (GMAO). The GEOS-5 data have 0.5 x

0.666 native horizontal resolution and 72 vertical levels (14 levels below 2 km). The

GEOS-Chem simulation is conducted at the native resolution over East Asia and

9
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adjacent oceans (11S-55 N, 70-150 E) (Chen et al., 2009; Wang et al., 2013) nested

within a global simulation at 2 x 2.5 resolution that provides dynamic boundary con-

ditions. This East Asian nested version of GEOS-Chem has been extensively evalu-

ated for China with observations of aerosols (Wang et al., 2013; van Donkelaar et al.,

2008; Fairlie et al., 2010; Fu et al., 2012; Xu et al., 2013) and ozone (Zhang et al.,

2008; Wang et al., 2009; Worden et al., 2009; Wang et al., 2011). Evaluations have

also been performed for Southeast Asia (Trivitayanurak et al., 2012; Kim et al., 2015b),

but observations are more limited in that region.

Global anthropogenic emissions of SO2 and NOx are from the Emissions Database

for Global Atmospheric Research (EDGAR) v4.2 for 2008, the most recently available

year (http://edgar.jrc.ec.europa.eu). Coal emissions in East Asian countries

outside of China and India are superseded by our own inventories, as described below.

We conduct three 1-year simulations using 2011 meteorology, differing only in their

coal emissions for East Asia outside of China and India: (1) 2011 coal emissions, (2)

2030 emissions projected for the coal future scenario, and (3) zero coal emissions.

EDGAR provides total emissions from energy generation but does not resolve the

contribution of each fuel type. We isolate the coal-related emissions by gridding and

subtracting our 2011 emissions from the EDGAR values in each grid square at 1 x 1

horizontal resolution, resulting in scenario (3). If this subtraction results in a negative

no-coal value (i.e. our 2011 emissions exceed the EDGAR value for that grid square),

the no-coal value for that grid square is set to zero. We then add in either our 2011

emissions or projected 2030 emissions to create scenarios (1) and (2). We simulate

scenarios (1) and (2) for all countries included in this work taken together, as well

as for each country individually. Our analysis here will mostly focus on totals for all

countries taken together, but results for individual countries (called national simu-
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lations) will be used to separate domestic and transboundary pollution influences.

Results for all the national simulations are in the Supporting Information. Each simu-

lation was initialized for four months prior to January 2011.

2.2.2 National coal emission inventories

We implement into GEOS-Chem a new plant-specific inventory for 2011 coal emis-

sions of SO2, NOx, and primary PM2.5 in East Asia outside of China and India. Coun-

tries included are Cambodia, Indonesia, Japan, Laos, Malaysia, Myanmar, the Philip-

pines, South Korea, Taiwan, Thailand, and Vietnam (Table 2.1). Plant location and

capacity information are based on the Platts Utility Data Institute (UDI) World Elec-

tric Power Plant Database (WEPP) (Platts, 2014). Plant locations are shown in Fig-

ure A.1. Our approach for estimating pollutant emissions at each facility is described

below.
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Table 2.1: National inventories of emissions from coal-fired power plants.a

aAnnual emissions for 2011 and projections for 2030. The 2030 projections are for a business-

as-usual, coal future scenario including all plants currently planned or under construction,

with emission controls based on current national standards and practices. See text for de-

tails.
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The magnitude of emissions from coal plants varies widely for individual facilities

depending on (1) the grade of coal combusted (lignite, sub-bituminous, bituminous,

or anthracite), (2) the sulfur content of the coal, (3) the type of boiler used to com-

bust the coal, (4) emission control technologies, and (5) the operational profile of the

facility defined by the electricity generation capacity, load factor (ratio of the average

output to the maximum possible output), and thermal efficiency (amount of electrical

energy output per unit of coal heat content consumed). Factors (1)-(4) determine the

stack gas concentration at a given facility in units of mg Nm-3 (the N denotes normal-

ized to dry conditions at 1 atm, 6% excess oxygen, 25◦ C). Factor (5) determines the

fuel consumption H [GJ a-1] at facility i:

H i =
(λiγi)

ηi
(2.1)

where λ [GJ a-1] is the electric capacity, is the fractional load factor, and is the

thermal efficiency. Multiplying the fuel consumption by the stack gas concentration

of pollutant j (Ω) and specific flue gas volume of the fuel used σ [Nm3 GJ-1] yields

annual emission estimates Ei,j [Tg a-1] of pollutant j from facility i:

Ei,j = H iσiΩi,j (2.2)

Operational data for ηand γfor most existing plants were obtained from the Car-

bon Monitoring for Action Database (CARMA; Wheeler & Ummel, 2008)(http:

//www.carma.org). For individual plants not covered by CARMA, national average
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values were calculated and applied based on information available for plant size and

steam condition (Ansolabehere, 2007). Aggregated national fuel consumption totals

were scaled to match the 2011 statistics for total coal consumption in the power sec-

tor by country from the International Energy Agency (IEA). Fuel consumption values

at individual facilities were then adjusted based on these national scale factors derived

from the IEA comparison. Specific flue gas volume estimates of 337.1 Nm3 GJ-1 for

hard coal (anthracite, bituminous, sub-bituminous) and 360.6 Nm3 GJ-1 for lignite

were used based on data from the European Environment Agency (EEA, 2008). If

coal type was not reported, we assumed the specific flue gas volume for hard coal.

Stack gas concentrations (Ω) used in equation (2.2) were obtained through three

different approaches, in order of preference: a) reported stack gas concentrations for

the facility; b) company averages provided by Corporate Social Responsibility (CSR)

reports; c) national emission standard based on electric capacity and operational start

year of the facility.

In countries that do not regulate stack emission concentrations of pollutants (Myan-

mar for all pollutants; Taiwan for SO2 and NOx), rather than using equations (2.1)

and (2.2), a national average emission rate per TJ of power generated by coal was

derived from the Regional Emission inventory in Asia (REAS v2.1; Kurokawa et al.,

2013). These emission rates were then combined with the 2011 IEA estimates for to-

tal power generation from coal for that country to estimate total national emissions in

2011. The derived national emission totals were then spatially allocated to individual

facilities based on capacity.

Primary particulate matter (PM) emissions from power plants are often reported in

terms of total PM. To obtain estimates of PM2.5 specifically, PM2.5 fractions were es-

timated using PM size distributions from the U.S. Environmental Protection Agency
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AP-42 database (USEPA, 1995) for different control technologies when plant-specific

emission control technology information was available. Otherwise we assumed the use

of an electrostatic precipitator (ESP) to remove fine primary particles with a 99%

removal efficiency for all plants in countries with any stack emission regulations. If

PM emissions were unregulated or above 500 mg Nm-3 (implying lack of any emission

control), we applied the AP-42 particle size distribution associated with uncontrolled

combustion.

2.2.3 Emissions from future plants

Our 2030 inventory includes the 2011 estimates as well as projected emissions from

plants currently listed as under construction or planned based on a comprehensive

mapping of new power plant projects from the CoalSwarm database (Shearer et al.,

2015). We include the presently operating 2011 plants in our future projections be-

cause the average lifetime of a coal plant is 30-40 years (Proops et al., 1996) and most

current plants were built after 1990.

New power plants are assumed to meet current national emission standards for new

plants (when more specific information about emissions is not available), and to oper-

ate at a load factor of 80%, in line with available data from CARMA for newly oper-

ational units in this region. For countries in which 2011 emission rates from existing

plants are below national standards, new power plants are assumed to over-achieve

the standards by the same ratio. In addition, when information about the emission

control configuration is reported at a facility planned or under construction, standard

performance in the control of emissions (emissions per unit of fuel consumption) is as-

sumed based on the US EPA AP-42 database (USEPA, 1995) values for the technolo-

gies in that configuration. Such configuration components include low-NOx boilers,
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flue gas desulfurization (FGD), selective catalytic reduction devices, and baghouses.

All new power plants for which information on particulate control technology is not

available are still assumed to install an ESP (described above).

In countries with lenient emission standards for new power plants such as Indone-

sia and Myanmar, these minimum emission control performance assumptions likely

lead to conservative emission estimates from new plants and therefore a possible un-

derestimate of future coal pollution and health impacts in these countries. On the

other hand, our 2030 estimates represent a Business As Usual scenario where we do

not account for possible future improvements in the extent or type of emission control

technologies.

Coal-fired power plant emissions of SO2, NOx, and PM2.5 for each country in 2011

and 2030 are listed in Table 2.1. National SO2 emissions for 2011 and 2030 are shown

in Figure 2.1. Total SO2 emissions from coal in 2011 are 0.84 Tg a-1 for the countries

in Table 2.1, as compared to 7.7 Tg a-1 in China (Liu et al., 2015) and 5 Tg a-1 in

India (Lu et al., 2011). Total NOx emissions are 0.86 Tg a-1 for the countries in Table

2.1, compared to 8.3 Tg a-1 in China (Liu et al., 2015) and 2 Tg a-1 in India (Lu &

Streets, 2012). Indonesia is the largest East Asian source in 2011 outside of China

and India.

By 2030, our projections indicate that total SO2 and NOx emissions for the coun-

tries in Table 2.1 will increase by a factor of three, resulting in emissions of 2.6 Tg a-1

each for SO2 and NOx. Southeast Asia dominates this expansion, with Indonesia and

Vietnam together accounting for 67% of the total increase. Indonesia is planning 176

new coal plants by 2030, 75 of which are already under construction, and it has rela-

tively lax emission standards. Myanmar shows the highest relative increase in emis-

sions by 2030, becoming the 3rd largest emitter after contributing almost no emissions
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in the present day.

Table 2.1 shows almost no increase in emissions for Japan between 2011 and 2030.

However, 16 GW of additional coal-fired capacity has been proposed for Japan since

our emission calculations were completed (Kiko Network; http://sekitan.jp/plant-map/

en/v2/table_en). This is more than twice the 6.2 GW of new capacity we assume

for Japan in our analysis. This newly announced capacity will likely result in higher

emissions by 2030 than is represented in our results. Conversely, the presently operat-

ing fleet of Japanese plants is significantly older than for the other countries we con-

sider here. 26% of Japanese plants operating at the end of 2015 will have exceeded 40

years of operation by 2030 (compared to the regional average of 8%) (Platts, 2015).

Up to 11 GW of Japanese fleet capacity could therefore be retired before 2030.

Various projections to 2030 are available for future coal emissions from China and

India (Zhao et al., 2014; Cofala et al., 2015). The general consensus is that India

emissions will increase while China emissions will decrease, the latter because of emis-

sion controls (Liu et al., 2015; Zhao et al., 2014). Emissions in both the U.S. and the

European Union are projected to decrease by 70% by 2030 (USEPA, 2014; Amann

et al., 2012). These reductions would result in total coal emissions of 1.5 Tg a-1 each

for SO2 and NOx in the U.S. and 1 Tg a-1 each for SO2 and NOx in Europe. Our re-

sults suggest that coal emissions from Southeast Asia in 2030 could exceed the sum of

emissions in the U.S. and Europe.

2.2.4 Health impact assessment

We follow the methods outlined in Anenberg et al. (2010) to estimate the prema-

ture mortality from coal-related PM2.5 and ozone pollution. We use for this purpose

the population distribution for 2010 from the Center for International Earth Sci-
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ence Information Network (CIESIN) (http://beta.sedac.ciesin.columbia.edu/

data/collection/gpw-v4), scaled to match the national population totals for 2011

from the 2015 Revision of the United Nations World Population Prospects (http:

//esa.un.org/unpd/wpp/). The adjusted CIESIN population data are regridded

from 0.5 x 0.5 horizontal resolution to the GEOS-Chem resolution of 0.5 x 0.666.

Coal-related pollution in 2011 is calculated as the difference between the GEOS-Chem

simulation with 2011 emissions for the countries in Table 2.1 and the simulation with

zero coal emissions for these countries.

Premature deaths attributable to a particular risk factor, in this case coal-related

PM2.5 and ozone, are those occurring in excess of the baseline death rate (the death

rate observed in the absence of the risk factor of interest, in number of deaths per

1000 people per year). Death rates can be calculated for all causes of death (all-cause)

or for individual causes (cause-specific). We use cause-specific death rates because

this approach is thought to incur lower errors when applying concentration response

factors (discussed below) based on cohort studies done in the U.S. (Anenberg et al.,

2012). We include stroke, ischemic heart disease (IHD), other cardiovascular disease,

lung and throat cancer, chronic obstructive pulmonary disease (COPD), lower respi-

ratory infections (LRI), and other respiratory diseases as independent causes of pre-

mature death due to PM2.5 pollution. We only include ozone-related deaths related

to respiratory diseases. For our 2011 mortality calculations, we use national cause-

specific baseline death rates for 2012 from the World Health Organization (WHO,

2014) (http://www.who.int/healthinfo/global_burden_disease/en/). Death

rates for the 2030 health calculations are discussed in the Future health impact pro-

jections section below.

Relating a change in pollutant concentration to premature mortality requires con-
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centration response factors, or CRFs, empirically derived from long-term cohort stud-

ies. Annual average PM2.5 concentration is the standard metric for assessing health

effects from chronic PM2.5 exposure (Krewski et al., 2009; USEPA, 2010). For ozone,

we use the average daily maximum 1-h ozone concentration during the seasonal 6-

month window of peak ozone exposure (Jerrett et al., 2009).

To quantify the burden of disease from coal pollution in each country, we first cal-

culate the population-weighted exposure by multiplying the population distribution

from CIESIN with the annual coal-related increases in annual mean PM2.5 or seasonal

maximum 1-h ozone from GEOS-Chem, and dividing by the national population to-

tals. We then take the cause-specific death rates by country and assume the same

CRF function shape used in Anenberg et al. (2010) to calculate the change in annual

premature mortality ∆M deaths per year due to coal pollution for each cause of death

in each country k:

∆Mαk = y0αk
(1 − exp-βα∆xk)P k (2.3)

where y0 is the cause-specific baseline death rate [% per year] in the country, ∆x is

the population-weighted change in pollutant concentration in µg m-3 (for PM2.5) or

ppb (for ozone), βis the cause-specific CRF relating a one-unit change in each pol-

lutant to the predicted change in premature mortality (see Table A.1 for βvalues

used for each cause of death), and P is the total population of the country. The un-

certainty ranges reported are derived using low, central, and high estimates for each

CRF value (Table A.1). We also tested the sensitivity of our calculations to imposing

high (HCT) and low (LCT) PM2.5 concentration thresholds above and below which
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the relationship between mortality and pollutant concentration becomes less certain.

Following Anenberg et al. (2010), we impose a HCT of 50 µg m-3 and a LCT of 5.8

µg m-3 on the gridded GEOS-Chem PM2.5 results before calculating the national

population-weighted PM2.5 averages to estimate mortality. The combined effect of

imposing both thresholds on total estimated mortality was less than 7% (not shown).

2.2.5 Future health impact projections

To estimate changes in premature mortality due to future coal pollution, we follow

the approach outlined above but also account for changes between 2011 and 2030 in

the population size, geographic distribution and epidemiological profile. Aside from

overall population growth, many countries in Southeast Asia are experiencing rapid

urbanization, resulting in higher population densities in polluted areas. The popula-

tions are also undergoing changes in age structure and lifestyle (diet, activity level,

income, etc) that may influence vulnerability to disease, resulting in changes in base-

line death rates. Before including these factors in our mortality estimates, we first

calculate national population-weighted pollution totals for 2030 from the increase in

coal pollution from GEOS-Chem, taken as the difference between the 2030 and 2011

simulations, and the geographic population distribution for 2011. These initial 2030

estimates will hereafter be referred to as the original exposure estimates. The future

population projections discussed below are then used to modify the original exposure

estimates to reflect the additional influences of population growth, urbanization, and

epidemiological shifts on pollution exposure and associated mortality in 2030.

For changes in population numbers by 2030, we use country-level projections of

population growth for 2030 from the World Bank (http://data.worldbank.org/

data-catalog/population-projection-tables). We multiply the original exposure
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estimates for each country by the updated population totals for 2030 to include the

influence of national population growth on future coal pollution exposure.

We account for the influence of urbanization by including World Bank projections

of the fraction of the population living in urban areas in 2030 (http://databank.

worldbank.org/data/, Health Nutrition and Population Statistics: Population es-

timates and projections database). These projections are only given at the national

level. Following Brauer et al. (2012), we define urban grid cells in 2011 as those in the

CIESIN GPWv4 data with population density greater than 600 people per km2. We

then use the World Bank projections to scale the urban vs. rural fractions of individ-

ual countries to estimated 2030 levels.

To estimate the expected changes in baseline cause-specific death rates due to

changes in epidemiological characteristics in 2030, we used the central (rather than

pessimistic or optimistic) total death rate projections from the Global Burden of Dis-

ease (GBD) for 2030 updated with the 2013 Global Health Estimates (http://www.

who.int/healthinfo/global_burden_disease/projections/en/)(Mathers & Lon-

car, 2006). The GBD projections for 2030 are not done by country but by various

groupings. Here we use the World Bank Income Groups: low income, lower mid-

dle income, upper middle income, and high income. Each country is assigned to one

of these income groups based on gross national income per capita (http://data.

worldbank.org/news/new-country-classifications-2015). We estimate cause-

specific baseline death rates for each country in 2030 by scaling the national 2012

specific baseline death rates (described above) based on the relative change of GBD

death rate projections between 2012 and 2030 for the relevant income category for

each country.
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2.3 Results and Discussion

Figure 2.2 shows the increases (∆) in annual mean surface PM2.5 and 6-month aver-

aged daily maximum 1-h ozone in 2011 due to coal emissions for the countries of Ta-

ble 2.1. The resulting exposure densities, computed by multiplying by population den-

sity, are also shown. Corresponding figures showing increases from coal emissions in

individual countries are in the Supporting Information (Figures A.2-A.3). Our PM2.5

calculations assume dry conditions and do not include water vapor, resulting in con-

servative estimates (assuming 35% relative humidity increases inorganic PM2.5 mass

by 33% compared to dry conditions). PM2.5 increases are localized over major urban

areas and reach 3 µg m-3 over northern Vietnam. Ozone increases are more spread

out but again show peaks of 2-5 ppb over urban areas. These urban influences are

magnified in the population exposure density panels, which also show large impacts

on eastern China caused by transboundary transport of pollution from Southeast

Asia. We discuss the influence on China in more detail below.

Figure 2.3 shows the same results for 2030. Increases in PM2.5 exceed 11 µg m-3

over Hanoi and reach 5 µg m-3 over Jakarta and much of southern Sumatra. Increases

in ozone are as high as 15 ppb over Indonesia and northern Vietnam. Sulfate con-

tributes 56% of the overall regional increase in PM2.5, followed by ammonium (18%),

nitrate (15%), and primary particulate emission (11%). From an exposure perspec-

tive, sulfate is somewhat less important (38%) while nitrate is more important (29%)

because most of the excess ammonia available for nitrate formation comes from crop-

lands near populated areas.
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Figure 2.2: Simulated increases (∆) in surface PM2.5 (µg m-3) and ozone (ppb) in South-
east Asia due to coal pollution in 2011, and associated population exposure density (mul-
tiplying the concentration increase by the population density). Coal pollution in 2011 is de-
termined by the difference between a simulation with 2011 emissions and a simulation with zero
coal emissions for the countries in Table 2.1 (emissions in other countries are unchanged). Values
for PM2.5 are annual means and values for ozone are 1-h daily maxima averaged for the locally
determined 6-month high-ozone season. These metrics are used for the premature mortality calcu-
lations as described in the text.
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Figure 2.3: Same as Figure 2.2 but for 2030. Pie charts inset show relative contributions of dif-
ferent aerosol types to regional PM2.5 coal pollution.
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The population-weighted PM2.5 and ozone increases in Figures 2.2 and 2.3, com-

bined with equation (2.3), allow us to compute the current and future premature

deaths caused by coal emissions. We estimate 19,880 (11,400-28,400) premature deaths

in 2011 from coal combustion in the countries of Table 2.1, where the numbers in

parentheses indicate the uncertainty bounds of the estimate derived from the high

and low CRF values shown in Table A.1. Of these 17,940 are due to PM2.5 and 1,940

due to ozone. Figure 2.4 shows the breakdown by country and by cause of death

(the breakdown shown is for 2030, but percentages for 2011 are almost identical).

Most premature deaths are due to ischemic heart disease (6,470) and stroke (5,970).

Mortality is highest in Indonesia (7,480 excess deaths per year) followed by Vietnam

(4,250 excess deaths per year). China incurs the third highest mortality after Indone-

sia and Vietnam with 3,150 excess deaths per year.

By 2030, we project that total regional premature mortality due to coal pollution

will be 63,520 excess deaths from PM2.5 and 6,140 from ozone, resulting in a total

of 69,660 (40,080-126,710) excess deaths per year (Figure 2.4; see Figure A.4 for the

relative contributions of projected population growth, urbanization, and epidemiolog-

ical shifts to these estimates). The highest mortality totals again occur in Indonesia

(24,400 excess deaths per year), Vietnam (19,220 excess deaths per year), and China

(8,870 excess deaths per year). Myanmar experiences the 4th-highest mortality in

2030 with 4,030 excess deaths per year, reflecting the dramatic increase in emissions

projected there (Table 2.1).

The right panel of Figure 2.4 shows for each country the contributions to 2030 pre-

mature mortality from domestic and foreign coal emissions. These were obtained from

the national simulation results with vs. without coal emissions for individual coun-

tries. We find that more than 80% of coal-related mortality in individual countries
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of Southeast Asia is due to domestic emissions. The exception is Thailand, for which

transboundary pollution from nearby Vietnam is larger than the domestic source.
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Figure 2.4: Coal-related mortality due to emissions in Southeast Asia (countries in Table
2.1). The left panel shows the premature deaths in individual countries. Premature deaths due to
2011 emissions are shown in blue, and increases from projected 2030 emissions are shown in red.
Deaths due to PM2.5 and ozone are shown separately. The fraction of PM2.5-related mortality by
cause is shown in the pie chart as an average for the whole region in 2030 (IHD ≡ ischemic heart
disease, COPD ≡ chronic obstructive pulmonary disease). All ozone-related mortality is from res-
piratory diseases. The right panel shows the 2030 coal-related mortality in each country broken
down by contributions from domestic and transboundary sources (see Figure A.5 for the domestic
and transboundary contributions in 2011). Source countries responsible for transboundary pol-
lution are identified in the legend. As computed here, mortality in China and Rest of East Asia
(not included in Table 2.1) is solely from transboundary pollution. The mortality totals in the right
panel are the sums of the contributions from the national simulations with vs. without coal emis-
sions for the individual countries in Table 2.1; because of chemical and CRF non-linearities they
may be greater than the mortality totals in the left panels.

Vietnam is the largest transboundary contributor to 2030 mortality in China, mainly

influencing southern China by direct transport of coal PM2.5. In addition, we see in

Figure 2.3 significant population exposure in the densely populated East China Plain.
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The increase in PM2.5 there is mostly driven by PM2.5 pollution transported from

South Korea (Figure A.2) and by the increase in ozone, speeding up the rate at which

local Chinese SO2 and NOx emissions are converted to sulfate and nitrate.

Leibensperger et al. (2011) previously showed that NOx emissions in the US, Eu-

rope, and China cause intercontinental PM2.5 pollution by increasing surface ozone

on a hemispheric scale, leading to faster PM2.5 production in downwind continents

from the oxidation of locally emitted SO2 and NOx, i.e., the same effect that we find

here on a smaller scale for the East China Plain (Figure 2.3). We used the global

GEOS-Chem simulation to examine the influence of Southeast Asian coal emissions

on other continents but found the effects to be very small. Maximum annual average

intercontinental PM2.5 enhancements occur over polluted northern Europe but are

less than 0.01 µg m-3. Peak intercontinental increases in seasonal average daily maxi-

mum 1-h surface ozone occur over other tropical continents but are less than 0.5 ppb.

Even when normalized to the magnitude of NOx emissions, intercontinental influence

from Southeast Asia on surface PM2.5 in the U.S. and Europe is small compared to

that from northern mid-latitude continents (Leibensperger et al., 2011; Fiore et al.,

2009) because Southeast Asia is out of the westerly mid-latitude circulation. On the

other hand, seasonal southerly flow from Southeast Asia leads to stronger influence on

China as shown in Figure 3. Intercontinental influence from Southeast Asia on surface

pollution in other tropical continents is weak in part because of strong vertical mix-

ing, limiting influence on ozone, and relatively low emissions of SO2 and NOx in these

other continents, limiting oxidant-mediated influence on PM2.5.

In contrast to the global trend towards cleaner fuel, the future of power generation

in Southeast Asia presently relies on coal (IEA, 2013). Our analysis shows that the

cost to human health of this coal-dominated energy trajectory is severe. We estimate
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20,000 premature deaths every year due to coal pollution from currently operating

power plants in Southeast Asia, with the largest effects in Indonesia and Vietnam.

These numbers may increase to 70,000 excess deaths per year by 2030 if all currently

approved coal plants in Southeast Asia become operational. Beyond Indonesia and

Vietnam, the third greatest mortality toll from Southeast Asian coal emissions is in

China, where we expect 9,000 premature deaths annually by 2030. Coal emissions

from power plants in China are presently declining (Klimont et al., 2013; Shuo, 2015),

so that rising transboundary pollution influence from Southeast Asia will likely be-

come of increasing concern.

In January 2016, the Vietnam government announced plans to drastically reduce

their plans for future coal expansion (King, 2016) citing both climate and air quality

concerns. The air quality concerns drew from preliminary accounts of our work pre-

sented at news conferences (Greenpeace, 2015). Recognition of the public health costs

of a coal-based future may guide other countries in Southeast Asia to follow Vietnams

lead and choose a more sustainable pathway for meeting their energy needs.
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3
Public health impacts of the severe haze

in Equatorial Asia in September-October

2015: Demonstration of a new framework

for informing fire management strategies

to reduce downwind smoke exposure

A version of this chapter was published with Loretta J. Mickley, Miriam E. Marlier,
Jonathan J. Buonocore, Patrick S. Kim, Tianjia Liu, Melissa P. Sulprizio, Ruth S. DeFries,
Daniel J. Jacob, Joel Schwartz, Montira Pongsiri, and Samuel S. Myers in Environmental
Research Letters, vol. 11 (0904023), 2016.
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3.1 Introduction

The thick smoke that blanketed Equatorial Asia during September-October of 2015

was likely the worst haze episode since 1997, when land use fires caused billions of

dollars in damage and thousands of premature deaths (Johnston et al., 2012; Mar-

lier et al., 2013). The degraded peatlands that typically burn during such episodes

contain significant combustible organic material and so release large amounts of fine

particulate matter (PM2.5), the leading cause of global pollution-related mortality

(WHO, 2010; Lelieveld et al., 2015). As in previous episodes, the prevailing winds

in 2015 transported the smoke to densely populated areas across Indonesia and the

Malay Peninsula, including Singapore and Kuala Lumpur. In this work, we identify

provinces where land use policies and management strategies could most effectively

mitigate the downwind smoke exposure and consequent costs to human health dur-

ing such haze events. We also compare the 2015 event to another large smoke episode

in 2006 in order to determine how fire emission patterns driven by land use and land

cover change may be evolving.

Across Indonesia, fires are frequently used to burn agricultural residue, clear forest,

or prepare land for plantations and smallholder farms. Fires also occur from vandal-

ism and accidental ignitions (Dennis et al., 2005; Gaveau et al., 2014a). Fire emission

levels are greatest from degraded peatlands, especially in dry years (Marlier et al.,

2015a,b). In 2006, burning in industrial concessions to clear land for oil palm and

timber plantations accounted for 40% of total fire emissions in Sumatra and 25% in

Kalimantan (Indonesian Borneo) (Marlier et al., 2015c). As on oil palm plantations,

fire on timber plantations is used to clear native vegetation quickly and cheaply in or-

der to establish commercial wood pulp species. Such species include fast growing trees
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such as Acacia, whose turnover rate is about three times faster than oil palm ( 7 years

compared to 25 years), potentially resulting in more frequent post-harvest burning

(Effendy & Hardono, 2001; Feintrenie et al., 2010).

As in 1997 and again in 2006, the severe haze in September-October 2015 was en-

abled by a combination of El Nino and positive Indian Ocean Dipole (pIOD) con-

ditions, both of which promote drought and greatly enhance fire activity in the re-

gion, either because fuel loads are drier allowing fires to escape and burn out of con-

trol or because farmers take advantage of the dry weather and clear more land than

usual (Field & Shen, 2008; van der Werf et al., 2008, 2010; Reid et al., 2012). Though

the underlying meteorological triggers are similar across these extreme haze events,

the spatial distributions of land cover and fire emissions are evolving rapidly, driven

largely by expanding global markets for oil palm, pulpwood and timber, and by in-

creases in small-scale agriculture (Field et al., 2009; Miettinen et al., 2011; Gaveau

et al., 2014b; Margono et al., 2014; Marlier et al., 2015a). A comparison between the

2006 and 2015 events is critical for 1) quantifying the contributions of specific fire

source locations to smoke exposure in downwind population centers during extreme

haze events, and 2) identifying possible trends in the magnitudes of these differenti-

ated contributions over the last decade. We chose 2006 and not 1997 for this com-

parison since modern satellite technology (e.g., the multi-wavelength instruments on

board Terra and Aqua that can capture burned area and AOD) was not available un-

til 1999 (King et al., 2003). Diagnosis of the fire emission locations that result in the

greatest smoke exposures downwind can guide the design of more informed strategies

to prevent or minimize recurrent haze events.

In this study, we demonstrate the potential of a new analytical framework to rapidly

assess in near real-time the emission sources and health impacts of an ongoing smoke
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episode in Equatorial Asia. The framework, presented here all together for the first

time, integrates information on 1) fire emissions related to land cover and land use

(Marlier et al., 2015a,b,c), 2) meteorological drivers of smoke transport, 3) domes-

tic and transboundary source-receptor relationships, which quantify the sensitivity of

PM2.5 concentrations in receptor areas to the specific locations of fire emissions (Kim

et al., 2015a; Marlier et al., 2015a,c), and 4) health impact functions incorporating

regionally-specific data on mortality rates, age structure, and population. Previous ef-

forts to quantify health impacts from biomass burning in Equatorial Asia have proven

computationally expensive(e.g. (Johnston et al., 2012; Marlier et al., 2013)). In con-

trast, once the source-receptor relationships have been mapped, our novel framework

can readily quantify smoke exposure from any given distribution of fire emissions

without the need for additional computationally expensive model simulations. In this

way, stakeholders can quickly identify the key emission areas contributing to that ex-

posure and estimate the resulting morbidity and premature mortality in downwind

populations, even as an extreme smoke event unfolds.

3.2 Methods

Below we describe the fire emissions estimates and the surface and satellite observa-

tions used in this analysis. In the Supplement, we describe the GEOS-Chem adjoint

used to calculate smoke exposures and the health impact calculations.

3.2.1 Fire emissions

We use near-real time fire emission estimates for the 2015 haze event from the Global

Fire Assimilation System, a product that was readily available for next-day process-
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ing at the time of our analysis (GFAS) http://join.iek.fz-juelich.de/macc/

(Kaiser et al., 2012). GFAS emissions are derived at 0.5 x 0.5 horizontal resolution

from observations of fire radiative power (FRP) from the Moderate Resolution Imag-

ing Spectroradiometer (MODIS) instruments on board the Terra and Aqua satellites.

The emissions are based on observed relationships between FRP and combusted dry

matter for eight land cover types based on those used in the Global Fire Emissions

Database [GFED; (van der Werf et al., 2010), supplemented with maps of organic soil

and peatlands. Here we define smoke as the sum of organic carbon (OC) and black

carbon (BC) aerosol, the primary components of smoke-related PM2.5. Based on com-

parisons with satellite AOD, Kaiser et al. (2012) recommended scaling GFAS OC and

BC emissions by a global factor of 3.4. However, the Kaiser et al. (2012) underesti-

mate in modeled AOD may be partly due to model treatment of carbon aerosol in the

atmosphere rather than emissions (Andela et al., 2013). Somewhat arbitrarily, we in-

stead scale the GFAS emissions up by 50%, which produces model results that better

match surface observations during 2015 (Section 3.2.2). Scaling up by 50% also yields

PM2.5 emission totals for Indonesia in 2006 that match those obtained from a differ-

ent emission inventory (Marlier et al., 2015c). To identify sources of fire emissions, we

rely on estimates of the spatial distributions of peatlands and industrial concessions in

2010, the only year for which such data are available (Figure B.1). We overlay these

estimates onto 1 x 1 km2 MODIS FRP detections to attribute fire activity to these

sources (Table B.1). This finer spatial scale information is necessary given the multi-

ple types of land use and land cover within each 0.5 x 0.5 GFAS grid cell.
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3.2.2 Surface particulate matter observations

We compare the GEOS-Chem adjoint estimates for smoke exposure in Singapore dur-

ing 2015 against observed PM2.5 concentrations for five stations in Singapore operated

by the National Environment Agency (NEA; http://www.nea.gov.sg/). In order to

isolate enhancements in surface PM2.5 due only to smoke aerosol, we first calculate

the average observed PM2.5 during June (13.6 g m-3), the earliest available measure-

ments before the onset of the haze event. We then subtract the June average non-

smoke concentration from the full time series.

3.2.3 Satellite observations

We also compare the adjoint smoke exposures from the 2006 and 2015 haze events

to two satellite products: ultraviolet aerosol index (AI) from the Ozone Monitoring

Instrument (OMI; Torres et al., 2002, 2007) and aerosol optical depth (AOD) at 550

nm from MODIS aboard the Terra satellite (Levy et al., 2010). We use the Level 3

quality-assured products from both instruments, processed at 1 horizontal resolution.

Both products are frequently employed to characterize smoke aerosol in Southeast

Asia (Reid et al., 2013; Chang et al., 2015). By using two different aerosol products,

we overcome some of the uncertainty associated with representing smoke optical prop-

erties in the retrievals (Zender et al., 2012). We also maximize the amount of usable

satellite data retrieved during the time periods of interest in an environment that is

challenging to observe from space due to frequent cloudiness, lengthy coastlines, and

mountainous terrain (Reid et al., 2013).
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3.3 Results

3.3.1 Fire emissions

Figure 3.1 shows the 1995-2015 time series of the NINO3.4 index and Dipole Mode

Index (DMI), the standard indices used to represent the phases of the El Nino South-

ern Oscillation (ENSO) and the Indian Ocean Dipole (IOD; www.stateoftheocean.

osmc.noaa.gov). Both El Nino and positive phases of the IOD result in suppressed

convection over Indonesia, leading to drought and increased fire activity. September

2015 was the strongest El Nino on record since 1997 and much stronger than Septem-

ber 2006. September 2006, however, saw a slightly stronger positive IOD. Over the

entire 20-year record, there are only three instances when both the NINO3.4 and DMI

indices simultaneously exceed a value of +1: 1997, 2006, and 2015. Prior to 2015, the

1997 regional haze event was the most severe on record. However, due to a lack of

available satellite data for 1997, we focus our comparison on 2006, the second most

extreme haze event prior to 2015.

South Sumatra and Central Kalimantan both burned strongly during the 2006

event, contributing 30% and 31% respectively of total Indonesian OC+BC emissions

released (Figure 3.2; Figure 3.3). The July-October 2015 Indonesian fire emissions

were 2.1 Tg higher compared to the 2006 emissions over the same months, an increase

of 110% (Figure 3). South Sumatra contributed 62% (1.3 Tg) of the emission differ-

ence between 2015 and 2006, while Central Kalimantan contributed only 18% (0.4

Tg). Jambi Province, which was responsible for less than 5% of the haze during 2006,

contributed the third highest emissions of any individual province in 2015 and 12% to

the emission difference between 2015 and 2006. Contributions from West Kalimantan

decreased from 16% in 2006 to 6% in 2015.
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Figure 3.1: Indices of large scale circulation patterns in Equatorial Asia.The blue line shows
the NINO3.4 index for the El Nino-Southern Oscillation for January 1995-December 2015. The
red line shows the Dipole Mode Index (DMI) for the Indian Ocean Dipole (IOD). Dotted lines in-
dicate the thresholds for El Nino (+1) or La Nina (-1) in the NINO3.4 series, and for strongly pos-
itive (+1) or strongly negative (-1) IOD conditions in the DMI series. Data are from the National
Oceanic and Atmospheric Administration (stateoftheocean.osmc.noaa.gov).
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Figure 3.2: September-October total emissions of organic and black carbon (OC+BC)
from GFAS during 2006 and 2015. The top panel shows 2006, the middle panel shows 2015,
and the bottom panel shows the difference (2015 2006). Province boundaries are shown in the
bottom panel by colored lines, corresponding to Jambi in coral, South Sumatra and Bangka-
Belitung in green, West Kalimantan in blue, and Central Kalimantan in purple.
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posures (left) and total Indonesian fire emissions of OC+BC (right) during July-October
2006 and 2015. The island province of Bangka-Belitung is included with South Sumatra.
Province boundaries are shown in Figure 3.2 and Supplement Figure B.2.

3.3.2 Smoke exposure during haze events

To estimate smoke exposure at each receptor area during the two haze events, we

multiply the GFAS emissions for July-October 2006 and July-October 2015 by the

adjoint sensitivities simulated for July-October 2006 (Figure B.3). Although the most

intense haze occurred during September-October in both years (65% of total annual

fire emissions in 2006, 80% in 2015), we extend our time horizon to include the en-

tire burning season from July-October (83% of total annual fire emissions in 2006,

93% in 2015). As described above, we assume that the 2006 smoke transport patterns

are similar to those in 2015. Smoke transport for all three receptors shows a strong
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sensitivity to the prevailing southeasterly winds governed by the location of the In-

tertropical Convergence Zone (ITCZ) during September-October (Chang et al., 2005).

To test our results using meteorology from other years we also calculated smoke ex-

posures in Singapore due to the 2015 fire emissions with adjoint sensitivities for 2005

and 2007-2009 (Figure B.4). Seasonal mean exposures are similar across the 2005-

2008 sensitivities, while 2009 is 25% greater than the 2006 average.

Figure 3.4 shows a combined time series of daily NEA PM2.5 concentrations at

Singapore for July 1 to October 31 2015. Smoke concentrations returned to normal

levels in late October with the onset of monsoonal rains (Cochrane 2015). The NEA

data reveal an average observed smoke exposure of 30 g m-3 in Singapore for July-

October 2015. Our approach yields an average July-October 2015 smoke exposure

at Singapore of 27 g m-3, consistent with the NEA surface observations. Estimated

population-weighted smoke exposures in Indonesia and Malaysia during 2015 are 19 g

m-3 and 14 g m-3, respectively. Mean July-October non-smoke PM2.5 concentrations

in these areas are 10-15 g m-3 (Section 3.2.2; GEOS-Chem forward model simulation,

not shown), yielding total annual average PM2.5 exposures below 50 g m-3 and within

the range of linearity (Supplement Section B.2).

During 2006, we find that July-October exposures are lower by at least a factor of

2 at all three receptors compared to 2015, with values of 10 g m-3 in Singapore, 8 g

m-3 in Indonesia, and 6 g m-3 in Malaysia. Figure 5 compares OMI AI and MODIS

AOD for September-October 2006 to those quantities in September-October 2015.

Also shown for 2015 is a comparison of MODIS AOD to AOD measurements at sev-

eral sites in the Aerosol Robotic Network (AERONET; Holben et al., 1998); no data

are available at these sites for September-October 2006. Both satellite instruments re-

veal an approximate doubling in aerosol levels in 2015 compared to 2006 across much
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Figure 3.4: Time series of observed daily smoke PM2.5 concentrations in Singapore from
the National Environment Agency (NEA; www.nea.org) for July 1-October 31, 2015. Grey
dots represent mean 24-hour concentrations averaged across five stations: Central, North, South,
West, and East Singapore. Unfilled black circles at mid-month represent monthly mean observed
smoke PM2.5 from NEA averaged across all five stations. Non-smoke PM2.5 has been removed
from the time series by subtracting the average observed PM2.5 concentrations during June, before
the onset of the haze event. Triangles show monthly mean smoke exposure at Singapore estimated
by this work for July-October 2015 using unscaled GFAS emissions (blue), GFAS emissions scaled
by the recommended factor of 3.4 (red) and GFAS emissions scaled by 50% (green).
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of the domain, consistent with the adjoint exposure results and confirming the utility

of our approach.

3.3.3 Emission sources

During 2006, South Sumatra and Central Kalimantan contributed roughly equally to

regional emissions (30-31%), but across all three receptor areas, South Sumatra ac-

counted for more than three times as much smoke exposure than did Central Kali-

mantan (Figure 3.3). Also in 2006, West Kalimantan contributed only 16% to re-

gional emissions, but was responsible for the second highest exposure levels in Malaysia,

after South Sumatra. In 2015, the percent contributions to smoke exposure from

South Sumatra increased by 10-15% in the absolute sense across all receptors, com-

pared to South Sumatras contribution to smoke exposures across the same areas in

2006. Exposure contributions from Jambi doubled in 2015 compared to 2006, while

contributions from the other regions decreased. The trends in smoke exposure from

South Sumatra and Jambi in 2015 suggest significant changes in land use occurred in

these regions during the intervening years as discussed below.

Emission source regions for both the 2006 and 2015 haze events differ from those

contributing to a severe haze event in June 2013 that severely affected Singapore and

the Malay Peninsula (Gaveau et al., 2014a). The 2013 haze has been traced to agri-

cultural burning in Riau, a province in northern Sumatra covered extensively by peat-

lands and oil palm concessions (Figure B.1; Gaveau et al., 2014a). In contrast, we find

that Riau did not contribute significantly to smoke exposure at any receptor during

either the 2006 or 2015 haze events. This difference is partly due to the longer burn-

ing season in Riau than further south in Indonesia, with increased burning earlier in

the year (Reid et al., 2013). Also, the prevailing winds over Riau shift from westerly
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Figure 3.5: Average satellite aerosol observations for September-October during the 2006
and 2015 haze events. Observations during the 2006 event are shown in the top two panels;
the 2015 event is shown in the middle panels. Values of Aerosol Index (AI) from the Ozone Mon-
itoring Instrument (OMI) are shown at left; aerosol optical depths (AOD) at 550 nm from the
Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra satellite are on the right.
Grey pixels indicate missing data. Colored circles in the MODIS AOD 2015 panel indicate mean
September-October AERONET observations. These data are level 1.5, which include cloud filter-
ing but not the final calibrations of the quality-assured level 2.0 product. For consistency with the
Terra MODIS morning overpass time, the AERONET data has been averaged during 9am-12pm
local time. The bottom two panels compare the 2015 values to those in 2006 for the two satel-
lite products, calculated as the ratio of 2015 / 2006. For clarity, ratios in those gridboxes with low
aerosol content in both products (AOD <0.5 and AI <1.0) are not shown.
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in June to southeasterly during September-October as the ITCZ moves southward

across Equatorial Asia, transporting what smoke there is later in the season toward

the northwest rather than towards the populated Malay Peninsula.

To estimate the contributions of different types of land use and land cover to fire

activity, we used satellite FRP observations at high-resolution (1 km x 1 km) for July-

October 2006 and 2015 (Table B.1). While FRP totals are not directly comparable to

emissions, they are available in near real-time and can reveal the spatial distribution

of fire activity and land use types affected by fires, as demonstrated by Marlier et al.

(2015c). For example, although oil palm concessions have previously been implicated

as a major driver of peat burning in Indonesia (Koh et al., 2011), we find that burn-

ing in oil palm concessions in 2006 accounted for only 11% of total FRP in Sumatra

and 32% in Kalimantan. In 2015, these contributions declined to just 5% and 20%,

respectively. In Sumatra, FRP in timber concessions increased from 27% in 2006 to

55% in 2015, while in Kalimantan the timber contribution was <10% in both years.

In contrast, the percentage of total FRP occurring in peatlands increased in both

Sumatra (44% to 72%) and Kalimantan (32% to 43%) from 2006 to 2015. Reasons

for the apparent increase in fire activity in peatlands are not clear. Draining of peat-

lands to prepare for agricultural use in the intervening years may have made the peat

more vulnerable to fires (Carlson et al., 2012; Turetsky et al., 2015). Further analy-

sis of the 2015 event with updated land use maps is needed to fully understand these

patterns at a spatial scale that is useful for stakeholders.

3.3.4 Health impact estimates

The U.S. Environmental Protection Agency (EPA) primary standard for unhealthy

levels of annual average PM2.5 is 12 µg m-3. According to the World Bank, much of
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Equatorial Asia is close to this standard in non-haze years e.g., annual mean val-

ues reported for 2011 are 13-14 g m-3 for Indonesia, Malaysia, and Singapore (http:

//data.worldbank.org/indicator/EN.ATM.PM25.MC.M3). Based on smoke exposures

for 2006 (Section 3.3.2), we estimate the following excess deaths for that year, with

95% confidence intervals calculated as in Driscoll et al. (2015): 34,600 (9,000-60,100)

in Indonesia, 2,300 (600-4,000) in Malaysia, and 700 (200-1,200) in Singapore. For

2015, we estimate these excess deaths to be: 91,600 (24,000-159,200) in Indonesia,

6,500 (1,700-11,300) in Malaysia, and 2,200 (600-3,800) in Singapore. (See Supple-

ment Section B.2 for description of the health impact calculations and comparison

to previous estimates for the 1997 event). Our results suggest that regional smoke-

related mortality was 2.7 times higher in 2015 than in 2006, an increase whose causes

we summarize in the Discussion and Conclusions.

3.4 Discussion and Conclusions

A combination of El Nino and positive Indian Ocean Dipole conditions in July-October

2015 led to dry conditions that exacerbated agricultural and land clearing fires in

southern Sumatra and Kalimantan. The resulting dense haze persisted across much

of Equatorial Asia for weeks, imposing adverse public health impacts on populations

in Indonesia, Singapore, and Malaysia. Using the adjoint of the GEOS-Chem global

chemistry model together with health response functions, we estimate 60 g m-3 of

population-weighted smoke PM2.5 exposure and 100,300 premature deaths across In-

donesia, Malaysia, and Singapore due to extreme haze in 2015. These values are more

than double the 25 g m-3 of smoke PM2.5 and 37,600 premature deaths that we es-

timate for a similar haze event in the region in 2006. The approximate doubling of
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regional smoke exposure in 2015 compared to 2006 is consistent with observations of

haze from both OMI AI and MODIS AOD during the two events.

Smoke exposures in downwind population centers in both 2006 and 2015 stemmed

mainly from burning in South Sumatra, an area that contributed more than 30% of

the regional emissions and more than 50% of the regional smoke exposure during both

events. We also find that Jambi Province, which did not burn significantly during

2006, contributed about 20% of the increased smoke exposure between 2006 and

2015. High resolution FRP data suggests that fire activity on Sumatra in 2015 was

dominated by burning on timber concessions (55%) and peatlands (72%). An updated

analysis of the sectors and land types contributing to smoke exposure would build on

Marlier et al. (2015c) and test our hypothesis.

There are several limitations to the model framework we present. First, peatland

emissions are difficult to quantify and thus lead to a wide range of emission esti-

mates across fire inventories. Peat fires can smolder in the subsurface for weeks to

months after ignition, often at temperatures too low to be detected accurately from

space (Tansey et al., 2008). The contribution of this low temperature burning to total

smoke emissions in peatlands is uncertain. The amount of peat fuel consumed dur-

ing each fire event is also uncertain and currently not explicitly represented in fire

emission inventories (Konecny et al., 2016). Second, the concession maps we use in

our attributions correspond to 2010 rather than 2015, and a subset of the conces-

sions recorded in 2010 may have been converted to other land use types prior to 2015.

Also, since our analysis was conducted on a 0.5 x 0.67 grid, there is some uncertainty

in our attributions of emissions and exposure contributions to specific provinces.

Third, our method produces population-weighted average smoke exposures, which

neglect the spatial variability in exposures within a receptor region. Populations liv-
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ing close to fires may experience annual average PM2.5 exposures above the 50 µg

m-3 linearity threshold in the concentration response function we used. We also fo-

cus only on adult mortality due to lack of knowledge on the effects of air pollution on

child mortality, even though impacts on children are likely significant. Additionally,

the concentration response function used here is based on studies done in high-income

countries with different baseline health characteristics and air pollution sources. To

date, there is little evidence quantifying the relationship between PM2.5 composition

and toxicity, and so we do not consider this factor (Levy et al., 2012). Our approach

also does not explicitly eliminate the potential influence of confounding health effects

from conditions related to El Nino-pIOD meteorology that are independent from fire

pollution, such as heat waves or excess airborne dust from the drier conditions. Ide-

ally we would validate our results with a multi-year epidemiological study, but such

an evaluation is beyond the scope of our analysis. Finally, our approach relies on the

assumption that the prevailing transport patterns between 2015 and 2006 are likely

similar given the background meteorological conditions (Section 3.3.1-3.3.2). Predic-

tive real-time tools to forecast haze in Southeast Asia exist and have recently been

improved upon (Hertwig et al., 2015), but these methods require substantial compu-

tational investment and do not readily provide the geographical source attribution

information inherent in our adjoint approach.

These limitations in our approach are largely offset by the benefits of 1) identifying

in near real-time the key fire locations contributing significantly to downwind smoke

exposure during haze events in Equatorial Asia, and 2) rapidly producing estimates

of the associated health impacts when the policymakers and civil society groups are

seeking ways to effectively address seasonal burning in Equatorial Asia. In particu-

lar, our approach provides an early-response diagnosis of those provinces where effec-
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tive fire and land use management would yield the greatest benefits to human health,

even as the haze event is still unfolding. (See Supplement Section B.6 for discussion

of challenges facing existing fire management strategies in Indonesia.) Applying the

framework presented in this work requires only spatially explicit estimates of carbon

aerosol emissions from fires, the archived GEOS-Chem adjoint sensitivities (available

upon request), and a health impact model. The exposure calculations are effectively a

one-step multiplication combining the sensitivities with the fire emissions, taking only

seconds to perform and requiring minimal computational resources. In the immediate

aftermath of large haze events, when the incentive for constructive decision-making

among stakeholders is greatest, our framework supplies detailed information on the air

quality consequences of agricultural fires, a common land use practice in Equatorial

Asia.

Our modeling approach quantifies the public health impacts of smoke pollution, in-

cluding haze crossing international borders. The capacity of our framework to quickly

identify the provinces where fire emissions are most severely affecting downwind pop-

ulations and to quantify the resulting PM2.5-related health impacts can help govern-

ment agencies prioritize forested and peatland areas for protection and restoration.

Furthermore, our integrated modeling approach can help policymakers reduce health

impacts from haze and strengthen long-term efforts like Reducing Emissions from De-

forestation and Forest Degradation (REDD+) to decrease greenhouse gas emissions,

maximizing the climate co-benefits of preventing the release of carbon from trees,

peat, and other soil. Finally, the frameworks ability to causally link specific fire events

to public health impacts in domestic and transboundary locations could support im-

plementation of laws that hold responsible those individuals and entities involved in

illegal burning of land and forests in this region.
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4
Madden-Julian Oscillation during

negative Indian Ocean Dipole conditions

as a driver of severe haze events in the

Malay Peninsula

4.1 Introduction

In June 2013, Singapore experienced one of its worst air pollution events on record,

with surface particulate matter (PM) concentrations exceeding 300 g m-3 as mea-

A version of this chapter written with Loretta J. Mickley, Daniel J. Jacob, Miriam E.
Marlier, Ruth S. DeFries, David L. A. Gaveau, Bruno Locatelli, and Sam S. Myers has been
submitted to Journal of Geophysical Research: Atmospheres.
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sured by the Singapore National Environment Agency (http://www.nea.gov.sg/)

(Hertwig et al., 2015). This severe haze has been attributed to smoke from agricul-

tural fires in the Riau province of Central Sumatra (Forsyth, 2014; Gaveau et al.,

2014a), which is close to ( 100km) and upwind of the Malay Peninsula for much of

the year (Figure 4.1). Extreme fire activity and haze in Equatorial Asia is typically

linked to positive El Nino Southern Oscillation (ENSO) (Rasmusson & Wallace, 1983)

[and references therein] and Indian Ocean Dipole (pIOD) (Saji et al., 1999) condi-

tions, when periods of drought can last a few months to a year. Examples include the

large haze events of September 1997 (Page et al., 2002), October 2006 (Field & Shen,

2008) and September-October 2015 (Koplitz et al., 2016). However, conditions dur-

ing the June 2013 event were ENSO-neutral and characterized by a negative phase of

the IOD (nIOD), which is associated with increased precipitation over Indonesia (Li

et al., 2003). June is also several months earlier than the September-November win-

dow that is typical of the El Nino-pIOD events listed above. In addition to June 2013,

there is evidence that two other recent haze events in the region not associated with

El Nino-pIOD conditions occurred in Kuala Lumpur, a dense urban area northwest of

Singapore, in August 2005 (Aglionby, 2005; Forsyth, 2014), and again in Singapore in

October 2010 (Salinas et al., 2013), although these events have not been explored ex-

tensively in the scientific literature. In this work we use visibility data from two sites

in the Malay Peninsula together with assimilated meteorology and observations of

fire activity in Riau to investigate the drivers of the extreme haze during the August

2005, October 2010, and June 2013 events. In particular, we examine the influence of

the phase of the Madden-Julian Oscillation (MJO) on smoke transport during these

events. Better understanding of ENSO-neutral haze events in Equatorial Asia could

provide a means to predict when such catastrophic events are likely to occur.
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Figure 4.1: Provinces contributing to severe haze in Equatorial Asia. Riau province, location
of the fires associated with haze in the Malay Peninsula during June 2013, is shown in blue. In
red are provinces associated with burning during El Nino-pIOD events like 1997 and 2015 (from
west to east: Jambi, South Sumatra/Bangka-Belitung, Central Kalimantan). Other Indonesian
provinces are shown in light grey; Malaysia is dark grey. Singapore and Malacca are denoted by the
orange circles.
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Land clearing by fire for agricultural expansion has increased rapidly in Indone-

sia since the 1970s, particularly in coastal peat swamps (Page et al., 2009). Emis-

sions of particulate and gaseous pollution from peat fires are estimated to be twice

those emitted from other tropical forest fires (Levine, 1999). The extreme haze events

that sometimes accompany agricultural fires in Indonesia exert a severe toll on human

health because of the very high population density; estimates of premature mortality

across Equatorial Asia from the severe smoke pollution events in 1997 and 2015 range

from 13,000 to 300,000 excess deaths per event (Johnston et al., 2012; Marlier et al.,

2013; Koplitz et al., 2016). These events also weaken local economies through airport

closures, suspended economic activity, and reductions in tourism (Glover & Jessup,

1999). Understanding the meteorological pathways of severe haze events in this re-

gion has particular importance as the population continues to grow rapidly and land

clearing for agricultural use expands. By 2030, fire emissions from crop expansion in

Sumatra are expected to increase by a factor of 2.5 (Marlier et al., 2015a), while the

population in Indonesia is expected to increase by 50 million people (2.5% per year)

(McDonald, 2014).

Gaveau et al. (2014a) attributed the June 2013 haze episode in Singapore to high

fire activity in Riau following a two-month drought there. These authors analyzed

130 fire events in Sumatra over the July 2002-August 2013 time period and diagnosed

a negative relationship between two-month precipitation averages and monthly fire

radiative power (FRP). Mean May-June precipitation was particularly low in 2013

( 125 mm), while FRP in June 2013 reached the highest level of the 2002-2013 period

( 270 GW). Gaveau et al. (2014a) proposed that the June 2013 haze in Singapore can

be explained by high FRP in Riau combined with monsoonal westerlies typical dur-

ing June-August that carried the smoke across the Straits of Malacca to the Malay
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Peninsula.

The Gaveau et al. (2014a) relationship of FRP with precipitation in Riau leaves

two issues unresolved. First, two outliers in the plot revealing the negative relation-

ship, October 2010 and August 2005, suggest that other factors play a role in driving

fires in this region (Figure 3 in Gaveau et al., 2014a). In both these cases, anoma-

lously high fire activity followed a two-month period of relatively high precipitation.

As we shall see, these two fire episodes, like that in June 2013, led to intense haze

in the Malay Peninsula. Second, two other high fire months identified by Gaveau

et al. (2014a), June 2005 and July 2006, occurred during months characterized by

seasonal westerly winds. Unlike the June 2013 fires, however, these other fires did not

result in severe haze in the Malay Peninsula. In this paper, we build on the work of

Gaveau et al. (2014a) to explain a) why high fire activity occurred in Riau during

August 2005 and October 2010 despite relatively high precipitation in the preceding

two months, and b) why these two fire episodes resulted in severe haze in the Malay

Peninsula, but the large Riau fires during June 2005 and July 2006 did not. To our

knowledge, our work offers the first mechanistic explanation for the extreme haze of

August 2005 and October 2010.

Specifically, we demonstrate here that the August 2005, October 2010, and June

2013 smoke episodes, three of the five worst haze events on record for the 21st cen-

tury in the Malay Peninsula, were likely related to the timing and strength of the

Madden-Julian Oscillation (MJO). The MJO is a synoptic scale system of convec-

tion that propagates eastward across the Indian and Pacific Oceans with a period of

30-90 days and is the major driver of intraannual variability in both precipitation and

winds across Equatorial Asia (Madden & Julian, 1972, 1994). Typically, the eastern

side of a well-organized MJO system is associated with enhanced convection and asso-
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ciated precipitation, followed by an area of suppressed convection on the western side.

The patterns of low-level air flow associated with these alternating zones of enhanced

and suppressed convection lead to near-surface easterly wind anomalies on the east-

ern edge of the MJO, while the western edge is characterized by near-surface westerly

anomalies (Lin & Johnson, 1996; Zhang, 2005; Woolnough et al., 2007). As a result,

later phases of the MJO frequently strengthen surface winds near Riau and the Malay

Peninsula. Similarly, later MJO phases also have a greater correlation with enhanced

fire activity in Riau compared to earlier phases, attributed to the drier conditions typ-

ical of these phases (Reid et al., 2012; Zhang, 2013). Xian et al. (2013) also suggested

that stronger MJO activity over Equatorial Asia may increase the lifetime of smoke

particles over Indonesia due to a reduction in wet scavenging during the later, drier

phases. Beyond these studies, however, no research to date has directly linked the

MJO to extreme haze events in Equatorial Asia.

Here we investigate the potential role of MJO-associated wind changes on smoke

transport from Riau Province to the Malay Peninsula. During the three ENSO-neutral

events of August 2005, October 2010, and June 2013, we observe a relationship be-

tween a well-organized MJO entering its later phase and short-term pulsing in anoma-

lously strong westerly winds over Riau, leading to intense haze crossing the Straits of

Malacca to the Malay Peninsula. Recognizing the MJO as a significant, potentially

predictable mechanism leading to haze in the Malay Peninsula would be of great value

to policymakers as they take steps to prepare for such catastrophic haze events in the

future.
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4.2 Data and Methods

To identify episodes of extreme haze in the Malay Peninsula, we use 2005-2015 hourly

visibility data, averaged to daily means, from Changi Airport in Singapore and from

the Malacca site in the Iowa Environmental Mesonet Automated Surface Observing

System network (mesonet.agron.iastate.edu/request/download.phtml). We de-

fine visibility reduction at each site as the daily visibility value subtracted from the

maximum visibility reported throughout the time series. Daily anomalies of visibil-

ity reduction are calculated by subtracting daily values from the long-term mean and

normalizing by the standard deviation. We classify days with normalized anomalies

greater than 2 (i.e., in the 95th percentile) as extreme haze days.

To characterize the wind patterns during August 2005, October 2010, and June

2013, we rely on assimilated 800-hPa wind fields from the NASA Goddard Earth Ob-

serving System (GEOS-5, 2004-2011, 0.5 x 0.666) and from MERRA-2 (2012-2014,

0.5 x 0.625). Both sets of meteorology are from the NASA Modeling and Assimila-

tion Office (GMAO). Wind fields at this pressure level are representative of transport

patterns in the lower troposphere.

To demonstrate the spatial extent and direction of smoke plumes over Riau and the

Malay Peninsula during the August 2005, October 2010, and June 2013 haze episodes,

we use aerosol optical depths (AOD) from the Moderate Resolution Imaging Spectro-

radiometer (MODIS v6, Level 3) on both the Terra and Aqua satellites (Remer et al.,

2005; Levy et al., 2013). To qualitatively assess the performance of MODIS AOD in

detecting haze over Riau at the daily scale, we compare the MODIS AOD to observa-

tions of Aerosol Index (UVAI, Level 3) from the Ozone Monitoring Instrument (OMI)

(Torres et al., 2002, 2007) on the Aura satellite.
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The progression of the MJO across the Indian Ocean Basin can be described by an

index based on a pair of empirical orthogonal functions (EOFs) that combine infor-

mation on 850 hPa zonal winds, 200 hPa zonal winds, and outgoing longwave radia-

tion (http://www.bom.gov.au/climate/mjo) (Wheeler & Hendon, 2004). The index,

known as the Real-Time Multivariate MJO Index, consists of two principal compo-

nents, RMM1 and RMM2, calculated by projecting daily meteorological data onto the

two EOFs, resulting in eight phases tracking the MJO from the African coast (phase

1) eastward to the Pacific Ocean (phase 8) (Zhang, 2013). MJO patterns in which

the absolute magnitude of either the RMM1 and RMM2 component is greater than

one are considered to be organized or strong. During boreal summer (May-October),

the east-west trajectory of the MJO slowly shifts toward the north, with August-

September marking the time period of peak shift. The summertime MJO is some-

times called the boreal summer intraseasonal oscillation (BSISO) (Lee et al., 2013). In

all seasons, fire activity and haze transport in Equatorial are most affected by phases

4-7 of the MJO, when areas of suppressed convection and enhanced westerly wind

bursts are located over Indonesia (Figure 4.2).

4.3 Results

4.3.1 Extreme haze in the Malay Peninsula during 2005-2015

We first examine the MJO-related haze events in the context of other haze episodes in

the Malay Peninsula over the time period available for the visibility data (2005-2015).

Figure 4.3 shows daily visibility reduction anomalies greater than the 95th percentile

value, a proxy for extreme haze days, in Singapore and Malacca during 2005-2015.

We mainly focus our analysis on the June-October timeframe because conditions are
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Figure 4.2: Simple schematic of the Madden Julian Oscillation (MJO). The top panel shows
the general vertical structure of the MJO, where areas characterized by suppressed convection and
drier conditions are shown in red and the main area of enhanced convection and increased precip-
itation is shown in blue. Corresponding circulation patterns, characterized by lower tropospheric
easterlies on the eastern side of the convection and westerlies on the western side, are shown by
the black arrows. The bottom panels show the general location of these alternating dry-wet-dry
areas and associated lower level wind fields as the MJO moves through phases 1-8. Phases 4-7
are conducive to transport of haze from Riau to the Malay Peninsula. Black arrows in the bottom
panels represent the predominant direction of low-level flow on the eastern and western sides of
the primary convective area, as shown in the top panel.
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Visibility Reduction in the Malay Peninsula (2005−2015)

Figure 4.3: Time series of extreme anomalies in daily visibility reduction recorded in Sin-
gapore (Changi Airport) and Malacca during June-October 2005-2015. Station locations are
shown in Figure 4.3. Anomalies are constructed by subtracting daily visibilities from the maximum
visibility reported at each site and then normalizing the resulting timeseries. The panels show only
extreme values of visibility reduction, defined as normalized anomalies greater than two (i.e., in the
95th percentile), which we use as a proxy for severe haze. Haze events driven by El Nino and posi-
tive Indian Ocean Dipole conditions are indicated by red text; those events associated with strong
MJO activity are in blue. Visibility data are from the Iowa Environmental Mesonet (IEM) ASOS
network.

relatively dry then and the prevailing wind flow is conducive to transport of smoke

from fire regions in Indonesia to the Malay Peninsula (Okamoto et al., 2003). Based

on the visibility data, we identify four major haze events in Singapore over the past

decade: October 2006, October 2010, June 2013, and September-October 2015. Anal-

ysis of the Malacca time series reveals similar peaks, with the October 2010 and June

2013 events somewhat less extreme than in Singapore, and with an additional event in

August 2005 that is not apparent in the Singapore timeseries.

As discussed in the introduction, the October 2006 and September-October 2015

events are well understood to be the consequence of strong El Nino-pIOD condi-
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tions, which led to drought and increased fire activity across Indonesia, primarily in

southern Sumatra and Kalimantan Borneo (Field & Shen, 2008; van der Werf et al.,

2008; Koplitz et al., 2016). We therefore focus our analysis on the three extreme haze

events in August 2005, October 2010, and June 2013 that cannot be explained by the

El Nino-pIOD mechanism.

4.3.2 Fire activity in Riau

Table 4.1 lists the top ten fire months in Riau during 2002-2013 in terms of monthly

FRP, as identified by Gaveau et al. (2014a). The Table also indicates the ENSO and

IOD conditions associated with these fires. None of these high fire events occurred

during El Nino-pIOD conditions, demonstrating a fundamental difference between

the drivers of high fire activity in Riau compared to southern Sumatra and Kaliman-

tan. Reasons for this difference remain unclear, although a longer history of anthro-

pogenic alteration of the landscape may have left Riau more vulnerable to fires, even

in ENSO-neutral conditions (Page et al., 2009; Gaveau et al., 2014a).

The relationship between FRP and precipitation from Gaveau et al. (2014a) ex-

plains the majority of the high fire months in Table 1; except for August 2005, March

2006, and October 2010, the other seven high fire months saw a normalized anomaly

of less than -1 (160 mm) of mean rainfall in Riau over the previous two months. How-

ever, as the Table makes clear, high fire activity in Riau is not always associated with

strong haze in the Malay Peninsula. The fires of January-March 2005 and March 2006

led to little or no haze in the Peninsula, probably because the prevailing northeasterly

winds make sustained haze transport from Riau to the region unlikely at this time of

year. (No doubt Riau did experience haze during these months.) However, two other

major Riau fire episodes June 2005 and July 2006 also did not lead to severe haze
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Table 4.1: Top ten fire months in Riau during July 2002-August 2013 from Gaveau et al.
(2014a), as defined by monthly fire radiative power (FRP).a

a Fire months are grouped by season and ordered within each group by number of days with
high fire activity in Riau (FRP >1 standard deviation above the 2005-2015 mean) occurring
during an organized MJO phases 4-7 (MJO4-7). Prevailing winds over Riau during June-
October are west-southwesterly/south-southeasterly; winds during December-March are north-
easterly. Two-month mean rainfall totals for the high fire month and the preceding month are
from Gaveau et al. (2014a). Rainfall and FRP anomalies are calculated as the difference from
the 2002-2013 climatological mean, divided by the climatological standard deviation (i.e., the
normalized anomaly). Severe haze, defined as a daily visibility reduction anomaly >2 (i.e., in
the 95th percentile), is indicated by the combined number of haze days in either Singapore or
Malacca. For example, in June 2013 there were 10 haze days in Singapore and 8 in Malacca,
so the number of haze days is reported as 18.

b Columns 3 and 4 indicate whether or not the high fire months coincided with an El Nino
(NINO3.4 >0.4) or negative Indian Dipole conditions (nIOD, Dipole Mode Index <-0.1). Data
are from http://stateoftheocean.osmc.noaa.gov/.

c No visibility data are available for 2004. Satellite aerosol observations from 2004 indicate

haze in the Malay Peninsula during MJO phases 4-7 (Figure C.1).
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in the Malay Peninsula, even though the prevailing winds were favorable. Malacca ex-

perienced haze for one day in June 2005, but that was before the onset of peak fire

activity in Riau (not shown). Importantly, neither June 2005 nor July 2006 saw sus-

tained (>1 day) fire activity concurrent with organized MJO activity in phases 4-7

(Table 4.1). We explain the relevance of MJO phases 4-7 for smoke transport to the

Malay Peninsula in the following section.

Of the other four high fire months occurring during June-October, three (August

2005, October 2010, and June 2013) resulted in extreme haze in either Singapore or

Malacca as recorded in the visibility data from these sites. We investigate these three

events in detail below. June 2004 also followed the pattern of these three ENSO-

neutral but severe events, with negative IOD conditions and multiple high fire days

concurrent with MJO phases 4-7. Satellite observations from June 2004 also show an

enhanced aerosol plume over the Malay Peninsula during the dates when the MJO

was in phases 4-7 (Figure C.1). However, because no visibility data are available at

either Singapore or Malacca for June 2004, we do not consider this event further.

4.3.3 Wind anomalies and smoke plumes during August 2005, Octo-

ber 2010, and June 2013

Figure 4.4 shows monthly mean westerly wind anomalies in the lower troposphere

(800 hPa) during August 2005, October 2010, and June 2013 compared to the 2004-

2014 average for those months. During all three months, a significant westerly wind

anomaly appeared over Riau province and most of the Malay Peninsula, ranging in

speed from 2-3 m s-1 in August 2005 to 5 m s-1 in June 2013. During August 2005

and June 2013, these anomalies strengthened the west-southwesterlies prevailing in

the May-September timeframe (Okamoto et al., 2003). The strong westerly winds
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observed during October 2010 were particularly unusual; due to the location of the

Intertropical Convergence Zone (ITCZ) at this time of year, winds are typically weak

and from the south-southeast over Riau (Figure C.2). During August 2005, the spa-

tial pattern of the wind anomalies was shifted northward compared to that it October

2010 and June 2013. This shift likely reflects the seasonal behavior of the MJO, as we

explain below.

Figure 4.5 shows MODIS AOD averaged during the times of extreme haze in the

Malay Peninsula, as diagnosed in the visibility record: August 2-12, 2005; October

18-22, 2010; and June 16-25, 2013. The smoke plumes during all three events clearly

originated from regions of agricultural burning in Riau and traveled almost due east

to the Malay Peninsula, consistent with the wind anomalies shown in Figure 4.4. The

northward shift of the most intense haze from Singapore to Malacca in August 2005

is also apparent. Although the monthly mean AOD products from MODIS capture

smoke plumes during all three haze events (Figure 4.5), an assessment of daily AOD

compared to OMI AI and active fire counts in Riau suggests that MODIS cannot de-

tect the onset of these events at the daily scale (Figure C.3).
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Figure 4.4: Monthly wind anomalies in the lower troposphere (800hPa) during August
2005, October 2010, and June 2013 compared to their respective 2004-2014 averages.
Wind data are from the NASA Global Modeling and Assimilation Office (GMAO); data for 2004-
2011 are from the GEOS5 product at the native 0.5 x 0.67 horizontal resolution, while data for
2012-2014 are from MERRA2, regridded from 0.5 x 0.625 to 0.5 x 0.67 for consistency with the
GEOS5 data. Corresponding figures showing monthly climatologies for 2004-2014 are shown in the
Supplemental (Figure C.2). Red circles indicate the visibility data sites for Malacca (2.3 N, 102.2
E) and Singapore (1.4 N, 104.0 E), The domain for Riau wind and fire data in Figure 4.6 is shown
by the red rectangle.
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Figure 4.5: Mean aerosol optical depths (AOD) from the MODIS instrument on board
the Aqua satellite during August 2-11, 2005; October 17-23, 2010; June 14-28, 2013.
Locations of Malacca and Singapore are shown in the white circles.
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4.3.4 The role of the Madden-Julian Oscillation

Figure 4.6 shows a time series of MJO phase, westerly wind strength, and fire activity

in Riau, together with visibility reduction in the Malay Peninsula during the three se-

vere ENSO-neutral events: June 2013 and October 2010 in Singapore and the August

2005 event which mainly affected Malacca. We begin with a description of June 2013,

as the role of the MJO is most salient in this event. On June 10, immediately prior to

the Singapore haze event, westerly wind speeds over Riau increased by 4 m s-1 above

the 2004-2014 June average as the MJO entered phase 4. Fire activity in Riau began

increasing around June 14, several days after the onset of the strong westerlies, peak-

ing on June 19. As the MJO progressed through phases 5 and 6, the westerly winds

remained anomalously strong, transporting smoke from the fires toward Singapore,

which experienced peak pollution during June 16-23. Wind speeds, fire activity, and

haze levels all dropped significantly as the MJO left phase 7 on June 23, returning

to normal levels several days later when the MJO exited phase 8. This sequence of

events is consistent with the diagnosis of Hertwig et al. (2015), who attributed both

the strong winds and the sudden increase in precipitation near Riau on June 23 to the

presence of a tropical cyclone near Indonesia at this time.

We next examine the sequence of phenomena leading to the intense haze during

October 2010. Again, anomalously strong westerlies over Riau coincided with a strong

MJO entering phase 4 (Figure 4.6). Severe haze began in Singapore on October 20,

three days after the enhanced fire activity in Riau (October 15-17) and while westerly

wind speeds over Riau were still moderately enhanced. The westerly wind anomaly in

Riau remained apparent until October 22, when the MJO weakened. Unlike the June

2013 event, the haze in Singapore lagged the peak fire activity in Riau by several days

64



●

●

●

●●

●●●●
●●●

●●

●●●●●
●●●

●

●●●●●

●

●●●

● ● ● ●

n

1
2
3
4
5
6
7
8

●●●●
●●●

●●

●●●●●

●●●●

M
JO

 P
ha

se

August 2005
● ●

●

● ●

●●

●●●
●●●●

●●●●●●●●

●

● ●

●

●

●

n

●●

●●
●●●●

●●●●●●●●

October 2010

●

●●●●●●●●●
●

● ●● ● ● ●

●

● ●●

●●●

●●●●
●●

●●●
●●●●●

●●●●●●●●

n

●

●● ●●●

●●●

●●●

●●

●●●
●●●●●

●●●●●●●●

June 2013

No
rm

al
ize

d 
Vi

sib
ilit

y 
Re

du
ct

io
n 

An
om

al
y

2

3

4

5

6

7

8

20 24 28 1 4 7 11 15 19 23
August

Index

ria
u_

u_
ts

[ju
ne

_o
ct

_i
nd

s[
ev

en
t_

in
ds

]] 
− 

u_
m

ea
n_

20
05

_2
01

5_
da

ily
$u

[ju
ne

_o
ct

_i
nd

s[
ev

en
t_

in
ds

]]

Visibility reduction
Fire counts
Westerly wind

28 1 3 5 7 9 12 15 18 21 24
October

Index

ria
u_

u_
ts

[ju
ne

_o
ct

_i
nd

s[
ev

en
t_

in
ds

]] 
− 

u_
m

ea
n_

20
05

_2
01

5_
da

ily
$u

[ju
ne

_o
ct

_i
nd

s[
ev

en
t_

in
ds

]]

27 1 4 7 11 15 19 23 27 1
June

0

1

2

3

4

5

6

7

Index

ria
u_

u_
ts

[ju
ne

_o
ct

_i
nd

s[
ev

en
t_

in
ds

]] 
− 

u_
m

ea
n_

20
05

_2
01

5_
da

ily
$u

[ju
ne

_o
ct

_i
nd

s[
ev

en
t_

in
ds

]]

0

5

10

15

Vi
sib

ilit
y 

Re
du

ct
io

n 
An

om
al

y

W
in

d 
An

om
al

y

Fi
re

 A
no

m
al

y

Figure 4.6: Time series of MJO phase, daily fire activity and wind speed over Riau, to-
gether with visibility reduction anomalies downwind in Malacca (August 2005) and Sin-
gapore (October 2010 and June 2013). MJO phase is shown in the top panels, with symbol
size scaled by the absolute magnitude of the dominant Real-Time Multivariate (RMM) index on
that day. RMM is a measure of MJO strength, and symbols denoting strong MJO occurrences are
outlined in black. Grey shading indicates the MJO phases associated with strong westerlies and
precipitation deficits over Riau (phases 4-7). The bottom panels show fire count anomalies (red
bars), westerly wind anomalies (blue line) and visibility reduction anomalies greater than 2 (i.e.,
extreme haze) in the Malay Peninsula (black bars).
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in October 2010. A similar lag occurred between the Riau fires and haze in Malacca

(Figure C.4). The reason for these lags is not clear, but may have to do with the drop

in westerly wind speeds.

The haze event in the Malacca-Kuala Lumpur region during August 2005 was again

characterized by strong westerlies over Riau, which began to increase on July 27 just

as the MJO entered phase 5. Similar to the June 2013 event, westerly wind speeds

during August 2005 remained elevated as haze arrived in Malacca on August 2 and

peaked on August 10-11. The strong westerlies dropped off abruptly after the MJO

exited phase 8 on August 12. In this case, the first sign of haze in Malacca appears to

have preceded fire activity in Riau, which began on August 5 and quickly ramped up.

The absence of haze in Singapore may be explained by the northward shift in peak

MJO westerlies at this time of year. The timing and strength of the BSISO during

August 2005, as well as during two other moderate haze events in Malacca during

August 2006 and August 2009, are consistent with this hypothesis (Figures C.5-C.6).

Our analysis has so far linked the MJO-driven westerlies to transport of haze to

the Malay Peninsula. But the coincidence in timing of elevated windspeeds with fire

counts in Riau for all three events (Figure 4.4) suggests that the strong winds that

characterize the MJO may also exacerbate existing fire activity in Riau. Such winds

could increase the oxygen supply needed for combustion and promote the spread

of fires (Huang et al., 2016). In addition, MJO phases 5-8, which are conducive to

westerly haze transport, are also associated with a brief period of dry weather over

Riau (Reid et al., 2012; Zhang, 2013). It is possible that high winds concurrent with

relatively dry weather amplified fire activity in Riau during October 2010 and Au-

gust 2005, counteracting the relatively moist conditions preceding the fires shown by

Gaveau et al. (2014a).
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Westerly transport of smoke during all three events may have also been strength-

ened by the nIOD conditions, which were particularly strong in October 2010 and

June 2013. A negative IOD phase is characterized by warm sea surface temperature

(SST) anomalies around Sumatra, which enhance near-surface westerlies (Saji et al.,

1999; Wilson et al., 2013). Although mechanisms governing the formation, strength,

and propagation of the MJO are uncertain, one hypothesis is that the MJO is driven

by moisture availability (Genio et al., 2015; Wang et al., 2015). Under this hypoth-

esis, the warmer SSTs in the eastern Indian Ocean characteristic of nIOD provide a

source of energy that strengthens the MJO (Wilson et al., 2013). Such a relationship

between the nIOD and strong MJO activity compared to positive or neutral IOD con-

ditions has been observed during August-November (Wilson et al., 2013).

4.4 Discussion and Conclusions

The conventional view has been that extreme haze events in Equatorial Asia are as-

sociated with strong El Nino-pIOD conditions, when smoke from drought-exacerbated

burning in southern Sumatra and Borneo is gradually transported up to the Malay

Peninsula by weak southeasterly winds. Here we identified a previously unrecognized

pathway for extreme haze in the Malay Peninsula where nIOD conditions combined

with an organized MJO moving across Indonesia (i.e. MJO phases 4-7) intensifies

westerly wind strength over nearby Riau province in northern Sumatra. Riau expe-

riences frequent agricultural fire activity (Gaveau et al., 2014a), and the anomalous

westerly winds transport the smoke to Singapore and other densely populated areas of

the Malay Peninsula. Our results suggest that this MJO-nIOD pathway is a recurring

mechanism of severe smoke exposure for the Malay Peninsula, of which June 2013 is
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just one example. While the duration of these MJO-related haze events is relatively

short, on the order of several days compared to the multi-week time frames typical of

the El Nino-pIOD events, the magnitude of the haze increase in the Malay Peninsula

is just as severe and the occurrence may be more frequent.

The MJO has been of long-standing interest as a driver of many features of the

regional climate of Equatorial Asia as well as the global climate and weather system

including temperature and rainfall anomalies, severe flooding, tropical cyclones, and

tornadoes (Zhang, 2013). Our results bring to attention an additional effect of the

MJO as driver of extreme air quality degradation in the Malay Peninsula.

Despite the broad environmental impacts of the MJO, accurately forecasting indi-

vidual MJO events and projecting the effect of climate change on MJO frequency re-

mains a challenge. The fundamental mechanisms governing the formation and propa-

gation of the MJO are still a matter of debate (Crueger & Stevens, 2015), limiting the

accuracy to which the MJO can be represented in climate models (Kim et al., 2011).

The response of MJO strength and organization to mountainous terrain, such as that

along the coast of Sumatra just to the west of Riau, is also uncertain (Peatman et al.,

2014; Kim et al., 2016), complicating the forecast of individual MJO events passing

over Riau. Improving scientific understanding of these and other aspects of MJO dy-

namics is a top research priority in the tropical meteorology community and is a ma-

jor focus of an upcoming international field campaign, Years of the Maritime Conti-

nent (YMC), planned for 2017-2019 (http://www.bmkg.go.id/ymc/).

Future trajectories of land use change in Riau may result in increased fire emissions

due to continued crop expansion (Marlier et al., 2015a,b,c). Recent work also suggests

an increased frequency of MJO events in a warmer, more moist climate (Arnold et al.,

2015), which would make extreme haze occurrences over the Malay Peninsula increas-
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ingly likely. The MJO, in turn, may also influence both the IOD and ENSO systems

(Zhang, 2013). For example, strong MJO activity in boreal spring is often followed

by an El Nino event within six months to a year (Hendon et al., 2007). March 2015

saw record-breaking MJO activity, which may have amplified the development of the

strong El Nino during September-October 2015 (Marshall et al., 2016). Better rep-

resentation of the MJO in models might therefore improve our ability to forecast not

only future MJO-related haze events as discussed in this work, but also El Nino-pIOD

haze events such as those of 1997, 2006, and 2015.
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A.1 Concentration response factors

Table A.1: Concentration response factors (β) by cause of death. See references given in the
Methods section.
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A.2 Coal plant locations

Figure A.1: Power plant locations in 2011 and projected for 2030 in Southeast Asia out-
side of China and India. Plants operating in 2011 are shown in black. Plants planned for devel-
opment by 2030 are shown in red.
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A.3 National simulations
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Figure A.2: Projected increases (∆) in surface PM2.5 in Southeast Asia due to coal in
2030, as determined by difference between the regional simulation with 2030 emissions
and a simulation with zero coal emissions in each country in Table 1.1 (emissions in other
countries are unchanged).
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Figure A.3: Same as Figure A.2 but for 6-month averaged maximum 1-h ozone.
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A.4 Contributions to mortality from population projections
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Figure A.4: Percent contributions of population changes to coal-related premature mor-
tality increases between 2011 and 2030 by country. Values shown by the colored bars repre-
sent the percent change in mortality due to including each population factor relative to the base-
line mortality estimate using the 2030 pollution change (2030 simulation 2011 simulation) and
the original 2011 population estimates. The combined contribution from all factors for each coun-
try is shown in pink. Contributions from population number growth are shown in green, shifts in
epidemiological factors (age structure, incidence of disease, obesity, etc) are shown in blue, and
spatial changes driven by urbanization are shown in purple. See Future health impact projections
section for descriptions of datasets used for each factor. The original estimates for the increase in
mortality between 2011 and 2030 in each country before including the population projections are
shown in grey under the corresponding country label. The final estimates after including all pop-
ulation factors (i.e. the values used in the estimates reported in the main text) are shown at the
end of the pink bars.
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A.5 Domestic and transboundary contributions to mortality in 2011
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Figure A.5: Coal-related mortality in 2011 due to emissions in Southeast Asia (countries
in Table 2.1). The left panel shows the premature deaths in individual countries. Deaths due to
PM2.5 and ozone are shown separately. The right panel shows the 2011 coal-related mortality in
each country broken down by contributions from domestic and transboundary sources. As com-
puted here, mortality in China and Rest of East Asia (not included in Table 2.1) is solely from
transboundary pollution. The mortality totals in the right panel are the sums of the contributions
from simulations with vs. without coal emissions for the individual countries in Table 1; because of
chemical and CRF non-linearities, they may be greater than the mortality totals in the left panels.
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B.1 The GEOS-Chem adjoint

We use version 8-02-01 of the GEOS-Chem chemical transport model and its adjoint

(Henze et al., 2007; Kopacz et al., 2011; Kim et al., 2015b) to quantify the source-

receptor relationships relevant for smoke exposure in Equatorial Asia during large

haze events. GEOS-Chem is driven by Goddard Earth Observing System (GEOS-5)

assimilated meteorological data from the NASA Modeling and Assimilation Office

(GMAO) at 0.5 x 0.67 native horizontal resolution with 72 vertical levels. Following

Kim et al. (2015b), we use the GEOS-Chem adjoint (v34) to calculate the potential

influence of smoke emissions in each 0.5 x 0.67 grid cell for the whole Equatorial Asia

model domain [70-150 E, 11 S-55 N] on population-weighted PM2.5 concentrations

in three receptor regions (Indonesia: 250 million people in 2015, Malaysia: 30 mil-

lion people, and Singapore: 4 million people) for each month during July-October

based on meteorology for 2006. Population weighting of the mean receptor concentra-

tions was carried out by first weighting the smoke concentration of each grid cell by

its fractional population within the receptor area, then taking the average concentra-

tion across those grid cells. The resulting sensitivities i.e., the fractional contribution

of each grid cell to smoke exposure at each receptor downwind are applied to the fire

emission inventory, yielding a gridded estimate of the monthly mean smoke-related

PM2.5 exposure that results from those emissions. We scale the resulting OC-related

PM2.5 by a factor of 2.1 to account for additional organic matter acquired through

atmospheric processing (Turpin & Lim, 2001). The fractional contributions to expo-

sure from each grid cell are then summed together to estimate the total population-

weighted exposure at each receptor. For this study, we apply the 2006 sensitivities to

both the 2006 and 2015 emissions. This approach assumes that the smoke transport
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patterns for these two haze events are similar, which is likely given that they both

occurred during similar phases of the ENSO and the IOD, the two major drivers of

interannual meteorological variability in Equatorial Asia (Li et al., 2003). Calculation

of new adjoint sensitivities would require processing of 2015 GMAO meteorological

fields and considerable computational expense, while our streamlined approach allows

for near real-time assessment of smoke exposure and attribution to emission sources.

B.2 Health impact calculations

We estimate health impacts from smoke pollution using an approach similar to that

in Anenberg et al. (2012) and two studies quantifying the Global Burden of Disease

(Lim et al., 2012; Burnett et al., 2014). We derive a concentration response relation-

ship (CRF) between relative mortality and PM2.5 from the epidemiological literature,

modeling health impacts as a 1% increase in annual baseline all-cause mortality per

1 µg m-3 increase in annual average PM2.5 levels when annual average PM2.5 concen-

trations are less than 50 g m-3 (Schwartz et al., 2008; Anenberg et al., 2012; Lepeule

et al., 2012). Using annual average PM2.5 exposure increases the likelihood of cap-

turing the effects of both acute and chronic pollution exposure. In our calculations

there were no locations where annual average concentrations exceeded this 50 g m-3

threshold, likely because our estimates reflect population-weighted exposures rather

than actual smoke concentrations. Using gridded population data from the Center for

International Earth Science Information Network (CIESIN; Center for International

Earth Science Information Network, 2005) and country-level data on baseline mor-

tality rates and population age structure from the Global Burden of Disease for 2013

(the most recently available year; Lim et al., 2012; GBD, 2015), we estimate the ex-

80



cess deaths attributable to smoke PM2.5 as follows. We first calculate a July-October

population-weighted average PM2.5 exposure for each receptor country during both

2006 and 2015 (Section B.1 above). We next convert these July-October average

population-weighted smoke PM2.5 exposures to annual average values. We then cal-

culate the total population in each receptor country using the CIESEN population

distributions, and apply the baseline mortality rate and age structure information for

each country to calculate population over 25 years of age. Finally, we calculate the

total mortality attributed to PM2.5 from fires in each receptor country i using:

[Equation B.1]

Attributable Mortality[i] = Baseline Mortality[i] x Population[i] x β x

Population-weighted x ∆PM2.5[i]

where β is the CRF from epidemiological studies, corresponding to the slope of the

relationship (1%) between pollutant concentration and mortality, and ∆PM2.5 is the

estimated change in PM2.5 from smoke pollution.

Previous estimates of excess deaths from smoke PM2.5 pollution for the 1997 event

range widely, e.g., 296,000 in Johnston et al. (2012) and 13,200 in Marlier et al. (2013).

Our estimate of 100 thousand in 2015 falls between these two extremes. Johnston

et al. (2012) included health impacts on the whole population, including children, and

considered all causes of premature mortality, capping exposure above 50 g m-3 in each

model grid cell. In contrast, Marlier et al. (2013) restricted their analysis to cardio-

vascular mortality in adults and used a different CRF form. In sensitivity analyses

Marlier et al. (2013) found that applying differently shaped CRFs to the same smoke

concentrations yielded mortality increases up to four times higher than their reported
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estimate. Due to the lack of consistent emissions datasets, we cannot directly com-

pare our estimate of excess mortality for 2015 to those reported for 1997. Nonetheless

the fine spatial resolution of our approach likely better captures smoke exposure to

peak pollution concentrations in populated areas. We also use more recent informa-

tion about baseline mortality rates and population age structure.
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B.3 High resolution FRP observations in concessions
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Table B.1: Average percent contributions of fire radiative power (FRP) on concessions and peat-
lands to total FRP observed by MODIS on the Aqua and Terra satellites during July-October in
2006 and 2015 over Sumatra and Kalimantan. The term mixed indicates regions in which bound-
aries of oil palm, timber, and/or logging concessions overlap. Estimates of percent contributions
for peat take into account peatland areas both within and outside of concessions. All values are
calculated using FRP Collection 6, and so differ slightly from those reported by Marlier et al.
(2015c), who relied on Collection 5.
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Figure B.1: Distribution of peatlands and current or planned concession types in Indone-
sia as of 2010. The top left panel shows the peatland distribution in orange (Wahyunto & Sub-
agjo, 2003, 2004). The other three panels show land use distributions from the Global Forest
Watch (Institute, 2015a,b,c); estimates are based on data provided by the Indonesian Ministry
of Forestry. Oil palm concessions are shown in the top right in red, timber in the bottom left in
green, and logging in bottom right in blue. Spatial resolution in all panels is 5 x 5 km2.
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B.4 Province masks

Figure B.2: Province masks at 0.5 x 0.67 resolution used in this analysis. Jambi is shown
in coral, West Kalimantan in blue, and Central Kalimantan in purple. South Sumatra and Bangka-
Belitung are combined and shown in green. Other provinces are shown in teal.
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B.5 Adjoint sensitivities
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Figure B.3: GEOS-Chem adjoint sensitivities simulated for September-October 2006 of
population-weighted PM2.5 in each receptor region to smoke emissions in gridboxes across
the domain. The top panel shows the sensitivities for Indonesia; the middle panel, Malaysia; and
the bottom panel, Singapore. These sensitivities are for hydrophobic organic carbon (OC) specifi-
cally, but spatial patterns are similar for hydrophilic OC as well as for BC.
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Figure B.4: Monthly mean smoke exposure at Singapore estimated using 2015 GFAS
emissions scaled by 50% and a suite of adjoint sensitivities for 2005-2009. The exposures
used in this work, estimated with the 2006 sensitivities, are shown in black filled squares. Esti-
mates produced using sensitivities from 2005 are shown in green, 2007 in orange, 2008 in blue, and
2009 in red. Dashed lines show corresponding July-October averages for each year. The plot shows
the impact that application of different meteorological fields has on estimates of smoke exposure
in Singapore. Of the five years, only 2006 is characterized by the simultaneous El Nio and positive
Indian Ocean Dipole conditions similar to those in 2015.
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B.6 Fire management strategies in Indonesia

The rapid assessment framework demonstrated in this work would allow policy mak-

ers in Indonesia to quickly identify the burning areas that are leading to the most

severe air pollution in populated areas downwind during extreme haze events. This

information can then be used to prioritize fire management efforts including land use

management strategies to help mitigate the domestic and transboundary smoke pol-

lution resulting from these fires. However, implementing effective fire management

strategies on the ground in Indonesia is challenging. We summarize here some of the

difficulties currently facing effective fire management practices in Indonesia, and,

when relevant, how our adjoint approach may be implemented to help address some

of these issues.

B.6.1 Regulating fires in smallholder farms vs. industrial planta-

tions

One major hurdle to effectively regulating fire activity in Indonesia is the heterogene-

ity of the human activity landscape. For example, it is common for local communities

and small farmlands to be located immediately alongside, or even within, large scale

industrial concessions such as those for oil palm or timber, making the attribution

of fire ignitions difficult (Cattau et al., 2016; Gaveau et al., 2016). Conflicting land

tenure claims can even be a source of fire ignitions to reclaim land, independent of

any agricultural benefit (Dennis et al., 2005). Additionally, while the use of fire as a

land management tool can perhaps be replaced by other alternative approaches to

slash-and-burn techniques on the large plantations, fire is often the only affordable

mechanism of land maintenance for small scale farmers (Tomich et al., 1998; Palm
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et al., 2004). Certain land management practices outside of the burning season have

been shown to help reduce smoke emissions and the likelihood of escaped fires from

small farms (Saharjo & Munoz, 2005), but would require widespread efforts to incen-

tivize the use of these practices amongst local communities in order to matter for re-

gional haze. Using the GEOS-Chem adjoint to identify the burning areas contributing

most severely to downwind pollution during extreme haze events would help iden-

tify priority areas where developing economically feasible alternative land clearing

practices in small scale farms and settlements would most benefit local and regional

human health.

B.6.2 Extinguishing fires in peatlands

Another challenge to firefighting efforts in Indonesia is the difficulty involved with ac-

tually extinguishing fires in peat, even with adequate resources. Because peat fires

tend to burn at low temperatures, they can smolder for many days to weeks or even

months, undetected within the subsurface peat layers (Turetsky et al., 2015). Due to

this smoldering tendency and to the variability in peat layer depth, which can range

from inches to tens of meters in some places, it is difficult for firefighters to know if

the peat fires have been completely extinguished. Subsurface peat fires can even mi-

grate through the subsurface away from their ignition source, reigniting weeks later

in a completely different location (Rein, 2013). Identifying the areas contributing

most to smoke downwind in near real time could help fire management officials decide

quickly where best to allocate their front line fire-fighting efforts (e.g., trained person-

nel or helicopters for emergency water application) to better ensure that peat fires in

these areas have been fully extinguished. It would also guide the development of new

approaches for extinguishing peat fires when these traditional methods are ineffective
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(Byron & Shepherd, 1998).

A better approach to reducing fires in peatlands would be to counteract the effects

of human degradation through peatland restoration (Jaenicke et al., 2010). Peatland

areas are naturally resistant to fire due to their characteristically high moisture con-

tent (Turetsky et al., 2015). Though human activity has degraded much of the peat-

lands in Indonesia, making these lands more fire-prone, efforts to restore peatlands

to their natural fire-resistant state are ongoing (Indriatmoko et al., 2014). However,

these restoration efforts face many of the challenges common amongst conservation

groups, such as a lack of funding and resources, and limited participation from the

public. Conservation efforts also rarely provide an obvious economic benefit to the

local communities, limiting their incentive to participate (Nicolas & Beebe, 1999;

Chokkalingam et al., 2007). Identifying the areas most important for regional haze

events would allow for more targeted efforts to restore degraded peatland and develop

sustainable partnerships with local communities in these high priority burning areas.

B.6.3 Enforcing existing policies

Lastly, effectively enforcing existing regulations related to illegal burning in Indone-

sia has proven difficult (Jones, 2006; Evers et al., 2016). Insufficient enforcement of

these regulations during past extreme haze events has been attributed in part to inad-

equate planning and resource availability arising from inefficient organization within

the Indonesian government (Dennis et al., 2005; Jones, 2006). In addition, many of

the companies or individuals accused of burning illegally escape with minimal punish-

ment, providing no deterrent for getting caught (Jones, 2006). Complicating the issue

further is the jurisdictional ambiguity surrounding the enforcement of fire regulations;

in many areas, fire use is regulated by both traditional community laws and national
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regulations from the Indonesian government, which can be contradictory (Byron &

Shepherd, 1998; Dennis et al., 2005; Gaveau et al., 2016). The adjoint method pre-

sented in this work would allow both state and local governments to prioritize the

allocation of police resources to those areas where enforcing the bans against ille-

gal burning would most effectively reduce damage to human health. Identifying the

provinces where burning is most important for regional air quality degradation would

also highlight areas where the need for cooperation between national and local govern-

ments on issues of fire regulation and enforcement is paramount. Additionally, many

large companies have pledged not to use fire for land management to obtain certifica-

tion from the Roundtable on Sustainable Palm Oil (RSPO; http://www.rspo.org/),

though policing such pledges is a challenge. The adjoint approach could be used to

both estimate the benefits to regional human health of no-burn pledges from compa-

nies in particular provinces, as well as provide a means of accountability for compa-

nies burning in the high priority areas most influencing regional air quality. Coupled

with improved spatial maps to reduce inconsistencies in land tenure claims (http://

blog.cifor.org/22534/new-tech-better-map-on-tap-to-protect-indonesian-forests?

fnl=en), the adjoint would be a powerful tool for no-burning enforcement.

Extreme haze in Indonesia will likely continue to be an issue until the challenges

mentioned above are more fully addressed. However, the capability to pinpoint the

areas most affecting regional human health during extreme haze with our adjoint ap-

proach would help stakeholders and policymakers prioritize the areas where fire man-

agement is most important for domestic and regional air quality, increasing the pre-

cision and therefore the effectiveness with which all these fire management strategies

can be implemented.
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C.1 Satellite aerosol observations during June 2004
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Figure C.1: Mean aerosol optical depths (AOD) from the MODIS instrument on board
the Aqua satellite during June 2004. The top panel shows the mean AOD during June 1-
16. There was no organized MJO signal in any phase during this time. The bottom panel shows
mean AOD during June 17-30, when there was strong MJO activity in phases 4-7 (phase 6 during
June 17-21 and phase 7 during June 22-30). Locations of Malacca and Singapore are shown in the
white circles.
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C.2 Climatological winds
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Figure C.2: Climatological wind fields at 800 hPa and associated wind roses over Riau
(white rectangle in bottom panel) for June, August, and October during 2004-2014. Per-
centages in wind rose plots indicate the percent days that winds emanate from a particular direc-
tion for that month; colors in these plots denote different ranges in wind speed.
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C.3 Daily satellite observations of haze events

Figure C.3 shows daily time series of MODIS Aerosol Optical Depth (AOD), OMI

Aerosol Index (AI), and active fire counts over Riau for the three haze events. In

2013, peak fire activity occurred on June 20, coincident in time with an enhancement

in OMI AI. Neither MODIS AOD product, however, increased significantly at that

time. Similarly, in 2005, OMI AI responded readily to fire activity on August 7, with

no clear corresponding increase in either MODIS AOD product until 2-3 days later.

Satellite data are limited over Riau for much of October, although OMI AI clearly in-

creased on October 16 just after the onset of burning. MODIS AOD again showed no

obvious enhancement until several days after fire activity begins in Riau.

The apparent discrepancies between daily OMI AI and MODIS AOD during haze

events may be due to multiple factors, including 1) the representation of the optical

properties of organic carbon, the dominant component of biomass burning aerosol,

in AOD retrievals (Jethva & Torres, 2011; Sayer et al., 2014) and 2) retrieval chal-

lenges associated with clouds (Reid et al., 2013). The significant changes in cloud

cover, humidity, and wind-driven ocean aerosol fluxes associated with passage of the

MJO could make monitoring the MJO-driven haze events discussed in this work espe-

cially challenging for the two MODIS instruments (Tian et al., 2008). Although the

twice-daily overpass schedule of the MODIS instruments currently offers the highest

frequency in temporal coverage of any aerosol remote sensing product over Equatorial

Asia, it is unclear how accurately MODIS AOD can monitor haze at the daily scale,

at least in this region during MJO-influenced events.
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Figure C.3: Daily observations of MODIS AOD over Riau (shown by red rectangle in Fig-
ure 4.4) from the Terra (red) and Aqua (orange) satellites compared with observations
of OMI AI (purple) and MODIS active fire counts (grey bars) during the June 2013, Oc-
tober 2010, and August 2005 haze events. The threshold for AI detection by OMI is 0.5. To
ease comparison among the different satellite products, 0.5 has been subtracted from all OMI AI
values.
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Figure C.4: Time series of daily fire counts and mean wind speed over Riau, and haze
downwind in Malacca during October 2010. Fire count anomalies are shown by the red bars,
westerly wind anomalies by the blue line, and visibility reduction anomalies in Malacca greater than
2 (extreme haze) by the black bars.
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C.4 BSISO timeseries
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Figure C.5: Same as Figure 4.6 but with the Bi-Seasonal IntraSeasonal Oscillation (BSISO) index
instead of the MJO index. BSISO data (from http://iprc.soest.hawaii.edu/users/jylee/

bsiso/) are available only through June 18, 2013.
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Figure C.6: Same as Figure C.5 but for August 2006 and August 2009, two moderate haze events
in Malacca.
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implications of various types of electricity generation. an input-output analysis. En-
ergy Policy, 24(3), 229–237.

Rasmusson, E. M. & Wallace, J. M. (1983). Meteorological aspects of the el
nino/southern oscillation. Science, 222(4629), 1195–1202.

Reid, J. S., Hyer, E. J., Johnson, R. S., Holben, B. N., Yokelson, R. J., Zhang, J.,
Campbell, J. R., Christopher, S. A., Girolamo, L. D., Giglio, L., Holz, R. E., Kear-
ney, C., Miettinen, J., Reid, E. A., Turk, F. J., Wang, J., Xian, P., Zhao, G., Bal-
asubramanian, R., Chew, B. N., Janjai, S., Lagrosas, N., Lestari, P., Lin, N.-H.,
Mahmud, M., Nguyen, A. X., Norris, B., Oanh, N. T., Oo, M., Salinas, S. V., Wel-
ton, E. J., & Liew, S. C. (2013). Observing and understanding the southeast asian
aerosol system by remote sensing: An initial review and analysis for the seven south-
east asian studies (7seas) program. Atmospheric Research, 122, 403–468.

Reid, J. S., Xian, P., Hyer, E. J., Flatau, M. K., Ramirez, E. M., Turk, F. J., Samp-
son, C. R., Zhang, C., Fukada, E. M., & Maloney, E. D. (2012). Multi-scale meteoro-
logical conceptual analysis of observed active fire hotspot activity and smoke optical

112



depth in the maritime continent. Atmospheric Chemistry and Physics, 12(4), 2117–
2147.

Rein, G. (2013). Smouldering fires and natural fuels. In Fire Phenomena and the
Earth System (pp. 15–33). Wiley-Blackwell.
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