
/Published online: 30 August 2019

Environmental Science and Pollution Research (2019) 26:31315–31327

RESEARCH ARTICLE

Assessing the health impacts of peatland fires: a case study
for Central Kalimantan, Indonesia

Saritha Kittie Uda1,2 & Lars Hein1
& Dwi Atmoko3

Received: 19 November 2018 /Accepted: 16 August 2019
# The Author(s) 2019

Abstract
The conversion of Indonesian tropical peatlands has been associated with the recurring problems of peatland fires and smoke
affecting humans and the environment. Yet, the local government and public in the affected areas have paid little attention to the
impacts and costs of the poor air quality on human health. This study aims to analyse the long-term health impacts of the peat
smoke exposure to the local populations. We applied the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model to determine the smoke dispersion and the associated PM2.5 concentrations of the resulted plumes from the fire hotspots in
the deep and shallow peatlands in Central Kalimantan, Indonesia, that occurred during a 5-year period (2011–2015). We
subsequently quantified the long-term health impacts of PM2.5 on the local people down to the village level based on the human
health risk assessment approach. Our study shows that the average increase in the annual mean PM2.5 concentration due to
peatland fires in Central Kalimantan was 26 μg/m3 which is more than twice the recommended value of the World Health
Organisation Air Quality Guidelines. This increase in PM2.5 leads to increased occurrence of a range of air pollution–related
diseases and premature mortality. The number of premature mortality cases can be estimated at 648 cases per year (26 mortality
cases per 100,000 population) among others due to chronic respiratory, cardiovascular and lung cancer. Our results shed further
light on the long-term health impacts of peatland fires in Indonesia and the importance of sustainable peatland management.
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Introduction

Smoke from peatland fires is a significant air pollution source
associated with harmful impacts on human health and the
environment. In Indonesia, peatland fires are mostly anthro-
pogenic that may be started by farmers as part of small-scale
land clearing activities, and by private companies to prepare
for plantation establishment (Miettinen et al. 2017; Uda et al.
2017; Atwood et al. 2016; Turetsky et al. 2015; Marlier et al.
2015). In particular in the dry season, peat fires are difficult to
control and may spread well beyond the area of ignition.
Because of incomplete burning, peatland fires strongly con-
tribute to emission of smoke haze pollutants, which contain a
mixture of (fine and coarse) particulate matters or roots and
various toxic and non-toxic gases (Stockwell et al. 2016).
During the peatland fire episodes, in particular during the
dry seasons in El Niño years, smoke covers major parts of
Indonesia and even neighbouring countries (Tacconi 2016;
Crippa et al. 2016). This results in negative impacts on peo-
ple’s health and imposes substantial costs to society. Reported
impacts include general negative health effects; disruption on
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transportation (flights, road trips) and tourism business; re-
duced enjoyment and quality of life; increased production of
ozone, acid rain, and greenhouse gases; biodiversity loss; and
reduced photosynthesis in plants because of the blocked solar
radiation (Benjamin et al. 2017; World Bank 2016; Koplitz
et al. 2016; Hirano et al. 2012).

To further specify the impacts of peat fires, in the El Niño
year of 2015 approximately 4.6 million hectares were burned,
with 37% located on peatland areas, and half of the total
burned area was in Kalimantan (Lohberger et al. 2018).
During the period August–November 2015, many parts of
Indonesia, particularly in Kalimantan and Sumatra, were re-
ported to be heavily blanked in thick smoke (Stockwell et al.
2016). The average daily CO2 emissions over the Maritime
southeast Asia region (including Indonesia, Malaysia,
Singapore) during the 2015 Indonesia forest and peatland fires
(biomass burning) reached 11.3 TgCO2. This figure surpassed
the daily release of CO2 from fossil fuel burning in the
European Union (8.9 Tg CO2 per day) (Huijnen et al. 2016).
The fires also led to very high atmospheric particulate matter
(PM) concentrations. For instance, in Central Kalimantan
province, the Pollutant Standards Index (PSI) of fine particu-
late matter (PM2.5) had been reported to exceed 1500 (PM2.5 >
1250 μg/m3), considerably above short-term exposure levels
considered hazardous for human health (PSI > 300, PM2.5 >
250 μg/m3) (Atwood et al. 2016). The health effects of the
inhalable PM both in short-term and long-term are well doc-
umented which include respiratory and cardiovascular mor-
bidity (e.g. aggravation of asthma, respiratory symptoms and
an increase in hospital admissions) and mortality from cardio-
vascular and respiratory diseases and from lung cancer (WHO
2013).

Indonesia lacks real-time and regional air quality data due
to the absence of an integrated air quality monitoring network.
The air quality monitoring stations are sparse which results in
insufficient data about high-risk air pollution exposures, there-
by limiting the assessment of the severity of the fire-related air
pollution episodes. Although the air quality conditions and the
associated public health outcomes (e.g. mortality) of
Indonesian forest and peatland fires have been estimated
(e.g. Koplitz et al. 2016; Crippa et al. 2016; Ruchi and
Rajasekhar 2017), there is still a lack of information about
the potential short- and long-term related diseases at the local
scale in this country (Carmenta et al. 2017). Consequently,
local governments and communities in the affected areas have
paid little attention to the impacts and costs of the poor air
quality on the human health and environment that are caused
by the mentioned annual peatland fires (Sumarga 2017; Uda
et al. 2018).

This study aims to estimate the human health outcomes of
the long-term exposure to peat smoke in the province of
Central Kalimantan. The results can inform policymakers
and stakeholders (including peatland users) on the urgency

of tackling (recurrence) peatland fires and also help to increase
public awareness on the importance of healthy air quality. We
considered peatland fire evidences from Central Kalimantan
during a 5-year period (2011, 2012, 2013, 2014 and 2015) and
conducted a literature review and spatial analysis to analyse
the smoke dispersion in order to estimate the annual PM2.5

concentrations of the peatland fires from the deep and shallow
peatland areas. We assume that the conditions during this 5-
year period are representative of the long-term conditions.
Subsequently, we assess long-term effects of PM2.5 exposure
to local people’s health based on the average concentration in
these 5 years, assuming that this period, which includes one El
Nino year, is representative for people’s long-term exposure.

Material and methods

Study area

Indonesia has about 14.9 million hectares of tropical peatlands
(about 8% of its total land area) that are mainly distributed
across the regions of Sumatra, Kalimantan and Papua. This
study specifically focuses on Central Kalimantan Province,
Indonesia (see Fig. 1), which comprises about 56% of the total
peatland area of the Kalimantan island and about 18% of the
total Indonesia peatlands (Ritung et al. 2011). Central
Kalimantan is the third largest province in Indonesia, located
between latitudes 0° 45′ North and 3° 30′ South, and longi-
tudes 110° 45′–115° 51′East, with a total area of 153,564 km2.
It has about 2.7 million hectares of peatland areas (about 18%
of the total Central Kalimantan Province area), of which 59%
is deep peatlands (over 3-m deep). Central Kalimantan
Province covers 14 regencies (about 1569 villages), with a
population of approximately 2.5 million people (BPS
Central Kalimantan 2016). Central Kalimantan has approxi-
mately 13 million hectares of forest areas (INCAS 2016).
However, over the past 20 years, the forest and peatland areas
in this province have been converted extensively due to land
use changes and annual fires from land clearing which have
been contributing significantly to the total greenhouse emis-
sions in Indonesia (Miettinen et al. 2016; Sumarga 2017).

Analysis of smoke dispersion and associated PM2.5

concentration of peat smoke

To estimate the long-term health effects of peat smoke, we
first calculated the increase in annual concentration of PM2.5

resulting from peat fire hotspots in Central Kalimantan
peatland areas during 2011–2015. We assumed that the 5-
year period of 2011–2015 (that includes one El Niño year) is
representative for the long-term concentration and exposure of
peat smoke on the people living in the areas. We randomly
selected 200 fire hotspots each year (100 in deep and 100 in
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shallow peat) that occurred in the peatlands located in Central
Kalimantan, and subsequently we used the processed data as
input for the smoke dispersion model that was used to analyse
the associated PM2.5 concentration. Fire hotspots are identi-
fied with the MODIS Aqua/Terra sensor, and smoke plumes
were aggregated to obtain a map depicting the distribution of
smoke over Central Kalimantan. We scaled up the smoke
concentration bymultiplying the found, averaged, smoke con-
centration caused by a peat fire by the number of hotspots
occurring in shallow respectively deep peat in a given year,
and further calibrated the model to the Palangka Raya air
quality monitoring site (there is only one air quality measure-
ment station in Central Kalimantan, which provides daily es-
timates of PM2.5 concentrations). We combined this with in-
formation on population density and thereby local exposures
to PM2.5, and subsequently estimated the long-term health
effects for the local populations on village-based analysis.

In order to generate a Central Kalimantan peatlandmap, we
overlaid the Indonesia Peatland Map Scale 1:250,000, pro-
duced by Balai Besar Sumber Daya Lahan Pertanian
(BBSDLP), the Ministry of Agriculture Republic Indonesia
(Ritung et al. 2011), with the Central Kalimantan Land
Cover Map, produced by the Ministry of Forestry Republic
Indonesia (MoFRI 2014). Next, we overlaid the aforemen-
tioned result with the burned area and the hotspot datasets
from 2011 to 2015 (containing information about latitude
and longitude coordinates, date and time, confidence values;
obtained from the MODIS Aqua/Terra satellites) that was ob-
tained from the Sipongi output programs by Ministry of
Environment and Forestry Republic Indonesia (MoEFRI
2015) and the Lembaga Penerbangan dan Antariksa

Nasional/LAPAN (The Indonesian National Institute of
Aeronautics and Space 2015). The hotspots indicate the tem-
peratures in a specific sensor element above a certain thresh-
old that are defined as active fire events (burning material on
the surface). Here, the MODIS sensor defines a hotspot as a
detected temperature above 47 °C located within a spatial
resolution of about 1 km2 (Giglio 2015; MoEFRI 2015). We
only constrained the data with a confidence degree of hotspot
equal to 80–100% corresponding to the high likelihood of real
fires (in line with Giglio 2015; The Indonesian National
Institute of Aeronautics and Space 2015). Based on this result,
we then analysed the distribution of the hotspots in the deep
and shallow peatland areas in Central Kalimantan. In total,
there are about 3155, 3604, 1246, 7454 and 21,408 hotspots
in peatland areas that were recorded during the year of 2011,
2012, 2013, 2014 and 2015 respectively. For the purpose of
this study, it is impossible to analyse all of these hotspots, so
we analysed 200 randomly selected hotspots each year and we
analysed and averaged them to define an ‘average’ smoke
plumes of a peat fire hotspot in a given year. Of the selected
200 hotspots, 100 hotspots were selected to occur in shallow
peatlands and 100 hotspots in deep peatlands. We followed
code of peat depth by Ritung et al. (2011) to distinguish these
hotspots in the peatlands, i.e. codes of D1 and D2 are for the
shallow peatlands (50–200-cm peat depth) and codes of D3
and D4 are for the deep peatlands (> 200-cm peat depth). The
monthly hotspot data were extracted, and those with confi-
dence degree ≥ 80 were then selected and overlaid on the peat
map.

Next, we applied the Hybrid Single-Particle Lagrangian
Integrated Trajectory model (HYSPLIT version 4.9) to

Fig. 1 Indonesian peatland distribution map (Ritung et al. 2011); Central Kalimantan province as the study area is in grey, covering 14 regencies
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determine the atmospheric dispersions and plume trajectory as
well as the PM2.5 concentration produced by each selected
hotspot. With the HYSPLIT model, we estimated the spatial
and temporal evolution of PM2.5 from a prescribed burn using
the location and the burned area as inputs (Stein et al. 2015).
The Global Data Assimilation System (GDAS) with a hori-
zontal resolution of 0.5° was used as the meteorological and
emission data input. GDAS is daily archive files that contain
global 3-dimensional gridded meteorological model output.
The files contain 3-hourly data, at a half-degree latitude by
half-degree longitude with resolution 720 × 361 grid points,
on 55 hybrid sigma-pressure surfaces. Here, the HYSPLIT
model does not take into account the effect of the following:
chemical reactions; dense gases; byproducts from fires, explo-
sions, or chemical reactions; complex terrain—other than
what is resolved by the meteorological model’s terrain (see
https://ready.arl.noaa.gov/hypub/limitations.html). We also
applied several assumptions in the HYSPLIT modelling for
the runtime and deposition parameters. This included 24 hours
for the total duration of transported pollutant material
downwind (mostly peatland fires in Central Kalimantan
were more than 24 hours), 24 hours for the pollutant
averaging period (output interval of concentration released),
100 m AGL (above-ground-level) for the top averaged
plume’s layer (100 m AGL is the minimum height to
adequately represent the plume and indicate the
concentration), and deposition parameters for the dry
deposition rate (0.001 m/s) and for the wet deposition rate
(8.0E-05 litter/s). The output of the HYSPLIT model shows
the dispersion within the direction of the plumes, with the
range concentrations of PM2.5 (including the maximum and
minimum concentrations).

We then aggregated all the plumes of “observed hotspots”
resulting from the HYSPLIT model and adjusted the resulting
PM2.5 concentrations by calibrating them with the annual av-
erage concentration of PM2.5 in Palangka Raya City for the
total amount of hotspots in peatland areas during 2011–2015.
We used these average concentrations of PM2.5 to estimate the
annual concentration of PM2.5 of all observed hotspots in a
given year. The resulting PM2.5 concentrations were aggregat-
ed (spatially) in order to produce a map of annual mean con-
centration of PM2.5 for a 5-year period (2011–2015). The
ground-based observation data used for the calibration was
taken from the Air Quality Monitoring System/AQMS (or
Indeks Standar Pencemaran Udara/ISPU), published by the
Environmental Agency (Badan Lingkungan Hidup Daerah/
BLHD) of Palangka Raya City, Central Kalimantan, and
Badan Meteorologi Klimatologi dan Geofisika/BMKG (the
Indonesian Agency for Meteorological Climatological and
Geophysics). By using the Central Kalimantan administration

map (published by Central Kalimantan Statistical Bureau), we
spatially quantified the annual average concentration of PM2.5

in every village based on the village boundaries. We subse-
quently used this output to assess the exposure of people to
PM2.5 on a village-based analysis as described in the next step.
All spatial analyses were implemented using ArcGIS 10.5 at a
spatial resolution of 1-km2 grid cell and with the output coor-
dinate system of WGS 1984 UTM Zone 49S. All of the
HYSPLIT models were done using NOAA ARL (Air
Resources Laboratory NOAA) software (Stein et al. 2015).

Analysis of the long-term human health impacts
of the PM2.5 exposure

In order to analyse the mortality impacts of PM2.5 exposure
resulting from the peat smoke, we quantified the health im-
pacts (number of premature mortality cases including total
mortality and mortality due to different diseases) in the recep-
tors (inhabitants) in each village. We applied a human health
risk assessment based on Ostro (2004), Burnett et al. (2014),
Crippa et al. (2016) and Koplitz et al. (2016). We calculated
the relative risk (RR) and the attributable fraction (AF or im-
pact fraction, IF) of premature mortality for three types of the
health case categories, i.e. cardiovascular, lung cancer and
chronic respiratory diseases due to long-term exposure to
PM2.5 (Crippa et al. 2016). We applied the log-linear exposure
formula for the relative risk function as RR = [(X + 1)/(Xo +
1)]β for X ≥Xo, where X refers to the average of the annual
mean concentration of PM2.5 (in μg/m

3), during the period of
observation. Xo is the lowest observed concentration from the
average of annual mean of PM2.5 concentration (μg/m

3, as the
lowest effect level) and β is the excess mortality per-unit in-
crease in PM2.5 with suggested β coefficients of 0.1551,
0.23218, 0.003794 and 0.001829 for measuring cardiovascu-
lar case, lung cancer case, chronic respiratory case and prema-
ture mortality, respectively (Ostro 2004). For the purpose of
this study, we renormalize the suggested β coefficient for all-
cause of mortality (0.0008) and chronic respiratory case due to
PM10 exposure (0.00166) by multiplying the coefficient with
the Indonesia conversion factor 48/21 (PM10/PM2.5 ratio)
(WHO 2014). Next, we calculated the attributable fraction
by using AF function as AFd = RRd (X) − RRd (Xo) where
RRd is relative risk of disease (Crippa et al. 2016). The total
number of mortality cases due to long-term exposure of PM2.5

from peatland fires and smoke in the study area were calcu-
lated by multiplying the attributable fraction (AF) with the
baseline mortality risk of the related health case and the num-
ber of population in the study area (Ostro 2004; Koplitz et al.
2016; Crippa et al. 2016).
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It is noted that in this study, the baseline mortality rate is
based on the overall death rate (CDR) for Central Kalimantan
in 2015 which was 5.8 per 1000 population of all ages (BPS
Central Kalimantan 2017), reflecting a still growing popula-
tion.We used village-based data for year 2015 provided by the
Central Kalimantan Statistical Bureau (BPS Central
Kalimantan 2016) which were supplemented with the health
data (e.g. number of live birth, number of registered patients)
from the Central Kalimantan Health Department (Dinas
Kesehatan Provinsi Kalimantan Tengah 2016; The
Indonesian Ministry of Health 2016). We calculated the num-
ber of deaths in each village by multiplying the value of the
death rate 0.0058 with the total population of each village. We
then defined the number of mortality for each health case by
multiplying the total number of deaths in each village with the
percentage of deaths for the related health case categories
obtained from IHME-GHDx Data 2017 (IHME-GHDx
2018). Specifically for Central Kalimantan, the percent of
deaths in 2015 for all ages are 33%, 4% and 2% for the related
health case categories of cardiovascular, chronic respiratory
and lung cancer, respectively. The performance health case
categories, the percent of deaths, the relative risk functions
and the age group and its fraction values are described in
Table 1. A sensitivity analysis was conducted by changing
the relative risk function as linear exposure formula, i.e.
RR = exp[β (X − Xo)] as well as varying X (the decreasing
and increasing) by 10 μg/m3 and Xo at 10 μg/m3 (the lowest
level according to WHO 2016).

Results

Smoke dispersion and associated PM2.5

concentrations from the peat smoke

Based on our spatial analysis, the average of annual mean
concentration of PM2.5 from the smokes due to peatland fires

in Central Kalimantan in the period 2011–2015 was 26 μg/m3

(ranging from 4 to 103 μg/m3 on the village-based analysis).
This is more than twice the recommendedWHOAQG annual
mean for PM2.5 concentration exposure limit which is 10 μg/
m3 (WHO 2006). Among all regencies in Central Kalimantan,
Palangka Raya City showed the highest annual mean of
PM2.5 concentrations with the average level of 38 μg/m3

(ranging from 27 to 43 μg/m3 on the village-based analysis)
over the 5-year period. Notably, the average concentration of
PM2.5 in Central Kalimantan for the year 2015 alone (the year
with the highest peatland fire occurrence) was 48 μg/m3

(ranging from 40 to 190μg/m3), while in Palangka Raya alone
was 65 μg/m3 (ranging from 53 to 84 μg/m3). It is noted that
the study by Koplitz et al. (2016) estimated the average of
PM2.5 concentration across Indonesia, Malaysia and
Singapore due to the 2015 fires was ~ 60 μg/m3 (over the 2
month period September–October 2015).

Our analysis also shows that fires in both deep and shallow
peatlands in Central Kalimantan are important sources of air
pollution (see Appendix 1). Fires from deep and shallow peat
contribute roughly the same to the annual mean increase in
PM2.5 concentration, i.e. both contribute approximately 13
μg/m3 (ranging from 2 to 131 μg/m3 for the deep peatlands,
and ranging from 0.7 to 50 μg/m3 for the shallow peatlands).
During the 5-year period 2011–2015 from peatland fires, 99%
of total villages (1554 of 1569 villages) showed an average
annual mean PM2.5 concentration above 10 μg/m3. Among
the 1569 villages in Central Kalimantan, 4 villages (all are in
Kapuas regency) showed annual mean PM2.5 concentrations
above 80μg/m3 (ranging from 82 to 103 μg/m3 on the village-
based analysis). This means the 4 villages (with the total pop-
ulation of 5886 inhabitants) experience annual mean PM2.5

concentrations that exceed more than eight times the exposure
limit of PM2.5 concentration indicated by the WHO AQGs.
We have noted that some villages (including the 4 villages
with the annual mean PM2.5 concentrations above 80 μg/m3)
are also located in ex-Mega Rice Project’s area with intensive

Table 1 The potential health case categories, percent of deaths, age groups and fraction values, and relative risk function to PM2.5

Health case categories Percent of deaths from
exposure to PM2.5 for all ages (%)a

RR function and β
coefficient for PM2.5

b
Age group and
fraction (%)

Premature mortality (all-cause)c 100 Linear exposure; 0.001829 All ages (100%)

Chronic respiratoryc 4 Linear exposure; 0.003794 Children < 5 years (10%)

Cardiovascular 33 Log-linear exposure; 0.15515 Adults 30 and above (44.5%)

Lung cancer 2 Log-linear exposure; 0.23218 Adults 30 and above (44.5%)

a The percent of deaths in 2015 for all ages in Central Kalimantan based on IHME-GHDx (2018)
b The suggested β coefficients are based on Ostro (2004)
cWe renormalize the suggested β coefficient of PM10 by multiplying with the Indonesia conversion factor 48/21 (PM10/PM2.5 ratio) (WHO 2014)
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peatland utilisations over the last decade. In Central
Kalimantan during 2011–2015, the total number of hotspots
that occurred in deep peatlands was 8% greater than that oc-
curred in shallow peatlands—hence, both shallow and deep
peatlands contribute substantially to the health effects
resulting from peat fires.

Figure 2 displays the distribution of the annual mean value
of PM2.5 concentration based on village boundaries in Central
Kalimantan from one aggregated plumes of hotspots located
in the peatland areas. Our spatial analysis revealed that only
1% of total villages (15 of 1569 villages) in Central
Kalimantan showed low PM2.5 concentrations (less than 10
μg/m3) in accordance with the exposure limit for PM2.5 sug-
gested by WHO AQG. More concerning, about 78% of total
villages in Central Kalimantan (1230 of 1569) experience
PM2.5 exposures with annual average PM2.5 concentrations

≥ 20 μg/m3. This means that about 2 million inhabitants
(about 80% of the total population in Central Kalimantan),
including more than 430 thousand children aged 5 to 14 years,
65 thousand infants aged between 0 and 1 year, and over 1.4
million adult people aged 27 years and older, experience
health impacts due to the inhalation of PM2.5.

Potential human health outcomes

Table 2 summarizes the potential health outcomes with the
number of premature mortality and disease cases experienced
by the local populations in Central Kalimantan due to long-
term exposure to PM2.5 with an increase in annual mean PM2.5

concentration of 26 μg/m3 during 2011 to 2015. Appendix 2
presents the sensitivity analysis for changing the relative risk
function and varying X and Xo (concentrations of PM2.5).

Fig. 2 Smoke dispersion and associated average increase in annual mean PM2.5 concentrations (μg/m
3) in Central Kalimantan, Indonesia, from hotspots

in peatlands during a 5-year period (2011–2015); the right-hand map is based on 1569 village boundaries

Table 2 The potential health outcomes due to exposure to PM2.5 emissions from peat smoke in Central Kalimantan, Indonesia, during a 5-year period
(2011–2015)

Health case
categories

Relevant age group and number
of population in age group (people)

Estimated number
of deaths for all ages

Estimated number of
deaths due to peat smoke

Estimated number of deaths due
to peat smoke per 100,000 people
in age group

Premature mortality (all-cause)
- of which, due to:

All ages (2.5 × 106) 14,601 648 26

Chronic respiratory All ages (2.5 × 106) 584 55 2

Children < 5 years (2.5 × 105) 58 6 2

Cardiovascular All ages (2.5 × 106) 4818 266 11

Adults 30 and above (1.1 × 106) 2144 119 11

Lung cancer All ages (2.5 × 106) 292 95 4

Adults 30 and above (1.1 × 106) 130 42 4
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We estimate that the long-term exposure to PM2.5 from peat
smoke, as estimated during a 5-year period (2011–2015), causes
648 premature mortality cases per year (26 mortality cases per
100,000 people). These include 55 mortality cases due to chron-
ic respiratory diseases, 266 mortality cases from cardiovascular
diseases and 95 mortality cases from lung cancer. It is noted that
the mortality cases due to chronic respiratory diseases include 6
mortality cases of children aged below 5 years (this equates to 2
mortality cases per 100,000 children aged below 5 years).

Our sensitivity analysis revealed that with an increase of 10
μg/m3 in the PM2.5 concentration, the premature mortality
cases increase with 34%, while the mortality cases due to
chronic respiratory disease, cardiovascular diseases and lung
cancer will increase with 27%, 108% and 15%, respectively.
With a decrease of 10 μg/m3 in the PM2.5 concentration, the
premature mortality will decrease with 45%, and the mortality
due to chronic respiratory disease, cardiovascular diseases and
lung cancer will decrease by 47%, 27% and 26%, respectively.
Also, the value of RR for premature mortality is ranging from
1.00 to 1.09 within the different exposure functions and back-
ground concentrations. The highest numbers of cases were in
Kotawaringin Timur regency which has a relatively large pop-
ulation and a high exposure to smog from peat fires.

Discussion

This present study has several limitations. Uncertainties are
generated from the meteorological inventory datasets and the
referenced values used as inputs in the HYSPLIT model
which are used in the analysis of the average concentration
of PM2.5 in Central Kalimantan. We recognise that the differ-
ences in default inputs among meteorological inventory data
(e.g. GDAS 1°, Reanalysis (NCEP/NCAR), GFAS, have dif-
ferent spatial resolutions) cause uncertainty related to the es-
timation of plume trajectory which then affects the estimation
of both PM2.5 concentration and its spatial distribution
(Khairullah et al. 2017; Koplitz et al. 2016; Crippa et al.
2016). In the HYSPLIT model, the plume trajectories and
dispersions of PM2.5 are simulated based on the Bluesky mod-
el in which the GDAS archive is set up as default input mete-
orological data. The GDAS data have resulted in the enhanced
data assimilation methods, having the highest horizontal, ver-
tical and temporal resolution (Godłowska et al. 2015). Also,
using a 1-km2 resolution for input values might contribute to
the differences in the calculated results of PM2.5 concentra-
tions. However, a sensitivity experiment that we conducted by
changing a 1-km2 resolution to a 2 × 2 km resolution using the
same procedure as for the 1-km2 model resulted in no signif-
icant changes in calculated PM2.5 concentrations. The wind

directions and topography are the main factors that influence
the smoke dispersion and associated distribution of PM2.5

concentrations (Khairullah et al. 2017).
Besides, in this study we did not address the smoke disper-

sion from the neighbouring provinces. Peat fires in adjacent
provinces will also contribute to smog in Central Kalimantan.
We did not consider this effect, and we are therefore
underestimating the health effects from peat fires.

In relation to the health impact estimation, several uncer-
tainties were associated with our assumptions. First, we aver-
aged the smoke concentrations over the year to assess the
health effects. However, in reality smoke has a seasonal oc-
currence. Most of the (thick) smoke occurred from July to
November (months when the land clearing activities usually
start). We are not able to indicate if taking an annual average is
leading to an over- or underestimate of the mortality and mor-
bidity assessment. Our study also assessed the average of the
annual mean of PM2.5 concentration in 2011–2015 which in-
cluded an El Niño period. The El Niño period (e.g. 2015) has
months with an extreme reduction of precipitation and heavy
fire activity and risks. Nevertheless, fires in peatland areas
have occurred during non-drought years as well (see Gaveau
et al. 2014). Our assumption is that the period 2011 to 2015 is
representative. We cannot be sure that this is the case.
However, we note that land conversion of peatlands in
Central Kalimantan is still ongoing which implies that future
smog may be worse than present conditions.

Second, we used the logarithm exposure function by Ostro
(2004) to estimate the health impacts. The logarithm functions
are recommended byWHO to estimate the health impacts in the
areas with the high concentrations of air pollution (Burnett et al.
2014). However, the uncertainty on the estimation will be re-
lated to the unknown parameters such as the suggested β coef-
ficients for PM2.5 in this model. These parameters were estimat-
ed from the American Cancer Society (ACS) cohort studies
(Ostro 2004;WHO 2006). This uncertainty can lead to different
outcomes when the coefficients are not consistent with the risk
model form (Burnett et al. 2014; Héroux et al. 2015). Thus,
conducting proper epidemiological studies in the area is recom-
mended in order to refine the exposure functions especially for
the purpose of evaluating the impacts of episodic severe smoke
from landscape fires. It is noted that we were not able to assess
the morbidity impacts (such as cardiovascular diseases, lung
diseases and lost working days) since the baseline data for the
occurrence of such diseases is missing in Kalimantan.

Third, we calibrated our model based on air quality data
available for only one city, i.e. Palangka Raya. No other data
points are available in Central Kalimantan, in spite of the
significant health risks related to peat fires, as indicated by
our study. We therefore recommend the Government of
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Indonesia to expand the number of air quality monitoring
stations in the province.

In order to assess the accuracy of our study, we compared
our findings with available reported data on health impacts. The
Central Kalimantan government reported (without mentioned
specific data per case) that 2483 people (including 407 infants)
died in 2015 (Dinas Kesehatan Provinsi Kalimantan Tengah
2016). However, causes for mortality were not specified.
There were also no reports on the occurrence of air pollution–
related diseases, even though newspaper reports in 2015 report-
ed increases in hospital admissions (Dinas Kesehatan Provinsi
Kalimantan Tengah 2016). It is noted that the Indonesia
Government reported the total number of mortality cases in
the whole of Indonesia due to the 2015 haze caused by forest
and land fires to be 19 people, with more than 500,000 cases of
acute respiratory infections (World Bank 2016). In the same
report, for Central Kalimantan, the health impacts of forest
and peatland fires in 2015 were reported to be only 1 mortality
case and nearly 25,000 cases of upper respiratory tract infec-
tions (BNPB Indonesia 2017; The Indonesian Ministry of
Health 2015). However, our study shows that this is an under-
estimate of the actual health impacts of fires, which is related to
the government only analysing the short-term health effects of
exposure to fire in a specific year. Also, the latter studies by
Koplitz et al. (2016) and Crippa et al. (2016) estimated the
health impacts in Indonesia by analysing a short-term period
of the 2015 haze event caused by forest and land fires
(September–October 2015). Koplitz et al. estimated 91,600 ex-
cess mortality for the Indonesian population aged over 25 years
with the average PM2.5 concentrations of ~60 μg/m3, while
Crippa et al. estimated 11,880 excess all-cause premature mor-
talities due to short-term exposure to unhealthy air quality con-
ditions (using simulated 24-hr PM2.5 of 56–160 μg/m3) and ~
75,600 excess all-cause premature mortalities due to long-term
exposure to the PM2.5 concentrations for the overall population
in Indonesia, Malaysia and Singapore (including 3223 prema-
ture mortality cases due to lung cancer in the adult population
aged over 25 years). In our study, we calculate the long-term
health effects of the recurrent annual exposure to smoke from
the peat fires (based on average fire and smoke conditions over
2011-2015). We cannot scale up our results to the whole of
Indonesia given that the smoke concentration varies consider-
ably over the different islands, but note that Central Kalimantan
has a relatively low population of only 2.5 million, only 1% of
the country’s population.

A range of studies show that the long-term exposure to
PM2.5 is a main driver for the health effects of air pollution
(e.g. see Burnett et al. 2018; Hoek et al. 2013; Pope et al.
2002; Pope and Dockery 1999). Even though the fires of
2015 were large compared with these of preceding years, also
in other years the people of Central Kalimantan are exposed to
smoke from peat fires. This study shows the importance of
considering these long-term health effects.

Conclusions

Our study estimated the long-term health impacts of fre-
quent exposure to high PM2.5 concentration on the human
population in Central Kalimantan due to smoke and
peatland fires. We model fire and smoke occurrence in
the period 2011–2015 and assume that this period is rep-
resentative for people’s long-term exposure. We showed
that the 2.5 million people in Central Kalimantan are ex-
posed to annual mean PM2.5 concentrations, due to peat
fires, that are well above the WHO AQG of 10 μg/m3.
The average increase in annual mean PM2.5 concentra-
tions due to peat fires (in shallow and deep peat) in
Central Kalimantan was 26 μg/m3, of which the annual
mean PM2.5 concentrations from hotspots in deep peat
were 13 μg/m3 (ranging from 2 to 131 μg/m3) and from
the shallow peat were also 13 μg/m3 (ranging from 0.7 to
50 μg/m3). This long-term exposure of PM2.5 from recur-
rent peat fires and smoke events causes 648 premature
mortality cases per year which includes 55 mortality cases
due to chronic respiratory diseases, 266 mortality cases
due to cardiovascular diseases and 95 mortality cases
due to lung cancer. This equates to 26 premature mortality
cases per 100,000 people.

The assessment of long-term health impacts on the local
population may help the local government and stakeholders in
Central Kalimantan province to better assess the health impli-
cations of different peatland uses and to take the initiatives to
set and enforce higher standards for sustainable peatland man-
agement (particularly mitigation policies on fires and drained
peatland uses; and also adding air quality monitoring stations).
Although the results of our study cannot be extrapolated, it
still indicates that a large number of fatalities due to peat fires
may occur in Indonesia at large. There are about 57 million
inhabitants in Sumatra and about 16 million inhabitants in
Kalimantan, and most of these are affected on an annual basis
by smoke from burning peatlands. Our work confirms the
high urgency of addressing the ongoing peatland conversion
and degradation in Indonesia.
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Appendix 1

Fig. 3 Smoke dispersion and associated annual average concentration of PM2.5 (μg/m
3) in Central Kalimantan, Indonesia, from hotspots 2011–2015 in

(a) deep peatland areas; (b) shallow peatland areas; (c) deep and shallow peatland areas combined
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Appendix 2

Table 3 The health impacts due to exposure to PM2.5 emissions from peat smoke in Central Kalimantan, Indonesia, during a 5-year period (2011–
2015) (sensitivity analysis, showing impacts of 10 μg/m3 increase and decrease in PM2.5 concentrations, as well as double the PM2.5 concentration)

Health case categories Xa

(μg/m3 PM2.5)
Xo

a

(μg/m3 PM2.5)
Shape of exposure function,
RR and attributable fraction for PM2.5

Number of deaths from
exposure to PM2.5 for all ages

Premature mortality (all-cause) 26
26
26
26
36
16
52
26
26
26
26
36
16
52

4
5.8
8
10
4
4
4
4
5.8
8
10
4
4
4

Linear; 1.04; 0.04
Linear; 1.04; 0.04
Linear; 1.03; 0.03
Linear; 1.03; 0.03
Linear; 1.06; 0.06
Linear; 1.02; 0.02
Linear; 1.09; 0.09
Log-linear; 1.00; 0.003
Log-linear; 1.00; 0.002
Log-linear; 1.00; 0.002
Log-linear; 1.00; 0.002
Log-linear; 1.00; 0.004
Log-linear; 1.00; 0.002
Log-linear; 1.00; 0.004

648
598
514
463
871
359
1303
46
37
30
25
54
32
63

Chronic respiratory 26
26
26
26
36
16
52
26
26
26
26
36
16
52

4
5.8
8
10
4
4
4
4
5.8
8
10
4
4
4

Linear; 1.09; 0.09
Linear; 1.08; 0.08
Linear; 1.07; 0.07
Linear; 1.06; 0.06
Linear; 1.13; 0.12
Linear; 1.05; 0.05
Linear; 1.21; 0.17
Log-linear; 1.01; 0.01
Log-linear; 1.01; 0.01
Log-linear; 1.00; 0.004
Log-linear; 1.00; 0.003
Log-linear; 1.01; 0.01
Log-linear; 1.00; 0.004
Log-linear; 1.01; 0.01

55
51
42
38
70
29
102
4
3
2
2
4
3
5

Cardiovascularb 26
26
26
26
36
16
52
26
26
26
26
36
16
52

4
5.8
8
10
4
4
4
4
5.8
8
10
4
4
4

Linear; 1.23; 0.23
Linear; 1.21; 0.21
Linear; 1.18; 0.15
Linear; 1.16; 0.13
Linear; 1.34; 0.25
Linear; 1.12; 0.1
Linear; 1.57; 0.35
Log-linear; 1.3; 0.05
Log-linear; 1.24; 0.08
Log-linear; 1.18; 0.15
Log-linear; 1.15; 0.13
Log-linear; 1.36; 0.11
Log-linear; 1.2; 0.04
Log-linear; 1.44; 0.19

1151
1056
766
693
1242
543
1741
266
386
765
637
553
194
930

Lung cancerb 26
26
26
26
36
16
52
26
26
26
26
36

4
5.8
8
10
4
4
4
4
5.8
8
10
4

Linear; 1.34; 0.34
Linear; 1.31; 0.31
Linear; 1.27; 0.2
Linear; 1.24; 0.18
Linear; 1.52; 0.33
Linear; 1.18; 0.14
Linear; 1.91; 0.45
Log-linear; 1.47; 0.32
Log-linear; 1.37; 0.27
Log-linear; 1.29; 0.22
Log-linear; 1.23; 0.18
Log-linear; 1.59; 0.37

104
95
63
57
100
45
137
95
81
66
57
109
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