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Abstract

Southeast Asia (SEA) has large agricultural cropdpction and huge amounts of crop
residues generated annually are commonly burneberfield to quickly clear land for the
next crop planting. This study developed annualssian inventory for crop residue open
burning (CROB) covering 17 emission species/grolgpsl0 SEA countries during 2010-
2015, illustrated with relative contributions byutdry and by crop type. The fractions of
crop residue subjected to open burning (OB), aelagurce of uncertainty in the activity
data, compiled from surveys in SEA were signifitarttigher than those suggested in
international databases. Emission factors for aicé maize residue OB were obtained from
field experiments conducted in Thailand. The bestrates of the annual emissions averaged
over 6 years, of air toxics were: 32 Gg of polyayaromatic hydrocarbons, 0.03 Gg organo-
chlorinated pesticides, 292 Gg total chlorines, @Aady I-TEQ dioxins. Emissions of Rl

BC and OC, in Tg yt, were respectively 1.8, 0.08 and 0.8. The coeffits of variation of
annual emissions during the period were relatigehall (2.6-8.6% depending on species) but
still showed an increasing trend that reflected ¢thanges in production of major crops
during the period. Regionally, CROB shared 10-43f4he total biomass open burning
emissions but varying with country: by far dominantvietnam and Philippines, and much
less dominant in Indonesia, Myanmar, and Thail&ide straw open burning was the most
dominant (19-97%) in the total CROB emissions ¢ & considered crops. The spatial
distributions of annual emissions (0.2 0.1°) showed higher emission intensity over the
areas cultivated with rice and sugarcane, whilehdnignonthly emissions coincided with
major harvesting periods in the dry season. Thainét El data can be further used for air
guality modeling to assess effects of CROB emisaiwth to promote non-OB alternatives in

the region.
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[. Introduction

Southeast Asia (SEA) is a dynamic region with tastwing economy and population. Most
of the countries in SEA are agrarian with economévelopment based largely on the
agricultural sector. The region also houses 3 c@mmtamong the world’s top ten rice
exporters in 2015 (WTE, 2016). To ensure the fammlisty for more than 600 million people
in the region and to meet the export demand, dtwi@h production has been intensified and
that has been accompanied by the generation ofya quantity of crop residues annually.
Crop residue open burning (CROB) is viewed by negidarmers as the cheapest and fastest
way to clear land for the next crop and hence, been increasingly practiced for decades
(Kanabkaew and Kim Oanh, 2011). Traditional slasti burn shifting cultivation (SBS) is
still practiced in several countries in the regegrch as Indonesia (Ketterings et al., 1999;
Murdiyarso et al., 2005) and some other SEA coest(Li et al., 2014). SBS is commonly
believed to enrich the soil but heat from burningynalso damage soil structure and remove
the surface humic organic matter (Sanchez et &05Q while at the same time, huge
guantities of agro-residue biomass are wasted.

Several alternative options to reuse the crop vesidi.e. mushroom growing, ploughing for
on-site degradation, cooking fuel, animal feed,)edce available, but these are getting less
practiced as farmers get wealthier. There are gtaictical problems to sustain business
models that incorporate sufficient incentives toamrage farmers to stop open burning (Kim
Oanh et al., 2013). Awareness raising focusing be hegative impacts of CROB,
specifically the effects of smoke on human heattmecessary to encourage farmers to use

non-open burning alternatives for the crop resichamagement. This approach in turn needs
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reliable information of the amount of toxic air pénts released annually from this activity

in every country of the region.

Presently, the CROB impacts are often overlookenamy SEA countries and normally gain
less concern from the society as compared to th&sttaphic SEA transboundary haze
caused by forest fires. By nature, CROB is the temperature combustion of the vegetation
hence would release large quantities of producisadmplete combustion (PIC) which are
toxic air pollutants, such as particulate mattavYFolack carbon (BC), organic carbon (OC),
carbon monoxide (CO) and volatile organic compouim3Cs). Certain amounts of nitrogen
oxides (NQ) and sulfur oxides (SOx) are also released aloiiy key greenhouse gases
(GHGSs) like methane (CH nitrous oxide (MO), and carbon dioxide (G although the
released Cois believed to be taken up by the next seasowp growth. In addition to the
common emission species listed above, a range @hi-gOCs including the persistent
organic pollutants, such as polychlorinated dibepboxins and dibenzofurans
(PCDD/PCDFs, here referred to as dioxins for shpd)ychlorinated biphenyls (PCBs), and
polycyclic aromatic hydrocarbons (PAHS) are alsoitteth from the biomass burning
(Estrellan and lino, 2010). CROB also emits considee amount of chlorine compounds
with atmospheric lifetime varying from a day to el years that may catalytically affect
tropospheric ozone concentrations (Burklin et 802 and stratospheric ozone destruction
(Khalil, 1999; Lobert et al., 1999). Thereforeisiimportant to comprehensively quantify the
CROB emissions and thereby provide necessary fadrasis to promote the environment-

friendly crop residue management practices in A Sountries.

Previous emission inventory (El) studies of CROBS&A differ by the approaches used for

the emission estimation (i.e. statistical data segtellite data), scale (i.e. country based,



90 regional or global), and level of detail provided the emissions database (i.e. species
91 coverage, temporal and spatial information). Thebgl databases so far provide only
92 preliminary estimates of CROB emissions using thgregate amount of crop residues burnt
93 in the open field of the developing and developedntries, respectively (Seiler and Crutzen,
94 1980; Hao and Liu, 1994). Further refined El das&isawere also prepared by using the
95 available country specific information to some extgrevich and Logan, 2003; Andreae and
96 Merlet, 2001; Akagi et al., 2011). More up-to-daltebal El for CROB is provided by the
97 Emission Database for Global Atmospheric Resed&fhGAR) v4.3.1 for the base year of
98 2014 and with the spatial resolution of 0.5° andl®°Qusing international crop statistics.
99 Published regional EI databases, e.g. Streets €@03) at 0.5° x 0.5° for all of Asia, and
100 Shi and Yamaguchi (2014) at 0.01° x 0.01° for SHi#l, not include dioxins and PAHs. The
101 national CROB EI databases for Thailand and Indanéeveloped using the national
102 statistics and local survey results (Kanabkaew kmd Oanh, 2011; Permadi et al., 2013)
103 provided more detailed temporal (monthly) and spatnissions (district/provincial) but also
104 did not include these toxic semi-VOC. Gadde et(2D09) estimated the national annual
105 emissions from rice straw (RS) open burning foridnd hailand and Philippines, roughly
106 included annual emissions of dioxins and PAHs buthout spatial and temporal
107 distributions. These semi-VOC emissions are induitlea few existing global studies, such
108 as dioxins in Brzuzy and Hites (1996) and UNEP @3& PAHSs in Zhang and Tao (2009),
109 but the emissions specifically for CROB have nogrbexplicitly identified. None of these
110 databases included emissions of reactive chlogeeiss from CROB. The global inventory
111 of reactive chlorine compounds was only reportedhie “Reactive Chlorine Emissions
112 Inventory (RCEI)” within the “Global Emissions Inntory Activity” (Lobert et al., 1999).
113 For urban ozone air quality, reactive chlorine coomds may be important as they can

114 catalytically enhance the tropospheric ozone foionaBurklin et al., 2002).
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Therefore, the SEA CROB emissions should be updaieshore recent base years with
consideration on the inter-annual variation andisé@C species. The El should be based
more on local survey data regarding crop practaed available emission factors (EFs)
relevant for the region. In addition, the temporafiations of CROB emissions should be
characterized as it is particularly important bessawf variations in local agricultural

practices in SEA and the distinct dry and wet segashocal surveys would provide specific
information to estimate the actual amounts of #sdue from different crop types subjected
to open burning (OB) and the common burning prastithat strongly affect the EFs. For
example, the use of satellite-derived fire countssome existing El databases for CROB
emissions would not fully capture CROB emissionsSIBA because the burning is done
mainly in the late afternoon (Kanabkaew and Kim IQa2011; Permadi and Kim Oanh,

2013) and occurs sporadically with short duratioms,about 1 hour (Kim Oanh et al., 2011),
while the Moderate Resolution Imaging Spectroraditan (MODIS) of Terra and Aqua

satellite provides only snapshots of the regioha80 AM and 13.30 PM local standard time

(LST).

This study considers the emissions from crop reswpen/field burning in SEA with a focus
on emissions of trace gases, PM, semi-VOC spedieBA#iIs, dioxins and chlorinated
pesticides (OCPs), reactive chlorines (5 compouadd)GHGs. The El was done for 10 SEA
countries for each year over a 6-year period (2012D15), incorporating country specific
activity data (local surveys) and available regl®pecific EFs. The El results are presented
as the low, high and best estimates to include uheertainty range. Further, monthly
emissions and the gridded emissions with a reswiwdf 0.1° x 0.1° were prepared which can

be further used for three-dimensional regionalqaiality modeling to assess the impacts of
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current CROB emissions and emission reduction nmmeasen the air quality, human health
and environment. Our annual emission results forOBRin SEA (SEA CROB) are
comparatively analyzed with the forest fires daeeh from Global Fire Emission Database
version 4 (GFED4) (van der Werf et al.,, 2010) toedd the relative importance of the
sources.

2. Methodology

2.1 Emissions calculations

The EI was developed following the common apprdactthis source type (Shrestha et al.,
2013; Hao and Liu, 1994). Accordingly, the annualssion from burning of crop residues

was calculated using Equation 1.

Emx = Z My X mye X EFp g (1)
mk

Where,

Emk = Emission (mass amountYjrof emission specim and crop residue tygebiomass;

My = Amount of biomass of crop residue tylpé¢hat is subjected to OB per year (mass per
year);

nk = Burning efficiency of residue of crop tygedfraction, 0-1);

EFmk = Emission factor of specia from open burning of crop residue tybd&iomass (with

consistent unit).

The main parameter & in Equation was estimated using Equation 2.
M, =P, xS, x D, xB, (2)
Where
Py = Crop production for crop tyge(mass per year);
S= Specific residue-to-production ratio for crop ey

Dy = Dry matter-to-crop residue ratio (fraction, Q-1)
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Bk = Fraction of dry matter of crop residue typ#hat is subjected to open burning (0-1).

To have good estimates vk, representative values of these parameters an@eddghat in

turn need to be generated by well-designed locakys.

2.2 Activity data collection

In this study, the annudfly amounts in SEA were estimated for 8 main crop sypee,
maize, soybean, potato, sweet potato, groundnggrsane, and cassava) that commonly
have residues subjected to OB. Wheat straw OB wa#nluded as wheat production was
not popular in SEA, e.g. only a small amount calted in northern Thailand for the beverage
industry (FAO Statistics, 2015). The parametersiireg to calculateMy (Equation 2) were
gathered from surveys conducted for several yeprhé air quality research group at the
Asian Institute of Technology (AIT) supplemented bglevant published information

(SUMERNET, 2017; Tipayarom and Kim Oanh, 2007).

Among the parameters included in Equation 2, thmuahcrop production informatiorPy)
was the most readily available. TRg data for Thailand and Indonesia during the period
from 2010 to 2015 were obtained from the natiotetistical reports for each of 33 provinces
of Indonesia (BPS, 2016) and 76 provinces of ThdildOAE, 2016). For other SEA

countries, the national production data for thequeof 2010-2014 were taken from the Food

and Agriculture Organization (FAO) database (hiywi.fao.org/faostat/en/#home). The
2015 data were extracted from the Association aftlssast Asian Nation (ASEAN) Food
Security Information System (AFSIS): Agricultural o@modity Outlook 2015

(http://www.afsisnc.org/publications/archive/2016)able S1, supplementary information

(S1) presents the annual average production daatbe study period for the selected crops
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in 10 SEA countries. Brunei was reported to havg thiree types of crops (rice, cassava, and
sweet potato) while most other SEA countries hdl@& ancluded crop types. The CROB
emissions from Singapore were assumed to be nelgligis the country has only a small
agricultural production, and also due to the faet bpen burning is strictly prohibited in the
country (Environmental Protection and Managemerit 8ap. 94A). As seen from Table S1,
rice production dominated the annual average crogyztion in SEA during the period (204
Tg yr') followed by sugarcane (162 Tgyr cassava (65 Tg Y}, and maize (38 Tg .
The major rice producers are Indonesia (70 T9) yollowed by Vietnam (43 Tg ),
Thailand (34 Tg yf) and Myanmar (28 Tg ). Except for the Philippines, SEA countries
generally have rice production rates following toeintry population that primarily reflects
the domestic consumption needs. The SEA total dnavwerage production of 8 crops
amounted at 486 Tg yrand was mainly contributed by Indonesia (148 T¢),yfhailand

(134 Tg y#'), Vietnam (77 Tg yf) and the Philippines (55 TgJr.

It was more challenging to obtain country represtve values for other parameters required
for the calculation oM. These included the residue-to-production rafi9, the dry matter

to crop residue ratid)y), and the fraction of dry matter residue of diéfierr crops subjected to
open burningBy). The latter is in fact the largest source of utapty in theMy calculation
because thiBy value depends mainly on the local specific agtizal practices and the
harvesting time (in wet or dry periods) in a coyntn some countries, such as Vietnam, the
OB of rice crop residue happens both on-site indpdeeld and off-site in villages. Thus,
both should be included in the estimatiorBf A wide range of values for thi& parameter
has been found in the global/regional El repoREC (2006) suggested a value of 0.25 to be
used for developing countries and <0.10 for dewdogountries, while Streets et al. (2003)

suggested a value of 0.25 for South Asian counares0.17 for the remaining countries in



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

the region. Information orBy, especially for RS, available from local surveys some
countries is included in Table 1 showing signifidarhigher values (0.17-0.90) than those
suggested in the international databases. Spdbjfithe By values relevant for SEA vary
with crop cycles, i.e. higher in the dry and lowethe wet season (Table 1).

In our study, significant efforts were made to setbe appropriate ranges to be used for the
emission calculations (Table S2, Sl). For examfde,RS in Thailand, théy values were
different for different parts of the country andosigly varied with season. In the central part
of Thailand and for crops harvested in the dry seawse used th& value of 0.9 obtained
from the AIT survey results by Tipayarom and Kimn@g2007) and SUMERNET (2017),
the Sustainable Mekong Research Network rice st@lenefits project (unpublished data
as of 2018), while for crops harvested in the weassn,By value is typically 0.25
(SUMERNET, 2017). Our surveys (SUMERNET, 2017) wearenducted in selected
important agricultural areas in Thailand, VietnamdaCambodia through a face-to-face
interview with farmers. For other countries, theirses of information are presented in the

footnote of Table 1.

Table S2 presents a summary of the values of treneers used in thdy calculation. The
country specific values of and Dy, mainly available for rice, maize, sugarcane, and
potatoes, are those reported by the local survelyaated from relevant studies in Thailand
and other SEA countries. For other crop types, &lied on the values for Asian countries
compiled by Koopman and Koppejan (1998) and Yewaicth Logan (2003). For the countries
in SEA where no survey data were available, we idensd the similarity in the cultivated
crop variants and geographical location to assigprapriateS, and Dy. For example, the
values obtained for Indonesia were also used folayé#, Brunei, and East Timor while

those obtained for Thailand were also used forrotloeintries in the Mainland Southeast

10
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264

Asia. The information on the combustion efficienmycrop residuesng), i.e. the fraction
oxidized per total amount of crop residue biomaskjexted to open burning (biomass
loading), was not readily available at the coutdmel. For RS and maize residue, results of
the field measurements conducted in Thailand by ®anh et al. (2011) and Athiwat (2016),
respectively, were used for all SEA countries. Btrer crop types, the relevant values
reported in the international data sources werd @@éowing the same approach applied in

previous studies (Permadi and Kim Oanh, 2013; Kkaaly and Kim Oanh, 2011).

Table S2 provides the range and the most probaileys of the parameters used for ke
calculation. The “best estimates” of the inventspecies were produced using the most
probable values given in the brackets (if more tbaa value is presented) while the lower
and upper values given in the range were used ltulate the low and high emissions
estimates, respectively, as further detailed inti&ec2.4. Note that, due to lack of
information, we did not include the inter-annuatiaions forS;, Dy, nx and B¢ during the
study period. The most significant change with timexpected foBx because it strongly
depends on the local practice and, in principletl@nregulation enforcement, e.g. banning
CROB. However, during the reported period, thergewso significant regulations and/or
technological intervention to substantially redtive CROB activity in the region. There was
no main infrastructure development that could irdadast change in the agricultural waste
management practice in SEA. For example, therenemadrastic development to enhance off-

site uses of rice straw and other crop residuesitdown theBy values.

2.3 Emission factors
The available EFs were scrutinized to select thstmadevant value for a specific crop for the

calculation of the best emission estimates in antgu Accordingly, EFs produced by

11
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measurement in the country were used for the Istsh&es. If not available, corresponding
values reported for other Asian countries were iadplThe compilation of EFs for different
species and crop types used in this study is givdiable S3, S| (data sources are included in
Text box S1, Sl). The upper and higher values énEFR range given in Table S3 were used to
calculate the low and high emission estimate, smdy. When the EF data were not
available, we used the corresponding values regoite combined crops provided in

Andreae and Merlet (2001) that are specified utigeicolumn “others” in Table S3.

Kim Oanh et al. (2011) reported that dependinghenharvesting method, RS field burning
can be practiced as “spread burning” or “pile boghiand these two practices produce
significantly different EFs. Therefore, informatioon local harvesting methods i.e. by
traditional (manual) or mechanical (combine hamgstwas gathered, so that the most
appropriate EFs could be applied. In Thailand amditi®ern Vietnam, the mechanical
harvesting was common. In northern Vietham, mahaalesting was still prevalent, mainly
due to the small size of paddy field. Likewise, Indonesia, mechanical harvesting was
common on the Java Island (6 provinces) whereasiahdiarvesting was practiced in smaller
islands. In Cambodia, mechanical harvesting wasralsst common, i.e. >90% for rice crops
(SUMERNET, 2017). In Malaysia and Brunei, we asstino@ly mechanical harvesting
method while for the Philippines, manual harvestivegs considered for the hilly areas and
mechanical for the rest (Javier, 2009). For othmintries (Myanmar, Lao PDR and East
Timor), it was assumed that manual harvesting wikcemmon. The EFs were selected for
the rice straw OB (RSOB) in the countries, depegdn the harvesting method, i.e. the
“spread burning” EFs were applied for mechanical/ésting and “pile burning” EFs were
used for manual harvesting areas. AccordinglyBRe of PM (PMy and PM s), trace gases

(NO,, SO, and CO), PAHs (16 US EPA priority compounds), @¢P6 compounds), and

12
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GHGs (CQand CH) obtained from the RS spread field burning measerds in Thailand
(Kim Oanh et al., 2011; Kim Oanh et al., 2015) wased for the places with mechanical
harvesting. The EFs of CO, GOCH,, NO,, SG, PM,s and BC for maize residue field
burning also relied on the AIT field burning expeents in Thailand (Athiwat, 2016;
Phitsuca, 2016). For Indonesia, the EFs were gttty RS field burning experiments in
the country (Christian et al., 2003). The EFs fthreo crops were obtained from Asian and
international studies (Textbox S1, Sl) that havenbeompiled in the Atmospheric Brown

Cloud Emission Inventory Manual (ABC EIM) (Shres#taal., 2013).

Less EF data were available for PAHs hence theegabbbtained from RS open burning field
experiments for 16 PAHSs in both particulate ancegas phases (Kim Oanh et al., 2011; Kim
Oanh et al., 2015) were used for the best estinvaltds those from a RS burning study in
China (Zhang et al., 2011) were included in the ERgie. Jenkins et al. (1996) also provided
EFs of 19 PAHSs in the PM phase for several typesrab residues, and the estimated value
for 16 PAHs is 80 mg kjof RS, which is higher but still in the range witte EF for the PM
PAHSs used in this El, 34 mg Kgpf RS (Kim Oanh et al., 2011). For other type<iaps,
only limited information of EFs for PAHSs, i.e. Ribound PAHs for maize (Wiriya et al.,
2015) was available for SEA. Hence, the EFs medsireChina, both PM and gaseous
phases (Zhang et al., 2011) for maize, and theedrtates for sugarcane (Hall et al., 2012)
were used. The EFs for combined agricultural ressdprovided by Andreae and Merlet
(2001) were used for the rest of crops types. Hawnemnly a single EF value of PAHs (25
mg kg* of biomass) estimated based on the laboratoryiesttid provided in Andreae and
Merlet (2001). This EF in fact may be low compatedhe measured values, e.g. Jenkins et
al. (1996) reported the EFs for corn stover of 8#pkg* (estimated for 16 PAHs, only PM

phase). Thus, the need for relevant local measuredata of EFs is further evident.
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The experimentally derived EFs for dioxins were aadilable for RS in any SEA countries.
It was thus necessary to use the value reporte@udhet and Touati (2003) for RS (0.54 ng
International Toxic Equivalent, ng I-TEQ Kp for the best emission estimate. Crop type
specific EFs for dioxins measured outside SEA #se available for maize residue burning,
i.e. 0.24 ng I-TEQ Kg, from a study in China (Zhang et al., 2011) hethi® value was used
for our best emission estimate. Likewise, we useddioxins EFs for sugarcane open burning
of 1.6 ng I-TEQ k reported by Black et al. (2011). For other cropety, the aggregate EF
provided in UNEP toolkit (UNEP, 2005) for “Agricuital residue burning in the field” of 0.5

ng I-TEQ kg' was used for the best estimate.

EFs of the OCPs are available only from the RSl fieirning experiments in Thailand (Kim
Oanh et al., 2015). The values were also usedderstraw OB in other SEA countries. The
EFs for reactive chlorine compounds, includingsCH CH,Cl,, CHCk and CHCCl;, and

particulate and inorganic chlorine for CROB wergneated from Burklin et al. (2002) using

the provided emission ratios of the respective radded compounds to the EFs of CO.

2.4 Range of the emission estimates

In this study, the range of the emission estimideslifferent species (also referred to as the
emission uncertainty) was produced by incorporathey uncertainty of both activity data
and of available emission factors. Determinatiorthef “best”, “low” and “high” values for
the EFs and activity data followed the approachdyseviously in Kanabkaew and Kim
Oanh (2011) and Permadi and Kim Oanh (2013). Ferdttivity data, the ranges of the
parameters used fdM calculation and the range of burning efficiengyare given in Table

S2 while those for the EFs are detailed in TableF®8 the crop productiorPf), this study
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assumed that the data taken from the various Natidgencies or Ministerial Departments
had an uncertainty level of 5%, while for thosdettkd from the international agencies, e.g.
the FAO statistics or other international agendmsl a higher uncertainty, i.e. 10%,
following the approach of IPCC (2006). Specificaliy calculate the “best estimate” for the
emission of a specie, the most probable valuedl gfasameters were used in Equations 1
and 2. The low and high emission estimates wereulzked using the lower and upper

values of the ranges of the activity data and E¢spectively.

2.5 Satial and temporal distribution

Mapping of the spatial distributions of the SEA ClR@nnual emissions of different species
was done with the geographical information syst&ig§. Crop cultivation land in SEA was
based on the land cover product provided by the evitéd Resolution Imaging

Spectroradiometer (MODIS), available at https:@dadusgs.gov/dataset discovery/modis

(Fig. S1, Sl). The spatial distribution of the esn®s was prepared with a grid resolution of

0.1° x 0.1° (~ 10 x 10 kfnfor the domain.

The monthly emissions for Indonesia, Thailand, afietnam were constructed using the
monthly production data, estimated biomass amouhjested to open burning, and crop
annual cycle for the year of 2015 following the saapproach presented in the previous
studies (Kanabkaew and Kim Oanh, 2011; PermadikamdOanh, 2013; Dong, 2013). For
other countries where no information on the montgp production was available, the daily
MODIS MCD45A1 product
(https://ipdaac.usgs.gov/dataset_discovery/modigisnproducts_table/mcd45al) was used

together with the land use/land cover map to idemtgricultural fires from other fires, e.g.
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forest fires, and the monthly fractions of the egftural fire hotspots out of the total annual

agricultural hotspots number were used for the mgr@mission segregation.

3. Results and discussion

3.1 Total residue biomass subjected to open burning

The annual averagi!, of all 8 crop types in SEA during this period wes21Tg yf' of
which RS, sugarcane, maize, and “other residuestribated 117, 15, 13, and 6.5 Tg'yr
respectively. The annuddy values showed an increasing trend during the @erfo2010-
2015 with the highest amount in 2015 of 160 Tg (Bigand the lowest in 2010 of 139 Tg.
Rice production in SEA increased during the peab@010-2013 with an average growth of
5%, but dropped in 2014 and 2015, mainly causethéyeduction in the rice production in
Thailand. There was a sharp increase of sugaraageigtion in Thailand in 2012 of almost
63% that increased the total sugarcane produati@EA. The total crop production showed
an increasing trend during the period that wasalilyecorrelated with the amount ™.
Country-wise, Indonesia contributed most signiftbato the amount of crop residue open
burning annually, i.e. 36%, followed by Vietnam &)L Myanmar (15%), Thailand (14.8%),

and the Philippines (9%) while the rest “other does” had only small shares (Fig. S2, Sl).

3.2 Average annual emissions and inter-annual variations

3.2.1 Annual emissions

The annual emissions from CROB in SEA during 20Q0052are presented in Table 2. The
best estimates of the annual emissions averagedoeyear period, from whole SEA CROB
for different species in Tg yrwere 12.5 CO; 0.36 NOx; 0.03 §C.0 NMVOC; 0.5 NH;
2.0 PMg, 1.8 PMs, 0.08 BC, 0.8 OC; 190 GD0.56 CH; and 0.015 BO. The best

estimates of the annual average emission of PAHs38aGg yi* while the benzo(a)pyrene
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(BaP) emission alone was 0.16 Gg'yiThe annual emission of dioxins was 94 g I-TEQ, yr
while that of the total chlorines was 292 Gg ynd of OCPs (from RS burning alone) was
0.03 Gg yi*. The best estimates of the total SEA CROB emisspwnduced in this study for
the base year of 2010 are compared with those miexban other global and regional
databases (Table S4 and Fig. S3, Sl), i.e. EDGARQR for 2010, Shi and Yamaguchi

(2014) as the average over 10 years (2001-2010)G&ED (2010) for 2010.

The EDGAR estimates were the highest of all 3 @asatr NOx, CO and PM (2-4 times
higher than ours) and $S@6 times higher than ours), as seen in Fig. S3H8Wever, our
estimates were higher than EDGAR for Nid.7 times) and were similar for,® (Table S4,
SI). One of the important reasons for the El rasditference may have been the inclusion of
palm and other oil crops residue OB in the EDGARabase, but not in ours. Note that our
extracted data (not shown in Table S1) showedttietannual oil crop production in SEA
during 2010-2015 was 44 Tg¥(26 Tg yi* in Indonesia and 13 Tg yiin Malaysia) which

in fact was relatively small compared to rice ogacane production (Table S1, SI). Further,
the differences in the emission results betweengtidy and other studies presented in Table
S4 and S5, Sl are also caused by the differencé®inalues of parameters used to calculate
the amount of biomass burned and the EFs selettes. SEA CROB emission estimates
provided by Shi and Yamaguchi (2014) produced bestly lower results than our study
for all species despite their larger EI domain, ineluding also southern China. The main
factor causing lower El results by Shi and Yamagy2014) was perhaps the lowBx
values (0.10) for RS used in their study that satislly underestimated thdy of RS for
example, i.e. by 5 times on average (Table 1). diference in the number of crops
considered may also cause discrepancies in Eltsesel Shi and Yamaguchi (2014) focused

only on 4 main crop types of wheat, rice, maize amgarcane, as compared to our 8 crops
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(not including the wheat production as it was rgggle in SEA) but the discrepancies may
not be as substantial (as causedpyalues) because the three top contributors (nzeze
and sugarcane) were considered in both studiesDGféd the lowest CROB emission rates
of all species as compared to others presentedbieTS4 and visually in Fig. S3, Sl and this
may be due to their underestimation Mf amount based on the satellite data of the fire
hotspots. As mentioned above, agricultural fireSHA are of small size, sporadic, and short
duration and mainly taken place in the late aftem@Tipayarom and Kim Oanh, 2007).

Thus, these fires may not be adequately capturedebiODIS satellite, for example.

For the total chlorine emissions from SEA CROB, msult was 271 Gg yrin 2010 for the

5 species. The result for 3 species ofsCHCH,Cl,, and CHG} was 26 Gg yf that is, as
expected, only a small fraction of the emissionulteBom the whole Asia domain, for the
same species, reported by Lobert et al. (1999D@f@g yi'. The SEA regional dioxins and
PAHs emissions from CROB are generally includedrnmitexplicitly presented in the global
Els for dioxins (UNEP, 1999) and PAHs (Zhang et a004) hence no relevant data are
available for comparison. The results of RS opemibg emissions for Thailand and the
Philippines reported in Gadde et al. (2009) are omihparable to our results for the
Philippines specifically due to a much higlgrvalue used in their study as discussed above.
As a result, ouM, for this country of 8.6 Tg yf for 2010 was 1.5 Tg yrlower than the
value of Gadde et al. (2009) for 2007 (Table SXweler, our EIl results for PAHs were
significantly higher (>10 times), mainly becausetlté large difference in EFs, i.e. we used
the EF of 264 mg kifor 16 PAHs (both PM and gas phase) obtained fiwerfield burning
experiments in Thailand while a much lower EF of6lfig kg' was used in Gadde et al.

(2009).
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Annual average SEA CROB emissions were compardutihvi results of the existing studies
for China and India. Our emission results were gahehigher by 1.1-2.8 times, varying

with species, than those reported for China (lalet2016) for 2012. SEA CROB emissions
were also 1.3-1.5 times higher than the emissistimated for India by Jain et al. (2014) for
the year of 2008-2009. Given the larger populatb@hina and India (above 1300 million in

each country) as compared to SEA population (abéQtmillion) the per capita emission for
SEA would be significantly higher than those foritghand India. This further emphasizes
the importance of the CROB emissions on the aitityua the SEA region and the urgent

need for sustainable crop residue management.

3.2.2 Inter-annual variations of emissions

Annual SEA CROB emissions showed increasing trefuils most species (Table 2).
Coefficient of variations (CV) were computed (tladio of the standard deviation and mean)
that show a range of 2.6 — 8.6% depending on theisp. This CV range represents relative
weak inter-annual variations owning to the reldtivetable crop production rates and the
stable crop type composition hence less variatiothe My values. These relatively small
inter-annual variations of SEA CROB emissions sstgp that the average of decadal
historical emissions would still provide meaningiadormation for air quality management
purpose, e.g. for the regional air quality modeliktpwever, the variations iBx values
should be incorporated, especially when major domssegulatory programs are being
promulgated, e.g. banning of open burning, thal leasubstantial changes in the anrnJal

values.

3.2.3 Crop residue verse forest fires emissions
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To roughly compare the magnitude of the SEA CROssions estimated in this study with
forest fire emissions, forest fire data from SEA2810 were extracted from the GFED
Version 3.1 (van der Werf et al., 2010) and pre=eint Table 3. The year 2010 was selected
because it represents the normal climate withoohgtEl Nifio/La Nina effects. The GFED
forest fire emissions included both above and bejosund biomass (peat) burning. Overall,
the CROB emissions (covering 8 crop types) conteithul0-43%, depending on species, of
the total OB emissions (sum of CROB and forestjifeom the SEA region in 2010. The
contributions from CROB were relatively more sigraht (>30%) for toxic pollutants of
PM,s OC and NH and less significant (14-21%) for GHGs and thesiga0%) for SQ@
(Table 3). The relative contributions of CROB tee ttotal biomass open burning varied
widely between countries. The CROB contributed iesthe countries having large forest
reserve areas with frequent forest fire events4+81%, depending on species, in Indonesia;
16-36% in Thailand; and 8-38% in Myanmar. For ot8&A countries, the contributions of
CROB were higher than forest fires emissions,siharing 49-92% for Vietnam and 33-69%
for the Philippines. Current concern is more onaegl massive forest fires as they normally
cause catastrophic haze transboundary events anchane visible on a scale that attract
intensive international attention. AlternativelyROB emissions mainly occur in populated
areas and happen mostly in dry months when thedution levels in SEA countries are
normally high. Therefore, they may cause significéocal effects on health and the
environment. Specifically, substantial amounts iokohs, PAHs, and OCPs along with large
guantities of toxic fine particles emitted annudhgm the crop residue field burning should

be of concern and be the focal point of raisingrawess to stop CROB activity.

3.3 Emission shares by country and by crop type
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The emissions by country (Fig. 2) show that Indenegs the dominant contributor to the
total SEA CROB emissions of all species, i.e. 3%42ollowed by Vietham (15-25%),
Myanmar (11-23%), Thailand (7-21%), the Philippir{8sl2%) and Cambodia (1-2%). The
remaining 4 countries had relatively low emissibargs, collectively of 0 — 6 %, namely 0.5-
5% from Laos, 0.3-0.9% from Malaysia, and 0.06-0.£286n both East Timor and Brunei.
The emission rates are explained by the country production rates that in turn are linked
to population (domestic use), export quantity, #relamount of crop residues generated as
well as residue management practiddsvalues). The high emissions in the top 4 countries
(Indonesia, Vietnam, Myanmar and Thailand) werentyailue to the large crop production
coupled with the high fractions of crop residuebjscted to open burning. As noted eatrlier,
this study did not cover palm oil plantation OB ttha likely to be important in some
countries, e.g. Indonesia and Malaysia being thddwmop two palm oil producers and to
some extent Thailand (World Growth, 2011). Withoanhsideration of palm oil production,
the CROB emissions from Malaysia were only a stnafition in the SEA CROB emissions
because the country had only a small productiohef8 included crops. Future studies
should focus on the open burning emissions fronouartypes of oil crops to provide a more
complete view of CROB emissions in all SEA courstrie

Contributions of different types of crops to théeatdCROB emissions of different species are
presented in Fig. 3. Rice straw OB contributed damily to the total CROB emissions,
sharing 19-97% (varying by species) followed by zea(2-78%), sugarcane (0.4 — 26%)
while the rest of 5 crop types had only small sbai@4.4%). Sugarcane residue open
burning was high in Thailand due to the extensia@fations to provide raw material for the
sugar industry in the country that is known as wWmld second largest sugar exporter

(Sornpoon et al., 2012).
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3.4 Range of the emission estimates

Figure 4 presents the best emission estimate ftereint species (shown as bars) for 2015
with the vertical lines indicating the high and l@stimates, respectively. The vertical lines
shown in Fig. 4 do not show the standard deviatbthe best estimate but the emission
ranges which are linked to the relative differebetween the low and the best estimates
[(Low-Best)/Best], % negative) and that between blest and the high emission estimates
(%, positive). Average uncertainty range of thessmins estimates for all species was -79 to
+256%, with the lowest range for NMVOC (-68 to +2@band the highest for BC (-72 to
+323%). A wide range of EFs found in the literattoe BC from CROB contributed to this

large range of the emission estimates.

3.5 Spatial and temporal distributions of SEA CROB emissions

Using the MODIS land cover product for SEA (Fig., &), the spatial distributions of the
annual emissions for year 2015 are mapped usingégtsique for all considered species at
0.1° x 0.1° (about 10 x 10 Kjrresolution. The gridded emission maps for,RMBC, PAHs
and dioxins are presented in Fig. 5, in't grid™ in black and white. The corresponding color
figure is given in Fig. S4 while the maps for otlspecies are presented in Fig. S5, SI. As
expected, higher emissions are shown over the wynal land areas. For example, in
Indonesia, a higher emission intensity was seenwestern and eastern Java that are known
as the rice production hubs in the country and dker Sumatra Island where maize and
paddy plantations are concentrated. In Thailandsgons were higher in the central (rice)
and northeastern regions (rice and sugarcane) tf@metongchai et al. 2001). In Vietnam,
higher emissions are seen in the Mekong River deka River delta and the central coastal

region, where agricultural crop production, espéciée, is intensive.
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Monthly emission profiles are presented in Figo6different SEA countries. The monthly
emission variations were constructed using inforomabn the harvesting periods of different
types of crops (related Bk values in dry or wet season) in a year. In Ind@pdsigher
emissions were during August — October period wiéchn the dry season and follow the
major rice harvesting time (August — September). Fbailand, the major crop residue
burning emissions occurred also during the dry aeg®ctober — April) with peaks in
November-December coinciding with the harvestinggaeof the rice crop. In Vietnam,
emissions are clearly shown in three periods faligwthe harvesting of 3 rice crops with the
highest peaks in February — March followed by Majune and August - October. Higher
emissions in February — March were mainly the ¢ffec the dry season harvesting time in
the central and southern Vietnam, while May — Jpeaks were mostly caused by the
harvesting in the northern Vietnam. In Myanmar,ikimto Thailand, the emissions peaked
during the period of November — December coincidinth the rice crop harvesting time.
The peak emission was found during August - OctdheMalaysia while that in the
Philippines was during July - September. The ttgaiporal variations were determined by
the variations of different crop types, however tlués dominance in the emissions the rice
straw open burning activity also dominated the rmintprofiles of the SEA CROB
emissions. As a way of example, the monthly EC sioms over SEA is given in Fig. S6, Sl

which closely follow the monthly emission fractioofsthe rice straw OB (Fig. S7, Sl).

A good correlation between ambient air pollutiovels and the CROB activities in SEA was
reported in previous studies. Tipayarom and Kim IO&007) showed higher levels of CO
and PMy during the RS burning period in Pathumthani, a-@ildan area of Bangkok,

Thailand, and the linear regression between thetimompollutant levels and the monthly

MODIS hotspot counts over the area h&doR0.56 for CO and 0.77 for PM Klinmalee
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(2008) reported significantly higher levels of PAKIe both PM and gas phases) in the
RSOB area of Pathumthani during the dry season (0r® for 16 PAHs excluding
naphthalene) as compared to the levels measuréuycuwn-RSOB period of 10-40 ngm
while the levels found in a national park in bo#msons were only 1-2 nginThe air
quality measurements thus confirmed the seasofedtefof CROB emissions especially in

the areas of intensive CROB.

The gridded SEA CROB emissions with the monthlyridiations can be further used in the
modeling studies to simulate the base case andugsmemission reduction scenarios, e.g.
implementation of non-burning alternatives and/draa on CROB, to assess the impact on

air quality and regional climate.

4. Conclusions

The annual average quantity of crop residue bionsakgected to open burning in SEA
during 2010-2015 was 152 TgyrAn increasing trend in the annual emissions viEeoved
during the 2010-2015 period but the inter-annualatians were relatively small, 2.6% -
8.6% varying with species. The best estimatesntial average SEA CROB emissions over
the period in Tg were: 12.5 CO; 0.36 NOx; 0.03,SD0 NMVOC; 0.5 NH; 2.0 PMg; 1.8
PM.,s 0.08 BC, 0.8 OC; 190 C00.56 CH, and 0.015 MO. The annual average emissions
of toxic pollutants, in Gg Vt, were 32 PAHs (0.16 ford® alone), 292 total chlorines and
0.03 OCPs. The annual emission of dioxins was estichat 94 g I-TEQ ¥k On average, the
lower and higher emission estimates were betwe8% -6 256% of the respective species
best estimates. BC had the highest uncertaintyerdng to a wide range of the available EFs

reported in literature. The El data for CROB in S&Ailable in literature showed significant
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discrepancies for some species that could be equldyy the difference in the methodology
(top-down or bottom up), inclusion of the local siie detail (e.g.Bx values and harvesting

methods), and EF selection.

Indonesia was the top contributor to the total SHROB emissions (33-42%) followed by
Vietnam (15-25%), Myanmar (11-23%), Thailand (7-31%nd the Philippines (8-12%).
Rice straw open burning contributed dominantlyn®e total SEA CROB emissions (19-97%)
followed by maize (2-78%), sugarcane (0.4 — 26%i)enine rest five crops had small shares
(0-4.4%). The top three contributing crops shoulkeréfore be of priority for implementation

of alternative non-burning measures.

The CROB emissions contributed 10-43% of the t@B emissions (sum of CROB and

forest fires) in SEA in 2010 but varied widely witbuntry. Forest fire emissions dominated
in Indonesia (69-96%), Thailand (64-84%) and MyanrG2-92%) but CROB emissions

dominated in Vietnam (49-92%) and the Philipping3-§9%). The adverse local effects of
the CROB emissions on human health and the enveahshould not be overlooked as these
emissions occur in populated areas and mainlyardtly season when the air pollution levels
in SEA are significantly higher than other timestloé year. The spatial distributions of the
SEA CROB emissions showed higher intensity overagacultural areas where rice and

sugarcane were mainly cultivated. Monthly emissipnsfiles varied by country and were

affected by the local agricultural practices (hatwey times for different crop types) and

seasons (dry or wet).

The emission data produced in this study, withigpand temporal distributions, could be

used for air quality modeling studies to assessffexts of current and future emissions on

the ambient air quality. It is suggested that rystar average of past emissions can be used
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for air quality modeling data due to relatively smiater-annual variations of CROB
emissions. Future studies should also include otyyes of oil crops that are commonly
cultivated in some countries of the region. Locallgasured EFs are required to improve the
SEA CROB emission inventory results. Health effestdhe CROB emissions should be
qguantified to provide a driving force for eliminati of this open burning activity and to

promote non-open burning alternatives for the sugbde agricultural waste management.
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Table 1 Values ofBifor rice straw in SEA countries compiled from agdhike survey results
Table 2 Annual SEA CROB emissions in the period of 2010&0rg yf* (if not otherwise specified)
Table 3 SEA CROB vs. forest fire emissions in 2010, Td,\in brackets are the percentage CROB contributicthe total biomass

open burning



Tablel

Values ofBifor rice straw in SEA countries compiled from ashbie survey results

Country Region CompileBy values
Dry season Wet season
Thailand Central 0.90 0.25
South 0.30 0.25
Others 0.48 0.25
Vietnam North 0.7 0.54
Central 0.59 0.54
South 0.70 0.54
Indonesia Java Island 043 0.31
Others 0.7% 0.50
Philippines Whole country 0.71 0.57
Cambodia Whole country 047 0.17
Malaysia Whole country 0.43 0.31
Myanmarf" Whole country 0.77 0.54
Lao PDR" Whole country 0.17 0.17
East Timol" Whole country 0.43 0.31
Brunei" Whole country 0.43 0.31
SEA range and most probable value (in brackets) 7-0.2 (0.51)

Remarks:

& Tipayarom and Kim Oanh (2007) and DEDE (2007)

® Cheewaphongphan and Savitri Garivait (2013);

© SUMERNET (2017), unpublished data;

9Dong et al. (2013), local survey data in Northeiatiam;

*SUMERNET (2017), unpublished survey data in centiatnam;

"Tran et al. (2014), survey in Mekong Delta progisiof Vietnam;

9 Sasongko et al. (2004), survey for rice straveivia) Indonesia (used also for East Timor);

.h Makarim et al. (2007), survey in Sumatera, Kalitaarand Sulawesi, Indonesia (also used for MalasthBrunei);
'Hafidawati (2017), personal communication regardirgsurvey results conducted in West Java dudinyseason;
! Launio et al. (2013), surveys in the several aie&hilippines;
K SUMERNET (2017), unpublished survey data in PrepdyProvince, Cambodia;

' Rosmiza et al. (2014), estimated using the ri@stliata in Kedah, Malaysia;

™ No country specific data available hence data fn@ighboring countries were used.



Table2

Annual SEA CROB emissions in the period of 201080Mg yr* (if not otherwise specified)

Annual emissions

Species 2010 2011 2012 2013 2014 2015 Average (CV,%)
CO 11.65 12.18 12.73 12.79 12.81 12.94 1246+(B.6%)
NOXx 0.33 0.34 0.37 0.37 0.38 0.38 0.36:0908%)
SO 0.0279 0.0287 0.0327 0.0327 0.0333 0.0341 .031% +0.002 (7.5%)
NMVOC 0.95 1.00 1.04 1.05 1.05 1.07 1.03+028%)
NH3 0.48 0.50 0.52 0.52 0.52 0.52 0.51+0.029@3.1
PMyq 1.87 191 1.97 1.99 2.00 2.02 1.96 +0.06%).
PM,s 1.71 1.73 1.79 1.80 1.82 1.84 1.78+0.05%®.6
BC 0.074 0.076 0.084 0.084 0.085 0.087 Q085 (5.8%)
ocC 0.81 0.81 0.84 0.84 0.85 0.86 0.83+0.08%2
CO, 172 178 195 196 198 202 190+11 (5.8%)
CH, 0.52 0.55 0.56 0.57 0.56 0.57 0.56+0.029@3.1
N,O 0.0139 0.0144 0.0155 0.0156 0.0157 0.016 .0152+0.0008 (5.1%)
PAHSs (Gg yr) 30.0 31.6 32.3 32.6 324 32.1 31.8+0.09 (2.7%)
BaP (Gg yr) 0.143 0.159 0.166 0.167 0.168 0.184 0.16MHD(7.6%)
Dioxin (g I-TEQ yr') 82 82 98 98 100 102 94+8.1 (8.6%)
OCPs (Gg yf), RSOB 0.025 0.0264 0.0269 0.0272 0.027 ®026 0.027+0.007 (2.6%)
Total chlorine (Gg yh? 271 284 296 298 298 302 292+10.6 (3.6%)

Note:? Sum of five listed species in Table S3: £ CH,Cl,, CHCk, CHsCCls, particulate and inorganic Cl.
®in brackets, CV is the coefficient of variatiorD{@verage), in %; OCPs are estimated for rice stp@n burning only.




Table3

SEA CROB vs. forest fire emissions in 2010, in Fg,yn brackets are the percentage CROB contributiathe total biomass open

burning.
Indonesia Vietnam Thailand Philippines Myanmar SEgdion

Species| CROB Forest CROB Forest CROB Forest CROB Forest ERO Forest CROB Forest Total
CO 45(8)] 504 2.5(76) 0.8 0.94(29) 2.3 0.96(52)] 0.90 2.3(23) 7.7 11.6(24)| 37.6| 49.2
NOx 0.13(15) 0.7 0.07(76)| 0.022| 0.029(33)| 0.057|0.032(59)| 0.022| 0.06(24)] 0.193| 0.329(26)] 0.93| 1.26
SO, 0.01(4)| 0.223| 0.0058(49), 0.006| 0.003(16)] 0.015| 0.003(33)| 0.006| 0.005(8)| 0.054| 0.028(10)| 0.263| 0.291
NMVOC | 0.37(15) 2.2 0.21(81)| 0.05| 0.07(29) 0.17| 0.08(53)| 0.07| 0.182(26) 0.52| 0.95(27) 2.6 3.5
NH; 0.19(31)] 0.42| 0.103(81)| 0.024| 0.038(29)| 0.093|0.039(57)] 0.029| 0.096(45)] 0.118| 0.48(43)| 0.64 1.1
PMg 0.77(17)| 3.78| 0.31(74)] 0.11| 0.09(25) 0.29| 0.19(63)] 0.11| 0.47(33) 0.96 1.9(29) 4.7 6.5
PM,. 0.7(20) 29 0.28(78)| 0.080| 0.084(29) 0.21| 0.17(68)] 0.08| 0.43(38) 0.7 1.7(33) 34| 5.15
BC 0.028(14)| 0.178| 0.015(75)| 0.005| 0.0072(36)| 0.013| 0.007(59)| 0.005| 0.014(24)] 0.045| 0.074(25)| 0.22| 0.29
ocC 0.34(19) 14| 0.12(74)| 0.040| 0.031(22) 0.11]| 0.089(69)| 0.040| 0.22(37) 0.37| 0.81(31) 1.8 2.6
CGO, 65.2(11) 522| 36.8(72) 14 16(29) 39| 16.5(52) 15 32.1(19) 135 172(21)| 655 827
CH, 0.2(31)| 0.45, 0.11(69)] 0.05| 0.038(20) 0.15]| 0.041(41)| 0.06| 0.104(18) 0.47| 0.52(18) 2.3 2.8
N,O 0.053(8)] 0.063| 0.003(92)| 0.0018| 0.0012(21)| 0.0047| 0.001(41)| 0.0018| 0.0026(13)] 0.017| 0.014(14)| 0.082| 0.096

Note: Forest — forest fire emission from GFED4piitivww.globalfiredata.org/data.html.




Figure caption

Fig. 1. Amount of crop residues subjected to open burbingype of crop, 2010-2015 (MTg
yr)

Fig. 2. Shares by country in the annual SEA CROB emissibsfferent species, averaged over
2010-2015 (refer to Table 2 for the total annuaissions)

Fig. 3. Total annual emissions of different species andeshlay crop types, averaged over
2010-2015 (refer to Table 2 for the total annuaissions)

Fig. 4. SEA CROB emissions during 2015 showing with lowstland high emission estimates
of different species

Fig. 5. Gridded SEA CROB emissions in t'ygrid*, if not otherwise specified, with grid
resolution of 0.1° x 0.1°, 2015 for selected spe(ielorful version is in Fig. S4, Sl)

Fig. 6. Monthly fractions of CROB emissions from differeuntries in SEA, 2015
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Note: OCPs were estimated only for RSOB.
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Highlights

» Emission inventory for air toxics from crop residue open burning (CROB) in Southeast
Asia

» Fractions of residue subjected to open burning (Bx) compiled from local surveys

e Minima inter-annual fluctuationsin emissions over the 2010-2015 period

* Rice, maize and sugarcane residue open burning was major emitters

» CROB emissions contributed more than forest fires in Vietnam and Philippines



