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Abstract. Rice is produced in more than 95 countries world- Streets et al., 2003). The transport of aerosols from the Asian
wide and is a staple food for over half of the world’s popu- continent can be observed from satellite observations (Kim
lation. Rice is also a major food crop of Taiwan. There areet al., 2006; Lee et al., 2006), and has shown enhancement
numerous rice crops planted on the western plains of Tai-of the aerosol optical depth over the Yellow Sea. The fine
wan, and, after the harvest season, the left-over straw is oftemass concentration of particulate matter (Rfy1has been
burned on-site. The air pollutants from the burning emissionameasured at background sites located off the Korean penin-
include CQ, CO, CH, and other suspended particles, most sula, such as Taean, Kanghwa and Gosan. However, these
of these being the greenhouse gases which cause global ckites have relatively cleaner air with less influence from local
mate change. In this study FORMOSAT-2 satellite imagespollution (He et al., 2003; Lee et al., 2007). Studies have oc-
and ground-truth data from 2008 and 2009 are used to coneasionally found PMs mass concentrations exceeding the
duct supervised classification and calculate the extent of th&JS NAAQS annual PMs standard due to the influence of
straw burning areas. It was found that 10 % of the paddieghe long-range transport of aerosols from the Asian conti-
in the study area were burned after harvest during this 2-yment. The capabilities of recent satellites now provide an
period. On this pro rata basis, we calculated the overall carunprecedented opportunity to observe and monitor the dy-
bon emissions from the burning of the straw. The findingsnamics of the earth’s surface simultaneously from numerous
showed that these few farmers produced up to 34 000 tonperspectives (White, 1976; Kim et al., 2001; DeBell et al.,
of carbon emissions in 2008, and 40 000tons in 2009. The2006; Malm and Hand, 2007; Pitchford et al., 2007; Jung et
study results indicate that remotely sensed images can bal., 2009a) as well as monitor the effect of radiative forc-
used to efficiently evaluate the important characteristics foring by the haze (Charlson et al., 1992; Haywood and Shine,
carbon emission detection. It also provides quantitative re-1995; Ramanathan et al., 2001; Yoon and Kim, 2006). More
sults that are relevant to tracking sources of transport pollucurrently, Chang et al. (2012) proposed an innovative clas-
tion, postharvest burning, and Asian dust in Taiwan. sification tool to classify high-resolution imagery taken by
FORMOSAT-2 (FS-2), with the intention to map burned ar-
eas of rice paddy fields during harvest season. They provide
visualized and accurate estimations for rice straw open burn-
1 Introduction ing in Taiwan.

The technique of remote sensing provides a two-
Economic growth in East Asia including Korea, China and dimensional synoptic view with high spatial resolution. This
Japan has led to a rapid increase in the abundance of atmenethod can be used to observe emissions from burning over
spheric aerosols over the past few decades (Akimoto, 2003;
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Fig. 1. Location of rice paddy areas in the Hsinkang, Xikou and Minsyong townships in Chiayi County.

long periods of time, even at isolated locations. After thearea, so it is one of the main tools used in this study. Al-
rice harvest in Taiwan, the left-over straw is often burnedthough the spatial resolution is 2 m, it still requires manpower
on-site. The air pollutants produced by the burning emis-to collect ground truths and validate the classified results. In
sions (such as PM, CO, NOx) can cause serious environmersrder to improve the accuracy of determination and avoid
tal pollution and poor air quality. In addition, the burning of climatic factors, we also used high spatial resolution pho-
straw near roadsides in Taiwan can lead to traffic safety contographs from unmanned aerial vehicles (UAV) to provide
cerns due to poor visibility. There is also an issue relatedan alternative source of ground truth. Therefore, the man-
to global environmental change. It is commonly acceptedual interpretation from UAV aerial photos presents evidence
that warming results from large amounts of greenhouse gasonfirming the accuracy of satellite images for conducting
emissions. According to the International Energy Agencyenvironmental monitoring. With this method the goal is to
(IEA)/OECD, the total amount of C£emissions in Taiwan achieve high efficiency and accuracy. The methodology and
in 2008 was 264.29 million tons, accounting for 0.9 % of to- data collections are same as in Chang et al. (2012) as well as
tal global emissions. This meant that it was 22nd in globalthe study area.

ranking, with per capita emissions of 11.53tons, which was
more than Japan, Korea and the OECD average, the 17th in
the global ranking. Although the primary source of emissions2

is mainly from heavy industry, the burning of straw did result Chiayi County is located on the Chianan Plain of south-

in regional alr_pollut|on and dumped large amounts Ofgreen_western Taiwan. It is characterized by flat and open ter-
house gases into the atmosphere.

: L rain, suitable for rice paddies. The main agricultural crop
Here, we present a general overview of variations, and de:

. . - in this area is rice, making Chiayi County one of the top

velop a suitable remote sensing method to carry out a wide. =~ . 2 . . X
. . ive rice producing counties in Taiwan. The rice growing
range of image capture and data analysis as well as enhance ~_". ;
. . . L area is also close to densely populated areas in the town-
the accuracy of the information acquired. Satellite images

acquired from FORMOSAT-2 have high spatial and tem o—Ship and has a highway running through it. Many local peo-
d . gn sp P le complain about the poor air quality due to the open air
ral and multi-spectral features, and can be used to carry OLE

large-scale regional monitoring for image capture in Taiwan urning of the rice straw after the harvest. We used the ex-
9 9 9 9 P act geographic coordinates of paddy field burning obtained

Study area
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2009.12.03 Xikou Township, Chiayi County | 2009.12.04 Xikou Township, Chiayi County
(Clear and less cloudy) (Clear and less cloudy)

2009.12.11 Xikou Township, Chiayi County | 2009.11.10 Xikou Township, Chiayi County
(Cloudy) (Clear and less cloudy)

2008.10.31 Xikou Township, Chiayi County | 2008.11.13 Xikou Township, Chiayi County
(Cloudy) (Clear and less cloudy)

Fig. 2. Satellite image processing before and after the harvest in 2008 and 2009 in Xikou Township, Chiayi County.

from a site-inspection conducted by the Environmental Pro-3 Data collection
tection Bureau of Chiayi County in 2009 as training data for
classification, and then on the basis of these sites plot the e

tent of agricultural land. The main locations are Hsinkang,_l_ownship in Chiayi County (Fig. 1). Classification of the

Xikou Township and Minsyong Township in Chiayi County . L S

; . . .. 2 area for this study was conducted using intensive images ac-
in southwest Taiwan. The green markers in the satellite im- uired by FORMOSAT-2 with its hiah re-visit incidence to
ages show the distribution of the rice paddy areas (Fig. 1). q y 9

the study areas during the rice harvest of 2008 and 2009. To
sum up, there were effective images obtained for four peri-
ods before and after the harvest in 2008, and for six periods
in 2009 (Fig. 2).

Fhe selected study area included the surroundings of Xikou
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Table 1. Statistics for classification of study area.

Date Harvested Area Burnt Areas Areas Not Total Classified Proportion of
(Hectares) (Hectares) Harvested Area (Hectares) Burning
(Hectares)
4 December 2009 2429.75 493.65 1365.29 4288.69 11.51%
3 December 2008 1998.09 382.41 1461.64 3842.14 9.95%

Fig. 3. Study area (Xikou Township) before the harvest.

The image selection rule was made before the rice harvest Gadde et al. (2009) also surveyed former studies to deter-
for the same area and the post images were orthorectifiednine the various gases and particulates generated when the
the selected dates were 13 November 2008 and 3 Decembestraw is burnt, as shown in Table 2.

10 November 2009 (Fig. 3) and 3 December (Fig. 4). We also Based orE, = Qssrsx EF,; x fco (Formula 1) (Gadde et

use the results of manual ground inspection to conduct GP&l., 2009), the following can be defined:

geolocation for the marking of burned areas (Fig. 5). .
— E,: Total gas emissions;

— EF,: Emission factors of various gases from burning

4 Calculation of carbon emissions rice straw: and

According to the study of Gadde et al. (2007), the straw to  — f..: Burning factor, 0.80 (burnt proportion).

grain ratio (SGR) is 0.75, which is in line with statistics _ _ _ _
for the Taiwan’s annual rice production obtained from the After carrying out a calculation based the above information,
Agriculture and Food Agency of the Council of Agriculture We obtained the total carbon emissions from the open burn-
(COA). From these data we can calculate back to find the toing of rice straw in the second crop area for 2008 and 2009,
tal amount of left-over rice straw per rice harvest (Gadde etas shown in Table 4.

al., 2009).

— QOssre Amount of straw burned per period 5 Conclusions

The study results show that this supervised classification

— PrR: Total rice production per period nad
method could be used to make the correct classification

— SGR: Straw to grain ratio — 0.75 of the extent of the straw burning area from multispectral
FORMOSAT-2 images and other data for the training area
— QOsra: Burned proportion of rice fields (%) after completing orthorectification. For example, for 2009,
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Fig. 5. Study area (Xikou Township).

we took the partial ground truths and validated the clas-suppose that this might have been the result of the tolerance
sified results from the manual audit as the basis of superef the handheld GPS when collecting the seismic data, or that
vised classification, and used the rest for independent checkhe recording staff had not actually entered the paddy fields.
points. We successfully classified 14 checkpoints out of 16.The accuracy obtained by re-examining the classification re-
Although the remaining two were classified as unburned ar-sults was 87.5 %, which proves that this method is reliable.
eas, there were still burn marks on adjacent farmlands. Wéuring the second rice harvests in 2008 and 2009, open straw
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Table 2. Emission factors (EFs) (Gaddle et al., 2009).

C

.-C. Liu et al.: The application of FORMOSAT-2

Summary of EFs specific to rice straw open burning along with their references.

Name of pollutant Unit EF Reference Remarks
(open
burning)

CO, g kg—ldm* 1460 (Jenkins and Bhatnagar, 1991) The EF is specific to open field burning
of rice straw.

CHy gkg1 dry fuel 1.2 (US EPA, 1992) The EF is sourced from the AP-42
database developed by the US
Environmental protection Agency
(US EPA) for rice straw.

N>O gkg® dry fuel  0.07 (Andreae and Merlet, 2001) It is proven tha\is one of the
compounds being emitted from
biomass burning. It is also identified as
one of the pollutants emitted from open
field burning of rice straw (Ogawa and
Yoshida, 2005). As a specific EF for
rice straw is not available, an average
EF for agricultural residue burning was
considered instead in this study

CO gkd Lqm 34.7 (Kadam et al., 2000) These are the latest EF data that are
available for rice straw.

Gupta et al. (2004) had also mentioned
an EF, but sourced from a paper pub-
lished in 1991 by Jenkins and Bhat-

nagar (1991). Other references confirm
the EF considered in the present study,
i.e. Ortiz de Z'arate et al. (2000) and

Badarinath et al. (2006)

NMHC gkg?! 4 (US EPA, 1992) This EF is sourced from the
AP-42 database.

NOX gkgt gmi 3.1 (Kadam et al., 2000) This EF is for cereal waste
burning (Ortiz de Z'arate et al.,2000)

SO, gkg? 2 (Jenkins and Bhatnagar, 1991)  This EF is in contradiction with another
EF for general crop residue burning re-
ported by Habib et al. (2004). It is due
to disparity in the straw sulphur content.

Total particulate gkg?! dry fuel 13 Ortiz de Z'arate et al.(2000) No specific reference for rice straw.

matter (TPM) This EF is specific to TPM for cereal
waste and is consistent with EF from
Andreae and Merlet (2001).

Fine particulate gkg?! dam 12.95 (Hays et al., 2005) This EF is specific for open field

matter (PM 5) burning of rice straw.

PM1g gkg? dry fuel 3.7 (Kadam et al., 2000) This EF is matched other data found
in the literature including Badarinath et
al. (2006) and is specific to rice straw

Polycyclic aromatic mg kgfldry fuel 18.62 (Keshtkar and Ashbaugh, 2007)  This EF is specific to rice straw alone.

hydrocarbons (PAHs)

Polychlorinated Ng 0.5 (Gullett and Touati, 2003) This EF is specific to rice straw alone

dioxins and international and is indicated in other studies

furans (PCDD/F) toxic as well (Shiha et al., 2008)

equivalency
(I-TEQ)/kg

Dm* = material
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Table 3. The exhaust gases from the open burning of rice straw associated with carbon emissions (Gaddle et al., 2009).

Name of pollutant  Unit EF (open burning) Reference

CO, gkg~ldm* 1460 (Jenkins and Bhatnagar, 1991)
CHy gkg ldryfuel 1.2 (US EPA,1992)

co gkg ldm 34.7 (Kadam et al., 2000)

Table 4. Estimation of carbon emissions from open rice straw burning within the study area (Xikou Township) during 2008—2009.

Year Riceyield Studyarea Burnt Amountof COy CcO CHyg C
per hectare (hectare) proportion  straw burnt  Emission Emission Emission Total
of the % (tons) (tons) (tons) (tons) Emission
second
crop
2009 4019 4288.69 11.51 1487.98 17379 413 3.52 494.33
2008 3427 3842.14 9.95 982.88 1148.0 27.2 3.52 327.42

burning areas accounted for 10% of the total paddy fieldAcknowledgementsie are appreciative of the financial support
area, which is several times more than the 2 % reported byn the form of research grants from the National Science Council,
agricultural authorities from self-gathered statistics. In addi-Republic of China to Cheng-Chien Liu (grant nos. NSC 101-
tion, people in Yunlin, Chiayi and Tainan generally consider 2627-B-006-013 and NSC 101-2611-M-006-002). The authors
the open burning of rice straw the main factor behind poorare allso most gratefu! for the kind assistance of Professor Luca
air quality. The study determined that more than 10% of theFerrans, Handling Editor of Natural Hazards and Earth System

total paddy area was burnt. which is more in line with the Sciences, and for the constructive suggestions from the anony-
P y ’ mous reviewers, all of which have led to the making of several

currfer_lt _act_ual situation. The high spatial resolution and da"ycorrections and have greatly improved the presentation of this paper.
re-visit incidence of the images from FORMOSAT-2 could

provide responsible governmental units with prompt and ac-edited by: L. Ferraris

curate information about the open burning of rice straw soReviewed by: two anonymous referees

that appropriate measures can be taken to remedy the situa-

tion.
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