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Key Points:

» First satellite estimates of $@missions from India’s Morbi ceramic industry.
» SO, ceramic emissions are similar to those from laef@eries and power plants.
* Morbi ceramic S@emissions are ~5 times higher in 2017 compar@d@5.

Abstract

Observations from the Ozone Monitoring Instrume@M(), onboard the NASA’s Earth Observing
System (EOS) Aura satellite, reveal a large, Skbtspot” over Morbi, Gujarat, India, while the
available emissions inventories do not report amyomsources in this region. There are no industrie
that are typically associated with the elevated S@h as large power plants, smelters, or oil refse

in the Morbi region. Our analysis shows that thevated S@ source is attributed to the ceramic
industries in an area of ~7 x 7 kmear the city. OMI-estimated $@missions from the Morbi ceramic
industries have been near or above 100 ksiyce 2009, which are similar to emission levetsr
larger Indian oil refineries (such as Essar andn#gar) and power stations (such as Mundra Thermal
Power Station and Ultra Mega Power Plant) locate@ujarat, India. According to OMI measurements,
the SQ emissions from the Morbi ceramic industries arespntly five times higher than they were in
2005. This study demonstrates that in the absehaeyother information about S@missions from
the ceramic industry, these satellite-based estisnedn fill the gap in emission inventories inraely
fashion.
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1. Introduction

Sulfur dioxide (SQ) is a short-lived atmospheric air pollutant endtter formed in the atmosphere
through natural and anthropogenic processes, aagls pan important role in the atmospheric
environment and global sulfur cycle. Once emitt€a, 8an deposit on the surface or be transformed
chemically into particulate matter (i.e., sulfag¥@sol). SQ and its oxidation products are considered as
designated criteria air pollutants in many coustrerldwide due to their various environmental and
health consequences (Kharol et al., 2017). To suppht surface monitoring, a handful of satellite
sensors have provided information on the globstritution of SQ since the 1990s (Krotkov et al.,
2008; Li et al., 2013; Theys et al., 2015). In gattr, these satellite observations are used sitely

to detect anthropogenic $@ignals from large individual point sources sushcapper and nickel
smelters, power plants, oil and gas refineries, @hdr sources (Bauduin et al., 2016, 2014, Casl. et
2007, 2004; de Foy et al., 2009; Fioletov et &)1 Lee et al.,, 2009; McLinden et al., 2014, 2012;
Nowlan et al., 2011; Thomas et al., 2005). They &@ao provide information on S@&missions from
volcanic sources whereas other information is oftenavailable (Carn et al., 2017). Satellite data
also used to study the evolution of S&nounts over large regions such as eastern Udet@dv et al.,
2015, 2011; Kharol et al., 2017), Europe (Krotkdvak, 2016), China (Jiang et al., 2012; Koukotli e
al., 2016; Li et al., 2010; Witte et al., 2009)daimdia (Lu et al., 2013). Recently, Li et al. {Z)
noticed that, with its 50% increase in S&nissions since 2007, India is surpassing Chidabasoming

world’s largest emitter of anthropogenic SO

As SO emissions are important for air quality, emissioventories often provide estimates for them
(Klimont et al., 2013), and satellite data-basedssion estimates are proven to be a valuable additi

the conventional bottom-up emission inventoriesi (et al., 2018). Emissions from power plants, oll
refining processes, metal ore smelting factoriesvalé as from natural sources such as volcanoes are
estimated from satellite measurements (Carn et28ll,7; Fioletov et al., 2016). Despite what is
becoming an increasingly important complete glgiiature of SQ emissions, we found that a large
emission source from the Indian ceramic industiar mdorbi is currently missing from leading emission
inventories such as Hemispheric Transport of AilURants (Janssens-Maenhout et al., 2015), and can
also be monitored by satellites. Ceramic producgsnaanufactured from clays and other non-metallic

inorganic materials. The clay minerals that aredusseraw materials in ceramic industries often a@iont
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high levels of sulfur. In addition, coal used inirfg the ceramic products may contain sulfur tisat i

oxidized to SQin the process.

Due to high prices of natural gas, most of the me&randustry in Morbi uses low quality coal (BEE,
2010), which is one of the major sources ob 8@issions. The supply of relatively inexpensivaldor
ceramic industries is fulfiled by coal producintates of India (e.g., West Bengal, Jharkhand and
Chhattisgarh). The increased S@missions from ceramic industries not only affded health of
ceramic workers, but also degrade the air qualitthe neighboring populated areas causing deleterio
health effects (Seabrook, et al., 2019) regionaligl is responsible for vegetation damage (Wenl, et a
2006).

The main objective of the study is to quantify megil SQ emissions, with a focus on those from the
ceramic industries near Morbi, India using Ozonenktwing Instrument (OMI) satellite data. This is
the first study of its kind to identify and estimaBSQ emissions from ceramic industries. The

methodology is described in section 2. SectionBalestrates the results of the study.

2. Datasets & Methodology

2.1. OMI Satellite observations

The Ozone Monitoring Instrument (OMI) is particijauseful for SQ monitoring from space. OMI is a
Dutch-Finnish UV-Visible wide field-of-view nadiriewing spectrometer flying on NASA’s EOS Aura
spacecraft (Schoeberl et al., 2006), providingydgibbal coverage at high spatial resolution (Leeel

al., 2006). The overview of OMI operation, productsience and applications has been published
recently (Levelt et al., 2018). Operational OMaétary Boundary Layer (PBL) total column Sfata
produced with the Principal Component Analysis (FP@®yorithm (Li et al., 2013) for the period 2005-
2017 were used in this study. S@ertical column densities (VCDs) (which represt total number

of molecules or total mass per unit area) areenatd assuming PBL SQ@rofile shape and given in
Dobson units (DU, 1 DU = 2.69+30molecekn). A climatological S@ profile over the summertime
eastern U.S. was used in the retrievals (Li et28l1,3). Only clear-sky data, defined as havingoact|

radiance fraction (across each pixel) less than,20% only measurements taken at solar zenith angle
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less than 70° were used. OMI Sdata are retrieved for 60 cross-track positiomsquas), and the pixel
ground size varies depending on the track posftiom 13 x 24 km?2 at nadir to about 28 x 150 km? at
the outermost swath angle. Data from the firsaf@ last 10 cross-track positions were excludegh fro
the analysis to limit the across-track pixel widthabout 40 km. Additional information on the OMI
PCA SQ product is available from Krotkov et al. (2016).

2.2. SO, emission estimates

The OMI “top-down” SQ emission estimates used in this study are basettheomultisource fitting
algorithm of Fioletov et al. (2017). $SQalues for each OMI pixel are merged with wind espand
direction from European Centre for Medium-Range iveaForecasts (ECMWEF) reanalysis data (Dee
et al., 2011; http://apps.ecmwf.int/datasets/). d\pmofiles are available every 6 h on a §.@6rizontal
grid and are interpolated in space and time toldhation of each OMI pixel center. The algorithm is
based on fitting OMI S@VCD data by a linear combination of functions d¥iDpixel coordinates and
wind speeds, where each function represents theepftom an individual source. It is assumed that th
plume shape is the same for all sources and oslgnfission strength varies from source to source. T
estimated total SOmass §) for each source is related to the emission streif). Assuming a steady
state, these quantities are related through thetegquE = o/r, wherez is the lifetime or, more
accurately, decay time. The parametef hours was estimated from OMI| data based the wbder
plume decay. This makes it possible to estimatssams from these sources or groups of sources. |
the location of all sources is known, it is expdctieat the fitting results and the actual avera@éd
data will agree within the measurement noise Idabdlout 0.5 DU for individual pixels). It was
demonstrated that the algorithm can successfutlynate emissions for the power plants in the easter
U.S., Canada and Europe (Fioletov et al., 2017 dverall uncertainty of the method is about 50%.
There are several factors that contribute to thésson estimate uncertainty, however the major
contributors, namely uncertainties in air massdixcti.e., related to the optical path length tigtothe
atmosphere) ang appear as scaling factors. They affect emissstimates for the sources discussed in
this study in the same way. In other words, evethéf absolute emissions estimates may have large
uncertainties, relative changes in emissions viiitie tas well as the relative emission strength betwe
the sources are far more accurate. The remainictgri&a such as the uncertainty related to stadiistic

errors from the regression model and errors duedorrect wind speed and direction are about 20%.



124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

139

140
141
142

Note that the error bars in this study represeatstatistical uncertainties. Additional informatiabout

the algorithm and uncertainty analysis can be faar(#ioletov et al., 2016).

It was also demonstrated that OMI data are affeblgdarge-scale biases that are likely related to
imperfection in the removal of a very strong ozabsorption that depends on stratospheric temperatur
and the ozone profile. Although such large-scaésds in the OMI PCA data set are relatively small,
they nonetheless can affect emission estimates: theeEastern U.S., d"6rder polynomial function
was added to the fit to account for this large esdahs (Fioletov et al., 2017) but in this studye t
analysis was performed for a much smaller areaaahdear function (of latitude and longitude) was
used to account for the bias that appears as h-south gradient. The method is illustrated by Fegl,
where the 2005-2017 mean OMI $@ata, the fitting results, the large-scale biasl the difference
between OMI data and the fitting results (the nesis) are shown. The emission sources includelden t
fit are shown by the black dots. As Figure 1 sho@#ll data with the bias removed (panels a and d)

agree well with the fitting results (panels b ajdgeving confidence in the emission estimates.

DU

1.20

Figure 1. (a) Mean S@ VCDs for 2005-2017 calculated from OMI data preesk with the PCA
algorithm. (b) Results of the fitting of OMI data/ bhe set of functions that represent VCDs near

emission sources using estimated emissions. Arliiueation of latitude and longitude was addedn® t
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fit to account for a large-scale bias. (c) Theat#hce between OMI data and the fitting resulte (th
residuals). (d) OMI data with the large-scale b@®moved. (e) The same as (b) but without the large
scale bias. (f) The estimated large-scale bias.naes are smoothed by the pixel averaging technique

with a 30-km radius (Fioletov et al., 2011). Theimadustrial sources are shown by the black dots.

3. Results & Discussions

Over the past few years, ceramic tile consumptiomdia has increased due to the growth in average
net worth of the population, a booming real estdetor along with a rapid increase in disposable
income of consumers and growth in the infrastrectssctor (Ernst & Young LLP, 2013). Increasing
demand for ceramic products regionally and inteonmally resulted in an increase in ceramic
production. Presently, ceramic industries in Ingieduce ~12.9% (KICT, 2019) of global output, which
places it second in the world. Morbi is the hedrndia’s ceramic industry, with a population of 6fa

a million people located in the Rajkot district @ljarat, India (Figure 2; Source 6), with over 600
ceramic manufacturing units (mostly unorganizedréCRatings, 2019). Approximately 80% of India’s
ceramic industries/factories are located in Mo€hijarat, India, which are mostly engaged in ceramic
tiles production (e.g., wall tiles, vitrified tiledloor tiles, roofing tiles etc.) and accounts f6f0% of

India’s total production of ceramic tiles (Care iRgs, 2019).

The Morbi cluster of ceramic factories expanded-Zox 7 knf in area and is clearly noticeable towards
the east side of Morbi city and marked with appmwate boundary in red color on the Google Earth
satellite image (Figure 2, bottom panel). The proty to key raw materials (e.g. various type ofycla
red and black soil, minerals such as calcite andbgtonite) for ceramic products either locallyfam

a neighboring state (e.g., Rajasthan) is one okdlyareasons behind Morbi being the ceramic capital
India. Apart from Morbi, there is another large iBd ceramic cluster in Thangadh, located in the
Surendranagar district of Gujarat, but it is nobhsidered here because its emissions are substantial
smaller.



173

174
175
176
177
178
179
180

.00gle earth

Figure 2. (Top left) The red square box region in Gujamatlid, analyzed in this study. (Top right) The
main industrial sites in the analyzed area: (1) tfanThermal Power Station (MTPS) and Mundra
Ultra-Mega Power Plant (UMPP), (2) Mundra Port, @kka Thermal Power Station, (4) Nayara
Energy Refinery (formally known as Essar Oil Refine(5) Jamnagar Oil Refinery, (6) Morbi, Gujarat,
India. The bottom plot is an expanded view of seu), showing the ~7 km-wide ceramic industries
area within the red contour east of city of Moi®uyjarat, IndiaThe ceramic industries appear as white
rectangles on this Google Earth image.




181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

207

208

209

210

In addition to ceramic factories at Morbi, Indigscond and third largest thermal power plants (hgme
Mundra Thermal Power Station (MTPS) and Mundra dJNtega Power Plant (UMPP)) (Power
Technology, 2019), one of Gujarat’'s coal-fired powknt, and one of the world’s largest oil refiesr
are located on the shores of the Gulf of Kutch Feg?) (World’s largest refineries, 2016). Both, R
and UMPP are coal-fired thermal power plants amdtied very close to each other (~2 km apart), thus
jointly considered as source 1 in Figure 1. The 8fanport (source 2, Figure 2) is the largest pevat
port of India (Mundra Port, 2019). The Sikka Thekfawer Station (source 3, Figure 2), located near
Jamnagar on the southern shore of Gulf of Kutchapetated by Gujarat State Electricity Corporation
Limited (GSECL), is one of Gujarat’s coal-fired pemplant with two units of 250 MW (Sikka Thermal
Power Station, 2019). The Nayara Energy refineoynfally known as Essar oil refinery; source 4,
Figure 2) is India’s second largest single siténexly located near Vadinar, Gujarat, with a cayaotit
405,000 barrels per day (64,400/day) (Essar Refinery, 2019). Presently, the Jamnagfinery
(source 5, Figure 2) is the world’s largest crudeedinery owned and operated by Reliance Indastri
Limited, and located near Motikhavdi in Jamnagatrdit, Gujarat, India. It was commissioned in July
1999 with an installed capacity of 668,000 barmds day (106,200 frday) and later increased to
1,240,000 barrels per day (197,008dn (Jamnagar Refinery, 2019).

The large changes in land use / land cover, dubeaapid industrialization in Gujarat, India, coa
seen in the LANDSAT satellte True Color Compositder 1984, 2005, and 2016
(https://earthengine.google.com/timelapse/) (FigdteLANDSAT satellite images show large changes

in the six industrial areas indicated in FigurelBere were essentially no large industrial compere
the six areas in 1984. By 2005 (the first year ddi@peration), Mundra port, Sikka Thermal Power
station and the Jamnagar oil refinery in the Madikdi area were operational and some ceramic
factories were seen near Morbi. The Essar oil egfinwas still under construction in 2005, and

completed and commissioned in 2006.
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234  Figure 3. LANDSAT True color composites over Vandh, Mundvigtikhavdi and Morbi, Gujarat,
235 India for the period of 1984, 2005, and 2016. Ttemmndustrial areas, as labeled in Figure 2, are
236  shown in each panel.
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237  However, there was no sign of any constructionvagtiat source 1 (i.e., MTPS and UMPP). In the
238 bottom image for 2016, there are large industmastallations in all six areas. The construction for
239  MTPS project began in 2008 and became fully opamatiin March 2012 with all nine units providing

240 4620 MW (4 units of 330 MW and 5 units of 660 MWjpacity (Power Technology, 2019). The first
241 330 MW and last 660 MW units of MTPS were commigs in May 2009 and March 2012,

242  respectively (Power Technology, 2019). Similarhg tonstruction for Mundra UMPP project began in
243 2007 and became fully operational in March 2013wit five units providing 4000 MW (each of 800

244  MW) capacity (Power Technology, 2019). The expamsb the ceramic industrial cluster at Morbi,

245  Gujarat is also evident in 2016.
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247  Figure 4. Mean OMlI-derived S@vertical column densities (VCDs) without the laiggale bias over
248  Morbi, Guijarat, India, for the four periods as icatied on the plot. The main industrial sources are
249  shown by the black dots.
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Figure 4 shows the results of the fitting of OMltaldy the set of functions that represent VCDs near
emission sources using estimated emissions withatige-scale bias removed (the plot corresponds to
the panel e of Figure 1). Satellite data from ONady demonstrate a strong increase i, $GDs
over Gujarat (Figure 4) that reflect an increasermssions (discussed below). In 2005-2008, ontyeso
relatively weak S@signals from the Jamnagar oil refinery at Motiktlisand the Morbi ceramic cluster
existed. That signal increased significantly by POAfter 2011, elevated SO/CDs were observed
north of the Gulf of Kutch as the operation of M&PS and UMPP power plants had started. The SO

VCDs increased over Morbi due to the expansiorecdmmic cluster.

400+
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Figure 5. Annual SQ emissions for the three main industrial regiontimeded from OMI data. The
magenta line indicates emissions from the sourcasd1?, the blue line represents the sources&éhdi,
5, and the black line demonstrates emissions flenctéramic industry (source 6) at Morbi (see Fidure
for source locations). The error bars represent 86ftidence intervals.
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The data fitting algorithms can be used to estind&eemissions from individual factories or groups of
factories located in close proximity ( Fioletov &t, 2017). Figure 5 shows the estimated annual
emissions from three clusters of Séburces. The sources within each cluster areddoatthin 10-15

km distance and the OMI spatial resolution is ma¢ fenough to distinguish them as individual source
Therefore, we combined sources 1 and 2 as clusteoutces 3, 4 and 5 as cluster 2 and source 6 as
cluster 3. The extensive use of ceramic productstrastural materials and for decorative purposes i
buildings has dramatically increased manufacturingrecent years (Sawdust, 2019), which has
increased S@emissions as shown in Figure 5. We found that @omns from Morbi ceramic industries
have been near or above 100 Rtsince 2009. They are now comparable with the sfienassions
from sources in cluster 2 (i.e., Sikka Thermal PoSgation (source 3), Essar oil refinery (sourca)
Jamnagar refinery (source 5)) and represent ~MaHeototal emissions from sources in cluster &. (i.
MTPS and UMPP (source 1) and Mundra port (sourkeTPe SQ emissions from ceramic industries at
Morbi are ~5 times higher in 2017 compared to 20l%e emissions from cluster 1 are ~2.75 times
higher in 2017 compared to 2012, and cluster 2-arg times higher in 2017 compared with 2005.

We examined global emissions inventories, such esispheric Transport of Air Pollutants (HTAP)
(Janssens-Maenhout et al., 2015), Emissions DaafmasGlobal Atmospheric Research (EDGAR,
Janssens-Maenhout et al., 2013) and the MACCitentary (Lamarque et al., 2010; Granier et al.,
2011) and none of them report any significant 8@issions from the grid cell closest to the Morbi
area. While emission estimates for the ceramic gtrths near Morbi are not available, there are
estimates of SPemissions for MTPS. A recent study by Tong et (8018) estimated that SO
emissions from one of MTPS’s power-generating umts330 MW capacity, were ~7.9 kt per year in
2010. As mentioned above, there were nine opeiatiamts in 2012 (4 units of 330 MW and 5 units of
660 MW) (Power Technology, 2019). This suggests MiBPS’s SQ emissions were ~110.6 kt per year
in 2012, which is in line with OMI-based estimate$10 kt y'+25 kt y%).

While in this study we focused on Gujarat, Indiaere are other regions in the world with a high
concentration of ceramic industries. For examgie, total production of the ceramic industry in the
Foshan region of China is even larger that in Madi®i3 (http://www.recocera.com/ceramic-tile-
production-base/) and 2.8 million square meter stile per day

(https://lwww.morbiceramicindustry.com/index.htmispectively). However, these Chinese ceramic
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industries are in close proximity to power plantgiich makes it impossible for OMI to separate

emissions from ceramic industries and power pltrgse.

4. Conclusions

India’s ceramic industry is an important sourcewthropogenic S©emissions that is not accounted for
in common emissions inventories. Increase in Iisdpopulation and rapid movement of dwellers from
villages and towns to cities for job/livelihood ¢seating more demand for ceramic products, which is
providing an additional growth opportunity for ceria industries. In the absence of any other
information, emission from the Morbi region, whatgout 80% of Indian ceramic industries are located,
can be estimated using satellite data. They areputed to be ~100 kt™y since 2009, which is
comparable with emissions from a large power planbil refinery. Since there are ~600 ceramic
factories in the Morbi ceramic cluster, on averageh coal-based ceramic factory emits ~0.17 kif S
per year. Since there is an additional ~20% cergmoduction outside of the Morbi region, one would
expect an additional ~20 kt'yn SO, emissions for a national total emission estimafes120 kt y*.
These new satellite-derived estimates can be wsbdlp make more informed decisions on impacts of
SO, emissions from the ceramic industries, as wellfrasn oil refineries and power plants, on
environment and human health. For example, thegesagellite estimates can be used to monitor the
impact of policy regulations such as those recefitharch ", 2019) issued by Gujarat Pollution
Control Board (GPCB) to close Morbi based cerammitsuthat are running on coal gasifiers following
the National Green Tribunal order (Daily News ambysis, 2019; The Times of India, 2019).
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Highlights:

» First satellite estimates of $@missions from India’s Morbi ceramic industry.
» SO, ceramic emissions are similar to those from laef@eries and power plants.
* Morbi ceramic S@emissions are ~5 times higher in 2017 compar@d0®.
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