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ARTICLE INFO ABSTRACT

Agricultural residue burning in the Indo-Gangetic Plains (IGP) releases large amounts of reactive nitrogen,
among other pollutants, into the atmosphere each year. This study focuses on rice paddy residue burning and
wheat residue burning during October-November and April-May, respectively, in 2016 and 2017. Emissions of
reactive nitrogen species (ammonia (NH3), nitrous oxide (N,O) and oxides of nitrogen (NOx = NO + NO,))
were estimated for the study period using a suite of satellite products from the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor on the National Aeronautics and Space Administration (NASA) Aqua and
Terra satellites. Emissions were compared against ambient concentrations of fine particulate matter (PM,s) in
New Delhi, India, to help determine the impact that these agricultural burns have on PM, s, which is known to
have numerous health and environmental impacts associated with prolonged exposure to elevated concentra-
tions. Daily average measured concentrations of PM, 5 in New Delhi range from 22.43 ygm™° to 718.94 ugm 3
(average 127.15ugm ™ > + 95.23 ugm™3), with the daily average PM, 5 concentration exceeding the national
ambient air quality standard of 60 ug m ~ approximately 75% of the time. Concentrations of PM, 5 were found
to peak during October—November, which corresponds with rice paddy residue burning in the IGP. In addition to
this, statistical regression models were created to predict average daily PM, s concentrations in New Delhi, India,
based on emissions of NH3 and organic carbon (OC) in the IGP as well as meteorological conditions. The re-
gression model predicted ambient PM, s concentrations ranging from 35 to 719 ugm 2. The average modeled
concentrations of PM, s in New Delhi, India, were 111 ug m 2 (standard deviation: + 23 ug m~2) during April/
May and 207 = 87 pgm~> during October/November. Both regression models (for wheat residue burning and
for rice paddy residue burning) were comparable to the average observations (normalized mean bias less than
0.1%).
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1. Introduction carbon monoxide (CO), reactive nitrogen species (Nr; e.g. NH3, NOx,
N,0), sulfur dioxide (SO,), and hydrocarbons (Gupta et al., 2004).
These trace gases can also contribute to the formation of secondary fine

particulate matter (PM, s) both at a local and regional scale. In addition

Biomass burning (wildfires, prescribed burns and agricultural
burns) are known to emit large amounts of pollutants into the atmo-

sphere and contribute to poor air quality at both the local and regional
scale (Scholes et al., 1996; Andreae and Merlet, 2001; Freitas et al.,
2005; Arola et al., 2007). Each year, extensive agricultural burning
occurs in the Indo-Gangetic Plains (IGP; primarily in Punjab, Haryana,
and western Uttar Pradesh), which is known as the ‘bread basket’ of
India because it produces nearly 2/3 of India's food grains (wheat-rice
crop rotation) (Sharma et al., 2011; Kaskaoutis et al., 2014). The rice
paddy residue is burned in October-November, while the remaining
wheat residue is burned in April-May (Vadrevu et al., 2011; Singh and
Kaskaoutis, 2017). The burning of agricultural residue emits particulate
matter and trace gasses into the atmosphere, including methane (CH,),
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to emissions of smoke, high humidity and lower temperatures con-
tribute to severe fog conditions in India during the winter months
(Kharol et al., 2012). This fog and smoke contribute to extremely poor
air quality that impacts close to 900 million people, which is roughly 1/
8th of the world's population (Singh and Kaskaoutis, 2017). In urban
areas, such as New Delhi, emissions from agricultural burning in the
IGP region are mixed with other anthropogenic emission sources (e.g.
power plants, mobile exhaust, ect.) and dust, which elevates con-
centrations of PM, 5 to dangerous levels (Bisht et al., 2015; Pant et al.,
2015; Shyamsundar et al., 2019). Exposure to these elevated con-
centrations of fine particulate matter is associated with a number of

Received 10 April 2019; Received in revised form 10 September 2019; Accepted 15 September 2019

Available online 19 September 2019
1352-2310/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/13522310
https://www.elsevier.com/locate/atmosenv
https://doi.org/10.1016/j.atmosenv.2019.116983
https://doi.org/10.1016/j.atmosenv.2019.116983
mailto:cdbray@ncsu.edu
https://doi.org/10.1016/j.atmosenv.2019.116983
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2019.116983&domain=pdf

C.D. Bray, et al.

adverse health effects, such as chronic bronchitis, aggravated asthma,
irregular heartbeat, other cardiovascular and respiratory issues and
even death (Pope et al., 2002, 2009; Schwartz et al., 2002; Pope and
Dockery, 2006; Crouse et al., 2015). PM, 5 is also associated with sev-
eral environmental impacts, such as reducing visibility and changing
the earth's radiational balance (Fan et al., 2005; Behera and Sharma,
2010; Heald et al., 2012; Wang et al., 2012; Battye et al., 2017). The
objectives of this study are to quantify emissions from agricultural
burning of both rice paddy residue (October-November) and wheat
residue (April-May) in the IGP for 2016-2017 and determine the im-
pact that the agricultural biomass burning emissions have on PM, s
concentrations in New Delhi, India. Furthermore, a statistical regression
analysis was performed which projects concentrations of PM 5 in New
Delhi, based on emissions of NH; and organic carbon (OC) from agri-
cultural burning in the IGP plains. NH; reacts with other air pollutants
in the atmosphere to create PM, 5 in a complex nonlinear relationship
between NH; emissions and PM, 5 (Baek and Aneja, 2004; Baek et al.,
2004; Paulot and Jacob, 2014). Organic carbon can be used as a sur-
rogate for biomass burning (Ni et al., 2017).

2. Data and methodology

Emissions of reactive nitrogen species from agricultural burning in
the IGP were calculated based on the following equation (Equation (1),
Seiler and Crutzen, 1980):

Ei = BA X B X FB X EFi @

where E; is the emission of species i (in this case, OC, NH3, N,O and
NOx; in g), BA is the area burned (m?), B is the biomass loading (kg
m~2), FB is the fraction of biomass burned in the fire and EF; is the
emission factor (g kg Biomass Burned ™ !) of species i. The Moderate
Resolution Imaging Spectroradiometer (MODIS) Burned Area product
(MCD64A1, Collection 6) was used to determine the area burned
(Giglio et al., 2015). This product maps global burned area at a 500 m
spatial resolution. Compared to its predecessor (MCD45, Roy et al.,
2002; Roy et al., 2005; Roy et al., 2008; Giglio et al., 2018), this pro-
duct maps 26% more burned area globally and shows reduced un-
certainty when compared against the MODIS active fire product (Giglio
et al., 2018). The biomass loading (B) values used in this study were
0.593 kg/m? for wheat residue burning in April-May and 1.18 kg/m?>
for rice paddy residue burning in October-November, based on litera-
ture values from Rajput et al. (2014). To determine the land cover type,
the MODIS Global Cropland Extent product was used (Pittman et al.,
2010). This product maps the global cropland extent at a 250 m spatial
resolution. To determine the fraction of biomass burned, the metho-
dology of Ito and Penner (2004) and Wiedinmyer et al. (2006, 2011)
coupled with the MODIS Vegetation Continuous Fields product
(MOD44B, Collection 6) were used, which gives the total percent of
vegetation at a 250 m spatial resolution (Dimiceli et al., 2015; DiMiceli
et al., 2017). The emission factors used in this study are represented in
Table 1. For this work, it is assumed that the agricultural burns in the

Table 1
Emission factors for reactive nitrogen species used in this work. (source:
Ravindra et al., 2019).

Rice Paddy Residue (g kg™') Wheat Residue (g kg™%)

NH; 4.10° 1.30°
NO, 2.28" 1.70"
N,0 0.48" 0.74"
oc 7.6¢ 1.2¢

2 Kanabkaew and Oanh (2011).

b Sahai et al., 2011

¢ Yang et al., 2008.

Rajput et al. (2014) (adapted from Kanokkanjana et al., 2011 for rice paddy
residue burning and Hays et al., 2005 for wheat reside burning).
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Table 2

Uncertainties in each parameter used to calculate emissions for each pollutant.
The combined uncertainty represents the average uncertainty for each fire in
New Delhi during the periods of interest.

Uncertainty Uncertainty
April-May October-November
Burn Area (m?) 32,916" 30,055*
Fraction of Biomass Burned 0.013" 0.426"
Biomass Loading (kg m~2) 0.178" 0.294°
Emission Factor (g kg Biomass Burned ')
NH; 0.75¢ 1.24¢
NOx 1.68° 0.59
N,0 0.46° 0.45¢
oc 0.03% 1.28
Combined Uncertainty (g)
NH; 57.13" 4667.62"
NOx 127.96" 2220.88"
N,0 35.04" 1693.89"
oc 2.29" 4517.05"

2 Standard deviation, calculated from this work.

b Adapted from Badarinath et al. (2006), following the work of Sahai et al.
(2011).

¢ Adapted from Yang et al. (2008), following work of Sahai et al. (2011).

d Christian et al. (2003) via Sahai et al. (2011)

¢ Kanabkaew and Oanh (2011) via Ravindra et al. (2019).

f Adapted from Kanabkaew and Oanh (2011), following the work of Sahai
et al. (2011).

8 Kanokkanjana et al. (2011) for rice paddy residue burning and Hays et al.
(2005) for wheat reside burning via Rajput et al. (2014).

" Calculated following the methodology of Sahai et al. (2011).

IGP during April-May are primarily wheat residue and that the agri-
cultural burns for October-November are primarily rice paddy residue
(Vadrevu et al., 2011). It is important to note that there is a significant
amount of uncertainty associated with each of the satellite products
used in this work, and thus also with the emission estimates derived in
this work. The uncertainties represented for each product and the
combined uncertainties for emissions are given in Table 2. The meth-
odology used to calculate the uncertainties in this work were derived
following the work of Sahai et al. (2011), which was adapted from the
Eurachem guide (Eurachem/CITAC Working Group, 2000).

The PM, s ambient data were obtained from the OpenAQ Platform
(openag.org) and originate from data.gov.in (an open government data
platform) and Central Pollution Control Board (CPCB) (https://app.
cpcbeer.com). The meteorological data used in this study were obtained
using Modern-Era Retrospective analysis for Research and Applications,
Version 2 (Global Modeling and Assimilation Office (GMAO), 2015)
datasets: M2I1INXLFO (surface) and M2T1NXSLV (850 m). MERRA-2
data are derived from both observational data and modeled fields into a
0.5° x 0.625° spatial resolution gridded meteorological dataset
(Rienecker et al., 2011). For more information on the MERRA and
MERRA-2 datasets, refer to Rienecker et al. (2011) and Gelaro et al.
(2017). These data can be obtained from the NASA GES DISC website
(https://disc.gsfc.nasa.gov/). Finally, active fire data were obtained
from NASA's Fire Information for Research Management system
(FIRMS) MODIS Active Fire Products (MCD14DL, Collection 6). The
active fire product represents the center of a 1 km pixel that contains
one or more fires within the pixel based on the MODIS MOD14/MYD14
Fire and Thermal Anomalies algorithm (Giglio et al., 2003).

Regression models that account for both emissions of reactive ni-
trogen species from agricultural burning and meteorological conditions
were created to predict PM, 5 concentrations in New Delhi, India, using
SASv9.4. The regressions were created using the stepwise function,
which tests a variety of combination of variables (e.g. the first step will
be the best one variable model, the second step will be the best two
variable model, etc.). The regression equation chosen for this work was
the best fit regression with the highest R% Those variables that are not
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selected in the regression are deemed insignificant by SAS (i.e. the
variables did not meet the 0.15 significance level). The created re-
gressions predict PM, 5 in New Delhi, India, as a function NH3 and OC
emissions from agriculture residue burning in the IGP and meteor-
ological conditions in New Delhi. NH; is an important precursor gas for
inorganic PM, 5 constituents, which account for approximately ~28%
of PM, 5 concentrations in New Delhi (Sharma and Mandal, 2017). OC
accounts for approximately 50% of emissions from agricultural burning
(Rajput et al., 2016) and approximately 15% of PM, s concentrations in
New Delhi (Sharma and Mandal, 2017). There were several parameters
considered in the creation of these regressions. In addition to OC and
NH; emissions from agricultural residue burning in the IGP, emissions
of NOx and N,O were also considered in the creation of the models,
however they were determined statistically insignificant by SAS. In
addition to emissions from agricultural residue burning in the IGP,
several meteorological parameters were considered when creating these
equations (e.g. specific humidity, temperature, precipitation, surface
layer height, pressure and wind speed). Recall the regression was de-
signed such that SAS picked the variables that created the best fit re-
gression. Furthermore, it is important to note that only days where the
air mass originated from biomass burning in the IGP were considered in
the creation of the regressions.

The first equation predicts PM,s concentrations in April-May,
considering both wheat residue emissions from agricultural burning in
the IGP as well as meteorological conditions during this time (Equation
(2); 1> = 0.40, n = 75):

PMps =  831E7%  Eoc”%**  Enpys ™ *%*exp(-1.5*HLML -
16.36*QLML + 0.40*TLML) )

where Eyys are emissions of NH; from agricultural burning in the IGP
(g day™ 1) for April-May, Eoc are emissions of OC from agricultural
burning in the IGP (g day ~ ') for April-May, HLML is the daily average
surface layer height (m), QLML is the daily average surface specific
humidity (1), and TLML is the average daily surface temperature (K).

PM,s concentrations were also predicted in New Delhi in
October-November based on the following equation, which is a func-
tion of rice paddy residue emissions and meteorological conditions
(Equation (3); r* = 0.61, n = 113):

PMys =  8.89E6* Enps %%%*  Eoc®”**exp(-2.56*HLML -
0.17*WS + 0.53*TLML) 3)

where Eyys are emissions of NH; from agricultural burning in the
IGP (g day™') for October-November, Eqc are emissions of OC from
agricultural burning in the IGP (g day ) for October-November, HLML
is the daily average surface layer height (m), WS is the daily average
wind speed at the surface (m s~ 1) and TLML is the daily average surface
temperature (K). These regressions equations were run for the study
period on days where the air mass originated from areas of agricultural
burning in the IGP and compared against the ambient PM, s measure-
ments using several statistical comparisons to determine how well the
models perform. The statistical parameters include the mean normal-
ized bias (MNB), the normalized mean bias (NMB), the normalized
mean error (NME) and the normalized mean bias factor (NMBF)
(Table 3). These statistical parameters were all included to provide a
complete and robust statistical analysis following the work of Tong and
Mauzerall (2006) and Zhang et al. (2006).

3. Results and discussion

Average daily PM, 5 concentrations in New Delhi were examined for
2016 and 2017 (Fig. 1). Daily average concentrations of PM, s ranged
from 22.43 ug m ™3 to 718.94 ug m ~ 3, with an average concentration of
127.15 ugm ™~ (standard deviation: + 95.23 ug m™~%). According to the
Central Pollution Control Board, the Indian Air Quality Standard for
PM, 5 (daily average) is 60 uygm~>. In 2016 and 2017, this standard
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Table 3

Statistical comparisons used in this work. N is the number of observations, E,,
are the emissions projected by the regression model, and E. are the emissions
calculated in this study.

Parameter Equation
Mean Normalized Bias MINE = iEN Em() = Ee(i)
TNEELL B
Normalized Mean Bias NMB< L =N, i;m (i) - Ee())
N EiiiEe®

Normalized Mean Error NME = L SN 1 Bn) - Ee)
NN TR

Normalized Mean Bias Factor L$N o
N Yit1Em
NMBF = [N |
N
~ Yit1Ee

1N 1N
For -3 1 Em = 2L, Ee

1 sN

ORNMEF = 1 — | N 2=
1 &N

Yiz1Em

N

1 N 1 N
F0r§2i=1Em < ﬁzi=1Ec

was exceeded ~75% of the time. Based on Fig. 1, it is evident that
concentrations of PM, 5 peak in November, which can likely be at-
tributed to rice paddy residue burning that occurs after the rice paddy
harvest as well as meteorological conditions. The meteorological con-
ditions in the IGP during October-November typically include light
winds, a low planetary boundary layer and a stable atmosphere, which
causes the smoke from these paddy residue burns to blanket much of
the IGP and severely deteriorate air quality (Badarinath et al., 2009;
Mishra and Shibata, 2012; Singh and Kaskaoutis, 2017).

Emissions of reactive nitrogen species (NH3, NOx and N,O) and
organic carbon (OC) from agricultural burning were examined for
April-May, which is typically the period when wheat residue is burned
in the IGP, and October-November, which is typically the period when
rice paddy residue is burned in the IGP. For 2016 and 2017, the agri-
cultural burning emissions of NH3 in the IGP ranged from ~143kg
day ™! to 908,000 kg day ! (standard deviation: = 161,000 kg day ')
in April-May. Emissions of NOx from agricultural burning in the IGP in
April-May, ranged from ~187 kg day ' to 1.29*10°kg day ' (stan-
dard deviation: + 210,000 kg day '), while emission of N,O ranged
from ~81kg day ' to 562,000kg day ! (standard deviation: +
92,000 kg day ~1). Emissions of OC from agricultural burning in the
IGP ranged from ~132kg day ™! to 912,000kg day~! (standard de-
viation: + 36,000 kg day ~!) in April and May. In October-November,
emissions of NH; from agricultural burning ranged from ~3kg day ~'
to 2.27*10”kg day~ ' (standard deviation: + 2.24*10%°kg day 1),
emissions of NOx from agricultural burning in the IGP ranged from
~1.5kg day~! to 1.28*10’kg day ' (standard deviation: +
1.37%10%°kg day~ '), and emissions of N,O ranged from ~0.32kg
day™! to 2.68*10°kg day ! (standard deviation: = 2.87*10°kg
day ™). Emissions of OC from biomass burning in the IGP ranged from
~4kg day ! to 3.02%107 kg day ' (standard deviation: = 1.28*10° kg
day™') during October-November in the study period. Emissions of
pollutants from the burning of rice paddy residue tended to be higher
than the emissions from the burning of wheat residue, which was ex-
pected because much of the wheat residue is used for animal feed
(Badarinath et al., 2006).

In order to determine if the spike in the daily average PM, s con-
centration can be partially attributed to agricultural burning in the IGP,
back trajectory analysis was performed using the NOAA HYSPLIT
model (https://ready.arl.noaa.gov/HYSPLIT.php). Two events were
analyzed using the HYSPLIT model. The first analysis is on November 6,
2016. During this time, the daily average PM, 5 concentration in New
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Fig. 1. Daily average concentrations of PM, 5 concentrations in New Delhi, India. The blue line represents the average daily concentrations of PM, s while the red line
represents the Indian Ambient Air Quality Standards for PM, 5. The green shading represents periods of wheat residue burning while the blue shading represents
periods of rice paddy residue burning. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. NASA FIRMS active fire data (MODIS
MCD14DL) plotted the 24-h back trajectory (500 m)

33.000 for November 6, 2016, from the NOAA HYSPLIT
model. The background image is a MODIS image
from NASA's Terra satellite for November 6, 2016,
that shows smoke blanketing the region. The units
of the latitude and longitude are degrees.
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Delhi, India, peaked at 718.94 ugm- 3(standard
deviation: + 204.24 uygm~3), which is a factor of ~12 higher than the
standard for daily average PM,s concentration. When running the
HYSPLIT model for 24-h, 48-h and 72-h back trajectories at both 500 m
and 850 m for 11 a.m. for this time frame, it is evident that agricultural
burning emissions are being transported to New Delhi from the IGP

81.000

(Fig. 2). These time periods and heights were chosen in order to get a
good representation of where the air mass originated. It is evident from
the MODIS (Terra) snapshot (Fig. 2, background), smoke from the
agricultural burns on during the first week of November 2016, is
blanketing much of the IGP.

The second back trajectory analysis focuses on May 29th, 2016
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Fig. 3. NASA FIRMS active fire data (MODIS MCD14DL) plotted the 24-h back trajectory (500 m) for May 29, 2016, from the NOAA HYSPLIT model. The background
image is a MODIS image from NASA's Terra satellite for May 29, 2016. The units of the latitude and longitude are degrees.

(Fig. 3). During this time, the average daily concentration of PM, 5 was
38.89 ugm ™3 (standard deviation: = 34.48) ug m >, which is a factor
of 0.65 lower than the national ambient air quality standard. In contrast
to the previous analysis, the back trajectory for this period shows that
the air mass came from the south, where no burning was occurring,
instead of from the IGP (Fig. 3). When looking at the MODIS imagery
for May 29, 2016, it is evident that while there is some burning over the
IGP, the smoke emissions are not having a major impact on New Delhi,
India.

In addition to this, the average ambient concentrations of PM, 5 in
New Delhi when agricultural burning emissions were impacting the
area were compared against the average ambient concentrations when
biomass burning emissions were not impacting the area (Fig. 4). When
agricultural residue burning emissions were not influencing New Delhi,
the average ambient PM,s concentration in April/May was

350 T

75.6ugm ™3 (standard deviation: + 23.3 ugm™~3) while the average
ambient concentration in October/November was 122.1 ugm~> (stan-
dard deviation: = 11.9 ugm™>). In contrast to this, the average am-
bient concentrations of PM, s in New Delhi under the influence of
agricultural residue burning emissions were 111.1 ugm™2 (standard
deviation: + 40.1 pgm™%) in April/May and 215.4pgm ™3 (standard
deviation: + 125.4pgm ™) in October/November. This suggests that
emissions from agricultural residue burning in the IGP likely con-
tributes to an ~35% increase in ambient PM, 5 concentrations in New
Delhi, India.

Statistical regression models were created to be able to predict the
daily average PM,s concentration in New Delhi, India, based on
emissions of NH; from wheat residue burning and rice paddy residue
burning in the IGP and meteorological conditions. These regressions
were then run against the data used in this study (Fig. 5). The average

Fig. 4. Comparison of measured ambient PM,s
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(ug/m3)
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50 :

concentrations in New Delhi, India, from agri-
cultural residue burning emissions in the IGP for
April/May and October/November during periods
7 when emissions were impacting and not impacting
the air quality in New Delhi, India. The error bands
represent one standard deviation.

April/May

October/November
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Fig. 5. Comparing measured ambient PM,s con-
centrations in New Delhi, India, with PM, 5 con-
centrations modeled by both regressions. Fig. 5a
shows both modeled (red line) and measured (blue
line) concentrations of PM, s for each day during
the study period for wheat residue burning while
Fig. 5b shows both the modeled (red line) and
measured (blue line) concentrations of PM, s in
New Delhi during the study period of rice paddy
residue burning. Fig. 5c¢c and d both show the
average daily modeled (red line) and measured
(blue line) concentrations of PM, s for April/May
and October/November, respectively. Fig. 5e and f

both show the average monthly concentration of
PM, 5 measured (blue line) and modeled (red line)
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Table 4

for the study period for April/May and October/
November, respectively. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)

Comparison statistics for daily average PM, 5 concentration in New Delhi, India, during April-May and October-November 2016 and 2017.

PM, 5 Concentrations (April-May)

PM, 5 Concentrations (October-November)

(g m~3) (ugm™
Observations
Average 111.2 211.5
Standard Deviation 40.4 127.0
Max 257.7 719.0
Median 103.3 178.1
Model
Average 111.4 207.1
Standard Deviation 22.5 86.6
Max 160.8 595.0
Median 109.5 199.8
Comparison Statistics
Mean Normalized Bias (%) 8.27 8.73
Normalized Mean Bias (%) 0.003 -0.02
Normalized Mean Error (%) 0.30 0.25
Normalized Mean Bias Factor (%) 0.21 —2.13
Ratio of average measured value to average modeled value 0.94 0.89
Ratio of median measured value to median modeled value 0.99 1.02
Correlation Coefficient (r) 0.35 0.51
Number of Observations 76 116
PM,s emissions predicted by the models were, on average, concentrations of PM, 5 during times of agricultural residue burning.

111.4pgm™3 (standard deviation: + 22.5ugm™~%) for April/May
(compared against observed concentrations of 111.2 * 40.4 ugm™>)
while concentrations predicted by the October/November regressions
were, on average, 207 + 87 ugm™> (compared against observed con-
centrations of PM, 5 in New Delhi of 212 + 127 ug m'3). When com-
paring the regression model with the observed concentrations for
April-May, the mean normalized bias was 8.27%, the normalized mean
bias was 0.003%, the normalized mean error was 0.30% and the nor-
malized mean bias factor was 0.21%. When comparing the regression
model for October-November against the observed values (Table 4), the
mean normalized bias was 8.73%, the normalized mean bias was
—0.02%, the normalized mean error was 0.25% and the normalized
mean bias factor was —2.13%. Both models predict the PM, s ob-
servations well. An important benefit of these regression models is that
they are a computationally inexpensive way to be able to predict

4. Conclusions

Fine particulate matter measured concentrations in New Delhi,
India, were on average 127.15ug m™> + 95.23 ugm™>. Through the
two-year period (2016-2017), concentrations of PM, s in New Delhi
exceeded the national standard of 60 ug m~ > approximately 75% of the
time. As expected, the highest concentrations of PM, s occurred when
agricultural burning of rice paddy residue was occurring in the IGP.
Emissions of reactive nitrogen species from wheat residue burning were
lower than emissions from rice paddy residue burning, which is at-
tributed to more favorable meteorological conditions for smoke dis-
persal as well as less mass burned. Two days in the study period were
examined to determine the origin of the air mass arriving in New Delhi,
India. The first analysis is on November 6, 2016, during which time the
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daily average measured concentration of PM,s in New Delhi was
718.94 pgm 3 + 204.24pgm ™3, which is a factor of 11.98 higher
than the standard for daily average PM, 5 concentration. The 24-h back
trajectory for this day shows that the air mass came directly from a
region of the IGP that experienced vast agricultural burning, which was
blanketing much of the IGP with smoke. The second day (May 29,
2016) chosen for analysis was a day when the average concentration of
PM, s was much lower (38.89ugm™3 + 34.48ugm™3, which is a
factor of 0.65 lower than the national standard). For this analysis, the
24-h back trajectory showed that the air mass came from the south/
southeast and there were few agricultural burns impacting the IGP.
Agricultural residue burning emits significant amounts of reactive ni-
trogen species, including NHs, which is an important precursor gas for
the formation of secondary fine particulate matter, into the atmosphere.
Therefore, two statistical regression models were developed to predict
average daily PM,s concentrations in New Delhi, India, based on
emissions of NH3 and OC in the IGP from wheat residue burning/rice
paddy residue burning and meteorological conditions. The average
modeled concentration of PM, s in New Delhi, India, were 98 uygm™>
(standard  deviation: = 34ugm™%)  during  April/May  and
210 ygm 3 + 86ugm™3 during October/November. When com-
paring the regression results with the observational data, both models
were similar to the average observations.
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