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Abstract

Background: Respiratory infections are among the leading causes of death and disability
globally. Respirable aerosol particles released by agricultural crop-residue burning (ACRB),
practised by farmers in all global regions, are potentially harmful to human health. Our ob-
jective was to estimate the health and economic costs of ACRB in northern India.

Methods: The primary outcome was acute respiratory infection (ARI) from India’s fourth
District Level Health Survey (DLHS-4). DLHS-4 data were merged with Moderate-Resolution
Imaging Spectroradiometer satellite data on fire occurrence. Mutually adjusted generalized
linear models were used to generate risk ratios for risk factors of ARI. Overall disease
burden due to ACRB was estimated in terms of disability-adjusted life years.

Results: Seeking medical treatment for ARl in the previous 2 weeks was reported by 5050
(2%) of 252539 persons. Living in a district with intense ACRB—the top quintile of fires
per day—was associated with a 3-fold higher risk of ARI (mutually adjusted risk ratio
2.99, 95% confidence interval 2.77 to 3.23) after adjustment for socio-demographic and
household factors. Children under 5 years of age were particularly susceptible (3.65, 3.06
to 4.34 in this subgroup). Additional ARI risk factors included motor-vehicle congestion
(1.96, 1.72 to 2.23), open drainage (1.91, 1.73 to 2.11), cooking with biomass (1.73, 1.568 to
1.90) and living in urban areas (1.35, 1.26 to 1.44). Eliminating ACRB would avert 14.9 million
disability-adjusted life years lost per year, valued at US$152.9 billion over 5years.
Conclusions: Investments to stop crop burning and offer farmers alternative crop-
residue disposal solutions are likely to improve population-level respiratory health and
yield major economic returns.
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Key Messages

safe air.

US$152.9 billion over a 5-year period.
* Reducing crop burning would benefit human health.

* Burning of agricultural crop residue to clear fields is a major contributor to air pollution. When rice farmers in north-
western India burn their fields, fine particulate matter (PM,5) concentrations in Delhi, the highly populated capital city
located downwind of burning areas, spike to about 20 times beyond the World Health Organization’s threshold for

* Qur results suggest that living in areas where crop burning is intense—measured using daily satellite imaging data over a
5-month period—is associated with a 3-fold higher risk of acute respiratory infection—one of the leading global causes of
lost disability-adjusted life years. Children are particularly susceptible to the health effects of crop burning.

¢ Solutions to eliminate crop burning exist but require further investments. We found that crop-burning abatement
would be highly cost-effective and, in northern India, would avert disability-adjusted life years equivalent to

Introduction

Respiratory infections are the most common chronic disease
of children globally, are a leading cause of death in develop-
ing countries and make a large contribution to the overall
burden of disease as measured by disability-adjusted life
years (DALYs) lost." Air pollution is a recognized contrib-
utor to respiratory disease, as airborne fine particulate mat-
ter (PM; s5) from the burning of solid fuels, vehicle exhaust,
windblown soil, construction and other sources can pene-
trate deep into lung tissue, triggering an inflammatory cas-
cade and oxidative stress.> PM, s exposure has been linked
to increased asthma-related emergency-room visits and hos-
pitalizations,® progression of carotid intima-medial thick-
ness,* greater chronic obstructive pulmonary disease
mortality’ and reduced life expectancy.* In India in 2015,
exposure to outdoor air pollution was found to be the third
leading risk factor (after high blood pressure and high fast-
ing plasma glucose) contributing to mortality among 79
behavioural, environmental and metabolic factors.® A recent
study found that 12.5% of the total deaths in India in 2017
were attributable to air pollution.” Delhi was the state with
the highest annual population-weighted mean PM, s, fol-
lowed by Uttar Pradesh, Bihar and Haryana in north India.
Whereas indoor air pollution due to burning of solid fuels in
poor states like Uttar Pradesh and Bihar were important fac-
tors, the ambient particulate-matter pollution was highest in
the north Indian states of Uttar Pradesh, Haryana, Delhi,
Punjab and Rajasthan.”

Delhi, India’s large capital city and home to 25 million
residents, is experiencing a public-health emergency due to

high levels of air pollution. Delhi was the most polluted
large city in the world in 2016, with an average annual
PM, s of 122 ugm‘3 (micrograms per cubic meter)—12
times the World Health Organization (WHO)’s recom-
mended target of 10 ugm™.% Air pollution in Delhi is par-
ticularly extreme during the winter months—a period
when farmers in the neighbouring upwind states of
Haryana and Punjab—where the burden of outdoor air
pollution is also high>—practise agricultural crop-residue
burning (ACRB).

Banned in November 2015 by the National Green

1,' ACRB is still widely practised due to weak en-

Tribuna
forcement of the ban, political economy issues and lack of
alternatives to burning among poor farmers.'' In Punjab
alone, an estimated 44-51 million metric tonnes of residue
are burned each year, with rice being the primary source.'?
Winds carry suspended particles hundreds of miles, gener-
ating a thick cloud of smog above northern India visible by
satellite. Recently, the contribution of ACRB in north-
western India to air pollution in Delhi has been quantified,
with estimates ranging between 7 and 78% of PM, s
enhancements during the burning season being attributable
to ACRB.'> Moreover, previous work has shown that
ACRB results in an unrecoverable decrease in pulmonary
function among children aged 10-13 years.'* Among dif-
ferent sources of outdoor air pollution, ACRB was respon-
sible for an estimated 66200 deaths in 2015 in India.® In
addition to affecting human health, ACRB deteriorates soil
fertility, releases greenhouse gases that contribute to global

warming and results in the loss of biodiversity.''
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The Indian government has demonstrated an interest in
combatting air pollution and respiratory illness but so far
has fallen short in addressing the air-quality crisis. India
was the first country to develop national targets aimed at
reducing deaths from non-communicable diseases (NCDs)
including respiratory illness, by 2025, following the
WHO’s Global Action Plan for the Prevention and Control
of NCDs 2013-2020."° However, a major barrier to
further political action against crop burning is the lack of
rigorous evidence linking this practice to health outcomes.
To our knowledge, there are no available estimates of the
economic costs and societal disease burden associated with
crop burning. Therefore, we sought to estimate the risk of
acute respiratory infection (ARI) attributable to crop burn-
ing, among other socio-demographic and household fac-
tors, and to quantify the costs to society of this practice.

Methods

Outcome variable

Data on ARI were obtained from the fourth round of
India’s District Level Household Survey (DLHS-4)'°—a
national demographic health survey sampled to be repre-
sentative at district and state levels. Data were used from
households in three Indian states—Haryana (in northern
India), Andhra Pradesh and Tamil Nadu (both in southern
2013 and
February 2014, the two southern states serving as compa-
rators without ACRB. In DLHS-4, household heads were
asked whether any household member had suffered from

India)—interviewed between September

an illness in the previous 15 days. If the response was ‘yes’,
information on illness type was collected for affected per-
sons. For individuals who had reported symptoms of ARI
in the previous 15 days, a follow-up question was asked
about whether and where the individual received medical
treatment. Our primary outcome was seeking treatment
for ARI in the previous 15 days at a private or public medi-
cal facility among those who also reported ARI symptoms.

Explanatory variables

Data on ACRB were obtained from the National
Aeronautics and Space Administration (NASA) Moderate-
Resolution Imaging Spectroradiometer (MODIS) Terra
satellite Fire Information for Resource Management
System (FIRMS) database.'” The MODIS fire locations
provide daily information on spatial and temporal fire dis-
tribution. Each hotspot/active fire detection represents the
centre of a 1-km? area. Using Global Positioning System
coordinates and Arc Geographic Information System soft-
ware (Environmental Systems Research Institute), we

mapped the fires to state district centroids and boundaries.
The number of fires recorded by MODIS were counted
and summed by district and day. Thus, the primary explan-
atory variable used in the study was the number of fires
recorded per district per day from 1 September 2013 to 28
February 2014—a timeframe selected to be inclusive of the
period before and after peak ACRB. Additional risk factors
from DLHS-4 included age, sex, urban or rural residence,
education in years, access to electricity, source of cooking
fuel (biomass or other), whether a water-purification
method was used, water-drainage infrastructure (open or
closed drain), number of rooms in the home and whether
the kitchen was inside the home. Motor-vehicle congestion
was measured using an index ranging from 0 to 1 for the
number of vehicles per square kilometre at the district
level, using data from India’s 2011 Census.'® The index
was constructed as [(vehicle density in district J—minimum
vehicle density in sample)/vehicle density range]. A value
of 0 implies that the district has the lowest vehicle density
among all districts in the sample. A value of 1 is typical of
congested urban districts.

A secondary contributor to poor air quality in northern
India is the burning of firecrackers during the Hindu festi-
val of lights, Diwali, which occurs between mid-October
and mid-November.'” In Delhi, the time around Diwali is
associated with sharp increases in concentrations of respi-
rable particulate matter, total suspended particulate mat-
ter, sulphur dioxide and surface ozone.’’** Thus, we
examined the period after Diwali—3-10 November in
2013—as an additional ARI risk factor.

Data merging

Individual-level data from DLHS-4 were merged with
MODIS data on the number of fires, by district and survey
date. The merged data set was a high-frequency panel with
daily temporal and spatial variations on exposure to
ACRB at the district level. Since ARI was reported for the
previous 15 days, data were merged using a recall-adjusted
survey date (interview date minus 7 days). The final sample
size was 252 539 individuals.

Visualization of ACRB and ARI co-occurrence

MODIS data on the number of fires were mapped for
Haryana—a state known for endemic ACRB. Reported
treatment seeking for ART and ACRB occurrence was plot-
ted on a shared timescale to determine whether the two in-
dependently observed time series moved in tandem during
the study period. Separate plots were constructed for
Haryana (high occurrence of ACRB) vs southern states
(low occurrence of ACRB).
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Estimating the association between ACRB
and ARI

Associations between risk factors and reported ARI were
assessed through unadjusted and mutually adjusted
generalized linear models (GLMs), as ARI satisfies the
epidemiologic ‘rare disease assumption’.*® To test for the
association of ACRB with ARI, for individual i belonging
to household h in district s and survey date t, we ran GLM
models using Equation (1):

ARIihst =o+ ACRBstﬁl + XihstQ + €ibst- (1)

In the unadjusted model, ACRB,; and each risk factor in
X were individually related to ARI, whereas, in the mutu-
ally adjusted model, all risk factors were considered simulta-
neously. ACRBy; is the daily district-level exposure to intense
ACRB, X,.; is the set of risk factors that an individual was ex-
posed to and €, is the individual-specific error term. The rel-
ative risk ratio 1 represents the ratio of the risk (probability)
of ARI in the exposed group to the risk of ARI in the reference
group.>* Exposure to pollution from ACRB was deemed in-
tense if the household member was interviewed on a day
when MODIS detected 100 or more fires (the top quintile of
fires per day per district) in their district of residence.

Sensitivity analyses

To test the sensitivity of our estimates from Equation (1),
we ran regressions on sub-samples of young children
(under Syears), the elderly (over 60years) and place of
residence (rural vs urban). Using Equation (1), we also
estimated models using the natural logarithm of the num-
ber of fires per day in a district as a continuous explanatory
variable to obtain the marginal effect of a 1% increase in
daily fire occurrence.

Health and economic benefits to society from
crop burning

In estimating the disease burden attributable to ACRB, we
considered the total population in three Indian states likely
to be affected by this practice: Haryana, Punjab and Delhi.
These states were chosen based on previous ACRB stud-

s'1%25 and from satellite images of the fires (Figure 1).

ie
Maps showing district-level population density, population
of young children and urbanization in the studied states
can be found in Supplementary Figure 1, available as
Supplementary data at IJE online.

Four steps were taken to estimate the direct disease bur-
den attributable to ACRB and firecracker burning. First,
the total estimated number of cases of ARI that would be

averted if exposure to these risk factors were eliminated in

the population, or the population attributable fraction
(PAF), was calculated using the ‘punaf’ STATA routine.”®
Second, state-specific DALY rates attributable to ARIs
were obtained for Haryana, Punjab and Delhi from India
state-level Disease Burden Initiative Collaborators.” Third,
these DALY rates were multiplied by our estimated PAF
values for ACRB or firecrackers and by state population to
estimate total DALYSs attributable to these two risk factors
in each state. For Punjab, to account for the higher inci-
dence of ACRB in this state relative to Haryana, the DALY
rates were apportioned based on the ratio of percentage
area burned in Punjab relative to Haryana (67% in Punjab
vs 29% in Haryana, i.e. 2.3 times).'! Fourth, total DALYs
saved were converted to per-year economic benefits by
multiplying the state-specific per-capita gross domestic
product (GDP) by the total DALYs attributable to ACRB
and firecrackers.?” For firecrackers, we also subtracted
US$1 billion (US$200 million per year over 5 years)—the
estimated loss in revenue from the sale of firecrackers dur-
ing Diwali.”® Benefits were compounded for 5 years using
a 3% discount rate, as is standard practice when account-
ing for financial returns at a future date.*’

Results

Crop burning in Haryana during October and November
in 2013 was most intense in the northern districts and was
primarily practised in districts where paddy cultivation
was also practised (Figure 2).

Smake from fires

100 km

Figure 1. Typical crop-residue-burning episode and affected geographi-
cal area. State borders are overlaid on a MODIS satellite image from 5
November 2012. Active fires are shown as dots (NASA 2012).
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The frequency of reported ARI symptoms in Haryana
closely paralleled the number of fires observed by the
MODIS satellite in this state, with ARI symptoms being
more frequently reported in urban than in rural areas

Chandigarh

Fires per day
O No fires
01-24.9
b25-49.9
E50-74.9
m75-99.9
=>=100

Figure 2. Average number of fires per day during October and November
2013 in districts in Haryana. Fire data from NASA-MODIS-FIRMS, 2013."”

Haryana (Northern India)

(Figure 3). In south Indian states (Andhra Pradesh and
Tamil Nadu), where ACRB is not practised and firecracker
burning during Diwali is much less prevalent, ARI fre-
quency and the number of fires were low.

In Haryana, 5.4% of surveyed individuals reported
suffering from ARI symptoms in the previous 15 days,
whereas the reported ARI symptoms in southern states
were only 0.1% (Table 1). Among those who reported
suffering from ARI, 83% also reported receiving treat-
ment for ARI at a private or public medical facility.
Whereas high-intensity fire exposure was virtually absent
in south India, 17.5% of individuals in Haryana lived in a
district where 100 or more fires per day were observed by
satellite. In Haryana, compared with southern states,
more households cooked with biomass (15.3 vs 0.2%)
and drained water into an open drain (90.6 vs 70.4%)
and fewer households treated water before drinking (15.8
vs 26.9%).

Living in a district with intense ACRB was the leading
risk factor for ARI, with >100 fires per day in the district
being associated with a 3-fold higher risk of ARI in the mu-
tually adjusted model (adjusted risk ratio, 95% confidence
interval: 2.99, 2.77 to 3.23) (Figure 4). Other risk factors
included the week after Diwali (2.45, 2.21 to 2.72), being
less than S years of age (2.21, 2.17 to 2.61), living in a dis-
trict with high motor-vehicle congestion (1.96, 1.71 to
2.23), draining water into open drains (1.91, 1.73 to 2.11),
using biomass for cooking (1.73, 1.58 to 1.90), living in

Andhra Pradesh & Tamil Nadu (Southern India)
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Figure 3. Temporal association between incidence of agricultural crop-residue burning and acute respiratory infection among Indians. Dashed lines
in lower two panels indicate urban areas and solid lines indicate rural areas. Data on number of fires were sourced from NASA-MODIS-FIRMS." Data
on reported ARI were sourced from Indian DLHS-4."® AR, acute respiratory infection.
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Table 1. Summary statistics for Indians surveyed in three states between September 2013 and February 2014

Haryana Andhra Pradesh and Tamil Nadu All
N 90327 162212 252539
Outcome?
Reported ARI in previous 2 weeks, % 5.4 0.1 2.0
N 4832 224 5056
Treatment seeking by those who reported ARI
Treatment at a private facility 76.5 52.7 75.5
Treatment at a public facility 6.5 35.7 7.8
Treatment at home 3.5 31 3.4
No treatment 9.0 1.8 8.7
N 90327 162212 252539
Exposure
Days when district had 100 or more fires, % 17.5 0.0 6.3
1-7 days after Diwali, % 7.6 0.0 2.7
Covariates
Children less than 5 years of age, % 8.0 7.1 7.4
Adults 60 years and older, % 10.1 12.4 11.6
Females, % 46.8 51.5 49.8
Urban residence, % 41.5 42.5 421
Less than 5 years of education, % 47.9 50.8 49.7
Motor-vehicle index 0.2 0.1 0.1
Household has electricity, % 97.2 98.6 98.1
Cooks with biomass, % 15.3 0.2 5.6
Treats water before drinking, % 15.8 26.9 23.0
Drains water into open drain, % 90.6 70.4 77.6
Fewer than two rooms in house, % 39.7 46.1 43.8
Kitchen is inside house, % 69.3 69.4 69.4

Data were taken from the fourth round of the District Level Household Survey (International Institute for Population Sciences 2015) other than days when the
district had 100 or more fires, which were derived from NASA-MODIS-FIRMS data (National Aeronautics and Space Administration).
2Only individuals who reported ARI in the previous 2 weeks and sought treatment at a private or public medical facility were classified as having the outcome

of interest.

0.0 0.5

Risk of acute repiratory infection
1.0 1.5 20 25 3.0 35

4.0 45 5.0

Intense crop burning

Diwali period (firecracker burning)
Aged under 5 years

High motor vehicle density
Open drainage

Household cooks with biomass
Urban residence

Aged over 60 years

Less than 5 years of education
Kitchen is inside house
Female

Less than 2 rooms in house

T T T

]

—
—
o
i

-

Treats water before drinking ~—

Household has electricity e

Figure 4. Risk of acute respiratory infection among multiple determinants. 95% confidence intervals are shown for unadjusted (grey) and mutually ad-
justed (black) risk ratios. The dashed vertical line at 1.0 on the x-axis indicates no risk difference between groups. The mutually adjusted model was
adjusted for all other factors shown. Data were taken from DLHS-4'® other than living in intense crop-burning district (100 or more fires per day),
which was derived from NASA-MODIS-FIRMS data,'” and vehicle density, which was derived from India Census 2011 data.'®
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urban areas (1.35, 1.26 to 1.44) and being 60years or
older (1.14, 1.03 to 1.25). Protective factors included hav-
ing access to electricity (0.40, 0.35 to 0.46), treating water
before drinking (0.75, 0.69 to 0.82), having fewer than
two rooms in the house (0.87, 0.82 to 0.93) and being fe-
male (0.92, 0.86 to 0.97).

Analysis on subgroups (Table 2) showed that children
under 5 years old are at particularly high risk of ARI from
ACRB (3.65, 3.06 to 4.34) and open drainage (2.85, 2.14
to 3.80). The elderly were particularly susceptible to ARI
associated with firecracker burning (2.53, 1.84 to 3.49)
and cooking with biomass (1.92, 1.44 to 2.55). Individuals
residing in urban areas were at a higher risk of ARI from
ACRB and Diwali, whereas those in rural areas were at
greater risk of ARI from open drains and cooking with bio-
mass. Morever, children and elderly living in urban areas
were at a higher risk for ARI associated with ACRB than
those living in rural areas. When looking at sex differences
in risk factors of ARI, motor-vehicle congestion was a
stronger risk factor among females (2.18, 1.80 to 2.64)
than among males (1.78, 1.49 to 2.14). Similarly, cooking
with biomass was a greater risk factor for females (1.84,
1.61 to 2.12) compared with males (1.64, 1.44 to 1.86).
Results using a continous explanatory variable to measure
ACRB were similar (Supplementary Table 1, available as
Supplementary data at IJE online).

We estimated that 14.4% of all ARI cases were attribut-
able to ACRB and 6.6% are attributable to burning fire-
crackers in 2013 (Table 3). For Haryana, Punjab and Delhi
combined, the total number of DALYs averted from elimi-
nating ACRB was estimated to be 14.9 million years, val-
ued at US$152.9billion for Syears. DALYs averted by
eliminating firecrackers were estimated at 4.2 million
years, valued at US$35.7 billion for § years.

Discussion

Our study has three novel findings. First, exposure to out-
door air pollution from intense ACRB. firecracker burning
and motor vehicles are three leading risk factors for ARI in
northern India. Second, children under 5years old are at
high risk for ARI from ACRB, whereas other leading
household-level risk factors for ARI are exposure to open
drains, cooking with biomass and urban residence. Third,
the DALY benefits attributable to complete ACRB and
firecracker abatement in three states in northern India are
estimated at 14.9 and 4.2 million years, respectively, val-
ued at 1.7% of India’s GDP—about US$190 billion cumu-
lative for 5 years.

Apart from ACRB and firecrackers, open drainage and
the use of biomass for cooking fuel were associated with
higher ARI, whereas access to electricity and water

filtration were protective factors. We also found a small
protective effect of having fewer rooms in the house; this
may just reflect poverty and the fact that poor households
have lower healthcare-seeking practices and thus were not
classified as having ARI in our analyses. The coefficients

1,3,14,22,30-39 51 d the relative

were in the expected direction
magnitude of the effects is important for policy focus.
Programmes and policies must simultaneously address in-
door and outdoor pollution, through a combination of
bans and agricultural subsidies; increasing access to im-
proved cooking fuels like liquefied petroleum gas, electrifi-
cation and promotion of induction cooking stoves; and the
construction of improved drainage systems for households.
In addition, behavioural-change communication cam-
paigns for the promotion of water treatment and reduction
of firecracker use are likely to strengthen macro-level poli-
cies and outcomes.

We found a relatively stronger effect of outdoor air pol-
lution (crop burning, firecrackers, motor vehicles) on ARI
compared with indoor air pollution (cooking with bio-
mass). Recently, a large-cluster randomized—controlled
trial in Malawi found no benefit of switching to cleaner
cooking stoves on child pneumonia.*® The authors suggest
that daily exposure to pollution from other sources may
have negated the effect of the intervention, which only tar-
geted indoor pollution. There is a large ongoing effort by
the central Indian government to expand the use of liquid
petroleum gas for cooking to 80% of households by
2019*" and it will be of interest to assess the impact of
these policy efforts on health outcomes in the next few
years.

In our subgroup analyses, we found that motor-vehicle
congestion was a larger risk factor for ARI in women com-
pared with men. This finding is in line with literature sug-
gesting that women may be more susceptible to pollutants
compared with men for biological and social reasons.***3
We also found that firecracker burning was a stronger risk
factor in urban compared with rural areas, but that open
drainage was a stronger risk factor in rural areas compared
with urban areas. These findings are as expected, given rel-
atively intense firecracker burning and less open drainage
in urban centres compared with rural areas.

Our findings are in line with previous investigations
reporting on exposure to environmental air pollution and
respiratory health. Wildfires, which are becoming increas-
ingly common with climate change, have been shown to
have a broad range of negative population-level health
impacts, including respiratory infection.** A few studies
have reported more frequent hospital visits for respiratory
infections following wildfires in the USA and Canada.*~*®
A study in Australia showed that an increase in PM;, of
10 ugm™ was associated with a 15% increase risk of
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Table 3. Economic benefits of government actions to abate agricultural crop-residue burning and burning of firecrackers

Haryana Punjab Delhi Total

Row ACRB  Firecrackers ACRB  Firecrackers ACRB  Firecrackers ACRB Firecrackers

1 DALY rates for ARI per 1000 1311 1311 887 887 799 799
population®

2 State population, millions® 25.4 25.4 27.7 27.7 16.8 16.8

3 Proportion of ARI cases attributed 0.14 0.06 0.33 0.06 0.14 0.06 0.14 0.07
to risk factor®

4 DALYs saved by eliminating risk 4.79 1.96 8.14 1.45 1.93 0.79 14.85 4.20
factor, million years®

N Per-capita state GDP, US$/person®  2637.26  2637.26 1739.67 1739.67  4575.16  4575.16

6 Economic value of DALY saved 12.62 4.17 14.16 1.52 8.82 2.61 35.60 8.31
per yr, US$ billion/yrf

7 Economic value of DALY saved 54.20 17.91 60.79 6.54 37.87 11.22 152.86 35.67
over 5 yrs, US$ billion®

?From Figure 4 in Dandona et al. (2017).

®From Indian Population Census 2011 (Office of the Registrar General & Census Commissioner 2011).
“From PUNAF after estimating Equation (1), with the PAR for Punjab multiplied by 2.3 to account for higher ACRB in Punjab relative to Haryana (Lohan

etal 2018).
9Row 1 x Row 2 x Row 3.
“From NITI Aayog (National Institution for Transforming India 2017).

fRow 4 x Row 5. One billion in economic benefits subtracted due to losses faced by firecracker industry (KV Lakshmana 2017).

8From Row 6 for § years discounted at 3% per year.
DALY, disability-adjusted life years; GDP, gross domestic product.

respiratory infection among indigenous people living in
dry areas with frequent vegetation fires.*” Second-hand to-
bacco smoke has also been related to ARI. The odds of
hospital admission for ARI were 1.55 times higher in chil-
dren under 2years of age who were exposed to second-
hand tobacco smoke compared with children who were
not.>” Respiratory infections were found to be the single
greatest contributor to the global burden of disease attrib-
utable to second-hand smoke in children under 5 years of
age.’! Others have looked at ambient particulate-matter
concentration (from multiple sources) as a predictor of re-
spiratory outcomes. A meta-analysis of four studies in
areas with relatively low average annual PM, s concentra-
tions (12-25 ugm™, compared with 153 pgm= in Delhi
during the study period®?) found a 12% increased risk of
ARI in children under S years of age per 10 ugm™ increase
in PM, 5.>® A long-term study in the USA found that a
1-interquartile range increase in ozone predicted a 4%
increase in respiratory infection among children aged
0—4 years.>* Given that most studies relating poor air qual-
ity to respiratory health come from developed countries
with much lower ambient concentrations of pollutants as
well as less poverty and better health services, direct com-
parison to the currently studied population in northern
India may be limited.

Our study has several strengths. First, to our knowl-
edge, this is the only study to systematically estimate the ef-
fect of exposure to ACRB on ARI in India. Second, we

leveraged two high-resolution data sets: crop-burning data
from MODIS and data on reported ARI among all age
groups of men and women in Haryana from DLHS-4,
which has a large sample size, is representative at the dis-
trict level and were collected when ACRB peaks. Third, we
accounted for a comprehensive set of risk factors in our
mutually adjusted statistical model, thus our study pro-
vides an important benchmark in examining the relative
contribution of these risk factors for ARI. Fourth, we pro-
vide the first available estimates of ACRB abatement in
terms of DALYs and US dollars.

Our study is not without limitations. First, the DLHS
survey was not conducted in Punjab—the state with the
highest incidence of ACRB in October—thus we could not
estimate the contribution of ACRB on ARI in that state.
Second, to our knowledge, high-frequency, high-resolution
data on particulate-matter concentration in the ambient air
of Haryana or Punjab are not available; consequently, we
could not estimate the dose-response function linking
ACRB and the resulting increase in air pollution to health
outcomes. Third, in our mutually adjusted models, we con-
trolled for other factors that may also increase outdoor air
pollution. However, it is possible that we missed some fac-
tors, such as a fall in the ambient temperature, which may
worsen the effect of air pollution on population health.
Fourth, the effects of firecracker burning were estimated
by specifying a dummy variable for the week after Diwali.
The independent effects of firecracker burning would
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ideally be estimated in the absence of ACRB to avoid con-
founding, but this was not possible due to co-occurrence of
these events. Therefore, our estimate of the contribution of
firecracker burning is likely biased. Finally, we note that
low variability in the district vehicle index in the urban
sample prevents us from being able to accurately examine
the effect of motor-vehicle density on ARI in cities, and
data at a higher spatial resolution would allow better risk
assessment in this case.

Conclusion

We found that living in an area where crop burning is prac-
tised was a leading risk factor for respiratory disease in
northern India. Whereas the total burden of diseases from
air pollution declined between 1990 and 2016 due to
efforts to reduce the burning of solid fuel for household
use, outdoor air pollution increased by 16.6%.° We found
that ACRB leads to over US$30 billion losses in economic
value every year and a 3-fold risk of ARI to those exposed
in the general population. Any investments made for the
abatement of ACRB are likely to be highly favourable in
terms of their return on investment, when compared with
other public-health interventions or actions.”>*® ACRB is
a growing problem in India and in other countries.®*%*7-%8
The promotion of sustainable economic development
should include investments to stop crop burning.

Supplementary data

Supplementary data are available at IJE online.
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