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Ambient air pollution and daily mortality in ten cities of
India: a causal modelling study
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Summary

Background The evidence for acute effects of air pollution on mortality in India is scarce, despite the extreme
concentrations of air pollution observed. This is the first multi-city study in India that examines the association
between short-term exposure to PM, ; and daily mortality using causal methods that highlight the importance of
locally generated air pollution.

Methods We applied a time-series analysis to ten cities in India between 2008 and 2019. We assessed city-wide daily
PM, ; concentrations using a novel hybrid nationwide spatiotemporal model and estimated city-specific effects of
PM, ; using a generalised additive Poisson regression model. City-specific results were then meta-analysed. We
applied an instrumental variable causal approach (including planetary boundary layer height, wind speed, and
atmospheric pressure) to evaluate the causal effect of locally generated air pollution on mortality. We obtained an
integrated exposure-response curve through a multivariate meta-regression of the city-specific exposure-response
curve and calculated the fraction of deaths attributable to air pollution concentrations exceeding the current WHO
24 h ambient PM, ; guideline of 15 pg/m3. To explore the shape of the exposure-response curve at lower exposures,
we further limited the analyses to days with concentrations lower than the current Indian standard (60 pg/m3).

Findings We observed that a 10 pg/m3 increase in 2-day moving average of PM, ; was associated with 1-4% (95% CI
0-7-2-2) higher daily mortality. In our causal instrumental variable analyses representing the effect of locally
generated air pollution, we observed a stronger association with daily mortality (3-6% [2-1-5-0]) than our overall
estimate. Our integrated exposure-response curve suggested steeper slopes at lower levels of exposure and an
attenuation of the slope at high exposure levels. We observed two times higher risk of death per 10 pg/m3 increase
when restricting our analyses to observations below the Indian air quality standard (2-7% [1-7-3-6]). Using the
integrated exposure—response curve, we observed that 7-2% (4-2%-10-1%) of all daily deaths were attributed to PM, ;
concentrations higher than the WHO guidelines.

Interpretation Short-term PM,  exposure was associated with a high risk of death in India, even at concentrations well
below the current Indian PM, ; standard. These associations were stronger for locally generated air pollutants
quantified through causal modelling methods than conventional time-series analysis, further supporting a plausible
causal link.
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Introduction more than three to four times per year), and even

Exposure to air pollution is a global public health hazard,
with a considerable body of evidence linking short-term
and long-term exposures to a range of health outcomes,
including all-cause and cause-specific mortality, respira-
tory and cardiovascular conditions, neurodevelopmental
deficiencies, and adverse pregnancy and birth out-
comes.”® Evidence of these health harms has led to
sustained reductions in air pollution exposures globally,
yet many low-income and-middle income countries,
including India, continue to experience high concentra-
tions of air pollution.

Air pollution levels in many parts of India routinely
exceed the WHO guidelines for safe exposure (24 h
ambient PM,  standard of 15 pg/m3 not to be exceeded
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exceed India’s own less stringent ambient air quality
standards for 24 h ambient exposure (60 pg/ms3).”*
Annual average exposure to PM, ; in the nation’s capital
Delhi exceeded 100 pg/m3 in 2021 (WHO guideline
value 5 pg/m3; Indian standard 40 pg/m3), with similar
concentrations faced across much of the Indo-Gangetic
Plain airshed.” Meteorological factors and seasonal
high combustion events, such as festivals or crop
residue burning, often push short-term exposures to
concentrations as high as 700-1000 pg/m3.” These
hyperlocal pollution episodes that trigger greater expo-
sures, especially to ambient air pollution, can cause
increased vulnerability and burden of disease. The 2019
subnational burden of disease study estimated that
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Research in context

Evidence before this study

We carried out two PubMed searches without language
restrictions from database inception to March 14, 2024. We used
the search terms “air pollution”, “particulate matter”, “short-
term”, and “mortality” and then added “India”. Our search
identified that numerous studies globally have found effects of
short-term ambient air pollution on daily mortality. However, we
observed no multi-city studies conducted in India and no global
multi-city, multi-country analyses that featured Indian cities.
Further, no study has applied causal inference methods to
capture the role of locally generated pollutants in a low-income
and-middle income setting. In addition, previous studies from
India have not investigated exposure-response curves across
such broad range of exposures, including evaluating the effect of
air pollution at lower thresholds, even below the Indian
recommended air quality guidelines. Finally, policy makers are
reluctant to set standards based solely on studies conducted in
other continents.

Added value of this study
We observed an important effect of short-term exposure to
PM,; on daily mortality in the first multi-city study including

more than 10-4% of total deaths (approximately
980000) and 6-7% of total disability-adjusted life years
(approximately 31-1 million) are associated with
exposure to ambient PM, ;. These estimates are treated
with relative scepticism by policy makers because
they are not based on studies from India. However,
a growing body of local evidence has begun to fill the
gaps in knowledge on both long-term and short-term
exposures."™

Many studies elsewhere have evaluated the effect of
short-term ambient air pollution on daily mortality.
Although many of these studies are focused on specific
geographical areas, some have conducted multi-city
analyses in the USA, Latin America, Europe, China, and
globally.”™ To the best of our knowledge, there have
been no multi-city studies conducted in India, and
neither have any Indian cities featured in global multi-
city, multi-country analyses. Previous studies on the
effect of short-term PM, ;exposures on daily mortality in
India are scarce—they have focused only on one or two
cities and have not investigated exposure-response
curves across a broader range of exposures."” Further,
there are only a few studies that have evaluated the
possible effect of locally generated air pollution on
mortality through causal modelling techniques such as
instrumental variable analysis.*®# The instrumental
variable approach relies on the selection of a variable
(the instrument) that can cause a build-up of locally
generated pollution but does not have other plausible
links with daily changes in mortality, except through air
pollution itself.** In effect, the instrument allows local

data from some of the largest and most polluted cities in
India. These associations were observed to be stronger when
using causal modelling methods accounting for locally
generated pollutants. We were able to generate an integrated
exposure-response curve for India that indicates increased risk
of mortality even at lower concentrations of PM,; exposure.
We did not observe any evidence of a safe threshold nor lower
incremental effects on mortality at lower concentrations

of PM,..

Implications of all the available evidence

This study adds to the vast body of research globally showing
increased effects of PM, . on daily mortality and provides
strong evidence for such an association in India. Accounting
for locally generated air pollutants by using causal methods
might indicate a previous underestimation of the effect of air
pollution. In line with previous studies regarding the
exposure-response curve, no safe threshold for air pollution
exposure exists. Our findings support the current evidence
that approximately 7-2% of all deaths in India are attributable
to daily PM, exposure.

pollutants to vary independently in relation to both
measured and unmeasured confounders, thus elimi-
nating any effects that might influence the relationship
between exposure and outcome. This approach allows
us to provide causal estimates of the effect of changes in
local air pollution levels.

Using a national spatiotemporal exposure model and
daily mortality data from ten cities, we aimed to conduct
the first multi-city analysis for India, including the use of
causal modelling methods. The ultimate goal of our study
was to provide a first national causal exposure-response
function directly relevant to policy. Furthermore, the
inclusion of cities with different exposure levels aimed to
increase statistical power and capture a broader range of
daily exposure to PM, ..

Methods

Daily mortality

We obtained daily counts of all-cause mortality from the
death registries of ten municipal corporations in India
(Ahmedabad, Bangalore, Chennai, Delhi, Hyderabad,
Kolkata, Mumbai, Pune, Shimla, and Varanasi), covering
each of the five climate zone classifications (appendix
p 2). The data covered the period from 2008 to 2019,
with 3-7 years of data available for each city (appendix
p 2). We acquired de-identified mortality records from
each municipal corporation, and we cleaned and
aggregated the data to compile daily deaths for use in
our analyses. International Classification of Diseases
codes were not available for most cities, leaving us
unable to conduct analyses of cause-specific mortality.
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The city-specific populations varied from 170000 in
Shimla to approximately 16-8 million in Delhi.”

Exposure assessment: daily ambient air pollution

We generated daily average PM, ; concentrations at 1 km?
spatial resolution across India using a hybrid ensemble
averaging approach from 2008 to 2020.° Briefly, we
collected ground monitoring-based observations of daily
average PM,; and PM,, across 1056 locations and an
extensive set of predictors encompassing satellite-based
observations, meteorology, land-use patterns, emissions
inventories, and reanalysis-based data. Using a cross-
validation approach by leaving out 20% of the monitors,
we trained four machine learning methods (deep learning,
random forests, gradient boosting, and extreme gradient
boosting) on the training data. The optimised models
were implemented on the left-out validation data to
obtain learner-specific predictions and combined using
a Gaussian process regression to obtain the final
predictions. The ensemble averaging was done to
borrow strength across the different machine learn-
ing algorithms. We observed that certain algorithms
performed better in specific areas and used a Gaussian
process-based model (including elevation and land-use
features) to combine the predictions from the four
different algorithms into one final prediction for each
grid-day combination. This method allowed us to obtain
PM,; exposures in regions with no monitoring data
across time. The daily ensemble averaged predictions had
a cross-validated R2 of 86% and mean absolute error
ranging between 14-4 pg/m3 and 25-4 pg/m3 across
India. In this study, we estimated daily population
weighted PM, ; concentrations of all 1 km2 grid cells
contained within the municipal boundaries of each of the
ten cities included in the study throughout our study
period. Population-weighted averages were used to
provide a more accurate representation of the actual
exposure experienced by the population.

Analytical strategy

We applied a two-stage analysis approach to evaluate
the effects of PM, on daily mortality counts. In the
first stage, we used quasi-Poisson generalised additive
models (GAMs) to estimate city-specific associations.
The models were adjusted for a penalised spline smooth
function of calendar day with nine degrees of freedom
(df) per year to account for underlying long-term and
seasonal time trends, an indicator of day-of-week to
account for weekly variations, and a natural spline
function with four df for daily mean air temperature
(lag 0—4). We used the 2-day moving average of current
and previous day PM, ; concentration (lag 0-1) to estimate
the effect on daily mortality, in line with the current
literature.™" We explored different lag patterns including
single lags of same day (lag 0), previous day (lag 1),
2 days preceding level (lag 2), and 4-day moving average
(lag 0-3). We modelled PM,; as a linear term, and
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expressed the effect estimates as percentage change in
daily mortality, with 95% ClIs per 10 pg/m3 increase
in PM,; (lag 0-1). In the second stage, we applied
a random-effects meta-analytical model to pool the city-
specific estimates of associations of PM, ; with mortality.
We calculated I2 statistics and Cochran’s Q-test to
evaluate the between-city heterogeneity.

Effect of locally generated pollutants using
instrumental variable analysis

We used an instrumental variable approach to estimate
the causal effect of locally generated air pollution in
India. A more comprehensive overview of this approach
can be found elsewhere;”? briefly, the authors identified
three instruments: planetary boundary layer height
(PBLH), wind speed, and atmospheric pressure. PBLH is
the elevation height at which vertical mixing of local
emission occurs in the atmosphere. The mean PBLH
varies day to day through dynamic interplay of various
atmospheric processes. Wind speed affects horizontal
transport of pollutants, with lower speeds increasing
local influence and higher speeds promoting turbulent
mixing and reduced concentrations. High atmospheric
pressure typically induces weather conditions such as
lower vertical temperature gradients, which impede both
vertical and horizontal mixing of pollutants. Although
each variable can individually capture distinct aspects of
air pollution variation, the daily variability of each
instrument is unlikely to be associated with daily deaths
except through air pollution changes. Therefore, these
three instruments serve as the most appropriate options
for an instrumental variable in our study.?* If these
variables are not predictors of mortality except through
air pollution, then they should not be associated with any
confounders. If these instruments produce variations in
air pollution that are randomised with respect to
measured and unmeasured confounders, and if that
fraction of variation in air pollution is associated with
daily mortality, the effect estimates should be causal.

We obtained daily mean levels of PBLH, wind speed, and
atmospheric pressure from the European Centre for
Medium-Range Weather Forecasts.”” Similar to PM, ;, we
used the 2-day moving average of current and previous day
PBLH, atmospheric pressure, and wind speed. We
regressed our PM, ; values (lag 0-1) on time trends, air
temperature (lag 0—4), and day of the week, then extracted
the residuals. To obtain a single final instrumental variable,
the three instruments were combined to derive one single
pollution-calibrated instrumental variable by applying
a support vector regression (SVM) with a radial kernel to
account for non-linear interaction between the predictors
and the residuals of local pollution. We used the SVM
function in the R package e1071. The obtained fitted values
represent the remaining variation in PM, that was
explained by the three instrumental variables, and are
independent of season, time trend, and temperature.”*
Then, we used the instrument as our exposure in the
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Figure 1: Daily PM,; concentrations across ten Indian cities (dashed line shows the WHO recommended air
quality guidelines [24 h of 15 pg/m’°])

Boxplot showing the median, IQR, minimum, maximum, and extreme values of PM, ; concentrations. Extreme
PM, ; events, which significantly exceed the WHO guidelines, are particularly observed in cities such as Ahmedabad,

Delhi, Kolkata, and Varanasi.
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quasi-Poisson regression in each city as specified
previously. The effect estimates obtained from this model
are on the same scale as PM, ..

Meta-analytic regression and attributable fraction

We assessed the shape of the exposure-response curve
for each city using our main GAM. To account for
possible non-linearity, we applied a quadratic B-spline
with one single knot located at the 50th percentile of the
city-specific air pollution distribution (2-day moving
average of PM, ). Then we applied a multivariate meta-
regression of the city-specific predictions of the
exposure-response curve to obtain an integrated
exposure—response curve.” As we observed a supralinear
relationship, we used the integrated exposure-response
curve to calculate the fraction of deaths attributable to air
pollution concentrations exceeding the WHO 24 h
ambient PM, ; guideline of 15 pg/m3.” To do so, for each
day in each city, we used the overall integrated relative
risk comparing each day’s air pollution with WHO
guidelines to calculate the attributable deaths and
attributable fraction, using a previously described
method.” Then, we obtained the total deaths attributable
to PM, ; above the WHO guidelines by summing all the
daily attributable deaths series, and estimated the total
attributable fraction by dividing the total number of
attributable deaths by the total deaths. 95% Cls were
derived through 1000 Monte Carlo simulations. Finally,
we investigated if associations persisted at successively
lower concentrations of air pollution (<250 pg/m3,
<125 pg/m3, <100 pg/m3, <75 pg/m3, and <60 pg/m3, the

last being the Indian standard of 24 h ambient PM,
concentration).

Sensitivity analysis

To assess the robustness of our results we performed
several sensitivity analyses. We applied different df
(between six and ten df per year) to account for time
trends, and we applied different adjustments for
temperature (at lag 1 and 3 and using three and six df in
the smoothing variables). Relative humidity is used as
a confounder in previous studies, but these data were not
available for all cities or all time periods.”” Thus, as
a sensitivity analysis, we adjusted for relative humidity
from meteorological stations for those cities when data
were available (Ahmedabad, Bangalore, and Hyderabad).
Finally, we estimated the integrated exposure-response
curve and attributable fraction using different knot
points for PM, ;, with equidistant knots (at 25th, 50th,
and 75th percentiles) and at specific percentiles
(10th, 50th, and 90th). We also estimated fractions of
deaths attributable to air pollution concentrations
exceeding the Indian 24 h ambient PM, ; standard.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

This time series analysis included more than 3-6 million
deaths in India from 2008 to 2019 (appendix p 2). The
long-term average of daily means of PM, ;over this period
ranged from 28-4 pg/m3 in Shimla to 113-0 pg/m3 in
Delhi (figure 1). The maximum daily PM, ;concentration
was registered in Delhi at 617-6 pg/m3, and in 99-8% of
all days across all cities (27091 of 27146 days) the daily
PM,, concentrations exceeded the 2021 WHO
recommended 24 h air quality guidelines of 15 pg/m3
(figure 1).

From our main analyses, we observed a 1-42% (95% CI
0-67-2-19, I2 95-7%) increase in daily mortality per
a 10 pg/m3 increase of PM,; (lag 1, figure 2). The
city-specific estimates showed large variations, ranging
from 0-31% (0-21-0-41) in Delhi to 3-06% (1-54—4-59) in
Bangalore. In our instrumental variable analysis, we
observed an increase in daily mortality of 3-57%
(2-11-5-04, 96-3%) per 10 pg/m3, which was higher than
in the conventional time-series analyses (figure 2). The
causal effects were especially strong in cities with lower
concentrations of air pollution, such as Bangalore,
Chennai, and Shimla.

Estimates are provided as percentage change in
mortality and 95% CIs per 10 pg/m3 increase in PM,
(lag 1). Models were adjusted for a penalised spline
smooth function of calendar day with nine df, an
indicator of day-of-week, temperature (lag 4), and relative
humidity (lag 4).
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We observed a supralinear relationship in our integrated
exposure-response curve, with steeper slopes at lower
levels of exposure and an attenuation of the slope at higher
levels of exposure (figure 3). We looked at the relative risk
of air pollution against the minimum air pollution
concentration at which an effect was observed in our study
(17-1 pg/m3), as selecting the WHO 24 h ambient PM, ;
guideline of 15 pg/m3 was not feasible as there were not
enough days in which such concentrations were observed
in our dataset (figure 3). Using the estimated integrated
exposure—response curve, we estimated that7-2% (95 % CI
4-2-10-1) of all deaths were attributable to PM,
concentrations higher than the WHO recommended
15 pg/m3, corresponding to 33627 (19443-47426) annual
deaths across our ten cities (table). Delhi had the largest
attributable fraction and highest attributable yearly deaths.
The steeper slope at lower levels of exposure was supported
when we restricted our analyses at different thresholds as
we observed an increase in the effect estimates as we
lowered the thresholds. When we restricted our analyses
to days that observed PM,  concentrations below the
recommended Indian guidelines (<60 pg/m3 recom-
mended daily PM, concentrations), we observed two
times higher risk estimates compared with our main
analyses without restriction (percent change [<60 pg/m3]
of 2-65 [95%CI 1-68-3-63] per 10 pg/m3; figure 4).

Exploring different lag patterns, we observed similar
associations for single lags of 0 and 1 days and lag 0-3 on
daily mortality, but we observed a smaller effect on lag
0-2 days (appendix p 5). In the sensitivity analyses, we
observed almost identical effect estimates adjusting for
different df per year for time trend (six to ten df), and
similar effect estimates were observed by adjusting for
different degrees of smoothness for temperature
(appendix p 6). The effect estimates of PM, , and mortality
did not change after adjusting for relative humidity
(appendix p 7). Finally, when using different knot points
for PM,,, we observed similar integrated exposure—
response curves, but slightly higher attributable fractions
and total attributable deaths (appendix p 8). Using the
Indian standard, we observed lower deaths attributed to
PM, , concentrations higher than 60 pg/m3 compared
with the WHO guidelines (appendix p 3).

Discussion

Our study analysed the association between PM,
exposure and approximately 3-6 million daily deaths in
ten Indian cities between 2008 and 2019. As such, it is the
first multi-city study to examine the association between
short-term exposures to air pollution and daily mortality
in India. We observed a clear association between daily
PM, exposure and increased risk of mortality. These
associations were stronger when using causal modelling
methods incorporating instrumental variables that
isolated the effect of locally generated air pollution,
indicating that previous studies probably underestimated
the effect of short-term exposure to air pollution on daily
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A Percent change
(95% C1)
City
Ahmedabad - 133 (0-69t01.98)
Bangalore — . 3-06 (1-54 to 4-59)
Chennai - 0-97 (0-44 to 1-50)
Delhi B 0-31(0-21t0 0-41)
Hyderabad —a— 122 (-0-28 t0 2:75)
Kolkata [ ] 1.77 (147 t0 2:07)
Mumbai N 2-41(1-85t02:98)
Pune = 0-80 (-0-06 t0 1-66)
Shimla 345 (-3-32t0 10-69)
Varanasi -l 117 (0-49t0 1-86)
Meta-analysis estimate P 1-42 (0-67 to 2-19)
(heterogeneity: ’=95-7%, p<0-00)
I T T 1
-5 0 5 10 15
B
City
Ahmedabad — 6-06 (3-10t0 9-09)
Bangalore _— . 9-12 (4-03 to 14-46)
Chennai — i 5-31(3-35t0 7:30)
Delhi = 078 (0590 0-97)
Hyderabad — 455 (2:30t0 6-86)
Kolkata n 322 (2:61t03-83)
Mumbai » 132 (0-76 t01-87)
Pune - 178 (0-73t0 2-85)
Shimla 10-89 (0-27 to 22-64)
Varanasi B 3-80(2:92t0 4-69)
Meta-analysis estimate e 3-57 (2-11to0 5-04)
(heterogeneity: ’=96:3%, p<0-00)
T T T 1
0 5 10 15 25

Figure 2: City-specific and pooled estimates using conventional time-series analyses (A) and instrumental
variables causal analyses (B) of the association between short-term exposure to PM,; and daily mortality

per10pg /m?
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Figure 3: Integrated exposure-response curve (2-day moving average)
between air pollution and mortality, with 95% Cls

The figure represents the relative risk of air pollution against the minimum air
pollution concentration (grey area) at which an effect was observed in our study
(17-1 pg/m?). Ideally, this would be assessed at the WHO 24 h ambient PM,
guideline of 15 ug/m?, but this was not feasible as there were very few days
where such concentrations were observed in our dataset. The dashed line shows
the 99th percentile.
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PM,,, mg/m’  Attributable Attributable deaths Attributable deaths

mean (SD) fraction (95% Cl)  (95% ClI) per year (95% Cl)
Ahmedabad  37:9 (9-7) 5-6% (2-8-8-1) 28680 (13 859-40632) 2495 (1230-3588)
Bangalore 33:0 (6-5) 4-8% (2:2-7-2) 10509 (5323-15652) 2102 (969-3167)
Chennai 337(9) 4-9% (2-2-7-3) 28674 (12 883-43266) 2870 (1329-4298)
Delhi 113-0 (64-5) 11-5% (5-2-16-4) 95715 (45449-135217) 11964 (5399-16983)
Hyderabad 38-9 (10-4) 5:6% (2-8-8-3) 5552 (2972-8274) 1597 (805-2363)
Kolkata 55-2(353) 7-3% (4-0-10-5) 45458 (26227-63911) 4678 (2573-6735)
Mumbai 41.7 (18-5) 5-6% (3-0-8-0) 30544 (15507-43 843) 5091 (2761-7340)
Pune 453(22:6) 5-9% (3:3-8-6) 7169 (3866-10328) 1367 (761-1999)
Shimla 28.4(6-9) 37% (1-9-5-6) 281 (132-415) 59 (30-90)
Varanasi 82:1(353) 10-2% (6-2-14-4) 8263 (4973-11517) 831 (506-1178)
Total 53:6 (39:5) 7-2% (4-2-10-1) 260845 (151397-367490) 33627 (19443-47426)

Table: Attributable fraction (%) and deaths (N) to daily PM, exposure with 95% Cls during the follow-up
period, by city

Main model: 27 106 days
<250 pg/m’: 27 002 days
<125 pg/m’: 25 631 days
<100 pg/m*: 24 163 days

<75 pg/m?*: 22 000 days
<60 pg/m* (NAAQS-24h): 19 568 days

Percent change (95 CI%)
142 (0-67-2:19)

- e
- = 143 (0-82-2:05)
—— 154 (1-14-1-94)
— 173 (118-228)

- e

2.23 (1.51-2:96)
2:65 (1-68-3-63)

Percent change (95 Cl%)

Figure 4: The effect of air pollution on daily mortality at lower thresholds of PM,

Days with daily PM,; concentrations above the selected thresholds were excluded. Models were adjusted for

a penalised spline smooth function of calendar day with nine degrees of freedom, an indicator of day-of-week,
temperature (lag 0-4) and humidity (lag 0-4). The Indian National Ambient Air Quality Standards recommend
24 h average PM,, concentrations to not exceed 60 pg/m?’. The number of days at each threshold of PM, ; per city

are added in the appendix (p 4).
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mortality. Exposure-response curves generated as part of
this study show the risk of mortality escalated rapidly at
lower levels of exposure and tapered off at higher levels.
Overall, we found an increase of 1-42% (95% CI
0-67-2-19) in daily mortality associated with each
10 pg/m3 PM,  exposure. This effect estimate is higher
than those reported by previous studies conducted in
India™** and is higher than a recently published multi-
city meta-analysis (499 cities) that reported a pooled
estimate of 0-68% increase in daily mortality per 10 pg/
m3 increase in PM, ,.” When compared with regions that
experience similar concentrations of PM, ; exposure as
India, our estimate remained higher, with a 272-city study
in China reporting a 0-22% increase, and an 11-city east
Asian study reporting a 0-38% increase in daily
mortality per 10 pg/m3 increase in PM,.."* However,
our effect estimate was lower than some country-specific
effect estimates from Greece (2-54%), Japan (1-42%), and
Spain (1-96%)." Several factors could explain the stronger
effects of PM,, observed in our study, including the
differential composition and toxicity of PM, , varied age
structures and susceptibility patterns, and climatological
differences. We also found substantial heterogeneity in
effect estimates across the cities studied, indicating
the need for further research on local PM,, mortality

associations, particularly since different cities have
different pollutant source profiles.

Our integrated exposure-response curve showed
a plateauing of risk at higher concentrations of PM,
exposure, similar to other city-specific studies from India
and multi-city studies published elsewhere."?* For
instance, the Chinese study of 272 cities had similar annual
concentrations of PM, ;, but our exposure-response curve
plateaus at higher concentrations of PM, .. In addition,
we observed stronger effects in lower polluted areas, such
as Shimla and Bangalore, than higher polluted areas such
as Delhi. This effect is probably related to the supralinear
exposure—response curve, since Shimla and Bangalore had
considerably lower concentrations. This sharp increase in
risk at lower levels of exposure, which plateaus at higher
levels, was reported by other studies in the region and
studies in Europe.*"*

Analysis of the same relationship using an instrumental
variable yielded a much higher effect estimate than the
conventional time-series analysis. This difference could be
due to several factors. First, the instrumental variable
might be better at capturing the effect of locally generated
air pollution because the instruments (planetary boundary
layer height, wind speed, and atmospheric pressure) are
directly related to higher contributions to ambient PM,
from local sources since they cannot be easily dispersed,
and since when the boundary layer is low, transported
pollution from elsewhere is generally not mixed
downwards to the surface. Itis likely that given the plurality
of local sources observed in most Indian cities (including
waste burning, local transport, and diesel generator sets),
the air pollution generated from these sources might be
more toxic than transported particles. However, this
hypothesis requires further study. Second, it is possible
that our model using the instrumental variable might
capture the effect of other local air pollutants—such as
NO,—and not just PM,,. Since our model does not
generate estimates of local NO,, we were unable to study
the so-called cocktail effect” of both pollutants, and we
highlight the need for further study of this complex area.

As the first multi-city, time series analysis of short-term
exposure to PM, ; and daily mortality in India, our study
has several strengths. First, the large dataset comprising
approximately 3 -6 million deaths provided us with more
than adequate statistical power to estimate the observed
effects. Second, we developed and used an innovative
spatiotemporal exposure model to estimate PM, ; con-
centrations. This model allowed us to move beyond the
use of fixed site monitors and to generate population-
weighted exposure metrics for each of the cities we
studied. Third, through the use of instrumental variables,
we have been able to generate causal estimates for the
association between PM,; and mortality, providing
deeper insight on the role of local sources of PM, ; in this
relationship.

Our study also had some limitations. First, although we
were able to use our spatiotemporal exposure model to
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generate 1 km? gridded predictions of PM, ;, the exposure
metrics used in this study were daily city-level average
PM, ;. This limitation is likely to have resulted in some
non-differential misclassification of exposure, thereby
lowering our effect estimates. Second, there is hetero-
geneity in the strength of death registration across the
various states and cities in India, resulting in a proportion
of deaths being missed by the civil registration system
each year. We expect that these deaths are probably missed
at random in relation to daily variations in air pollution
concentrations and unlikely to bias our effect estimates.”?
Third, we were unable to obtain data for more cities and
larger time periods, and on age, sex, and other individual-
level effect modifiers, the analysis of which could have
yielded information relevant to policy. For instance,
analysis of effect modification of the PM,; mortality
relationship in Delhi revealed a larger effect among elderly
and male populations." As additional health data and
contextual information become increasingly accessible in
India, we anticipate that forthcoming studies will have the
opportunity to address these limitations. Finally, the
minimum PM, , concentration observed across all cities in
our study was 17-1 mg/m3, and this therefore served as the
counterfactual for our analyses. Research from other
settings has shown considerable health harms observed
well below these concentrations, and the high minimum
concentrations of PM, ; in our study presents a challenge
in understanding these risks locally.®* In the absence of
such local data, policy makers must rely on evidence from
other settings in defining appropriate health-based
thresholds.

The results of our study have direct relevance to policy
in several ways. First, India is currently conducting its
decadal process of reviewing its national ambient air
quality standards (NAAQS). The NAAQS are substantially
more relaxed than the WHO guidelines for acceptable
exposure for all pollutants (eg 60 pg/m3 vs 15 pg/m3 for
24 h PM, , exposure). This study could serve as a strong
addition to the growing local evidence base that the review
could include in developing new standards for India.
Second, the effect of PM, , at lower concentrations and the
associated steep risk gradient means ambient PM, ; must
be reduced substantially from current concentrations to
garner concomitant health benefits. Although India
launched the National Clean Air Program in 2019, its
target of reducing air pollution by 25-30% from 2017
concentrations will fall short in protecting health and
preventing possible deaths from exposure to poor air
quality. Furthermore, several cities have or are currently
formulating Graded Response Action Plans to tackle high
exposure events. These action plans kick in at high
concentrations of air pollution (often above 150 pg/m3),
which, based on our results, would only yield marginal
benefits with respect to daily mortality, and negative health
effects could continue to accrue even at lower pollution
concentrations.””” Third, the estimates generated from
our instrumental variable analysis have shown the
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substantial effect of local sources of air pollution, which
are numerous in most Indian cities. Action plans to tackle
air pollution must therefore direct as much attention to
these dispersed sources of air pollution as they do to
traditional point or line sources. Finally, the large fraction
of deaths attributable to short-term PM, ; exposures across
all the cities we studied indicate that the emphasis on
policy and action, which has gradually expanded to regions
of India besides the Indo-Gangetic Plain, must intensify
in coming years.

Shortterm PM, ; exposure increased the risk of daily
mortality in multiple Indian cities of varying size and
location. Our results generally show stronger associations
than other studies, and highlighted the more pronounced
associations for locally generated PM, ;. The plurality of
study sites allowed us to extend analysis to lower ambient
PM, , concentrations than previously studied in India, and
the results revealed a steep increase in risk well below the
current Indian PM, ; standard. Daily deaths attributable to
short-term PM, ; exposure over the course of the study
period amounted to approximately 30000 (7-2%) deaths
each year in the ten included cities. As efforts to develop
and strengthen air pollution action plans at state, district,
and city levels continue, the results of this study show the
growing need to address dispersed local sources of air
pollution in addition to traditional fixed and line sources.
This work also provides important insights on harmful
health outcomes even at lower pollution concentrations in
India and reinforces the message that there is no safe level
of exposure to air pollution, even in highly polluted
regions.
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