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ABSTRACT:The association between daily all-cause mortality [ [ e [ s |
shor'g-term ne particulate matter (Ialgl exposure is well establishedin_- .~ = _—
the literature. However, association between acute exposugg to'PM " " I
chemical species and mortality is not well known, especially==p—=—= =]
developing countries like India. Here we examined associations between— | .-
mortality and acute exposure to,EMass concentration and their 15 )
chemical components using data from 2013 to 2016 in megacity;.Bethi————=———=1
using a semiparametric quasi-Poisson regression model, adjusting-for—|-—— ——
mean temperature, relative humidity, and long-term time trend as-the —
major potential confounders. Mortality estimates were further cheéeked—===———=—
for e ect modication by sex, age group, and season. The subspeciesof = __—
NO; , NH,NO;, Cr, NH,", EC, and OC showed a higher mortality
impact than the total PMmass. Males were at higher risk from NO
SQO? , and their N5 compounds along with carcinogen Cr, whereas

female group was at higher risk from EC and OC. Among all age groups, the elderly above 65 years were the most vulnerable
prone to mortality eects from maximum species. The major mortality risk from all hazardous species arose from their winte
exposures. Our study provides tisé evidence of association between acute exposurgstchBiical species and mortality
anywhere in India and recommends similar studies in other regions so that sectoral mitigation emitting the most toxic species c:
prioritized to maximize the health béne

KEYWORDS:Delhi, PMls species, mortality, source apportionment, time-series study, fossil-fuel combustion
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Polltant concentatonfygn’)

1. INTRODUCTION gap eventually, short-term time-series ecological studies using
hyper local data hold the potential to provide crucial health
impact evidence from air pollution exposure in the meantime.
In the last two decades, three studies examined the impact of
acute exposure to ambient pKparticulate matter smaller
fhan 10 m) on all-cause mortality in Délhi” The impact of

acute exposure to ambient,Rih mortality was examined in
oYaranasi, and more recently, in Delhi, with novel use of high
tesolution (1 km) satellite-based estimates of; BN he

study by Joshi et al. on Défhipund a 0.52% (0.4D.62%)
increase in nontrauma all-cause mortality for eveg/md
increase in 6-days cumulative, Pétposure with almost a 2-

Exposure to ambient short-teme particulate matter (BM

is the leading environmental health risk in tfighin India,

the highest ambient Blexposure is observed in megacity
Delhi, where annual Blyexposure (110 g/m®) is close to

20 times higher than the latest World Health Organizatio
(WHO) air quality guideline of 5g/m3?® PM, 5 shows a
strong seasonality in Delhi with two major pollution episod
during October through January when dailysRMposure
exceeds 250g/m® and one minor pollution episode in the
summef. Source characteristics of RN Delhi vary from

season to seasvnhe health burden of chronic ambient PM . : S
exposure in India was addressed in the Global Burdenf d higher impact in winter (0.55%, 056%) per 109/

Disease (GBD) study. In 2017, 11732 (95% catence ' increase in P than in summer (0.29%, 0.D445%).

interval, Cl: 970513882) deaths and 2018 (16@826)  /nother study by Krishnaa et al., using Jekposure

disability-adjusted lifeaye per 100000 population were estimated using an ensemble approach, found a 0.8% (0.3

attributed to ambient PM exposure in Delhi, leading to a

life expectancy loss of 1.5 (1L.3) yearg_ Special IssueUrban Air Pollution and Human Heal
GBD estimates provided a robust framework to estimate it...ived: October 11, 2021

pollution long-term exposure health impacts. However, the.ised: April 11, 2022

GBD estimates in India lacked the use of local and nationally.cepted: April 11, 2022

representative cohort studies in India. While several cohorts

are either ongoing or being planned and are expediadiso
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1.3%) increase in mortality per 2§/m® increase in list of 20 top polluted cities in the worldtgs://www.igair.
exposuré’ com/in-en/world-most-polluted-cidieEhe unique geography
Globally, compared to the total Pvhass, the studies on of Delhi, seasonal shifts of the meteorology, and high emission
the impacts of exposure to Mompositions on all-cause source strength both locally and regionallyeirce the
mortality are quite limited. Tang et al., using a chemicadollution cycle in Delfi.
transport model, estimated health damage factors attributed ta2.2. Mortality Data. The daily mortality data was obtained
PM, 5 species of SONOx, and primary particulate (black from the Municipal Corporation of Delhi (MCD), Civic
carbon and organic carbon) for 10 regions across thé&*globeCentre, New Delhi. The MCD is one of the three designated
The damage factors of primary particulates were found to hethorities that compiles all registered deaths in the city
ve times larger than those of secondapy PNthe form of boundaries. The other two are the New Delhi Municipal
SO, and NQ constituents in all regions. A meta-analysis oCorporation and Cantonment Board. In the National Capital
studies over the globe revealed combustion species such asTe@itory (NCT) area, the MCD covers 94.2% of the
and K had the strongest correlations with mortality. a geographical area and the largest share of the registered
cross-state study based in the USA, chemical specigs of Nf@aths, i.e., 75.5%The mortality data from the MCD were
and SQ were found to cause the most premature deaths ireceived as individual deaths with the date of death (during the
2005, which shifted to equal or even higher premature deatheriod 20132016), place of death, and details of age, sex, and
from PM 5in 2018. This study reported temporal changes inesidential address of the deceased. The @tetgtails of the
both emission sectors and emission sources, causing premadieiseased were used for research purposes only, and strict
mortality’® Another USA-based Medicare cohort study founcton dentiality of this information was maintained. In the raw
NO; , Si, Pb, and other metal-related Pddmponents to be  data received from the MCD, the death events also carried the
signi cantly associated with increased hazard ratios for adause of death information, but this was not medically
cause mortality. The previous attempts for quacaition of  classied according to the international classion system,
short-term eects from PMs constituents were by Ostro et and hence we decided against processing the cause-speci
al.’® who found a larger impact of exposure to elementahortality. However, the cases of accidents and suicides were
carbon (EC) on mortality than BMor organic carbon (OC)  exclusively mentioned, which allowed us to extract the daily
in six California counties. Franklin €f akported a higher nontrauma all-cause mortality. The cleaned data was used to
number of deaths associated with agit® increase in 2-day  calculate the total, sex-, and age-segregated daily mortality
averaged PMwhen it contains a higher proportion of Al, As, counts for Delhi.
SQZ , Si, and Ni. A multicity analysis based in the United 2.3. PM,; Composition Data. Ambient PMs and its
States also revealed a segmt association of RMand chemical speciation data were collected periodically for four
chemical species viz. Si, Ca, and® S@ith all-cause years, between 1 January 2013 and 31 December 2016, at the
mortality>° In Europe, a recent Danish cohort study found aCSIR-National Physical Laboratory (CSIR-NPL), Delhi. The
higher risk of all-cause mortality with long-term exposure frogampling site is in the central part of Delhi (28.38 N, 77.10 E),
PM, 5 BC/OC, and SOA (Secondary Organic Aerosols). inside an institutional campus of CSIR-NPL. The anngg! PM
Studies based in China, such as Li et al., for Guangzhou, Chiigerage during the sampling period was 91 g/m? with a
found signicant mortality risks from Blbound chemical  wide range (17417 g/m°) of variation. Ps samples were
species like EC, OC, and NOA recent study (Shahsavani et collected on precombusted quartz mimo lters (size: 47
al.) in Iran found a higher impact on mortality on nondustymm) using a ne particle sampler operated at an average
days than on dusty days, suggesting a potential role of Pt ow of 1 n¥h for a 24 h (model: Envirotech APM 550,
compositiori” All these studies highlight the need to bettermake: Envirotech, India). Two samples were collected every
understand the impacts of 2Monstituents and sources on week during the 4-year period with a few unavoidable breaks.
mortality, particularly in developing countries like India, wherehe PM, sbound trace metals As, Pb, Cr, crustal elements, and
exposure to ambient PMs one of the highest in the world. noncarcinogen concentrations were estimated using a wave-
_ Inour previous study on acuteets of PMson mortality  |ength-dispersive X-rayorescencé.EC and OC concen-
in megacity Delhi, ect estimates were found to be lower thantrations were determined using the OC/EC carbon analyzer
in the developed nations despite having much higher annygdodel: DRI 2001) following US EPA IMPROVE-A
exposures. This further strengthened the motivation for protocof® The water-soluble inorganics (i.e.,,N#O; ,
examining the health impacts in view ardntial toxicity in SO?, Na, K, Cl) were determined using an ion
highly polluted regions. In this study, Wed this gap and  chromatograph. All of the analytical instruments were
provided the rst evidence of association between acutgalibrated periodically using the Sl (international system of

exposure to PM species and mortality for India. units) traceable standards to maintain the OA/QC of analyzed
data sets by standard operating procedures (SOPs of the
2. DATA AND METHODS instruments). More details about sampling, techniques and

2.1. Study Area.Delhi is one of the largest megacities of calibration of analytical instruments are available in the work of
South Asia, the wolddsecond-largest urban agglomerationJain et dl.
and capital city of India. It is located at2q.&titude, 77E The PM s chemical species were aggregated into subgroups
longitude, and 216 m above mean sea level. Geographicaifyinterest, keeping in mind the hazardous components. The
Delhi lies in the western Indo-Gangetic Plain (IGP),components of Al, Ca, Ti, and Fe was aggregated to form the
surrounded by the Thar Desert on the west, central plains @rustal elements (CE) group. The CE group, however, does
the south, and the Himalayas to the north. The climate of theot include the element Si due to data unavailability. The
city is semi-arid, and the region witnesses both severe summmajor carcinogens, like Cr, Pb, and As, were kept as separate
and winter episodes, with a brief monsoon in between. Dellsipmponents to examine their individualcts, whereas the
inhabited by 22.7 million people, is repeatedly named in theoncarcinogens, like Mn, Cu, and Zn, were grouped into a
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Table 1. Summary Statistice € 1461) of Meteorological and Nontrauma Mortality in Delhi NCT during 2018

mean SD median min max 25th percentile 75th percentile
rel humidity (%) 64.13 16.06 66.95 20.23 99.36 54.62 75.68
temp CC) 25.49 7.01 27.85 7.93 39.15 19.33 30.98
total mortality 200 33 195 114 319 176 222
female mortality 79 15 78 41 128 68 89
male mortality 121 22 118 61 200 105 135
mortality <5 years 10 4 10 1 25 8 12
mortality 5 44 years 35 8 35 14 66 30 40
mortality 45 64 years 62 12 61 29 108 54 70
mortality >65 years 92 21 89 47 167 76 106

single noncarcinogen group. A reconstruction of thg PM Log(E (mortality) )

mass was conducted to investigate the relative contributions of

the organic and inorganic chemical species to the total mass of = + R+ (ResPMg) f (RKH} f, (temp)
PM,s For mass closure the constituents ofsPMere + (D)

reconstructed (RCPM by IMPROVE equation (Malm et 3 @
al.y® using the addition of concentrations of particulatewhere is the regression cogient corresponding to the air
organic matter (POM), ammonium sulfate (AS), sea saltgollutant P (15 chemical subspecies of M is the
(SS), ammonium nitrate (AN), light-absorbing carbon (LAC) regression coeient of residual P andf;, f,, andf; are the

and soil, as represented below: smoothed function (penalized cubic smoothing spline) of
nonlinear confounding factors of average RH, mean temper-

RCPM .= [ PONMI+ g SS Al LAC ature, and time respectively. For each of the nonllngar
Ms= [ W+ AS [ ISl 1AN A components in the above and rest of the analysis, a penalized
+ [soi] cubic smoothing technique was used, and degrees of freedom

(df) were estimated automatically and utilized within the
The concentration of the respective factors in the equationéstimation al%orithm based on the generalized cross-validation
calculated by multiplying their individual concentration wit{GCV) score’’ The estimated degrees of freedom were 6/y
their conversion factors as describéthine S1The details ~ for time, 2/y for temperature, and 1/y for relative humidity.
on the principle and procedure of mass closure can be foundlife days of the week were not considered as a confounder in
Sharma et al. and Jain &6*al. the nal model as it was found to be insiamit.
Correlations between mass concentrations of individual 2-8- E €ct Modi cation and Sensitivity Analyses. An

species are tabulatedble S2Positive Matrix Factorization € ¢t modication analysis was carried out to estimate age and
PMF version 5.0) was employed to characterizzedt sex-speat e ects applying the same quasi-Poisson model as
( ' ploy described above. A seasonal interaction was explored by

sources of PMand the sectoral contribution to PM mass onjnj,ding season and pollutant interaction terms in each of the
a seasonal basis. The detailed description, working procedg, . component-spec models.
and result analysis of PMF have been explained in Jain et al.A set of sensitivity tests were run to check the robustness of
2.4. Meteorological Data. The daily meteorological data the model results. We ran two sets of sensitivity tests to check
for the period, including the mean temperature and relativeagnitude of change in estimates and its precisiontsThe
humidity (RH), were obtained from the online data portal ofused an imputed RM chemical species data for the entire
the India Meteorological Department (IMD), Puinip(// study period, calculated using satellite-derived deMcen-
dsp.imdpune.goViThe data of the IMD Safdarjung Station, trations over the original sampling site. This was done by
New Delhi, were taken as representative for Delhi city. ~ €Stimating 24 h mean satellite basegs@lithin the footprint

_— . : D of a 5 km radius of our sampling site for each of study days.
2.5. Statistical Model. A semiparametric quasi-Poisson Thf details about the retrieval of satellite, Plhta,
br

time series regression model was used to estimate the imp&g ation, and validation could be accessed in De¥ et al..

of short-term exposure to PMand its chemical species on  1pe 24 h average Rldata from the sampling site were
daily mortality. The model was run to estimate the direcfegressed on satellite-estimategls@lsta. The satellite BM

e ects of each species on daily mortality by adjustingthe e data was then bias-corrected using this regression factor.
of the rest. This was done by including a term tRésilual ~ Monthly average mass fractions of ajlsedmponents were
PM, 2, which is the variability of Bafter eliminating the  derived from the sample site measured data. Thereafter, they

variability attributed to the respective species as a controllifgre applied to bias-corrected satellitesRivbredict PMs

factor in the model (residuals of the linear regression,gf PMSPecies for Delhi. The second part of the sensitivity test was by
on respective species). The direetemodel was controlled choice of (i) single lag exposure up to 7 days and (ii)

for long-term time trend and seasorflajong with potential cumulative average lag exposure up to 7 consecutive days. The

i foundi ts of t A d relati exposures at various lag choices wtetkineq 1to calculate
noniineéar contounding &ts ot temperaluré and relaliveé yhe mortality eect estimates. Out of theeet estimates at

. . 9 . . . . .
humidity using a penalized cubic smoothing spline. Thgrious lags, the most stable and robust estimate was chosen
purpose of adjusting temporaé@s was to eliminate time pased on deviance explained, cieat of variation of the
trends and seasonality from the mortality count and testimate, and GCV score. This was done fog &M all 15
estimate the ects of short-term change in exposure chemical species.
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Table 2. Descriptive Statistica € 377) for PM, s and Species (Unit: g/m?) in Delhi NCT during 2013 16

mean SD median min max IQR 25th percentile 75th percentile
PM, 5 131.80 79.44 108.54 17.38 529.46 89.43 77.51 166.94
organic carbon 15.72 12.74 10.79 2.70 69.12 12.69 6.65 19.34
elemental carbon 7.30 6.18 5.54 0.78 35.33 6.39 2.96 9.36
chloride 8.21 5.15 7.44 0.92 29.94 8.10 3.84 11.94
sulfate 13.88 8.78 10.86 0.22 56.15 11.71 7.66 19.37
nitrate 11.55 11.88 6.27 0.09 67.54 16.7 2.51 19.19
ammonium 9.85 9.78 6.25 0.06 49.04 13.89 1.89 15.79
potassium 4.30 2.96 4.06 0.03 33.51 341 2.25 5.67
crustal elements 11.21 4.29 10.96 0.32 38.48 4.05 8.91 12.96
ammonium sulfate 19.09 12.07 14.93 0.30 77.22 16.10 10.53 26.63
ammonium nitrate 14.90 15.33 8.08 0.12 87.13 21.52 3.24 24.76
arsenic 0.09 0.14 0.02 0.00 0.96 0.11 0.00 0.11
lead 0.30 0.29 0.26 0.00 1.72 0.46 0.02 0.48
chromium 0.18 0.13 0.15 0.01 0.59 0.20 0.07 0.27
sodium 4.83 3.70 3.59 0.94 29.41 2.63 2.75 5.38
noncarcinogens 0.49 0.43 0.43 0.00 3.15 0.60 0.14 0.75
December' _
November‘ _
OCtOber- _
sepremeer _
. Species
o _ . ikt
[ Arsenic
] Chloride
I Chromium
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Figure 1.Monthly percentage mass fraction of chemical subspecies totgtahBdin Delhi NCT during 20186.

The eect modication analysis as described above wa8. RESULTS
performed at the best single-day lag model of each chemicag 1. Descriptive Statistics. Table 1 provides the
species. All of the results from the above analysis wetescriptive statistics for mortality categories and meteoro-

presented as the percentage change in mortality per IJggical variables used as confounders in the model. The mean
change in chemical speci@mcentration, with a 95% daily mortality in Delhi was 200 and ranged from 114 to 319
' deaths in a day. The mean daily deaths were highest among

con dence interval (CI). All data were analyzed using th?nales (121) and in the age group above 65 years (93). The
statistical software R version #31.0sing the R-package average temperature in Delhi during the period remained 25.5
“mgcv (version 1.8-18 °C, and relative humidity varied from 20.2 to 99.4bte 2
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summarizes the air quality data over Delhi during the studgtal PM smass. Among the chemical subspecies sampled, the
period. strongest associations were observed withadd® NHNO,,

The mean daily PM concentrations over the study period i.e., 3.89% (1.6®.19), closely followed by Cr (3.61%, 1.26
averaged around 131@m?3 more than twice the national 5.97), NH* (3.05%, 0.775.32), EC (2.9%, 1.08.71), and
daily average BMpermissible limit of 60g/m3>* Table 2 OC (2.73%, 1.104.35) and showed an increase in mortality
summarizes the data on RMnd its constituent chemical per IQR change. The other species with s@miassociations
species for the study period. Over the period of 4 years, thesth mortality were S8, (NH,),SO,, Cl, CE, As, and Na.
were a total of 377 observations from our sampling site. All theThe e ect estimates of mortality change with imputed series
main chemical components excegd,HVIgO, NaO, and of PM, s and its chemical species conformed to the estimates
K,O accounted for 73.83.35% of the PM mass at our  with originally sampled concentrations for total;Pivass
sampling site. The BM species with highest mean concentration, EC, OC, $Q and (NH),SQ, For other
concentration (@/m3) in Delhi were OC (15.7), NINO4 subspecies, the estimates were either slightly high or low than
(14.9), NH(SOy), (19.1), CE (11.2), N@(11.6), SQ ° original estimates from sampled concentrations, except in the
(13.9), and EC (7.3). case of Na and As, which showed insigmi negative impact

Figure lrepresents the average monthly mass fractions when imputed series from satellite data were used. The
chemical subspecies to totahPiiass over Delhi. The trends magnitude of mortality associations was higher for all the
of species like OC, NH and NQ showed clear peaks in statistically sigrdant chemical subspecies than the total PM
share between November to February, primarily thenass, except for $Q (NH,),SO, Cl, As, CE, and Na. The
postmonsoon and winter seasons. On the contrary, othgpecies of Pb, noncarcinogens, andlid not show any
miscellaneous species considered low on health hazaignicant association with total mortality at any of the lags.
potential showed their highest shares in the summer montiite set of statistically sigrant associations between
(April to July). Similarly, the CE group showed higher sharesortality and best cumulative average lag exposureg 0f PM
around late summer and monsoon (June to September) aa@ld its chemical species (varies from 2 to 7 days lag) is
dipping shares in the rest of the months. The trace carcinogawailable iTable S4
species and Na remained low in share uniformly throughout3.3. E ect Modi cation. Some variations in ect
the months. The EC and $Ospecies showed a sigant estimates of mortality were observed when ezte
share throughout the months but a typical spike in shai@odi cation analysis by sex, age groups, and seasons was
between June and September. attempted.Figures 23, and 4 (Tables S5, S6, and)S7

3.2. Short-Term E ects of PM, 5 Species on Mortality. represent the percentage excess risk of mortality per IQR of
Table 3provides a summary of the results for the best singl@\, ; chemical subspecies concentrations at their respective
day lag model of PM and its chemical subspecies best single-day lags for the two sexes, two age groufis (45
(estimations with various lags are showreiiie SR The years, 65 years and above ages), and winter viz. all seasons,
results suggested many statistically cagmi associations respectively.
between Pk and its species with the mortality end points. Males showed a marginally higheece from most
We found a 2.65% (0.74.55) increase in mortality per IQR subspecies than their female counterparts, except in the case
of EC, OC, and Na. Both NOand NH,NO; jointly exhibited
Table 3. Summary of Associations between Mortality and the highest impact on mortality among males (4.83%, 2.05
Core Model Pollutant Lags for P and Chemical Species, 7.61%). Among other species,NHA.43%, 1.697.17%) and
Sampled and Imputed Values Cr (4.03%, 1.165.89%) showed a sigrant increase in
mortality per IQR increase in their respective exposures among
males. The impact of all these four species was aasigfor

% mortality increase % mortality increase/IQR

Sjpeiie E el gralliats (i) i) women. Other species with higheecés on males and
PM, 5 (lag 1) 2.650.76 4.55) 1.840.75 2.93) insigni cant e ects on females were (580, (2.87%, 0.68
nitrate (lag 2) 3.89 (1.66.19) 5.05 (3.136.97) 5.05% for males),"K2.77%, 0.55.03% for males), and As
ammonium 3.89 (1.606.19) 4.58 (2.876.29)

nitrate (lag 2)
chromium (lag 2)
ammonium (lag

2

elemental carbon

(lag 1)
organic carbon

(lag 1)
sulfate (lag 1)

ammonium
sulfate (lag 1)

chloride (lag 2)
lead (lag 4)

potassium (lag 2)

noncarcinogens
(lag 1)

arsenic (lag 0)

crustal elements
(lag 2)

sodium (lag 0)

3.61 (1.26.97)
3.05 (0.775.32)

2.90 (1.094.71)
2.73 (1.104.35)

2.47 (0.53.36)
2.47 (0.574.36)

2.45 (0.12.80)

2.28 (0.15 4.72)

1.840.03 3.72)
1.83 ( 0.25 3.90)

1.70 (0.62.80)
1.46 (0.022.91)

1.08 (0.23.93)

4.34 (1.726.96)
5.26 (3.217.30)

2.82 (0.934.68)
2.90 (1.334.47)

2.55 (0.764.33)
1.74 (0.233.25)

3.56 (1.845.29)
2.84 (0.32 6.00)
4.17 (2.026.33)
0.92 (1.59 3.42)

0.84 ( 3.10 1.42)
2.73 (1.294.17)

0.02 ( 1.94 1.90)

(1.85%, 0.563.14% for males). In the case of EC, thetén

terms of a percent increase in mortality per IQR increase in
exposure was almost the same for females and males (2.96,
0.52 5.39 for females and 2.84, 04.97 for males). Only in

the case of OC was theeet on mortality was higher in
females (3.21%, 1.®39) than males (2.32%, 0.423)

(Figure 2.

The excess mortality in the 65 years and above age group
was found to have a sigrint association with all of the.RM
species, except Pbh, CE ,Nidnd noncarcinogenBidgure }.

The highest eect in this age group was found from Cr (5.38%,
2.2 8.55), NHNO; (4.52%, 1.397.65), Cl (3.69%, 0.51

6.88), and K(3.64%, 1.086.2). All the other species showed

e ects in the same range as,PMass in the 65 years and
above age group (2.57%, 0807). The 4564 years age
group, on the other hand, showed a risk of excess mortality by
elevated (per IQR) PM mass (2.96%, 0.08.89), EC
(3.24%, 0.426.06), and OC (2.78%, 0.Z530) only. The

e ects from EC and P)Mon the age group 464 years were
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Sodium (lag 0) 1 — Male
25 0.0 25 5.0 7.5

Excess mortality(%)/IQR elevated exposure

Figure 2.Percentage excess risk [mean (95% CI)] of mortality per IQR,@fcR¥mical subspecies concentrations at respective core exposure
lags across two sexes.

found slightly higher than that in the 65 years and above aygethod}; the species were also adjusted for residuals of all
group. The age group under 5-years did not show amthersin PM mass, along with other confounders as in the core
signi cant eect from PMsor species, but the 84 years age model. The species like PMOC, NHNO;, (NH,),SO, CE,
group showed high ects from NENO; (5.69%, 0.76 Na, and noncarcinogens exhibited linear trends with mortality
10.62), and N (5.19%, 0.3910), besides PMand Na. It on an average. The dosesponse relationship of species EC,
is important to note that theexts from N@ NH,NO,, and As, K, Pb, N, and Cr exhibited a mild to moderate level of
NH," in the age group 34 years were much higher than the nonlinear association at their respective best exposure lags
their e ects in the 65 years and above age group. (Figure 5. These nonlinear trend lines all monotonically
The seasonal stratation analysis revealed that the increased up to a midrange concentration value of each species
association of excess mortality with, 8ibspecies was then witnessing a fall, in the case of As, K, and Cr, whereas in
mainly driven by exposure in the winter season in Delhi. Norike case of EC, N and Pb, the midlevel concentration led
of the eects were found to be sigiEint in summer. The peak is seen after which there is a fall and then a second rise
percentage increase in mortality per IQR increase in exposwith concentrations beyond 30, 40, and Ighn®
was higher for Cl(4.55%, 1.617.5%), NHNO; (4.46%, respectively. It should be noted that noncarcinogens, K, and
1.96 6.97%), NH" (4.36%, 1.816.92%), Cr (3.79%, 1.16  Pb were found to be statistically ins@arit even at best
6.43%), K (3.25%, 1.035.47%), and EC (3.13%, 1.21 single-day core laggaple 3.
5.05%) than that of total BN mass (3.03%, 0.98.08). 3.5. Sectoral Contributions to PM, 5 species. The
These were closely followed by stgmt eects from relative source cortiutions of species to BMmass
(NH ,),SO, (2.95%, 0.85.09), OC (2.73%, 1.08.4), and concentration were estimated for all four seasons in Delhi.
As (1.98%, 0.8B.14). Figure 6shows the source contribution of species tg; PM
3.4. Dose Response Analysis.The potential nonlinear mass concentration for winters and postmonsoon (for summer
association between daily mortality angsRith its chemical and monsoon, s&gyure S)L The list of sources idergd for
species exposure was investigated by allowing pollutgnts inDelhi were eight major sources: secondary nitrate (SN),
1 to be a nonlinear by penalized cubic smoothing spline [thaecondary sulfate (SS), vehicle emissions (VE), biomass
is, the term P, in eq 1was replaced H{P,), a smoothed burning (BB), soil dust (SD), fossil fuel combustion (FFC),
nonparametric function; the degrees of freedom was estimatmtiium and magnesium salt (SMS), and industrial emissions
automatically by least GCV score as describeddatthend (IE). The trends showed that the two important risk species,
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Figure 3.Percentage excess risk [mean (95% CI)] of mortality per IQR giRdvhical subspecies concentrations at respective core exposure
lags in 4564 years and above 65 years age group.

i.e., secondary nitrate and secondary sulfate, showed opposite India, few previous attempts at estimating aeuts ef

seasonal patterns, with secondary nitrate being higher in colbtack carbon (BC) were made by Singh et al., who found it to

seasons whereas secondary sulfate was higher in warm seasensuch higher than of total PMnass in Varanasiln

The vehicular emissions remained important all through thenother study by Ambade et al., the hazardecisod BC on

year. In addition to the existing vehicular and industriatardiovascular mortality, lung cancer, low birth weight, and

emissions and higher buildup of secondary nitrate, biomassrcentage lung function decrement of school-aged children

burning, and fossil-fuel combustion become a major sourcev@s reported in Jamshedpur city, with a doubling trend in the

health and pollution risk in Delhi, especially in colder seasonginter seasofi.Ambade et al., in a separate study in Central
East India, reported health risks from a suite of -priority

4. DISCUSSION polycyclic aromatic hydrocarbons (PAHs) characterized in

In the time series analysis of,REihd chemical component PM.s Along with the health risks, species of BC and PAHs
species, several sigant associations were found with all- Were source apportioned to attribute their origin, mainly found
cause nontrauma mortality in megacity Delhi. The subspeciBsbiomass-coal combustion, diesel exhaust, and g&Soline.

of NO; , NH,NOs, Cr, NH,", EC, and OC showed a higher Both studies remained restricted to sm_gle species such as BC
mortality impact than the total PMnass concentration. An O PAHs rather than a comprehensive list of subspecies
e ect modication analysis across gender highlighted a highg¢bsumed in PM mass concentration. To the best of our
risk to males from NO SQ?, and their ammonium knowledge, this study is thest attempt in estimating the
compounds along with carcinogen Cr. The females were fouagute eects of detailed chemical constituents ggrMDelhi

to have a higher susceptibility only to EC and OC, aetse  Or any other city in India. In our recent sttfdye established
remained insigréant for all other species. The risk group wag linear relationship between ;Rvhass exposure and all-
above 65 years in terms of age groups, prone tedbedsby ~ cause mortality in megacity Delhi at the same-day exposure
the maximum number of subspecies. Thé&4%years age metric. Present results in Delhi, however, were found to vary
group showed ects only from EC and OC, whereas thd5  with similar estimates in the United States, Europe, and South
years group showedeets only to N@, NH,*, and their East Asia, suggestingedéntial impacts of compositions
compounded form. The mortality risk from these hazardou$agged to spea sources) on healthexts from P

species was typically seen arising from their winter seasoifhe majority of the previous studies estimating aadis e
exposures. of the full range of chemical subspecies gf ikt in the
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Figure 4.Percentage excess risk [mean (95% CI)] of mortality per IQR ptRdvhical subspecies concentrations at respective core exposure
lags across winter and all seasons overall.

developed countries of the USA, Europe, and only in thBlany of these studies found positive associations with all-cause

China Taiwan Hong Kong and South Korea region of Asia.mortality, but they were less clear and pronounced than cause-

A large proportion of these studies estimated associations wsgiecic mortality. In a few such studies, thece on

not only all-cause nontrauma mortality but with causecspecirespiratory and cardiovascular disease deaths was close to

mortality too. In our analysis, we focused on all-cause mortalityice the mortality @ct on all-cause mortafifyin general,

due to the paucity of cause-speniortality data. Hence, the signi cant associations of PMsources, including secondary

discussion remained restricted to comparisons with existiaglfate/organics, road dust, vehicle exhaust, fuel oil combus-

estimates with all-cause mortality across geographies. tion, and secondary nitrate/organics, minerals with all-cause
In Delhi, three observations were found in line with themortality, were highlighté&d.

previous studies, irrespective of geographical locations: (1) thén the Asian scenario, multiple works summarized health

species with highest mean concentrations demonstrated hglects from PMscomposition on daily mortality, most based

excess risk of mortality with exceptions of CE and Cr, (2) oldén Chinese citi€s. **> It was found that the largest

age groups, more than 65 years of age, were found to beantributors to all-cause mortality were, SQO; , K,

common risk group from most PMubspecies, and (3) the NH;, EC, OC, and carcinogens like Cr in winter haze periods.

winter season showed sigantly higher risk from most The PM species with sigeiant mortality risk in these

species than that in the summer. Except for the above in-liGhinese cities were similar to our results for Delhi. In

trends, the most toxic species varied regionally. In addition, tbemparing the coe cients, the percent changes in the cold

male female dierence in specieseets on mortality was not season were much greater for many of the components relative

found in most previous studies but it was found in ours baséd the full year or hot season in all Chinese cities. In terms of

in Delhi. sources, all-cause mortality was found to be associated with
Globally, the important health hazardous sRidecies of  exposures to secondary aerosols (e.g.,, SO®; , NH,")

the United States and Europe varied slightly than those and combustion species (e.g., EC, OCg€l.) besides BM

mainland China. In several US-based time-series studies, tihtal mass level. In this region as well, the mortaity due

role of metals (e.g., Ti, Al, Cu, Nig was higher or ascgighi  to respiratory and cardiovascular diseases was found to be

as S& , NO; , EC, OC, and $F. °%*® “° Multicity studies  more than twice the ect on all-cause mortality, with the

e ectively highlighted seasonal and geographical variationgiskiest species varying for both causesjplesiths® Apart

e ects from PMsand its chemical species across refjions. from mainland China, few studies were based in Japan and
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Figure 5.Dose response relationship for 2Mnd species at respective core exposure lags.

South Kored’*® Besides PM mass, they found $Q etc., and industrial processes such asngeof metals
NO; , Cl, NH,", K, EC, and OC, which are related to petroleunt’ In line with the Asian trend, the riskiest species
combustion and trac sources, to be sigrantly associated in Delhi are not metallic components but EC and OC along
with mortality; their signiance varied across geographicallywith NO; NH/NO;. This indicates the dominanteet of

spread citie§:*° fossil fuel and incomplete diesel combustion-related particulate
Our results showed drent trends than the counterparts in matter’®
the US and Europe. In Delhi, NONH,NO;, Cr, NH,*, EC, In fact, in the postmonsoon and winter seasons for Delhi, a

and OC showed the higheseet on mortality, similar to  major share of health risks posed by exposure #§"QDC
Chinese and South Korean cities. Our results for Delhi weeend EC, Cr, N@Q and NHNO; is seen arising from biomass
similar or even higher per IQR change to those in Beijing aralirning, fossil fuel combustion, and secondary nifrates (

Xian in Chin&*° The US studié8 showed higher ects 3, Figure §. Our results are in line with the recent submicron
from S, heavy metals like Cu, and weaketsefrom NQ level composition analysis on Delhir which highlighted

and ClI, which is opposite to the case we found for Delhi. Thdiigh secondary origin: organics and chloride in cooler months
risk species are also sigantly dierent for all-cause mortality typically sourced in biomass burning and its contribution to
in Japan and European cities. The risk species in Delhi aBélhis hazé>>* This build-up in the cooler months could
Chinese-South Korean cities were similar, veitiseclose or  mainly be attributed to a combination of stable meteorological
even higher-order in Delhi. It should be noted here that theonditions over Delhi and mass burning of agriculture residue
varying trends in results could be attributed ®retices in  (in and around Punjab-Haryana), and widespread biomass fuel
the demographic characteristics, the chemical compositiarse for domestic heatittg. >°

and the source of particulate matter across geographies an@ur ndings suggest that the major mortality risk posed by
development settings. The riskiest species in the US, Europ&), s species is due to winter exposures, sourced in biomass
and Japan are mainly metals (Cu, Ti, Zn, and V) over anblurning, fossil-fuel combustion, secondary nitrate, vehicular
above EC, OC, and NOThese metallic components are and industrial emissions. The need to regulate biomass burning
associated with mobile vehicular emission sources, maned biomass fuel use is therefore re-emphasized for Delhi. Our
particularly from brake wear, lube oil emissions, tire dusisk estimates on mortality suggest that any source mitigation
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Figure 6.Percentage contribution of elient species and sources to totgl#dt winter and postmonsoon seasons in Delhi.

in terms of biomass burning, vehicular emissions, and  the taple indicate percentage increase in mortality per

secondary nitrates could bring a siginit reduction in health IQR change in species concentration) (Table S3):
e ects, especially fatal outcomes in Delhi. Our results add to summary of associations between mortality and
the scanty body of evidence obB8pecies and healtreets, consecutive days cumulative average pollutant exposure
especially in India, and indicate that the use of risk equations  |545 (numbers in the table indicate percentage increase
based solely on BMmay underestimateezts from some of in mortality per IQR change in species concentration)

its more hazardous subspecies. These results warrant further (Taple S4); eect modication by sex in the association

lab-based experiments to fully understand the biological ot mortality and core model pollutant lags foy f2id
pathways through which the various, P&pecies impact chemical species (Table S5ga modication by age

human health.

groups in the association of mortality and core model

However, a few limitations should be noted in this study. pollutant lags for P\ and chemical species (Table
First, PM s species data of a single sampling site was used as a S6): e ect modication by seasons in the association of
represen_tative for the entifeT cif[y. This was done with an mortality and core model pollutant lags fop PAhd
assumption that PMcomposition is hor_nogenequs across the chemical species (Table S7);,RMesults for PMF
city boundaries. Second, due to limitations in using cause-  parcent contribution for winter season and contribution
specic information from death records, our study could only (%) of di erent sources (Table S8); PMesults for
consider all-cause nontrauma mortality as the health end point.  ppE percent contribution for summer season and
The PM s species data that the study utilized was recorded at  ~qntripution (%) of dierent sources (Table S9); PM
selected days of the week and thus had gaps. This irregularity esults for PMF percent contribution for monsoon

in monitored pollution data could have brought in a bias into  ge350n and contribution (%) ofetient sources (Table
the results to some degree. Unlike a few studies which also S10); PM; results for PMF percent contribution for

used multipollutant models of correlated species, we used only  hostmonsoon season and contribution (%) efetit
a single pollutant model but measured direit® of each ggrces (Table S11): percentage contribution f-di
species, controlling for all others. Some of these limitations will gt species and sources to totaj Pk summer and

be addressed in subsequent studies.
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