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Supplementary Methods

Model performance for the control scenario will be evaluated using statistical metrics for evaluating
air quality models?, including mean bias (MB), normalized mean bias (NMB), root mean square error
(RMSE), normalized mean absolute error (NMAE) and Pearson’s correlation coefficient (r). These
have been used in previous studies for evaluating regional, air quality models?®. The MB indicates
the level of overestimation (positive values) or underestimation (negative values) by the model
(Equation 1). N represents the total number of model-observation pair values while M; and O;
represent the i model and observed values, respectively. The NMB represents the model bias relative
to the observations without being overly influenced by small numbers in the denominator (Equation
2). The RMSE captures the average error produced by the model (Equation 3). The NMAE represents
the mean absolute difference between model and observations relative to the observations (Equation
4). The extent of the linear relationship between model and observations is given by the Pearson’s

correlation coefficient (Equation 5). The over bars represent the respective mean. MB has the same



units as the variable being evaluated, while all other metrics are unit-less. The gradient of best fit is

determined through the Python package SciPy using least-squares solution to a linear matrix equation.
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Model performance benchmarks in simulating meteorology for air quality for temperature are < 0.5
K for MB and < 2 K for NMAE, while for wind speed are <+0.5 m s for MB and <2 m s for
RMSEZ,

Satellite aerosol observation allows for high horizontal resolutions, though is restricted to daytime
measurements, has no vertical resolution and can lack in accuracy relative to ground based
measurements®’. Data from MODIS Aqua was used due to Terra experiencing a calibration issue in
global land AOD for collection 58. Collection 6 (C6) was used for model evaluation as it is known to
have statistically significant improvement in aerosol retrieval algorithms over some urban areas®, and
non-linearities between the collections (6 and 5) arise due to pixel selection and calibration®. There
are uncertainties associated with cloud contamination, surface overlaps and daylight background
noise!!. MODIS has been found to overestimate AOD over land surfaces?*? specifically over the

IGP*, underestimates AOD over semi-arid areas with high dust concentrations® and does not retrieve



aerosol information at night or over bright surfaces such as the Thar desert>’. The Indian summer is

known to be cloudy as this could affect the AOD retrievals and sampling frequency?8. Background

reflection can be very high when aerosol layers are above optically thick clouds, hence the large

sensitivity of aerosol absorption to vertical cloud and particle distributions®. MODIS AOD has been

proved to compare well with in-situ observations over India?®2L,
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Supplementary Figure 1: Evaluation of annual and seasonal mean model AOD at 550 nm. (a)

comparison of model and satellite (MODIS Aqua C6) at AERONET locations. (b) comparison of

model and measured (AERONET). The best-fit line (green), 1:1, 2:1 and 1:2 lines are shown (black).

NMB and slope of best-fit line are given inset.



Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON) 160

[®) (c) b
140 ¢, =
oy
| o = Q -l o 120€ £
o“' o'%9 = o‘.‘ﬁ " 1oogf
h h o N ° s g
8 . RS g | e g 80 5%
oo r/ l,‘] oo r/ le oo r/ L\l 0 -5
g
oS3 0% o9 40 28
pvg AV s 20 g
0
(& @ @ & i
140§ ~
30°N | = = o 120 & S
Sa =
& gs 5 1) 3 ¥ 1008 3
2 00| 14 £ & : \& 3 ™ £38
. ‘bﬁ b ‘L»] ‘Ul L»] 60 588
a0 588
ES
16%% ]
N T AP N 20
0
4 2 8 -
30°N o - — SE8
= 7Eeg
® 63BELE
- S8ao
£0M 3 SEES
g T\ 4555
382
288
B 0.1
70°E  B80°E  90° 70°E  80°E  90°E "E  B0°E  90°E 70°E 0:9
Longitude Longitude Longitude Longitude

Supplementary Figure 2: Seasonal mean PM2s concentrations for 2014. (a) to (d) model results
(background) for 2014 for all sources are compared with ground-measurements (filled circles) from
2016, winter to autumn. (e) to (h) Residential sector PM:s, winter to summer. (i) to (I) Fraction from

the residential sector, winter to summer.
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Supplementary Figure 3: Seasonal mean anthropogenic PM; s emissions. Anthropogenic PM:s
emissions in (a) winter and (b) summer. Fractional contributions from the residential sector for (c)

winter and (d) summer.
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Supplementary Figure 4: Comparison of annual mean PM_s to GBD2015. (a) Model (WRF-Chem).

(b) GBD2015 (2016)% DIMAQ. (c) Model minus GBD2015.
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Supplementary Figure 5: Relative risk (RR) as a function of annual-average ambient PM; s
concentrations for different diseases from GBD2015. Mean exposure-response shown in bold line

for IHD and CEV, with shaded regions representing the variation with age groups.
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Supplementary Figure 6: Premature mortality estimates from exposure to ambient PM_s in India.
(a) Premature mortality rate per 100,000 persons. (b) Premature mortality estimate using Indian state-
specific baseline mortality rates?®, where white space represents where there was no state-specific

baseline mortality rate data available.
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Supplementary Figure 7: Model domain showing ground measurement sites for aerosol optical

depth (AOD) from AERONET and PMzs. The Delhi region is expanded in the bottom left.
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Supplementary Figure 8: Spatial distribution of seasonal mean boundary layer height for 2014. (a)
to (d) WRF-Chem. (e) to (h) ECMWEF global reanalyses. (i) to (I) Difference (WRF-Chem minus

ECMWEF). Results shown for Winter through Autumn, see labels at top of figure.
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Supplementary Figure 9: Spatial distribution of seasonal mean total precipitation for 2014. (a) to
(d) WRF-Chem. (e) to (h) ECMWF global reanalyses. (i) to (I) Difference (WRF-Chem minus

ECMWEF). Results shown for Winter through Autumn, see labels at top of figure.
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Supplementary Figure 10: Spatial distribution of seasonal mean wind speed and direction for 2014.
(a) to (d) WRF-Chem. (e) to (h) ECMWF global reanalyses. (i) to (I) Difference (WRF-Chem minus

ECMWEF). Results shown for Winter through Autumn, see labels at top of figure.
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Supplementary Figure 11: Spatial distribution of seasonal mean temperature for 2014. (a) to (d)

WRF-Chem. (e) to (h) ECMWEF global reanalyses. (i) to (I) Difference (WRF-Chem minus ECMWF).

Results shown for Winter through Autumn, see labels at top of figure.
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Supplementary Figure 12: Annual mean meteorology correlations between model and ECMWF

global reanalyses at each grid cell. (a) boundary layer height, (b) total precipitation, (c) wind speed

and (d) temperature for 2014.
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Supplementary Figure 13: Comparison of observed and simulated annual mean surface level gas-

phase concentrations. (a) Os. (b) CO. (c) NO.. (d) SO..
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Supplementary Figure 14: Evaluation of annual mean surface level gas-phase concentrations for

2014 for model and ground measurements. (a) Os, (b) CO, (c) NOz and (d) SO,. Error bars show

one standard deviation.
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Supplementary Table 1: Estimated premature mortality associated with ambient PM;s exposure in

India per disease from both subtraction and attribution methods. Values in parentheses represent the

95% uncertainty intervals (95Ul). Sectors are agriculture (AGR), biomass burning (BBU), dust (DUS),

power generation (ENE), industrial non-power (IND), residential energy use (RES) and land transport

(TRA).
AGR BBU DUS ENE IND RES TRA
COPD 0 4 0 33 24 92 16
. (x10%) (0-1) (3-7) (0-0)  (21-49)  (16-36)  (56-135)  (10-24)
i IHD 0 3 0 22 16 64 1
g T (X109 (0-0) (3-4) (0-0)  (19-28)  (14-20)  (53-79)  (9-13)
§ fé LC 0 0 0 3 2 8 1
% g (x10°) (0-0) (0-0) (0-0) (2-4) (1-3)  (5-10) (1-2)
g 5 CcEV 0 2 0 12 9 34 6

o (%2]
= (x10°) (0-0) (1-2) (0-0)  (9-15)  (7-11)  (25-42) (4-7)
§ ALRI 0 3 0 21 15 58 10
(x10°) (0-0) (1-4) (0-0)  (9-26)  (7-19)  (23-74)  (4-12)
COPD 1 9 0 65 51 161 32
. (x10°) 1-2)  (6-13) (0-0)  (43-97)  (33-75) (105-238)  (21-48)
;T IHD 1 10 0 73 57 180 36
g g (x109 -2 (7-13) (0-0)  (55-96)  (43-74) (135-236)  (27-47)
% fg» LC 0 1 0 4 3 10 2
% % (x10°) (0-0) (0-1) (0-0) (3-6) 2-4)  (7-14) (1-3)
é g CEV 0 4 0 30 23 73 15
% (x10°) (0-1) (3-5) (0-0)  (22-38)  (17-30)  (55-94)  (11-19)
§ ALRI 1 5 0 35 27 87 17
(x10°) (0-1) (2-6) (0-0)  (1547)  (12-36)  (38-12)  (8-23)
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Supplementary Table 2: Estimated years of life lost (YLL) associated with ambient PM.s exposure

in India per sector from both subtraction and attribution methods. Values in parentheses represent

the 95% uncertainty intervals (95Ul). Sectors are agriculture (AGR), biomass burning (BBU), dust

(DUS), power generation (ENE), industrial non-power (IND), residential energy use (RES) and land

transport (TRA).
AGR BBU DUS ENE IND RES TRA

- 26 316 -8 2,313 1,699 6,553 1,100
S

- ‘g g (17- (188- (-4- (1,324- (997- (3,573- (645-

> 5 X
§ 34) 401) -10) 2,956) 2,177) 8,296) 1,408)
_ 86 688 -16 5,162 4,001 12,690 2,538
S

; E % (51- (407- (-10- (3,056- (2,368- (7,513- (1,503-
g 7 114) 915) -22) 6,860) 5,316) 16,864) 3,373)
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Supplementary Table 3: Model Setup and parameterisation used in the WRF-Chem model.

Model Setup and Parameterisation

Process Method

Domain 60° to 100° East, 0° to 40° North

Timestep 180 seconds, with Runge-Kutta 2" and 3™ order time integration

Horizontal Resolution of 30 km along a 140x140 grid, with Arakawa C-grid staggering
and 2" to 6" order advection schemes

Vertical 27 vertical levels (top at 10 hPa) with terrain-following hydrostatic pressure

Precipitation
microphysics
Longwave radiation
Shortwave radiation
Boundary layer physics
Land surface
Convective
parameterisation
Gas-phase chemistry
scheme

Photolysis scheme
Aerosol scheme

Dust

Initial & boundary
chemistry/aerosol
Initial & boundary

meteorology

coordinates and 2" to 6™ order advection schemes

Thompson scheme?

RRTM longwave?®, called every 30 mins

RRTM shortwave?®, called every 30 mins

Mellor-Yamada Nakanishi and Niino 2.5%, called every timestep
Noah Land Surface Model?®

Grell 3-D ensemble?®, called every 60 seconds

MOZART-4 using KPP, chem_opt=201%, called every 12 mins

Madronich FTUV?®, called every 30 mins

MOSAIC 4-bin®, called every 12 mins

GOCART online with AFWA, dust_opt=33334

MOZART-4/GEOS5%

NCEP GFS and NCEP FNL3%:%

18



Supplementary Table 4: Ground measurement air quality stations.

State City Station Code Lat Lon
Andhra Tirupati Tirumala APT 79.35 13.68
Pradesh Visakhapatnam GVMC Ram Nagar APN 83.31 17.72
Gaya Gaya Collectorate BGA 85.01 24.79
Bihar Muzaffarpur Muzaffarpur Collectorate BMZ 85.38 26.12
Patna IGSC Planetarium Complex BPT 85.13 25.61
Anand Vihar DAV 77.30 28.65
Dwarka DDW 77.05 28.59
IHBAS DIH 77.31 28.68
Income Tax Office DIT 77.25 28.63
Delhi Delhi
Mandir Marg DMM 77.28 28.66
Punjabi Bagh DPB 77.13 28.67
R K Puram DPR 77.18 28.57
Shadipur DSP 77.16 28.65
Gurjarat Ahmedabad Manianagar GMG 72.60 23.00
Faridabad Sector16A Faridabad HFB 77.32 28.41
Gurgaon HSPCB Gurgaon HGG 76.85 30.71
Haryana
Panchkula Panchkula HPK 76.86 30.69
Rohtak Rohtak HRT 76.61 28.90
BTM KBT 77.61 12.91
Karnataka Bengalaru BWSSB KBW 77.62 12.97
Peenya KPY 77.52 13.03
Aurangabad More Chowk-Waluj MWJ 75.25 19.84
Chandrapur MCP 79.30 19.97
Chandrapur
MIDC Khutala MKT 79.24 19.98
Maharashtra MPCB Bandra MBD 72.87 19.04
Mumbai
NMMC Airoli MAL 73.00 19.16
Nagpur Civil Lines MNP 79.07 21.15
Nashik KTHM College MKC 73.78 20.01
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Pune Karve Road Pune MPU 73.82 18.46
Solapur Solapur MSP 75.91 17.66
Thane Pimpleshwar Mandir MMD  73.09 19.19
Jaipur Jaipur RJA 75.79 26.91
Rajasthan
Jodhpur Jodhpur RJO 73.02 26.24
Alandur TNA 80.20 13.00
Tamil Nadu Chennai HnT TNI 80.23 12.99
Manali TNM 80.26 13.16
IDA Pashamylaram TPM 78.18 17.53
Telangana Hyderabad Sanathnagar TSN 78.44 17.45
Zoo Park TZP 78.45 17.35
Agra Sanjay Palace UPA 78.01 27.20
Kanpur Nehru Nagar UPK 80.32 26.47
Central School UPS 80.90 26.83
Uttar Pradesh
Lucknow Lalbagh UPL 80.94 26.85
Talkatora UPT 80.90 26.83
Varanasi Ardhali Bazar UrPz 82.98 25.35
Supplementary Table 5: AERONET stations.
State City Station Code Lat Lon
Rajasthan Jaipur Jaipur JAI 26.90 75.80
Uttar Pradesh Kanpur Kanpur KPR 26.51 80.23
Maharashtra Pune Pune PNE 18.52 73.85
Jharkhand Bokaro Gandhi College GAN 25.87 84.13
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