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Detailed information on GEOS-Chem 

We use GEOS-Chem v12.0.2 for all global and nested India simulations. Emissions mostly follow 

standard GEOS-Chem simulations that use HEMCO (Keller et al., 2014). A summary is included below, 

but more details on the emissions and HEMCO including additional references are available at 

http://wiki.seas.harvard.edu/geos-chem/index.php/The_HEMCO_User%27s_Guide#References. 

 

Anthropogenic emissions for GC-Tropchem and GC-TOMAS15 simulation include ECLIPSE v5a global 

emissions inventory. We apply the following emissions overlays in the global simulation: hourly NEI 

2011 emissions for the U.S., BRAVO emissions for Mexico, APEI emissions for Canada, EMEP 

emissions for Europe, and DICE emissions for Africa (Marais and Wiedinmyer, 2016). Supplemental 

inventories include AEIC aircraft emissions (Stettler et al., 2011), POET ethanol (EOH) emissions, Liang 

bromocarbon emission (Liang et al., 2012), iodocarbon emissions from Ordonez (Sherwen et al., 2016 

and references therein), emissions from decaying plants, global ship emissions from ARCTAS, ICOADS, 

and EMAP, and volcanic eruption and degassing emissions as relevant, and ethane (C2H6) overwritten 

according to Tzompa-Sosa et al., (2017) for biofuel and anthropogenic sources. We also include the 

following extensions: SeaFlux, ship emissions (ParaNOx; Vinken et al., 2011), lightning NOX from global 

lightning flash distributions (LightNOx; Murray et al., 2012), Dust Entrainment and Deposition (DEAD) 

scheme allocated to TOMAS15 size bins (Jaeglé et al., 2011), SeaSalt, online MEGAN emissions 

(Guenther et al., 2012). Biomass burning emissions were from the Global Fire Emissions Database v4 

(GFED4) (Van Der Werf et al., 2010) with updated seasonal fire counts following Liu et al., (2019). Trash 

burning (Wiedinmyer et al. 2014) and anthropogenic fugitive dust (Philip et al., 2017) were only included 

in the Tropchem runs.  

 

For nested India simulations, the regional emissions inventories for the U.S., Mexico, Canada, Europe, 

and Africa are not necessary as these regions fall outside the nested domain.  

  

http://wiki.seas.harvard.edu/geos-chem/index.php/The_HEMCO_User%27s_Guide#References
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Supplemental Figure 1 Concentrations from the U.S. Embassy in Delhi during December 2015 and 

November 2016 and 2017. Days in red boxes were chosen to correspond with increases in concentration 

relative to nearby days.  

 

 
Supplemental Figure 2 Daily average OC emissions for anthropogenic sources (top row) and biomass 

burning (bottom row) for October to December 2015 (first column), the December 2015 episode (middle 

column), and the November 2017 episode (right column).  
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Supplemental Figure 3 Episodic average concentration distribution (minimum, 25th percentile, median, 

75th percentile, maximum) for India from the GC-Tropchem (TR) and GC-TOMAS15 (TO) simulations 

for inorganics (inorg), black carbon (BC), organic matter (OM), and dust. The y-axis is units in µg/m3. 

Largest differences occur in dust because the fugitive dust size distribution has not yet been evaluated in 

TOMAS.   
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Supplemental Figure 4 Both Tropchem and TOMAS15 global simulations at 2x2.5 horizontal 

resolution underestimate observed PM2.5 concentrations by at least 70 ug/m3 in the coarse resolution 

model, yet spatial correlations remain high across the 24 monitor locations (r2
Tropchem=0.81 and 

r2
TOMAS15=0.80). The TOMAS15 coarse resolution simulation is systematically lower than Tropchem.   
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Temporal (e.g. daily average) model evaluation for October-December (Annual) 2015 
 Model 

Average 

(µg/m3) 

Observed 

Average 

µg/m3) 

# Points Mean 

Fractional 

Bias 

Normalized 

Mean Bias 

Normalized 

Mean 

Error 

r2 

GC tropchem 2x2.5 

(Annual) 

48 (36) 139 (98) 1626 

(4774) 

-76%  

(-63%) 

-66% 

(-63%) 

66% 

(66%) 

0.14 

(0.07) 

GC TOMAS 2x2.5 

(Annual) 

59 (38) 139 (98) 1626 

(4774) 

-60% 

(-66%) 

-58% 

(-61%) 

60% 

(65%) 

0.13 

(0.06) 

GC tropchem 

0.25x0.3125 

(Annual) 

70 (50) 139 (98) 1626 

(4774) 

-55% 

(-45%) 

-50% 

(-49%) 

55% 

(58%) 

0.11 

(0.06) 

Supplemental Table 1 Model evaluation for the October-December daily average across the October to 

December season with annual comparisons in parenthesis. Correlations are temporal. “Model average” 

refers to the comparable model average concentration at observation locations.  

 

 
Supplemental Figure 5 Difference plots of the coarse and high resolution simulations using Tropchem 

for the 2015 pollution episode. Maximum (average) seasonal average concentrations for India are 85.4 

µg/m3 (32.3 µg/m3) for the coarse resolution and 149.4 µg/m3 (27.4 µg/m3) for the high resolution, and 

maximum (average) episodic average concentrations are 133.2 µg/m3 (38.9 µg/m3) for the coarse 

resolution and 171.7 µg/m3 (32.5 µg/m3) for the high resolution simulation.   
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(a) 

 

(b) 

 
 

 

Supplemental Figure 6: MODIS AOD comparison for the (a) November 1-5 2016 pollution episode 

with MODIS Aqua (see Figure 2 in main text for the other two pollution episodes and (b) for all 

pollution episodes with MODIS Terra.  
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Supplemental Figure 7:  Average November 1-5, 2016  episode PM2.5 concentration (0.25 x 0.3125 

GC-TOMAS15); and concentration enhancements during the episode relative to seasonal average for 

(all 2 x 2.5) b) PM2.5 c) average November 1-5 2016 episode PM2.5 concentrations in the 2 x 2x.5 

simulation d) black carbon (BC) e) organic matter (OM); f) the sum of inorganic aerosols (sulfate, 

nitrate, and ammonium). A single contour denoting zero change is superimposed in green.   
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Supplemental Figure 8 Same as Figure 5 except for the November 1-5 2016 episode. Vertical gray bars 

at 0% indicate no change from seasonal average. Note x-axes ranges indicate smaller changes than for 

the 2015 and 2017 episodes. 
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Supplemental Figure 9 RRTMG DRE core-shell between episodes and annual average for (a) 2015 and 

(b) 2016, and (c) 2017.  Negative DRE and SW are indicative of local cooling.  
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Supplemental Figure 10 Changes in the column burdens of a) black carbon b) organic matter c) 

secondary inorganics during the November 1-5, 2016 pollution episode from seasonal average (October-

December) in the GC-TOMAS15 coarse horizontal resolution (global) simulations (seasonal fields are 

only available at coarse resolution). Also shown are changes during the episode from the seasonal mean 

of d) direct radiative effect (DRE) at the top of the atmosphere (TOA); e) net surface shortwave (SW) 

radiation; f) total column cloud condensation nuclei (0.2% supersaturation). Singular green contour 

show the line of zero change. Negative DRE and SW are indicative of cooling.  
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Supplemental Figure 11 Aerosol number concentration for the 2015 biomass burning season (October, 

November, and December) average, and the change in 2015 episode, 2016 episode, and 2017 episode 

from respective seasonal average. Distributions during pollution episodes are similar. The total aerosol 

number concentrations in India increases by approximately 8% (bottom left of each plot), from the 

biomass burning seasonal average. 

 

a) b)

c) d)
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Supplemental Figure 12 Changes in meteorological variables during each episode. Differences 

between episode and biomass burning seasonal averages (October, November and December) for 

planetary boundary layer (PBL) height (left column) and cloud fraction (right column).   
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