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Figure S1. Annual proportional breakdowns of sectors that contribute to the “surface” sector in 
2011. Emissions are in units of millions of ton and breakdowns are presented for all available 
species: carbon monoxide (CO), ammonia (NH3), nitrogen oxides (NOx), sulfur dioxide (SO2), 
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and volatile organic compounds (VOC). Information on total PM2.5 and PM10 is also included 
in three categories: condensable particulate matter (PM-CON), filterable (PM-FIL) and primary 
(PM-PRI) a combination of the prior two. 
 
 

 
 
Figure S2. Illustration of the PM2.5 downscaling and rescaling procedure for improving surface-
level estimates of PM2.5 concentrations. Data here comes from the 2011 van Donkelaar et al. 
2016 product and forward model simulations from this work. 
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Figure S3. Sensitivities of DCs PM2.5 exposure in 2011 to emissions of OC, BC, NH3, NOx, SO2 
and VOCs presented spatially across the whole year (top) and temporally across the whole 
domain (bottom).
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Figure S4. Sensitivities of DCs O3 exposure in 2011 to emissions of NOx, VOCs, and CO 
presented spatially across the whole year (top) and temporally across the whole domain (bottom). 
(Page 8) 
 

 
 
Figure S5. Sensitivities of DCs NO2 exposure in 2011 to emissions of NOx presented spatially 
across the whole year (top) and temporally across the whole domain (bottom). (Page 8) 
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Figure S6. Source attribution of PM2.5 exposure, and its associated health impacts for 2011. Pie 
charts indicate domain wide breakdowns; regional, sectoral and species breakdowns are given in 
the columns. 
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Figure S7. Source attribution of O3 exposure, and its associated health impacts for 2011. Pie 
charts indicate domain wide breakdowns; regional, sectoral and species breakdowns are given in 
the columns. 
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Figure S8. Source attribution of NO2 exposure, and its associated health impacts for 2011. Pie 
charts indicate domain wide breakdowns; regional, sectoral and species breakdowns are given in 
the columns. 
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Figure S9. Normalized month seasonal contributions to NO2 exposure in DC for 2011 broken 
down by region (A), sector (B), and species (C). 
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Figure S10 Daily emission contributions to PM2.5 exposure in every month separated by region, 
species, and sector in the same format as Figure 8 from the main text. 
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Figure S11 Daily emission contributions to O3 exposure in every month separated by region, 
species, and sector in the same format as Figure 8 from the main text. 
 
Due to its long lifetime, we expect emission contributions to have less daily variability with the 
largest changes occurring over longer periods. For the most part, daily contributions match this 
expectation. Most of the sudden changes in O3 exposure contribution patterns correspond to days 
that have large negative sensitivities. On-road vehicle emissions of NOx contribute the most to 
O3 exposure throughout our simulated period and there are very few days where these two 
sources are not the highest contributing source. In fact, of the 180 days that contribute to O3 
exposure, excluding April as discussed in the previous section, NOx emissions were the largest 
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contributor on 162 (90%) of them. Similarly, on-road vehicle emissions were the largest 
contributor on 155 (86%) of 180 days. On some days conditions within DC are unfavorable for 
the formation of O3 from NOx due to a lack of photochemistry. This results in decreased 
contributions overall and can lead to negative influences from NOx emissions. According to our 
simulation, such periods last for one or two days at most. There is more regional diversity in 
emission contributions than for sectors and species, however, Maryland and Virginia still 
maintain their statuses as the two most important contributing regions, being the leading 
contributor on 70 (39%) and 51 (29%) days respectively. Daily contributions to O3 exposure 
have sizeable differences from the monthly mean contributions as they vary from 6% to 197% of 
the monthly mean value. 
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Figure S12 Daily emission contributions to NO2 exposure in every month separated by region, 
species, and sector in the same format as Figure 8 from the main text. 
 
Similarly, to O3, we summarize daily NO2 exposure contributions throughout the year by only 
discussing the number of days in which sources were the highest contributor. Daily contributions 
for every month are presented in the supplemental (S12). While the short lifetime of NO2 makes 
NO2 exposure in DC sensitive to short-term events, it also means that NO2 exposure will be 
highly sensitive to only a few regions. This, along with its exclusive sensitivity to NOx leads to 
NO2 exposure in DC having the least variability in sources among the three pollutants. For 
almost every day, on-road vehicle emissions from Maryland and Virginia contributed the most to 
NO2 exposure in DC; this is consistent with the annual and monthly source apportionments 
presented earlier. Emissions from Maryland contributed the most on 322 (88%) days of 2011 
while emissions from Virginia contributed the most on 39 (11%) days. The only other states to 
ever be the largest contributor on a single day were Pennsylvania (3) and Ohio (1). Periods of 
high NO2 exposure contributions generally correspond with high PM2.5 contributions. For 
example, during the early October period (October 6th to October 10th), 2.3% of all NO2 
contributions occurred. On average, emissions during this period were 1.8 (1.1, 2.9) times the 
average daily contribution. Though the sources of PM2.5 exposure contributions were complex 
during this event, the sources of NO2 contributions remained relatively unchanged with on-road 
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vehicle emissions from Maryland and Virginia contributing 49% during the five-day period, 
which is similar to the 42% contribution from this group of sources that occurs at the annual 
timescale (Figure 4). For NO2 exposure, daily contributions have large differences compared to 
monthly mean contributions; they vary from 17% to 259% of the monthly mean 
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Figure S13. The spatial distribution of annual contributions of emissions broken down by 
precursor species to exposures of PM2.5, O3, and NO2. 
 

 
 
Figure S14. The spatial distribution of annual contributions of emissions broken down by sector, 
for non-zero sectors not included in the main text, to exposures of PM2.5, O3, and NO2. 
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Figure S15. Source attribution results for 2016. There were major differences to many of the 
sectors in NEI 2016 vs NEI 2011 so these results are not directly comparable to S3-S5 as 
discussed in the main text. Results presented by total air-pollution-related premature deaths, new 
asthma cases and by PM2.5 exposure, O3 exposure and NO2 exposure. 



 36 

 
Figure S16. Map of notable locations included in discussion of spatial distributions in section 
3.2.3. 
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Age 2011 Mean (LB, UB) 2016 Mean (LB, UB) 
< 20 121571 (108904, 135144) 121228 (103276, 140399) 

20-25 66749 (59760, 74192) 54553 (46453, 63233) 
25-29 70917 (63513, 78800) 79954 (68076, 92653) 
30-34 59138 (52979, 65718) 68344 (58214, 79201) 
35-39 42735 (38288, 47506) 55187 (47011, 63944) 
40-44 38643 (34603, 42954) 39023 (33236, 45218) 
45-49 38159 (34158, 42421) 37627 (32047, 43582) 
50-54 37057 (33162, 41210) 36906 (31428, 42726) 
55-59 34108 (30523, 37935) 35050 (29844, 40577) 
60-64 30520 (27318, 33934) 31237 (26597, 36161) 
65-69 21614 (19366, 24040) 27215 (23163, 31513) 
70-74 15597 (13979, 17351) 18305 (15583, 21187) 
75-79 11629 (10422, 12937) 12748 (10854, 14755) 
80-84 9959 (8921, 11076) 9083 (7731, 10515) 
85-89 7578 (6787, 8427) 6772 (5764, 7841) 
90-94 4227 (3788, 4700) 4044 (3441, 4678) 
> 95 2554 (2291, 2839) 2115 (1797, 2444) 
Total 612757 (548761, 681185) 639393 (544517, 740627) 

 
Table S1. DC age-stratified population data from GBD 2019 
 


