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1. Observation-based approach

We krige EPA AQS surface PM2.5 monitors to a 15 x 15 km grid and combine with smoke plumes 
from the Hazard Mapping System smoke product.

Non-smoke PM2.5 = median PM2.5 on days with no smoke plume overhead

Smoke-PM2.5 = Total PM2.5 – non-smoke PM2.5 on days with smoke plume overhead

2. Model-based approach

- Pair of global GEOS Chem v11-01 tropchem simulations at 2º x 2.5º resolution for 2006 – 2016
- MERRA2 meteorology 
- Biomass burning emissions from GFED4s; US anthropogenic emissions from scaled NEI 2011

PM2.5 calculation:

Non-smoke PM2.5 = mean PM2.5 calculated by model with biomass burning emissions turned off

Smoke-PM2.5 = Mean PM2.5 with biomass burning emissions on – non-smoke PM2.5
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Wildland fire specific PM2.5 is not decreasing, 
unlike anthropogenic PM2.5.

In heavily fire-impacted regions, we estimate 
improvements in non-smoke summer PM2.5.

Summary and References

We use two methods to distinguish wildland fire specific PM2.5.

Large eastern US 

decreases in

summer PM2.5

Few 

significant 

decreases in 

western US 

summer PM2.5.

In some years, smoke PM2.5 contributes > 50% of summer PM2.5. 

This high interannual variability of smoke makes detecting smoke-driven trends challenging.

However, we can distinguish a significant negative trend in regional-average non-smoke PM2.5. 

We calculate linear trends for monitors in the US  Environmental Protection Agency’s (EPA) Air 
Quality System (AQS). 

Fires are a major source of primary PM2.5 emissions across the US.

- Wildland fires (wildfires + prescribed burns) account for 25% of 
primary PM2.5 emissions [NEI 2011].

- In the western US, large interannual variability in wildfires drives 
interannual variability in summer PM2.5 [Jaffe et al., 2008].

- Wildfire-specific PM2.5 negatively impacts respiratory health 
[Reid et al., 2016].

Unlike many anthropogenic sources of PM2.5, 

wildfires have not been decreasing in the US.

- Due to emission regulations and controls, anthropogenic sources of PM2.5 in the US 
have been decreasing in recent decades [Hand et al., 2011; Murphy et al., 2011].

- Wildfire frequency and intensity have been increasing in the western US since the 1980s 
due to changes in climate [Westerling, 2016].

- Extreme PM2.5 events associated with wildfires have been increasing in the western US
[McClure and Jaffe, 2018]
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Implications

- The western US, which in general has lower PM2.5 concentrations than the eastern US, still experiences 
improvements in non-smoke particulate air quality like the eastern US. However, in summer in the western US 
these improvements are obscured by the impacts of wildfires.

- Although we do not observe significant changes in smoke PM2.5 over our study period, we expect increases in 
smoke PM2.5 could be observed if we were able to extend our study period back to the 1980s.

Recent active wildfire seasons can be linked to either: 
- larger frequency of smoke days with moderate intensity (e.g. 2012)
- more intense smoke days with a moderate frequency (e.g. 2015)

We calculate a regional area-averaged summer PM2.5 for the Pacific Northwest (PNW),
a region heavily impacted by fires. 

Summer trends in PM2.5 are vastly different in the 
eastern and western United States.

Can we attribute variability in summer smoke PM2.5 in the Pacific Northwest to:

1. The frequency of smoke days?

2. The intensity of smoke days?

Both the frequency and intensity of smoke days show high interannual variability.

Over the next century, we expect increases 

in fire-specific PM2.5 in the US.

- Wildfires are expected to increase in frequency and 
burn area in the western US [e.g. Spracklen et al., 2009].

- PM2.5 concentrations emitted from fires 
are also projected to increase, while anthropogenic 
PM2.5 continues to decline [Ford et al., 2018]. 

3.3. Projections of Visibility Changes in the United States

The Regional Haze Program was established with the goal of reducing
visibility impairment in National Parks, forests, and historic sites around
the United States. According to our simulations, visibility will increase in
many of these designated areas in the eastern United States due
to decreases in anthropogenic emissions. However, in the western
United States where concentrations are predicted to increase due to
wildland fire smoke, visibility could worsen by 2100. Additionally, wild-
fires are not a continuous emission source; their timing and location are
sporadic, and they can produce large emission spikes on day to week
timescales. Therefore, while the impact on the annual timescale may
be relatively small, the contribution to a single day could be quite large.
The Regional Haze Rule requires states to set goals to improve visibility
and reach natural conditions on both the clearest (average of bottom
20% over 5-year period) and haziest (average of bottom 20% over
5-year period) days by 2064.

In these RCP8.5 simulations (for RCP4.5 results, see Figure S3, and for
results with revised equation, see Figure S4), we see that the 20% best
days are projected in our simulations to have improved visibility by
2050 and 2100 (Figure 8). However, when we look at the 20% worst
days, our simulation results suggest that smoke from fires would lead
to visibility degradation in many regions of western United States
and the southeastern United States in 2050, which would then worsen

by 2100 (Figure 8). Particular areas of vulnerability include parks in the western United States (e.g., Glacier
National Park, Lassen Volcanic National Park), southeastern United States (e.g., Great Smoky Mountains
National Park), and in the northeastern United States (e.g., Acadia National Park). If we compare to results
from our FireOff simulation, we see that this is due to fires. Without fires, our projections suggest that visibility
would continue to improve by 2050 and 2100. Visibility projections from our RCP4.5 simulations suggest simi-
lar spatial changes (visibility degradation on the worst days in the west and southeastern United States), but
with different magnitudes. These results differ from the projections shown in Val Martin et al. (2015), which
showed that visibility would improve on the worst and best days by 2050 in both the RCP4.5 and RCP8.5
scenarios. As we are using the same anthropogenic emissions as Val Martin et al. (2015), these differences
are due to the CLM-predicted fire emissions, which have a different magnitude and spatial distribution of
changes during the 21st century. As mentioned in section 3.1, Val Martin et al. (2015) only considered fire
emission changes in the western United States, whereas the simulations used in this study suggest much
larger changes in the eastern United States.

In Figure 9 (Figure S4 for revised equation), we show the cumulative probability distributions of the HI at four
different national park locations in the United States that will potentially experience more visibility degrada-
tion due to fires: Acadia National Park in ME (ACAD1), Glacier National Park in MT (GLAC1), Great Smoky
Mountains National Park in Tennessee Mountains (GRSM1), and Lassen Volcanic National Park in northern
CA (LAVO1). In general, our simulations suggest that visibility should improve in the future on the average
day and on the cleanest days. At the northeastern (ACAD1) and southeastern (GRSM1) sites, fire-related
PM has little impact on visibility in the early 21st century (little difference between the fire and no fire results).
At the western sites, and particularly at the northern California site (LAVO1), fire-related PM has a larger
impact on visibility, especially on the days with the worst visibility. For all sites, fire-related PM2.5 will play a
larger part in visibility degradation in 2050 and 2100 (in the RCP8.5 scenario) and more days will be impacted
by fire-related PM compared to the early 21st century. In Figure 9, we also have the 2,064 HI targets marked
for each state. Our simulation results suggest that for the four sites shown here, that smoke will make it diffi-
cult to reach the haziest day targets. Without smoke, all of the sites would be able to reach both the haziest
day and clearest day targets (by 2100); with smoke, only ACAD1 will reach the clearest day goal. However,
these simulation results may not be completely representative of the necessary rate of progress needed to
reach the goals as we have not analyzed how well our simulations match the real baseline conditions (deter-
mined from 2000 to 2004) at each site.

Figure 7. Decadal average PM2.5 concentrations over the CONUS separated by
source (nonfire, fire, and AK/HI/Mexico/Canadian transported smoke from fires)
for early 21st century, midcentury, and late century from the RCP4.5 and
RCP8.5 scenarios (simulations to determine transported smoke were only
conducted for RCP8.5 scenario).
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Average PM2.5 for US

In this work we address the following question: 

How have wildfire emissions of PM2.5

already impacted US trends in summer PM2.5?
Total PM2.5

- Large decreases in eastern US, few 
significant decreases in western US 

- GEOS-Chem largely matches the 
observations, except in California.

Both methods agree that the absence of significant decreasing trends in summer 
PM2.5 in the western US can be attributed to wildfire smoke.

Nonsmoke PM2.5

- Spatial extent of decreasing PM2.5

extends for both methods.

- In the absence of smoke, GEOS-
Chem estimates significant PM2.5

decreases across the entire US.

Smoke PM2.5

- Increases in smoke PM2.5 in the 
Pacific Northwest (boxed region) 
for both methods.

- GEOS-Chem estimates increases in 
smoke PM2.5 across most of the US 
(differing from obs.).

- Trends are not statistically 
significant due to high interannual 
variability of smoke. 


