
We thank the reviewers for their insightful comments. Below we provide detailed responses in 
black, with quotation marks showing the changes made in the manuscript. The line numbers in 
black refer to the revised (un-tracked) manuscript. The reviewers’ comments are in blue. 
 
Author Response to Reviewer #1 
 
This paper presents future projections of burned area and smoke concentrations from 
lightning fires on national forest and national park lands in the western US. The paper 
is generally well written and presents some interesting results. However, I think it could 
use some clarification before publishing. 
 
Major Suggestions: 
 
- I’d really like a figure that shows specifically the domain that they are looking at with all 
the national forest and national park lands outlined. This might be the green line on Figure 
3, but it is not labeled as such in the caption. Additionally, I think any parks/forests 
that are mentioned by name in the text (example line 282-283) should have their state location 
listed and be labeled on a map (it should not be assumed that all readers know 
these locations by name). 
 
We added the map of national forest and park fraction in the Supplement (Fig. S3), which 
specified our domain with all the national forests and parks. We also revised Fig. 3, Fig. S4, Figs. 
S7-8 to show results in the national forests and parks only. 
We added the state locations of the parks and forests as “the Flathead (Montana), Nez Perce-
Clearwater (Idaho), and Arapaho and Roosevelt (Colorado) National Forests.” Fig. 4 is now 
updated to denote the locations of these parks and forests.  
 
-I know this will make it wordy and redundant sounding, but I think the authors need 
to be explicit throughout the paper, every time they mention results, that all their results 
are only from fires on national park and national forest land in the western US. I 
think this is especially important in their discussion on smoke concentrations and their 
comparisons with other studies. It should also be specific in the title. 
 
The title has been changed to “Trends and spatial shifts in lightning fires and smoke 
concentrations in response to 21st century climate over the national forests and parks of the 
western United States.”  
We also now clarify in the discussion that our study focused on fires in the national forests and 
parks.  
 
Line 55- 58 states that one of their aims is to provide results at a higher resolution. 
I think with this being one of their stated goals, there needs to be more discussion 
of resolution. They did model simulations at two resolutions, so how do these two 
resolutions compare? What value does the finer resolution add? How might this finer 
resolution impact comparisons with other studies? 
 
We have removed the mention of finer spatial resolution as an aim of the study, and now clarify 
that the manuscript focuses on the drivers of lightning fires. In Fig. S5 in the Supplement, we 
provide a comparison of simulated fire-season smoke PM at the resolutions of 0.5° × 0.625° and 
4° x 5°. In the supplement we also added:  
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Supplement, Lines 42-43. “The finer-resolution simulation provides more detailed distributions of 
fire activity in the WUS, which are of greater utility to environmental managers.”   
 
Minor suggestions: 
 
- It should be “western United States” not “Western United States” throughout the paper. 
It is incorrect in the title and abstract and switches back and forth throughout the 
text. I also think national parks and national forests shouldn’t be capitalized unless the 
authors are referring to specific national parks or forests. 
 
Done.  
 
- About half-way through the paper, the authors stop using “National Forests and National 
Parks” and just use “National Forests”. I think they should stick with parks as 
well. 
 
Done.  
 
- A flowchart of the modeling set up in the supplement would be beneficial. I found 
it difficult to follow the input/output of each step in the modeling process. They also 
need to be clear throughout the text about what each model is actually simulating. 
For example, they say that LPJ-LMFire simulates meteorology (line 339), but I think 
they mean that it simulates the effects of meteorology and the meteorology is input. 
Likewise they say that LPJ-LMFire simulates emissions (line 88), but I think it simulates  
area burned, and then they apply the Akagi emission factors to create an emission 
inventory for GEOS-Chem. (Example: line 39, lightning-caused fire emissions aren’t 
simulated with GEOS-Chem, they are put into GEOS-Chem) 
 
We have added a flowchart of modeling setup (Fig. S1) in the Supplement.  
We have also made the following changes to the main text. 
Line 367. We now say, “…fire behavior and therefore burned area simulated by LPJ-LMfire are 
primarily governed by meteorology and fuel structure.”  
Line 88. we revised the wording as “Combined with emission factors from Akagi et al., 2011, dry 
matter burned calculated by LPJ-LMfire can be used to estimate natural wildfire emissions of 
black carbon (BC) and organic carbon (OC) particles, which are then passed to GEOS-Chem, a 3-
D chemical transport model, to simulate the transport and distribution of wildfire smoke across 
the WUS.” We also moved this sentence to the method section. 
Line 38. “In this study, we project lightning-caused fire emissions and wildfire-specific PM 
concentrations over the national forests and parks of the WUS in the mid- and late- 21st century, 
using a dynamic global vegetation model combined with a chemical transport model.” 
 
- Table 1 should also have the total BC+OC emissions. I don’t think the Dm for the 
Sierra Nevada needs to be included here. I’d suggest instead adding a supplemental 
table with several of the large national forests and their results. 
 
We have added BC+OC emissions to the table, following the reviewer’s suggestion.  We also 
removed DM for the Sierra Nevada from Table 1. Large national forests and parks are typically 
geographically connected, which indicates fire can easily spread from one forest to the nearby 
forest lands. Therefore, it might make more sense to discuss the changes in fire activity in these 
forests together.  
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- I don’t think Table 2 needs to be in the main text. 
 
We moved Table 2 to the Supplement as Table S1.  
 
- I think Table S1 needs to be in the main text since 2 whole paragraphs discuss it. 
 
Done.  
 
-Figure S3 is mentioned in the text as an evaluation with GFED4s, nothing about IMPROVE. 
I was really confused when I read the acknowledgement section that a large 
section devoted to IMPROVE when there was no mention of it in the text. This evaluation 
should be mentioned in the main text, likely under section 2.3. 
 
We now mention our use of IMPROVE data in the main text.  
Lines 196-198. “Implementing the combined emissions allow us to validate the simulated results 
in this study using observations from the Interagency Monitoring of Protected Visual 
Environments (IMPROVE) network (Figs. S5-S6).” 
 
Line by Line Comments: 
 
Line 19-20: restate that this is for national park and forest lands in the western US. 
 
Done. 
 
Line 21-22: This is confusing. Isn’t the dry matter burned by lightning-caused fires? A 
shift in fuel loading could lead to more fires, but if it is already burned, should it not lead 
to fewer fires? 
 
Lines 21-22. “RCP8.5 also shows enhanced lightning-caused fire activity, especially over forests 
in the northern states.” 
 
Line 29-32: Brey et al. (2018) suggests that it is about 30% caused by human ignition in 
the west. They also note that there are similar drivers for lightning and human caused 
fires, thus climate changes would likely have a similar impact on both. 
 
Brey et al. (2018) suggested that lightning wildfires cause the majority of burned area in the 
western U.S., especially during the fire season. Over national forests and parks, Brey et al. (2018) 
also showed lightning was the dominant driver of fire ignition. We have added this citation into 
our manuscript. 
Lines 30-31. “Over the forests of the western United States (WUS), lightning-caused wildfires 
account for the majority of burned area (Abatzoglou et al., 2016; Brey et al., 2018).”  
 
Line 35: Studies of what? Be specific. 
 
Lines 36-37. “Not all these studies that attempt to predict future fire activity have accounted for 
changing land cover or have distinguished the effects of lightning fire ignitions from human-
started fires.” 
 
Line 81: Is a second source missing here (there is a comma and the sentence says 
“Several studies”)? If not, the sentence should read “One study predicted”. Also, is 
there not any more recent papers on lightning and climate change? 



 4 

 
Fixed.  
 
Line 83-85: It might be worth noting that this lightning parameterization does not include 
any potential impacts of aerosols since this work is suggesting an increase in 
aerosol concentrations. 
 
Lines 115-122. “Several studies have predicted future increases in lightning due to climate 
change (e.g., Price and Rind, 1994a, Romps et al., 2014). However, the relationship between 
lightning flash rate and meteorology is poorly constrained in models and depends largely on 
physical parameters such as cold cloud thickness, cloud top height, or convective available 
potential energy. In our study, lightning strike density for application in LPJ-LMfire is calculated 
using the GISS convective mass flux following the empirical parameterization of Magi, 2015. 
Although observations suggest a link between aerosol load and lightning frequency (e.g., Altaratz 
et al., 2017), we do not consider that relationship here.” 
 
Line 86-87: I think it would be beneficial to restate this at the end, that lightning isn’t 
increasing, but the area burned from lightning fires is. 
 
Done. 
Line 314. In the discussion, we added “The GISS model predicts a warmer and drier climate but 
nearly constant lightning frequency in both scenarios.” 
 
Line 91: Is a couple years a long enough spin-up for a vegetation model? 
 
We now clarify our method of spin-up. 
Lines 140-142: “For each RCP, LPJ-LMfire simulates vegetation dynamics and fire continuously 
for the period 1701-2100, with monthly resolution. Continuous 400-year simulations allow for 
sufficient spin-up.” 
 
Line 88-94: seems like this should just be in the methods section. 
 
We have moved all the sentences in this paragraph to the method section on line 88 and line 112.  
 
Line 94: Is a five-year time slice long enough to represent the range of interannual 
variability? 
 
The reviewer raises an important issue. 
Lines 177-184. “Simulations with the fine-scale GEOS-Chem are computationally expensive, and 
we first test whether performing five-year simulations will adequately capture the interannual 
variability in fire activity generated by the LPJ-LMfire model. We take the average of fire-season 
total dry matter burned over five-year time slices in different periods across the 21st century, and 
find that these averages differ from the same quantity averaged over ten-year time slices by less 
than 20%, which is much less than the discrepancies caused by using different climate models in 
future predictions (Sheffield et al., 2013). This relatively small difference gives us confidence that 
five-year simulations in GEOS-Chem will suffice for this study.” 
 
Line 108: What does the “coalescence of fires” mean? 
 
By “coalescence,” we refer to the merging of fires.  
We now more clearly explain how the LPJ-LMfire model simulates fires.  
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Lines 99-104. “LPJ-LMfire calculates fire starts as a function of lightning ground strikes and 
ignition efficiency. Not every lightning strike causes fire. The model accounts for the 
flammability of different plant types, fuel moisture, the spatial autocorrelation of lightning 
strikes, and previously burned area. As fires grow in size, the likelihood of fire coalescence or 
merging increases. Fires are extinguished by consuming the available fuel or by experiencing 
sustained precipitation (Pfeiffer et al., 2013).” 
 
Line115-117: How does the model go from lightning density to fire? Does every lightning 
strike initiate a fire if there is fuel there? 
 
Lines 99-100. “LPJ-LMfire calculates fire starts as a function of lightning ground strikes and 
ignition efficiency. Not every lightning strike causes fire.”  
 
Line 139: can you use “grid” instead of “raster”? Also, this needs clarification. Is 
this grid used to create the emissions or just for choosing the analysis area? I’m 
assuming this is for creating the emissions and the authors use the fraction of the 
grid box multiplied by the dry area burned and then that gets multiplied by the emission 
factor to create the emissions to be put into GEOS-Chem? And then for the analysis, 
do they use any grid box that has any fraction of national park or forest land? 
 
Here we used “raster” to distinguish from “grid cell.” The rasters provide information on the 
fraction in each grid cell that is used to filter and scale the original data.  
We now clarify: 
Lines 155-156. “To calculate fire emissions, we multiply the simulated dry matter burned by the 
fraction of national forest or park within each grid cell.” 
Also, we added the map of national forest and park fraction in the Supplement (Fig. S3).  
 
Line 161-162: is this lack of difference for the CTM or LPJ-LMFire and for what variable 
(20% for emissions seems significant?)? 
 
Lines 179-184. We clarified “We take the average of fire-season total dry matter burned over 
five-year time slices in different periods across the 21st century, and find that these averages differ 
from the same quantity averaged over ten-year time slices by less than 20%, which is much less 
than the discrepancies caused by using different climate models in future predictions (Sheffield et 
al., 2013). This relatively small difference gives us confidence that five-year simulations in 
GEOS-Chem will suffice for this study.” 
 
Line 164-167 should be moved to line 158. 
 
Done. 
 
Line 176: why do the GFED4s emissions need to be included at all? If you are just 
looking at the difference and those are being held the same, it doesn’t seem necessary 
to include them in the simulation at all. Line 178-179 says that they can be compared 
to observations, but this isn’t actually done in the text at all. 
 
We included a comparison with the IMPROVE dataset in the Supplement:  

• Lines 38-50. “We compare the GEOS-Chem results against ground-based measurements 
from the Interagency Monitoring of Protected Visual Environments (IMPROVE) network 
in the western U.S….”  

• Figs. S5-S6. 
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The reviewer is correct that we do not need GFED4s if we focused on the differences only. But 
with GFED4s emissions outside national forests and parks, we were able to provide a complete 
map which could be potentially useful for health studies.  
 
Line 196-213: What is causing these increases? Just the warmer climate or is it the 
shift in biomass type? Does the decrease in precipitation not have a large impact? 
 
Lines 264-268. “In our study, we show that total living biomass mostly decreases at latitudes 
~45° N by ~2100 under RCP8.5, but the peak enhancements in dry matter burned also occur at 
these latitudes. This finding indicates that the modeled changes in fire activity are driven by 
changes in meteorological conditions that favor fire, as well as by shifts towards more pyrophilic 
landscapes such as open woodlands and savannas.”  
Lines 322-324. In the discussion section, we also added “Increased fire activity is driven by 
changes in meteorological conditions that favor fire, as well as by shifts towards more pyrophilic 
landscapes such as open woodlands and savannas.” 
Our study did not distinguish the impacts of precipitation only. The changes in fire activity are 
driven by the combined effects of changes in temperature and precipitation.  
 
Line 213: will not “limit fuel load” for what or with respect to what? 
 
We now address this question. 
Lines 229-231. “Despite this decrease, living biomass in this scenario is still abundant in the West 
in 2100, especially over the northern forests (not shown), suggesting that future climate change 
will not limit fuel load for fire ignition or spread.” 
 
Line 236: changes in what? 
 
We clarified as  
Line 256. “The changes in area burned we calculate at 2050 are also within the range of previous 
studies using statistical methods for this region.” 
 
Line 243-247: This is a long, confusing sentence. 
 
Fixed. 
Lines 264-268. “In our study, we show that total living biomass mostly decreases at latitudes 
~45° N by ~2100 under RCP8.5, but the peak enhancements in dry matter burned also occur at 
these latitudes. This finding indicates that the modeled changes in fire activity are driven by 
changes in meteorological conditions that favor fire, as well as by shifts towards more pyrophilic 
landscapes such as open woodlands and savannas.” 
 
Line 263: what region? The SN or WUS? 
 
Line 282. “We find significant increases in dry matter burned of 81% by 2100 under RCP8.5 in 
the SN region.” 
 
Line 267-268: and the model doesn’t simulate this right? Otherwise, you’d need to also 
include gas-phase precursor emissions calculated for your fire emissions. 
 
The reviewer is correct.  
 
Line 273-274: Figure 3 does not show lightning fire activity. It shows changes in dry 
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matter burned and total living biomass. 
 
Fixed.  
 
Line 303-304: be specific that this is for the western US. Also, can you show a map of 
this, maybe in the supplement? Is this because your area includes any grid box that 
has any fraction with national park or national forest land? Less than 1% seems really 
low (protected lands make up <20% of the US)? 
 
Lines 328-329. “However, we find that in the GFED4s inventory, present-day fire emissions 
outside these federally managed areas contribute less than 1% of total DM in the WUS.”  
 
We understand the concern brought up by the reviewer.  
Lines 329-332. “For area burned, the fraction outside national forests and parks could be higher 
than 1%. In contrast, national forests and parks have abundant fuel supplies, making their 
fractional contribution to total DM much higher than would be implied by their fractional 
contribution to area burned.” 
 
 
 
Line 312-316: It seems strange to put in the same sentence that there are low smoke 
emissions compared to some studies, but similar area burned to another study. Do the 
two studies for the smoke emissions also provide area burned estimates? Otherwise, 
these should be discussed separately. 
 
We removed the comparison with area burned here.  
 
Line 308-333: The domain difference and difference in years should be noted along 
with the difference in resolution. 
 
Lines 338-339. “These discrepancies arise from differences in the methodologies, fire 
assumptions, future scenarios applied, domain and time period considered, and model resolution.” 
 
Line 334-345: Also, there is no feedback of smoke/aerosols on climate included. Also, 
transport pathways may not vary much, but there are likely some mismatches in the 
CTM simulation in that the meteorology that is conducive to fires may be more conducive 
to smoke transport, and the CTM is not using the same input meteorology that  
was used with LPJ-LMFire. 
 
We have revised the sentence. 
Lines 371-372.  “Our study also does not consider the effects of future climate change on the 
transport or lifetime of smoke PM, nor the feedback of smoke aerosols on regional climate.”  
 
Lines 363-366. “Also, the GEOS-Chem simulations are driven with present-day MERRA-2 
meteorology. Besides changes in fire emissions, future work could examine how changing 
meteorology may further influence smoke lifetime and transport processes, and investigate the 
feedback of fire on meteorology by developing an online coupled modeling approach.”  
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Author Response to Reviewer #2 - Dr. Alan Wei Lun Lim 
 
This paper talks about the impacts of future lightning induced wildfires in western 
United States as projected by a series of computational models. The main model is a 
fire model that uses future meteorological and land properties as inputs and predicts 
the occurrences of fires and how much smoke particulate emissions (black carbon and 
organic carbon) are generated as a result of the fires. Emissions are then used as 
inputs for a chemistry transport model to predict future impacts on air quality. The paper 
presents some very interesting results. Parts of the paper lacks specificity, hence 
some clarifications are necessary. 
 
Major Suggestions 
 
The authors may want to consider to implement land use changes according to the 
RCP scenarios in the LPJ-LMfire dynamic vegetation model instead of just assuming 
30% increase in cropland and pastures. I understand that anthropogenic effects may 
be hard to ascertain as per discussed in the paper, but it may be worthwhile to at 
least look at changes in croplands versus forest cover. For example in RCP4.5: more 
forests, less crops; RCP8.5: less forests, more crops. Having more cropland in RCP8.5 
scenario may lead to more agricultural fires whereas having larger forest cover without 
human intervention in RCP4.5 scenario may lead to more lightning fires. 
 
We did indeed implement scenarios of land use change from different RCPs, and we now clarify 
our methods. 
Lines 143-146: “We apply future land use scenarios following the two RCPs in CMIP5, in which 
the extent of crop and pasture cover in the WUS increases by 30% in future climates, with most 
of these changes occurring outside the national forest and park lands in the region (Brovkin et al., 
2013; Kumar et al., 2013).”  
Line 104. “Our study does not consider changes in human-caused fires, including agricultural 
fires.” 
 
I would like to clarify if the model account for agricultural fires? In Table 2, the column 
for LPJ-LMfire seem to suggest that this fire model does not model agricultural fires 
although the GEOS-Chem model has a PFT for crops. I guess if the focus of the paper 
is not about anthropogenic influences on land use changes, and thus lightning fires, 
then not having this is fine. 
 
The reviewer is referred to the previous response.  
 
It may make the paper more interesting if the authors also list and discuss in greater 
detail about the possible reasons for the increase in fires, for example, despite having 
similar lightning activity, stable air and decreased wind led to higher temperatures and 
hence increasing the occurrences of lightning fires. It may be scientifically interesting 
to also discuss the most important factor in determining lightning induced fires. 
 
The reviewer suggested very interesting and important topics to look into. Although these topics 
were beyond the scope of this study, the suggestions provided good guidance for future work.  
Lines 322-324. In the discussion section, we added “Increased fire activity is driven by changes 
in meteorological conditions that favor fire, as well as by shifts towards more pyrophilic 
landscapes such as open woodlands and savannas.”  
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The paper could not discuss any feedback effects of fire on meteorology because the 
methodology employed simply did not allow such an investigation. Feedback effects of 
fire on meteorology can be very scientifically interesting, but complicated to investigate. 
Perhaps this could be future work. 
 
We now mention this direction for future research. 
Lines 364-366. “Besides changes in fire emissions, future work could examine how changing 
meteorology may further influence smoke lifetime and transport processes, and investigate the 
feedback of fire on meteorology by developing an online coupled modeling approach.”  
 
Minor Suggestions 
 
Line 26: I suggest looking at Val Martin, et.al., 2015. Atmos. Chem. Phys., 15, 2805– 
2823, 2015. It may be a better cite since it also looks at air pollution and national parks, 
and is a later research paper. 
 
Done. 
 
Line 47: Also check out Li, et. al., 2019. Atmos. Chem. Phys., 19, 12545–12567, 2019 
for many different fire models. 
 
Done.  
Lines 55-58. “Dynamic vegetation models with interactive fire modeling provide important 
estimates for long-term and large-scale changes in fire emissions, with most of these models 
simulating present-day fire emissions within the range of satellite products but failing to 
reproduce the interannual variability (Li et al., 2019; Hamilton et al., 2018).” 
 
Line 81 seems to have a missing citation. 
 
Done.  
 
Line 84: A clarification on how the GISS model predicts lightning flashes would be 
beneficial. Also, only cloud to ground lightning would affect your study. A further clarification 
on whether cloud to ground lightning remains unchanged throughout the century 
would be good. 
 
The GISS model results archived for CMIP5 does not provide lightning density.  
Line 119. “In our study, lightning strike density for application in LPJ-LMfire is calculated using 
the GISS convective mass flux following the empirical parameterization of Magi, 2015.”  
 
It is true that cloud-to-ground lightning is the direct cause of natural wildfires. We now clarify.  
Line 124. “LPJ-LMfire scales lightning flashes to cloud-to-ground lightning strikes, which are the 
portion of total flashes in clouds that directly causes natural wildfires (Pfeiffer et al., 2013). 
Therefore, cloud-to-ground lightning frequencies are also considered constant during the 21st 
century.”  
 
Line 106: It may be necessary to describe in greater detail how each factor in the LPJLM fire 
model affect the predicted fires (incidences of fires, intensity, area burned, etc.) 
because this is what the whole paper is about. 
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Lines 99-104. “LPJ-LMfire calculates fire starts as a function of lightning ground strikes and 
ignition efficiency. Not every lightning strike causes fire. The model accounts for the 
flammability of different plant types, fuel moisture, the spatial autocorrelation of lightning 
strikes, and previously burned area. As fires grow in size, the likelihood of fire coalescence or 
merging increases. Fires are extinguished by consuming the available fuel or by experiencing 
sustained precipitation (Pfeiffer et al., 2013).” 
 
Line 174: Smoke PM definition should be moved to line 42 to define smoke PM earlier. 
 
Fixed.  
 
Line 291: I would like to suggest a clarification: You are using an offline coupling 
technique. The present way of phrasing may confuse readers into thinking the fire and 
atmosphere model are fully coupled. 
 
Lines 312. “We apply an offline, coupled modeling approach.” 
 
Supplement Line 24: spelling of lightning 
 
Fixed.  
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Abstract. Almost US$ 3bn per year is appropriated for wildfire management on public land in the 10 

United States. Recent studies have suggested that ongoing climate change will lead to warmer and 11 

drier conditions in the western United States with a consequent increase in the number and size of 12 

wildfires, yet large uncertainty exists in these projections. To assess the influence of future changes 13 

in climate and land cover on lightning-caused wildfires in the national forests and parks of the 14 

western United States and the consequences of these fires on air quality, we link a dynamic 15 

vegetation model that includes a process-based representation of fire (LPJ-LMfire) to a global 16 

chemical transport model (GEOS-Chem). Under a scenario of moderate future climate change 17 

(RCP4.5), increasing lightning-caused wildfire enhances the burden of smoke fine particulate 18 

matter (PM), with mass concentration increases of ~53% by the late-21st century during the fire 19 

season in the national forests and parks of the western United States. In a high-emissions scenario 20 

(RCP8.5), smoke PM concentrations double by 2100. RCP8.5 also shows enhanced lightning-21 

caused fire activity, especially over forests in the northern states.  22 
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1    Introduction 30 

Both the incidence and duration of large wildfires in the forests of the western United States 31 

have increased since the mid-1980s (Westerling et al., 2006; Abatzoglou and Williams, 2016), 32 

affecting surface levels of particulate matter (Val Martin et al., 2006; Val Martin et al., 2015), with 33 

consequences for human health (Liu et al., 2017) and visibility (Spracklen et al., 2009; Ford et al., 34 

2018). Wildfire activity is influenced by a combination of different factors, including fuel load, 35 

fire suppression practices, land use, land cover change, and meteorology (Pechony and Shindell, 36 

2010). Over the forests of the western United States (WUS), lightning-caused wildfires account 37 

for the majority of burned area (Abatzoglou et al., 2016; Brey et al., 2018) and have driven most 38 

of the recent increase in large wildfires, with human ignition contributing less than 12% to this 39 

trend (Westerling, 2016). Studies suggest that a warming climate could enhance wildfires in the 40 

WUS (Yue et al., 2013; Abatzoglou and Williams, 2016), but quantifying future wildfire activity 41 

is challenging, given uncertainties in land cover trends and in the relationships between fire and 42 

weather. Not all these studies that attempt to predict future fire activity have accounted for 43 

changing land cover or have distinguished the effects of lightning fire ignitions from human-started 44 

fires. In this study, we project lightning-caused fire emissions and wildfire-specific PM 45 

concentrations over the national forests and parks of the WUS in the mid- and late- 21st century, 46 

using a dynamic global vegetation model combined with a chemical transport model. Our goal is 47 

to understand how trends in both land cover and meteorology may affect natural fire activity and 48 

smoke air quality over the 21st century.  49 

Consistent with projections of increasing wildfire in the WUS, recent studies have also 50 

predicted enhancement of fire-generated PM (smoke PM; BC+OC) under a warmer and drier 51 

climate in this region (Yue et al., 2013; Yue et al., 2014; Spracklen et al., 2009; Ford et al., 2018; 52 
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Westerling et al., 2006). Some of these studies relied on statistical models that relate 55 

meteorological variables to fire metrics such as area burned; these models can then be applied to 56 

projections from climate models (Yue et al., 2013; Yue et al., 2014; Spracklen et al., 2009; 57 

Archibald et al., 2009; Wotton et al., 2003; Westerling and Bryant, 2008). However, these 58 

statistical methods do not account for changes in vegetation due to climate, increasing atmospheric 59 

CO2 concentrations, or land use. A further weakness of these studies is that they do not consider 60 

whether enhanced fire activity in the future atmosphere may ultimately deplete the supply of 61 

woody fuels (Yue et al., 2013; Yue et al., 2014). Other studies have coupled global vegetation 62 

models to climate models to better represent such fire-vegetation-climate interactions (Chaste et 63 

al., 2018; Ford et al., 2018). Dynamic vegetation models with interactive fire modeling provide 64 

important estimates for long-term and large-scale changes in fire emissions, with most of these 65 

models simulating present-day fire emissions within the range of satellite products but failing to 66 

reproduce the interannual variability (Li et al., 2019; Hamilton et al., 2018). The coupled modeling 67 

approaches integrate vegetation dynamics, land-atmosphere exchanges, and other key physical 68 

processes, allowing consideration of many factors driving fire activity and smoke pollution on 69 

regional scales. Building on this research, we use an integrated vegetation-climate model system 70 

with the aim of clarifying how changing meteorology and vegetation together drive future 71 

lightning-caused wildfire activity. We also provide predictions of smoke pollution at finer spatial 72 

resolution than previously. Our approach accounts for the impact of future climate and lightning 73 

fires on fuel structure, and these fine-scale predictions are of greater utility to environmental 74 

managers and especially the health impacts community. 75 

Lightning is the predominant cause of wildfire ignition in most mountainous and forest 76 

regions of the WUS during months that have high fire frequency (Abatzoglou et al., 2016; Balch 77 
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et al., 2017). In remote and mountainous terrain, anthropogenic ignitions are infrequent and >90% 83 

of total area burned is caused by lightning-started fires (Abatzoglou et al., 2016). Here we study 84 

lightning-caused fires over the national forests and parks of the WUS in the mid- and late- 21st 85 

century under two future climate change scenarios defined by Representative Concentration 86 

Pathways (RCPs). RCP4.5 represents a moderate pathway with gradual reduction in greenhouse 87 

gas (GHG) emissions after 2050, while RCP8.5 assumes continued increases in GHGs throughout 88 

the 21st century. We use the Lund-Potsdam-Jena-Lausanne-Mainz (LPJ-LMfire) Dynamic Global 89 

Vegetation Model (Pfeiffer et al., 2013) to simulate dynamic fire-vegetation interactions under 90 

future climate. LPJ-LMfire, which has been used previously to investigate historical fire activity 91 

(e.g., Chaste et al., 2018), is applied here to estimate natural fire emissions under future climate 92 

simulated by the Goddard Institute for Space Studies (GISS) Model E climate model. July, August, 93 

and September (JAS) are the months of greatest fire activity in WUS forests (Park et al., 2003) and 94 

the focus of our study. We limit the spatial extent of our analyses to the national forests and parks 95 

of the WUS, here defined as 31°N – 49°N, 100°W – 125°W.  96 

 97 

2    Methods 98 

We quantify the effects of changing climate on area burned and fire emissions caused by 99 

lightning over the national forests and parks in the WUS using the LPJ-LMfire model (Pfeiffer et 100 

al., 2013), driven by meteorological fields from the GISS-E2-R climate model (Nazarenko et al., 101 

2015). Combined with emission factors from Akagi et al., 2011, dry matter burned calculated by 102 

LPJ-LMfire can be used to estimate natural wildfire emissions of black carbon (BC) and organic 103 

carbon (OC) particles, which are then passed to GEOS-Chem, a 3-D chemical transport model, to 104 

simulate the transport and distribution of wildfire smoke across the WUS. A flowchart of modeling 105 
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setup is included in the Supplement (Fig. S1).  141 

2.1    LPJ-LMfire  142 

The LPJ-LMfire dynamic vegetation model is driven by gridded climate, soil, land use 143 

fields, and atmospheric CO2 concentrations, and simulates vegetation structure, biogeochemical 144 

cycling, and wildfire (Pfeiffer et al., 2013; Sitch et al., 2003). Wildfires are simulated based on 145 

processes including explicit calculation of lightning ignitions, the representation of multi-day 146 

burning and coalescence of fires, and the calculation of rates of spread in different vegetation types 147 

(Pfeiffer et al., 2013). LPJ-LMfire calculates fire starts as a function of lightning ground strikes 148 

and ignition efficiency. Not every lightning strike causes fire. The model accounts for the 149 

flammability of different plant types, fuel moisture, the spatial autocorrelation of lightning strikes, 150 

and previously burned area. As fires grow in size, the likelihood of fire coalescence or merging 151 

increases. Fires are extinguished by consuming the available fuel or by experiencing sustained 152 

precipitation (Pfeiffer et al., 2013). Our study does not consider changes in human-caused fires, 153 

including agricultural fires. 154 

The climate anomaly fields from the GISS-E2-R climate model used to prepare a future 155 

scenario for LPJ-LMfire are monthly mean surface temperature, diurnal temperature range (i.e., 156 

the difference between monthly mean daily maximum and daily minimum temperatures), total 157 

monthly precipitation, number of days in the month with precipitation greater than 0.1 mm, 158 

monthly mean total cloud cover fraction, and monthly mean surface wind speed. This version of 159 

the GISS model was configured for Phase 5 of the Coupled Model Intercomparison Project 160 

(CMIP5) (Nazarenko et al., 2015). For RCP4.5, the GISS model predicts a statistically significant 161 

increase in surface temperature of 1.4 K averaged over the entire region by 2050 during JAS; for 162 

RCP8.5, the mean JAS temperature increase is 3.7 K by 2100. In both future climate scenarios, 163 
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significant precipitation decreases of ~20% by 2100 are simulated. Several studies have predicted 165 

future increases in lightning due to climate change (e.g., Price and Rind, 1994a, Romps et al., 166 

2014). However, the relationship between lightning flash rate and meteorology is poorly 167 

constrained in models and depends largely on physical parameters such as cold cloud thickness, 168 

cloud top height, or convective available potential energy. In our study, lightning strike density for 169 

application in LPJ-LMfire is calculated using the GISS convective mass flux following the 170 

empirical parameterization of Magi, 2015. Although observations suggest a link between aerosol 171 

load and lightning frequency (e.g., Altaratz et al., 2017), we do not consider that relationship here. 172 

Unlike surface temperature and precipitation, we find that average lightning density over the West 173 

does not change significantly during the 21st century, as described in Fig. S2. LPJ-LMfire scales 174 

lightning flashes to cloud-to-ground lightning strikes, which are the portion of total flashes in 175 

clouds that directly causes natural wildfires (Pfeiffer et al., 2013). Therefore, cloud-to-ground 176 

lightning frequencies are also considered constant during the 21st century. We run LPJ-LMfire on 177 

a 0.5°×0.5° global grid, though for this study only results over the national forests and parks of 178 

the WUS are analyzed.  179 

The GISS-E2-R meteorology used here covers the period 1701-2100 at a resolution of 2° 180 

latitude x 2.5° longitude. The start year of the two climate scenarios, RCP4.5 and RCP8.5, is 2006. 181 

The two RCPs capture a range of possible climate trajectories over the 21st century, with radiative 182 

forcings at 2100 relative to pre-industrial values of +4.5 W m-2 for RCP4.5 and +8.5 W m-2 for 183 

RCP8.5. From 2011 to 2015, the greenhouse gas concentrations of the two scenarios are nearly 184 

identical. To downscale the GISS meteorological fields to finer resolution for LPJ-LMfire, we first 185 

calculate the 2010-2100 monthly anomalies relative to the average over the 1961-1990 period, and 186 

then add the resulting timeseries to a high-resolution observationally based climatology at 0.5° 187 
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latitude ×  0.5° longitude spatial resolution. The climatology was prepared using the datasets 192 

including WorldClim 2.1, Climate WNA, CRU CL 2.0, Wisconsin HIRS Cloud Climatology, and 193 

LIS/OTD, as described in Pfeiffer et al., 2013. For each RCP, LPJ-LMfire simulates vegetation 194 

dynamics and fire continuously for the period 1701-2100, with monthly resolution. Continuous 195 

400-year simulations allow for sufficient spin-up. The LPJ-LMfire simulations used here cover the 196 

period 2006-2100. We apply future land use scenarios following the two RCPs in CMIP5, in which 197 

the extent of crop and pasture cover in the WUS increases by 30% in future climates, with most of 198 

these changes occurring outside the national forest and park lands in the region (Brovkin et al., 199 

2013; Kumar et al., 2013). 200 

Passive fire suppression results from landscape fragmentation caused by land use  (e.g., for 201 

crop and grazing land, roads, and urban areas), and this influence on fire activity is included in the 202 

LPJ-LMfire simulations (Pfeiffer et al., 2013). The model does not, however, consider the active 203 

fire suppression practiced throughout much of the WUS. We therefore limit our study to wildfire 204 

activity on the national forest and park lands of the WUS that are dominated by lightning fires and 205 

where land use for agriculture and urban areas is minimal. To focus only on national forest and 206 

park lands, we apply a 0.5° × 0.5°	raster across the WUS that identifies the fraction of each grid 207 

cell that belongs to a national forest or national park (Fig. S3), and we consider only these areas in 208 

our analysis. To calculate fire emissions, we multiply the simulated dry matter burned by the 209 

fraction of national forest or park within each grid cell. 210 

2.2    Fire emissions  211 

Fuel biomass in LPJ-LMfire is discretized by plant functional type (PFT) into specific live 212 

biomass and litter categories, and across four size classes for dead fuels. The model simulates 213 

monthly values of total dry matter burned for nine PFTs as in Pfeiffer et al., 2013. To pass LPJ-214 
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LMfire biomass burning emissions to GEOS-Chem, we first reclassify these nine PFTs into the 227 

six land cover types considered by GEOS-Chem. See Table S1 for a summary of the 228 

reclassification scheme. Tropical broadleaf evergreen, tropical broadleaf raingreen, and C4 grasses 229 

are not simulated by LPJ-LMfire in the national forests and parks of the WUS. Emission factors 230 

based on the six land cover types in GEOS-Chem are then applied to dry matter burned from 231 

LPJ-LMfire, resulting in monthly BC and OC emissions over national forests and parks. These 232 

factors are from Akagi et al., 2011. As lightning-started wildfires are dominant over the WUS 233 

forests, an evaluation of fire emissions over national forest and park lands from the LPJ-LMfire 234 

model against the Global Fire Emissions Database (GFED4s) inventory (Giglio et al., 2013) is 235 

included in the Supplement (Fig. S4).  236 

2.3    GEOS-Chem  237 

We use the GEOS-Chem chemical transport model (version 12.0.1; 238 

http://acmg.seas.harvard.edu/geos/). We first carry out a global simulation at 4° latitude x 5° 239 

longitude spatial resolution, and then downscale to 0.5° × 0.625° over the WUS via grid nesting 240 

over the North America domain. For computational efficiency, we use the aerosol-only version of 241 

GEOS-Chem, with monthly mean oxidants archived from a full-chemistry simulation, as described 242 

in Park et al., 2004. Simulations with the fine-scale GEOS-Chem are computationally expensive, 243 

and we first test whether performing five-year simulations will adequately capture the interannual 244 

variability in fire activity generated by the LPJ-LMfire model. We take the average of fire-season 245 

total dry matter burned over five-year time slices in different periods across the 21st century, and 246 

find that these averages differ from the same quantity averaged over ten-year time slices by less 247 

than 20%, which is much less than the discrepancies caused by using different climate models in 248 

future predictions (Sheffield et al., 2013). This relatively small difference gives us confidence that 249 
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five-year simulations in GEOS-Chem will suffice for this study. We therefore perform two five-256 

year time slice simulations for each RCP, covering the present day (2011-2015) and the late-21st 257 

century (2096-2100). The GEOS-Chem simulations are driven with present-day MERRA-2 258 

reanalysis meteorology from NASA/GMAO (Gelaro et al., 2017) to isolate the effect of changing 259 

wildfires on U.S. air quality. The simulations include emissions of all primary PM and the gas-260 

phase precursors to secondary particles, with non-fire particle sources comprising fossil fuel 261 

combustion from transportation, industry, and power plants from the 2011 EPA NEI inventory. In 262 

the future time slices, non-fire emissions remain fixed at present-day levels.  263 

Our study focuses on carbonaceous PM (smoke PM; BC+OC), which are the main 264 

components in wildfire smoke (Chow et al., 2011). For the present day, we apply 5-year (2011-265 

2015) averaged GFED4s emissions to those regions that fall outside national forests and parks and 266 

temporally changing LPJ-LMfire emissions from the two RCPs within the Forests. Implementing 267 

the combined emissions allow us to further validate the simulated results in this study using 268 

observations from the Interagency Monitoring of Protected Visual Environments (IMPROVE) 269 

network (Figs. S5-S6). For the future time slices, we assume that fires outside national forests and 270 

parks remain at present-day levels, and we again combine the 2011-2015 GFED4s fire emissions 271 

with the temporally changing, future LPJ-LMfire emissions over the national forests and parks.  272 

 273 

3    Results 274 

3.1    Spatial shifts in fire activity  275 

Under both RCPs, 21st century climate change and increasing atmospheric CO2 276 

concentrations lead to shifts in the distribution of total living biomass and dry matter burned. Fig. 277 

1 shows the changes in monthly mean temperature and precipitation averaged zonally over grid 278 
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cells at each 1°	latitude of the West, relative to the present day, defined as ~2010. Peak temperature 298 

enhancements in JAS occur between 36°-42° N for ~2050 and ~2100 in both RCPs, with a 299 

maximum enhancement of 4 °C for RCP4.5 and 6 °C for RCP8.5 in 2100. Significant decreases 300 

in JAS precipitation occur between 33°-45° N under RCP4.5 and at latitudes north of 39° N under 301 

RCP8.5 for ~2100. The maximum decrease in monthly precipitation over the West is ~40 kg m-2 302 

(~60%) in JAS under both RCPs. These warmer and drier conditions favor fire activity under future 303 

climate.   304 

Fires and smoke production are dependent on fuel load, and throughout the 21st century, 305 

total living biomass in the WUS is primarily concentrated in northern forests (Fig. 2). For RCP4.5, 306 

living biomass exhibits significant enhancements in U.S. national forests and parks at latitudes 307 

north of 43° N in the 2050 time slice and north of 45° N in the 2100 time slice. North of 46° N, 308 

the change in living biomass at 2100 (~0.4 kg C m-2) is double that at 2050 (~0.2 kg C m-2). At 309 

latitudes south of 40°N, living biomass in RCP4.5 is generally invariant over the 21st century. In 310 

RCP8.5, living biomass also increases significantly near the Canadian border – e.g., as much as 311 

~0.2 kg C m-2 for the 2050 time slice and ~0.4 kg C m-2 for the 2100 time slice, relative to the 312 

present day. In contrast, at latitudes between 42°-47° N in RCP8.5, total living biomass decreases 313 

by as much as -0.6 kg C m-2 for ~2100. For both RCPs, these mid-century and late-century changes 314 

in total living biomass are significant (p < 0.05) across nearly all latitudes. In RCP4.5, the spatial 315 

shifts of total living biomass are relatively weak from 2050 to 2100, consistent with the moderate 316 

climate scenario with gradual reduction in greenhouse gas emissions after 2050. However, under 317 

the continued-emissions climate scenario RCP8.5, total living biomass in these forests first 318 

increases by 2050 and then decreases by ~10% by 2100, indicating a strongly disturbed vegetation 319 

system due to climate change. Despite this decrease, living biomass in this scenario is still 320 
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abundant in the West in 2100, especially over the northern forests (not shown), suggesting that 322 

future climate change will not limit fuel load for fire ignition or spread. Table 1 summarizes these 323 

results. 324 

LPJ-LMfire simulates boreal needleleaf evergreen and boreal and temperate summergreen 325 

(broadleaf) trees as the dominant plant functional types (PFTs) in the national forests and parks of 326 

the WUS; these PFTs together account for ~90% of the total biomass in our study domain. Changes 327 

over the 21st century (Fig. 2) reflect the changes in the growth and distribution of these PFTs, with 328 

increases in living biomass in the north and decreases in the south in both RCP scenarios (Fig. S7). 329 

In the 2100 time slice, vegetation shifts further north than in the 2050 time slice. The reasons for 330 

this shift can be traced to the climate regimes favored by different vegetation types, with temperate 331 

and boreal trees showing moderate to strong inclination in their growth along the north-south 332 

temperature gradient (Aitken et al., 2008). For example, the temperate broadleaf summergreen 333 

PFT favors regions with moderate mean annual temperatures and distinct warm and cool seasons 334 

(Jarvis and Leverenz, 1983), while boreal needleleaf evergreen generally occurs in colder climate 335 

regimes (Aerts, 1995). With rising temperatures, the living biomass of temperate summergreen 336 

trees increases in most states in the WUS, with maximum enhancement of +1.0 kg C m-2 in western 337 

Washington, northern Montana, and Idaho by 2100 in RCP8.5 relative to 2010. Decreases in this 338 

vegetation type for this scenario occur in the south, as much as -0.5 kg C m-2 in New Mexico. In 339 

contrast, boreal trees increase in only a few regions in the far north, with a substantial contraction 340 

in their abundance over much of the West, as much as -4.0 kg C m-2 for boreal needleleaf evergreen 341 

by 2100 in RCP8.5 over the northern forests.  342 

Simulated area burned from lightning-ignited fires in the national forests and parks of the 343 

WUS increases by ~30% by ~2050, and by ~50% by ~2100 for both RCPs (not shown), 344 
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comparable to the predicted 78% increase in lightning-caused area burned in the U.S. under a 348 

doubled CO2 climate by Price and Rind, 1994b, which did not account for vegetation changes due 349 

to climate change or changing CO2. That study, however, projected an increase in lightning flashes 350 

and did not consider changing land cover. The changes in area burned we calculate at 2050 are 351 

also within the range of previous studies using statistical methods for this region (e.g., 54% in 352 

Spracklen et al., 2009 and 10-50% in Yue et al., 2013). Fig. 2 further shows that dry matter burned, 353 

a function of both area burned and fuel load, increases relative to the present at most latitudes at 354 

both 2050 and 2100 and in both RCPs. Year-to-year variations in dry matter burned are greater 355 

than those in living biomass due to variations in the meteorological conditions driving fire 356 

occurrence. Previous studies have found that interannual variability in wildfire activity is strongly 357 

associated with regional surface temperature (Westerling et al., 2006; Yue et al., 2013). In our 358 

study, we show that total living biomass mostly decreases at latitudes ~45° N by ~2100 under 359 

RCP8.5, but the peak enhancements in dry matter burned also occur at these latitudes. This finding 360 

indicates that the modeled changes in fire activity are driven by changes in meteorological 361 

conditions that favor fire, as well as by shifts towards more pyrophilic landscapes such as open 362 

woodlands and savannas. As with biomass, lighting-caused fires also shift northward over the 21st 363 

century, especially in RCP8.5. In this scenario, dry matter burned increases by as much as 35 g m-364 

2 mon-1 across 40°-48°N at ~2100 compared to the present day. By 2100, the fire-season total dry 365 

matter burned over the forests in the West increases by 24.58 Tg/JAS (111%) under RCP4.5 and 366 

by 50.00 Tg/JAS (161%) in RCP8.5 (Table 1).  367 

The spatial distributions of changes in total living biomass and dry matter burned are shown 368 

in Fig. 3. Under RCP4.5, moderate decreases in total living biomass (by as much as -2.5 kg C m-2) 369 

and increases in dry matter burned by 2100 (up to ~70 g m-2 mon-1) are concentrated in central 370 
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Idaho, Wyoming, and Colorado. Large declines in total living biomass and enhancements in dry 376 

matter burned occur in the forests of Idaho and Montana by 2100 under RCP8.5, with a hotspot of 377 

-5.0 kg C m-2 in biomass and +100 g m-2 mon-1 in dry matter burned in Yellowstone National Park. 378 

Similar trends in total living biomass and dry matter burned are also predicted for the Sierra 379 

Nevada (SN) region in California (Fig. S8), with the region defined as in Yue et al., 2014. Predicted 380 

changes in dry matter burned over the SN forests by 2050 are 17-44%, comparable to the calculated 381 

future increases of 30-50% by Yue et al., 2014. We find significant increases in dry matter burned 382 

of 81% by 2100 under RCP8.5 in the SN region. Our results suggest that even as future climate 383 

change diminishes vegetation biomass in some regions of the WUS, sufficient fuel still exists to 384 

allow increases in fire activity and dry matter burned.   385 

3.2    Smoke PM 386 

Given the large uncertainty in secondary aerosol formation within smoke plumes (Ortega 387 

et al., 2013), we assume that smoke PM mainly consists of primary BC and OC. We calculate 388 

emissions of fire-specific BC and OC by combining the estimates of the dry matter burned with 389 

emission factors from Akagi et al., 2011, which are dependent on land cover type. Application of 390 

these emissions to GEOS-Chem allows us to simulate the transport and distribution of smoke PM 391 

across the WUS. 392 

With increasing lightning fire activity in most of the national forest and park areas of the 393 

WUS over the 21st century, smoke PM shows modest enhancement for RCP4.5, but more 394 

substantial increases for RCP8.5 (Fig. 4). Smoke PM enhancements in RCP4.5 occur primarily 395 

over the forests along the state boundaries of Idaho, Montana, and Wyoming, with large increases 396 

by as much as ~10 µg m-3 in Yellowstone National Park. Scattered increases in smoke PM in 397 

RCP4.5 are also predicted over the forests in northern Colorado, northern California, western 398 
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Oregon, and central Arizona. In RCP8.5, smoke PM enhancements are widespread over the 405 

northern states of the WUS by 2100, with significant increases in regions east of the Rocky 406 

Mountains. Increased fire activity and large smoke PM enhancements are seen by 2100 in RCP8.5, 407 

including large areas of the Flathead (Montana), Nez Perce-Clearwater (Idaho), and Arapaho and 408 

Roosevelt (Colorado) National Forests. Particularly large increases – as much as ~40 µg m-3– occur 409 

in Yellowstone National Park (Wyoming). The increases in fire in these forests significantly 410 

influences air quality over the entire area of Idaho, Montana, Wyoming, and Colorado, with effects 411 

extending eastward to Nebraska and the Dakotas. Increased smoke PM is also predicted over the 412 

Sierra Nevada in both RCPs. In RCP4.5, average smoke PM over the entire WUS increases by 53% 413 

compared to present (Table 1). For RCP8.5, smoke PM more than doubles (109% increase) at 414 

~2100.  415 

 416 

4    Discussion 417 

We apply an offline, coupled modeling approach to investigate the impact of changes in 418 

climate and vegetation on future lightning-caused wildfires and smoke pollution across the 419 

national forests and parks of the WUS in the 21st century. The GISS model predicts a warmer and 420 

drier climate but nearly constant lightning frequency in both scenarios. For RCP4.5, the late-21st 421 

century lightning-caused wildfire-specific smoke PM in the national forests and parks of the West 422 

increases ~53% relative to present. Comparable fire activity between 2050 and 2100 reflect the 423 

effectiveness of the emission reduction strategies after 2050 under RCP4.5, as temperature changes 424 

across the West are relatively flat from 2050 to 2100, with a nearly constant area-averaged mean 425 

annual temperature of ~19.2°C. In RCP8.5, mean annual temperatures continue increasing over 426 

the second half of the 21st century across the West, nearly 2.1°C from 2050, and wildfire-specific 427 
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PM concentrations double by 2100. Increased fire activity is driven by changes in meteorological 430 

conditions that favor fire, as well as by shifts towards more pyrophilic landscapes such as open 431 

woodlands and savannas. 432 

In Table 2 we compare predictions in this study with previous fire estimates under future 433 

climate. A difference between these studies and ours is that we consider only changes in fire 434 

activity over the national forests and parks while others examine changes over the whole WUS. 435 

However, we find that in the GFED4s inventory, present-day fire emissions outside these federally 436 

managed areas contribute less than 1% of total DM in the WUS. For area burned, the fraction 437 

outside national forests and parks could be higher than 1%. In contrast, national forests and parks 438 

have abundant fuel supplies, making their fractional contribution to total DM much higher than 439 

would be implied by their fractional contribution to area burned. Also, the fact that lightning is the 440 

dominant driver of wildfire activity over the WUS forests (Balch et al., 2017) allows a reasonable 441 

comparison of the estimates in this study with those in previous studies that include both lightning 442 

and human-started fires over the West.  443 

Table 2 shows that fire activity in the U.S. is predicted to increase in all studies cited. However, 444 

the projected changes in fire metrics such as area burned or in emissions or concentrations of 445 

smoke vary greatly across studies, from ~10-300% relative to present-day values. These 446 

discrepancies arise from differences in the methodologies, fire assumptions, future scenarios 447 

applied, domain and time period considered, and model resolution. The ~80% increases in smoke 448 

emissions that we project by 2050 is generally lower than estimates in previous statistical studies 449 

(e.g., 150-170% in Yue et al., 2013 or 100% in Spracklen et al., 2009). In contrast, the ~80% 450 

increase in smoke emissions in this study at ~2050 are substantially higher than the ~40% increases 451 

predicted by Ford et al., 2018 over the West, though the magnitudes of emission changes in the 452 
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two studies are similar. As in our study, Ford et al., 2018 relied on a land cover model, but they 464 

also attempted to account for the influence of future changes in meteorology and population on 465 

the suppression and ignition of fires. Ford et al., 2018 predicted scattered emission increases of 466 

40-45% over the West and a large increase of 85-220% over the Southeast due to increasing 467 

population and the role of human ignition. However, human activities have diverse impacts on 468 

wildfires, and those impacts are a function of land management policy, economics, and other social 469 

trends, making it challenging to predict how trends in human ignitions, fuel treatment, and fire 470 

suppression will evolve in the future (Fusco et al., 2016). In our study, we confine our focus to 471 

fires in national forests and parks in the West, where human activities such as landscape 472 

fragmentation through land use are less important. We further find that the patterns of increasing 473 

fire emissions by 2100 in our study – i.e., over the forests in northern Idaho, western Montana, and 474 

over the U.S. Pacific Northwest – are similar to those predicted by other studies, including Rogers 475 

et al., 2011 and Ford et al., 2018. Our study also predicts significantly elevated smoke PM in Utah, 476 

Wyoming, and Colorado in the late-21st century under RCP8.5 and in regions east of the Rocky 477 

Mountains because of the prevailing westerly winds. 478 

The following limitations apply to our study. The vegetation model simulations of biomass 479 

and fire are driven by meteorology from just one climate model, GISS-E2-R. Over the WUS, this 480 

model simulates future temperature changes at the low end of projections by the CMIP5 ensemble, 481 

making our predictions of future fire conservative (Sheffield et al., 2013; Ahlström et al., 2012; 482 

Rupp et al., 2013). Also, the GEOS-Chem simulations are driven with present-day MERRA-2 483 

meteorology. Besides changes in fire emissions, future work could examine how changing 484 

meteorology may further influence smoke lifetime and transport processes, and investigate the 485 

feedback of fire on meteorology by developing an online coupled modeling approach. 486 
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Anthropogenic ignitions are not considered in this study, but fire behavior and therefore burned 488 

area simulated by LPJ-LMfire are primarily governed by meteorology and fuel structure. The fire 489 

simulations are performed on a 0.5°×0.5° grid, which cannot capture some the fine-grain structure 490 

of the complex topography and sharp ecotones present in our study area (e.g., Shafer et al., 2015). 491 

Our study also does not consider the effects of future climate change on the transport or lifetime 492 

of smoke PM, nor the feedback of smoke aerosols on regional climate. Previous work, however, 493 

has shown that climate effects on smoke PM are likely to be small relative to the effect of changing 494 

wildfire activity (Spracklen et al., 2009).  495 

Within these limitations, our results highlight the vulnerability of the WUS to lightning-496 

caused wildfire in a changing climate. Even though a changing climate decreases the living 497 

biomass in some regions, we find that ample vegetation exists to fuel increases in fire activity and 498 

smoke.  Especially strong enhancements in smoke PM occur in the Northern Rockies in the late-499 

21st century under both the moderate and strong future emissions scenarios, suggesting that climate 500 

change will have a large, detrimental impact on air quality, visibility, and human health in a region 501 

valued for its national forests and parks. Our study thus provides a resource for environmental 502 

managers to better prepare for air quality challenges under a future climate change regime. 503 

 504 
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Figures and tables 691 

 692 

Figure 1. Modeled changes in temperature (top) and precipitation (bottom) in July-August-693 

September (JAS) at ~2050 and ~2100 as a function of latitude over the WUS for RCP4.5 (left) 694 

and RCP8.5 (Nadelhoffer et al.). Changes are zonally averaged and relative to the present day 695 

(~2010), with 5-year averages in each time slice. The bold blue lines show the changes between 696 

2010 and 2050, averaged over all longitudes in the WUS (31°N – 49°N, 100°W – 125°W); bold 697 

red lines show the mean changes between 2010 and 2100. Light blue and orange shadings 698 

represent the temporal standard deviation across the 15 months (5 years x 3 months) of each time 699 

slice. Blue dots along the axes mark those latitudes showing statistically significant differences 700 

between the JAS 2010 and 2050 time slices (p < 0.05); red dots mark those latitudes with 701 

statistically significant differences at 2100. Temperatures and precipitations are from the GISS-702 

E2-R climate model.  703 
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 704 

 705 

Figure 2. The top panel shows total living biomass at ~2010, ~2050 and ~2100 as a function of 706 

latitude over the WUS for RCP4.5 (left) and RCP8.5 (Nadelhoffer et al.), with 5-year averages in 707 

each time slice. The lower four panels are as in Figure 1, but for changes in total living biomass 708 

(middle) and lightning-caused dry matter burned (DM; bottom) as a function of latitude over the 709 

WUS. Results of living biomass and DM are from LPJ-LMfire. As in Figure 1, dots along the axes 710 

mark those latitudes showing statistically significant differences. 711 

 712 
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 713 

Figure 3. Simulated changes in yearly mean total living biomass and monthly mean DM averaged 714 

over the fire season in the national forests and parks across the WUS for the RCP4.5 and RCP8.5 715 

scenarios. The top row shows changes between the present day and 2050, and the bottom row 716 

shows changes between the present day and 2100. Results are from LPJ-LMfire, with five years 717 

representing each time period. The fire season is July, August, and September. White spaces 718 

indicate areas outside the national forests and parks. 719 
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 722 

 723 

 724 

Figure 4. Simulated changes in fire-season smoke PM (BC+OC) at ~2100 relative to the present 725 

day for RCP4.5 and RCP8.5. Results are from GEOS-Chem at a spatial resolution 0.5° x 0.625°, 726 

averaged over July, August, and September. Each time period is represented by a 5-year time slice. 727 

National parks and forests that experience large smoke PM enhancements are labeled by green 728 

triangles. 729 
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Table 2. Reclassification of LPJ-LMfire PFTs.¶735 
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Table 2. Comparison of fire predictions in the U.S. under future climate. 737 

Methods Region, 
scenarios, and 
future time slice 

Fire metric and 
percent increase  
relative to present 
day 

Smoke PM and 
percent increase  
relative to present 
day 

Reference 

Statistical 
models for 
lightning fires 

Entire U.S. 
Doubled CO2 
climate 

Number of fires: 
44% 
Area burned: 78% 

 Price and 
Rind, 
1994b 

Two climate 
models 

Entire U.S. 
Doubled CO2 
climate 
~2060 

Seasonal fire 
severity rating: 10-
50%  

 Flannigan 
et al., 
2000 

Statistical model  California, U.S. 
A2 
~2100 

Large fire risk: 12-
53% 
  
 

 Westerling 
and 
Bryant, 
2008 

Statistical 
models and 
GEOS-Chem 

Western U.S. 
A1B 
~2050 

Area burned: 54% 
Smoke emission: 
100% 

Smoke PM 
concentrations 
BC: 20% 
OC: 40% 

Spracklen 
et al., 
2009 

Climate model 
with global-scale 
fire 
parameterization 

Global  
B1, A1B, A2 
~2100 

Fire occurrence in 
the western U.S. 
B1: 120% 
A1B: 233% 
A2: 242% 
 

 Pechony 
and 
Shindell, 
2010 

MAPSS-
CENTURY 1 
dynamic general 
vegetation model  

U.S. Pacific 
Northwest 
A2 
~2100 

Area burned: 76-
310% 
Burn severity: 29-
41% 

 Rogers et 
al., 2011 

Statistical 
models + GEOS-
Chem 

Western U.S. 
A1B  
~2050 

Area burned: 63-
169% 
Smoke PM 
emissions: 150-
170% 

Smoke PM 
concentrations: 43-
55% 

Yue et al., 
2013 

Statistical 
models  

California, U.S. 
A1B  
~2050 

Area burned: 10-
100% 
 

 Yue et al., 
2014 

Coupled 
Community 
Land Model 
(CLMv4) and 
Community 
Earth System 
Model (CESM) 2 

Western U.S. 
RCP4.5 and 
RCP8.5  
~2050 

Smoke PM 
emissions: 
• RCP4.5: 100% 
• RCP8.5: 50% 

Total PM2.5 
concentrations1  
• RCP4.5: 22% 
• RCP8.5: 63% 

Val 
Martin et 
al., 2015 
 



 30 

CLMv4.5-BGC 
with fire 
parameterization 
coupled with 
CESM3 

Contiguous U.S. 
RCP4.5 and 
RCP8.5  
~2050 and ~2100 
 
Relative to the 
present day 
(1995-2005) 

Area burned 
by 2050: 
• RCP4.5: 67% 
• RCP8.5: 50% 
by 2100: 
• RCP4.5: 58% 
• RCP8.5: 108% 

Total PM2.5 
concentrations1  
by 2050: 
• RCP4.5: 146% 
• RCP8.5: 85% 
by 2100: 
• RCP4.5: 108% 
• RCP8.5: 246% 

Pierce et 
al., 2017 

CLMv4.5 with 
fire 
parameterization 
coupled with 
CESM3 

Contiguous U.S.  
RCP4.5 & 
RCP8.5  
~2050 and ~2100 
 
Relative to the 
present day 
(2000-2010) 

Smoke PM 
emissions 
by 2050: 
• RCP4.5: 126% 
• RCP8.5: 54% 
by 2100: 
• RCP4.5: 125% 
• RCP8.5: 149% 
 
by 2050 over the 
West: 
• RCP4.5: 45% 
• RCP8.5: 40% 

Total PM2.5 
concentrations1  
by 2050: 
• RCP4.5: 113% 
• RCP8.5: 27% 
by 2100: 
• RCP4.5: 93% 
• RCP8.5: 127% 

Ford et al., 
2018 

LPJ-LMfire 
coupled with 
GEOS-Chem 
 
 

Western U.S.  
RCP4.5 and 
RCP8.5   
~2050 and 
~2100 
 
Relative to the 
present day 
(2011-2015) 

Smoke PM 
emissions 
by 2050: 
• RCP4.5: 81% 
• RCP8.5: 86% 
by 2100: 
• RCP4.5: 111% 
• RCP8.5: 161% 

Smoke PM 
concentrations 
by 2100: 
• RCP4.5: 53% 
• RCP8.5: 109% 

This study 

1 Total PM2.5 is the combination of sulfate, ammonium nitrate, secondary organic aerosols, fine 738 
dust, fine sea salt, BC and OC. 739 

2 This model considers changes in climate, anthropogenic emissions, land cover, and land use. 740 
3 This model considers changes in climate, anthropogenic emissions, land cover, land use, and 741 
population.  742 

 743 
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 12 

 13 

Fig. S1. Flowchart of modeling setup. 14 
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Distribution and variation 
of present-day and future 
fire smoke concentration

LPJ-LMfire



 3 

 15 

 16 

Fig. S2. Changes in monthly mean temperature, precipitation and lightning density averaged 17 

over the fire season in the western U.S. for the RCP4.5 and RCP8.5 scenarios. The top row 18 

shows changes between the present day and 2050, and the bottom row shows changes between 19 

the present day and 2100. Temperature and precipitation are from GISS-E2-R for the RCP4.5 20 

and RCP8.5 scenarios, with five years representing each time period. Lightning density is 21 

calculated using the GISS convective mass flux following the empirical parameterization of 22 

Magi [2015]. The fire season is July, August, and September. 23 
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 26 

Fig. S3. Map of the National Forest and Park fraction. 27 

 28 



 5 

Evaluation of LPJ-LMfire fire emissions  29 

We first evaluate the lightning-caused wildfire emissions from LPJ-LMfire over the 30 

National Forests in the western U.S. by comparing with the Global Fire Emissions Database 31 

(GFED4s) emissions over the same regions (Fig. S4). Lightning is the dominant fire source over 32 

the western U.S. forests, allowing a reasonable comparison between the two emission inventories 33 

over the forest areas in the West. The total fire-season dry matter burned (DM) over National 34 

Forests and Parks from LPJ-LMfire is 22.11 Tg for July-August-September (JAS), comparable to 35 

that from GFED4s (19.89 Tg), providing confidence in the LPJ-LMfire representation of fires 36 

without active suppression. GFED4s shows greater DM over northern Washington, Idaho, and 37 

northern California than LPJ-LMfire but overall the spatial mismatches are not large.   38 

We then validate the carbonaceous fine particulate matter (PM2.5; BC+OC) generated by 39 

GEOS-Chem in a simulation with the combined emissions (LPJ-LMfire over the National Forests 40 

and Parks and GFED4s elsewhere) during JAS. Simulated BC and OC also include contributions 41 

from non-fire sources, such as fossil fuel combustion from transportation, industry, and power 42 

plants. We compare the GEOS-Chem results against ground-based measurements from the 43 

Interagency Monitoring of Protected Visual Environments (IMPROVE) network in the western 44 

U.S. We find that GEOS-Chem generally reproduces the IMPROVE observations, with elevated 45 

concentrations (~3.0-5.0 µg m-3) over the northern states and in California (Fig. S5). The finer-46 

resolution simulation provides more detailed distributions of fire activity in the western U.S., 47 

which are of greater utility to environmental managers. In JAS, large amounts of smoke PM are 48 

transported from Canada, as implied by some IMPROVE observations in Idaho and Montana. 49 

GFED4s includes the smoke from these Canadian fires, as reflected by elevated smoke PM in the 50 

northeast corner of the domain in the GEOS-Chem results. Results in RCP8.5 for the present-day 51 
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 6 

are similar to those under RCP4.5 (not shown). We also compare 5-year fire-season averages of 54 

smoke PM in each grid cell in the western U.S. from GEOS-Chem against those from IMPROVE 55 

observations (Fig. S6). The GEOS-Chem simulation with combined emissions generally 56 

reproduces smoke PM within an uncertainty of 50%.  57 

 58 

 59 

Fig. S4. Present-day (2011-2015) fire-season averaged lightning-caused dry matter burned (DM) 60 

over the national forests and parks in the western U.S. for LPJ RCP4.5 and GFED4s. Value are 61 

the total fire-season DM over the national forests and parks in the two inventories. The fire 62 

season is July, August, and September. White spaces indicate areas outside the national forests 63 

and parks. 64 
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 78 

Fig. S5. Fire-season averaged smoke PM. Circles represent ground-based observations from the 79 

IMPROVE network. The colored background is from GEOS-Chem simulations at 0.5° x 0.625° 80 

and 4° x 5° spatial resolutions for the present-day (2011-2015) using the combined fire emissions 81 

from LPJ-LMfire over the national forests and parks and GFED4s over other regions. The fire 82 

season is July, August, and September.  83 
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 90 

Fig. S6. BC+OC concentrations simulated with the present-day combined fire emissions from 91 

LPJ RCP4.5 (over National Forests) and GFED4s (over other regions) compared to those from 92 

IMPROVE observations. Each dot represents the 5-year fire-season average of concentrations in 93 

each grid square (with the resolution of 4° x 5°) across the western U.S. The blue line is the fitted 94 

line using reduced major axis (RMA) regression between the GEOS-Chem simulations and those 95 

from IMPROVE. The grey line denotes the 1:1 line. 96 
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 99 

Fig. S7. Simulated changes in living biomass for the three most dominant plant functional types 100 

over the national forests and parks in the western U.S. for the RCP4.5 and RCP8.5 scenarios. 101 

The top row shows changes between the present day and 2050, and the bottom row shows 102 

changes between the present day and 2100. Results are from LPJ-LMfire, with five years 103 

representing each time period. The fire season is July, August, and September. White spaces 104 

indicate areas outside the national forests and parks. 105 
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  111 

Fig. S8. Simulated changes in monthly mean lightning-caused DM averaged over the fire season 112 

over the national forests and parks in California for the RCP4.5 and RCP8.5 scenarios. The top 113 

row shows changes in DM between the present day and 2050, and the bottom row shows 114 

changes between the present day and 2100. Results are from LPJ-LMfire for the RCP4.5 and 115 

RCP8.5 scenarios, with five years representing each time period. The fire season is July, August, 116 

and September. Bold orange lines mark the boundaries of the Sierra Nevada (SN). White spaces 117 

indicate areas outside the national forests and parks. 118 
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Table S1. Reclassification of LPJ-LMfire PFTs. 129 

 130 

LPJ-LMfire (9 pfts) GEOS-Chem (6 pfts) 
Tropical broadleaf evergreen Tropical forest 
Tropical broadleaf raingreen Tropical forest 
Temperate needleleaf evergreen Temperate forest 
Temperate broadleaf evergreen Temperate forest 
Temperate broadleaf summergreen Temperate forest 
Boreal needleleaf evergreen Boreal forest 
Boreal summergreen Boreal forest 
C3 grass Crop, pasture 

C4 grass 50% -> savanna, grassland, 
shrubland; 50% -> crop, pasture Deleted: ¶131 

References¶132 
Flannigan, M. D., Stocks, B. J., and Wotton, B. M.: Climate 133 
change and forest fires, Science of the total environment, 134 
262, 221-229, 2000.¶135 
Ford, B., Val Martin, M., Zelasky, S., Fischer, E., Anenberg, 136 
S., Heald, C., and Pierce, J.: Future fire impacts on smoke 137 
concentrations, visibility, and health in the contiguous 138 
United States, GeoHealth, 2, 229-247, 2018.¶139 
Pechony, O., and Shindell, D. T.: Driving forces of global 140 
wildfires over the past millennium and the forthcoming 141 
century, Proceedings of the National Academy of Sciences, 142 
107, 19167-19170, 2010.¶143 
Pierce, J., Val Martin, M., and Heald, C.: Estimating the 144 
effects of changing climate on fires and consequences for 145 
US air quality, using a set of global and regional climate 146 
models–Final report to the Joint Fire Science Program, Fort 147 
Collins (CO): Joint Fire Science Program, 2017.¶148 
Price, C., and Rind, D.: The impact of a 2× CO2 climate on 149 
lightning-caused fires, Journal of Climate, 7, 1484-1494, 150 
1994.¶151 
Rogers, B. M., Neilson, R. P., Drapek, R., Lenihan, J. M., 152 
Wells, J. R., Bachelet, D., and Law, B. E.: Impacts of 153 
climate change on fire regimes and carbon stocks of the US 154 
Pacific Northwest, Journal of Geophysical Research: 155 
Biogeosciences, 116, 2011.¶156 
Spracklen, D. V., Mickley, L. J., Logan, J. A., Hudman, R. 157 
C., Yevich, R., Flannigan, M. D., and Westerling, A. L.: 158 
Impacts of climate change from 2000 to 2050 on wildfire 159 
activity and carbonaceous aerosol concentrations in the 160 
western United States, Journal of Geophysical Research: 161 
Atmospheres, 114, 2009.¶162 
Val Martin, M., Heald, C., Lamarque, J.-F., Tilmes, S., 163 
Emmons, L., and Schichtel, B.: How emissions, climate, and 164 
land use change will impact mid-century air quality over the 165 
United States: a focus on effects at national parks, 166 
Atmospheric Chemistry and Physics, 15, 2805-2823, 2015.¶167 
Westerling, A., and Bryant, B.: Climate change and wildfire 168 
in California, Climatic Change, 87, 231-249, 2008.¶169 
Yue, X., Mickley, L. J., Logan, J. A., and Kaplan, J. O.: 170 
Ensemble projections of wildfire activity and carbonaceous 171 
aerosol concentrations over the western United States in the 172 
mid-21st century, Atmos Environ, 77, 767-780, 2013.¶173 
Yue, X., Mickley, L. J., and Logan, J. A.: Projection of 174 
wildfire activity in southern California in the mid-twenty-175 
first century, Climate dynamics, 43, 1973-1991, 2014.¶176 ... [2]



Page 10: [1] Deleted   YL   4/27/20 10:00:00 PM 
 

Page 11: [2] Deleted   YL   4/27/20 10:10:00 PM 

 

 

 

... [1]
Formatted

... [2]

... [3]
Formatted

... [4]


	Author's Response
	lightning fire_yl_tracked
	lightning fire_supplementary materials_yl_tracked

