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Increased contributions of climate-driven
wildfires to nitrogen deposition in the
United States
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Climate change and increases in the frequency and severity of climate-driven wildfires, particularly in
the western United States, has serious ramifications for enhanced downwind reactive nitrogen (Nr)
emissions, deposition, and critical load exceedances. Herewe present amulti-decadal (2002− 2021),
harmonized model-data-driven study using the George Mason University North American Chemical
Reanalysis (NACR) system and simulations including both “with-fire” and “without-fire” conditions
to quantify the change in trends of fire activity and source contributions to total Nr emissions and
deposition over the U.S. Our results show that fire activity has increased substantially in the western
U.S., especially in the west-northwest U.S. for wildfires, and that this increase is associated with
positive annual near-surface temperature and vapor pressure deficit anomalies compared to the
period average. Major results and implications of this work are increasing trends in the contribution of
climate-driven wildfires to higher Nr emissions, deposition, and critical load exceedances of up to 20-
40%due to fires in thewestern U.S. There are also smaller increases (<5%) in Nr deposition trends for
the eastern U.S., which are related to greater occurrence and reporting of agricultural and
prescribed burns.

Improved understanding of the complex nitrogen (N) cycle (i.e., fixation,
mineralization, nitrification, immobilization, and denitrification) is essen-
tial because N is the crucial nutrient for sustaining life in our Earth system.
Due to the availability and necessity of fertilizers to sustain growing food
production and population, excess fluxes of N to sensitive terrestrial and
aquatic ecosystems can have detrimental effects such as acidification and
eutrophication1. Furthermore, both anthropogenic and natural sources of
nitrogen oxide (NOx) emissions, which consist of both nitric oxide (NO)
and nitrogen dioxide (NO2), as well as gaseous ammonia (NH3) emissions
mainly from anthropogenic sources, largely perturb theN budget and cycle.

The total nitrogen oxide (NOx) emissions in the contiguous U.S.
(CONUS) have annually decreased fromabout 25million tons in 2002 to 10
million tons in 20172. These NOx sources (consisting of anthropogenic+
fires) are dominated (~90% of the total) nationally by electric generating
utilities, on-road and non-road mobile sources, and other point- and

nonpoint-based fuel combustion sources such as industry from the U.S.
EPA’s national emissions inventory (NEI)2. This further implies that ~10%
of the total NOx is contributed by fires, which amounts to ~1million tons in
2017. The anthropogenic emissions are projected to further decline due to
the increased fuel efficiency and tighter standards that are proposed to
continue in the coming decades3,4 Meanwhile, ammonia (NH3) emissions
are relatively unregulated, largely dominated by agricultural sources (~90%
of the total), andhave remained steady at over 4million tonsnationally from
2002 to 20172. Future projections suggest that such agricultural NH3

emissions sources will increase nationally by 20403,4.
In the face of climate change and increases in the size and severity of

wildfires both regionally and globally, related NOx and NH3 emissions
changes have stark consequences for perturbing the N cycle and the
“nitrogen cascade”5–9.While criteria air pollutant emissions, such as NOx in
most of the U.S. have decreased in past decades due to environmental
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regulations and technological advances2, there is evidence of an increased
contribution of fire emissions to the total NOx and NH3 emissions in the
U.S. that contribute to degraded air quality, increased N deposition, and
consequential human and ecosystem health impacts, especially in wildfire-
prone areas in the west-northwest U.S.10–13. For example, increases in total
reactive N (Nr; composed of both oxidized NOx and nitrous oxide; N2O, as
well as reduced forms like NH3 and ammonium NH4

+, i.e.,
NHx=NH3+NH4

+) deposition were found to be as large as 6-12 times the
critical load (CL) threshold formajor forests inCaliforniaduring thehistoric
2020 wildfire season in the U.S.13.

A CL serves as a crucial environmental threshold, specifically defined
as themaximum amount of anthropogenic N deposition that an ecosystem
canwithstandwithout experiencing detrimental effects14. These detrimental
effects can manifest in various ways, encompassing both qualitative and
quantitative changes within diverse ecosystems. Qualitatively, the excee-
dance of a CL can lead to the loss of biodiversity. This might involve a
reduction in species richness, alterations in community composition, or the
decline of sensitive indicator species. Such shifts can have cascading impacts
throughout the ecosystem, affecting food webs and overall ecological sta-
bility. Quantitatively, CLs are often established through empirical evidence,
relying on scientific research and long-term monitoring to identify specific
levels of N deposition that trigger measurable negative impacts. For
example, excessive N can lead to soil acidification, nutrient imbalances (e.g.,
phosphorus limitation due to increased nitrogen), changes in water
chemistry and eutrophication, and increased susceptibility to disease or
insect outbreaks in vegetation14. The concept of a CL is fundamental to
environmental policy and legislative efforts aimed atmitigating the impacts
of N pollution. For example, legislation for the National Atmospheric
Deposition Program (NADP) monitoring network (established in 1977)
and CLs has evolved primarily under the U.S. Clean Air Act (CAA).

However, there remain inherent difficulties in consistently observing
or modeling Nr species and their fluxes across the land/biosphere and
atmosphere, and there are limited studies that have been able to effectively
quantify the changes in climate and anthropogenic and wildfire emission
sources on Nr deposition and terrestrial ecosystem endpoints over the past
decades12,13. The lack of studies on the shifting emission paradigm between
anthropogenic and natural processes, such as wildfires, remain as glaring
uncertainties with respect to the impacts on downwind atmospheric Nr
deposition and the impacts to sensitive terrestrial ecosystems across the
world14–20.

This knowledge gap demands a better understanding of the long-term
(~multi-decadal) fire activity and implications on changes in Nr emissions,
deposition, and the impacts on downwind ecosystems across CONUS. To
aid in this important effort, here we apply the George Mason University
North American chemical reanalysis (NACR) system that consists of two,
state-of-the-science 20-year (2002–2021) coupled weather-chemical trans-
port model (CTM) simulations both “with-fire” and “without-fire” impacts
to quantify the change in relative trends and contributions of fire sources to
the total Nr emissions and deposition trends overCONUS.We hypothesize
that trends in fire activity, emissions and resulting atmospheric nitrogen
deposition to downwind ecosystems are related and has substantially
changed in recent decades, where our objectives are to use the harmonized
long-term data and model simulations to perform comparative Nr
deposition trend analyses and assess impacts on CLs over the past 20 years.
Results here show that there are increasing trends in the contribution of
climate-driven wildfires to higher Nr emissions, deposition, and CL
exceedances of up to 20–40% due to fires in the western U.S.

Results and discussion
Climate-wildfire activity and trends
Climatic conditions, such as 2-meter temperature (TEMP2) and vapor
pressuredeficit (VPD; the amountofmoisturemissing fromthe atmosphere
compared to saturation) are highly correlated with wildfire activity and
burned areas in both forested and non-forested areas of the U.S. (see
“Methods”; Supplementary Fig. S1 and Table S1 for explanation of

dominant vegetation/land use used in NACR), with higher TEMP2 and
VPDbeing associatedwith higherfire activity20–22. Herewe compare climate
warming stripes, annual values, and trends for the total annualwildfire acres
burned anomalies (compared to the 2002–2021 average) based on the
EQUATES and EPA NEI emissions and modeling platform, against the
annual average anomalies for NACR simulated TEMP2 and VPD in the
westernU.S.NOAAclimate regions (Fig. 1). See “Methods”; Supplementary
Figs. S2 and S3 that describe the delineation ofNOAAclimate regions along
with 2002–2021 average TEMP2 and total precipitation amounts for each
region and calendar month.

There is very close agreement in annual positive (negative) anomalies
between wildfire acres burned and positive (negative) anomalies in TEMP2
and VPD, especially in west (WC), northwest (NWC), and southwest cli-
mate (SWC) regions (Fig. 1A–C). There is an apparent shift in the second
half of the NACR record (after year 2011) whereWC, NWC, and SWC fire
climate regions experience increased occurrence of positive wildfire acres
burned anomalies, peaking in years following 2017-2018. This coincides
withwarmerTEMP2andpositiveVPDanomalies for 2012–2018 compared
to 2002–2011 in thewesternU.S. There is a statistically significant increasing
trend for TEMP2 anomalies between 2002 and 2021 for thewestWC, SWC,
and NWC regions as indicated by theMann–Kendall (MK) scores between
about 0.88–0.96 (i.e., close to 1 with trends very confident) and Theil–Sen
(TS) trends of 0.04–0.06 °C/year (See insert MK and TS scores in Fig. 1. as
well as SupplementaryTable S2 and “Methods” section formoredescription
of MK and TS). While MK scores are lower for wildfire acres burned,
wildfire activity (see Table S2), and VPD anomalies (except in WC, with
higher VPDMKof 0.97) they remain significant with strong positive trends
in the WC and NWC at about 2.1 × 105–2.2 × 105 acres burned/year, and
0.01–0.04 hPa/year, respectively (Fig. 1A, B; Tables S2 and S3).

There is a sharp drop in wildfire activity and acres burned in 2019 that
is associated with much cooler and negative VPD anomalies across all
western U.S. climate regions. The wildfire activity, warmer TEMP2, and
positiveVPDanomalies reboundafter 2019 (both for 2020and2021),where
there is also apeak in thepositive anomalies forwildfire acres burned in2020
for thesewestern regions, especially for theWC(Fig. 1A and Supplementary
Fig. S4a) associated with the August complex fires13. There is less significant
wildfire, TEMP2, and VPD trends in the northern plains climate (NPC)
region, with low MK and TS scores.

There is a clear compensation of the positive wildfire anomalies by
negative anomalies in the following years, especially in the NWC and NPC
regions (Figs. 1B, D). Wildfires, by definition (necessity to accumulate fuel
loads), cannot spread linearly over time, and the data in Fig. 1 shows a
cyclical phenomenonwith aperiodof about 2–4 years in theNWCandNPC
embedded in the long-term average trends strongly in sync with associated
regional TEMP2 and VPD changes. These regions, most prolifically the
NPC (with the strongest apparent oscillation in wildfire anomalies), have a
larger proportion of land area characterized by low-lying grasslands com-
pared to other regions of the west (Supplementary Fig. S1) that tend to have
relatively fast wildfire recovery times, sometimes within a few years. Thus, a
complex interplay exists between long-term climate trends, regional
weather changes, and post-wildfire fuel load recovery periods.

Prior to 2014 in the eastern U.S., the wildfire activity and acres burned
anomalies oscillate about zero in conjunction with TEMP2 and VPD
(Supplementary Figs. S4b and S5), with minimal discernible trends. How-
ever, there are increases in positive wildfire anomalies after about 2014 in
conjunction with sharp increases in TEMP2 andVPDuntil 2018, especially
in the south (SC) and southeast climate (SEC) regions. Overall, there are
clear downward trends in wildfire acres burned in the east (Fig. S4b), with
significant MK scores (0.88–0.98) and TS values of about −9 × 103 to
−8 × 105 acres burned/year (Table S3). This demonstrates that over time
wildfire size has been decreasing in the eastern U.S., despite weak positive
trends of TEMP2andVPD(MKscoresmainly below~0.5) formost climate
regions (Supplementary Table S4). There are important differences in the
dominant fuel types (mixed hardwoods) and topography/regional climate
conditions (flat and humid conditions) in the east compared to the western
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U.S (Table S1).Hence, thedifferent climate-drivenwildfire trends in the east
(compared to the west) are driven by regional climate shifts that include
increasingly heavy precipitation events over the east between 2002 and
202115 and decreasing wildfire sizes over this period.

Climate-wildfire impacts on reactive nitrogen emissions
Considering the strong relationships between increasing trends in climate
indicators, such as TEMP2, VPD, and wildfire activity/acres burned in the
western U.S. climate regions (see Figs. 1; S4; Supplementary
Tables S2 and S3), we hypothesize that there are also shifts in the trends in
contributions of wildfires to total Nr emissions as well as a relationship
between VPD and wildfire Nr (i.e., NOx and NH3) emissions between 2002
and 2021. There is a prominent contribution of wildfire NOx and NH3

emissions between2002and2017 in thewesternU.S., e.g., accounting for up
to ~10–20% and 20–30%of the total emissions in theNWCregion. In other
western climate regions, the wildfire emissions contribution to the total is
lower and ranges from ~5 to 10% for NOx and 5–15% for NH3. Trends in
wildfireNOx andNH3 emission contributions agreewith increasingwildfire

activity between 2002 and 2017 (Fig. 1), with subsequent corresponding
decreases in 2018–2021.

A linear regression analysis of wildfire Nr (NOx+NH3) emissions
versusVPD forwestern climate regions shows linear increases inwildfireNr
emissionswith increasingVPD,with strongPearson correlation coefficients
(r) of about 0.7 in the WC and SWC regions (Fig. S6a, b). The strong
correlation suggests a connection between higher VPD, drier fuels, and an
association with wildfire Nr emissions behavior changes in the WC and
SWC regions. Linear correlations between wildfire Nr emissions and VPD
are smaller, but remain moderately strong for NWC and NPC (r ~ 0.5–0.6;
Fig. S6c, d).

Fire-induced reactive nitrogen deposition and trends
Total (wet+ dry) Nr deposition in NACR contains both oxidized (NO,
NO2, nitric acid (HNO3), dinitrogen pentoxide (N2O5), chlorine nitrate
(ClNO3), and particulate nitrate (NO3

−)) and reduced forms (NH3 and
NH4

+) of nitrogen:
Nr=NO+NO2+HNO3+N2O5+ClNO3+NO3

−+NH3+NH4
+
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Fig. 1 | Warming stripes and trends in wildfires and climate. Warming stripes,
annual values (solid lines), and trends (dashed lines) for annual 2002–2021 total
wildfires acres burned anomaly, TEMP2 anomaly (degrees C), and VPD anomaly
(hPa) for the western U.S. fire climate regions (see Supplementary Fig. S2 for regions
describing ANPC, B SWC, CNWC, andDWC). Cooler colors (including white to
blues) indicate negative anomalies, while warmer colors (white to pinks and reds)
indicate positive anomalies compared to the period average. Insert values pertain to
Mann–Kendall (MK) scores and Theil–Sen (TS) trends across the western U.S (see

“Methods” below for explanation of MK and TS). Here we note that the
EQUATES dataset does not explicitly report the 2002 year’s point source fires, and
thus values are removed from analysis for that year. Warming stripe analyses are
based on Ed Hawkins’ “temperature changes around the world (1901–2018)”
available at https://showyourstripes.info/s/globe. Source code based on https://docs.
dkrz.de/doc/visualization/sw/python/source_code/python-matplotlib-warming-
stripes-and-trend.html.
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The particulate NO3
− and NH4

+ are included in NACR based on a
modal aerosol distribution for all three modes (i.e., Aitken, accumulation,
and coarse), where reduced NHx=NH3+NH4

+. Comparison of the
2002–2021 average annual spatial FIRE (wildfire+ prescribed+
agricultural) vs. NOFIRE (i.e., all fire emissions removed) NACR simu-
lations (see “Methods” for model configuration and simulation design)
demonstrates that the presence of fires leads to profound increases (max
grid cell increase ~+6 kg/ha/yr) in total Nr deposition across the U.S. in

terms of absolute changes (Fig. 2). We note that previous sections
focused on the climate–wildfire interactions, and here the Nr deposition
sensitivity simulations include all fire sources removed. Given compu-
tational constraints, we do not include additional three sensitivity runs
(i.e., with each fire sector removed); however, the largest relative fire-
induced Nr deposition trends are predominantly due to climate-driven
wildfire sources in the western U.S. (Fig. 2C), which remains a focal point
of the results.

Fig. 2 | Spatial patterns of annual total Nr
deposition. Annual 2002–2021 average total reac-
tiveN (Nr) deposition forA absolute (kg/ha/yr) total
(wet+ dry), B absolute (kg/ha/yr) difference (FIRE-
NOFIRE), and C relative (%) difference (FIRE-
NOFIRE/NOFIRE).

kg/ha/yrkg/ha/yr
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%
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The overall decreasing total Nr deposition trends for both FIRE and
NOFIRE NACR simulations (Fig. S7) first confirms well-understood pat-
terns between2002 and2021 that are a result of reductions in anthropogenic
NOx emissions due to air quality control and regulations employed across
this period2–4. The largest absolute increases include areas not typically
common for such high Nr deposition, including the west-northwest due to
wildfires, and in the south-central and southeastU.S. due to agricultural and
prescribed burns (Fig. 2A, B). The largest relative Nr deposition increases
due to wildfires (max grid cell increase ~+76%) are found in the west (WC)
and northwest (NWC) regions(Fig. 2C).

There is a relative flattening of the overall Nr deposition trends only in
the NACR FIRE compared to NOFIRE simulations, especially in the WC
and NWC regions after 2011 (see Fig. S7a, dashed vs. solid lines). This is
emphasized via analysis of the relative difference between the FIRE-
NOFIRE total Nr deposition trends, which conversely shows a strongly
increasing trend, MK scores very close to 1 in all western climate regions,
and TS trends as large as a 0.5–1% increase in Nr deposition per year due to
wildfire sources in the WC and NWC (Table S5). By the year 2020, the
increasing fire contributions to Nr deposition trends reach as high as ~20%
and 40% in the WC and NWC, respectively (Fig. S7b).

There are also increasing Nr deposition trends in the eastern U.S.,
however, they are much smaller (mainly <5%) in magnitude depending on
the specific climate regions (Figs. 2; S8 and Table S6). This increasing trend
in the east is driven by overall decreasing NOx and NH3 emissions (domi-
nated by anthropogenic sources) that are coincident with increasing relative
amounts of NOx and NH3 emissions from fire sources. This is due to
increased occurrence and reporting of agricultural and prescribed burning
across the U.S. since 201123, particularly in the southeast U.S as a means to
adapt to climate changes24.Wenote that this shift in reporting is apparent in
the trends of agricultural+ prescribed burning fire NOx emissions, com-
paring the EQUATES 2002–2017 to the other NEI years for 2018–2021,
with a stark increase in 2018 for the percent contribution of agri-
cultural+ prescribed burning to the total NOx fire emissions in both the
eastern and western U.S.

There is a negative relative (%) difference in the year 2010 that is
anomalous to the overall trends for both the west and east U.S. climate
regions (Figs. S7 and S8). Other analyses of the NACR simulations shows
this is due to relatively larger enhancements in ozone formation during a
perpetually dry 2010 during the cool seasons of winter and spring (e.g.,
February–May), particularly in the east-southeast U.S. These conditions of
widespread higher ozone and related NOz forming compounds (i.e., NOy-
NOx), in conjunction with relatively low fire activity and NOx emissions
from prescribed and agricultural burns in the east, consequently resulted in
overall lower Nr deposition (mainly then from lower NO2 concentrations)
for the FIRE vs. NOFIRE case in 2010. This case in context to overall trends
further demonstrates the intrinsic and complex link between fires, Nr, and
near-surface air pollution, including connections with ozone formation.

In both the east and west climate regions, there is a strongly increasing
trend in total (wet+ dry) NHx/Nr deposition ratio, but simultaneously a
decreasing trend in total OxN/Nr deposition ratio. The increasing trend in
contribution to Nr deposition from fires (mainly wildfires) in the western
U.S. is dominated by the reduced NHx species, with up to an 80% NHx/Nr
increase and 18% OxN/Nr decrease in the NWC region due to fires (Sup-
plementary Fig. S9; Tables S7 andS9).ThisNHxdeposition trend ismainly a
result of increases in dry deposition, with much smaller contributions from
fires to increasing OxN dry deposition (Supplementary Fig. S13 and
Table S11). In the west U.S., there are negative wildfire contributions to the
wet deposition of Nr (both fromNHx andOxN; Supplementary Table S12),
which indicates that increasing wildfire contributions lead to more parti-
tioning (out of total Nr deposition) towards dry deposition, primarily as
NHx (and NH3 due to inherently more rapid dry deposition rates) in the
WC and NWC regions. This is also impacted by increasingly drier, higher
positive trends in VPD anomalies (Fig. 1) associated with both lower pre-
cipitation and lowerNrwet deposition contributions in the parts of the west
climate regions.

In the east U.S., there are less discernible trends for contributions of
fire sources to deposition of Nr, NHx/Nr, and OxN/Nr in terms of
shifting dry vs. wet deposition partitioning to the total, with relative %
fire contributions of <2% for Nr wet deposition (Supplementary Fig. S14)
and very small relative % changes for dry vs. wet Nr deposition per year
from fires (Supplementary Tables S13 and S14). There is indication of
overall increasing trends for NHx dry deposition vs. wet deposition;
however, the relative % fire contributions for NHx dry deposition
remains <10% (Fig. S15) and is even lower (<2%) for OxN dry deposition
(Fig. S16).

We presented the relative fire changes to the partitioning of Nr
(betweenOxN andNHx) ratios for both dry andwet deposition, with some
demonstrating relative negative changes; however, if presented in terms of
absolute changes the FIRE simulations have positive contributions to Nr,
OxN, andNHxdry andwet deposition for all years (except 2010 for reasons
described above), most prolifically for enhancedNHx dry deposition due to
wildfires in the west.

Implications for downwind ecosystems
Climate change and enhanced wildfire activity and emissions lead to strong
perturbations in the atmospheric N cascade, which can have profound
implications for downwind ecosystems, particularly compared to critical
load (CL) thresholds for different ecosystems13–20. Here we perform com-
parisons of the trends in annual average ratio of total Nr deposition (kg-N
ha−1 yr−1) to a low-end (conservative) CL of 3.1 kg-N ha−1 yr−1 above which
results in detrimental impacts on sensitive lichen species in major forests,
and against a CL of 6.2 kg-N ha−1 yr−1 above which there are potential
declines in herbaceous plant species. These approximate CL thresholds
represent the dominant terrestrial ecosystem types near and downwind of
westernU.S. wildfires and are based on a compilation of CL datasets used in
a previous study (and from references found within) compared against an
ensemble of chemical transport models25. In our analysis, the NACR Nr
deposition values are compared with the CL thresholds across the different
major USGS land use types at each model grid cell and then averaged over
the different climate regions (Fig. 3). Although the ratio of Nr/CL (where
Nr/CL > 1 represents approximate CL exceedances) has substantially
declined between 2002 and 2021 (a testament to more stringent regulations
and reduced anthropogenic emissions, see discussions in previous sections),
increasing contributions of wildfires to Nr deposition (primarily through
increased NH3 dry deposition) lead to an increase of up to 20% and 40% in
Nr/CL ratio forWC and NWC regions, respectively (Fig. 3). This results in
flattening of the overall decreasing Nr/CL trends, especially after year 2011
(see dashed lines inFig. 3A), driving theNr/CLratio closer to or even greater
than 1 especially for the WC (MK ~1 and TS trends increasing at ~0.6%
yr−1) and NWC regions (MK ~1 and TS trends increasing at ~1.2% yr−1)
(Fig. 3 and Table S15).

We note that Nr/CL trends relative to the fire contributions (Fig. 3B)
is very close to the trends in total Nr deposition in the western U.S. that
are driven by increased contributions from wildfires (Fig. S7b). This is
because of using effectively static CLs over major forest types and her-
baceous plants land use during the 2002–2021 period, where including
changes in land use and shifting CLs over time in the NACR simulation
domain and climate regions (outside the scope here) would result in
additional differences between total Nr and Nr/CL ratios. This also
applies for the eastern U.S. climate regions, where the much smaller
increases (<5%) in Nr deposition (Fig. S8) are also very similar to the Nr/
CL trends, which are impacted by increased occurrence and reporting of
agricultural and prescribed burning (especially after year 2018). These
topics of shifting land use and human activity related to changes in
burning practices as it relates to Nr deposition and CLs are possible
future investigations.

As climate change and increases in wildfire trends continue, sensitive
ecosystems in some regions of theU.S. will face further enhancements inNr
deposition and potential CL exceedances. These results andNACRdata can
thus be further used to assess potential implications for specific ecosystem,
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agricultural, and economic damages resulting from continued climate
change and related increases in fire activity and Nr emissions.

Methods
Model system and configuration
The North American chemical reanalysis (NACR): this study analyzes
major meteorological, chemical, and atmospheric deposition data out-
puts from the North American chemical reanalysis (NACR) developed at
George Mason University, which is based on a state-of-the-science,
offline-coupled weather and chemical transport modelling system driven
by detailed inventories of anthropogenic and natural source emissions.
The meteorological simulations are downscaled from the European
Centre for Medium-Range Weather Forecasts’ (ECMWF) reanalysis
version 5 (ERA5) (https://www.ecmwf.int/en/forecasts/dataset/ecmwf-
reanalysis-v5) using the weather research and forecasting (WRF)
model26, which drives process-level simulations of the full life cycle of
major air pollutants and their precursors using the U.S. EPA community
scale air quality (CMAQ) model27–29. The NACR system used in this
study includes the simulation period of 2002–2021 with a 12 × 12 km
horizontal resolution WRF/CMAQ modeling domain centered over the
contiguous U.S. (CONUS).

Critical to the results in this work is the use of a reliable and coherent
long-term emissions dataset that includes both detailed anthropogenic and
fire emissions over CONUS. The NACR simulations here use the US EPA’s
Air QUAlity TimE Series (EQUATES) project2 for years 2002–2017 com-
bined with U.S. EPA National Emissions Inventories (NEI) and related
emissions modeling platforms for years 2018–202130–33. The use of
EQUATES and NEI emissions in the full chemistry NACR simulations
allow this study to quantify the contribution of fires, particularly wildfires in
the western U.S. and their impacts on long-term trends of climate and
weather, Nr deposition, and resulting CL implications for terrestrial eco-
systems in the U.S.

Meteorologicalmodel: Themeteorologicalmodel in theNACR system
is basedon theWRFmodelV4.226 with ahorizontal resolution of 12 kmand
35 vertical layers. ECMWF’s ERA-5 reanalysis data is downscaled from
approximately 31 km resolution to provide initial and boundary conditions
to WRF. The time step for the WRF simulation is 60 s. The main physics
choices were the Grell-Freitas scheme for parameterized cumulus
processes34, theYonseiUniversity (YSU) scheme for the planetary boundary
layer (PBL) processes35, the two-moment Morrison microphysics for cloud
physics processes36, the RRTMG scheme for longwave and shortwave
radiation37, and the Pleim-Xiu Land Surface Model for land surface
processes38,39 (Table 1). Four-dimensional data assimilation nudging to the
ERA5 meteorology is applied throughout the NACR simulation to best
constrain the driving weather conditions and subsequent chemical
simulations.

Chemical transport model: the meteorological and land outputs from
the downscaled WRF simulations (at an hourly timestep) are processed by
the U.S. EPAmeteorology-chemistry interface processor (MCIP)40 and are
subsequently used to drive the chemical transport model known as the
community multiscale air quality (CMAQ) model V5.3.327–29. The model
domain is centered on the contiguous U.S. and has the same horizontal/
vertical resolution as the driving WRF simulations (i.e., 12 km with 35
vertical layers). To simulate complex chemistry in NACR, we incorporate
the CB6 gas-phase chemical mechanism41, the AERO7 aerosol module42,43,
aqueous-phase chemistry44, sub-grid/convective and resolved cloud pro-
cesses and wet deposition45, and the M3Dry dry deposition scheme46.

Emissions data and inputs: here, the anthropogenic and biomass
burning/fire emissions are based on a blend of the EPA’s AirQUAlity TimE
Series (EQUATES) emissions dataset for years 2002–20172 and a combi-
nation of the U.S. EPA’s NEI and emissions modeling platforms for
2018–202130–33. For EQUATES, the emission year based on the 2017 NEI is
back-projected using scaling factors based on self-consistent activity data
and/or control information between the base year and projected years.

Fig. 3 | Trends in the Nr/CL ratio and contribu-
tions from fires.Trends inA annual average ratio of
total Nr deposition (kg-N ha−1 yr−1) to a low-end
(conservative) CL of 3.1 kg-N ha−1 yr−1 above which
detrimental impacts on sensitive lichen species may
occur in major forests including USGS types 11
deciduous broadleaf forest, 12 deciduous needleleaf
forest, 13 evergreen broadleaf, 14 evergreen nee-
dleleaf, and 15 mixed forest, and CL of 6.2 kg-
N ha−1 yr−1 above which there are potential declines
in community richness for herbaceous plant species
including USGS types 2 dryland cropland and pas-
ture, 3 irrigated cropland and pasture, 4 mixed
dryland/irrigated cropland and pasture, 5 cropland/
grassland mosaic, 6 cropland/woodland mosaic, 7
grassland, 8 shrubland, 9 mixed shrubland/grass-
land, and 10 Savanna. B Includes relative (%) dif-
ference (FIRE-NOFIRE/NOFIRE) forNr/CL trends,
where insert values pertain to Mann–Kendall (MK)
scores and Theil–Sen (TS) trends across the
western U.S.

Fires increase Nr/CL trends up to ~ 20 - 40%Fires increase Nr/CL trends up to ~ 20 - 40%
Across all western U.S. Regions:Across all western U.S. Regions:
MK ~ 1.0MK ~ 1.0
TS ~ 0.38 - 1.24 %/yearTS ~ 0.38 - 1.24 %/year

NOFIRENOFIRE
FIREFIRE

A

B
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However, for mobile source emissions (both onroad and nonroad), the
Motor Vehicle Emission Simulator (MOVES) version 2014b and version 3
was used with inputs from NEI from every 3 years (i.e., 2002, 2005, 2008,
2011, 2014, and 2017). For other sources, such as electric generating units,
fires, and oil and gas, available year-specific information and multiple
emissions modeling platforms are used.

The sparsematrix operator kernel emissions (SMOKE)model47 is used
to process the annual, county-level inventory files using a combination of
meteorological and other ancillary data (spatial, temporal, and chemical
speciation information). The SMOKE results are CMAQ model-ready
speciated and hourly anthropogenic and fire emissions for the CB6-AERO7
chemistry-aerosol mechanisms. Additionally, two natural source emissions
are calculated inline to NACR/CMAQ: biogenic and sea salt. The biogenic
emissions from vegetation/terrestrial plants are based on the CMAQv5.3.3
inline version of the biogenic emission inventory system (BEIS)48, while the
emissions of sea salt are based on inline parameterizations for sea-spray
emissions49,50.

Simulation design and outputs: here we conducted two sensitivity runs
forNACR—onewithfire emissions (FIRE) and onewithout (NOFIRE)—to
assess the impact offire emissionsonNrdeposition trends in theU.S.NACR
provides comprehensive outputs of all gridded Nr deposition species by
different ecosystemand region,which are pivotal to thedetailed assessments
in this work and for ecosystem health impacts.

Further information on theWRF/CMAQmodel configuration as used
in NACR, as well as discussion on evaluation and uncertainties across
various fire emissions inventories, related processes (e.g., fire plume rise and
transport), and their impacts on air quality are available in previous
studies51,52. These investigations demonstrate the primary importance of
wildfire emissions on contributions to both gas and aerosol abundances in
the atmosphere, while highlighting uncertainties that remain in thesemodel
platforms. In the next sections, we provide additional information on the
analyses and evaluations of NACR, as well as address remaining uncer-
tainties and observational gaps, placing our main results into context.

Analyses and evaluations
U.S. climate regions: to quantify the effects of fires on Nr emissions,
deposition, and CLs across the U.S., we aggregate the NACR data using
historical NOAAclimate regions. See Supplementary Fig. S2 for delineation
of the regions by state border in the U.S., which pertains to data found at
NOAA’s National Centers for Environmental Information53. These nine
climatically consistent regions are useful for placing theNACRoutput into a
historical perspective over the multi-decadal 2002–2021 period used to
analyze climate, fire activity and emissions, and resulting Nr deposition
trends in this work. Here we use USGS shapefiles for the state boundaries of
the U.S., provided by the National Atlas of the U.S.54.

Model trend analyses: to test the significance of climate, fire activity,
and Nr deposition trends over the NACR multi-decadal time series, we
calculate theMann–Kendall (MK) nonparametric test for monotonic trend
and the Theil–Sen (TS) robust estimate of linear trend)55–57. The MK test
computes the signof thedifferencebetween later-measureddata and earlier-
measured data to determine if there is a monotonic upward or downward
trend in the variables of interest, while the TS robustly fits a line to the

specific variable data points in the plane (i.e., a simple linear regression).
This is done by calculating and then using the median of the slopes of all
lines through pairs of points. The main advantage of using MK and TS
compared to ordinary least squares regression methods is that it is insen-
sitive to outliers, can be used when the data is not normally distributed, and
can be more accurate.

Model evaluations and uncertainties: NACR has been evaluated for
model performance in reproducing the long-term trends for both meteor-
ological and chemical relevant variables in recent work. Overall, the NACR
system can well represent the 2002–2021 trends in near-surface meteorol-
ogy, such as 2-meter temperature, 2-meter mixing ratio, 10-meter wind
speed, downward shortwave radiation at the surface, and total precipitation
(indication of some underpredictions). Evaluation of trends in trace gases
shows that the NACR simulations (both FIRE and NOFIRE) agrees very
well in the long-term trends in near-surface ozone, nitrogen dioxide, and
sulfur dioxide, with indication of a systematic underprediction in carbon
monoxide. Evaluating the NACR fine particulate matter also demonstrates
overall good agreement with observed trends, but that inclusion of fire
emissions (FIRE) leads to an improvedmodel performance compared to the
NOFIRE simulation. Previous work shows that similar CMAQ model
outputs of Nr wet and dry deposition species correlate well with observa-
tions during the year 202013.

The NACR simulations are further evaluated here for the average
2002–2021 spatial distribution and trends of NH3 mixing ratio, HNO3,
NO3

−, and NH4
+ dry deposition, and NO3

− and NH4
+ wet deposition

against ammonia monitoring network (AMoN), clean air status and trends
network (CASTNET), and NADP observations, respectively (Supplemen-
tary Figs. S17 and S18). Results demonstrate that NACR FIRE simulations
well capture areas ofmoderate to highNH3mixing ratios andHNO3,NO3

−,
and NH4

+ dry and wet deposition, especially in the western U.S.; however,
there are clear areas of overpredicted HNO3 dry deposition in the east,
overpredicted NO3

− dry deposition in coastal regions, and relatively wide-
spread underpredictions of both NO3

− and NH4
+ wet deposition across

most of CONUS (Fig. S17). The NACR time series indicate that the model
can effectively capture the trends in NH3 mixing ratio, and HNO3, NO3

−,
and NH4

+ dry and wet deposition, but that there are systematic disagree-
ments in magnitude for the CONUS average across network sites (e.g.,
underpredicted NH3 mixing ratio, NH4

+ dry deposition, and NO3
− and

NH4
+ wet deposition; overpredicted HNO3 and NO3

− dry deposition).
The underpredicted NH3 mixing ratios are impacted by potentially

missing sources of emissions in the EQUATES andNEI inputs (particularly
from agriculture and mobile sources). The overpredicted HNO3 dry
deposition (dominant atmospheric removal pathway) are impacted by too
rapid HNO3 dry deposition rates in CMAQ, stemming from uncertainties
in its thermodynamic calculations and chemistry, meteorological inputs
from WRF, and representation of the land–surface interactions58. The
overpredicted NO3

− dry deposition is a result of adapting complex aerosol
dry deposition schemes in CMAQ59, as well as too high particulate NO3

−

concentrations due to linked uncertainties with upwind HNO3 precursor
concentrations (Fig. S17b) andmissing chemical loss processes in themodel
(e.g., over water and coastal regions; Fig. S17d). The widespread under-
predictions in NO3

− and NH4
+ wet deposition is largely due to under-

predictions in NCAR predictions of total precipitation rates from WRF.
While these results provide evidence of the NACR capability to generally
reproduce spatiotemporal distributions of Nr concentrations and deposi-
tion, there is a need for newobservations of Nr dry deposition to landscapes
during smoke events and analysis of existing air quality monitoring data to
better evaluate model performance in the context of fire impacts on
atmospheric and ecological processes. In light of this, ultimately our work
here evaluates the relative contribution of fire sources to Nr deposition in
2002–2021, which remains important in regions of the western U.S. that
typically experience overall lower Nr deposition.

A previous study evaluated an ensemble of chemical transport models
(including the CMAQ model) for deposition and critical load assessments
against a robust suite of critical load data in North America for two

Table 1 | WRF model setup for the NACR system

Model components

Meteorology initial and boundary
conditions

ECMWF reanalysis v5 (ERA5) 31 km

Cumulus parameterization Grell-Freitas34

PBL scheme Yonsei University scheme35

Microphysics scheme Two-moment Morrison
microphysics36

Longwave and shortwave radiation RRTMG37

Land surface Pleim-Xiu land surface model38,39
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individual years, 2010 and 201625. Overall, the ensemble of models all pre-
dicted a decrease in Nr critical load exceedance for terrestrial ecosystems
between 2010 and 2016, which is consistent with the downward trends in
our work (Figs. 3A and S7a). However, the spatial extent and magnitude of
critical load exceedances varied amongst the models, and all models had
annual negative biases in wet deposition compared to observations, also in
agreement with our evaluations (Fig. S18e, f). Much of this uncertainty was
linked to missing processes in particle nitrate dry deposition algorithms, as
well as uncertainty in cuticle and soil drydepositionpathways forNr species,
such as nitric acid. This work has found also that usage of bi-directional
ammonia deposition parameterizations (not used in our work for NACR)
can have both a positive and negative effect on model performance and
biases, which is subject to uncertainty and thus dependent on themodel and
bidirectional flux algorithm employed.

Data availability
All NACR 2002–2021 post-processed data and scripts used in this paper
for land, meteorology, emissions, and chemistry/deposition analyses are
publicly available online at: https://doi.org/10.5281/zenodo.15064964.
The EQUATES dataset are available by download from the Community
Modeling and Analysis System (CMAS) Data Warehouse available
online at: https://www.epa.gov/cmaq/equates. National Trends Network
(NTN) wet deposition data are publicly available from the National
Atmospheric Deposition Program (NADP) at: https://nadp.slh.wisc.edu/
networks/national-trends-network/. Data last accessed 09/24/2025.
National Atmospheric Deposition Program (NRSP-3). 2022. NADP
ProgramOffice,Wisconsin State Laboratory of Hygiene, 465 HenryMall,
Madison, WI 53706. Ammonia Monitoring Network (AMoN) data are
publicly available from the National Atmospheric Deposition Program
(NADP) at: https://nadp.slh.wisc.edu/networks/ammonia-monitoring-
network/. Data last accessed 09/24/2025. National Atmospheric
Deposition Program (NRSP-3). 2022. NADP Program Office, Wisconsin
State Laboratory of Hygiene, 465 Henry Mall, Madison, WI 53706. Clean
Air Status and Trend Network (CASTNET) data are publicly available at:
www.epa.gov/castnet. Filter pack data (https://gaftp.epa.gov/castnet/
CASTNET_Outgoing/data/drydep_week_web.zip) last accessed 09/24/
2025. U.S. Environmental Protection Agency, Clean Air Markets Divi-
sion, Clean Air Status and Trends Network (CASTNET).

Code availability
WRFv4.2: https://github.com/wrf-model/WRF/releases/tag/v4.2 CMAQv5.3.3:
https://doi.org/10.5281/zenodo.5213949. SMOKE: https://www.cmascenter.
org/smoke/.
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