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• Rim fire plume well characterized by
modeling system in horizontal and ver-
tical space

• Predicted wildfire O3 was
overestimated at plume top and at the
surface.

• Predicted wildfire PM2.5 organic carbon
underestimated at plume top.

• Elevated PM2.5 from fire not always co-
incident with elevated O3 at surface
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The Rim Fire was one of the largest wildfires in California history, burning over 250,000 acres during August and
September 2013 affecting air quality locally and regionally in the western U.S. Routine surface monitors, remotely
sensed data, and aircraft basedmeasurements were used to assess howwell the Community Multiscale Air Quality
(CMAQ) photochemical grid model applied at 4 and 12 km resolution represented regional plume transport and
chemical evolution during this extreme wildland fire episode. Impacts were generally similar at both grid resolu-
tions although notable differences were seen in some secondary pollutants (e.g., formaldehyde and peroxyacyl ni-
trate) near the Rim fire. The modeling system does well at capturing near-fire to regional scale smoke plume
transport compared to remotely sensed aerosol optical depth (AOD) and aircraft transect measurements. Plume
rise for the Rim fire was well characterized as the modeled plume top was consistent with remotely sensed data
and the altitude of aircraft measurements, which were typically made at the top edge of the plume. Aircraft-
based lidar suggests O3 downwind in the Rim fire plume was vertically stratified and tended to be higher at the
plume top, while CMAQ estimated a more uniformly mixed column of O3. Predicted wildfire ozone (O3) was
overestimated both at the plume top and at nearby rural and urban surface monitors. Photolysis rates were well
characterized by themodel comparedwith aircraft measurementsmeaning aerosol attenuationwas reasonably es-
timated and unlikely contributing to O3 overestimates at the top of the plume. Organic carbonwas underestimated
close to the Rim fire compared to aircraft data, but was consistent with nearby surface measurements. Periods of
elevated surface PM2.5 at rural monitors near the Rim fire were not usually coincident with elevated O3.
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1. Introduction
Wildland fires are known to emit pollutants associated with nega-
tive health impacts in humans (Liu et al., 2015; Liu et al., 2016b;
Rappold et al., 2011; Reid et al., 2016). Sincewildfires are expected to in-
crease in the future (Abatzoglou andWilliams, 2016; Balch et al., 2017;
Schoennagel et al., 2017), considerable interest exists to better relate
wildland fire smoke with specific human health effects (Reid et al.,
2016). Currently, estimation of human health impacts fromwildfires re-
lies on photochemical transport models, surface monitoring networks,
and column-integrated, space-based measurements. Routine surface
monitor networks, which are typically sparse in areas that historically
have not exceeded the level of National Ambient Air Quality Standards,
only capture a portion of the spatial extent of wildland fire smoke
plumes (Reid et al., 2016). Satellite products provide broad spatial cov-
erage especially when aggregated over time, but do not explicitly pro-
vide short-term (e.g., sub-annual) surface level estimates of either
particulate matter less than 2.5 μm (PM2.5) or ozone (O3) (Zoogman
et al., 2014). Efforts have been made to infer long-term surface PM2.5

from satellite data (Boys et al., 2014; Van Donkelaar et al., 2006) but
these approaches are often paired with other information like surface
monitors and model output (Van Donkelaar et al., 2016). Previous
work also shows that only using remotely sensed data can result in
underestimated aerosol emissions for specific fires (Saide et al., 2015).
In addition, remotely sensed data have limited and sometimes no spa-
tial coverage for small fires (Hao and Larkin, 2014), large fires with
pyrocumulus, in the presence of clouds and in areas with high surface
reflectivity such as parts of the western United States (Loría-Salazar
et al., 2016; Saide et al., 2015).

Photochemical gridmodels have been applied in the past to estimate
the impacts of wildland fires in aggregate (Cai et al., 2016; Fann et al.,
2013; McKeen et al., 2002) and also for specific fires (Baker et al.,
2016; Yu et al., 2016; Zhou et al., 2018) and have the advantage of pro-
viding hourly surface level estimates of O3 and PM2.5 at a temporal and
spatial resolution typically better than satellite retrievals and without
the gaps of the surface monitor network. Further, photochemical trans-
port models can be used for source attribution to differentiate the im-
pacts of specific fires or groups of fires from other sources
(e.g., anthropogenic and biogenic) to modeled primary and secondary
pollutants (Kwok et al., 2015; Kwok et al., 2013). Surface monitoring
networks provide valuable measurements to supplement air quality
forecasts (Al-Saadi et al., 2005) and assessmodel performance and fore-
casting skill (Kondragunta et al., 2008).

Photochemical grid modeling systems estimate both PM2.5 and O3

from wildland fires (Baker et al., 2016), but model skill in replicating
emissions, plume transport, and complex chemical evolution is critically
important to provide confidence that pollutant estimates attributed to
wildland fire are not systematically biased when matched with health
effect data (Baker et al., 2016; Liu et al., 2016a; Zhou et al., 2018). Wild-
fire emissions estimation approaches have evolved (Wagstrom et al.,
2014), but can vary by orders of magnitude (Al-Saadi et al., 2008;
Larkin et al., 2010; Reid et al., 2009; Rolph et al., 2009). The fire plume
rise along with local-to-synoptic scale meteorology impacts plume
transport (Peterson et al., 2015) and also influences the rate of second-
ary pollutant formation (Bian et al., 2017; Sakamoto et al., 2016). Model
misplacement of smoke plumes could result in incorrect population ex-
posure estimates and biases in vertical and horizontal plume extent
could lead to systematic over or under-estimates of PM2.5 and ozone
through error in dilution. The entirety of thewildfire emission estimates
and model transport errors can result in incorrect population exposure
estimates.

The 2013 Rim fire in the central Sierra Nevadamountainswas one of
the largest wildfires on record in California. The progression of the fire
and the associated smoke plumes were observed by a combination of
systems including existing air quality surfacemonitoring networks, sat-
ellite instruments, and a suite of special-study aircraft measurements
providing detailed chemical composition information (Peterson et al.,
2015; Toon et al., 2016; Yates et al., 2016). The size of this fire and avail-
ability of surface and aloft measurements make this an ideal case for
model evaluation of wildfire smoke transport and chemical evolution.
Here, the CommunityMultiscale Air Quality (CMAQ)model usingmete-
orological input from the Weather Research and Forecasting (WRF)
model and wildland fire emissions estimates from the SmartFire2/
BlueSky framework (Larkin et al., 2010) was applied at 4 and 12 km
grid resolution isolating the impacts fromwildland fires using emission
perturbation sensitivity simulations. These impacts are compared with
surface, aircraft, and space-based observations to evaluate horizontal
and vertical plume placement and plume chemical evolution.

Aircraft measurements from the Studies of Emissions and Atmo-
spheric Composition, Clouds and Climate Coupling by Regional Surveys
(SEAC4RS) (Toon et al., 2016) and the Alpha Jet Atmospheric eXperi-
ment (AJAX) (Yates et al., 2016) were used to determine how well
CMAQ replicates complex gas phase chemical reactions leading to O3

formation and also provide some information about how well the
modeling system captures PM2.5 and plume placement. Data from
rural ground monitoring stations were used to evaluate CMAQ simula-
tions of surface O3 and PM2.5. Ambient surface measurements taken in
Reno, NV were used to understand Rim fire impacts in a downwind
urban area. These comparisons betweenmodel estimates, surface mon-
itors, and satellite based estimates also illustrate the strengths and
weaknesses of each type of information toward informing wildland
fire related human exposure assessments.

2. Methods

2.1. Modeling system overview

The CMAQ version 5.2 model was applied with ISORROPIA II inor-
ganic thermodynamics (Fountoukis and Nenes, 2007), aqueous phase
chemistry (Fahey et al., 2017), and gas phase chemistry based on the
Carbon Bond 6 revision 3 mechanism (Emery et al., 2015). Primary or-
ganic aerosol is treated as non-volatile and secondary organic aerosol
(SOA) is formedbased on yields fromprecursor gases including toluene,
xylenes, benzene, isoprene, monoterpenes, and sesquiterpenes. SOA is
aged based on oligomerization toward a non-volatile form (Carlton
et al., 2010). This treatment conserves the POA mass and results in
low SOA/POA ratios, which is consistent with most observations of am-
bient fire plumes, albeit the aging of the OA in the plumes is not cap-
tured (Cubison et al., 2011; Shrivastava et al., 2017). The ratio of
organic mass to organic carbon is assumed to be 1.7 for wildland fire
emissions (Simon and Bhave, 2012). All modeled aerosol species have
a refractive index for photolysis attenuation. Elemental carbon is
mapped to black carbon and organic aerosol species are mapped to
dust because brown carbon is not part of the refractive index in
CMAQ. Photolysis rates were attenuated in the presence of model pre-
dicted particulate matter (Baker et al., 2016).

Meteorological inputs to CMAQwere simulatedwith theWRFmodel
version 3.8 (Skamarock et al., 2008). Both models were applied for the
entire year of 2013 for a 12 km domain covering the contiguous U.S.
and from August 1 to September 15, 2013 to match the period of the
Rim fire for a smaller 4 km domain (Fig. S-1) covering northern Califor-
nia and Nevada. Each model used 35 layers to represent the vertical at-
mosphere from the surface up to 50 mb. This WRF configuration has
performed well for surface temperature, wind fields, and mixing layer
height in California (Baker et al., 2013) and the Pacific Northwest
(Zhou et al., 2018). Themodeling systemwas applied with and without
wildland fire emissions to estimate how air quality would change in the
absence of all wildland fire emissions for the time period fieldmeasure-
ments were made and Rim fire burning was most intense.

WRF was initialized with the 12 km North American Mesoscale
(NAM) analysis product and CMAQ was initialized with a global
model simulation (GEOS-Chem) which provided initial chemical
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conditions and also boundary inflow into the larger 12 km contiguous
U.S. CMAQ simulation (Henderson et al., 2014). Initial and boundary
conditions for the smaller 4 km domain were extracted from the larger
12 km simulation. Anthropogenic emissions were based on the 2011
National Emission Inventory with 2013 specific data used for point
sources reporting continuous emissions data. Biogenic emissions were
estimated with the Biogenic Emission Inventory System version 3.6,
which has been shown to perform well for biogenic VOC in central Cal-
ifornia and the Sierra Nevada foothills regions (Bash et al., 2015).

Daily fire location and burn area for wild and prescribed fire was es-
timated using the SmartFire2 system, which is largely based on satellite
products (Raffuse et al., 2009). Location, burn area, and date information
is provided to the BlueSky framework to estimate fuel type, fuel mois-
ture, and fuel consumption that is used to estimate daily emissions of
CO, NOX, VOC, SO2, NH3, and PM2.5. Daily emissions for the Rim fire
are shown in Table S-1 and by fuel type in Table S-2. Average emission
factors by fuel type are shown in Table S-3. Emission factors varied by
fuel type but not day-to-day. Fuel specific CO emission factors are some-
what higher than inferred from measurements for this particular fire
(Yates et al., 2016) but generally consistent with other published values
(Simpson et al., 2011; Urbanski, 2013). The SparseMatrix Operator Ker-
nel Emissions (SMOKE) model (https://www.cmascenter.org/smoke/)
applied a generic temporal profile forwildfire to allocate daily emissions
to hour of the day (Fig. S-2) and also applied speciation profiles to gen-
erate compound specific emissions from NOX, VOC, and PM2.5 (Table S-
4). These chemical speciation profiles were used for each fire and not
specific to fuel type or combustion phase.

2.2. Model estimates of AOD

CMAQ employs two approaches to estimate aerosol optical depth
(AOD or τ). One approach calculates AODwith reconstructed extinction
values from the Interagency Monitoring of Protected Visual Environ-
ments (IMPROVE)monitoring network (Pitchford et al., 2007). The sec-
ond approach estimates AOD based on scattering and absorption
coefficients using approximations to Mie scattering theory (Binkowski
et al., 2007), which is used to solve the radiative transfer equation for
calculating photolysis rates in the photochemical mechanism. The re-
construction extinctionmethod represents an AOD atλ=550 nm, con-
sistent with the Moderate Resolution Imaging Spectroradiometer
(MODIS) AOD data products used in the analysis. The Mie based ap-
proach is calculated at multiple wavelengths, with the closest to AOD
wavelengths being 381 and 607 nm. Therefore, the Mie based AOD (τ)
is extrapolated to 550 nm based on the spectral dependence of AOD
(Eq. (1)) with the Angstrom exponent (α) determined from Eq. (2).

τ550 ¼ τ381
550
381

� �−α

ð1Þ

α ¼ − log
τ381
τ607

log
381
607

ð2Þ

Modeled AODat 550 nmusing the reconstructed light extinction ap-
proach compares well with Mie scattering theory (r2 = 0.986; slope =
1.18; intercept=−0.01) but tends to be slightly higher for AOD values
greater than 3 for this modeling period and region focused on the Rim
fire (Fig. S-3).

2.3. Remotely sensed data

Aerosol optical depth fromMODIS (Kaufman et al., 1997; Tanré et al.,
1997) aboard the Terra and Aqua satellite (3 and 10 km resolution data
products) (Levy et al., 2013; Munchak et al., 2013) were used to evalu-
ate large-scale transport and the horizontal extent of theRimfire plume.
The 10 km spatial resolution product was regridded to the 12 kmmodel
domain, while the 3 km AOD product was regridded to both the 4 and
12 km domains. A qualitative assessment of smoke plume horizontal
extent is also possible using satellite RGB (visible) imagery from the
MODIS or other satellite instruments capable of producing high quality
visible images to identify smoke from other visible features like clouds
or artifacts such as sub glint. This type of imagery is available via
NASA Worldview products. Visual images from MODIS were used to
qualitatively assess downwind horizontal plume extent (https://
worldview.earthdata.nasa.gov/).

MODIS Collection 6 Level 2 AOD from Terra and Aqua (C6_MOD04/
MYD04_L2) was downloaded using the EPA Remote Sensing Informa-
tion Gateway (https://www.epa.gov/hesc/remote-sensing-
information-gateway). TheRSIGprovides a direct connection to the cur-
rent MODIS archive for several atmospheric products at Goddard Space
Flight Center and allows for automated regridding of MODIS AOD to
match the grid used for CMAQ in this analysis. The estimated error for
the C6 land AOD product is ±0.05 τ+ 15% at 550 nm, which is a global
error estimate that varies regionally and seasonally. Remotely sensed
AODproductsmay be limited or provide no information in the presence
of clouds, areas with high surface reflectivity, very large fires with
pyrocumulus (Loría-Salazar et al., 2016), and small fires (Hao and
Larkin, 2014). The Terra andAqua data setswere not aggregated tempo-
rally. The sun-synchronous orbit of Terra results in data provided at ap-
proximately 10:30 am local time and Aqua at 1:30 pm local time.
Surface based level 1 AODmeasurements from the Aerosol Robotic Net-
work (AERONET; aeronet.gsfc.nasa.gov) monitors that were in proxim-
ity to the Rim fire during August 2013 were used to supplement space-
based AOD products.

Cloud-Aerosol Lidarwith Orthogonal Polarization (CALIOP) onboard
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite is a space-based lidar instrument that detects the
vertical distribution of clouds and atmospheric aerosols (Omar et al.,
2009). A smoke-plume injection-height product is produced by
extracting smoke-laden aerosols from CALIOP vertical data. Smoke is
verified using visible imagery and overlaying CALIPSO tracks. Smoke-
laden air parcels, extracted at 100mvertical and 1-secondhorizontal in-
tervals along the CALIPSO track, were used to initialize the Langley Tra-
jectory Model (LaTM). Modern-era Retrospective Analysis for Research
and Applications, version 2 (MERRA-2) hourly re-analysis meteorologi-
cal data were input to LaTM simulations (Molod et al., 2015). Smoke-
laden aerosols are tracked back in space and time (15-minute time
step) until vertically and horizontally coincident (within 20 km) with
daily MODIS fire detections. Multiple CALIOP tracks were used to deter-
mine daily smoke plume injection height and detrainment (Soja et al.,
2012), however for certain days and fires there may not be available
CALIPSO tracks crossing smoke plumes.

Modeled plume top is estimated using a threshold approach where
the plume top is defined as the height where modeled CO fromwildfire
first exceeds a nominal threshold of 20 ppb when starting at the model
top and going toward the surface (Sicard et al., 2006).

2.4. Airborne and surface measurements

Airborne measurements were from multiple field campaigns. The
NASA-AJAX mission collected O3 on August 29, 2013 downwind of the
Rim fire (Yates et al., 2016). A highly instrumented airborne platform
(NASA DC-8, SEAC4RS campaign) (Toon et al., 2016) sampled in the
Rim fire plume on August 26, 2013 making a long transect through
the center of the Rim fire plume after several horizontal transects. Tran-
sects were made further downwind of the Rim fire sometimes include
impacts from both the Rim fire and other fires in the Pacific Northwest
(Forrister et al., 2015; Liu et al., 2017). Aircraft measurements of CO,
CO2, NO, NO2, HNO3, PAN, CH2O, O3, speciated PM1 (DeCarlo et al.,
2006; Dunlea et al., 2009), and photolysis rates (Fisher et al., 2016;
Toon et al., 2016) were matched with modeled estimates in time and

https://www.cmascenter.org/smoke
https://worldview.earthdata.nasa.gov
https://worldview.earthdata.nasa.gov
https://www.epa.gov/hesc/remote-sensing-information-gateway
https://www.epa.gov/hesc/remote-sensing-information-gateway
http://nasa.gov
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space at the closest modeled hour and using the grid cell where the air-
craft was located at the time of the measurement. Each of these mea-
sured chemical species were adjusted for background by subtracting
themedianflight-day value. TheAugust 26DC-8 flight included aDiffer-
ential Absorption Lidar (DIAL) - High Spectral Resolution Lidar instru-
ment (HSRL) (Hair et al., 2008) that provides aerosol backscatter,
extinction, depolarization, and O3 profiles that can be used to evaluate
the wildfire plume vertical and horizontal structure.

Model estimates are compared to hourly surface O3 measurements
from the Clean Air Status and Trends Network (CASTNET) and daily av-
eraged speciated PM2.5 from the IMPROVE (http://vista.cira.colostate.
edu/Improve/) network. Modeled PM2.5 organic aerosol was adjusted
to organic carbon using OC:OM ratios for specific secondary organic
aerosol groups and did not include primarily emitted mass associated
with organics (PNCOM). Model performance is also compared to a
suite of measurements collected at the Reno, NV NCore station
(https://www3.epa.gov/ttnamti1/ncore.html), including CO, NOY, O3,
and PM2.5. Surface monitor data were paired with surface model esti-
mates by hour and in space by matching the model estimate from the
grid cell where the monitor was located.

3. Results

Smoke from the Rim fire and other fires in thewestern U.S. were vis-
ible from space and discernible in remotely sensed data products from
multiple satellites. Analysis spans the entire period of the Rim fire, but
plume extent assessments are focused on Aug. 25, 26 and 29 due to
available remotely sensed data and aircraft transects flown through sec-
tions of the Rim fire smoke plume, which provides information about
how well the model estimated plume placement and chemical evolu-
tion. Routine monitor network data are also included to provide infor-
mation about surface level chemical impacts represented by the
modeling system. Table 1 shows which components of the modeling
Table 1
List of model comparison with satellite, aircraft, and routine surface measurements by spatial e
nation the corresponding Figures are shown to facilitate navigation of the presented model pe

Type of
Evaluation

Model Satellite Aircraf

Spatial extent of
plume

AOD MODIS AOD,
Visible image

Vertical plume
profile

OH

Vertical plume
profile

SO2, NH3

Vertical plume
profile

Aeroso

Plume top CO and O3 CO and
Plume top NOX, PANs, nitric acid, formaldehyde,

PM2.5 organic aerosol
NOX, PA
formald

Plume top Plume top CALIPSO /
trajectory plume
top

Plume top Photolysis rates Photoly
Plume top NOX, PANs, formaldehyde,

acetaldehyde
NOX, PA
acetald

Plume top PM2.5 sulfate ion, nitrate ion,
ammonium ion, organic aerosol

PM1 su
ammon

Plume top Temperature Tempe
Surface PM2.5 organic carbon
Surface Total PM2.5

Surface O3

Surface PM2.5 elemental carbon
Surface PM2.5 nitrate ion
Surface PM2.5 sulfate ion
Surface NOX, NOZ

Surface Temperature, water mixing ratio, wind
speed, wind vector error
systemwere comparedwith satellite, aircraft, and routine surfacemea-
surements. Daily maps of wildfire smoke from the Rim fire and other
nearby fires are shown along with NO2 and formaldehyde retrievals
from the OMI satellite in supporting information. These daily maps of
smoke plumes show the day to day variability in plume direction. The
daily OMI NO2 and formaldehyde retrievals only occasionally show
well-formed high levels of these pollutants in the vicinity of the Rim
fire with many of the days providing little or no relevant information.
Regional warm temperatures and dry air was well characterized
(Fig. S-4)while surface level windswere over-estimated byWRF in por-
tions of the Sierra Nevada (Fig. S-5) although regional flows were well
characterized as described below.

3.1. Plume transport - horizontal

Model (4 km) estimated and MODIS AOD (3 and 10 km) are shown
for 21 UTC on Aug 26 and 29 in Fig. 1. Fig. 2 shows 12 km model and
10 kmMODIS for August 25 over a larger area of the Pacific Northwest.
Areas with elevated AOD are largely related to the plume downwind of
the Rim fire and American fire (CAL FIRE, 2013), a smaller fire located
north of the Rim fire. While quantitative comparison of modeled and
satellite AOD is complicated by the presence of clouds near the Rim
fire and large surface reflectance east of the Sierra Nevada (Loría-
Salazar et al., 2016), the modeling system does well at predicting the
orientation and extent of the Rim fire plume on both days indicating
that the space-based measurements have value in diagnosing column-
integrated smoke transport of large wildfire plumes (Figs. 1 and 2).
However, this comparison highlights the challenges associated with
using satellite products to show wildland fire impacts because large
fires may not be fully characterized as part of the AOD analysis as the
densest portion of the Rim fire plume is not evident in the satellite
AOD product. Further, it is important to keep in mind that both the
MODIS AOD and visible smoke images from MODIS do not provide a
xtent of the smoke plume, vertical plume profile, plume top, and surface. For each combi-
rformance evaluation.

t Routine surface Figures

AOD Figs. 1, 2

Fig. S13

Fig. S12

l backscatter and O3 Fig. S8

O3 Figs. 3, 4, S-6
Ns, nitric acid,
ehyde, PM1 organic aerosol

Fig. 4

Fig. S7

sis rates Figs. 3, 4
Ns, formaldehyde,
ehyde

Fig. S9

lfate ion, nitrate ion,
ium ion, organic aerosol

Fig. S11

rature Fig. S10
PM2.5 organic carbon Fig. 6
Total PM2.5 Fig. 8
O3 Figs. 5, 8
PM2.5 elemental carbon Fig. S14
PM2.5 nitrate ion Fig. S15
PM2.5 sulfate ion Fig. S16
NOX, NOZ Fig. S17
Temperature, water mixing ratio, wind
speed, wind vector error

Fig. S4, S5

http://vista.cira.colostate.edu/Improve
http://vista.cira.colostate.edu/Improve
https://www3.epa.gov/ttnamti1/ncore.html


Fig. 1. MODIS aerosol optical depth at 3 and 10 km resolution on August 26 (top row) and August 29 (bottom row), 2013 at 21 UTC. Modeled AOD at 4 km resolution. Warmer colors
indicate the presence of aerosols, most notably for the Rim and American wildfires in east-central California. The largest aerosol concentrations in the downwind plume from the Rim
fire are not part of the satellite AOD product due to theMODIS cloud filtering algorithm but are captured in the corrected reflectance true color images. Larger open symbols show aircraft
transects in wildfire plume based on chemical measurements and small dots indicate aircraft positions outside wildfire plumes. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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quantitative estimate of O3 or PM2.5 at the surface as the smoke plume
may be well above the surface when seen by satellites.

On August 25th, the Rim fire had been burning for several days and a
smoke plume is evident in both MODIS AOD and the visible true color
image from east-central California downwind to western Idaho, north-
ern Montana, and southern Canada (Fig. 2). The model simulates a
very similar pattern of AOD and often captures magnitude in closer
proximity to the fire compared to MODIS and AERONET AOD, again in-
dicating that the modeling system does well at capturing the local to
continental scale transport for this fire. Further downwind of the
Rim fire, modeled AOD patterns are similar to remotely sensed data
but generally lower. The model underestimated AOD compared to
the closest AERONET site in Reno (mean bias of −0.1; mean error
of 0.4; normalized mean bias of −24%; normalized mean error of
102%), especially when observed AOD is elevated (mean bias of
−0.5; mean error of 0.8; normalized mean bias of−51%; normalized
mean error of 74%). Modeled AOD tends to be lower than measured
at AERONET sites in Idaho and Montana during this period. The
MODIS 10 km AOD

HMS Fire Detects
AERONET site

Aug. 25

Rim fire

Modeled AOD

Aug. 25

Rim fire

0.00 0.25 0.50 0.75 1.00

Fig. 2.MODIS aerosol optical depth at 10km resolution onAugust 25, 2013 at 18UTC. CMAQ12k
aerosols. (For interpretation of the references to color in this figure legend, the reader is referr
good agreement of smoke plume placement is largely due to the
WRF model appropriately capturing local to regional scale wind pat-
terns. Winds during this period were generally out of the south and
southwest due to a broad ridge over the southern plains forcing air
flow around it. The model captures these large-scale wind flows
based on good agreement with modeled plume orientation and re-
motely sensed smoke and also based on surface level model perfor-
mance (Fig. S-5).

Plume transects were made downwind of the Rim fire as part of the
SEAC4RS and AJAX field campaigns and are shown in Fig. 1 with large
open circles when chemical measurements indicated the aircraft was
inside a wildfire plume. The horizontal extent of wildfire plumes was
generally similar between the aircraft and satellite AOD but a direct
comparison is challenging due to the lack of satellite data for the Rim
fire on that day. The model and aircraft plumes compare very well
downwind of both the Rim and American fires on August 26. The
MODIS AOD retrieval and visible imagery (Fig. 1), however, both indi-
cate that the plume is slightly wider than suggested by aircraft transects
 (12 km) MODIS (Terra) Corrected Reflectance

Rim fire

mmodeledAOD and visible smoke are also shown.Warmer colors indicate thepresenceof
ed to the web version of this article.)
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on August 26. This discrepancy on August 26 may be due to the aircraft
transects not completely capturing the full vertically-integrated hori-
zontal extent of the plume. On August 29, the aircraft and satellite
Fig. 3. Aircraft measurements (circles) comparedwith columnmodel predictions of photolysis
the August 29 panel (bottom panel) indicates the Rim fire plume top and bottom, which was w
Both model and measurements of CO and O3 have been adjusted to remove background an
(triangles).
plume width compare well but the modeled plume is notably less
wide near the fire. Overall, the horizontal extent of the Rim fire plume
compared well between aircraft and satellite products with the model
rates, CO and O3 on August 26, 2013 and O3 on August 29, 2013. The dashed box outline on
ell mixed throughout the plume, as determined by ground based lidar (Yates et al., 2016).
d reflect only wildfire contribution. Modeled surface layer mixing height is also shown
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showing good agreement although themodeled plumemay at times be
slightly narrower than observed.

3.2. Plume transport – vertical

An estimate of plume top can be inferred from aircraft altitudes dur-
ing smoke plume transects made on August 26 (SEAC4RS) and August
29 (AJAX) since these aircraft were generally flown at the top of plumes
to capture smoke impacts while maximizing crew safety. Fig. 3 shows
aircraft measurements compared with modeled surface mixing layer
height (PBL height) and column estimates of CO, O3, andNO2 photolysis
rates for flights near the Rim fire. All ambient points are shown to illus-
trate the flight path and show when measured values approach zero,
whichmay indicate chemical destruction (i.e., for O3) or that the aircraft
was not in the fire plume. The same comparison of aircraft chemical
measurements andmodeledplumeare shown in Fig. S-6 to show chem-
ical structure horizontally across the plumewithmeasured acetylnitrile
plotted as an additional indicator about whether the aircraft was in the
smoke plume.

A land-based lidar at Donnell Vista (Yates et al., 2016) measuring
plume vertical extent supports using the aircraft altitude during tran-
sects as an approximation of plume height. The lidar estimated a similar
plume height as the altitude of the Alpha Jet where both were coinci-
dent in time and space on August 29 (Fig. 3). The plume top estimated
by the modeling system for both August 26 and 29 compares well
with the altitude of the aircraft making smoke plume measurements
and also with lidar estimates on August 29 (Fig. 3). On the 26th, the
modeled plume top extends above the modeled boundary layer at the
Rim fire but otherwise tends to be within the surface mixing layer
with occasional sheer and decoupling between free troposphere and
surface mixing layer (shown on August 29 flight during approach to
the Rim fire). The daily distribution of model estimated plume top is
paired with CALIPSO-based estimates in Fig. S-7. These distributions re-
flect both diurnal variability and spatial variability near the Rim fire. In
general, the modeled distribution of smoke plume top compares well
with those based on back trajectories from CALIPSO overpasses down-
wind of the Rim fire.

Surface lidar measurements at Donnell Vista, CA (Yates et al., 2016)
in the afternoon of August 29 suggest that emissions were well mixed
from the surface to plume top. The aircraft DIAL aerosol backscatter re-
trieval shows that aerosols were well mixed from the surface to plume
top downwind of the fire. However, the DIAL O3 profile retrieval sug-
gests O3 tends to be enhanced at the plume top during the August 26
flight and is consistent with the in-situ measurements of O3 on the air-
craft slightly earlier (15 min) (Fig. S-8). The modeling system shows a
well-mixed plume (CO and primary organic aerosol) from the surface
to a plume height that is consistent with aerosol backscatter profiles re-
trieved by DIAL on August 26. The model predicts O3 enhancement at
the top of the plume in very close proximity to the Rim fire then be-
comes well mixed through the surfacemixing layer downwind. Aircraft
platformmeasured photolysis rates at the plume top comparewell with
modeled values (Fig. 3), but measurements are not available to under-
stand vertical variability in photolysis rates in the smoke plume. The
well-mixed O3 estimated by the modeling system is not consistent
with the aircraft DIAL profile, which suggests stratified layers of O3 en-
hancement. The lack of stratification in CMAQ may be related to exces-
sive vertical mixing or underestimated photolysis attenuation within
the boundary layer resulting in over-stated photochemistry.

3.3. Smoke plume – chemical evolution

Fig. 4 shows plume top measurements and model estimates (4 and
12 km) during the final downwind transect of the Rim fire on August
26. Both are shown as a function of time and the entire transect
shown here covers approximately 19 h (500 km distance and mean
wind speed of ~7.5 m/s) of plume age. Primary and secondarily formed
pollutants are highest when the plume is fresh and decrease as the
plume ages. Modeled carbon monoxide (CO) tends to be higher than
measured near the fire and does not decrease as rapidly as the ambient
data, which is generally consistent with the CO emission factors used
here being higher than inferred from August 26 aircraft measurements
(Yates et al., 2016). Similarly, modeled O3 is higher than aircraft mea-
surements near the fire and does not decrease as rapidly downwind
(Fig. 4). NOX is well predicted by the modeling system both near the
fire and downwind (Fig. 4).

CO is often used as an indicator of plume dilution given slow reactiv-
ity and long atmospheric lifetime compared to other pollutants. The ob-
served O3/CO ratio suggests O3 production outpaces plume dilution
both near the source and further downwind at 10 to 15 h of plume
age before production becomes minimal. Modeled O3 enhancements
stay consistent downwind while the observed ratio shows periodic de-
partures from the more consistent trajectory. Observed and modeled
NOX/CO ratios are similar near the fire but an enhancement in the ambi-
ent ratio downwind that is generally consistentwith an observed O3/CO
enhancement is not captured. The model does well at capturing aircraft
NO2 photolysis rate measurements (Fig. 4), which suggests model rep-
resentation of aerosol attenuation of photolysis rates is not contributing
to degraded O3 performance in the top edge of the plume.

As noted in the previous section, aircraft LIDAR data (Fig. S-8) sug-
gest stratified O3 formation that is enhanced at the top of the Rim fire
plume on August 26 but the modeling system estimated O3 mixed
through the entire vertical column and for too long of a time period as
the plume moved downwind. Photolysis rates are well characterized
at the plume top but no information is available about the rest of the col-
umn (Fig. 3) to better understand how inconsistencies between the sur-
face and plume top may translate into O3 over-estimates. Modeled
photolysis rates decrease rapidly toward the surface in proximity to
thefirewith reductions up to approximately 50%where aerosol concen-
trations are highest. Previous work applyingmore aggressive photolysis
attenuation in the presence of aerosol resulted in less O3 formation in
smokeplumes but did not eliminate over-predictions at surfacemonitor
locations (Baker et al., 2016). As discussed in subsequent sections,
downwind surface O3 is similarly over-estimated as at the plume top
for this study. Columnmeasurements of meteorology, chemical species,
and physical properties such as photolysis rates are needed to better un-
derstand the complex chemical and physical processes governing verti-
cally heterogeneous O3 levels in the plumes of large wild fire.

The lack of nitric acid and presence of peroxyacteyl nitrates (PANs)
in the fire plume (Figs. 4; S-9) suggest highly reactive VOC emitted by
the fire (e.g., aldehydes) are being rapidly converted to peroxacyl radi-
cals, which react with NO2 to form PAN (and similar compounds). This
smoke plumeO3 production process has been demonstrated for another
large wild fire using this modeling system (Baker et al., 2016) and ob-
served in other wildfire smoke plumes in California (Cai et al., 2016).
The model does not predict HNO3 formation in the plume consistent
with ambient measurements, but does tend to over-estimate PAN
which may be the result of near-fire over-estimation of acetaldehyde
(Fig. S-9). The model does well at capturing plume top (Fig. S-10) and
surface (Fig. S-3) temperature which is likely not a factor in PAN perfor-
mance. The VOC speciation profile may be attributing too much of the
VOC emissions to formaldehyde and acetaldehyde or the profile may
be biased and already include rapidly produced secondary VOC. Further,
over-estimated total VOC emissions could result in too much formalde-
hyde and acetaldehyde emitted into the modeling system.

CMAQ under-estimates the near-fire peak in organic aerosol, simu-
lating only a third of observed levels and estimates a flat OA/CO ratio
of ~0.05while the observedOA/CO ratio varies significantly and exceeds
0.2 for thefirst half of the downwind transect. Other studies have shown
that grid resolution has large impacts on near-source model prediction
of primary pollutants (Baker et al., 2014). Given the grid resolution used
here, the model would likely under-estimate primary pollutants at the
fire and have less impact downwind as the plume becomes more



Fig. 4.Measured and modeled comparison of August 26, 2013 centerline plume transect made downwind of the Rim fire (transect as shown in Figs. 3 and S-4). Note that modeled PM2.5

organic aerosol is compared to measured PM1 organic aerosol.
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comparable to themodel grid resolution. Plume dilution has been iden-
tified as an important factor in near-fire production of secondary or-
ganic aerosol (Bian et al., 2017) before production and loss of OA
becomes similar in plumes further downwind (Bian et al., 2017;
Sakamoto et al., 2016). The modeled OA is largely primarily emitted
with little traditional semi-volatile SOA formation and no evaporation
and recondensation of primary OA, which explains themodest increase
over time in simulated OA/CO ratio. However, another contributing fac-
tor may be that primary PM2.5 emissions are underestimated. An analy-
sis of aircraft in-plume measurements made downwind of multiple
large wildfires including the Rim fire in 2013 suggest PM2.5 emissions
may be under-estimated when using BlueSky based emissions (Liu
et al., 2017). A systematic increase in PM2.5 emissions would likely re-
sult in better plume-top performance for OA, but could negatively im-
pact surface level performance meaning other processes such as
vertical distribution of emissions should be considered along with
changes in emission factors, treatment of primarily emitted OA as
semi-volatile, and effects of horizontal grid resolution.

Particulate sulfate, ammonium, and nitrate ions are generally
underestimated at the plume top near the Rim fire (Fig. S-11). These in-
organic particulate species have notable gradients between the surface
and plume top compared to primarily emitted particulate species sug-
gesting chemical formation is important. Most of the model predicted
PM2.5 ammoniumand nitratewere secondarily formed, although sulfate
is largely primarily formed near the fire until secondary production be-
comes equivalent in terms of total predicted mass further downwind
(Fig. S-12). Since very little nitric acid was measured and modeled at
the top of the plume, PM2.5 nitrate underestimates may be related to
underestimated primary emissions. PM2.5 sulfate underestimation
may be related to underestimated primary emissions or the lack of
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hydroxyl radical in the model downwind of the fire (Fig. S-13)
inhibiting sulfur dioxide conversion to sulfuric acid since ammonia is
abundant in the modeled plume. Underestimated primary emissions
of PM2.5 sulfate, ammonium, and nitrate could be related to either
total emissions or the speciation of those emissions (Table S-4) assumed
here.

3.4. Surface comparison

Hourly model predictions of surface level O3 are compared with
measurements from the CASTNET site at Yosemite near the Rim fire in
Fig. 5. Model estimates are colored by the percent of the model predic-
tion attributable to emissions from wildfire, where warmer colors rep-
resent higher contribution. The modeling system often over-estimates
daytime surface level O3 at this site when the model predicts a large
contribution from wildfire. Wild fire emissions appear to destroy
(most likely through NO titration) O3 during nighttime based on the
comparison between simulations with and without wild fire emissions.
This is most evident in very close proximity to the fire as this feature is
only seen at the Yosemite monitor. The modeling system tends to sys-
tematically underestimate O3 at Yosemite on both days with fire and
no fire impact, which is likely due to underestimated O3 inflow to high
elevation areas from the global GEOS-CHEM model simulation (Baker
et al., 2015).

Modeled Rim fire emissions of PM2.5 are dominated by organic aero-
sol (see Table S-4). Surface level daily average PM2.5 organic carbon pre-
dictions by the model were paired with daily average ambient
measurements taken at IMPROVE monitor locations near the Rim fire
in Fig. 6. Even though the modeling system under-estimated PM2.5 OA
aloft (Fig. 4) and AOD far downwind of the fire (e.g., Fig. 2), estimates
of PM2.5 organic carbon are generally consistent with measurements
at Yosemite (YOSE1), Desolation Wildland Area (BLIS1), and Hoover
Wildland Area (HOOV1) (Fig. 6). The largest modeled impacts at
Yosemite are in early September and the model does well at
representing this period of elevated ambient PM2.5 organic carbon.
However, themodel predicts large O3 fromwild fire at Yosemite during
this same time period, while monitored values do not appear either un-
usually elevated or titrated (Fig. 5). The model over-estimates PM2.5 el-
emental carbon and nitrate ion on days when the model indicates large
contribution from the Rim fire and shows little bias on non-fire days
(Figs. S-14 and S-15). The surface-level overestimates of PM2.5 nitrate
ion are in contrast to under-estimates at the plume top discussed previ-
ously. Modeled PM2.5 sulfate ion compares well with measurements
and performance is largely unbiased during periods of Rim fire impacts
at these monitors (Fig. S-16). The presence of observed surface level el-
evated PM2.5 due to the Rim fire but not coincident elevated O3 suggests
that PM2.5, non-reactive tracers acting like PM, or satellite AODmay not
always be a strong indicator for surface level O3 impacts from wildfire.
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Smoke plume interactionswith urban pollutantmixturesmay result
in different outcomes in terms of chemical production of O3 compared
with rural monitors. Coincident surface level measurements of CO,
NOY, PM2.5, and O3 in Reno, Nevada between 2013 and 2016 suggest el-
evated ratios of CO:NOY are often associated with elevated PM2.5

(Fig. 7), which is an indication that a site may be influenced by biomass
burning emissions. This relationship is very pronounced during the pe-
riod of the Rim fire in 2013 (Fig. 8). Periods of biomass burning impacts
in Reno between 2013 and 2016 sometimes result in observed O3 en-
hancement (Fig. 7), but often do not showpronouncedO3 enhancement
which is the case during the Rim fire time period (Fig. 8). Furthermore,
there is evidence from studies near O3 sources that fire emissions posi-
tively interfere with UV-absorption measurements of O3 (Wentworth
et al., 2018), but the distance over which such interferences havemean-
ingful impact is not well quantified. It is likely that O3 is not being
formed through the entire boundary layer column and tends to form to-
ward the plume top meaning less O3 at the surface to impact surface
monitors.

Similar to the rural CASTNET sites, the model overestimates O3 in
Reno during the earlier days of the Rim fire (August 22–23) when the
model predicts a large contribution from the fire. The model overesti-
mates hourly PM2.5 on August 22 but does well capturing the peak on
the following day. During the last week of August ambient data shows
elevated spikes of hourly PM2.5 that are consistent with modeled im-
pacts of the Rim Fire. Only a few days in Reno show elevated O3 concen-
trations and these days are well characterized by the model although
only one day hasmodel predicted contribution fromwild fire exceeding
50% (Fig. 8). The model does well at capturing synoptic patterns in CO
and NOz (sum of all reactive nitrogen oxides excluding NO and NO2),
in Reno. Hourly NOY and NOX is systematically under-predicted by the
model with contribution from wildfire routinely exceeding 50% on
most hours between August 22 and the end of the month for CO and
the oxidized nitrogen gases (Fig. S-17). An increase in measured NOZ

is evident starting on August 21 and decreases in late August, which co-
incides with the general time period of the Rim fire. The model does
well at capturing this broad increase although does not always capture
the timing of inflowand outflowon certain days. Some of the discrepan-
cies between modeled estimates and measurements could be partially
related to the model representation of winds in complex terrain. Wind
speed tends to be over-estimated at the surface, especially for sites at
high elevation in the Sierra Nevada (Fig. S-5).

4. Conclusions

The modeling system does well at replicating local to regional scale
transport of smoke from large wildfires in California during the 2013
fire season compared to satellite AOD and aircraft transect chemical
measurements. Downwind surface PM2.5 predicted by the model
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generally compares well with measurements while O3 tends to be
overestimated both aloft and at the surface when the model predicts
impacts from wildfire. More evaluation is needed to better understand
aspects of the modeling system that may contribute to O3 overestima-
tion such as aerosol attenuation of photolysis throughout the smoke
plume column, emissions (including fuel mapping, temporal allocation
of emissions, and speciation of VOC andNOX), and verticalmixing in the
smoke plume. It is expected that field studies planned for 2018 and
2019 intended tomake extensive chemical and physical measurements
in downwind plumes of wildfire in the U.S. will provide valuable
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