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Abstract. Evaluation of a regional air quality forecasting captured the location and transport direction of fire events
system for the Pacific Northwest was carried out using awell, but sometimes missed the timing of fire events and
suite of surface and satellite observations. Wildfire eventsoverall underestimated the BM impact of wildfire events
for the 2007 and 2008 fire seasons were simulated using that surface monitor locations. During the 2007 (2008) fire
Air Information Report for Public Access and Community period, the fractional biases (FBs) of AIRPACT-3 for var-
Tracking v.3 (AIRPACT-3) framework utilizing the Com- ious pollutant observations included: average 24 h,BM
munity Multi-scale Air Quality (CMAQ) model. Fire emis- FB=-33% (—27 %); maximum daily average 8h ozone
sions were simulated using the BlueSky framework with fire FB=—8 % (+1 %); AOD FB=—61% (—53 %); total col-
locations determined by the Satellite Mapping Automatedumn CO FB= —10 % (—5 %); and tropospheric column NO
Reanalysis Tool for Fire Incident Reconciliation (SMART- FB= —39% (—28 %). The bias in total column CO is within
FIRE). Plume rise was simulated using two different meth-the range of expected error. Fractional biases of AIRPACT-
ods: the Fire Emission Production Simulator (FEPS) and the8 plume tops were found to be46 % when compared in
Sparse Matrix Operator Kernel Emissions (SMOKE) model.terms of above mean sea level, but orli28 % when com-
Predicted plume top heights were compared to the Cloudpared in terms of above ground level, partly due to the under-
Aerosol LIDAR with Orthogonal Polarization (CALIOP) in- estimation of AIRPACT-3 ground height in complex terrain
strument aboard the Cloud Aerosol LIDAR and Infrared that results from the 12 km grid-cell smoothing. We con-
Pathfinder Satellite Observation (CALIPSO) satellite. Car-clude that aerosol predictions were too low for locations
bon monoxide predictions were compared to the Atmo-greater than~ 100-300 km downwind from wildfire sources
spheric InfraRed Sounder (AIRS) instrument aboard theand that model predictions are likely under-predicting sec-
Aqua satellite. Horizontal distributions of column aerosol ondary organic aerosol (SOA) production, due to a combina-
optical depth (AOD) were compared to retrievals by the tion of very low volatile organic compound (VOC) emission
Moderate Resolution Imaging Spectroradiometer (MODIS)factors used in the United States Forest Service Consume
instrument aboard the Aqua satellite. Model troposphericmodel, an incomplete speciation of VOC to SOA precursors
nitrogen dioxide distributions were compared to retrievalsin SMOKE, and under-prediction by the SOA parameteriza-
from the Ozone Monitoring Instrument (OMI) aboard the tion within CMAQ.

Aura satellite. Surface ozone and PMpredictions were

compared to surface observations. The AIRPACT-3 model
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1 Introduction FCCS Fuels and Modeled Fires

Large Fire Events

The Pacific Northwest is home to a rural landscape that pe-| SN 2007
riodically experience large wildfires, especially during dry ‘ I 2008
summers. Wildfire smoke and other particulate matter (PM) Highways
emitted into the atmosphere can cause severe health prokt Interstate
lems. Informing the public about upcoming poor air quality oS
expected from fires requires a comprehensive knowledge of I Uroen Avess
fire locations, land type being burned, terrain, wind direc- Total Fuels
tion, available moisture, timing, and other conditions. Re- Tons / Acre
ports generated by fire fighters are quickly provided to air 0-0001
quality managers by the United States Forest Service, but it is 0002+
difficult to get an accurate assessment of wildfire conditions f‘ooz;'to
in remote locations with rough terrain, few access roads, and — 20'001 o
sparse air quality monitor distribution. Meteorological fore- '

I 50001 - 100

casts and chemistry transport models can be used to predict
the air quality impacts of wildfire emissions, but the task is figure 1. Fire events with individual burn areas greater than 5000
challenging (Simon et al., 2012). Satellite retrievals of air acres during the analysis periods of 2007 (orange) and 2008 (red).
quality indicators provide a valuable asset that, when com-Total fuel loading derived from the FCCS v1 is also shown for the
bined with surface measurements, can help to assess the vAIRPACT-3 domain.
lidity of air quality models simulating large wildfire events.
The analysis presented here utilizes multiple satellite prod-
ucts to evaluate simulations from the Air Information Report technical challenge posed by the large fires that occurred on
for Public Access and Community Tracking v.3 (AIRPACT- both sides of the southern boundary of the modeling domain.
3) regional air quality model, which utilizes the BlueSky fire  The western US experienced abnormally dry winter and
emissions framework and the Community Multi-scale Air spring seasons in 2007, which led to a summer drought
Quality (CMAQ) model. As such, this work demonstrates and extensive wildfire events in Idaho, Nevada, and Mon-
how a suite of satellite products can be combined with in situtana. Extreme temperatures and sparse precipitation during
observations to inform improvement of air quality forecast early summer 2007, coupled with lightning activity and sev-
performance. eral strong wind events, led to several expanding, long-lived
The objective of this work is to report the level of perfor- fires. Precipitation events that started on 17 August slowed
mance and types of error that were found for modeled firethe expansion of wildfires and allowed fire fighters to con-
locations, plume heights, and pollutant concentrations simtain many of the burning areas, though some fires continued
ulated in AIRPACT-3, based on a combination of satellite to burn into September. The National Interagency Coordi-
products and surface pollutant observations. It is essentiahation Center (NICC) at the National Interagency Fire Cen-
that future AIRPACT versions accurately predict the impactter (NIFC; http://www.predictiveservices.nifc.ggweported
of fires, given the very large fire seasons in recent historythat over 800 000 acres burned in Nevada during July 2007.
(e.g., 2012) and the expected increase of fire activity as th®y 31 August the Great Basin and Northern Rockies had
regional climate changes. We chose to use finalized activwildfires that burned over 4 million acres, nearly twice the
ity reports to derive wildfire emissions, rather than forecast-typical year-to-date area burned, with eight large fires or
mode data, so that we could focus on the emissions frontomplexes having burned more than 100 000 acres each.
known fire events and test the model’'s performance in a The summer of 2008 was also dry but experienced signif-
“best-case” scenario. We modeled wildfire events that oc-cantly less fire activity across the US, except for California
curred during the summers of 2007 and 2008 because of theaind parts of the southern US. Northern California, part of
interest to AIRPACT users, the extensive fire activity that oc-which is in the AIRPACT-3 domain, reported over 850 000
curred, and because satellite coverage throughout NASA®cres burned, which was nearly 9 times the 10-year average
Afternoon Train (A-Train) of satellites was relatively com- for that region. On 20-21 June 2008, widespread lightning
plete. We focused on A-Train satellite data to keep overpasstarted nearly 1000 fires in Northern California and those in
times consistent~ 01:45PST) and because fire activity is remote and difficult terrain burned for many days. Lightning
best detected in the afternoon, when wildfires are most acstorms in mid-August 2008 also caused numerous large fires
tive. Simulations of the historically large fires that ignited in in Idaho and Montana. The number of acres burned by state
Idaho, Nevada, and Montana throughout July 2007 providedeported by the NICC NIFC is shown in Table 1 for 2007 and
great insight into AIRPACT-3 wildfire performance. In ad- 2008. Analysis of @ and particulate matter enhancements at
dition, the Northern California fires that ignited on 21 June the Mt. Bachelor Observatory by Wigder et al. (2013) iden-
2008 provided further valuable model information due to thetified 14 individual fire plumes in 2008 and 6 in 2007.
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Table 1. Total annual fires and acres burned by state.

2007 2008

State Total fires  Total acres  Total fires  Total acres
California 10034 1160297 6670 1456758
Idaho 2064 2226769 1546 225832
Montana 2342 859977 1749 211593
Nevada 924 905237 491 90868
Oregon 3424 758740 2561 252671
Utah 1527 664 754 1139 66170
Washington 2578 249708 1418 154 368

USA grand totals 110237 12899948 88059 7433094

NIFC sources:
http://www.nifc.gov/fireInfo/firelnfo_stats_YTD2007.html
http:/iwww.nifc.gov/fireInfo/firelnfo_stats_YTD2008.html

The analysis presented here includes results for two septerface Processor (MCIP). The Mesoscale Model v5 (MMS5;
arate time periods: 3 July—22 August 2007 and 22 June-Mass et al., 2003) was used for the year 2007 simulations
27 August 2008, which were chosen to include the largestwhile the Weather Research and Forecasting (WRF; Ska-
annual fire events in the AIRPACT-3 domain. Details aboutmarock et al., 2005) model was used for the year 2008 sim-
each reported fire complex that burned during the analysislations. Model of OZone And Related Tracers, version 4
period are given in Table S1 of the Supplement. Fire event{MOZART-4; Emmons et al., 2010) simulations produced at
during the analysis periods that included at least one reportethe National Center for Atmospheric Research (NCAR) were
fire over 5000 acres of burn area are shown in Fig. 1 (Supused as chemical boundary conditions around the AIRPACT-
plement Fig. S1 includes labels for fire complex names). 3 domain (Emmons et al., 2010; Herron-Thorpe et al., 2012).

The MOZART-4 simulations included the assimilation of
satellite CO column v4 retrievals from the Measurement Of

2 Methods Pollution In The Troposphere (MOPITT) instrument, a gas-
. . . correlation radiometer on-board the NASA Terra satellite
2.1 AIRPACT-3 air quality modeling system (Deeter et al., 2010). The MOZART-4 emissions are the same

as those used in Wespes et al. (2012), which include anthro-
The AIRPACT-3 modeling system (Chen et al., 2008; phogenic emissions based on the inventory developed by D.
Herron-Thorpe et al., 2010, 2012) simulates air quality in Streets for the NASA ARCTAS experimerttt{p://bio.cgrer.
the Pacific Northwest with the CMAQ v4.6 chemical trans- yiowa.edu/arctas/emission.hjnaind biomass burning emis-

port model (Byun and Schere, 2006). Area and non-roacions from FINN (Fire Inventory from NCAR, Wiedinmyer
mobile emissions are from the 2002 EPA NEI, projected togt )., 2011).

2005 using the EPA's Economic Growth Analysis System  Fjre |ocation, area, and emissions were calculated using
(EGAS) software; on-road mobile emissions are based on th%lueSky v3.1 data Http://www.airfire.org/bluesky which

EPA MOBILE v6.2; anthropogenic emissions for Canada aretjlizes United States Forest Service fire reports and hotspot
from the 2000 Greater Vancouver Regional District (GVRD) detects reported by the Hazard Mapping System (HMS) to-
inventory; and biogenic emissions are obtained from the Bio'gether in the Satellite Mapping Automated Reanalysis Tool
genic Emissions Inventory System version 3 (BEIS-3). Thefor Fire Incident Reconciliation (SMARTFIRE; Larkin et al.,
AIRPACT-3 base emissions are spatially and temporally al-2009 and Raffuse et al., 2009). SMARTFIRE reports wild-
located using the Sparse Matrix Operator Kernel Emissiongire |ocations (Larkin et al., 2009; Strand et al., 2012), but is
(SMOKE) v2.4 model while all fire emissions are processedyjtimately limited by the accuracy and completeness of the
with the SMOKE v2.7 model. The AIRPACT-3 domain in- gatellite detects and US Fire Service (USFS) reports filed.
cludes a 95« 95 grid of 12kmx 12 km cells using 21 lay-  Ajr quality forecasts use the fire locations reported over the
ers from the surface to the lower stratosphere. The Verpast 48 h and assume them to persist throughout the simu-
sion of CMAQ used includes the SAPRC-99 chemical ki- |ation. However, the fire reports used in this model reanaly-
netic mechanism, the ISOROPIA inorganic aerosol equilib-gjs are from the final SMARTFIRE archive, as distinct from
rium module, and the Secondary Organic Aerosols Modelthe information reported in near real-time, which allows us

(SORGAM). Meteorology inputs for AIRPACT-3 were de- g scrutinize the model performance independent of the near

atmos.washington.edu/mm5rilass et al., 2003) and pre-
processed for CMAQ using the Meteorology Chemistry In-
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sions ratios but the results differ in two ways: (1) whereas

Fire-Related Model Pathways FEPS plume-rise method allocates all smoldering emissions

(FB'LisETrﬁfh'ﬁgf) to the surface layer, the SMOKE plume-rise method allows
~Boundary for smoldering emissions to be allocated throughout multi-
SMERTFIRE Conditions ple layers near the surface; and (2) whereas FEPS plume-
(fiemm ) rise method does not utilize meteorology or surface elevation

FCCS
(Fuel Loading)

MOPITT

(Satellite CO)

FINN
(Fire Emissions)

when predicting flaming plume heights, the SMOKE plume-

rise method computes flaming plume heights as a function of
buoyancy using the heat content predicted by BlueSky, mod-
eled meteorology, and modeled terrain heights (Pouliot et al.,

Meteorology
(from Univ. of Wash.)

MMS5 (2007)
WRF (2008)

Consume
(Consumption)

2009).
* | 2.2 AQUA-MODIS AOD
SMOKE

\4

Emissions Processor

CMAQ
Regional CTM

Figure 2. Fire-related modeling pathways used in the AIRPACT-3
simulations.

The Aqua satellite was launched in May 2002 carrying the
Moderate Resolution Imaging Spectroradiometer (MODIS)
as part of NASA's Afternoon-Train (A-Train) of Earth ob-
serving satellites (EOS). The Aqua-MODIS retrievals pro-
vide aerosol information at nearly the same time as the other
A-Train instruments, allowing coincident multi-species anal-
yses, as presented in this analysis. Aqua MODIS reliably
retrieves aerosol optical depth (AOD) for much of the
globe on a daily basis with a nadir footprint of 10 km. Al-
gorithms described by Remer et al. (2005) are used to inter-
For this analysis, the BlueSky framework (Larkin et al., polate the 470 nm and 660 nm retrievals to provide a 550 nm
2009; Raffuse et al., 2009) was operated in default modeAOD product (MYD04_L2 v5.1; Land_and_Ocean) where
which includes the use of the Consume v3 (Ottmar et al.,only the highest quality data (Quality Flag3) is used. Typ-
2009), Fuel Characteristic Classification System v1 (FCCSjcal AOD values at a clean site are below 0.3, while values
Riccardi et al., 2007), and Fire Emission Production Simu-over 1.0 are indicative of multiple scattering caused by high
lator v1 (FEPS; Anderson et al., 2004) software programsaerosol loading (i.e., heavy haze, biomass burning, or dust
provided by the USFS. FCCS v1 provides vegetation typeevents). The maximum AOD values historically retrieved by
and corresponding fuels (Fig. 1) at 1 km resolution basedMODIS are~ 5.0, but these are rare events. MODIS AOD
on Bailey ecoregions and satellite-derived cover type, whicherror is not reported for each pixel but studies have validated
provides input to Consume. Consume was developed empirthe an error of 15 %, which is influenced by unique aerosol
ically using a variety of vegetation types and fire conditions, composition, varied land cover color, cloud fringes, and snow
providing fuel consumption and emissions by combustioncover at high elevations (Levy et al., 2007 and Drury et al.,
phase (smoldering or flaming) data to FEPS. FEPS calcu2008). MODIS AOD retrievals are useful in areas with no
lates the heat released and the individual pollutant emissiong;louds but they have been shown to be biased low, compared
based on combustion efficiency of the burn. The default beto AERONET and MISR (Kahn et al., 2010 and Eck et al.,
havior of BlueSky classifies fuels as “dry”, unless other- 2013).
wise reported by SMARTFIRE. This can result in large over-  All MODIS AOD retrievals used in this analysis were pro-
predictions during events that don’t consume most availablgected to the AIRPACT-3 grid by using the pixel with the
fuels, but generally it is reasonable to assume that fire activityclosest proximity to the center of each AIRPACT-3 grid-
occur in areas with dry fuels. A summary of the fire-related cell. This method gives a more detailed map than would
model pathways used for AIRPACT-3 is shown in Fig. 2.  otherwise be calculated using weighted spatial interpolation,
Two plume-rise methods were used in this analysis, re-and is suitable here since the MODIS spatial resolution is
sulting in two sets of AIRPACT-3 model results. The first finer than AIRPACT-3. AIRPACT-3-simulated aerosol dis-
method uses the SMOKE-ready files created by BlueSkytributions were generated for all modeled aerosol species:
which include hourly information, to explicitly set the plume nitrates; sulfates; ammonium; elemental carbon (EC); or-
rise to what FEPS predicts. The second set of model simganic particulates; and coarse mode aerosols. AOD was cal-
ulations were performed using methods that bypassed theulated from AIRPACT-3 simulated aerosol species concen-
FEPS plume-rise algorithm and instead converted standarttations and size distributions using algorithms developed by
BlueSky output to create daily input files for SMOKE. It is Binkowski and Roselle (2003). This method uses the sim-
important to note that the two plume-rise methods used areillated aerosol total volume concentration for the Aitken and
based upon the same heat flux and smoldering/flaming emisaccumulation mode aerosols and their associated Mie extinc-
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tion efficiencies to calculate AOD per modeled layer, which to PAN and nitrate (Alvarado et al., 2010 and Akagi et al.,
is then integrated vertically through the troposphere to yield2012).
the reported model AOD. An accurate approximation method
from Evans and Fournier (1990) was used to calculate th&.4 AIRS CO
Mie extinction efficiency factors. AIRPACT-3 grid-cells that
did not have corresponding high-quality MODIS retrievals The Aqua satellite includes the Atmospheric Infra-Red
were omitted from the analysis. Sounder (AIRS), which provides information about weather
and trace gases. The AIRS instruments are an infrared spec-
trometer and a visible light/near-infrared photometer. The
AIRS total column carbon monoxide level-2 v5 product used
in this analysis (AIRX2RET) provides data reported on the
The Aura satellite successfully joined the A-Train in July Advanced Microwave Sounding Unit (AMSU) ground foot-
2004, carrying multiple instruments that retrieve informa- print, which varies from 36 knx 36 km to 50 kmx 50 km.
tion about atmospheric chemistry. Although troposphericAIRS level-2 v5 data includes 7 trapezoidal layers of CO
ozone retrieved by the Ozone Monitoring Instrument (OMI) mixing ratio in the troposphere and an averaging kernel ma-
is typically not precise enough for this wildfire analysis, trix for the full 9-layer profile available in the support prod-
the tropospheric N@columns provided by the Tropospheric uct files. In this study, the AIRPACT-3 profiles were con-
Emission Monitoring Internet Service (TEMI&ttp://www. volved with the AIRS averaging kernels as discussed in
temis.nl/airpollution/no2.htmlare of significant value. The Olsen et al. (2007) and Maddy and Barnet (2008), and the
Derivation of OMI tropospheric N9(DOMINO) algorithms  total column CO values were then interpolated to the orig-
calculate air mass factors (AMF), a priori profiles, strato- inal AIRPACT-3 projection using a Delaunay triangulation
spheric NQ, and ghost columns from the daily global scheme. The AIRS averaging kernel slightly reduces the
Tracer Model v4 (TM4), which is driven with meteorological AIRPACT-3 total column CO, with some loss of informa-
fields from the European Centre of Medium-Range Forecastsion in the lower troposphere and enhanced middle tropo-
(ECMWF) (Boersma et al., 2011). The product provides tro-sphere sensitivity (Herron-Thorpe et al., 2012). AIRS typi-
pospheric N@ column retrievals with a 13km 24 km foot-  cally has only 1 degree of freedom in the troposphere, with
print at nadir with increasing footprint size as the observationits greatest sensitivity to the mid-troposphere. Thus AIRS re-
moves off-nadir. A pixel’s “ghost column” (below cloud) is trievals likely underestimate total column CO for fire plumes
estimated from the a priori profile for the pixel and OMI's contained within a shallow boundary layer. However, the
retrieval of NG above the cloud cover pressure level, with convolution of the model with the AIRS averaging kernels
vertical sensitivity defined by the averaging kernel. The sumshould address potential comparison problems. The typi-
of the OMI ghost column and tropospheric column can becal reported error in the AIRS CO product varies by layer,
compared to a model column for an estimate of model perforwith moderate error~ 45 %) throughout the middle and up-
mance. However, when the model N@rofile is convolved  per troposphere and even larger errer60 %) in the lower
with the averaging kernel, the ghost column is no longertroposphere. However, large CO values (e.g., greater than
required. Typical reported errors in the DOMINO product 2.3 10 molec. cnt?), as the case with large fire plumes,
are lowest { 25 %) where there is a large signal (e.g., over are typically associated with very low errors (10-20 %)
2° 10 molec. cnm?) but errors are typically much higher throughout the layers.
(~50 %) when the signal is considerably less.

Since OMI's NQ averaging kernel shows decreasing sen-2.5 CALIOP aerosol detection
sitivity as the vertical profile approaches the surface, the re-
sult of applying the averaging kernel to AIRPACT-3 BIO The Cloud Aerosol LIDAR and Infrared Pathfinder Satellite
allows for essentially a “free troposphere” comparison with Observation (CALIPSO) satellite successfully joined the A-
OML. In this study we used OMI pixels with low cloud frac- Train in April 2006, carrying the Cloud-Aerosol LIDAR with
tion (< 35 %) and convolved all AIRPACT-3 profiles with the Orthogonal Polarization (CALIOP) instrument as its main
OMI averaging kernel. AIRPACT-3 cells that fall within the payload. CALIOP transmits a linearly polarized laser pulse
spatial boundaries of each OMI pixel were averaged and inand then detects the light that is reflected back. Determin-
terpolated, effectively reducing the resolution of the modeling the aerosol type from this space-based LIDAR depends
results to equal that of the co-located OMI pixel, and thenon the attenuated backscatter, altitude, location, surface type,
both were interpolated to the original AIRPACT-3 projection and the volume depolarization (ratio of the perpendicular
using a Delaunay triangulation scheme. This method worksackscatter to the parallel backscatter of the laser light re-
well for most areas but can lead to inconsistencies over areasieved). Detailed information about the CALIOP data is
with complex terrain (Herron-Thorpe et al., 2010). Compar- in the CALIPSO Users Guiddnftp://www-calipso.larc.nasa.
isons of CMAQ NQ to satellite retrievals also have inher- gov/resources/calipso_users_gujd&he laser beam diame-
ent uncertainty associated with the rapid conversion of NO ter of CALIOP is~90m at the Earth’s surface, combined

2.3 OMI tropospheric NO»
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Table 2. Definitions of model performance statistics (Chen et al., 2.7 Model performance statistics and
2008). ground-site selection

Measured concentration 0;

Definitions of the model performance statistics used are

ZLenﬂlfé?‘éfcsgﬁggt;ztt'ggoints AN/Il shown in Table 2. Guidance on the treatment of negative
values in satellite products suggests that long-term studies
Predicted meanM) S 1M, (e.g., with time-averaging) should retain the negative val-
Measured mea0) ¥ 110 ues so that no artificial bias is introduced for clean con-
Mean bias (MB) iZ, 1(M 0 ditions (seehttp://modis-atmos.gsfc.nasa.gov/MODO04_L2/
Mean error (ME) NZ =11M; — Oil format.htm). However, we were interested in short-term pol-
Normalized mean bias (NMB) % 3,1 (M; — 0;)/0; lution events and chose to discard negative OMI and MODIS
Normalized mean error (NME) 1%/2 1|MM 9:1/0i values. This approach helped us avoid spurious fractional
Fractional bias (FB) ¥ Ziet oS00 statistics because it allowed little signal from the variance
Fractional error (FE) v 1% in “unpolluted” satellite retrievals and focused our statistics
Correlation coefficientr) YLy (Mi=M)(0;=0) - on “polluted” events. To assess the model performance for
[Z;:1<MI—M>2'Z{V:1(0:—0>2] wildfire impacts, the ground-site analysis presented here uses

combinations of 140 US surface monitor locations where
AIRPACT-3 predicted more than double the normal surface
PM2 5 levels sometime during the analysis as an indicator
of wildfire impacts. Surface monitor data sets that were ex-
with a horizontal resolution along scan that varies from cluded from the analysis had one or more of the following
333m (surface) to 1 km (8.5 km to 20 km altitude). The v3.01 Problems: no quality-controlled hourly data set was avail-
CALIOP level-2 Vertical Feature Mask (Liu et al., 2005; able; the site was primarily indicative of urban emissions; the
Mielonen et al., 2009; and Winker et al., 2009) product site was in Canada (AlRPACT—3 has no wildfire emissions in
available from the NASA Langley Research Center Atmo-the Canadian part of the domain); or the site exhibited no
spheric Science Data Center was used to evaluate AIRPACTdistinguishable increase in surface Ptluring fire events.

3 plume top height performance. We evaluated plume topThe 2007 analysis period had 67 qualified P¥\éites and 10
he|ghts above mean sea level (AMSL) and above groundqualiﬁEd ozone SiteS; while the 2008 anaIySiS periOd had 82
level (AGL), so that discrepancies in terrain height could bequalified PNy s sites and 18 qualified ozone sites. The pri-
evaluated. For this analysis, we consider AGL plume heightgnary analysis of AOD, tropospheric column hlGnd total

to be relative to the ground level reported by the respectivecolumn CO includes all 140 site locations. For the purpose of
data set. generating model performance statistics, we assessed model

performance at these discrete site locations rather than across
the entire domain. This was done so that surface monitor ob-
2.6 Daily remote sensing activity servations and satellite retrievals could be compared more
consistently, and so that the randomness of the location of
usable retrievals did not skew our results spatially or with
In addition to the methods described above, we also asurban signatures. A more selective rural-sites-only subset in-
sessed overall fire conditions using MODIS true-color im- cludes 43 locations with no possible influence of transported
agery of smoke plumes with markers for hot-spot locations,urban pollution in the remote sensing records. This rural-
available from the Land Atmosphere Near Real-time Capasites-only subset is used for the “matched-threshold” anal-
bility for EOS (LANCE; USA subset 1http://lance-modis.  ysis to help determine model performance for fire-polluted
eosdis.nasa.gov/imagery/subsets/index.php?projett=fas cases, by only including instances where AIRPACT-3 and
daily remote sensing log of the LANCE-MODIS imagery the monitor/retrieval in question both surpassed a threshold
and corresponding remote sensing comparisons, derivedalue: 10 ug m? for the average 24 h surface Bl 0.3 for
from the AIRPACT-3 FEPS plume-rise scenario, was alsoAOD; 1.0° 10*> molec. cnv? for tropospheric column N&
compiled (Tables S2-S5). Each fire region that was signif-and 1.9 108 molec. cnm? for total column CO.
icantly over the signal-to-noise threshold was counted and All surface monitor comparisons in this analysis (Fig. S2)
tallied in the daily remote-sensing log for AOD and tropo- were made using hourly data from the EPA Air Qual-
spheric NQ comparisons. AIRS resolution did not allow us ity System [ttp://www.epa.gov/ttn/airs/airsaqs/detaildata/
to identify “distinguishable events” and were not tallied. The downloadagsdata.hdmexcept for data from Mt. Bache-
horizontal footprint and sensitivity of each remote sensinglor Observatory (MBO) in the Oregon Cascade mountains,
instrument varies, thus distinguishable events counted in thavhich is not an AQS reporting site. The Mt. Bachelor Obser-
log ranged from strong isolated fires to large areas with nuvatory has been used to collect air quality data since 2004,
merous mixed plumes. including near-continuous observations of CQ;, @erosol
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scattering and meteorological parameters, and various other The daily AOD Log for 2007 (2008) discussed in Table S2
chemical species during intensive campaigns. MBO is l0-(S4) notes that there were 44 (64) days in the period ana-
cated at coordinates 4398, 121.69 W at an elevation lyzed that confidently showed MODIS AOD due to fires: of
of 2.7km. The site has been used to investigate long-rangéhe 176 (108) total discernible events, 8% (6 %) were ob-
transport of Asian pollution and biomass burning, regional served but not predicted; 37 % (32 %) were under-predicted,;
wildfires, and other events including stratospheric intrusions30 % (31 %) were predicted well; 20 % (18 %) were over-
(Weiss-Penzias et al., 2006; Ambrose et al., 2011; Wigdepredicted; and 5% (13 %) were predicted but not observed.
et al., 2013). AIRPACT-3 PM5 and carbon monoxide con- We found that the magnitude of predicted AOD that extended
centrations were extracted from the layer corresponding tdo large distances from sources inside the domain was under-
a height of 2.7 km AMSL in the model for comparisons to predicted for 13 % (31 %) of discernible events. Additionally,
Mt. Bachelor Observatory to account for the discrepancy inwe found that the magnitude of predicted AOD from sources
model surface height. outside the domain was under-predicted during 8 (27) of the
44 (64) days. There were also 2 (3) days where MODIS AOD
clearly showed aerosol loading retained from the previous
3 Results day that were not predicted. The Daily M@Qog for 2007
(2008) in Table S3 (S5) also notes that there were 31 (44)
Remote sensing of atmospheric gases and aerosols is limitethys in the period analyzed that confidently showed tropo-
by cloud conditions and the source signal strength at the relespheric NQ due to fires: of the 122 (76) total discernible
vant infrared/visible/UV wavelengths. Maps of AOD, tropo- events, 0% (4 %) were observed but not predicted; 23 %
spheric NQ column, and total carbon monoxide column for (13 %) were under-predicted; 21 % (30 %) were predicted
analysis days in 2007 (2008) with favorable remote-sensingvell; 48 % (37 %) were over-predicted; and 8 % (16 %) were
conditions are shown in Figs. 3, 4 (5, 6) for the SMOKE predicted but not observed. There was also one day (1 July
plume-rise scenario (see Figs. S3-S8 for the FEPS plume2008) where OMI clearly showed tropospheric Nidading
rise scenario). retained from the previous day that was not predicted.

On 22 July 2007, AIRPACT-3 under-predicted AOD re-  Overall, AIRPACT was biased low for all analyzed pol-
lated to fires in Montana, southern ldaho, and Nevadautants for both the 2007 and 2008 timelines. In compar-
(Figs. 3, S3). AIRPACT-3 also under-predicted troposphericison, for non-fire periods across the whole domain, AIR-
column NG in Nevada and Montana on 22 July 2007 but PACT tends to over-estimate long-term averageBMvels
the largest modeled fires were not observed via remote sendy ~ 3 % (Chen et al., 2008). The 2007 (2008) fractional bi-
ing, in central Idaho near the Montana border, likely dueases of the SMOKE plume-rise scenario for all 140 sites were
to mismatch in timings of fire emissions and satellite de- —61 % (—53 %) for AOD, —39 % (—28 %) for tropospheric
tections. Data from 12 August (Figs. 4, S4) and 18 Au- column NG, and—10% (—5 %) for total column CO. The
gust (Fig. S5a, S5b) show typical AIRPACT-3 comparisons FEPS plume-rise scenario changed results by a few percent
during the largest fire periods in 2007. AIRPACT-3 under- with fractional biases of-66 % (—58 %), —38 % (—26 %),
estimated the fire-generated pollutants from N. California onand —13 % (—7 %), respectively (Table 3). In comparison,
29 June 2008 (Figs. 5, S6) and missed pollutants transportetthe fractional biases for the matched-threshold analysis of
from outside of the domain. AIRPACT-3 did better predict- the SMOKE plume-rise scenario for all 43 rural sites (where
ing fires in N. California on 11 July 2008 (Fig. S7a, S7b) but both the model and satellite retrieval were greater than 0.3
continued to miss fire-generated pollutants from outside ofAOD, 1.0 13° VCD NO,, or 1.9 168 VCD CO) were
the domain. This is especially evident in Nevada when fire-—101 % (105 %),—98 % (—93 %), and—10 % (—9 %), re-
generated AOD originating from south of the AIRPACT-3 spectively. The fractional biases for the matched-threshold
domain is observed but not predicted, suggesting that boundanalysis of the FEPS plume-rise scenario wergl7 %
ary conditions derived from the MOZART-4 simulations (—125%), —97 % (—90%), and—18% (—12 %), respec-
under-predict the influence of fires from outside the domain.tively (Table 4). The biases in total column CO are within
AIRPACT-3 did well predicting an interesting transport case the reported retrieval error, and thus are not significant. The
on 20 July 2008 but over-predicted the near-source pollutantsow tropospheric N@ biases were greater in magnitude than
in N. California/S. Oregon while under-predicting the trans- the reported retrieval errors, and mostly driven by the lack
ported aerosol from within the domain and over-predicting of NO> coming in from south of the domain. The low AOD
the transported CO from within the domain (Figs. 6, S8). In biases were much greater in magnitude than the expected re-
general, fire locations and air quality impacts were predictedrieval error, indicating persistent problems with AIRPACT-3
well near fire sources, but AOD predictions were often tooaerosol predictions.
low in regions beyond 100 km downwind of large fires. Fur-
thermore, AIRPACT-3 did not predict the observed fire im-
pacts in Nevada that were transported from south of the do-
main.
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Figure 3. AOD (left column), tropospheric N&©columns (middle column), and total carbon monoxide columns (right column) for 22 July
2007 (~2p.m.LST) with NASA EOS retrieval (top row), AIRPACT-3 with SMOKE plume rise (middle row), and differences (bottom
row). Gray color indicates no or low-quality data from the satellite retrieval and exclusion from analysis. Values greater than the color scale
maximum are shown as pink in the AIRPACT-3 and NASA EOS maps. Values outside the range of the difference color scales are shown as
saturated blue/red.

CALIOP retrievals were compared to AIRPACT aerosols of those grid cells had AIRPACT-3 aerosol pollution in the
across the model domain when CALIPSO passed over th6&MOKE and FEPS plume-rise scenarios.
Idaho and California wildfire smoke plumes during the There was moderate linear correlatior? & 0.41 for
analysis periods of 2007 and 2008, respectively. ThereFEPS plume riser? = 0.50 for SMOKE plume rise) be-
were many instances where both AIRPACT-3 and CALIOP tween AIRPACT-3 and CALIPSO plume top heights AMSL,
showed the presence of fire-related aerosol pollution at simwhen both showed the presence of an aerosol subtype
ilar heights. In 2007 (2008), CALIOP retrievals showed (Fig. 7). On average, in 2007 (2008) the AIRPACT-
aerosol pollution over 328 (383) unique AIRPACT grid 3 FEPS plume-rise scenario under-predicted plume top
cells across Nevada, Idaho, and Canada (California, Oregorheights AMSL by 3.1 2.3km (2.5+1.5km), while the
Washington, and Canada), while 218 (281) and 219 (275SMOKE plume-rise scenario under-predicted plume top

heights AMSL by 3.H-2.0km (2.2+1.6 km). There were
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Figure 4. AOD (left column), tropospheric N&©columns (middle column), and total carbon monoxide columns (right column) for 12 August
2007 ¢ 2 p.m. LST) with NASA EOS retrieval (top row), AIRPACT-3 with SMOKE plume rise (middle row), and differences (bottom row).
Gray color indicates no or low-quality data from the satellite retrieval and exclusion from analysis. Values greater than the color scale
maximum are shown as pink in the AIRPACT-3 and NASA EOS maps. Values outside the range of the difference color scales are shown as
saturated blue/red.

many instances in which above ground level (AGL) com- FEPS plume-rise scenario under-predicted plume top heights
parisons were reasonable but dissimilar terrain heights reAGL by 1.4+2.3km (1.0+1.2km) while the SMOKE
sulted in large under-predictions in plume top heights AMSL. plume-rise scenario under-predicted plume top heights AGL
The horizontal resolution of AIRPACT smoothes the sur- by 1.541.9km (0.9+1.3 km). This is consistent with a
face elevation in complex terrain so that it is consistently national study using a similar modeling structure, where
lower relative to CALIOP retrievals, and is a large source CMAQ plume heights were under-predicted $y20 %, rel-

of uncertainty when evaluating AIRPACT plume tops. We ative to CALIOP retrievals (Raffuse et al., 2012).

found smaller linear correlationr{ = 0.18 for FEPS plume From 3 July to 22 August 2007 (22 June to 27 August
rise; r2 = 0.24 for SMOKE plume rise) between AIRPACT- 2008) the daily 24 h average PM was averaged across 67

3 and CALIPSO plume tops heights AGL (Table 5 and (82) sites and the maximum daily 8 h average ozone was
Fig. 7). On average, though, in 2007 (2008) the AIRPACT-3 averaged across 10 (18) sites for modeled and measured
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Figure 5. AOD (left column), tropospheric N©columns (middle column), and total carbon monoxide columns (right column) for 29 June
2008 (~2p.m.LST) with NASA EOS retrieval (top row), AIRPACT-3 with SMOKE plume rise (middle row), and differences (bottom
row). Gray color indicates no or low-quality data from the satellite retrieval and exclusion from analysis. Values greater than the color scale
maximum are shown as pink in the AIRPACT-3 and NASA EOS maps. Values outside the range of the difference color scales are shown as
saturated blue/red.

concentrations. The “all sites” comparison (Fig. 8) showsover-prediction of surface P) concentrations from 14-16
that maximum daily 8 h surface ozone was generally underAugust 2007 and 12—-13 July 2008.

predicted by 2—8 ppb in 2007, which might be expected with

simulations of ozone in the presence of aerosols (Alvarad®.1 PM.5 NAAQS comparisons

and Prinn, 2009). The maximum daily 8 h ozone was nearly )

matched in 2008. In general, AIRPACT-3 predicted changed |RPACT-3 daily 24h PMs was assessed from a pol-
in ozone that were similar to what was observed across thé?Y standpomg for both the daily (35 ug‘r.ﬁ) and an-
region. The timeline also shows that AIRPACT-3 generally U@l (12 ugnm®) National Ambient Air Quality Standards
under-predicted daily surface PMaverages by 2-5 pgTa (NAAQS) threshold values. For each site, we calculated the

and followed the measured curve closely except for gros§umber of days when both thg model results and the observa-
tions showed PMls concentrations greater than the NAAQS.

We tallied the number of these days during the analysis pe-
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Figure 6. AOD (left column), tropospheric N&©columns (middle column), and total carbon monoxide columns (right column) for 20 July
2008 (~2p.m.LST) with NASA EOS retrieval (top row), AIRPACT-3 with SMOKE plume rise (middle row), and differences (bottom
row). Gray color indicates no or low-quality data from the satellite retrieval and exclusion from analysis. Values greater than the color scale
maximum are shown as pink in the AIRPACT-3 and NASA EOS maps. Values outside the range of the difference color scales are shown as
saturated blue/red. Mt. Bachelor is shown as a black triangle near central Oregon.

riod, for 67 sites in 2007 and 82 sites in 2008. For the FEPSold, with no such observation, by 27 % (or 1.3 % of the total
plume-rise scenario we found: 97.7 % of the data pairs weradata pairs).
in agreement, with values less than the daily threshold; 0.2 % In terms of the annual threshold, the FEPS plume-rise sce-
of the data pairs were in agreement, with values higher thamario showed that: 90.7 % of the data pairs were in agree-
the daily threshold; 0.3% of the data pairs included obser-ment, with values less than the annual threshold; 1.8 % of the
vations higher than the daily threshold, with no such modeldata pairs were in agreement, with values higher than the an-
prediction; and 1.8 % of the data pairs included model pre-nual threshold; 4 % of the data pairs included observations
dictions higher than the daily threshold, with no such obser-higher than the annual threshold, with no such model predic-
vation. The SMOKE plume-rise scenario reduced the numbetion; and 3.5 % of the data pairs included model predictions
of model predictions that were higher than the daily thresh-higher than the annual threshold, with no such observations.
The SMOKE plume-rise scenario increased the number of
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Table 3.Summary of FEPS plume-rise scenario comparisons (SMOKE plume-rise scenario shown in parentheses when different) from 3 July
to 23 August 2007 (top) and 22 June to 27 August 2008 (bottom).

Species A24h MDAS8 h
PMo g Ozone Tot. Col. CO Trop. Col. NO
(g n3) (ppbV) AOD  (108molec.cnm?) (10 molec. cnT?)

Observations source EPA AQS EPA AQS MODIS AIRS oMl
3 July-22 August 2007
Paired points 3267 450 3603 4275 5821
Correlation ¢) 0.5 (0.6) 0.7 0.4 (0.3) 0.6 (0.5) 0.4
Measured mean 7.1 45.8 0.2 1.8 14
Mean bias 0.440.72) —4.6(-3.5) -0.1 -0.2 -0.5
Mean error 5.6 (4.1) 8.9(9.0) 0.1 0.2 0.9
Normalized mean bias (%) -2 (-9) —7(-4) -23(-15) —-12 (-9) 110 (104)
Normalized mean error (%) 63 (54) 20 (21) 77 (85) 13 (12) 189 (182)
Fractional bias (%) —34 (—33) —10(-8) —66(—61) —13 (-10) —38 (—39)
Fractional error (%) 60 (57) 22 (21) 91 (90) 14 (13) 75 (76)
22 June—27 August 2008
Paired points 5329 1135 5125 4577 7760
Correlation ¢) 0.0(0.4) 0.8 0.3 0.7 (0.6) 0.5
Measured mean 6.8 42.3 0.2 1.9 1.3
Mean bias 0.3€0.7) —0.7(0.2) -0.1 -0.1 -0.3
Mean error 5.4 (4.1) 7.7 (8.0) 0.1 0.2 0.8
Normalized mean bias (%) 34 (5) 3(5) -9(18) -7 (—4) 110 (106)
Normalized mean error (%) 98 (66) 21 85 (108) 9 176 (173)
Fractional bias (%) —-31(-27) —-1(1) -58(-53) —7(-5) —26 (—28)
Fractional error (%) 62 (60) 20 88 (84) 9 (10) 70

< 2007 (FEPS;r=0.20) < 2007 (FEPS;r=-0.02)

= 2007 {(SMOKE; r = 0.38) = 2007 {(SMOKE; r = 0.15)

< 2008 (FEPS;r=077) < 2008 (FEPS;r=0.62)

2008 (SMOKE; r=0.77)

2008 (SMOKE; r = 0.54)
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Figure 7. AIRPACT-3 vs. CALIOP plume top heights for 2007 (red) and 2008 (blue) when CALIPSO passed over the Idaho and California
wildfires, respectively{ 2 p.m. LST). Plume top heights above sea level (left) and above ground level (right) are shown for both the FEPS
plume rise (open circle) and SMOKE plume-rise (solid dot) scenarios. Note that plume top heights are only shown for locations where both

CALIOP and AIRPACT-3 showed an aerosol plume.
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Table 4. Summary of FEPS plume-rise scenario matched threshold comparison (SMOKE plume-rise scenario shown in parentheses when
different) from 3 July to 23 August 2007 (top) and 22 June to 27 August 2008 (bottom). “Matched Threshold” refers to both model and
observation values being removed from the analysis if either is below the threshold in combination with satellite statistics using rural sites

only.

Species A24h
PM> 5 Tot. Col. CO Trop. Col. NO

pg m—3 AOD  (10'8molec.cnm?) (105 molec. cnr?)
3 July—22 August 2007
Source EPA AQS MODIS AIRS OMI
Threshold 10 0.3 1.9 1.0
Paired points 555 150 356 599
Correlation ¢) 0.4 (0.5) 0.0 0.3(0.4) 0.2
Measured mean 16.8 0.5 21 1.7
Mean bias 5.940.1) -0.3 —-0.3(-0.2) -11
Mean error 19.1 (12.1) 0.4 0.4 1.2
Normalized mean bias (%) 24 (-3) —66(—47) —15(-8) —59 (—60)
Normalized mean error (%) 104 (70) 77 (84) 17 (19) 68
Fractional bias (%) —38(-36) —117(-101) —18 (—10) —97 (—98)
Fractional error (%) 80-£10) 123 (115) 19 101 (102)
22 June—27 August 2008
Source EPA AQS MODIS AIRS OMI
Threshold 10 0.3 1.9 1.0
Paired points 872 260 521 755
Correlation ¢) 0.4 0.1(0.23 0.3(0.2) 0.3
Measured mean 15.9 0.5 2.1 1.6
Mean bias —6.5(-5.6) —-0.4(-0.3) —-0.3(-0.2) -0.9
Mean error 9.0 (8.4) 0.4 0.3 11
Normalized mean bias (%) —35 (—33) —73(60) —11(-8) —54 (-57)
Normalized mean error %) 56 (53) 77 (75) 12 66
Fractional bias (%) —66 (-57) —125(-105) —-12 (-9) —90 (—93)
Fractional error (%) 77 (71) 128 (113) 14 (13) 95 (97)

Table 5. Plume top height model comparisons with CALIOP for the FEPS plume-rise scenario (SMOKE plume-rise scenario shown in

parentheses when different). Please note that some plumes contribute multiple paired points.

Year 2007 2008

Vertical reference AGL AMSL AGL AMSL
Paired points 219 (218) 219 (218) 275 (281) 275 (281)
Correlation ¢) 0(0.2) 0.2(0.4) 0.6 (0.5) 0.8
Measured mean (km) 5.2(5.1) 8.2 (8.0) 35 5.6
Mean bias (km) —1.4(-1.5) -31 -1.0(-0.9) -23(-2.2)
Mean error (km) 2.1(1.9) 3.3(3.2) 1.3(1.2) 2.3(2.2)
Normalized mean bias (%) —-3(—-10) —-34(-35) -16(-10) —39(-35)
Normalized mean error (%) 52 (45) 38 43 (42) 40 (36)
Fractional bias (%) —28 —46  —32(—26) —52(-46)
Fractional error (%) 46 (45) 49 (48) 45 (42) 53 (48)

data pairs that were in agreement, with values higher thar8.2 Mt. Bachelor observatory comparison
the annual threshold, by 17 % (2.1 % of the total data pairs).

Further details of the Pl NAAQS comparison are in Ta-
ble 6 and Figs. S9-S10.

Hourly observed and predicted AIRPACT-3 values for PM,
carbon monoxide, and ozone at Mt. Bachelor Observatory
during the 2008 California wildfires (Fig. 9) show how
AIRPACT-3 generally does with medium-range transport
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Table 6.PM 5 National Ambient Air Quality Standards summary for both 2007 and 2008 fire periods analyzed per site per day for the FEPS

F. L. Herron-Thorpe et al.: Air quality simulations of wildfires in the Pacific Northwest

plume-rise scenario (change due to SMOKE plume-rise scenario shown in parentheses).

Year Monitors Days Matched Predictions Observations No
exceedances unmatched unmatched exceedances
24 h NAAQS threshold (35 pug#
2007 67 51 12 77421) 10 3168 21)
2008 82 67 5€1) 74 (—20) 19 ¢-1) 5231 (-20)
Totals: 17 ¢1) 151 41) 29 (+1) 8399 (+41)
Percent: 02% 1.8%0.5%) 0.3% 97.7%+0.5%)

Annual NAAQS threshold (12 pg #

2007 67 51 157412)
2008 82 67 146-(40)
Totals 303 4-52)

Percent: 1.8%+0.3%)

206 (-25) 242 (-12) 5929 (+25)

393 (+34) 454 (-40) 9665 (-34)

599 (+9) 696 (-50) 15594 (-9)
35% 4.0%+0.3%) 90.7%

~~~~~~~~ Monitor Observations
—— AIRPACT-3 Predictions (FEPS Plume Rise)
~~~~~~~ AIRPACT-3 Predictions (SMOKE Plume Rise)

PM2.5 (Daily 24-hr Avg.)
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Figure 8. 3 July to 22 August 2007 (top) daily 24 h average FM

averaged across 67 sitég and max daily 8 h average ozone aver-
aged across 10 sitéb); 22 June to 27 August 2008 (bottom) daily

24 h average PWl5 averaged across 82 sité and max daily 8 h
average ozone averaged across 18 gitegom. Model simulations

of wildfire emissions. There is evidence of model under-
prediction, especially in the FEPS plume-rise scenario, but
the SMOKE plume-rise scenario resulted in over-prediction
of CO for most fire events. There was generally good agree-
ment of the timing of pollution events but occasionally the
timing was off by a day, as occurred on 8-9 August (Fig. 9).
Note that PM for AIRPACT-3 in the Mt. Bachelor analy-
sis is reported as Pp but the observations are of sub-
micron aerosols converted from scattering observations us-
ing the method described in Wigder et al. (2013), which can
have large uncertainty when there is significant variance in
the aerosol size distribution (Akagi et al., 2012).

On 20 July 2008, there was a large transport event that
carried pollutants northwest from the fires in California until
reaching the coast of Oregon where the plume was diverted
inland to the northeast, sweeping across Oregon (Figs. 6,
S8, S11). MBO measurements of sub-micron PM were be-
tween 80 and 120 ugni from midnight to noon, and be-
tween 20 and 45 pgn? for the proceeding 24 h. AIRPACT-

3 predictions of carbon monoxide and P¥were well timed
with monitor observations, but the AIRPACT-3 FEPS plume-
rise scenario consistently under-predicted CO and PM con-
centrations during the event while the SMOKE plume-rise
scenario did better on average but still under-predicted PM.
The event did not have emissions from outside the domain
that significantly contributed to the plume, but some model
aerosols were clearly lost to the domain boundary. However,
the aerosol transported out of the boundary was not enough
to explain well-predicted carbon monoxide combined with
30—50% under-predictions in PM. There was a smaller
event with similar comparisons between observations and

are shown in red with squares (FEPS plume rise) and orange dotte@redictions on 25 July 2008 as well. Throughout the 2008
(SMOKE plume rise) while observations are shown in dotted blue MBO analysis dates, AIRPACT-3 generally under-predicted

with diamonds.
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aerosols when CO was predicted well and over-predicted CO
when aerosols were predicted well. This is consistent with
other observations that show AIRPACT-3 Py CO ratios
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Figure 9. Particulate matter (top), carbon monoxide (middle), and ozone (bottom) at Mt. Bachelor Observatory for 12 July to 21 August
2008. AIRPACT-3 model simulations are shown in red (FEPS plume rise) and orange (SMOKE plume rise), MOZART-4 model simulations
are shown in black, and observations are shown in dotted blue. Note that aerosols for AIRPACT-3 are reported asdbbserved
aerosols are sub-micron aerosols converted from scattering observations using the method described in Wigder et al. (2013).

to be low at locations greater than1l00 km from the fire lo- 4 Discussion
cation. Observations on 20, 25 July, and 9 August resulted

) : 3 3 1 p . . . .
in PM1/CO ratios of~0.3ugnr~ppbv™=, higher than the  \\|rpACT-3 correctly predicted which regions were im-

ratios observe.d for fi.res in closer pro>.<imity to MBO, which pacted by fires in Idaho, Montana, Nevada, California, and
has been previously interpreted to indicate secondary orgam@)regon during the summers of 2007 and 2008. This is

aerosol (SOA) formation during plume transport (Wigder et rofiacted in the comparisons to AIRS carbon monoxide,
al., 2013). . . . OMI tropospheric N@, and MODIS AOD, which all exhib-
The remote sensing comparison of the unique event ofyeq 4404 spatiotemporal correlation to AIRPACT-3. General

20 July 2008 confirmed a consistent negative bias in Prethodel performance was quite similar between the 2 years,

dicted transported aerosols, even where CO in the SMOKE, hich suggests that the differences from using MMS5 in 2007
plume-rise scenario agregd well with ,AlRS' MODIS ob- and WRF in 2008 did not have a significant effect on the
served AOD values as high as 1.2'd|rectly northwes't Ofchemical transport modeling during the fire events.
MBO, with lower val_ues near 0.4 directly over the site. The SMOKE plume-rise scenario exhibited the best com-
AIRPACT-3 only predicted AOD of 0.1 to 0.4 through the re- arisons, with average fractional biases-a p.m. for AOD,
gion of the large plume over those same regions around MB ropospheric column N@and total column CO found to be
(Fig. 6). AIRS also retri(_aved good quality carbon monoxide —61%, —39%, and—10% during the 2007 fire period, re-
columns Wegt of MBO, in the more concentrated part O,f thespectively; while during the 2008 fire period the average frac-
plume, showing a model under-biasefl0 %. Tropospheric 11 piases were-53 %, —28%, and—5% respectively.
NO, columr_15 over the_transported portion of the plume Wereg  rface concentrations of PM were also reasonable, es-
below the signal to noise threshold of OMI. pecially in the SMOKE plume-rise scenarios, which lifted
some of the surface emissions aloft and constrained large
plume top heights. The fractional bias of daily average 24 h
PMz 5 was found to be approximately30 % during both fire
periods. Fractional biases of AIRPACT-3 plume tops were
found to be—46 % above mean sea level, but orh28 %
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above ground level, partly due to the under-estimation ofpled with discrepancies in modeled surface elevation, signif-
AIRPACT-3 elevation in complex terrain. Underestimation icantly affects the ability of AIRPACT-3 to accurately pre-
of plume heights, which affects transport, may be partly re-dict downwind surface concentrations of transported pollu-
sponsible for under-prediction in transported aerosols. Howtants in complex terrain. Our analysis shows that AIRPACT-3
ever, the under-prediction of SOA in model simulations is CO performs quite well when compared to surface concen-
likely the largest source of model error, especially when wetrations (Fig. 9) and AIRS total column retrievals (Figs. 5,
consider that other factors, such as CO, were not under6, S5a, S5b). This is in contrast to the frequent underesti-
predicted by such large magnitudes. mates of transported aerosols that were evident in AIRPACT-
Fire emissions generated from south of the domain were3 predictions of surface PM (Fig. 9) and AOD (Figs. 4, 5,
not well represented in AIRPACT-3 chemical boundary con- 6, S5a). Satellite comparisons clearly show that when mod-
ditions derived from MOZART-4; a few events in 2008 ap- eled CO across the domain is largely in close agreement with
peared to be significantly affected by those under-predictionobservations, aerosol performance systematically degrades
in boundary condition concentrations. This is consistent withwith distance from the fire source. Akagi et al. (2011) and
the analysis of Pfister et al. (2011) that showed FINN emis-Yokelson et al. (2013) suggest that the emission factors for
sion factors were too low in the 2008 California fire sim- volatile organic compounds (VOCs) used in CONSUME-3
ulations due to a misclassification of fuel type. MOZART-4 (Hardy, 1996 and Ward et al., 1989) should be much higher.
showed general agreement with the background values of COhis underestimation in VOC emissions further exacerbates
and @ (Fig. 9), but missed the high values expected from known under-predictions of SOA in CMAQ, which can be a
fires due to the coarse model resolution and the underestimasignificant fraction of the total P for plumes transported
tion of fire emissions and plume height. Thus AIRPACT-3 large distances (Wigder et al., 2013; Strand et al., 2012; Hu et
model performance would benefit from revised methods toal., 2008; Heilman et al., 2013) and is highly variable (Jolleys
better represent fire influence on AIRPACT-3 boundary con-et al., 2012; Yokelson et al., 2009; Vakkari et al., 2014).
ditions.
Comparisons of AIRPACT-3 plumes with CALIOP show
that the dynamics of plume dispersion in the model are
greatly affected by errors in surface terrain and vertical5 Conclusions and future work
plume distribution, and their interaction with the wind pro-
files. There is also evidence that the underestimation of terin general, AIRPACT-3 over-predicts pollutant concentra-
rain height in AIRPACT-3 and the overestimation of plume- tions due to near-source surface emissions from fires and
top heights AGL could be compensating for errors in someunder-predicts concentrations associated with long-range
of the FEPS plume-rise scenarios. transport, both from within the domain and outside the
AIRPACT-3 tropospheric N©@ was generally under- domain. Most fire locations are captured by the BlueSky
predicted, but there were occasionally what appeared to b&EMARTFIRE tool, but there are occasionally fires predicted
large overestimates of tropospheric NiD regions near ac- that are poorly timed or are missed. Our analysis suggests
tive fires (Figs. S5a, S5h, S7a, S7b). It is important to notethat total fire emissions in the domain are, overall, modestly
that these large tropospheric M@redictions shown are a under-predicted. Although we have shown that AIRPACT-
direct result of our application of the OMI averaging kernel, 3 chemical boundary conditions largely underestimate fire-
which weights the upper troposphere with a factor greateremissions from outside the domain, this problem does not
than one. In most cases, the plumes are low enough to thexplain most under-predictions that occur at ground sites.
ground that the averaging kernel causes a net reduction iiThe under-predictions are instead likely due to a combination
AIRPACT-3 tropospheric N@ columns. However, in cases of some or all of the following: (1) underestimates of area
where FEPS considerably over-predicted plume top heightburned in the SMARTFIRE feed; (2) underestimates of fuel
the modeled tropospheric N@olumn convolved with the mass, especially in shrub-lands and other vegetation types
averaging kernel caused a spike much higher than that ofhat have sparse woody fuels but are classified with zero dead
the original AIRPACT-3 results. The effect still occurs in woody fuels in the FCCS; (3) underestimates of VOC emis-
the SMOKE plume-rise scenario, though there are fewer exsions in the Consume model; (4) under-predictions of SOA
treme instances. Furthermore, the OMI tropospherig Hl©®  production in CMAQ, thus causing under-predictions of PM
gorithms have large errors over wildfires due to a combina-in plumes that travel large distances; and (5) terrain height
tion of the a priori profiles used that assume N® con-  in the AIRPACT-3 model is too smooth in mountainous ar-
centrated near the surface, the high aerosol loadings emitte@as, causing problems with the elevation of emissions and dy-
and issues with comparisons over complex terrain (Boersmaamics of transport. Under-predictions in fire size also scale
etal., 2011). directly with under-predictions in plume top heights, since
Collectively, the results of this analysis show that heat content of a fire is directly proportional to the total fuel
AIRPACT-3 can over-predict surface fire emissions and oc-in Consume, which adds uncertainty to predictions of trans-
casionally under-predict fire emissions aloft which, cou- port.
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The high-resolution MODIS AOD retrievals provided con-
siderable insight into AIRPACT aerosol performance. We
also feel that alternative retrieval algorithms better suited for
fire plume conditions might address some of the errors as-
sociated with AIRS and OMI trace gas comparisons. Fur-
thermore, we recognize that coupling fire dynamics with me-
teorological simulations, such as in the WRF-Fire frame-
work (Coen et al., 2013; Kochanski et al., 2013; Mandel vations, Atmos. Chem. Phys.. 10, 97399760, tbB194/acp-
et al., 2011) may be the best method for forecasts once 10.9739-20102010.

WREF-Fire simulations can be generated fast enough. Wevarado, M. J., Logan, J. A., Mao, J., Apel, E., Riemer, D., Blake,
have recently updated the system to AIRPACT-4, which in- D., Cohen, R. C., Min, K.-E., Perring, A. E., Browne, E. C.,
cludes 4 kmx 4km horizontal grid cells and the SMOKE Wooldridge, P. J., Diskin, G. S., Sachse, G. W., Fuelberg, H.,
plume-rise method, in addition to the updated BlueSky soft- Sessions, W. R., Harrigan, D. L., Huey, G., Liao, J., Case-Hanks,
ware, which includes higher resolution fuel loading in FCCS ~ A., Jimenez, J. L., Cubison, M. J., Vay, S. A., Weinheimer, A.
and an updated SMARTFIRE (v2). Canadian fires within J- Knapp, D. J., Montzka, D. D., Flocke, F. M., Pollack, .
the model domain will be included, starting in 2015, but B~ Wennberg, P. O., Kurten, A., Crounse, J., Clair, J. M. St,
AIRPACT-4 would still benefit by having chemical boundary ~ Visthaler, A., Mikoviny, T., Yantosca, R. M., Carouge, C. C.,
conditions that accurately represent smoke originating from :ilrnedsbeuﬁ:gih%}wg?szggﬁi?ﬁ2”215{0‘0': 'gzﬂﬁgq_?nfirgg t;g;gzl
outside the AIRPACT domain. Planned updates to the AIR- g P ; 9

) e h analysis of aircraft and satellite observations, Atmos. Chem.
PACT vertical layer spacing in the middle troposphere should  pys 10, 9739-9760, dab.5194/acp-10-9739-2012010.

also help model performance during fire emissions transporhmbrose, J. L., Reidmiller, D. R., and Jaffe, D. A.: Causes of high

events. O3 in the lower free troposphere over the Pacific Northwest as
observed at the Mt. Bachelor Observatory, Atmos. Environ., 45,
5302-5315, doi0.1016/j.atmosenv.2011.06.0%H11.

Anderson, G. K., Sandberg, D. V., and Norheim, R. A.: Fire Emis-
sion Production Simulator (FEPS) User's Guide, Joint Fire Sci-
ence Program and the National Fire Plan, January, USDA Forest
Service available athttp://www.fs.fed.us/pnwi/fera/feps/FEPS_
users_guide.pd004.
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