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Abstract. The Weather Research and Forecasting Model When FLAMBE provides input to the 1-D plume rise
(WRF) is considered a “next generation” mesoscale metemodel, the resulting injection heights exhibit the best
orology model. The inclusion of a chemistry module (WRF- agreement with satellite-observed injection heights. The
Chem) allows transport simulations of chemical and aerosoFLAMBE-derived heights are more realistic than those uti-
species such as those observed during NASAs Arctic Relizing prepchemsources. Conversely, when the planetary
search of the Composition of the Troposphere from Aircraftboundary layer or the 3-5kma.g.l. layer were filled with
and Satellites (ARCTAS) in 2008. The ARCTAS summer emissions, the resulting injection heights exhibit less agree-
deployment phase during June and July coincided with largement with observed plume heights. Results indicate that dif-
boreal wildfires in Saskatchewan and Eastern Russia. ferences in injection heights produce different transport path-
One of the most important aspects of simulating wildfire ways. These differences are especially pronounced in area of
plume transport is the height at which emissions are injectedstrong vertical wind shear and when the integration period is
WRF-Chem contains an integrated one-dimensional plumdong.
rise model to determine the appropriate injection layer. The
plume rise model accounts for thermal buoyancy associated
wnh fires and local atmospheric stabllhty. Tr_us paper dg-l Introduction
scribes a case study of a 10 day period during the Spring

phase of ARCTAS. It compares results from the plume modely;ny processes affect the polar regions before the more pop-
against those of two more traditional injection methods: In-jated middle and lower latitudes (Arctic Climate Impact As-
jecting within the planetary boundary layer, and in a layer gegsment, 2004). The Arctic’s lack of large population cen-

3-5km above ground level. Fire locations are satellite de+gg fosters the falsehood that it is a pristine environment.
rived from the GOES Wildfire Automated Biomass BUrning g ever, the Arctic has experienced large scale reported pol-

Algorithm (WF_ABBA) and the MODIS thermal hotspotde- | ion events since the 18th century (Garrett, 2006), with
tection. Two methods for preprocessing these fire data argjjnts gescribing visibility reducing haze during the 1950's

compared: The prephemsources method includ,ed With  (\jitchell, 1957). Understanding the mechanisms leading to
WRF-Chem, and the Naval Research Laboratory’s Fire Lo-,qution transport into the Arctic and its chemical composi-

cating and Monitoring of Burning Emissions (FLAMBE). 4, is pivotal to assessing the threat of climate change.
Results from the simulations are compared with satellite- Arctic pollution occurs seasonally, with the greatest

derived products from the AIRS, MISR and CALIOP sen- ¢isqic increases in particle concentration during the win-

SOrs. ter and spring months (Quinn et al., 2007; Shaw, 1995;
Barrie, 1986). These pollution events, often called “Arctic
Haze”, are observed after polar sunrise and can persist un-
til May. The haze consists mainly of sulfate and organics,
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et al., 2007; Solberg et al., 1996). Although these species Boreal wildfires recently have been recognized as an
mostly are transported from outside the Arctic, they repre-important seasonal source of pollutants into the Arctic
sent an important forcing to the Arctic’s radiative balance. (Warneke et al., 2009; Hegg et al., 2009; Kasischke et
Greenhouse gases such as carbon dioxide trap thermal radial., 2005; Andreae and Merlet, 2001; Crutzen and An-
tion in the lower troposphere (Arctic Climate Impact Assess-dreae, 1990), and they can produce hemispheric influences
ment, 2004). Black carbon deposits on snow and ice sheet@Notawa et al., 2006; Damoah et al., 2004; van der Werf et
decrease the surface albedo (Hansen and Nazarenko, 2004l;, 2003). Andreae et al. (2004) showed that the large aerosol
Koch and Hansen, 2005; McConnell et al., 2007). Direct at-loading from fires suppresses wet deposition, significantly
mospheric warming occurs because some aerosols absorb @nhancing aerosol transport. Although the total forest area
the visible and thermal spectrum (Sharma et al., 2006; Quinrburned within the tropics exceeds that of boreal fires, boreal
et al., 2008). fires have been increasing steadily in recent decades (Stocks
Chemical transport models play a critical role in un- et al., 2003; Lavosa et al., 2000). Boreal forest fires have
derstanding source-receptor relationships between pollutanta greater contribution of smoldering combustion and make
and the Arctic. Transport models can be functionally sub-relatively stronger contributions to emissions of aerosol par-
divided into “online” and “offline” categories depending on ticles and products of incomplete combustion (Cofer et al.,
their integration with a host meteorological model. Offline 1996). Although they currently contain less burn area than
models calculate transport based on wind data generated kyopical forest fires, boreal forests have denser growth and
another model, and sometimes include mechanisms for simrich surface layers that increase the available organic fuel and
ulating meso- and micro-scale processes such as convecti@missions (Kasischke et al., 2005; Kasischke and Bruhwiler,
and turbulence. Since offline transport models are run pos2002). The convective motions that often occur with wild-
facto, they cannot feed back to the meteorological fields effires increase the likelihood that emissions will be lofted to
fects such as radiative absorption by aerosols or latent hedhe faster winds of the free atmosphere. While small emis-
release from chemical bonding. The FLEXPART Lagrangiansion sources with minimal excess energy often are turbu-
particle dispersion model (Stohl et al., 1998, 2005) is anlently mixed into the PBL (Labonne et al., 2007), plumes
example of an offline model that uses winds from a sepafrom crown fires have been observed to maintain more cohe-
rate meteorological model. Online chemical transport mod-sive structures that extend into the free troposphere (L&avou
els consist of a chemical module within the meteorologicalet al., 2000; Cofer et al., 1996; Generoso et al., 2007). This
model, with both components running simultaneously andprocess relies on sensible heat flux and latent heat of conden-
feeding information back and forth between the two. Thus,sation to enhance a plume’s buoyancy (Freitas et al., 2007).
online models attempt to provide improved representationsSome previous research has suggested a linear correlation be-
of interactions between meteorology and the chemistry andween fire intensity and emission injection height (Lad@t
physics of trace species and aerosol particles. For examplal., 2000). Plumes can escape the boundary layer (Val Mar-
the Weather Research and Forecasting Model with Chemistryin et al., 2010; Kahn et al., 2008) and have been observed
(WRF-Chem) (Grell et al., 2005) incorporates radiative andto accumulate in layers of relative stability (e.g., Kahn et al.,
chemical feedbacks into the atmospheric energy budget th&2007). The wildfire smoke can even reach the lower strato-
an offline model cannot do. A detailed description of WRF- sphere during cases of strong pyroconvection (e.g., Fromm,
Chem can be found in Grell et al. (2005), with study specific 2008; Trentmann et al., 2006). Releasing simulated emis-
details provided in Sect. 2 below. sions at appropriate altitudes has been a crucial and difficult
Model-derived data have been used extensively to charproblem to successfully modeling plume transport (e.g., Co-
acterize pollution pathways to the Arctic. Stohl (2006) and larco et al., 2004; Westphal and Toon, 1991).
Law and Stohl (2007) used FLEXPART to develop a trans- Near source vertical plume distributions (i.e., “injection
port climatology that revealed three primary mechanisms forheights”) often have been represented in transport models
transport to the Arctic’s lower troposphere: ascent outsideusing empirical or arbitrary procedures (Freitas et al., 2007,
the Arctic followed by settling (primarily from North Amer- Turquety et al., 2007). These methods have included lin-
ica, Asia and Europe), low level transport with ascent within early filling estimated injection columns (e.g., Damoah et al.,
the Arctic (primarily from Europe), and continuous low level 2004; Forster et al., 2001; Spichtinger et al., 2001), restrict-
transport (primarily from Europe during winter). Klonecki et ing emissions to surface layers (Leung et al., 2007; Lamar-
al. (2003) showed that transport into the Arctic is consistentque et al., 2003), assumed turbulent mixing by filling the
with isentropic flow, i.e., ascent along isentropic surfaces as glanetary boundary layer (Fisher et al., 2010; Leung et al.,
plume moves north. Grell et al. (2011) included a plume rise2007; Hyer et al., 2007), using an empirical relationship be-
algorithm for wildfires in WRF-Chem and examined the im- tween the injection height and fire intensity (Lagoet al.,
pact of intense wildfires during the 2004 Alaska wildfire sea-2000; Wang et al., 2006), release in the upper atmosphere
son on weather simulations using model resolutions of 10 kmas occurs in pyroconvection (Hyer et al., 2007), or more
and 2 km. complex distributions with emissions unevenly released at
varying heights (Leung et al., 2007). Explicitly resolving
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three-dimensional microscale plume properties over large2 Data and methodology
areas is limited by current computational capabilities. To
avoid such constraints, Freitas et al. (2007) embedded a oné-1 Numerical simulations
dimensional (1-D) plume-rise model at each location of a
coarse scale grid to parameterize injection heights. Based ofur research domain was centered on the North Pole, ex-
Lantham (1994), this 1-D system uses meteorological modelt€nded over most of the Northern Hemisphere, and used
derived column data to calculate atmospheric stability. Once2 polar stereographic projection (Fig. 1a). Since the goal
vertical motion decreases to less than ITth & near equilib- Was to explore the transport of emissions into the Arc-
rium state is assumed, and the injection height is defined. tic, the domain encompassed major historic source regions
The Freitas et al. (2007) 1-D plume-rise model has beerPf biomass burning and anthropogenic emissions, including
incorporated into WRF-Chem. This inclusion is important Russia, Alaska, Canada, and eastern Europe. These locations
since many transport models rely on coarse horizontal scal@#ere far enough from the domain boundary to minimize lat-
(e.g., 45-200km) global meteorological models for their €ral boundary error (Warner et al., 1997).
transport parameters (e.g., Stohl et al., 2007; Damoah et al., The ARCTAS summer phase during June and July
2004). Although these models generally have produced sat2008 coincided with boreal wildfires in eastern Asia and
isfactory results, global models do compound interpolationSaskatchewan. Most of the observed fires in eastern Asia
error both spatially and temporally and can produce non-were located on the Stanovoy Mountain range (labeled “A’
physical results within transport models (Stohl et al., 1995,in Fig. 1c) and the Dzhugdzhur coastal range (labeled “B”)
2004). On the other hand, WRF-Chem, being an Euleriarthat are located west of the Sea of Okhotsk (Fig. 1b). Much
model, has numerical diffusion limitations at the resolution of the Stanovoy range is at 700 to 1500 mm.s.l. (Fig. 1c).
we are running (45km). We acknowledge whatever limita- A Siberian fire outbreak from 28-30 June (Fig. 1b) produced
tions this may produce in our simulations. The importance ofemissions that were observed to pool over Asia prior to being
increasing horizontal model resolution from 36 km, to 12 km, transported over the Pacific Ocean and into the Arctic. Fires
and then to 4km has been shown to increase forecast skiflso occurred during this period in the Canadian provinces of
(Mass et al., 2002). To our knowledge the effects of increas-Saskatchewan and the Northwest Territories, producing out-
ing resolution from the global scale down to much smaller flow to Greenland and Europe; however, these fires were not
scales has not been reported in the literature; however, thas intense or widespread as those in Asia. Our ten-day com-
national meteorological centers (e.g., National Centers foputational period encompassed this period of active Asian
Environmental Prediction (NCEP) and European Center forand Canadian fires between 28 June—8 July 2008.
Medium Range Weather Forecasting (ECMWF) have been Transport simulations were performed using WRF-Chem
running their global models at increasingly higher resolu-version 3.1.1 which is based on the Advanced Research
tions as computing resources permit. WRF (ARW) (Skamarock et al., 2008). WRF is a non-
The present study evaluates the ability of WRF-Chem’s 1-hydrostatic, mesoscale model utilizing 2nd and 3rd order
D plume rise model to diagnose the injection heights of fireRunge-Kutta time integration schemes. WRF-Chem sup-
emissions during NASAs Arctic Research of the Composi- ports several physical, dynamic, and chemical parameteri-
tion of the Troposphere from Aircraft and Satellites (ARC- zations (Grell et al., 2005). To simulate turbulent chem-
TAS) campaign during 2008 (Jacob et al., 2010). Since itical transport within the boundary layer, our configuration
considers only a 10 day period, it is a case study that comused the Yonsei University PBL parameterization which di-
plements previous research that has examined longer periodignoses PBL height from the buoyancy profile (Hong et al.,
(e.g., Freitas et al., 2007; Val Martin et al., 2010; Grell et 2006). We used a horizontal grid resolution of 45 km with
al., 2011; Labonne et al., 2007). Two preprocessing method§0 vertical sigma levels packed near the surface and mean jet
for preparing biomass burning emissions are investigated, thstream levels. Further information about model configuration
standard WRF-Chem package (P@pemsources) and the is provided in Table 1.
Naval Research Laboratory’s (NRL) Fire Locating and Mon-  Meteorological initial and boundary conditions for the
itoring of Burning Emissions (FLAMBE). We compare in- WRF-Chem simulations were interpolated from the NCEP
jection heights from the plume rise model with those whereGlobal Forecast System (GFS; Global Climate and Weather
pollutants are injected only within the boundary layer or be- Modeling Branch, 2003). GFS is a spectral model operat-
tween 3-5km above the surface. We also evaluate the abiling on an approximate 0:50.5 deg Gaussian grid with 64
ity of WRF-Chem to model the downwind evolution of fire vertical sigma levels.
plumes. Finally, model-derived plume characteristics are The gas phase chemical mechanisms in WRF-Chem orig-
compared with those remotely observed by satellite sensorsnally were developed for the Regional Acid Deposition
Model, version 2 (RADM2, Chang et al., 1991). Although
WRF-Chem can simulate dozens of organic and inorganic
species, we focused on carbon monoxide (CO) as a gas phase
tracer of the biomass burning plumes. Initial and boundary
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30 June 2008 Fire Locations 6404

Table 1. WRF-Chem domain and parameterization settings used
in this study. Details about WRF-Chem can be found in Grell et

al. (2005).
Field Setting
Horizontal Resolution 45km
Vertical Levels 50 non-linear sigma levels
Shortwave Radiation Goddard (Chou and Suarez, 1994)
Longwave Radiation RRTM (Mlawer et al., 1997)
Surface Layer Physics MMS5 Similarity (Paulson, 1970,
Dyer and Hicks, 1970)
Land Surface Physics Noah (Ek et al., 2003)
Planetary Boundary Layer YSU (Hong et al., 2006)
1750 Cumulus Parameterization ~ Grell-Devenyi (Grell and Devenyi, 2002)
1700
fa0
a0
1200
) tect smaller fires than GOES due to its higher spatial resolu-
e & ™ tion. Since Terra and Aqua fly in near-polar orbits with as-
o IO 0 cending and descending equator crossings at 01:30 and 10:30
e i LST ively, th | resolution of their active fi
erwe 200 , respectively, the temporal resolution of their active fire

100

0 products is limited, with only one global image being avail-
able each day. The MODIS products were available from
http://rapidfire.sci.gsfc.nasa.gov/

) . ) ) ) ) Two preprocessing methods for inserting the
Fig. 1. (a) WRF-Chem domain(b) satellite-derived fire locations satellite-derived fire locations into WRE-Chem were
on 30 June 2008 during major Siberian and Canadian fire outbreak%es,[ed WRF-Chem’s officially supported pack-

and (c) topographic map of northeastern Asia. Observed fires lled h d he fi |
primarily were near the Stanavoy Mountains (labeled A) and the@9€, called preghemsources, reads the fire lo-

Dzhugdzhur coastal range (labeled B) west of the Sea of Okhotsk.Cation data and maps them to the WRF domain.
(WRF-Chem Users's Guide, 2011; available at

http://ruc.noaa.gov/wrf/WG11/Useriide.pdj. When

conditions were represented by an idealized, northern hemiMODIS fire data are used, the locations are fixed during
spheric, mid-latitude, clean environmental profile from the the 24 h period. An area of 228 00G mer fire grid point is
NOAA Aeronomy Lab Regional Oxidant Model (NALROM, assumed. Emission factors from Andreae and Merlet (2001)
Liu et al., 1996). The parameterization of aerosols was incor-account for variations in surface types, with the emissions
porated from the Modal Aerosol Dynamics Model for Europe released uniformly during each 24 h period.
(MADE, Ackermann et al., 1998), with the Secondary Or-  The second preprocessor of wildfire locations is based on
ganic Aerosol Model (SORGAM) simulating the formation the Fire Locating and Modeling of Biomass Burning Emis-
of secondary organic aerosols (Schell et al., 2001). sions (FLAMBE) dataset (Reid et al., 2008ftp://www.

Global emissions were incorporated into WRF-Chem. An-nrimry.navy.mil/flambgl. FLAMBE provides carbon and
thropogenic emissions were based on thex00B5 deg RE- ~ @erosol emissions at hourly intervals. Fire data again are
analysis of the TROpospheric (RETRO) chemical composi-from the WEABBA and MODIS active fire products. Emis-
tion dataset (Schultz et al., 2008tp://retro.enes.org/index. Sions are calculated by matching fire locations to a 1 km land
shtm). Biomass burning emissions were based on satellitese database. Although prepemsources releases emis-
retrievals. The GOES Wildfire Automated Biomass Burning Sions at a constant rate during a 24 h period, FLAMBE sim-
Algorithm (WF_ABBA) relies on the method of Matson and Ulates diurnal variability by releasing 90 percent of the emis-
Dozier (1981) to identify sub-pixel anomalies in the thermal sions between 09:00-19:00 LST (local standard time). The
infrared band that are associated with fires. YWBBA pro-  reported burn area also varies temporally, splitting the esti-
vides half-hourly hot-spot identification for the majority of Mated 625000 fburn area per fire into 24 hourly segments
the Western Hemisphere. Outside of the GOES domain, théhat are proportional to diurnal fire activity (i.e., a larger burn
MOderate-Resolution Imaging Spectrometer (MODIS) sen-area in the afternoon than overnight). This approach is useful
sors on the Terra and Aqua satellites provide global scalélue to MODIS's poor temporal resolution. Hourly FLAMBE
fire detection using the sensor's infrared bands (Justice egmissions were converted and re-gridded to be consistent
al., 2002; Giglio et al., 2003). MODIS identifies fires uti- With our WRF-Chem configuration.
lizing a method similar to WFABBA, but MODIS can de-

e

C
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The smoke plume rise associated with biomass burnSince the PBL height varies by location and time of day, ap-
ing is parameterized using a simple one-dimensional timeproximate heights were calculated using a separate, initial
dependent entrainment plume model (Latham, 1994; FreWRF run. The emissions then were distributed within the
itas et al., 2006, 2007) that is embedded in each column oPBL by the chemically enabled WRF-Chem runs.
the 3-D WRF-Chem model. The scheme was developed for
use in low resolution atmospheric chemistry models, e.g.2.2 Verification methods
global models, but also can be used at higher resolutions.

The plume model interactively provides the smoke injection Observations of near-source injection heights as well as hor-
height at which trace gases and aerosols are released afpntal and vertical plume specifications after long range
then transported and dispersed by the prevailing winds of théransport were used to assess the simulations. To eval-
host model. The plume rise model is based on the contiuate WRF-Chem’s near-source injection heights, we used
nuity equations for water in all phases, the vertical equationstereo height products from the Multi-angle Imaging Spec-
of motion, and the first law of thermodynamics. To reduce toRadiometer (MISR, Muller et al.,, 2002; Diner et al.,
the limitations of 1-D simulation, the model includes param- 1999; Kahn et al., 2007). Plumes were processed and dig-
eterizations for autoconversion (Berry, 1968), ice formationitized as part of NASA's MISR Plume Height Climatology
(Ogura and Takahashi, 1971), cloud microphysics, and acProject. Using the MISR INteractive eXplorer (MINX) soft-
cretion (Kessler, 1969), with entrainment defined as proporware (Nelson et al., 2008);-250 plumes were identified
tional to vertical velocity. To estimate heat flux, fires are over Siberia and Canada during our ten day model inte-
divided into four surface categories based on WRF'’s landgration period [ittp://misr.jpl.nasa.gov/getData/accessData/
use dataset: Savanna, grassland, tropical and extra-tropicMisrMinxPlumes/index.cff To compare the MISR-derived
forests. Simulated atmospheric sounding data for the pluméglumes with those from WRF-Chem, we matched maximum
rise model are computed every hour at each grid point conplume heights with the nearest model grid point in space and
taining an active fire. Updated emission layers are producedime. Given the limitations of model resolution, if multiple
based on column stability. plumes were located within the same WRF-Chem grid cell,

The lower boundary condition of the injection layer is the average of their heights was assigned.
based on a virtual source of buoyancy placed below the We used the total column carbon monoxide (CO) product
model surface (Turner, 1973; Latham, 1994; Freitas et al.from the Atmospheric InfraRed Sounder (AIRS) on Aqua to
2007). The final height reached by a plume is controlledevaluate the downwind evolution of the simulated plumes.
by the thermodynamic stability of the atmospheric environ- Several previous studies have employed AIRS CO to
ment and the surface heat flux release from the fire (Freitagnvestigate the horizontal extent of combustion products
et al., 2010). The final rise of the plume is determined by (e.g., Peffers et al., 2009; Zhang et al., 2008; Stohl et al.,
the height at which the vertical velocity of the in-plume air 2007). AIRS provides~70 percent coverage of the Earth’s
parcel is less than 1 mT$. Results of using the plume rise surface on a daily basis (McMillan et al., 2005). The AIRS
model in WRF-Chem during the 2004 Alaska wildfire sea- CO retrieval algorithm uses a maximum likelihood (or
son are described by Grell et al., 2011). Entrainment of envi-some variant) that incorporates a prior estimate. The prior
ronmental air into the plume results in rapid cooling, causingestimate dominates retrieval values at the surface. Previ-
near-source plume temperatures to be only slightly warmeous aircraft-based studies have shown non-polar retrieval
than the environment. Buoyancy also is affected by radiativeuncertainty to be 15-20% at 500 hPa (McMillan et al.,
cooling and latent heat release if the plume reaches the lifting?005). The CO products have not been validated over polar
condensation level (LCL). Strong horizontal winds can leadregions, suggesting uncertainties of 10-50% at 500 hPa
to a less vertical plume, enhance the entrainment processef)ttp://disc.sci.gsfc.nasa.gov/AIRS/documentatiordess/
and prevent the plume from reaching the LCL (Freitas et al. AIRS_V5_ReleasdUser Docs/V5 CalVal StatusSummary.
2010; Val Martin et al., 2010). Strong winds also produce pdf). AIRS CO data at very high latitudes currently exhibit
enhanced turbulent mixing in the boundary layer. These efa low bias (J. Warner, personal communication, 2010). Fil-
fects are most pronounced for small fires occurring in humidtering procedures were applied to the retrievals to increase
environments (Freitas et al., 2010). Regardless, the influenctheir quality (AIRS Version 5.0 Released Files Description).
of horizontal wind on vertical plume development is not con- Specifically, total column CO data were restricted to the
sidered in the WRF-Chem 3.1.1 plume rise model, but will best retrievals (QuaCO=0), representing values obtained
be included in later versions. primarily from the retrievals instead of values assumed a

To evaluate the efficacy of the WRF-Chem plume rise priori. The data then were simplified into normalized fields
model, we made additional simulations using two traditionalfor comparison with WRF-Chem.
column filling emission schemes: emissions throughout the The lidar instrument on the Cloud-Aerosol Lidar and In-
PBL, and emissions throughout the 3-5km layer. Thesdrared Satellite Observation (CALIPSO) satellite provides
methods previously have been used to estimate turbulentiigh vertical resolution aerosol and cloud identification
mixed surface emissions and lofted emissions, respectivelywithin a 100 m across track footprint (Winker et al., 2010).
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Lgbonng et al. (2007) utiliz_ed ,CALIPSO,S Clouq-AerosoI Table 2. Configurations used during our study as defined by the
Lidar with Orthogonal Polarization (CALIOP) retrievals t0 pigmass burning preprocessor and injection layer scheme.
represent the total emission plume by assuming that the

chemical and aerosol constituents were collocated. We

make this same important assumption in our research. The 1-D Plume Filled 3=5 km
CALIOP sensor onboard CALIPSO provides higher resolu- Rise Filled PBL Layer
tlondatTosp\)/Cenc perTej \t/C;r:: rgﬁst ?thler satelllte—derL\_/eci Prepchemsources  P(PLR PCPBL PC35K
products. We evaluate -Chem’s long range vertical | \\iee FB PLR FBPBL B 35K

accuracy using the CALIOP vertical feature mask (VFM,
Vaughan et al., 2004) that provides a simplified view of
a retrieval swath. To quantify WRF-Chem'’s forecasting
skill compared to AIRS, we used the Method for Object- ]
Based Diagnostic Evaluation (MODE) procedure (Davis et2n example of a Canadian smoke cloud observed by MISR
al., 2006, 2009http:/mww.dtcenter.org/met/useys/Davis ~ ©n 30 June 2008. Throughout the paper both the model and
et al. (2009) describe the procedure as follows. “MODE rep_measu_rement injection heights are refere_nced to the g§o|d
resents a class of spatial verification methods whose objedn0t altitude above ground level). The maximum and median
tive is to identify localized features of interest in scalar fields N€ights derived for this plume (Fig. 2c) represent planes that
[called “objects”] and compare features in two fields to iden- € fit to the wind-corrected heights after removing values
tify which features best correspond to each other. When opoutside of 1.5 sftandard deV|:_:1t|ons. We m_vestlgated whether
jects have been identified and categorized, statistics of th& Use the maximum or median MISR height of each plume
similarities of the objects in the two datasets are computedi" OUr comparisons with WRF-Chem. Results (not shown)
In this sense, MODE can be considered a rudimentary algoindicate that using the maximum top produced a better Spear-
rithm for image processing and image matching, but devel-Man correlation coefficient$) with the WRF-Chem plumes
oped for meteorological applications. The degree of similar-("s = 0-34) than did the median heights; & 0.11). Since

ity between forecast and observed objects provides a mea{_ms_ represents an amblgw_tylnthe mterpr_etatlon ofthe opser-
sure of forecast quality”. Object-based evaluation is superio/ations, we present statistics for the maximum MISR height,
to traditional point-to-point comparisons of collocated grid Put comment on both the median and maximum height where
points because the latter can lead to double penalties if fore@PPropriate.

casts are even marginally displaced from the observations. In Considering the entire ten-day simulation period, the use
the current study AIRS total column CO was mapped to theof FLAMBE emissions (FBPLR) in WRF-Chem produces
same model grid as the simulated WRF-Chem total columrpetter agreement with MISR’s maximum stereo heights than
CO. MODE then used these inputs to compute statistical skilldo heights from P(PLR, e.g., a Spearman correlation of
scores for the forecast. We were conservative in our use 0f-45 versus 0.07 (Fig. 3). EBLR also simulates 54 per-
MODE, only comparing cases with well defined cloud free cent of the plumes within the estimateb60 m error range

retrieval features. of the MISR stereo heights (the shaded region), compared
to 41 percent from P®LR. Several factors could lead to
2.3 Testcases the observed differences between the injection heights pro-

duced by PCPLR and FBPLR. One factor relates to how
Six 10-day WRF-Chem simulations (28 June—8 July 2008)the 1-D model in WRF-Chem parameterizes the entrainment
were run in our case study. These six runs employed the tw®f environmental air. Specifically, entrainment is based on
emission preprocessing methods, Pceemsources (PC) an inverse relationship with plume radius, i.e., the larger the
and FLAMBE (FB), and three injection height schemes: 1-D plume radius, the less inhibition that entraining cooler, un-
plume rise (PLR), filling the boundary layer (PBL), and re- saturated environmental air will have on the relatively warm,
leasing between 3-5kma.g.l. (35K). Subsequent referencesaturated plume. Thus, larger plumes rise to higher altitudes
will refer to these combinations by their abbreviations (i.e., than smaller plumes, all other factors being equal R®
PCPLR, FB35K, etc., Table 2). These three injection assumes a constant area of 22.8 ha for MODIS fire detec-
schemes represent a small sample of the many approach&ens. The result is a relatively narrow range of injection
that have been used previously (see Sect. 1). heights (Fig. 3b). Conversely, EBLR splits the estimated

62.5ha burn area per fire into 24 hourly segments that are

proportional to diurnal fire activity (i.e., a larger burn area in
3 Injection height evaluation the afternoon than overnight). The broader range of injection
heights in Fig. 3a is associated with fire sizes ranging from
We evaluated the ability of WRF-Chem’s 1-D plume rise 1.2510 62.5ha.
configuration to produce appropriate injection heights by A related factor is that prephemsources releases emis-
comparing with MISR-derived plume heights. Figure 2 is sions at a constant rate during a 24h period, whereas
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Fig. 2. Example of plume digitization produced by the MINX soft-
ware package for a Canadian plume on 30 June 2008. Ranel
shows a smoke cloud (outlined in green) with associated MODIS
fire pixels (red dots). Panéb) depicts the same plume with a stereo
height overlay. The label “An” indicates that these are nadir im-
ages.(c) shows individual stereo heights within the plume in rela-
tion to their distance from the source. Planar maximum and median Y !
plume heights are shown as dashed lines. MINX images courtesy 0 : o " :
the MISR Plume Height Climatology Projedit{p://misr.jpl.nasa. 0 1000 2000 3000 4000
gov/getData/accessData/MisrMinxPlumes/index)cfm WRF Injection Height AGL (m)
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Fig. 3. Injection heights using FBPLR plotted against MISR maxi-

. . g . _ mum stereo heights for the entire ten day model run. The Spearman
FLAMBE includes diurnal variability by releasing 90 per correlation is 0.45.(b) Same aga), but based on P®LR. The

cent O,f the emissions between 09:00_19:09 LST (IO,CaI Stan'Spearman correlation is 0.07. Shaded regions represent a hypothet-
dard time). Note that MISR’s equator crossing time is 10:30c3| perfect correlation with MISR when assuming a stereo height
LST (at high latitudes the local crossing time can be dif- grror of 4560 m.
ferent). So the improved agreement between the observed
and modeled plume heights stems primarily from allowing
a range of plume sizes, and since retrieval times are comrayer at 2.5 km, well below the simulated 5.4 km height. This
pared with the nearest model output time, the smaller mornsuggests that the simulated sounding is less stable than the
ing burn areas in FBPLR. Based on this more realistic por- real atmosphere. Thus, limitations in the simulated stabil-
trayal of injection heights, the long-range transport simula-jty profile can be compounded by the plume rise mechanism
tions described in later sections will be limited to using the to produce erroneous emission layers. The important point
FLAMBE (FB) emission data. is that accurately modeling the injection heights of atmo-
Atmospheric stability plays an important role in simulat- spheric plumes requires accurately modeling the atmospheric
ing injection heights within WRF Chem’s 1-D plume rise stability structure (e.g., Kahn et al., 2007) in addition to the
model (Freitas et al., 2007, 2010). Fig. 4 shows two sim-buoyancy and possibly other factors, such as entrainment and
ulated soundings over boreal plumes. Panel (a) depicts éhree-dimensional winds.
classic subsidence inversion that creates a stable layer near The distribution of WRF-Chem injection heights during
~1.5kma.g.l. The maximum height of the simulated injec- the entire ten-day integration period (Fig. 5a, b) (not just lo-
tion layer of this case reaches 1.1km, in good agreementations matched to MISR retrievals) shows thatFBR pro-
with the 1.3 km height observed by MISR. However, the in- duces somewhat lower injection layers than_PIR. Both
jection layer is overestimated in the conditionally unstablemedian simulated injection heights are&2.1 km, whereas
WRF-Chem sounding in Fig. 4b. MISR observed an aerosoMISR’s median height is closer to 1.5km (Fig. 5¢). Thus,
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are~600 m higher than observed by MISR in late morning. 150
This difference is partially due to a sampling bias; the total I§§§
number of observed MISR plumes is less than half the simu- 50
lated plumes (Fig. 5c¢), all in the late morning, whereas fires L B RS LRSS RERAS RARAY RA
o CHEE . T

modeled by WRF-Chem were obtained from Terra, Aqua (a
second polar orbiting platform), as well as GOES which in-
clude afternoon events, when fires tend to be more energet'qﬁig. 5. Distribution of WRF-Chem maximum injection heights over

Extensive cloud cover over Canada prevented the satellit€iberia and Canada during the entire ten day simulation period for
detection of many Canadian plumes. The Russian plume$?) FB_PLR and(b) PC.PLR biomass burning emissior(g) MISR
comprise 96 percent of the MISR plumes and 87 percent of;tereo height distribution for the same period. Note the difference
the WRF-Chem plumes during our ten day period. The ob-In Scale betwee(c) and(a-b).
served Russian plumes averag@00 m lower than the Cana-
dian plumes, while the simulated Russian plumes average

Number of Plumes
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~1.5km lower than those in Canada. This greater represermaeeded to overcome the stability of the simulated PBL, while
tation (96 percent in the MISR observations versus 87 perthe diurnal variation used by FLAMBE produces fire ener-
cent in the simulations) of the taller Canadian plumes in thegies both above and below the critical amount.
model data produces a higher average injection height than WRF-Chem'’s relatively low PBL heights compared to
observed by MISR. MISR’s higher plume tops are due partially to MISR’s over-
Our first goal was to determine the amount of simulated in-pass time. Specifically, our comparisons in the Northern
jection that was confined to the PBL. Therefore, we matchedHemisphere had to be done prior to 10:30 LST when the
MISR maximum plume heights to our model grid points and simulated PBL height is relatively low. However, the height
then compared them with the WRF-Chem PBL height at eaclof the continental PBL typically increases rapidly during the
location. Results show that most MISR-derived maximum late morning. WRF-Chem’s low PBL heights also may be
plume heights are above the simulated PBL (Fig. 6a). Thusrelated to the delayed heating caused by insufficient heat flux
if one assumes that the simulated PBL heights are reliablein the surface layer (Pagowski, 2004).
there is a strong preference for injection into the free tropo- Some previous studies support our findings of consider-
sphere, approximately 79 % of the cases in this data set. Bwble transport above the PBL, while other studies do not.
comparison, if we had assumed median heights and considkahn et al. (2008) and Val Martin et al. (2010) compared
ered only those plumes at least 0.5km above the presumpMISR stereo heights to GEOS-4 and GEOS-5 simulated PBL
tive PBL, as done by Kahn et al. (2008) and Val Martin et heights. When using our definitions of plume height, Val
al. (2010), a smaller percentage would have been injected/artin et al. (2010) found that between about 50-55 % of
into the free troposphere. MISR plume heights extended above the PBL (their Table 2).
Our WRF-Chem simulations utilized the Yonsei Univer- They compared 3400 plumes, while Kahn et al. (2008) com-
sity PBL parameterization that diagnoses PBL height frompared 600 plumes (a subset of those in Val Martin et al.,
the buoyancy profile (Hong et al., 2006). However, the 2010). The original atmospheric structure data in Val Martin
GFS diagnoses PBL heights using a bulk-Richardson numet al. (2010) had resolutions of latitude by 1.25 longi-
ber approach to iteratively estimate the height starting fromtude (GEOS-4) and 0®3atitude by 0.67 longitude (GEOS-
the ground upward (Troen and Mahrt, 1986, Hong and Pan5), with PBL heights available at 3 h intervals. However, a
1996;http://www.emc.ncep.noaa.gov/GFS/doc.php#pbd degraded resolution of"Jatitude by 2.5 longitude is used
investigate the effect of using a different model with a differ- in the GEOS-Chem global chemical transport model. PBL
ent PBL scheme, we obtained PBL heights for the locationsheights were interpolated to the times of the MISR over-
in Fig. 6a from archived GFS data. Results (Fig. 6b) showpasses. Although we would expect the WRF-Chem regional
that the GFS-derived PBL heights are even lower and consimulation at 45 km horizontal resolution and 1 h temporal
tain less variability than those from WRF-Chem (Fig. 6a). output to provide better resolution of the PBL than GEOS,
Brioude et al. (2009) also evaluated the plume rise modelwe are not aware of any publication that has directly ana-
using GFS data, but investigated the area off the Californidyzed this issue. This subject is worthy of future investiga-
coast. Results showed that 30% of their plumes were intion. In addition, some of the difference between the find-
jected above the PBL height and that the mode of injectionings of Val Martin et al. (2010) and the current study may
height matched the PBL height. Our greater amount of in-occur because GEOS used a different procedure for comput-
jection above the PBL using GFS data may be due to théng PBL heights than WRF-Chem. GEOS defines the PBL
different locations being studied. Brioude et al. also usedheight as the lowest layer in which the heat diffusivity de-
a different approach to estimate the total heat flux from thecreases to below 2#s 1. If the heat diffusivity remains less
fires. Their approach (MODIS FRPx10) typically returns than 2 nfs—1, GEOS sets the PBL height as the surface layer
lower heat flux values than those in Freitas et al. (2006). So(Lucchesi, 2007).
their percentage above the PBL also could be lower due to Labonne et al. (2007) found most emissions remain-
lower injection heights simulated by the model. ing in the PBL based on ECMWF data using a type of
As a final step, we separately compared injection heightdulk Richardson number approach to determine the height
based on preghemsources with those from FLAMBE of the PBL fttp://www.ecmwf.int/research/ifsdocs/CY28r1/
(Fig. 6¢) using the WRF-Chem data. The same locationsPhysics/Physics-04-09.html#wp972354 Emissions were
were used in the comparison, only the preprocessing proceabove the PBL only in cases of large scale lofting. How-
dure differed. Results indicate that prepem-sources more ever, Kahn et al. (2008) noted that Labonne et al. used only
often injects material above the PBL than does FLAMBE. CALIOP data, making the observed heights very dependent
In both the real and simulated atmospheres, there is a cewen how far the lidar profile was from the source, and, due
tain amount of fire buoyant energy that will cause a plumeto the high sensitivity of the lidar observations to very thin
to overcome the real or simulated stability of the PBL and aerosol layers, they often sampled background aerosol smoke
ascend into the free troposphere. The simulations sugthat might not be part of major plumes. PBL heights over the
gest that the default level of fire buoyant energy used inocean derived from 6 and 48 h forecasts from ECMWF were
prepchemsources is almost always greater than what isfound to be 200—-400 m lower than satellite-derived heights
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(Palm et al., 2005). M. Val Martin (personal communication,
2011) compared MISR maximum heights with PBL heights
over Siberia during ARCTAS-B period. However, she uti-
lized PBL heights from GEOS-5 Modern Era Retrospective-
Analysis for Research and Applications (MERRA). Her av-
erage PBL heights were750 higher than our results from
WRF-Chem, with approximately half of the maximum MISR
heights extending above the PBL, compared to considerably
greater percentages from WRF (Fig. 6a) and GFS (Fig. 6b).
In another study, GEOS-5 MERRA and CALIPSO PBL
heights were compared over Africa and the Western Hemi-
sphere by Jordan et al. (2010). Model-measurement correla-
tion coefficients R) were 0.47-0.73.

To summarize, current results show that both theFtHER
and PCPLR plume rise models simulate most maximum in-
jection heights to be above the top of the PBL. This is es-
pecially true for PCPLR (Fig. 6b), likely due to its static
MODIS fire size and the resulting effect on entrainment and
plume height as described previously. We believe that model
resolution and the choice of the PBL scheme play important
roles in comparing current results with previous findings; this
currently represents an uncertainty in assessing the fraction
of plumes injected above the PBL. We do not know of any
published study that has evaluated results from various model
resolutions and numerical PBL options against actual obser-
vations. Such a study would be very useful in deciding which
PBL methodology to use in a CTM. Although current results
indicate that most emissions escape the simulated PBL, fur-
ther testing at other times and locations is needed to verify
the current case study results from the 10 day ARCTAS pe-
riod. However, based solely on the Russian and Canadian
plumes in our study, limiting injections to the PBL does not
appear to be an optimum parameterization.

Some previous studies have injected emissions in the 3—
5 km layer, between 0-3 km, and between 0-5 km. However,
current results for the 3-5 km layer show that this alternative
agrees poorly with observed heights (Fig. 6). The triangular
area above the diagonal but below the yellow shading repre-
sents the most common injection layer, above the PBL but
below 3km. Thus, very few of the matched plumes are in-
jected above 3 km during the ARCTAS period. Once again,
additional evaluations in other areas and during other meteo-
rological conditions are needed to confirm these results. An

Fig. 6. (a) Maximum MISR stereo heights for ARCTAS plumes alternative to injection in fixed layers or using an embedded
(see Fig. 2c for an example) plotted against PBL heights from WRF-plume model would be to use homogeneous injection in a

Chem. (b) As in panel(a), but plotted against PBL heights from
GFS,(c) maximum simulated injection heights for B&L.R (black

layer 1 km relative to the PBL height. Thig1 km layer
is approximately the width found in Fig. 7 of Val Martin et

circles) and FBPLR (red triangles) plotted against PBL heights g (2010).

heights from WRF-Chem. Points above the diagonghjrand(b)
represent MISR injections above the simulated PBL. The yellow

shaded region represents the lower half of the injection layer for

the 35K simulations. Injections occur uniformly in the 35K layer;
thus, the maximum injection height is at 5 km. Injection from PLR

occurs in a layer determined by the 1-D plume model. The top of
this layer (the maximum height is shown(ic)).
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4 Long range transport weak sensitivity in the surface layers may prevent accurate
measurement in some regions (J. Warner, personal commu-
Since wind direction and speed vary with altitude, differing nication, 2010; Fisher et al., 2010), general CO patterns still
injection heights will influence the direction and speed of can be deduced. A large CO plume is located over Russia
long range plume transport. This important aspect of mod-and China on 28 June with extensions over the Pacific Ocean
eling chemical transport is described next. Before doing so{Fig. 8a). This Russian plume was evident during the week
however, it is important to examine meteorological condi- prior to our integration period (not shown) as a combina-

tions during the 10 day simulation period. tion of smaller plumes over the region, together with another
plume farther south over China. These plumes formed prior
4.1 Meteorological conditions to our study period and were not part of the initial conditions.

Beginning on 2 July (Fig. 8c), the dominant transport path-
Flow patterns during the summer phase of ARCTAS mostlyway from Russia extends over the Sea of Okhotsk northward
were within climatological norms, except that a quasi- over the Kamchatka Peninsula. The bulk of the plume flows
stationary polar low was displaced toward northern Rus-eastward over the northern Pacific Ocean, but small CO con-
sia, thereby enhancing transport into the Arctic (Fuelbergcentrations are located north of the Chukotski Peninsula. By
et al., 2010). The counterclockwise winds around the dis-6 July (Fig. 8e), flow around the quasi-stationary polar low
placed quasi-stationary polar low (Fig. 7a, b; Fuelberg et al. begins to advect larger concentrations of CO northward to-
2010) provides one of two primary transport pathways off ward the Bering Strait and the Arctic (the arrow in Fig. 8e).
the Asian continent during our integration period (28 June—This panel clearly displays the two transport routes men-
8 July 2008). The northern path toward the Arctic beginstioned earlier. On 8 July (Fig. 8f), the CO plume diffuses
over the Chukotski Peninsula, located on the opposite side oficross the Pacific; however, partial cloud cover prevents re-
the Bering Strait from Alaska. The southern path transportsrievals in the Arctic north of Canada and Greenland.
Asian pollutants eastward. It is created by an exiting mid- The Canadian CO plumes are much smaller and weaker
latitude cyclone southeast of the Kamchatka Peninsula. Oncghan those from Russia, and they exhibit a simple path to-
this cyclone moves offshore, high pressure over the Stanovoward the Atlantic Ocean. Their CO signal can be seen early
Range clears the sky, dries the surface, and promotes the figuring the study period spreading from central Canada to
activity whose plumes are examined in the following sec-south of Hudson and James Bays (Fig. 8b). CO first is
tions. The stream bifurcation between these two paths beginansported east-south-eastward across the central provinces.
at the saddle point between the two low pressure systems, arflow around the low pressure systems keeps the plumes
is most clearly visible in the 850 hPa streamline analysis onsouth of Hudson Bay and Greenland before transport over
29 June (arrow in Fig. 7a). However, the northern pathwaythe North Atlantic (Fig. 8e). The influence of fires in Cali-
does not fully form until the saddle point degrades on 6 Julyfornia and the previously described Russian plume also can
(Fig. 7c). A mid-latitude cyclone approaches the Aleutian pe seen on 6-8 July (Fig. 8e, ).
archipelago on 2 July before merging with the Aleutian low
on 6-8 July. 4.3 Simulated Russian transport

The fires in Canada and Alaska were ignited by light-

ning from a succession of cyclonic storms beginning with aWe next compare plumes from the three FLAMBE model
shortwave trough on 28 June that passes over Saskatchewananfigurations with each other and with remotely sensed im-
(Fig. 7e-h). This cyclone is followed by a second systemagery. Recall that the three injection procedures were: in the
that also initiates thunderstorms, including a pyroconvectivePBL (FB_.PBL), using the 1-D plume model (FBLR), and
cell on 29 June in the Northwest Territories (M. Fromm, per- between 3 and 5km above ground level (BBK). Except
sonal communication, 2009). The flow downwind of the for these different injections, all other aspects of the model
Canadian fires is dominated by two semi-permanent lows lo-configuration were identical. The comparison is done both
cated over Ontario/Quebec and southeast of Greenland, rgualitatively (with CALIOP and AIRS) and quantitatively
spectively. This combination produces a transport pathwaywith AIRS). One should recall that we assume that the CO
toward the North Atlantic Ocean that limits transport into the and aerosols comprising the plumes are collocated. Plumes

Arctic. from Russia are examined first.
Figure 9a shows injection heights for plumes originating
4.2 AIRS —derived observed transport over Russia (a subset of the locations in Fig. 6b). The three

injection procedures produce very different altitudes. Injec-
AIRS-derived CO serves as our standard for comparison withtions in the PBL generally are closest to the surface; the 1-D
the WRF-Chem simulations. The AIRS Level 3 total col- plume model generally injects the plumes at higher altitudes;
umn CO product (Fig. 8) exhibits several distinctive featuresand injection between 3-5 km occurs at the highest altitudes.
during the 10 day simulation period. Although a potential Since wind direction and speed almost always vary between
low bias in the data over northern latitudes and the sensor'she surface and 5km, the transport of these plumes will be
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Fig. 7. Geopotential heights (color filled lines) and streamlines over northeastern Asia and the North Pacific Ocean and North America at
850 hPa and 500 hPa for 00:00 UTC 29 June and 00:00 UTC 6 July 2008. The arfayndanotes the saddle point where the north and
south pathways from Russia split. Note that streamlines and trajectories are not equivalent.

affected. The three procedures for injecting biomass emisstretched northward, west of HBLR, by 6 July (Fig. 10b,
sions (FBPLR, FBPBL, FB_35K) produce similarly shaped d). AIRS detects a region of enhanced CO stretching from
plumes on 2 July (4 days into the simulation, Fig. 10a, c, e),the Chukotski Peninsula to the Bering Strait (Fig. 8e), agree-
with flow over the Sea of Okhotsk and subsequent branching best with FBPLR and FB35K. These differences in
ing southward and northward. This similarity indicates that plume locations (Figs. 8, 10) occur because plumes based
the simulated low-level winds vary little with height in the on FB.PLR and FB35K are transported northward, mostly
vicinity of the plumes. The branches are similar to thoseabove the PBL. Conversely, the plume from_PBL takes
observed in the AIRS CO data (Fig. 8c) except that the sim-a more eastbound course since the lower level flow in which
ulated plumes are located slightly farther northwest, not ovetthe injection occurs are more westerly.

the southern tip of the Kamchatka Peninsula. On 5 July Vertical cross sections along the CALIPSO track (Fig. 11)
(not shown), FBPBL's plume over the Chukotski Peninsula allow plume altitudes to be compared. The 00:34 UTC 6 July
moves southeastward, and by 6 July (7 days into the simulaascending CALIPSO overpass (Fig. 11a) crosses the dateline
tion, Fig. 10f) forms a branch into the Arctic near the Date near 30 N, heading northwest over the Chukotski Peninsula.
Line. In contrast, plumes from EBLR and FB35K are  This track passes over the northbound plume arch in Fig. 10b,
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Fig. 8. AIRS 1 x 1 deg Level 3 Total Column CO (molecules Th) between 28 June—8 July 2008. The arrowis the second plume
discussed in the Arctic long range transport section.

d and the FBPBL plume over the North Pacific Ocean. The VFM shows frontally induced clouds (light blue) even farther
cross sections from FPLR and FB35K (Fig. 11b, d) ex-  north (right) where the simulated plumes from PLR and 35K
hibit similarities, with the core of the Arctic-bound plume are strongest. Frontally related cloud formations such as this
lofted to between 3—7 km. FBLR and FB35K exhibit es-  often contain enhanced emissions (Crawford et al., 2003);
pecially strong concentrations betweed—7 km (Fig. 11b, however, the clouds frequently limit their remote detection
d). The FBPBL plume (Fig. 11e) is advected northeast at ausing infrared techniques, and also can affect the properties
much lower altitude{2 km) than the other two plumes. and removal rate for the smoke itself. One should note, how-
All three simulations place a small pocket of aerosols atever, that the presence of the FRR and FB35K plumes
differing altitudes at the southern (left) edge of the cross secover the Chukotski peninsula is corroborated in the AIRS CO
tions near 43N (Fig. 11b, d, e). Although the CALIOP Ver- data (Fig. 8e).
tical Feature Mask (VFM, Fig. 11c, Vaughan et al.,, 2004) AIRS total column CO data on 2 and 6 July (Fig. 10) are
shows an aerosol (orange) layer neaf M8it is embed- used to quantitatively compare CO structures from the three
ded in clouds and is not considered reliable. However, theVNRF-Chem configurations. Although MODE's object-based
VFM also indicates an aerosol layer-a® km altitude far-  evaluation (Sect. 2.2) produces several statistical measures,
ther north near 60N, 1753 W that does not appear to be we focus on the critical success index (CSI) whose values
cloud contaminated. This altitude agrees best with thoseange from O (no skill) to 1 (perfect agreement). One should
from FB_PLR and FB35K (Fig. 11b, d). Unfortunately, the note that MODE scores are limited by the quality of the AIRS
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a) CSI scores for the Russian plume on 2 July, four days
into the simulation, are FPLR (0.52), FB35K (0.49), and
WRF FB_PLR, FB_35K, FB_PBL vs PBL Height - Russia FB_PBL (0.42). Thus, the 1-D injection procedure scores
— e better than the other two schemes, although the difference
between the first two scores probably is not significant. CSI
- scores four days later (6 July, day 8) are_PBR (0.71),
4000 1 A1 | O PSS s E FB_35K (0.67), and FEPBL (0.41). The values for PLR and
: 35K have increased considerably while the score for PBL
decreased slightly. The 1-D injection approach continues to
produce the best agreement with the AIRS retrievals. The
smaller scores on 2 July than 6 July likely are influenced by
emissions in the AIRS data that originated before our mod-
eling period began. FBBL's relatively low score on 6 July
(0.41) probably is due to under representing the emissions
over the northern Chukotski Peninsula. The spreading of the
& i sk 30'00 e s!mulated plumes_ into China (Fig. 9) could not k_Je evaluated
WRF PBL Height (m) since the region is largely masked by clouds in the AIRS
product (Fig. 8e).

5000

3000 ——

2000 -

WRF Layer Height (m)

1000

b) 4.4 Simulated Arctic transport
WRF FB_PLR, FB_35K, FB_PBL vs PBL Height - Canada
{ ! ‘ The previous section noted that the major Russian plume
5000 o T splits into northbound and southbound components (Fig. 10).
3 We now describe the northbound plume as it moves into the
' L Arctic. The location of the plume with respect to the overall
; / Russian plume is shown by the arrow in Fig. 10b, while de-
3000 - tails are in Fig. 12. On 3 July (five days into the simulation,
Pk Fig. 12a, c, e), all three injection procedures produce a CO
O L BN e A S L intrusion between 160 and 18H. On the following day (not
. 7 | shown), the three versions of plumes reach the North Pole.
S — -f{-- 1 [ S 3 These locations correspond to weak AIRS CO enhancements
Al | in the area (Fig. 8d). The plumes then move slowly across the
. | {01 O | pole toward northern Norway on 6 July (not shown).
o w0 2000 3000 4000 The three model plumes differ in size and orientation
WRF PBL Height (m) (Fig. 12) because they have experienced different flow pat-
terns since being injected at different altitudes (Fig. 9). The

Fig. 9. Simulated injection heights for EBLR (red triangles) and ~ Plume based on injection between 3-5km (Fig. 12c) is the
FB_PBL (blue circles), and FB5K (black crosses) plotted against largest of the three on 3 July, while 1-D injection (Fig. 12a)
simulated PBL heights from WRF-Chem f@) injections in Russia  Yields the smallest plume. One should note that the emissions
and(b) injections in Canada. The yellow shaded region representfrom FB_PBL and FB35K exhibit an anticyclonic hook near
the injection layer for the 35K simulations. Since the emissionsthe date line (Fig. 12c, e) that is not observed with FB-PLR
were not released at a single altitude, the various vertical lines rep(Fig. 12a). This occurs because the CO from PLR and 35K
resent the layer over which injection occurred. is lofted earlier into the mid- and upper-troposphere than
is PLR. All three plumes enter the Arctic at similar alti-
tudes (-6 km, Fig. 13b, d, e), and have similar values along
EALIPSO's path. Unfortunately, the light blue region in the

E 4000

WRF Layer Height
;5

data. Although we insured that areas masked by clouds i

example, if WRF-Chem overestimates a plume that is locate Synoptic analyses (e.g., Fig. 7) indicate that the Arctic
in a region where clouds mask the AIRS retrievals, when thetrans ort event is due ,[6 .a’\ war.m conveyor belt (WCB) as-
overestimated region is removed, the score is spuriously in- P Y

: i with a wav lone over extreme northern Rus-
creased. Nonetheless, we consider the MODE procedure 8°° ated with a wave cyclone over extreme northe us

be superior to schemes that compare arid points instead ci'& The WCB transports Russian pollution northward and to
objectz pare grid p qﬁigher altitudes in advance of the surface cold front. The role

of middle latitude cyclones on pollution transport has been
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Fig. 10. Normalized WRF-Chem Total Column CO for the Russian plume over Asia and the western Pacific O¢aan)feB_PLR, (c, d)
FB_35K, and(e, f) FB_PBL for (a, ¢, d)2 July and(b, d, )6 July 2008. The arrow ifb) denotes one of the plumes discussed in the Arctic
transport section.

studied extensively (e.g., Jaffe et al., 1999, 2003; Cooper e?WWCB associated with a later middle latitude cyclone over
al., 2004; Liang et al., 2004; Dickerson et al., 2007). Cli- northeastern Russia again is the cause for the northward in-
matological trajectory analyses have shown that northeasttrusion. The location of the Arctic bound plume on 6 July is
ern China and Russia have a large frequency of WCB eventdepicted by the arrow in the AIRS CO image (Fig. 8e). By 8
(Eckhardt et al., 2004; Stohl, 2001). WCBs have been foundluly (Fig. 12b, d, f), the three simulated plumes have reached
to be a dominant mechanism in vertically redistributing pol- the western hemispheric portion of the Arctic Ocean and
lution in the middle latitudes (Bethan et al., 1998; Wild and southward along the Bering Strait. Plumes resulting from
Akimoto, 2001; Miyazki et al., 2003; Kiley and Fuelberg, FB_PLR and FB35K injection exhibit some horizontal sim-
2006). Ding et al. (2009) examined a plume that originatedilarity (Fig. 12b, d), with both oriented along coastal Alaska
near the megacities of Beijing and Tianjin during Summerand approaching Canada’s Queen Elizabeth Islands. How-
2007. They concluded that a WCB played a major role inever, the overall horizontal extent of the 35K plume is much
exporting the plume to the Arctic and North America. Their greater than its PLR counterpart, as is the area of greatest
study period appears very similar to the current ARCTAS concentrations. The vertical distributions of these two simu-
case. lated plumes are similar (Fig. 14b, d) in that they generally
An even more interesting second Arctic transport event oc-are oriented along the sloping isentropic surfaces.

curs during the final two days of the ten day simulation pe- PBL injection (FBPB) produces a plume that is very dif-
riod (7-8 July) when a different portion of the overall Rus- ferent from those of the other two injections (Fig. 12f). These
sian plume “breaks off” and heads toward the Arctic. A major differences are seen in the plume’s location, shape, and
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Fig. 11. (a)Map of CALIPSO path at 00:34 UTC 6 July 2008 with the analyzed segment over Russia in greehtardCALIOP vertical
feature mask (VFM). Normalized WRF aerosol plumes(fgrFB_PLR, d) FB 35K, and(e) FB_PBL along the CALIPSO track. The left
side of each cross section is the south eastern starting point, while the right side is the north western ending point.

total column CO concentration. EBBL's emissions reach lead to much greater differences later in the simulation due
the Arctic earlier than those from the other runs, produc-to the accumulation process. These differences in horizontal
ing enhanced transport toward Europe and weaker emissioplacement appear in the vertical cross section (Fig. 14).
loading near North America. One should recall that PBL in- Cloud cover severely limits investigation of the second

jection occurs at lower altitudes than the other procedure%rctic plume using CALIOP data from the 19:25 UTC 7
(Fig. 9a). The different wind directions and speeds at theJuIy polar overpass (Fig. 14c) and prevents meaningful quan-

locations and altitudes of injection send the plume materialtitative comparisons of the simulated plumes using MODE.

in somewhat different directions (both horizontally and ver- The two arrows on the VEM denote locations of the PBR
tically), and these differences accumulate during the 8 day,

. : . S and FB35K plumes in Fig. 14b, d. These regions either are
integration period to produce the contrasts seen in Fig. 12f

hus. i logical giti | diff shrouded in clouds (light blue), exhibit low confidence (red),
Thus, in some meteorological conditions small di ErenceSy: meet the criteria for being stratospheric (yellow). We

in plume location or concentration early in a simulation can have little confidence in the single pixel at location 2 that is
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Fig. 12. Normalized WRF-Chem Total Column CO for two northern branches of the Russian plume over the Arctic O¢aan) feB_PLR,
(c, d) FB_35K, and(e, f) FB_PBL on(a, ¢, d)4 July and(b, d, €)8 July 2008.

denoted aerosol (orange) since it is embedded in the cloudl.5 Simulated transport from Canada
These clouds detected by CALIOP correspond to a gap in
the AIRS CO field on 8 July (Fig. 8f). We noted earlier that Our final example is a plume emitted by the Canadian wild-
frontally related cloud features such as WCBs often coincidefires. Figure 9b shows injection heights for plumes originat-
with important chemical plumes (Crawford et al, 2003), anding over Canada (a subset of the locations in Fig. 6b). The
that certainly is the case here. The simulated winds associthree injection procedures again produce very different alti-
ated with FBPBL's early entrance into the Arctic (Fig. 12f) tudes. Similar to results of the Russian plumes (Fig. 9a), the
steer much of the plume away from North America. If this Canadian injections in the PBL are closest to the surface, ex-
simulated plume location were correct, CALIPSO would not tending only to 2 kma.g.l.; the 1-D plume model injects the
have observed it due to the satellite’s path (Fig. 14a). plumes at higher altitudes; and injection between 3-5 km oc-
curs at the highest altitudes. Some injection heights from the
1-D plume rise model extend into the 3-5 km layer.
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Fig. 13. (a)Map of CALIPSO path at 2224 UTC 2 July 2008 with analyzed segment near the North Pole in r@) tiedCALIOP vertical
feature mask (VFM). Normalized WRF aerosol plumes(fgrFB_PLR, d) FB35K, and(e) FB_PBL along the CALIPSO track.

Results show that the three injection procedures have litAIRS data because of clouds, a CO enhancement is evident
tle effect on the location or altitude of the resulting plumes. over James Bay (Fig. 8c). After 2 July, emissions from each
This similarity again is due to weak vertical wind shear in the injection procedure are transported rapidly over the warm
lower troposphere. sector of the passing cyclone where they are lofted to similar

Emissions from fires between Great Slave Lake and Reintransport altitudes. The plumes then pass over central Canada
deer Lake first move toward the south due to northerly winds(not shown) at altitudes betweer8.0—-3.8 km before moving
and then eastward across Lake Winnipeg. The mid-latitudeover the North Atlantic. Once the three versions of the sim-
cyclone responsible for the southward transport moves eastlated Canadian fire plume are over the Atlantic on 7 July
by 6 July (Fig. 7h), producing westerly flow that transports (Fig. 15b, d, e), each splits, with part transported northward
the plume farther east. The locations and areas of the plume®ward Greenland by a closed low over Hudson Bay, while
on 2 July (Fig. 15a, c, e) are similar, whether due to injectionthe major portion continues eastward. The split region of
by the 1-D plume model, within the PBL, or between 3-5 km. CO just south of Greenland is evident in the AIRS imagery
Time series (not shown) reveal that the weaker simulatedFig. 8f). The bifurcation is similar to the branching seen
concentrations connecting the Canadian plume to James Bap the Russian plume over the Sea of Okhotsk (left panels
(best seen in Fig. 15b) are due to emissions from the moref Fig. 10). However unlike the Russian plume, the north-
distant Alaskan wildfires. Although this region contains little ern branch of the Canadian plume does not fully develop
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Fig. 14. (a)Map of CALIPSO path at 19:25 UTC 7 July 2008 with analyzed segment near the North Pole in 1@l thedCALIOP vertical
feature mask (VFM). Normalized WRF aerosol plumes(f)rFB_PLR, (d) FB_35K, and(e) FB_PBL along the CALIPSO track. Arrows in
(c) represent features described in the text.

and does not reach the Arctic. The relatively small Arc- The two arrows on the CALIOP VFM product (Fig. 16c)
tic plume seen on 6 June (Fig. 10c) crossed over the Nortldenote regions of the modeled CO plumes (Fig. 16b, d, f).
Pole (not shown) and now is located between Iceland and th&nfortunately, these areas again coincide with areas of ex-
United Kingdom (Fig. 15d). Itis unique to the higher altitude tensive cloud cover that correspond to frontal systems. In
FB_35K simulation. the cloud labeled “1", there are two orange layers (indicat-
The three cross sections of normalized CO along theing aerosols) between 5 and 10km altitude. However, a
CALIOP track also are very similar (Fig. 16b, d, f). Each close examination of Level 1 browse images (not shown)
type of injection produces an area of enhanced CO along theloes not indicate aerosols. Instead, there are cloud frag-
northern (right) side of the track that is centered near 6 kmments that typically cause misclassifications. At the base of
altitude. These areas slope downward in the southerly (leftthe cloud labeled “2”, the red layer is an artifact, and the or-
direction. Each cross section also exhibits a second, weakeange (aerosol) layer just below it likely is an artifact as well
area of enhancement farther south betwe&r-10km alti-  based on the Level 1 browse images. The vertically oriented
tude. orange layer also appears to be an artifact of the type of-
ten seen below attenuating clouds. Thus, CALIOP provides
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Fig. 15. Normalized WRF-Chem Total Column CO for the North American plume over Cana@s one)2 July and(b, d, f) 7 July.

only weak evidence for enhanced aerosols at these altitude$. Summary and conclusion
Nonetheless, the aerosol (orange) layers that are indicated
below 3km in both areas do appear valid. They are not lo-gpjsodic events such as boreal wildfires play an important
cated beneath the hlghel’ level CIOUdS, and their aerosol de$o|e in the Composition of the Arctic atmosphere and repre-
ignation is supported by the Level 1 browse product. Thus,sent an important forcing to its radiation budget. To accu-
the CALIOP VFM shows evidence of enhanced aerosol inrately simulate wildfire events, it is important to inject their
the low troposphere beneath and between the higher leveimissions at the appropriate altitudes so they are properly
clouds. This horizontal location is consistent with those of ransported by the wind.
the three injection procedures (Fig. 16b, d, ). However, the This case study has examined the ability of the WRF-
clouds at higher altitudes prevent solid evidence of aerosoI%hem online chemical transport model to diagnose the in-
at higher altitudes where the simulations produce maximajection layers of biomass burning emissions. Ten-day sim-
Cloud cover on both 2 and 7 July again prevent reliable quany,jations were performed during the Summer 2008 ARC-
titative comparisons of the plumes with AIRS products. TAS period. Three methods of injection were considered
— an imbedded 1-D plume rise model at each grid point,
releasing emissions within the PBL, and releasing them
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Fig. 16. (a)Map of CALIPSO path at 05:27 UTC 7 July 2008 with analyzed segment over the Atlantic Ocean in violg) Z8WLIOP

vertical feature mask (VFM). Normalized WRF aerosol plume(fgrFB_PLR, (d) FB_35K, and(e) FB_PBL along the CALIPSO track.

This is a descending overpass; north is to the left. Arrowf)nndicate features discussed in the text. Numerous previous studies have
released emissions between the surface and the top of the planetary boundary layer (e.g., Fisher et al., 2010; Leung et al., 2007; Hyer et al
2007).

between 3-5km above the surface. Results of the simulais reduced by entrainment, which is assumed to be in-
tions were compared with AIRS-patterns of total column CO versely proportional to the burn area. The majority of the
and MISR-derived aerosol plume heights, as well as downfires that were studied were identified by MODIS, to which

wind aerosol vertical distributions from CALIPSO. We as- prepchemsources applied a single value of burn area, re-
sumed that CO and aerosol plumes from the wildfires weregardless of time of day. This constant value limited the range
co-located. of injection heights.

WRF-Chem was run using two different preprocessing FLAMBE produced a wider range of injection layers that
methods for wildfires, prephemsources and FLAMBE. more closely agreed with the MISR-derived heights. Al-
Prepchemsources produced a comparatively narrow dis-though FLAMBE begins with a single burn area for each
tribution of injection heights because of the way that the detection, these areas then are modified to be proportional
plume rise model parameterizes entrainment. Plume heightio the diurnal cycle of burning intensity, with size increasing
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during the afternoon and decreasing at night. The inclusiorinjection into the appropriate levels within the atmospheric
of smaller burn areas during the morning produced lower in-vertical structure. The satellite-derived products supported
jection heights that were more consistent with those observethe higher altitude emission schemes over northeastern Rus-
during MISR’s morning overpass. sia and into the Arctic. MODE-derived CSI scores con-
MISR stereo heights also were used to evaluate refirmed that the 1-D plume rise configuration produced the
sults from injecting the emissions confined to the planetarybest agreement with the satellite observations.
boundary lower, and emissions released between 3km and Our long range transport evaluations were limited by two
5kma.g.l. The majority of the MISR heights were above factors. First, satellite data were limited in heavily clouded
the simulated planetary boundary layer but below the 3-5 knregions such as central Canada and the Arctic. Large re-
layer. These results from our ARCTAS simulations indicate gions of the simulated Canadian and Arctic plumes could not
that limiting injection to these layers is not ideal for the geo- be qualitatively or quantitatively compared because of cloud
graphic and meteorological settings of the study. The majorcontamination. The presence of emissions released prior to
ity of injection heights simulated by the WRF-Chem plume the study period also produced observed enhancements over
rise model were between the top of the PBL and 3 kma.g.l.Canada and Russia that were not represented in the simula-
Thus, the 1-D plume rise model produced the most realistidions. This problem could be reduced with the assimilation
approximation of the top of injection layers during the study of satellite-derived CO data into WRF-Chem. Improvements
period. in satellite data quality would enhance the WRF-Chem sim-
Current injection heights were compared with those ofulations during with input and later during verification.
previous studies. We believe that model resolution and the To summarize, the 1-D plume rise model within WRF-
choice of the PBL scheme used in the model must be conChem produced injection heights and plumes that agreed best
sidered in such comparisons. We do not know of any pub-with observed data during our case study period, although
lished study that has evaluated the results from various modehterpretation of the PBL height relative to the satellite-
resolutions and numerical PBL options against observationsretrieved plume height remains an uncertainty that warrants
Such a study would be very useful in deciding which PBL further investigation. The greatest differences between injec-
methodology to use in a CTM. tion methods occurred in cases of relatively strong vertical
Since wind direction and speed vary with altitude, dif- wind shear and when the integration period was long. The
ferent injection altitudes often lead to different transport 1-D plume model was developed for use in low resolution
pathways, especially when longer time periods are considmodels such as global CTMs, but can be used at higher res-
ered. We evaluated simulated long range plume transporblutions such as we have done here. Our experience is that it
both qualitatively and quantitatively against data from the does not require significant additional computing time com-
AIRS and CALIOP satellite sensors. Based on our earlierpared to procedures that make major assumptions about in-
results, we only used the FLAMBE dataset in this evalua-jection height. Previous studies and current results suggest
tion. We again considered three methods of injection (plumethat embedded plume models are a valuable addition to our
rise, FBPLR; planetary boundary layer, EHBBL; 3-5km  arsenal of methodologies. The current results should be con-
a.g.l., FB35K). Results for these injection configurations sidered a case study of a small period during the Arctic sum-
were compared for four plumes: an eastern Russian plumener. Additional studies should be performed to determine
over the Sea of Okhotsk, two cases when the northern branctvhether they are applicable to other regions and meteorolog-
of the Russian plume was transported into the Arctic, and dcal conditions.
Canadian plume over eastern Canada and the Atlantic Ocean.
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