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Abstract. Forest fires are an important source to carbona-sions with diurnal cycle, synoptic variability, and plume in-
ceous aerosols in the Western United States (WUS). Wgection has relatively small impact on the simulated surface
quantify the relative contribution of biomass burning to black BC concentrations in the WUS.

carbon (BC) in the WUS mountain ranges by analyzing sur-
face BC observations for 2006 from the Interagency Monitor-
ing of PROtected Visual Environment (IMPROVE) network
using the GEOS-Chem global chemical transport model. obl
served surface BC concentrations show broad maxima durin

Introduction

late June to early November. Enhanced potassium concentrg-lagk Carbon (E’C? isg prgductl ofziggzmﬁ)le_zte comblustik;)n of
tions and potassium/sulfur ratios observed during the high-C_ar onaceous Iue s (Bondetal,, ) ): t'S. strongly absorp-
BC events indicate a dominant biomass burning influencet"{e of solar radiation and has considerable impacts on global
during the peak fire season. Model surface BC reproduceNIImate (I;Ianznoeoréle.t\?l., 2807’ zgggllzg& Zogé;:ansgn gnd
the observed day-to day and synoptic variabilities in regions azarenko,  ~aconson, ' ). eposited on
now and ice can significantly decrease the surface albedo

downwind of but near urban centers. Major discrepancies ar )
found at elevated mountainous sites during the July-Octobe Warren and Wiscombe, 1980). The reduced snow albedo en-
ances surface snowmelt (Flanner et al., 2007; Zwally et al.,

fire season when simulated BC concentrations are biased lo Y902 d iallv ch h ional hvdroloaical
by a factor of two. We attribute these low biases largely to the ) and can potgntla y change t_e regional hydrologica
ycle over mountain ranges (e.g. Qian et al., 2009). Glob-

underestimated (by more than a factor of two) and temporallyc . - : :
misplaced biomass burning emissions of BC in the model 21y the direct radiative forcmgzdue to fossil fuel BC was
Additionally, we find that the biomass burning contribution efshmate/_d o kl)k? ;032.15 \(;Vm‘ agg the ride;;agvlev]:;) rC|2n g
to surface BC concentrations in the USA likely was under-olpznng'g(;?a eF ° ehlect ue (;OBC was I h d m_h bi
estimated in a previous study using GEOS-Chem (Park e( ' ). Freshly emitte 'S mostly hydrophobic

al., 2003), because of the unusually low planetary boundaryalnd becomes hydrophilic by oxidation or by coating with

layer (PBL) heights in the GEOS-3 meteorological reanalysisSUIfate and organics in about 1-2 days (Park et al., 2003

data used to drive the model. PBL heights from GEOS-4 an nd references therein). BC is removed from the atmosphere
GEOS-5 reanalysis data are comparable to those from th}Q’ithin days to weeks primarily by wet deposition (Jacob-
North American Regional Reanalysis (NARR). Model sim- son, 2004). Because of its shorter lifetime relative to long-
ulations show slightly improved agreements with the ob:ser—l'ved greenhouse gases such as carbon dioxide, BC shows

vations when driven by GEOS-5 reanalysis data, but modef* much ;tronger r.e.gional warming effe'ct and its reduction
results are still biased low. The use of biomass burning emis"&Y provide an efficient short-term solution to combat global
warming (Ramana et al., 2010; Ramanathan and Carmichael,

_ 2008; Bond and Sun, 2005; Hansen et al., 2005).
Correspondence tQ. B. Li Globally, the annual emissions of BC are mainly from
BY (gli@atmos.ucla.edu)

three sources: about 40% from fossil fuels, 40% from
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biomass burning and 20 % from biofuels (Bond et al., 2004;the annual mean area burned in the WUS could increase by
Cooke et al., 1999). The uncertainty in current BC emis-54 % by the 2050s relative to the present under future warm-
sion estimates ranges from at leass0 % on global scales ing. Itis conceivable that fires will be an even larger contrib-
to a factor of 2-5 on regional scales (Ramanathan anditor to BC in the WUS in the 21st century, especially con-
Carmichael, 2008; Streets et al., 2001, 2003). The mossidering that North American anthropogenic emissions are
recent generation of fire emission inventories is based on #&rending down due to aggressive emission reduction regula-
combined approach using burned area and active fire countsons (Ramanathan and Carmichael, 2008; Bond et al., 2007;
from satellites, accompanied by biogeochemical modeling ofNovakov et al., 2003). For the transpacific transport of Asian
available fuel load (van der Werf et al., 2006, 2010; Lang- emissions, it is likely that Asian BC emissions will continue
mann et al., 2009). Biomass burning emissions are typicallyto increase in the coming decades due to the rapid economic
calculated as the product of burned area, fuel load, comdevelopments in that region (Zhang et al., 2009; Bond et al.,
bustion completeness, and emission factors (van der Werf €2007; IPCC, 2007; Streets et al., 2003; Novakov et al., 2003).
al., 2006, 2010; Langmann et al., 2009; Seiler and CrutzenThe large uncertainties in BC emissions again warrant better
1980). Even though fire emission inventories have improvedunderstanding of the sources of BC in the WUS mountain
considerably in recent years, large uncertainties remain imanges.
the temporal and spatial variations of fire emissions, particu- The goal of the present study is to improve our understand-
larly from burned area and fuel load (Langmann et al., 2009).ing of the sources, transport, and deposition of BC in the
Small fires are likely a major source of uncertainty in the es-WUS mountain ranges. Our approach is to apply a global
timates of biomass burning emissions of BC. For instancethree-dimensional (3-D) chemical transport model (CTM) to
small fires can lead to high relative errors of 50-100 % in theanalyze surface BC observations over the WUS. We intend to
estimates of burned area (Giglio et al., 2006, 2010). Addi-quantify the relative contributions from the different source
tionally, the lack of detection for or under-detection of agri- types and source regions to surface BC concentrations in the
cultural burnings in satellite active fire detection algorithms WUS mountain ranges. Our focus is on the contributions
may be another large uncertainty (van der Werf et al., 2010from fires. Our analysis centers on 2006, a relatively strong
Korontzi et al., 2006). fire year in terms of burned area in temperate North Amer-
Recent studies have shown that the transport and suliea (Giglio et al., 2010). We describe the observations and
sequent deposition of BC in the Western United Statesthe GEOS-Chem global 3-D CTM in Sect. 2. We present our
(WUS) mountain ranges may significantly impact the re-results and related discussions in Sect. 3. Conclusions are
gion’s climate and hydrological cycle. In the WUS, moun- given in Sect. 4.
tain snowmelt accounts for more than 70% of the annual
stream flows (Qian et al., 2009). A modeling study by Qian
et al. (2009) using the WRF-Chem model showed that the2 Observations and model description
deposition of BC on snow over the WUS mountain ranges
led to increased rain but less snow accumulation in winter2.1 IMPROVE
This change in the precipitation pattern resulted in reduced
and earlier snowmelt in spring. Consequently runoff from Long-term measurements of aerosols with chemical species
snowmelt between April and June decreased, adversely afncluding BC and elemental components of potassium (K)
fecting the supply of fresh water in the Western states. and sulfur (S) are available in the US from the Interagency
It is thus imperative to better understand the sources, transMonitoring of Protected Visual Environment (IMPROVE)
port, and deposition of BC in the WUS mountain ranges. BCnetwork since 1987 for the protection of visibility in Class |
in this region is mainly from North American anthropogenic remote areas (Malm et al., 1994; data availableitp:
emissions (Park et al., 2003), transpacific transport of Asian/vista.cira.colostate.edu/improveffrigure 1 shows 69 IM-
emissions especially during spring (Chin et al., 2007; HadleyPROVE sites in the WU. These are remote sites at vari-
et al., 2007; Park et al., 2003), and North American biomas®us elevations. IMPROVE measurements are made every
burning emissions during the summer and fall fire seasorthree days for 2006 and twice a week for 1998. The re-
(Spracklen et al., 2009; Park et al., 2003). However, the rel-ported values are 24 h averages. Thermal Optical Reflectance
ative contributions from these sources particularly biomasgTOR) combustion method was used for the BC measure-
burning to BC in the WUS are still uncertain. Wildfires are an ments based on the preferential oxidation of organic carbon
important source to carbonaceous aerosols in the WUS (Zen¢OC) and BC at different temperatures (Chow et al., 2004).
et al., 2011; Spracklen et al., 2007, 2009; Jaffe et al., 2008The uncertainties of the TOR method are difficult to quantify
Park et al., 2007). The increase of fire frequency and pro{Park et al., 2003; Chow et al., 1993).
longed fire seasons observed in the WUS in recent decades Tanner et al. (2001) showed that the surface concentrations
have been linked to increased spring and summer temperaf K and the K/S ratios significantly increased during wildfire
tures and an earlier spring snowmelt (Westerling et al., 2006)episodes and were therefore good tracers of biomass burning.
The modeling study by Spracklen et al. (2009) showed thatMPROVE observations of K and K/S are thus particularly

Atmos. Chem. Phys., 11, 11258266 2011 www.atmos-chem-phys.net/11/11253/2011/


(http://vista.cira.colostate.edu/improve/)
(http://vista.cira.colostate.edu/improve/)

Y. H. Mao et al.: Biomass burning contribution to black carbon in the Western United States Mountain Ranges 11255

T JHeight (m) Tracer advection is computed every 15min with a flux-
8 g form semi-Lagrangian method (Lin and Rood, 1996). Tracer
2 moist convection is computed using GEOS convective, en-
> 2500 trainment, and detrainment mass fluxes as described by Allen
. et al. (19964, b). The deep convection scheme of GEOS-4 is
based on Zhang and McFarlane (1995), and the shallow con-
A vection treatment follows Hack (1994). GEOS-3 and GEOS-
. - 5 convection is parameterized using the relaxed Arakawa-
{g& T 1500 Schubert scheme (Moorthi and Suarez, 1992; Arakawa and
(7

.z Schubert, 1974).

N k11000 GEOS-Chem simulation of carbonaceous aerosols has

been reported previously by Park et al. (2003). Eighty per-
GIE 500 cent of BC and 50 % of organic carbon (OC) emitted from
N — primary sources are assumed to be hydrophobic and hy-
N drophobic aerosols become hydrophilic with an e-folding
time of 1.2 days (Park et al., 2003; Chin et al., 2002; Cooke
et al., 1999). Global fossil fuel and biofuel emissions of BC
Fig. 1. IMPROVE sites (black dots; data availableldtp://vista. are based upon Bond et al. (2004) with updated emissions for

cira.colostate.edu/improveh the Western US. Also shown are ter-  agig (Zhang et al., 2009) and North America (Cooke et al.
rain heights (color contours). 1999).
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Biomass burning emissions of BC are from version 2 of
the Global Fire Emissions Database (GFEDv2) (Randerson
useful for identifying fire influence. Additionally, the IM- et g1, 2007; van der Werf et al., 2006). The GFED inventory
PROVE data also provides surface soil dust concentrationgyas derived using satellite observations including active fire
that were calculated as the sum of the soil-derived elementsgsnts and burned areas in conjunction with a biogeochemi-
(Al, Si, K, Ca, Ti, Fe) and their normal oxides (Malm et al., ca model. Burned areas were derived using active fire counts
1994). The primary natural dust is wind-blown mineral dust 3ng 500-m burned area datasets from the Moderate Resolu-
while the main anthropogenic dust is road dust that containgjgn Imaging Spectroradiometer (MODIS) as described by
carbon and metals (Wells et al., 2007; Kim et al., 2005). Pregjg|io et al. (2006). Total carbon emissions were calculated
vious studies have shown that surface dust concentrations igg the product of burned area, fuel load and combustion com-
the WUS in spring were influenced by not only local sourcespjeteness. Fuel load depends on vegetation type, climate, soil
(Hwang and Hopke, 2007; Wells et al., 2007) but also thetype and time since last fire, while combustion completeness,
transpacific transport of Asian dust (VanCuren and Cahill, gescribing the fraction of the available fuel combusted during
2002; Husar et al., 2001). Therefore, a combination of highg fire, depends on the type of fire, the type of fuel (e.g. stems,
dust concentrations and relative low K concentrations andeayves and litter) and its moisture content (Langmann et al.,
K/S ratios during relatively high-BC events in the WUS in 2009). For GFED, the Carnegie-Ames-Stanford-Approach
spring indicates an anthropogenic rather than a fire influenc%CASA) biogeochemical model was used to estimate com-

on surface BC concentrations. bustion completeness as well as fuel load and the associated
spatial variability (van der Werf et al., 2006, and references
2.2 GEOS-Chem description and simulations therein). BC emissions were then derived from the total car-

bon emissions based on BC emission factors. Figure 2 shows
GEOS-Chem is a global 3-D CTM driven by assimilated the monthly mean total carbon emissions in the WUS (100—
meteorological observations from the NASA Goddard Earth125 W, 30-50 N) for 2006. The fire season started in April
Observing System (GEOS) (Bey et al., 2001). We useand lasted through November. The GFEDv2 inventory has
here GEOS-Chem version 8-01-04 (availabléh#tp://acmg.  a multitude of temporal resolutions from monthly, 8-day, to
seas.harvard.edu/geogljiven by GEOS-3, GEOS-4, and 3-hourly with diurnal cycles (for 2004 only), as reported pre-
GEOS-5 meteorological fields with 6 h temporal resolution viously by Chen et al. (2009). Forest fires typically last from
(3h for surface variables and mixing depths}y,l&titude  several days to weeks as seen in MODIS active fires (Giglio
x 2.5 longitude horizontal resolution, and 30 (GEOS-3, 4) et al., 2006). The 8-day emissions were re-sampling of the
or 47 (GEOS-5) vertical layers from the surface to 0.01 hPastandard GFEDv2 monthly emissions to an 8-day time step
The lowest model levels are centered at approximately 10according to MODIS 8-day active fire counts (Chen et al.,
50, 100, 200, 350, 600, 850, 1250, and 1750 m above sed009).
level in GEOS-3, 60, 250, 600, 1200, 2000 m in GEOS-4, Simulation of aerosol wet and dry deposition follows Liu
and 60, 200, 300, 450, 600, 700, 850, 1000, 1150, 1300et al. (2001). Wet deposition includes contributions from
1450, 1600, 1800 m in GEOS-5. scavenging in convective updrafts, rainout from convective

www.atmos-chem-phys.net/11/11253/2011/ Atmos. Chem. Phys., 11, 1MP&E#H-2011
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30-50°N. 100-125°W the time and Iocatio_n of IMPROVE observgtio_ns. In add_i—
; ; ; ; ; tion to a standard simulation where all emissions were in-
cluded, we also conducted sensitivity simulations by shut-
ting off separately sources of BC from North American an-
thropogenic emissions, Asian anthropogenic emissions, and
global biomass burning emissions. The differences between
results from the standard simulation and those from the sensi-
tivity simulations therefore represent the contributions to sur-
face BC concentrations from the aforementioned BC source
types and source regions. These relative contributions are
. . . . also shown in Fig. 3. Table 1 is a summary of the statistical
Jan Mar May Jul Sep Nov 2006 comparisons of model versus observed surface BC concen-
Time trations at the IMPROVE sites examined here. GEOS-Chem
BC reproduces both the synoptic variability and magnitudes
Fig. 2. GFEDv2 monthly total carbon emissions from fires in the of surface BC concentrations at sites downwind of but near
Western US (100-125/, 30-5C N) for 2006. urban centers. Figure 3 includes two such sites, Meadview,
AZ (36.C° N, 114.2 W, 0.90 km) (Fig. 3a) and San Gabriel,

, ) .. CA(34.2N, 118.0W, 1.79km) (Fig. 3b). Meadview is
anvils, and rainout and washout from large-scale precipita; ot 100 miles to the east of Las Vegas. The San Gabriel site
tion. Dry deposition of aerosols uses a resistance-in-serie§ o the northern edge of the Los Angeles Basin. The cor-
model (Walcek et al., 1986) dependent on local surface tyPgg|ation coefficientsi() between model and observed surface

and meteorological conditions. ___BC concentrations are 0.45 and 0.55< 0.001) for Mead-
_For the present study, we conducted GEOS-Chem “ofyie\y and for San Gabriel. North American anthropogenic
fline” carbonaceous aerosols simulations (Park et al.,

: 2_003?emissions account for98 % of the annual mean BC con-
for 2006, driven by GEOS-4 and GEOS-5 meteorological cenrations at the two sites. North American anthropogenic

fields. We use GFEDv2 8-day emissions unless stated othaissions thus dominate at these sites as seen in the model
erwise. In addition, we conducted two model simulations

) “'Presults. The agreements at these sites indicate that North
for 1998 driven by GEOS-3 and by GEOS-4 meteorological American anthropogenic BC emissions in the model are rea-
fields. In the last two simulations, emissions including thosesonably prescribed.

from biomass burning were exactly the same as those used by g, the observations and model results show broad max-
Park et al. (2003). Detailed discussions and justifications fofi .5 of surface BC concentrations during summer and fall
these model simulations are provided in the following sec-5¢ some sea-level sites (e.g. Fig. 3c) and at elevated sites

tions where appropriate. _ ~ (Fig. 3d-p). The seasonal variations of BC vary consid-
Model results are sampled at the corresponding Iocatlon%ramy from site to site. Some of the highest BC concen-

of the IMPROVE sites. IMPROVE observations are 24 h av- yations are seen during August and September at most of
erages sampled every three days and we sample the modg|

accordingly. We would like to point out that comparing lo- 4.4 apparent in late April and early May at sites such as
calized observations such as the IMPROVE data with mOdekalmiopsi OR (42.6N, 124.F W, 0.08 km) and Three Sis-

results that are representative of a much larger area is inhefgs OR (44.3N, 122.0 W, 0.89km). At the 0—1 km alti-
ently problematic. The comparison is fl_thher complicat_ed bYtude range, model results reproduce largely the peaks of BC
the fact that many of the IMPROVE sites are mountainousgqncentrations observed during the fire season at some IM-

sites and the associated upslope flow is difficult to represenbrOVE sites e.g. Kalmiopsi, OR £ 059, p < 0.001) and
in a coarse-resolution model like the GEOS-Chem modelyorth Cascades. WA (48N 121 PW. 057 km.r — 0.54
used in this study. ' ' ' ; ,

N w B

—_

Biomass burning C (Tg)

o

e sites. Relatively small fires (in terms of BC emissions)

p <0.001). At elevated sites, however, model results sig-
nificantly underestimate surface BC concentrations often by

3 Results and discussions a factor of at least two during summer and fall (Fig. 3e—
p). For instance, model results are biased low by 59 % at
3.1 Seasonal and daily variations of surface BC Hells Canyon, OR (45N, 116.8 W, 0.66 km) and 74 % at

Pasayten, WA (48“N, 119.9 W, 1.63 km). The discrepan-
Figure 3 compares the seasonal variations of simulated andies exist not only in the magnitudes of BC concentrations
observed daily surface BC concentrations during 2006 at sebut also in the timing of the enhanced BC concentrations. In
lected IMPROVE sites. Values shown are 24 h averages foparticular, some of the observed large enhancements due to
every three days. Model results shown here are from simbiomass burning during June and July are completely miss-
ulations driven by GEOS-4 data with GFEDv2 8-day emis-ing in the model results. For example, at Hells Canyon, OR
sions unless stated otherwise. We sampled model results aind Three Sisters, OR, observed large enhancements to the

Atmos. Chem. Phys., 11, 11258266 2011 www.atmos-chem-phys.net/11/11253/2011/
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Fig. 3. (a-p) Simulated (black line) and observed (red line) daily surface BC concentrations at representative IMPROVE sites (Fig. 1) in
2006. Values shown are daily averages for every three days. Simulations are driven by GEOS-4 reanalysis data and with GFEDv2 8-day
emissions. Model results are sampled at the time and location of IMPROVE observations. Also shown are relative contributions to surface
BC concentrations from Asian anthropogenic emissions (green line), global biomass burning emissions (pink line), and North American
anthropogenic emissions (blue line).

surface BC are in middle July. Though simulated BC con-layer mixing; the latter is not resolved explicitly in coarse-

centrations show small yet significant relative enhancementsiesolution global models like the GEOS-Chem model used
the large peaks of simulated BC concentrations do not occuin this study.
until September. The discrepancies are larger at the 1-3km Figure 4 compares the observed and model simulated daily
altitude range. The simulated BC concentrations at Flat-surface BC concentrations averaged for sites at the altitude

head, MT (47.8N, 114.3 W, 1.58km), Craters Moon, ID
(43.5 N, 113.6 W, 1.82km), and Mt. Gates, MT (46.8l,

comparing localized observations with model results that ardow by 37 % at 1-2km = 0.57, p < 0.001) and 38 % at

ranges 0-1, 1-2, 2-3, and 3—4 km, respectively. Model re-

sults shown here are from simulations driven by GEOS-4 me-
111.7W, 2.39km) are biased low by a factor of three or teorological data and with GFEDv2 8-day emissions. Again,
more. Part of the discrepancies is because of the model reg-ig. 4 shows significantly underestimated surface BC con-
olution, which is too coarse to resolve fine regional distri- centrations in the model during summer and fall, especially
butions of BC. As widely pointed out in previous studies, at the 1-2 km and 2-3 km altitudes. Model results are biased

representative of a much larger area is inherently problem2-3km ¢ =0.50, p < 0.001) altitude ranges (Table 1). The
atic. There is another compounding factor that contributescontributions to surface BC concentrations in the WUS from
to the aforementioned discrepancies, especially at elevateMorth American anthropogenic emissions show rather small
mountainous sites. In the standard GEOS-Chem simulatiowariations throughout the year at all four altitude ranges. Fig-
of BC as reported here, biomass burning emissions are unigres 3 and 4 also show small yet significant relative enhance-
formly distributed throughout the planetary boundary with ments of BC concentrations (up to 50 %) during February
the assumption that boundary layer mixing is efficient. Forto March and April to early May. These enhancements are
elevated mountainous sites, the surface BC concentrationgarticularly evident at the 0-1 and 1-2km altitude ranges
are often influenced more by up-slope flow than boundaryand to a lesser degree at 2-3km. Our model results show

www.atmos-chem-phys.net/11/11253/2011/
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Table 1. GEOS-Chem simulated and IMPROVE observed mean surface BC concentrations, model biases, and correlation coefficients
between model results and observations (Figs. 3, 4 and 8).

Figure Obs. mean Model mean Model bias (%) r

(Mg 3) (Mgm3)  (Model-Obs.)/Obs. < 0.001)
3a 0.137 0.168 22.63 0.45
3b 0.210 0.187 —-10.95 0.55
3c 0.148 0.082 —44.59 0.59
3d 0.108 0.166 53.70 0.54
3e 0.255 0.105 —58.82 0.52
3f 0.160 0.138 —13.75 0.59
3g 0.301 0.170 —43.52 0.16 p =0.063)
3h 0.161 0.139 —13.66 0.72
3i 0.158 0.105 —33.54 0.53
3 0.135 0.081 —40.00 0.51
3k 0.152 0.094 —38.16 0.33
3l 0.366 0.095 —74.04 0.13p=0.182)
3m 0.137 0.093 -32.12 0.51
3n 0.163 0.086 —47.24 0.42
30 0.121 0.062 —48.76 0.71
3p 0.107 0.062 —42.06 0.31
4a 0.173 0.139 —19.65 0.50
4b 0.175 0.111 —-36.57 0.57
4c 0.114 0.071 —37.72 0.50
4d 0.088 0.046 —47.73 0.49
8a GEOS-5 0.173 0.170 -1.73 0.38
8b GEOS-5 0.175 0.113 —-35.43 0.62
8c GEOS-5 0.114 0.069 —39.47 0.61
8d GEOS-5 0.088 0.042 —52.27 0.51

that these enhancements are dominated by North Americafall fire season at most of the mountainous sites (not shown).
anthropogenic emissions but with significant contributionsThese correlations suggest that biomass burning emissions
from Asian anthropogenic emissions. This relatively large dominate the broad maxima of surface BC concentrations in
Asian influence during this time of the year is consistent with summer and fall. That biomass burning emissions are the
our understanding that the transpacific transport of Asian pol-dominant source to surface BC concentrations in the WUS
lution is strongest in spring (Jacob et al., 2010; Report of Na-mountain ranges during summer and fall is consistent with
tional Research Council, 2009; Liu et al., 2003, 2005; Jaffeour model results (Sect. 3.1).
etal., 2003, 2005). Also shown in Fig. 5 are time series of IMPROVE sur-

) ) face soil dust concentrations. The relatively high surface
3.2 BC correlations with K, K/S, and dust BC concentrations (up to 0.4 ugt¥) during middle March
In this Section we examine the correlations between surfacand April to early May correspond with high soil dust con-
BC and K, K/S, and soil dust to further verify the large in- centrations (up to 2ugn?) and relatively low K concen-
fluence of biomass burning on the surface BC concentrationgrations and K/S ratios. The correlation coefficient is 0.74
in the WUS during summer and fall. As an example, Fig. 5 between observed surface concentrations of BC and soil dur-
shows time series of observed surface concentrations of Bdhg March—May @ < 0.001). As discussed in Sect. 2.1, the
and K as well as K/S ratios at Flathead, MT. The large BCstrong BC-soil dust correlations thus indicate significant an-
concentration peaks (0.4—1 pug® during August-October  thropogenic contributions to the surface BC at the site during
are strongly correlated with either high K concentrations (upspring. Our examination of BC-soil dust correlations at the
to 0.3 pgnT3) or high K/S ratios (up to 0.9) or both. The other IMPROVE sites shows similar results (not shown). The
correlation coefficients are 0.95 between observed surfacsignificant springtime anthropogenic contributions to the sur-
concentrations of BC and K and 0.61 between BC concenface BC in the WUS mountain ranges are in agreements with
trations and K/S ratios during August-October< 0.001). our model results that show dominant contributions from
We find similar strong correlations during the summer andNorth American anthropogenic emissions (Sect. 3.1).
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As such, the low bias may not be limited to the estimate of

BC emissions but rather that of total carbon emissions hence

other species in GFED. Yet another potentially important fac-

tor is the lack of detection of small-scale agriculture burnings

: ! . . (van der Werf et al., 2010; Korontzi et al., 2006). In addition,

O MW San Mar May  Ju Sep Nev 2006 the discrepancies in the timing of the observed and simulated
S slm; surface BC enhancements suggest that the uncertainties of

@ biomass burning emissions of BC are not only in the mag-

nitudes of fire emissions but also likely in the timing and

! location of fires.

3.3 Sensitivity of surface BC to PBL height

H i o
Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov 2006
Time Time

A previous study by Park et al. (2003) using the GEOS-Chem
BC concentrations at IMPROVE sites (Fig. 1) for 2006, averagedg]igsz(ljgrg}i?s%;iﬁ(ézjn;eg ntzlgssljr?a?: sglnggntt?aeﬂg?‘g
for four altitude ranges(a) below 1 km (18 sites)b) 1-2 km (30 . . . s .
sites), (c) 2-3km (18 sites), andd) above 3km (3 sites). Sim- " the US in 1998. Fire act|v!t|es in temperate North America
ulations are driven by GEOS-4 reanalysis data and with GFEDv2Were considerably weaker in 1998 than in 2006 in terms of
8-day emissions. Also shown are simulated relative contributionsburned area (Giglio et al., 2010). Their model results showed
to surface BC concentrations from Asian anthropogenic emissiong/ery good agreements with IMPROVE observations of BC
(green line), global biomass burning emissions (pink line), and(r? > 0.8) including those in the summer and fall fire season.
North American anthropogenic emissions (blue line). Interannual biomass burning emissions in that study were
from Duncan et al. (2003). To reconcile the apparent differ-
ences between results from our simulation driven by GEOS-4
data and those of Park et al. (2003), we conducted a simula-

Fig. 4. Simulated (black line) and observed (red dots) daily surface

Flathead MT(47.77°N, 114.27°W, 1.58 km) 1.2 05

1

508 ;8 o 104~ tion for 1998 using the same GEOS-Chem configurations,

;0-6 06 & PR E including GEOS-3 reanalysis data and the various emissions

o 04 042 1922  (biomass burning included), as used by Park et al. (2003) (the
@024 T 3 ! 02 101 line “GEOS-3 Interannual” in Fig. 6). In addition, we also

May A e Sep Nov 6 0 conducted a model simulation for the same year but driven

Time by GEOS-4 data and with the same Duncan et al. (2003)

) ) ) ) ) biomass burning emissions as used by Park et al. (2003)
o o st o . (e I “GEOS-4 Iteranal i Fg. . Fgur 6 cort-
fio (blue line) at IMPROVE site Flathead, MT (478, 1143w,  Pares the monthly mean surface BC concentrations for June—
1.58 km) for 2006. December 1998_from these thr_ee simulations against IM-

PROVE observations at Mt. Rainier, WA (4818, 122.2 W,

0.44 km) and Three Sisters, OR. Also shown in Fig. 6 are re-

sults from our standard model simulation driven by GEOS-

As discussed in Sect. 3.1, North American anthropogenict data and with GFEDv2 8-day biomass burning emissions

emissions prescribed in the model appear to be reasonabléhe line “GEOS-4 GFEDv2 8-day” in Fig. 6). We are able to
The broad maxima of surface BC concentrations in the WUSreproduce the results reported by Park et al. (2003). The re-
mountain ranges during summer and fall are dominated bysults from the simulation driven by GEOS-3 data are in good
biomass burning emissions. Thus the large discrepancies b@&greements with IMPROVE observations. The results from
tween our model results and the observations in the sumthe two simulations driven by GEOS-4 data are very similar,
mer and fall fire season can be attributed in large part to thelespite the different biomass burning emissions used. How-
biomass burning emissions of BC being underestimated irever, the results from both of these simulations show consid-
the model, likely by more than a factor of two. An ongo- erably lower surface BC concentrations than those from the
ing analysis shows that GFEDv2 underestimates BC emissimulation driven by GEOS-3 meteorological data and from
sions not just in the WUS but rather globally (Y. Chen et al., IMPROVE observations.
manuscript in preparation, UC Irvine). The GFEDv3 inven-  Part of the discrepancy seen in Fig. 6 can be attributed to
tory (van der Werf et al., 2010) that recently became pub-the different planetary boundary layer (PBL) heights. We
licly available, gives even lower total carbon hence BC emis-compare PBL heights (above model ground level instead of
sions than GFEDv2 in the WUS. Many factors may have con-sea-level) from GEOS-3 and GEOS-4 against those from
tributed to the underestimation, from burned area, fuel loadNCEP North American Regional Reanalysis data (NARR)
estimate, to BC emission factors (van der Werf et al., 2010)(Mesinger et al., 2006; data available ftp://www.esrl.
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Fig. 6. Monthly mean surface BC concentrations from June to De- Fig. 7. Planetary boundary layer heights for (left) August and (right)
cember 1998 at (left) Mt. Rainier, WA (46.8!, 122.P W, 0.44km)  September 1998 at Mt. Rainier, WA (468, 122.F W, 0.44 km)
and (right) Three Sisters, OR (44.R, 122.0 W, 0.89km). Red (blackline, GEOS-4; green line, GEOS-3; red line, North American
lines: IMPROVE observations; black lines: model driven by Regional Reanalysis (NARR; availableratp://www.esrl.noaa.gov/
GEOS-4 data and with GFEDv2 8-day emissions; green lines;psd/cgi-bin/data/narr/plothour)pl Values are for 14:00 LT (Day-
model driven by GEOS-4 reanalysis data and with Duncan etlight savings time).

al. (2003) interannual biomass burning emissions; blue lines: model

driven by GEOS-3 reanalysis data and with Duncan et al. (2003) in- <1km 1-2km

terannual biomass burning emissions. —GEOS4 = IMPROVE @
GEOS-5

noaa.gov/psd/cgi-bin/data/narr/plothour.lhe NARR data & ©2 ' L IR R =~
have a horizontal resolution of 32km and a temporal resolu- W Ay Ao
tion of three hours. To compare with NARR data, we ex- ~ Jan Mar May_ i Sep Nov Jan Mar May .ul Sep Nov 2006
tracted PBL heights at 14:00 LT at the IMPROVE sites from ¢ 2:3km 3-4km

all three datasets. Figure 7 shows as an example the com- © @
parison for August—September 1998 for Mt. Rainier. PBL % 04 1
heights are considerably lower in GEOS-3 than in NARR. In §02 ! :
contrast, GEOS-4 PBL heights are in good agreement with™ = i A v ':-’_,j*»?v WA
NARR data. Other IMPROVE sites show similar compar- Ve | Wit d sl gy
isons. It is thus clear that the unusually shallow boundary ™ " M@ qng 5% Nov e M Mev o see Nov mom
layer in GEOS-3 data partly results in artificially high surface

BC concentrations in the model simulation driven by GEOS-Fig. 8. (a—d)Same as Fig. 4, but from simulations driven by GEOS-
3 reanalysis data hence a false good agreement with M2 (black line) and _GE_OS-S (green line) reanalysis data and with
PROVE observations. Because the US fossil fuel emission§FEPV2 8-day emissions.

of BC prescribed in GEOS-Chem are reasonable (Sect. 3.1),
our model simulations driven by GEOS-4 data therefore SUG1argest discrepancies are seen at 1-2km. The correlation

gest that biomass burning emissions of BC were likely Sig'coefficients between simulated BC concentrations with ob-
nificantly underestimated in Park et al. (2003), too. servations show slightly improvement at 1-3 km=(0.62,

We conducted an additional GEOS-Chem simulation for , _ 4 001). The increased correlation coefficients imply that
2006, driven by GEOS-5 meteorological fields and with {he yariations of simulated BC driven by GEOS-5 data show
GFEDv2 8-day biomass burning emissions. The results argighyly improved comparison with the observations at sites
compared against IMPROVE observations and those from, the 1-3 km altitude range.
the standard simulation. Figure 8 shows surface BC con- Again, we compare PBL heights between GEOS-4 and
centrations from model results and IMPROVE observations,s g5 at IMPROVE sites. As an example, Fig. 9 compares
averaged for IMPROVE sites at the 0-1, 1-2, 2-3, and 3+p6 pgy_heights from GEOS-4 and GEOS-5 with NARR data
4km altitude ranges. During the fire season, surface BGyt vt Rainier for August and September 2006. Both GEOS-
concentrations from the simulation driven by GEOS-5 datay 5,4 GEOS-5 PBL heights are in reasonable agreements
increase considerably (relative to the standard simulation), ith NARR data. These results imply that both GEOS-4 and

especially at the 0-1km altitude ranges thereby improvingseos.5 meteorological fields are better suited than GEOS-3
the comparisons (Fig. 8a). Part of this improvement is be<,, the simulation of BC in GEOS-Chem.

cause of the better-resolved boundary layer in GEOS-5 than

in both GEOS-4 and GEOS-3 (Sect. 2.2). The two model3.4 Sensitivity of surface BC to improved and finer
simulations driven by GEOS-5 and by GEOS-4 data show  temporally resolved biomass burning emissions

very similar results at the higher altitude ranges. Both model

results are still biased low, though, particularly at the 1-2Giglio et al. (2006) showed that the burned area estimates
and 2—-3 km altitudes during the fire season (Fig. 8b, c). Theén GFEDv2 had low biases of 17 % in Alaska and 30% in

5
Il
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—— GEOS-Chem
—— GEOS4 GE0S-5 — NARR (a) (b) 150% WUS GFEDv2 (@)
&> 0.4} — WUS Biomass Burning

2000 ‘e 77| ——150% WUS Biomass Burning
B =) w IMPROVE
< =
3 Q0.2
o o ! !
2 1000 q \ i v

cJan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov 2006
0 Time Time
Aug1 5 10 15 20 25 Sept 5 10 15 20 25 2006 06 2.3 km 3-4 km

Date Date

Fig. 9. Same as Fig. 7, but from GEOS-4 (black line), GEOS-5 = **
(green line), and NARR (red line) for 2006. s
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Western Canada. In a recent modeling study using GEOS-

Chem and GFEDv2 emissions, Chen et al. (2009) scaled ufid- 10. (a—d)Same as Fig. 4, but from simulations with stan-
GFEDV2 emissions of carbon monoxide (CO) and BC bydard GFEDv2 8-day emissions (black line) and with GFEDv2 8-
20 % over North America to correct for these low biases. Ourd2y emissions increased by 50% (green line) over the WUS. Also
sensitivity simulations showed that fires in the WUS were thes_hown are cpntnbutlons to S“Tface BC from b|om_ass_ burnmg emis-
major contributor of biomass burning emissions to the sur—s'oniéb“\;\/edge) and 150 % biomass burning emissions (pink line)
face BC concentrations in the WUS mountain ranges (notover € '

shown) during the summer and fall fire season. Biomass
burning emissions in the WUS account fei75% of total  npa) cycles of forest fires — peak burning typically occurs from
biomass burning contribution to the surface BC concentra-13:00 to 18:30 LT and distinctly earlier in heavily forested
tions during summer and fall. We conducted a sensitivityregions (Giglio et al., 2007), we started with the GFEDv2
GEOS-Chem simulation driven by GEOS-4 data where weg_day emissions and applied diurnal cycles with a 3h time
increased the GFEDV2 8-day emissions by 50 % over thestep. The result is a GFEDv2 diurnal inventory with a 3-
WUS. Figure 10 compares the results with IMPROVE ob- hourly temporal resolution. The mean diurnal cycles were
servations. This Significantly imprOVES model ComparisonSConstructed based on the Automated Biomass Burning Al-
with observations during the fire season. Simulated surfac%orithm (ABBA) active fire observations from the Geosta-
BC concentrations show near linear enhancement relative t@onary Operational Environmental Satellites (GOES) (Chen
those from the standard simulation. The largest increasegt a|., 2009). Additionally, the variations of synoptic weather
are at the 1-2km altitude ranges in the summer and falkonditions may influence forest fires and the associated emis-
fire season (Flg 10b) The increased emissions have rath%'ions _ h|gh wind Speed and less precipitation may enhance
small impacts on the surface BC concentrations at the O+fgrest fires, for instance. It is thus essential to account for
1km (Fig. 10a) and 3-4km (Fig. 10d) altitudes. However, this synoptic variability in forest fires. Initial Spread Index
simulated BC concentrations are still significantly lower than (|s): van Wagner,1987) indicates the fire favorability of syn-
IMPROVE observations. Clearly not only the total biomass gptic weather conditions and the expected rate of fire spread
burning emissions of BC as prescribed in the model is likely (Chen et al., 2009, and references therein). 1SI was calcu-
too low but also the spatiotemporal distributions of the emis-|ated to re-distribute emissions within each 8-day period us-
sions are less than accurate. Small fires are likely a majojng GEOS meteorological parameters including temperature,
source of uncertainty in the estimates of biomass burninge|ative humidity, wind speed, and precipitation (Chen et al.,
emissions of BC (Giglio et al., 2006, 2009, 2010). Since 2009). Such synoptic, day-to-day variability was then super-
agricultural burnings are usually small fires therefore diffi- jimposed onto the 3-hourly diurnal inventory. The resulting
cult to detect from space, agricultural burnings may be an-GFEDv2 synoptic inventory thus combined both diurnal and
other large uncertainty (van der Werf et al., 2010; Korontzi synoptic variations. In other words, the GFEDv2 synoptic in-
etal., 2006). Furthermore, that some fires were obscured byentory thus includes both diurnal and daily variability with
CloudS or Vegetation, or were not aCtiVely burning at the timea 3-hour|y tempora' reso'ution_ We W0u|d ||ke to point out
of the satellite overpass introduces yet additional uncertainthat the GFEDv2 8-day inventory (and the synoptic and diur-
ties (Giglio et al., 2009). nal inventories as a result) likely already includes some syn-
Chen et al. (2009) have also shown that finer temporallyoptic variability. That is because the 8-day inventory was in
resolved biomass burning emissions had significant impactgart constrained by active fire counts, which are presumably
on GEOS-Chem simulated surface CO and BC concentrainfluenced by synoptic weather conditions.
tions, especially in the biomass burning source regions in We conducted two simulations driven by GEOS-4 and
Alaska and Western Canada. To account for the strong diurby GEOS-5 reanalysis data, both with GFEDv2 synoptic

www.atmos-chem-phys.net/11/11253/2011/ Atmos. Chem. Phys., 11, 1MP&E#H-2011



11262 Y. H. Mao et al.: Biomass burning contribution to black carbon in the Western United States Mountain Ranges

o <o 1k Table 2. Correlation coefficients between GEOS-Chem simulated

—— GEOS-4 8-day = IMPROVE (a) (b) N X
and IMPROVE observed surface BC concentrations (Fig. 11).

GEOS-4 synoptic
—— GEOS-5 8-day
—— GEOS-5 synoptic

o2 . ~”f.“‘f - Figure GFEDv2 8-day GFEDv2 synoptic
0 April Jun TA_ug Oct Dec  April Jun _If‘\ug Oct Dec 2004 GEOS-4 GEOS-5 GEOS-4 GEOS-S
- e 11a 0.68 0.68 0.71 0.70
0.
i © @ 11b 0.33 0.30 0.34 0.31
04 * 1llc 0.31 0.41 0.37 0.46
1ad 0.11 0.17 0.12 0.18

BC (ug m®)
o
N

obw B b $i
April Jun Aug Oct Dec  April Jun Aug Oct Dec 2004

Time Time 3.5 Sensitivity of surface BC to vertically injected

: . , biomass burning emissions
Fig. 11. (a—d)Same as Fig. 4, but for April-December 2004 and

with GFEDv2 8-day emissions (black line, GEOS-4; pink line,
GEOS-5) and GFEDv2 synoptic emissions (green line, GEOS-4
blue line, GEOS-5).

Ample evidence has shown that biomass burning smoke
‘plumes can be injected into the free troposphere (Mims et
al., 2010; Kahn et al., 2008). Modeling studies also showed
that vertically injected biomass burning emissions can signif-
icantly improve model comparisons with observations (Le-
ung et al., 2007; Turquety et al., 2007). We are thus mo-
emissions. Additionally, we conducted two simulations tivated by these studies to include the vertical injection of
driven by GEOS-4 and by GEOS-5 reanalysis data, but withbiomass burning emissions to above the boundary layer.
GFEDv2 8-day emissions. All four simulations are for 2004, It is conceivable that the vertical injection can lead to in-
the year for which both GEOS-4 and GEOS-5 data are availcreased surface BC concentrations at elevated IMPROVE
able to us. Also, the GFEDv2 synoptic emissions are avail-sites in the WUS, especially those sites that are downwind
able only for 2004 as of this study. Figure 11 compares theof but near fire regions. To investigate the impact of smoke
results with IMPROVE observations from April to December plume vertical injection on surface BC, we conducted two
2004. The correlation coefficients are summarized in Table 2simulations with vertical injection of GFEDv2 8-day emis-
Since 2004 is a relatively weak fire year in terms of burnedsions. In the first simulation, GFEDv2 emissions were evenly
area in temperate North America (Giglio et al., 2010), thedistributed throughout the boundary layer. Obviously, this
discrepancies between model results and IMPROVE obserapproach underestimates emissions injected into the free tro-
vations are smaller in 2004 than in 2006. With the 3-hourly posphere. In the second simulation, GFEDv2 emissions were
GFEDV2 synoptic emissions, the correlation coefficients be-uniformly (in mass mixing ratio) distributed throughout the
tween model results and observations show slight improvetropospheric column up to 200 hPa. This approach represents
ments at all altitudes. The largest improvements are seen an extreme scenario in which certain percentages of emis-
below 2 km altitudes, but model results still vastly underesti-sions from each forest fires are injected to the middle and
mate surface BC concentrations during the fire season. Simdpper troposphere. As expected, the simulated summer-fall
ulated surface BC concentrations show overall very similarsurface BC concentrations from the second simulation show
variability between model results using the 3-hourly synopticsignificant decreases compared with the first simulation at
and the 8-day GFEDvV2 inventories. This similarity implies sites below 2 km (not shown) simply because of more emis-
that the variation of the surface BC at the mountainous IM-sions are injected to above the boundary layer. However, we
PROVE sites examined here is largely driven by the synoptidind that the inclusion of plume vertical injection, on aver-
(rather than the 3-houly) variability and transport of the fire age, has relatively small impact on the simulated surface BC
emissions and that many of the sites are not directly locatedoncentrations in the WUS mountain ranges during the fire
in the fire emission source regions. That, and the fact thaseason (not shown). This likely is because biomass burning
forest fires usually last on synoptic and longer time scalesgmissions in the model are too low to show significant im-
lead us to conclude that the model results with the GFEDvZprovements.

8-day inventory are proper for comparison with IMPROVE

(every 3 days) daily data. Results from the simulation driven4 Summary and conclusions

by GEOS-5 data and with GFEDv2 synoptic emissions are in
slightly better agreement with IMPROVE observations dur- We have used a global 3-D chemical transport model driven
ing summer and fall. The results from the simulations drivenby assimilated meteorological data (GEOS-Chem) to ex-
by GEOS-4 and by GEOS-5 data, on average, are comparamine the sources of the surface black carbon (BC) in
ble and almost indistinguishable. the Western United States (WUS) mountain ranges. We
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