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Abstract

Atmospheric mercury is composed primarily of’e95%), but H&® and particle
bound mercury are also found in some environmenke three forms of mercury were
measured at the Mount Bachelor Observatory beginni2005. Using data gathered
from 2005-2007, 15 periods were identified duringeh PHg was above the instrument
detection limit of 3 pg i for nine or more consecutive hours. Peak PHgeatnations
ranged from 6.0-44.3 pgtn During these events, PHg is strongly correlati#d CO
and sub-micron aerosol scatter coefficient (typycBF>0.6). Our data suggest that the
15 PHg events were likely due to regional wildfire<California and Oregon. Wildfires
were identified as the primary PHg source usingralination of air-mass back-
trajectories, MODIS satellite data, and chemical physical tracers of combustion.
Slopes of the PHgk, and PHg/CO relationships ranged from 0.20-1.5¥py# and
0.11-0.61 pg i ppb*, respectively. The range of slopes may indicifereént types of
burning (e.g. flaming vs. smoldering), differing anmts of chemical processing,
different fuel sources, or different physical paedens such as the plume injection
height. The slopes provide constraints for thati@hship between PHg, CO, and aerosol
scatter from wildfires. Asian long-range transpmeas not a source of PHg but we cannot
rule out the possibility of local U.S. industriaisces of PHg for some of the events.
Assuming our observations are representative dfajlfire emissions, we estimate that
PHg represents 15% of the total mercury releasad Wildfires and is a source of PHg
comparable to anthropogenic sources.
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1. Introduction

Atmospheric mercury exists as three operationalyned fractions: gaseous elemental
mercury (GEM), reactive gaseous mercury (RGM), paudiculate-bound mercury
(PHg). GEM makes up >95% of the atmospheric mgrpapl. RGM and PHg account
for a few percent of total mercury but these lewats highly uncertain (Schroeder and
Munthe, 1998). The long lifetime of GEM allowgatundergo long range transport
(Petersen et al., 1995, Jaffe et al., 2005; Wetsezias et al., 2006, 2007; Talbot et al.,
2008; Obrist et al., 2008a) and become well mixethe atmosphere. While GEM is the
primary atmospheric mercury fraction, it is relatiwunreactive and insoluble (Lindberg
et al., 2007). The RGM and PHg fractions are delubwater and have higher dry
deposition velocities (Seigneur et al., 2004, 200d)ese fractions are, consequently,
more important when determining mercury deposiéind the injection of atmospheric
mercury into aquatic ecosystems (Caldwell et &0 Amirbahman et al., 2004).

Fires have been recognized as a major source r@unyefor more than a decade
(Veiga et al., 1994; Brunke et al., 2001; Friedlak, 2001, 2003a,b; Sigler et al., 2003;
Wiedinmyer and Friedli, 2007). Wildfires direcilyfluence the emission and deposition
cycles of mercury by mobilizing it from relativeiljnmobile soil and vegetation pools
into the atmosphere (Engle et al., 2006; Turetslal.e2006; Biswas et al, 2007). Fires
predominantly release GEM (usually >95%) and neceable RGM, but a significant
fraction (up to 15%) may be released as PHg (Fretdil., 2001, 2003a; Obrist et al.,
2008a). Even though the amount of PHg is typicsithall it has significant implications
for the local and regional environment due toatsid deposition (Jaenicke, 1988; Radke

et al., 1995; Seigneur et al., 2004). It remaimdear how the PHg observed during
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combustion is produced. PHg may be directly emhi#te an aerosol particle or it may be
produced by adsorption of Hg species (presumalayrtbre reactive RGM) onto emitted
aerosols.

Estimates of global mercury emissions from wildfirange from 100 to over
1000 Mg y* (Friedli et al., 2001; Brunke et al., 2001). Esiiss in the form of PHg
have been estimated at 4-5 M yut few observations exist to verify this estimate
(Obrist et al., 2008a). Controlled combustion iffiedent vegetation has shown that PHg
emissions are dependent upon the fuel type, tHerfassture content, and the type of
combustion (i.e. flaming or smoldering) (Radkelet®991; Hardy et al., 1992; Friedli et
al., 2001; Obrist et al., 2008a).

Previous work at the Mount Bachelor Observatory B central Oregon has
shown that GEM is transported to the U.S. westtdogsolluted Asian outflow (Jaffe et
al., 2005; Weiss-Penzias et al., 2006). Swartadoedret al. (2006), using speciated Hg
observations at MBO, found a quantitative shiftnarcury speciation associated with
increased @and decreased CO and water vapor in the freedpbwe. These results
are consistent with in situ oxidation of GEM in tinee troposphere. Using the GEM/CO
ratio observed at Mt. Bachelor, Weiss-Penzias.€280D7) quantified Asian and biomass
burning sources of Hg. In this paper we preset# daring 15 episodes from 2005-2007
when enhanced PHg was observed at MBO. Combinifrgass back-trajectories,
satellite data, and atmospheric chemical traceesjetermined that regional wildfires
were the most likely source of the increased PHigpagh for several events we cannot

rule out the possibility of industrial influencasin the west coast of the United States.
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2. Methods

2.1 Location

The Mount Bachelor Observatory (MBO) is a highvateon research site (2.7 km
asl) on the leeward side of the southern CascadenMm range near Bend, Oregon
(43.98N, 121.69W). MBO is approximately 200 kmnfr¢he Pacific coast. MBO
typically experiences transitions from samplingfteopospheric (FT) air at night to
sampling mixed free troposphere and boundary I&Bk) air during the day. Boundary
layer influence can reach the summit through amalpapslope) flow or growth of the
boundary layer. The degree of BL influence is aelesit on synoptic and mountain scale
weather patterns and is variable from day to day.analysis of synoptic maps,
soundings, and chemical tracersCHRGM, Q) is used to determine whether the
observed air is primarily boundary layer, free trgphere, or a residual mixed layer
(Weiss-Penzias et al., 2006, 2007; Swartzendrular,006). The site has been well
characterized since 2004 with near-continuous mreasents of wind speed and
direction, relative humidity, pressure, temperat@®, @, and submicron aerosol scatter
(Jaffe et al., 2005; Weiss-Penzias et al., 20087 28wartzendruber et al., 2006; Fischer

et al., 2009; Reidmiller et al., 2009).

2.2 Speciated mercury measurements
Mercury concentrations were measured during spsagmer, and early fall
(March-September) from 2005-2007 using a Tekrarv25®ercury analyzer utilizing a

cold vapor atomic fluorescence spectrophotomet@AfES) detection system. A Tekran
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1130/1135 system was attached to the 2537A to peosppeciated (GEM, RGM, PHQ)

mercury measurements. A detailed description®stmpling system can be found in

Swartzendruber et al. (2006). Briefly, outsideveas pulled into the laboratory through a

Teflon-coated high-volume inlet at ~100 SLPM. Thkeosol size cutoff of the inlet was
2.5 um. The speciation system sampled 7.5 SLPMishigh flow airstream. A KCI
coated annular denuder collected RGM from thera@st. Following the denuder a
quartz fiber filter was used to collect PHg. Doweam of the speciation system the
Tekran 2537A sampled 0.75 SLPM of the airstreamraadsured GEM at five minute
intervals. RGM and PHg samples were collectedfge hours and then analyzed. The
RGM and PHg analysis cycle took 60 minutes duritictvtime GEM was not
measured. The Tekran analyzer was calibrated ex&A0 hours with an internal
permeation source. The reproducibility of the dtad additions was better than 2%
(Swartzendruber et al., 2006). Manual injectioh&BM using a Tekran 2505 mercury
vapor calibration unit were made at the beginning @nd of each year’s field
experiment. Manual calibrations agreed with tla¢est permeation rate within 8% and
the precision and reproducibility of the manuaéatjons were within 8%
(Swartzendruber et al., 2006). Table 1 providestexhal instrument parameters.

From 2005-2007, speciated mercury was measuredglspring, summer, and
early autumn. Data coverage was continuous eXoephort periods due to instrument
maintenance and occasional problems of the inieg iover during spring. Because of
severe weather, only GEM measurements were madweydate fall and winter

(October-March).



10

11

12

13

14

15

16

17

18

19

20

21

22

2.3 Ancillary chemical and meteorological measunetsie

CO, Q, aerosol scatter coefficientsf), and meteorological data were collected
continuously at MBO. Table 1 provides a synops$ithe methods used, instrument
detection limits, calibration frequencies, and éisémated uncertainties. COg,Osp
(PM,), and meteorological data were recorded at 1 raimiervals. For this analysis, the
aerosol scatter data was corrected to STP (1 atBhK2 Speciated mercury
measurements were made at 5 minute intervals (GER)hour intervals (RGM and
PHg). Sub-micron aerosol mass (SAM) was calculbtedssuming a dry aerosol light
scattering efficiency of 3 fig?, and dividing the STP aerosol scattering coeffic{®m
1) by the dry scattering efficiency (Chand et ab0@). All data were reduced to three
hour averages. All Hg data are reported per stanua Uncertainties are reported as +

1 and reported times are GMT (local time is GMT nsifuhours).

2.4 Air-mass trajectories

The NOAA Hybrid Single-Particle Lagrangian Inteigch Trajectories (HYSPLIT
v4.7, Draxler and Hess, 1998; Draxler and Rolpl®@rogram was used to determine
the origin of air masses associated with each Ridgte Trajectories were calculated
using the EDAS 40 km dataset for trajectories @&.lr near-U.S. origin and the GDAS
dataset for trajectories with origins off the EDA&d. A total of 45 trajectories were
calculated for the time of peak PHg for each evdmajectories were calculated for a
1°x1° box centered on MBO (43.98N, 121.69W) and wereutated at five vertical

heights: 1500, 1700, 1900, 2100, and 2300 metergeatmodel ground level. These
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altitudes were chosen such that the model pressiw@mpassed a range (x40 mbar)

around the average pressure observed at MBO (730 mb

3. Results and Discussion

3.1 Features of PHg events

Fifteen periods of enhanced PHg were observed aD & ing the spring,
summer, and early autumn of 2005-2007. An evestdedined as a period when: 1)
PHg remained higher than the instrument detection (defined as 3 standard deviations
of the blank signal and estimated at 3-4 pgj(@® )) for at least 9 consecutive hours and
2) had a maximum concentration >5.0 pd.nPPHg, CO, GEM, and the aerosol scattering
coefficient ( sp) are shown for the PHg event on July 16, 2007ufed.A). The event
lasted for 24 hours. The PHg concentration at igtrGMT (5 PM local) was 12 pgth
and increased to a peak of 31 pd around 0800 GMT. Over the next 16 hours, the PHg
level slowly decreased, reaching a minimum of 1@rpgat midnight on July 17 before
returning to undetectable levels. During this eyBikig was well correlated with CO
(R*=0.86) and s, (R°=0.93). The correlations are shown in figure 1BRélg-CO and
figure 1C for PHg-p.

Figure 2A shows the PHg event for May 4, 2006.sEvent lasted
approximately 20 hours. The event began aroun® @G@T with PHg at 5.0 pg thand
peaked at 1300 GMT when PHg reached 14.5 Bg BRHg returned to 5 pg™® hours

after the peak. The PHg-CO and PHg<correlations are shown in figures 2B and 2C,
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respectively. Like the July 16 event, this perabsb showed significant correlation of
PHg with CO and g,

These two events show features common to all fibgse All events show a
strong correlation of PHg with CO ang, implying that these three species share a
common source. The GEM levels observed during beémts also show an
enhancement near the event peak relative to bagkdrair (section 3.2.3). The timing
of the events is also similar. CO, PHg, aggvary in tandem with no appreciable lag.
For all 15 events the peak in CQp, and PHg were coincident.

Figures 1A and 2A show that there can be a tinfergifice in when the GEM
peak is observed. On July 16 the GEM peak coincwdéh the PHg peak while on May
4 the GEM peak was observed after the PHg peakereral, the GEM peak was
observed at the same time as the PHg peak. ThetMagnt was the only event with a
later GEM peak. For some of the smaller eventss@GEM peak was observed before the
PHg peak. The difference in the timing of the GR&k relative to the PHg peak is not
understood but may be related to differences irsthece fire producing the PHg.
Important differences include fuel type, combustigpe (flaming vs. smoldering), at
what stage in the fire the air mass passed ovand different plume injection heights.
Although the difference in GEM and PHg peak tinrgesat well understood GEM was
enhanced relative to background air in all 15 event

Twelve of the 15 PHg events were observed in air hlad BL air characteristics
with little evident influence from the FT. For erple, during the July 16 event
described above RGM was never above its detedtioh IWater vapor concentrations

ranged from 5.4-6.1 g Kgand Q was nearly constant at 30 ppb. RGMQHand Q
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have been used previously to segregate BL and fikience (Weiss-Penzias et al., 2006;
Swartzendruber et al, 2008). The absence of RG&law Q, and high HO vapor
show that this PHg event was observed in air wilorminant BL influence. The
simultaneous enhancements and strong correlatidPlg, CO, and s, imply that PHg
during these periods had a shared source origmnatithe boundary layer. The majority
of PHg events contained low RGM and &nd elevated water vapor mixing ratios.
These chemical tracers are inconsistent with atfogspheric source of PHg.

The May 4 and 6, 2006 events deviated from thesergéfeatures. These two
events had water vapor concentrations near 2'ggkg contained ©concentrations of
up to 75 ppb. RGM was also detected in these agses (maximum of 27 pghon
May 4). The elevated{and RGM are suggestive of free tropospheric imitge While
these two events and the events of May 2 and M29@; show some potential free
tropospheric influence, additional chemical tracad back-trajectory analysis show that
the most likely source of the observed PHg is fraildfires. Most likely the fire

emissions were injected into the FT and mixed dowour observation site.

3.2 Evidence for wildfire sources of PHg

Based on the observed GEM/CO ratios, air-mass trajgctories and known fire
locations, a lack of large local industrial emissgmurces, and chemical data such as
aerosol scatter, PHg-CO correlations, and GEM ecdgraents, we conclude that all 15
events were most likely due to wildfire emissiofased on these observations we ruled
out other potential sources of PHg such as industmissions and Asian long-range

transport. Each of these lines of evidence isudised below.
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3.2.1 GEM/CO enhancement ratios

The GEM/CO enhancement ratio (ER) has been usad asl to identify and
constrain sources of mercury emissions (Siglet.eP@03; Jaffe et al., 2005; Weiss-
Penzias et al., 2006, 2007; Ebinghaus et al., 200vist et al., 2008b; Swartzendruber et
al., 2008). The GEM/CO ER is defined as the entianant above the local background,
taken here as the monthly mean for GEM and CO.s8Veenzias et al. (2007), using
two years of fire plume observations at MBO, obedra TAM/CO ER for biomass
burning ranging from 0.0004-0.0024 ng*ppbv* with a mean of 0.0014+0.0006 (n=10).
TAM is total atmospheric mercury and because TAMasposed of >95% GEM, this
ratio is substantively the same as the GEM/CO RRiss-Penzias et al. (2007) also
calculated the TAM/CO ER for Asian long-range trams (ALRT) events, which ranged
from 0.0026-0.0068 ng thppbv* with a mean of 0.0046+0.0013 (n=10). The observed
range and mean values for ALRT and biomass buremegts reported by Weiss-Penzias
et al. are consistent with the GEM/CO ER measuyectier groups (Sigler et al., 2003;
Friedli et al., 2004; Swartzendruber et al., 2008Brist et al., 2008b; Talbot et al., 2008).
Weiss-Penzias et al. (2007) also reported that gduitom Western U.S. industrial
sources had a mean GEM/CO ER of 0.0011+0.0014 hgphv' (n=2) and a range of
0.00009-0.0021 ng thppbv*. The wide range and limited number of observation
means the GEM/CO ratio for U.S. industrial plungesat well constrained and should be
interpreted conservatively.

GEM/CO ratios in this work ranged from 0.0002-0.90ty m® ppbv* with a

mean of 0.0015+£0.0012 (n=8) (Table 2). The meahrange of GEM/CO ER
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(excepting events 4 and 7-11) are consistent witftoimass burning source of PHg.
Events 8-10 do not have ratios because there w&Ondata during these periods.
Events 4 and 7 had negative but statistically ficamt GEM/CO ratios (Table 2). The
negative ratios are due to a decrease of GEM wdaohoccur during the transition from
boundary layer to free tropospheric air (Swartzahdr et al., 2006). Because these
negative ratios are a product of mixing air mass&bare not representative of any
known mercury source they have been excluded frdmeeqjuent statistical calculations.
The observed GEM/CO range and mean during the Relgt® (Table 2) are inconsistent
with ALRT as the source of the observed PHg. Tieereowever, significant overlap of
the GEM/CO ratio for both biomass burning and Wh8ustrial emissions (Weiss-
Penzias et al., 2007). While the GEM/CO data arssistent with a biomass burning
source of PHg we must rely on additional observeti distinguish biomass burning

from local industrial emissions, which are discuskelow.

3.2.2 Fire identification and back-trajectories
Regional wildfires were identified using a combioatof the University of

Maryland FIRMS Fire Mappeih(tp://firefly.geog.umd.edu/firemap/the USDA Forest

Service Active Fire Mapping Program

(http://activefiremaps.fs.fed.us/activefiremaps plamd the Fireline National Interagency

Management Report archives (http://iys.cidi.orgdfike/). The fire mapping tools use
MODIS rapid response data from the Terra and Agillges to create regional or
global maps of active fires. To qualify as a pbkessource, back-trajectories calculated

for each event (section 2.4) must have spent at B&ahours below 2km in &X11° box
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centered on the fire. The number of hours eacbfdeajectories spent over the fire is
listed in Table 3.

As an example of the analysis, trajectories forRkig event on July 16, 2007 are
shown in Figure 4 along with the location of thentfied wildfires. The majority of the
trajectories were between 1000-2000 m altitude viheg passed over the Elk Complex
and China-back Complex fires in northern Californidne trajectories spent a total of
156 hours above the two fires (Table 3). Aftersoag over the fire the air gained altitude
and traveled between 3000-4000 m before arrivifgB® (2.7 km asl). The tight
trajectory clustering, the significant time spanthe boundary layer over the wildfire,
and the short transport time from the fires to MBQ4 hours) strongly suggest that
these fires were the source of the observed PHgexamination of Figure 4 shows that
the trajectories passed over the San FranciscaBsayabout 72 hours before arriving at
MBO. The influence of industrial emissions is kely, however, because the air masses
were mostly at altitudes of 3000-5000 m while aver urban areas which minimizes the
impact of surface emissions. Additionally, theragiss spent significantly more time at a
lower altitude over the fire than it did over timelustrialized area. While we cannot
completely rule out a contribution to PHg from isthial sources during this event the
chemical tracers observed in the air mass are owrgistent with a wildfire source than
an industrial source (section 3.2.4).

Of the 15 PHg events observed, 11 were associdatbddentifiable
Northwestern U.S. wildfires (Table 3). The otheurfevents (7, 9, 10, 12) did not have
identifiable fires based on the satellite obseoretiand fire archives mentioned

previously. We believe, however, that the remarements were associated with small
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fires based on the GEM/CO ratio (section 3.2.19,@tM enhancement (section 3.2.3),
the PHg-CO and PHgs, correlations (section 3.2.4), the high PHg/SAMasi(section
3.2.5), and the absence of large industrial sowt@&41g (section 3.2.5). The Mt.
Bachelor Observatory is located near farmland hedwt. Bachelor National Forest.
During spring and summer controlled burns are comnithese fires may not be large
individually but there can be significant numbeusriing at any time. The fires during
these five events were likely small, local, andetedtable by satellite due to cloud cover

or their small size.

3.2.3 GEM enhancements and the PHg-GEM fraction

GEM levels are typically enhanced in wildfire plusreess compared to background
air (Friedli et al., 2001, 2003a,b; Weiss-Penziaa.¢ 2007; Obrist et al., 2008a). GEM
enhancements GEM) were calculated for each event by taking tlM3oncentration
at the peak of the event and subtracting the mpmtiean GEM level for that month. All
of the PHg events observed at MBO except 2 andh@@ead significant GEM
enhancements ranging from 0.03-0.43 ngwith an average of 0.14+0.12 n¢’rfTable
2). Table 3 also shows the percentage of PHdgfastion of the GEM enhancement.
This value ranged from 1.5-49% with a mean of 1PA14These values are remarkably
consistent with those observed for PHg releasemtralled burning experiments (range
of 1.35-37.42% and a mean of 14.2+12.3%) (Obrist.eR008a). The similarity in the
PHg/GEM ratios between observations close to {iddwist et al., 2008a) and our data
farther from the source fire suggests that litdewersion between PHg and GEM occurs,

at least within 48 hours. The lack of RGM enhanaandeiring these events is consistent
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with it being a Hg fraction that readily adsorbsstofaces. It also suggests that there was
no conversion from PHg to RGM during plume transit.

Event 15 had a PHg/GEM ratio >100%, suggesting rRdtg was produced than
GEM. This observation is unexpected and not fufigerstood. One possibility is that
the plume we observed from this fire emanated fimmtemperature smoldering
combustion after an intense flaming phase. Thentgajof GEM may have been
liberated during the flaming phase while the renmgriHg was released as PHg during
the low-intensity smoldering phase. This intergtien is consistent with previous work
showing that smoldering combustion releases morg theh flaming combustion (Radke
et al., 1991; Hardy et al., 1992; Friedli et a002; Obrist et al., 2008a). More work is

needed to determine what controls the PHg/GEM er#raant ratio in wildfire plumes.

3.2.4 Chemical tracers of fires

An important tracer of biomass burning monitoret&0O and used in previous
fire identifications (Weiss-Penzias et al., 20@7aerosol scatter. An increase in sub-
micron aerosols was observed during all 15 evenisdicated by measurements of the
PM; aerosol scattering coefficientsf). Increased aerosol loads are consistent with
previous fire observations at MBO (Weiss-Penziaa.eR007) and provide further
evidence that we were sampling fire plumes. PHb gn(Figures 1C and 2C, Table 2)
are highly correlated during these events, with @6%vents having an’®0.7. Based
on our argument in section 3.2.3 that productioRldf during transit is unlikely, we

conclude that the fire itself is the source of tiég observed in the plume.



10

11

12

13

14

15

16

17

18

19

20

21

22

16

The slopes of the PHgs, correlations for all 15 events are shown in Tabénd
Figures 1C and 2C show scatter plots for two ofetents. Slopes ranged from 0.20-
1.57 pg n* (Mm™)™* with a mean value of 0.67+0.34. The differenps®may be the
result of differing fire characteristics such aslftype or combustion type (flaming vs.
smoldering) or may be the result of different cheahprocessing during transport. The
observed range does provide constraints for the- Rfiglationship. Figure 3 (bottom
panel) shows the PHgy, correlation for all 15 events. The figure demaoasts the
overall variability of the data well. Periods dah PHg (>20 pg i) and high sp (>40
Mm™) are rare compared to periods with lower PHg apd The slope of the best-fit line
is 0.29+0.09 (2) pg m* (Mm™)™* with an Rvalue of 0.57. This slope is less than the
mean slope of 0.67 calculated from the individwedrgs (Table 2). The discrepancy in
the slopes can be explained by the high scattetaahkdf data points at the high end of
the scale (i.e. the slope of the line is well coaieed near the bottom but not well
constrained at the high end). An examination gliFé 3 suggests that there may be a
non-linear effect aboves, of 40 Mni. While there are not enough data points to
confirm this behavior, the possibility suggestd théinear trend may not be the most
appropriate fit for the overall data set.

A second combustion tracer measured at MBO is O&e PHg- sp, the PHg-CO
correlation is significant during all events for iaih data is available and thé Ralues
are >0.7 in 50% of the sampled plumes (Figure 128, Table 2). The correlation of
PHg and CO suggests that the two species sham@ao source during these events.

In background air there is no correlation betweklg Bnd CO. In conjunction with
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back-trajectories that show the sampled air mgzaesed over wildfires at low altitude,
we conclude that the observed PHg and CO werealbi®imass burning.

The slopes of the PHg-CO correlations for all 1&ré¢s are shown in Table 2 and
Figures 1B and 2B show scatter plots for two eveigpes ranged from 0.11-0.61 pg
m* (Mm™)* with a mean value of 0.33x0.16. Like the PHgeorrelations discussed
above, the range of slopes may indicate differemibg parameters or different
chemical processing during transport. Figure B fianel) shows the PHgeO
correlation for all 15 events. CO (the CO enhancement) was calculated by subigacti
the mean monthly CO from the absolute CO valu€Q is used because of the changing
baseline CO during each month. This is not necgdsa s, because monthly mean
aerosol scatter is consistently low and variel Iftom month to month, unlike CO. The
slope of the best fit line is 0.19+0.07 §2g m?* ppbv?, less than the mean value of 0.33
calculated from the individual events (Table 2)kelL.the PHQ-s, relationship we cannot
say for certain if a linear fit is the best repras#ion of the data. These results suggest
significant variability from fire to fire. Overalive believe that the mean of the ratio
from each individual fire, give in Table 2, is thest measure of the ratio for fires in this
area.

The ¢/CO ratio has also been used at MBO to identifyrtaies burning plumes
(Weiss-Penzias et al., 2007). Table 2 shows #tis calculated for each event. During
these 15 events thg,/CO ratio ranges from 0.25-1.10 with a mean of 8&81 Mni*
ppbv'. The observed range and mean is nearly iderttidalt observed by Weiss-

Penzias et al. (2007) for Pacific Northwest bionmassing. The similarity of thes/CO
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ratio reported by Weiss-Penzias et al. and thatroles in the current work provides

additional evidence that we are correctly attribgtihese events to biomass burning.

3.2.5 Potential PHg sources other than biomassrgurn

During some events we cannot completely rule caipibssibility of industrial
influence from local sources. The region around Béichelor is free of heavy industry, a
known source of mainly GEM and RGM, with a smallcamt emitted as PHg.
Significant urban areas within a few hundred kilteng include Salem and Portland,
Oregon. 300 km to the northeast is a large cepilant in Durkee, OR that is a known
source of GEM, RGM and PHg. More distant posgibgdiincluded the San Francisco
Bay area and the Central Valley in California almel $eattle/Tacoma area 400 km to the
northwest. We identified possible industrial s@srof PHg using the same method as
that used for determining the influence of wildéifgsection 2.4). Any set of back-
trajectories that spent >24 hours below 2 km al@tnear an industrial area was
considered potentially influenced by anthropogemissions. Possible industrial
influences are noted in Table 3. The influencplates such as San Francisco, the
California Central Valley, and Seattle/Tacoma orgHévels are probably minimal due
to their distance from MBO and the subsequent deposerosols undergo before
reaching MBO.

Asian long-range transport of pollution (ALRT) igatential source of PHg.
This source was ruled out based on two argumeitst, no back-trajectories during
these high PHg periods indicated trans-Pacificsjppart. Second, the GEM/CO ratio is

inconsistent with ALRT. Finally, ALRT was also ed out based on the PHg/SAM ratio
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(ug PHg/g SAM). SAM is the sub-micron aerosol m@sdculated for PN). Chand et
al. (2008) calculated a mean PHg/SAM ratio of Qu8Qg'in Asian outflow at Okinawa,
Japan. For the 15 PHg events at MBO, the PHg/Satl ranged from 0.60-4.95 pg'g
with a mean of 1.9+0.8 ug'g These ratios are a factor of 3-25 higher thaseh
observed in Asian outflow and provide evidence Wiraiare not observing Asian

pollution.

3.3 Comparison of wildfire plumes

The peak PHg concentrations ranged from 6.0-44 8 pgHigher PHg levels
were observed in larger fires compared to smallesf For example, the large PHg
events on July 15 and 16, 2007 were observed airanass with tightly clustered back
trajectories that reached Mt. Bachelor <24 houer gfassing over the Elk Complex and
China-back Complex fires in northern Californiagiiie 2) which burned thousands of
acres. Smaller PHg concentrations (<7 pﬁ mere not associated with large identifiable
fires.

The PHg-CO and PHgsp correlations as well as the GEM enhancementsdcin e
event are provided in Table 2. The variabilitghese ratios and inGEM suggests that
the production of PHg is sensitive to differenaeghie source fire. Important possible
differences include the species burned, the plumeetion height, differing transport
times and pathways, and differing dilution of egtlme. The available data do not
allow a critical analysis of these different podgibs and more work is needed to

determine the effect of each on PHg production.
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No significant difference was found for plumes s&dpluring the day or at
night. We observed 10 daytime events (7 AM to 7IB&4l) and 6 nighttime events (7
PM to 7 AM local). The average daytime PHg peak 4.8 pg rif and the average
nighttime PHg peak was 13.2 pg®mWe did not observe a significant correlation of
PHg with distance of the fire from MBO (Table 3jhe lack of diurnal variation and the
lack of a clear relationship between PHg and fistashce suggest that the physical
characteristics of the source fire (e.g. injecti@ight, type of combustion, when it was

sampled, etc) are the major determinants of PHdumtoon in wildfires.

4. Global implications

Global emissions of GEM and PHg from wildfires westimated based on the
observed mean ratios to CO (Table 2) and estintdt€® emitted from wildfires.
Assuming global CO emissions of 690+170 Tg per yAadreae and Merlet, 2001) we
estimate that wildfires may be responsible for 38Mg GEM y". This estimate is on
the high end of previous estimates but is withporéed ranges of 100-1,000 Mg per year
(Friedli et al., 2001; Brunke et al., 2001). Wéreate global PHg emissions from
wildfires to be 170+100 Mg}, The uncertainties for our estimates are based on
propagation of the errors in our measured ratiasthe global CO estimate. Our
estimate of PHg from wildfires is a factor of 3gher than Obrist et al. (2008a) who
used the relationship between PHg and particulaf@nic carbon observed in controlled
combustion experiments to estimate global emissibrds5 Mg y*. A likely cause for
this difference in global estimates is methodolabic®brist et al. (2008a) analyzed PHg

from in-lab burning of organic matter and madertlestimate based on the PHg to total
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aerosol mass relationship. They did not reportsapg discrimination of aerosol
particles. The extremely high loadings of totatticalate matter may have resulted in a
very low ratio of PHg to total aerosol. Given tiaa would expect most PHg to be found
on sub-micron aerosol particles, the additionabs@rmass of the super-micron aerosols
would significantly reduce their calculated emissi@f PHg. We believe our estimate is
more representative of PHg for global budgets bee#uelies on observations of fire
plumes in the atmosphere and does not rely on ssynaptions of the aerosol size or
mass distribution for particulate mercury.

Based on our estimates PHg accounts for approxiynbBé6o of the total Hg
released by wildfires. Anthropogenic emission&&8M and PHg are estimated at 2,200
Mg y* and 200 Mg ¥, respectively (Pacyna et al., 2006). Our caledamissions
suggest wildfires are a source of PHg (170+100 Mytlyat is comparable to the
anthropogenic source. This estimate of global Rblm wildfires should be used with
caution as it is based on extrapolation from oeklfsite with a limited sample size and
we assume that the observed PHg-CO ratio is védigadly. Additional field
measurements of fire plumes and their associatedumechemistry are needed to

further constrain global PHg estimates from biontagsing.

5. Future studies

During spring, summer, and fall from 2005-2007 p&fiods of elevated PHg
were observed at the Mt. Bachelor Observatory. mhgrity of these periods could be
attributed to wildfires in the northwestern U.S é&®n the GEM/CO and PHg/SAM

ratios, the correlation of PHg with combustion &@csuch as aerosol scatter and CO,
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GEM enhancements, and co-location of known wildfiong back-trajectories
calculated for each event. None of these obsensitvere consistent with Asian long-
range pollution transport as a source of PHg. @ié cannot completely rule out
influences from U.S. industrial sources on the wesist, the chemical data, trajectory
analysis, and lack of industrial soruces near MB®cansistent with wildfires as the
dominant PHg source. Assuming our observationsegmesentative of global fire
emissions, we estimate that PHg represents 15%edbtal mercury released from
wildfires and is a source of PHg comparable to iaptbgenic sources.

Additional work is needed to increase our undeditamof the role of fires in the
mercury cycle. Because of the similarity in theNBEO ratio for U.S. industrial activity
and biomass burning, additional constraints foasgjng biomass burning events from
other events, such as measurements of acetoiidlzinger et al., 1999), could help
reduce uncertainties in attributing PHg to wildéireMore detailed emission ratios for
different biomes and fuel types would help constglobal estimates of mercury
emissions from biomass burning, which currentlyediby an order of magnitude (Friedli
et al., 2001; Brunke et al., 2001). The large R¥EM ratio during event 15 as well as
the insignificant GEM enhancement during eventa@ X0 is not well understood given
that previous work has shown that fires primardiease GEM. Finally, the absence of
RGM in biomass burning plumes is not fully undeosto It is unclear whether fires act
as pyrolyzers that convert RGM to GEM or whethemRIliberated by fires is condensed
onto aerosol particles during cooling of the plui@érist et al., 2008a). Understanding
the transformations of mercury species in thegdltane and during transport are

necessary to accurately model and predict thetsft@dires on local and regional scales.
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Table 1: Overview of measurements and uncertainti®4BO.
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Detection Uncertainty in Calibration
Instrument Species Method S y method/frequen
Limit 3 hr average cy
total scatter
Radiance sub-micron at 535 nm,
Research aerosol pre-dried by 1 0 100% CQ,
M903 scattering heating 0.35 Mm 5% monthly
nephelometer coefficient 10°C above
ambient
standard
non- traceable to
;Eaﬂ:c;ecio CcO dispersive 15 ppb 6% NOAA GMD
y infra-red CO scale, daily
WADOE
- ultraviolet transfer
Dasibi 1008- O3 photometric 0.26 ppb 2.6% standard, every
RS :
detector six months
0_ .
Tekran cold vapor Hg _n?'.301 ng |n£$rrr:1:;tli—(|)%
2537A Hg atomic 3.5% Sf’)urce overy
1130/1135 fluorescence PHg & RGM = 18-40 hours
3-4 pg n?®
Campbell factory
Scientific Temperature 0 .
HMP 45C RH n/a n/a 2% calibrated,
yearly
Vaisala factory
PTB101B Pressure n/a n/a 2% calibrated,
yearly
Ta_ylor_ . Wind speed heated rotor factory
Scientific '
and anemometer n/a 2% calibrated,
WS-3 and L
direction and vane yearly

WD-3
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1 Table 2: Ratios and statistics for PHg events ofeskat Mt. Bachelor. Values in bold
2 denote R>0.7. R >0.4 but <0.7 are in normal font.? R0.4 but still significant at 95%
3 confidence are marked wittalics. ND denotes no data and NS denotes not signtfican
4  Underlined values are outliers and are not includesibsequent statistical calculations.
Peak Date @ Peak PHg PHg/CO PHg/ ¢ sf/CO GEM/CO GEM
time peak  (pgm° (pg m (Mm™ (ng m® (ng m®)
GMT (pgni®)  ppbv? Mm™) ppbv?) Ppbv)
1 9/14/2005 0400 14.9+0.7 0.52 1.57 0.33 0.0013 0.07
2 9/15/2005 2300 9.9+0.5 0.37 0.85 0.43 NS NS
3 4/29/2006 0500 11.1+0.6 0.31 1.18 0.26 0.0003 0.07
4  5/2/2006 0000 15.4+0.8 1.34 0.82 1.63 -0.016 0.28
5 5/4/2006 1300 14.5+0.8 0.61 0.61 1.00 0.0019 0.22
6 5/6/2006 0200 8.3x0.4 0.11 0.44 0.25 0.004 0.12
7 5/9/2006 0100 6.0+0.3 0.31 0.53 0.58 -0.015 0.24
8 5/31/2006 1000 8.7+0.4 ND 0.62 ND ND 0.03
9 6/7/2006 0400 6.7+0.3 ND 0.78 ND ND NS
10 6/12/2006 1900 6.0+0.3 ND 0.55 ND ND 0.03
11 5/11/2007 2200 14.2+0.7 0.41 0.37 1.10 0.0007 0.05
12 5/18/2007 2200 10.1+0.5 0.17 0.43 0.40 0.002 0.09
13 7/11/2007 1300 18.9+0.9 0.25 0.61 0.41 NS 0.06
14 7/15/2007 1500 44.3+2.2 0.45 0.53 0.85 0.0002 0.09
15 7/16/2007 0800 31.1+1.6 0.12 0.20 0.60 0.0014 0.10
Meantl 0.33+0.16 0.67+0.34 0.56+0.31 0.0015+0.0012 0.11+0.08
n 11 15 10 8 13
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1 Table 3: Attributed sources of PHg events. NS raeent significant and underlined
2 values were treated as outliers for subsequentilegilens. UNK means unknown.
Event # Date Fire location  Total trajectory Distance Possible industrial PHg as
(lat, lon) hours <2 km in from influence % of
1°x1° box MBO GEM
centered on fire  (km)
1 9/14/2005  44.85, -122.77 219 129 21
44.399, -123.169 129 126
2 9/15/2005 43.356, -123.488 138 161 NS
3 4/29/2006  44.83, -122.505 392 115 15
4 5/2/2006  44.193, -122.045 34 37 Portland, OR 55
5 5/4/2006  45.865, -118.721 97 314 Durkee, OR 6.7
6 5/6/2006  43.336, -122.276 101 86 6.9
7 5/9/2006 UNK UNK UNK 2.5
8 5/31/2006 39.397, -120.168 60 526 27
9 6/7/2006 UNK UNK UNK NS
10 6/12/2006 UNK UNK UNK  Central Valley, CA 18
11 5/11/2007 43.748, -121.624 70 26 San Franc{Séo, 30
12 5/18/2007 UNK UNK UNK Portland, OR 11
13 7/11/2007 43.833,-119.481 246 178 32
14 7/15/2007 41.836, -122.653 51 251 49
41.692, -123.399 126 290
15 7/16/2007 41.836, -122.653 105 251 106
41.692, -123.399 51 290
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Figure 1: PHg, CO,s, and GEM during the PHg event on July 16, 2007 B&jg, CO,
and spare well correlated (B and C, respectively). 8bpnd correlation coefficients
are shown for PHg/CO (B) and PHg/(C). Error bars represent one standard
devitation.
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Figure 2: PHg, CO,s, and GEM during the PHg event on May 4, 2006 #)Jg/CO
(B), and PHg/s, (C) are well correlated. The slopes arfd/Rlues are shown in each
panel. Note that the axes are not all reference@ito. Error bars show one standard

deviation.
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Figure 3: Scatter plots of PHJZO (top panel) and PHgy, (bottom panel) using data
from all 15 observed events. The difference inslope and Rvalues between these
figures and those in Table 2 are discussed inetkie t
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Figure 4: Air mass back-trajectories for July 1802. Trajectories were calculated for
the time of peak PHg concentration (0800 GMT) & frertical heights. The black star
is the Mt. Bachelor Observatory and the red stegswadfires. The black boxes are
1°x1° and are centered on MBO and the fires. Air sathgle&ing this time showed
significant enhancements in PHg, CO, aggl all indicative of biomass burning
influence.
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