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Abstract. We determine enhancement ratios for NOx , PAN,
and other NOy species from boreal biomass burning using
aircraft data obtained during the ARCTAS-B campaign and
examine the impact of these emissions on tropospheric ozone
in the Arctic. We find an initial emission factor for NOx of
1.06 g NO per kg dry matter (DM) burned, much lower than
previous observations of boreal plumes, and also one third
the value recommended for extratropical fires. Our analysis
provides the first observational confirmation of rapid PAN
formation in a boreal smoke plume, with 40% of the initial
NOx emissions being converted to PAN in the first few hours
after emission. We find little clear evidence for ozone formation in the boreal smoke plumes during ARCTAS-B in either aircraft or satellite observations, or in model simulations.
Only a third of the smoke plumes observed by the NASA
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DC8 showed a correlation between ozone and CO, and ozone
was depleted in the plumes as often as it was enhanced. Special observations from the Tropospheric Emission Spectrometer (TES) also show little evidence for enhanced ozone in
boreal smoke plumes between 15 June and 15 July 2008. Of
the 22 plumes observed by TES, only 4 showed ozone increasing within the smoke plumes, and even in those cases it
was unclear that the increase was caused by fire emissions.
Using the GEOS-Chem atmospheric chemistry model, we
show that boreal fires during ARCTAS-B had little impact
on the median ozone profile measured over Canada, and had
little impact on ozone within the smoke plumes observed by
TES.
1

Introduction

Emissions of NOx (NO + NO2 ) and other NOy species from
boreal fires can influence the formation of ozone in the Arctic
and midlatitudes (e.g., Wofsy et al., 1992; Jacob et al., 1992;
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Table 1. Previous measurements of NOx and NOy enhancement ratios (mol/mol) for boreal plumes.
Source

Study Type

Location

Age (h)

Enhancement Ratio

Aircraft
Aircraft
Aircraft
Surface
Model

Alaska
Alaska
Alaska, Canada
Azores
SE US

<1
<1
24–48
150–360
50

1NOx /1CO = 1.2%
1NO/1CO = 1.4%–1.8%
1NOy /1CO = 0.56%
1NOy /1CO = 0.8%
1NOy /1CO ≥ 0.7%

Nance et al. (1993)
Goode et al. (2000)
Wofsy et al. (1992)
Val Martin et al. (2006)
McKeen et al. (2002)

Table 2. Previous measurements of O3 enhancement ratios (mol/mol) for boreal plumes.
Source
Goode et al. (2000)
Wofsy et al. (1992)
Mauzerall et al. (1996)
Wotawa and Trainer (2000)
Honrath et al. (2004)
Val Martin et al. (2006)
Pfister et al. (2006)
Real et al. (2007)

Bertschi and Jaffe (2005)
Verma et al. (2009)

Study Type

Location

Age (h)

N. Corr.

1O3 /1CO

Aircraft
Aircraft
Aircraft
Surface, Aircraft
Surface
Surface
Surface
Aircraft

Alaska
Alaska
E. Canada
SE US
Azores
Azores
Azores
E. Canada
Azores
France
Washington State
Siberia

0–3
24–48
Aged
50
300–360
150–360
150–360

1
1 of 3
4 of 9
1
4
9
–
1

7.9%±2.4%
17.5%a
10%±20%
11%
40%–90%
20% (−40%–90%)
23%–28%

Aircraft
TES

120
240
170–240
0–120

5
32

-1%b
8%b
44%±30%
0% (mean)

a Value for the single correlated plume.
b Values are for the same smoke parcel measured at different distances downwind.

Mauzerall et al., 1996; Wotawa and Trainer, 2000; Val Martin
et al., 2006; Real et al., 2007; Leung et al., 2007). Quantitative estimates of these emissions are essential to determining the impact of these fires on tropospheric ozone. However, current NOx emission factors for boreal fires are based
on only two studies of NOx in fresh boreal smoke (Nance
et al., 1993; Goode et al., 2000), two studies of NOy in aged
boreal smoke (Wofsy et al., 1992; Val Martin et al., 2006),
and one model study (McKeen et al., 2002), as shown in Table 1. Furthermore, oxidation within the plume can rapidly
convert NOx to other NOy species, such as HNO3(g) , peroxynitrates (PNs) (RO2 NO2 , including peroxyacetyl nitrate
(PAN)), alkyl nitrates (ANs) (RONO2 ) and aerosol nitrate,
reducing ozone formation in the plume, with transport of
PAN potentially increasing the influence of boreal forest fires
on ozone formation downwind (Jacob et al., 1992; Leung
et al., 2007).
Some previous modeling studies have found that estimates
of the emissions of NOx from boreal fires based on the above
studies lead to too much NOx and ozone in modeled fire
plumes when compared with aircraft and satellite observations. For example, Cook et al. (2007) used p-TOMCAT to
model ozone production in forest fire plumes from Canada
and Alaska encountered during the International Consortium
for Atmospheric Research on Transport and Transformation
Atmos. Chem. Phys., 10, 9739–9760, 2010

(ICARTT) campaign in the summer of 2004. The model initially overestimated NOx and ozone in the smoke plumes.
However, reducing the NO2 emission ratio from 3.3% to
0.8% and increasing the vertical mixing of ozone above the
fires reduced model ozone closer to the aircraft observations
and model NO2 closer to the SCIAMACHY data. Hudman
et al. (2007) also found that the estimates of biomass burning NOx emissions based on the inventory described by Turquety et al. (2007) with a NOx emission ratio of 3.3% had to
be modified to match the ICARRT observations of NOx and
PAN by releasing 80% of the NOx as PAN.
The observed formation of ozone within boreal biomass
burning plumes varies greatly between studies. Enhanced
ozone has been found in some, but not all, aged boreal smoke
plumes, as shown in Table 2. Goode et al. (2000) sampled a
single fresh Alaskan smoke plume and found an enhancement of ozone within the smoke plume of 7.9%±2.4% three
hours after emission. Wofsy et al. (1992) and Mauzerall et al.
(1996) found mixed results: only a third of the aged plumes
sampled showed a significant correlation between ozone and
CO, with Mauzerall et al. (1996) finding an average enhancement ratio of 10%±20%. Observations of highly aged boreal smoke plumes over the Azores, 6–15 days downwind of
the fires, have shown a wide variation in ozone enhancement
(−40%–90%) with an average around 20% (Honrath et al.,
www.atmos-chem-phys.net/10/9739/2010/
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2004; Val Martin et al., 2006; Pfister et al., 2006). However,
the study of smoke plumes over Siberia in 2006 by Verma
et al. (2009) using the Tropospheric Emission Spectrometer (TES) aboard the Aura satellite found that while some
smoke plumes were enhanced in ozone, others were depleted.
They found that the average ozone in the smoke plumes was
not significantly different from that in the background atmosphere.
The summer Arctic Research of the Composition of the
Troposphere from Aircraft and Satellites (ARCTAS-B) campaign in late June and early July 2008 (Jacob et al., 2009)
provided an unprecedented opportunity to sample many fresh
and aged boreal smoke plumes using the NASA DC8 aircraft and to make detailed measurements of ozone and NOy
species. The observations of the Lake McKay plume sampled by the DC8 on 1 July also provide direct observations
of the rapid transformation of NOx into other NOy species
shortly after emission. We use these observations to study
the rapid transformation of NOx into PAN in the first few
hours after emission, to determine the enhancement ratios of
NOx , PAN, and other nitrates in fresh (≤1 day old) Canadian boreal smoke plumes and to develop better estimates
of emission factors for these species for use in models, and
to quantify the observed enhancement of ozone within these
boreal fire plumes.
The TES instrument made multiple special observations
during the summer of 2008 over eastern Siberia, the North
Pacific and North America, providing several retrievals of
CO and ozone within fresh and aged boreal biomass burning plumes. These data allow us to put the aircraft observations into a much larger context. Here we use the TES
special observations to examine the relationship between CO
and ozone in boreal smoke plumes between 15 June and 15
July 2008.
Finally, we use the GEOS-Chem model (Bey et al., 2001)
to quantify the effect of the new emission factors for NOx ,
PAN, and inorganic nitrate from boreal fires on ozone formation. We perform three simulations: one using the default
emissions for extratropical fires described below; a second
using updated emissions derived from the NASA DC8 data;
and a third hypothetical case where there are no extratropical
fire emissions. We then evaluate the model simulations using
the aircraft and satellite observations and use the model to
explore the sensitivity of ozone to boreal fire emissions.
Section 2 describes the identification of smoke plumes
sampled by the DC8 during ARCTAS-B, the determination
of the enhancement ratios of NOy species and ozone in the
plumes, the TES special observations used in this study, and
the GEOS-Chem model runs performed. Section 3 compares
our estimates of the emission ratios of NOy species and of
the downwind enhancement of ozone in these plumes to previous studies, evaluates the model simulations using the aircraft and satellite observations, and shows the sensitivity of
the model to extratropical biomass burning emissions.

www.atmos-chem-phys.net/10/9739/2010/
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Methods

2.1
2.1.1

Analysis of ARCTAS-B DC8 observations
All plumes

We examined the NASA DC8 data sets between 29 June and
10 July 2008 for evidence of biomass burning plumes. The
species discussed here, and the techniques used to measure
them, are described in Table 3. A plume was assumed to
be from biomass burning when the one minute average CO
concentration rose at least 20 ppb above the background level
and the enhancement of CO was correlated (defined throughout as when r 2 > 0.3) with an enhancement in HCN (using
1 s average data) and/or CH3 CN (using 20 s average data).
Back trajectories were used to eliminate aged plumes from
California fires and those potentially mixed with Asian anthropogenic pollution (Fuelberg et al., 2010). Enhancement
ratios of various species versus CO in the plumes were determined from the slope of the reduced major axis linear regression between the two species in the merged data (Isobe et al.,
1990). The averaging time for the data merge used in the
linear regression varied depending on the averaging time and
frequency of the measurement technique used for the nonCO species; the CO observations had a native time resolution
of 1 s. The averaging times of the data merges used for each
species are shown in Table 3. The relative age of the plumes
was classified based on the correlation of CO with shortlived organic species of varying lifetimes following Mauzerall et al. (1998). The mean observed daytime OH concentration during ARCTAS-B varied between 1–2.5 × 106 cm−3 ;
while we do not compare modeled and observed OH in this
paper, Mao et al. (2010) used data from ARCTAS-A in the
spring of 2008 to show that GEOS-Chem OH concentrations were within 15% of the observations between 1–6 km,
with a 40% underestimate below 1 km and a 40% overestimate above 6 km. Plumes where the CO was correlated with
propene (lifetime of 4–10 h for the mean observed daytime
OH concentration) were classified as “fresh”. Plumes where
CO was correlated with ethene (14–35 h) or toluene (19–46
h) but not propene were classified as “aged”, while plumes
where CO was correlated with butane (47–117 h), benzene
(87–217 h), or propane (101–252 h) were classified as “old”.
2.1.2

Lake McKay fire plume

For the Lake McKay fire (56.5◦ N, 106.8◦ W) on 1 July, the
DC8 sampled the fresh smoke plume at several distances
downwind from the fire source at the beginning (early pass,
13:00–15:00 LT) and end (late pass, 18:20–19:40 LT) of the
flight. Enhancement ratios of NOx , NOy , and ozone for each
plume crossing were determined using reduced major axis
linear regressions of the one second merged data, the same
as was done for all DC8 plumes above. For PAN, which was
measured by chemical ionization mass spectrometry (CIMS)
Atmos. Chem. Phys., 10, 9739–9760, 2010
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Table 3. DC-8 measurements used in this analysis
Speciesa

Methodb

Principal Investigator

Ref.

Avg. Time for
Regression with CO

CO

TDLAS

G. Diskin

NA

O3 , NO, NO2 , NOy
CO2
PAN

Chemiluminescence
Non-dispersive IR
CIMS

A. Weinheimer
S. Vay
G. Huey

Total PNs, Total ANs
Fine Aerosol NO3(p)
HCN, HNO3(g)
NMHCs
Organic gases, CH3 CN
NMHCs, OVOCs

TD-LIF
HR-ToF-AMS
CIMS
WAS-GC
PTR-MS
GC-MS

R. Cohen
J. L. Jimenez
P. Wennberg
D. Blake
A. Wisthaler
E. Apel and
D. Riemer

Sachse et al. (1987),
Diskin et al. (2002)
Weinheimer et al. (1994)
Vay et al. (2003)
Slusher et al. (2004),
Kim et al. (2007)
Day et al. (2002)
DeCarlo et al. (2008)
Crounse et al. (2006, 2009)
Blake et al. (2003)
Wisthaler et al. (2002)
Apel et al. (2003)

1s
1s
30 s
60 sc
10 s
1s
Variabled
20 se
Variabled

a NMHCs = nonmethane hydrocarbons; OVOCs = oxygenated volatile organic compounds
b TDLAS = Tunable Diode Laser Absorption Spectroscopy; CIMS = Chemical Ionization Mass Spectrometry;

TD-LIF = Thermal-Dissociation Laser Induced Fluorescence;
HR-ToF-AMS = High-Resolution Time-of-Flight Aerosol Mass Spectrometer; WAS-GC = Whole Air Sampling – Gas Chromatography;
PTR-MS = Proton Transfer Reaction – Mass Spectrometry; GC-MS = Gas Chromatography-Mass Spectrometry
c Reported averaging time of PN and AN measurements by TD-LIF are ∼10 s, with variable time between measurements.
d NASA LaRC provided CO data averaged to match WAS-GC and GC-MS averaging times.
e PTR-MS measurements have a reported averaging time of 0.5 s, with 10 to 20 s between measurements.

and had an archived measurement frequency and averaging
time of 30 s, there were too few data points in each short
plume crossing to determine the enhancement from a linear
regression. Instead, the PAN enhancement ratios for each
plume crossing were determined by calculating the average
PAN and CO mixing ratios for the plume crossing and assuming background concentrations equal to the 25th percentile of all measurements on 1 July between 0 and 2 km
in altitude; 140 ppb for CO and 180 ppt for PAN. Modified
combustion efficiencies were calculated using a CO2 background concentration of 382 ppm and average CO2 mixing
ratios for the plume crossing.
2.2

O3
(a)

(b)

200

200

500

500

Fig. 1. Averaging kernels of (a) CO and (b) ozone at four different pressure levels. Data is from TES run 7706 on 3 July 2008 at
44.5◦ N, 158.3◦ W.

TES observations during ARCTAS-B

We used the Level 2 retrievals of CO and ozone from TES
(V003, Osterman et al. (2008)) to further explore ozone enhancement in boreal smoke plumes. TES V003 ozone retrievals were validated against ozonesonde profiles from the
Arctic Intensive Ozonesonde Network Study (ARCIONS)
during ARCTAS (April to July 2008, Boxe et al. (2009)), and
generally showed a positive mean bias of less than 15%. The
TES special observations include nadir retrievals at about
every 0.4◦ latitude, a much closer spacing than the global
survey observations (1.6◦ apart), which allows us to look at
changes in ozone levels in biomass burning plumes. The
retrievals were filtered for data quality as recommended in
the TES Level 2 Data Users Guide (Osterman et al., 2008).
We used maps of Level 3 daily AIRS retrievals of CO at
Atmos. Chem. Phys., 10, 9739–9760, 2010

1◦ ×1◦ resolution (available at http://disc.sci.gsfc.nasa.gov/
giovanni/\#maincontent) to identify the transport of emissions from major regions of boreal biomass burning and then
identified the plumes that were observed by TES. Here, we
defined a plume as a set of TES retrievals between 15 June
and 15 July where peak CO exceeded 150 ppb at 510 hPa and
where HYSPLIT back-trajectories (http://ready.arl.noaa.gov/
HYSPLIT.php) suggested the observed air masses came from
boreal biomass burning regions in Siberia (17 plumes) and
Canada (5 plumes).
Figure 1 shows the CO and ozone averaging kernels for
TES Run 7706 on 3 July 2008 at the location of a plume encounter (44.5◦ N, 158.3◦ W) at four different pressure levels.
In general, the retrievals had 1 degree of freedom for signal
www.atmos-chem-phys.net/10/9739/2010/
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Fig. 2. Emissions of CO from extratropical fires on 1 July 2008
for the GC-ORIG model run. Estimates of the amount of biomass
burned are from the FLAMBE database, while the emission factor
for CO is from Andreae and Merlet (2001).

(DOFS) below 250 hPa for both ozone and CO. The criteria
of 150 ppb for CO ensures that the retrievals are significantly
different from the a priori values (∼110 ppb). While this procedure will detect thick plumes that are transported between
continents (e.g., Zhang et al., 2008), it will not detect plumes
near the surface (where the sensitivity is low) or very thin
and highly diluted plumes. Of the 27 plumes encountered by
the DC8 during ascents and descents, the median thickness
was 1.5 km; eight had a thickness less than 1 km, and 2 had a
thickness of less than 0.5 km.
2.3

GEOS-chem modeling and sensitivity study

We performed a simulation for the ARCTAS-B period (15
June to 15 July 2008) using the GEOS-Chem model and evaluated the simulation with the DC8 and TES observations.
The model is described in detail in Mao et al. (2010), while
model emissions are documented in Fisher et al. (2010).
GEOS-Chem (Bey et al., 2001) is a global 3-D chemical
transport model driven by assimilated meteorological observations from the Goddard Earth Observing System (GEOS5) of the NASA Global Modeling and Assimilation Office
(GMAO) (Rienecker et al., 2007). We use GEOS-Chem version 8-01-04 (http://acmg.seas.harvard.edu/geos/index.html)
with a dynamic time step of 15 min and a chemistry time
step of 60 min. The GEOS-5 meteorological data have 6-h
resolution (3-h for surface variables and mixing depths) and
are regridded for input to GEOS-Chem. The model is initialized with a 1-year simulation from January 2007 to January 2008 with 4◦ ×5◦ resolution, and from January 2008
on with 2◦ ×2.5◦ resolution. The same GEOS-Chem simulation was used to interpret ARCTAS-A observations for HOx
(Mao et al., 2010) and CO (Fisher et al., 2010).

www.atmos-chem-phys.net/10/9739/2010/
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We use the standard GEOS-Chem simulation of ozoneNOx -HOx -VOC-aerosol chemistry as described for example
by Park et al. (2006). The chemical mechanism is updated
with data from Sander et al. (2006) (hereinafter “JPL06”)
and the International Union of Pure and Applied Chemistry (Atkinson et al., 2006). The Fast-JX method was used
to calculate photolysis rates (Wild et al., 2000; Bian and
Prather, 2002), and the absorption cross-sections and quantum yields were updated following JPL06. Total ozone
columns used as input to Fast-JX are from daily measurements by the Ozone Monitoring Instrument (OMI) satellite
instrument with 1◦ ×1◦ resolution (ftp://toms.gsfc.nasa.gov/
pub/omi/data/ozone/Y2008/). Surface albedo is from the Total Ozone Mapping Spectrometer (TOMS) satellite monthly
climatology with 1◦ ×1.25◦ resolution (Herman and Celarier,
1997).
Anthropogenic emissions in GEOS-Chem are described in
van Donkelaar et al. (2008). Daily total carbon emissions
from biomass burning for 2008 with 1◦ ×1◦ resolution are
specified from the Fire Locating and Monitoring of Burning
Emissions (FLAMBE) emission inventory (Reid et al., 2009)
constrained by GOES and MODIS fire count data. Monthly
mean biomass burning emissions from the Global Fire Emissions Database v.2 (GFEDv2) inventory for 2007 were used
for the 1 year model spin up (Giglio et al., 2006; van der
Werf et al., 2006). Emissions of specific gases were calculated from the total carbon emissions using the emission factors of Andreae and Merlet (2001). Emissions from biomass
burning were uniformly distributed throughout the boundary
layer, with boundary layer heights taken from GEOS-5 meteorology. This could underestimate the amount of fresh smoke
injected into the free troposphere: previous work using MISR
derived plume heights suggests that 4–12% of North American fire plumes are injected above the boundary layer at the
time of the MISR overpass (between 11:10 and 13:45 local
time) (Val Martin et al., 2010). Figure 2 shows the emissions
of CO for the base model run, GC-ORIG, on 1 July 2008.
The emissions were strongest from the Siberian fires on this
day, with relatively smaller emissions over Canada and parts
of California. Further details on model emissions are given
by Fisher et al. (2010).
The median CO observations of the NASA DC8 in the
lower troposphere (see Sect. 3.3.1) imply that the FLAMBE
inventory overestimates the CO emissions, and hence the
amount of biomass consumed by boreal fires during the study
period. Aircraft data from ARCTAS-A also showed that the
FLAMBE emissions of CO had to be reduced (to 53% and
45% of the initial estimate for Russia and Southeast Asia, respectively) while the anthropogenic emissions had to be increased (by 18% and 52% for Asia and Europe, respectively)
in the spring of 2008 (Fisher et al., 2010). Furthermore, we
show in Sects. 3.1 and 3.2 that the emission factors in our
base run, GC-ORIG, overestimate the emission ratio of NOy
to CO in the smoke plumes and that much of the NOx initially emitted by the fires is rapidly converted to PAN and
Atmos. Chem. Phys., 10, 9739–9760, 2010
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(a)

0.6%
Early Pass
Late Pass, > 2 km altitude
Late Pass, < 1 km altitude

(c)

0.5%
0.4%
0.3%
0.2%
0.1%

0

2
4
6
Estimated Lagrangian Age (h)

(b)
2.0%

0.0%
0

2
4
6
Estimated Lagrangian Age (h)

(d)
6%
ΔO3/ΔCO

ΔNOx/ΔCO

1.5%

5%
4%
3%
2%
1%
0%
-1%
-2%

1.0%
0.5%
0.0%
0

2

4

Estimated Lagrangian Age (h)

6

MCE (ΔCO2/Δ(CO+CO2)

ΔPAN/ΔCO

ΔNOy/ΔCO

4.0%
3.5%
3.0%
2.5%
2.0%
1.5%
1.0%
0.5%
0.0%

100%

(e)

95%
90%
85%
80%
75%
70%
0

0

2
4
6
Estimated Lagrangian Age (h)

2
4
6
Estimated Lagrangian Age (h)

Fig. 3. Enhancement ratios of (a) NOy , (b) NOx , (c) PAN, and (d) O3 and (e) modified combustion efficiency (MCE) versus Lagrangian age
for the Lake McKay smoke plume sampled during the 1 July flight of the DC8. Blue diamonds are for samples taken during the early pass
(13:00–15:00 LT), while red squares and orange triangles are for samples taken during the late pass (18:20–19:40 LT) above 2 km and below
1 km in altitude, respectively.

inorganic nitrate (HNO3(g) and NO3(p) ) in the plume. Thus,
we performed a sensitivity study (GC-SENS) to explore the
effect of these changes to extratropical forest fire emission
estimates and the subsequent sub-grid scale plume chemistry
on the model results, as discussed in Sect. 3.3.1. The new
emissions estimates in GC-SENS started on 15 June 2008.
We also performed a second sensitivity study (GC-NOFIRE)
with no emissions from extratropical forest fires as of 15 June
2008 to estimate the impacts of these fires on CO, ozone and
NOy in the Arctic troposphere.
To compare the model results to the DC8 observations,
the DC8 observations were averaged for 15 minutes to correspond to the dynamic time step of the model, and the model
output was sampled along the flight track. The TES averaging kernel and a priori were applied to the model results
along the TES orbit tracks to compare the model results with
the TES retrievals as described by Zhang et al. (2006).

3
3.1

Results and discussion
Rapid formation of PAN in the Lake McKay fire
plumes

The enhancement ratios of NOy , NOx , PAN (measured by
CIMS), and O3 downwind of the Lake McKay fire are shown
in Fig. 3. (Throughout this paper, emission and enhancement ratios (ERs) are reported as the molar ratio of a given
species i to CO, expressed as a percent.) We estimated
the Lagrangian age for each sample using the distance of
each plume crossing from the location of maximum CO
and the average measured wind speed (8.5±1.3 m/s for the
early pass and 6.8±1.2 m/s for the late pass). Uncertainty
Atmos. Chem. Phys., 10, 9739–9760, 2010

bars in Figs. 3–4 represent the 1σ uncertainty in the Lagrangian age of the parcels based on the variability of the
wind speed. The late pass data are divided into two sets,
one for samples taken below 1 km and another for samples
above 2 km. These two sets show substantial differences
in enhancement ratios and modified combustion efficiency
(MCE= 1CO2 /1(CO+CO2 )), and so should be considered
as two separate types of smoke parcels.
Total NOy enhancement ratios in Fig. 3a appear fairly constant in the lower late pass (<1 km in altitude) with a range
of 0.34%–0.55%. The NOy enhancement ratio for the late
pass samples at 2 km are much higher (1.1%–1.7%). Most
of this variability is due to the fluctuation between smoldering and flaming combustion in the Lake McKay fire, as evidenced by the variation of MCE shown in Fig. 3e. Pure smoldering combustion has an MCE of about 80%, while pure
flaming combustion has an MCE near 99% (Yokelson et al.,
1996). Thus the higher the MCE, the greater the proportion
of flaming combustion to smoldering combustion, with values above 90% suggesting ≥50% flaming combustion (Sinha
et al., 2003). Since CO is emitted mainly in smoldering combustion and NOx mainly in flaming combustion (Lobert et al.,
1990), the higher NOx enhancement ratio in the upper late
pass and the associated higher MCE imply that this sample
is primarily from flaming combustion. For the early pass, the
initial measurement of NOy enhancement ratio is very large,
possibly as an artifact of the short plume transit time. This
high value seems suspicious in light of the downwind observations, which show a much more gradual change from 0.8%
to 0.4%. This relatively constant behavior in the downwind
NOy enhancement ratio is partially consistent with the MCE
observations in the early pass: except for one downwind
www.atmos-chem-phys.net/10/9739/2010/
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Fig. 4. Fraction of NOy present as NOx (orange squares) and PAN (blue diamonds) versus Lagrangian age for the (a) early pass (13:00–
15:00 LT) and (b) late pass (18:20–19:40 LT) of the Lake McKay fire plume. The late pass figure only includes samples taken below 1 km in
altitude; altitude (in km) is given in the text lebels attached to the blue diamonds.

A
B
C

Fig. 5. Locations of smoke plumes encountered by the NASA DC8 during ARCTAS-B. The color represents the altitude of the plume while
the symbol represents the age classification.

point at 83%, the MCE in the early pass is fairly constant
at 90%–96%.
The NOx enhancement ratios, shown in Fig. 3b, decrease
rapidly with age in both passes. Figure 3c shows that the
PAN enhancement ratio increases rapidly in the early and
lower late pass samples from initial values of 0.04%–0.08%
to values of 0.23%–0.36% in ∼4 hours after emission. Figure 3d shows a rapid, if small, increase in the O3 enhancement ratio from small, and occasionally negative, initial values of −0.8%–+0.1% (due to the titration of background O3
by fire-emitted NO), to positive downwind values of 2.1%–
2.8% in the early pass and 1.6% in the lower late pass.
The upper late pass samples, with their higher NOy emission, showed much higher enhancements for PAN (0.38%–
0.51%) and O3 (2.8%–5.0%). The measurements with large
MCE values seem the most consistent with the previous measurements of NOx and O3 in fresh boreal smoke by Nance
www.atmos-chem-phys.net/10/9739/2010/

et al. (1993) and Goode et al. (2000). The results in Fig. 1
show that the NOx emission factor is strongly dependent on
whether the combustion is flaming or smoldering, and that
using previous measurements of fresh smoke that were likely
from flaming combustion may overestimate the average NOx
emissions from boreal fires.
Figure 4 shows that the PAN/NOy ratio increases with age
in both passes, while the NOx /NOy ratio decreases. These
observations of rapid PAN formation confirm the model result of Jacob et al. (1992), which showed PAN/NOy in a boreal smoke plume increasing to about 30% in 3 hours. However, the model of Alvarado and Prinn (2009), which simulated the Alaskan fire plume sampled by Goode et al. (2000),
showed a PAN/NOy ratio of only 4% after 3 h. The key difference between the cases appears to be the emission ratio of
NOx in the smoke plumes, which has a large effect on the
modeled fractionation of NOy in the smoke plumes. In the
Atmos. Chem. Phys., 10, 9739–9760, 2010
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case of Jacob et al. (1992), the initial value of 1NOx /1CO
was 0.34%, versus 4% in Alvarado and Prinn (2009) and
0.5%–1.5% for the early and late passes of the Lake McKay
fire. We find that when the initial 1NOx /1CO values in the
Alvarado and Prinn (2009) model are reduced to 0.5%–1.5%,
the PAN/NOy ratio increases to 22%–31% after 3 h.
3.2
3.2.1

Characteristics of biomass burning plumes sampled
by the NASA DC8
Plume age and height

The locations of the plumes sampled by the DC8 are shown
in Fig. 5, along with the altitude and age classification for
each plume. The fresh plumes occurred in three regional
groupings – a pyrocumulus cloud sampled on 29 June 2008
(63.5◦ N 134.8◦ W, labeled A on the figure), a group of
ten fresh plumes west of 97.5◦ W over the biomass burning source region (labeled B), and a third group of 5 fresh
plumes east of 97.5◦ W downwind of the fire region (labeled
C). The median altitude of all the fresh plumes was 2.7 km.
However, when only the plumes above the fire region are included, the median altitude drops to 1.6 km, with 6 of the
10 plumes found in or near the boundary layer (where the
3-h average local boundary layer heights are taken from the
GEOS-5 meteorology fields). This is higher than the 4–12%
of plumes found over the boundary layer between 11:10 and
13:45 LT (the MISR overpass time) in the work of Val Martin
et al. (2010). However, their study excluded plumes mixed
with cumulus clouds, while two of the plumes in group B
were mixed with liquid water clouds (at an altitude of 3.2 and
10.3 km). Soja et al. (2008) reported that during ARCTASB the Canadian fires developed smoke columns reaching 5–
7 km in altitude. The remaining difference (25% vs. 4–12%
above the BL) may reflect the later sampling time of the aircraft data, as fire intensity generally peaks in early to late afternoon, between 13:00 and 18:30 LT (Giglio, 2007; Ichoku
et al., 2008).
Four of the 5 plumes downwind of the burning region were
found above 3 km, and 3 were mixed with liquid water or ice
clouds, suggesting that the fresh emissions were convectively
lofted or diffusively mixed upward as they traveled downwind. This could be due to the middle latitude cyclones and
associated thunderstorms present over southern Canada during ARCTAS-B, leading to the lofting of biomass burning
emissions in the storm updrafts (Fuelberg et al., 2010). These
five plumes were all sampled by the DC8 on 4 July 2008, during the period of the most intense cloud-to-ground lightning
seen during ARCTAS-B, indicative of storms with strong updrafts that can carry pollutants aloft (Fuelberg et al., 2010).
The median altitude of the aged plumes was 6.4 km, although aged plumes were found throughout the troposphere.
Two of the three “old” plumes are highly aged Siberian
smoke that was transported near the pole and sampled by the
DC8 over Greenland.
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3.2.2

Enhancement ratios and partitioning between
NOy species

Table 4 gives the mean enhancement ratios of O3 , NOy ,
NOx , HNO3(g) , NO3(p) , total PNs, PAN, and total ANs in
the plumes sampled by the NASA DC8. Plumes where the
given species and CO were not correlated were assigned a
ratio of 0 for averaging.
Less than a third of the fresh and aged biomass plumes
showed significant correlations between O3 and CO, consistent with the results of Mauzerall et al. (1996) and Wofsy
et al. (1992) for plumes over Canada and Alaska. The mean
1O3 /1CO of 0.5%±1.9% in the fresh plumes was not significantly different from 0, while the mean 1O3 /1CO for
aged and old plumes were negative. These results are in
contrast to several previous studies of 1O3 /1CO in boreal
biomass burning plumes that have found generally positive
values for 1O3 /1CO (see Table 2), with aged plumes over
the Azores showing values of up to 90% (Honrath et al.,
2004; Val Martin et al., 2006). However, Val Martin et al.
(2006) and Real et al. (2007) both found single aged plumes
with negative values (−40% and −1%, respectively). In addition, the analysis of TES data for Siberian fire plumes in
2006 by Verma et al. (2009) found both positive and negative
enhancements of O3 , consistent with our results.
The total NOy enhancement ratio shows large variability
in both the fresh and aged plumes, but the mean values are
similar. The mean value for old plumes is much lower, possibly due to the formation and deposition of HNO3(g) and
NO3(p) . The average for all plumes sampled by the DC8
is 0.7%±0.5%, which is consistent with the observations of
Val Martin et al. (2006) and Wofsy et al. (1992) and the modeling study of McKeen et al. (2002) summarized in Table 1.
The sum of the average enhancement ratios for the components of NOy in the fresh plumes (1.04±1.14%) is 38%
larger than the average enhancement ratio of NOy , although
the 1σ uncertainty bars overlap. In contrast, the two values are nearly identical in the aged plumes (0.50%±0.78%
and 0.51%±0.41%, respectively). While this may be due to
an incomplete conversion of NOy components on the catalyst surface, the discrepancy is likely due to the uncertainty
in the linear regressions used to calculate the enhancement
ratios of individual species in the fresh smoke plumes. In
several plumes, the correlation of NOy with CO is stronger
than the correlation of NOx and other components with CO,
and the slopes of the components are correspondingly less
certain, so the sums of these enhancement ratios are more
uncertain than the slope of NOy itself.
The mean fresh smoke NOx emission ratio of
0.34%±0.52% is significantly lower than the estimates
of Nance et al. (1993) and Goode et al. (2000) of 1.2% (for
NOx ) and 1.4–1.8% (for NO only), respectively. There are
two likely explanations for this difference. First, there may
have been a larger fraction of smoke from smoldering fires
in the ARCTAS observations. The reported average MCE
www.atmos-chem-phys.net/10/9739/2010/
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Table 4. Enhancement ratios (mol/mol) for boreal plumes observed by NASA DC8 during ARCTAS.
Age classification

Number correlateda

Mean±1σ a (%)

Range (%)

1O3 /1CO

Fresh
Aged
Old

4 of 16
4 of 15
1 of 3

+0.5±1.9
−6±28
−7±12

−3.2 to +5.2
−94 to +34
−20

1NOy /1CO

Fresh
Aged
Old

14 of 16
11 of 15
1 of 3

0.75±0.52
0.51±0.41
0.12±0.21

0.43 to 1.49
0.26 to 1.36
0.36

1NOx /1CO

Fresh
Aged
Old

10 of 16
6 of 15
0 of 3

0.34±0.52
0.05±0.12
0

0.02 to 1.80
−0.11 to 0.44
0

1HNO3(g) /1CO

Fresh
Aged
Old

1 of 16
3 of 15
0 of 3

−0.004
-0.01±0.10
0

0.07
−0.33 to 0.18
0

1NO3(p) /1CO

Fresh
Aged
Old

11 of 16
7 of 15
0 of 3

0.18±0.14
0.06±0.10
0

0.14 to 0.38
0.01 to 0.38
0

1Total PNs/1CO

Fresh
Aged
Old
Fresh
Aged
Old

14 of 16
11 of 15
0 of 3
13 of 16
12 of 15
2 of 3

0.45±0.38
0.31±0.31
0
0.34±0.35
0.35±0.26
0.28±0.36

0.22 to 1.51
0.22 to 1.14
0
0.09 to 1.43
0.11 to 0.87
0.16 to 0.68

Fresh
Aged
Old

8 of 16
6 of 15
0 of 3

0.07±0.10
0.09±0.15
0

0.06 to 0.27
0.08 to 0.46
0

Ratio

Subcategory

1PAN/1CO

1Total ANs/1CO

a For averaging, plumes where the correlation was not significant are assumed to have an enhancement ratio of 0.

for the Nance et al. (1993) and Goode et al. (2000) fires
were 92.3% and 92.8%, respectively, suggesting that they
sampled primarily flaming combustion. Second, Nance et al.
(1993) and Goode et al. (2000) measured NOx very close to
the fire source, before the rapid processing of NOx emissions
into other NOy species seen in the Lake McKay plumes.
Gaseous HNO3 is uncorrelated with CO in all but four
plumes. Fine aerosol nitrate (NO3(p) ) is positively correlated with CO in the fresh plumes, but the enhancement ratio drops substantially in the aged plumes. The low correlation with HNO3(g) and the loss of NO3(p) over time can
be explained by the condensation and evaporation of nitrate
combined with the deposition of both HNO3(g) and NO3(p) .
NH4 NO3 can form in the concentrated fresh plume from the
condensation of NH3 and HNO3(g) . As the plume moves
downwind and dilutes, NH4 NO3 may evaporate into NH3
and HNO3(g) , reducing the enhancement ratio for NO3(p) .
The HNO3(g) formed by the evaporation is then rapidly deposited to the surface. DeCarlo et al. (2008) saw similar behavior of HNO3(g) and NO3(p) in the urban pollution plume
from Mexico City.

www.atmos-chem-phys.net/10/9739/2010/

In the fresh smoke plumes the average enhancement of
NO3(p) is roughly half of the PAN enhancement. This suggests that in the fresh Canadian plumes twice as much of the
initial NOx emissions were converted to PAN as to HNO3(g) .
In the (primarily Siberian) aged plumes, PAN accounted for
69% of the NOy , with NOx accounting for 11% and NO3(p)
accounting for 12%.
We used the above enhancement ratios of NOx , PAN, and
total inorganic nitrate (the sum of HNO3(g) and NO3(p) ) to
derive new emission factors for use in GEOS-Chem. In general, emission factors may be calculated from emission ratios
using the equation:
EFi = Mi · ERi · (1 − MCE) · fC /MC

(1)

where EFi is the emission factor reported throughout this
paper as g i per kg dry matter burned (g i/kg DM), where i
indicates the species whose molecular weight was used to
calculate the emission factor. Mi is the molecular weight
of species i (g/mol), ERi is the emission ratio of species i
(mol/mol CO), MCE is the modified combustion efficiency
(unitless, assumed to be 90%±5%) fC is the mass fraction of
Atmos. Chem. Phys., 10, 9739–9760, 2010
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Table 5. Extratropical biomass burning emissions for the three model scenarios.
GC-ORIG

GC-SENS

GC-NOFIRE

100
3.0a
0
0

37.5
0.42
1.69
0.47

0
–
–
–

Percentage of Biomass Burned (relative to FLAMBE)
NOx Emission Factor (g NO/kg DM)
PAN Pseudo-emission Factor (g PAN/kg DM)
HNO3(g) Pseudo-emission Factor (g HNO3 /kg DM)
a Andreae and Merlet (2001)

carbon in the biomass (assumed to be 0.5 kg C/kg DM) and
MC is the molecular weight of carbon (0.012 kg C/mol).
We assumed that the PAN and NO3(p) detected in the fresh
plumes are the result of post-emission chemistry converting
the initial NOx emissions from the flame front into these
species, as was seen in the Lake McKay smoke plume in
Sect. 3.1. With this assumption, we calculate an emission
factor for NOx of 1.06 g NO/kg DM for ARCTAS-B, much
lower than the value of 3.0 g NO/kg DM from Andreae and
Merlet (2001) for extratropical forest fires currently used in
GEOS-Chem. There are two potential explanations for this
discrepancy. First, the mass fraction of nitrogen in the fuel
burned in ARCTAS-B may have been lower than in the studies considered by Andreae and Merlet (2001). Second, the
fraction of smoldering combustion (instead of flaming) in
ARCTAS-B may have been higher than in the studies used by
Andreae and Merlet (2001). Of the 10 papers that Andreae
and Merlet (2001) used to derive an average NOx emission
factor for extratropical forest fires, 8 had MCE values above
90% (consistent with primarily flaming combustion), while
only 2 had MCE values below 90% (consistent with primarily smoldering combustion). Thus their mean emission factor
potentially overestimates the influence of flaming combustion on NOx emissions from extratropical fires.
The rapid plume chemistry that converts the initial NOx
emissions from biomass burning occurs at too small a scale
to be simulated successfully in global models. To incorporate the effects of this post-emission chemistry, we derived
pseudo-emission factors by replacing the emission ratio in
Eq. (1) with the observed enhancement ratio of these species
in fresh plumes, given in Table 4. These factors represent
the effect of the emission of NOx from the flame front and
the subsequent plume chemistry in the first few tens of minutes after emission. Based on the enhancement ratios observed in the fresh smoke plumes during ARCTAS-B, we
calculate a pseudo-emission factor for NOx of 0.42±0.66 g
NO/kg DM, as 60% of the initial NOx is converted into
other NOy species shortly after emission. Similarly, the
pseudo-emission factors for PAN and total inorganic nitrate
are 1.69±1.82 g PAN/kg DM and 0.47±0.37 g HNO3(g) /kg
DM, respectively. These new factors are used in the GCSENS model run discussed below.
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3.3
3.3.1

GEOS-chem model results
Comparison with DC8 observations

Figure 6 compares the model simulations to ARCTAS-B observations of CO, ozone, NOx , PAN, NO3(p) and HNO3(g) .
The black line is the median of all of the observations by
the NASA DC8 on 29 June–10 July binned every kilometer
in altitude. The red line is the median profile of the GCORIG model run, while the green line represents the GCSENS model run and the blue line represents the results of
the GC-NOFIRE model run. The different parameters for
these three model runs are summarized in Table 5. There are
three major differences between the GC-SENS run and the
GC-ORIG run. First, we reduced the amount of biomass consumed by each extratropical fire to 37.5% of the FLAMBE
estimate to match the DC8 observations of CO, as discussed
below. This procedure assumes that the default emission factor for CO used in the model (106 g CO/kg DM from Andreae and Merlet (2001)) is correct, that all of the error is thus
in the quantity of biomass burned, and that the error is the
same for all extratropical fires. This results in a proportional
reduction of the emissions of all species emitted by extratropical fires. Second, the emission factor for the sum of all
model-emitted NOy species from biomass burning (i.e., NOx ,
PAN, NO3(p) and HNO3(g) was reduced (from 3.0 g NO/kg
DM to 1.06 g NO/kg DM) to be in line with the ARCTAS-B
observations. Third, the emissions of NOy were partitioned
among the three species to simulate the sub-grid scale postemission chemistry observed in ARCTAS-B. Thus, the emission factor of NOx from extratropical fires was reduced from
3.0 g NO/kg DM to 0.42 g NO/kg DM starting on 15 June
2008. Similarly, pseudo-emission factors for PAN and total inorganic nitrate were increased from 0 to 1.69 g PAN/kg
DM and 0.47 g HNO3(g) /kg DM, respectively. The total inorganic nitrate pseudo-emission factor includes emissions of
both NO3(p) and HNO3(g) ; the model equilibrates the nitrate
between phases after emission. It should be noted that this
is only one possible set of assumptions about biomass consumed and emission factors that could lead to the same emission rates; our choices above reflect our attempt to make the
minimum number of adjustments to the model required to
better match the observations. In the GC-NOFIRE case, all
www.atmos-chem-phys.net/10/9739/2010/
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Fig. 6. Median vertical profiles of (a) CO, (b) ozone, (c) NOx , (d) PAN, (e) fine aerosol nitrate (NO3(p) ) and (f) HNO3(g) during ARCTASB. The solid black line is the DC8 observations (the dashed black lines are the 25th and 75th percentiles of the observations), the red line
is the results of the original GEOS-Chem model run (GC-ORIG), the green line is from the model emissions sensitivity study (GC-SENS)
and the blue line is when extratropical fire emissions are set to 0 (GC-NOFIRE). The numbers in the profile of CO represent the number of
observations at each altitude level.

model emissions from extratropical fires were set to 0 starting on 15 June 2008.
Figure 6a shows the observed and modeled CO profiles.
All model runs show a 10–20 ppb underestimate of CO above
3 km. GC-ORIG greatly overestimated the median profile in
the lower troposphere below 3 km, the area most sensitive to
recent Canadian biomass burning emissions. Reducing the
total biomass consumed to 3/8 of their original values, as
in GC-SENS, better matches the observations below 3 km.
However, the GC-ORIG results are closer to observations
above 3 km, suggesting that the FLAMBE emissions may be
more accurate for the Siberian fires sampled at higher altitudes than they are for the local Canadian emissions. Comparing the GC-SENS profile with the GC-NOFIRE profile
shows that extratropical fire emissions during ARCTAS-B
had a substantial impact on the median CO profile in this
region, up to 40 ppb in the boundary layer, and 5–10 ppb
above. The cause of the underestimate of CO above 3 km is
not clear, and it may be related to deficiencies in the transport
of CO from mid-latitude source regions or an underestimate
of the amount of biomass burning emissions injected above
the boundary layer. For example, Fisher et al. (2010) found
that anthropogenic emissions of CO from Asia and Europe
in GEOS-Chem had to be increased (by 18% and 52%, respectively) to match observations of CO in the Arctic during
ARCTAS-A.
Figure 6b shows the profiles for ozone. All three model
runs show an underestimate of 10–20 ppb ozone above 3 km,
which may be caused by an underestimate of stratospherictropospheric exchange in the model, an underestimate in
the amount of ozone transported from the mid-latitudes, or
errors in the modeled photochemical production and loss
www.atmos-chem-phys.net/10/9739/2010/

of ozone in the Arctic free troposphere. While GC-ORIG
shows the best match to the observations of ozone below
3 km, the match is degraded when the revised emissions estimates are used as in GC-SENS. We also see very little difference between the GC-SENS model results and the GCNOFIRE results. This suggests that fire emissions during the
ARCTAS-B period had little to no effect on ozone, consistent with the near-zero enhancement of ozone observed in
the boreal biomass burning plumes sampled by the DC8 (see
Sect. 3.2 above) and seen in the TES special observations
(see Sect. 3.3.3 below).
About half of the difference in ozone between the GCORIG and GC-SENS cases is caused by the reduction of the
amount of biomass consumed with the other half caused by
the reduction of the total NOy emission factor for extratropical forests from 3.0 g NO/kg DM to 1.06 g NO/kg DM. In
contrast, the partitioning of the emitted NOy between NOx ,
PAN, NO3(p) and HNO3 by subgrid scale plume chemistry
has little impact on the modeled median ozone concentration
during ARCTAS-B. In GC-SENS, the model emitted PAN is
rapidly converted back to NOx by the model chemistry. However, as we are only emitting smoke into the boundary layer,
we may be underestimating the impact of in-plume PAN formation on ozone. Leung et al. (2007) found that emitting a
fraction of smoke above the boundary layer could have significant impacts on ozone, even when the NOy is all emitted
as NOx , because of the longer lifetime of PAN above the
boundary layer. Further work is needed on the impact of
the rapid formation of PAN in fresh smoke plumes on ozone
when the smoke is injected above the boundary layer.
Figure 6c shows the profiles for NOx . While all the model
runs overestimate the NOx profile above 4 km, the GC-SENS
Atmos. Chem. Phys., 10, 9739–9760, 2010
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GC-SENS

GC-ORIG

CO

O3

Fig. 7. Mixing ratios of CO and ozone at 850 hPa in the original GEOS-Chem simulation (GC-ORIG) and in the emissions sensitivity case
(GC-SENS) for 4 July 2008. Note that the different emissions started on 15 June 2008.

run shows the best match to the observed profile of NOx below 3 km. This same effect is seen in the profile for NO3(p)
in Fig. 6e. This adds confidence to the modified estimates
of biomass consumed and emission factors of the GC-SENS
run.
Figure 6d and f shows the vertical profiles for PAN and
HNO3(g) , respectively. As expected, reducing the modeled
emissions of CO and NOy species reduces the modeled concentrations of both of these species in the Arctic. However,
all model runs substantially underestimate PAN and overestimate HNO3(g) relative to the observations, suggesting that
the model chemistry is incorrectly modeling the partitioning of NOy in the Arctic troposphere or is underestimating
the transport of PAN from midlatitudes to the Arctic. Similar underestimates of PAN and overestimates of HNO3(g)
are seen in GEOS-Chem benchmark simulations when compared with data from the ABLE-3A (Wofsy et al., 1992) and
ABLE-3B (Mauzerall et al., 1996) campaigns over Alaska
and Canada, respectively (not shown), while GEOS-Chem
was fairly successful at modeling PAN concentrations in the
ICARTT campaign over the eastern United States and North
Atlantic (Hudman et al., 2007). HNO3(g) is often overestimated in global models such as GEOS-Chem, and is thought
to be due to insufficient precipitation scavenging (Bey et al.,
2001).
The underestimate of PAN in the model is likely caused
by a similar underestimate of acetaldehyde relative to the
PTRMS and GC-MS observations. Although the two measurements give different results for the median vertical proAtmos. Chem. Phys., 10, 9739–9760, 2010

file of acetaldehyde, both show significantly higher levels
than the model above 3 km (40 to 125 ppt higher than the
model). This underestimate of acetaldehyde then leads to an
underestimate of the rate of acetyl peroxy radical formation,
and thus to an underestimate of PAN formation at high latitudes. Results from ICARTT do not show a similar problem
because isoprene emissions in southeastern United States
provide a large source of acetaldehyde within the model, allowing significant PAN formation downwind of this region.
The underestimate of acetaldehyde and PAN may be linked
to the underestimate of ozone seen in Fig. 6b – if the model is
overestimating HNO3 formation relative to PAN, that could
lead to an underestimate in the amount of ozone formed.
3.3.2

Modeled arctic CO and ozone

Figure 7 shows the daily mean mixing ratios of CO and ozone
over the northern extratropics at 850 hPa for both the GCORIG and GC-SENS case on 4 July 2008. Results are presented for this date as this corresponds with 3 strong CO
plumes detected in TES special observations, as discussed
in Sect. 3.3.3 below. Figure 8 shows the CO and ozone
concentrations at 510 hPa for both model runs on this date,
and Fig. 9 shows the percentage differences between the two
model runs caused by the revised estimates of emissions from
extratropical fires.
The main features in the CO maps of Figs. 7 and 8 are
the strong plume of CO from biomass burning in Siberia
that crosses the northern Pacific and the elevated levels of
CO over the burning region in Canada. Both features are
www.atmos-chem-phys.net/10/9739/2010/
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Fig. 8. Mixing ratios of CO and ozone at 510 hPa in the original GEOS-Chem simulation (GC-ORIG) and in the emissions sensitivity case
(GC-SENS) for 4 July 2008. Note that the different emissions started on 15 June 2008.

850 hPa
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CO

O3

Fig. 9. Percentage differences between the mixing ratios of CO and ozone at 850 hPa and 510 hPa in the emissions sensitivity case (GCSENS) minus the mixing ratios in the original GEOS-Chem simulation (GC-ORIG) for 4 July 2008. Note that the different emissions started
on 15 June 2008.
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(a) 3 and 4 July 2008 CO observed by TES

7706

(b) 3 and 4 July 2008 CO in GC-SENS (w/ TES AK)

7709

7685

(c) 3 and 4 July 2008 O3 observed by TES

(d) 3 and 4 July 2008 O3 in GC-SENS (w/ TES AK)

Fig. 10. Maps of (a) CO and (c) ozone mixing ratio at 510 hPa from TES special observations on 3 and 4 July 2008 compared to plots of
three-hour average (b) CO and (d) ozone mixing ratio at 510 hPa from the GC-SENS simulations with the TES averaging kernel applied.

substantially reduced in the GC-SENS simulation, due to
the 5/8 lower emissions of CO from biomass burning in
the GC-SENS model. In addition, while the GC-ORIG results show strong ozone enhancements collocated with the
biomass burning CO at 850 and 510 hPa, the GC-SENS
model results show a much smaller impact of biomass burning emissions on ozone.
Figure 9 shows that the modeled CO mixing ratio decreases with the new emissions – by about 50% downwind
of the Siberian fires and 5–10% in the rest of the Arctic due
to the lower estimate of biomass consumed. Ozone is also is
lower throughout the Arctic, with large reductions of 20%
or more immediately downwind of the Siberian fires, and
smaller reductions of about 5% through large areas of the
Arctic. The decrease in ozone is caused by the reduced emissions of NOx leading to lower photochemical production of
ozone in the smoke plumes and higher net photochemical
loss of ozone in the Arctic troposphere.
3.3.3

Comparison with TES special observations

Figure 10 shows the TES special observations at 510 hPa for
ozone and CO on 3 and 4 July 2008, a period where TES encountered two plumes over the North Pacific and one over the
Atmos. Chem. Phys., 10, 9739–9760, 2010

North Atlantic. We also show the results from the GC-SENS
model run at that pressure level that have been processed with
the TES averaging kernel. Figure 10a shows a strong plume
of CO from the Siberian fires in two TES transects, 7706 and
7709, over the North Pacific, and a plume from the Canadian fires over the North Atlantic in transect 7685. All three
plumes are weaker in the GC-SENS model results.
Figure 11 shows the mixing ratios of CO and ozone from
the TES observations and from the GC-ORIG and GC-SENS
output with the TES averaging kernel applied for run 7685
(3 July) over the North Atlantic. The CO plume is much
stronger in the TES data than in the model results. TES ozone
increases at the northern and southern edges of the plume, but
dips in the plume center. The model results, in contrast, show
no change in ozone in the smoke plume.
Figure 12 shows the four other plumes from North American boreal biomass burning observed by TES between 15
June and 15 July 2008. As the new emissions in the GCSENS model run started on 15 June, the earlier retrievals
(e.g. 7472 on 17 June) show less difference between the GCORIG and GC-SENS model runs than later retrievals (e.g.
7793 on 9 July). Only one of these plumes, from TES
run 7656 (1 July), shows a significant increase in ozone
www.atmos-chem-phys.net/10/9739/2010/
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Fig. 11. Plots of CO and ozone mixing ratio along the TES orbit track for TES run 7685 on 3 July 2008. (a) and (d) are the TES retrievals
for CO and ozone, respectively, while (b) and (e) are the GC-SENS model results along the TES orbit track with the TES averaging kernel
(AK) applied. (c) and (f) show the mixing ratios of CO and ozone, respectively, at 510.9 hPa from the TES retrieval (black solid line), the
GC-ORIG model run with the TES AK applied (red dashed line), and the GC-SENS emission sensitivity study with the TES AK applied
(blue dotted line).The solid blue lines represent the approximate edges of the plume.

associated with the smoke plume. However, the GC-ORIG
and GC-SENS model runs show a decrease in ozone at this
location.
Figure 13 and 14 show the mixing ratios of CO and ozone
from the TES observations and from GEOS-Chem for the
plumes over the North Pacific shown in Fig. 10. We see that
the CO plume near 45◦ N in run 7706 is in the same location in TES and the model, albeit with different magnitudes.
Ozone increases at the southern edge of the plume in both
the TES retrievals and the model, but ozone continues to increase in the observations but not in the model results. The
ozone feature seen by TES has a much larger extent than the
plume.
The results for ozone in run 7709 are similar to those for
run 7706, likely reflecting the fact that the two retrievals are
sampling the same plume, with run 7709 further upwind.
However, here the increase in ozone seems to begin a little
south of the CO plume in TES and the model. In TES, the
high ozone continues north, outside of the plume, a feature
not seen in the model. The high ozone to CO ratio north
of the plume suggests that this increased ozone may be due
to a stratospheric intrusion that is not correctly simulated in
the model. Intrusions of stratospheric air frequently occurs
within the same midlatitude cyclones that transport polluted
plumes across the Pacific. Descending dry air within these
cyclones can have a significant stratospheric component, and
can reach the midtroposphere (Cooper et al., 2004). This
intermingling complicates the interpretation of any observed
ozone/CO relationship, since it is difficult to separate the portions due to stratospheric air and those due to the polluted
plume (Nowak et al., 2004). Thus, we cannot tell how much
of the ozone increase seen in Fig. 13 for TES run 7706 is due
www.atmos-chem-phys.net/10/9739/2010/

to ozone formed within the smoke plume and how much is
due to a descent of stratospheric air.
Figures 15 and 16 show the CO and ozone mixing ratios measured by TES for 15 biomass burning plumes from
Siberian burning observed between 15 June and 15 July
2008. We find that, as in the North American plumes from
Figure 12, ozone is only occasionally elevated in the CO
plumes and even when it is, both model runs show similar ozone levels, suggesting the ozone is not from the fires
(see, for example, run 7741). This result is consistent with
the NASA DC8 observations discussed in Sect. 3.2, with the
study of Verma et al. (2009) who used TES to study ozone
formation in Siberian smoke plumes in 2006, and with the
work of Mauzerall et al. (1996), who suggested that ozone
formation in the plumes had a negligible impact on the Arctic tropospheric ozone budget. However, this is in contrast
to several previous studies showing ozone enhancements in
highly aged boreal biomass burning plumes observed over
the Azores (Honrath et al., 2004; Val Martin et al., 2006; Pfister et al., 2006).
Given that the NASA DC8 data also shows little ozone formation, but rapid PAN formation, in fresh Canadian smoke
plumes, it is possible that the high ozone enhancement ratios occasionally observed over the Azores may be the result
of increased photochemical production of ozone that occurs
when the biomass burning plumes are transported southward
and descend, leading to the conversion of PAN to NOx and
rapid photochemical production of ozone in the relatively
warmer mid-latitude location of the Azores. However, even
over the Azores boreal smoke plumes are occasionally depleted in ozone, consistent with our results (Val Martin et al.,
2006; Real et al., 2007). Another possible explanation is
Atmos. Chem. Phys., 10, 9739–9760, 2010
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O3
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Fig. 12. CO and ozone mixing ratios at 510.9 hPa for four TES runs influenced by biomass burning smoke from Canada. The solid black
line is the TES retrieval, the red dashed line is the GC-ORIG model run results with the TES averaging kernel (AK) applied, and the dotted
blue line is the GC-SENS model run results with the TES averaging kernel applied. The solid blue lines represent the approximate edges of
the plume.

that the ARCTAS-B period had relatively low NOy emissions
from fires, and the previous studies thus sampled plumes
with higher ozone production. The NOy enhancements observed by Val Martin et al. (2006) (mean of 0.8%, range
of 0.42–2.2%) are consistent with the DC8 observations for
ARCTAS-B, suggesting that the initial NOx emissions of the
sampled plumes were similar. However, there could have

Atmos. Chem. Phys., 10, 9739–9760, 2010

been a loss of NOy during the 6 to 15 days it took the plumes
to travel to the Azores due to HNO3 formation and deposition, so the initial NOx emissions may have been higher than
seen in ARCTAS-B.

www.atmos-chem-phys.net/10/9739/2010/

M. J. Alvarado et al.: NOx and PAN in boreal smoke during ARCTAS-B
(a)

(b)

(e)

O3

O3

(c)

Run #7706 at 511 hPa

(f)

Run #7706 at 511 hPa

O3

(d)

9755

Fig. 13. Same as Figure 11 but for TES run 7706 on 3 July 2008.
(a)

(b)
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(d)
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(f) Run #7709 at 511 hPa

O3
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(c) Run #7709 at 511 hPa

Fig. 14. Same as Figure 11 but for TES run 7709 on 4 July 2008.

4

Conclusions

We derived the enhancement ratios of NOy species from
fresh Canadian biomass burning plumes sampled by the
NASA DC8 during ARCTAS-B and explored the transformations of NOy as the plumes aged. We found that the mean
NOy enhancement ratio in all the plumes was 0.7%±0.5%,
which is consistent with the mean values of 0.8% and 0.56%
from Val Martin et al. (2006) and Wofsy et al. (1992),
respectively. Our mean molar emission ratio of NOx of
0.34%±0.52% is well below the Nance et al. (1993) measurement of 1.2% for NOx and the Goode et al. (2000) measurement of 1.4–1.8% for NO. We derive an initial emission
factor for NOx of 1.06 g NO/kg DM which is much lower
than the emission factor for NOx given in Andreae and Merlet (2001) for extratropical forest fires of 3.0 g NO/kg DM.
In general, the exact emissions of NOx from boreal fires will
www.atmos-chem-phys.net/10/9739/2010/

depend on the fuel nitrogen content, the amount of flaming
versus smoldering combustion, and other factors. Future research should develop better estimates of the mass fraction of
nitrogen in the burned matter of forest fires based on geography and fire type, better quantify the amount of smoldering
versus flaming combustion in wildfires, and develop parameterizations that connect these parameters to the emissions of
NOx .
The observations of the Lake McKay fire plume on 1 July
showed for the first time that PAN is formed rapidly after
emission, within 1–2 h. On average, 40% of the initial NOx
emissions were converted to PAN and 20% were converted
to NO3(p) shortly after emission. Our analysis shows that the
enhancement ratio of NOx observed in a young smoke plume
varies greatly depending on the age of the sampled smoke.
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Fig. 15. Same as Figure 12 but for nine TES runs influenced by biomass burning smoke from Siberia.

We compared the results of three GEOS-Chem simulations with the NASA DC8 aircraft data and the TES special observations performed during ARCTAS-B. The original
model run overestimated CO and NOy species relative to the
aircraft observations below 3 km. Reducing the FLAMBE
estimate of biomass consumed in extratropical fires to 37.5%
of the original value and incorporating pseudo-emission factors for NOx , PAN, and HNO3(g) to match the enhancement
ratios observed in fresh biomass burning plumes improved
Atmos. Chem. Phys., 10, 9739–9760, 2010

the match between the model and the aircraft observations
for CO and NOx , but the model still had difficulty reproducing the observed vertical profiles of ozone, HNO3(g) and
PAN. These remaining discrepancies could be due to the
injection of biomass burning emissions above the boundary layer, stratospheric-tropospheric exchange of ozone near
the plumes, and model underestimates of acetaldehyde emissions, all of which should be investigated in future work. The
new emissions reduced the modeled concentrations of ozone
www.atmos-chem-phys.net/10/9739/2010/
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Fig. 16. Same as Figure 12 but for six TES runs influenced by biomass burning smoke from Siberia.

and CO within the boreal smoke plumes, and had similar,
though smaller, effects throughout the Arctic.
We find little clear evidence for ozone formation in the
boreal smoke plumes during ARCTAS-B in either the aircraft, satellite, or model results. Ozone was correlated with
CO in only 9 of the 34 biomass burning plumes sampled
by the NASA DC8 with an average enhancement ratio in
fresh plumes of +0.5%±1.9%, consistent with the work of
Mauzerall et al. (1996) over Canada. Of the 22 biomass
burning plumes observed by TES during ARCTAS-B, only
4 showed evidence of ozone increasing within the smoke
plumes, and even in those cases it was unclear that the increase was caused by fire emissions, consistent with the study
of Verma et al. (2009). In addition, the GEOS-Chem model
results show that when the new NOy emissions estimates derived from the DC8 observations are used, the model shows
no significant impacts of the fire emissions on Arctic ozone.
This is in contrast to several previous studies showing ozone
enhancements in boreal biomass burning plumes observed
over the Azores (Honrath et al., 2004; Val Martin et al.,
2006). These high ozone enhancement ratios may be the result of an increased photochemical production of ozone that
www.atmos-chem-phys.net/10/9739/2010/

occurs over the Azores when the biomass burning plumes are
transported southward and descend, leading to the reconversion of PAN to NOx in the warmer mid-latitudes.
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