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[1] A global chemical transport model is used in conjunction
with measurements from surface stations to study the
importance of biomass burning and meteorology in driving
Arctic carbon monoxide (CO) interannual variability (IAV).
Simulations with yearly varying fire emissions capture
66%–93% of CO IAV and a simulation with yearly varying
meteorology but fixed fire emissions captures 0–25%,
showing that biomass burning variability is the dominant
driver of surface CO IAV. Observed CO anomalies are found
to be significantly correlated with El Niño (0.58 < r < 0.64,
99% confidence level (CL)) and results indicate that this is
due to ENSO’s influence on fire emissions. Boreal Alaska,
Canada and north-east Siberia are found to contribute 59%
to total Arctic fire CO and 67% to Arctic fire CO IAV.
Analysis of meteorological fire drivers in these regions
suggests that ENSO affects winter/spring precipitation,
driving the Arctic/ENSO relationship. Citation: Monks, S. A.,
S. R. Arnold, and M. P. Chipperfield (2012), Evidence for El Niño–
Southern Oscillation (ENSO) influence on Arctic CO interannual var-
iability through biomass burning emissions, Geophys. Res. Lett., 39,
L14804, doi:10.1029/2012GL052512.

1. Introduction

[2] The Arctic was long believed to be clean and unpol-
luted; however, by the mid-1980s it was well understood
that high concentrations of pollutants observed in this
remote region during winter and spring were a consequence
of long-range transport of anthropogenic emissions from
Eurasia and North America [Rahn, 1985]. Chemical traces
found in ice cores [Legrand et al., 1992] and plumes
observed during flights [e.g., Wofsy et al., 1992] and at
surface stations [Stohl et al., 2007] show increasing evidence
that biomass burning emissions are also transported to the
Arctic in spring and summer. Forest fires emit large quan-
tities of ozone precursors (CO, NOx, non-methane hydro-
carbons) and aerosols to the atmosphere, and therefore have
the potential to affect the radiative budget [Randerson et al.,
2006]. Arctic atmospheric composition in the summer and
autumn has received less attention compared to winter and
spring due to more effective pollutant removal mechanisms
and less efficient poleward transport from the mid-latitudes.
However, summer may be particularly important in terms of

local radiative forcing [Shindell, 2007]. The boreal forests of
Canada, North America and Siberia have peak fire emissions
during summer [van de Werf et al., 2010] and are ideally
located to affect Arctic trace gas and aerosol burdens and
therefore climate.
[3] Weather and climate factors, such as temperature,

precipitation and relative humidity, are important in con-
trolling fire activity by influencing fuel moisture, with more
severe fires (with larger area burned) occurring under drier
conditions in the boreal regions [e.g., Fauria and Johnson,
2008; Bartsch et al., 2009]. Biomass burning exhibits a
high interannual variability (IAV) [van de Werf et al., 2006]
with many studies showing a relationship between regional
fire activity and climate indices [e.g., Westerling et al.,
2006]. Specifically, boreal fires have been linked to the
El Niño - Southern Oscillation (ENSO), North Atlantic
Oscillation (NAO), Arctic Oscillation (AO), Pacific Decadal
Oscillation (PDO) and the Atlantic Multi-decadal Oscillation
(AMO) [e.g., Balzter et al., 2007; Skinner et al., 2006;
Le Goff et al., 2007; Beverly et al., 2011]. In addition to this,
modelling studies have shown that due to increased tem-
peratures and drying in the boreal forests, fire risk may
increase in the future [e.g., Flannigan et al., 2009; Liu et al.,
2010] with potential consequences for the Arctic.
[4] As Arctic burdens of pollutants are predominately

from non-local sources, changes in meteorology and natural
climate variability, which determine the transport efficiency
of emissions to the Arctic, are also important. The NAO is a
major mode of atmospheric variability in the Northern
Hemisphere and has been found to affect the Arctic CO
burden through enhanced poleward transport during positive
NAO phases [Eckhardt et al., 2003]. It has also been sug-
gested that during cold phases of ENSO, poleward transport
may be hindered, causing an anomalously low CO column
over Alaska [Fisher et al., 2010]. Climate change may affect
large-scale circulation patterns, natural climate variability and
the temperature gradient between the Arctic and lower lati-
tudes, possibly resulting in enhanced pollutant transport to the
Arctic, giving a need to better understand how meteorologi-
cal variability influences the Arctic [Shindell et al., 2008].
[5] Here we use modelled CO as a tracer to investigate

how variability in meteorology and biomass burning emis-
sions contribute to observed Arctic CO IAV.We also explore
possible links between natural climate variability and Arctic
CO IAV, and the mechanisms that may drive them.

2. Model and Data Description

2.1. TOMCAT Model Description and Set-up

[6] TOMCAT is a three-dimensional (3-D) Eulerian global
chemical transport model (CTM) which has been previously
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used for tropospheric chemistry studies [e.g., Arnold et al.,
2005; Sodemann et al., 2011]. The model is forced using
meteorological data from the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA-Interim analyses.
Descriptions of tracer advection, sub-scale treatment of
boundary layer mixing and moist convection are given by
Chipperfield [2006]. For these simulations the model has
31 levels, which extend from the surface to 10 hPa, and a
horizontal resolution of 2.8� � 2.8�.
[7] Four simulations were performed for 1997–2009. The

first (vbb_vmet) used yearly varying biomass burning
emissions and meteorology and the second (cbb_vmet) used
climatological biomass burning emissions (averaged over
1997–2009) and yearly varying meteorology. Two additional
simulations used yearly varying biomass burning emissions
but repeated meteorology from May 1997 to April 1998
(vbb_met97) and January to December 2001 (vbb_met01),
respectively. The El Niño index remained positive for
May 1997–April 1998 and both the NAO and El Niño indices
were neither strongly positive nor negative in 2001, pro-
viding two contrasting cases of meteorology.
[8] For these experiments, CO tracers were decayed by 3-D

global OH fields from Patra et al., [2011], which varied
monthly but contained no interannual variability. CO emis-
sions were taken from the IPCC AR5 anthropogenic esti-
mates for the year 2000 [Lamarque et al., 2010], the POET
natural emissions database [Olivier et al., 2003] and the
GFED v3.1 biomass burning dataset covering 1997–2009
[van de Werf et al., 2010]. GFED v3.1 CO fire emissions are
estimated from satellite-derived area burned data and fuel
loads calculated from a biogeochemical model. Secondary

production of CO from hydrocarbons was accounted for
by increasing all of the direct anthropogenic and biomass
burning CO emissions by 18.5% and 11%,respectively
following the estimates of Duncan et al., [2007]. Produc-
tion of CO from biogenic isoprene was accounted for by
scaling isoprene emissions from 568 Tg(C5H8)/year to yield
127 Tg(CO)/year, assuming isoprene to be oxidised imme-
diately to CO, following the treatment of Duncan et al.,
[2007]. Secondary production of CO from CH4 was calcu-
lated online by decaying a monthly mean TOMCAT CH4

field by OH and assuming that each oxidised molecule of
CH4 produces one molecule of CO. In addition to the main
CO tracer, additional tracers were included in the vbb_vmet
simulation to quantify the contribution to Arctic CO from fire
emissions in 15 different regions (see Table 1 for longitude/
latitude boundaries).

2.2. Data Description

[9] CO anomalies were calculated from monthly mean
surface observations taken from the World Data Centre for
Greenhouse Gases (WDCGG) (http://gaw.kishou.go.jp/
wdcgg/). The monthly means were calculated from flask
samples that were analysed for CO using gas chromatogra-
phy [Novelli et al., 1998].
[10] Correlations between ENSO and the meteorological

drivers of fires were calculated using the El Niño 3.4 index
and ECMWF ERA-Interim data. The El Niño 3.4 index was
taken from the NOAA Climate Prediction Centre (www.cpc.
ncep.noaa.gov/data/indices/nino34.mth.ascii.txt) and is used
to define the different phases of ENSO. The index is the
anomaly relative to the 1950–2000 average sea-surface
temperature (SST) in the region 5�N–5�S, 120�–170�W and
captures the coupled impacts of El Niño and the Southern
Oscillation [Trenberth, 1997]. To analyse the meteorological
drivers of fires, monthly mean precipitation, relative humidity
and temperature were taken from the ECMWF ERA-Interim
analyses at a horizontal resolution of 2.5� � 2.5�.

3. Results

3.1. Importance of Meteorology and Fire Emissions for
Arctic IAV

[11] Figure 1 shows annual mean CO anomalies calculated
for each of the four model simulations and observations
along with the coefficients of determination (r2), which give
a measure of how much each model simulation captures the
observed interannual variability. The vbb_vmet simulation,
which is most realistic due to the use of yearly varying
meteorology and fire emissions, captures most of the
observed CO anomaly at 4 out of the 5 stations (r2 > 0.85,
root-mean-square error (RMSE) = 3.7–5.6 ppbv), giving
confidence in the model’s ability to capture Arctic CO IAV.
This simulation also shows that variability in meteorology
and fire emissions together account for 66%–91% of
observed CO IAV at the surface. Considering variability in
meteorology alone in cbb_vmet (with the use of climato-
logical fire emissions) the model only captures 0–25% of
CO IAV. For this simulation, ICE and ALT exhibit the
highest values of r2, suggesting that these stations are more
sensitive to yearly changing circulation patterns compared to
BRW and ZEP. Furthermore, there is very little difference
between the three model experiments, vbb_vmet, vbb_met01
and vbb_met97, which are forced by different meteorology,

Table 1. Multi-station Multi-annual Mean Percent Contributions to
Absolute Arctic Fire CO and Arctic Fire CO IAV From Different
Emission Regions, Averaged Over the 5 Surface Stations Shown in
Figure 1 and 1997–2009a

Region

CO
Contribution

(%)

IAV
Contributionb

(%) rc

NESI (45–80 N, 115–179 E) 33.8 44.1 0.38
ALCA (45–47 N, 190–308 E) 24.6 23.3 0.62
NCSI (45–80 N, 50–115 E) 10.3 9.8 0.18
NHAF (0–35 N, 342.5–50 E) 7.3 1.3 �0.04
EQAS (10 N–12 S, 90–150 E) 7.0 12.8 0.68
SEAS (10–45 N, 90–150 E) 4.4 3.4 0.55
SHAF (0–35 S, 342.5–60 E) 4.1 0.5 0.66
EURO (35–70 N, 342.5–50 E) 2.8 1.3 �0.21
AUST (12–40 S, 110–160 E) 2.5 0.3 �0.36
NSAM (12 N–20 S, 280–325 E 2.1 1.3 0.63
WNAM (22–45 N, 230–265 E) 0.7 0.5 �0.28
CEAM (8–22 N, 250–280 E) 0.7 0.8 0.64
ENAM (22–45 N, 265–300 E) 0.6 0.4 0.44
CSAS (5–45 N, 50–90 E) 0.6 0.2 �0.36
SSAM (20–55 S, 280–325 E) 0.2 0.1 �0.02

aNESI = north-eastern Siberia, ALCA =Alaska and Canada, NCSI = central
Siberia, NHAF = N.H. Africa, EQAS = equatorial Asia, SEAS = Southern
Asia, SHAF = S.H. Africa, EURO = Europe, AUST = Australia,
NSAM = N.H. South America, WNAM = western North America,
CEAM = Central America, ENAM = eastern North America,
CSAS = central-southern Asia, SSAM = S.H. South America. Correlation
coefficients have been calculated between the El Niño 3.4 index and the
total fire CO emitted during the defined burn season in each region over
the 1997–2009 period.

bCalculated from IAVij ¼ sij

∑sij
� 100 , where IAVij is the percent

contribution to IAV of tracer i, at station j, and sij is the standard deviation.
cCorrelations shown in bold are significant at the 95% confidence level.
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affirming that meteorology has a smaller impact on Arctic
surface CO IAV compared to fire emission variability
during 1997–2009. A previous global study by Szopa et al.
[2007] found ICE and STM to be more influenced by
meteorology compared to BRW. However, they concluded
that CO IAV between 1997–2001 at the Arctic surface was
almost equally driven by meteorology and fire emissions,
which differs to the conclusions drawn here. The correla-
tions shown in Figure 1 show better overall agreement with
the observed CO anomalies than those calculated by Szopa
et al. [2007] and could be explained by model differences
in fire emissions and meteorological data.
[12] Multi-station, multi-year mean percent regional con-

tributions to total fire CO and fire CO IAV in the Arctic have
been calculated from the regional fire CO tracers (see
Table 1). Fire emissions in the boreal regions of north-east
Siberia (NESI) and Alaska and Canada (ALCA) are the
largest contributors to Arctic fire-sourced CO (34% and
25%, respectively) and Arctic fire CO IAV (44% and 23%,
respectively), showing Arctic CO IAV to be largely con-
trolled by fire emissions in these boreal regions. These two
regions also contribute the largest fraction to Arctic fire CO

in summer and autumn (see Figure S3 in the auxiliary
material), which is also when fires have the largest percent
contribution to total Arctic CO (13–24%).1 This seasonality
may have important implications for climate, as local Arctic
radiative forcing is believed to be dominant during summer
[Shindell, 2007]. The third largest source of Arctic fire CO
(10%) is from central Siberia (NCSI),which is also the fourth
largest contributor to Arctic fire CO IAV (10%). However,
in comparison to ALCA and NESI, its contribution to fire
IAV is much smaller. Equatorial Asia (EQAS) is the third
most important contributor to IAV (13%) but it only con-
tributes 7% to total fire CO.

3.2. Links Between Arctic CO IAV and Climate
Oscillations

[13] As we have shown boreal fire emissions to be the
dominant source of Arctic CO IAV, we now consider pos-
sible links between natural climate variability and Arctic CO
IAV in these regions. Lag-correlations were calculated

Figure 1. Annual mean observed and modelled CO anomalies (ppbv) relative to the 1997–2009 mean. (a–e) Anomalies at
five surface stations (locations shown in Figure S1) (model anomalies shown for vbb_vmet, vbb_met97, vbb_met01 and
cbb_vmet simulations). (f) multi-station mean observed and simulated CO anomalies compared to the annual mean El Niño
3.4 index. (N.B. Observed CO has missing data at Alert between 01/10/2004–28/02/2005). Absolute comparisons of CO
from vbb_vmet to observations are shown in Figure S2 (r = 0.72–0.92, RMSE = 16.9–24.8 ppbv, which is at the lower
end of the 17–40 ppbv range of RMSEs found in the Arctic model intercomparison study by Shindell et al. [2008]).

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL052512.
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between the monthly mean observed and simulated CO
anomalies at the Arctic surface stations and several climate
oscillation indices (see Figures S4–S8). No significant cor-
relations were found between modelled or observed anoma-
lies and the AO, NAO and Pacific North American (PNA)
indices, suggesting that climate variability associated with
these oscillations did not play a significant role in Arctic
surface CO IAV during 1997–2009. Lag correlations between
the monthly El Niño 3.4 index and the monthly observed CO
anomalies yield significant correlations (0.58 < r < 0.64, 99%
confidence level (CL)), which are at a maximum with a lag of
10 or 11 months (see Figure S7). This relationship is only
reproduced in the model when yearly varying emissions are
used (0.47 < r < 0.56, 99% CL). This correlation indicates that
ENSOmay be influencing fire emissions in regions where fire
emissions are transported to the Arctic. The lag is likely to be
mostly due to the time between the maximum ENSO phase
(usually between November and February) and the onset of
the fire season in the regions that are important sources of
Arctic fire CO. Figure 1f shows the multi-station annual mean
CO anomalies, from observations and the vbb_vmet and
cbb_vmet simulations, along with the El Niño 3.4 index.
Similarities between the patterns of the index and the
observed and modelled vbb_vmet CO anomalies are evident
but have an offset of 1 year (due to the lag). The PDO index
yields a similar lag-correlation pattern as found with the El
Niño index but with lower correlations (0.43 < r < 0.48, 99%
CL, see Figure S8). This is likely to be due to the PDO and El
Niño 3.4 indices being closely linked (annual mean
r = 0.82). The El Niño 3.4 index represents shorter-term
SST variability in the equatorial Pacific compared to the
PDO, which is likely to be more important for fire variability
on the time-scales considered here (13 years), therefore
explaining why the El Niño index yields the highest corre-
lation. It is worth noting that the multi-decadal cycle of the

AMO may be important for longer-term Arctic variability as
it has been shown to be linked to long-term variability in
boreal fires but may also play a role in affecting the ENSO/
Arctic CO relationship as the AMO phase is also believed to
change the strength of the ENSO’s influence on fires
[Kitzberger et al., 2007]. This has not been considered here
due to the relatively short period of time being considered.

3.3. Influence of ENSO on Fire Emissions in the Boreal
Regions

[14] Table 1 also shows the correlations calculated between
the El Niño index and the total fire CO emissions during the
burn season (the burn season was defined for each region as
the 5–6 month period with the maximum CO fire emissions).
The top two contributors to fire CO and fire CO IAV, NESI
and ALCA, have r-values of 0.38 and 0.62, respectively.
indicating that during warm phases of ENSO (El Niño years)
these two regions may experience greater fire emissions.
As these two regions dominate the IAV of Arctic CO (see
Table 1), ENSO’s influence on fire emissions in these regions
may explain the significant correlation found between
observations at the Arctic surface stations and El Niño. Other
positive correlations were also found between regional fire
emissions and El Niño, for example in EQAS (r = 0.68),
which also contributed 13% to Arctic fire IAV.
[15] ENSO is known to have worldwide impacts on tem-

perature and precipitation [Ropelewski and Halpert, 1986]
and, as already mentioned, has been shown to be related to
fire activity in different regions. To investigate the correla-
tion between El Niño and Arctic CO further, the relation-
ships between fire emissions and temperature, relative
humidity and precipitation, were considered in the boreal
regions of Alaska, Canada and Siberia. Correlations were
calculated for both the burn season emissions and the El
Niño index with precipitation, relative humidity and

Figure 2. Total precipitation anomalies prior to the burn season (orange) between 1997–2009 over (a) the Alaska and
Canada region and (b) the north-east Siberia region along with (top) the annual mean forest fire emissions anomaly and (bottom)
the El Niño 3.4 Index (averaged over November to February). Pearson’s correlation coefficients between the two time series
are shown in the top right corners of each panel (r-values > 0.55 are significant at 95% CL).
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temperature, both before the burn season (November to
April) and during the burn season (May to August). Total
precipitation prior to the burn season (during winter and
spring) was found to be significantly negatively correlated
with CO emissions (see Figure 2) in both Alaska and Canada
(r = �0.61) and north-eastern Siberia (r = �0.74), indicating
that reduced rainfall in the winter and spring is associated
with greater fire emissions. Wintertime precipitation is
important for snowfall accumulation and these correlations
are in agreement with studies that have shown anomalously
low snow cover to be associated with a higher fire risk [e.g.,
Westerling et al., 2006]. In addition to this, models have
shown precipitation to be an important driver of area burned
interannual variability in the boreal forests [e.g., Crevoisier
et al., 2007].
[16] Precipitation prior to the burn season in Alaska and

Canada was found to be significantly negatively correlated
with the El Niño index (r = �0.62), indicating that ENSO
could be modulating fire emissions in this region through its
influence on precipitation. Other studies have also linked
anomalously large boreal fires during dry conditions in
North America/Canada to natural climate variability associ-
ated with El Niño events, supporting the correlations calcu-
lated here [e.g., Fauria and Johnson, 2008]. In north-eastern
Siberia the El Niño index is also negatively correlated with
precipitation (r = �0.33) but is not significant at the 95%
confidence level. In eastern Siberia some studies have shown
the fire regime to be linked to both the Arctic Oscillation
(AO) and El Niño [e.g., Balzter et al., 2007], possibly
explaining why the present study does not yield a significant
correlation with the El Niño 3.4 index alone.

4. Discussion

[17] Our results clearly show that biomass burning is the
dominant driver of surface Arctic CO IAV. Emissions from
boreal fires were shown to be the largest source of Arctic fire
CO and variability, with the largest CO contributions during
summer and autumn. Studies have shown that increased
temperatures and drying in the boreal forests are likely to
increase the intensity and frequency of future fires in this
region [e.g., Flannigan et al., 2009], and as fire emissions
contain ozone precursors and aerosol, this may have impli-
cations for Arctic climate. This work is the first to show that
a relationship may exist between ENSO and Arctic CO IAV
through ENSO’s influence on fires and suggests that future
climate variability may play an important role in determining
the future burdens of pollutants in this climate sensitive
region.
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