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Abstract. Refractory black carbon aerosols (rBC) emitted
by biomass burning (fires) and fossil fuel combustion, af-
fect global climate and atmospheric chemistry. In the South-
ern Hemisphere (SH), rBC is transported in the atmosphere
from low- and mid-latitudes to Antarctica and deposited to
the polar ice sheet preserving a history of emissions and at-
mospheric transport. Here, we present two high-resolution
Antarctic rBC ice core records drilled from the West Antarc-
tic Ice Sheet divide and Law Dome on the periphery of the
East Antarctic ice sheet. Separated by∼3500 km, the records
span calendar years 1850–2001 and reflect the rBC distribu-
tion over the Indian and Pacific ocean sectors of the South-
ern Ocean. Concentrations of rBC in the ice cores displayed
significant variability at annual to decadal time scales, no-
tably in ENSO-QBO and AAO frequency bands. The de-
lay observed between rBC and ENSO variability suggested
that ENSO does not directly affect rBC transport, but rather
continental hydrology, subsequent fire regimes, and aerosol
emissions. From 1850 to 1950, the two ice core records were
uncorrelated but were highly correlated from 1950 to 2002
(cross-correlation coefficient at annual resolution:r = 0.54,
p < 0.01) due to a common decrease in rBC variability. The
decrease in ice-core rBC from the 1950s to late 1980s dis-
plays similarities with inventories of SH rBC grass fires and
biofuel emissions, which show reduced emission estimates
over that period.

1 Introduction

Refractory black carbon (rBC, soot) aerosols are present
in the Antarctic atmosphere, snow and ice (Chýlek et al.,
1987, 1992; Warren and Clarke, 1990; Grenfell et al., 1994).
These aerosols are the result of long-range transport of
biomass burning and fossil-fuel emissions across the South-
ern Ocean (Seiler and Crutzen, 1980; Crutzen and Andreae,
1990; Andreae et al., 2005). Ubiquitous in the troposphere,
rBC aerosols are the primary absorber of visible light im-
pacting the Earth’s radiation budget and climate (Bond and
Bergstrom, 2006). Recent estimates of the globally aver-
aged radiative forcing for rBC are as high as 1.2 W m−2 (di-
rect + indirect effects), making it the second highest radiative
forcing after carbon dioxide (Ramanathan and Carmichael,
2008; Chung et al., 2005). However, the climate forcing from
rBC in the atmosphere differs from that of greenhouse gases,
which are well mixed and warm the Earth’s surface. In con-
trast, rBC aerosols display large spatial and temporal gradi-
ents and heat the atmosphere while cooling the surface (Ra-
manathan and Carmichael, 2008). The highest atmospheric
concentrations of rBC are found in the tropical belt due to
the combustion of biomass and biofuels. These emissions are
sensitive to changes in climate as well as to human activity
such as tropical deforestation, land clearing, and fire suppres-
sion (Mouillot and Field, 2005). Although the effects of rBC
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Table 1. Ranges and averages of annual rBC concentrations for this study and previous work in Greenland and Antarctica (snow and ice).
Approximate location of WAIS and Law Dome sites are shown on the map on left hand corner.

Annual concentrations (µg kg−1)

1 
Table 1: Ranges and averages of annual rBC concentrations for this study and previous work in 2 

Greenland and Antarctica (snow and ice). Approximate location of WAIS and Law Dome sites 3 

are shown on the map on left hand corner.  4 

a
: For this work only, annual concentrations are calculated from the log values of the monthly 5 

dataset. The mean value is thus the geometric mean of annual concentrations and standard 6 

deviations presented are geometric standard deviations. For Law Dome, outlier year 1910 has 7 

been excluded for range estimation. 8 

b
: Altitude measured by Digital Elevation Model from (Bamber et al., 2009). 9 

 10 

Figure 1: 1970-2000 rBC concentrations in monthly resolution (dots and thin line) and resampled 11 

to annual (thick line) for at WAIS and Law Dome. Average analytical uncertainty on rBC 12 

measurement is ~15%. 13 

 14 

Figure 2: rBC concentrations in monthly resolution (dots and thin line), and resampled to annual 15 

(thick line) for WAIS (a) and Law Dome (b). Red dash line is 21 yr smoothing. K marks the 16 

Krakatoa volcanic eruption used for dating. Average analytical uncertainty on rBC measurement 17 

is ~15%. Pane (c) shows a single rBC record reconstructed from the two sites: the two records 18 

    
Location Lat/long 

Elevation 

(ASL) Age of sample (in 

Cal.yr or as specified) 

Annual concentrations (µg/kg) 

Method 
    Rangeª   

Mean and st 

deviationª 

  

T
h

is
 s

tu
d

y
 Antarctica WAIS (WDC06A) 79.46 S, 112.08 W 1766m 1970-2000 0.03 to 0.30 0.04 <0.08< 0.12 

SP2-FIA 
" " " " 1850-2000 0.03 to 0.30 0.05 <0.08< 0.12 

Antarctica Law Dome (DSSW19K) 66.78 S, 112.37 E 1230m
b
 1970-2000 0.02 to 0.32 0.04 <0.08< 0.17 

" " " " 1850-2000 0.01 to 0.55 0.05 <0.09< 0.20 

Chylek et al. 1987 Antarctica Siple Dome 81.66 S, 148.83 W 1050m recent snow -  2.5 T
ran

sm
ittan

ce o
n

 

q
u

artz fib
er filter 

Chylek et al. 1992 Antarctica Byrd station 80.02 S, 119.53 W 1550m 0.7 to 10 kyrBP 0.1 to 0.95  0.5 

" " " " " 10 to 14 kyrBP 0.1 to 0.4  0.2 

Warren and Clarke 1990 Antarctica South Pole station 90 S, 0 W 2830m recent snow 0.1 to 0.3  0.2 

Grenfell et al. 1994 Antarctica " " " recent snow 0.1 to 0.3  0.3 

Grenfell et al. 1994 Antarctica Vostok 78.46 S, 106.83 W 3488m recent snow 1 to 7 (Contamination) 

McConnell et al. 2007 Greenland D4  71.4 N, 44.0 W  2710m 1952-2002 <1 to 10  2.3 SP2-FIA 

" " " " " 1851-1951 ~1 to 20   4 

T
ran

sm
ittan

ce o
n

 

q
u

artz fib
er filter 

Chylek et al. 1995 Greenland Summit/GISP2 72.36 N, 38.30 W 3200m 320-330 0.5 to 6.5 2.1 

" " " " " recent snow - 2 

Chylek et al. 1987 Greenland Camp Century 78.85 N, 55.232 W 2000m 4 kyrBP -  2.5 

" " " " " 6 kyrBP -  1.1 

 

 

Location Lat/long Elevation Age of sample (in Rangea Mean and st deviationa Method
(a.s.l.) Cal. yr or as specified)

T
hi

s
st

ud
y Antarctica WAIS (WDC06A) 79.46◦ S, 112.08◦ W 1766 m 1970–2000 0.03 to 0.30 0.04<0.08<0.12

SP2-FIA
” ” ” ” 1850–2000 0.03 to 0.30 0.05<0.08<0.12
Antarctica Law Dome (DSSW19K) 66.78◦ S, 112.37◦ E 1230 mb 1970–2000 0.02 to 0.32 0.04<0.08<0.17
” ” ” ” 1850–2000 0.01 to 0.55 0.05<0.09<0.20

Chylek et al. (1987) Antarctica Siple Dome 81.66◦ S, 148.83◦ W 1050 m recent snow – 2.5

Transmittance on

Chylek et al. (1992) Antarctica Byrd station 80.02◦ S, 119.53◦ W 1550 m 0.7 to 10 kyrBP 0.1 to 0.95 0.5

quartz fiber filter

” ” ” ” ” 10 to 14 kyrBP 0.1 to 0.4 0.2
Warren and Clarke (1990) Antarctica South Pole station 90◦ S, 0◦ W 2830 m recent snow 0.1 to 0.3 0.2
Grenfell et al. (1994) Antarctica ” ” ” recent snow 0.1 to 0.3 0.3
Grenfell et al. (1994) Antarctica Vostok 78.46◦ S, 106.83◦ W 3488 m recent snow 1 to 7 (Contamination)

McConnell et al. (2007) Greenland D4 71.4◦ N, 44.0◦ W 2710 m 1952–2002 < 1 to 10 2.3 SP2-FIA

” ” ” ” ” 1851–1951 ∼ 1 to 20 4

Transmittance on
Chylek et al. (1995) Greenland Summit/GISP2 72.36◦ N, 38.30◦ W 3200 m 320–330 0.5 to 6.5 2.1

quartz fiber filter
” ” ” ” ” recent snow – 2
Chylek et al. (1987) Greenland Camp Century 78.85◦ N, 55.232◦ W 2000 m 4 kyrBP – 2.5
” ” ” ” ” 6 kyrBP – 1.1

a For this work only, annual concentrations are calculated from the log values of the monthly dataset. The mean value is thus the geometric mean of annual concentrations and
standard deviations presented are geometric standard deviations. For Law Dome, outlier year 1910 has been excluded for range estimation.
b Altitude measured by Digital Elevation Model from Bamber et al. (2009).

in the modern atmosphere are numerous and well character-
ized, little is known regarding its past variability and sensi-
tivity to climate change and human activity.

Ice core records preserve a history of rBC variability in
the atmosphere with sufficient temporal-resolution to resolve
seasonal changes in emission strength and atmospheric trans-
port. Combined with general circulation modelling and rBC
emission inventories, these records can provide constraints
on the paleo-rBC atmospheric distribution, past biomass
burning emissions and climate feedbacks (Lamarque et al.,
2010; McConnell, 2010). High-temporal resolution ice core
records of rBC from Greenland show that Northern Hemi-
spheric rBC concentrations peaked during the early 20th
Century due to fossil fuel combustion (McConnell et al.,
2007; McConnell, 2010) and thus perturbed the Earth’s ra-
diation budget. In the Southern Hemisphere (SH), rBC emis-
sions are primarily from dry-season biomass burning in Aus-
tralia, southern Africa and South America (Mouillot and
Field, 2005). Although a number of paleo-biomass burning
records have shown centennial scale variability in biomass
burning, high-temporal-resolution rBC records have not been
reported (Marlon et al., 2008; Wang et al., 2010; Falk et al.,
2010; Whitlock and Tinner, 2010). Here, we show two first
high-resolution rBC records, from West and East Antarctica,
covering the period 1850–2001, and investigate connections
between rBC deposition, SH biomass burning and climate.

2 Ice core locations and methods

2.1 Ice core sites

Two high-temporal-resolution ice cores were studied and in-
cluded the WDC06A core from West Antarctica (hereafter as

the “WAIS core”) and the DSSW19K core from Law Dome
in East Antarctica (hereafter as the “Law Dome core”), Ta-
ble 1. The WAIS ice core (79◦46 S; 112◦08 W, 1766 m a.s.l.)
was drilled to a depth of∼3330 m from 2007 to 2011 near
the West Antarctic ice sheet divide (WAIS Divide, located
∼550 km inland). The record shown here covers the top
50.3 m of the ice core, which was drilled using an electrome-
chanical drill in a dry bore. The Law Dome ice core site
(66◦75 S; 112◦37 E, 1230 m a.s.l.) was located 19 km to the
west of the Law Dome DSS ice core drill site (4.7 km SSW
of summit,∼100 km inland). The ice core was also drilled
using an electromechanical drill in a dry bore, to a depth
of 120 m in 2004. This site is exposed primarily to an east-
erly maritime airflow from the Southern Ocean. The record
shown here spans the top 37 m of the Law Dome ice core.
Average ice-equivalent accumulation rates at the sites were
similar:∼20± 3.4 cm a−1 for WAIS (Banta et al., 2008), and
∼15± 3.1 cm a−1 for Law Dome. However, physical pro-
cesses at Law Dome including the formation of sastrugi (dips
and ridges formed by wind erosion) limit the temporal reso-
lution at the site to∼1 yr while the WAIS record was found
to preserve sub-annual variability (Banta et al., 2008).

2.2 rBC ice core analysis

Longitudinal sections of the WAIS and Law Dome ice
cores were analysed for rBC using an ice-core melter sys-
tem coupled to an ultrasonic nebulization/desolvation sys-
tem (CETAC UT5000) (Bisiaux et al., 2011) and single parti-
cle intracavity laser induced incandescence photometer (SP2,
Droplet Measurements Technologies, Boulder, Colorado).
This analytical method is described by previous studies (Mc-
Connell et al., 2007) and is further described in supporting
information. Using this method, rBC was determined in the
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Figure 1 
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Fig. 1. 1970–2000 rBC concentrations in monthly resolution (dots
and thin line) and resampled to annual (thick line) for WAIS and
Law Dome records. Average analytical uncertainty on rBC mea-
surement is∼15 %.

ice core at a depth resolution of∼1 cm corresponding to∼25
to 35 data points per year at WAIS and∼10 to 15 at Law
Dome. Duplicate analysis revealed an average analytical un-
certainty of∼15 %.

2.3 Dating

Depth-age relationships for the records were developed us-
ing glaciochemistry and annual cycle counting for a suite of
trace elements including sodium (Na), chloride (Cl), bromine
(Br) and sulphur (S). Volcanic sulphur peaks associated with
well documented eruptions (Tambora-1815, Krakatoa-1883,
Agung-1963) were also used as absolute time markers to
confirm the annual layer counting. Although annual cycles
were extremely well preserved in the WAIS record, unam-
biguous sub-annual markers that could be tied to specific
times of the year were not found for the Law Dome ice core.
This is likely due to the local surface roughness height, which
is close to the net snow accumulation rate at the site (Figs. 1
and S1). Instead, the depth-age relationship was validated us-
ing cross comparisons of continuous high resolution S, Na,
and Cl measurements from a previous Law Dome ice core
record (DSS0506). This DSS0506 core was drilled near the
Law Dome summit (DSS) in 2005 in a higher snow accumu-
lation zone and analysed in a similar fashion, but not for rBC.
The record contained distinct annual cycles in many chemi-
cal species, and dating was unambiguous. Over the 150 yr
period investigated, we estimate the dating uncertainty to be
1 yr for the Law Dome core and less than 1 yr for the WAIS
core.

2.4 Fluxes

While the dating uncertainty of the Law Dome record is
greater than that of WAIS, it is sufficiently accurate to al-
low the calculation of net snow accumulation and rBC fluxes
at both sites, especially when averaged over multi-annual to

decadal time scales. Annual rBC flux rates were thus calcu-
lated by summing monthly flux rates, which were estimated
by dividing the annual accumulation rate by 12 and multiply-
ing by the monthly concentration.

2.5 Data analysis

Spectral analysis was used to investigate and extract the most
prominent frequencies of rBC and Na concentration in the
records. The analysis was performed using the multitaper
method (Ghil et al., 2002), and the Blackman-Tukey method
(coherence and phasing). Kspectra software (SpectraWorks)
was used for the multitaper method and Analyseries (Paillard
et al., 1996) for the Blackman-Tukey method. Spectral anal-
ysis, resampling (with piecewise linear-interpolation), and
smoothing were conducted on the log of the original values
and then back transformed to normal. For multitaper analy-
sis, we used a dataset resampled to 12 values per year, which
we termed “monthly” in the rest of the text. For coherence
and phasing, we used a short period of 30 yr for better read-
ability of coherence. The period 1970–2001, was chosen be-
cause it was the most accurately dated and had the most dis-
tinct annual cycles. Datasets were resampled using a time
resolution of 0.4 yr in order to retain annual periodicity, re-
move any shorter-term variability, and increase readability.
Phasing between the same periodicities was also determined
through this method, and shown as a positive or negative
value in radians as a function of the delay between the two
series. Smoothing was estimated with an R implementation
of Nadaraya-Watson kernel regression for a period of 21 yr,
which is long enough to be repeated at least five times in the
150 yr period, while still capturing the primary variability in
the top part of the record.

3 Results and discussion

3.1 Concentrations and fluxes

Concentrations of rBC in both records were log-normally
distributed (Fig. S2) with geometric means of 0.08 µg kg−1

(n = 4860) and 0.09 µg kg−1 (n = 2883) for WAIS and Law
Dome, respectively, Table 1. In the WAIS core, sub-annual
rBC concentrations were highly seasonal (Fig. 1), with
consistent low austral summer/fall concentrations averag-
ing 0.04 µg kg−1 and high winter/spring concentrations av-
eraging 0.15 µg kg−1. The seasonal variability (summer/fall
and winter/spring) of rBC concentrations at Law Dome was
less than at WAIS, with an average intra-annual range of
0.08 µg kg−1 at Law Dome and 0.12 µg kg−1 at WAIS. In
contrast, year-to-year variability of annual averaged (ge-
ometric) concentrations was greater for Law Dome than
WAIS, despite a comparable annual geometric mean of
∼0.08 µg kg−1 for the entire record (Table 1). Concentra-
tions determined in the records were comparable to the snow
rBC concentrations reported by Warren and Clarke (1990)

www.atmos-chem-phys.net/12/4107/2012/ Atmos. Chem. Phys., 12, 4107–4115, 2012
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Figure 2 
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Fig. 2. rBC concentrations in monthly resolution (thin line), and resampled to annual (thick line) for WAIS(a) and Law Dome(b). Red
dash line is 21 yr smoothing. K marks the Krakatoa volcanic eruption used for dating. Average analytical uncertainty on rBC measurement
is ∼15 %. Panel(c) shows a single rBC record reconstructed from the two sites: the two records were converted to Z-scores and stacked
together (black line). High values represent high rBC concentrations. The blue and red lines are the standard error of the two records.

and Grenfell et al. (1994), and similar to those derived from
a GCM model (Flanner et al., 2007), but were lower than
concentrations measured in older Antarctic ice by Chýlek et
al. (1992), Table 1. Differences in the reported concentra-
tion range likely reflect the different time periods encom-
passed by the measurement and spatial variability, as well
as the analytical methods used (Bisiaux et al., 2011; Kas-
pari et al., 2011). Annual rBC fluxes, estimated from rBC
concentrations and annual accumulation rate estimates were
16± 2.7 µg m−2 a−1 at WAIS and 13.5± 2.7 µg m−2 a−1 at
Law Dome for the same time period.

3.2 Temporal variability: comparison with sodium
records

Time series of rBC concentrations from 1850 to 2000 are
shown in Fig. 2. Figure 2c shows the single stacked rBC
record reconstructed from Z-scores of WAIS and Law Dome
ice core records. Both sites displayed significant annual to
decadal scale variability prior to 1950, and common vari-
ability with low standard error from 1950 onwards. After
1950 rBC concentrations decreased until∼1975 and then
rose to pre-1950 concentrations (cross correlation coeffi-
cient for annual data:r = 0.54, p < 0.01; for monthly data:
r = 0.20,p < 0.01). The decline in rBC at WAIS during this
period was not related to changes in the snow accumula-
tion rate, which was extremely stable during this time (Banta
et al., 2008). At Law Dome, changes in the accumulation
rate have been found for the DSS ice core site (van Om-
men and Morgan, 2010), located 19km from the site pre-
sented here (DSSW19K). This is known to be a regionally
coherent change with other records on Law Dome and in
Eastern Wilkes Land showing similar patterns (Morgan et

al., 1991). The DSS record shows an unusual increase in
snow accumulation after 1975 associated with changes in
zonal atmospheric circulation. However, no significant corre-
lation was found between the DSS snow accumulation record
and DSSW19K rBC record (R2

= 0.07, p = 0.41 for an-
nual records andR2

= −0.14, p = 0.08 for 5 yr smoothed
records).

Ultimately variability in the ice core records reflects vari-
ability in rBC emissions, atmospheric transport, and depo-
sition during transport and physical processes at the ice core
site. Stohl and Soderman (2010) developed a 5.5-yr climatol-
ogy (1999 to 2005) for atmospheric transport into the Antarc-
tic troposphere using a Lagrangian particle dispersion model
(FLEXPART). The study used rBC emissions described in
Bond et al. (2007) and Schultz et al. (2008) and did not in-
clude depositional processes. The results suggest that rBC
in the Antarctic troposphere is most sensitive to fire emis-
sions from Australian and South American during the aus-
tral winter/spring, as well as anthropogenic emissions from
South American. Southern Africa, which has the largest rBC
emissions, had the least potential to influence Antarctic rBC.
This confirmed findings by Li et al. (2008), who argued for
stronger dust supply to Antarctica from Australia and South
America, than from South Africa. De Dekker et al. (2010) in-
vestigated dust transport from Australia using the NOAA Hy-
brid Single-Particle Lagrangian Integrated Trajectory model
(HYSPLIT, R. R. Draxler and G. D. Rolph, Hybrid Single-
Particle Lagrangian Integrated Trajectory model, 2003). The
back trajectory analysis showed that aerosols (rBC and dust),
from central Australia may perturb the aerosol mass loading
over West Antarctica. We speculate that enhanced meridional
transport of African rBC prior to the 1950s may account for
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the lack of correlation between the records, but more atmo-
spheric general circulation modelling studies are needed to
support this idea. To investigate the effect of local to regional
changes in atmospheric circulation on the rBC records, the
time series were compared with co-registered records of
sodium (Na). Na is a sea-salt proxy modulated by atmo-
spheric transport as well as the seasonal variability of salt
emissions from the Southern Ocean and to a lesser extent
from the surface of sea ice (Legrand and Mayewski, 1997;
Curran et al., 1998; Goodwin et al., 2004). Na displays a
strong seasonality and is primarily delivered to the Antarc-
tic winter/spring (Sneed et al., 2011). The records of rBC
and Na at Law Dome and WAIS were found to be auto-
correlated due to the presence of an annual cycle in both
species. However, phase analysis between Na annual max-
imum and rBC annual maximum revealed a difference of
∼3 months at WAIS and∼2 months at Law Dome, with
Na leading rBC (Fig. S3). This suggests that rBC variabil-
ity is not sensitive to atmospheric transport associated with
cyclonic systems in the Southern Ocean, which is the princi-
pal source of Na in the ice core (Sneed et al., 2011). Variabil-

ity of source emissions and meridional atmospheric transport
(hemispheric) from low-mid latitudes is thus assumed to be
the primary factors affecting rBC variability in the records.

3.3 Relationships between rBC emissions and ENSO

Spectral analysis of the rBC records over the 1850 to 2001
period revealed significant periodicities in the 5 yr band at
WAIS (AR1 CI = 90 %) and 6 yr band at Law Dome (AR1
CI = 95 %), Fig. 3a, b. This suggests that El Niño South-
ern Oscillation (ENSO) related climate variability may be
responsible for some of the intra-annual variability in the
records (Li et al., 2011), Fig. 3c. Moreover, the two rBC
records were found to be coherent in the ENSO band (av-
erage coherence coefficient>0.38 for 1970–2001 period,
Fig. S5a) confirming a common modulation by ENSO. No
ENSO periodicities were found in the WAIS Na record
(Fig. S3a), suggesting that the ENSO signal found in the
WAIS rBC record is likely to be linked to source emission
variability rather than transport.

www.atmos-chem-phys.net/12/4107/2012/ Atmos. Chem. Phys., 12, 4107–4115, 2012
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On the contrary, significant ENSO and AAO periodicities
(AR1, >95 %) were found in the Na record from Law Dome
(Fig. S3b), which suggests that ENSO and AAO affect at-
mospheric transport of sea salt to Law Dome. Goodwin et
al. (2004) also report ENSO and AAO related variability in
the Law Dome Na record over the past 700 yr. The study
found that early winter Na concentrations (May to July) were
highly correlated with mean sea level pressure (MSLP) in
the South Indian and southwest Pacific Oceans, and south-
ern Australian regions. Furthermore, Na was found to be
anti-correlated with AAO variability and associated with en-
hanced meridional atmospheric transport. Compared to the
Law Dome Na record, the rBC-ENSO periodicities were
found to be systematically delayed by 0.3 to 2.2 yr (Fig. S4d).
The delay suggests that at Law Dome, ENSO influences the
rBC record differently than the Na record. This is coherent
with the current understanding of fire occurrence in response
to changes in rainfall, which is also modulated by ENSO
(Chen et al., 2011). For instance, an El Niño event may
induce exceptional moisture in South America and prevent
fires from occurring in forests. On the contrary, an increase
in rainfall during La Nĩna may accelerate vegetation growth
in Australian savannahs and thereby increase fire emissions
for several years after the La Niña (Krawchuk and Moritz,
2011). Thus, the link between rBC emissions and ENSO may
be related to changes in SH rainfall rather than atmospheric
transport. This may explain the delay found between the Law
Dome ENSO rBC and Na.

Other significant periodicities were found in the rBC
records. At Law Dome, a 2.3 yr oscillation (AR1 CI = 95 %)
may correspond to the Quasi-biennial Oscillation band
(QBO, Fig. 3a, c, d). Since this periodicity was not observed
in the Na record, we suggest that the QBO is likely to af-
fect rBC emissions in a similar fashion as ENSO through hy-
droclimate modification (Baldwin et al., 2001). At WAIS, a
1.7 yr periodicity in the rBC record (AR1 CI = 99 %, Fig. 3a)
and in the Na record (AR1 CI = 90 %, Fig. S3a), may be as-
sociated with the Antarctic Oscillation (AAO, Fig. 3d). This
relationship may reflect an influence from atmospheric trans-
port in the mid to high-southern latitudes (Gong and Wang,
1999).

3.4 Decadal scale variability and comparison with SH
rBC emission inventories

On the decadal scale, the rBC records show similar features
and variability, which appear to have no analogue in the ice
core Na records or climatic indexes such as ENSO and the
Southern Annular Mode (SAM). Notably, beginning in the
late 1950s and lasting until∼1985, rBC concentrations de-
creased abruptly (Figs. 2 and 4) and in parallel with the start
of a low-variance period that is common to the two records
(Fig. S6). This period of decreased concentration and vari-
ance is consistent with rBC emissions inventories (Fig. 4)
from Australian and South American grass fires (Lamarque
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Fig. 4. (a, b)rBC records for WAIS and Law Dome. In gray, con-
centrations re-sampled to annual resolution. Dark thick lines are
21 yr smoothing.(c) Comparison with reconstructed rBC emissions
from SH fossil fuel anthropogenic use, SH forest fires, Australian
grass fires, South American grass fires (Lamarque et al., 2010) –
left scale – and from Australian biofuels (Ito and Penner, 2005) –
right scale. The vertical bar highlights the beginning of fire preven-
tion in Australia.

et al., 2010) and Australia biofuel emissions (Ito and Penner,
2005). This period also coincides with the start of Australian
rational fire prevention policies (prescribed fires instead of
total fire suppression), which began in the 1950s (Mouillot
and Field, 2005). Similar temporal variability does not occur
in the emission inventory for SH forest fires, which show an
increasing trend from the 1950s (Mouillot and Field, 2005).
However, we note that recent estimates of SH rBC emis-
sions (GFED 3, van der Werf et al., 2010) attribute∼41 %
of SH rBC to grass fires (61 % if woodlands are included),
∼9 % from forest fires, and 26 % from deforestation (primar-
ily in South America). Thus, changes in the SH grassland
(and woodland) fire regime from human activity and climate
(hydroclimate) could dominate the SH rBC distribution. The
marked increase in SH rBC emissions from human activity
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since 1950, including fossil fuel consumption and deforesta-
tion (which doubled in the Amazon basin between 1960 to
1975–1980) (Mouillot and Field, 2005), in addition to in-
crease fossil fuel consumption after 1950 (Ito and Penner,
2005; Lamarque et al., 2010), Fig. 4, may be reflected in in-
creasing rBC concentrations observed in the last decades of
the WAIS and Law Dome ice cores records.

During the earlier period (1850–1950), the two series do
not share the same variability, and little evidence of anthro-
pogenic changes in SH rBC emissions has been documented
(Mouillot and Field, 2005; Lamarque et al., 2010). However,
coal mining and burning was already established at the end
of the 19th century in Australia, South America and South
Africa (Vallelonga et al., 2002 and references therein), along
with human settlement, and may have contributed to a small
extent to rBC deposition to Antarctica. We thus suggest that
the rBC signal for this period is primarily influenced by cli-
mate variability but longer records are needed to quantify
natural rBC variability to these regions of Antarctica.

4 Conclusions

Ice core records of rBC from West and East Antarctica
show changes is rBC concentrations and fluxes over the past
150 yr. These records are the first of their kind in Antarc-
tica and represent a link between polar ice core records and
low-mid latitude fires. The records appear to be influenced
by variability similar to tropical Pacific climatic variability
(ENSO) possibly due to the lagged response of grassland fuel
loading to hydroclimate variability. Common variability in
the records from the 1950s to 1980s was also coincident with
decadal variability in grassland and biofuel rBC emission
inventories (Ito and Penner, 2005; Lamarque et al., 2010).
Thus, the records may be influenced by both climate vari-
ability and human activity. Further research combining gen-
eral circulation model based rBC simulations with improved
geospatial estimates of rBC emissions are required to decon-
volve these factors. New ice core records are also required
to investigate the spatial variability of rBC transport and de-
position to Antarctica. In particular, development of ice core
rBC records from Antarctic regions exposed to Atlantic air
masses are needed to reconcile the temporal variability found
in this study with increased emissions from South American
deforestation and fossil-fuel combustion.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
4107/2012/acp-12-4107-2012-supplement.pdf.
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