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Biomass burning plays an important role in climate-forcing and atmospheric chemistry.
The drivers of fire activity over the past two centuries, however, are hotly debated and
fueled by poor constraints on the magnitude and trends of preindustrial fire regimes.
As a powerful tracer of biomass burning, reconstructions of paleoatmospheric carbon
monoxide (CO) can provide valuable information on the evolution of fire activity across
the preindustrial to industrial transition. Here too, however, significant disagreements
between existing CO records currently allow for opposing fire histories. In this study,
we reconstruct a continuous record of Antarctic ice core CO between 1821 and 1995 CE
to overlap with direct atmospheric observations. Our record indicates that the Southern
Hemisphere CO burden ([CO]) increased by 50% from a preindustrial mixing ratio
of ca. 35 ppb to ca. 53 ppb by 1995 CE with more variability than allowed for by
state-of-the-art chemistry-climate models, suggesting that historic CO dynamics have
been not fully accounted for. Using a 6-troposphere box model, a 40 to 50% decrease
in Southern Hemisphere biomass-burning emissions, coincident with unprecedented
rates of early 20th century anthropogenic land-use change, is identified as a strong
candidate for this mismatch.
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Biomass burning impacts terrestrial carbon cycling, atmospheric greenhouse gas and
aerosol burdens, atmospheric chemistry, and ultimately climate forcing (1). Significant
disagreement in modeled wildfire evolution since the preindustrial (here, 1850 CE)
(2), however, has so far limited our understanding of the role biomass burning has
played in recent climate change (3). Primarily, model discrepancies reflect the uncertain
magnitude of fire activity in the preindustrial relative to present day (4–6), and in turn,
how to realistically implement the response of biomass burning to human-driven changes
in land-use and fire suppression/ignition during a period of sustained population growth
and societal development (1, 2, 5, 7–10). Accurate fire modeling in support state-of-
the-art climate reconstructions (11, 12) therefore requires reliable paleofire proxy data
against which to test predictions.

Over the past millennium, significant spatiotemporal variability in biomass burning
has been inferred from ice core trace gas (13–20) and impurity records (21–24), regional
and global compilations of sedimentary charcoal (25, 26), and tree fire-scaring records
(27, 28). While these archives are generally coherent in suggesting biomass burning
was high during the 1400s before declining toward a minimum in the 1600s, large
discrepancies exist among records of the past 200 y. Global charcoal records (e.g., 25),
for example, suggest biomass burning increased from a minimum in 1700 CE to a peak
in the late 19th century at up to 4 times modern levels before declining throughout
the 1900s. Conversely, ice core trace gas records of ethane (17), acetylene (18) and
the stable isotope composition of methane (�13C-CH4) (e.g., 13), all suggest biomass
burning remained at historically low levels until at least 1850 CE. Antarctic records of
the short-lived acetylene (18) have then been suggested to demonstrate a gradual increase
in Southern Hemisphere biomass burning throughout the early 20th century.

As the major reactive trace gas emitted from fire (29), paleoatmospheric records
of ice core carbon monoxide (CO) are crucial to constraining a consistent paleofire
history (5). Today, direct emissions of CO from the combustion of biomass and
fossil fuels account for roughly half of the atmospheric CO burden ([CO])—the
bulk of the remainder produced from the secondary photochemical oxidation of CH4
and nonmethane hydrocarbons (NMHCs) (30, 31). Oxidation by hydroxyl radicals
(OH) accounts for over 90% of the CO sink (30). The preindustrial CO budget
was comparatively simpler, whereby negligible anthropogenic fossil fuel emissions and
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a relatively stable CH4 burden (32) would have made fire
activity the primary control on atmospheric CO variability.
Interhemispheric mixing of CO, however, is restricted by its
relatively short mean atmospheric lifetime of around 2 mo (33),
meaning Greenland and Antarctic ice cores histories must be
constructed separately (e.g., 20, 34).

Despite their potential utility, existing Antarctic ice core CO
records currently allow for opposing histories of preindustrial
biomass burning (15, 20). Faïn et al. (20), for example, have
recently argued that Antarctic CO data from Vostok (35), D47
(15, 35), South Pole (35), and Law Dome (13) are likely impacted
by large unaccounted blanks and should not be taken as support
for a late 19th century peak in Southern Hemisphere biomass
burning, as argued by Wang et al. (15). Instead, the CO mixing
ratios reported by Faïn et al. (20) are more consistent with other
ice short-lived ice core trace gas histories (19) in suggesting
biomass burning remained low in the lead up to the turn of
the 20th century. New records are therefore required to reconcile
current disagreements before they can be confidently used as
model benchmarks. Furthermore, the typically slow process by
which air is trapped in bubbles of Antarctic ice has so far restricted
the modern extent of ice core CO records to the late 19th
century. Previous studies, notably also by Faïn et al. (20) but
also Assonov et al. (36), have utilized inverse reconstructions
of [CO] constrained by measurements of air pumped from the
porous firn layer of the Antarctic ice sheet to bridge the gap
to the onset of direct atmospheric observations. These firn air
reconstructions suggest CO increased from 1900 CE toward a
peak in the early 1990s with a brief interruption to growth in the
mid-20th century, but it is noteworthy that these inversions are
reliant on low temporally resolved measurement constraints.

Here, we use three high snow accumulation rate (>440 kg m−2

y−1) ice cores to reconstruct Antarctic [CO] from 1821 to 1995
CE. By selecting locations with high snowfall rates, and therefore
relatively rapid rates of air bubble closure, we achieve an overlap
between the ice core air and the onset of direct atmospheric ob-
servations without the need for firn air inversions. Furthermore,
the fast rates of bubble trapping at our sites limit diffusive mixing
of the air within the firn column, meaning that air trapped in
the bubbles has a relatively narrow gas age distribution (37),
allowing us to resolve multidecadal scale variations in [CO] since
the preindustrial. Using an atmospheric box model, we then
demonstrate that Southern Hemisphere biomass burning was
likely more variable than allowed by the fire inventories currently
driving state-of-the-art chemistry-climate models (CCMs).

Results

Ice Core Continuous [CO] Datasets. High-resolution carbon
monoxide (and methane) mixing ratios were determined for
the Jurassic, Bryan Coast, and Dyer Plateau ice cores, West
Antarctic Peninsula (Table 1 and SI Appendix, Fig. S1), via
Continuous Flow Analysis (CFA) utilizing optical spectroscopy.
Continuous [CO] for each core, integrated at 10-s intervals,
are presented on a synchronized gas age scale in Fig. 1. The
Full Width Half Maximum of gas age distributions, a common
yardstick of achievable ice core temporal resolution, are 10 to
15 y and therefore on par with the seminal high-resolution Law
Dome ice archive (38). Further details on the site characteristics,
chronologies, and analytical methods are provided in Materials
and Methods and SI Appendix.

As the longest record, Bryan Coast (1820 to 1981 CE; Fig. 1B)
contributes most to our understanding of long-term trends. Data

A

B

C

D

Fig. 1. Continuous ice core [CO] records. (A–C) 10-s integrated [CO] for
Jurassic (blue), Bryan Coast (red), and Dyer Plateau (green), respectively.
Baseline trends for each core are shown in gray and reproduced in (D) with
corresponding colors for each core. Baseline [CO] records are defined as
the fifth percentile of a 2-y moving window taken every 2 y and designed
to resample the high-resolution datasets from only winter ice layers. Uncer-
tainty envelopes are 2� uncertainty on long-term reproducibility (Materials
and Methods).

from Jurassic (1914 to 1995 CE; Fig. 1A) extends the ice core
[CO] record into the direct observational era which begins in
1984 CE (39), and a short section of Dyer Plateau [CO] (1916
to 1964 CE; Fig. 1C ) overlaps both cores to provide further
replication. The Antarctic CO burden was roughly stable from
1820 to 1850 CE, decreased abruptly by ca. 5 ppb in 1865 CE
before increasing toward a local maximum in 1925 CE (Fig. 1
B and D). From ca. 1925 to 1945 CE Bryan Coast and Dyer
Plateau display a roughly bowl-shaped trend after which both
records increase monotonically toward their youngest extents
(Fig. 1 B and C ). The CO mixing ratios recorded in the Jurassic
core (Fig. 1A), however, are somewhat inconsistent with Bryan
Coast and Dyer Plateau before 1945 CE. Between 1920 to 1930
CE, Jurassic [CO] is low despite both other records showing
local maxima and then begins to increase almost 10 y earlier
than recorded at both other sites. This inconsistency is best
observed in the baseline [CO] trends displayed in Fig. 1D.
While the records agree within uncertainty, the reason for an
inconsistency in trends is currently unresolved. We note that
excluding the Jurassic core does not significantly impact our final
interpretation.

Superimposed on the multidecadal trends of all three datasets
is a pervasive mode of high-frequency variability characterized by
low amplitude (3 to 15 ppb) oscillations (Fig. 2) that are occa-
sionally punctuated by high-amplitude, short-duration spikes of
up to 40 ppb CO (Fig. 1). So far novel in Antarctic ice, a similar
mode of variability has been well characterized in Greenland ice
cores, albeit with a greater amplitude (40 to 80 ppb) (34, 40).
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A

B C D

Fig. 2. Signal decomposition and spectral analysis. (A) Signal decomposition
of high resolution [CO] across a typical depth section of Jurassic, compared
with uncalibrated H2O2 measured simultaneously on the same CFA system.
A 5 m moving average, taken twice ([CO]low, black line) is subtracted from
10-s integrated CO data (gray) to produce residual CO ([CO]hi, blue) before
applying a 20 cm moving average. Gray-shaded vertical bars are H2O2
summer maxima. Alternate light and dark shading for [CO]hi and H2O2 shows
depth-adjacent ice core sections. (B–D) Red-noise bias corrected Lomb–
Scargle spectra calculated from [CO]hi across all analyzed depths for Jurassic
(blue), Dyer Plateau (green), and Bryan Coast (red). Red and orange lines
are 99% and 95% confidence, respectively, and indicate spectral power is
above an AR1 process after 500 simulations of spectra with similar spectral
characteristics.

Discussion—High-Frequency Variability

Implications of High-Frequency Variability for Atmospheric
[CO] Reconstruction from Antarctic Ice. For Jurassic and Dyer
Plateau, isolation of the high-frequency variability reveals residual
CO maxima occur consistently in phase with Austral summer
peaks in hydrogen peroxide (H2O2) (e.g., Fig. 2A), highlighting
a quasi-annual component to the residual [CO] signal (Fig. 2
B and C ). For Bryan Coast, the H2O2 signal itself is less well
preserved and covariation between CO and H2O2 is also less
robust (Fig. 2D), likely due to the lower snow accumulation rate
at this site (Table 1).

Because the firn column acts as a low-pass filter of atmospheric
variability, the observed quasi-annual signals cannot have an
atmospheric origin (41). Highly reproducible measurements on
parallel ice sticks also demonstrate that an analytical bias is not
responsible (SI Appendix, Fig. S2). Instead, data are coherent
with previously reported variability in Greenland ice that is
thought to result from in situ CO production via the abiotic
oxidation of organic matter occurring at some point below bubble

close-off (34, 40). And it follows that these signals appear to be
occurring in summer ice layers where concentrations of total
organic carbon are typically higher than in winter layers (34, 42).

To remove the influence of in situ production on our atmo-
spheric reconstruction, we adopt a baseline extraction technique
following Faïn et al. (34), and resample our datasets from the
lowest fifth percentile of a 2-y moving window (Fig. 1D). In
doing so, each [CO] dataset is resampled from winter ice layers
only and thus from depths where in situ production either does
not occur or is negligible (e.g., 34, this work). A depth resolution
<5 times the annual layer thickness of almost all the ice measured
ensures that CO minima should always be resolved. Note that the
firn-smoothing effect dictates that the bubbles in winter ice layers
provide air samples that integrate across all seasons and multiple
years. The records are then united as a multisite composite
and combined 2� uncertainty determined by propagating long-
term reproducibility and core-specific calibration uncertainties
(Materials and Methods).

The possibility for some ubiquitous background CO pro-
duction means that records produced in this way are likely an
upper limit for Antarctic [CO]. Nonetheless, because average
baseline mixing ratios between 1825 to 1835 CE of 34 ± 4.8
ppb are statistically indistinguishable from the 35 ± 3.7 ppb
[CO] reported by Faïn et al. (20)—who report no evidence of
in situ production at their sites (Fig. 3A)—we are confident that
any further influence of in situ production is negligible.

Discussion—Atmospheric Reconstruction

Connecting the Ice, Firn, and Flask Air Archives. Our multisite
atmospheric CO reconstruction spans from 1821 to 1995 CE
and is the first bubble-ice record of [CO] to overlap with direct
atmospheric observations (Fig. 3). The Antarctic CO burden
increases by ∼50% from a 35 ppb preindustrial level to a
maximum of ca. 53 ppb in 1995 CE. Superimposed on this
rise are two periods of multidecadal variability characterized by
i) a minimum CO burden of ca. 30 in 1865 CE recorded in
Bryan Coast and ii) a distinct plateau at around 41 ppb starting
in 1920 CE that returns to growth by ca. 1945 CE. Growth rates
on either side of the plateau in [CO] are 0.26 ppb CO y−1.

The ca. 20 ppb preindustrial offset between continuous and
discrete CO records (Fig. 3A) first observed by Faïn et al. (20) is
reproduced. A decade-long overlap with direct flask air measure-
ments from Mawson station, Antarctica (MAA; 39) support the
accuracy of our measurements and allow us to strongly argue that
earlier discrete CO analyses (15, 35) are compromised in some
way, potentially by poorly constrained blanks, age uncertainty
(20), and/or by aliasing of in situ production.

Notably, the local CO minimum in 1865 CE could not have
been reproduced by Faïn et al. (20) due to the lower temporal
resolution preserved at their ice core sites. The difference in
trends around 1865 CE, therefore, likely relates to differences in

Table 1. Site locations
Depth Gas age Mean

Year Elevation interval interval Δage Accumulation*
−10 m

Core drilled Location (m) (m) (y CE) (y) (kg m−2 y−1) Temp (◦C) Source

Jurassic 2012 74.1◦S, 73.05◦W 1,139 75.1 to 139.7 1914 to 1995 39 830 −16.7 (69, 70)
Bryan Coast 2011 74.50◦S, 81.68◦W 1,177 74.81 to 139.9 1820 to 1981 93 440 −23.4 (69)
Dyer Plateau 1988 70.68◦S, 64.87◦W 2,002 71.8 to 100.5 1916 to 1964 79 520 −21.0 (71)
*Average accumulation rate [a regional increase in snow accumulation has been observed since the turn of the 20th century (69)].
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A

B

Fig. 3. Antarctic [CO] trends over the last 200 y. The new multisite composite
baseline [CO] record (orange) is shown with a combined 2� uncertainty
envelope and smoothed to represent atmospheric trends. (A) Comparison
to existing ice core (15, 20, 35), multimodel firn air (20) and direct Antarctic
flask air observations from Mawson station (MAA, 1984-present; 39). (B)
Comparison with multisite Antarctic firn air reconstructions (1898 to 2016;
20) produced using the IGE-GIPSA (blue, 43) and CSIRO (red, 44) inverse firn
air transport models (20).

firn-based smoothing between the ice archives themselves. We
note similar variability to observed here in fire-sensitive records
of Antarctic refractory black carbon (6) and regional Southern
Hemisphere sedimentary charcoal records (26).

In Fig. 3B, we also compare our record with the multisite
Antarctic firn air inversions presented by Faïn et al. (20).
Agreement between our ice core record and the firn air inversions
support the fidelity of both reconstructions. This includes the
observed plateau in [CO] growth, although the timings vary
slightly between both inversions. After 1970 CE, both firn air
reconstructions predict faster CO growth rates (0.4 ppb y−1)
than the ∼0.26 ppb y−1 we report, and peak CO mixing
ratios that occur ∼6 y earlier than recorded at Mawson station
(Fig. 3) suggesting that post-1970 CE, the firn air reconstructs
may overestimate atmospheric CO growth rates. Overall, direct
atmospheric observations that are more coherent with our ice
archive than the firn air reconstructions support this hypothesis.

Comparison to AerChemMIP Simulations. A comparison of our
new Antarctic [CO] record to a multimodel mean CO history
from six state-of-the-art CCMs featured in the Aerosol Chemistry
Model Intercomparison Project (AerChemMIP 12) reveals both
similarities and notable differences (Fig. 4B). Over Antarctica (60
to 90°S), the modeled CO burden is consistent with the 50%
increase observed from our ice core record and an acceleration
in CO growth rate associated with rapid industrialization from
1950 CE. However, the AerChemMIP simulations do not
record a 20th century period of stabilization, and absolute mean
CO mixing ratios are generally overestimated relative to our
reconstruction. The offset increases from a few percent to ca.
15% for the most recent three decades despite direct atmospheric
measurements being available. Here, we investigate the possible

factors driving the mismatch in variability between the AerChem-
MIP experiments and our ice core CO reconstruction.

First, since surface methane mixing ratios measured from ice
cores are prescribed in all participating AerChemMIP models,
CO production from CH4-oxidation is well constrained and
thus cannot be the source of slow-down in the CO growth rate.
Second, modeling studies have repeatedly shown that [OH] was
likely relatively stable prior to the 1980s (45, 46) and therefore
changes in sink strength are also unlikely to be responsible. A well-
reproduced increase in modeled OH abundance from 1980 CE
(45, and references there in), however, invalidates an assumption
of stable tropospheric [OH] for the most recent decades and as
such we focus our discussion to pre-1980 CE. Finally, while
differences in transport dynamics and chemical schemes are
known to drive the large intermodel range in modeled CO
burden (47) (1� uncertainty in Fig. 4B), they do not drive a large
diversity in modeled temporal trends (SI Appendix, Fig. S3). We
must therefore assume that the direct CO emission inventories for
biomass burning (BB4CMIP; 5) and/or anthropogenic activity
(CEDS; 48) that support all AerChemMIP scenarios include in-
accuracies or at least lack the detail to capture multidecadal trends.

According to the bottom–up CEDS inventory, direct emis-
sions of Southern Hemisphere CO resulting from anthropogenic

A

B

Fig. 4. Comparison of direct Southern Hemisphere CO emissions from
select inventories with proxy and model reconstructions of the Antarctic CO
burden. (A) Biomass burning (BB) emissions from BB4CMIP (blue, 5) and
LPJ-LMfire (gray, 6) and their recently constrained (see arrows) counterparts
BB4CMIPpost (red) and LPJ-LMfirepost (dark red) (53). Anthropogenic CEDS
emissions (Anthr., dashed black) are from Hoesly et al. (48). Inventories are
plotted as 2-y (faded color) and 10-y moving averages (bold color). (B) Data-
Model comparison over 60 to 90°S. Observed carbon monoxide ratios are
from this study (orange) and direct atmospheric observations from Mawson
Station, Antarctica (black). Data are compared to a 6-model AerChemMIP
mean with 1� uncertainty (light blue), and box model output produced using
different fire inventories: BB4CMIP (dark blue), BB4CMIPpost (bright red) or
LPJ-LMfirepost (dark red). AerChemMIP outputs used in this work are from
the CESM2- WACCM, GISS-E2-1-G, UKESM-0-LL, BCC-ESM1, GFDL-ESM4, and
MRI-ESM2-0 models. Data can be accessed at: https://pcmdi.llnl.gov/CMIP6/.
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fossil fuels and biofuel combustion increase slowly from ∼3.4
Tg CO y−1 to 24.8 Tg CO y−1 between 1850 and 1950 CE,
before almost tripling in the 50 y to 2000 CE (Fig. 4A). Here, a
lack of emission rate variability across the first half of the 20th
century is counter to globally significant events including two
world wars and their associated economic downturn (48) and
may potentially suppress variability in modeled [CO]. We know
from ice cores, for example, that a reduction in CH4 growth
rate and a plateau in CO2 mixing ratios occur between the
1920s and 1950s (38, 49) and could themselves be related to
reduced human activity. Since CEDS emissions only represent a
small fraction of total pre-1950 CE Southern Hemisphere CO
emissions (Fig. 4A and SI Appendix, Fig. S4), it seems unlikely
that an underestimation of variability could drive the observed
mismatch between modeled and observed [CO]. If, however,
the total magnitude of Southern Hemisphere anthropogenic CO
emissions has been drastically underestimated, any uncertainties
in CEDS emissions would be expected to have a greater impact,
but there is currently little evidence to support such a scenario.

Potential Role of Southern Hemisphere Biomass Burning Vari-
ability. Unlike Southern Hemisphere CEDS emissions, diver-
gent assumptions regarding the response of fire to human
population growth and changes in land use (5, 6, 9, 10) allow for
a wide range of potential paleofire histories over the past 200 y
(2). The fire emissions inventory supporting AerChemMIP (12)
and CMIP6 (11) simulations (BB4CMIP; 5), for example, utilize
emissions outputs from six fire models that tend to scale up fire
activity with human demographics at low to moderate population
densities, giving rise to low preindustrial CO emissions that
increase slowly toward 1950 CE (blue line, Fig. 4A). In contrast,
population growth has been suggested to have had a negative
impact on fire activity (e.g., 10), and Liu et al. (6) use the LPJ-
LMfire global dynamic vegetation and fire model (50) to argue
that Southern Hemisphere biomass burning was 30% higher in
the preindustrial than in 2010 CE (gray line, Fig. 4A).

A 6-troposphere, 2-stratosphere box model is used to inves-
tigate the potential for Southern Hemisphere biomass-burning
emissions to account for multidecadal variability observed in
our ice core record. Model geometry and transport dynamics
follow Mitchell et al. (51) but source/sink schemes have been
updated, and tracer lifetimes explicitly simulated based on
their atmospheric burden, known reaction rates, and imposed
variations in OH (45), which vary with latitude and season
(52) (SI Appendix). Atmospheric CO mixing ratios are then
estimated as the balance between the sum of direct anthropogenic
and biomass burning emissions, methane oxidation, and the
oxidation of NMHCs resulting from anthropogenic, biomass
burning, and biogenic sources, against the destruction of CO via
reaction with OH (SI Appendix).

Utilizing the BB4CMIP fire inventory (here, our “standard”
scenario), box model results over Antarctica (60 to 90°S; dark
blue Fig. 4B) are consistent with the multimodel AerChemMIP
output (light blue Fig. 4B), and both the temporal trends and
slight positive bias relative to ice core and direct atmospheric
observations are reproduced. The mean modeled global CO
lifetime is 2.1 mo and total CO emissions between 1990 and
2000 CE are in line with previous literature ranges (SI Appendix,
Fig. S4). A 20% change to tropical emissions produces a 1.5
ppb response over Antarctica (SI Appendix, Fig. S5) and due to
its relatively short lifetime, CO mixing ratios are more sensitive
to changes in extratropical emissions (30 to 60°S) than tropical
emissions (0 to 30°S) by a factor of >3. Around 9.5 ppb of

the total CO mixing ratio between 60 to 90°S is sourced from
biomass burning originating from lower latitudes (SI Appendix,
Fig. S4). This equates to roughly 25% of the total CO burden
between 60 to 90°S in 1850 CE, declining to 18% by 2000 CE.
Similarly, but using a variety of different Chemistry Transport
Models (CTMs), Wang et al. (15) report 9.6 ppb of total [CO] at
Scott Base, Antarctica (77°S), is sourced from biomass burning,
Granier et al. (54) predict roughly 9 ppb at Syowa station (69°S)
comes from wildfire, and Van der Werf et al. (4) predict a 7 ppb
contribution from biomass burning at South Pole Station (90°S).

Assuming no changes to transport dynamics then additional
variability in biomass burning, not currently expressed in the
BB4CMIP dataset is required to reconcile the mismatch observed
between the modeled and ice core–derived CO burden. Our
model analysis (SI Appendix, Fig. S7) suggests that this would
involve a decrease in Southern Hemisphere biomass burning
emissions from the early 20th century of between 40 to 50%
to counterbalance a simultaneous increase in anthropogenic
emissions of both CO and CH4.

Our results are corroborated by a recent study by Zhang et al.
(53) in which gridded biomass burning emissions are derived
from 1750 to 2010 CE by inversely constraining the existing
BB4CMIP and LPJ-LMfire emissions datasets with a global array
of ice core refractory black carbon (rBC) records. Interestingly,
both inversions (BB4CMIPpost and LPJ-LMfirepost; Fig. 4A)
show similar trends irrespective of their start point to suggest
that both prior inventories lie far from the ideal solution required
to account for observed ice core rBC variability (53). Applying
the BB4CMIPpost and LMfirepost emission scenarios in our
box model, a plateau in Antarctic [CO] similar in timing and
duration to that observed in the ice core record is reproduced
(Fig. 4B). This provides independent proxy-constrained support
to our hypothesis that the Southern Hemisphere may have
experienced greater variability in biomass burning than currently
predicted by the fire inventories used to force CMIP6 climate
model simulations.

The timing of the CO plateau when using the inversions from
Zhang et al. (53), however, occurs ca. 5 to 10 y later than observed
in our ice core data, and the absolute CO burden is clearly
overestimated. Age offsets are currently difficult to reconcile but
could relate to chronological uncertainty—here between the Law
Dome (55) and WD2014 (56) chronologies that both the [CO]
and rBC records are tied to respectively. For the overestimated
CO burden, explanations could involve the overestimation of
CO emissions by Zhang et al. (53), an underestimation of
sink strength, an overestimation of biogenic sources, or an
overestimation of southward transport from the tropics but
agreement between the “standard” box model and AerChemMIP
outputs and sensitivity tests (SI Appendix), continue to suggest
our box model is appropriate.

Finally, because CO has a relatively short lifetime, the
spatial pattern of burning must also be considered (e.g., 19).
Van der Werf et al. (4) have demonstrated with the TM5
CTM that CO from South American and Australian fires is
more efficiently transported to Antarctica relative to CO from
Southern Hemisphere Africa. Although, due to the greater
magnitude of CO emissions from biomass burning across
Southern Hemisphere Africa relative to South America, both
contribute equally to the Antarctic CO burden (30% each), with
Australia contributing only 11% (4). Zhang et al. (53) suggest
most of the variability in their reconstructed emissions scenarios
is driven by changes in fire activity across southern Africa
with smaller contributions from southern South America and
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Australia. However, as these inversions are tied to rBC, which has
a shorter residence time than CO (residence time ∼ 5 d), their
reconstruction will express heightened sensitivity to extratropical
fire activity. Although further spatial information cannot be
extracted without a more complex atmospheric model, the fact
that the two complementary methods agree, suggests a common,
hemisphere-wide signal is driving features like the CO plateau.

Alternatively, a sustained change in the position of the Inter-
Tropical Convergence Zone could alter the transport of CO from
low Southern Hemisphere latitudes, changing the atmospheric
burden above Antarctica without major changes in fire emissions.
However, sedimentary charcoal records from the regions of
interest provide strong evidence for a real change in fire activity,
rather than a fully transport-driven scenario (26).

Drivers of Pre- to Post-industrial Southern Hemisphere Fire
Activity. The observed period of [CO] stabilization between
1920 to 1950 CE falls counter to an assumption that scaling
of paleofire activity with population growth held throughout the
first half of the 20th century. Instead, a 20th century decline in
biomass burning is now coherent across multiple models (e.g.,
10, 57) and fire-proxy estimates from refractory black carbon-
based inverse methods (53), Southern Hemisphere sedimentary
charcoal records (26), and our new CO-based estimates.

Changes in both climate and land use could be responsible
for the observed variability across our study period (7, 58) and
both are thought to be important drivers of fire activity over
the last millennium (e.g., 16). This said, Pechony and Shindell
(57) have argued that a global reduction in fire emissions around
the 1900s could not have occurred without human intervention.
Similarly, the observed CO-plateau coincides with the most rapid
rates of Southern Hemisphere land conversion for cropland and
rangeland (59) that are well known to double as a form of passive
fire suppression (1, 60, 61). We thus speculate that the period
CO stabilization could be a key indicator of land-use change
across the Southern Hemisphere—rapid expansion of land use for
agriculture across Southern Hemisphere Africa, South America,
and Australia (59, 62) effectively decoupling the relationship
between fire activity and climate by the early 20th century
(1, 7, 25, 57). Prior to 1920 CE, the increase in [CO] could
also be due to land-use change, however, here associated with
increasing biomass burning emissions under very low-density
population growth (61) and initial land clearance—usually with
fire—for agriculture (e.g., 63). Post-1950 CE, CO variability
reflects the net result of multiple compounding factors and
requires additional isotope and/or CCM analysis to deconvolve
sources/sink dynamics.

Our multicore reconstruction of atmospheric CO reveals
two periods of distinct multidecadal variability in the Southern
Hemisphere CO burden since the preindustrial. Our analysis
demonstrates that the stabilization of CO levels between 1920
to 1950 CE—not reproduced by state-of-the-art CCMs—can be
satisfactorily explained by a reduction in Southern Hemisphere
biomass burning rates, leading to a 40 to 50% decrease in
CO emissions from 1920 CE until the late-20th century. Now
supported by multiple lines of proxy-based evidence, we propose
that unprecedented historical land use change across the Southern
Hemisphere, associated with 20th century population growth,
decreased biomass burning rates.

Materials and Methods
CFA. High-resolution trace gas analysis took place over three campaigns
between Nov 2021 and Feb 2023 using the CFA system at the British Antarctic

Survey (64), updated here to utilize optical-feedback cavity-enhanced absorption
spectroscopy (SI Appendix, Fig. S9A; OF-CEAS 65, 66) for the simultaneous
detection of CH4 (67, 68), and low blank CO (34).

Briefly, ice core sticks were processed inside a T =−25 ◦C cold room, melted
in succession on a heated melthead and pumped to the warm laboratory.
Released gas bubbles were then separated from the continuous melt stream
(ca. 10% air by volume) using a two-step extraction process. First, via a buoyancy-
driven debubbler, and second, via a pressure gradient supplied across a gas-
permeable membrane (Transfer-line degasser, Idex). A homemade Nafion dryer
(TT-020, 0.3mm Øid, PermaPure) then dehumidified the sample before it was
continuously injected into a laser spectrometer for analysis. Meanwhile, the
degassed liquid fraction was directed to a broad spectrum of simultaneous chem-
ical analyses, including the fluorometric detection of hydrogen peroxide (H2O2).

Continuous CO (and CH4) measurements were obtained at an acquisition
rate of 4 Hz using a Spectroscopy by Amplified Resonant Absorption (SARA)
analyzer. Because the SARA has an effective cavity volume of only 0.24 cm3

when maintained at 20 mbar, cavity renewal times of only 10 s are expected
at standard ice core gas flow rates. Sample mixing in the optical cavity thus
imparts negligible smoothing compared to that introduced by the geometry of
the upstream CFA setup (e.g., 40). Specific operating conditions for each core
are summarized in SI Appendix, Table S1.

Absolute Calibration. Sample underrecovery due to the inefficient extraction
of dissolved gases (34, 67) was corrected for via a “Full Loop” calibration routine
(68)—a method previously validated for both CO and CH4 following comparison
of discrete and continuous datasets from the same ice samples (34, 68).

Raw CFA data ([CO]raw) were therefore translated to the WMOX-2014
reference scale and corrected for underrecovery of CO by bracketing each analysis
run (consisting of ca. 6 h measurement time) with both dry gas and Full Loop
([CO]fl) calibration routines. A Calibration Correction Factor (CCF) and Solubility
Correction Factor (SCF) were then applied as daily averages using Eq. 1 and a
2.1 ppb procedural blank ([CO]blk) determined via a single standard approach
(34). Uncertainty on the blank assessment is assumed as 0.5 ppb and based
on the relative magnitude of blank uncertainty from Faïn et al. (20). Before
analysis, dynamic mixing experiments (SI Appendix, Fig. S9B; range 110 ppb to
0 ppb CO) between mass-flow controlled NOAA reference gases and ultrapure
nitrogen (scrubbed for CO) confirmed the high linearity of the SARA analyzer
(R2 = 0.9992) with a negligible offset from origin and allow translation to
WMOX-2014 reference scale using the day-to-day ratio of expected ([CO]exp) to
measured ([CO]dry) concentration from a single NOAA-certified gas standard.

[CO]corr = ([CO]raw − [CO]blk) · SCF · CCF, [1]

where;

SCF = 1 +
[CO]dry − ([CO]fl − [CO]blk)

[CO]dry
&, CCF =

[CO]dry

[CO]exp

Contamination of the air standard lines across three consecutive days of
Bryan Coast analysis precluded daily corrections between 76.8 and 111.5 m
depth (SI Appendix, Fig. S10). No correlated offset was observed for CH4 and
sample data bounding the contamination event were also internally consistent.
We are confident that the contamination did not influence our measurements
and likely originated from a microelectric switching valve that is isolated from the
sample line (SI Appendix, Fig. S9A). In response, CCF and SCF values calculated
from the unaffected analysis days to the impacted Bryan Coast depth range

Stability, Precision, and Accuracy. Allan Variance tests (72) were applied
to Full Loop datasets from each campaign to characterize system stability and
internal precision (67, 73). Optimal integration times were ca. 100 s for Jurassic
and Bryan Coast, improving to >200 s for Dyer Plateau (SI Appendix, Fig.
S9C). To balance precision and depth-resolution requirements, data presented
here are averaged at 10-s intervals, yielding an internal precision (2*Allan
deviation) of 1.2 ppb for Jurassic and Bryan Coast and 1.1 ppb for Dyer
Plateau (2�).
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A

B C D

Fig. 5. MCMC gas age synchronization. (A) Posterior synchronizations for Bryan Coast (red), Dyer Plateau (green), and Jurassic (blue) compared to Law Dome
ice and firn air target chronology (gray, 32). Overlapping core sections are obscured due to the goodness of fit to Law Dome CH4 record. For each panel, (B–D);
Top: 10-y band passed posterior CH4 growth rates (bold color) compared with Law Dome (black). The dashed blue lines in each are growth rates calculated from
initial age scales. Middle: 95% credibility intervals of posterior age model with respect to Law Dome. Bottom: posterior Δage (black) with 15-y moving average
(bold color). Gray dashed lines show mean Δage.

Long-term reproducibility (external precision) was determined as 4.4 ppb
(2�) following analysis of replicate ice sticks, conducted a week apart, on a
7.5 m section of the Dyer core (SI Appendix, Fig. S2). Final reported accuracies
represent the propagated 2� uncertainty on Full Loop calibrations and external
reproducibility along with an assumed 20% uncertainty on blank following the
principles outlined in Tarantola (74).

SystemResolution. Time-orientated datawere transposed tothe depth domain
using smoothed melt rate histories recorded between core sections and the
system lag between the ice core melting and signal detection (SI Appendix,
Table S1). Data were then screened for contamination resulting from ambient air
intrusion at core breaks using characteristically right-skewed spikes in methane
concentration (ca. 1900 ppb) colocated with core breaks.

The extent of CFA-based signal smoothing was then investigated using
the impulse response to a unit-step change in concentration under dynamic
operating conditions i.e., sequentially melting ice sticks of different methane
concentrations (ca. 350 vs. 600 ppb CH4). Signal attenuation, or gain, was
calculated following Stowasser et al. (67). At a melt rate of 5.5 cm min−1, a depth
resolution (50% cutoff) of 3.4 cm is achieved (SI Appendix, Fig. S11) which is
several factors smaller than the Nyquist frequency required to theoretically
resolve annual signals in almost all the ice analyzed.

Age Model. Preliminary gas age scales were constructed using ice age-gas age
differences (Δage) predicted via the Oregon State University firn air transport
model (75) with static Herron and Langway (76) densification physics. To
facilitate the construction of a multisite record, comeasured CH4 was then
used to synchronize each chronology to that of Law Dome over the last 200 y
(32, 55) using a Markov Chain Monte Carlo (MCMC) synchronization algorithm
adapted from Muschitiello and Aquino-Lopez (77). A full description of the
algorithm is provided in SI Appendix.

Synchronization results are shown in Fig. 5 and summarized in SI Appendix,
Table S3. Each simulation was run for 1× 106 iterations and the first 5× 105

was discarded as burn-in to remove sensitivity to an arbitrary starting point

before results were systematically thinned by 95% to limit autocorrelation.
Convergence was monitored using a multivariate potential scale reduction
factor <1.1 (78). The remaining 25,000 iterations were used to estimate the
median synchronizations (Fig. 5A) and their 95% credibility intervals (Middle
panel Fig. 5 B–D). A 15-y moving average was applied to modeledΔages before
using them to produce our final age scales to accommodate for firn smoothing
(Bottom panel Fig. 5 B–D). Age uncertainties relative to Law Dome are generally
less than 2 y and remain±4 y throughout.

Data, Materials, and Software Availability. The ice core data reported in this
paper are available at https://doi.org/10.17863/CAM.109616 (79).
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