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Millennial‐Scale Changes in Terrestrial and Marine
Nitrous Oxide Emissions at the Onset and
Termination of Marine Isotope Stage 4
J. A. Menking1 , E. J. Brook1 , A. Schilt1, S. Shackleton2 , M. Dyonisius3,
J. P. Severinghaus4 , and V. V. Petrenko3

1College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, OR, USA, 2Department of
Geosciences, Princeton University, Princeton, NJ, USA, 3Department of Earth and Environmental Sciences, University of
Rochester, Rochester, NY, USA, 4Scripps Institution of Oceanography, La Jolla, CA, USA

Abstract Ice core measurements of the concentration and stable isotopic composition of atmospheric
nitrous oxide (N2O) 74,000–59,000 years ago constrain marine and terrestrial emissions. The data
include two major Dansgaard‐Oeschger (D‐O) events and the N2O decrease during global cooling at the
Marine Isotope Stage (MIS) 5a‐4 transition. The N2O increase associated with D‐O 19 (~73–71.5 ka) was
driven by equal contributions frommarine and terrestrial emissions. The N2O decrease during the transition
into MIS 4 (~71.5–67.5 ka) was caused by gradual reductions of similar magnitude in both marine and
terrestrial sources. A 50 ppb increase in N2O concentration at the end of MIS 4 was caused by
gradual increases in marine and terrestrial emissions between ~64 and 61 ka, followed by an abrupt increase
in marine emissions at the onset of D‐O 16/17 (59.5 ka). This suggests that the importance of marine
versus terrestrial emissions in controlling millennial‐scale N2O fluctuations varied in time.

Plain Language Summary Nitrous oxide is a powerful greenhouse gas that is produced naturally
in soils and oceans. An important unresolved question is the extent to which anthropogenic warming
will stimulate additional emissions from these sources, further adding to the warming. Past variations in the
abundance of nitrous oxide have been observed using ice core reconstructions, but the reasons for the
variations are not well understood. Nitrous oxide produced in soils is isotopically distinct from nitrous oxide
produced in oceans. New measurements of the isotopes of atmospheric nitrous oxide provide constraints on
how marine and terrestrial sources must have changed, driving fluctuations in nitrous oxide
concentration during two intervals of rapid warming and a prolonged period of global cooling. The
reconstructed changes in nitrous oxide sources provide insights into relationships between marine and
terrestrial ecosystems and climate.

1. Introduction

Nitrous oxide is a long‐lived greenhouse gas that also plays a role in the chemistry of the stratosphere. Ice
core records show that N2O varied on glacial‐interglacial timescales over the last 800 ka (Schilt,
Baumgartner, Blunier, et al., 2010; Spahni et al., 2005). The variations are closely coupled to climate cycles;
N2O concentration reached as high as 270 ppb during warm, interglacial periods and as low as 200 ppb
during cold, glacial periods. High‐resolution ice core records also show millennial‐scale N2O variability
associated with glacial‐interglacial transitions as well as the abrupt climate changes that occurred during
the last glacial period (i.e., the Dansgaard‐Oeschger [D‐O] events) (Flückiger et al., 1999, 2004; Schilt,
Baumgartner, Blunier, et al., 2010; Schilt, Baumgartner, Schwander, et al., 2010; Schilt et al., 2013;
Sowers, 2001; Sowers et al., 2003).

It is thought that past N2O variations were caused by changes in production rates in marine and terrestrial
systems, where N2O is a byproduct of microbial nitrification and denitrification (Stein & Yung, 2003).
Marine N2O production constitutes approximately 35% of modern emissions (Intergovernmental Panel on
Climate Change, 2013; Kim & Craig, 1993) with open‐ocean nitrification being the dominant production
pathway (Battaglia & Joos, 2018; Freing et al., 2012; Nevison et al., 2003). “Hot spots” of denitrification have
been identified in suboxic regions, such as the Arabian Sea, the subtropical North Pacific, the eastern tropi-
cal South Pacific, and coastal upwelling systems (Bange et al., 2001; Dore et al., 1998; Farias et al., 2009;
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Naqvi et al., 2010), though estimates place the contribution of denitrification to modern marine N2O emis-
sions at a modest 4.5% (Battaglia & Joos, 2018). Other low‐oxygen microbial pathways have recently been
recognized, namely, anaerobic ammonium oxidation (anammox) and nitrifier denitrification (Zhu
et al., 2013). While the exact mechanisms driving past N2O variations on glacial‐interglacial and millennial
timescales are unknown, the sensitivity of marine nitrification and denitrification pathways to decreases in
dissolved oxygen concentrations (e.g., Ji et al., 2018) has led many to hypothesize that marine oxygenation
was the main control (e.g., Galbraith et al., 2008, 2013; Ganeshram et al., 2000; Schmittner et al., 2007;
Schmittner & Galbraith, 2008).

Terrestrial N2O production accounts for approximately 60% of the modern N2O budget (Butterbach‐Bahl
et al., 2013; Intergovernmental Panel on Climate Change, 2013). There is evidence that denitrification is
the more important N2O production pathway in terrestrial environments (Vilain et al., 2014), though there
is great spatiotemporal variability in both the mechanisms and magnitudes of N2O production (Butterbach‐
Bahl et al., 2013). Temperature and soil moisture are the primary influences governing N2O production in
terrestrial environments (Bouwman et al., 1993; Xu et al., 2012). Additionally, a strong feedback exists
between soil respiration rates and soil oxygenation, which in turn may influence denitrification rates
(Butterbach‐Bahl et al., 2013).

Ice core records of N2O and CH4 across rapid warming events show similarities in the timing of changes. CH4

changes are highly correlated to terrestrial hydrology proxies and were likely caused by shifts in the latitudi-
nal position of the tropical rain belts (Rhodes et al., 2015; Wang et al., 2001). The close correlation with N2O
has led some to hypothesize that terrestrial sources must have been responsible for the abrupt N2O shifts in
the past (e.g., Flückiger et al., 1999; Schilt et al., 2013). Past N2O variations also show similarities with CO2

(Flückiger et al., 2004; Schilt et al., 2013), which changed more gradually and often led increases in CH4 by
up to several thousand years (Ahn& Brook, 2008). The latter observation has fueled speculation that a signif-
icant component of N2O variability is controlled by changes in marine emissions (Flückiger et al., 2004).

N2O is removed from the atmosphere via photochemical destruction in the stratosphere. A recent modeling
study suggested that the atmospheric lifetime of N2O during the preindustrial period was 123 years (Prather
et al., 2015), which also describes the e‐folding time of a response to an instantaneous change in emissions.
Modeling studies have shown that past changes in the atmospheric residence time were too small to signifi-
cantly impact N2O concentration (Crutzen & Bruhl, 1993; Martinerie et al., 1995; Murray et al., 2014); thus,
the changes observed in the ice core record were driven by changes in N2O emissions strength. N2O is mixed
in the atmosphere on timescales that are fast relative to its atmospheric lifetime.

Isotope studies of modern N2O emissions suggest distinct differences in δ15N and δ18O of N2O emitted from
marine versus terrestrial ecosystems, so the isotopic composition of tropospheric N2O provides a means of
distinguishing the relative contribution of marine and terrestrial sources to the total atmospheric budget
(Stein & Yung, 2003). Marine δ15N‐N2O ranges from 4‰ to 12‰ relative to air‐N2, with δ18O‐N2O ranging
from 42‰ to 67‰ relative to VSMOW; terrestrial δ15N‐N2O ranges from −34‰ to 2‰, with δ18O‐N2O ran-
ging from 20‰ to 43‰ (Kim & Craig, 1993; Rahn & Wahlen, 2000).

This study expands on the limited number of ice core N2O studies by investigating the atmospheric history of
N2O and its isotopic composition between 74 and 59 ka. The interval includes two abrupt warming events
(onset of D‐O 19 at 72.2 ka and D‐O 16/17 at 59.5 ka), the decrease in N2O concentration associated with
the Marine Isotope Stage (MIS) 5‐4 transition (~71.5–67.5 ka), and a period of cold temperatures and ice
sheet expansion (MIS 4). These large‐scale climate shifts make this period interesting for studying the rela-
tionship between N2O cycling and climate, and this study is complimentary to previous work that largely
focused on the last deglaciation and the ongoing warm period (Fischer et al., 2019; Schilt et al., 2014). The
new isotope data are used to determine plausible marine versus terrestrial source contributions to the varia-
tions in the total N2O budget.

2. Materials and Methods
2.1. Large‐Volume Ice Samples From Taylor Glacier

Taylor Glacier is an outlet glacier of the East Antarctic Ice Sheet that terminates in Taylor Valley in the
McMurdo Dry Valleys. Old ice ranging in age from 7 to 150 ka outcrops in various places at the surface of
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the glacier's ~80 km‐long ablation zone (Aciego et al., 2007; Baggenstos et al., 2017; Kavanaugh et al., 2009;
Shackleton et al., 2020). The archive has been utilized previously for gas isotope studies because it provides
relatively easy access to large‐volume ice samples (both in terms of drilling shallow cores and accessing the
field site) (e.g., Bauska et al., 2016, 2018; Dyonisius et al., 2020; Petrenko et al., 2017; Schilt et al., 2014;
Shackleton et al., 2020).

A new 19.8 m ice core was retrieved adjacent to the Taylor Glacier MIS 5‐4 drill site, a location in which a
complete archive of the MIS 5‐4 transition was found in the gas and ice phases (Menking et al., 2019).
The stratigraphy at this site is horizontal (isochrones in horizontal orientation with age increasing with
depth), in contrast to nearby sites in which the stratigraphy is nearly vertical (Baggenstos et al., 2017).
The new ice core was retrieved using the Blue Ice Drill (BID), a 24 cm diameter drill designed for retrieving
shallow, large‐volume ice cores (Kuhl et al., 2014). The core is referred to as the “MIS 5‐4 BID3 core,” as it is
now the third large‐diameter ice core retrieved from this site. The ~1 m core sections between 2 and 19.8 m
depth were cut into quarter wedges in the field and stored at below −20°C on the glacier, in McMurdo
Station, and en route to the laboratory freezer at Oregon State University (OSU).

2.2. CH4 Measurements and Gas Chronology

CH4 concentration was measured over the full length of the core by continuous flow analysis at OSU, follow-
ing methods described by Rhodes et al. (2013) (Figure S1 in the supporting information). Sticks approxi-
mately 2.5 cm × 2.5 cm × 1 m were cut from the ¼ BID wedges retrieved from the field. The ice sticks
were melted such that the outer bubble/water mixture was discarded, and the innermost melt stream was
sampled. Air was separated frommelt water in a gas permeable membrane, dried in a Nafion tube, and intro-
duced continuously into a Picarro laser spectrometer that measures CH4 abundance relative to air standards
on the National Oceanic and Atmospheric Administration (NOAA04) methane concentration scale
(Dlugokencky et al., 2005). Smoothing of the CH4 signal due to dispersion and mixing of the gas stream dur-
ing extraction and analysis (e.g., Rhodes et al., 2013; Stowasser et al., 2012) was minimal relative to the
variations used to establish the chronology. Treatments to the raw CH4 data are described in the supporting
information.

The continuous CH4 record for the MIS 5‐4 BID3 core was used to develop the gas age chronology, as it cap-
tured background CH4 variability that could be matched to preexisting ice core records. Tie points matching
depth in the 5‐4 BID3 core to age on the Antarctic ice core chronology 2012 (AICC2012) (Veres et al., 2013)
were pickedmanually, similar to the approach used byMenking et al. (2019). CH4 variationswerematched to
the EPICA Dronning Maud Land (EDML) CH4 record (Schilt, Baumgartner, Schwander, et al., 2010) and
show agreement with other Antarctic ice core CH4 records as well as variations in Greenland temperature
and isotope records from Hulu Cave speleothems (Figure S2). The timing of the local CH4 maximum asso-
ciated with D‐O 18 (65 ka) is younger by 0.7 ka in the North Greenland Ice Core Project (NGRIP) core relative
to the TaylorGlacierMIS 5‐4 BID3 core, which is due to an inconsistency between theAICC2012 andGICC05
chronologies (Seierstad et al., 2014; Veres et al., 2013).

2.3. N2O and N2O Isotope Measurements

The BID wedges were cut in the OSU ice core freezer into 25 cm‐long pieces. These were subsequently cut
lengthwise to produce two depth adjacent (hence same aged) N2O isotope samples for each 25 cm‐depth
interval. Samples were measured for δ15N‐N2O and δ18O‐N2O at OSU using a continuous flow gas
chromatography‐isotope ratio mass spectrometry technique originally described by Schilt et al. (2014).
The N2O bulk isotopic composition (δ15N‐N2O and δ18O‐N2O) wasmeasured using a ThermoMAT 253mass
spectrometer in continuous flow mode. The N2O concentration of the air extracted from ice samples was
determined from the ratio of the mass/charge 44 peak area and the amount of air in the extracted sample.
Raw delta values and N2O concentration values were calibrated by measuring standard air of determined
isotopic composition and N2O concentration (Table S1 and Figure S3). Details of the measurement proce-
dure and calibration can be found in the supporting information.

Samples from 41 discrete depths were measured for N2O concentration, δ15N‐N2O, and δ18O‐N2O following
the procedures described above, including six samples measured in replicate. The 1σ precisions were
1.28 ppb for N2O concentration, 0.09‰ for δ15N‐N2O, and 0.88‰ for δ18O‐N2O. Replicate measurements
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were also made on archived samples dating to the last deglaciation, which showed good agreement with the
published data (Schilt et al., 2014) (Figure S4).

3. Results
3.1. N2O and N2O Isotope Reconstructions

The new isotope record is the first data set of its kind to span the MIS 5‐4 andMIS 4‐3 transitions. The record
captures N2O concentration and stable isotope changes associated with Northern Hemisphere warming at
the onset of D‐O 19 (72.2 ka), as well as variations during the MIS 5‐4 transition (Figure 1). The record also
fully spans MIS 4 and part of the MIS 4‐3 transition including the N2O rise associated with the onset of D‐O
16/17 (59.5 ka).

Figure 1. Taylor Glacier N2O and N2O isotope data spanning 74–59 ka. Water isotope records from EDC (a) and NGRIP
(b) ice cores are shown for chronological reference (Andersen et al., 2004; Jouzel et al., 2007). All new data from
Taylor Glacier are plotted in green (panels c–f ). N2O and CH4 concentration records match preexisting data (c and d).
There is a small offset in the timing of CH4 and N2O variations associated with D‐O 18 (~64 ka) between the NGRIP and
the EDML cores (and other Antarctic ice cores) despite both records being optimized to the AICC 2012 (Bazin
et al., 2013). The vertical dashed lines indicate the abrupt Northern Hemisphere warming events D‐O 19, D‐O 18, and
D‐O 16/17 as represented in the NGRIP water isotope record.
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The excellent precision achieved during the measurement campaign allows interpretation of large and small
features in the N2O concentration record using the isotope history (Figure 1). The most outstanding features
in the isotope records are the changes during the N2O rise across D‐O 19 (~73–71.5 ka). N2O increased by
35 ppb while the δ15N‐N2O first became lighter by 0.65‰, then more enriched by 1.45‰. The N2O isotopic
composition stabilized at the time of maximum N2O concentration during D‐O 19 (71.5 ka). As N2O gradu-
ally dropped at the end of D‐O 19 (corresponding to the MIS 5‐4 transition), δ15N‐N2O and δ18O‐N2O
decreased to more depleted values similar to before D‐O 19. The precision of the δ18O‐N2O measurement
is poorer than for δ15N‐N2O, but it also resolves an enrichment trend between 73 and 71.5 ka.

Smaller variations in N2O concentration and its isotopic composition occurred during MIS 4 between 69 and
62 ka. While N2O concentration remained relatively low, there were oscillations in δ15N‐N2O of up to 0.8‰
(Figure 1). Variations in δ18O‐N2O are more difficult to discern given the lower precision of the measure-
ment. Interestingly, N2O increased by ~25 ppb at 64.5 ka, though the high N2O concentration is only
resolved by one data point. The N2O increase may be associated with an N2O excursion that is synchronous
with abrupt warming at D‐O 18, as observed in the NGRIP ice core (Schilt et al., 2013) (Figure 1), though the
limited data resolution makes it difficult to rule out the possibility that the data point was influenced by an
artifact due to some form of contamination. The age inconsistency between NGRIP and Antarctic ice cores
does not affect our interpretations.

The youngest part of the record reproduces the large rise in N2O concentration at the onset of the D‐O 16/17
warming (59.5 ka) observed in other ice cores. During the N2O rise, δ15N‐N2O first decreased by 0.44‰, then
increased by 1.4‰. Unfortunately, the feature is resolved by only a few data points, the latter two of which
occur in the top 4 m of the core where thermal cracks in the glacier surface may affect the atmospheric
archive (Baggenstos et al., 2017). While the transition to more enriched δ15N‐N2O at 59.5 ka appears robust
and synchronous with the rapid N2O rise, the lack of resolution prohibits a more detailed interpretation of
the MIS 4‐3 transition.

The magnitudes of variations in the new δ15N‐N2O and δ18O‐N2O data are similar to variations observed
during the deglaciation, though on average the new δ15N‐N2O values are 0.4‰ lower than deglacial values
(Fischer et al., 2019; Schilt et al., 2014) (Figure S5). No preexisting N2O isotope data are available for com-
parison for the 74,000–59,000 year B.P. period. N2O concentration, on the other hand, has been explored
in detail in Greenlandic and Antarctic ice cores (e.g., Schilt, Baumgartner, Blunier, et al., 2010; Schilt,
Baumgartner, Schwander, et al., 2010; Schilt et al., 2013). The new N2O concentration record generally
agrees well with the published data (Figure 1).

3.2. Source Histories

The N2O and δ15N‐N2O records were used to reconstruct marine and terrestrial source histories following
methods described by Schilt et al. (2014) and recently used by Fischer et al. (2019). An inverse Monte
Carlo approach was used to calculate 500 plausible marine and terrestrial source histories (Figure 2).
δ18O‐N2O data were not used to calculate source histories because of the larger measurement error.
Splines were fit to N2O and δ15N‐N2O records, and a 1σ uncertainty band was generated with a Monte
Carlo method. The oldest three data points were excluded from the spline fits because they do not resolve
a full N2O transition (Figure 1). The youngest two data points were also excluded because they are in the
top 4 m of the ice core where thermal cracks may have caused contamination of air bubbles with modern
air. A box model was solved inversely to determine the fraction of marine versus terrestrial emissions to
the total N2O source at model time = 0 (73 ka, fourth oldest data point in the new record). The model has
tropospheric and stratospheric boxes (Figure S6) and simulates the addition of N2O to the troposphere from
terrestrial and marine N2O sources (Schilt et al., 2014). The model also includes N2O destruction in the stra-
tosphere with a fixed 15N fractionation factor (assuming a constant tropospheric lifetime for N2O) (Table S2).
To estimate uncertainties in the model results, a Monte Carlo method was employed to vary the model para-
meters, including the isotopic composition of marine and terrestrial sources, chosen randomly within their
published uncertainties and/or range of natural variation (Table S2). Further details of the analysis are
described in the supporting information.
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The large ranges in published isotopic compositions for marine and terrestrial N2O sources preclude the
determination of the absolute marine versus terrestrial source fractions. To determine the change in emis-
sions of the two sources, we assumed that the initial (73 ka) marine fraction was 37%, consistent with the
modern preindustrial value (Intergovernmental Panel on Climate Change, 2013) and identical to the
assumption of Schilt et al. (2014). This assumption is supported by the fact that the tropospheric δ15N‐
N2O at 73 ka (9.7‰) was similar to that of the preindustrial value (Bernard et al., 2006). The procedure
described above— fitting splines to randomly perturbed data, randomly choosing a set of model parameters,
and inversely solving the model for the marine fraction — was repeated until an initial marine fraction of
37% was obtained. The evolution of the marine fraction through time was then determined by solving the
model inversely such that source changes reproduced the splines of N2O concentration and δ15N‐N2O,
assuming the isotopic ratios of the sources and other parameters remained constant through time.

Figure 2. The mean and 1 standard deviation of 500 source histories for the period 73–59.5 ka. (a) The NGRIP water
isotope record is plotted for chronological reference (Andersen et al., 2004). The source histories were determined
by solving an inverse model constrained by splines fit to new N2O concentration (b) and δ15N‐N2O data (c) from Taylor
Glacier. The changes in total N2O source (d) as well as marine and terrestrial sources (blue and green lines, respectively)
are plotted with their uncertainty bands (e). Uncertainties were calculated as the standard deviation of the 500
solutions at each time step after subtracting the absolute source magnitude from the initial value. The marine N2O source
was set to 37% at 73 ka (see text). Other source histories with different initial marine fractions show similar evolutions in
time, though with different absolute values (Figure S7). Splines were fit to the new N2O and δ15N‐N2O records
excluding the oldest four data points and the youngest two data points (see text). Repeating the inverse calculations
without the data exclusions returned similar source histories (Figure S9).
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To test the sensitivity of the solution to different assumptions of the initial marine fraction, source histories
were also calculated where the initial marine fraction was 17% and 74% to bracket the full plausible range
(Intergovernmental Panel on Climate Change, 2013). The source histories show similar evolutions for differ-
ent initial marine fractions, implying that the changes in terrestrial andmarine sources relative to each other
do not depend significantly on the starting value (Figure S7). The 17% and 37% scenarios are similar in show-
ing approximately equal increases in terrestrial and marine N2O production during the N2O rise across D‐O
19 (73–71.5 ka). All solutions also exhibit a large increase in the marine source at the end of MIS 4 (onset of
D‐O 16/17, 59.5 ka) with relatively little contribution from the terrestrial source (Figure S7). Of the three sce-
narios, we consider the 74% case the least likely because the values required for δ15N‐N2O of terrestrial emis-
sions, δ15N‐N2O of marine emissions, and stratospheric fractionation factor were on the extreme end of the
published ranges (Figure S8). All of the major features of the determined source histories were robust despite
choosing to exclude the oldest and youngest data points from the analysis (Figure S9).

Due to the strong isotopic fractionation during photochemical removal of N2O in the stratosphere
(Rockmann et al., 2001), increases or decreases in the total N2O source can induce atmospheric disequilibria
that result in short‐lived changes in the tropospheric N2O isotope ratio without any concomitant change in
the overall isotopic composition of the N2O source (i.e., marine and terrestrial fractions remain constant)
(Tans, 1997). In order to estimate the magnitude of atmospheric disequilibrium, we used a forward model
to calculate the tropospheric N2O and δ15N‐N2O response to the total emissions history that was determined
using the inverse model described above but assuming constant fractions from marine and terrestrial emis-
sions (constant source δ15N‐N2O). Disequilibrium effects cannot explain the full magnitude of the isotopic
changes we observe (Figure S10). As a further check, we used the inverse model to determine the marine
versus terrestrial source histories on the forward modeled N2O and δ15N‐N2O. The model found solutions
in which the relative fraction of marine emissions did not change significantly, suggesting that any disequi-
librium effects contributing to the variations in our data are accounted for by the model inversion and repre-
sent a negligible fraction of the total suite of solutions.

In contrast to atmospheric CO2, the effects of sea surface temperature changes on the N2O concentration are
minimal because the ocean reservoir of dissolved N2O is relatively small. Therefore, the effect of solubility on
N2O concentration was ignored. There is also no observable temperature dependence of N2O isotope fractio-
nation during air‐sea gas exchange of N2O (Inoue & Mook, 1994), so the effects of sea surface temperature
changes on N2O isotopic composition were also neglected. These assumptions are similar to those made
in previous studies (e.g., Fischer et al., 2019; Schilt et al., 2014).

4. Discussion

The features resolved in our new data set are of similar magnitude to variations in N2O concentration and
N2O isotopes observed at the last deglaciation, during the last glacial period (Fischer et al., 2019; Schilt,
Baumgartner, Schwander, et al., 2010; Schilt et al., 2014). We observe that the largest and fastest changes
in N2O concentration were concurrent with the abrupt CH4 increases associated with the onset of D‐O 19
(72.2 ka) and D‐O 16/17 (59.5 ka). Smaller and more gradual increases in N2O concentration appear to lead
the CH4 increases by up to 1–2 ka, similar to the phasing observed by others (Flückiger et al., 2004; Schilt,
Baumgartner, Schwander, et al., 2010; Schilt et al., 2013). The largest changes in δ15N‐N2O in the new data
generally correspond to the largest N2O concentration changes (Figure 1), implicating shifts in the isotopic
composition of the total N2O source. Given that these changes were generally associated with large‐scale cli-
mate events, they likely resulted from significant changes in terrestrial hydrology and/or ocean circulation
that changed the relative balance of marine versus terrestrial emissions. In the following sections, we discuss
the major features of the new data in the context of the reconstructed source histories, and we speculate
about the global environmental changes that may have been responsible for driving them.

4.1. N2O Increase Across D‐O 19 (73–71.5 Ka)

The abrupt warming at D‐O 19 (72.2 ka) was associated with an increase in the total N2O source from
~8.0 ± 0.8 to 9.3 ± 0.8 Tg N yr−1 (73–71.5 ka). This transition included similar increases in terrestrial and
marine N2O sources (Figure 2). Rapid environmental changes in terrestrial ecosystems have been documen-
ted on similar timescales. For example, speleothem records from low‐latitude Chinese cave sites show large
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variations in the Asian monsoon synchronous with D‐O warming events (Wang et al., 2001, 2008). Rapid
oscillations in δ18Oatm observed in ice cores also show millennial‐scale changes associated with D‐O events,
including at D‐O 19, which reflect shifts in tropical hydrology that influenced the productivity of the terres-
trial biosphere (Capron et al., 2012; Landais et al., 2007; Seltzer et al., 2017; Severinghaus et al., 2009). Other
work highlights a strong feedback between soil N2O production and the carbon cycle in response to warming
(Butterbach‐Bahl et al., 2013). Increased soil respiration rates driven by warmer temperatures cause lower
soil oxygen levels. Coupled with increased nitrogen fixation, this may prime soils for increased N2O produc-
tion (Schaufler et al., 2010; Schindlbacher et al., 2004).

Other studies have explained the full magnitude of abrupt N2O changes solely in terms of changes in marine
N2O production (e.g., Schmittner & Galbraith, 2008), with most work focusing on hypoxic “hot spots,”
where denitrification is highly sensitive to subsurface oxygen levels. Modern N2O production is high in oxy-
gen minimum zones such as the Arabian Sea, the Eastern Tropical North Pacific, the Indian Ocean, and the
various low‐latitude coastal upwelling regions (Bange et al., 1996, 2005; Dore et al., 1998). It has been pro-
posed that Atlantic Meridional Overturning Circulation (AMOC) shifts occurred between cold Greenland
stadials (weak AMOC) and warm interstadials (strong AMOC) (e.g., Henry et al., 2016; Pedro et al., 2018;
Stocker & Johnsen, 2003), which forced variations in thermocline oxygenation in low‐ and high‐latitude
waters (Schmittner et al., 2007). In model simulations, weakened AMOC caused less nutrient delivery to
low‐latitude regions like the Indo‐Pacific, the response to which was an increase in oxygen levels due to a
lowering of phytoplankton productivity (because of less O2 consumption during remineralization). At high
latitudes, an increase in subsurface oxygen concentrations was due to increased mixed layer depth and stee-
pened isopycnals (Schmittner et al., 2007). Support for this kind of AMOC mechanism may be found in
millennial‐scale fluctuations in denitrification rates documented in proxy records of sediment δ15N, organic
carbon, and sediment color (Emmer&Thunell, 2000; Hendy et al., 2004; Ortiz et al., 2004; Schulz et al., 1998),
as well as near‐surface oxygen levels (Jaccard et al., 2014). Similar variations have also been demonstrated on
glacial‐interglacial timescales (Galbraith et al., 2008, 2013; Ganeshram et al., 2000).

Our data support a role for both marine and terrestrial N2O emissions during the abrupt climate changes
observed in the last glacial cycle, though it is important to note that D‐O 19 is not necessarily representative
of other D‐O events. The only similarly abrupt increases in N2O that are also characterized with N2O stable
isotope data are at the Bølling‐Allerød warming (14.8 ka) (Schilt et al., 2014) and at D‐O 16/17 (~59.5 ka)
(this study). Box model inversions revealed equal magnitude changes in marine and terrestrial N2O sources
across the Bølling‐Allerød (Figure S5) but with terrestrial sources changing significantly faster than marine
sources (Fischer et al., 2019; Schilt et al., 2014). The variations at D‐O 16/17 (59.5 ka) are discussed below.

4.2. N2O Decrease During MIS 5‐4 Transition and MIS 4

The total N2O source decreased across the MIS 5a‐4 transition (71.5–67.5 ka) with decreases in both marine
and terrestrial sources contributing to the decline (Figure 2). The total N2O source decreased by approxi-
mately 26% from the local maximum during D‐O 19 (71.5 ka). Total N2O emissions were not lower than
7.0 ± 0.9 Tg N yr−1 during MIS 4, approximately 77% the magnitude of the total preindustrial N2O source.
In general, the largest δ15N‐N2O variations in the new data set correspond to intervals of largest N2O con-
centration change; however, there is an exception to this during the MIS 5‐4 transition in that δ15N‐N2O
oscillated between locally high and low values during the descent into MIS 4 (~71.5–67.5 ka) while N2O
gradually decreased. Indeed, a full δ15N‐N2O excursion and recovery between 68.5 and 66 ka occurred
while N2O concentration was steadily low and global climate was cold. The implication is that the relative
reductions in marine versus terrestrial sources contributing to that decrease were not steady. Shifts in ter-
restrial and marine production occurred despite relatively stable and cold climate.

Our reconstructed source histories suggest terrestrial sources may have decreased more during MIS 4 rela-
tive to marine sources, particularly at ~67 ka (Figure 2). It is somewhat surprising that decreases in marine
N2O emissions did not dominate the N2O budget during this interval because theMIS 5‐4 transition is recog-
nized as a period of major ocean circulation reorganization characterized by a shoaling of NADW, filling of
the deep Atlantic with Antarctic Bottom Water, and stratification of the deep ocean (Adkins, 2013;
Thornalley et al., 2013). Such changes might reasonably be expected to lower N2O emissions by decreasing
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nutrient delivery to productive regions of the ocean, reducing O2 consumption (Schmittner et al., 2007;
Schmittner & Galbraith, 2008).

A hypothesis for why marine N2O emissions did not decrease more is that while most N2O‐producing
regions of the ocean experienced a prolonged period of weakened emissions, conditions in the Southern
Ocean may have actually compensated N2O production, or even increased it. The overall effect of increased
Southern Ocean productivity due to iron fertilization (Anderson et al., 2014; Martinez‐Garcia et al., 2014)
may have been a reduction in thermocline O2 that boosted (or at least lessened any decrease in) Southern
Ocean N2O emissions. Increased Southern Ocean sea ice extent (e.g., Wolff et al., 2006) also would have
decreased surface water ventilation, contributing to subsurface O2 decline. Enhanced stratificationmay have
reduced O2 levels, though this is also expected to reduce nutrient supply, decreasing primary productivity
(Flückiger et al., 2004; Goldstein et al., 2003). Recent quantitative reconstructions of deep Pacific oxygen
concentrations over the last 30 ka indicate widespread dysoxia or near‐anoxia during the Last Glacial
Maximum in conjunction with increased carbon storage (Anderson et al., 2019). MIS 4 also reflects a period
of increased deep ocean carbon storage (Yu et al., 2016), with qualitative proxies demonstrating evidence for
deep O2 decline (Jaccard et al., 2016). Mixing of low‐O2 deep waters into the Southern Ocean thermocline
therefore may have boosted N2O outgassing. Measurements of dissolved N2O in the modern ocean show a
plume of deep water enriched in N2O outcropping near Antarctica (Figure S11), reinforcing the notion that
the Southern Ocean could have been a source of N2O to the atmosphere in the past.

The later part of MIS 4 is characterized by a slow rise in N2O concentration, in parallel with warming
Antarctic temperatures, similar to that observed in the later part of stadials preceding D‐O events
(Flückiger et al., 2004), and in model simulations (Schmittner & Galbraith, 2008). The model simulations
suggest this feature is due to the slow recovery of thermocline nutrient levels and primary productivity
(and therefore slow decline of O2) after a stadial AMOC collapse (Schmittner & Galbraith, 2008). It is possi-
ble this feature is of similar origin, though our reconstructions show slow increases in both terrestrial and
marine sources between 64 and 61 ka, suggesting that the slow ramp‐up of N2O preceding D‐O events
may also have a land origin.

4.3. N2O Increase at D‐O 16/17 (59.5 ka)

The end of MIS 4 is marked by the largest feature in the reconstructed N2O source history— total N2O emis-
sions increased by 1.8 ± 1.0 Tg N yr−1 between 60.2 and 59.5 ka, with the fastest N2O jump closely associated
with the onset of abrupt warming at D‐O 16/17 (59.5 ka). Marine emissions almost solely explain the
increase (Figure 2). It has been previously noted that larger N2O increases tended to occur at the onsets of
longer interstadials (Flückiger et al., 2004), which typically followed longer stadials during the last glacial
period (Schmittner & Galbraith, 2008). Insofar as MIS 4 may be considered an especially prolonged and cold
stadial, the N2O change at D‐O 16/17 is consistent with this observed relationship.

The dominance of marine N2O emissions is in contrast to the more balanced N2O emissions across D‐O 19
(73–71.5 ka), implying that not all Northern Hemisphere warming events of the last glacial period were alike
in terms of N2O production in marine and terrestrial ecosystems. It is surprising that marine emissions
dominated the N2O rise at the onset of D‐O 16/17 (59.5 ka) because this interval features the largest CH4 con-
centration increase in the record. The latter observation indicates a change in the terrestrial hydrological
cycle that stimulated CH4 production (Rhodes et al., 2015), and one might reasonably expect this would
impact terrestrial N2O production similarly. A plausible explanation is that the regions of N2O and CH4 pro-
duction on land were distinct.

The dominance of marine emissions at D‐O 16/17 (59.5 ka) is different from the N2O rise at the Bølling‐
Allerød warming, which was driven by equal increases in marine and terrestrial emissions (Fischer
et al., 2019; Schilt et al., 2014) (Figure S5). The Bølling‐Allerød event followed a prolonged cold stadial
(the Last Glacial Maximum) and was concurrent with changes in AMOC (McManus et al., 2004), the
terrestrial hydrologic cycle (Wang et al., 2001), and the terrestrial biosphere (Severinghaus et al., 2009),
similar to MIS 4. One might then reasonably expect N2O increases at D‐O 16/17 were also equal parts mar-
ine and terrestrial. We suggest the difference between the two events was that the last deglaciation involved
a much greater scale of global climate change than the termination of MIS 4, including larger changes in
the extent of Northern Hemisphere ice sheets and terrestrial biogeochemical cycling (Clark et al., 2012).
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The dominance of marine emissions at the onset of D‐O 16/17 (59.5 ka) could be due to rapid reorganization
of ocean water masses and a dramatic lowering of thermocline O2 as AMOC resumed strength. Bulk sedi-
ment δ15N records from the Equatorial Pacific suggest increases in denitrification across the MIS 4‐3 transi-
tion (Robinson et al., 2007). The changes at the MIS 4‐3 transition (and throughout the last 70 ka) are
coherent with changes in Antarctic climate that point to an important role for Southern Ocean nutrient uti-
lization for governing low‐latitude thermocline O2 (Robinson et al., 2007). The pathway for Southern Ocean
preformed nutrients to feed the subsurface Pacific is the northward spreading of Subantarctic Mode Water
(Sarmiento et al., 2004). The connection between Southern Ocean nutrient utilization and low‐latitude deni-
trification rates is interesting given that large changes in CO2 and depletion of δ13C‐CO2 occurred at this
time (Eggleston et al., 2016). If the MIS 4‐3 transition represents a dramatic weakening of the efficiency of
the Southern Ocean biological pump and a return of remineralized nutrients (and ventilation of CO2) from
the deep, then this might represent a trigger for increases in low‐latitude marine productivity that drove N2O
production.

The question remains why N2O cycling was different at D‐O 19 (73–71.5 ka) versus D‐O 16/17 (59.5 ka).
We suggest that the background climate state prior to the onset of the warming event is important for deter-
mining the potential strength of terrestrial and marine N2O emissions. D‐O 19 occurred after a shorter
duration stadial and when ice sheets were relatively smaller. D‐O 16/17 occurred after much colder and
longer‐duration glacial conditions, concurrent with large changes in carbon cycling that conspired to store
CO2 (and nutrients) in the deep ocean (Jaccard et al., 2016; Yu et al., 2016). We suggest this primed the
marine ecosystem for greater marine N2O production when AMOC resumed and potentially stifled produc-
tion in soils.

5. Conclusions

New high‐resolution N2O isotope data provide constraints on the balance of terrestrial and marine N2O
sources at the beginning of the last glacial period. The records allow reconstructions of emission histories
when N2O concentration was changing across the MIS 5‐4 transition (71.5–67.5 ka), D‐O 19
(72.2–71.5 ka), MIS 4 (69.5–60 ka), and at the onset of D‐O 16/17 (59.5 ka). Decreases in terrestrial and
marine N2O sources were approximately equally responsible for lowering atmospheric N2O through most
of MIS 4, however, marine emissions dominated the rapid N2O increase observed at the MIS 4‐3 transition
(D‐O 16/17). This is in contrast to the 35 ppb increase in N2O concentration associated with the Northern
Hemisphere warming at D‐O 19, during which marine and terrestrial emissions contributed approximately
equally. Our results imply that the response of N2O production to abrupt warming during the last glacial
period was not always identical. Rather, the relative strength of marine versus terrestrial emissions control-
ling abrupt N2O increases appears to have changed through time.
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