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Significance

 Reconstructions of Earth’s past 
climate show evidence for 
instability and abrupt change, 
which are of great scientific 
and societal importance. 
The Dansgaard–Oeschger (DO) 
oscillation of the last Ice Age, 
which is most clearly observed in 
Greenland ice cores, is the prime 
example of such instability. 
Here, we provide new ice-core 
observations from southern and 
coastal eastern Greenland and 
combine these with existing data 
to create a Greenland-wide, 
multiparameter assessment of 
the climate impact of DO events. 
State-of-the-art climate model 
simulations of these events 
provide good agreement with the 
data. To explain the observations, 
models require winter sea ice in 
the North Atlantic to extend as far 
south as 45ºN during the cold 
phases of the oscillation.
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Pleistocene Ice Ages display abrupt Dansgaard–Oeschger (DO) climate oscillations that 
provide prime examples of Earth System tipping points—abrupt transition that may 
result in irreversible change. Greenland ice cores provide key records of DO climate 
variability, but gas-calibrated estimates of the temperature change magnitudes have 
been limited to central and northwest Greenland. Here, we present ice-core δ15N-N2 
records from south (Dye 3) and coastal east Greenland (Renland) to calibrate the local 
water isotope thermometer and provide a Greenland-wide spatial characterization of 
DO event magnitude. We combine these data with existing records of δ18O, deuterium 
excess, and accumulation rates to create a multiproxy “fingerprint” of the DO impact 
on Greenland. Isotope-enabled climate models have skill in simulating the observational 
multiproxy DO event impact, and we use a series of idealized simulations with such 
models to identify regions of the North Atlantic that are critical in explaining DO var-
iability. Our experiments imply that wintertime sea ice variation in the subpolar gyre, 
rather than the commonly invoked Nordic Seas, is both a sufficient and a necessary 
condition to explain the observed DO impacts in Greenland, whatever the distal cause. 
Moisture-tagging experiments support the idea that Greenland DO isotope signals 
may be explained almost entirely via changes in the vapor source distribution and that 
site temperature is not a main control on δ18O during DO transitions, contrary to the 
traditional interpretation. Our results provide a comprehensive, multiproxy, data-model 
synthesis of abrupt DO climate variability in Greenland.

paleoclimate | ice cores | Greenland | Dansgaard–Oeschger cycle | water isotopes

 Reconstructions of Earth’s past climatic and environmental conditions show evidence for 
the existence of tipping points: thresholds beyond which abrupt and often irreversible 
changes are initiated. Such tipping-point behavior—commonly associated with bistability, 
hysteresis, and the operation of strong positive climate feedbacks—has been suggested for 
Earth System components ranging from ice-sheet volume ( 1 ) to northern African hydro-
climate ( 2 ). Understanding these dynamical systems in detail is of obvious scientific and 
societal importance, particularly in the face of ongoing anthropogenic climate change ( 3 ).

 The prime example of tipping-point behavior is the Dansgaard–Oeschger (DO) cycle 
that occurred during Pleistocene Ice Ages ( 4 ,  5 ). The DO cycle consists of a millennial-scale 
alternating sequence of North Atlantic cold (stadial) and warm (interstadial) phases, 
separated by abrupt decadal-scale transitions. The DO cycle is commonly attributed to 
bistability in the Atlantic Meridional Overturning Circulation (AMOC), with stadial and 
interstadial periods corresponding to weak and strong overturning modes, respectively 
( 6   – 8 ). North Atlantic sea ice is thought to play an important role in the DO cycle; it acts 
as a positive feedback amplifying variations in oceanic heat transport, sets the conditions 
for deep convection needed to sustain the overturning circulation, impacts atmospheric 
heat transport patterns, and insulates the wintertime atmosphere from the moderating 
influence of the ocean ( 9             – 16 ). Recent work suggests that the DO cycle is likely an internal 
oscillation of the coupled ocean–atmosphere–sea-ice system rather than externally forced 
via for example freshwater ( 17     – 20 ). The timing characteristics of the DO cycle depend 
on the background climate ( 21   – 23 ).

 The most detailed records of the DO oscillation come from Greenland (Kalaallit 
Nunaat) ice cores, in which they were also first identified ( 24 ,  25 ). Here, we create a 
Greenland-wide reconstruction of the DO warming impact using four ice-core proxies. 
First, variations in water 18 O/16 O ratio (δ18 O) of polar snow provide a well-established 
proxy for site temperature, with more isotopically depleted precipitation reflecting colder 
temperatures and vice versa ( 26 ,  27 ). Traditionally, this relationship is explained through D
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Rayleigh distillation, in which vapor parcels undergo progressive 
isotopic depletion through rainout as they cool. Abrupt DO 
warming events show up as large positive δ18 O excursions in 
Greenland ice cores ( Fig. 1 A  and D  ), yet quantitative interpreta-
tion remains challenging because of concurrent changes in pre-
cipitation seasonality and vapor origin and pathways ( 28   – 30 ).        

 Second, the 15 N/14 N ratio (δ15 N) in trapped atmospheric N2  
allows reconstruction of the change in site surface temperature 
during abrupt DO warming ( 31 ). Abrupt warming induces a 
temperature gradient between the surface snow and the 50 to 100 
m deep lock-in depth where the air becomes isolated. This tem-
perature gradient, in turn, drives thermal isotopic fractionation 
in which heavier N2  isotopologs preferentially diffuse 
down-gradient causing δ15 N enrichment in closing bubbles. Due 
to the low thermal conductivity of firn, the temperature gradient 
will persist for several centuries causing a transient δ15 N excursion 
for each DO warming ( Fig. 1 C  and F  ). The magnitude of the 
excursion is proportional to the change in surface temperature 
ΔT﻿S , allowing the latter to be reconstructed—thereby calibrating 
the water-isotope thermometer. We use a firn densification model 
to disentangle the gravitational and thermal fractionation in the 
δ15 N data ( 32   – 34 ).

 Third, water stable isotope deuterium excess (d  = δ2 H−8 × δ18 O) 
reflects kinetic fractionation during evaporation, which depends on 
relative humidity over the ocean ( 35 ). More positive d  is associated 
with both lower relative humidity and higher temperatures in source 
regions ( 36 ). The DO signal in d  is strongly anticorrelated with 
δ18 O ( Fig. 1 B  and E  ), implying that during the cold DO stadials, 
Greenland vapor originates from warmer (i.e., more southerly) 
source regions.

 Last, the observed annual-layer thickness in ice cores is a direct 
reflection of the past rate of snow accumulation, which is an 

important climatic and glaciological parameter ( 37 ). The effect of 
flow-induced thinning needs to be accounted for. Volcanic ice-core 
synchronization provides consistent annual-layer thickness records 
from multiple Greenland cores ( 38 ). We express snowfall changes 
as A﻿GI /A﻿GS  or the ratio of Greenland interstadial and stadial accu-
mulation rates.

 Our compilation includes proxy data from seven Greenland ice 
cores that collectively provide good spatial coverage ( Fig. 1G   for 
core names and locations). For all four proxies, we rely on previ-
ously published data where available ( 34 ,  36 ,  38           – 44 ). Critically, 
we present 663 new δ15 N data points from the coastal eastern 
Renland ( Fig. 1C  ) and southern Dye 3 ( Fig. 1F  ) ice cores, that 
greatly expand spatial coverage of the ΔT﻿S  reconstruction 
(SI Appendix, Figs. S1–S4 ). For each proxy (ΔT﻿S , Δδ18 O, Δd , and 
﻿A﻿GI /A﻿GS ), we report its typical change across a DO warming tran-
sition from stadial to interstadial conditions, normalized to the 
average magnitude of DO events 5.2 through 8 (Materials and 
Methods ). We find that the DO event magnitude in all Greenland 
proxies is independent of the background climate conditions, such 
as atmospheric CO2  level, ice volume, and orbital configuration 
(Materials and Methods ).

 An important goal in climate science is to capture DO signatures 
in a fully coupled ocean-atmosphere general circulation model 
(GCM), both to benchmark model performance and to better 
describe and understand the underlying event dynamics. Water- 
isotope-enabled models can be compared directly to ice-core obser-
vations to assess whether the model correctly captures changes in 
sea ice, energy fluxes, and hydrology during the DO cycle. Here, 
we assess two such isotope-enabled model simulations of abrupt 
DO variability performed with the i HadCM3 ( 30 ), and i CESM1 
( 45 ) models. Both models rely on freshwater forcing (or hosing) 
to induce DO transitions. For the i HadCM3 model, we use an 
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Fig. 1.   Ice-core records of abrupt Dansgaard–Oeschger (DO) variability from the Renland and Dye 3 cores. (A) Renland δ18O. (B) Renland deuterium excess.  
(C) Renland δ15N (black dots) with firn densification model fit (violet). (D) Dye 3 δ18O. (E) Dye 3 deuterium excess. (F) Dye 3 δ15N (black dots) with firn densification 
model fit (fuchsia). (G) Greenland ice cores used in this study are Camp Century (CC), North Greenland Eemian Ice Drilling (NEEM), North Greenland Ice Core 
Project (NGRIP), Greenland Ice Core Project (GRIP), Greenland Ice Sheet Project 2 (GISP2), Dye 3, and Renland. Blue vertical shading denotes DO interstadials, 
with major interstadials numbered at the top; the vertical dashed line shows Heinrich Stadial 1 (HS1) onset.D
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ensemble of 15 DO events of varying magnitude, whereas i CESM1 
simulates the two abrupt warmings associated with the last degla-
ciation that are relatively large in magnitude. We further use ide-
alized experiments and moisture tagging in the isotope-enabled 
﻿i CAM5 atmosphere-only GCM to further understand DO dynam-
ics and hydrology. 

Spatial Fingerprint of DO Warming Across 
Greenland

 Our multiproxy reconstruction of the DO warming spatial fin-
gerprint is shown in  Fig. 2 . The left panels show the proxy data 
on a map with the i CESM1 model simulations. The right panels 
show the same proxy data along a meridional transect from the 
Dye 3 core in the south to the NEEM core in the north; Renland 
core data are plotted to the right as this core is located on a separate 
ice cap on Greenland’s east coast and not on the central north–
south ice divide like the other cores. We first compare the data 
(gray square markers) to the i CESM1 and i HadCM3 models.        

 First, the DO warming magnitude ΔT﻿S  shows a clear latitudinal 
gradient with the largest changes in the south ( Fig. 2 A  and B  ). 
This gradient was seen previously between Summit and NEEM 
( 34 ,  40 ), and is here extended further south to Dye 3 where we 

observe the largest ΔT﻿S . The smallest changes are seen in Renland, 
which is perhaps unexpected given its close proximity to the North 
Atlantic. Both the i CESM1 and i HadCM3 models replicate the 
north–south pattern, though the latter has excess warming at 
NGRIP. This ΔT﻿S  gradient has been seen previously in other mod-
els also ( 34 ,  46 ). Neither model simulates the small ΔT﻿S  magni-
tude at Renland, possibly because the models lack the spatial 
resolution to resolve the steep topography of the region.

 Second, the Δδ18 O is fairly constant at around 4‰ for core 
sites along the main ice divide, with a distinctly smaller value of 
2.5‰ at Renland ( Fig. 2 C  and D  ). The more recent i CESM1 
simulations show the most skill in fitting the Δδ18 O observations. 
Upon dividing the Δδ18 O by ΔT﻿S , we obtain the temporal isotope 
sensitivity α in units of ‰K−1  ( Fig. 2 E  and F  ). The i CESM1 
simulations show a remarkable fit to the observations at all sites 
with the possible exception of NEEM. Both data and i  CESM1 
suggest a minimum in α at Greenland summit. The i HadCM3 
simulations fit the data less well, chiefly due to the model-data 
offset in the simulated Δδ18 O ( Fig. 2D  ).

 Next, the Δd  is fairly constant across Greenland with values of 
−3 to −3.5‰ ( Fig. 2 G  and H  ). The i CESM1 model simulates 
the correct sign and magnitude of the deuterium excess response, 
but produces a spatial pattern not seen in the data where the Δd 
magnitude is largest at Summit. Our study demonstrates that the 
DO d  response can be correctly simulated in a coupled climate 
model. The i HadCM3 model has not been tuned to reproduce 
Greenland d  and is omitted in this comparison.

 Last, we assess the spatial pattern in the snow accumulation 
ratio A﻿GI /A﻿GS  ( Fig. 2 I  and J  ). The observations are most accurate 
at the NGRIP core that has annual-layer counting, and the 
Summit and NEEM cores that have high-resolution volcanic syn-
chronization to NGRIP ( 38 ,  47 ). Accumulation rates approxi-
mately double across a DO warming, with the largest increase 
seen at Summit. Both climate models capture the doubling, yet 
they disagree strongly on the signal in southern Greenland where 
data are more uncertain as annual layer thicknesses in the Dye 3 
ice core are not adequately constrained.

 Overall, we find that isotope-enabled coupled climate models 
have skill in simulating the climatic and hydrological response to 
the abrupt warming phase of the DO cycle, particularly the newer 
﻿i CESM1 model. The i CESM1 model further provides the best fit 
to the low-latitude DO Δδ18 O response (SI Appendix, Fig. S12 ) 
as observed in a global network of speleothems ( 48 ).  

Idealized Atmosphere-only Climate Model 
Experiments

 DO warming events are associated with decreasing sea-ice con-
centration (SIC) and increasing sea-surface temperature (SST) in 
the North Atlantic. We perform a series of idealized climate model 
experiments to understand the relative importance of these two 
effects on Greenland climate and to identify the areas of the North 
Atlantic where such changes likely occurred. We use the atmosphere- 
only i CAM5 model, which is the atmospheric component of the 
﻿i CESM1 model used in the model-data comparison. In these 
simulations, the surface ocean boundary conditions (SST, SIC) 
are prescribed. Rather than performing transient DO experiments, 
we run twelve 150-y snapshots under different idealized ocean 
boundary conditions. The difference between any two such snap-
shots is then compared to the corresponding shifts found in our 
observational database of DO signal magnitudes.

 All idealized scenarios are created by applying SST or SIC 
anomalies to a monthly LGM climatology simulated with the 
coupled iCESM1 model (CTRL). The North Atlantic is divided 
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Fig. 2.   Spatial fingerprint of abrupt DO warming in Greenland. (A) Change 
in surface temperature during a DO transition as simulated by the fully 
coupled iCESM1 model (background) and as derived from ice-core data 
(dots). (B) Change in surface temperature during a DO transition in a model-
data comparison at five ice-core locations. The gray bars denote the ±1σ SD 
of the observations. (C) and (D) as panels (A) and (B), but for the change in 
precipitation δ18O. (E) and (F) as panels (A) and (B), but for the temporal isotope 
sensitivity α. (G) and (H) as panels (A) and (B), but for deuterium excess. (I) 
and (J) as panels (A) and (B), but for the interstadial-over-stadial ratio in snow 
accumulation rates. The five ice-core sites listed are Dye 3 (D3), Summit (SU, 
the average of GRIP and GISP2), NGRIP (NG), NEEM (NM), and Renland (RE).
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into different sectors that roughly correspond to the marginal seas 
( Fig. 3A  ), and SIC anomalies are applied to these individual sec-
tors; SST anomalies are applied to the entire North Atlantic 
(SI Appendix, Supplement ). Combining the twelve snapshots pro-
vides 66 idealized DO realizations (12 × 11 ÷ 2). SI Appendix, 
Fig. S10  provides a full evaluation; here, we discuss four repre-
sentative scenarios. The SIC and SST forcing for stadial and inter-
stadial conditions are given in  Fig. 3B  . The LGM climatology 
resembles the interstadial, rather than stadial, sea ice conditions 
simulated by the coupled models ( Fig. 3A  ).        

 In a first scenario (DO_SPG), we use the control run as the 
interstadial state and the control run with winter sea ice added to 
the Irminger Sea, Labrador Sea, and subpolar gyre (SPG) as the 
stadial state. This simple scenario gives a good fit to the observa-
tions ( Fig. 3 C  –F  ), comparable to the fit obtained with the fully 
coupled models ( Fig. 2 ). The next two scenarios (DO_Nord1 and 
DO_Nord2) investigate the common notion that the DO signals 
can be explained by SIC changes in the Nordic seas—i.e., not 
involving changes to the SPG. Here, the Nordic Seas are the com-
bined Norwegian, Greenland, and Iceland Seas ( Fig. 3A  ). In 
DO_Nord1, we use the control run as the stadial state and the 
control with sea ice in the Nordic seas removed (all seasons) as the 
interstadial state. In DO_Nord2, we make the stadial colder by 
further increasing seasonal SIC in the Irminger and Labrador Seas. 
Both these Nordic sea-ice scenarios simulate the correct sign of 
the proxy observations but do not match the magnitude. Last, for 
scenario DO_SST8, we use the control SIC for both stadial and 
interstadial snapshots, but we apply an 8 °C cooling to the stadial 
SST for all months. This scenario performs significantly worse 
than the DO_SPG and DO_Nord2 scenarios, particularly in fail-
ing to simulate the magnitude and spatial pattern of ΔT﻿S  ( Fig. 3C  ). 
For quantitative evaluation, model-data RMS differences are pre-
sented in SI Appendix, Fig. S10 .  

Moisture-tagging Climate Model Experiments

 To better understand changes to moisture transport and Greenland 
water isotopes, our idealized simulations use moisture tagging in 
which the model tracks the region from which water vapor orig-
inates through the hydrological cycle. We track the vapor in 
Greenland precipitation back to a number of source regions—the 
source fractions for Greenland Summit are shown in  Fig. 4A   for 
stadial and interstadial conditions, respectively. Changes to the 
isotopic composition of Greenland precipitation primarily reflect 
a combination of two signals: 1) changes in fractionation during 
evaporation and transport to Greenland for each source region, 
and 2) changes to the vapor source distribution. As grouped here, 
the first of these two signals reflects both the kinetic fractionation 
during evaporation that is thought to control the d  signal ( 35 ), as 
well as the Rayleigh distillation that controls the δ18 O and is 
commonly invoked to explain water-isotope variations in polar 
ice cores and to justify their use as a temperature proxy ( 27 ,  49 ). 
However, the second mechanism is expected to have a large 
imprint also, potentially biasing the isotope thermometer.        

 We apply a decomposition technique to separate the two main 
influences on precipitation δ18 O and d . The isotopes in precipi-
tation at a given site (δp ) represent the weighted sum of the con-
tributions from all the tagged vapor source regions:

﻿﻿

�p =

N
∑

i=1

[

fi ×�i

]

,

   

 where  fi    is the fraction of the precipitation composed of vapor 
originating from tagged region  i , and  �i    the isotope ratio of pre-
cipitation composed of vapor originating from region  i . When 
considering anomalies in isotopes across a DO transition, change 
in isotopes  Δ�p    can be written as:

[1]

A C

D

E

F

B

Fig. 3.   Idealized climate model experiments of DO impact on 
Greenland. (A) Seas surrounding Greenland: Arctic Ocean (Arc), 
Baffin Bay (Baf), Labrador Sea (Lab), Greenland Sea (Gre), Iceland 
Sea (Ice), Irminger Sea (Irm), Norwegian Sea (Nor), and subpolar 
gyre (SPG). Simulated winter sea-ice edge (contour of 15% 
annual-mean SIC) for the LGM control run (black, dot-dashed), 
CESM1 stadial (blue dashed), CESM1 interstadial (blue solid), 
HadCM3 stadial (orange, dashed), and HadCM3 interstadial 
(orange, solid). (B) SIC and SST forcing in four representative 
idealized experiments (color coded). Indicated are changes 
relative to the LGM control. SIC anomalies reflect either adding 
(+) or removing (−) sea ice in the indicated marginal seas. (C) 
Change in surface temperature (ΔT) during a DO transition in a 
model-data comparison at five ice-core locations. Black square 
markers show the data, round markers four idealized iCAM5 
experiments, color-coded as per panel (B). (D) As panel (C), but 
for the change in δ18O (Δδ18O). (E) As panel (C), but for the change 
in deuterium excess (Δd). (F) As panel (C), but for the ratio of 
interstadial over stadial snow accumulation rates. Ice-core 
acronyms as in Fig. 2.
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﻿﻿

Δ�p =

N
∑

i=1

[

f Si ×Δ�i

]

+

N
∑

i=1

[

Δfi ×�
S
i

]

+

N
∑

i=1

[

Δfi ×Δ�i

]

,

  

﻿
 where  f S

i
    and  �Si     are the source fraction and precipitation isotope 

ratios under (pre-event) stadial conditions, and  Δf     and  Δ�    are the 
corresponding differences between interstadial and stadial condi-
tions. The right-hand side has three terms. The first term represents 
changes to  �i    under unchanged (stadial) fractional vapor source 
contributions, the second term represents changes in the fractional 
source contributions under unchanged (stadial)  �i , and the third 
term is the product of the two change terms and is therefore 
negligible in most cases as demonstrated in  Fig. 4 .

 The isotope decomposition for the idealized DO_SPG scenario 
is shown in  Fig. 4 B  and C  , where the pink, green, and white bars 
correspond to the three right-hand terms of Eq.  2  , respectively. We 
find that both for δ18 O and d  the changes are strongly dominated 
by the changes in the vapor source fraction (green bars), in particu-
lar changes to the northern North Atlantic vapor region (NNA, 
defined as the Atlantic Ocean north of 45ºN, or roughly the com-
bination of the SPG and Nordic seas). Vapor contributions from 

this region are relatively heavy in δ18 O owing to their proximity to 
Greenland and have low d  owing to their low source SST and high 
source relative humidity. During the stadial phase, this vapor source 
is suppressed by the presence of extensive SPG sea ice that acts as 
a “lid” to limit evaporation. Subsequently, during a DO warming 
transition the SPG sea ice is removed, increasing the fractional 
contribution of NNA vapor to Greenland thereby shifting the 
ice-core signals toward the NNA end-member (more positive δ18 O 
and more negative d ). Our analysis suggests that the changes in 
NNA vapor contribution, driven by variations in SPG sea-ice cover, 
are the most important driver of the observed shifts in Greenland 
ice-core water-isotope ratios across DO events. By contrast, changes 
to fractionation en route (including Rayleigh distillation) do not 
contribute strongly to the DO water-isotope shifts (pink bars). To 
clarify: Rayleigh distillation strongly contributes to water-isotope 
depletion in Greenland during both stadial and interstadial phases, 
yet in our simulations, the shifts seen across DO events are not 
driven by changes in the degree of Rayleigh distillation.  

Discussion

 From our idealized atmosphere-only climate model simulations, 
we conclude that seasonal sea ice in the SPG is a sufficient condi-
tion to explain, to first order, all the ice-core observations. In fact, 
the scenarios that perform best all have seasonal sea ice in the SPG 
under stadial conditions (SI Appendix, Supplement ). In our exper-
iments, stadial SPG sea ice is therefore both a sufficient and a 
necessary condition to explain the Greenland observations. 
However, we cannot rule out that other models are able to fit the 
Greenland DO observations without SPG sea ice. While sufficient 
to explain the Greenland observations, seasonal SPG sea ice by 
itself is insufficient in driving the low-latitude Δδ18 O DO signa-
ture observed in speleothems (SI Appendix, Fig. S12 ) which addi-
tionally requires the (global) SST anomalies associated with the 
thermal bipolar seesaw.

 While the Nordic Seas are often cited as a key location for DO 
activity ( 14 ,  50   – 52 ), our simulations suggest that sea-ice changes 
in the Nordic seas alone are insufficient to explain the observa-
tions—in particular, the DO_Nord1 and DO_Nord2 scenarios 
fall short of the observed magnitude of the ΔT﻿S  and A﻿GI /A﻿GS  
responses ( Fig. 3 C  and F  ). Moreover, these scenarios were 
designed to have maximum climate response by fully removing 
interstadial Nordic sea ice during all seasons. This contradicts 
observations of seasonal sea ice in the Norwegian Sea during inter-
stadials ( 14 ). Modifying the DO_Nord1 and DO_Nord2 scenar-
ios to include more realistic seasonal sea ice in the interstadial 
Nordic Seas would reduce the signal magnitude in Greenland, 
further degrading the model fit to observations. While we do not 
mean to dispute that Nordic Sea SIC and SST vary across the DO 
cycle, we argue that those changes alone are insufficient and need 
to be accompanied by changes to the SPG seasonal sea ice.

 The observations from our idealized scenarios are consistent 
with DO changes in sea-ice extent simulated in the coupled 
climate models. Both coupled models simulate seasonal sea ice 
covering most of the SPG under stadial conditions ( Fig. 3A  , 
dashed lines), and seasonal sea ice remaining in most of the Nordic 
Seas under interstadial conditions (solid lines). Qualitatively sim-
ilar sea-ice changes are simulated in a recent study ( 21 ) with a 
coupled model that exhibits spontaneous DO oscillations (not 
shown). The coupled models employed here apply freshwater flux 
anomalies to the North Atlantic (“hosing”) to induce DO tran-
sitions; the fact that comparable sea-ice changes are simulated for 
different DO triggering mechanisms suggests this finding to  
be robust.

[2]

A

B

C

Fig. 4.   Decomposition of Greenland isotope signals at Summit in the idealized 
iCAM5 DO_SPG experiment using moisture tagging. (A) Precipitation amounts 
contributed by tagged regions under stadial and interstadial conditions. SNA = 
southern North Atlantic, NNA = northern North Atlantic, NPac = North Pacific, 
NHL = Northern Hemisphere Land, ROW = rest of the world. (B) Decomposition 
of the change in δ18O at Greenland Summit. (C) Decomposition of the change 
in deuterium excess at Greenland Summit.
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 Changes in SST appear to play a minor role by themselves in 
explaining the Greenland ice-core DO signal—other than their role 
in forcing SIC. Even by imposing an extremely large SST anomaly 
of 8 °C in the North Atlantic, it is impossible to match the magni-
tude of the observed changes in ΔT﻿S . We find that North Atlantic 
SIC thus has a much greater impact than SST on Greenland climate. 
This is due to the fact that wintertime sea ice can insulate the atmos-
phere from the moderating influence of the relatively warm ocean 
waters, allowing for much colder air temperatures in the circum- 
North Atlantic. This effect does not occur in summer, and DO 
stadial cooling is therefore mainly a wintertime effect ( 53 ,  54 ).

 The moisture-tagging experiments provide new insights into 
the drivers of Greenland isotopic abundances (δ18 O and d ) during 
the DO cycle. In the traditional water isotope interpretation, based 
on 1-D Rayleigh distillation, Greenland δ18 O reflects the source- 
site temperature difference and d  reflects the source SST ( 36 ,  49 ). 
For the DO_SPG scenario, in which SST is constant, the tradi-
tional 1-D interpretation would give a Δδ18 O that reflects the stadial- 
interstadial change in site temperature only. Our 3-D isotope 
transport modeling refutes this traditional interpretation. Our 
analysis suggests that the stadial-period suppression of vapor from 
the SPG due to enhanced SIC can explain nearly the entire shift 
in Greenland δ18 O and d . Effectively, a more expansive sea-ice 
extent in the North Atlantic acts like a “lid” for evaporation, which 
dramatically reduces the amount of North Atlantic vapor from 
the SPG region that reaches Greenland. This reduces the relative 
contribution of the northern North Atlantic’s high- δ18 O, low- d  
end-member to Greenland precipitation. Our findings align well 
with a more recent conceptual framework in which isotopic ratios 
are explained via the balance of evaporation and precipitation 
along the moisture pathway ( 55 ). It also agrees with an earlier 
isotope-enabled modeling study of DO events that argued that 
abrupt changes in SIC, and not site temperature, control δ18 O 
( 30 ). Note that the analysis presented here only applies to isotope 
changes across abrupt DO events. On other timescales and for 
other Greenland climate drivers (e.g., orbital and greenhouse gas 
forcing), as well as in Antarctica, temperature-driven Rayleigh 
distillation likely does represent an important control on observed 
variations in ice-core water isotopes. Practically, Greenland water 
isotopes can still be used as a qualitative proxy for local climate 
given that δ18 O and T﻿S  are strongly correlated through their shared 
dependence on North Atlantic sea ice conditions.

 Previous studies have inverted isotope models to use δ18 O and d  
together as independent variables to reconstruct both site and vapor 
source temperatures ( 42 ,  56 ). Our moisture-tagging experiments 
suggest this approach may be invalid across DO events. We find 
that δ18 O and d  have the same driver, namely variations in the vapor 
contribution from the SPG region. Therefore, these two proxies 
cannot be used to infer two independent climate parameters. The 
fact that δ18 O and d  respond to a single driver does provide a com-
pelling reason for their strong correlation across the DO cycle on 
multidecadal timescales ( Fig. 1 A﻿- B  ). However, decadal-scale timing 
differences between the δ18 O and d  signals are observed for DO 
transitions, that cannot be explained via this covariance alone ( 25 ). 
Note that Δd  may still (qualitatively) reflect source SST, with the 
negative shift across a DO warming consistent with an effective 
northward shift in mean vapor-source latitude from warmer 
Southern North Atlantic (SNA) to colder NNA sources.

 Besides the DO mode of abrupt climate variability, the North 
Atlantic further experiences the Heinrich mode of abrupt change 
( 57 ). However, the latter mode does not impact Greenland iso-
topes or temperatures strongly ( 41 ) and our methodology there-
fore does not allow us to investigate sea-ice changes during 
Heinrich stadials.  

Conclusions

 We have compiled new and previously published data from seven 
Greenland ice cores to derive a Greenland-wide, multiproxy signa-
ture of abrupt DO warming events. The four proxies in our com-
pilation are the changes in surface temperature, water δ18 O, 
deuterium excess, and accumulation. We compare our compiled 
data to isotope-enabled ocean-atmosphere coupled transient climate 
model simulations of abrupt DO events, and find that the models 
have skill in fitting the observations. We conducted a series of ide-
alized isotope-enabled atmosphere-only climate model simulations 
and compared them against the observations to show that stadial-
period seasonal sea-ice cover of the North Atlantic subpolar gyre is 
a sufficient, and likely also a necessary condition to explain DO 
variability in Greenland. In our experiments, changes to the Nordic 
Seas alone are insufficient to fit the observations. Likewise, sea-
surface temperature warming alone (i.e., not accompanied by sea-ice 
changes) is insufficient to fit the observations. Moisture-tagging 
experiments suggest that the observed isotopic changes in both δ18﻿O 
and deuterium excess can be explained almost completely via stadial-
period suppression of vapor from the northern North Atlantic due 
to the presence of extended sea ice. These experiments further sug-
gest that changes in the site-temperature-driven Rayleigh distillation 
do not contribute significantly to the Greenland isotopic shifts 
across the DO cycle, refuting the traditional interpretation of the 
water isotope thermometer on this timescale. Our study provides a 
comprehensive, multiproxy, data-model synthesis of abrupt DO 
climate variability in Greenland. The database will be a valuable 
target for benchmarking future climate model studies that seek to 
simulate abrupt DO events.  

Materials and Methods

Description of Ice Cores and Timescales. Drilling of the Dye 3 ice core (as 
part of the Greenland Ice Sheet Project) was finished in 1981 (58–60). Cores were 
cut vertically with parallel half-cores divided between the US (cut into 1 m tubes) 
and Denmark (cut into 0.55 m bags). Upon the retirement of Chester Langway, 
many of the US tubes were shipped from Buffalo, NY, to Copenhagen, Denmark. 
The core sections used in this study are all currently archived in Copenhagen but 
came from both the US and Danish ice allocations. For the Dye 3 ice age scale, 
we use a published chronology for the Holocene section (61) and extend it into 
the glacial using tie points to other Greenland ice cores based on water δ18O and 
volcanic deposits (SI  Appendix, Data supplement S01). Ages are given on the 
2005 Greenland Ice Core Chronology (GICC05). At face value, it appears that Dye 
3 δ18O can be matched to other Greenland cores back to DO11 (43 ka BP, 1,918 m 
depth). However, closer examination of gas records (δ15N−N2, CH4) suggests the 
first stratigraphic disturbance (62, 63), likely overturned folds, may occur already 
at DO8 (38 ka BP, 1,895 m depth). Here, we refrain from interpreting Dye 3 data 
deeper than 1,890 m.

The RECAP (Renland ice cap project) ice core was drilled in 2015 to a depth 
of 562 m, into the last interglacial (64). The RECAP glacial chronology was con-
structed by matching of dust and water δ18O abrupt signatures.

For all other ice cores, we use published ice age timescales (38).

Ice-core δ15N-N2 Data. The ice-core δ15N was measured on the RECAP and Dye 
3 (US 1 m tube sections) ice cores in the ice-core gas laboratory at Pennsylvania 
State University, USA, and on the Dye 3 core at the University of Copenhagen, 
Denmark.

The Pennsylvania State University measurements were performed on discrete 
ice samples. Briefly, samples of ~15 g were melted under vacuum, transferred 
through a trap submerged in liquid nitrogen, and trapped in a sample dip tube 
submerged in liquid helium. Samples are then introduced into a dual-inlet iso-
tope ratio mass spectrometer (IRMS) for δ15N isotopic analysis and reported using 
contemporary atmospheric N2 as a standard.

The University of Copenhagen measurements were performed using a contin-
uous flow analysis melter system with a gas extraction membrane (65), connected D
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to a Thermo Delta V IRMS operating in continuous flow mode (66). The continuous 
data were averaged into 4 cm bins. Drift in the IRMS instrument was corrected 
for by applying a depth-variable offset determined via comparison to the afore-
mentioned discrete δ15N data. We choose to only interpret the continuous δ15N 
data for DO events 7, 6, 5.2, 4, and the Holocene onset; at these depths, discrete 
δ15N data are available to assess the offset. A comparison between the discrete 
and continuous δ15N data suggests a good agreement (SI Appendix, Fig. S4).

A total of 267 new δ15N data points are presented for Renland (all Penn 
State University), and 396 new δ15N data points for Dye 3 (244 from Penn State 
University, 152 from University of Copenhagen). Data are available via refs. 67, 68.

For all other ice cores, we rely on previously published δ15N-N2 data as avail-
able (34, 39–41, 69).

Ice-core Water-isotope Analysis. Dye 3 (Danish 0.55 m tube sections) ice-
core water δ18O was measured in Copenhagen using the University of Colorado 
continuous-flow analysis (CFA) setup (70). In our analysis, we average the previ-
ously published Dye 3 water δ18O (58), and the new continuous measurements. 
Data are provided in the SI Appendix, Data Supplement S01. For Dye 3 deuterium 
excess, we use previously published data (36).

For all other cores, we rely on previously published water-isotope (δ18O and 
d) data (42, 44, 71, 72).

Ice-core Methane Analysis. Dye 3 atmospheric methane (CH4) mixing ratios 
were measured in Copenhagen using the University of Copenhagen CFA setup 
(65). The CH4 data were used to detect the depth range of the abrupt DO transi-
tions in the gas phase to enable targeted discrete sampling for δ15N-N2.

Reconstructing ΔTs using Firn Densification Modeling. Firn densification 
modeling is used to reconstruct ΔTS from the δ15N data. For the Dye 3 and 
Renland data, we run a coupled dynamical densification-heat transport model 
(34, 41, 73, 74) that simulates the thermal and gravitational fractionation of δ15N 
in closed bubbles as a function of the site TS(t) and A(t) histories (SI Appendix, 
Figs. S1–S4). The site forcing histories are initially based on the water-isotope 
δ18O record, but then optimized (or calibrated) using an automated algorithm 
to minimize the model-data misfit to the δ15N data. Note that this approach 
remains valid despite our observation that TS-controlled Rayleigh distillation is 
not the main driver of the δ18O variations on DO timescales; there is a strong 
TS-δ

18O correlation via their shared dependence on sea ice. The densification 
model is implemented with different mathematical descriptions of firn densi-
fication physics. For the Renland modeling, we use a dynamical formulation of 
the Herron–Langway model (75); at the Dye 3 site, we use the Barnola–Pimienta 
model instead as it seems to provide a better fit to the δ15N data in this high-
accumulation setting (76). Previous work (34) has shown that different physical 
descriptions of the firn densification physics yield values of ΔTS that are identical 
within uncertainty. Model code is archived in ref. 77.

Due to the poor chronological constraints at both Dye 3 and Renland, the 
gas-age–ice-age difference, inferred from the depth offsets between the DO tran-
sitions in δ18O and δ15N, is not very reliable. This results in errors in the absolute 
TS(t) and A(t) histories obtained, and hence these are not interpreted. For example, 
the long-term trends in reconstructed (stadial) TS(t) at Dye 3 and Renland are not 
robust, nor are TS differences between successive stadials or TS(t) trends within 
stadials. However, relative DO warming magnitudes ΔTS are well constrained via 
the transient excursions in δ15N caused by thermal isotopic fractionation. The ΔTS 
estimates are extracted from the δ15N-based TS histories. For Dye 3 and Renland, 
we use the ones described here; for the other sites, we use published histories 
for NGRIP (39), NEEM (47), and GISP2 (41).

The caveats for the ΔTS estimates also apply to the reconstructed isotope sen-
sitivities α. These strictly apply only to the abrupt transitions themselves, and 
cannot be used to make inferences about long-term climate change or the relative 
temperatures of successive stadials.

Compiling the Multiproxy DO Event Database. We extract the DO change 
magnitudes from the following four records: i) ΔTS, ii) δ18O, iii) d, and iv) annual 
layer thickness (for past accumulation rate). We used a similar methodology for 
all records and all sites. First, we identify the midpoints of all the DO warming 
transitions. Next, we define 400-y pre-event, and 150-y postevent averages at 
fixed intervals relative to the event midpoints. The pre-event averaging period is 
longer, because stadial climates tend to have greater signal variance, and because 

several of the DO events are of short duration. To avoid the transition itself, the 
pre-event period ends 60 y prior to the midpoint and the postevent period starts 
30 y after this midpoint. The pre- and postevent periods are evaluated by hand for 
all events and all cores and adjusted manually where necessary, for example in the 
case of a very short-duration DO (inter)stadials, data gaps, unusually sharp/grad-
ual transitions, etc. The change magnitude is taken to be the difference between 
the post- and pre-event averages—except for the annual layer thickness where 
we take the ratio. The NGRIP Δδ18O amplitudes we find agree well (r = 0.92,  
P < 10−12) with independent estimates thereof (78).

In reconstructing DO accumulation rate changes, we use the average annual 
layer thickness in the pre- and postevent averaging windows. We do not apply 
a correction for layer thinning due to ice flow. Because the pre- and postevent 
depth ranges are close together in depth, we expect them to have experienced 
the same degree of thinning. When calculating their ratio, the thinning function 
cancels. For the Dye 3 and Renland cores, we lack the detailed volcanic matching 
to assess annual layer thickness, and instead, we have to rely on an alternative 
approach in which we use the average annual layer thickness during entire (inter-) 
stadial phases as found from matching the climatic δ18O transitions. Using the 
four volcanically cross-dated cores (NGRIP, GISP2, GRIP, and NEEM), we assess how 
much this alternative approach differs from the optimal approach and linearly 
scale the Dye 3 and Renland observations to correct for this bias. For the Dye 3 
core, we find large spread in the AGI/AGS ratio, which likely reflects nonmonotonic 
thinning due to the complex ice flow history of the site, and possibly the devel-
opment of large-scale disturbances in the stratigraphy prior to their overturning 
by simple shear to produce folds (63).

We assess a total of 34 DO warming events (from the Holocene onset to DO 
25). Data availability is nonuniform, with data gaps existing for most cores and 
most proxies. To derive meaningful site averages in the presence of data gaps, 
we take the following approach. For each proxy, we define a reference dataset, 
which is the average of the NGRIP and summit cores where data coverage is best 
(for δ18O and A where data from both summit cores are available, we first average 
them). Next, we divide each DO event magnitude by that same event in the 
proxy reference dataset, thereby expressing its relative magnitude. Now, for each 
combination of core and proxy, we average over all the available events, thereby 
obtaining the average relative strength. To convert this back to a typical absolute 
event magnitude, we multiply by the average of DO events 5.2 through 8 as a 
normalization step. Due to differences in data coverage, we assess the Holocene 
onset and DO events 1 through 13 for ΔTS, the Holocene onset and events 1 
through 23.1 for Δδ18O, the Holocene onset and events 1 through 21.1 for Δd, 
and the Holocene onset and events 1 through 17.2 for AGI/AGS.

Overall, we find the Greenland proxies to be correlated with each other 
(SI Appendix, Fig. S5), although the slopes and intercepts vary between the coring 
sites. We do not find meaningful trends through time of the regression slopes. 
The patterns we see in the multievent averages are also reflected in most of the 
individual events, though with more scatter particularly in the ΔTS reconstructions 
that are technically most challenging (SI Appendix, Fig. S6). However, it is also 
conceivable that the spatial patterns associated with each individual event may 
deviate from the multievent average.

Last, we assess whether the DO warming magnitude in the various proxies 
is correlated with background climate conditions, here CO2 (79), benthic δ18O 
(80) (a proxy for global ice volume and climatic conditions), orbital obliquity 
(81), and orbital precession index (SI Appendix, Fig. S7). We find no consistent 
correlations between Greenland DO event magnitude and background climate, 
as previously already observed independently for NGRIP Δδ18O (78). For each 
panel in SI Appendix, Fig. S7, there are more cores that suggest no statistically sig-
nificant correlation (P > 0.05) than cores that do suggest a correlation (P < 0.05).  
Between the 7 cores, 5 proxies, and 4 background climate parameters, there are 
112 combinations where we have data available to calculate a correlation. Out 
of these 112, we find only four instances where P < 0.05 (in line with expecta-
tions from chance alone). These four instances are distributed across different 
Greenland proxies, core sites, and background conditions. Two out of the four are 
related to a single proxy event, namely the large Δδ18 O signal of DO 19.2. Based 
on these analyses, we conclude that background climate conditions do not impact 
the magnitude of Greenland DO events in the proxies we investigate. An earlier 
study suggested a correlation between obliquity and the isotope sensitivity α on 
orbital timescales—(39) our analysis suggests this correlation does not apply to 
millennial timescales. Assessed event magnitudes are archived in ref. 82.D
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Climate Models. In this study, we use three isotope enabled climate models. For 
the iCESM1 and iHadCM3 models, we rely on previously published simulations 
(30, 45); for the iCAM5 model, we performed new simulations as described below. 
An assessment of the performance of the iCESM1 and iHadCM3 models can 
be found elsewhere (83–85). For the iCAM5 atmosphere-only simulations we 
introduce here, and the iCESM1 coupled model simulations they are based on, we 
provide a data-model comparison for the PI and LGM in Greenland (SI Appendix, 
Fig. S11). Both models capture the PI surface temperature well, but have a warm 
TS bias during the LGM (SI Appendix, Fig. S11, left column) that we attribute to 
the strong LGM overturning in the model (note that the simulated LGM state 
more closely resembles the interstadial than the stadial DO mode; see Fig. 3A). 
Both models capture the Greenland spatial δ18O pattern well during both PI and 
LGM conditions (SI Appendix, Fig. S11, center column) though with a constant 
+10‰ offset. Such offsets are commonly observed in isotope-enabled models 
over the polar ice sheets (86–89), and its constancy suggest it should not strongly 
impact the isotopic Δδ18O differences we interpret here. As in other models, the 
simulated deuterium excess has a negative bias of a few ‰, yet insufficient ice 
core data are available to robustly assess the model response. It is unclear how 
this bias in absolute d values impacts the relative Δd changes that we interpret.

For all three models, we furthermore provide a comparison of the global 
response in δ18O of precipitation across a rapid DO warming transition (SI Appendix, 
Fig. S12) to data from Greenland ice cores (this study) and a global database of 
speleothems (48). The iCESM1 simulation provides the best fit to global data. The 
iCAM5 DO_SPG simulation provides a good fit to Greenland Δδ18O, yet it lacks a 
strong global response as its forcing is very localized and does not include global 
SST anomalies associated with the bipolar seesaw. The iHadCM3 simulation uses 
a global negative freshwater anomaly to compensate for the North-Atlantic hosing 
that has an unrealistic imprint on global surface-ocean δ18O. This results in unreal-
istically negative Δδ18O across the DO simulation; water-isotope ratios in these DO 
simulations should not be interpreted outside of Greenland. CESM model output 
is archived in ref. 90.

Idealized iCAM5 Simulations. Here, we use the isotope-enabled Community 
Atmosphere Model 5 (iCAM5), which is part of the Community Earth System Model 
1.2 (CESM 1.2) (84, 91). The model has a nominal 2-degree resolution, with a 
96×144 latitude-by-longitude grid, and with 30 vertical levels. Precipitation 
water-isotope simulations in iCESM have been shown to have considerable skill 
in fitting observations (92).

In our idealized simulations, the atmosphere-only iCAM5 model was run for 
200 y, with the first 50 y discarded as the model spin-up. The remaining 150 y 
are averaged to obtain a monthly climatology. Instead of simulating DO events 
in a transient manner, we use two equilibrium snapshot simulations—one repre-
senting the climate state before, and one after, the abrupt transition. We interpret 
the difference between two such scenarios as the event magnitude (16, 93). 
We emphasize that these are idealized scenarios, and therefore simplified and 
sometimes thermodynamically inconsistent.

All scenarios start from an LGM control run (CTRL), that is obtained from the 
coupled CESM1 model (94). Including the control run (CTRL), we here interpret 
12 scenarios. All scenarios involve anomalies applied to the CTRL. Seven sce-
narios include only SIC anomalies—three negative and four positive anomalies 
(SI Appendix, Fig. S8). Two scenarios involve only SST anomalies (4 °C and 8 °C of 
North Atlantic cooling). Two scenarios involve a combination of SIC expansion and 
SST anomalies (1 °C and 2 °C of North Atlantic cooling). In terms of North Atlantic 
conditions, the LGM control more closely resembles the interstadial conditions 
as simulated by the coupled models (Fig. 3A), even though the LGM climate is 
typically considered to be in the stadial mode. Explanations include the possibility 

that the model underestimates North Atlantic LGM sea ice, or that the LGM had 
warmer North Atlantic conditions than the typical DO stadial did.

SST cooling anomalies are applied across the North-Atlantic to all months. 
For SIC removal scenarios, SIC in a selected area is removed in all months, after 
which we apply 2-D smoothing to prevent abrupt SIC transitions. For SIC addi-
tion scenarios, SIC is applied to a selected area, using a SIC seasonality that is 
derived from the Nordic seas SIC seasonality of the CTRL (SI Appendix, Fig. S9A). 
Again, we apply 2-D smoothing to prevent abrupt SIC transitions. To prevent the 
physically unrealistic situation of sea ice on top of warm waters, we further apply 
an SST anomaly in all grid cells that have a positive SIC anomaly applied. First, 
we apply a second-order polynomial fit to the North-Atlantic SST-SIC scatter plot 
(SI Appendix, Fig. S9B). Next, we calculate the SST anomaly in each grid cell as the 
product of: 1) the difference in SIC fraction between the scenario and the CTRL (a 
number between 0 and 1), and 2) the temperature difference between the CTRL 
and the SST implied by the second-order polynomial fit.

The 12 scenarios give a total of 66 pairs (12 × 11 ÷ 2) that are interpreted 
as potential DO event realizations. For each pair, we use the scenario with colder 
Greenland temperatures as the stadial. Next, we calculate the rmsd between the 
model and the observational database for each of the four proxies (SI Appendix, 
Fig. S10). For each proxy, the best performing DO realizations are outlined with 
thick black lines; The four idealized scenarios outlined in Fig. 3 are color-coded. 
Overall, the best model-data agreement is observed for scenario DO_SPG (Fig. 3). 
This scenario uses the CTRL as the interstadial, extended seasonal sea ice in the 
SPG as the stadial and no SST changes.

Data, Materials, and Software Availability. Data and model code are publicly 
archived (67–69, 77, 82, 90). Dye 3 timescale and isotope record are included in 
the Dataset S1.
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