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Dansgaard-Oeschger events
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Dansgaard-Oeschger events: 
abrupt warming events seen 
in Greenland ice cores; occur 
every ~1500 years, last a few 
hundred years; 

D/O events

Ganopolski Rahmstorf 2001

Figure 4 Abrupt climate changes in Greenland ice-
core data. a, d18O from GRIP core, a proxy for 
atmospheric temperature over Greenland. 
Dansgaard±Oeschger (D/O) warm events 
(numbered). Heinrich events H1-H5 marked by black 
dots. b, Time evolution of recent D/O events taken 
from a (3, light blue; 4, dark blue; 5, purple; 6, green; 
7, orange; 10, red). Many D/O events show the 
characteristic slow cooling phase after the initial 
warming, followed by a more abrupt temperature 
drop. Some events are much longer but still show 
this general characteristic (for example, nos 8, 12, 
19, 20). A modeled D/O event in black (North 
Atlantic air temperature).
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Winton 1993 model, based on Matlab code on course webpage

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0

10

20

T

 

 
T1
T2
T3

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
32

34

36

38

S

 

 
S1
S2
S3

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
25

26

27

28

ρ 1,
2,

3

box model results

 

 
ρ1
ρ2
ρ3

Temperature, salinity and density of all 3 boxes T-S phase space

D/O-like AMOC oscillations, “flushes”



Eli Tziperman, EPS 231, Climate dynamics

to a Last Glacial Maximum (LGM) climate configured
with Peltier ice sheets [Peltier, 1994], revised CLIMAP
SST [Crowley, 2000] and sea ice [Sarnthein et al., 2003],
21kyr BP insolation, 200 ppm CO2 and 350 ppb CH4

(Figure 1) Spectral smoothing lowers the LGM Greenland
Summit by 900 geopotential meters. Extrapolating to the true
summit elevation using the relatively linear ‘‘land surface
lapse rate’’ of Greenland for each month of the year yields a
more concordant (colder) LGM Summit temperature of
!"50!C. Assuming that snowfall at the Summit scales with
saturation vapor pressure, the associated error in accumula-
tion is less than 10%.
[6] In a suite of reduced sea ice experiments, the

atmospheric response in the vicinity of Greenland was
relatively insensitive to the details of the prescribed sea
ice changes. We will mainly discuss results from a simu-
lation with maximum extent corresponding to the LGM
perennial ice line, minimum extent corresponding to the
modern perennial ice line, and ice distributions interpolated
between these extremes for the intervening months (sce-
nario I). This reduction, while somewhat arbitrary, is
comparable to the sea ice variability associated with small
(2 Sv) changes in Atlantic overturning in an LGM climate
simulated by NCAR’s fully coupled Community Climate

System Model CCSM3 (B. Otto-Bliesner et al., unpub-
lished data, 2005).

3. Results

[7] Reduced sea ice scenario I (see Table 1) shows
warming in the North Atlantic region with an annual
temperature change of 7!C around the Greenland Summit
(Figure 1b). This warming is comparable to the 5–10!C
temperature rise during D-O events determined from gas
fractionation in air bubbles trapped within Greenland ice
[Severinghaus and Brook, 1999; Severinghaus et al., 2003].
The temperature response in scenario I is localized as the
prescribed SST model limits teleconnections and lacks
tropical atmosphere-ocean feedbacks demonstrated to
be important in glacial climates [Chiang et al., 2003]. These
linkages, in conjunction with potentially enhanced glacial
teleconnections [Yin and Battisti, 2001], could both reinforce
the warm temperatures in Greenland and produce far-field
responses throughout the Northern Hemisphere.
[8] Looking beyond the annual mean picture, results from

scenario I and an additional simulation with sea ice retreat to
80N around Greenland in summer alone (scenario II) point
to winter as important for generating Greenland warmth (see

Figure 1. Comparison of LGM and reduced sea ice scenario I. (A) Annual mean sea surface temperature boundary
conditions (degrees Celsius) for LGM (left) and reduced sea ice scenario (right). Maximum (February) and minimum
(August) sea ice extents are indicated with the solid and dotted lines, respectively. Scenario I has a maximum sea ice extent
equivalent to the LGM perennial ice cover, and a minimum sea ice extent equivalent to the modern day perennial ice cover.
The ice thickness is 2 metres, which is a typical value for the Arctic today. (B) The difference in surface air temperature
between the two simulations (degrees Celsius).

Table 1. Temperature at 2 m Reference Height, Accumulation and Accumulation-Weighted Temperature
(Weighted T) for the Four Simulations: Modern, LGM, I (Reduced Sea Ice) and II (Reduced Sea Ice in Summer
Only, With the Ice Line Retreating to 80N Around Greenland)a

Experiment

2 m Temperature, C Accumulation, cm/y Weighted T, C

DJF JJA ANN DT DJF (%) JJA (%) ANN Dacc (%) ANN DwT

Modern "33 "8 "22 20.5 (22) 34.2 (36) 23.6 "18.6
LGM "63 "24 "45 0.6 (4) 11.0 (70) 4.0 "28.3
I "55 "20 "38 7 1.2 (4) 20.1 (62) 8.0 +100 "25.5 2.5
II "63 "19 "43 2 0.6 (2) 25.5 (79) 8.1 +100 "22.4 5.8
aFor temperature and accumulation, winter (DJF) and summer (JJA) breakdowns are included in addition to the annual

averages. The accumulation values in parentheses are the fraction of the total annual accumulation contributed by the given
season. The columns marked DT, Dacc and DwT show the annual mean difference relative to the LGM. These results are an
average over 70N–75N and 34W–48W near the Greenland Summit. Temperature and accumulation changes quoted for the
reduced sea ice scenario correspond to at least several standard deviations of its internal variability and are significant at the
95% confidence level.

L19702 LI ET AL.: GREENLAND CLIMATE SHIFTS AND SEA ICE L19702

2 of 4

Li, Battisti, Schrag, Tziperman, 2005

D/O due to weak AMOC variability amplified by sea ice changes? 

Comparison of LGM and reduced sea ice scenario I. (A) Annual mean sea surface temperature 
boundary conditions (deg C) for LGM (left) & reduced sea ice scenario (right). Maximum (February) 
and minimum (August) sea ice extents are indicated with the solid and dotted lines. Scenario I has 
a maximum sea ice extent equivalent to LGM perennial ice cover, and a minimum sea ice extent 
equivalent to the modern day perennial ice cover. ice thickness is 2 m, typical value for Arctic 
today. (B) The difference in surface air temperature between the two simulations (degrees C). 
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Significance of covariance between GISPII and remote 
proxies of climate, accounting for time uncertainty.

Remote relationships with DO events: test for covariance between 
time-uncertain series

D/O teleconnections: observations
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Heinrich events
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Heinrich events
← (right panel) ice rafted debris layers
marking Heinrich events: major glacier dis-
charge events from Laurentide ice sheet
to North Atlantic, every 7-10,000 years.
(http://www.ncdc.noaa.gov/paleo/slides/)

. – p.5/35

Heinrich Events: Observations
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Rignot et al. 2011

Ice streams: Ice Velocities for the Antarctic Ice Sheet
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Rignot et al. 2011

Ice streams: Ice Velocities for the Antarctic Ice Sheet



Eli Tziperman, EPS 231, Climate dynamics

Rignot et al. 2011

Ice streams: Ice Velocities for the Antarctic Ice Sheet
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Stokes & Clark 2001

Proposed Paleo-Ice Streams
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MacAyeal: Binge/Purge Cycles of the Laurentide Ice Sheet 777 

the finite thickness of the ice sheet. This simplification has 
little bearing on the outcome of the following analysis other 
than to simplify the mathematics. (I justify a posteriori dis- 
regarding of the ice sheet's finite depth by the fact that the 
thermal effects of harmonic surface forcing are so strongly 
attenuated with depth.) Consider the temperature field O(z, t) 
in the domain z < 0 subject to harmonic temperature varia- 
tion at z = O: 

0(0, t) = A0 cos(wt) (1) 

where A0 is the amplitude of an external climate forcing and 
o) = 2.84 x 10 -11 s -1 is the frequency associated with a 
7,000-year oscillation. The temperature field at depth z < 0 
is the solution of the heat equation subject to equation (1) as 
one boundary condition and 0 z --> 0 as z --• -•. The heat 
equation appropriate for ice sheet considerations is 

Ot + w . 0 z = tcOzz (2) 

where t is time, z is the vertical coordinate (negative down- 
ward), tc = 1.4 x 10 -6 m 2 s -1 is the thermal diffusivity of 
ice (its slight variation with ice density and temperature is 
disregarded), w(z, t) is the vertical ice velocity (taken to be 
negative downward) associated with the effects of ice flow 
and snow accumulation, and subscripts t and z denote par- 
tial differentiation with respect to the subscript variable. To 
solve equation (2) analytically, it is necessary to simplify 
the vertical velocity field. For the purposes of evaluating 
an external cause of Heinrich events, it is adequate to take 
w(z, t) = Wo < 0 as a constant downward moving flow 
equal to the snow accumulation rate (in meters of ice equiva- 
lent per year). 

The solution of equation (2), subject to the periodic 
boundary condition represented by equation (1) and the sim- 
plified vertical velocity, is 

O(z, t) = A0 exp • (3) 
ß cos(cot + •j 

for Wo = 0 [Carslaw and Jaeger, 1988, section 2.6] and 

0(z, t) = A0 exp • + zV/'•cos -• (4) 
ß COS (wt + z•r•sin •) 

for Wo % 0 [Carslaw and Jaeger, 1988, section 15.2], where 

f Wo 2 i•) ae i• = !k4tc2 -3-- (5) 
The first expression, equation (3), represents the thermal 
conditions that would exist in the absence of snow accu- 

mulation. The second expression, equation (4) represents the 
more realistic conditions in which downward ice movement 

in response to snow accumulation facilitates the vertical pen- 
etration of surface temperature variations. 

In both solutions, the O(z, t) is characterized by 'an expo- 
nentially damped sinusdid. The e-fold decay scale for the 
motionless ice column, equation (3), is x/•'•-/w = 314 m and 
is only a small fraction of the thickness of ice expected over 
Hudson Bay. In this circumstance, a harmonic surface tem- 
perature variation with an amplitude A0 of 5 ø yields a mere 
0.00035 ø temperature oscillation at a depth of z -- -3000 
m, the approximate thickness of the Hudson Bay ice cover 
(e.g., Denton and Hughes [1981], not counting an additional 
1000-m thickness resulting from isostatic depression of the 
bea). 

For a constant vertical velocity field comparable to the 
accumulation rate at the summit of the Greenland ice sheet 

[e.g., Alley et al., 1993], Wo • -0.25 m yr -• (ice equiva- 
lent), the e-fold decay scale is [v/'•sin(qb/2) + (Wo/2tc)] -• = 
970 m. Vertical velocity permits deeper penetration of the 
surface temperature signal, but the attenuation at z = -3000 
m is still significant. A surface temperature variation with 
A0 = 5 ø is damped to 0.23 ø at z = -3000 m. If more re- 
alistic z and t variation of w(z, t) were to be considered, 
the e-fold decay scale of 0(z, t) would not be so simple 
to express. It is likely, however, to lie between the 314-m 
and 970-m values estimated for the two extremes of Wo dis- 
cussed earlier. 

While it is possible that the exceedingly attenuated cy- 
cle of basal temperature associated with surface temperature 
variation could be a cause of Heinrich events, I believe this 
to be unlikely. The free oscillation mechanism to be devel- 
oped next provides a simpler and, in my view, more plausi- 
ble explanation. 

3.0. A KITCHEN-BUILT BINGE/PURGE OSCILLATOR 

Before delving into the dynamics and thermodynamics 
of the LIS, it is instructive to describe a simple kitchen- 
built experimental device that captures the behavior quali- 
ties needed to explain Heinrich eventsß Consider the axle- 
mounted container sketched in Figure 1. Initially, this con- 
tainer sits upright on the axle, because its center of mass is 
assumed to lie between the bottom of the container and the 

axle. As water drips slowly into the container, the center of 
mass slowly rises to the point where it exceeds the level of 
the axle. At this point, the container becomes unstable and 
flips upside down to purge its contents onto the floor of the 
kitchen. Once the container has emptied, it flips back to the 
upright position and begins again to fill slowly with water. 

binge phase 
(slow) 

ß 

ß 

purge phase 
(fast) 

Fig. 1. A simple kitchen-built oscillator which captures the 
basic idea of the Heinrich event cycle of the Laurentide ice 
sheet. 
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Fig. 2. A conceptual view of the temperature-depth profile O(y) in an ice column during the binge/purge cycle of the Laurentide 
ice sheet. Vertical elevation from the base of the ice column is denoted by y and 0 represents temperature. The annual average 
sea level atmospheric temperature is denoted by Osl. The melting temperature of ice is represented by the black triangles. The 
four graphs surrounding the central circle display the sequence of states through which the ice column evolves during a complete 
cycle. Time passage is represented by counterclockwise progression through the sequence of graphs. 
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•Laurentide Ice Sheet (LIS) thickens due to snow accumulation (binge stage); 
geothermal heat is trapped at the base of thick & insulating LIS 

•Geothermal heating melts glacier base, reduces bottom friction ➨ ice sheet 
slides into North Atlantic ocean (purge stage) 

•Thiner glacier allows geothermal heat to diffuse out, base refreezes, cycle repeats

Glacier (``LIS'') height as function of time during a few Heinrich 
cycles. colors indicate temperature within ice sheet.

Binge-purge oscillator (MacAyeal 93) and what it
does not explain

1. Laurentide Ice Sheet (LIS) thickens due to snow accumulation (binge
stage); geothermal heat is trapped at the base of thick & insulating LIS

2. Geothermal heating melts the glacier base, reduces bottom friction⇒
glaciers from ice sheets slide into North Atlantic ocean (purge stage)

3. The thiner glacier then allows geothermal heat to diffuse out, base
refreezes, cycle repeats
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⇒ No explanation of simultaneous discharge, precursor events, abrupt
warming events
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Hypothesis 1: MacAyeal’s (1993) Binge-purge oscillator
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MacAyeal (1993a): climate forcing not likely to play a role based on 
temperature diffusion argument; However: there are other 
mechanisms: Moulins, Accumulation of melt water in ice shelf 
cracks, collapse & elimination of buttressing/back-pressure

https://www.youtube.com/watch?v=-EMCxE1v22I&t=1s 

https://www.youtube.com/watch?v=-EMCxE1v22I
https://www.youtube.com/watch?v=-EMCxE1v22I&t=1s
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MacAyeal (1993a): climate forcing not likely to play a role based on 
temperature diffusion argument; However: there are other 
mechanisms: Moulins, Accumulation of melt water in ice shelf 
cracks, collapse & elimination of buttressing/back-pressure
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MacAyeal (1993a): climate forcing not likely to play a role based on 
temperature diffusion argument; However: there are other 
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(Hulbe et al, 2004)
expected signature: no large sea ice level change

Larsen B collapse, March 2002
Mechanism: 

hydro-fracture



Eli Tziperman, EPS 231, Climate dynamicsHypothesis 3: Abrupt retreat of grounding line across a retrograde bottom 
slope  (Marine Ice Sheet Instability/ MISI)

(Weertman, 1974; Schoof, 2007)

scenario 1: ocean melting at grounding line placing it upstream 
of unstable point
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Grounding line 
flux (Qg=cH5)

Bed (b)

(Weertman 1974 and many others)  

Marine Ice Sheet Instability (MISI) 
scenario (1): melting by a warmer ocean
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Marine Ice Sheet Instability (MISI) 
scenario (1): melting by a warmer ocean
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• During last ice age, 20-60,000 years BP

• D/O: Greenland ice cores, abrupt warming (10C in 20 years), sustained for 
~1000 years, gradual cooling and then abrupt cooling; every ~1500 yr

• Possible mechanism: AMOC variability amplified by sea ice changes that lead 
to a strong atmospheric temperature signal

• Possible worldwide teleconnections: possibly via ocean waves

• Heinrich events: massive ice collapses seen as layers of ice rafted sediment 
layers in North Atlantic every 7,000-10,000 years

• Possible mechanism(s):

• Binge-purge collapses of Laurentide Ice Sheet

• Hydrofracturing of ice shelves Mechanism

• MISI

• Synchronous collapses of different ice sheets: perhaps nonlinear phase locking 
through the ocean

Conclusions: DO and Heinrich events
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The End


