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Hysteresis Loop of Climate Change 

Dec.‐2/3, 2013  5 

Stommel (1961) 
Rahmstorf (2002) 

sheets: a strong circulation warms the northern Atlantic and melts
surrounding ice, which leads to meltwater runoff and weakens the
circulation again36,40. These were conceptual ideas, but circulation
models are also able to show several types of internal oscillations in
thermohaline flow (without ice sheets) under certain forcing condi-
tions41. The relevance of such model oscillations for the real ocean is
open to debate, and a problem of all internal-oscillation theories for
D/O events is to explain the waiting-time statistics found by Alley and
co-workers.

A third idea is that of latitude shifts of convection3between Nordic
Seas and the mid-latitude open Atlantic Ocean. Based originally on
sediment data, this idea has found strong support in model simula-
tions showing that such a mechanism can explain many observed 
features of D/O events42, including the three-phase time evolution,

insight review articles
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reproduce the observed glaciations from this forcing (according to
these, the next glaciation can be expected in ~30 kyr from now).

A number of climate models have been used to study glacial
inception even without incorporating a continental ice-sheet
model, based on the concept that snow cover that persists through-
out the summer would eventually grow into an ice sheet. Discussion
has focused on the conditions under which sufficient perennial
snow cover can be achieved. This has turned out to be difficult in
atmosphere-only models with present-day sea surface temperatures
and vegetation cover. A reduction in high-latitude forest cover 
greatly increases the albedo after snowfall, leading to a positive
snow-albedo feedback that helps glacial inception30. Lower high-
latitude sea surface temperatures (caused by the insolation change)
are also clearly conducive to perennial snow cover31. Recently, a real-
istic simulation of glacial inception in terms of actual ice-sheet
growth has been achieved in an Earth system model of intermediate
complexity that includes a continental ice-sheet model (R. Calov  &
A. Ganopolski, in preparation).

Does a weakening in Atlantic Ocean circulation have a role in
glacial inception? There are no palaeoclimatic data showing that
NADW formation slowed at this time. Model simulations that include
a dynamical ocean model achieve glacial inception with only minor
changes in ocean circulation (ref. 31; and R. Calov  & A. Ganopolski, in
preparation) — changes that are too small to be important in glacial
inception in these models. The reverse theory32, namely that a warm
North Atlantic could have induced ice-sheet growth by enhanced
moisture supply, goes against our knowledge of glacier mass balance:
glaciers grow when climate is cold, not warm and moist.

Dansgaard–Oeschger events 
Dansgaard–Oeschger (D/O) events (Figs 3, 4) are perhaps the most
pronounced climate changes that have occurred during the past 
120 kyr. They are not only large in amplitude, but also abrupt (irre-
spective of whether one follows a physical definition of abruptness33

or takes it to mean ‘in less than 30 years’8). In the Greenland ice cores,
D/O events start with a rapid warming by 5–10 !C within at most a
few decades, followed by a plateau phase with slow cooling lasting
several centuries, then a more rapid drop back to cold stadial condi-
tions. The events are not local to Greenland (Fig. 3); a comprehensive
review of spatial coverage (for events during marine isotope stage 3,
59–29 kyr ago) is given by Voelker et al.10 who list 183 sites, most of
which clearly show these events (Fig. 4). Amplitudes are largest in the
North Atlantic region, and many Southern Hemisphere sites, 
especially those in the South Atlantic, reveal a hemispheric ‘see-saw’
effect (cooling while the north is warming). Alley et al.34 have shown
that these events have curious statistical properties: the waiting time
between two consecutive events is often around 1,500 years, with 
further preferences around 3,000 and 4,500 years (Fig. 3), which 
suggests a stochastic resonance35process at work.

Several ideas have been advanced to explain D/O events, most of
which involve the thermohaline circulation of the Atlantic. The first of
these was probably the idea of thermohaline circulation bistability36:
NADW formation is active during the warm phases (interstadials),
whereas it is shut off during cold phases (stadials), and some outside
trigger causes mode switches between these two stable states. This idea
is based on the bistability of the circulation for modern climate in
models (Broecker36 cites the bistability found in Stommel’s37 classic
model; see Box 2). However, this theory is at odds with more recent
sediment data showing NADW formation active during stadials12,15

and shut down only during or after Heinrich events11,18.
A second idea is that of internal oscillations in the volume trans-

port of the thermohaline circulation. Broecker’s salt oscillator38 is
based on the (challenged39) notion that the Atlantic thermohaline
circulation balances the net atmospheric freshwater export from the
Atlantic basin. A weakening of the circulation would thus lead to a
salinity build-up in the Atlantic, strengthening the circulation again.
A variation of this idea involves the surrounding continental ice

The thermohaline circulation is thermally driven: highest surface

densities in the world ocean are reached where water is coldest, in

spite of the lower salt content there compared with the warmer

tropical and subtropical regions. Nevertheless, the influence of

salinity is important and is the main cause of the nonlinearity of the

system. Salinity is involved in a positive feedback. Higher salinity in

the deep-water formation area enhances the circulation, and the

circulation in turn transports higher salinity waters into the deep-

water formation regions (which tend to be regions of net

precipitation, that is, freshwater would accumulate and surface

salinity would drop if the circulation stopped). This leads to two

possible equilibrium states, with and without North Atlantic Deep

Water (NADW) formation4. This was first described in a classic paper

by Stommel37 with the help of a simple box model. 

The stability properties are illustrated in the diagram below,

which plots the strength of the thermohaline circulation as a function

of the freshwater input into the North Atlantic. The simple

presentation shows the bistable regime and a saddle-node

bifurcation point where the circulation breaks down (for a more

detailed discussion, see ref. 88).

This salt-transport feedback is not the only feedback rendering

the system nonlinear. The convective mixing process at high

latitudes is itself a highly nonlinear, self-sustaining process, which at

least in models can lead to multiple stable convection patterns3,98.

Together, these two positive feedback mechanisms allow two types

of transitions between distinct circulation modes: on/off switches of

NADW formation, and shifts in the location of convection. These two

mechanisms are crucial in attempts to explain glacial climate

changes.

The thermohaline circulation takes several thousand years to

reach full equilibrium. The transient response to a change in forcing

can therefore deviate substantially from the equilibrium solutions and

is in many cases more linear99.

Box 2
Stability and nonlinearity of the thermohaline circulation
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Arc:c Coastal Processes and 
 Global Climate Change 

1.  Arc:c freshwater flux and the global thermohaline 
 circula5on (nonlinear, mul:ple equilibria). 
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Need Velocity Observa:ons: 

2. Insula:on of the Arc:c ice‐cover from deep warm 
 Atlan:c water, i.e., “maintenance of the Arc:c halocline” 

Nares Strait Freshwater Flux Experiment 



USCGC Healy ADCP system: 

1. Healy in snowy Seaale dry‐dock 

3. Bilge rat in the back 

2. Well of the 75‐kHz phased array ADCP 

4. Command and Control 
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Flux vs. Wind: 
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Magne:c Compass not always reliable: 
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2003‐06   Nares Strait  US‐ASOF 
2007‐09   Nares Strait  CA‐IPY 
2009‐12   Nares Strait  private 
2014‐16   Fram Strait   with AWI 
2017‐  Barents Sea  with IMR? 
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Correlate flux with 
along‐channel pressure gradient  

Cummula:ve Flux Integral scaled by Total Flux: 



Nares Strait Tide Gauges: 9 Year Deployment  
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Year‐1 regression 
applied to 
Year‐2 and 3 

Correla:on: r2=0.64 
 
         Flux = a + b* press. diff. 
 
Regression: 
 
         a = ‐0.94 Sv 
         b = 8.86 Sv/m 
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Volume Flux vs. Along‐Channel Pressure Grad. 
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Arc:c velocity measurements challenging: 
             Careful experimental design essen:al. 
 
Nares Strait 2003‐09 freshwater flux 59 mSv: 
            Half reside unmeasured in surface 30‐m. 
 
Nares Strait dynamics largely linear: 
             Driven by along‐channel pressure gradient. 

Conclusions: 

 
Petermann Gletscher  

 

Challenges: 
Long :me scales of climate variability: 
             How to maintain climate :me series? 
 
Nonlinear physics within Complex Systems: 
            Equilibria, Tipping Points, Turbulence; 
 

Under ice/water data communica:on: 
 Acous:c “cell phone” towers; 

 
Envisioning Informa:on (Edward Tuwe): 

 How to escape Flatland? 
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