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Can feedbacks associated with meltwater runoff from 
ice sheets help explain D-O cycles? 

by appealing to available evidence and simple models
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Distinctive features
Rapid warming at onset (‘D-O event’)

non-linear feedbacks

Quasi-periodic - cycles repeat without obvious trigger

Global temperature change obeys bipolar see-saw
AMOC important

No D-O cycles during interglacials, nor during coldest 
glacial periods (LGM, MIS4)

Heinrich events occur when climate already cold
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Distinctive features
Rapid warming at onset (‘D-O event’)

non-linear feedbacks

Quasi-periodic - cycles repeat without obvious trigger
self-sustaining oscillations ?

Global temperature change obeys bipolar see-saw
AMOC important

No D-O cycles during interglacials, nor during coldest 
glacial periods (LGM, MIS4)

ice sheets important ?
Heinrich events occur when climate already cold

Heinrich events not important ?



Background

Many models exist - most invoke changes in ocean 
circulation to help explain global pattern

Sudden freshwater sources to North Atlantic - e.g. Clark et al 2001, Ganapolski 
& Rahmstorf 2001

Salt oscillators - Broecker et al 1990, Birchfield & Broecker 1990, Peltier & 
Vettoretti 2014

Ice shelf growth and sea ice - Petersen et al 2013

Sea ice and North Atlantic stratification - Dokken et al 2013, Jensen et al 2016

Atmospheric-sea ice-ocean feedbacks caused by changing height of 
Northern hemisphere ice sheets - e.g. Zhang et al 2014

Meltwater routing through the Arctic has most effect 
on AMOC Condron & Winsor 2012



AMOC strength Q

Freshwater forcing F

Hysteresis in ocean circulation

Warm

Cool

Stommel 1961, Ganapolski & Rahmstorf 2001, Rahmstorf et al 2005



Oscillation mechanism

Effect of runoff on ‘freshwater’ delivery is buffered by 
changes in Arctic Ocean salinity

Strong AMOC produces warmer Northern hemisphere
warming accentuated by sea ice - albedo feedback

Leads to more runoff from ice sheets

This freshwater sends AMOC onto weaker branch

Cooling reduces runoff and starves ocean of fresh water

Sends AMOC back to strong branch
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Multibeam Sources
USCGC Healy, R/V Nathaniel B Palmer
R/V Polarstern
I/B Oden
Norwegian Petroleum Directorate
AMORE (Healy and Polarstern)
SCICEX 1999
US Naval Research Laboratory (NRL)
US Law of the Sea mapping by the 
Center for Coastal and Ocean Mapping/
Joint Hydrographic Center*

Single Beam Sources
US and Brittish Royal Navy submarine 
cruises (1958-1992)
SCICEX cruises (1993-1999)
Norwegian Hydrographic Service survey
Soundings from Canadian Hydrographic 
Service surveys not included in earlier IBCAOs 
Soundings collected by various surface 
vessels and ice drift stations. Five major 
archives have been included:
1. US National Geophysical Data Center (NGDC)
2. US Naval Reserach Laboratory (NRL)
3. US Geological Survey (USGS)
4. Norwegian Hydrographic Service
5. Royal Danish Administration of Navigation and 
Hydrography

Canada

Maps and Regional Grids
IBCAO drawn contours
IBCAO drawn contours based on soundings from charts published by the Russian 
Federation’s Department of Navigation and Oceanography (DNO)
1:5 000 000 scale DNO map of the Arctic Ocean (Naryshkin, 1999)
1:2 500 000 scale DNO map of the Arctic Ocean (Naryshkin, 2001)
Charts published by NRL (Perry et al., 1986; Cherkis et al., 1991; Matishov et al., 1995)
Contours retrieved from the GEBCO Digital Atlas (GDA) 2003. 
Bathymetry in the Gulf of Bothnia from a digital grid by Siefert et al. (2001)
Greenland DTM by the Danish Cadaster and Mapping Agency (Ekholm, 1996)
GTOPO30 topographic model (U.S. Geological Survey, 1997)
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The IBCAO Compilation Team Introduces the Upcoming Version 3.0 

The International Bathymetric Chart of the Arctic Ocean (IBCAO) was initiated 1997 in St 
Petersburg, Russia.  An Editorial Board was established consisting of representatives 
from the circum Arctic Ocean nations plus Germany and Sweden. The objective of the 
Editorial Board was to collect available bathymetry data to create a map of the Arctic 
Ocean seafloor. An unstated, but widely recognized, goal was to create a map that sup-
ports testing of hypotheses about the formation and geologic history of the Arctic Ocean.

In 1997, the General Bathymetric Chart of the Oceans (GEBCO) Sheet 5.17 published in 
1979 was still the authoritative Arctic bathymetric portrayal. While the contours agreed 
with the older, sparse underlying data, new soundings indicated that some major bathy-
metric features of Sheet 5.17 were poorly located and defined. Soon after the St Peters-
burg meeting in 1997, soundings collected by US and British Royal Navy nuclear subma-
rines were declassified. Concurrently, capable icebreakers with modern mapping sys-
tems began collecting critical and accurate soundings. These new data were brought into 
the IBCAO project together with digitized depth contours from the Russian bathymetric 
map published by Head Department of Navigation and Hydrography 1999 . A first IBCAO 
compilation was released after its introduction at the AGU Fall Meeting in 1999 (Figure 
1). This first IBCAO consisted of a Digital Bathymetric Model on a Polar stereographic 
projection with grid cell spacing of 2.5 x 2.5 km (Jakobsson et al., 2000). In 2008, IBCAO 
Version 2.0 was completed with a grid spacing of 2 x 2 km (Figure 2 and 3; Jakobsson 
et al., 2008). This new version had numerous new multibeam data sets included that 
were collected by ice breakers. 

In May of this year, the “First Arctic-Antarctic Seafloor Mapping Meeting” was held at 
Stockholm University for the purpose of bringing together key participants involved in 
bathymetric mapping in Arctic and Antarctic waters, to improve the IBCAO and move for-
ward towards a bathymetric compilation of the International Bathymetric Chart of the 
Southern Ocean (IBCSO). The meeting attracted participants from 15 countries. A new 
IBCAO Editorial Board was established (Table 1). A wealth of new data were brought to 
the table during the meeting including huge areas mapped with multibeam sonar systems 
outside the ice covered central Arctic Ocean, vast amounts of single beam data collected 
by fishing boats using the OLEX seabed mapping system, and a new batch of declassi-
fied US submarine soundings. Future cruises, also discussed at this meeting, promise 
more data to come. Figure 4 shows a snapshot of new data incorprorated at this stage.

These data warrant an updating of IBCAO . We believe the increased data density will 
support a new version with grid cell size of as small as 500 m. Here we present a preview 
of this new IBCAO 3.0, which will soon be released for public use. Not all the submitted 
data is at this stage included. On a broader scale IBCAO 3.0 provides a substantially im-
proved insight into the geological processes involved to form the Arctic Ocean basin. The 
new compilation is being assembled using an algorithm that grid at multiple resolutions, 
dependent on data density.  Where the data density does not support a 500 m cell size, 
the algorithm develops bathymetric estimates on a coarser grid (Figure 5; Hell and Jako-
bsson, 2011).
   
  

Summary

International Bathymetric Chart of the Arctic Ocean
IBCAO 

IBCAO 3.0: What is the difference?

Figure 1: IBCAO was 
first released in 2000 as 
a Beta version with an 
accompanying article in 
EOS. This release was 
preceded by a presen-
tation at the AGU Fall 
Meeting in San Fran-
cisco 1999.  
(This image of the article is  from the AGU 
online archive of EOS back issues)

IBCAO Version 2.0

Figure 2: IBCAO Version 2.0 
with the multibeam mapped 
areas shown that were new to 
this version. The additional mul-
tibeam surveys included in Ver-
sion 3.0 are shown in the map in 
Figure 4 where areas covered 
by OLEX and additional single 
beam tracks also are shown. It 
should be noted that some of 

the multibeam data from the 
Chukchi Borderland area ac-
quired with USCGC Healy 
have been re-imported at a 
higher resolution for Ver-
sion 3.0. These are also 
shown in Figure 4. 

Figure 3: IBCAO Version 2.0 
comprised a significant update 
from Version 1.0. For the first 
time multibeam were incorpo-
rated on a broader scale. 
These two source distribution 
maps were presented in Jako-
bsson et al.  (2008) when 
IBCAO 2.0 was released. The 
map in Figure 4 shows some 
of the new bathymetric data 
that so far have been added to 
the sources shown in the two 
maps to the left in order to 
compile Version 3.0. The new 
data allow a substantial 
amount of contours from digi-
tized maps to be removed from 
the gridding procedure. 

USCGC Healy 
multibeam

CHS single beam 

and spot soundings

IB Mirai 
multibeam 
JAMSTEC

IB Oden IB Oden 
multibeam multibeam 

Figure 4: Bathymetric data to-date incorporated in the compilation process of IBCAO Version 
3.0. Sounding data submitted, but not yet incorporated include: Multibeam surveys with Cana-
dian Research Icebreaker Amundsen and British RRS James Clarke Ross, single beam and 
multibeam soundings provided by the Danish Maritime Safety Administration and the Geologi-
cal Survey of Denmark and Greenland (GEUS), soundings collected with the research hover 
craft RH Sabvabaa, and recently released US Navy submarine soundings. Areas within bold 
boxes are subjected to comparison between IBCAO 2.0 and 3.0 in Figure 6.  

Figure 5: The concept of gridding heterogeneous 
bathymetric data sets with stacked continuous curva-
ture splines in tension (Hell and Jakobsson, 2011). 

A series of grids with different resolutions are computed from the 
cleaned sounding database using median block filtering and 
splines in tension interpolation using the GMT software (Wessel 
and Smith , 1997). After the interpolation, each grid is masked 

out in areas not sufficiently constrained 
by the source data using the masking 
algorithm shown in (b). The masking 
function allows specifying how many 
grid cells of each sort must be con-
strained by source data. If this con-
straint is not fulfilled, the interpolated 
value of the central cell will be dis-
carded, i.e. set to NaN. In the example 
shown the default setting of -M1/3/5 is 
too strict to keep the interpolated value 
at (0,0). With a setting of e.g. -M1/2/4, 
the cell would be kept. Once the grids 
are masked (a) they are merged to one 
coherent grid, which has the resolution 
of the highest input grids. 
  

IBCAO 2.0 versus 3.0

Table 1: IBCAO Compilation Team

IBCAO Editorial Board Established in Stockholm May 4, 2011
Denmark:  Richard Petersen, Danish Maritime Safety Administration (DaMSA)
Canada:  Steve Forbes, Canadian Hydrographic Service
Germany:  Hans-Werner Schenke, Alfred Wegener Institute of Marine and Polar Research (AWI)
Italy:   Michele Rebesco, Istituto Nazionale di Oceanografia e di Geofisica Sperimentale (OGS) 
Norway:  Hanne Hodnesdal, Norwegian Mapping Authority, Hydrographic Service
Rus. Fed.:  Yulia Zarayskaya, Geological Institute of Russian Academy of Science
  Boris Fridman, North‐West center of geoinformation 
Svalbard:  Riko Noormets (Norway/Svalbard), University Centre in Svalbard (UNIS)
Sweden:  Martin Jakobsson (Interim Chairman), Stockholm University, Sweden
UK:   Julian Dowdeswell, Scott Polar Research Institute,University of Cambridge
USA:  Bernard Coakely, University of Alaska Fairbanks
  Larry Mayer, Center for Coastal and Ocean Mapping, University of New Hampshire

Several Editorial Board Members remains to be assigned,for example from from Iceland, Rep. of Korea, PR China, and Japan

Included in the Compilation Team are in addition to the Editorial Board Members numerous individuals that contributed, or 
facilitated contributions of, bathymetric data to IBCAO. So far these are:
Angelo Camerlenghi, Universitat de Barcelona; Benjamin Hell, Stockholm Univ./Intergraph; Christian Marcussen, Geological 
Survey of Denmark and Greenland; Ian Church, Ocean Mapping Group, Univ. of New Brunswick ; John Hughes Clarke, Ocean 
Mapping Group, Univ. of New Brunswick; Norman Cherkis, Five Oceans Consultants; Ole B. Hestvik, OLEX; Rezwan Moham-
mad, Stockholm Univ; Son V Nghiem, NASA Jet Propulsion Laboratory, California Institute of Technology

This team will likely be expanded during the progression of the IBCAO project. 
The compilation work of IBCAO 3.0 is carried out at the Department of Geological Sciences, Stockholm University

What makes the main differences in this area?
1. Gridding resolution: Ver 2 (2 km); Ver 3 (500 m)
2. MAREANO: Norwegian mapping effor coordi-
nated by the Institute of Marine Research, in 
collaboration with the Geological Survey of 
Norway and Norwegian Hydrographic Service: 
http://www.mareano.no . Full resolution of mar-
eano is 50x50 m or better. This data set vastly 
improves a large part of the Norwegian continen-
tal shelf. 

Trackline artifacts 
to be addressed

What makes the main differences in this area?
OLEX: “Crowd source soundings” acquired primarily 
by single beam echo sounders on fishing vessels. 
These data provide “multibeam scale” resolution in 
some areas. http://olex.no

20121999 2008 2011

Arctic Ocean
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0.06 Sv. As Petersen et al. [2013] comment, “there is no
known physical mechanism to explain such a sinusoidal fluc-
tuation”. Our purpose in this paper is to show that when
the mechanics of melt supply are included, such oscillations
can arise naturally.

The ideas of the present paper are complementary to
those of Peltier and Vettoretti [2014]. Peltier and Vet-
toretti present numerical results from a sophisticated com-
putational model of coupled ocean-atmosphere dynamics, in
which it is shown that almost periodic oscillations in AMOC
can occur in a glacial climate (in which the reconstructed ice
sheets remain stationary). As here, they find that the oscil-
lations are due to salinity variations in the North Atlantic,
associated with a gradual variation in sea ice response. As
we discuss later, the mechanics of this oscillation are not
dissimilar to our much simpler model. A similar study was
made by Wang and Mysak [2006], who found self-sustained
oscillations in AMOC in a model of intermediate complex-
ity. In addition, they studied the variability of D-O events
as the climate cools. Their discussion resembles some of
that we give below, although our simpler model will allow a
more specific interpretation of the variability. Our explana-
tion also represents an elaboration of the ideas of Broecker
et al. [1990], Birchfield and Broecker [1990] and Clark et al.
[2001]. Indeed our model eventually (but not initially) re-
sembles that of Birchfield and Broecker [1990], and we com-
ment further on this in the discussion.

We suggest that air temperature and consequently melt-
water runo↵ from the northern hemisphere ice sheets var-
ied significantly with the strength of the AMOC, and that
the resulting variation in e↵ective freshwater delivery to the
North Atlantic induces a natural self-sustained oscillation
that provides a simple explanation for the D-O sequences.
It also provides a potential explanation for varying occur-
rence and period of D-O events as a function of ice sheet
size and background climate.

2. A simple model

Numerical models of ocean circulation suggest that mul-
tiple equilibrium states of AMOC are possible, and that
as freshwater delivery to the North Atlantic varies, sudden

F [ Sv ]
0.05 0.1 0.15

Q
 [

 S
v 

]

10

15

20

25

30

warm

cool

Figure 2. Typical pattern of AMOC strength Q found
in ocean models, depending on North Atlantic freshwater
flux F . In our simple model, this curve is described by
the function F = F0 + �(Q).

switches can occur [eg. Ganopolski and Rahmstorf , 2001;
Rahmstorf et al., 2005; Hawkins et al., 2011]. Simplified
models, building on the original work of Stommel [1961] find
similar hysteretic behaviour [Johnson et al., 2007]. This be-
haviour is shown schematically in figure 2, and in our simple
discussion, we take this result as given.

It has recently been suggested [Condron and Winsor ,
2012] that only meltwater discharged via the Mackenzie
River route into the Arctic Ocean leads to a significant weak-
ening of Labrador and Greenland Sea convection, and hence
to a large reduction in AMOC and northward heat trans-
port. While Condron and Winsor considered the e↵ect of a
large instantaneous release of meltwater, a simple reduction
or enhancement of runo↵ will slowly change mean Arctic
salinity, and hence change the e↵ective freshwater supply
to the North Atlantic through the Fram Strait (and Cana-
dian Arctic Archipelago, if open). Thus, a strong AMOC
leads, through warmer temperatures, to greater runo↵ into
the Arctic. This causes a gradual freshening until the salin-
ity of the water entering the North Atlantic is low enough
to switch the AMOC into a weaker state. Now, the colder
temperatures over the ice sheet mean that the Arctic is
starved of freshwater, its salinity rises, eventually causing
the AMOC to strengthen again.

We will show, using a simple dynamical model, that this
natural cyclic behaviour, inherent to the system, provides a
simple explanation for the D-O cycles. Changes in the rout-
ing and sensitivity of the meltwater runo↵, depending on ice
sheet size, provide a possible explanation for the variability
which is seen in the ice core record.

The overturning circulation strength Q depends on the
freshwater flux F to the North Atlantic, as in figure 2, with
two di↵erent stable equilibrium strengths for some values of
F (the definition of F is made more explicit below). This can
be described mathematically by supposing that, in equilib-
rium, F is a prescribed non-monotonic function f(Q) of the
overturning circulation Q. To be specific, and as in figure
2, we take the function f(Q) to be a simple cubic, centred
about the point (F0, Q0):

f(Q) = F0 + �(Q), (1)

where

�(Q) = b(Q�Q0)

(
1�

✓
Q�Q0

�Q

◆2
)
, (2)

and the values of b, Q0 and �Q are chosen to be

b = 0.01, Q0 = 20 Sv, �Q = 5 Sv, (3)

(both F and Q are measured in s Sverdrups, 1 Sv = 106 m3

s�1). These values are chosen to give a sensitivity between
Q and F comparable to that shown in the model results of
Ganopolski and Rahmstorf [2001] (their figure 1) for glacial
climates. The precise values and form of the function �(Q)
are not important.

Other things being equal, for a given value of F , the cir-
culation Q will approach equilibrium on either the upper or
lower branch of the curve (the middle branch, as usual in
such hysteretic curves, is unstable), and a very simple way
to represent this is to take the dynamics of Q to be governed
by the first order di↵erential equation

b⌧
dQ

dt
= f(Q)� F. (4)

Here ⌧ is a time scale which is representative of the rate
at which Q approaches equilibrium (this is because, for
Q ⇠ Q0, f

0(Q) ⇠ b).
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The mechanism of the oscillations found by Ganopolski
and Rahmstorf [2001] is then simply explained in terms of
figure 2. A prescribed slowly varying (on a time scale much
longer than ⌧) freshwater flux F will in turn reach the edge
of the warm and cool branches, at which point there is a
rapid transition to the other branch, as indicated by the red
and blue arrows. The red arrow indicates a sudden warm-
ing, and the blue arrow a sudden cooling, and this sequence
of transitions can very simply reproduce the general shape
of the D-O events shown in figure 1. As before, the ques-
tion arises as to what can cause the fluctuations of F . In
particular, the long duration (⇠ 1000 years in figure 1) is as-
sociated with the slow changes in F , while the rapid decadal
warming relates to the time scale ⌧ .

We now wish to incorporate the e↵ect suggested by Clark
et al. [2001], namely that varying meltwater runo↵ to the
North Atlantic can occur in association with fluctuations of
the ice margin. There are a number of inter-related consid-
erations here. Most simply, and this is our assumption, the
runo↵ R will depend directly on temperature, which itself
depends directly on oceanic circulation Q. To be specific, we
assume a linear dependence of R on AMOC via its assumed
dependence on temperature T :

R = R0 + � (Q�Q0) ; (5)

R0 is a suitable reference value, and � is a positive con-
stant. It is quite likely that this relationship is amplified by
large changes in the sea ice edge [Li et al., 2005], which are
needed to explain the magnitude of observed climate change
in Greenland; however for the simple formulation of this pa-
per, the sea ice changes are absorbed into the response of R
to Q. A complicating e↵ect is that on a slower time scale,
the ice margin will retreat in warm periods, and this will
have a bu↵ering e↵ect of reducing the ice available to melt;
however, while margin position will certainly a↵ect runo↵,
it seems reasonable to suppose that the margin responds to
warming on a much longer time scale than that associated
with the individual events, so that in the first instance we
do not consider this e↵ect further; see also the discussion
section.

A second complication arises due to the fact that advance
and retreat of the Laurentide Ice Sheet causes re-routing of
the drainage pathways [Clark et al., 2001], and this may
have a profound e↵ect on our model description; again, the
time scales should be long and the switching can be ignored
in terms of the dynamics of individual events, although it
is likely to be important in terms of long term variability in
D-O event occurrence.

Implicit in (5) is that the drainage is steady. Although
there is plenty of evidence that drainage from proglacial
lakes [Bretz , 1923; Clarke et al., 2004] and subglacial lakes
[Wingham et al., 2006; Fricker and Scambos, 2009] can be
unsteady in time, and this may have some bearing on the
variability of D-O events, we do not consider the unsteadi-
ness essential to the mechanism and, as such, do not account
for it in this analysis.

Before going further into the details of meltwater rout-
ing through the Arctic Ocean, it is worth considering what
would happen if the runo↵ R were delivered directly to the
North Atlantic, for example along the St. Lawrence valley.
In that case we could simply equate the runo↵ R with the
freshwater flux F that drives ocean circulation. The equi-
libria of (5) would be determined by the (possibly multiple)
solutions of F = f(Q) and F = R(Q), and Q will relax to
one of these equilibria on a rapid decadal time scale. While
the positions of the equilibria might change due to longer-
term changes (in ice-sheet extent, for example), and such
changes might result in the loss of an equilibrium on one or

other of the branches, there are no inherent D-O like oscil-
lations.

As discussed above, there are a number of modifications
one might make to this simple model, but the one we illus-
trate here is possibly the simplest, and takes account of the
fact that if meltwater is routed northwards by means of the
MacKenzie River, then the intervening Arctic Ocean acts as
a bu↵er in the delivery of the freshwater flux to the North
Atlantic, where it controls the AMOC. This can lead to a
naturally-occurring relaxation oscillation.

The situation we have in mind is illustrated in figure 3,
which is a simplified cartoon in the spirit of the box models
of Stommel [1961] and Johnson et al. [2007]. Fresh water
runs o↵ both to the Arctic and North Atlantic, and R is
split between a North Atlantic component RN and an Arc-
tic component RA:

R = RN +RA; (6)

these are balanced by net evaporative loss E in the North
Atlantic and other evaporative loss elsewhere. We assume
that Arctic runo↵ varies with AMOC by analogy with (5):

RA = R0 + � (Q�Q0) ; (7)

RN would have a similar dependence, but we ignore this, on
the basis of Condron and Winsor [2012]’s assertion that it
is the Arctic runo↵ which is important in determining Q.

We suppose the volume and salinity of the North At-
lantic are VN and SN , respectively, and those of the Arctic
are V and S. We assume the ocean volumes remain con-
stant, so that there is a net outflow from the Arctic equal
to RA, which is in addition to an exchange flow X, largely
through the Fram Strait. Additionally there is a net outflow
of RA +RN � E from the North Atlantic to the south.

The question now arises, what is the e↵ective freshwater
flux for this system? This is a slightly awkward question,
because the freshwater delivered to the Arctic is bu↵ered
before its delivery to the North Atlantic. The details are
discussed in appendix A, where it is shown that the e↵ec-
tive freshwater flux to the North Atlantic can be written as

RN

SN
RN − E

RA

RA

RA

S

Arctic

X

ice sheetE

North Atlantic

Q

Figure 3. Schematic of the model. Q is the AMOC
strength, and is an exchange flow from the North to the
South Atlantic; it varies due to an e↵ective freshwater
delivery to the North Atlantic F , and it controls north-
ern hemisphere temperature T . The freshwater flux F is
driven by Arctic runo↵ RA and is bu↵ered by mean Arc-
tic salinity S. RN denotes alternative meltwater runo↵
routes direct to the North Atlantic, and E denotes North
Atlantic evaporation. Ocean volume is conserved, which
results in a compensating flow RA + RN � E to lower
latitudes.
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Figure 1: Periodic solutions using (3) and (4) and values in Table 1. Solid line in
salinity plots shows SD, dashed line shows SF .

where VN is the volume of the North Atlantic. The salinity balance for the North
Atlantic is

VN ṠN = X(SD � SN) +RASF � (RA +RN � E)SN , (6)

where RN is runo↵ to the North Atlantic, and E is evaporation, and this leads after
some algebra to the expression

F = RN � E +
1

SN


(X +RA)(SN � SD) +

R2
ASD

K +RA

�
, (7)

which is comparable to (A5) of paleo; with X ⇠ 0.5 Sv, the two terms in square
brackets are comparable, so the two layer description enhances the runo↵ e↵ect on
the forcing.

The remaining equations, taken from the original paper, are

b⌧
dQ

dt
= �(Q)��F. (8)

�F = F � F ⇤ (9)

RA = R0 + � (Q�Q0) . (10)

These are solved, together with (7) and (4), to give the solutions shown in Figure
1. The solution looks very similar using the full equations (1) and (2), as shown in
Figure 2, rather than making the quasi-equilibrium approximation in (3) and (4).

R = �(Q�Q0)

R / Q

2

∆
 T

 [
 K

 ]

-5

0

5

Time [years]
0 1000 2000 3000 4000

S
 [

 p
p

t 
]

26

28

30

32

34

36

F [ Sv ]
-0.02 0 0.02

Q
 [

 S
v 

]

14

16

18

20

22

24

26
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where VN is the volume of the North Atlantic. The salinity balance for the North
Atlantic is

VN ṠN = X(SD � SN) +RASF � (RA +RN � E)SN , (6)

where RN is runo↵ to the North Atlantic, and E is evaporation, and this leads after
some algebra to the expression

F = RN � E +
1

SN


(X +RA)(SN � SD) +

R2
ASD

K +RA

�
, (7)

which is comparable to (A5) of paleo; with X ⇠ 0.5 Sv, the two terms in square
brackets are comparable, so the two layer description enhances the runo↵ e↵ect on
the forcing.

The remaining equations, taken from the original paper, are

b⌧
dQ

dt
= �(Q)��F. (8)

�F = F � F ⇤ (9)

RA = R0 + � (Q�Q0) . (10)

These are solved, together with (7) and (4), to give the solutions shown in Figure
1. The solution looks very similar using the full equations (1) and (2), as shown in
Figure 2, rather than making the quasi-equilibrium approximation in (3) and (4).
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Non-linear dynamical system - relaxation oscillation

Parameters estimated using current day values 

phenomenological model of hysteresis in ocean models

amplification by ocean and sea ice rolled into   
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where VN is the volume of the North Atlantic. The salinity balance for the North
Atlantic is

VN ṠN = X(SD � SN) +RASF � (RA +RN � E)SN , (6)

where RN is runo↵ to the North Atlantic, and E is evaporation, and this leads after
some algebra to the expression

F = RN � E +
1

SN


(X +RA)(SN � SD) +

R2
ASD

K +RA

�
, (7)

which is comparable to (A5) of paleo; with X ⇠ 0.5 Sv, the two terms in square
brackets are comparable, so the two layer description enhances the runo↵ e↵ect on
the forcing.

The remaining equations, taken from the original paper, are

b⌧
dQ

dt
= �(Q)��F. (8)

�F = F � F ⇤ (9)

RA = R0 + � (Q�Q0) . (10)

These are solved, together with (7) and (4), to give the solutions shown in Figure
1. The solution looks very similar using the full equations (1) and (2), as shown in
Figure 2, rather than making the quasi-equilibrium approximation in (3) and (4).
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salt balance for deep Arctic (fresher surface layer evolves more rapidly)
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Can we rationalise observed variability?
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Interglacials (no ice)
? LGM (Arctic melt pathway blocked)

A slow change of parameters can alter period of cycles, or 
produce steady (but ‘excitable’) states.

Reduced sensitivity of 
runoff to AMOC 

Increased background 
runoff

Clark et al 2001



Summary
Investigated a possible mechanism for D-O cycles, 
combining AMOC hysteresis and temperature-driven runoff

Self-sustaining oscillation - gives rise to regular ‘shape’ of D-O cycles

Relies on lengthy buffering effect of Arctic Ocean - lower exchange flux

Variable frequency, and lack of events during interglacials and during LGM, 
are naturally explained

Any evidence for lower exchange flux, or lower salinities? Or other relevant data?

Successes

Potential issues

Ideas (ice-sheet runoff & routing) need exploring in more comprehensive models to 
test whether this mechanism important

No sudden source of freshwater required (though could prolong cold stadials)


