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1. Background.
The spread of warmth to high latitudes in the Atlantic sector is due to a
complex ocean-atmosphere interaction, which includes the vast amount of
heat (about 1015 W) carried northward by the ocean’s Thermohaline
Circulation (THC). The THC consists of deep convection induced by surface
cooling at high latitudes, sinking to depth, and upwelling of deep waters at
lower latitudes, with horizontal shallow and deep currents connecting these
vertical flows. The deep convection and sinking in the North Atlantic (in the
Labrador and Greenland Seas) have no counterpart in the North Pacific
Ocean, where northward heat transport is consequently much weaker.
However, the Atlantic THC has not always been like today’s. Palaeoclimate
records prove that massive and abrupt
climate change has occurred in the Northern
Hemisphere, especially during and just after
the last Ice Age (Broecker and Denton, 1989,
Dansgaard et al., 1993; see also Broecker
1997, 2000; Marotzke, 2000), with THC
change as the most plausible driver. Similar
change might occur in the future. Model
results suggest that the human-induced
increase in the atmospheric concentration of
CO2 and other greenhouse gases will lead to a dramatic reduction in THC
strength in the Atlantic (e.g., Manabe and Stouffer, 1993; Rahmstorf and
Ganopolski, 1999; Wood et al., 1999), and both palaeo-climate records and
models suggest that the changes in the strength of the THC may occur
rapidly, in a few decades. The large scale and abrupt nature of these
changes will make adaptation to, and mitigation of, their impacts exceedingly
difficult in the regions affected, and our ability to assess the probability of
these changes is poor. While most climate models indicate that there will be
weakening of the THC, there is considerable spread between their projections
(see inset, from Rahmstorf, 1999, showing THC strength as simulated by
various climate research centres around the world), and at least one model
shows no change at all (Latif et al., 2000; not shown in inset).
2. Rationale for a new focus on Arctic-Subarctic Ocean Fluxes.
In the above statement, many of the areas of present uncertainty concern the
ocean, more specifically the ocean exchanges which connect the climaticallysensitive Arctic Ocean with the world ocean via the subarctic seas. Four
examples will illustrate how fundamental these areas of uncertainty are:
(1) Though a range of climate models suggest that greenhouse warming can
lead to THC weakening, these models all have relatively crude spatial
resolution in their oceanic components. It has never been demonstrated that
the THC can undergo dramatic weakening in ocean climate models of the

resolution and sophistication that we believe are needed to reproduce
quantitatively the observed features of ocean circulation, such as the
narrowness of fronts and boundary currents.
(2) The mechanisms believed to control the strength of the THC include: the
poleward flux of warm and salty Atlantic surface water; the freshwater flux out
of the Arctic; the speed and density of the deep overflows crossing the
Greenland-Scotland Ridge; open-ocean convection; mixing near the ocean
margins, including the sea surface; ice-ocean and atmosphere-ocean
interactions; freshwater input from the atmosphere and rivers. These
processes and transports are poorly observed and understood. For example
we have no measurements of the freshwater flux between the Arctic Ocean
and Atlantic by either of its two main pathways; we have new (VEINS)
measurements of the heat and salt flux to the Arctic Ocean but not yet of its
variability on any scale; we have a growing knowledge of the long-term
variability of the hydrography of the dense overflows which “drive” the THC
but only embryonic ideas as to their causes, etc. Understandably then, we
would take the view that these key mechanisms and processes are too
crudely represented in the present generation of climate models.
(3) Our present observations of the THC (in the North Atlantic or anywhere
else) are insufficient to detect whether it is changing. Thus a significant
weakening of the overturning cell in the North Atlantic may already be in
progress, unnoticed, for lack of an observing system. We propose one here
(Section 24).
(4) There is clear evidence that long-term hydrographic changes in the deep
northern overflows are causing hydrographic changes in the deep and
abyssal layers of the Labrador Sea ---- potential early warning signs of high
latitude effects on the THC. These changes are large and long-sustained---eg
the freshening of both dense overflows by between 0.01 and 0.02 per decade
for the past 3.5 decades. We do not yet have the model runs to tell us what
should happen to the deep and abyssal circulation if these tendencies
continue, yet the search for such a change has to be built in to our observing
strategy.
The high northern latitudes and the ocean fluxes that connect them to
adjacent seas are plainly not the only constituent parts of this problem. As
Nicholls points out in his “Competing theories” section below [Section 8], the
THC is driven globally by upwelling, downwelling and a strong component of
upper-ocean wind-forcing, and fluctuations in any one of these components
might affect the strength of the THC. [see, for example, Toggweiler and
Samuels 1995 for the role of the Southern Ocean windfield, or Latif et al 2000
for the role of the tropics in re-stabilising the THC under greenhouse warming
conditions]. Nonetheless buoyancy loss in the high northern high latitudes
and the factors that control it are still of a fundamental importance, are areas
of continuing ignorance and are becoming tractable by modern observing
systems. These then form the research focus of ASOF.

3 Antecedents.
This document represents the third step in the process of constructing a
science plan for ASOF. On 6 April 2000 in Cambridge UK, as a joint initiative
of the Arctic Ocean Science Board and the International Arctic Science
Committee, a discussion meeting on the Sustained Monitoring of Arctic
Fluxes was held during Arctic Science Summit Week, with three main
objectives. First, to discuss the palaeo and modelling evidence that THC
slowdown or shutdown has happened in the past and is likely to recur in the
future. Second, to begin to define the system of critical measurements that
will be needed to understand the role of the high-latitude oceans in decadal to
centennial climate variability. And third, to discuss ways of achieving the
coordinated long-term stamina in our funding that we will need if we are to
implement such a system across all the main gateways to/from the Arctic
Ocean over a period of a decade or more. (The 3 parts of this Report are a
continuing reflection of these three issues).
The scientific planning of ASOF was later advanced by means of a second
discussion meeting and workshop, held at the Norsk Polar Institut, Tromso on
21-24 September 2000, in conjunction with the H. U. Sverdrup Symposium.
Whereas the original meeting had focused on the fundamental questions “has
THC shutdown happened before”; “Are we right to assume it can recur?”, the
Tromso workshop had the aim of providing a more complete description of
required observing system, with preliminary costs, and with some results in
support (where these exist).
Throughout this evolution, discussion has been guided by a sequence of socalled “Strawman” circulated in advance and intended to provide a concise,
modern and expert view of the issues discussed. In this, the third and last of
these Strawmen, we now repeat the expert contributions submitted to each of
the Discussion meetings, revise the plan in the light of the Tromso discussion,
and expand the text to plug perceived gaps.
4. Completion
This document as it stands is not yet a Science Plan but is perhaps a first
draft of one. The following in particular require upgrade:
• Its costs form only the most basic guide to the costs of an ASOF
programme. There are a number of reasons for this. First, with an eye to a
programme of a few decade’s duration, the costs quoted are usually the full
set up costs of an array even where the array in question already exists and is
in place. Second, several key systems are in prototype form and require
comparative trialling in the field before the optimum system and its costs can
be selected; the several versions of cheap, profiling CTD for sub-ice
assessment of freshwater flux (see sections 14, 18, 19 and 20) are a case in
point. Third, the barotropic nature of the flows through certain important
passages (eg Fram Strait; Section 12 below) may mean that it may be
possible to substitute existing current meter arrays with a few bottom pressure

gauges, at a considerable saving in cost but only after parallel tests of both
systems.
• Model experiments will be important in finalising the design of the
observing system, but are not yet completed. To give three examples, the
BIO finite element model may help optimise the positioning and thus minimise
the requirement & cost of moored equipment in measuring the flow through
the complexities of the Canadian Arctic Archipelago (Sections 19, 18).
Second as already mentioned, the issue of what changes might be expected
in the deep circulation of the North Atlantic if both overflows continue to
freshen at present rates is an issue important to the design of an observing
system south of the Greenland-Scotland ridge; such experiments have not yet
been run. And since we have no direct observations of the freshwater flux
passing south to the North Atlantic by either of the main pathways (through
the CAA and along the East Greenland shelf), model output may be our only
aid in designing an observing system appropriate to their time-dependence.
5. The essence of ASOF: what it is; what it’s not.
It goes without saying that ASOF makes no pretensions to be making first
steps in the study of oceanic fluxes to and from the Arctic Ocean, or in
recognising their significance. The pioneering early flux measurements were
made in the Bering Strait and Fram Strait as early as the mid-60s to mid 70s,
and a whole group of existing programmes [e.g. the US Study of
Environmental Arctic Change (SEARCH), the WCRP Arctic Climate Systems
Study (ACSYS), the EC-VEINS, and -MAIA and projects, and the UK-Norway
Initiative] are now engaged in or plan their extended study. Our aim is to
make progress towards establishing a long-term co-ordinated system of such
measurements around the Arctic.
The long term and circum-Arctic nature of ASOF may also need explanation,
but is easily defended. Simply that in our longest time-series, the 2-way
oceanic exchanges between the Arctic Ocean and North Atlantic via Nordic
Seas have been shown to be both a means by which climate change is
imposed on one of the most climatically-sensitive zones on Earth (the icecovered Arctic Ocean), as well as a means by which Arctic change is passed
to lower latitudes, and the scales of change that dominate these records are
plainly multi-annual to decadal. Further, the studies by the Seattle Group that
have motivated the SEARCH program in particular have provided clear
evidence that recent changes in the marine climate of the Arctic Ocean are
pan-arctic in scale and ---at least in part---- reflect a changing balance
between Atlantic and Pacific influences. Coupled with the fact that the most
advanced models now suggest that the ocean fluxes through different Arctic
gateways may be linked in their time-dependence (Murley et al 1998), it
makes sense to make these measurements at the same time. Thus a longterm and co-ordinated system of ocean flux measurements at all of the
entry/exit points to the Arctic Ocean is seen to be central to the purpose of
ASOF. We cannot entirely restrict our attention to “Arctic gateways” however.
In a program concerned with slowdown or shutdown of the THC, some part of
our observing system must be directed to measuring the rate of the
meridional overturning circulation of the North Atlantic south of the

Greenland-Scotland Ridge. Thus the proposed ASOF observing system
extends south to 25ºN (see Section 24). It would be myopic also to ignore the
Labrador Sea as the site through which all the deep and bottom waters that
“drive” the THC must pass, and we devote a considerable observing effort to
that site (see the merged Sections 23 &24). At least initially, the appropriate
emphasis in making our long observational series is seen to lie in “keeping
pace with” change rather than its prediction, while generating the data sets
and time-series needed to develop the predictive skill of climate models.
Circum-Arctic does not mean pan-Arctic. That is to say, there is no intention
that ASOF should compete for funding with existing large scale programmes
that cover the Arcic Ocean itself such as SEARCH or ACSYS but every
intention that it should complement these. SEARCH has a very much broader
brief, being concerned with all aspects of Arctic environmental change
including atmospheric, oceanic and terrestrial changes, their interactions and
their socio-economic effects. As part of its broad interest in Arctic climate,
SEARCH of course has identical interests to ASOF in assessing how Arctic
change might reach south via subarctic seas to affect the global thermohaline
circulation, but this simply means that ASOF is best regarded as a subset or
contributory component of SEARCH, not that their programs would be
duplicated.
As the discussion meetings have evolved, the ASOF plan has certainly
increased in complexity and may not all be affordable. Nonetheless, one
reassuring point, not evident at the outset, is that almost all of the techniques
needed to make the necessary measurements now seem available or are in
prospect. The development of the Watson compass for measuring flow
directions close to the north magnetic pole (Section19), the emergence of a
range of cheap profiling CTD systems capable of sub-ice hydrography
(Sections18-20), the successful trials of sea-glider systems in the past
summer giving the prospect of enriching our sparse moored arrays and shipbased hydrography at realistic cost (Sections 22 & 23) mean that this is
possibly the first time that much of ASOF might be achieved. Only two parts
of the programme seem inaccessible (marked by red question marks on the
cover-map):- the measurement of ice flux along the Labrador shelf (Sections
22 & 23) where moorings are scoured by icebergs and trawlers, and the
measurement of flows through the NE Barents Sea, where the techniques are
proven but the problem is one of access. Neither is necessarily
insurmountable.
6. Funding.
With so much of the ASOF agenda now technically achievable, the greater
problem may concern the vital issue of how we might achieve the necessary
coordination and stamina of funding. In the final session of the Cambridge
meeting, representatives of a range of funding agencies were at least partly
successful in developing new ideas as to how such measurements might be
coordinated across the Arctic and given a greater longevity than is normal for
such projects, and the evolution of these ideas continues (Section 33 below).
Its not a point we feel inclined to give up on. Longevity in these observations -

--at least one decade, perhaps two---- is seen to be the key to progress. The
following recent quotations make the exact point:
"There is another unbalance. We need longer, systematic time series. There is
not much glory in collecting time series. People who do are not much
appreciated, whether in government or in Universities. Perhaps industry is better
suited. But our climate predictions will become reliable only after testing, and
testing means long time series. If we can handle these problems, more sea truth
and more systematic ocean time series, then the next ten years will show great
progress”.
Walter Munk, Oceanology International 2000
“Most important, we must be able to demonstrate that our models accurately
simulate past and present climate change before we can rely on models to
predict the future. To do that, we need long-term records. Climate simulation and
prediction will come of age only with an ongoing record of changes as they
happen….Climate simulations can never move out of the realm of good guesses
without accurate observations to validate them and to show that models do
indeed reflect reality.
Climate change is happening now and more change is certain. We can act to
slow it down and we can sensibly plan for it but at present we are doing neither.
… The need for greater computer power and for more sophisticated
understanding of the nuances of climate interactions should be relatively easy to
overcome. The real stumbling block is the long-term commitment to global
climate monitoring. How can we get governments to commit resources for
decades of surveys ……?”
Thomas R. Karl and Kevin E. Trenberth, Scientific American, December 1999.

7. Next Steps.
The initial discussion phase is all but ended, though this document will be
placed on both the SEARCH and Norsk Polarinstitutt websites to field further
input, comment and correction. Continuation to implementation will require
the following additional steps:
• Establish an ASOF SSG and Website
• Complete Science Plan, including links to national programmes
• Plan next meeting in USA during 2001.
• Establish mechanisms for ..….model based design studies
proving trials
proposals
data management
project modelling
international coordination (science)
international coordination (funding)
• Euroconference (2002?)
• Set implementation date (2003?).
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Section A: Did
THC shutdown
happen before?
Are we right to
believe it may
happen again?

1. Freshwater influx effects on shutdown of the N. Atlantic MOC in the last 20,000 years
by I.N. McCave, Dept of Earth Sciences, University of Cambridge.
The principal data which initially suggested change in the MOC are proxies for the nutrient
status of deep water, δ13C and Cd/Ca, measured in benthic foraminiferal calcite. This revealed that
at the glacial maximum, the N. Atlantic was flooded with nutrient-rich water up to depths of ~2000
m in the S. Iceland Basin/Rockall Trough. Nutrient richness of deep water is acquired by age
(having had much decaying organic matter sink) and thus the interpretation was that the MOC had
weakened, allowing nutrient-depleted LNADW from the Nordic seas to be replaced by older
AABW-like waters from the south. The data are simply property distributions with no dynamical
information content, but the interpretations are supported by increased carbon-14 age differences
between surface and bottom waters relative to modern values suggesting less vigorous overturn.
There are now some grainsize data (indicative of flow speed) corroborating some of the postulated
decreases in MOC strength.
The existence of meltwater spikes in North Atlantic surface waters is inferred from oxygen
isotope data from surface water foraminifera. Sea surface temperature (SST) is estimated
independently (from species abundances or Mg/Ca ratios) and the temperature and global ice
volume effects on total δ18O (Fig.1) are subtracted, leaving a δ18O signal representing local surface
salinity changes. (See data from core SU81-18 off Portugal at 3135 m from Duplessy et al.,
Nature, 358: 485-7, and Paleoceanography, 8: 341-50, Fig.2). Two meltwater spikes (high flux
events) are also inferred from the detailed record of sea-level change during deglaciation
(Fairbanks, Nature, 342: 637-42, shown on Fig.3). Reduced sea surface salinity (SSS) is also
associated with Heinrich events, episodes of massive input of icebergs which then melt, lowering
salinity. The low SST and low SSS at ~14.5 ka (14C years) in Fig. 2 coincides with Heinrich event
1 (H-1), and low SSS is also found farther offshore (51°N 22°W) at this time (Maslin et al,
Paleoceanography, 10: 527-44). The YD cooling and end YD meltwater event is manifest in the
grainsize (proxy for flow speed) record at 1833 m off N. Portugal as declining flow during the
cooling phase, and apparent collapse of the circulation during the warming and meltwater spike at
the end of the YD (Figs.4,5). There is no effect at this site due to the Heinrich event (Hall &
McCave, submitted EPSL).
At Bermuda Rise, Keigwin et al. (J. Geophys. Res., 96: 16811-26) identify 4 δ18O events (2
low, b, c, and 2 high, a, d, Fig.6), which correlate with 4 high nutrient events. These are
interpreted as shutdown/weakening of the MOC resulting from meltwater input either south (b, c) or
north (a, d) of the polar front, Fig.7. Event a corresponds to H-1 and d to the Younger Dryas. The
nutrient pulse occupies all of the YD, but the sharp velocity shutdown recorded at shallower depth
off Portugal (Fig.5) occupies the end of the YD. Events a and d with high δ18O are thought to be
due to surface cooling from meltwater input. Events b and c are thought to be due to low salinity
from meltwater input from the Gulf of Mexico.
The grainsize record (McCave et al., Nature, 374: 149-152; Manighetti & McCave,
Paleoceanography, 10: 611-26; Haskell et al., Paleoceanography, 6: 21-31) shows pronounced
lows at the Last Glacial Maximum (LGM), after termination 1A (in both NADW and "AABW"
indicating weakening of the whole system), and in the Younger Dryas, but the correlation to other
sites, dependent on C-14 dating is insufficiently precise to match grainsize to events a-d with
certainty (Fig.8). The strong shutdown at 14-13 ka may well correspond to the Gulf of Mexico
meltwater event b. The YD event appears to be manifest in shallower depths (2777 m, core BOFS
10K) but not below 4000 m where southern source water was unaffected (4045 m, core BOFS 8K).
There are several cases where sharp decrease of the vigour of the MOC is associated with
meltwater input during deglaciation, but we do not yet have good records from the central depths of
the main water masses at several locations.

2. What is the range and consensus of present models on how
the THC is expected to change with rising CO2,
and what are the control variables?
Richard Wood (Hadley Centre, The Met. Office, Bracknell, UK)
1. How important is the THC for climate?
GCM results suggest that a collapse of the THC would lead to cooling of surface air
temperature throughout the Northern Hemisphere and warming in the Southern
Hemisphere (Fig. 1b), significant decreases in precipitation and soil moisture over
Eurasia, N. Africa and Australia, southward movement of the ITCZ and weakening of
the Indian monsoon.
2. What is the range of model projections?
GCMs suggest an intial weakening of the THC in response to greenhouse gas
forcing. However, the weakening ranges from 0% (ECHAM4/OPYC) to 70% (GFDL)
by 2100. Based on Fig. 1b and assuming a linear relation of air temperature to THC
strength, this suggests, e.g. an uncertainty of order 2°C in climate projections for W.
Europe in 2100 (compared with a projected greenhouse gas warming of order 3°C),
arising from uncertainties in the THC response alone. No GCMs project a complete
THC collapse over the next century, and all models show a warming nearly
everywhere at 2100 (GHG warming overcomes cooling due to weakening THC).
However if a THC collapse occurred in, say, 2050 (because the models have their
Stommel threshold point in the wrong place), W. Europe and E. Canada could see a
cooling, and Australia a stronger than expected warming (Fig. 1c).
No GCM to date has shown a permanent THC collapse in response to greenhouse
gas forcing, although in the GFDL model the THC drops to a few Sv at 4 times
preindustrial CO2 concentrations, and only recovers after 1000 years (Manabe &
Stouffer 1999b). In general, more complex models such as GCMs seem more stable
than simpler models, but this statement remains subjective and poorly understood.
Permanent collapses, analogous to passing the Stommel threshold, have been seen
in intermediate complexity coupled models (Stocker and Schmittner 1997, Rahmstorf
and Ganopolski 1999). With realistic CO2 scenarios such collapses have occured
around the mid-22nd century. The possibility of such a collapse would have a
profound influence on the development of CO2 stabilisation scenarios. In the Stocker
and Schmittner model, whether a collapse occurs depends not just on the stabilised
CO2 concentration, but also on the rate at which the stabilised concentration was
reached (faster increase favours a collapse).
In many GCMs the THC begins to recover if greenhouse gas concentrations are
stabilised. In some cases the THC recovers to stronger flow than present.
3. What are the key control parameters?
There are very many processes and parameters which control the response of the
THC to greenhouse gas increase, and its stability. The processes are not yet fully
understood in the models, and many of these factors are poorly defined from
observations.

The Nordic Sea overflows seem to exert a stronger influence on large-scale THC
changes than the Labrador Sea Water (LSW). In HadCM3, LSW production ceases
early in the 21st century in response to GHG forcing, but Denmark Straits Overflow
Water (DSOW) keeps going and overall the THC weakens by less than 25% (Wood
et al 1999). This supports earlier modelling results of Doescher and Redler (1997),
who also showed that if the DSOW weakened, then LSW would exert a stronger
control on the THC. In HadCM3, the density contrast between the DSOW and the
North Atlantic Deep Water (NADW) at 30°S in the Atlantic appears to be a strong
control variable for the THC (Fig. 2). Compare the recent observed record (and the
HadCM3 control run), in which large variations in LSW production have produced
observable, but not strong, variations in THC strength.
The initial THC weakening shown by most models is due to both thermal and water
forcing (high latitude warming and freshening). However the relative importance of
the two mechanisms varies between models. In the GFDL model fresh water forcing
dominates, whereas in the ECHAM3/LSG model it is decreased cooling due to the
warming atmosphere. Gross measures of these processes are the 'climate sensitivity'
(global mean equilibrium warming in response to CO2 doubling) and 'hydrological
sensitivity' (increase of fresh water flux into N. Atlantic per °C or warming) of the
models. Both parameters vary widely between different models.
The mean fresh water forcing of the N. Atlantic also influences where the THC lies on
the Stommel stability diagram (Rahmstorf 1996). Fresh water budgets are poorly
constrained by observations and are only just beginning to be assessed in climate
models.
THC response has been shown to be sensitive to the diapycnal diffusivity Kv. Larger
Kv results in a stronger and more stable THC (Manabe & Stouffer 1999a).
Some climate models use unphysical 'flux adjustments' in order to preserve a stable,
accurate surface climatology. Flux adjustments do not, however, correct underlying
processes and feedbacks which may have been responsible for the original errors,
and may introduce spurious multiple equilibria (Marotzke and Stone 1995, Dijkstra
and Neelin 1999).
Figure Captions:
Fig. 1 (a) Change in surface air temperature in 2050 (relative to present) in a coupled
climate model (HadCM3) forced by a realistic scenario of greenhouse gas increase.
(b) Change in surface air temperature in HadCM3 resulting from a collapse of the
THC at constant greenhouse gas concentration (induced by fresh water input). (c)
the sum of (a) and (b); comparing (c) with (a) gives a feel for the errors in climate
projections if an unexpected THC collapse occurred. (Courtesy M. Vellinga, Hadley
Centre).
Fig. 2. Relative change in THC, plotted against relative change in the density
difference between the DSOW and the NADW at 30°S, from a number of runs of the
HadCM3 model forced by a variety of greenhouse gas scenarios (up to 24x
preindustrial CO2). (Courtesy R. Thorpe, Hadley Centre)
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3. The Atlantic surface freshwater flux balance and thermohaline shutdown
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1.1

Hysteresis and lessons of the past

The freshwater balance in the North Atlantic is one of the major components that governs the strength
of the thermohaline circulation (THC). The THC is driven by atmosphere-ocean fluxes of heat and
freshwater: in high latitudes surface waters are cooled and lose buoyancy. On the other hand, there is
excess precipitation which increases buoyancy. The competition of these two effects, which activate
very different feedback mechanisms in response to a change, gives rise to the possibility of large
changes in the thermohaline circulation. Stommel (1961) showed that different removal times of sea
surface temperature and salinity anoamlies result in two very different circulation modes. Following the
pioneering work of Bryan (1986), many ocean only models (Stocker and Wright, 1991; Mikolajewicz
and Maier-Reimer, 1994; Rahmstorf, 1994) and coupled climate models (Manabe and Stouffer, 1988)
have confirmed earlier hypotheses that the ocean-atmosphere system has more than one stable mode
of operation (Broecker et al., 1985). The obvious statement is that this system, like many nonlinear
physical systems, may exhibit hysteresis (Stocker and Wright, 1991): for certain values of a control
variable the system may have more than one permissible values of a climate variable (Figure 1).
Numerous modelling studies have demonstrated that the Atlantic surface freshwater balance is a key
control variable; sea surface temperature in the North Atlantic would be one possible climate variable.
The existence of hysteresis implies various different possibilities how the system can respond to
changes in the control variable. More freshwater in the sinking regions reduces the THC. The system
is stable and reacts in a linear fashion as long as threshold values are not crossed (Fig. 1a). An abrupt
change with an amplitude that no longer scales with the perturbation occurs if a threshold or critical
value is crossed (Fig. 1b). If the initial state of the ocean-atmosphere system is a unique equilibrium,
the system jumps back to the original state once the perturbation has ceased: the abrupt change is
reversible. However, if other equilibria exist, the perturbation causes an irreversible change (Fig. 1c).
Hysteresis is well known in climate models and considered a robust feature, but its structure is highly
model dependent. A burning question is: where are we now on the hysteresis, what is its structure
and how close is the threshold?
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Figure 1: Schematic representation of hysteresis behaviour of the deep circulation in the ocean. A
given perturbation in the control variable (blue and red arrows) causes transitions from state 1 to 2 and
3. Three structurally different responses of the system are possible: (a) linear, reversible response if a
critical threshold value (denoted by the dashed line) is not crossed. If the threshold is crossed, the
response falls in two classes: (b) non-linear, reversible response. (c) non-linear, irreversible response
(from Stocker and Marchal, 2000).
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Without our detailed knowledge of past climate change and the frequent occurrence of abrupt swings
in the North Atlantic climate, we would not be convinced that abrupt climate change is only of
academic interest. The ice core records in Greenland (Dansgaard et al., 1993; Alley, 2000), and many
other paleoclimatic archives (for a review see Stocker, 2000), however, tell a compelling story of
dramatic changes that involved temperature changes in Greenland in excess of 15°C (Lang et al.,
1999) and up to 5°C (Sachs and Lehman, 1999) in the subtropical Atlantic within a few decades.
Currently, the only theory that is consistent with most of the regional and interhemispheric
paleoclimatic evidence is that these changes are associated with large and rapid changes of the
Atlantic THC (Stocker, 1998).
Many processes in the climate system influence the freshwater balance: precipitation, evaporation,
continental run-off, discharge from ice sheets, sea ice formation and sea ice export (Aagard and
Carmack, 1989). All these processes are present in the high-latitude Atlantic ocean through the
dominant presence of storm tracks, large rivers surrounding the Atlantic basin (including the
Mediterranean influencing the salinity balance of the North Atlantic), and the connection to sea ice
producing and exporting areas such as the Arctic and GIN Seas and the Hudson Bay/Labrador Sea
area. In the distant past, there was one more important process that influenced the surface freshwater
balance: ice sheets and potentially unstable ice streams around the North Atlantic were powerful
agents to modify the amount of freshwater as is testified by the ubiquitous presence of layers of ice
rafted debris in marine sediments (Bond and Lotti, 1995). We have no evidence from the climate
record that such dramatic changes have occurred during the last 10,000 years. Recently, however,
also weaker events such as the cooling 8200 years before present (Barber et al., 1999) and the Little
Ice Age (Broecker, 2000) have been linked to a possible reduction of the Atlantic THC.

1.2

Simulations of the future: competing feedbacks

Given the relative stability over many millennia, one may wonder why the Atlantic THC is of any
interest now. It turns out that anticipated global warming, caused by anthropogenic emission of
greenhouse gases, is another process that influences significantly the surface freshwater balance of
the Atlantic ocean (Manabe and Stouffer, 1994). There are destabilizing and stabilising feedbacks with
respect to the THC. When air temperature rises, surface waters in the high latitudes also tend to warm
up. This decreases surface density and reduces the THC, high-latitude amplification adds to this
effect. In addition, the hydrological cycle may be enhanced in a warmer atmosphere because of
increased evaporation, larger atmospheric moisture capacity and increased meridional transport of
latent heat (Dixon et al., 1999). Both these effects tend to reduce the THC because they decrease
surface water density. The majority of coupled climate models indicates a reduction of the THC from
10% to 50% under increasing CO2 concentration in the atmosphere for the next 100 years (Rahmstorf,
1999). A recent coupled simulation (Wood et al., 1999) exhibits regional differences in the response to
warming. The flow across the Greenland-Iceland ridge is insensitive to the warming and appears to be
controlled by other processes, whereas sinking in the Labrador Sea stops and thus modifies the
density of deep water and reduces total meridional overturning. While all these models point towars a
reduced THC under global warming, there is one notable exception. A stabilizing process for the THC
has recently been suggested based on a coupled climate model (Latif and Roeckner, 2000).
According to this model, and in agreement with reanalyis data (Schmittner et al., 2000), El Niños are
associated with an increased atmospheric freshwater export from the tropical Atlantic which tends to
make surface waters flowing northward in the Atlantic saltier and stabilise the Atlantic THC. However,
this new feedback must be investigated with other comprehensive climate models. Furthermore, a
stabilizing effect associated with possible ENSO mode-locking does not exclude a, perhaps delayed,
crossing of thresholds of the Atlantic THC.
Model simulations with different climate models suggest that the maximum concentration of CO2
constitutes a threshold provided theTHC has a second equilibrium state (Manabe and Stouffer, 1993;
Stocker and Schmittner, 1997). In these simulations the threshold lies between 2× and 4×CO2
concentration, but the existence of the threshold and its value strongly depend on the climate
sensitivity of the coupled model, the details of the hydrological cycle and other parameterizations as is
evidenced by the fact that the THC in the model of Wood et al. (1999) is reduced but does not
collapse. Because of the interplay between the limited rate of buoyancy uptake, strongly linked to the
representation of mixing processes in ocean models, and the forcing, also the rate of CO2-increase is
determining whether or not a threshold is crossed: the ocean-atmosphere system appears less stable
under faster perturbations (Stocker and Schmittner, 1997; Stouffer and Manabe, 1999).
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The structure of the oceanic reorganisation beyond the threshold, modeled in models of different
complexity, is very similar: the Atlantic THC ceases and deep ocean ventilation stops (Manabe and
Stouffer, 1993; Schmittner and Stocker, 1999). This leads to a reduction in the meridional heat
transport in the Atlantic, and hence a regional cooling is superimposed on the global warming. It
depends on the model’s climate sensitivity whether the combined effect leads to a net warming or net
cooling in the regions most affected by the meridional heat transport of the Atlantic THC. In addition,
such reorganisations would have a profound impact on the north-south distribution of the warming as
well as on sea level rise (Knutti and Stocker, 2000).

1.3

How close are we to the threshold?

Coupled climate models are computationally expensive, and parameter studies or ensemble
experiments are still beyond current computational capabilities. However, climate models of reduced
complexity are suitable tools to explore parameter space and indicate whether certain results are
robust. Using a zonally averaged ocean-atmosphere model, it was shown that the threshold for a
complete collapse of the THC not only depends on the warming but also on the rate of warming
(Stocker and Schmittner, 1997). Faster atmospheric warming reduces sea surface density more
efficiently because the downward transport of heat in the ocean is limited by vertical mixing processes
(Fig. 2). Proximity of the threshold therefore also depends on the warming history and can thus, to
some extent, be controlled by the emission of greenhouse gases. Results using the models of reduced
complexity demonstrate that the thresholds lie within the range of warming that is expected to be
realised under business-as-usual in the next 100 years or less. However, these models also indicate
that climate sensitivity, i.e. the realised atmospheric warming, is important in determining the location
of the threshold. As this quantity itself is uncertain, estimates range from 1.5 to 4.5°C, prediction of this
threshold is not possible yet. Currently, we are unable to give a scientifically based answer to the
question "How close are we to the threshold?".

Figure 2: Threshold concentration of atmospheric CO2 (in ppmv) beyond which the Atlantic
thermohaline circulation breaks down permanently as a function of the equilibrium surface air
temperature difference for a doubling of CO2 and the rate of CO2-increase in % per year. As for any
climate model, the actual values depend on model parameters (from Stocker and Schmittner, 1997).

1.4

Concluding remarks
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A collapse of the Atlantic THC in response to global warming is a fundamentally non-linear process.
As such, there are inherent limitations to predict such transitions. Ensemble simulations with
comprehensive coupled AOGCMs will be necessary to constrain identified threshold variables such as
the maximum atmospheric CO2 concentration, or the rate of CO2-increase. Major uncertainties are
associated with the vertical transport of heat in the ocean interior, i.e. the removal of buoyancy through
mixing processes and their representations in these models, as well as the parameterisation of deep
water formation processes. Similarly, the meridional transport of freshwater in the atmosphere and the
net change in the surface freshwater balance over the North Atlantic are decisive in determining
whether or not a nonlinear transition is triggered. Finally, the role of sea ice and continental runoff is
shown to be important, but sensitivity studies have not been performed so far. The above problems
must be investigated with a suite of comprehensive, coupled models, preferrably at the highest
possible resolution. Complementary to this effort, extensive sensitivity studies must be performed with
well-tested models of intermediate complexity (zonally averaged models, statistical dynamical models,
3D ocean models, coupled to simplified atmospheres). They should map out parameter space,
discover potentially important stabilisation or destabilisation processes including thresholds and
investigate fundamental dependencies of these threshold quantities.
Based on our present knowledge of the climate system, the following results appear not to depend on
model type, resolution and parameterizations:
1. the Atlantic THC has multiple equilibria but their number is strongly dependent on the specific
model and its parameters;
2. hysteresis behaviour is ubiquitous and implies the existence of threshold values and the possibility
that responses to perturbations may be irreversible;
3. reorganizations of the THC can be triggered by changes in the surface buoyancy balance (heat
and freshwater fluxes). They may be irreversible or reversible depending on the specific model;
4. models greatly differ in their estimate of stability threshold values and preclude, presently, a
prediction of such values. On the other hand, models indicate that such thresholds clearly cannot
be excluded and that they do not necessarily lie outside the range of simulated climate changes of
the next century.
For these reasons it is urgent to start a process of outlining possible observation strategies which
allow us to forsee, with sufficient lead time, whether bifurcations are ahead. In a few years, highresolution coupled models should be able to point at those areas which show distinctive early changes
of possible THC reductions or shut-downs. As most current simulations show a reduction of the THC
that evolves on the time scale of the warming but not faster, a high-latitude, surface and interior ocean
observation system will be an indispensable tool in the decision process on climate mitigation
strategies. At the same time, a concerted modelling effort is required with the aim of increasing the
grid resolution and improving on the representation of crucial high-latitude processes such as sea-ice
formation and transport, deep water formation and atmosphere-ocean interaction.
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4. Evidence of MOC slowdown linked to Fram Strait ice flux in the VEINS model

Rüdiger Gerdes
Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany

The VEINS model was used to investigate long term fluctuations of transports through the passages connecting the Nordic Seas with the Arctic and Atlantic Oceans. We use two versions of the
model that differ in resolution and model domain. The basic VEINS model has 0.25o resolution in
the horizontal on a rotated spherical grid (pole at the geographical equator at 60oE). It covers the
subpolar North Atlantic, the Nordic Sea, and the complete Arctic Ocean. It has 60 levels in the
vertical. To provide boundary conditions and to allow long integrations we use a coarser resolution version with 1° resolution and 19 levels that covers the whole Atlantic north of 20oS. Both
models include a dynamic-thermodynamic sea ice model, employ the FCT scheme for tracer
advection, and are forced with reanalysis data from NCAR/NCEP and ECMWF.
Arctic sea ice volume and thermodynamic growth exhibit long term fluctuations. Ice export time
series from the Arctic contain extreme events like the export preceeding the Great Salinity Anomaly and the recent 1994/95 event.The latter compares very well with the estimates of Vinje et al.
who used direct ice thickness measurements in Fram Strait. The figure below shows the standard
deviation of North Atlantic meridional overturning that is associated with Fram Strait ice export
for different time lags. Each panel can be interpreted as the lagged linear response of the overturning to a Fram Strait ice export anomaly of one standard deviation above the mean. The panel for
five years lag shows the strongest weakening of the overturning. This suggests a response of deep
water formation and sinking in the Labrador Sea five years after maximum ice export from the
Arctic. Since ice export varies by several standard deviations, the total response in overturning is
around 2 Sv after the large export events. The time delay between ice export and overturning is
due to the travel time of the sea ice and its melt water product from Fram Strait into the Labrador
Sea. It is comparable to observed travel times during the Great Salinity Anomaly. Once the fresh
water has arrived in the Labrador Sea, the large scale response of the overturning is very rapid,
communicated by western boundary topographic waves. The effect of fresh water anomalies in

Fram Strait on large scale overturning via changes in Labrador Sea convection can also be shown
in idealized numerical experiments.

5. Impact of flow through the Canadian Archipelago on the North Atlantic and Arctic
thermohaline circulation: an ocean modelling study.
Martin R. Wadley and Grant R. Bigg, University of East Anglia, Norwich, UK.
Ocean models used in climate studies by necessity have relatively coarse resolutions, and do
not resolve narrow seaways, such as that between the Arctic Ocean and Labrador Sea via the
Canadian Archipelago (eg Wood et al., 1999). However, it is estimated that 0.7Sv (Rudels, 1986) to
1.7Sv (Fissel et al., 1988) flows from the Arctic to the Labrador Sea. Using the upper estimate of
1.7Sv Aagaard and Carmack (1989) estimated a net freshwater flux through the Canadian
Archipelago of 0.03Sv. This fresh water flux acts to reduce salinity in the Labrador Sea, making
convection more difficult to initiate. Together with the major deep water sources of other convection
sites north of the Greenland-Iceland-Scotland Ridge, the deep water formed in the Labrador Sea
contributes to the North Atlantic Deep Water which flows southwards in the Atlantic as part of the
global thermohaline circulation. Without representation of the fresh water flux through the Canadian
Archipelago in ocean models the resultant higher salinities within the Labrador Sea would lead to
excessive convection, and thus a stronger thermohaline circulation than in reality.
Goose et al. (1997) performed a sensitivity test on the impact of the Canadian Archipelago
throughflow on the Atlantic overturning circulation. Using a model with 3o resolution they found that
opening the Canadian Archipelago resulted in a flow of 1Sv to the Labrador Sea. The Atlantic
overturning circulation weakened by 2.5Sv (10%) compared to the run with the Canadian Archipelago
closed. The export of North Atlantic Deep Water across 30oS only decreased by 5%. However, these
simulations were forcing by bulk aerodynamic formulae, which give excessively strong thermal
coupling between the prescribed atmosphere and ocean. In addition, relaxation to surface salinity was
used to prevent salinity drift. These factors act to compensate for difference between real and
modelled fluxes of heat and fresh water, and therefore may reduce the model’s sensitivity to flow
through the Canadian Archipelago.
Here, we present results from an ocean GCM which uses a curvilinear grid to give increased
resolution in the North Atlantic and Arctic. It is based on the Southampton-East Anglia ocean GCM
(Beare, 1998), and also has isoneutral diffusion (Griffies et al, 1998), a free surface (Webb, 1996)
which has been adapted to allow correct addition/removal of fresh water. Hence there is no flux of salt
across the sea surface. The surface fresh water flux is taken from Oberhuber (1988), and 0.2Sv is
added uniformally to the Arctic to represent runoff. The surface heat flux is also derived from
Oberhuber (1988), but applied via restoring to an apparent atmospheric temperature, with a coupling
strength of 15Wm-2K-1. This allows the sea surface temperature to respond to perturbations in heat
flux with a sensitivity appropriate at the scale of ocean basins (Rind et al., 1986).
The model was first run with the Canadian Archipelago closed. The Atlantic overturning peaks
in strength at 34Sv, although only 15Sv are exported through 30oS (Figure 1). Surface salinities in
the Labrador Sea are ~35.5psu, much higher than the ~33psu observed. With the Canadian
Archipelago open, the Atlantic overturning reduces in strength to 22Sv, although 14Sv is still exported
across 30oS. Surface salinities in the Labrador Sea reduce to 33.5psu, in better agreement with
observations. Opening the Canadian Archipelago decreases the advection of Arctic surface waters to
the Nordic Seas, warming surface temperatures (Figure 2). The southern Labrador Sea cools strongly
as the influence of Atlantic Water is diminishes. With our more physically realistic surface forcing we
find a much greater sensitivity of the overturning circulation in the North Atlantic to flow through the
Canadian Archipelago, but export of deep water out of the Atlantic is little changed.

Figure 1. Atlantic overturning stream function with Canadian Archipelago closed (left) and
open (right). The contour interval is 2Sv.

Figure 2. Sea surface temperature difference for (open - closed) Canadian Archipelago. The
contour interval is 2oC. Negative regions are shaded.

6. What Do Ocean Models Need To Learn From Observations
Adrian New, SOC Southampton
Current uncertainties with ocean models, and areas where significant benefit can
be derived from an increased observational effort, can probably be categorised
under the following themes:
1. Parameterisation of eddies
Even though computer speed is increasing rapidly, ocean models of basin- and
larger-scale still cannot be run with horizontal resolution sufficient to accurately
represent the energy-containing eddies. These may have scales of only 5-15 km
in the high-latitude oceans. Therefore there is still a need to parameterise the
effects of such eddies in the ocean models. Although recent work (by, for
example, P. Gent, J. McWilliams and M. Visbeck) has allowed improvements in
this respect (giving better thermocline stucture in models using level
coordinates), it is an open question as to how accurately the ocean models
represent water mass transfers by the unresolved eddies between basin interiors
and the encircling boundary currents. This may be particularly important in the
Nordic and Arctic basins.
2. Deep convection
Different ocean models of the Atlantic forced with similar climatological surface
fluxes typically show pronounced variations in the depth and horizontal structure
of the deep wintertime convection in the Labrador Sea. This is true even of highresolution ("eddy permitting", 1/3_) models (as in the DYNAMO project), and
may well also be found to be the case in the Nordic Seas. Two main questions
are therefore: what causes these large-scale model differences; and what is the
impact of the changes in deep convection patterns and properties upon the
large-scale and thermohaline circulation (THC). Correspondingly, can the
observations tell us how changes in deep convection relate to changes in the
THC and inter-basin exchanges through critical sills, and, in this way, how
important it is to model the convection accurately? More analysis is also needed
to understand what are the respective roles of air-sea fluxes, model resolution
and parameterisation in determining the model behaviour in this respect.
3. Flows through and downstream of critical sills
Present ocean models, even at eddy-permitting resolution (1/3_) have found it
enormously difficult to model the flows through and downstream of, critical sills
accurately (e.g. the Denmark Strait in the DYNAMO project). Models using levelcoordinates attempt to simulate the flow down "steppy" topography, and tend to
mix the water masses too rapidly through numerical mixing. Isopycnic (layered)
models mix in exactly the manner specified, but this has so far been under-

represented. This inadequacy grossly affects the water masses which appear
downstream of the sills, and thence the density, depth, and other properties of
the southward flowing deep waters in the THC circulation. This has led to the
development of specialised bottom boundary layer codes (by e.g. P. Killworth, N.
Edwards, G, Nurser, A. Beckmann, T. Ozgokmen), but at present they are only
in the initial stages of development. All this points to a much improved
understanding from the observations of the volume fluxes through the critical
sills in the region, how these flows change downstream, the rates of vertical
mixing (varying in time and space), and in particular of the relevant processes
involved (e.g. the respective roles of internal shear-generated turbulence and
bottom-produced mechanical turbulence), and of how to parameterise these
flows in the models.
4. Deep mixing
It has recently been shown (J. Toole and K. Polzin) that mixing in the deep
ocean may be important not where the boundary currents are strong, but where
the ocean bottom is "rough" on scales of 5-10 km. This mixing moreover
appears to be caused by internal tides generated by flow over the topography,
and is thought to be an important mechanism in determining the mixing and
dissipation in the deep ocean (W. Munk and C. Wunsch). It is likely that such
energetic, deep mixing would play an important role in setting the vertical
transport of deep and intermediate water masses, and thence also in affecting
their horizontal circulation. However, there are globally only a very limited
number of observations of deep internal tidal mixing, far too few to construct a
global parameterisation scheme for the inclusion of this process into ocean
models (which cannot represent this effect directly). In particular, studies of deep
mixing in the Nordic and Arctic Seas might be particularly beneficial in helping to
improve the models in this respect, and in assessing the effect of this process on
the THC.

7. Looking ahead 100 Years: Outlook on Arctic Freshwater Fluxes and
Thermohaline Shutdown.
Tom Haine, Johns Hopkins University Baltimore, MD

There is now compelling evidence of the widespread importance of the NAO for the
climate of the Atlantic basin and its surroundings [Marshall and Kushnir, 1997].
Recent compilations of disparate datasets in the sub-polar North Atlantic and Arctic
oceans have also highlighted strong connections between the NAO and a wide range
of oceanographic variables in high latitudes [Dickson et al., 1996, 2000]. In
particular, the NAO is implicated in modulation of mode water formation throughout
the North Atlantic and Nordic Seas, the penetration of warm salty Atlantic waters into
the Arctic and the return flux of freshwater to the sub-polar North Atlantic.
It is equally clear that the NAO has undergone a significant change in the last few
decades of the 20th century, from a low index state in the 1960’s to an historic
maximum in the 1990’s [Hurrell, 1995]. Such a trend is also reflected in the closelyrelated Arctic Oscillation [Thompson and Wallace, 1998] and demonstrably exceeds
the expected availability of red-noise models [Thompson et al., 2000] and
unperturbed climate GCMs [Gillett et al., 2000; Paeth et al., 1999; Osborn et al.,
1999]. Indeed, there is a growing consensus that the Arctic Oscillation responds to
anthropogenic greenhouse gases with an upward trend [Shindell et al., 1999; Fyfe et
al., 1999; Paeth et al., 1999]. It is quite plausible, therefore, that the recent NAO
trend is in fact associated with the first signs of global warming. Forcing-induced
changes in natural modes of climate variability such as this are not without
theoretical precedent [Palmer, 1999; Corti et al., 1999] and also appear relevant to
ENSO in greenhouse-forced calculations [Timmermann et al., 1999].
What effects might a sustained episode of high positive NAO have for the Arctic
ocean? The tentative answer is disturbing both for Arctic climate and, potentially, for
the North Atlantic thermohaline circulation. Up-to-date analyses suggest that 60% of
the variability in the poleward Atlantic heat flux and a comparable fraction of the
southward ice flux through Fram Strait is due to the NAO (Fig. 2; Dickson et al.
[2000]; Vinje et al. [1998]). In turn, winter sea ice concentration in the Nordic Seas
declines with increasing NAO [Deser et al., 2000], while the Arctic ocean warms
[Grotefendt et al., 1998; Swift et al., 1997] and the narrow cold halocline layer
separating the polar ice cap from the warm Atlantic water sublayer grows thinner
[Steele and Boyd, 1998].
But perhaps of even greater concern is the associated risk of thermohaline
shutdown. The combined effect of a warmer, fresher Arctic ocean, triggered by a
high NAO, may be to initiate a decrease, or even a collapse, of the North Atlantic
overturning circulation. Stocker and Wood (reviews above) clearly identify highlatitude buoyancy in the headwaters of the THC as a key controlling factor. This is
also reflected in the paleo evidence (McCave) while Gerdes explains the chain of
events associated with a freshwater-induced THC slow-down in his Arctic model. In
light of this evidence, and anticipating that the 21st century will see unprecedented
anthropogenic greenhouse forcing, an NAO-induced THC-weakening is an
uncomfortably real possibility. The consequences of such changes are extensive
with 5-10°C cooling over northwest Europe (Rahmstorf and Ganopolski [1999]).
In summary: The geologic records indicate that distinctly weaker thermohaline
circulations existed in the past (McCave). Simple, intermediate and state-of-the-art
climate models also show this may occur (Stocker, Wood, Gerdes). While we can

expect steady refinement in models as computer resources improve, we will always
be dogged by the chronic problems of representing the key processes in the Arctic
ocean and the THC (New; Karl and Trenberth [1999]). Modern data show
unambiguous decadal climate variability in the Arctic driven by the NAO. The recent
upward trend of the NAO seems to be de-stabilizing the THC and the coming
decades promise more extreme anthropogenic forcing with worrying potential
consequences. In light of this evidence a long-term monitoring effect in Arctic straits
and sills that are convenient to instrument but hard to model is an urgent priority.
Such as strategy will allow us to judge model improvements, enhance our
understanding of the crucial processes, characterise predictability and provide earlywarning of imminent THC collapse.
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8. Competing theories.
Keith Nicholls
British Antarctic Survey, Cambridge, UK
Driving the MOC
The Meridional Overturning Circulation (MOC) is driven in the ocean’s interior by upwelling
and downwelling, with a strong wind-driven component acting on its upper limb. Variations
in any of these three components will affect the strength of the MOC. And changes in one
will usually affect the others. Downwelling occurs principally at high latitudes, as a result of
buoyancy loss through cooling. More than one theory has been suggested for the upwelling.
Robinson and Stommel (1959) proposed a thermocline pump that relies on the injection of
buoyancy by diffusive warming from the surface at lower latitudes. A problem with this
theory was the need for values of vertical diffusivities an order of magnitude larger than
measured. The budget of energy available for mixing has been recently revisited, however,
(Huang, 1999; Munk and Wunsch, 1998) and the availability of the requisite amount of
mixing energy has once more become an open question. Another theory for the mechanism
of upwelling is the idea that divergent Ekman transport in the latitude band of Drake Passage
drives a deep southward flow of NADW (Toggweiler and Samuels, 1995). In this theory,
upwelling NADW within the zone of divergence is drawn from below the tops of meridional
ridges that span the latitude gap of Drake Passage. This wind-driving theory removes the
need for over-high vertical diffusivities. Such a driving mechanism still requires buoyancy
loss in the northern high latitudes but once that buoyancy loss is in place the MOC (in the
model of Toggweiler and Samuels) is linearly and significantly dependent on the strength of
westerlies over the Southern Ocean. It follows that although fluctuations in the strength of
the MOC measured in the low latitudes might be caused by changes in the rate of buoyancy
loss in the northern high latitudes, they might also be caused by fluctuations in the wind
stress over the Southern Ocean.
Driving changes in climate
The rapid changes in the climate system during the glacial period, as inferred from marine
sediments and ice-core records, indicate that given an appropriate stimulus the system is
capable of flicking between states on millennial timescales. Transitions appear to have
occurred over a few decades or less. The oft-cited mechanisms for this variability are to do
with the great ice sheets that existed at that time. MacAyeal (1993), for example, raises the
possibility of dynamics internal to the ice sheet allowing a binge-purge cycle on millennial
timescales, although some problems have been identified with the timing of the warm and
cold periods that would result. Alternatively, the ice sheets might act as a non-linear
amplifier that responds to a signal that continues into the Holocene: the 1 to 2 kyr signal
visible in some climate records (Bond et al 1997). That analysis suggests that the Little Ice
Age was the last cold period in such a signal. Spectral lines of the correct frequency appear
in the tidal potential: Keeling and Whorf (2000) suggest that modulation of tidal mixing could
yield changes in the global THC with an appropriate timing. Cane (1998), on the other hand,
uses a simple model of the upper Pacific to show that the frequency of occurrence of La
Nina and El Nino events, and their relative amplitude, can exhibit millennial scale behaviour.
He raises the possibility that changes in the pattern of occurrence of ENSO states could
result in formation and decay of ice sheets via atmospheric teleconnections on similar
timescales.
So what will a “rapid” change in NW European climate, resulting from greenhouse triggered
North Atlantic THC shutdown, look like? We are not now in an interstadial, and as such, we
are not soon to be thrust back into the depths of glacial conditions as part of a glacial-style
Dansgaard/Oeschger event. In a very significant way, we are dealing with a different climate
system: the atmospheric CO2 concentrations are presently very much higher than at any

time covered by paleo-records (<=400 kyr, see figure). The results from GCM experiments
show that a shut down of the Atlantic THC, resulting from a stabilization of the water column
in regions presently prone to deep convection, will lead to a dramatic cooling of NW Europe
(Manabe and Stouffer 1988, for example). Those same experiments suggest that such a
shut down would have a rather weak effect elsewhere, evidence cited by Cane and Clement
(1999) as suggesting that past rapid climate changes, which were global in nature, had other
primary causes. As it seems that the Little Ice Age was also a global phenomenon (Grove,
1988), then it might not be a good model for the same reasons. It is likely that a greenhouse
forced abrupt change in the climate of the north Atlantic will be unlike those seen in the
paleo-record.
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Figure

Four glacial cycles of temperature and CO2 recorded in the Vostok ice core plus
CO2 concentration to the present day from Taylor Dome, Siple and Mauna Loa
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9. The Arctic Ocean’s Freshwater Budget
Eddy C. Carmack
Institute of Ocean Sciences, 9860 W. Saanich Road, Sidney, B.C., Canada
The System – Why Worry?
Motivation for understanding the freshwater budget of the Arctic Ocean lies in the fact that it is a
salt-stratified ocean rather than temperature stratified one, so the addition or removal of fresh
water will have a major effect its dynamics. For example, salt-stratified upper layers provide this
ocean with the vertical stability it requires to allow formation of an ice cover, and thus affect global
albedo. Further, export of sea ice and low-salinity waters southward into the convective areas of
the North Atlantic couples the Arctic to the World Ocean’s thermohaline circulation.
It would not wise, however, to measure a component of a system without thoughtful consideration
of its role in the whole system. The freshwater budget of the Arctic is not just about quenching
the Great Conveyor Belt; it is about closing the freshwater loop. Why? From the broadest view,
the low latitudes receive an excess of incoming solar energy, and this low-latitude heat source
must be compensated by a high-latitude heat sink. It is generally taken that the atmosphere and
oceans play roughly equal roles in transporting heat poleward. Now, most of the heat carried by
the atmosphere is in the form of water vapour, so again, fresh water is the key. Returning “air”
may simply re-circulate equatorward, so there is no continuity problem. Fresh water, however,
must ultimately return south. This freshwater loop is closed first by surface and halocline flows in
salinity-stratified oceans in high-latitudes, and then as both intermediate and deepwater flows in
lower-latitude temperature-stratified oceans. The time-scales for such return flow are vastly
different, perhaps 20 to 100 years for intermediate waters and 1000 years for deep waters, as are
the pathways. These concepts are what models need to reflect.
Sources, Storage, Sinks and Change
Freshwater components are delivered to the Arctic Ocean by atmospheric transport and by ocean
and river inflows. Here we need to know the sources and pathways of moisture that enters Arctic
drainage basins, and how the various components that comprise the freshwater budget (e.g.
precipitation, ocean and river inflow) are partitioned? Further net distillation of fresh water may
occur within the Arctic during the melt/freeze cycle of sea ice, provided that the ice and rejected
brine formed by freezing in winter can be separated and exported before they are reunited by
melting and mixing the following summer.
Once in the Arctic fresh water is stored within the various layers above and within the halocline,
the latter serving as a large, extremely complex and poorly understood reservoir. Here we need
to know what structures and processes affect the distribution and storage of fresh water within
the arctic halocline, and what role (major or minor) do adjacent shelves play in freshwater
disposition?
The sink of fresh water is its export southwards into the North Atlantic via Fram Strait and the
Canadian Arctic Archipelago. This return of fresh water to the climate system must re-enter the
thermohaline circulation either as deep or intermediate waters, and then return to surface waters
in low latitudes. Still, this long journey home remains poorly understood.
Finally, how stable are present day distributions and transport patterns to change? Such
questions require thoughtful discussion before observational programs are put in place.
What Is “Freshwater” … Anyway?

Some recent papers that have discussed the Arctic Ocean’ freshwater budget include Aagaard
and Carmack (1989), Carmack (2000), and Melling (2000). In particular, Melling (2000)
addresses a key point:
“It is important to clarify the meaning of the term freshwater flux. Formally, the freshwater flux
is the rate of transport of seawater mass, minus the rate of transport of the mass of salt
contained within it. More intuitive, if less rigorous, is the freshwater anomaly flux. This is the
volume flux of zero-salinity water that must be combined with a volume flux of referencesalinity water to yield the flux of seawater of the salinity observed. Imprecision associated
with use of volume rather than mass in this definition is negligible relative to the inaccuracy of
present estimates.
Melling further makes the point that that it is important to know the salinity range of waters which
constitute the freshwater flux at its source, and the salinity spectrum of freshwater flux at delivery.
Taken further, this means that a different ‘base’ salinity is required for each region and convective
process under consideration. For example, convection in the Greenland Sea operates against a
different base salinity than in the Labrador Sea. Freshening of Atlantic water as it moves counterclockwise around the interior Arctic Ocean and out again takes place on yet another base salinity.
Subduction of waters along fronts occurs at still other base salinities.
Variability and other Hiccups
The 1990’s have put to rest at least one concept – that the Arctic is a steady-state ocean. But,
what is the nature and magnitude of variability? Three papers come to mind that offer insight:
Dickson et al. (1988) showed decadal-scale bursts in freshwater export into the North Atlantic;
Aagaard and Carmack (1994) advanced the idea that loci of convective gyres may leap from
basin to basin as a function of freshwater export; and McLaughlin et al. (1996) showed that
whole-basin jumps in water mass frontal systems involving freshwater storage within the system.
Each of these papers suggests, to some degree, that arctic change may be more characterized
as “punctuated equilibria” - to borrow a term from evolution theory – with long periods of small
change and brief periods of abrupt change, than by regular cycles or gradual change.
Closing the Loop – What Can We Do?
While not proposing a specific monitoring plan here, such a plan for the study of the high-latitude
ocean climate system (sources, storage and sinks) must:
•

Accept a meaningful (hydrological) definition of “arctic” that includes all areas of seasonal ice
cover and north of the sub-arctic fronts that are interconnected to mid-latitude oceans; this
would include watersheds of the Canadian Arctic Archipelago, Hudson Bay and the Sea of
Okhotsk.

•

Strive for more accurate estimates of freshwater delivery to the Arctic via enhanced
monitoring of atmospheric (net precipitation), hydrologic (gauged and un-gauged river
discharges) and oceanic passages (Bering and Fram straits, Barents Sea) fluxes.

•

Observe long-term changes in freshwater storage in the upper ocean and halocline layers by
establishing at least one ‘climate station’ with in each of the four major basins, and by
carrying out basin-wide ocean surveys, such as the 1994 Arctic Ocean Section, on 3-5 years
intervals.

•

Establish ongoing research programmes to investigate the character and dynamics of flows
in Fram Strait and the Canadian Arctic Archipelago using moorings, geochemical tracers and
remote sensing, with the objective of demonstrating the viability of a future long-term
programme of flux measurements in these channels and of developing an affordable capacity
to do so.

