paleocirc’'3 December 23, 2005

Chapter Two

Challenges to our understanding of the general

circulation: abrupt climate change

Richard Seager and David S. Battisti

2.1 INTRODUCTION

About 14,700 years ago (14.7kyr BP), towards the end of thieide age, the cli-
mate warmed dramatically and abruptly around the Northrita by as much as
the difference between full glacial and interglacial cdiuglis - in no more than a
decade or two. This is all the more remarkable because itrmeatin the presence
of massive ice sheets and continuation of the albedo forttiagpresumably had
been helping maintain glacial conditions up to that pointt B was not to last.
Sometime just after 13kyr BP this Bolling/Allerod wam petiended as climate
first cooled, and then abruptly cooled, into the so-calledriger Dryas. As near
glacial conditions returned, glaciers advanced arounafiand the forests that
had established themselves in the preceding warm epochThedYounger Dryas
ended with a second abrupt warming, that occurred over odicade or so, that
shifted temperatures back to those of the Holocene and aftod

The idea that the climate system goes through such abruis slid not take
the climate research community by storm but dribbled inteptance in the 1980s
and the early 1990s. Only when duplicate ice cores said time $hing and the
evidence was found in multiple quantities within the ice ygen isotopes, dust
concentrations, snow accumulation and so on - and it couttblrelated with ter-
restrial and marine records did acceptance that abrupatdichange was a reality
sink in.

This gradual acceptance is telling. When Hays et al. (19f@6)ved just how
well climate records from deep sea cores could be matchedbitabcycles it was
deeply satisfying: the gradual waxing and waning of the giea sheets could
be explained by equally gradual changes in the distributibdelivery of solar
radiation to the Earth’s surface. Insolation over high herh latitudes was deemed
to be particularly important with reduction in summer leagiio retention of winter
snow and ice sheet growth. All that remained was to show Bxlactv the climate
system accomplished the necccesary links.

Almost three decades later we are still far from understamdow orbital changes
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are converted into ice sheet growth and decay. While thisssmiony enough to
our limited understanding of the climate system and gem@@ilations, abrupt cli-
mate change is now the star witness. In this case the clirhateges occurred not
only abruptly but, apparently, in the absence of any extdameing. The lack of
any theory for how such changes could occur helps explaigriddual acceptance
of what the data was saying.

In the two decades since the discovery of abrupt change twanaes have been
made. First the spatial pattern of abrupt climate changéhan better delimited
and it is now known that these events occurred essentiafighspnously across
much of the northern hemisphere (including the northempi¢s) within the atmo-
sphere, the surface ocean and the deep ocean. Abrupt chamgaet found in
the ice records from Antarctica and the southern hemisptegnains a question
because of limited data. These spatial patterns place seweeesconstraints on
proposed mechanisms of abrupt climate change. Secondamisofs have been
advanced that revolve around the thermohaline circuldfi®fC). Broecker et al.
(1985) were perhaps the first to suggest that rapid warminggaoling of climate
around the North Atlantic were caused by rapid switchingsand off of North
Atlantic Deep Water formation with 'on’ states being asat&il with transport of
warm waters into the subpolar North Atlantic. Despite diffies explaining the
paleoclimate record of abrupt changes with the THC theagampeting idea has
yet been offered.

The paleoclimate record poses many challenges to our uadédisg of the gen-
eral circulation of the atmosphere and ocean, of which éxjpig abrupt change
is just one. How orbital changes cause ice sheet growth atmydemains a ma-
jor unsolved problem but will be probably be solved as it bees computationally
feasible to integrate coupled atmosphere-ocean generalation models (GCMs)
through orbital cycles. It is only in recent years that timegshot simulations of
the Last Glacial Maximum (LGM) with coupled GCMs have becarommonplace
(Shin et al. 2003, Hewitt et al. 2003). As suggested by Ruddiand Mcintyre
(1981), it is probably a solar radiation distribution thipwas increased winter ex-
port of tropical moisture into higher latitudes, there td & snow, and reduced
summer insolation at high latitudes, which allows the snoWe retained until next
winter, that will cause ice sheets to grow.

Further back in time, evidence of equable climates posesam®us challenge
to our understanding of the general circulation and theatiénsystem. A particu-
larly interesting example is the Eocene, when temperatfrbigyh latitude north-
ern continental interiors remained above freezing in wjrabowing crocodilians
to survive in subpolar regions. More recently the greenifithe Sahara in the
mid-Holocene, when the worlds most impressive desert éaflgibecame a moist
savannah, remains a fascinating unexplained problemai@brit was triggered by
orbital changes that increase summer insolation over ththsio Hemisphere but
the apparently abrupt onset and demise of the African HumithE (deMenocal et
al. 2000), and the fact that other northern hemisphere nmmsggions show less
impressive changes, suggest a non-local coupling betwesertd and monsoons
on paleoclimate timescales that is waiting to be elucidated

Baffling though these problems are, the focus in this articliebe on abrupt cli-
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mate changes in glacial times. We will advance a case for goitant role for the
tropics in climate change. To begin we will review the evidefor abrupt climate
change and summarize the current knowledge of the spatigdriat. We will also
review evidence for the relationship between abrupt cheirgsurface climate and
deep ocean circulation. This will form the basis for a crigf the THC theory
of abrupt change before we advance a case for a mechanisimtbhtes global
atmosphere-ocean coupling and an active role for the tsopigis mechanism will
be as sketchy as that of Broecker et al. (1985) but hopefullynspire some future
investigations.

2.2 ABRUPT CLIMATE CHANGE IN POLAR ICE CORES

The characteristics of abrupt climate change as recordpdlar ice cores from
Greenland and Antarctica have been well described by Wui2a98). The prob-
lem can be seen in Figure 1, which is reproduced in that paperthe original of
Blunier and Brook (2001). Thé&'®30 content of ice in the Greenland core shows
frequent rapid drops and even more dramatic increasesghoat the last glacia-
tion. The Younger Dryas appears to have been the most rettese. They'20O
content of ice is supposed to be a proxy for the local tempegatvhen the snow
fell. Cuffey etal. (1995) used borehole temperature measants from the Green-
land ice core, and models of heat and ice flow, to infer thaihduhe glacial period
an 0.33 increase ift®O corresponded to # C increase in temperature. THREO
content in the ice core is, however, also influenced by theojBo composition
of the water that was evaporated and the change in compuositie to evapora-
tion/condensation cycling during transport to the ice cdtgher way the record
shows dramatic climate changes as much as two thirds ofzeesthe difference
between full glacial and interglacial conditions. Using tBuffey et al. relation the
inferred temperature changes are as larggsas 20°C. These changes occurred
in decades.

The Antarctic cores do not show any such rapid climate chandensch (2003)
concluded that the two are uncorrelated on the millenniasicale (but correlated
on the glacial-interglacial timescale), although otheasehsuggested more com-
plex relationships between the two (Roe and Steig 2004). tifhescale of the
Antarctic core was adjusted to bring the methane records,stlown in Figure 1,
into agreement on the basis that methane is a well-mixed las.fact that this
can be done indicates that the source regions for methapeciafly in tropical
wetlands, were affected by the rapid climate changes (Bet@k 1999) and that
the changes were not simply regional North Atlantic events.

Statistical analysis presented by Wunsch shows to be tragtivé eye perceives,
that the Greenland climate is bimodal, having two prefestates which it switches
inbetween. The histograms &0 in the two Greenland cores (GRIP and GISP2)
show obvious bimodality whereas the Antarctic core (Bysdynimodal, though
with a long tail. This is striking evidence of nonlinearitgcathreshold behavior
in the climate system, at least in Greenland. Wunsch sugjtfest this arises from
switching between two different evaporative source regjimn the water that falls
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Figure 2.1 (A)5'30 in the GISP2 Greenland ice core, (BY O in the Byrd Antacrtic ice
core and, (C) and (D), the methane in the GRIP and GISP2 cat¢haenByrd
core, respectively. The numbers at the top denote Dans@2esdhger events in
Greenland and the dashed vertical lines are Antarctic waemte. ACR refers to
the Antarctic Cold reversal, a modest cooling during theatzgtion in Antarc-
tica which preceded the Younger Dryas, labeled as YD. Tat@n Blunier and
Brook (2001).
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as snow onto the Greenland core location and can reprodudarsbehavior with
a two source model, some noise and some simple rules foiittoaniisg between
sources.

Even were the two source explanation to be true it impliesttr@atmospheric
circulation is capable of switching between circulatioginees with different tra-
jectories of atmospheric water vapor and condensate battve@ceans and Green-
land. However it does appear that the original interpretibtine 680 in terms of
temperature has some validity. Using an entirely indepeniaethodology based
on the temperature dependence of the diffusion of gaseswith ice core, Sev-
eringhaus and Brook (1999) and Severinghaus et al. (1998)c#el a warming
at the ice surface of as much 8%C in a few decades at the transition into the
Bolling warm period, an amount consistent with the Cuffeglés oxygen isotope
paleothermometry.

The kind of climate change seen in the Greenland ice coreeshlperfectly
fits Lorenz’s description of an ‘almost intransitive’ syste‘a particular solution
extending over an infinite time interval will possess susi@svery long periods
with markedly different sets of statistics’ (Lorenz 196&)orenz developed this
concept of climate change, which seems more relevant tddayever, even before
the ice core data was available!

In summary, abrupt climate changes, consisting of coolfotiswed by rapid
coolings and then abrupt warmings, punctuated the entiaajlperiod at Green-
land but no such thing happened in Antarctica. At Greenlduedet is enticing
evidence of nonlinearity of the climate system with thrdde@nd switches. The
Younger Dryas is the most recent of these abrupt changesh iduthe discus-
sion to follow on the spatial and temporal structure of abolyanges will concern
the Younger Dryas (which we have labelled on Figure 1), beedhis is the best
observed, but it is anticipated that the descriptions areegdly valid for all the
abrupt changes.

2.3 ABRUPT CLIMATE CHANGE IN THE SURFACE
ATLANTIC OCEAN

Were abrupt climate change limited to Greenland it wouldpase too much of
a challenge to our understanding of the general circulatibmvould be easy to
imagine some alteration of the circulation, and movemehgestft by stationary and
transient eddies, that could accomplish the observedteffelowever, as time has
gone by, changes elsewhere in the global tropics and nortiemisphere have
come to light and these changes appear to be synchronouthasth in Greenland.
The first evidence was from proxies for sea surface temperéB5T) preserved in
ocean bottom sediment cores. Bond et al. (1993) claimedvihen Greenland was
cold the subpolar North Atlantic SSTs were also cold, altiolew sedimentation
rates made the time resolution of the core too imprecisedsy eross comparison
with the Greenland record.

Sachs and Lehman (1999) presented records from the BermseaeRegion of
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high sedimentation that allows for good temporal resofutithey derived an SST
from the alkenone unsaturation ratio measured in the sed#eThe agreement
between the alkenone-derived SST and the Greenland rewardgh numerous
abrupt climate changes during the last glacial is start{irigure 2): whenever
Greenland is cold, the subtropical North Atlantic Ocearoisl¢too. While it is true
that this conclusion partly depends on the fact that the ag&gal on the Bermuda
record was fitted in order to maximize the correspondenced®i the two records,
the fact that it is possible to get such a high correspondesstifies to a real link
between climate changes in these two locations. The typiaaining here from
stadial to interstadial was abosftC. It should be noted that the high sedimenta-
tion rate on the Bermuda rise occurs because of transportaitdrial - and hence
alkenones - to the site which can effect interpretation efrdtord (Ohkouchi et al.
2002).

The Cariaco basin just north of Venezuela is an invaluaklasuire trove of cli-
mate records. The waters above are anoxic which prohibismof the sediments
by organisms living within. This, and very high sedimerdatrates because of the
proximity of the continent, has created a record with clasartnual resolution ex-
tending back into the last ice age. Lea et al. (2003) used ®g#Gos in Cariaco
basin sediments to reconstruct the SSTs above during thddgkaciation. They
found an abrupt warming at the Bolling/Allerod transiti@m abrupt cooling of as
much asi°C' at the beginning of the Younger Dryas and an abrupt warmiriig at
termination. This resultis consistent with Sachs and Lehamal Bond and, despite
necessary concern about the proxy indicators, improvefdmorte that the entire
North Atlantic surface ocean cooled dramatically, by a feve¢veralC' during
Greenland stadials.

2.4 ABRUPT CLIMATE CHANGE AWAY FROM THE NORTH ATLANTIC

2.4.1 The Caribbean, tropical Atlantic and Africa

Using other proxies, the Cariaco basin record off Venezhataalso been used to
infer climate changes other than in surface ocean temperatughen et al. (1996,
1998) showed that the sediments reveal a transition intooamaef the Younger
Dryas as abrupt as that observed in Greenland and intedpastabrupt changes in
trade wind strength. Peterson et al. (2000) show that alatlost the abrupt jumps
seen in Greenland between 60 kyr BP and 25 kyr BP (and numbrelréglire 1) are
also seen in the Cariaco record as shifts in sediment refleei@nd major element
chemistry. These sediment characteristics record changde rate of riverine
influx from South America north of the Amazon basin, i.e. tlhdaince of precipi-
tation and evaporation in that region, suggesting thahdu@reenland cold stadials
northern regions of South America received less rain than fidtne most obvious
way in which this could happen is through a southward shifthef Intertropical

2Alkenones are chemical compounds within the marine orgasithat are resistant to decomposition
and laboratory studies have shown the unsaturation rati@rp linearly with the temperature of the
water that the organism is living in.
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Figure 2.2 Reconstructed sea surface temperatures basdkbonne unsaturation ratios in
sediments on the Bermuda Rise for the period from 30,000 @0680years ago
(line with dots, left axis), plotted together with Greerdait®O (plain line, right
axis) on the GISP2 ice core time scale. Taken from Sachs ameh&e (1999).
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Convergence Zone (ITCZ). Recent results from speleotheadsigm carbonate
deposits in caves more commonly known as stalactites afaystédes) have in-
deed indicated that, at times when northern South America dvier, northeast
Brazil was wetter (Wang et al. 2004)These records make clear that abrupt cli-
mate changes impacted the tropical Atlantic region withwsward shifted ITCZ
during cold stadials in Greenland.

There are numerous records that record the glacial and Elodobydroclimate
of tropical Africa. These come either from sediments in édn lakes or from
sediments offshore that record the rate of input of termgsnmaterial from the
continent, assumed to be a proxy for precipitation over dinel| Gasse (2000) re-
views many of these records from the last glacial maximumtaedieglaciation
and found rapid increases in lake levels in tropical Westcafat the onset of the
Bolling-Allerod warm interval and at the end of the Youngey®s. This is consis-
tent with results obtained from sediments offshore by thetmof the Niger River
that show a dry Younger Dryas across West Africa (Lezine.eR@05). Adegbie
et al. (2003) examined a sediment core off Cameroon in thé é&Wbuinea and
deduced not just a weaker West African monsoon during thenyeuDryas but
dry conditions correlating with Greenland stadials thitomgt the last 30,000 years
of the glacial period.

2.4.2 Northern extratropics

The Younger Dryas abrupt climate change was first identifiggbilen records in
northern Europe and is named after a cold tolerant plantréestablished itself
during this time. Throughout Europe mountain glaciers aded, as in Scan-
dinavia and the Alps, or they reformed, as in the Britishdqlgee references in
Denton et al. (2005)). Glacial advances require adequats snwinter and cool
enough summers for accumulation to exceed ablation. Ini\Nfarterica the record
is mixed. Shuman et al. (2002) show that across eastern Rantrica vegetation
changed dramatically at the beginning and end of the YouDggas but that these
cannot simply be accounted for by a cooling, in part becausarers may have
been warmer as a consequence of increased insolation. tarwéorth America
alpine glaciers advanced during the Younger Dryas but watlalsle exceptions in
the Sierra Nevada and around Mt. Rainier (Licciardi et al040 Since precip-
itation patterns are highly spatially variable, the sinsplexplanation for glacial
advances in Europe and North America would be a colder aimatluding sum-
mers. Together with the Greenland record this suggestshiratounger Dryas
abrupt climate change involved cooling across much of ththeon extratropics.
Where longer records exist there is obvious correlatiom &lt of the abrupt
changes in Greenland during the last glacial. For exampleetevents extended to

3The southward shift of the ITCZ during the Younger Dryas is @asy to reconcile with alkenone
based SST reconstructions that show warming of the Southriéamecoast at0° N (Kim and Schnei-
der 2003) and in the Caribbean Sea (Ruhlemann et al. 1999s€eT®ST reconstruction also disagree
with the Mg/Ca-based ones of Lea et al. (2003) which show dt@ncooling north of Venezuela dur-
ing the Younger Dryas. Curry and Oppo (1997) show coolingnduGreenland stadials & N in the
western tropical Atlantic based on tlé3O in foramanifera which would also be consistent with a
southward shifted ITCZ.
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the northeast Pacific Ocean margin, appearing as changesam oxygenation in
the Santa Barbara basin and Gulf of California (Behl and €&rt996), although
the interpretation of these records in terms of climate maggn difficult.

2.4.3 Thetropicsand the southern hemisphere

In the Atlantic sector, ice cores from Andean glaciers iniBaland Peru, both
south of the Equator, show evidence of the Younger Dryasplmtimate change
(Thompson et al. 1998). On Sajama, in Bolivia, the abrutsat the Bolling/Allerod
transition and then into the Younger Dryas were as large eshift between the
depths of the LGM and the current climate. Younger Dryas ¢aaig) advances
have also been reported in the Andes but dating is unceffiese results proba-
bly indicate that the cooling encompassed not just the ranthemisphere but also
the tropics.

Further afield, abrupt climate changes throughout the lasia cycle, and in-
cluding the Younger Dryas, appear in speleothems from Ct¥nan et al. 2004).
Two speleotherms, from caves 1000km distant, record rembdylsimilar changes
of 680 within them. According to the authors, the isotope contenéliloes not re-
flect temperature changes but is indicating reduced ptatigm during times when
Greenland, and much of the northern hemisphere, was cold.

The China monsoon record is consistent with that deriven fsoean sediments
in the Arabian Sea which records changes in biological petdty, with higher
productivity presumed to be caused by stronger monsoonsandlling. Schulz
et al. (1998) found that over the last 65,000 years there wasmpressive corre-
lation, independently dated in each record, of weaker mamsgoing along with
cold in Greenland (see also Altabet et al. 2002). Taken viith@hina record,
this suggests that cold stadials in the northern hemispliere associated with a
weaker monsoon across all of Asia. The changes in monsoamggskr are as large
as the differences between glacial and interglacial cisiafThus abrupt climate
changes were as strong here as around the North Atlantic.

An important record comes from té®O content of surface dwelling foraman-
ifera recorded in sediments on the eastern edge of the Isdonarchipelago and
in the west Pacific warm pool with higher values interpretethtlicate increased
salinity (Stott et al. 2002). The tropical Pacific salinigcord does not clearly
show the abrupt changes seen in Greenland but there is dewvisilrelation be-
tween increased salinity in the far west of the warm pool aadial conditions
in Greenland. This suggests reduced precipitation in ttea a@uring Greenland
stadials.

The monsoon records and those from the Cariaco basin, tmeuBrrise, tropi-
cal Africa, the Santa Barbara basin and the west Pacific wawhmake clear that
abrupt climate changes with impacts across the Northerndpérare and through-
out the global tropics occurred during the last deglacie¢ind throughout the last
glacial. The Younger Dryas is just the best documented ciegleeents.

Further south the trail begins to run dry. However a receciing developed by
Farmer et al. (2005) on the basis of the Mg/Ca ratios withamftonic foraminifera
in a well-dated core off the Namibian coast of south west &&frshows a po-
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tent Younger Dryas cooling df — 3°C. The SST evolution in this core during
the Bolling-Allerod-Younger Dryas period correlates iragsively with the Cari-
aco and Greenland records. This is the most important recoddte document-
ing a Younger Dryas event in the southern extratropics. Aonepf a Younger
Dryas glacial advance in New Zealand (Denton and Hendy 118&elyecently been
claimed to be older by several hundred years (Broecker 20B8)h here and in
the southern Andes much work remains to be done to identidydaite late glacial
advances.

2.4.4 Theglobal mean climate

It is not yet clear whether the planet as a whole warmed ankbdaturing abrupt
climate changes. If it did not then it makes sense to look farses purely in
changes in atmosphere and ocean circulations and hegporésmsHowever, if the
global mean temperature also changed then the circulatigst have interacted
with water vapor and/or clouds such that changes in greesghtvapping and/or
albedo allowed the planet to equilibrate with the incomiakasradiation at a dif-
ferent temperature. Changes in sea ice can also changeoth& ghean temper-
ature but have a lesser impact on planetary albedo than<lechuse sea ice is
most prevalent in locations and seasons with little soldratéon to reflect. Only
improved temperature reconstructions from the tropicssmudhern mid-latitudes
during times of abrupt changes will allow us to know if thessrevassociated with
planetary warming and cooling.

2.5 ABRUPT CLIMATE CHANGE AND THE DEEP OCEAN CIRCULA-
TION

Even before there was a reliable means of determining pastgels in ocean cir-
culation, Broecker et al. (1985) presented the still-rgigrparadigm of abrupt
climate change: switches on and off of deep water formatidhé North Atlantic
Ocean and associated changes in the so-called thermolcadingation (THC).
When deep water formation does not occur the subpolar brainttte THC does
not operate and surface currents do not bring warm, saltgreabrthward into the
Nordic Seas, there to lose heat to the atmosphere. Conggaphverclimate around
the North Atlantic cools.

The most compelling evidence to date of THC changes durimgpdlelimate
changes s that of McManus et al. (2004) who showed that the Wels very weak
between the LGM and the Bolling-Allerod warm transition whieabruptly ‘turned
on'. It then reduced again to half strength, quite sharplyirdy the Younger Dryas
and then gradually returned to Holocene strength (Figure 3)

As the THC weakens and strengthens the transport of salgriraim the sub-
tropical Atlantic to the subpolar Atlantic would be expette reduce and increase.
Consequently during times of a weak THC, the salinity of thietspical North At-
lantic would be expected to increase. Recently Schmidt ¢2804) reported there
was indeed an inverse relationship between Caribbean 8a#ysand the THC
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that reinforces the evidence for THC changes. Togetheredther data (Hughen
et al. 2000, Bond et al. 1997), these data indicate that alhnpate changesan
involve not just surface climate but also the deep oceanleition or THC. It also
indicates that the THC is capable of rapidly ‘turning on’ ahdt it can rapidly
reduce in strength.

2.6 SEASONALITY OF ABRUPT CLIMATE CHANGE
AROUND THE NORTH ATLANTIC OCEAN

Atkinson et al. (1987), using a method based on the currenaté tolerances of
hundreds of species of carnivorous beetles and the distibof fossil remains
of those species, concluded that over the British Isles d@ipedrwarming of the
Bolling-Allerod and the rapid changes of the Younger Dryaslved only modest
summer temperature changes but enormous changes in wenmeetature. The
implied changes in seasonality were enough to convert tlitestBisles from a
climate after the LGM (and after deglaciation of the Islés)ikar to that of current
day northeastern Russia, to one during the Bolling that iraias to that of today,
then back again to one of great seasonality during the YaubDggas, and then
finally, back to a modern day climate. Each transition wasandished in decades.

Denton et al. (2005) also show that around Greenland thegnDryas glacier
advance is sufficiently limited that it can only be consisteith modest summer
cooling. If the annual mean temperature reconstructias fce cores are correct
then the winter cooling in Greenland must have been ar@an@ - comparable to
that in the British Isles. As they point out, all the paleodite data from around
the North Atlantic Ocean, including Norway (Dahl and Nesp®2), indicates that
Younger Dryas cooling was largely contained within the winivhile summers
cooled more modestly.

Consequently the climate flip-flops measured in the ice cordsich do seem
representative of the climate of the region - representdraqainsitions between
two climate regimes. One is a maritime climate akin to the emocdne and the
other is a climate of marked seasonality in which wintersraretempered by the
ameliorating effects of release of heat from the ocean oatriaspheric heat flux
convergence. The most common explanation for how wintensrat the North At-
lantic could become so severe is that sea ice expanded sanatbothe latitude of
southern Britain. If winters around the North Atlantic gstald as the reconstruc-
tions suggest they did during stadials and the Younger Difyaxs sea ice would
almost certainly encroach this far. How this could ever feapis a subject we will
shortly turn to.
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Figure 2.3 Records of ocean circulation and climate in thettiNdtlantic region during
the last deglaciation from 20,000 to 10,000 years ago. (@ystlice rafted de-
bris from sediments in the subpolar North Atlantic, (b) shdie benthid**C,
which is impacted by the strength of deep water formationsiiows the GISP2
§'80 record, (d) shows reconstructed subpolar SSTs from a yasfetources
and (e) shows the rati¥’ Pa/**°Th from the Bermuda Rise, a measure of the
strength of meridonal overturning. The rafid Pa/**°Th reaches 0.093 for a
total cessation of the THC. Figure taken from McManus et2004).
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2.7 THE LACK OF MODERN ANALOGUES OF PAST
ABRUPT CLIMATE CHANGES

The period of widespread instrumental observations of in@aind climate, basi-
cally from the middle Nineteenth Century, when measurem@&om ships were
begun, until the present, contains many climate changesdné that appear to be
analogues, even in weakened form, of past abrupt climategefsa The North At-
lantic region has experienced climate changes on decadestiales. These have
primarily been associated with changes in the atmospheng@ation. For example
the trend from a low index to a high index state of the North&nmular Mode
(NAM) between the 1960s and late 1990s brought striking gkearof climate to
western Europe including drought in Spain and milder, seowiinters, and ad-
vancing glaciers in western Norway. The NAM trended in thpaxite direction
from the 1920s through to the 1960s. The more recent upwand thas been ex-
plained as a consequence of rising greenhouse gases (bkiramle 1999) or as a
response to Indian Ocean warming (Hoerling et al. 2004)h Bgplanations make
the earlier opposite trend hard to explain. Although basithe SST anomalies,
which could be related to THC variations, do appear in thetiNatlantic they do
not seem to explain the NAM behavior. The NAM behavior hasitggadual, free
of abrupt shifts.

The most celebrated climate shift in the instrumental rééothat of 1976/77.
This winter ushered in an extended period in which the tralgtacific Ocean was
warmer than normal, as were the waters along the west cotist inericas while
the central North Pacific Ocean was cold (Zhang et al. 199tivaet al. 1997).
In the record of tropical tropospheric temperatures thesiteon does appear quite
abrupt (Seager et al. 2004). More generally it appears akivhibng point between
a period of strong ENSO events that began with the 1976/7%wand a period
of weaker ENSO activity in the decades before. This climhift,and perhaps an
opposite shift after the 1997/98 El Nifio, does testify te #bility of the tropics
to organize mid-latitude climate on multidecadal timessdHoerling et al. 2004,
Huang et al. 2005), but falls short of being directly releuarpast climate changes.

The only other striking climate transition that has occdrirethe instrumental
record is the shift to a drier climate in the Sahel region oEWArica in the early
and mid 1970s. This appears to be related to changes in &ldp&TSs, including
those in the Indian Ocean (Giannini et al. 2003), althougniechanisms remain
obscure. Other monsoons have not gone through such cleaitimas. The Sahel
drying could be relevant to abrupt transitions into and dtittee African Humid
Period of the mid Holocene, a time when the region of the ctir&ahara Desert
was grassland (deMenocal et al. 2000).

Neither indices of tropical climate variability (e.g. NINKDnor extratropical
circulation variability show evidence of bimodality suchthat seen in the Green-
land ice core data (Wunsch 2003) and efforts to locate redjkadbehavior in the
climate system have so far failed (Stephenson et al. 2004¢e3egime-like be-
havior did occur in climates of the past, this emphasizesghat abrupt climate
changes are different, not just quantitatively, but alsalitatively, from those in
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the instrumental record.

2.8 EXAMINING PROPOSED CAUSES OF ABRUPT
CLIMATE CHANGE

Next we turn our attention to the possible causes of abripaté change. First
we will summarize what needs to be explained.

2.8.1 The gpatial character of abrupt climate changes

According to the studies described in the previous sectibeslimate of the North
Atlantic region, during glacial times, moved between twifedent states of oper-
ation. The transitions in between occurred rapidly, esplgcfor the warming.
These rapid climate changes involved striking temperathenges across west-
ern Europe and eastern North America, enormous in wintemiogtest in summer.
Consequently there were abrupt changes in the degree ofirsdiag

During North Atlantic cold stadials, surface ocean tempees in the subtropi-
cal North Atlantic cooled, the ITCZ over South America shiftsouth, the tropical
Americas and the South Atlantic Ocean off Africa cooled drelAsian monsoon
weakened. In the tropical regions the transitions were i@ las the difference
between full LGM and modern states. Hence, the abrupt ciirshinge signal
does not appear to become more muted with distance from thta Wtantic. Any
proposed mechanism must be able to explain these obsemedekchanges.

2.8.2 Strengthsand weaknesses of the THC-driving theory
2.8.2.1 Roleof the THC in today’s climate

Because of the North Atlantic branch of the THC, with deefkisig at high lati-
tudes compensated by northward flow at the surface and sardriew at depth,
the North Atlantic Ocean moves heat northward at all lagtudrhe following dis-
cussion is based on Seager et al. (2002). The North Atlart&a® moves about
0.8PW acros85° N (Trenberth and Caron 2001), enough to warm the area north of
35°N by3—4°C. This pales in comparison to a warming23®C' due to the vastly
greater atmosphere heat transport acBd8$v and a warming of anoth&7°C' in
winter due to seasonal release of heat stored since the iletstrwNot all of this
ocean heat transport (OHT) is due to the THC as the subtiapidssubpolar gyres
and wind-driven overturning also contribute. Those ciatiohs persist even when
the THC is weakened or shuts down leaving a poleward OHT,ghaune that is
greatly reduced.

The heat transported by the North Atlantic Ocean is reletséue atmosphere
primarily in two regions. The first is in the Gulf Stream regieast of North Amer-
ica where, during winter, cold, dry air from the continentftoover the warm
waters offshore extracting up 90 m 2, in the seasonal mean, from the ocean.
A sizeable portion of this heat is picked up by transient esdiatmosphere storms
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- and converged over eastern North America amelioratingessrthere. The tran-
sient eddy heat flux, as always, is acting diffusively to cggpthe temperature
contrasts created by stationary waves and the seasoredeadéheat by the ocean
(Lau 1979). The other region where the North Atlantic OHT risfprentially re-
leased is in the Norwegian Sea keeping it ice free in winténaarming the coast

of Norway. Because of this geography of heat release thenN&ttantic OHT
warms the climate oboth sides of the ocean, leaving the bulk of the temperature
contrast of about5°C to be explained by the more basic continental-maritime cli-
mate distinction and by stationary waves, especially ttiogsed by flow over the
Rocky Mountains.

2.8.2.2 The spatial pattern of THC-induced climate change

What is the global signature of a sudden THC shutdown or 8ndéany mod-
eling groups have performed experiments in which the THC cowapled ocean-
atmosphere GCM is forced to shut down, usually by additioa ofassive amount
of freshwater to the surface of the subpolar North Atlanteeé&n (e.g. Manabe
and Stouffer (1997), Rind et al. (2001),Vellinga et al. (2n0/ellinga and Wood
(2002), Zhang and Delworth (2005)). Freshwater dumpingiglly justified in the
paleoclimate context as an idealized representation oflavater discharge from
glacial dammed lakés All these experiments agree that once the water columns
of the subpolar North Atlantic have been stabilized by théitah of low density
fresh water, deep water formation is reduced or ceasesypalelow into the re-
gion is weakened, the heat transport reduces and the sedécs mcreases. They
also all agree that the North Atlantic region cools by as magliseveral degrees
Celsius in the region of Iceland and that the cooling extéenttsEurope and over
Greenland although at reduced strength.

Figure 4 shows the change in annual mean air temperatureddysa THC
shutdown in the Geophysical Fluid Dynamics Laboratory (G)-Boupled model
experiment performed by Zhang and Delworth (2005). The ahmean cooling
over Greenland is only a fedC' (Manabe and Stouffer 1997, Zhang and Delworth
2005), much smaller than that observed for abrupt climaémghs (Severinghaus
and Brook 1999). The modeled cooling over western Europlksésat most a few
degrees Celsius, much less than that reconstructed frottebdAtkinson et al.
1987) or periglacial evidence (see Denton et al. (2005))maldels agree that the
North Atlantic cooling extends down into the subtropics gedhaps as far as the
Equator, but that south af° N the cooling is only of the order af°C, less than
that reproduced by Sachs and Lehman (1999). The models alsotgroduce a
strong tropical cooling over South America, in conflict witle core records there
for the Younger Dryas (Thompson et al. 1998). Further, asvahio Figure 4, a
THC shutdown causes warming in the South Atlantic Ocean lwisicontrast to

4The sudden discharge of ice from continental ice sheetsthjirato the ocean is another source of
freshwater. These are called Heinrich events and can bedtiaocean sediments by the debris carried
within the ice. It has been suggested that they occur at tthefe cooling cycle (Clarke et al. 1999) but
in general it is not well understood how they fit into climateanges and they are not dealt with here.
See review by Hemming et al. (2004).
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Figure 2.4 The change in annual mean surface air tempefa¢tineeen two states of a cou-
pled GCM, one with a collapsed thermohaline circulation and with an active
thermohaline circulation. The model was the latest versidhe GFDL coupled
GCM. Shading indicates the change is significant at the 5#.I&he figure is
taken from Zhang and Delworth (2003).

the cooling there during the Younger Dryas reported by Fasnal. (2005).

Rind et al. (2001), Vellinga and Wood (2002) and Zhang andvdeth (2005),
using different coupled GCMs, all show that for a THC shutddiae ITCZ moves
south in the tropical Atlantic, broadly consistent with tog of the North At-
lantic Ocean that occurred in the models, and interpretatfche Cariaco Basin
record in terms of a reduction in precipitation over north8outh America and
the speleothem record of increased precipitation justhsofithe Equator. The
precipitation changes reach up to a few mm per day in somensgilrhe models
of Vellinga and Wood (2002) and Zhang and Delworth (2005, fgpee 5) have
reduced precipitation in the Asian monsoon region whileRired et al. (2001)
model has a very modest weakening of the Indian monsoon aaduaaily modest
strengthening of the East Asian monsoon.

Figures 4 and 5 show that in the GFDL model the impacts of a Thi@down
extend into the northern and tropical Pacific Ocean whergdtiern of tempera-
ture change is oddly similar to that in the Atlantic i.e. sfgpant cooling in mid-
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Figure 2.5 The change in annual mean precipitation (m/yeetsyeen two states of a cou-
pled GCM, one with a collapsed thermohaline circulation ane with an active
thermohaline circulation. The model was the latest versidhe GFDL coupled
GCM. Shading indicates the change is significant at the 95&4.l1&he figure is
taken from Zhang and Delworth (2003).

latitudes but warming immediately south of the Equators feét to be determined
why this occurs. The Hadley Centre model of Vellinga and WkgiD2) has a sim-
ilar response. In the GFDL model tropical Pacific precijmtathanges as expected
given the change in surface temperature with a southwafidsgthe ITCZ.

In the North Atlantic region, therefore, there is sufficiemgreement between
models and paleoclimate data that changes in the THC weady likvolved in
abrupt climate changes. This said, changes in the THC, dugid®wns - at least
as represented in GCMs - cannot explain the magnitude ofdbkng around the
North Atlantic, despite large increases in sea ice coveh@édurrounding seas
(Manabe and Stouffer 1997, Rind et al. 2001), or in the syidso(Sachs and
Lehman 1999). Therefore, even on its own home turf, the TH@mhfalls short
of being able to offer a complete explanation of abrupt cteréhanges, unless all
existing coupled GCMs are significantly in error (which timegy be).

Outside of the North Atlantic region, the THC theory of alrafimate change
cannot entirely explain the paleoclimate data. Accordm@tCMs, the impact



paleo circ’'3 December 23, 2005

18 CHAPTER 2

of the THC on temperature and precipitation over equataia southern South
Americais too weak to explain the impressive documentatfdhe Younger Dryas

in tropical ice cores. Changes in the THC also cannot fullgl@x the equally

impressive reduction in monsoon strength, coherent adhesg\sian monsoon,
that occurs during cold stadial events when the THC was wed@key also cannot
explain cooling in the southeast subtropical Atlantic @ce@n the other hand the
impacts of a THC shutdown do extend across the entire narthemisphere and
into the tropics.

2.8.2.3 Thetemporal behavior of the THC

McManus et al. (2004) showed, using radiochemical data,tttieaNorth Atlantic
THC was operating during the LGM but in a ‘drop dead’ statdmythe beginning
of the last deglaciation between the LGM and about 14.7 kgr agen it abruptly
increased to near modern strength, apparently in decadiesjding with the dra-
matic Bolling-Allerod warming. At the beginning of the Yoger Dryas the THC
rapidly weakened, but remained active, and at the end it gp@@ually recovered
to Holocene values. This remarkable result confirmed whaiblegn suggested for
a while, the THC is not a sluggish part of the climate systetrchn shift between
modes of operation in years to decades. What can cause saichas?

Manabe and Stouffer (1988) showed that a coupled GCM (thelGd#riz) had
two stable modes of operation, one with an active North AitaHC and one
with a ‘drop dead’ THC that could be induced by a massive amdif freshwater
into the subpolar North Atlantic Ocean. This work inspiregemeration of similar
experiments and led to the development of the dominant gareaf abrupt climate
change: releases of glacial meltwater, whether it be fravdiemmed lakes or ice
surges, caps the North Atlantic Ocean with fresh surfacenmgitutting down deep
water formation and turning off the flow of warm water from ghebtropical North
Atlantic into the subpolar Atlantic, thus cooling regiokéinate which is amplified
by an increase in sea ice extent.

Rind et al. (2001), using a coupled GCM with a free-surfaceancmodel that
allows for an increase in river flow at any chosen locationdaectly specified,
were able to induce a North Atlantic THC shutdown within aatke or two when
the flow through the St. Lawrence was increased. However thidaequired an
inflow of 20Sv for five years. Licciardi et al. (1999) and Clarkal. (2001) have
attempted to reconstruct the history of freshwater flux fidonth America into the
Atlantic Ocean during the last deglaciation. They show jaropa fraction of a
Sverdrup in combined St. Lawrence and Hudson River runaffiocing as a result
of reroutings of continental drainage and from sudden emgtgf ice-dammed
lakes (such as Lake Agassiz). For changes in freshwaterdlthetNorth Atlantic
of this magnitude, coupled GCMs agree that the THC would wedky only a
modest amount and only very gradually, say, over hundregieafs (Manabe and
Stouffer 1997, Rind et al. 2001).

If the coupled GCMs are correct, then realistic freshwatéluxes cannot ex-
plain the rapid decreases in the North Atlantic THC that,adbcertainly, seem
to have occurred in the past. Further, the paleoclimaterdesloows that in the
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North Atlantic region, it was actually thearmings, and THC resumptions, rather
than thecoolings, and THC slowdowns or shutdowns, that were the most abrupt.
Coupled GCMs can produce rapid cessations of deep wateafmmif given ap-
parently unrealistic perturbations but none has yet predwan abrupt resumption
of deep water formation and the THC. Instead, after a peri@weeak or nonex-
istent THC, the THC gradually returns over a hundreds yeasodVellinga et
al. 2002). It is also not clear that all of the abrupt changemnsn Figure 1 were
the result of freshwater perturbations. In fact that seattser unlikely suggesting
other mechanisms whereby the THC can be turned on and off.

Simple climate models (often called ‘intermediate’ moji¢fsmt contain more
than one stable mode of operation of the THC can reproducg aspects of ob-
served climate records including rapid THC resumptionswaignings (Ganopol-
ski and Rahmstorf 2001). The finding of multiple equilibristates in the GFDL
coupled model lent credibility to such models. However, kbg physics acting
in the intermediate climate models that have produced redjike behavior in the
THC include ocean convection, advection and diffusion. fdadism with which
these processes are represented is affected by the vesgduaizonal and vertical
resolution within the intermediate models. Intermediatdeis have non-trivial
problems in simulating the effects of topography on ciriala which strongly
influences where ocean convection takes place and its istadsillocation and
strength. The ocean components of the simple models will a#ve difficulty
representing the real processes by which the ocean movewhieh, as shown by
Boccaletti et al. (2005), is largely contained within shell surface intensified, cir-
culations and not within deep overturning circulationanirly, the atmospheric
components of the intermediate models are, essentialilgnded energy balance
models. It is not clear that regime-like behavior would aciéuhe same ocean
models were coupled to more realistic atmospheric modetsh(as those that al-
low for weather).

In general, it needs to be demonstrated that multiple regicae be supported
by models with higher resolution that adequately resoleephysics responsible
for the multiple regimes in intermediate models. Howevedabe, it is not even
clear whether coupled GCMs other than the old Manabe andf8t@FDL model
have multiple equilbrium states. Vellinga et al. (2002) #&y have not found this
behavior in the Hadley Centre coupled GCM. In general the G@ddlel results
are at sufficient variance with the paleoclimate recordigeraeveral questions that
will be addressed shortly.

2.8.3 Summary

There is no doubt that abrupt climate changes, such as tilialsitaterstadial tran-
sitions of the last ice age and the Bolling Allerod warmingl dounger Dryas of
the last deglaciation, involve changes in the North AtlamtiC and probably as an
active component. However changes in the THC alone canmddiexhe known
global climate changes associated with these events,iapét the tropics, even
accounting for its impacts on sea ice. Further, no statéa@fart climate model has
shown that regime-like behavior of the THC, with rapid tiéinas between states,
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is possible. On this basis we suggest that there is a lot mdhetpuzzle of abrupt
climate change than changes of the THC.

2.9 ATMOSPHERIC CIRCULATION REGIMES AND
GLOBAL ATMOSPHERE-OCEAN COUPLING AS
POSSIBLE CAUSES OF ABRUPT CLIMATE CHANGE

The discussions of the spatial extent of abrupt climate gaaim glacial times and
during the last deglaciation should make it clear that thesea must be found in
changes in the general circulations of tfjlebal, as opposed toegional, atmo-
sphere and ocean circulation. The idea that the THC chadgestly impacting
a small area of the globe, and that, somehow, most of the féise avorld piggy-
backs along in a rather systematic and reliable way seenidedidg dubious.

2.9.1 Theproblem of North Atlantic climate change

Consider the changes in seasonality documented aroundattile Atlantic Ocean
going from the LGM through the Bolling-Allerod abrupt warnansition and then
cooling into the Younger Dryas followed by the second abmgtm transition
that ended it. A wide collection of evidence indicates thatter climate in, for
example, the British Isles changed up and down by about 30°C during these
transitions and summer temperaturesiby 6°C (e.g. Atkinson et al. (1987)).

This could be accomplished if the sea ice edge extended ebtlth British Isles
during winter and then retreated far north in summer. Impp#his seasonal cy-
cle of sea ice cover under an atmosphere GCM, Renssen e0all)(Bproduced,
approximately, the observed different deglacial climates set of time snapshot
experiments. When sea ice extends that far south, and itliick enough with
few gaps, the surface temperature of the ice and the air altvops dramatically in
winter as the atmosphere becomes insulated from the océan. beis likely that
the sea ice extension, rather than the presence of ice ghdéth existed through-
out the Bolling-Allerod and Younger Dryas over North Amer&nd Scandinavia),
caused winter cooling in the North Atlantic sector.

But sea ice never extends as far south as the British Islenipled GCMs when
the THC is forced to shutdown. This is consistent with the fhat in the North
Pacific and Southern Ocean sea ice typically does not exigumat@ward of50°
even though, unlike the current North Atlantic Ocean builsinto one witha THC
shutdown, there is close to zero poleward ocean heat tranbmre. Sea ice is
melted from below and so its equatorward extent dependgfropdhe disposition
of the ocean heat transpauit the placement of the ocean heat transport depends on
the wind stress. In THC shutdown experiments the sea icensiqrais restricted
by the atmospheric circulation.

Assuming that, by some means, sea ice did extend as far ssutte &British
Isles during the winters of stadials, the relative summaeamnwa then requires it to
retreat far to the north and for the ocean to warm up tremesigoAs a point of
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comparison, in the current climate ocean areas that areoiered at the end of
winter do not achieve temperatures of more than aBodtin summer.
Thus the problems posed by abrupt change in the North Atlaegion are:

1. How could sea ice extend so far south in winter during thdiats?

2. How, during the spring and summer of stadials can theradiean enormous
influx of heat as to melt the ice and warm the water below byecto$0°C'?
If 50m of water needs to be warmed up by this much in four momntheuld
take an average net surface heat fluxie61Wm—2, more than twice the
current average between early spring and mid summer and tin@necan
be accounted for by any increase in summer solar irradisasdyring the
Younger Dryas).

3. How can this stadial state of drastic seasonality abygpift into one similar
to that of today with a highly maritime climate in western &pe? Remem-
ber that both states can exist in the presence of large ictssbeer North
America and Scandinavia.

2.9.2 Required changes of atmospheric circulation regimes and heat trans-
ports

To solve the first two problems we must imagine a stadial dénrawhich the heat
transport has almost the opposite seasonal cycle to thadaft Whereas now
winter atmospheric and ocean heat transport holds backethécs in the North
Atlantic, during stadials weak heat transport in the midighHatitudes must have
allowed the sea ice to advance south. In contrast, duringuheners of stadials,
there must have been strong transport to melt back the seméestablish mild
summers.

In thinking of ways to reduce the winter convergence of hett the mid and
high latitude North Atlantic, we might begin with the storratks and mean atmo-
sphere circulation. The Atlantic storm track and jet strdawe a clear southwest
to northeast trajectory whereas the Pacific ones are mowd pwar most of their
longitudinal reach (Hoskins and Valdes 1990). If the Atieustorm track and jet
could be induced to take a more zonal track, akin to its Pagificsin, the North
Atlantic would cool.

The cooling over western Europe and the North Atlantic Ocganld be driven
by less southerly flow and advective warming in the wintetigteary waves - the
real reason for the mildness of west European winters (3eagad. 2002). Tran-
sient eddy heat transports, which act diffusively on terapuee, would oppose the
cooling as the storm track - defined as the statistical medheofoutes taken by
eddies or, for this purpose, as the location of the maximudy égtat transport -
relocated towards the Mediterranean, and Europe was ptactdte eddy heat flux
convergence side of the storm track.
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2.9.3 Impacts of an hypothesized shift to zonal circulation during winter in
the North Atlantic sector

An essentially zonal wind flow across the North Atlantic Qteauld set in mo-
tion a chain of events that establish a cold North Atlantimate. First of all the
removal of warm southwesterly advection into the North Atiawill directly cool
the ocean and coastal regions there. In the current clirhatdw of water in the
North Atlantic Drift from the Gulf Stream and into the Nordseas is controlled
by the wind stress pattern and reflects the northward tilhefAtlantic jet stream
and storm track. This water is salty and, as it cools on itshweard track, be-
comes dense enough to sink to the bottom. The northward flomatér was the
ultimate explanation of Warren (1983) for why deep wateoisrfed in the North
Atlantic and not the North Pacific (see also Emile-Geay ef2002)). If the wind
stress pattern becomes zonal the North Atlantic Drift wilisfldirectly across the
Atlantic towards France and Spain instead of towards thelld&eas, reducing the
salt flux into the subpolar Atlantic and causing the sinkingnizh of the THC to
shift southward and reduce ocean heat flux convergence Ndhdic Sea.

In the current climate the sea ice edge is very much contrdethe pattern of
the winds through the influence they have on both the ice aniftthe atmosphere
heat transport. For example positive phases of the NAO gwaldth less ice in the
Greenland and Barents Seas, where the anomalous windoardtfe south, and
more ice in the Labrador Sea where the anomalous winds aretfre north (Deser
et al. 2000). On longer timescales changes in wind will inbghe ocean heat
transport and this will also influence the sea ice cover. A& sthimore zonal winds
across the North Atlantic will, by all processes, allow sesto extend further south
than it currently does, cooling the North Atlantic regionknate.

Currently much of the Gulf Stream water continues northveard becomes part
of the deep overturning in the North Atlantic. As shown byl@gl(2003), using
data, and by Boccaletti et al. (2005), using a model, in theiNatlantic Ocean,
unlike other basins, the deep overturning heat transpedtigl in magnitude to that
by the horizontal gyres and intermediate overturning. Toethward flow of the
Drift helps sustain winter heat release from the ocean céibenorth of Scotland.
The heat release and diabatic heating of the atmosphere &ledps maintain the
Icelandic Low. This was shown in the GCM experiments of Seageal. (2002)
and is implicit in the modeling of Hoskins and Valdes (1990he Icelandic Low
maintains the northward deflection of the storm track, jet e North Atlantic
Drift. Thus the interaction between the atmosphere androceaulations over
the North Atlantic appears to be self-reinforcing. Perhfapsing of this system
from outside, maybe in the tropics, can set this reinforengghanism running in
reverse and establish a stable zonal jet and storm tracka Korth Atlantic Drift,

a collapsed THC and a cold North Atlantic.

Although a shift to a zonal circulation across the North Atia would cause
extensive cooling of the European region on its own it wowddalssisted by the
induced THC shutdown. To date explorations of THC shutdowave all focused
on the impact of freshwater discharges from melting ice shmdce damned lakes.
To our knowledge the impact on the THC of a sudden shift in therfic to a more
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Pacific-like wind stress regime has never been investigdtedbuld decrease the
warm, salty water flow towards the Nordic Seas that, curyead it cools, becomes
dense enough to sink to the abyss. With that inflow shut offrigydltered wind
stress pattern it at least appears possible that the THGitidown too.

2.9.4 Summer climate and abrupt shiftsin seasonality

During the Bolling warm period and the period after the YoanBryas the climate
of western Europe had a seasonality similar to that of todaydring the cold
spells while winters were extremely cold, summer tempeesttemained close to
10°C (Atkinson et al. 1987, Denton et al. 2005). Not surprisinglieh summer
temperatures can be reproduced for these periods in an pher@sGCM when
the North Atlantic SSTs are specified to also be that warm ¢Rem and Isarin
2001) During the cold periods the SSTs need to warm from fingdp about 0°C.
Currently the only regions of the world ocean that have asw<ycle that large
are in the western boundary currents east of North Ameridaf@m. Here warm
moist advection around the summer subtropical anticyceveems the SSTs, and
cold dry advection of the continents, as well as transiedtes cool the SSTs in
winter (Seager et al. 2003a).

The summer warmth and increased seasonality require a ratgpér Iheat im-
port into the North Atlantic region by the atmosphere andaoceéuring summer
than currently occurs. One possible cause of this is theepoesof extensive ice
sheets over North America and Scandinavia. During wintsrsheets do not sig-
nificantly perturb the surface or planetary radiation budiye in summer they are
a vast radiative sink as they reflect solar radiation thagmtrse would be absorbed
at the surface. This radiative sink, and the associatedteaigheratures, will in-
duce an anomalous convergence of atmospheric heat trams@orthe ice. This
could cause a much larger export of heat from the tropicshigh latitudes during
summer than is currently the case.

Few GCM studies have examined the the impact of ice sheeteasosal en-
ergy transports. Hall et al. (1996) did find greatly increhsemmer atmosphere
heat transport in an LGM simulation, although the fixed SSiTthe study make
the results questionable. Summer ice sheets will also ittpacstationary waves.
Currently, during summers poleward warm advection arodweditelandic Low
(which, unlike the Aleutian Low, is still present in summ#rpugh weak) helps
warm the coast of Scandinavia while further south cold atiwe@round the North
Atlantic subtropical high keeps the coasts of Portugal aodiNAfrica cool (Sea-
ger etal. 2003a). If, during the summers of cold periods sisadhe Younger Dryas,
the Icelandic Low was strong and south of its current locatieen it could cause
advective warming of western Europe. It will be well worthaexining how the
Laurentide and Scandinavian ice sheets impacted the sustat@mary wave cli-
mate, via their orography and albedo, and how this impactedser temperatures
and seasonality.
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2.9.5 Thetropical circulation and abrupt climate change
2.9.5.1 Tropical forcing of global climate variations

There are many reasons to think that the tropics play aneaotile, and maybe
an organizing one, in abrupt climate change and are not ansdek responding
passively to climate changes organized by the North Ata@tean. For one thing
the paleoclimate record shows that abrupt climate changeseatively, as large
in the tropics (e.g. the Asian monsoon and Andean ice coe#) the North
Atlantic region (Denton et al. 2005). While models do showat tweakening and
strengthening of the Atlantic THC can inspire significamipical climate change
(Zhang and Delworth 2005, Vellinga and Wood 2002), the ckarggem to fall
short of those that actually did occur. Itis equally platesthat past abrupt changes
occurred as part of a global climate reorganization insgigiavithin the tropics.

The other reason for looking to the tropics is that in theentrclimate many cli-
mate changes around the globe throughout the twentietirgeimave been forced
from the tropics through varying SSTs and patterns of t@ptonvection. This
includes the major droughts and pluvials over the Ameri€ah(bert et al. 2004,
Seager et al. 2005, Huang et al. 2005), the drying of the S&iehnini et al.
2004) and, quite possibly, the trends in the Northern AnrmMlade (Hurrell et al
2004, Hoerling et al. 2004, Schneider et al. 2003). The ¢ acific may also be
able to exert a control on the Atlantic THC (Latif et al. 20@jough its influence
on rainfall over the tropical Americas and the Atlantic Oteand the vapor flux
across Central America.

2.9.5.2 Limitations of the ENSO blueprint

Although all this is true, so far it has not been demonstréitatithe tropics in any
way control abrupt climate changes. The dominant mode aftggaear and decade
to decade climate variability in the tropics relates to thé&lEo-Southern Oscil-
lation (ENSO). Numerous attempts to explain past tropi&I $hanges have in-
voked changes with an ENSO-like spatial pattern (e.g. 8tatt (2002), Koutavos
et al. (2002)) and the global impacts of ENSO have been apge¢alas a cause
of climate change on glacial timescales (Cane 1998). Qéyt&RNSO responds to
orbital and other external forcing and may even respondmlyrto gradual forcing
(Clement et al. 1999, 2000, 2001, Mann et al. 2005).

Clement et al. (2001) suggested that the peculiar orbitalrig of the Younger
Dryas interval stabilized the tropical Pacific atmosphacean system resulting in
long periods without interannual variability and a peesistchange in the mean
state with a La Nifia-like pattern. While this result is catling the global cli-
mate changes during the Younger Dryas do not fit the typicallif@ pattern. Of
the available paleo records, only tropical cooling, as iegpby Andean ice core
records for the Younger Dryas, is consistent with a La NiKe-state. During sta-
dials, reduced precipitation over northern south Ametieaweak Asian and west
African monsoons and reduced salinity in the tropical westifit are all more
typical of an El Nifio like state. El Nifio events also coa tmid-latitudes of each
hemisphere (Seager et al. 2003b) which clearly happenéuythe Younger Dryas
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and glacial stadials. However an El Nifio-like state wouihaeduce precipitation
in the part of northeast Brazil where speleothems indicatasnditions during
stadials. This, in combination with the dry Caribbean caéSouth America (as
inferred from the Cariaco record), is more consistent witheakened THC and a
southward shift of the ITCZ (see Figure 5). Finally neithdi4C shutdown nor an
El Nifo-like state can explain the cooling off Namibia chgithe Younger Dryas
reported by Farmer et al. (2005).

Despite some evidence for an El Nifio-like state duringiatacturrently the
impacts of El Nifio over the North Atlantic are far too wealatcount for the dra-
matic climate changes that occured there during glacidiatand interstadials.
It is true that the climate response associated with persigfl Nifio-like, or La
Nifia-like anomalies need not be the same as the one thattmegwith interan-
nual variability. However experiments with coupled models/hich persistent El
Nifio or La Nifia states were induced (Hazeleger et al. 20@5uapublished results
conducted by the first author with the GISS and CCM3 climatdets) produced a
response akin to the interannual one: during persistentii@s\the tropics warm,
the mid-latitudes cool and the poles warm and there is arathall global mean
temperature change (Seager et al. 2003b). At least in tixgsgiments persistent
changes in ENSO did not excite positive feedbacks involwiater vapor or clouds
that significantly amplified climate change.

The inadequacy of the ENSO blueprint alone in explaininggpatial pattern
of abrupt change indicates that in pursuing tropical ineatent in abrupt climate
change we need to think beyond ENSO. This need is highlighyetd/o problems
of the model studies mentioned above. First, in interannaidbility an EI Nifio
warming of the eastern tropical Pacific is caused by a trahsigjustment of the
ocean circulation and upper ocean heat content. On longestales relevant to
different climate regimes the changes in ocean circulaiwhheat transport must
be in equilibrium with the atmospheric circulation. In teiguilibrated case changes
in SST must be sustained by different processes than foramteial changes in
SST (Hazeleger et al. 2004). They will probably have difféspatial patterns and
different climate consequences.

Second, the models that were used to examine the globalmespo persistent
El Nifios and La Nifas (Hazeleger et al. 2005) did not allowdcean circulation
adjustment. It is an open question how persistent tropigalkate changes impact
the global ocean circulation, thermocline structure anat h&ansports. In both
cases the challenge is to consider the full range of possibpgcal and global
atmosphere-ocean coupling and to think outside of ‘the ENSQ.

2.9.5.3 Tropical heating and extratropical jets and storm tracks

Clearly, tropical climate changes have thaential to cause significant extratrop-
ical climate change. In an intriguing paper Lee and Kim (90@8se argued that
the Northern Hemisphere contains two dynamically distjatstreams. One is a
subtropical jet (STJ) on the poleward flank of the Hadley @elll the other is a
polar front jet (PFJ) further poleward. As they point out,2nJ can be created in
the absence of eddies by conservation of angular momenttire jpoleward upper
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Figure 2.6 Latitudes of the subtropical jet (line with opests), the primary (line with
closed dots) and secondary (dashed line with open squatég)deiven jets as a
function of the strength of an imposed tropical heating ifwntal axis). Results
were generated from simulations with simplified models viite eddy-driven
jet latitudes predicted with the unstable normal modes abasymmetric flow.
Figure taken from Lee and Kim (2003).

level flow of the Hadley Cell (Schneider 1977, Held and Hou@?98n the real
world, while this process is relevant, the STJ is also shéyyeztidies. In contrast,
eddies can create a jet within a zone of uniform baroclipibiit without a prior
existing jet (Panetta 1993, Lee 1997). Lee and Kim arguetltieeFJ has the char-
acteristics of a jet generated in this manner. Such jetscanetmes referred to as
'eddy-driven’ although this term is potentially misleagias both the STJ and PFJ
are in thermal wind balance.

Nonetheless the distinction between a subtropical jet misiximum westerlies
on the poleward edge of the Hadley Cell and overlying a regf@ero mean merid-
ional surface wind and an eddy-driven jet further polewadincident with maxi-
mum eddy momentum flux convergence and lying between zege bifithe mean
meridional surface flow, is valid (Son and Lee (2005), see Rlsbinson (2006), in
this volume, for further discussion of the work of Son, Leé &im). The Asian
sector has only a single jet with the character of an STJ. @weAtlantic sector,
during winter, both jets exist with an STJ that begins wesAfofca and extends
across Africa and Asia and a PFJ that begins over the southsted States and
extends up to the British Isles and Scandinavia. This pécisibroadly consistent
with the observations of Palmen and Newton (1969).
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Lee and Kim argue that the STJ and PFJ compete for the atteftimansient
eddies. When the STJ is strong enough, the meridional teahypergradient with
which it must coexist, is potent enough to organize trangddy activity resulting
in a relatively southern storm track, as over the Pacific @cé&@here the STJ is
weaker the self-reinforcing interaction between eddied thed off temperature
gradients, the momentum fluxes off those eddies that drige-jand associated
temperature gradients - allows the establishment of avelgiorthern jet, as over
the Atlantic Ocean.

Lee and Kim show that the competition between the two jetsodutated by the
strength of the tropical heating (Figure 6). When this isrstrthe STJ is strong
enough to 'capture’ the transient eddies and merge theapibal and eddy-driven
jets. Their results are based on a collection of idealizettla@oretical calculations.
Son and Lee (2005) reproduced similar results with thessiedily steady states of
a primitive equation model subjected to different stresgthtropical heating and
high latitude cooling. Both studies suggest that there &teilblitions of tropical
heating and high latitude cooling that would cause the adtilyen Atlantic jet to
be captured by the STJ west of Africa. Were this to occur tHaniit storm track
would become reoriented to extend directly eastward froemSbuthern United
States towards the Mediterranean region. In certain regimecording to these
studies, a modest change in the tropical heating could tlem geestablishment of
the double jet structure and set the same chain reaction tftireverse direction.
These interactions between jets and thermal driving, wioempled to the ocean,
may provide a means for creating climate transitions sucthase seen in the
paleoclimate records. As stated by Robinson (2006) thepafransitions of jet
regimes here are governed by the dynamics of extratropilthée and could also
‘lurk in our future as climate warms'.

According to Yin (2003) southward movement of tropical cection during
northern winter strengthens the northern hemispherecibtl jet, which is con-
sistent with the results of Lindzen and Hou (1988). A souttdighift of the ITCZ
in the longitudes of the Americas could lead to the Atlantibtsopical jet ‘cap-
turing’ the transient eddies. This would cause a weakenirigeoeddy-driven jet
over the North Atlantic, analogous to the mid-winter sugpren of the North Pa-
cific storm track (Yin 2003, but see Swanson (2006) in thisuga for a purely
mid-latitude explanation of this phenomena). This woulduee the atmospheric
flux of heat into the Northeast Atlantic sector. Further tbaa elongation of the
Atlantic jet would cause changes in the surface wind stredscarl and reduce, or
eliminate, the flux of warm, salty water from the subtropikalrth Atlantic into
the subpolar Atlantic, reducing the heat loss to the atmespthere (and, hence,
reinforcing zonal atmosphere flow), allowing sea ice to expand also reducing,
or shutting down, the THC.

These processes would also operate in the classical parddigabrupt climate
change, which features abrupt shifts in the THC as the cagsait. For example,
if there was a sudden resumption of the THC (for whatevera®aand the sea
ice moved northward, the subtropical North Atlantic atnfesie and ocean would
warm and the ITCZ would shift farther north (Chiang et al, 2D0A shift in the
ITCZ northward across the equator would weaken the sulabjet and cause



paleo circ’'3 December 23, 2005

28 CHAPTER 2

the storm track in the North Atlantic to strengthen and shdtthward into the
Nordic Seas. This would reestablish the transport of wamtty svater into the
subpolar North Atlantic, deflecting the jet and storm trackthwards and further
encouraging a strong THC.

It is also possible that the changes in the ITCZ could invailterations in the
latitudinal concentration of the heating such that, dustaglials, as the ITCZ con-
vection moves south it also becomes more longitudinallyfined. According to
Hou and Lindzen (1992) this is another process that cansifiethe Hadley circu-
lation and potentially set in motion the same set of atmospaed ocean processes
and feedbacks described above. In this case the southeisgiere would be im-
pacted to. A stronger STJ and weaker PFJ in the southern pleenescould, if it
lead to an equatorward movement of the surface westeridace the flux of salty
water from the Indian Ocean into the south Atlantic. This ak helps sustain the
North Atlantic branch of the THC (Gordon et al. 1992) so tlsishother means
whereby tropical heating distributions could have the ptigto alter the THC and
create global climate changes.

Hence, interactions involving both the atmosphere androicgthe North Atlantic-
Americas sector could act as an amplifier of climate changeng the high lati-
tudes and the tropics. We have already discussed evideatcthehITCZ over the
Atlantic and Americas does move south during Greenlandadta(Peterson et al.
2000, Wang et al. 2004). To date this has been viewed asHiitiee than a re-
sponse to cooling of the North Atlantic Ocean but it would ineniediately fruitful
to examine the complete nature of two-way coupling betwbhed®CZ and the at-
mosphere and ocean circulation in the mid and high latituoletNAtlantic region,
both in modern and glacial climates.

Support for these ideas of reorganization of atmosphemgalgtion comes from
simulations with coupled GCMs of the climate of the Last Gaklaximum (LGM)
such as the one conducted with NCAR'’s Climate System ModeMY(Shin et al.
2003) and further analyzed by Camille Li at the UniversityMg&shington who
provided these figures. Figure 7 shows the upper troposhenial wind and the
transient eddy heat transport in the lower tropospherei®mtinters of a simula-
tion of the modern climate and for the winters of the LGM. Notgisingly, in
the presence of ice sheets, and with lower levels of carbmxidi, the meridional
temperature gradient was stronger at the LGM and, congligtére jet stream was
also. However, in a situation analogous to the modern daywirider suppression
in the Pacific, the transient eddy heat flux was reduced throuighe winter. This
could be a consequence of the orographic forcing of the lraigieice sheet gen-
erating a barotropic stationary wave that influences thettre of the Atlantic jet
(see Swanson (2006) for a simple model demonstration of thiss atmospheric
state, with reduced eddy heat transport, is suggestiveeottidial state during
glacials. It will be interesting to see if some change camnuaedthis state to flip
over to one akin to the modern - or interstadial - state bexatig can, then this
is a viable means for explaining the observed abrupt chaofgthe glacial period.
Figure 8 provides a highly idealized schematic of the catiahs proposed for the
stadial and interstadial states of the glacial period.

An intriguing aspect of this idea is that during summer tla¢gishary wave forced
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Figure 2.7 The northern hemisphere wintertime zonal winthupper troposphere (con-
tour interval of 10ms~*, contouring beginning at 38s~') and the transient
eddy heat transport in the lower troposphere (shadinés~") from coupled
GCM simulations of the modern climate (above) and the Laati@al Maximum

(below). Analysis conducted, and figure provided, by Camliil of the Univer-
sity of Washington.
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Figure 2.8 Schematic of the meridional cross section of thpgsed atmosphere and ocean
circulation for interstadial (above) and stadial (belotatss of the glacial period.
The stadial states have stronger overturning in the tropicstronger STJ and
weaker PFJ, weaker eddy heat transports (indicated by waews) and, as a
consequence of the changes in North Atlantic wind stressgaced THC.

by the Laurentide ice sheet will be weaker but, because oélthedo effect, the
overall baroclinicity in the North Atlantic region will reain. This could allow for
a strong summer storm track stretching into the subpolatiNatiantic, much as
we see in winter today, that would effectively warm Europsammers in agree-
ment with the proxy evidence. If it is true that the ice sheegoaphy is important
for allowing shifts in jet regimes then it might be expectbdttat its most south-
ward extent and largest volume the orographic forcing oflthve may become suf-
ficiently dominant to allow only one jet and eddy regime, thithe stadial state.
Such stability would lead to a cessation of abrupt changes@aslly did happen,
broadly speaking, between Dansgaard-Oeschger event harotling/Allerod
warm jump (see Figure 1).

If abrupt climate change during the glacial between thesectiupled atmosphere-
ocean states in the tropics are responsible then chandesgiotbal ocean are likely
to be important in explaining the long term nature (cengiiiea millennium or so)
of each regime, a subject to which we now turn.
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2.9.5.4 Near-global atmosphere ocean coupling and tropical climate reorganiza-
tion

ENSO and decadal ENSO are oscillations of the tropical Raaifnosphere and
ocean. The climatological winds over the tropical Pacifie@tcan quite closely
explain the spatial variation of tropical Pacific thermaelidepths according to
Sverdrup dynamics (Veronis 1973) and, with the inclusiohEloman dynamics,
the creation of a warm pool and a cold tongue (Clement et ab5R0The same
dynamics can explain the transient adjustment of the thelimeto varying winds
(Cane 1984). A central element is an adjustment to balantieeaEquator be-
tween the thermocline (or sea level height) tilt and the kaiired stress. What this
dynamics cannot explain is the mean thermocline depth.

Boccaletti et al. (2004) point out that the mean depth hastoelated to the
global surface heat budget and ocean heat transport. Thisciguse a shallow
equatorial thermocline allows upwelling to expose coldevathich causes weak
latent heat loss and, consequently, a net downward sur&satdlbx. Wind-driven
overturning circulation exports this heat poleward. A dmeghermocline would
allow less poleward ocean heat transport. While this is tiheedetails of the ad-
justment between the thermocline, winds, currents and ¢earmand atmosphere
heat transports are opaque.

Huang et al. (2000), Johnson and Marshall (2004), Cessi.e{2004) and
Timmermann et al. (2005) have pointed out that, by redudiegransfer of mass
from the upper layer of the ocean to deeper layers, cesgatiarth Atlantic Deep
Water formation would cause the tropical Pacific thermadomigrate downward.
The adjustment occurs by coastal and equatorial Kelvin vanel begins within a
decade or two although the splitting of the equatorial Kelvave in the Atlantic
into coastal Kelvin waves that propagate both north andrshuits the strength
of the signal outside of the North Atlantic. Nonetheless epae tropical Pacific
thermocline should cause a reduction of poleward tropicaba heat transport.
The tropical thermocline depth and structure must also hgaated by surface
buoyancy fluxes, water mass transformation and subduciibimvthe extratropics
where water that eventually upwells at the Equator leavestinface. Relatively
little work has been done on this beyond theoretical expilmma but Hazeleger et
al. (2001, 2004) have shown that variations in the midtdtt storm tracks and
circulation can have a significant impact on the tropicaliiRachermocline. It
remains to be seen how, for example, plausible shifts initbetorm tracks and jet
streams in past climates impacted the tropical oceans.

2.9.5.5 Ocean and atmosphere heat transports and the global climate

If it is really true that global atmosphere-ocean couplimgiving changes in storm
tracks, the mid-latitude westerlies and the THC can imgaetepth and structure
of the tropical Pacific thermocline, then the potential exte shift the partition-
ing between the tropical atmosphere and ocean heat traasgdeld (2001) ar-
gued that this partitioning within the tropics cannot chabgcause of the dynam-
ical coupling, by Ekman transports, between the Hadley &ail the meridional
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ocean overturning. However, the constraint is not nearljgdd once the tropical
oceanic gyre transport, which moves heat equatorwardnisidered (Hazeleger et
al. 2004, 2005).

It is the total transport by atmosphere and ocean that is tigiely constrained,
apparently by the radiation budget at the top of the atmagp{@@ement and Sea-
ger 1999). Consequently a reduction of wind-driven trojpdzan heat transport
causes a compensating increase in atmosphere heat trangiplorthe total heat
transport varying by little, a universal result with all nmem of models in all types
of experiments including removal of the ocean compoentoraihof mountains
and removal of continents (Manabe et al. 1975, Cohen-SathlL#Treut 1997,
Clement and Seager 1999, Czaja and Marshall 2006, WintoB)2G0s plausible
that a deeper tropical thermocline, by reducing the poldwaean heat transport,
could cause the atmosphere to carry a larger share of tHeraotaport.

It is also a common model result that, as the tropical oceat thansport is
reduced, the subtropical SSTs cool and the marine low légaticcover and plane-
tary albedo increase. In addition, tropical deep convadiiecomes more confined
towards the Equator resulting in reduced atmospheric watpor and reduced
greenhouse trapping in the subtropicBoth effects cool the planet (Clement and
Seager 1999, Winton 2003, Herweijer et al. 2005). Thus aaregjustment to
a deeper equatorial thermocline, as could be induced by a Sitd€lown or some
unknown change of the extratropical atmosphere circulatimuld be expected to
cause a cooling of the global climate.

2.9.6 Discussion

The global atmosphere-ocean coupling idea of abrupt cliraadinge, with an ac-
tive or organizing role for the tropics, is pure speculatidm date no one has shown
that the tropical-extratopical atmosphere-ocean citmrichas different modes of
operation with radically different climates but, then agaio one has tried. The
tropical equivalent of a North Atlantic ‘hosing’ experintezapable of causing a
model climate to flip into an alternate state has yet to besgeli

There also remains the tricky problem of what causes theatéito remain stuck
in one regime or the other for centuries before rapidly dwitg back to the alter-
nate state. Here the THC idea has little advantage over timabtoupling idea.
Although simplified climate models can simulate regimexlikimate changes with
abrupt transitions in between (Ganopolski and Rahmstd@12Qhis kind of behav-
ior has not been found in coupled GCMs. Instead, after beingefl to shutdown by
a very large forcing, the THC in current coupled GCMs tenddriioble back to full
strength over the following few centuries. In contrast,lig paleoclimate record,
the resumptions of deep water formation appear more aknaptthe shut downs.
For the global coupling idea the long residence in one ckrnstdte or the other and
then a switch would, presumably, have to involve the deepmo&culation. At
some point deep ocean climate change reaches a point whigseinfluence on

51t is also possible that changes in the fluxes of moisture &ysient eddies and the eddy-driven
mean meridional circulation cause drying in the subtropigsthis possibility was not addressed in
these studies.
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the coupled climate of the atmosphere and upper tropicarseauses a switch
between the different tropical climate states.

At this point the global coupling idea is largely based omiition. However there
are interesting recent studies on 1) how the tropics botore$to, and organize,
global circulation and climate change, 2) new theories emnrtie of tropical heat
transports in global climate and 3) new ideas on the globatrots on the tropical
thermocline, all ensure that this idea will be actively med in the future.

2.10 CONCLUSIONS

The abrupt climate changes that occurred during the lasiagian and deglaciation
are mind-boggling both in terms of rapidity and magnitudédafTwinters in the
British Isles could switch between mild, wet ones very samtb today and ones
in which winter temperatures dropped to as mucR@sbelow freezing, and do
so in years to decades, is simply astounding. No stateeskthclimate model, of
the kind used to project future climate change within thedgovernmental Panel
on Climate Change process, has ever produced a climate etlizeghis. The
normal explanation of how such changes occurred is that deggr formation in
the Nordic Seas abruptly ceased or resumed forcing a changeean heat flux
convergence and changes in sea ice. However coupled GCMemduce such
rapid cessations in response to unrealistically largénfwvaser forcing and have not
so far produced a rapid resumption. Even when they do prockssations of deep
water formation the climate change around the North Attarggion is much less
than the proxy reconstructions indicate, even though taécgecover in the models
increases.

According to coupled GCMs, cessations and resumptionseyp eater forma-
tion do cause climate changes around the world qualitgtidkin to those recon-
structed within the paleoclimate record. When the deegrsinranch of the THC
in the North Atlantic is forced to shutdown, the Atlantic IZ@oves south and the
Asian monsoon weakens, both of which agree with recongnst However the
modeled change in the Asian monsoon is weaker than thatstrooted while the
North Atlantic Ocean circulation changes do not seem capafatausing - for the
most recent such abrupt change (the Younger Dryas) - thén@américan cooling
seen in Andean ice cores and the cooling in the southeasgttitla

Here we have argued that the abrupt changes must involvetimomehanges in
the North Atlantic Ocean circulation. In particular it isgaed that the degree of
winter cooling around the North Atlantic must be caused bylsstantial change in
the atmospheric circulation involving a great reductiormtthospheric heat trans-
port into the region. Such a change could, possibly, be daesteitch to a regime
of nearly zonal wind flow across the Atlantic, denying westEurope the warm
advection within stationary waves that is the fundamemrason for why Europe’s
winters are currently so mild. Such a change in wind regimaldjgpresumably,
also cause a change in the North Atlantic Ocean circulatiothe poleward flow
of warm, salty waters from the tropics into the Nordic Seativerted south by the
change in wind stress curl. This would impact the locatiod sinength of deep
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water formation and allow sea ice to expand south.

Changes in the distribution and strength of tropical cotigacare capable of
causing such changes in the mid-latitude wind regime, aiegto idealized GCM
experiments. Tropical forcing route is appealing becauseduld help explain the
large abrupt changes in the monsoons and tropical climateatie known to have
occurred as well as force changes in mid-latitude atmogpdeat ocean circulation
and climate.

That the period of instrumental records has been free ofatiambrupt changes,
and that even the Holocene was quiet compared to the glamimdy argues that
climate instability arises when there are continental iezess in North America and
Eurasia and/or when the climate is colder. During glaciaiqus the climate can
be described as fitting with Lorenz’s (1968, 1970) concefalafost-intransitivity’
in which the climate possesses successive very long penitkdsemarkably dif-
ferent states and abrupt transitions inbetween. It mushéiedither the presence
of ice sheets, with their albedo and orographic forcing,her ¢older mean state,
allows the atmosphere and ocean circulations to adopt &limansitivity. It is
possible that long integrations of coupled GCMs with glBb@undary conditions
will reveal these states. Climate modelers should hedieftare discarding a model
simulation that produces a climate that is distinctly wanmmiany parts of the world
even in the presence of glacial boundary conditions!

Currently our knowledge of the general circulations of ttre@sphere and ocean
does not provide a means whereby we can imagine alternitess of the tropical
and global climate, and the ability to move rapidly betwesem. However there
has been enough recent work on the relationships betweginat@tmosphere and
ocean heat transports and the global controls on heat tetssgpnd the tropical
thermocline to provide some hints that rearrangment maydssiple. The situ-
ation is poised for a ‘Manabe and Stouffer’ moment when, \sitime clever, or
fortuitous, experiment, alternative states are demotestia a coupled model.

When, if ever, this will occur is unclear. The problem for dymicists working
in this area is that the period of instrumental observatiand model simulations
of that period, do not provide even a hint that drastic clem&organizations can
occur. Our understanding of the general circulations istddandamentally on
this period, or, more correctly, on the last 50 years of itngetof gradual climate
change or, at best, more rapid changes of modest amplitadéishot surprising
that our encyclopedia of knowledge of the general circateticontains many ideas
of negative feedbacks between the circulations that maydwglain climate vari-
ability but also stabilize the climate (Bjerknes 1964, Hager et al. 2005, Shaffrey
and Sutton 2005). The modern period has not been propitiossfdying how the
climate can run away to a new state. Because of this our uladeling has to be
limited. Possibly the extent of our understanding will beuight into question by
climate change itself as the Earth’s climate changes mgidlyethan we can ex-
tend our understanding of it. But we do not have to wait fot thortunate event
as the past is already full of events that simply cannot begglavithin our current
understanding of the general circulations but are theréingao be explained.
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