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1. MOTIVATION 
 
Reconstructions of oxygen isotopes from 
Greenland ice cores have revealed that the 
climate of the last glacial period was 
interrupted by rapid climate swings in the 
Northern Hemisphere, with an approximate 
spacing of 1,500 years. These Dansgaard-
Oeschger (DO) stadial-interstadial (cold-warm) 
transitions were accompanied by rapid 
increases in surface air temperature of up to 
16°C over Greenland followed by a long-
lasting cooling. Although the volume of proxy 
data documenting these millennial-scale 
oscillations is continuously growing, the 
physical mechanism responsible for their 
existence and the causes of the major 
reorganization of the ocean-atmosphere 
coupled system remain poorly understood. 
 
Several physical mechanisms have been 
proposed so far to explain the possible origin 
of these DO cycles and the relative stability of 
the Holocene. Jumps between cold stadials 
and warm interstadials were first reproduced in 
noise-free models with the help of a periodic 
surface freshwater forcing. The stochastic and 
coherence resonance mechanisms were then 
shown to produce stadial-interstadial 
transitions whose characteristics share many 
similarities with the observed DO cycles. 
However, noise-free millennial oscillations 
under steady freshwater (and solar) forcing 
were also found more than a decade ago in 
both zonally-averaged and 3D climate models. 
These oscillations are simply the so-called 
deep-decoupling oscillations described in 
detail by Winton and Sarachik (1993). Loving 
and Vallis (2005) suggested that glacial 
climates exhibit abrupt millennial-scale 
oscillations because of the reduced strength of 
the Atlantic Meridional Overturning Circulation. 
However, observations suggest that the 
strength of the circulation during the last 
glacial period was probably not very different 
from today, despite the large sea-ice changes 
(Lynch-Stieglitz et al., 2007). Here, we suggest 
instead that this is the reduced thermal 
stratification   of   the   glacial   ocean,   mainly 
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caused by upper ocean cooling, that is at the 
origin of the instability of glacial climates. 
 
2. THE MODEL 
 
We use an idealized coupled ocean-
atmosphere-sea ice model set up in a single-
hemisphere geometry. The choice of this 
geometry is first motivated by the strong 
evidence from the paleorecord that the 
signature of the DO events was prominent in 
the North Atlantic, and second by the many 
studies that identify precursors of these events 
in the North Atlantic. The ocean component is 
based on the planetary geostrophic equations, 
valid for time scales much larger than the 
inertial period and spatial scales much larger 
than the internal Rossby radius of deformation. 
This ocean model is coupled a simple one 
layer thermodynamic sea ice model and an 
atmospheric energy balance model. The 
domain is a flat-bottom sector of a sphere, 
extending from the equator to 84°N and is 63° 
wide in zonal extent. The horizontal resolution 
is 3° and there are 15 layers whose vertical 
thickness increases unevenly from 50 m at the 
surface to 550 m at the bottom (4500 m 
depth). Lateral boundaries are solid vertical 
walls where no-slip and no-flux boundary 
conditions are applied. Surface boundary 
conditions include a prescribed freshwater 
forcing and a surface wind-stress forcing (Fig. 
1). We focus on the marginal boundaries 
between stable and unstable states, so that 
stochastic forcing is absent. We use two 
control parameters, namely the magnitude p of 
the freshwater forcing and the planetary 
emissivity εp. 
 
3. MILLENNIAL OSCILLATIONS 
 
The objective of this study is to compare the 
sensitivities of cold and warm climate 
solutions.  The only differences between the 
two climates are the latitude of the land ice 
edge (70°N and 50°N for the warm and cold 
cases respectively) and the planetary 
emissivity  εp (0.60 and 0.61 for the warm and 
cold cases respectively), which can be 
understood as a parameter expressing the 
level of atmospheric greenhouse gas 
concentration. The mean glacial climate 
generated with p=60 cm yr-1 appears to be 
close to marginal stability. Increasing the  



 
 
Fig. 1. (a) Meridional distribution of the 
freshwater forcing for p=60 cm yr-1 and (b) 
prescribed wind-stress forcing. 
 
freshwater forcing by a small amount, until 
p=70 cm yr-1, leads to finite amplitude 
millennial oscillations with a period of about 
1700 years. Note that the warm climate 
solution is fully in the stable regime for this 
particular value of freshwater forcing and 
switches into an oscillatory regime for p=90 cm 
yr-1. 

One of the most prominent features of 
the DO events is their saw-tooth shaped 
temperature profile, as recorded in the NGRIP 
Greenland ice core. This aspect of the 
behavior of the high-latitude climate during the 
last glacial period is well captured by our 
model (Fig. 2): that is, there is a clear abrupt 
and significant warming followed by a plateau 
phase with slow cooling lasting several 
centuries, and finally a rapid decline back to 
stadial conditions. 
 
4. RESULTS 
 
We mentioned above that the cold climate 
oscillates for a lower freshwater flux than the 
warm climate (70 and 90 cm yr-1 respectively). 
Figure 3 reveals that this result is robust 
across a wide range of planetary emissivity 
values εp. Why do cold climates oscillate for 
significantly lower freshwater fluxes than warm 

climates ? 

 
  
Fig. 2. Millennial oscillations of the glacial 
climate obtained with p=70 cm yr-1. (a) High-
latitude SAT (75°N-84°N), (b) mean SAT, (c) 
mean oceanic temperature, (d) maximum of 
the MOC estimated below 850 m. The dashed 
lines indicate the values of the nearby stable 
state obtained with p=60 cm yr-1. 
 

 
 
Fig. 3 The position of the transition from the 
stable thermal state to the oscillatory regime 
under cold and warm climate conditions in the 
freshwater forcing – planetary emissivity 



parameter space. 
 
Additional experiments (not shown here) under 
mixed boundary conditions revealed that this 
fundamental difference can be solely 
explained in terms of internal ocean dynamics. 
We then compare the characteristics of the 
oceanic states for the cold and warm climate 
solutions at marginal stability of the cold case, 
that is for a value of freshwater forcing that is 
just below that corresponding to the transition 
from the stable thermal state to the oscillatory 
regime. The stable thermal states generated 
with p=60 cm yr-1 are characterized by 
overturning circulations with similar strength 
(18 Sv, not shown). 
 

 
 
Fig. 4 Climatology of the cold and warm 
climate solutions obtained with p=60 cm yr-1. 
(a) Poleward oceanic heat transport, (b) 
vertically-averaged Brunt-Vaisala frequency. 
 
This feature is in qualitative agreement with 
observations that suggest that the strength of 
the glacial ocean circulation was probably not 
very different from today (Lynch-Stieglitz et al., 
2007). However the poleward oceanic heat 
transport is less in the cold than in the warm 
case (Fig. 4a). A weaker baroclinic heat 
transport with the same mass transport is only 
possible if the vertical temperature contrast is 
less, which is indeed the case (Fig. 4b). This 
reduced density stratification is mainly caused 

by upper ocean cooling, salinity effects being 
negligible. 
 
5. SUMMARY AND DISCUSSION 
 
With similar overturning strengths between the 
cold and warm climates, this weaker 
temperature stratification implies a weaker 
baroclinic heat transport that ultimately leads 
to a weaker stabilization of the circulation by 
the negative advective-temperature feedback. 
As such, the polar water column stability is 
reduced in a cold climate and becomes 
therefore unstable for a smaller input of 
buoyancy (i.e freshwater in the present case) 
than warmer, interglacial climates. We are 
therefore led to hypothesize that the 
magnitude of the overall freshwater flux during 
the last glacial period was stronger than the 
value at the transition from the steady thermal 
state toward the oscillatory regime (see the 
blue and red curves respectively in Fig. 3). 
The converse can be hypothesized for the 
Holocene. This provides a simple explanation 
for the absence of DO events during the 
Holocene. 
 
Ganopolski and Rahmstorf (2001) showed that 
the transition from the stable thermal state to 
the state of totally suppressed overturning 
occurs for lower freshwater fluxes in the glacial 
than in the modern case. The argument is 
similar here, but applies for the transition from 
the stable thermal state to the oscillatory 
regime. The absence of millennial oscillations 
in the hysteresis diagrams of  Ganopolski and 
Rahmstorf (2001) may be due to the relatively 
high rate of variation of freshwater forcing 
used to build the stability diagrams (0.1 Sv / 
1000 years). Timmermann et al. (2003) 
suggested that a rate of variation of freshwater 
forcing of about 0.001 Sv / 1000 years must be 
used to yield reasonable approximation of the 
true bifurcation structure. This is because of 
the critical slowing down effect, becoming very 
important in the vicinity of bifurcation points. 
 
References 
 

Ganopolski, A. and S. Rahmstorf, 
2001: Rapid changes of glacial climate 
simulated in a coupled climate model, Nature, 
409, 153-158 

Loving, J. L. and G. K. Vallis, 2005: 
Mechanisms for climate variability during 
glacial and interglacial periods, Paleoceanogr., 
20, doi:10.1029/2004PA001113 

Lynch-Stieglitz, J. et al., 2007: Atlantic 
Meridional Overturning Circulation during the 
Last Glacial Maximum, Science, 316, 66-69. 



Timmermann, A. and H. Gildor and M. 
Schultz and E. Tziperman, 2003: Coherent 
resonant millennial-scale climate oscillations 
triggered by massive meltwater pulses, J. 
Clim., 16, 2569-2585. 

Winton, M. and E. S. Sarachik, 1993: 
Thermohaline oscillations induced by strong 
steady salinity forcing of ocean general 
circulation models, J. Phys. Oceanogr., 23, 
1389-1410 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


