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In his “three basic problems of palaecolimate modelling. . . ”
Saltzman suggested a clear time scale separation
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What is going on this plateau ? Why does it occur ?
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Holocene records can be very detailed, but difficult to
decipher

De Vernal. in PAGES (2017)
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allowed the application of modern analogue 
techniques for quantitative reconstructions 
of seasonal sea ice at many sites in the Arctic 
and subarctic seas (de Vernal et al. 2013b; 
See examples in Fig. 2). 

The limitation of marine sea-ice proxies 
regardless of the approach, the marine-
based sea-ice records suffer from several 
caveats: 

(1) The temporal windows of proxy-data. A 
sediment slice (1 cm usually) may represent 
decades to centuries or millennia, depend-
ing on sedimentation rates (mm per year to 
cm per thousand years) and bioturbation. 
This is problematic in the central Arctic 
Ocean where accumulation rates are particu-
larly low.

(2) The "modern" relationships between the 
proxies and sea ice are defined from the 
comparison of surface sediment samples 
and recent observations, which usually do 
not encompass the same time window. 
This is an important source of errors when 
calibrating transfer functions and applying 
modern analogue techniques. 

(3) Each record has first a local to regional 
value. The spatial distribution of marine-core 
records of past sea ice is not dense enough 
for extrapolation at the scale of the Arctic 
Ocean and subarctic seas. The rarity of 
quantitative sea-ice estimates in the russian 
Arctic, where the largest variability is pres-
ently recorded, is a critical issue.

(4) Year-round ice-free conditions and 
seasonal sea ice can be assessed from many 
proxies, but perennial or multiyear sea ice is 
more difficult to reconstruct. One ostracod 
taxon parasite of sea-ice nematode was used 

to assess multiyear sea ice in the central 
Arctic (cronin et al. 2013), but perennial 
ice cover is usually deduced from nega-
tive evidence (nil productivity of primary 
producers).

Circum-Arctic sea ice during the Holocene
Despite limitations, the marine data provide 
clues on sea-ice cover variations with time 
windows ranging from decades to centuries, 
thus yielding smoothed records. At the scale 
of the Holocene, proxy-data suggest limited 
variations in general, with likely resilient 
perennial sea ice in the central Arctic Ocean, 
but greater variations in the seasonal sea 
ice as expressed in terms of spring sea-ice 
concentration (Sha et al. 2014) or number 
of months of sea ice (de Vernal et al. 2013b) 
in the Arctic and subarctic seas which are 
within the limits of winter sea ice. In other 
words, the variability of sea-ice cover as 
reconstructed from marine proxies illus-
trates more the seasonality of its extent and 
concentration than the actual changes in the 
Arctic-wide extent of sea ice. The amplitude 
of local changes during the mid- and late 
Holocene seems to be mostly comprised 
within the range of interannual variations as 
recorded during the last decades. At some 
sites, variations from a dominant mode to an-
other (low to high sea ice) is recorded with a 
pacing ranging from multidecadal to millen-
nial scales that may, however, depend upon 
the time resolution achieved by the analyses. 
The records based on a standardized quanti-
tative approach, allowing comparison at the 
circum-Arctic scale, show limited changes 
and persistent sea ice in the canadian Arctic, 
but large-amplitude changes closer to the 
Pacific and Atlantic gateways (de Vernal et al. 
2013b; Fig. 2), where inter-basin exchanges 
(freshwater and heat fluxes) seem to result 
in a higher variability in sea ice cover. They 

also suggest diachronous, if not opposite, 
changes in the western (Pacific) Arctic versus 
eastern (Atlantic) Arctic at millennial scales, 
which might well illustrate shifts from domi-
nant Arctic dipole pattern (Wang et al. 2009) 
to strong polar vortex leading to more stable 
Arctic sea-ice cover.
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Figure 2: reconstructed sea-ice cover versus ages during the Holocene. The thin lines correspond to estimates and the thick lines are the smoothed values, which better 
illustrate millennial-scale variations.
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A speleothem record from Belgium (Pere Noel Cave)

M. Allan et al. In: Quaternary Science Reviews (2018) (project ”HOPES”)
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M. Allan et al. In: Quaternary Science Reviews (2018) (project ”HOPES”)
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The authors used spectral analysis to detect a possible
solar influence

Fig. 5. Intensity of cycles in PN trace elements and sunspot activity (Solanki et al., 2004). The power spectra demonstrate that the strongest cycles of PN trace elements arewith
durations of 68e75,133e136,198e209, 291e358, 404e602,912-1029 and 2365e2670yr. Thedashedgray linesaretheconfidencelevels(80%), each of those established by 10000
Monte Carlo runs.

M. Allan et al. In: Quaternary Science Reviews (2018) (project ”HOPES”)
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Continuous wavelet transform is a common method to
detect cycles. But do we use it properly?

M. Allan et al. In: Quaternary Science Reviews (2018) (project ”HOPES”)
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The linear two-box energy balance model
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A plateau emerges from the two distinct time scales
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Spectral estimators are expected to reveal spurious peaks.
Watch your null hypothesis
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(Walden and Parcival MTM method, using the CRAN package ”multitaper”)
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The Morlet wavelet variance analysis easily generates peaks
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The Haar (discrete) wavelet helps to distinguish
‘relaxation’ regimes from ‘wandering regimes’
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The Haar (discrete) wavelet helps to distinguish
‘averaging’ regimes from ‘wandering regimes’

I Haar variance increasing with scale: “wandering regime” :
I Haar variance decreasing with scale: “averaging regime” : you can

define an average on these time scales

I @Lovejoy13ab proposes to call “macro-” regimes the averaging
regimes. “Macroweather” (100-yr scale), “Macro-climate” (1 My time
scale).
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The Haar wavele on the two-box model
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Beyond the linear effets of atmospheric (white) noise:

excitation of
internal modes

periodic
or quasi-periodic, 

or intermittent forcing

upward
integration

downward
cascadeice sheet
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Simulating an intemittent regime: the Pomeau-Manneville
Type III intermittency
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Exciting the two box model with Type III intermittency :
excite the long-term variance
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Specific modes at the centennial time scale ?
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The oceanic loop oscillation
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Figure redrawn from Dijkstra and von der Heydt in PAGES (2017), which was reproduced in von
der Heydt et al., 2021.
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The Fitzhugh-Nagumo ODE is a simple oscillation

dx

dt
= −x3/3 + 2x − λ(y − x) + F (t)
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It displays a limit cycle (here with stochastic forcing)
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However it may also be brought to an ‘exciting’ regime,
providing a mechanism for intermittent behaviour
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A stratification oscillation in the Southern Ocean ?
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Atlantic basin, it was found that buoyancy 
anomalies, which propagate over the over-
turning loop can be amplified (Sevellec et 
al. 2006); such oscillations are called "Loop 
Oscillations" (or overturning oscillations). 
The mechanism as deduced from such ideal-
ized models is sketched in Figure 1 and de-
scribed in the caption. Similar patterns were 
also determined in global ocean models, 
where the timescale of variability is multi-
millennial (Weijer and Dijkstra 2003).

Southern Ocean Centennial Variability
As a second example, we consider the 
centennial variability which was found in 
a 1,500-year-long simulation with the Kiel 
climate Model (KcM) using present-day 
constant forcing conditions (Latif et al. 
2013). The observable used is the Southern 
Ocean centennial Variability (SOcV) index, 
defined as the zonally and meridionally (from 
50-70°S) averaged SST anomaly. The SOcV 
shows centennial variability above the red 
noise background. For this type of variability 
convection in the Weddell Sea is crucial with 
responses on sea-ice extent and MOc in turn 
affecting the convection.

can this variability again be attributed to a 
single pattern in a simplified model? In this 
case, this is more difficult and no single pat-
tern in an idealized model has been found 
causing this type of variability. However, 
there are idealized models showing the 
variability caused by transitions between 
convective and non-convective states. These 
changes can therefore best be described 

by "convection-restratification" variability; 
when the restratification takes place through 
diffusive processes, the variability has been 
called a deep-decoupling oscillation or a 
"flush" (Winton 1995). A sketch of the mecha-
nism of the "convection-restratification" 
variability is given in Figure 2 (with a descrip-
tion in the caption). Here the timescale is 
dependent on the processes restoring the 
stratification. When this process is vertical, 
mixing the timescale is millennial (colin de 
Verdiere 2007), but when faster processes 
of restratification are involved, the timescale 
can decrease to centennial, or even (multi)-
decadal (e.g. Lebars et al. 2016). 

A way forward
The two mechanisms described above form 
the basic mechanisms of centennial vari-
ability in either the Atlantic or the Southern 
Ocean. In other model simulations, variants 
or modifications are found as the atmo-
sphere and sea-ice components are also af-
fected. At the moment, it is difficult to falsify 
these basic mechanisms by the observa-
tional database. It is therefore important that 
specific falsification criteria for the mecha-
nisms are developed, which can then be 
applied every time the database of observa-
tions is updated. Also, more sophisticated 
(nonlinear) data-analysis techniques may 
be needed to look at higher-order statistics 
than just simple linear stationary statistical 
measures (Mukhin et al. 2015). An increasing 
observational database and good falsifica-
tion criteria of specific mechanisms are 
the way forward to get more clarity on the 

processes responsible for centennial climate 
variability.
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Figure 2: Sketch to describe the mechanism of the convection-restratification variability. Starting in a non-(or weakly) convecting state, advective (wind-driven) or diffusive 
warming of the subsurface ocean causes convection and breaks down the halocline. The convective state increases the strength of the MOc. Through advective and/or 
diffusive heat and salt fluxes, restratification occurs, which in turn reduces the density at the surface waters eventually causing the transition back to the non-convective state 
(details in Winton 1995).

Figure by Dijkstra and von der Heydt in PAGES (2017), based on M. Winton and
E. S. Sarachik. In: Journal of Physical Oceanography (1993) and referring to T. Martin,
W. Park, and M. Latif. In: Climate Dynamics (2012).
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Crysophere’s action ?

excitation of
internal modes

periodic
or quasi-periodic, 

or intermittent forcing

upward
integration

downward
cascadeice sheet

see also Verbitsky and Crucifix (in discussion and accepted in Earth System
Dynamics) for a proposal about damped oscillations of small ice sheets
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raising complexity

I So far we have focused on
low-dimensional systems.
Things which can be explained
with “conceptual models”
focusing an exchanges between
a small number of boxes

I We know reality is more
high-dimensional, and some
mechanisms can just no be
depicted in this framework

from: https://ebrary.net/

58361/engineering/turbulence_

energy_cascade_theory
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Further reading

I Our PAGES Newletter
I Anna S. von der Heydt et al., Quantification and interpretation of the

climate variability record, Global and Planetary Change, Volume 197,
2021,
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