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60 million years of 
Earth’s climate history Zachos et al. (2001) Science



Glacial climates:  “Sawtooth” 
at multiple timescales Warming faster than cooling(4) Apparent detection of a D–O event signature at a remote

location in a proxy implies its local climatic importance.

The purpose of this paper is to briefly re-examine these
assumptions and assertions, but with emphasis on (2) and (3).
A summary of the outcome of the survey is that (1) is in part
true; little evidence exists for (2) other than a plausibility
argument; and (3) is unlikely to be correct. Inference (4) can
only be understood through a quantitative knowledge of
controls of local proxies and is briefly likened to the problem
of interpreting modern El Niño signals. The paper ends with a
discussion of how to move forward.

The connection of D18O to local temperature

D–O events were initially observed in y18O fluctuations in
the Greenland ice cores (e.g., Dansgaard, 1987). y18O, the
normalized ratio of the concentrations of the isotopes of
oxygen 18O and 16O, is an atmospherically transported tracer
field undergoing fractionation. Jouzel et al. (1997) have
reviewed many of the elements of the complicated determi-
nants of the deposition values of y18O and of the corresponding
anomaly ratios for deuterium (y18O). The Greenland ice core
records are frequently interpreted as reflecting the temperature
of deposition, although it has long been noted that this
relationship is at best an approximation (e.g., Jouzel et al.,
1997; Friedman et al., 2002). In recent years, a number of
papers (Severinghaus et al., 1998; Severinghaus and Brook,
1999; Landais et al., 2004) have compared the time rates of
change of temperature to those inferred from measurements of
the in situ fractionation of argon and nitrogen isotopes in the
cores. Under the assumption that the latter are essentially
perfect determinants of temperature rate of change, Landais et
al. (2004), for example, conclude that y18O is, within a time-
varying factor of two, a reflection of local temperature at the
deposition site. The y18O/temperature relation is strong, but
apparently not simple. For present purposes, we can stipulate
that Figure 1 approximately depicts rapid temperature changes
in central Greenland.

Spatial scale of D–O events

A very large literature exists showing alignments of features
in the Greenland ice core records with various proxy variations
at varying distances. Alignments have been done with data
from the Cariaco Basin, the Santa Barbara Basin (California),
Hulu Cave (eastern China), the western Mediterranean, the
North Atlantic, as well as many other places. The major issue
with these comparisons is the tendency for unrelated records
having similar frequency content to necessarily display a
similar ‘‘wiggliness’’ (Wunsch, 2003a). Required visual simi-
larity can be understood by noting that the statistics of record
crossings of the mean or other level are dependent only upon
the low moments of the spectral densities. Spectral densities are
descriptions of the record energy content as a function of
frequency. The probability of record extrema (positive or
negative) per unit time is also closely related to the threshold
crossing problem (‘‘Rice statistics’’). Cartwright and Longuet-
Higgins (1956) is a standard reference, and a summary can be
found in Vanmarcke (1983). Specifically, for zero-mean
Gaussian processes, the average rate of zero crossings (either
upward or downward) depends only upon the first two
moments, ki, of the spectral density, U(x) with,

kk ¼
Z V

"V
xkU xð Þdx; k ¼ 0; 1; 2; N ð1Þ

and x is the radian frequency. In particular, the expected rate
with which the time series crosses zero headed upwards (or
downwards) is 1= 2pð Þ

ffiffiffiffiffiffiffiffiffiffiffiffi

k2=k0
p

per unit time. So Gaussian time
series with near-identical spectral shapes will have near-identical
moments, and thus rates of zero crossings, and of associated
positive and negative extremes. The requirement is actually very
weak—only the ratio of the integrals in (1) for small k have to be
about the same. For non-Gaussian processes (e.g., Larsen et al.,
2003), the same effect occurs, albeit the quantitative rates of
zero-crossing will differ. Even completely independent physical
processes with similar kk/k0 are guaranteed to display a high
degree of visual correlation. That only the moment ratio appears
shows that the zero-crossing rate is independent of the absolute
spectral level and measurement units.

The major problem in tuning or wiggle-matching is that of
‘‘false-positives’’—the visual similarity between records that are
in truth unrelated. A good deal is known (e.g., Barrow and
Bhavasar, 1987; Newman et al., 1994) about the tendency of the
human eye to seek, and to often find, patterns in images that are
tricks of the human brain. (The classical example is the
conviction of a large number of astronomers that they could
perceive ‘‘canali’’, or lines, on the Martian surface). A related
problem is the tendency to attribute importance to rare events
that occur no more often than statistics predicts (e.g., Kahneman
et al., 1982; Diaconis and Mosteller, 1989). It is for this reason
that statisticians have developed techniques for determining the
significance of patterns independent of the human eye.

An example of the problem is shown in Figure 2. The black
curve represents the three-month running average of monthly
maximum temperature in Oxford, UK between 1861 and 1903,

Figure 1. d18O from the GISP2 ice core as measured at the U. of Washington

(Stuiver and Grootes, 2000). Note that time runs from left to right in the historical

convention. This normalized ratio of 180 to 160 concentrations is believed to track

local atmospheric temperatures in central Greenland to within an approximate

factor of two (e.g., Landais et al., 2004). Large positive spikes are called

Dansgaard–Oeschger (D–O) events and are correlated with abrupt warmings—

measured independently in some cases. Note in particular the quiescence of the

Holocene interval (approximately the last 10,000 yr) relative to the preceding

glacial period. The Holocene coincides with the removal of the Laurentide and

Fennoscandian ice sheets. The range of excursion corresponds to about 15-C.
Time control degrades with increasing age of the record.

C. Wunsch / Quaternary Research 65 (2006) 191–203192

concentrationofdatausedintheLR04stackisatleasttwice
ashighasinanypreviousstackorindividuald18Orecord
spanningthatinterval.Thestack’sresolutioniscomparable
topreviousstacksbutislessthanhalfthatofthehighest-
resolutionrecords.

[17]TheLR04stackissimplytheaverageofthealigned
benthicd18Orecords.Wedonotadjustthemeanorvariance
oftherecords,excepttomakespeciesoffsetcorrections.We
choosenottoadjusttheisotopecurvesbasedontheir
modernbottomwatertemperaturesbecausethetemperature
differencesbetweensitesmayhavechangeddramatically
overthelast5.3Myr.Wealsodonotweighttherecords
basedontheirspatialdistribution.Themajorityofrecords
arefromtheAtlanticOcean,andthenumberofsitesinthe
stackvarieswithtime,changingtherelativeweightingof
differentregions.However,weobservethatregionaldiffer-
encesinbenthicd18Oaretypicallylessthan0.3%(lessthan

0.15%after0.6Ma),andwearecurrentlydevelopinga
detaileddescriptionofregionald18Ovariability.

5.AgeModel

[18]BecausetheLR04stackisconstructedbygraphic
correlation,itsstratigraphicfeaturesareessentiallyinde-
pendentofanytimescale.Belowwedescribethecon-
structionofanagemodelwhichtakesadvantageofthe
highsignal-to-noiseratioofthestackandanalysisofthe
sedimentationratesat57sites.However,almostanyage
modelcouldbeappliedtotheLR04stack.Thisflexibility
allowsthestacktobeadaptedtoalternatemodelsofd18O
responseortoimprovementsinageestimates.

[19]WeconstructtheLR04agemodelbyaligningour
benthicd18Ostacktoasimplemodeloficevolumewhile
consideringtheaverage(stacked)sedimentationrateof

Figure4.TheLR04benthicd18Ostackconstructedbythegraphiccorrelationof57globallydistributed
benthicd18Orecords.ThestackisplottedusingtheLR04agemodeldescribedinsection5andwithnew
MISlabelsfortheearlyPliocene(section6.2).Notethatthescaleoftheverticalaxischangesacross
panels.
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(temperature)

Marine sediment records -- global ice volume



Snowball Earth Late Neoproterozoic, 

circa 700 Ma

is assumed to have accumulated linearly or at a decreasing rate over
time during a cryochron (73), subject to sequestering as CO2 ice or
consumption by seafloor weathering, as mentioned earlier, even a
small increase in the radiative threshold for melting could require a
long time to achieve because of the high CO2 concentration required
to trigger deglaciation (Fig. 1).

Another surprising aspect of the new chronology is the brevity of the
nonglacial interlude between the cryochrons. When the Marinoan be-
gan, a Snowball Earth had terminated less than 20 My earlier. When the
Sturtian began, no low-latitude glaciation had occurred for 1.7 Gy (Fig.
2B). Might this contrast in circumstance relate to the inequality of the
cryochrons? Might it rationalize the geochemical distinctions between
them (130, 131, 158)? Nearly all synglacial Cryogenian iron formations
(Fig. 4) are Sturtian in age (159, 160), whereas all known occurrences
of barite (BaSO4) incapdolostonesareMarinoan(91,155,161–163).Nearly
all the isotopic evidence for anomalous atmospheric CO2 comes from the
shorterMarinoan cryochron (86) or its aftermath (84, 85, 87–91, 162, 163).
This reflects the absence in the Sturtian of glaciolacustrine calcite and
postglacial barite and the incomplete development of Sturtian cap-
carbonate sequences, discussed later. There is no reason to assume that
Sturtian deglaciation required less CO2 than the Marinoan. The 10- to
20-My nonglacial interlude is of the same duration as the estimated
time scale for the post-Snowball drawdown of atmospheric CO2 (164).

The difference in cryochron duration should relate to the low-latitude
albedo or to sinks for CO2 that could retard its rise in the atmosphere.
In many areas, geological observations imply that Sturtian glacial de-
posits accumulated during the active rifting of Rodinia (Fig. 5), whereas
Marinoan ones accumulated during the drift stage of post-rift subsi-
dence. If true, active rift flanks may have increased Sturtian paleoto-
pography, resulting in more complete coverage of the continents by
ice sheets (165, 166), most importantly by glacial flow into the equa-
torial zone of sublimation. This would have raised the planetary al-
bedo. Increasing the ice coverage would also reduce the atmospheric
dust load, allowing long-wavelength radiation to escape more readily
(77, 115). A lower dust flux would additionally raise albedo in the
sublimation zones of glaciers (78, 79, 167, 168). More ice and less dust
means that more CO2 must accumulate to deglaciate (116).

If rift-related paleotopography was greater during the Sturtian
cryochron, then erosion and sedimentation rates should have been
greater as well. This prediction is not supported by data on their respec-
tive sediment accumulation rates (Fig. 6) (169). Sturtian sections have
median and average thicknesses that are two and four times greater,
respectively, than those of Marinoan sections. However, the average
accumulation rate is actually lower for Sturtian than for Marinoan sec-
tions because of the disproportionate averaging times (Fig. 6) (169).
The apparent contradiction could stem from a subtlety. Whereas it is
the extent of ice that governs Snowball albedo and hence the CO2 thresh-
old for deglaciation, it is the flux of ice (at equilibrium lines) that appears
to govern rates of erosion and sedimentation by active glaciers (170).
More rugged Sturtian landscapes with more ice and less dust could be
consistent with sedimentation rate data (Fig. 6) if Sturtian ice sheets were,
on average, less dynamic. For example, modeling indicates that ice sheets
are largest on Snowball Earth when CO2 is low and the ice flux is weak
(100). For this to occur, low surface temperatures and thus a feeble hy-
drologic cycle would need to be maintained (81) during much of the
Sturtian cryochron. This scenario is unlikely: The most-rapid warming
should occur at the start of a cryochron because of its logarithmic
dependence on CO2 and because of the pH dependence at low tem-
peratures of CO2 consumption by seafloor weathering (76).

Sinks for CO2 on Snowball Earth include subglacial weathering
of continental crust (171), including LIPs, low-temperature altera-
tion of young oceanic crust on the flanks of seafloor spreading ridges
(75, 76, 172, 173), and organic burial (see the “Meltwater flushing, the
carbon cycle, and atmospheric oxygen” section). Geochronologic and
paleomagnetic data demonstrate that the windward margin of Rodinia
in the deep tropics was resurfaced by flood basalt of the Franklin LIP
(Fig. 5) just before the Sturtian glaciation (32). Nonradiogenic Sr, Os,
and Nd isotope compositions in sediments show that LIP and/or sea-
floor weathering had been dominant for the preceding 15 My (60, 174).
It has been suggested that the removal of volcanic plateaus by Sturtian
glacial erosion rendered continents less reactive, thereby accounting for
the shorter duration of the Marinoan glaciation (174). A potential pro-
blem for this idea is that debris from the ca. 825-Ma Wooltana (LIP)
volcanics in South Australia is prominent in both the Sturtian and
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Fig. 5. Cryogenian paleogeography and the breakup of Rodinia. Global paleo-
geographic reconstructions in Mollweide projection for (A) Marinoan termination
at 635 Ma and (B) Sturtian onset at 720 Ma (34). Red lines are oceanic spreading
ridge-transform systems, and dark blue lines with barbs are inferred subduction
zones. Stars are glacial-periglacial formations (Fig. 4), red stars are formations with
synglacial iron formation, and green stars indicate occurrences of authigenic and/
or seafloor barite in Marinoan postglacial cap dolostone (Fig. 4). Cryogenian gla-
ciation was coeval with the breakup of supercontinent Rodinia. Paleocontinent
Laurentia (Laur) is fixed in latitude and declination at 720 Ma by paleomagnetic
data (n = 87 sites) from the Franklin LIP (purple dashed line) in Arctic Canada
(32, 33, 127). Paleocontinents South Australia (SA) and South China (SCh) are similarly
fixed at 635 Ma by paleomagnetic data from the Nuccaleena Formation cap do-
lostone (33) and the Nantuo Formation glacial diamictite (368), respectively. Other
paleocontinents are Amazonia (Amaz), Avalonia (Av), Baltica (Balt), Cadomia (Ca), Congo,
Dzabkhan (Dz) in Mongolia, East Antarctica (EAnt), East Svalbard (ESv), India (Ind),
Kalahari (Kal), Kazakhstan (Kaz), North Australia (NA), North China (NCh), Oman
(Om), Rio de la Plata (P), São Francisco (SF), Siberia (Sib), Tarim (Tm), and West Africa
(WAfr). The paleolocation of Oman is uncertain; alternatively, it could restore west of
India. The Sturtian location of South China opposite Laurentia is controversial; it might
have been closer to its Marinoan position (368).
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Is the climate unique?

• Big climate changes of the past:

• large changes in global mean temperature, and equator-to-pole gradient

• fraction of surface covered by ice has varied between 0% and 100%


• Two fundamental questions about our planet: 

• What sets the equilibrium surface temperature? 
• Is the climate uniquely determined by its boundary conditions: geography, 

CO2 levels, etc? Or are multiple equilibria possible?

• Does a large climate change necessarily imply a large change in external 

forcing?

• Is climate modeling an initial value problem?



Outline
1. Ice-Albedo feedback and multiple equilibria in simple 

models (without the ocean!)


2. What’s special about the ocean? Why do we need to 
model it? What’s wrong with the simplest picture?


3. Multiple equilibria in a hierarchy of ice-ocean-
atmosphere models


4. Climatic impact of ocean heat transport in ice-free 
worlds 



To have multiple equilibria, need a non-
linear system with competing positive and 

negative feedbacks

The Earth has these.

Classic example: ice-albedo 
feedback and the Snowball 

Earth instability



Large ice cap instability A geometrical argument
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Large ice cap instability A geometrical argument
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Ice edge must become unstable equatorward of some critical latitude



The classic Energy 
Balance Model

Local balance between 
incoming solar, outgoing 
longwave, and convergence of 
poleward heat transport.
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The ice line albedo parameterization

The model becomes nonlinear (but still analytically tractable)

Consider the deep-water limit (deep mixed layer and/
or short solar year) !  

use steady-state annual mean model
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The classic Energy 
Balance Model

Nonlinear albedo feedback gives 
rise to multiple equilibria.
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Stability of ice caps (1)

Small Ice Cap Instability 

(SICI)

Large Ice Cap Instability 

(LICI)

Graph of equilibrium ice edge position vs. radiative forcing (insolation) for one set 
of (quasi Earth-like) parameters 
(e.g. North 1975)

Hysteresis loop with 
gradual decrease and 
increase in global 
radiative forcing



Stability of ice caps (2)

Weak 
albedo 
feedback

Strong 
albedo 
feedback

Rose, Cronin and Bitz (2017), The Astrophysical Journal 846



Stability of ice caps (3)

Weak 
albedo 
feedback

Strong 
albedo 
feedback

Efficient 
transport

Weak 
transport

Rose, Cronin and Bitz (2017), The Astrophysical Journal 846
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Ice edge versus solar constantsolar longwave 

Ice 

Energy 
Budget 

Energy Balance Models 

Budyko (1969) Sellers (1969), Held&Suarez (1974)… 

1 Energy Balance Models
Typical solutions

• Albedo feedback --> multiple equilibria (both 

stable and unstable)


• No stable ice edges equatorward of a certain 
subtropical latitude


• Never more than one stable solution with finite 
ice cover 

Budyko (1969), Sellers (1969), Held & Suarez 
(1974), North (1975), Rose & Marshall (2009)



Observationally-
based estimates 
from Trenberth & 
Caron (2001)

CESM slab ocean 
simulation 
(preindustrial control)

Do ocean dynamics actually matter?

How does the energy redistribution 
by ocean currents affect the mean 
climate at Earth’s surface?

solar longwave 

Ice 

Energy 
Budget 

Energy Balance Models 

Budyko (1969) Sellers (1969), Held&Suarez (1974)… 

1 

Totally missing from the EBM…. 
The oceans!



Ocean heating, SST, sea ice and snow in 
state-of-the-art climate model simulation



Now set the “q-flux” to zero! 

treat the 
ocean as 
a 50 m 
deep 
swamp!



Without ocean heat transport:

• global cooling of 24ºC!

• More than half the planet covered by ice and snow

• Perennial snow cover on many high-latitude land 

surfaces would lead to glaciation and further cooling

With and without ocean heat transport —  two very 
different worlds!

Oceans matter mostly through interactions with sea ice!



solar longwave 

Ice 

Energy 
Budget 

Energy Balance Models 

Budyko (1969) Sellers (1969), Held&Suarez (1974)… 

1 
Atmospheric Heat Transport destabilizes the climate because heat is 
shared between the ice-free and ice-covered latitudes

atmospheric heat transport is 
continuous across the ice edge

Sea ice is an insulator...   ocean cannot carry 
heat under the ice (at equilibrium)

Meridional structure of OHT is critical

solar longwave 

Ice 

Energy 
Budget 

Energy Balance Models 

Budyko (1969) Sellers (1969), Held&Suarez (1974)… 

1 
But Ocean Heat Transport tends to stabilize the sea ice edge



Putting the ocean in an EBM

Atm.

Oc.

Ha

Ho

Eq. Pole

For wind-driven gyres

Ho ⇥ �Ko

�
curl(�)

⇥⇥T

dy

Rose & Marshall (2009) JAS



1.  Mixing of potential vorticity subject to an angular momentum constraint 
                                                                       (White, 1977; Marshall, 1981) 

2.  Representation of heat transport by wind-driven ocean circulation 

Extension of classic EBM to include: 

Key is the ‘surface wind equation’ 

Energy-Momentum Balance Model

Rose & Marshall (2009) JAS



Wind stress and momentum flux

�(y) ⇥ � ⇥

⇥y

�
uvdz

�
�

vqdz quasi-geostrophic PV

vq ⇥ �K
�q

�y
Assume

get diffusive model for PV

Green (1970)



Schematic of Energy-Momentum balance model 

2-level quasi-
geostrophic 

Atmosphere 

Ocean 

Rose and Marshall, 2009, JAS  

1-d diffusion 
equation  

Ocean diffusivity depends on 
(square of) the wind-stress curl Insulating sea ice 

The Energy-Momentum 
Balance Model

Atmospheric heat and momentum 
transport represented by 2-level 
diffusion of QGPV.

Ocean heat transport by wind-
driven gyres.
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Ice edge versus solar constant
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Rose & Marshall (2009) JAS



The Energy-Momentum 
Balance Model

Multiple equilibria: a stable large 
ice cap, not found in the 
simplest EBM
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Ice edge versus solar constant
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Ice edge versus solar constant
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The Energy-Momentum 
Balance Model

Multiple equilibria: a stable large 
ice cap, not found in the 
simplest EBM
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Ice edge versus solar constant
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Ice edge versus solar constant
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Ice edge versus solar constant
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The Energy-Momentum 
Balance Model

Multiple equilibria: a stable large 
ice cap, not found in the 
simplest EBM
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Ice edge versus solar constant
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Ice edge versus solar constant
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Ice edge versus solar constant
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Ice edge versus solar constant
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Possible climatic implications 
External forcing that raises/lowers energy budget has potential to generate 
                       asymmetrical warming/cooling  

Freeze over 
subpolar gyre 

Abrupt 
warming 

Rose & Marshall (2009) JAS



What about more complex models?

Aqua 

Ridge 

Double 
Drake 

Drake 

Study in context of a coupled atmosphere, 
ocean, sea ice model on an aqua-planet. 

2 Is such behavior exhibited by more complex models? 

Enderton and Marshall, 2009: JAS 

Marshall et al, 2007: JAS 

Aqua 

Ridge 

Double 
Drake 

Drake 

Study in context of a coupled atmosphere, 
ocean, sea ice model on an aqua-planet. 

2 Is such behavior exhibited by more complex models? 

Enderton and Marshall, 2009: JAS 

Marshall et al, 2007: JAS 

A series of calculations with a coupled 
atmosphere-ocean-sea ice GCM with highly 
idealized continental boundaries explores the 

elemental role of the oceans in climate 
e.g. Enderton & Marshall (2009) JAS

Coupled MITgcm, primitive equations on the “cubed sphere”: 5-level atmosphere, 
15-level ocean, interactive clouds and thermodynamic sea ice



A deterministic view: 

continents ---> OHT ---> sea ice extent ---> climate

Ridge Drake Aqua 

Today’s climate 

0

4

- 4 

PW 

Enderton & Marshall (2009) JAS
Are these solutions unique?      NO!



Model setup

• Coupled MITgcm at C24 resolution 
(cubed sphere, 24x24 points per 
cube face) with simplified geometry 
(Aqua, Ridge)


• Atmosphere:  
• 5 levels, primitive equations

• Simplified moist physics based 

on SPEEDY (Molteni 2003)

• No topography


• Ocean: 
• 15 levels, uniform 3 km depth

• GM-Redi eddy parameterizations, 

vertical convective adjustment


• Sea ice: 
• Thermodynamic energy-

conserving 3 layer model based 
on Winton (2000)


• horizontal diffusion of ice 
thickness (a proxy for ice 
dynamics)


• Machine-accuracy global 
conservation of heat, water and salt 
during long simulations


• External forcing: 
• Insolation with full seasonal cycle

• That’s it!  (e.g. no flux 

adjustments)





Multiple ocean / sea ice 
states:  a cartoon  

Wind-driven subtropical cell 
deposits heat at poleward edge 
of subtropical thermocline, limits 
ice expansion

Sea Ice extent

~50°

Ocean temperature

OHT

Eq Pole

Warm state

Cold state
Snowball

A)

B)

C)
Ferreira, Marshall and Rose, 
J. Clim. 2011
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Capturing the Warm and 
Cold states in the EBM 

Modify the AO-EBM to account 
for the heat transport by ocean’s 
overturning circulation
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Let’s decouple OHT from the climate system and 
vary it systematically.

• Replace the full ocean model with a slab mixed layer.


• Prescribe OHT as a heat source / sink term (q-flux).


• Is the climatic role of OHT very different in cold versus warm climates?



This is what happens when 
the oceans carry no heat at. 

End up in a Snowball regardless 
of initial conditions
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Ocean heat transport in 
models and observations

Estimates from Trenberth and 
Caron (2001) and Aquaplanet / 
Ridge GCM
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Map out the climatic impact of OHT
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• What is the equilibrium relationship between 
OHT and sea ice? 

• Can we change the number and type of 
different possible equilibria by varying OHT?



Ice edge evolution in the 
slab ocean model

Adjustment of the sea ice from 
Warm and Cold initial conditions 
for different amplitudes of OHT

Ho � sin(�) cos(�)2N
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Figure 9. Ice edge latitude in slab ocean simulations. Meridional structure of prescribed OHT is sketch in thick grey
curves. Colors indicate peak amplitude of prescribed OHT. Runs are initialized in two different initial conditions: no ice
and ice near 45◦ .

three different equilibria are found (ice free, stable large ice cap, and Snowball). An important finding here
is that the stable large ice cap states found in the slab ocean model exist on a continuum between the Cold
and Waterbelt states of the coupled model (equilibrium ice edges between about 50◦ and 25◦ latitude), with
the ice edge shifting equatorward for weaker amplitude and/or smaller-scale OHT. Figure 9 also reinforces
the finding that stable Waterbelt climates with subtropical ice edges are possible in spite of strong albedo
feedback. The stability of the Waterbelt depends on the capacity of the ocean to transport at least 2 PW of
heat off the equator and release it to the atmosphere within a narrow band of subtropical latitudes.

Figure 10. Global mean surface temperature T̄ plotted against
OHT across 30◦ . Multiple equilibria. The right-hand axis shows the
approximate ice edge latitude (which is linearly related to T̄ in the
icy regime).

Figure 10 shows the equilibrium
global mean temperature T̄ plotted
as a function of OHT. Here the
variations in amplitude and meridional
scale are collapsed onto a single axis:
heat flux poleward across 30◦ latitude.
The red square shows the Snowball
solution T̄ = −36◦C. We emphasize
that the enormous range of differ-
ent climates found in the slab ocean
model (45◦C variations in global mean
temperature, excluding the Snowball
result) is due only to differences in
imposed OHT and initial conditions; all
runs use identical (realistic) insolation
and greenhouse gas levels. The
Snowball solutions exist over the entire
range of OHT parameters. OHT of
several PW under a fully ice-covered
ocean is rather unphysical, but it is

ROSE ©2015. American Geophysical Union. All Rights Reserved. 10
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OHT convergence at 
the ice edge 

30 W/m2 (annual mean) is an 
upper bound.
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In the icy regime:

• Idealized GCM (and simple EBM) has a continuum of cold icy climates, in 
which the sea ice edge is slaved to the OHT convergence.


• Sea ice edge must be poleward of any location receiving > 30 W/m2 OHT 
convergence.


• This limit is set by the insulating effect of the ice.


• In this model, no small ice caps are possible (poleward of about 50º).  Detailed 
shape of high-latitude OHT convergence is probably important here!


• Very cold, stable tropical ice edges are possible, so long as OHT is sufficiently 
intense and narrow.



Let’s go back to the fully coupled system with a dynamic ocean



Hysteresis in the Ridgeworld Transient simulations with slowly 
varying solar constant

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022659

Figure 6. Evolution of the sea ice edge in long integrations of the coupled Ridge GCM with time-varying solar constant.
The red and blue curves were described in detail by Rose et al. [2013]. This figure shows that a slight increase in the
amplitude of the forcing leads to qualitatively different behavior: the model enters the Waterbelt state with subtropical
sea ice. The Waterbelt state with ice edge at 24◦ latitude is a stable equilibrium of Ridge (black curve) at the reference
solar constant of 1352 W m−2 (as used by Ferreira et al. [2011] and Rose et al. [2013]), along with the Warm, Cold, and
Snowball states pictured in Figure 1. Once in the Waterbelt state, the ice edge adjusts only minimally to a 35 W m−2

increase in solar constant (magenta curve).

Figure 7. Bifurcation diagram for Ridge. Each marker represents a long
equilibrium simulation of the coupled GCM with fixed parameters.
The model is initialized in Warm, Cold, Waterbelt, or Snowball state as
indicated by marker color. A range of solar constants is used to map out
the stable branches for each model state. A stable Waterbelt is found
for solar constant between 1341 and 1387 W m−2, with ice lines ranging
from 21◦ to 30◦ latitude. The red axis shows approximate global mean
surface temperature; the Waterbelt states range between 250 and 260 K.
These are well separated from the Cold states, which have ice lines
between 40◦ and 50◦ , and temperatures between 272 and 282 K. Black
lines give a schematic sketch of the continuous bifurcation diagram of
ice edge versus solar constant, with solid (dashed) lines indicating stable
(unstable) branches (the critical value for Snowball deglaciation was not
searched for). The two crosses at 1352 W m−2 show a sensitivity test on
the sea ice thickness diffusion coefficient: a 50% diffusivity increase
leads to a stable ice expansion of 1◦ latitude, while a 100% increase
results in a Snowball climate.

temperatures between 272 and 282 K.
The Waterbelt state is substantially
more stable than the Cold state. Since
the modeled planetary albedo in the
Waterbelt state is about 0.42, the
46 W m−2 solar constant range is equiv-
alent to about 7 W m−2 in absorbed
solar radiation, or roughly a quadrupling
of CO2 [Andrews et al., 2012].

The specific shape of the bifurcation
diagram in Figure 7 is likely sensitive to
model details. Voigt and Abbot [2012]
argued that sea ice dynamics play a
key role in destabilizing low-latitude
ice states. The present GCM represents
ice dynamics through diffusion of ice
thickness. Increasing the diffusion
coefficient leads to more efficient
equatorward ice export and might
destabilize the Waterbelt. To test this,
two sensitivity tests were carried out
with 50% and 100% increase in ice dif-
fusivity respectively. Results are shown
in Figure 7 (crosses at 1352 W m−2): a
50% increase leads to stable ice area
expansion of 1◦ equivalent latitude,
while a 100% increase results in an
unstable transition to the Snowball.

ROSE ©2015. American Geophysical Union. All Rights Reserved. 8



Multiple equilibria in a 
coupled GCM

Same model, same forcing, four 
very different climates for each 
geographical configuration
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Multiple equilibria in a 
coupled GCM

Same model, same forcing, four 
very different climates for each 
geographical configuration
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The coupled system equilibrates to a very 
cold climate 


Sea ice edge is sitting in the subtropics


The ocean must be working very hard to 
stabilize this very large ice cap



Ocean heat transport Rose (2015), JGR
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Figure 2. Ocean heat transport and convergence. (left) OHT (in PW) from the three non-Snowball states of Ridge shown
in Figure 1. The grey shading spans two different observational estimates of present-day OHT [Trenberth and Caron,
2001]. (center) Spatial map of OHT convergence (W m−2) in the Waterbelt Ridge simulation, with the ice edge indicated
by the black contours. This shows the zonal asymmetries associated with the subtropical gyre circulation. (right) zonal
average convergence in Waterbelt (blue line). The dashed black line is the convergence estimated from equation (1) with
N = 14 and 2.5 PW amplitude.

2.2. Climatology of the Waterbelt
Figure 1 shows four equilibrium climates in each configuration. These simulations differ only in initial condi-
tions, and use identical parameters. Thus, the Warm, Cold, Waterbelt, and Snowball states are all consistent
with present-day insolation and greenhouse gas levels in this model. The Waterbelt states were discovered
in transient experiments with time-varying solar constant [Rose et al., 2013], which are described below.

The Waterbelt states are substantially colder than the Cold state reported in Ferreira et al. [2011]. SST does
not exceeds 12◦C and 14◦C in Ridge and Aqua, respectively. The sea ice edge is around 29◦ latitude in Aqua.
Ridge has much more zonal asymmetry in both SST and ice cover due to the subtropical gyre circulation; the
ice edge ranges from around 35◦ on the western edge of the basin to near the equator on the eastern edge
(Figure 2), with an effective ice latitude [Rose et al., 2013] of 24◦. Wind-driven upwelling maintains very cold
SSTs along the equator—cold enough to support some equatorial sea ice on the eastern side of the basin
in Ridge.
2.2.1. Ocean Heat Transport
Previous works have shown that convergence of OHT near the ice edge plays a key role in the stabilization
of cold, icy climates [Rose and Marshall, 2009; Ferreira et al., 2011; Rose et al., 2013]. We therefore expect that
the transition from Cold to Waterbelt climate requires a reorganization of the ocean circulation to deliver
heat over a more meridionally restricted range of latitudes. To confirm this, we plot the simulated OHT and
its convergence in Figure 2. Figure 2 (left) shows OHT in the Warm, Cold, and Waterbelt states of Ridge, along
with an estimate of the present-day OHT on Earth. All three model configurations, as well as the observa-
tions, feature substantial poleward heat transport out of the deep tropics in both hemispheres. However, the
meridional scale of the OHT in the Waterbelt state (i.e., the range of latitudes over which the convergence
occurs) is much smaller than either the observations or the other states of the coupled model. The Waterbelt
ocean is carrying large amounts of energy (about 2.4 PW in both hemispheres) over short distances.

Figure 2 (center) shows the spatial structure of the annual mean heat flux out of the ocean in the Waterbelt
(i.e., the OHT convergence). The sea ice margin is also shown in the black, revealing the intimate relationship
between sea ice and the heating from the ocean [Rose et al., 2013]. The heat flux is strongly positive at the
equatorward edge of the sea ice and drops rapidly to zero poleward of the ice edge. Open water extends
poleward past 30◦ latitude along the western boundary of the ocean basin and is associated with maximum
heat fluxes of about 200 W m−2, which are sustained by the western boundary currents associated with the
subtropical gyre circulation. In the zonal average, the heat flux out of the ocean peaks at about 40 W m−2

and occurs around 20◦ latitude, just equatorward of the zonal average ice edge. The dashed line shows an
analytical approximation to the zonal mean heat flux introduced in section 3.

ROSE ©2015. American Geophysical Union. All Rights Reserved. 4



Atmospheric circulation	 Equatorward shift of wind systems

“Cold”
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Figure 5. Zonally averaged zonal wind (upper) and potential temperature (lower) for the Cold (left) and Waterbelt (right)
states of Ridge. For the wind, solid and dashed curves indicate westerly and easterly flow respectively, with the zero
contour highlighted. Contour intervals are 5 m s−1 for u and 10 K for !. The five model levels are centered at the
pressures indicated on the vertical axes (950, 775, 500, 250, and 75 hPa); contours are interpolated smoothly between
these levels.

4000. See Rose et al. [2013] for a detailed analysis of the role of ocean circulation in setting the pace of
these transitions.

The new results are plotted in magenta and cyan in Figure 6. Here we increase the amplitude of the forcing
slightly to ±24 W m−2. The impact on the simulated climate is startlingly different, revealing the existence
of a qualitatively different equilibrium state in the model—the Waterbelt. For example, the magenta curve
illustrates the case that begins Warm and ice-free. The initial cooling and growth of ice looks very similar
to the red curve, but cooling and ice expansion is more rapid during years 2000–3000, and the ice
eventually reaches the tropics and begins to stabilize. The second half of this simulation (years 4000–8000)
shows that the Waterbelt is in fact more robust than the Cold state reported by Ferreira et al. [2011] and
Rose et al. [2013]: the 24 W m−2 increase in insolation is insufficient to deglaciate the model. The black curve
shows that the Waterbelt is indeed a stable equilibrium at the reference solar constant: the ice edge does
not evolve over a 4000 year integration.

A large number of long equilibrium simulations with fixed parameters was used to map out the detailed
bifurcation diagram for Ridge. All four model states in Figure 1 were used as initial conditions, and the
model was run out to equilibrium with a wide variety of different solar constants. The results are plotted in
Figure 7. Five bifurcations are shown here, bracketing either end of the stable ranges for Cold and Waterbelt
states, and the cold end of the Warm range. The sixth bifurcation at high solar constant—the Snowball
deglaciation—is not shown and has not been quantified in this model.

The Waterbelt ice edge lies between 21◦ and 30◦ equivalent latitude (64% to 50% fractional ice cover), with
global mean temperatures from 250 to 260 K. It is found between 1341 and 1387 W m−2 solar constant.
The Waterbelt states are well separated from the Cold states, which have ice lines between 40◦ and 50◦ and

ROSE ©2015. American Geophysical Union. All Rights Reserved. 7
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and overturning
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Figure 3. Zonally averaged potential temperature (gray shading, in ◦C) and residual mean overturning mass streamfunc-
tion (red contours, in Sv) in the ocean for the (left) Cold and (right) Waterbelt states of Ridge. Only one hemisphere is
shown in each case. Plotted with a logarithmically stretched depth axis to highlight upper ocean structure.

2.2.2. Ocean Overturning Circulation
In Figure 3, we compare the Cold and Waterbelt states of the ocean in Ridge. These plots show cross sections
of the zonal average potential temperature ! and residual mean meridional overturning streamfunction
"res. Only one hemisphere is plotted as the climates are all symmetric about the equator. The vast majority
of the Waterbelt ocean is below 0◦C and nearly isothermal. There is a very shallow tropical thermocline that
outcrops abruptly at the latitude of the sea ice edge. The most vigorous circulation is a small but intense
wind-driven subtropical overturning cell that operates over the region of strong temperature gradients
associated with the shallow thermocline. This circulation is largely responsible for the 2.4 PW poleward heat
transport out of the deep tropics.

The subtropical overturning cell is driven by the spatial pattern of surface winds (tropical easterlies and
midlatitude westerlies) and is a very robust feature of the circulation [Klinger and Marotzke, 2000; Ferreira et
al., 2011]. The Cold and Waterbelt states of Ridge feature very similar wind-driven mass fluxes (about 80 Sv)
but quite different meridional extents. The downwelling branch of the overturning cell in Waterbelt occurs
in a narrow region of nearly vertical isotherms near 20◦ latitude and is associated with significant convec-
tion at the sea ice margin [see Rose et al., 2013]. By contrast, the downwelling branch in the Cold state occurs
over a diffuse region between 20 and 40◦ latitude associated with subduction within the subtropical gyre.
The narrow meridional scale of the OHT in Waterbelt is a consequence of the narrow scale of the subtropical
overturning.
2.2.3. Wind Stress
Figure 4 compares the surface wind forcing from the Cold and Waterbelt states of Ridge with an observed
climatology [Trenberth et al., 1989]. We plot the zonal mean zonal wind stress #x as well as the Ekman pump-
ing wek = ∇×

(
#⃗∕(%of )

)
(not plotted within 10◦ of the equator, where wek is poorly defined). The simulations

differ substantially from the observations, particularly in the location of the midlatitude westerlies.

Relative to the observations, the positions of the midlatitude westerly and tropical easterly #x maxima are
shifted equatorward in Cold and even more so in Waterbelt. The equatorward shift is even more apparent in
the plots of wek . The peak downward Ekman pumping in the Waterbelt is a factor of 2 larger than found in
the Cold state or the observations and is shifted equatorward by about 10◦ latitude. The spatial map of wek

for Waterbelt in Figure 4 shows that the peak Ekman pumping is roughly zonally symmetric and aligned with
the sea ice edge (except for the asymmetric region of open water on the western boundary). The peak wek

is roughly equivalent to the zero wind stress line separating the band of tropical easterlies from midlatitude
westerlies. In Waterbelt, the wind systems are all displaced closer to the equator. The winds are thus acting
strongly to pump fluid downward near the ice edge and setting the narrow, intense overturning circulation
that is in turn responsible for the stability of the ice edge.

ROSE ©2015. American Geophysical Union. All Rights Reserved. 5
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Shallow thermocline, intense but 
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Figure 3. Zonally averaged potential temperature (gray shading, in ◦C) and residual mean overturning mass streamfunc-
tion (red contours, in Sv) in the ocean for the (left) Cold and (right) Waterbelt states of Ridge. Only one hemisphere is
shown in each case. Plotted with a logarithmically stretched depth axis to highlight upper ocean structure.

2.2.2. Ocean Overturning Circulation
In Figure 3, we compare the Cold and Waterbelt states of the ocean in Ridge. These plots show cross sections
of the zonal average potential temperature ! and residual mean meridional overturning streamfunction
"res. Only one hemisphere is plotted as the climates are all symmetric about the equator. The vast majority
of the Waterbelt ocean is below 0◦C and nearly isothermal. There is a very shallow tropical thermocline that
outcrops abruptly at the latitude of the sea ice edge. The most vigorous circulation is a small but intense
wind-driven subtropical overturning cell that operates over the region of strong temperature gradients
associated with the shallow thermocline. This circulation is largely responsible for the 2.4 PW poleward heat
transport out of the deep tropics.

The subtropical overturning cell is driven by the spatial pattern of surface winds (tropical easterlies and
midlatitude westerlies) and is a very robust feature of the circulation [Klinger and Marotzke, 2000; Ferreira et
al., 2011]. The Cold and Waterbelt states of Ridge feature very similar wind-driven mass fluxes (about 80 Sv)
but quite different meridional extents. The downwelling branch of the overturning cell in Waterbelt occurs
in a narrow region of nearly vertical isotherms near 20◦ latitude and is associated with significant convec-
tion at the sea ice margin [see Rose et al., 2013]. By contrast, the downwelling branch in the Cold state occurs
over a diffuse region between 20 and 40◦ latitude associated with subduction within the subtropical gyre.
The narrow meridional scale of the OHT in Waterbelt is a consequence of the narrow scale of the subtropical
overturning.
2.2.3. Wind Stress
Figure 4 compares the surface wind forcing from the Cold and Waterbelt states of Ridge with an observed
climatology [Trenberth et al., 1989]. We plot the zonal mean zonal wind stress #x as well as the Ekman pump-
ing wek = ∇×

(
#⃗∕(%of )

)
(not plotted within 10◦ of the equator, where wek is poorly defined). The simulations

differ substantially from the observations, particularly in the location of the midlatitude westerlies.

Relative to the observations, the positions of the midlatitude westerly and tropical easterly #x maxima are
shifted equatorward in Cold and even more so in Waterbelt. The equatorward shift is even more apparent in
the plots of wek . The peak downward Ekman pumping in the Waterbelt is a factor of 2 larger than found in
the Cold state or the observations and is shifted equatorward by about 10◦ latitude. The spatial map of wek

for Waterbelt in Figure 4 shows that the peak Ekman pumping is roughly zonally symmetric and aligned with
the sea ice edge (except for the asymmetric region of open water on the western boundary). The peak wek

is roughly equivalent to the zero wind stress line separating the band of tropical easterlies from midlatitude
westerlies. In Waterbelt, the wind systems are all displaced closer to the equator. The winds are thus acting
strongly to pump fluid downward near the ice edge and setting the narrow, intense overturning circulation
that is in turn responsible for the stability of the ice edge.
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Surprises from the Waterbelt Climate:  	
• Atmospheric storm tracks are influenced by the strong baroclinicity at the ice edge.


• As ice edge moves equatorward, storm tracks and jets shift along with it.


• New equilibrium is made possible by narrow, intense STCs in the ocean, carrying 
large amounts of tropical-source heat to the edge of the ice. A robust feature of 
tropical ocean circulation, need to account for it in any theory of cold climates!


• A fundamentally coupled mechanism: stable ice edge requires intense OHT 
convergence, which requires equatorward shift in wind systems, which requires 
equatorward shift in ice edge!


• Relevance to Neoproterozoic Snowball Earth?  Ridgeworld model suggests this 
state is “easy” to get into and “hard” to get out of.  Exists over a 46 W m-2 range of 
solar constant. 


• Future work: distinguish between “hard snowball” and “waterbelt” scenarios for 
Snowball Earth based on the ocean circulation and its implications for the 
sedimentary record.
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Convergence of ocean heat transport 
into midlatitudes creates an additional 

fold in the diagram, with a “stability 
ledge” for mid-latitude ice edges

But the fully coupled system has an even more rich bifurcation structure…

Rose and Marshall (2009) JAS
Ferreira, Marshall and Rose (2011) J. Climate

Bifurcation diagram for the simple EBM 

(no ocean)



Bifurcation and multiple 
equilibria in the Ridgeworld
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Figure 6. Evolution of the sea ice edge in long integrations of the coupled Ridge GCM with time-varying solar constant.
The red and blue curves were described in detail by Rose et al. [2013]. This figure shows that a slight increase in the
amplitude of the forcing leads to qualitatively different behavior: the model enters the Waterbelt state with subtropical
sea ice. The Waterbelt state with ice edge at 24◦ latitude is a stable equilibrium of Ridge (black curve) at the reference
solar constant of 1352 W m−2 (as used by Ferreira et al. [2011] and Rose et al. [2013]), along with the Warm, Cold, and
Snowball states pictured in Figure 1. Once in the Waterbelt state, the ice edge adjusts only minimally to a 35 W m−2

increase in solar constant (magenta curve).

Figure 7. Bifurcation diagram for Ridge. Each marker represents a long
equilibrium simulation of the coupled GCM with fixed parameters.
The model is initialized in Warm, Cold, Waterbelt, or Snowball state as
indicated by marker color. A range of solar constants is used to map out
the stable branches for each model state. A stable Waterbelt is found
for solar constant between 1341 and 1387 W m−2, with ice lines ranging
from 21◦ to 30◦ latitude. The red axis shows approximate global mean
surface temperature; the Waterbelt states range between 250 and 260 K.
These are well separated from the Cold states, which have ice lines
between 40◦ and 50◦ , and temperatures between 272 and 282 K. Black
lines give a schematic sketch of the continuous bifurcation diagram of
ice edge versus solar constant, with solid (dashed) lines indicating stable
(unstable) branches (the critical value for Snowball deglaciation was not
searched for). The two crosses at 1352 W m−2 show a sensitivity test on
the sea ice thickness diffusion coefficient: a 50% diffusivity increase
leads to a stable ice expansion of 1◦ latitude, while a 100% increase
results in a Snowball climate.

temperatures between 272 and 282 K.
The Waterbelt state is substantially
more stable than the Cold state. Since
the modeled planetary albedo in the
Waterbelt state is about 0.42, the
46 W m−2 solar constant range is equiv-
alent to about 7 W m−2 in absorbed
solar radiation, or roughly a quadrupling
of CO2 [Andrews et al., 2012].

The specific shape of the bifurcation
diagram in Figure 7 is likely sensitive to
model details. Voigt and Abbot [2012]
argued that sea ice dynamics play a
key role in destabilizing low-latitude
ice states. The present GCM represents
ice dynamics through diffusion of ice
thickness. Increasing the diffusion
coefficient leads to more efficient
equatorward ice export and might
destabilize the Waterbelt. To test this,
two sensitivity tests were carried out
with 50% and 100% increase in ice dif-
fusivity respectively. Results are shown
in Figure 7 (crosses at 1352 W m−2): a
50% increase leads to stable ice area
expansion of 1◦ equivalent latitude,
while a 100% increase results in an
unstable transition to the Snowball.
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Summary...  what have we learned?
• Multiple equilibria of ice, oceans and climate found across a hierarchy of models 

• Stable ice edges occur poleward of wherever OHT convergence is strong.  
Meridional structure of OHT is key. 

• Spatial structure of OHT is not fixed!  In (long) transients at least, it is tightly 
coupled to changes in sea ice. 

• A continuum of different climates is possible for given radiative forcing, 
depending on meridional structure of OHT.  

• A fully coupled atmosphere-ocean-sea ice GCM has four stable states ranging 
from 100% to 0% ice cover. All four are found for present-day climate forcing 
and with two different basin geometries. 

• The Waterbelt is stabilized by equatorward shift of winds and ocean circulation.  
Narrow, intense OHT by subtropical cells makes it possible. This wind shift is 
tied to the baroclinicity associated with the ice edge. Thus, the Waterbelt results 
from three-way coupled wind-ocean-ice feedback. 

• Freezing over the tropical ocean is hard. Implications for Snowball Earth
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46 W m−2 solar constant range is equiv-
alent to about 7 W m−2 in absorbed
solar radiation, or roughly a quadrupling
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model details. Voigt and Abbot [2012]
argued that sea ice dynamics play a
key role in destabilizing low-latitude
ice states. The present GCM represents
ice dynamics through diffusion of ice
thickness. Increasing the diffusion
coefficient leads to more efficient
equatorward ice export and might
destabilize the Waterbelt. To test this,
two sensitivity tests were carried out
with 50% and 100% increase in ice dif-
fusivity respectively. Results are shown
in Figure 7 (crosses at 1352 W m−2): a
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expansion of 1◦ equivalent latitude,
while a 100% increase results in an
unstable transition to the Snowball.
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Bonus: 
Does ocean heat transport matter in ice-

free worlds?



Map out the climatic impact of OHT
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• What is the equilibrium relationship between 
OHT and sea ice? 

• Can we change the number and type of 
different possible equilibria by varying OHT?
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In the ice-free regime:
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• Increased OHT warms the poles, does not cool the tropics 

• No change in total (A + O) poleward heat transport (atmosphere compensates) 

• In absence of ice, the strongest coupling between OHT and climate is through 
the distribution of surface evaporation, moist convection, and clouds 

• Consequent radiative feedbacks warm the planet! 

• Rose and Ferreira (2013), J. Climate 

• Rencurrel and Rose (2018), J. Climate
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2004). The model uses the following vertical coordi-
nates: the pressure coordinate p for the compressible at-
mosphere and the rescaled height coordinate z* for the
Boussinesq ocean (Adcroft and Campin 2004). As de-
scribed in Adcroft et al. (2004), both component models
use the same cubed-sphere grid at a low resolution C24
(24 3 24 points per face, yielding a resolution of 3.758 at
the equator). The cubed-sphere grid avoids problems as-
sociated with converging meridians at the poles and en-
sures that the model dynamics there are treated with as
much fidelity as elsewhere. Additionally, it greatly sim-
plifies the implementation of a conservative interface
between ocean and atmosphere (see Campin et al. 2008).

The atmospheric model is based on the Simplified Pa-
rameterizations, Primitive-Equation Dynamics (SPEEDY)
physics scheme (Molteni 2003). Briefly, it comprises
a four-band radiation scheme, a parameterization of
moist convection, diagnostic clouds, and a boundary
layer scheme (see discussions in Molteni 2003; Marshall
et al. 2007). A low vertical resolution is employed: one

level is placed in the boundary layer, three are placed in
the troposphere, and one is placed in the stratosphere.
The 3-km-deep, flat-bottomed ocean model has 15 ver-
tical levels, increasing from 30 m at the surface to 400 m
at depth. Effects of mesoscale eddies are parameterized
as an advective process (Gent and McWilliams 1990)
together with an isopycnal diffusion (Redi 1982), both
with a transfer coefficient of 1200 m2 s21. Convective
adjustment, implemented as an enhanced vertical mix-
ing of temperature and salinity, is used to represent
ocean convection, as described in Klinger et al. (1996).
The background vertical diffusion is uniform and set to
a value of 3 3 1025 m2 s21. A nonlinear equation of
state is employed (Jackett and McDougall 1995).

A sea ice model is included based on the Winton (2000)
two and a half layer thermodynamic model. The prog-
nostic variables are ice fraction; snow and ice thickness;
and a two-level enthalpy representation, which accounts
for brine pockets and sea ice salinity, employing an energy
conserving formulation. There is no sea ice dynamics.

FIG. 1. SST and sea ice thickness in (top) Ridge and (bottom) Aqua for the (left) cold and (right) warm solutions.
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FIG. 2. Zonal, annual mean SST vs latitude as a function of amplitude for 0� (left) and 23.45� (right) obliquity.

Each panel has a fixed meridional scale parameter N as indicated. The dashed magenta lines show the spatial

pattern of the q-flux (plotted in W m�2 for a 1 PW peak transport). Dashed yellow lines (plotted in the N = 1

panels only) show the effects of doubling CO2 from the zero-OHT control states.
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Work by Cameron Rencurrel: 
Same q-flux experiments in a more comprehensive GCM

Rencurrel and Rose (2018) J. Climate
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