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Motivation:	Observational Record

Temperature anomaly [°C]
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pronounced multi-decadal component with
warm 1935-1945 and after 2000.

Prior to 1960: very limited data
Prior to 1920: very, very limited data

Climate variability beyond the instrumental record:
Decadal, centennial, millennial



Insolation (6k	minus	present)

(after Berger, 1978) 
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Model	SST	at core locations
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Alkenone-based temperature trends

Annual mean sea surface temperature trends

Lohmann et al., 2013, CP 

Marine temperature trends of the last 6000 years
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Alkenone-based temperature trends

Annual mean sea surface temperature trends
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Exercise 51 – Climate sensitivity and variability in the Stochastic Climate Model

As in exercise 50, imagine that the temperature of the ocean mixed layer of depth h is governed

by
dT

dt
= ��T + Qnet + f(t) , (8.44)

where the air-sea fluxes due to weather systems are represented by a white-noise process with

zero average < Qnet >= 0 and �-correlated in time < Qnet(t)Qnet(t + ⌧ ) >= �(⌧ ). The

function f(t) is a time dependent deterministic forcing. Assume furthermore that f(t) = c ·u(t)
with u(t) as unit step or the so-called Heaviside step function and solve (13.51). What is the

relationship of the dissipation (through � ) and the fluctuations (through the spectrum S(!)) ?

Solution

Since Q(t) is a stochastic process, it has to be solved for the moments. Because < Qnet >=

0, < T (t) > can be solved using the Laplace transform:

< T (t) > = L�1{F (s)}(t) = L�1

⇢
< T (0) >

s + �
+

c

s
· 1

s + �

�
(8.45)

= T (0) · exp(��t) +

c

�
(1 � exp(��t)) (8.46)

because we have < T (0) >= T (0). As equilibrium response, we have

�T = lim

t!1
< T (t) >=

c

�
. (8.47)

The fluctuation can be characterized by the spectrum (exercise 50)

S(!) =< ˆT ˆT ⇤ >=

1

�2
+ !2

. (8.48)

and therefore, the spectrum and the equilibrium response are closely coupled (fluctuation-dissipation

theorem).
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Response 
too low

Marine temperature trends of the last 6000 years



Marine temperature variability                 
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Power spectrum

Laepple and Huybers, 2014; GRL, PNAS

Current climate models seem to underestimate long-term 
variability

6(annual to millennial time scales)
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Climate	model	ECHAM6-FESOM
Atmosphere: general circulation model ECHAM6 (MPI)  T63
Sea ice and ocean: finite-element model FESOM (AWI)
Resolution (km) of FESOM:



PMIP2,  ~3° resol

PMIP3, ~2° resol

Climate model
ECHAM6-FESOM

Downscaling Ocean

Neues Modell FESOM
Persistenz von Jets, 
westlichen 
Randströmen

Neues Modell FESOM
Persistenz von Jets, 
westlichen 
Randströmen

Holocene SST -Trends 6000 years

AWI-
CM

Heterogenous trends
Long time scales
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Dissipative Systems (as atmosphere & ocean) cannot
maintain large gradients on long time scales
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Role of meso–scale eddies, etc.
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98Paleoclimate Data: Millennial variability

Schulz, 2002, 
GRL

Millennial variability occurs ...
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North Atlantic Current and vertical mixing in the subpolar North Atlantic,
the latter acting to increase the ventilation of subsurface warm waters,
resulting in large-scale heat loss and further convection in the open ocean.

To gain a deeper understanding on the effect of variability in ice-sheet
height on millennial-scale glacial climate and the governing mechanisms
of such change, the stability of the AMOC with respect to intermediate
NHIS heights was further tested in COSMOS (Fig. 3 and Methods).
After the hysteresis, branch 1 (points a and b in Fig. 3a, b) demonstrates
the abrupt increase in AMOC, branches 2 (points b–e in Fig. 3a, b) and
3 (points e and f in Fig. 3a, b) represent the warm glacial climate state and

rapid Northern Hemisphere cooling, respectively, and branch 4 (points
f–h in Fig. 3a, b) represents the cold glacial climate state. Indeed, the asso-
ciated change in AMOC after this hysteresis curve is remarkably similar
to the general shape of the DO cycle1 (Fig. 3b). Most notably, the AMOC
hysteresis curve demonstrates a glacial ocean characterized by a classical
bistable regime, corresponding to changes in sea-level of up to ,18 m as
indicated by proxy data21 (Fig. 3a). Within the bistable range, two dis-
tinct glacial ocean modes with strong and weak AMOC (not an ‘off’ mode)
coexist under identical boundary conditions and are characterized by
spatial patterns, for example abrupt warming in the North Atlantic, a

0.45

0.40

H
s
f

0

–4

–8

–12

–16

N
E

 A
tl
a
n

ti
c
 S

A
T

 (
ºC

)

7.5

6.5

5.5

4.5

N
E

 A
tl
a
n

ti
c
 S

u
b

S
T

 (
ºC

)

–100 0 100 200

Model year

–16.0

–15.5

–15.0

–14.5

S
o

u
th

e
rn

 O
c
e
a
n

 S
A

T
 (ºC

)

75

55

35

15

N
E

 A
tla

n
tic

 S
IC

 (%
)

20

15

10

5

A
M

O
C

 in
d

e
x
 (S

v
)

Model year

0 200 400 600
–15.5

–15.0

–14.5

–14.0

S
o

u
th

e
rn

 O
c
e
a
n

 S
A

T
 (ºC

)

80

60

40

20

N
E

 A
tla

n
tic

 S
IC

 (%
)

20

15

10

5

A
M

O
C

 in
d

e
x
 (S

v
)

205

195

C
O

2
 (
p

.p
.m

.)

185

0

–4

–8

–12

–16

N
E

 A
tl
a
n

ti
c
 S

A
T

 (
ºC

)

8

7

6

5

N
E

 A
tl
a
n

ti
c
 S

u
b

S
T

 (
ºC

)

a

b

c

d

e

f

g

h

i

j

k

l

Figure 1 | Transient simulations with gradually
increasing NHIS height (ISTran45) and CO2

level (TrGHG04). a, g, Transient forcing;
b, h, AMOC index (AMOC maximum in the North
Atlantic north of 45uN; c, i, SAT index; d, j, SIC
index; e, k, SubST index (at 100 – 1,000 m water
depth) of the northern North Atlantic (average in
56–65uN, 5–30uW); f, l, SAT index in the Southern
Ocean (60–76u S zonal mean). a–f, transient
experiment ISTran45; g–l, transient experiment
TrGHG04. Bold lines show the 30-year running
mean of the original data (grey lines). Shadings
indicate one standard deviation of the indices in
30-year windows. The vertical purple, blue and red
dotted lines represent the starting points for the
transient simulations, abrupt AMOC transitions
and cooling in the Southern Hemisphere,
respectively. Negative model years indicate the
control simulation of NHIS_0.4 (Extended Data
Table 1). The mode transition in ISTran45 occurs
in about model year 60 (blue dashed line in a).
This transition shows that an decrease of ,1.1 m in
ESL (corresponding to a 1.2% increase in NHIS
height) can trigger the rapid glacial climate change
when the NHISs are close to its height threshold.
Hsf, height scaling factor (Methods).
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Zhang et al., 2014, 
Nature

AMOC Hysteresis  ~ Ice
sheet height

(Sv
)

interstadial

Bistable system

North Atlantic Current and vertical mixing in the subpolar North Atlantic,
the latter acting to increase the ventilation of subsurface warm waters,
resulting in large-scale heat loss and further convection in the open ocean.

To gain a deeper understanding on the effect of variability in ice-sheet
height on millennial-scale glacial climate and the governing mechanisms
of such change, the stability of the AMOC with respect to intermediate
NHIS heights was further tested in COSMOS (Fig. 3 and Methods).
After the hysteresis, branch 1 (points a and b in Fig. 3a, b) demonstrates
the abrupt increase in AMOC, branches 2 (points b–e in Fig. 3a, b) and
3 (points e and f in Fig. 3a, b) represent the warm glacial climate state and

rapid Northern Hemisphere cooling, respectively, and branch 4 (points
f–h in Fig. 3a, b) represents the cold glacial climate state. Indeed, the asso-
ciated change in AMOC after this hysteresis curve is remarkably similar
to the general shape of the DO cycle1 (Fig. 3b). Most notably, the AMOC
hysteresis curve demonstrates a glacial ocean characterized by a classical
bistable regime, corresponding to changes in sea-level of up to ,18 m as
indicated by proxy data21 (Fig. 3a). Within the bistable range, two dis-
tinct glacial ocean modes with strong and weak AMOC (not an ‘off’ mode)
coexist under identical boundary conditions and are characterized by
spatial patterns, for example abrupt warming in the North Atlantic, a
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Figure 1 | Transient simulations with gradually
increasing NHIS height (ISTran45) and CO2

level (TrGHG04). a, g, Transient forcing;
b, h, AMOC index (AMOC maximum in the North
Atlantic north of 45uN; c, i, SAT index; d, j, SIC
index; e, k, SubST index (at 100 – 1,000 m water
depth) of the northern North Atlantic (average in
56–65uN, 5–30uW); f, l, SAT index in the Southern
Ocean (60–76u S zonal mean). a–f, transient
experiment ISTran45; g–l, transient experiment
TrGHG04. Bold lines show the 30-year running
mean of the original data (grey lines). Shadings
indicate one standard deviation of the indices in
30-year windows. The vertical purple, blue and red
dotted lines represent the starting points for the
transient simulations, abrupt AMOC transitions
and cooling in the Southern Hemisphere,
respectively. Negative model years indicate the
control simulation of NHIS_0.4 (Extended Data
Table 1). The mode transition in ISTran45 occurs
in about model year 60 (blue dashed line in a).
This transition shows that an decrease of ,1.1 m in
ESL (corresponding to a 1.2% increase in NHIS
height) can trigger the rapid glacial climate change
when the NHISs are close to its height threshold.
Hsf, height scaling factor (Methods).
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North Atlantic Current and vertical mixing in the subpolar North Atlantic,
the latter acting to increase the ventilation of subsurface warm waters,
resulting in large-scale heat loss and further convection in the open ocean.

To gain a deeper understanding on the effect of variability in ice-sheet
height on millennial-scale glacial climate and the governing mechanisms
of such change, the stability of the AMOC with respect to intermediate
NHIS heights was further tested in COSMOS (Fig. 3 and Methods).
After the hysteresis, branch 1 (points a and b in Fig. 3a, b) demonstrates
the abrupt increase in AMOC, branches 2 (points b–e in Fig. 3a, b) and
3 (points e and f in Fig. 3a, b) represent the warm glacial climate state and

rapid Northern Hemisphere cooling, respectively, and branch 4 (points
f–h in Fig. 3a, b) represents the cold glacial climate state. Indeed, the asso-
ciated change in AMOC after this hysteresis curve is remarkably similar
to the general shape of the DO cycle1 (Fig. 3b). Most notably, the AMOC
hysteresis curve demonstrates a glacial ocean characterized by a classical
bistable regime, corresponding to changes in sea-level of up to ,18 m as
indicated by proxy data21 (Fig. 3a). Within the bistable range, two dis-
tinct glacial ocean modes with strong and weak AMOC (not an ‘off’ mode)
coexist under identical boundary conditions and are characterized by
spatial patterns, for example abrupt warming in the North Atlantic, a
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Figure 1 | Transient simulations with gradually
increasing NHIS height (ISTran45) and CO2

level (TrGHG04). a, g, Transient forcing;
b, h, AMOC index (AMOC maximum in the North
Atlantic north of 45uN; c, i, SAT index; d, j, SIC
index; e, k, SubST index (at 100 – 1,000 m water
depth) of the northern North Atlantic (average in
56–65uN, 5–30uW); f, l, SAT index in the Southern
Ocean (60–76u S zonal mean). a–f, transient
experiment ISTran45; g–l, transient experiment
TrGHG04. Bold lines show the 30-year running
mean of the original data (grey lines). Shadings
indicate one standard deviation of the indices in
30-year windows. The vertical purple, blue and red
dotted lines represent the starting points for the
transient simulations, abrupt AMOC transitions
and cooling in the Southern Hemisphere,
respectively. Negative model years indicate the
control simulation of NHIS_0.4 (Extended Data
Table 1). The mode transition in ISTran45 occurs
in about model year 60 (blue dashed line in a).
This transition shows that an decrease of ,1.1 m in
ESL (corresponding to a 1.2% increase in NHIS
height) can trigger the rapid glacial climate change
when the NHISs are close to its height threshold.
Hsf, height scaling factor (Methods).
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North Atlantic Current and vertical mixing in the subpolar North Atlantic,
the latter acting to increase the ventilation of subsurface warm waters,
resulting in large-scale heat loss and further convection in the open ocean.

To gain a deeper understanding on the effect of variability in ice-sheet
height on millennial-scale glacial climate and the governing mechanisms
of such change, the stability of the AMOC with respect to intermediate
NHIS heights was further tested in COSMOS (Fig. 3 and Methods).
After the hysteresis, branch 1 (points a and b in Fig. 3a, b) demonstrates
the abrupt increase in AMOC, branches 2 (points b–e in Fig. 3a, b) and
3 (points e and f in Fig. 3a, b) represent the warm glacial climate state and

rapid Northern Hemisphere cooling, respectively, and branch 4 (points
f–h in Fig. 3a, b) represents the cold glacial climate state. Indeed, the asso-
ciated change in AMOC after this hysteresis curve is remarkably similar
to the general shape of the DO cycle1 (Fig. 3b). Most notably, the AMOC
hysteresis curve demonstrates a glacial ocean characterized by a classical
bistable regime, corresponding to changes in sea-level of up to ,18 m as
indicated by proxy data21 (Fig. 3a). Within the bistable range, two dis-
tinct glacial ocean modes with strong and weak AMOC (not an ‘off’ mode)
coexist under identical boundary conditions and are characterized by
spatial patterns, for example abrupt warming in the North Atlantic, a
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Figure 1 | Transient simulations with gradually
increasing NHIS height (ISTran45) and CO2

level (TrGHG04). a, g, Transient forcing;
b, h, AMOC index (AMOC maximum in the North
Atlantic north of 45uN; c, i, SAT index; d, j, SIC
index; e, k, SubST index (at 100 – 1,000 m water
depth) of the northern North Atlantic (average in
56–65uN, 5–30uW); f, l, SAT index in the Southern
Ocean (60–76u S zonal mean). a–f, transient
experiment ISTran45; g–l, transient experiment
TrGHG04. Bold lines show the 30-year running
mean of the original data (grey lines). Shadings
indicate one standard deviation of the indices in
30-year windows. The vertical purple, blue and red
dotted lines represent the starting points for the
transient simulations, abrupt AMOC transitions
and cooling in the Southern Hemisphere,
respectively. Negative model years indicate the
control simulation of NHIS_0.4 (Extended Data
Table 1). The mode transition in ISTran45 occurs
in about model year 60 (blue dashed line in a).
This transition shows that an decrease of ,1.1 m in
ESL (corresponding to a 1.2% increase in NHIS
height) can trigger the rapid glacial climate change
when the NHISs are close to its height threshold.
Hsf, height scaling factor (Methods).
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Role of CO2 for Glacial Climate Stability 
Xu Zhang, Gregor Knorr, Gerrit Lohmann, Stephen Barker

Water (NADW) formation can affect atmo-
spheric CO2 concentration through both phys-
ical and biological processes in the ocean and
terrestrial biosphere. Comparing model results
is difficult because of differences in boundary
conditions, amount and duration of freshwater
forcing, and treatment of the terrestrial biosphere
and other relevant processes. Model results sug-
gest that several different mechanisms may re-
late changes in NADW to changes in atmospheric
CO2 concentration, including increases in South-
ern Ocean sea surface temperatures and decreased
salinity in the North Atlantic (15), and reduced
Southern Ocean stratification and release of
CO2 (16). Climate-induced changes in the ter-
restrial biosphere caused by changes in ocean
circulation may also affect the atmospheric CO2

(17, 18), but the magnitude of this effect is not
yet clear.

To explore the possible link between ocean
circulation and CO2, we compared our data with
the benthic foraminiferal d13C from Iberian mar-
gin sediments at depth of 3146 m, using d13C as
a proxy for the balance between northern source
and southern source deep waters at this site
(19) (Fig. 3C). We also used bulk sediment
d15N from the Chile margin in intermediate
depths as a proxy for input of the Subantarctic
Mode Water to this region (20). Following (20),
we interpreted this proxy as an indicator of
the reduction of stratification in the Southern
Ocean (Fig. 3D), which may result from changes
in NADW. The two data sets are inversely cor-
related (note the reverse scale of the d13C) in
most time intervals, implying that shoaling

NADW is linked to reduction of stratification
in the Southern Ocean. The rate of change of
CO2 concentration peaks when these proxies
indicate a maximum in NADW shoaling and
reduction of stratification in the Southern Ocean
(Fig. 3, B to D), implying CO2 release to the
atmosphere during maxima in Southern Ocean
destratification, as suggested in model experi-
ments (16). At around 19 to 37 ka, the correla-
tions among the two marine proxies and the rate
of change of CO2 are not as clear as they are
in the 37- to 91-ka time period. Other, perhaps
longer-term processes may have controlled at-
mospheric CO2 during this time period. Alter-
natively, the geochemical proxies plotted in Fig. 3
may not directly reflect millennial change in
ocean circulation as climate approached the last
glacial maximum. Models of long-term glacial-
interglacial CO2 variations indicate that destra-
tification in the Southern Ocean should cause
CO2 to increase (21, 22), although it is not clear
if these model results are directly applicable to
millennial-scale variations. Other mechanisms
that may contribute to glacial-interglacial cycles
and may be important on millennial time scales
include changes in CO2 outgassing due to varia-
tions in sea ice extent (23) and changes in iron
fertilization (24) in the Southern Ocean.

Heinrich events are associated with the cold
periods before major DO events, and one sce-
nario that could explain CO2 variations is that
large freshwater fluxes associated with Heinrich
events cause changes in ocean circulation and
release of CO2 to the atmosphere through mech-
anisms discussed above (15, 16). However, based

on existing age constraints (3, 25, 26), H events
3, 4, 5, 5a, and 6 appear to have occurred 0 to
3 ka after CO2 started to rise (Fig. 1 and fig.
S2). Unfortunately, precise comparison of CO2

and all of the H events is prevented by chronol-
ogical uncertainties. In some cases the relative
timing of H events and events in the ice core
record can be constrained via correlations be-
tween temperature proxies in marine records
and ice core data, and identification of ash layers
(3, 25, 26). For example, the abrupt warming
at DO-15 (defined by the rapid rise in CH4 con-
centration, fig. S2) has a correlative feature in
North Atlantic sediment records (26) and occurred
before H5a, whereas the CO2 rise associated with
A3 started during or before DO-15, and therefore
also before H-5a. However, for other H events, the
timing of the associated CO2 rise cannot be
precisely determined in this way given the current
time resolution of the ice core records.

The data also indicate abrupt increases in
CO2 concentration of ~10 parts per million (ppm)
at the times of abrupt warming associated with
DO-19, 20, and 21 (Figs. 1 and 2). The mag-
nitude of these jumps is similar to those during
the last Termination (27), when the CO2 level
and temperature are similar to those of DO-19,
20, and 21 (65 to 90 ka). During the intervening
period (20 to 65 ka), this type of variability is
not as apparent in our record. The origin of these
brief periods of elevated CO2 is not clear, but
may be related to increases in sea surface tem-
perature in the Northern Hemisphere or release of
CO2 from the terrestrial biosphere by respiration,
associated with abrupt warming in Greenland.

Another notable feature is the rapid decrease
in CO2 concentration of ~43 ppm at ~68 ka
[Greenland Ice Sheet Project 2 (GISP2) time
scale] after DO-19 (Figs. 1C and 4). The magni-
tude of the CO2 drop is about half the total CO2

Fig. 1. Atmospheric CO2 composition and climate during the last glacial period. (A) Greenlandic tem-
perature proxy, d18Oice (2). Red numbers denote DO events. (B) Byrd Station, Antarctica temperature
proxy, d18Oice (4). A1 to A7, Antarctic warming events (4). (C) Atmospheric CO2 concentrations. Red dots
[this study and early results for 47 to 65 ka (11) at Oregon State University] and green circles (8) (results
from University of Bern) are from Byrd ice cores. Red dots are averages of replicates, and red open
circles at ~73 and 76 ka are single data [this study and (11)]. The chronology used for Byrd CO2 is
described in (10). Blue line is from Taylor Dome ice core (9) on the GISP2 time scale (11). Purple line is
from EPICA Dome C (27). (D) CH4 concentrations from Greenland (green) (4) and Byrd ice cores (brown)
[(4) and this study]. Black dots, new measurements for this study. Vertical blue bars, timing of Heinrich
events (H3 to H6) (25, 26). Brown dotted lines, abrupt warming in Greenland.
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Fig. 2. Atmospheric CO2 variations relative to
abrupt warming in Greenland. The sequence of
Byrd CO2 variations [this study and (11)] asso-
ciated with each DO event is numbered. Red
dotted line indicates the timing of the abrupt
warming in Greenland defined by the rapid rise
in CH4 concentration in the Byrd ice core.

3 OCTOBER 2008 VOL 322 SCIENCE www.sciencemag.org84

REPORTS

 o
n 

Au
gu

st
 1

2,
 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

Ahn & Brook, 2008

Model years (kyr)

	
16	

 
346	

Figure 3. Sum
m

ary cartoon of the proposed m
echanism

 in this study. (a) Stadial conditions w
ith a relatively 

347	
low

 atm
ospheric C

O
2  level, (b) stadial conditions w

ith rising C
O

2 , and (c) interstadial conditions w
ith a high 

348	
C

O
2  level. Location of the paleo-salinity record

35 is highlighted by red star in a). The dark dashed line represents 
349	

Zhang et al., 2017, Nature GeoCOSMOS 
T31



PD obs. E2

PD ctrl

E3

Eg2 Eg3

                  500        1000      1500       2000       2500       3000       3500
surface elevation (m)

Present LIG + 2°C   LIG + 3°C
SL: 2-3 m    SL: 3-5 m

Challenges and open issues: sea level in a warmer world

Sutter et al., 2016



Future

0

1

2

3

4

5
F2_10%
F2_40%

F3_10%
F3_40% F_collapse

2000 2500 3000 3500 4000 4500 5000
− 0.5

0.5

1.5

2.5

3.5

4.5

5.5

2000 CE 2060 CE 3000 CE

F2_10%

F3_10%

Su
rf

ac
e 

el
ev

at
io

n 
(m

)

3500

3000

2500

2000

1500

1000

  500

2080 CE

A
bs

ol
ut

e 
se

a 
le

ve
l r

is
e 

(m
)

Se
a 

le
ve

l r
is

e 
pe

r y
ea

r (
m

m
/y

r)
50

0 
yr

 ru
nn

in
g 

av
er

ag
e

A

B



d18O	Signal	in	the	Hydrological	Cycle
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Scheme of typical isotope depletion in various parts of the hydrological cycle

Every phase change of a water mass is imprinted in its isotopic signature



Comparison	with	O	isotope	records:	Hoti	Cave
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Fleitmann et al., 2003

Lohmann, Herold, Werner, Fleitmann, in prep



Recorder Problem: Antarctic

Climate system

e.g.

Antarctic ice cores

Laepple, Werner, Lohmann,  Nature 2011
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Simulated	modern	precipitation	at	Dome	Fuji,	
CMIP3	climate	models
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Atmospheric Blocking Circulation
Greenland Shallow Ice Core Positions Variability of Accumulation Rate 



Rimbu and Lohmann 2009

Atmospheric Blocking Circulation

Synoptic Scale Blocking Situation

Greenland Shallow Ice Core Positions Variability of Accumulation Rate 

Blocking Frequency for 1948-1992



WATER VAPOR TRANSPORT

Enhanced moisture transport 
during high blocking activity



minimum value of daily
minimum temperature (TNn)



Correlation maps between
Fennoscandian tree-rings 
and warm-day extreme 
indices HadEx2 (Donat et 
al. 2013) for 1901–1978.

June–August (JJA) 

Fennoscandian tree-rings and warm-day extreme



Correlation maps between Fennoscandian tree-rings and warm-
day extreme indices HadEx2 (Donat et al. 2013) for 1901–1978.

June–August (JJA) 

P. Zhang et al., 2017



Ionita et al., 2017, Scientific Reports

5-day persistence criterion
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Synoptic variability and multidecadal variability are not independent
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Past climates help us to understand the climate system as a whole

To elaborate processes (first and second order)

Test hypotheses by scenarios and comparing model results to data

Climate variability across time scales: 
challenges from limited instrumental, 
paleoclimate data and modeling



Past climates help us to understand the climate system as a whole

To elaborate processes (first and second order)

Test hypotheses by scenarios and comparing model results to data

Holocene: High latitude cooling, low-latitude warming
Models and data disagree in amplitude, variability underestimated (fdt)

Dynamics: Heterogeneities in temperature, 
large gradients can persist on long time scales

Interpretation of proxy data: Seasonal to syonptic signatures
Bring the current climate into a long-term context, extremes

Climate variability across time scales: 
challenges from limited instrumental, 
paleoclimate data and modeling


