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Climate variability and extremes



Instrumental record/period

Temperature of the last 150 years (instrumental data)

Anthropogenic
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Missing Information about Sea Ice
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The “Climate dilemma“

• Instrumental data are sparce

• The records of direct temperature measurements are short 
and already fall in the phase of strong human influence. 

• For the time before instrumental records, one has to rely
on information from proxy data and modeling.

The instrumental record: 

(thermometers, barometers, anemometers, oh my!)

http://www.ncdc.noaa.gov/img/climate/research/ghcn/ghcnv2.mean.gif
http://www.weather.gov/timeline

TOOL #1: FANCY WEATHER INSTRUMENTS
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Observational Record

Temperature anomaly [ oC ]

1

Uncertainty largely due to missing 
information at high latitudes

Temperature Anomaly 1930
White areas: not enough data



History
last 1000 Years

Pieter Breughel d.Ä.

Little Ice 
Age

Thermometer

Barometer 
(Torricelli)

present

Nicolaus KopernikusBremen townhall

1400



Climate records from 
ice cores

Lake/permafrost
sediment records

Marine sediment
records

Earth System: a polar perspective

Ice drilling camp, 2009 Polarstern, marine sediments Lake/permafrost sediments



Marine sediment
records

Earth System: Reconstructions

Polarstern, marine sediments

noble gas concentrations

52 Mio years ago



Shallow 
ice cores



CO2

Time (ky)

Lohmann et al. (2020) based on NGRIP, 2004; Berger, 1988; Köhler et al., 2017; Archer and Brovkin, 2008

2/16



Greenland



The world’s largest island!

The Greenland Ice Sheet
Area: 1.7 million km2

Average thickness: 2.3 km

Greenland's ice melts à 7m sea 
level rise
Antarctica’s ice melts à 60m sea 
level rise



How quickly will Greenland's ice melt?
And will this contribute 
significantly to sea level rise by 
2100?

Greenland’s surface 
melt area is increasing!

Increasing trend

Ice sheet surface with at least one 
melt day in April – October

Cumulated melt area 
days (million km2)



Ice Terminology
Ice sheet: mass of glacial ice on 
terrain over 50,000 km2

Ice stream: part of ice sheet that 
moves faster than surrounding

Grounding line where ice sheet 
loses contact with solid ground  
Ice shelf: thick, floating platform in 
ocean that is connected to ice sheet 
Moulin: well-like opening in glacier 
where water can flow into



Ice sheet mass balance = accumulation – ablation

Two main ways of losing mass:
1. Surface melt
2. Ice flow and calving

Ice 
flow

Ocean

Glacier: Body of ice moving by own weight
Mountain glacier: glaciers on slopes of 
mountains
Terminus: end of glacier
Calving: ice breakoffs at terminus

Ice Terminology

Jakobshavn glacier



Helicopter

Helheim glacier terminus



Proxy Data
• Indirect data, often qualitative
• Long time series from archives
• Information beyond the instrumental record



p * 107

Global                             

p * 1010
Millenia

4 *107

p * 108
Decadal Quasi-decadal

AMO

Dissipative Systems (as atmosphere & ocean) cannot 
maintain large gradients on long time scales

Ice agess

s

s

Spatio-Temporal Scales

Spatial || temporal Scales



Earth System Analysis: Models
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Attribution (model world)
greenhouse gas emissions

no greenhouse gas emissions

observed changes are consistent with 
modeled response to external forcing, 
inconsistent with alternative explanations

Nobel Price, 2021



Attribution (model world)
greenhouse gas emissions

no greenhouse gas emissions

observed changes are consistent with 
modeled response to external forcing, 
inconsistent with alternative explanations

Critics:
• Time series too short
• Estimates of natural variability

based only on models 



• Mastertextformat bearbeiten
– Zweite Ebene
• Dritte Ebene

– Vierte Ebene
» Fünfte Ebene

Hansen J, Kharecha P, Sato M, Masson-Delmotte V, Ackerman F, et al. (2013) Assessing “Dangerous Climate Change”: Required 
Reduction of Carbon Emissions to Protect Young People, Future Generations and Nature. PLOS ONE 8(12): e81648. 
https://doi.org/10.1371/journal.pone.0081648
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0081648

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0081648


Displayed on a common 1/4o mesh

CMIP5 mesh

Satellite

CMIP6 (HiRes) mesh

Frontier mesh

Indistinguishable from observations!  

How realistic is the model?

Ocean velocity



Upscaling concept

Climate archives Climate variabiliy

Lohmann, 2007 

Ice cores

sediments

corals

Decadal 
mode



Shallow 
ice cores





Statistics

Covariance (cross, auto)

g(D) = E (( x (t) - x ) ( y (t + D) – y ))
                         e.g. coral   e.g. meteorol. data

Correlation (cross, auto)

                               rxy =                
measures the tendency of x (t) and y (t) to covary, between -1 and 1

g(D)
normalized

               

Spectrum (cross, auto)
(spectral density)

G(w) =S   g (D) e-2piD
                                                                                     

D=-

measures variance

8
8

covariance is a measure of how much two random variables change together



Greenland Traverse
AWI (1993-1995)

- Shallow ice core (depths   
up to 150 m)

- Mean accumulation rates  
vary between: 

and: 

Description: Schwager, AWI report, 2000

SNOW ACCUMULATION ICE CORE



PC1 – INTERANNUAL AND DECADAL
VARIATIONS

EOF1- MONOPOLAR STRUCTURE
POSSIBLE RELATED TO LARGE-SCALE

ATMOSPHERIC CIRCULATION

Rimbu, Lohmann, Grosfeld, GRL, 2007

Accumulation variability



A longitude is blocked if:

for at least one Δ

RELATIVE HIGH 
BLOCKING FREQUENCY:
EURO – ATLANTIC AND 

PACIFIC SECTORS

Z500 (NCEP\NCAR)-1948-2005 (57 winters)
TM index (Tibaldi and Molteni,1990)

Z500 (NCEP): 1948-2005 (57 winters)
TM index (Tibaldi and Molteni,1990)

Atmospheric Blocking

Euro-Atlantic  
 sectors 

Pacific 



WATER VAPOR TRANSPORT

ENHANCED MOISTURE TRANSPORT
TOWARD GREENLAND DURING HIGH
BLOCKING ACTIVITY IN 20ºW - 20ºE

SECTOR



Earth System from a polar perspective 

COSMOS+ISM	
(Wei	et	al.)	
  

Pliocene (3 Million years BP)	

[°C]	

Million years 

Scenario: years 2083-2133 

RCP6 	

Until now: Climate science 
concentrates on the mean 
changes („climate 
sensitivity“)

Extreme	events	and	synop$c	variability	in	the	
context	of	paleoclimatology			

e.g.	
Rimbu,	N.,	G.	Lohmann,	M.	Ionita,	2014:	Interannual	to	mulLdecadal	Euro-AtlanLc	blocking	variability	
during	winter	and	its	rela$onship	with	extreme	low	temperatures	in	Europe.	J.	Geophys.	Res.	Atmos.,	119,	
doi:10.1002/2014JD021983.	(link)	
		
Rimbu,	N.,	G.	Lohmann,	M.	Werner,	and	M.	Ionita,	2016:	Links	between	central	Greenland	stable	isotopes,	
blocking	and	extreme	climate	variability	over	Europe	at	decadal	to	mulLdecadal	Lme	scales.	Climate	
Dynamics,	doi:10.1007/s00382-016-3365-3	(link)		
		
Ionita,	M.,	P.	Scholz,	G.	Lohmann,	M.	Dima,	and	M.	Prange,	2016:	Linkages	between	atmospheric	blocking,	
sea	ice	export	through	Fram	Strait	and	the	Atlan$c	Meridional	Overturning	Circula$on.	ScienLfic	Reports	
6:32881,	DOI:	10.1038/srep32881	(link)	
		
Zhang,	P.,	M.	Ionita,	G.	Lohmann,	D.	Chen,	H.	Linderholm,	2016:	Can	tree-ring	density	data	reflect	summer	
temperature	extremes	and	associated	circula$on	paeerns	over	Fennoscandia?	Climate	Dynamics,		DOI	
10.1007/s00382-016-3422-y	
		
	

climate variability and 
extremes



High-resolution modelling of the jet stream 
and associated extreme events in Europe

Assessment of resolution impact on the jet stream in the Euro-Atlantic region 

Blocking frequency 
Greenland Ice cores

H

Decadal-centennial 
variability 

1300  1400  1500  1600  1700  1800 1900  2000

Continous 
Frost days

Rimbu and Lohmann, 2011



Climate Modes from Proxy Data



H

L



Composite Map of SST [°C] and 925 hPa wind [m/s]         
for 1948 -1995, January - February  

mechanistic understanding





LAKE SEDIMENTS AS CLIMATE ARCHIVES

Czymzik et al., 2010

River Ammer floods
catchement 700 km2 

length 84 km
q =18m3/s
-river floods (discharge higher 
than 125 m3/s) are detected as 
flood layers in lake Ammer  
sediments
-summer floods are dominant

Flood layer records
-annual resolution
-cover instrumental period
-go back to mid-Holocene



OBSERVED AND PROXY FLOODS                      

annual flood years: 
pronounced millennial 
variations last ~5500 y 

observed river Ammer flood 
years: similar distribution



ATMOSPHERIC  CIRCULATIONLAKE 
SEDIMENTS

Wave-train pattern with a pronounced trough over western Europe 
is associated with flood days 



LAKE 
SEDIMENTS

EXTREME  PATTERNS 
ASSOCIATED WITH FLOODS





Exercise teleconnections
using http://climexp.knmi.nl

1) Monthly climate indices (temp, precip, ...)
a) Select one pre-defined index
b) Correlation with temperature, precipiation, SLP
c) Explain the teleconnections for different seasons 

2) Home town climate
a) Calculate different regions on the world 
(home town, Bremen has 53°N, 8° E)
b) Correlation with temperature, precipiation, SLP
c) Explain the teleconnections for different seasons 
d) Exlain related modes of climate variability 
(ENSO, PDO, NAO, Monsoon)





....  Or select a position 


