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Climate change - the last 140 years

[https://data.giss.nasa.gov/gistemp/graphs_v4/]

 The 10 warmest 
years since 1880: 

1. 2016 
2. 2019 
3. 2017 
4. 2015 
5. 2018 
6. 2014 
7. 2010 
8. 2005 
9. 2013 

10. 2007

https://data.giss.nasa.gov/gistemp/graphs_v4/


The Challenge:  Sustainable Management and Energy

Human Population: 7 billions



Human Population: 7 billions

CO2 Increase:
Land cover: 22%
CO2-Emissions: 78%
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Climate change - the last 140 years

[https://svs.gsfc.nasa.gov/4787]

https://svs.gsfc.nasa.gov/4787


Global warming and CO2 increase since 1880

[https://www.climatecentral.org/gallery/graphics/global-temperatures-and-co2-concentrations-2020]

https://www.climatecentral.org/gallery/graphics/global-temperatures-and-co2-concentrations-2020


CO2 emissions in the last 60 years

[https://www.globalcarbonproject.org/carbonbudget/21/presentation.htm; https://robbieandrew.github.io/GCB2021/]



Global temperatures and CO2 of the future?

[https://www.globalcarbonproject.org/carbonbudget/archive/2018/GCP_CarbonBudget_2018.pdf]

https://www.globalcarbonproject.org/carbonbudget/archive/2018/GCP_CarbonBudget_2018.pdf


Global temperatures and CO2 of the past

illustration: Paul Gierz, AWI, based on various data sources

'Hothouse' to 
'Icehouse'

Glacial-Interglacial 
cycles

Back to 'Hothouse'?



The „climate dilemma“
The “Climate dilemma“

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

• Instrumental data are sparce

• 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



marine sediments
ice cores

tree rings

corals

Climate change - archives of the past



marine sediments
ice cores

tree rings

corals

Climate change - archives of the past

climat proxy data 
• information beyond the instrumental record 
• long continuous time series from archives 
• indirect data, often quantitative 
• problem of (absolute) dating



Past climate changes - linking different proxy records

Climate records from 
ice cores

Lake/permafrost
sediment records

Marine sediment
records

Earth System:reconstructions

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



Past climate changes - the last 1000 years

medieval 
warm period 

950-1350
litte ice age

first 
thermometer 

~1650

start of the 
industrial revolution

https://de.wikipedia.org/wiki/Hockeyschläger-Diagramm



Past climate changes - the last 800,000 years

warm warm warm warm warm
cold coldcold cold

warmwarmwarmwarm warm
cold cold cold cold

https://www.researchgate.net/figure/Ice-Core-
Data-from-the-EPICA-Dome-C-Antarctica-Ice-
Core-Showing-Concentrations-
of_fig3_310329375
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Past climate changes - the last 800,000 years

280 ppm warm interglacials

180 ppm cold glacials

416 ppm in 2021

https://www.researchgate.net/figure/Ice-Core-
Data-from-the-EPICA-Dome-C-Antarctica-Ice-
Core-Showing-Concentrations-
of_fig3_310329375



Changes of orbital parameters

Eccentricity

[Ruddiman, Earth’s Climate, 2008]



Climate changes on orbital time scales 

warm warm warm warm warm
cold coldcold cold

warmwarmwarmwarm warm
cold cold cold cold

https://www.researchgate.net/figure/Ice-Core-
Data-from-the-EPICA-Dome-C-Antarctica-Ice-
Core-Showing-Concentrations-
of_fig3_310329375



Ice sheet growth and decay on orbital time scales

[from: Abe-Ouchi et al, Nature, 2013]



Climate changes on orbital time scales 

Paleoceanography 10.1029/2019PA003782

Figure 8. Resolution of the ocean model component in our Earth system model AWI-ESM. Example of an
unstructured mesh for our FESOM model with horizontal resolution between 12 and 135 km (CORE-2 mesh Sein et al.,
2018; Sidorenko et al., 2011).

We start now with water hosing experiments based on a glacial background state which has been obtained
after 840 yr of model integration. After the spin-up, we insert a 150 yr meltwater flux of 0.2 Sv perturbation at
different locations (Mississippi, Mackenzie, or local coastal runoff close to Labrador). Significant differences
are found in the oceanic responses to these different locations of freshwater discharge (Figure 10a). The
AMOC index refers to the maximum of the AMOC in the North Atlantic Ocean. The Mississippi (orange)
and the Mackenzie (blue) runoff have little influence, in contrast to the subpolar forcing (red) where the
freshwater flux is equally distributed in the 50–70◦N-band in the North Atlantic Ocean. As an additional
experiment, the hosing is inserted at the coast close to the Labrador Sea between 50◦N and 70◦N (green). The
different response in the AMOC can be attributed to the negative sea surface salinity anomalies lowering

Figure 9. Components of the total freshwater flux (in Sv =106 m3 s−1) originating from the Northern Hemisphere ice
sheets at the end of the last ice age based on Zweck and Huybrechts (2005).

LOHMANN ET AL. 13 of 38• large freshwater fluxes into the North Atlantic due to melting of ice 
sheets at the end of each glacial period  

• how did these freshwater fluxes changed the global climate? 
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Climate changes on orbital time scales 

[Lohmann et al. 2020]

Paleoceanography 10.1029/2019PA003782

Figure 2. (a) The !18O ice core curve from the North Greenland Ice Core Project (North Greenland Ice Core Project
members, 2004) documents climate variability over the last 120 kyr (purple). The black curve indicates the 21 June
insolation at the local position (W m−2). (b) Annual mean insolation variation at all latitudes using the algorithm of
Berger (1978). (c) CO2 forcing as reconstructed from the past (yellow) (Köhler et al., 2017) and estimated for future
scenarios (Archer & Brovkin, 2008) for a moderate (1,000 Gt carbon) (blue) and large (5,000 Gt carbon) (red) fossil fuel
slugs (the natural atmospheric CO2 content is on the order of 600 Gt carbon prior to anthropogenic combustion of
carbon). For the translation into W m−2, we assume a 4 W m−2 for doubling of CO2 and a logarithmic dependence
ln(CO2∕COre"

2 ) with CO2 and COre"
2 being the CO2 level and the reference preindustrial level, respectively.

Paleoclimatic evidence suggests that some past climate shifts were associated with changes in North Atlantic
Deep Water (NADW) formation at the end of the last ice age (Dansgaard et al., 1993; Lehman & Keigwin,
1992; Sarnthein et al., 1994). During the last deglaciation about 20–10 kyr before present, the climate has
warmed due to insolation and rising carbon dioxide (CO2) concentrations (Figures 2b and 2c). Consider-
able meltwater discharge from the large continental ice sheets over the Northern Hemisphere entered the
North Atlantic. The most prominent meltwater event occurred at about 14.6 kyr BP (BP = before present)
and was named Meltwater Pulse 1a (MWP-1a) (Fairbanks, 1989) with up to 0.5 Sv (1 Sv =106 m3 s−1) (Clark
et al., 2002) entering the North Atlantic with some possible contributions from the Arctic Ocean (Tarasov
& Peltier, 2006) and Southern Ocean (Carlson & Clark, 2012; Weber et al., 2014). However, paleoclimate
data indicate that NADW formation was not affected seriously (McManus et al., 2004), and the next major
cooling phases occurred either earlier (during Heinrich-event 1 at about 17.5 kyr BP) or more than 1,000 yr
later at the onset of the Younger Dryas between about 12.9 and 11.5 kyr BP (Clark et al., 2002). Analyses
of coarse-grained ice-rafted debris and planktonic foraminifers revealed pronounced dropstone layers that
have been deposited in the North Atlantic documenting ice rafting during cold events (Heinrich, 1988). At
the end of the Younger Dryas, the North Atlantic realm again experienced rapid warming that ended up in
Holocene climate conditions. In the discussion of probable causes, the melting and calving of continental

LOHMANN ET AL. 3 of 38

• ice core and marine records from 
the Arctic show strong climate 
variability on shorter time scales 

• Dansgaard-Oescher (D/O) 
events: abrupt warming + 
gradual cooling 

• Heinrich events (H-events): 
cooling in the North Atlantic, 
reduction of NA deep water 
formation 

• the forcing mechanisms of these 
events are still unclear….



Abrupt events: Linking atmosphere + ocean + sea ice

[Lohmann et al. 2020]

Paleoceanography 10.1029/2019PA003782

Figure 16. (a) Winter Fram Strait sea ice export time series (normalized): model simulation (solid line) and observations ((b) Atmospheric blocking frequency
composite maps with respect to the simulated Fram Strait sea ice export: Maps for above and below 75% standard deviation indicating different regimes of
blocking in the North Atlantic realm. (c) The 3 yr running mean winter sea surface salinity in the central Labrador Sea with three major freshwater events,
based on Ionita et al. (2016).

(Figure 16c), the Fram Strait Sea Ice Export and atmospheric blocking are not the only causes for large-scale
ocean circulation changes on these time scales.

Decadal-to-multidecadal variability is coupled both to synoptic time scales, such as atmospheric blocking
and long-term background conditions. As an example, the jet stream in the Euro-Atlantic region and asso-
ciated blocking activity is linked to Atlantic multidecadal ocean variability and AMOC, implying the need
for a proper representation of synoptic scale variability in coupled climate models. Model simulations are
advancing toward increased resolution, the addition of feedback mechanisms between different components
of the earth/climate system, and, in particular, the added ability of considering the dynamic simulation of
isotopes. Future research will use a hierarchy of global climate simulations and all available types of obser-
vational, (paleo-)environmental and reanalysis data to evaluate variability patterns and extreme events on
synoptic to millennial time scales. This integrated approach provides a long-term context beyond our limited
view from the observational period. The combined analysis of data and models is essential for interpreting
paleoclimate data and related weather and climate patterns, which is the topic of the next subsection.

5.2. Changes in the Intensity and Frequency of Extremes: Atmospheric Rivers
Changes in the intensity and frequency of extremes have drawn much attention during recent decades
(Coumou et al., 2014; Horton et al., 2016; IPCC, 2012), mainly due to their large impacts on natural environ-
ment, economy and human health (Ciais et al., 2005; Kovats & Kristie, 2006). Due to the inherent nature of
extreme events, the variability of high-temperature extremes differs from that of mean temperature (Raible
et al., 2007; Schär, 2015). Therefore, we need to understand the causes of climate extremes in the twen-
tieth century and in a more distant past. Paleoclimate data and modeling allow an assessment of climate
variability and extremes and their relation to the average climate.

One particular example of extreme events is linked to atmospheric rivers (AR) which are narrow regions
responsible for the majority of the poleward water vapor transport across the midlatitudes. They are char-
acterized by high water vapor content and strong low level winds of extratropical cyclones (e.g., Namias,

LOHMANN ET AL. 21 of 38
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based on Ionita et al. (2016).
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Linking climate changes and biogeochemistry

• Earth system has four parts
• atmosphere
• hydrosphere
• lithosphere
• biosphere

• Biogeochemical cycles

• The chemical interactions (cycles) 
that exist between the 
atmosphere, hydrosphere, 
lithosphere, and biosphere

• Abiotic (physio-chemical) and biotic 
processes drive these cycles



Linking climate changes and biogeochemistry

(http://gmao.gsfc.nasa.gov/research/aerosol/modeling/nr1_movie/)

Animation 1. Aerosol optical thickness of black and organic carbon (green), dust (red-orange), sulfates (white), and sea salt 
(blue) from a 10 km resolution GEOS-5 "nature run" using the GOCART model. The animation shows the emission and 
transport of key tropospheric aerosols from August 17, 2006 to April 10, 2007.

http://gmao.gsfc.nasa.gov/research/aerosol/modeling/nr1_movie/


Climate and dust changes on glacial-interglacial time scalesLETTERS

Dust2climate couplings over the past 800,000 years
from the EPICA Dome C ice core
F. Lambert1,2, B. Delmonte3, J. R. Petit4, M. Bigler1,5, P. R. Kaufmann1,2, M. A. Hutterli6, T. F. Stocker1,2, U. Ruth7,
J. P. Steffensen5 & V. Maggi3

Dust can affect the radiative balance of the atmosphere by absorb-
ing or reflecting incoming solar radiation1; it can also be a source
of micronutrients, such as iron, to the ocean2. It has been sug-
gested that production, transport and deposition of dust is influ-
enced by climatic changes on glacial2interglacial timescales3–6.
Here we present a high-resolution record of aeolian dust from
the EPICA Dome C ice core in East Antarctica, which provides
an undisturbed climate sequence over the past eight climatic
cycles7,8. We find that there is a significant correlation between
dust flux and temperature records during glacial periods that is
absent during interglacial periods. Our data suggest that dust flux
is increasingly correlated with Antarctic temperature as the cli-
mate becomes colder. We interpret this as progressive coupling of
the climates of Antarctic and lower latitudes. Limited changes in
glacial2interglacial atmospheric transport time4,9,10 suggest that
the sources and lifetime of dust are the main factors controlling
the high glacial dust input. We propose that the observed 25-fold
increase in glacial dust flux over all eight glacial periods can be
attributed to a strengthening of South American dust sources,
together with a longer lifetime for atmospheric dust particles in
the upper troposphere resulting from a reduced hydrological cycle
during the ice ages.

The EPICA (European Project for Ice Coring in Antarctica) ice
core drilled at Dome C (hereafter EDC) in East Antarctica (75u 069 S;
123u 219 E) covers the past 800,000 yr (Fig. 1a). The dust flux record
of Vostok (Fig. 1b) is thus extended over four additional cycles
(Fig. 1c). The glacial–interglacial climate changes are well reflected
in the sequence of high and low dust concentrations with typical
values from 800 to 15 mg kg21 and a ratio of 50 to 1 over most of
the past eight climate cycles. The concentration of insoluble dust in
snow depends on a number of factors such as the primary supply of
small mineral particles from the continents, which is related to cli-
mate and environmental conditions in the source region11, the snow
accumulation rate, the long-range transport, and the cleansing of the
atmosphere associated with the hydrological cycle. The strontium
and neodymium isotopic signature of dust12 revealed that southern
South America was the dominant dust source for East Antarctica
during glacial times13, although contributions from other sources
are possible during interglacials14. Because of the low accumulation
rate at Dome C (,3 cm yr21 water equivalent), dry deposition is
dominant and the atmospheric dust load is best represented by the
dust flux15. The total dust flux and the magnitude of the glacial–
interglacial changes are remarkably uniform within the East
Antarctic Plateau, as shown by the similarity between the EDC and
the Vostok records (Fig. 1b, despite some chronological differences

and a 10-times finer resolution at EDC) over the past four climatic
cycles and also depicted by the Dome Fuji dust record16 (not shown).

At EDC, interglacials display dust fluxes similar to that of the
Holocene (,400 mg m22 yr21). However, some differences can be
seen in the record before and after the Mid-Brunhes Event (MBE,
,430 kyr BP) which is considered a transition in the climatic record7,8

from cooler (for example Marine Isotopic Stages, MIS 13, 15, 17) to
warmer (for example MIS 11, 9 and 5.5) interglacials. Before the MBE
there were fewer occurrences of low concentrations, and warm
periods represent ,12% of the time, compared with ,30% after
the MBE. All eight glacial periods appear similar in magnitude and
show an average increase in dust flux by a factor of about 25, with
glacial maxima displaying fluxes of at least 12 mg m22 yr21. The
weakest glacial stages in the EDC ice core are MIS 14 and 16. For
MIS 14 this is consistent with the findings from terrestrial and marine
records6,17,18. In contrast, MIS 16 in those records is the strongest
glacial in the Late Quaternary period.

The extension of the EDC dust record to 800 kyr BP confirms the
increased atmospheric dust load during cold periods of the
Quaternary period with respect to warm stages. The first-order
similarity of EDC dust with the global ice-volume record (Fig. 1e,
r2 5 0.6) confirms that major aeolian deflation in the Southern
Hemisphere was linked to Pleistocene glaciations. Comparison with
the magnetic susceptibility record of loess/palaeosol sequences from
the Chinese Loess Plateau (Fig. 1f) also provides evidence for broad
synchronicity of global changes in atmospheric dust load.

EDC dust has been measured using both a Coulter counter and a
laser sensor (see Methods). Laser measurements are obtained at
higher resolution along the core, but dust size is difficult to calibrate;
therefore only the relative variation of the signal is used. Overall, the
Coulter counter and laser (relative) size records (Fig. 1d) are in good
agreement. The slight discrepancies during MIS 5.5, 6 and 12 are
possibly related to the different sampling resolution, as size data from
the laser and Coulter counter represent a continuous 1.1-m average
and discrete 7-cm subsamples every 0.5–6 m, respectively. From MIS
14 (,2,900 m depth) and downwards in the ice core, the dust size
profile is not available because of the presence of particle aggregates
formed in the ice. This phenomenon, which needs further investiga-
tion, has been observed in the EDC core only in very deep glacial
sections, where ice thinning becomes very important and in situ
temperature higher than 28 uC may allow partial melting around
particles. This problem was solved through sonication of the samples,
which allowed us to obtain reliable concentration data (see
Methods). For the upper part of the record, larger (smaller) particles
are generally observed during warm (cold) periods, as reflected by the

1Climate and Environmental Physics, Physics Institute, University of Bern, Sidlerstrasse 5, 3012 Bern, Switzerland. 2Oeschger Centre for Climate Change Research, University of Bern,
3012 Bern, Switzerland. 3Environmental Sciences Department, University of Milano Bicocca, Piazza della Scienza 1, 20126 Milano, Italy. 4Laboratoire de Glaciologie et Géophysique de
l’Environment (LGGE), CNRS-University J. Fourier, BP96 38402 Saint-Martin-d’Hères cedex, France. 5Centre for Ice and Climate, Niels Bohr Institute, University of Copenhagen,
Juliane Maries Vej 30, 2100 Copenhagen OE, Denmark. 6British Antarctic Survey, High Cross, Madingley Road, Cambridge CB3 0ET, UK. 7Alfred Wegener Institute for Polar and
Marine Research, Columbusstrasse, 27568 Bremerhaven, Germany.
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variability in the fine particle percentage (FPP)12, which is highest
during the two last glacial periods. The advection of dust to central
Antarctica involves the high levels of the troposphere and the small
changes in dust size may reflect changes in the altitude of transport
and thus transport time12. Higher FPP values in glacial times have
been ultimately attributed to increased isolation of Dome C during
glacials, in terms of reduced dust transport associated with greater
subsidence12 or possibly through baroclinic eddies.

Comparing dust and stable isotope (dD) profiles, there is a signifi-
cant correlation during glacial periods (Fig. 2), and up to 90% of the
dust variability can be explained by the temperature variations. In
glacial periods, most of the dD events (for example, Antarctic
Isotopic Maxima) have their counterparts in the dust data shown
by a reduction of dust concentrations. In contrast, dust and temper-
ature records are not correlated during interglacial periods (Fig. 2).
Indeed, the (logarithmic) relationship between dust flux and dD can
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Figure 1 | EDC dust data in comparison with other climatic indicators.
a, Stable isotope (dD) record from the EPICA Dome C (EDC) ice core8 back
to Marine Isotopic Stage 20 (EDC3 timescale) showing Quaternary
temperature variations in Antarctica. b, Vostok dust flux record (Coulter
counter) plotted on its original timescale11. c, EDC dust flux records. Red
and grey lines represent, respectively, Coulter counter (55-cm to 6-m
resolution) and laser-scattering data (55-cm mean). Numbers indicate

Marine Isotopic Stages. Note that the vertical extent of the scales of b and c is
larger than for the other records. d, EDC dust size data expressed as FPP (see
Methods). The orange and grey curves represent measurements by Coulter
counter (2-kyr mean) and laser (1-kyr mean), respectively. e, Marine
sediment d18O stack18, giving the pattern of global ice volume. f, Magnetic
susceptibility stack record for Chinese loess17 (normalized).
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Figure 2 | EDC correlation between dust and temperature. Linear plot of
dust flux (black) and the coefficient of determination r2 (blue) between the
high-pass filtered values (18-kyr cut-off) of both the dD and the logarithmic
values of dust flux. The correlation was determined using 2-kyr mean values

in both records and a gliding 22-kyr window. Correlations above r2 5 0.27
(dashed line) are significant at a 95% confidence level. Numbers indicate the
marine isotopic glacial stages.
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Global temperatures and CO2 of the past

illustration: Paul Gierz, AWI, based on various data sources
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Climate II - Content

• Oct 18: Challenges of climate change (MW)

• Oct 25: The global water cycle (MW)

• Nov 1: Ice Ages and Astronomical theory (GL) + exercise

• Nov 8: Ice Ages and Astronomical theory (GL) + exercise

• Nov 15: The Last Glacial Maximum (MW) + exercise

• Nov 22: Biogeochemical cycles (MW)

• Nov 29: Climate variability and data analysis (GL) + exercise

• Dec 6: Vegetation and dust (MW)

• Dec 13: Climate variability and extremes (GL)

• Dec 20: Climate teleconnectivity and Feedback analysis (GL)

• Jan 10: The last 100 million years (GL) + exercise

• Jan 17: Regional and global changes (MW) + exercise

• Jan 24: Permafrost and further archives of climate change (MW)

• Jan 31: The current debate (GL)

• Oral exam on XXX



1st lecture:
Challenges of climate change

(Introduction to past and present climate change, course content)

Climate System II 
(Winter 2022/2023)

End of lecture.

Slides available at:
https://paleodyn.uni-bremen.de/study/climate2022_23.html

https://paleodyn.uni-bremen.de/study/climate2022_23.html

