
Abrupt climate change as seen in three Greenland ice cores 
Greenland ice-core records (GRIP in red, GISP2 in green, and NGRIP in blue) show how Greenland temperature (lower curves) and the dustiness of the Arctic atmosphere (upper curves) changed 

abruptly and repeatedly during the glacial period. Time goes from right to left, and each step in the curve represents 20 years of data. The glacial period consists of a series of periods of full glacial 

conditions called stadials interrupted by milder interstadials (grey shaded intervals). The sharpest jumps of the curve correspond to warmings in Greenland of more than 20°C (36°F) in a few decades. 

Together with the abrupt warmings, the ice-core dust content drops to a tenth, reflecting synchronous changes in the Northern Hemisphere atmospheric circulation.   

   

 

 Reconstructing past temperatures from ice cores 
The lower set of curves show so-called delta-O-eighteen 

(δ18O) data which indirectly measures the temperature at 

the time of snowfall. Technically, δ18O is the level of 

depletion of the heavy oxygen isotope 18O relative to the 

more common 16O isotope in the water molecules in the 

ice. Low values correspond to cold conditions. A change 

in δ18O by 1‰ (1 per mille) corresponds to a temperature 

change of about 3°C on the time scales considered here. 

δ18O reflects temperature because the amount of 18O left 

in the vapour in a cloud depends on how much cooling 

the cloud has experienced since the vapour originally 

evaporated from the ocean, which again varies with 

climate. The GRIP and GISP2 cores were drilled 30 km 

from each other, while NGRIP is further North, resulting 

in lower δ18O values. 

 

 The dust content of the ice cores 
The upper curves show the concentration of Calcium ions 

([Ca2+]) in the ice. The main source of Calcium is terrestrial 

dust, and [Ca2+] has been chosen as an indicator for dust 

because it is the only dust component, which has been 

measured in a similar way in all three cores. Note the 

reversed scale so that the shifts follow those of δ18O 

below. The [Ca2+] scale on the axis is logarithmic: each axis 

tick-mark represents a doubling of the concentration.  

From geochemistry measurements, we know that the 

dust that ends up in Greenland ice cores mainly comes 

from Central Asia. The variable dust content in the ice 

cores is a result of changing conditions at the source 

(colder and drier conditions allow easier mobilization of 

dust into the atmosphere) and changed efficiency of the 

atmospheric transport from Asia to Greenland and 

changes in wash-out en route (it is generally more windy 

during the cold phases and the colder/drier conditions 

means less dust wash-out along the way).  

Comparing the two sets of curves 

The [Ca2+] and δ18O curves change almost simultaneously 

between the cold stadials and milder interstadials (see 

text ). δ18O reflects conditions along the trajectory from 

the moisture source to the snow deposition location, 

while the [Ca2+] reflects changes on a larger geographical 

scale. This illustrates that the temperature changes in 

Greenland, which are likely linked to changes in the 

oceanic heat transport from mid-latitudes to the Arctic 

(also known as the Atlantic Meridional Overturning 

Circulation, or the AMOC), are manifestations of climate 

change that affected a larger geographical region.  

 

 The time scale 
The records are presented on a time scale where each 

step in the curves represents the average of 20 years of 

data. The axis unit is thousands of years before the year 

2000 CE, denoted “ka b2k”.   

The seasonal cycle can be recognized in both the δ18O and 

the impurity records, and the ice can therefore be dated 

by identifying and counting the annual layers, starting at 

present at the top of the core. The annual layers are not 

clearly visible like tree rings, but the concept is similar. 

The flow of ice slowly squeezes the layers, and they 

therefore gradually get thinner with depth. The time scale 

presented here was created by counting annual layers in 

the ice-core records more than 60 thousand years back; 

as far as they could be resolved by the impurity 

measurements. Beyond this, the depth-time relationship 

was extended by mathematical modelling of the flow of 

ice. The annual-layer-counted time scale is called the 

Greenland Ice Core Chronology 2005, or GICC05, and the 

time scale used here is GICC05modelext. It is based on 

NGRIP data for almost the entire section shown here. In 

order to be able to present all curves on the same time 

scale, the time scale has been applied to the GRIP and 

GISP2 ice cores using reference horizons: layers found in 

several cores known to represent the same point in time. 

The dots just below the upper NGRIP depth axis (which 

illustrates how the annuals layers get thinner with 

increasing depth or age) show the position of the 

reference horizons used to transfer the GICC05modelext 

time scale from NGRIP to the GRIP (red dots) and GISP2 

(green dots) records.

 The time span 

The curve starts to the right during the previous 

interglacial, the Eemian interglacial, which ended about 

119 thousand years ago. No undisturbed ice-core records 

that go beyond the Eemian period have been retrieved 

from the Greenland ice sheet. The curves continue 

throughout the glacial period, which formally ended 11.7 

thousand years ago, and end just after the so-called 8.2 

ka event, which can be considered the last tremble from 

the glacial period. This event, which is named from its age 

of approx. 8,200 years, most likely represents the sudden 

drainage of a large volume of meltwater from the lakes 

formed during the melting of the Laurentide ice sheet, 

which during the glacial period covered the northern part 

of North America. The meltwater disrupted the ocean 

circulation in the North Atlantic, leading to cooling for a 

period up to a few centuries.  

 

 Cold and mild periods in the Arctic 
The glacial period (the time interval from 119.1 to 11.7 ka 

b2k) was both much colder and much more variable than 

the climate in the present and past interglacials. In 

analogy with glacials and interglacials, the different 

phases of the glacial are called stadials and interstadials. 

The relatively mild interstadials (grey shaded intervals) 

are periods where the thermohaline circulation in the 

North Atlantic (or the Atlantic Meridional Overturning 

Circulation, the AMOC) was strong, bringing heat to the 

Arctic area and maintaining rather warm ocean 

conditions around Greenland. In contrast, during the full-

glacial stadials, the AMOC was weaker. We do not fully 

understand what caused the AMOC to change strength 

and cannot confidently say whether similar abrupt 

changes are likely to happen in the coming centuries.  

Map of Greenland with the locations of the three 

ice-cores used here, GRIP and GISP2 near the highest 

point on the ice, Summit, and NGRIP further North 

along the ice divide. Also shown are the historical 

Camp Century, DYE-3, and Renland drill sites.  

 The INTIMATE event stratigraphy: 
Also known by the more generic term Dansgaard-

Oeschger Events to honour the ice-core-science pioneers 

Willi Dansgaard and Hans Oeschger, the sequence of 

interstadials and stadials as seen in the Greenland ice 

cores is often used as a template for Arctic climate change 

during the glacial period because the ice-core records are 

very well-resolved and well-dated. The project 

Integrating Ice-core, Marine, and Terrestrial Records 

(INTIMATE) created the event stratigraphy, which defines 

the Greenland Stadials (GS) and Greenland Interstadials 

(GI) based on the Greenland ice-core records alone and 

provides a unique label for all phases of glacial climate 

change. The final product, which is what the graph here 

presents, constitutes a Greenland stratotype sequence, 

against which other climate records can be compared and 

correlated. It also provides a more secure basis for 

investigating the dynamics and fundamental causes of 

these climatic perturbations. 

The INTIMATE event stratigraphy scheme is shown with 

interstadials illustrated by grey shading and the 

corresponding GI and GS labels. The intricate numbering 

system has been developed because new details have 

appeared in the curves since Willi Dansgaard introduced 

the original numbering in 1993. The numbering both 

respects the original numbering and assigns a number to 

all phases of glacial climate. The light grey intervals 

indicates slightly colder sub-events within the 

intestadials, further discussed in the paper. 

 

Learn more 
The graph comes from the following paper, which focuses 

on the numbering and nature of the stadial–interstadial 

shifts: 

       

The paper is openly accessible from Quaternary Science 

Reviews and from     

http://dx.doi.org/doi:10.1016/j.quascirev.2014.09.007 
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