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Summary for publication 
 
Dansgaard-Oeschger (DO) events are abrupt, large climate swings that punctuated the last glacial period. 
There is uncertainty whether current IPCC-relevant models can effectively represent the processes that 
cause DO events. Current Earth system models (ESMs) seem overly stable against external perturbations 
and incapable of reproducing most abrupt climate changes of the past (Valdes, 2011). If this holds true, 
this could noticeably influence their capability to predict future abrupt transitions, with significant 
consequences for their use in the identification of Tipping Elements (TEs), and more in general, for the 
delivery of precise climate change projections. In this task, the objectives of this study are twofold: (1) to 
compile and analyse model output for any spontaneously oscillating simulations, and (2) to formulate 
possible pathways to a DO PMIP (Paleoclimate Modelling Intercomparison Project) protocol that could 
help investigate cold-period instabilities through a range of insolation-, freshwater-, GHG-, and NH ice 
sheet-related forcings, as well as evaluating the possibility of spontaneous internal oscillations. Such a 
model protocol is crucial since (1), there is currently no PMIP common guidance to investigate DO events, 
(2) it could help carry out simulations in ESM and Earth system models of intermediate complexity (EMIC) 
under a common framework, and (3) it will be essential in guiding a more methodical search for DO events 
in current models. 

MIS3 was a period of noticeable millennial-scale climate variability, characterised by the most regular 
incidence of DO events (Schulz et al., 1999). Although most abrupt DO events happened during MIS3, only 
few studies investigate AMOC stability in coupled general circulation models under MIS 3 conditions (e.g., 
Kawamura et al., 2017; Zhang and Prange, 2020). Here, we therefore suggest that more specific sensitivity 
experiments performed under MIS 3 boundary conditions are needed in order to better understand the 
mechanisms behind millennial-scale climate variability; this may help clarify the preferred incidence of DO 
events during MIS 3. 

Thus, we focus on the MIS3 period and propose a MIS3 baseline experiment as the Tier 1 experiment 
(hereafter termed MIS3-cnt experiment) of the DO PMIP protocol. For this MIS3-cnt experiment we 
suggest using boundary conditions for an specific time slice between 30 and 40 thousand of years BP 
(hereafter ka)  which is a period characterised by a rather regular sequence of DO events. The MIS3-cnt 
experiment can help answer the question, "are models too stable?". 

We suggest a range of MIS3 sensitivity experiments as the Tier 2 experiments of the DO PMIP protocol. 
These experiments can be very useful to (1) explore AMOC variability under intermediate glacial 
conditions, (2) better understand the mechanisms behind millennial-scale climate variability, (3) look for 
spontaneous DO-type oscillations, and (4) disentangle the effect of variations in individual boundary 
conditions, and therefore help with the interpretation of the MIS3-cnt experiment. The recommended 
experiments are: 

 MIS3-co2 experiments, in which all forcings are set to MIS3 values except for the CO2 concentration, 
which is the same as in the PI control simulations and/or PMIP4 Tier 1 LGM experiment (190 ppm – 
Kageyama et al. (2017)). 

 MIS3-ice experiments, in which all forcings are set to MIS 3 values except for the ice sheet 
distribution, which is the same as in the PI control simulation and/or PMIP4 Tier 1 LGM experiment 
(Kageyama et al., 2017). 

 MIS3-orb experiments, in which all forcings are set to MIS3 values except for the orbital parameters, 
which are the same as in the PI control simulations and/or PMIP4 Tier 1 LGM experiment (Kageyama 
et al., 2017). 
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 MIS3-fw experiments, in which all forcings are set to MIS3 values except for additional freshwater 
fluxes injected into the North Atlantic. We suggest perturbations ranging from very small (±0.005 Sv) 
to very large (±1 Sv) freshwater fluxes (Sime et al., 2019; Zhang and Prange, 2020). 
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Work carried out  
Details on the work carried out 

The main objective of this study is to put together DO-event modelling protocol that could help investigate 
cold-period instabilities through a range of insolation-, freshwater-, GHG-, and NH ice sheet-related 
forcings, as well as evaluating the possibility of spontaneous internal oscillations. In this task, we have 
been reviewing/collating the literature on modelling DO events and writing preliminary material for a 
‘possible pathways to a PMIP DO protocol manuscript’. We have also included in this manuscript all the 
feedback we have so far received from the PMIP-community during two first discussions. An important 
part of our work has been in organizing these discussion meetings with all who expressed interest at the 
PMIP 2020 conference. These meeting were held in October 2020 and December 2020. Now we have this 
preliminary manuscript in hand, we would like ask again the whole PMIP community about this initiative 
and incorporate all ideas in a way that works as-best-as-can-be-managed for the whole community. 

Additionally, we are gathering model output for any spontaneously oscillating simulations. We will cross 
compare existing simulations (published or unpublished) with any spontaneous DO-type oscillation. We 
will analyse how the atmosphere, ocean and sea ice may interact to lead to DO events. This is also a good 
step towards the DO-event modelling protocol. It will probably be a standalone model intercomparison 
project. A successful example of the latter is the LongRunMIP project (http://www.longrunmip.org/), 
which has compiled a large number of coupled model simulations of any stabilizing scenario simulating 
more than 1000 years. 

In addition, we are exploring HadCM3 (UK Met Office coupled atmosphere-ocean general circulation 
model) simulations performed at 30 ka and 21 ka that show spontaneous DO-type oscillations. We have 
derived a scaled overturning streamfunction using twice vertically-integrated meridional density gradients 
(Butler et al., 2015; Sime et al, 2006).  Meridional overturning can be influenced by meridional pressure 
gradients, as variations in the meridional pressure profile will result in variations in the zonal flow, 
affecting zonal pressure profiles, and therefore leading to variations in meridional flow. We are also using 
spectral analysis (continuous wavelet transform) over the AMOC time series of these simulations to detect 
early warning signals prior to the DO Tipping event.  

Moreover, we are running additional sensitivity simulations to explore the parameter space in which 
HadCM3 tends to oscillate under 30 ka conditions. A number of 30ka sensitivity simulations (based on the 
30ka control run) are running modifying the following parameters (one at a time):   

 the CO2 concentration, implementing a range of different CO2 concentrations between 180 and 270 

ppm,   

 the orbital forcing, implementing different orbital parameters for e.g. 21ka and 56ka and,   

 the height of the NH ice sheets, scaling up and down the height of the Laurentide ice sheet (this is 

work in progress).   

These sensitivity simulations are very useful to (1) help define the parameter space where HadCM3 tends 

to oscillate, and (2) examine the effect of the different parameters (CO2, orbital forcing and NH ice sheet 

height) on the occurrence of the DO-type oscillations, and on the periodicity of the DO oscillations.  

Which partner contributed to which tasks 

The work/tasks mentioned above has been mainly carried out by Irene Malmierca-Vallet (UKRI BAS), 
supported by Louise Sime (UKRI BAS) and Paul Valdes (UNIVBRIS). 

http://www.longrunmip.org/


D2.1 Modelling protocol for DO events for CMIP-PMIP 

 

 

 
Page 7 

 
  

Explain the reasons for deviations/delays 

There has been a delay in the deliverable which is to put together DO-event modelling protocol. We have 
encountered a number of difficulties. 

First of all, the COVID-19 outbreak has caused a delay of around six months for recruiting and the working 
time of staff members involved in the project has been considerably reduced (e.g. for care time and home 
schooling).  

In addition, huddling and reaching consensus in a big community like PMIP, where individual research 
groups all have their own ideas and objectives can be very challenging. There are normally disagreements 
as people bring different perspectives, information and ideas to the table.  

Another difficulty we have identified is linked to the 30 ka sensitivity simulations that we are running with 
HadCM3. These are very expensive and very long runs (each takes about 2-months run time), and disc 
storage is the biggest problem. Each run generates more than 1Tb and so it quickly fills up our disc space.  
This substantially limits the number of simulations we can run at the same time.  
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Main results achieved  
(1) We have writing preliminary material for a ‘possible pathways to a PMIP DO protocol manuscript’. 

This manuscript (1) proposes several possible pathways to a DO PMIP protocol, (2) establishes 
PMIP common guidance to investigate DO events, and (3) defines a more methodical search for 
DO events in current models. 

(2) An important part of our work has been in organizing discussion meetings with all who expressed 
interest in the DO-event modelling protocol. Although challenging, we have been able to organize 
the discussion meetings considering all the different options, wants and needs of the different 
individual research groups. This in turn has enabled the big PMIP group to come together in 
finding common ground in the area of abrupt climate change, particular on DO events. 

(3) We have successfully set up a number of 30 ka sensitivity simulations with HadCM3. These 
experiments will help define the parameter space where HadCM3 tends to oscillate, and (2) 
examine the effect of the different parameters (CO2, orbital forcing and NH ice sheet height) on 
the occurrence of the DO-type oscillations, and on the periodicity of the DO oscillations.  

 
 

Progress beyond the state of the art 
Abrupt warming episodes punctuate Greenland ice core records throughout the last glacial period and are 
generally referred to as DO events. Broecker and Peteet (1985) pointed to changes in the Atlantic 
Meridional Overturning Circulation (AMOC) as a primary cause behind DO events. Since then, a variety of 
additional and alternative hypotheses have been proposed. These include sea ice variability (Gildor and 
Tziperman, 2003; Kaspi et al., 2004; Li et al., 2005, 2010; Sime et al., 2019), solar variability (Braun et al., 
2008), sea ice fluctuations linked to ice-shelf growth and decay (Alley et al., 2001; Petersen et al., 2013; 
Boers et al., 2018), shifts in wind patterns in the Southern and Northern Hemisphere (Seager and Battisti, 
2007; Banderas Carreño et al., 2012; Banderas et al., 2015), and reorganization of the tropics (Clement et 
al., 2001; Seager and Battisti, 2007). There is currently no consensus regarding the various processes that 
might have caused the DO events and on how to properly model theses abrupt climate transitions. 
Numerous modelling approaches have been used, including changes in GHG and orbital parameters, 
variability of sea ice coverage, changes in the NH ice sheet configuration, melt water release and changes 
in ocean missing values. There is currently no DO-event modelling protocol and therefore a lack of 
consensus within the wider PMIP community on how to run/analysis or cross compare DO-event 
simulations. Until recently, we thought that climate models were too stable and did not have the ability 
to oscillate spontaneously.   

Given the current state of the art, the main objective of this project of putting together a DO-event 
modelling protocol is a very ambitious one because (1) consensus needs to be reached among the wider 
PMIP community which is formed by many international research groups with very different interests and 
objectives, and (2) running DO-type simulations during glacial states (30-40 ka) for a very long time – many 
1000s of years can be very computationally expensive. 

As part of this project, we have been able to organize several discussion meetings with all who expressed 
interest in the DO-event modelling protocol. This in turn has enabled the big PMIP group to come together 
in finding common ground in the area of abrupt climate change, particular on DO event. We have now 
writing preliminary material for a ‘possible pathways to a PMIP DO protocol manuscript’. This is a unique 
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outcome in that it could help (1) carry out simulations in CMIP-class models under a common framework, 
and (2) guide a more methodical search for DO events in current models. 

 

Impact 
 
How has this work contributed to the expected impacts of TiPES?  
 
Our work has contributed to the following expected impacts of TiPES: 
 

 

Expected 

impact 

TiPES outcome/results  Contribution to expected impact 

“Supporting 

major 

international 

scientific 

assessments 

such as the 

IPCC” 

 

TiPES will put forward guidelines for 

improving the accuracy and reliability of 

climate models, model selection, and 

computation of TPs across the model hierarchy. 

Shortcomings in the present generation of earth 

system models will be investigated. New EMIC 

and ice sheet model parameterizations will be 

generated; the boundary conditions for TEs will 

be better defined for all models; and new ESM 

(isotope) code will be written to enable more 

appropriate model-data evaluations. (WP2-

5/O1). 

The DO events of the last ice age represent one 

of the best studied abrupt climate transitions, yet 

we still lack a comprehensive explanation for 

them. Moreover, there is uncertainty whether 

current IPCC-relevant models can effectively 

represent the processes that cause DO events. 

Current Earth system models (ESMs) seem 

overly stable against external perturbations and 

incapable of reproducing most abrupt climate 

changes of the past (Valdes, 2011). If this holds 

true, this could noticeably influence their 

capability to predict future abrupt transitions, 

with significant consequences for their use in 

the identification of Tipping Elements (TEs), 

and more in general, for the delivery of precise 

climate change projections. 

 

In this sense, our work on putting together a DO-

event modelling protocol (1) improves 

computation of TPs (in particular of DO events) 

across the model hierarchy, (2) helps improve 

the accuracy and reliability of climate models by 

investigating why EMSs are apparently too 

stable against external perturbations, and (3) 

stablishes common guidelines/boundary 

conditions to perform DO events simulations 

and therefore permits a more methodical search 

for DO events in current models. 

The combinations of ESMs and paleoclimatic 

observations of abrupt transitions in the past 

will identify relevant TEs and possible TPs for 

the future (WP1-WP2/O1). 

We are using spectral analysis (continuous 

wavelet transform) over AMOC time series to 

detect early warning signals prior to the DO 

Tipping event. This could help test/provide 

early warming metrics for the identification and 

validation of early warning signals. 

“increase 

confidence 

in climate 

TiPES will assess and improve the 

parameterisations of comprehensive ESMs (in 

particular EC-Earth, HadGEM3/UKESM, and 

CESM) of the CMIP-6 class to improve the 

If the models are to be employed for the 

prediction of future events of abrupt change, 

their capability to simulate abrupt changes like 

DO events needs to be firmly established. The 
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change 

projections” 

 

representation of TEs in a collaborative effort 

of WPs 1-3 (O1). 

DO PMIP protocol helps improve the ability of 

current models to simulate abrupt climate 

change transitions (in particular DO events) and 

therefore increases the confidence  in climate 

change projections. 

“sustaining 

Europe's 

leadership in 

climate 

science” 

TiPES is a collaborative effort across diverse 

disciplines, such as Earth system modelling, 

time series analysis, paleoclimatology, applied 

mathematics and statistics, theoretical physics, 

formal risk assessment and decision theory. 

The groups taking part in TiPES are leading in 

their respective fields and are spread across 

eleven European countries.  

This project provides strong interdisciplinary 

collaborations across Europe and international 

community. Synergies have been created with 

other projects such as PMIP and several PAGES 

working groups.  

 

The TiPES research endeavours are ambitious 

and far reaching: we will aim at attracting the 

best international talents to join our team, and 

take advantage of our extensive international 

research networks to solicit and educate 

excellent candidates. 

This project helps training future leaders and 

ensures the best young scientists in the future, 

interdisciplinary scientists who are able to work 

on a vast range of problems related to critical 

transitions in the climate system, and able to 

radically improve our understanding of abrupt 

transitions in the Earth system. Ours is an 

interdisciplinary project, which enables young 

scientists to dialogue/collaborate with a wide 

range of international researchers from very 

different backgrounds (e.g. ice sheets modellers, 

statisticians, oceanographers ...).  

TiPES is strongly embedded in the climate 

science community, with PIs, Co-PIs and 

Steering Committee Members of projects such 

as PAGES, Past Earth Network, RISE actions, 

CMIPs and PMIPs (including the deep-time 

versions PlioMIP and DeepMIP), Copernicus 

Climate Services, CliMathNet, MCRN, SIAM 

MPE, CLIMCOR, EU-PolarNet, Blue Action, 

CRESCENDO, East-GRIP, Oldest Ice, ITNs, 

ERC and other prestigious national and 

international grants. Among the TiPES team 

members there is a Lead Author of IPCC’s AR3 

and coordinating Lead Author of AR4, as well 

as two Lead Authors of IPCC’s AR5, and five 

EGU medallists. 

We are putting together a DO-event modelling 

protocol that will ensure excellence and 

scientific impact upon the European climate 

science community, as well as the international 

community way beyond the funding period of 

TiPES. 

Table 4: Modified version of TiPES Grant Agreement Table 4: expected impacts 

 
 
 
 
 
 
 
 



D2.1 Modelling protocol for DO events for CMIP-PMIP 

 

 

 Page 
11 

 
  

Lessons learned and Links built 
Lessons learned 
Reaching consensus within the different international research groups that constitute the wider PMIP 
community has been a big challenge.  An important lesson learned is that the different opinions, wants 
and needs of the different research groups need to be considered. This in turn has enabled the group to 
come together in finding common ground. 

Engaging the different members/research groups in the project ideas and the timeline for the project 
progress has been another big challenge. We have learnt how important it is to ensure that the project 
remains of interest to the members by tracking progress and keeping members informed, mainly through 
emails and the online latex editor “overleaf”. 

A positive lesson learnt from the experiences of our work is that working with an interdisciplinary group 
of people like the PMIP community can promote new ideas and effectively redefine the project structure. 
In particular, the idea of gathering and cross comparing model output for any spontaneously oscillating 
simulations was brought/defined during one of our meetings with members of the PMIP community. It 
will probably be a standalone model intercomparison project. 

Links built 

Synergies have been created with two different PAGES working groups: SISAL (Speleothem Isotopes 
Synthesis and AnaLysis) and QUIGS (PAGES-PMIP working group on quaternary interglacials). We are 
working in close collaboration with the research groups of Sandy Harrison (University of Reading) and Kira 
Rehfeld (University of Heidelberg) who are mainly putting together a synthesis of DO data. This DO events 
data will be used to provide the most direct evaluation of the models. 

We are also working closely together with the international PMIP community to put together a common 
protocol for model simulations of DO events.  

Links built with other deliverables and WPs 

Moreover, synergies have been created with other deliverables and WPs such as Tipping Points in 

Antarctica Climate Components (TIPACCs), Southern Ocean Carbon and Heat Impact on Climate 

(SO-CHIC) and Deep icE corE Proxies to Infer past antarctiC climatE dynamics (DEEPICE). 

In addition, we have organised a workshop on Dansgaard–Oeschger focussed simulations on Friday 19th 
February 2021. Annex 1 shows the agenda for the meeting. 
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Contribution to the top level objectives of TiPES 
Our project of putting together a PMIP DO protocol contributes directly to O1 (identifying tipping 
elements and their interaction in model and data) and O3 (Characterise climate response in the presence 
of Tipping Points). In this task, our project defines possible pathways to a DO-event modelling protocol 
which will be very useful to investigate abrupt transitions during cold climates in TiPES models via a range 
of freshwater-, insolation-, and ice sheet-related forcings, assessing as well the possibility of internal 
oscillations. Such a protocol is necessary since current CMIP-PMIP guidance does not yet include protocols 
to guide the investigation of DO events, thus we have no standard international approach yet that can 
permit assessment of whether our models are indeed too stable. 
 
In addition, as part of this deliverable we are gathering model output for any spontaneously oscillating 
simulations (published or unpublished). This multi model-data synthesis project contributes directly to O1 
(identifying tipping elements and their interaction in model and data) and O3 (Characterise climate 
response in the presence of Tipping Points). In this task, this multi model-data synthesis project 
investigates the properties of these particular models that have led to this apparently unique success in 
reproducing spontaneous DO-type oscillations. The plan is to cross compare existing simulations using a 
common set of diagnostics so we can compare the mechanisms and the characteristics of the oscillations. 
This project will help define metrics for characterizing unforced DO-type variability in a quantitative way. 
A number of research groups have already showed interest in this model intercomparison project 
initiative. 
 
Furthermore, as part of this deliverable, we are analysing a set of MIS3 simulations performed with the 
HadCM3 climate model that shows spontaneous DO-type oscillations. We explain the AMOC asymmetric 
response with a mechanistic explanation. In particular, we analyse the role of temperature and salinity by 
reconstructing the AMOC behaviour from meridional density gradients. We are also analysing AMOC time 
series with spectral analysis (continuous wavelet transform) with the objective to test early warning 
metrics. Thus this part of the project contributes directly to O2 (Provide approaches for the identification 
and validation of Early Warning Signals). 
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ANNEX A – Agenda online meeting, 19th February 2021 

 

Dansgaard-Oeschger events in CMIP6 models (EU-TiPES) 

 

1. EU TiPES Objectives 

• Objective 1-Identify tipping elements (TEs) and their interactions in models 

and data 
Multi-model protocol – draft PMIP community manuscript 

Multi-model data synthesis 

• Objective 2-Provide approaches for the identification and validation of Early 

Warning Signals  
Multi-model protocol – draft PMIP community manuscript 

• Objective 3-Characterise climate response in the presence of Tipping Points 

(TPs) 
Multi-model data synthesis 

 

2. Multi-model data synthesis 

• Why? 

• Request for details - google spreadsheet: 

https://docs.google.com/spreadsheets/d/1IvHpvIWh7oj5kY-

266tJmRaJAf85agejzdHmlwG2yao/edit?usp=sharing 

• How we plan to deal with the data. 

• Discussion.  

 

3. Multi-model protocol – draft PMIP community manuscript 

• Why? And why now? 

• Overview of draft on Overleaf and request to contribute: 

https://www.overleaf.com/6167331833cxbzknbdmwpz 

• Summary from those already contributing (Lev Tarasov, Alex Robinson, Sandy 

Harrison, Kevin Oliver, Guido Vettoretti) 

• Discussion. 
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