
We sincerely thank the reviewer for their useful comments. We will accordingly make 
revisions that will improve the clarity and presentation of the paper.

In the following, we respond to the reviewer (in red) point-by-point.

The authors explore tipping (both bifurcation- and rate-induced) in a three-dimensional 
model of the Greenland ice sheet coupled to a regional energy-moisture balance model. 
They find that the ice sheet will tip to a much lower ice state depending on the rate of the 
forcing and the overall level of the forcing. Considering the rate-induced transitions, they 
find that the time of tipping appears to relate in a non-monotonic way to the forcing. They 
conjecture the existence of an intermediate (chaotic edge) state or a boundary crisis to be 
the reason for this unpredictable time of tipping. Oscillatory behaviour of the system is also 
explained through the response of the Humboldt and Petermann glaciers and is removed to 
try to isolate the rate-induced tipping.

I have a couple comments regarding the presentation of the results.

1. Initially I was suspect of the chaotic behaviour claims in the paper. At the end of page 7 it 
is claimed that there is sensitive dependence on initial conditions, however this is not 
rigorously justified. Moreover, the model response is then continuously referred to as 
chaotic. Appendix B, however, has a much stronger argument for the conjecture of chaos in 
the system, including calculations which aim to verify (reject) the existence of a chaotic 
attractor (chaotic saddle). While I do not think all of this appendix should be moved into the 
main text, I strongly feel that some critical conclusions do need to be. In the first mention of 
chaos. I recommend adding a short discussion detailing your evidence and conjecture for 
the boundary crisis. Some of the more detailed discussions can still be left in the appendix.

Indeed, the justification behind describing the system as chaotic is perhaps somewhat 
naively based on the observed sensitive dependence on initial conditions. Of course, with 
only three initial conditions it is difficult to make a rigorous justification, and the stronger 
evidence is somewhat hidden in the appendix. We will move the argument laid out in 
appendix B to the discussion. We will remove the first mention of chaos on page 7 and 
move it to the discussion to maintain the flow of the paper.

2. The authors claim that there is no critical rate for rate-induced tipping. I find this very 
questionable. If the system does not tip when forcing is constant and then tips when it is 
not, there is some critical rate (albeit could be very small). Unless that the authors can 
prove that the system continues to tip as the rate limits to zero, I recommend softening such 
statements of no critical rates and acknowledging the critical rate could be smaller than the 
smallest value tested.

Indeed, there is no rigorous proof of the absence of rate-induced tipping, but the rates of 
forcing increase that are tested do cover the range of physically meaningful temperature 
increases. We will soften this statement by clarifying that there is no rate-dependent effect 
over the tested range, which covers all realistic rates of forcing.

3. The forcing in the model is not well described. I imagine it is some kind of regional 
temperature anomaly based on its units, but I could not find an explicit description or 
expression. Additionally, the authors mention that the forcing increase is somehow adapted 
to equilibration time. This would be nice to see written out explicitly.



The forcing of the model occurs as an increase in the temperature of the atmosphere at sea 
level on the boundary of the atmosphere model REMBO. We will also describe the adaptive 
quasi-equilibrium function used to generate the bifurcation diagram in more detail.

4. In general section 2 need to be rewritten so that it is much clearer. I found it very hard to 
follow the introduction of parameters and governing equations. There is a lot of repetition 
where a parameter is defined mathematically and then introduced later for its physical 
interpretation. This can be easily fixed with a careful rephrasing.

We will revise section 2 so that the description of the model and its parameterizations are 
more clear.

5. The terms "tipping time" and "tipping point" seem to be used interchangeably in the text. 
This is a pedantic comment but important because often they mean different things. Choose 
one term and clearly state how you are defining it.

Indeed, these are different concepts and were not meant to be used interchangeably: the 
tipping point is a parameter value relevant in the equilibrium setting, and the tipping time is 
only relevant in the transient setting. We will correct the text to clarify.

6. On page 8 you mention the oscillatory behaviour for the first time.   If there is oscillatory 
behaviour there could be existence of an unstable periodic orbit as a boundary that could 
potentially explain the irregular transition times which are perhaps more related to crossing 
this threshold. This also would strengthen your boundary crisis argument as the chaotic 
attractor can then collide with an unstable periodic orbit at the crisis.

We will include a description of unstable periodic orbits and how they relate to the boundary 
crisis in the discussion where we include the material from appendix B.

7. Figure 6 appeared to me to have "edge state" or chaotic saddle like dynamics. Again, 
perhaps a short discussion of the results in the appendix would be useful in the text to 
clarify why this is not believed to be the case.

We will reference this figure in the discussion where we include the material from appendix 
B.


