Authors response
Dear authors,

Thank you for submitting your article to Earth System Dynamics. Both reviewers are very
positive and based on their comments and your responses, | believe that your study
could be suitable for publication in ESD. | would therefore encourage you to submit an
updated version of your paper in line with your responses to the reviewers' comments.

I look forward to receiving the revised manuscript.

Yours sincerely,
Claudia Timmreck

Dear editor,

Thank you for considering our work suitable for publication in ESD. We revised the
manuscript in line with our responses to the reviewers’ comments. Attached is a revised
version of the main manuscript, as well as a track-changes (latexdiff) files, and a revised
version of the supplementary material. We believe the manuscript is improved and
hope you consider this version for publication. Below are the responses to the reviewer
comment posted for reference.

Best,
Arthur Oldeman
On behalf of the authors

RC1

Dear reviewer 1, many thanks taking the time to review. We appreciate the positive
feedback. In this document we aim to answer your specific comments. We think the
manuscript will be improved after implementing these changes.

| enjoyed reading Oldeman et al manuscript on the relationship between North Pacific
climate and ENSO variability during the mid-Pliocene. The manuscript is well-written,
and the figures are very clear. | had some minor edits in the .pdf version of the
manuscript. (we have copied the comments into this document including line
numbers).

I’d encourage the authors to explore the residual part of the Aleutian low (AL) variability
a little more in-depth. If the AL variability is not linked to Arctic variability, what about
the variability of western Pacific moist convection, and the resulted upper-
tropospherical heating? It was suggested at various places in the manuscript that the
convective heating and the generated Rossby wave, i.e. the atmospheric bridge, is the
mechanistic link between the tropical and AL variability, but was mainly discussed in



the context of ENSO. Yet, the variability of western Pacific moist convection probably
won’t be entirely explained by ENSO, right? Can residual western Pacific variability
explain the residual AL variability?

Thank you for this remark. We have explored the residual AL variability more in depth
(including a look at the Arctic Oscillation), but there does not seem to be one feature
that can explain the residual AL change for all or even most models. Also because the
residual AL variability change is not the main focus of this paper, we decided to only
include the mean state changes as described in Section 4.2.2 and Supplementary
Figure S6. We are hesistant to include more results in the manuscript, as we will explain
below.

Arctic variability

- To clarify, we are not ruling out that the changes to the residual AL variability are
related to changes in Arctic variability. In section 4.2.2. and Supplementary
figure S6, we correlate the change in residual AL variability to mean state
changes (and not variability changes). Hence, it seems clear that changes in the
residual AL are not related to mean state changes in the Arctic, but we have not
assessed whether Arctic variability changes are related to the residual AL
variability changes.

- Inorder to explore the residual AL variability more, we investigate the influence of
the Arctic Oscillation (AO), which we define as the leading SLP EOF in DJFM
between 20°N and 90°N (note: this analysis is not currently included in the
manuscript or Supplement). We compute the principal component (PC) per
model and simulation and correlate the PC with the total Aleutian low (AL) index
and the residual AL index. The AO correlates quite strongly with the AL, with an
MMM value of about 0.71 (not much difference between E280 and E0i400) and a
few models showing correlation coefficients of >0.90. The AO correlates a lot
less with the residual AL (in comparison to the total AL), with a MMM correlation
coefficient of 0.54 and no model showing values >0.90.

- The change in residual AL variability correlates significantly with the change in
AO SD (~0.70), which could imply that the change in residual AL is related to a
change in AO. However, the change in the total AL variability correlates a lot
stronger with the change in AO (~0.90). So, removing the ENSO signal from the AL
variability does not increase the ensemble change correlation, but rather
decreasesiit.

- Animportant point here is that -by construct- the AO will contain a large part of
the AL variability as the leading SLP EOF captures most of the SLP variability in
the North Pacific. In fact, the AO can be considered a sum of the variability of the
Aleutian low and the North Atlantic Oscillation. So, the change in (residual) AL
variability and the change in AO are bound to correlate, simply because they
represent a large part of the same SLP variability in the first place. Itis for this
reason that we do not think it is relevant to include this result in the manuscript.

- Lastly, the residual AL variability could still be related to other forms of Arctic
variability, such as variability related to sea-ice, but we consider it outside of the
scope of this paper to assess these changes.

West Pacific moist convection / precipitation variability



- Indeed, tropical West Pacific moist convection variability is not entirely
explained by ENSO variability. The correlation between the Nino3.4 and WEP
precipitation is 0.82 in E280 MMM and 0.69 in E0i400 MMM, implying that around
20 - 30% of WEP precipitation variability is not (linearly) explained by ENSO
variability (again — these are results not currently included in the manuscript).

- To explore whether the changes to residual AL variability are related to or
explained by residual western tropical Pacific moist convection, we split the WEP
precipitation in a part that regresses with Nino3.4 and a residual (using the LRM).
We compute the SD of this residual precipitation and correlate the difference in
residual precipitation variability with the difference in residual AL variability, and
find a non-significant correlation coefficient of 0.21 (p-value of 0.47). This means
that the change in the residual AL variability is not related to a change in the
residual West Pacific moist convection variability (i.e. the residual WEP
precipitation variability).

- We willinclude this result by a brief mention in the main text in L317: “The
change in residual AL variability is also not related to a change in residual
WEP precipitation (Supplementary Material Figure Sxx).” And accordingly
include the figure in the Supplement.

- Inaddition, regressing the residual AL variability onto the tropical precipitation
shows weak regression values and low correlation coefficients that are largely
not significant (depending on the model and simulation). This is a further
indication that West Pacific tropical precipitation is not the main driver of a
change in residual AL variability for all models (i.e. not consistent among the
ensemble).

Specific comments

L43. “drier conditions over the subtropics” - The drier conditions only apply to the
subtropical ocean. On land, monsoon in the subtropics is generally enhanced (e.g.
Berntell et al, 2021; Feng et al., 2022)

Berntell, E., Zhang, Q., Li, Q., Haywood, A.M., Tindall, J.C., Hunter, S.J., Zhang, Z., Li, X.,
Guo, C., Nisancioglu, K.H. and Stepanek, C., 2021. Mid-Pliocene West African Monsoon
rainfall as simulated in the PlioMIP2 ensemble, Clim. Past, 17, 1777-1794.

Feng, R., Bhattacharya, T., Otto-Bliesner, B.L., Brady, E.C., Haywood, A.M., Tindall, J.C.,
Hunter, S.J., Abe-Ouchi, A., Chan, W.L., Kageyama, M. and Contoux, C., 2022. Past
terrestrial hydroclimate sensitivity controlled by Earth system feedbacks. Nature
Communications, 13(1), p.1306.

Thanks for the addition. We agree and will change accordingly: “... specifically wetter
conditions over the deep tropics, such as the Pacific Intertropical Convergence Zone
(ITCZ, Han et al. 2021). The subtropics get drier over the ocean but precipitation
over land is generally enhanced related to enhanced monsoonal activity (Berntell
et al 2021, Feng et al 2022).”

L48-49. Please also see the Zhang et al., (2014) and Tierney et al., (2019). Both suggest
that the zonal gradient is not as reduced as previously thought and could be in line with
model estimates.



Zhang, Y.G., Pagani, M. and Liu, Z., 2014. A 12-million-year temperature history of the
tropical Pacific Ocean. Science, 344(6179), pp.84-87.

Tierney, J.E., Haywood, A.M., Feng, R., Bhattacharya, T. and Otto-Bliesner, B.L., 2019.
Pliocene warmth consistent with greenhouse gas forcing. Geophysical Research
Letters, 46(15), pp.9136-9144.

Thanks for the suggestion. We will add a sentence in between the sentences of L52: “In
addition, more recent reconstructions and modelling efforts suggest that the zonal
SST gradient is not as reduced as previously thought and could be in line with
model estimates (Zhang et al 2014, Tierney et al 2019).”

L75. ‘interesting’ - ‘valuable’?
We will change “an interesting” to “a valuable”

L161.“The LRM is constructed” - Isn't this just the quality of the ordinary least square? |
may be more clear, i.e., "Ordinary least square ensures that the ..."

Thanks for the suggestion. We agree and will change the sentence: “Ordinary least
square ensures that the LRM is constructed such that...”

L161. “Nifio-regr. part” - variance of the regression as a function of Nino-3.4 index, and

We will change “Nino-regr. part” to “part of the AL variability that regresses with the
Nino3.4 index (Ninho-regr. part)”

L165. “Nifo-regr. AL” — write this out?
We will change “Nifo-regr. AL” to “Nino-regr. part of the AL ..” as we have just
introduced the Nifio-regr. ‘abbreviation’ before.

L170. “ECS is defined as ...” - Add "with pre-industrial boundary conditions. " ECS is
likely dependent on background warmth and forcing.

Thanks for this remark, we agree and will add: “... to a doubling of CO, with pre-
industrial boundary conditions once the ..”

L202. In the E0i400: E0i400 shows a logarithm relation between ENSO and AL
amplitude.

We agree that the relation in Figure 2b looks like a logarithmic relationship. However, we
do not think it necessary to quantitatively assess whether this might fit a logarithmic
curve, also because there is no physical mechanism to suggest such a relationship. We
are not convinced that it is relevant here to suggest that the relationship is logarithmic
without including a quantitative assessment as well (as we do consistently with the
linear correlation coefficients throughout the study).

Figure 4. what about the regression between AL index and the precipitation field?

Here, we aim to show the directional link or teleconnection between ENSO and the
Aleutian low SLP variability, and highlight the link via Pacific tropical convection. Hence,
we are are not showing the regression between the AL index and precipitation. The
associated precipitation pattern of the AL variability shows a kind of dipole over the
central and western North Pacific with drier conditions in the equatorward midlatitudes



and wetter conditions in the poleward midlatitudes, in both E280 and E0i400, which are
expected precipitation patterns. Apart from the reason explained above, the impact of
the Aleutian low variability is not a research aim of this study, and hence we do not think
it necessary to include these results.

Section 4.2.1. You probably can already see the non-linear correlation between AL and
ENSO, if exists, in the scatter plot of Fig. 2c? It does not look very non-linear to me.
That is a fair point. But the spread in the points is relatively large, and the linear
correlation coefficient is not 1, which could suggest non-linear influences. We do not
think that this point requires changes in the manuscript.

Figure 8. I'd strongly suggest remove the gray arrows in between most of the boxes and
replace with question marks since there is no causal relationship being well
established. Also the two black arrows between AL and PDO and Between ENSO and
PDO should also be replaced with question marks.

- We appreciate your suggestion.

- Regarding the gray arrows. In the Figure legend and caption, and in the text
(L374-377), we already mention that the gray arrows are based on correlation
and that they do not suggest causality or directionality. However, we don’t want
to suggest that these arrows suggest a causal relationship, so in addition to the
text in the legend and caption we will make the arrow lines dashed or replace
them by connector lines instead of arrows. Questionmarks might suggest that
we have no information on this relation, which is not true since we do compute
significant correlation coefficients.

- Regarding the black arrows. We establish a lag-correlation between AL and the
PDO in the Supplement (Figure S1), which is also explained in the text (L387), so
this directional link has been established. Therefore, we believe that we can
show this relation via this directional black arrow.

- Forthe link between ENSO and PDO the same holds, i.e. through lead-lag
correlation a directional link between ENSO and PDO has been established in
Canal-Solis et al (in prep). So, we think that this black arrows is justified. We will
ask, however, whether our colleagues working on the Pliocene PDO expect to
submit soon, since then we can cite a preprint with doi showing the PlioMIP2
ENSO-PDO correlations. If that will not be soon, we will include a result on the
ENSO-PDO lead-lag in the Supplement, or we will change this arrow to a gray
arrow or connector line instead.

RC2

Dear reviewer 2, many thanks for taking the time to review. We appreciate the positive
feedback. In this document we aim to answer your specific comments. We think the
manuscript will be improved after implementing these changes.

| find the manuscript well written and the scientific arguments are sound and well
presented. Overall, this work qualifies for publication and | suggest here a few points
that could improve the quality and description even further.



Specific points:

Line 40: As it has been argued that the mid-Pliocene is an analogue of the near future
climate, it needs to be clarified here that the behavior of the AMOC is different in
present to future climate in the climate model simulations (a declining AMOC)
compared to what the PlioMIP2 models are showing (intensified AMOC). AMOC plays a
key role in our climate system and therefore its direction of change under enhanced
CO,is crucial.

Agreed. The response of AMOC, but also of other features in the climate system, is not
the same between the (near)future and as assessed in the Pliocene /PlioMIP2. We will
add a sentence at the end of this paragraph (L45): “Not all of these features are
analogous to (near-)future climate projections, e.g. AMOC is projected to decrease
while the mid-Pliocene AMOC is simulated to be strengthened (IPCC, 2021).”

Line 69-70: do you mean here that the ENSO variability change in future is different from
the one we find in PlioMIP2 simulations, where it’s seen to be decreasing? Again, later in
the paragraph at line 74-75 you mention that at high CO, forcing a weakening of ENSO
variability is found. How do you reconcile these two parts? Why do they reach different
conclusions. Could you give some hypothesis here? And how this present study helpsin
this context. Overall, | think this paragraph needs some more thought and work to make
it not confusing and clearer.
Thanks for this remark. We acknowledge that the current paragraph might be confusing
to a reader. What we mean to communicate is first that near-future ENSO projections
show increased variability, but with large uncertainties. Then, we want to highlight that
long term equilibrated simulations actually show a suppressed ENSO. This is similar to
the PlioMIP2, meaning that studying the PlioMIP2 ENSO teleconnections could be
useful for long term future ENSO projections, but maybe not for near-future ENSO
projections. We will change and add parts to this paragraph as follows (below follow all
sentences including changes in bold:

“What may happen to ENSO and its teleconnections to the North Pacific in the

near-future under global warming is unclear.”

- “lItis likely that ENSO precipitation variability will increase (Cai et al., 2021; Yun
et al., 2021), and that variability of ENSO and atmospheric teleconnections
including AL variability will increase in the near-future (Chen et al., 2018;
Fredriksen et al., 2020; Cai et al., 2021).”

- “However, uncertainties are very large, in part due to internal variability, and
conclusions become even less robust towards the end of this century
(Fredriksen et al., 2020; Beobide-Arsuaga et al., 2021).”

- “Additionally, ENSO teleconnections can also change because mean
atmospheric circulation will change, regardless of ENSO change (Yeh et al.,
2018).”

- “In the long-term, idealised future warming simulations under equilibrated
high CO, forcing, however, suggest a weakening of ENSO variability (Callahan et
al., 2021; Zheng et al., 2022).”

- “This is similar to what is found in the PlioMIP2 (Oldeman et al 2021, Pontes
et al 2022), implying that the mid-Pliocene ENSO response is similar to what



could be expected in an equilibrated high CO, future, but not similar to the
near-future ENSO response.”

- “This makes the mid-Pliocene a valuable test case to investigate the response of
North Pacific variability to a suppressed ENSO.”

Line 103: the term ‘sufficient amount’ sounds vague to be in a scientific journal. If on
average the range of number of years can be specified that would be better.

Agreed. We will change the sentence to: “... have been run for thousand or more model
years (following the PlioMIP2 protocol) and can be considered in climatological
equilibrium.”

Line 126-127: I wondered if the author needs PDO to be the part of this manuscript as
the PDO and its connection have rarely been explored in this study and at the end,
author’s schematic shows that there is another work focusing on PDO thatis in prep. |
would recommend that author can leave the PDO totally out of this paper. It’s not at all
required for the point that the author makes in this paper.

Thank you for this remark. Indeed, the PDO is not a focus of this research and in fact it is
only mentioned in the Discussion and in the schematic Figure 8. Since it is a relevant
mode of variability in the context of ENSO and AL variability, we will keep the PDO
mentions in the Introduction and Discussion, but we will move all the explanation
regarding the PDO (i.e. in L126-127 and in L136-140) from the main paper to the
Supplement. This is because results on the PDO are included in the Supplementary
material (Figure S1).

Line 239: In the entire paper, | got confused between the terms multi-model-mean and
ensemble mean which | think are used in the similar meaning. | would recommend to
stick to one term. Either multi-model-mean (which | would prefer) or ensemble mean (I
would not prefer this as it usually denotes means of multiple ensemble members of a
single model and doesn’t really clarify that multiple models are involved in the
construction of the mean).

Thanks for this remark. We agree that this can be confusing currently, and we will stick
with multi-model mean (MMM) throughout.

Line 254: | think such correlation is just happening by construct. It’s the part of the AL
variability related to ENSO to begin with. Therefore, by construct they are supposed to
be having high correlation. That needs to be mentioned too.

Thank you for this remark.

- Thisis not entirely true. This argument does hold for any correlation between
ENSO and the AL variability that regresses with ENSO. But it does not necessarily
hold for the correlation between the model-dependent changes in variability.

- We understand this can be a bit confusing for a reader, so we propose to add the
following sentences in between the sentences in L255: “We could expect the
ensemble correlation in Figure 6a to be higher than the ensemble correlation
in Figure 2c if the linear regression between ENSO and the AL would be the
same between the pre-industrial and mid-Pliocene. While the multi-model
mean regression is largely unchanged (Figure 3b), the regression change per



model can be substantial, implying that the correlation in Figure 6a is not
necessarily higher merely by construct. ”

Line 304: Typo- it should be ‘on the one hand’
Yes, we will change “one the one hand” to “on the one hand”

Line 317-318: Framing some questions at the end of introduction and then answering
them in discussion or conclusion is understandable but framing a new question here in
the discussion for the readers seemed a bit odd to me. Please frame it as a topic to be
explored further or a question that yet to addressed.

Agreed, we will change this so that it is not a question. We will rewrite as follows: “In
this section, we will explore the residual Aleutian low variability in more detail, and
hypothesize what its change might be related to.”

Line 333-334: need a reference here regarding the statement made here.

L332-334 is meant to summarize that what is explained in the sentences before. Hence,
we don’t think that this sentence would merit a reference. However, we acknowledge
that the current phrasing might be confusing and could be read as a new statement. So,
we will change the current sentence in L332-334 to the following: “In conclusion, since
there is considerable model spread both in changes in ENSO skewness and
kurtosis (Oldeman et al. 2021) and in the ENSO-precipitation relation (Pontes et al
2022 and Figure 4c this study), non-linearity in the atmospheric response to ENSO
could explain some of the residual AL variability but the exact contribution is likely
model dependent.”



