Responseto reviewer 3

This is a review comment on the manuscript by Categl submitted to Climate of The Past.

In this paper, the authors present a calibratiortedf sea surface water density and d180
analyzed in mixed layer dwelling planktonic foraifens from core top samples. This is a
laudable effort as sea water density is a key pat@ndriving and responding to
oceanographic changes. Agreeing with the commeaterhy the other reviewer, | will focus
on some caveats of the calibration effort. Theseats limit the applicability of the
calibration equation in extreme climates of thetpdence, this limitation needs to be clear
spelled out.

« It stands out that in the high salinity regions (M&ea, Arabian Sea, Red Sea,
upwelling region off NW Africa) the estimated deayss less sensitive to an increase
in d180c. This is clearly visible in Fig 1 (polyliel) when an increase of d180 by 3
per mill is not accompanied by a substantial ptedicensity change. This is issue is
further highlighted in Figure 3 (lower panel), whéhe residual density (predicted
minus observed) shows a strong correlation witimiggalchanges. This means that the
salinity role in shaping the predicted densitynslerestimated.

Though less severe, this issue is also observieavisalinity regions such as the Gulf of
Guinea (eastern equatorial Atlantic) and the BaBarigal (Northern Indian Ocean).

The implication of these observations/caveatsastie current density-d180 calibration (as
presented in this paper) less reliable for the ithensconstruction of past extreme climates.
For instance, high d180Oc values driven large idame, dry climate or ocean basin
characterized by anti-estuary circulation, like therent Mediterranean Sea and Red Sea).
Similarly, in warming climate and wet climate (siriaé sheet and large riverine runoff), this
calibration is likely to provide density estimateith a large uncertainty.

While the calibration effort presents a step forydne authors need to clearly emphasized
the serious issues spelled out above. Consequémlgoncluding statement made in lines
465-475 is too optimistic and needs some moderation

We are grateful for the constructive feedback piesiby the reviewer 3 that help to
significantly improve our manuscript and allow osctarify the applicability of the

calibration equation in extreme climates of thetpslow, we present our response to the
comment raised. A final version of our point-by4paiesponse will be given at the end of the
discussion phase with responses to all reviewersinsents.

Reviewer comments are shownrad coloy with our responses in black.



We highlight the high salinity regions mentionedrbyiewer 3 in thé'80c-density
calibration on Figure a (with regions = Med Sealfian Sea, Red Sea, upwelling off NW
Africa).
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Figure a:3'80c-density relation for late Holocene core-top skempgainst observed density.
We highlight in colors the high salinity regions miened by reviewer 3 (Med Sea, Arabian
Sea, Red Sea, upwelling region off NW Africa).

Contrary to what is stated by the reviewer 3, thegeéns do not correspond to the portion of
our calibration curve that is less sensitive toramnease ir5*®Oc (“increase of d180 by 3 per
mill is not accompanied by a substantial predictedsity change”)in fact, except for some
parts of the Mediterranean Sea, these regionscan@gions where we observe the maximum
ocean density.

In addition, we do not consider that Figure 3 shawsirond correlation between the
residual density and salinity change$=R0.2 is a weak correlation. Also, this pooled
foraminifera species correlation integrates varigpescies. The correlation coefficients with
SSS vary for the individual species’ R0.17 forG. ruber, R? = 0.12 forT. sacculifer, R? =
0.54 forG. bulloides, R? = 0.15 forN. incompta, and R = 0.32 forN. pachyderma as
discussed in the text. So, probably other factoas ISST and SSS influence these residual
structures that persist and some of them couldaently be associated with gradients in SSS.
For example, negative residuals are observed iBémguela, Canary, Peru and North
Arabian regions (Fig. 1). All these coastal areasaspond to upwelling systems and
previous work already suggested that foraminifeeces could have a preference for
nutrient-rich waters with high turbidity. This iampicularly true for the seasonal spedis
bulloides (Peeters et al., 2002; Gibson et al., 2016). Hgative density residuals in these
upwelling regions may reflect this habitat prefeeFig. 1), as we discussed in the text.



Salinity (g/kg)

The portions of the calibration curve that can bsadibed by When an increase of d180 by 3
per mill is not accompanied by a substantial ptediciensity changecorrespond to some
high latitudes regions (Nordic Seas and AustralaDeas also discussed in the response to
reviewer 2. This is because we are close to theqmanr of density observed today.

What is the explanation of this decrease in lirigan the relation betwees®Oc and surface
ocean density in Nordic Seas and Austral Oceammmne@iWhen density is already high,
temperature changes have a smaller effect. Coldrusatlready dense, so cooling it further
doesn’t increase density as much (see TS diagraigome b). Consequently, we observe a
sensitivity decreases. The rate of change of densth respect to T flattens out, meaning the
system becomes less responsive to temperatureehaignall changes in temperature and
salinity no longer cause significant shifts in dgnsThis behavior is linked to the non-
linearity of the seawater equation of state.
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Figure b: TS diagram for Surface Ocean with thévdéwe op/oT in (a) andp/oS in (b).

The derivativedp/dT andop/oS represents the change in density per degreenpietature or
per one salinity unit respectively. In surface wstand at low temperatures (e:2,to 2 °C),
water is already dense and a temperature chandgtleasffect: op/0T approaches zero.

0ploS remains positive and relatively stable, oftemieen 0.6 and 0.8 kg/m?3 per g/kg, though
it may increase slightly with salinity. Its effd@écomes dominant in cold waters, whés&T

is weak. Both diagrams include isopycnals (linesafstant density) and have been
computed with the Gibbs SeaWater (GSW) Oceanograpdolbox of TEOS-10.

This process does not affect 81€0c (quasi-linear fractionation with temperaturéost
temperature (see for example Mulitza et al., 2088} this is why we observe that an
increase 06'%0c by 3 per mill is not accompanied by a substhokiange in predicted

density in Nordic Seas and Austral Ocean. Evenisfpart of the regression is less predictive,
the estimated values of density are correct andatrexpected to change strongly as ocean
density approaches its upper limits.



In the climate model world, we found some uncetie#) in the Nordic seas, in the model
simulations we conducted at the LGM because ofliffieulty to simulate this region (see
response to reviewer 2), together with ocean dyoaffiect induced by the mean ocean
salinity increase due to ice volume increase imoregjof sea ice and deep water formation
(see response to point 1 of reviewer 1). We theeaflecommend in our paper to not apply the
calibration to this region.

Regarding the fact that the calibration could Iss Ieliable for the density reconstruction of
past extreme climates. Concernirigdh d180c values driven large ice voluiree global
correction can be applied to account for the eftédate volume increase @¥0osw and
salinity, and in turn on density (see our respdaageviewer 1’'s point 1 for detailed
explanations). Because it is an additional globatection, it will not change the range of
values in our present day calibration.

Concerning changes betweetry and wet climates (small ice sheet and largerime

runoff)”, we conducted additional test with model simulatitmgvestigate if the calibration
is likely to provide density estimates with a largacertaintyWe agree that it is interesting
to put into context our results regarding othemelie periods. As asked by the reviewer 1 in
point 9, we conducted some preliminary tests usiaotppe-enabled model runs of the mid-
Holocene (e.g., Shi et al. 2023). According to eaer 1, the strongest precipitation changes
(and hence changes in surfa¢® and salinity) occur in the early to mid-Holocewi¢h the
strengthening of the Monsoon. Our results cleamtijaate a strong stability of foraminifera
6180c-density relation between the mid-Holocene (MHK pre-industrial (PI) and thus a
very weak influence a¥180/Salinity relation instability on final densipyedictions.
Therefore uncertainties remain within the 95% aerfice interval of our calibration (see our
response to point 9 of the reviewer 1). We alsalooted additional tests for the last
interglacial period (LIG) as requested by revie@emnd found a similar conclusion (see our
response to reviewer 2 poifitwould like the authors to put into context thegsults
regarding other climate periodfgr results). We already tested in the initial vensof our
paper the extreme cold and arid climate of the L&#d found that additional uncertainties
are small and that our approach is valid (exceptife Nordic Seas region), within
propagated uncertainties from calibration into preahs of past climate conditions.

So, even if the salinity role in shaping the presticdensity could be slightly underestimated
(indirectly because of foraminifera ecology) foe thresent day calibration, applying our
calibration to past extreme climates (and takirig account ecological changes) provide
density predictions within the uncertainties of tadibration as demonstrated for the LGM,
and now also for the MH and LIG time periods. Nibtt these time periods correspond to
extreme climate configurations over the quaterpenyod as visible on Figure c, so it is
reasonable to state that the new calibration heet grotential to be applied to other past
periods and to reconstruct the past temporal eoolutf ocean surface density over the
Quaternary (last 2.6 Ma).
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Figure ¢:5'%0 benthic foraminifera curve (LR04, Lisiecki andyRe, 2005). Benthié'®0
reflects ice volume and deep ocean temperaturegelsaand is used here to highlight extreme
climatic periods (colder and more arid glacial pds versus warmer and more humid
interglacial periods). Extreme climate periodsedswith isotope-enabled model runs
representing the mid-Holocene, LIG and LGM areespnted by blue dots. Blue lines
indicate the range of extreme climate conditiongstigated with our climate simulations
tests.

Nonetheless, we agree with reviewer 3 that under eereme climates outside the
guaternary (see Figure c) and in ocean basin desized by anti-estuary circulation, like the
current Mediterranean Sea and Red Sea, our cadibreduld provide density estimates with
larger uncertainty, a point that requires furtmseistigations.

We will therefore mention this in the revised versand moderate the concluding statement
made in lines 465-475.
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