Track changes MS
Comments to the Author:

Editor Decision: Reconsider after major revisions (03 Jun 2019) by Eric Wolff

Your paper received a number of quite negative reviews. Nonetheless, | have decided to allow you to prepare a
new version (major revisions) for consideration by reviewers.

| accept that there is value in a paper that forward models the proxy record to assess whether ENSO
characteristics are even recorded in forams, as opposed to an inverse model that seeks to determine ENSO
from the foram record. Nonetheless, you should recognise that several well-qualified reviewers felt that your
study had not met the targets expressed in the title and abstract. Rather than (as your responses tended to)
berate them, | would like to see you improve your presentation and explanations so that readers are not left
disappointed.

This applies also to other aspects of the paper: as an example, like some reviewers | found the figures and the
different shadings hard to understand, please improve either the figures or the captions, which is more
constructive than implying that the reviewers have been deficient in not being able to follow them.

In your responses you have raised a number of issues that you state were not part of your paper - for example
bioturbation, and alternative statitsical methods. While | do not expect you to change your model or
methodology completely to meet these concerns, you clearly do need to add paragraphs to your paper to state
what might be the effect if these issues were covered, and why their lack does not affect your main findings.

I look forward to receiving a substantially improved paper for further review.

Response to Editor
Dear Prof. Eric Wolff,

Thank you for considering our manuscript for revisions. Please find attached our revised MS with track changes. As the
'track changes' document is heavily altered it may obscure the content, therefore we outline here the major changes
in brief. We also include some rationale as to why we made the changes.

e We have changed the Title.

e We have altered the text of the abstract and conclusions to better reflect the fact that whilst ‘foraminifera in
the water’ may ‘sense’ ENSO, the sedimentology of the Pacific reduces the useful area.

e We have edited the methodology and streamlined the explanation, as this is where the text may have led the
reviewers to misinterpret our intentions.

e We have calculated the standard deviation/variance of each model run and each species, we have also
calculated the interannual std. dev. vs. the total std. dev. We include a figure of G. sacculifer at 60 m and a
supplementary table 1 in which we compare our results with three previous papers data and one model
(iCESM)

e Differences with our model and data may reflect: Smaller standard deviation for larger n; the fact our dataset
is in the “Anthropocene” whilst the data is from ~1000 years ago; there are reversals or evidence for
bioturbation in the cores; subsample picking variation; and or the fact that our model may have limitations in
terms of food, light, etc. (as stated in the discussion and methodology).



We have run 4 picking experiments (picking 60 months, 10000 times at each grid cell: 170*40*60*10000). The
four picking experiments highlight different ways of subsampling the model dataset.

Unfortunately, it is not possible as the reviewers suggested to use QQ-plots as it would require 6800 plots;
and interpolation of the skewed climate state data. We have included an explanation, as per your request, as
to why we have not done this.

We have moved the test of the input data from the supplement into the main text (figure 4) — this is not FAME
instead we perform the Anderson-Darling on fixed depths. We have expanded and altered the original text to
highlight that we had in fact tested the input signal (the reviewer had requested to see what the difference is
between FAME and the input)

Water depth map — as suggested by the reviewers, we have plotted seamount locations from the only
scientifically verified (as opposed to text-mining Wikipedia entries for seamounts) available database of
seamounts in the Pacific. An estimated 50,000 seamounts exist in the Pacific, but unfortunately this database
contains only 291 values (and these include duplicate locations pertaining to be different parts of the same
seamount system). Complementary to this, we have also added a new figure, to highlight that the GEBCO
dataset is not a low resolution dataset, allowing us to show where the different water depth cutoffs for CCD
alter or expand the available area suitable for sediment core retrieval.

We have plotted the FAME overlay (figure 7) only with the water depth (previously it was with the SAR plus
water depth). This does not alter our results. Instead we now contrast the water depth with different
variations of SAR (figure 9) and highlight the potential altered signal through bioturbation of each scenario
(further expanded upon in figure 10). This is intended to better explain our results.

Sedimentation rate map - We have expanded the figures to include the inferred sediment accumulation rate,
the oxygen saturation of the bottom water (unfortunately the 2018 pre-release of WOA as yet does not include
this oxygen parameter in netcdf format although we will happily revise this if it becomes available) in response
to a reviewers comment that oxygen will alter the bioturbation depth, and bioturbation model output. The
main text was expanded to reflect those changes.

We have run a bioturbation model, SEAMUS (model code and outline has been submitted by co-author Bryan
Lougheed to Geoscientific Model Discussions and is online: Lougheed, B. C.: SEAMUS (v1.0): a A14C-enabled,
single-specimen sediment accumulation simulator, Geosci. Model Dev. Discuss.,
https://doi.org/10.5194/gmd-2019-155, in discussion, 2019.), using the Uppsala Supercomputer and added
corresponding new figures and text. As outlined in our responses to the reviewers, a 60-year ocean reanalysis
dataset is too short for a bioturbation model (due to thousands of years of model spin-up time being necessary
to simulate a sediment archive). We have, therefore, used a Greenland ice core record as an input dataset at
10-year intervals for several thousand years, simply to understand the effects of bioturbation. The use of this
dataset is in no way meant to infer some connection between ENSO and ice cores. It was used because it
represented a temporally high-resolution climate input dataset with which to demonstrate the effects of
bioturbation. The equivalent marine record, the benthic stack LRO4, is already bioturbated, seeing as it is a
stack of sediment cores with an average SAR of ~2.5 cm ka™

We have, as suggested by the reviewer, included a discussion point of the potential amplitude changes, a point
we had raised in the conclusions regarding future work.

Figures - As outlined in our response to reviewer 3, we agree that some figures could have been clearer (As

we had stated in the reply: “We will correct this — the label on the figure is correct (left G. sacculifer; mid G. ruber; right N.
dutertrei), we will correct the figure captions. The reviewer is correct that some are white and some grey when we originally made the
figure everything was white, black and hashed. Unfortunately, these hashes draw the eye (and can hide some small locations) away
from the white only locations we decided to make it grey to highlight this (The top panel of Figure 5 ‘G. sacculifer 60 m’ is missing the
grey which is our mistake but demonstrates the drawing of the eye). The N. dutertrei dataset does not have the hashing so we decided

to make it white only.”). We have corrected the error in the caption and one panel of figure 5. | hope the addition
of an explanatory legend in our figures can solve this problem.

As explained to the reviewer the rationale for having white vs. black OR grey and hashed vs. black is threefold:
white background with a hashed section can draw the eye; the two schemes are meant to be distinct if we
used the grey (means are greater than the error) for N. dutertrei one could infer that those results are
comparable with G. ruber and G. sacculifer grey regions (though we do not know that); and the binary
grayscale approach was used for its contrast.



e The color scheme white, grey, black, hashed can be changed with only a minor amount of work — however, if
our explanatory legends are still not clear we would appreciate input from the reviewers in terms of what
colour scheme to use. Likewise, the color schemes of 7 and 8 (i.e., yellow/blue-purple) can be altered as well,
however we felt that this nicely picks out the bathymetric highs. In addition, Figure 9C; 9E and 9G color scheme

can also be altered, however the red grey and yellow color scheme works well with dark and light contrast.
This allows for 6 combinations to be plotted on one figure.

On behalf of all-co-authors

Brett Metcalfe Bryan Lougheed Claire Waelbroeck Didier Roche
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On—the—validity—of foraminifera-based—ENSO—reconstruetionsUsing a foraminiferal

ecology model to test if tropical Pacific planktonic foraminifera are suitable recorders of
ENSO

Brett Metcalfe'-2, Bryan C. Lougheed', Claire Waelbroeck' and Didier M. Roche!?
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Correspondence to: Brett Metcalfe (brettmeteatfe@lseedpstfr—orb.metcalfe@vu.nl)

A complete understanding of past El Nifio-Southern Oscillation (ENSO) fluctuations is important for the future

predictions of regional climate using climate models. R trueti ofOne approach to reconstructing past ENSO
dynamics uses earbonate-oxygen-isotoperatios(8'°0.)-and trace metal geochemistry-(Mg/Ca)reeorded by-planktonic
foraminifera as recorders of past climate to_assess —recenstruet—past spatiotemporal changes in upper ocean

oraminifera as Modelled Entities

conditions. In this paper we utilise a model of planktonic foraminifera populations
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(FAME), to forward model the potential monthly average §'®O._and temperature signal proxy values for Formatted:

Not Highlight

eogloboquadrina_dutertrei from jnput variables covering the

Globigerinoides ruber, Globigerinoides sacculifer, and
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period of the instrumental record. We tested whether the modelled foraminifera population, $'*0. and T, associated

Formatted:

Not Highlight

Formatted:

Font: Italic, Not Highlight

species our results suggest that the values of El Niio events can be differentiated from other climate states. Our
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model computes the proxy values of foraminifera in the water, suggesting that, in theory, water locations for a large
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proportion of the Tropical Pacific should be suitable for differentiating El Niiio events from other climate states.
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However, in practice it may not be possible to differentiate climate states in the sediment record. Specifically,
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comparison of our model results with the sedimentological features of the Pacific Ocean shows that a large
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proportion of the hydrographically/ecologically suitable regions, coincide with low sediment accumulation rate at the
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sea floor and/or regions that lie below the critical water depths for calcite preservation (lysocline and CCD).
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1.0 Introduction

1.1 El Nifio-Southern Oscillation (ENSQO) ‘*—“{ Formatted:

Heading 2

Predictions of short-term, abrupt changes in regional climate are imperative for improving the-spatiotemporal precision and

accuracy when forecasting future climate. Coupled ocean-atmosphere interactions (wind circulation and sea surface

temperature) in the tropical Pacific, collectively known as the El Nifio-Southern Oscillation (ENSO) on interannual ___—{ Formatted:

Font: Not Bold

timescales and the Pacific Decadal Oscillation on decadal timescales, represent global climate’s largest source (Wang et al.,

2017) of inter-annual climate variability (- 1). Due to ENSO’s major socio-economic impacts upon pan-Pacific nations, /{ Formatted:

Highlight

which, depending on the location, can include flooding, drought and fire risk, it is imperative to have an accurate

understanding of both past and future behaviour of ENSO_(Trenberth and Otto-Bliesner, 2003; Rosenthal and Broccoli

2004: McPhaden et al., 2006). The instrumental record of the past century provides important information (e—that can be

translated into the Southern Oscillation Index; SOI), however, detailed ,oceanographic observations of the components of /{ Formatted:

Font: Not Bold

ENSO (both the El Nino and Southern Oscillation), ;-hewever;-detailed-observations-of ENSO,-such as the Tropical Oceans Formatted:

Font: Not Bold

: Font: Not Bold

Global Atmosphere (TOGA; 1985-1994) experiment only provide information from the latter half of the twentieth century \( Formatted:

(Wang et al., 2017). To acquire longer records, researchers must;—therefore; turn to the geological record using various
archives_that are available from the (pan-)Pacific region. including-saeh-as: corals (Cole and Tudhope, 2017); foraminifera
(Ford et al., 2015; Garidel-Thoron et al., 2007; Koutavas et al., 2006; Koutavas and Joanides, 2012; Koutavas and Lynch-
Stieglitz, 2003; Leduc et al., 2009; White et al., 2018); stalagmite (Asmerom et al., 2007; Zhu et al., 2017b); fish detritus
(Patterson et al., 2004; Skrivanek and Hendy, 2015); lake (Anderson et al., 2005; Bennett et al., 2001; Benson et al., 2002;
Conroy et al., 2008; Enzel and Wells, 1997; Higley et al., 2018; Loubere et al., 2013; Zhang et al., 2014); terrestrial (Barron
et al., 2003; Barron and Anderson, 2011; Caramanica et al., 2018; Hendy et al., 2015; Staines-Urias et al., 2015); -and

sedimentological parameters (Moy et al., 2002) including varves (Du et al., 2018; Nederbragt and Thurow, 2001, 2006) to
reconstruct long-term variations in_proxies, linked to climate, that may provide clues to ENSO and its impact upon both
regional and global sea-surface-temperatureclimate-(SST). An integrated approach combining palacoclimate proxies (Ford et
al., 2015; Garidel-Thoron et al., 2007; Koutavas et al., 2006; Koutavas and Joanides, 2012; Koutavas and Lynch-Stieglitz,
2003; Leduc et al., 2009; White et al., 2018) and computer models (Zhu et al., 2017a) can help shed light on the triggers of
past ENSO events, their magnitude and their spatiotemporal distribution. Yet, the reconstruetion-simulation of past ENSO
using climate models has been fraught with difficulties due to the associated feedbacks of ENSO upon model boundary
conditions (e.g., SST, pCO,) (Ford et al., 2015). One way to deduce the relative impact and importance of various feedbacks

and, in turn, reduce model-dependent noise in our predictions, is to compare model output with proxy data (Roche et al.,

2



20

25

30

2017; Zhu et al., 2017a). Such an approach, however, requires an abundance of reliable spatiotemporal proxy data from the

entire Pacific Ocean. Moreover, such proxy reconstructions are subject to several unknowns, uncertainties and biases. 5
sy oiven—that ¢ feral nreferentiallvflourish-in-a-particular 1 1 nich. A _maiorfactor o
peciaty-given-that-for ral preferentially-flourish-in-a-particular niche—A-major-factorgovernin
1ot 1 distribution-of. wven-planktonie—f feral 1 1 £ an-ideal tor
the sp nporal distribution of a given planktonic for ral sp is-the presence of an ideal water temperature.

& ..':':

1.2 Foraminiferal Proxies

Formatted: Heading 2

For the specific case of foraminifera populations in the water, it particularly arises from the species-specific ecological niche.

The mapping of proxy value to climate value can therefore be skewed, a major factor governing the spatiotemporal

distribution of a given planktonic foraminiferal species is the presence of an ideal water temperature. Proxies of past ENSO

and Pacific SST (Ford et al., 2015; Koutavas et al., 2006; Koutavas and Joanides, 2012; Koutavas and Lynch-Stieglitz, 2003;

Leduc et al.,, 2009; Sadekov et al., 2013; White et al., 2018) are based upon the biomineralisation of the calcite, or a

polymorph such as verite (Jacob et al., 2017), and-shells of foraminifera (Emiliani, 1955; Evans et al., 2018; Zeebe and

Wolf-Gladrow, 2001). In general, tFhere are three major types of foraminifera-based palacoceanographic proxies:

(1) those associated with the faunal composition and their abundance within deep-sea sediments that utilises
either a qualitative approach (Phleger et al., 1953; Schott, 1952); a weighted average (Berger and Gardner,
1975; Jones, 1964; Lynts and Judd, 1971); a selected species approach (e.g. coiling direction, or warm-water
species presence; Ericson et al., 1964; Ericson and Wollin, 1968; Hutson, 1980b; Parker, 1958; Peeters et al.,
2004; Ruddiman, 1971; Schott, 1966); a regression analysis (Hecht, 1973; Imbrie and Kipp, 1971; Williams
and Johnson, 1975); or, a transfer function (CLIMAP Project Members, 1976; Mclntyre et al., 1976;
Williams, 1976; Williams and Johnson, 1975) that compares the down-core records with a dataset of

‘modern’ values and their associated water column parameters (Hutson, 1977, 1978):-

(2) those associated with the stable oxygen isotope composition of a whole shell analysed either individually
(Eeldmeijeret-al;2045:-Ganssen et al., 2011; Koutavas et al., 2006; Koutavas and Joanides, 2012; Leduc et
al., 2009 Meteatfe-et-al52015:2019;Pracht-et-al2048) or pooled (Garidel-Thoron et al., 2007; Koutavas et
al., 2002; Stott et al., 2002, 2004), herein 3'*O. (¢ = calcite), which can-ideally be used to reconstruct SST

‘*"“{ Formatted: Indent: Left: 1 cm, Right: 1.2 cm
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and past oxygen isotope values in seawater 5'%Oy (sw = seawater) when paired with a proxy that can either

reconstruct temperature or salinity;

and(3) those associated with the-trace metal geochemistry (¢.g., Ford et al., 2015; Sadekov et al., 2013; Stott

‘*—{ Formatted: Indent: Left: 1 cm, Right: 1.2 cm

/{ Formatted: Font: Bold

et al., 2002, 2004; ,White et al., 2018)(Stettet-al52002.2004), more specifically the natural logarithm of the

Formatted: Font: Not Bold

relative concentration of Mg and Ca (In(Mg/Ca), of the shell, based upon the temperature dependent
(Elderfield and Ganssen, 2000; Niirnberg et al., 1996) incorporation and substitution of a Mg cation into the
calcite lattice (Branson et al., 2013, 2016).

Formatted: Font: Not Bold

A U

‘—{ Formatted: Indent: Left: 1 cm, Right: 1.2 cm

Hoewever,—tThe interpretation of these prexiesproxies, however, is not straightforward, for example, calibration of

foraminiferal assemblage based transfer functions with surface temperatures as opposed to a deeper temperature signal may

skew the reconstructed temperature (Telford et al., 2013); §'®0. is-further-can be affected by species-specific_size effects

(Feldmeijer et al., 2015; Metcalfe et al., 2015; Pracht et al., 2018), disequilibria or vital effects, which clouds the accurate

reconstruction of past SST and §'*Oqy. There is no simple bijective function between 8O, and the oceanic variables §'%0y,

and temperature used in its calculation, with variability in §'8O. limiting the use of 80, as a pure temperature proxy. /{ Formatted: Subscript

Likewise, researchers have not been able to discount the impacts of the ambient salinity (Allen et al., 2016; Gray et al., 2018;

Groeneveld et al., 2008; Kisakiirek et al., 2008) and carbonate ion concentration (Allen et al., 2016; Evans et al., 2018;

Zeebe and Sanyal, 2002) on the Mg/Ca content of foraminifera, nor biological effects such as growth banding (Eggins et al.,

2003; Hori et al., 2018; Sadekov et al., 2008, 2009; Vetter et al., 2013). Foraminifera are also not passive recorders of

environmental conditions such as SST, in that the very ambient environment that researchers wish to reconstruct also

modifies the foraminiferal population as well (Mix, 1987; Mulitza et al., 1998). Sensitivity to the variable bein

reconstructed may increase or decrease the relative contribution of individual events through modulation of the flux to the

seafloor, increasing or decreasing the chance of sampling such occurrences

Indeed;-e_(Mix, 1987; Mulitza et al., 1998).—e¢ Culture experiments have identified temperature (Lombard et al., 2009,

2011), light (Bé et al., 1982; Bé and Spero, 1981; Lombard et al., 2010; Rink et al., 1998; Spero, 1987; Wolf-Gladrow et al.

1999), carbonate ion concentration CO;Z' (Bijma et al., 2002; Lombard et al., 2010) and ontogenetic changes (Hamilton et

al., 2008; Wycech et al., 2018) as variables that drive, alter or induce changes in foraminiferal growth.

derlvi £ 1nife Lnonulation n-be-hishl nsitt to-the-particular vy beino-tested (4 10Q7. NA 1+ 'S
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Mg/Ca-Computation of the influence of biological and vital effects upon physiochemical proxies, such as those based on

foraminifera should be a fundamental consideration for any accurate data-model comparison. Recent attempts at

circumnavigating proxy related problems have employed isotope-enabled models (Caley et al., 2014; Roche et al., 2014; Zhu

et al., 2017a), proxy models (Dolman and Laepple, 2018; Jonkers and Kucera, 2017; Roche et al., 2018) or uncertainty

analysis (Thirumalai et al., 2013; Fraass and Lowery, 2017; Dolman and Laepple, 2018) to predict both the potential §'*0O.

values in foraminifera and/or the probability of detection of a climatic event. The use of ecophysiological models (Kageyama

et al., 2013; Lombard et al., 2009, 2011) can help circumvent some of the problems associated with a purely mathematical

approximation (e.g., Caley et al., 2014) of the translation of an ambient signal into a palacoclimate proxy. They are not /{ Formatted: Not Highlight

limited to foraminifera and can provide an important way to test whether proxies used for palacoclimate reconstructions are
suitable for the given research question. Several studies have investigated the response of planktonic foraminifera from core
material or computed pseudo foraminiferal distributions, their proxy values, and the resultant (likely) distribution of these

proxy values with respect to ENSO (e.g.. Leduc et al., 2009; Thirmulai et al., 2013 Ford et al.. 2015; Zhu et al.., 2017).

Here, we investigate whether living planktonic foraminifera can be theoretically used in ENSO reconstructions, differing

from previous research by using a foraminiferal growth model. Foraminifera as modelled entities (FAME; Roche et al. /{ Formatted: Font: Italic

2018), to tackle the dynamic seasonal and depth habitat of planktonic foraminifera (Wilke et al., 2006; Steinhardt et al.

2015; Mix, 1987; Mulitza et al., 1998). To be a valid proxy for the reconstruction of ENSO, the proxy values of populations

of planktonic foraminifera associated to different climatic states (j.e., El Nino, Neutral, La Nina) should be significantly __—{ Formatted: Font: Italic

different from one another. In order to test our research question, ‘are the distributions of proxy values associated with El /{ Formatted: Font: Italic
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Nifio months statistically different from distributions of proxy values associated with neutral or La Nifia months?’, our

methodology follows a forward modelling approach in which the computed values of the temperature recorded by calcite (Té_/{ Formatted: Subscript

- a pseudo temperature aimed at mimicking Mg/Ca albeit one uninfluenced by secondary factors) and §'80, are assigned to
one of these climatological states. This forward modelling approach does not pre-suppose foraminifera can record ENSO

variability (‘Can we detect?’) i.c., what is done when inverting the core top pooled §'30 or individual foraminiferal 'O

distributions and infer changes in ENSO (‘How could we detect?’). A secondary objective is to compare the output of this

approach with secondary factors that further modulate the climatic signal through post mortem processes. We identify

regions in the Pacific Ocean where the sedimentation rate (Berger, 1970a, 1971; Boltovskoy, 1994; Lougheed et al., 2018;
Olson et al., 2016) may be too low or the water depth (Berger, 1967, 1970b; Boltovskoy, 1966; Lougheed et al., 2018) too

deep (causing dissolution of carbonate sediments) thus preventing the capture and preservation of the foraminiferal signal.
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2. Methods
2.11 Input variables (Ttemperature; salinity-Salinity and 3'3Osw)

For input variables, The-temperature and salinity of the ocean reanalysis data product (Universiteit Hamburg, DE) ORA S4
(Balmaseda et al., 2013) were extracted at one-degree resolution for the tropical Pacific (-20°S to 20°N and 120°E to -
70°W), with each single grid cell comprised of data for 42 depth intervals (5 — 5300 m water depth) and 696 months
(January 19587 — December 2015). For computation of the oxygen isotope of seawater (8'*Oy). Aa global 1-degree grid was

generated, and each grid cell was classified as belonging to one of 27 distinct ocean regions, as defined by either societal and
scientific agencies, for identifying regional §'*Oyy — salinity relationships (LeGrande and Schmidt, 2006). Using the §'* Oy
database of LeGrande and Schmidt (2006) a regional 'Oy, — salinity relationship was defined, of which the salinity is the
salinity measured directly at the isotope sample collection point (included within the database). Two matrices were
computed; one giving values of the slope (m) and the other of intercept (c) of the resultant linear regression equations, these
were used as look-up tables to define the monthly §'%0sy from the monthly salinity Ocean reanalysis product ORAS S4
(Balmaseda et al., 2013), which was used for the calculation of 3'¥Ocq,i.e. the expected 5'%0 for foraminiferal calcite formed
at a certain temperature (Kim and O’Neil, 1997). The §'®0cq is calculated from a rearranged form of the following

temperature equation:

T=Ty,—b - (680, — 6'80,) +a - (6180, — 680,,)%, (1) ‘—[ Formatted: Centered

Specifically, we used the quadratic approximation (Bemis et al., 1998) of Kim and O’Neil (1997), where T, = 16.1, a = 0.09,
b =-4.64 and converted from V-SMOW to V-PDB using a constant of -0.27 %o (Hut, 1987; Roche et al., 2017):

A= b?>—4a - (Ty— Tg), (2) ‘*—“{ Formatted: Centered

-b-VA
51806,5[] = “

+ 8180y, — 0.27, (3)

The difference between the constant of Hut (1987) and the dynamic value (Brand et al., 2014) js minor.

2.22 Foraminifera as modelled entities (FAME)

For cach latitude and longitude grid, a monthly growth rate was calculated using the ORA S4 temperature and a-Michaelis-

A e les 4 rs diat 41 1 lotad £ 14 3 £ d shad 10 T bhaed ot ol (NNON 7N 4
F F HRS T
g £ 11 4 d ¢ I 1 £ 4] 60-100- 200 4400 £ 11 M s £1 4 +1 Jaiats 4
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fvarieus—foraminiferal-speetes—Foraminifera as modelled entities has been developed as a tool for translating, a climatic

input (typically a reanalysis dataset or climate model output) into a (simulated-) climatic signal, a signal that aims to

approximate the depth integrated growth of foraminifera (e.g., Pracht et al., 2019; Wilke et al., 2006; Steindhardt et al.,

2015). Data-model comparison studies suffer from an inability to directly compare like with like so that there are differences

in (i) the units used i.e., most proxies reconstructing temperature do not give values of temperature in degrees °C or K but in

their own proxy units (e.g., per mil %o0: mmol/mol; species abundance or ratio) necessitating a conversion; and (ii) there is a
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reduction in scales, i.e., models give a wealth of information (multiple depth layers and high resolution time slices) in the time-
depth domain. A number of models and modelling studies exist to determine the foraminiferal responses to present (Fraile et
al., 2008, 2009; Kageyama et al., 2013; Kretschmer et al., 2017; Lombard et al., 2009, 2011; Roy et al., 2015; Waterson et
al., 2016; Zari¢ et al., 2005, 2006). past (Fraile et al., 2009; Kretschmer et al., 2016) and future (Roy et al., 2015) climate

scenarios, FAME uses the associated temperature and §'®Ogq at each grid cell to compute a time averaged §'*0, and T, for a

given species. FAME was produced as an attempt to reduce the error associated with data-model comparisons by (i)

generating simulated-proxy time-series from model runs that can be compared with age-depth values down core; and (ii) to

reduce the model information for a given time-slice into a manageable and relevant value using an integration that would

make sense on a biological point of view (Roche et al., 2018).

The FAME model utilises the temperature-growth rate equations of Lombard et al. (2009) to simulate temperature-derived

growth rate (Kageyama et al., 2013; Lombard et al., 2009, 2011), this growth rate is then used as a weighing to produce a
growth rate-weighted proxy value (Roche et al., 2018). The original Lombard et al. (2009, 2011) equations are based upon a

synthesis of culture studies, pooled together irrespective of experimental design or rationale, therefore they can be

considered to conceptually represent the fundamental niche of a given foraminiferal species, i.e. the range in environment

that the species can survive. The basic structure of FAME is based upon temperature based Michaelis-Menton kinetics to
predict growth rate, described in Lombard et al. (2009), without using the parameters (e.g., light, respiration, food)
associated with FORAMCLIM (Lombard et al., 2011). The absence of known values or proxy values for the full set of

parameters associated with FORAMCLIM has led us to an Occam’s Razor favoured approach in model parameterisation for

FAME (Roche et al., 2018). ,Although other processes may also impact species such as mixed layer depth and nutrients these

/{ Formatted: Not Highlight

variables for now can be set aside, as temperature provides the dominant signal, it is worth noting that in all probability some

variance will arise from these processes and deviation between observed and expected values should consider this.
Using the MARGO core top 80, database (MARGO Project Members*, 2009), Roche et al. (2018) validated and

computed the optimum depth habitat (the depth habitat that exhibits the strongest correlation when comparing FAME §'*0,
and MARGO §'%0,) for each species in the MARGO database (MARGO Project Members*, 2009). Whilst, both models

FAME and FORAMCLIM, can compute the growth rate of eight foraminiferal species from culture studies (Kageyama et
al., 2013; Lombard et al., 2009, 2011; Roche et al., 2017), the limited number of species available for a global core top
comparison led to a reduction in the number of species modelled (Roche et al., 2018). Here the output of FAME is further
restricted to three species that have been the main focus of foraminifera-based studies that have been used to infer ENSO
variability, namely the upper ocean dwelling Globigerinoides sacculifer and Globigerinoides ruber, as well as the
thermocline dwelling Neogloboguadrina dutertrei (Ford et al., 2015; Koutavas et al., 2006; Koutavas and Joanides, 2012;
Koutavas and Lynch-Stieglitz, 2003; Leduc et al., 2009; Sadekov et al., 2013). The MARGO database does not include N.
dutertrei, meaning that we concentrate our efforts mainly on G. ruber and G. sacculifer.

In this study, ORA S4 temperature was used as the input variable, with the growth rate computations artificially constrained

to_arbitrary values of the upper 60; 100 and 200 m to reflect the presence of photosymbiotic algae in the various
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foraminiferal species. By identifying the optimum depth habitat, Roche et al. (2018) established the realised niche, i.e. the

range in environment that the species can be found, for these species for the late Holocene. Unlike some foraminiferal

models, FAME does not include limiting factors such as competition, respiration or predation variables as no reliable proxy

exists for such parameterisation in the geological record, therefore aspects such as interspecific competition that may limit

the niche width of a species are not computed. As these depth constraints (60 m; 100 m; and 200 m) may induce some

variability we opted to include an extreme value of 400 m that grossly exaggerates the potential depth window. It is

important to note however that as the computation of FAME is based on growth occurring within a temperature window it

does not necessarily mean that for a given grid point modelled foraminifera will grow down to 400 m (or whichever cut-off

value is used), only that the model in theory can do so (depending if optimal temperature conditions are met) to capture the
total theoretical niche width. As the optimised depths computed from the MARGO dataset of Roche et al. (2018) are

shallower, and upper ocean water is more prone to temperature variability, our approach likely dampens both the modelled

3'%0. and T.. The FAME-is-based-upon FORAMCLIM-
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ENSO;-the Oceanic Nifio Index (ONI), based upon the Nifio 3.4 region (because of the region’s importance for interactions
between ocean and atmosphere) which is a 3-month running mean of SST anomalies in ERSST.v5 (Huang et al., 2017).
- We utilise a threshold of y > +0.5°C
where y is the value of ONI) as a proxy for El Nifio, -0.5°C < y > +0.5°C for neutral climate conditions and -0.5°C <y for a /{ Formatted: Font: Not Bold
La Nifia in the Oceanic Nifio Index. Many meteorological agencies consider that five consecutive months of 3 > +0.5°C must
occur for the classification of an El Nifio event. However, here #-is-the only difference is that we considered-_that any single
month falling within our threshold values as representative of El Nifio, neutral or La Nifia conditions (grey bars in -L/{ Formatted: Highlight
This simplification reflects the lifecycle of planktonic foraminifera (~4 weeks) seeing that the population at time step 4 does Formatted: Font: Not Bold
not record, what happened at #-/, or what,will happen at /+ I, As we are producing the mean population growth weighted §/°0, Formatted: Font: Not Bold
values, ‘almost’ El Nifio or ‘almost’ La Nifia would be indistinguishable from the build-up and subsequent climb-down of Formatted: Font: Not Bold, Italic
actual El Nifio and La Nifa events. Therefore, these ‘almost’ El Nifio or ‘almost” La Nifia are placed within their respective Formatted: Font: Not Bold
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Epanechnikov-kernel distribution was first fitted to the binned monthly output_of a single climate state, the bandwidth varies

o U G L L

between grid-points to provide for an optimal kernel distribution. The use of an Epanechnikov-kernel distribution to fit the

data, as opposed to other types of distribution, represents a trade-off between keeping as many parameters constant whilst

mimicking the underlying dataset for a large number of grid points. The conversion of the data from dataset to distribution
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may induce some small error induced by: rounding to whole integers; the use of a 8'®Oia-poine Which gives an error associated

with the bin size (£0.05 %o) that is symmetrical close to the distributions measures of central tendency but asymmetrical at

the sides; and finally, the associated rounding error at the bin edges within a histogram (+0.005 %o). Subsequentlyafter-which

any two desired distributions ceuld-can be compared for (dis)similarity using an Anderson-Darling test (1954). Here, all __—{ Formatted: Highlight
values, i.e., the population, associated with a climatological state are compared with the other populations representing the
different climatological state, the results plotted here are Neutral climate state vs. El Nifio climate state. Fhe-areas-where-the
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. . . Formatted: Highlight
2017a). In order to understand how FAME has altered the signal, and the degree to which the conclusions drawn depend —
Formatted: Highlight
B . 18,
upon the modelled growth rates, the input datasets of the sea water properties (Temperature and calculated §°Oe) Formatted: Highlight
underwent a similar statistical test (-). Unlike FAME, which integrates over several depth levels using the computed Formatted: Highlight
growth rate, the test of the input datasets was with fixed depths without any growth rate weighting. These fixed depths are 5 Formatted: Highlight
149 and 235 m, giving a Bulerian view (Zhu et al., 2017a) in which to observe the implications of FAME’s dynamic depth Formatted: Highlight
habitat. As per the FAME output, each timestep value was placed into its climate state and an Anderson-Darling test Formatted: Highlight
e o Formatted: Highlight
performed to compare the (dis)similarity of on the resultant distributions. LU
Formatted: Highlight
2.6 Alternative statistical tests Formatted: Highlight
Formatted: Highlight
In order to compare our results with previously published studies using planktonic foraminifera we employed a series of Formatted: Highlight
simple statistical tests, mimicking those applied to sediment archives by the palacoclimate community. A chief parameter Formatted: Highlight
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that has been employed in previous ENSO proxy work using individual-foraminiferal analysis (more specifically, individual
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This—parameter—6(5"*0)— indivi tance—in—8"Og—and-ilncreased
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6(8'0,) is considered to correlate to increased variation in SST and, in turn, increased ENSO incidence and/or magnitude

(Leduc et al., 2009; Zhu et al., 2017a) or-evesn increased inter-annual variance (Thirmulai et al., 2013)in-temperature. The

variance (c2(8'0.)) of the timeseries were computed both as the total variance and as the interannual variance, the latter is Formatted: Superscript

computed as outlined in Zhu et al. (2017a). For the interannual variance, the mean monthly climatology is subtracted from __—{ Formatted: Not Highlight

the dataset, producing monthly anomalies and a linear trend removed (using the detrend function of MatLab 2019a) — the /{ Formatted: Not Highlight

20

25

30

resultant data was left unfiltered (J.e., Zhu et al.. 2017a used a 1-2-1 filter). Four ‘picking’ experiments were performed, as __—{ Formatted: Font: Italic

FAME computes the average value for a

iven time ste

and

iven the single foraminiferal isotope variance for an

equivalent time step (e.g., weeks: Steinhardt et al., 2015) it is more than likely that this computation reduces the real spread

in values. Therefore, rather than use the terminology specimen we prefer to use months. Given the complexity in

reconstructions of trace metal geochemistry (Elderfield and Ganssen, 2000; Niirnberg et al., 1996): the potential error

associated with determining which carbonate phase is first used when foraminifera biomineralise (Jacob et al., 2017);

growth-band integration; secondary factors (e.g., salinity, carbonate ion) the focus of the picking here has been on the §'*O.

Irrespective of which experiment, 60 months were drawn, with replacement, and the number of Monte Carlo iterations is set

at 10,000. We assume that the ‘picker’ is taxonomically well-trained and/or has a procedure in which species can be checked

taxonomically post-analysis (e.g. photographing all specimens prior to analysis, Pracht et al. (2019)) and therefore do not

include an error that deals with incorrect identification. Although we note that parameterisation of misidentification would

be difficult, as it requires understanding of the variability in both standard deviation and absolute values for species co-

occurring downcore (Feldmeijer et al., 2015; Metcalfe et al., 2015; 2019). For each run of experiment’s (i) to (iii) the drawn

months were saved in order to perform (iv):

L L U

(i) In Picking Experiment-I g_!! the months drawn for each iteration of the Monte Carlo were selected ——1{ Formatted:

and each grid-point was sampled (i.e., there are 10000-60 selected months). This assumes that the same months

are selected at grid point A as point B.

(ii) In Picking Experiment-IT _ at_cach grid-point a Monte Carlo was run (j.e., there are

170-40-10000-60 selected months). This assumes that different months could be selected between grid point A

Highlight

/{ Formatted:

and point B.

(iii) In Picking Experiment-IIT -!; at each grid-point a Monte Carlo was run using the growth rate

weighting for each month (j.e., there are 170-40-10000-60 selected months), this assumes that in periods of

Highlight

Formatted:

Font: Italic

/{ Formatted:
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higher growth there will be a higher flux of the species and therefore a greater chance of selecting that month.

The rationale being that not only are different months selected between grid point A and point B, but if A and

B differ climatologically there may be an over subscription of ecologically beneficial habitats in one core

location compared to the other.
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(iv) In Picking Experiment-IV the experiment of (ii) was re-run but with the addition of fwo Formatted: Highlight
sources of error: The first error is based upon FAME producing the average value for a given time slice Formatted: Not Highlight
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12° C (j.e., ~4° C). The second error is the analytical error that an individual measurement will have. Machine
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run (as opposed to long-term average) of international stable isotope standards. The intervals of both errors
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(0.02 %o and 0.005 %o) were chosen to give a similar number (n = 41 and 49) of potential randomly selected
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error for each picked month. Each picked month has their own randomly selected error for both of these errors,

between -0.40 and, 0.40 %o is added to the picked month value (in intervals of 0.02 %o), this is approximately \E Formatted:

Formatted:

Font: (Default) +Headings (Times New Roman)

U JC A U . L

i.e., each value is the sum of the month picked and their own error. The values for within month variability

Highlight

(FIBEeS8GI) and machine error (—) are calculated separately and then combined as the Formatted:
may have a corresponding or conflicting signs, either ‘cancelling” out each other or amplifying the difference., Formatted:
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An associated statistical methodology is the graphical summary (as opposed to a numerical summary via a test value) of

plotting the quantiles of two probability or the quantiles of sample probability distribution against a theoretical distribution

: Font: Italic
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Font: Italic

coefficient (Filliben, 1975) can be used as a numerical summation of this approach, which bases its rationale on near

linearity between the two tested distributions. This graphical technique is not used here for the following reasons, (i) the

climatic categories (j.e.. El Nino. Neutral, La Nina) imposed upon the data give uneven sized sample distributions requiring /{ Formatted

: Font: Italic

an interpolated quantile estimate; and (ii) the large graphical computation required (170-40).

2.7 An approximation of sedimentary archives: Water depth & Sedimentation Rate

waters—Indeed.—one—should viewdisereteDiscrete_sediment intervals retrieved from systematically bioturbated deep-sea

sediment cores contain;-and-the foraminifera with ages spanning many centuries; i ithi i

al (Lougheed et al., 2018; Peng et al., 1979). This is in contrast to;
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as-eppesed-te other proxies such as corals (Cole and Tudhope, 2017), speleotherms (Chen et al., 2016) and molluscs (Butler Formatted: Highlight

etal., 2013: Milano et al., 2017), er-varves-in-which-distinetlayers-correspond-to-diserete-timeintervalswhere distinct time-

o B

specific banding is present (true ‘time-series’ proxies). The ambient signal following translation into a foraminiferal signal

within the water is therefore further modulated by several post mortem processes, which include: the latitudinal-longitudinal

shift in position of sinking foraminifera - the so-called ‘funnel affect’ (van Sebille et al., 2015; Deuser et al., 1981); /{Formatted: Highlight

dissolution of calcium carbonate either in the water (Schiebel et al., 2007), at the seafloor, or due to pore fluids; and

bioturbation. As mentioned, mixing by bioturbation, results in an apparent smoothing of the downcore, discrete-depth multi-

specimen signal (Hutson, 1980a; Lowemark, 2007; Lowemark et al., 2005, 2008; Lowemark and Grootes, 2004; Cole and

Tudhope, 2017; Mix, 1987), thus leading to the possibility of interpreting single outlying foraminifera values within a

specific depth as representing an ‘extreme’ climate, when they may in fact represent climate from a different time or epoch.

This is especially apparent in 'O, where there is a difference temporally of §'* O, (e.g.. the ice volume effect in glacial and

interglacial cycles ~1.25 %o) meaning that the same temperature can have radically different §'*O, values, a consequence of /{ Formatted: Subscript

this is that a series of high magnitude, but low frequency El Nifio events could be disturbed in a discrete-depth record.
Therefore, in order to reliably extract short-term environmental information from foraminiferal-based proxies, the signal that

one is testing or aiming to recover must have a large enough magnitude, be largely unaffected by dissolution (j.e., above the /{ Formatted: Font: Italic

lysocline) so as not to adversely affect the population and the sedimentation rate must be high enough to give sufficient

temporal coverage and rule out upwards bioturbation of single foraminifera from significantly different climate periods.

In our first step in consideration of post-mortem signal alteration we focus on dissolution. The lysocline, the depth at which

dissolution first becomes apparent (Berger, 1968; 1970), and the Calcite (or Calcium Carbonate) Compensation Depth

(CCD; Bramlette, 1961) vary between the different ocean basins: the Atlantic Ocean in which deep water forms has a __—{ Formatted: Highlight

relatively deep CCD as a by-product of ‘young’ well ventilated bottom waters whereas the Pacific Ocean the final section of

the thermohaline circulation conveyor belt, has a shallower CCD. In order to highlight the potential for dissolution, the

bathymetry of the Pacific was extracted from the General Bathymetric Chart of the Oceans GEBCO 2014 30 arc-second grid

(version 20150318, www.gebco.net) between -20°S to 20°N and 120°E to -70°W (-8). Depths of 3500 m below sea- /{ Formatted: Highlight

level (bsl), 4000 m bsl and 4500 m bsl are used here as cut-off values, these depths represent multiple possible depths under

which there is the potential for noticeable dissolution (i.e., lysocline) or be dissolved (i.e., CCD). Whilst our intention here is

a generalised view to be used as an approximate guide, it is important to note that the Pacific Ocean has the largest

proportion globally of >1 km tall seamounts that are smaller than <100 km (Wessel, 1997). Which may have important. /{ Formatted: Highlight

relatively shallow-water sedimentary sequences, which may also be of sufficient sediment accumulation rate, therefore we
supplement the GEBCO bathymetric data with the locations of seamounts. However, whilst exhibitalarge-enough-amplitude

n-orderto-perturb-the populationby—asivnificant-desree trom—the backeround signal—there are an_estimated 50.000

seamounts in the Pacific that are taller than a km (Menard, 1964; Wessel and Lyons, 1997), only 12.000 have been /{Formatted: Highlight

documented on charts (Batiza, 1982), and approximately 291 have been dated (Koppers et al., 2003; Clouard and Bonneville, /{ Formatted: Highlight
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2005; Hillier, 2007). 1t is these 291, <1% of the estimated seamounts, we have overlain onto the bathymetric dat_a(-_/‘[ Formatted: Highlight

8b), although this number is further reduced as we only plot between 20°S and 20°N.

The second step when considering post mortem signal alteration is the sediment accumulation rate (SAR). We first plot the

time-averaged deep-sea SAR (Olson et al., 2016), adapted by Lougheed et al. (2018) for the Tropical Pacific Formatted: Not Highlight

geochronological tools, such as dual "“C-3'*0 measurements on single foraminifera (Lougheed et al., 2018), show that low Formatted: Not Highlight

sedimentation rate cores can have large variances in age between individual foraminifera present within a discrete 1 cm Formatted: Not Highlight

depth interval (Berger and Heath, 1968; Lougheed et al., 2018). In order to model bioturbation, a number of papers have Formatted: Highlight

used a diffusion style approach that reduces the parameters down to sediment mixing intensity and sediment mixing depth

(herein referred to as bioturbation depth, BD), although this may be an artificial division purely driven by mathematical need

rather than biological constraints (Boudreau, 1998). The bioturbation depth has been shown to have a global average of 9.8

cm (Io: + 4.5 cm) that is independent of both water depth and sedimentation rate (Boudreau, 1998). though likely controlled /[ Formatted: Highlight

as a result of the energy efficiency of foraging. g.2. deeper burrows may cost more energy to produce than can be offset in /{ Formatted: Font: Italic

extracted food resources, and potential decay in labile food resources with sediment depth. It is not possible to carry out a

transient bioturbation model upon the temperature and salinity ocean reanalysis data that we used for FAME, as it only

covers half a century of data, whereas thousands of years of input data are required to force a transient bioturbation model.

To investigate how much temporal signal is integrated into discrete-depth intervals for typical tropical Pacific SAR, we,

therefore, utilised the single foraminifera sediment accumulation simulator (SEAMUS, Lougheed. 2019) to bioturbated, as

the input climate signal g_) the 0-40,000 year §'*Q, of NGRIP (North Greenland Ice Core Project Members /{ Formatted: Superscript

2004; Rasmussen et al., 2014; Seierstad et al., 2014). The ice core time series is an ideal input for a bioturbation simulator, as Formatted: Subscript

it represents a highly temporally resolved climate input signal. SEAMUS simulates foraminifera in 10-year timesteps. The Formatted: Highlight

use of the NGRIP timeseries here is purely as an input parameter to investigate the effect of bioturbation upon a given

climate signal -, it is important to stress that by using NGRIP as an input signal for SEAMUS we are neither implying that

tropical Pacific cores should have signal similar to NGRIP or inferring some kind of causal relationship. As we seek to

investigate the effect of bioturbation, no attempt has been made to modulate the input signal’s absolute values to mimic

expected 30, values and why each plot of the synthetic down core time series retains the use of V-SMOW deﬁ/( Formatted: Subscript
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be said to be statistically different, white grid-cells are those in which the two populations can be said to be statistically
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3.42 Water depth and SAR

Our analysis uses reanalysis data for the time period 1958-2015, a hypothetical core that had a comparable resolution would

essentially be analogous with a sediment core with a rapid sediment accumulation rate (SAR), representing 50 yr cm™ (or 20

cm kyr™"). Based on our analysis, such a hypothetical core could allow for the possible disentanglement of El Niiio related

signals from the climatic signal, but only in a best-case scenario involving minimal bioturbation, which is unlikely in the

case of oxygenated waters. Extracting the oxygen saturation (§0p) state, of the Pacific Ocean bottom waters from the Annual
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Likewise, the timeseries is plotted with the discrete 1 cm depth median age; the median age of the bioturbation depth (-
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.) is the reason why each timeseries does not ‘start’ at 0 age (Keigwin and Guilderson, 2009). The variance within a single /{ Formatted:
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proportion corresponds to areas where the sea floor is both above the CCD (< 3500 mbsl) and SAR is at least 5 cm/ka

__9)‘ It is important to note that at certain locations, near islands or seamounts, the SAR and water depth may be __—{ Formatted: Highlight

high enough to allow for a signal to be preserved (_)_A%se—e#ne%sﬁat—faek@het—maeh—e#@h&eaﬂemeak&%ﬁ# /{ Formatted: Highlight

4.0 Discussion

4.1 From Life to Sedimentary Assemblages

Whilst we are principally interested in understanding whether living foraminifera can theoretically reconstruct ENSO“—{Formatted: Normal

comparison with data requires an additional analysis, data-model comparisons are subjective, nominally supposing that the

data is the value to be achieved by the model. However, if the foraminifera modulate the original climate signal, then

preservation selectively filters which specimens are conserved whereas bioturbation acts to reorder, transposing the order in

which they are recovered from the depth domain. Once the sediment is recovered, the researcher acts as a final filter, which

is in essence a random picking. Although technically most researchers will pick whole shells so alongside size selectivity

(e.g.. Metcalfe et al., 2015) there is also preservation bias associated with picking of foraminifera (¢.g. Koutavas and Lynch- /{ Formatted: Font: Italic

Stieglitz, 2003). Whilst the presence of depths in the ocean whereupon calcite is absent from sediments was described in the Formatted: Font: Italic

carliest work (e.g.. Murray and Renaud, 1891 Sverdrup, 1942). overlaying maps of measured surface sediment carbonate Formatted: Highlight

percentage with water depth in the Pacific Ocean led Bramlette (1961) to coin the term ‘compensation depth’ (Wise, 1978). Formatted: fiighlight

(D Y N

This work highlighted the ‘narrow’ depths (4-5000 m) in the Central Pacific of the CCD. Conceptually Berger (1971) placed
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three levels in the Pacific ocean that were descriptive of the aspects (e.g., chemical, palacontological and sedimentological)

of the calcite budget; the saturation depth, demarking supersaturated from undersaturated; the lyscoline, the depth at which

dissolution becomes noticeable (Berger 1968, 1971); and compensation depth (Bramlette, 1961), in which supply is

compensated through dissolution. The aspects of the lysocline was estimated by the faunal assemblages of Parker and Berger

(1971, figure’s 14 and 15 of that publication), for much of the equatorial Pacific the lysocline is estimated at ~3800 m. As

the lysocline is where dissolution becomes apparent, ergo it is a sample already visibly degraded, we therefore set the limit

of the water depth mask shallower. In fact, in regions of high fertility, such as the Eastern Equatorial Pacific, the lysocline

(D N W I

was estimated to be present at ~2800 m (Thunell et al., 1981) or ~3000 m (Berger, 1971; Parker and Berger, 1971) for /{Formatted: Highlight
instance core V21-28 close to the Galapagos Islands (01°05°N, 87°17°W) has a shallower dissolution affect even at 2714 m
uz, 1973). A comparison between the hydrographic and sedimentary lyscoline, using a mooring in the Panama Basin Formatted: Highlight

showed that the sedimentary lyscocline is a product of where the hydrographic lyscocline meets the seafloor (Thunell et al.,

1981), this could lead to dissolution within the water (e.g., Schiebel et al., 2007). In the EEP region the shallower lyscoline /{ Formatted: Highlight

has an equally shallower CCD, at ~3600 m, here the high fertility is considered responsible for its shoaling, lowering the pH

through increased COp (Berger et al., 1976). The correspondence between lyscoline depth and CCD depth does not hold true Formatted: Subscript

for the entirety of the Pacific, plotting a N-S cross-section from 50°N to 50°S Berger (1971) noted that in the Central Formatted: Highlight

Equatorial Pacific, the high fertility region generates a larger zone of dissolution resistant facies even with a shoaled

lysocline. If we factor in the sedimentation rate of the Pacific, which has been estimated to be considerably lower than 1 cm

(Blackman and Somayajulu, 1966; Berger, 1969: Menard, 1964), then dissolution may become further exacerbated. The /‘[Formatted: Highlight

longer a shell remains at the sediment-water interface the greater the prospects for it to be dissolved become, therefore low

SAR increases the chance of dissolution (Bramlette, 1961). For instance in 15 equatorial Pacific cores, below 4000 m, the

average SAR was presented (Hays et al., 1969; here calculated) at 0.96 cm kyr,' (1o + 0.43 cm kyr™). Although there 2£<E Formatted: Highlight

regions and/or core locations in which the SAR is higher, for instance eight EEP cores shallower than the lysogling depth Formatted: Superscript

(Thunell et al., 1981) of ~2800 m were presented by Koutavas and Lynch-Stieglitz (2003) which have an average SAR. Formatted: Not Highlight

calculated, at 7.20 cm kyr! (1o + 2.82 cm kyr™"). The average age for these same core’s 0 cm core depth is 2184 years (16 + Formatted: Not Highiight
Formatted: Not Highlight

1521 yrs), whilst it cannot be assumed that there has been no loss during recovery (i.e., core top is not sediment-water

interface), a non-zero core top age is expected for both bioturbatio Formatted: Not Highlight
Formatted: Highlight

Bradley, 1942). For instance, Arrhenius (1961) noted that ash beds present in cores of the EEP (Worzel, 1959; Ewing et al. Formatted: Highlight

1959) had a 2-3 cm layer above and below what should have originally been a sharp boundary in which they estimated that Formatted: Not Highlight

~50% of the material originated from the other side of the boundary. If one assumes 1 cm kyr™' sedimentation rates, then the Formatted: Highlght

range in age of the obvious 6 cm mixed sediments is minimally ~6000 years per cm, comparison with an analogous

SEAMUS simulation (bioturbation depth 5 cm; SAR Icm) highlights the considerable spread in age, placing the 95.45%

range between 110 and 18954 years (-1 1). Much of this temporal variability will be hidden. especially when proxy

values correspond with the expected values, and more obvious when the values are larger than expected (e.g., Wit et al. /—[ Formatted: Font: Italic
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2013). Owing to the lack of absolute variability during the Holocene the apparent confirmation of similarity between proxy

values and modern distributions of the ‘to be reconstructed’ variable is not a confirmation of proxy reliability. Especially in

the tropics wherein seasonal variability is limited. The effects of both bioturbation and dissolution are further amplified when

combined with finite sampling strategies. Therefore, the results of the sedimentological features, presented here, imply that

much of the Pacific Ocean is not suitable for preserving ( -7—9) the ENSO signal, despite the possibility of the species

of foraminifera having unique values for different climate states . ENSO studies using palacoceanography have

exposed shifts, one can, therefore, question what is being reconstructed in such studies.

4.1-2 Palaeoceanographic Implications

4.2.1 Pacific climate reconstructions “—{ Formatted: Heading 3

One artefact of sampling (Dolman and Laepple. 2018) is the potential occurrence of aliasing (Pisias and Mix., 1988; Wunsch.

2000; Wunsch and Gunn, 2003): a fundamental problem with proxy records is that they can be confounded by local regional

climate, and/or ENSO’s teleconnections, that mimic ENSO changes albeit at a different temporal frequency. Our own

analysis using our FAME 3'®0. and T, output mimics foraminiferal sedimentary archives, pooling several decades worth of
data in which the resolution is coarse enough to obscure and prevent individual El Nifo events being visible but allowing for

some kind of long-term mean state of ENSO activity to be reconstructed (Cole and Tudhope, 2017). The results of our

Anderson-Darling test may be unduly influenced by the Pacific decadal variability (PDV), also referred to as the Pacific

Decadal Oscillation (PDO) (Pena et al., 2008). In much of the tropical Pacific the ratio of decadal to interannual 6SST

suggests that they are comparable in magnitude, therefore fluctuations in SST are more obviously apparent outside of the
purely canonical regions of ENSO (Wang et al., 2017). It could be that the areas outside of these canonical ENSO regions
(-) reflect the PDO (Pena et al., 2008; Wang et al., 2017). The use of the variance g2(8'*0.), or standard deviation

/{ Formatted: Superscript

6(3'%0,). as an indicator of ENSO is dependent on whether the original climate signal’s variance was or was not dominated

by interannual variance. Zhu et al. (2017) computed the total variance change with and without the annual cycle suggesting

that, for some cores the increased assumed ENSO variability at the LGM as deduced by proxy records (Koutavas et al.

2006; Koutavas and Joanides, 2012; Koutavas and Lynch-Stieglitz, 2003) may be purely a by-product of the annual cycle or
dominated by it. Although the values of El Nino can be considered significantly different from other climate states, our own

analysis using the ratio of total to interannual variance also suggests that much of the variance in the simulated foraminiferal

signal is dominated by interannual variance. There are differences in the ratio of total to interannual variance between

Formatted: Highlight

species and in different regions of the tropical Pacific, however, even with a dynamic depth habitat the ratio is still high

-é' Supplementary Table 1).

Commented [BM1]: authors have focussed on individual
foraminifera analysis (IFA) or pooled foraminiferal analysis in the
Pacific region, either for trace metal or stable isotope geochemistry.

Given the complexity in reconstructions of trace metal geochemistry
(Elderfield and Ganssen, 2000; Niirnberg et al., 1996), and the
potential error associated with determining which carbonate phase is
first used when foraminifera biomineralise (Jacob et al., 2017), the
focus here has been on the 3'0,.
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Reconstructions of the past climate of the Pacific have inferred a relatively weaker Walker circulation, a displaced ITCZ and

equatorial cooling (Koutavas and Lynch-Stieglitz, 2003); both a reduction (Koutavas and Lynch-Stieglitz, 2003) and

intensification (Dubois et al., 2009) in eastern equatorial Pacific upwelling; and both weakened (Leduc et al., 2009) and

strengthened ENSO variability (Koutavas and Joanides, 2012; Sadekov et al., 2013) during the LGM. However, a number of

the inferences are contentious, for instance the reduction in upwelling in this region (Koutavas and Lynch-Stieglitz, 2003) is

contradicted by Dubois et al. (2009), who used alkenones (i.e., U ratios) to suggest an upwelling intensification (Zhang et

al.. 2017). Whilst the UX] proxy has problems within coastal upwelling sites (Kienast et al., 2012) it does not discount their

claim, especially considering that §'*0 records can themselves be influenced by salinity upon the §"*0, component (Rincén-

Martinez et al.. 2011) and the potential influence of [COs*] upon foraminiferal 5'*0. (de Nooijer et al., 2009: Spero et al.

1997; Spero and Lea, 1996). Furthermere;—tThe discrepancies in reconstructed climate between marine cores’ is worth

noting, as ultimately it is from proxies that inferences are made about past climate (Trenberth and Otto-Bliesner, 2003;

Rosenthal and Broccoli, 2004). Such inferences have suggest that the past climate of the Pacific region (from the

geologically recent too deep time) has been in an: ;-El Nifio state (Koutavas et al., 2002; Stott et al., 2002; Koutavas and __— Formatted: Highlight
Lynch-Stieglitz, 2003): permanent El Nifio state (Huber and Caballero, 2003) or Super El Nifio state (Stott et al., 2002); La __—{ Formatted: Highlight
Nifia state (Andreasen et al., 2001; Beaufort et al., 2001; Martinez et al., 2003); or a different climatic state (Pisias and Mix /{ Formatted: Highlight
1997; Feldberg and Mix, 2003). Formatted: Highlight
The possibility of a marine sediment archive being able to reconstruct ENSO dynamics comes down to several fundamentals \( Formatted: Highlight
besides whether the signal can or cannot be preserved (j.e., whether the core site has either too low SAR, too high BD or a /{ Formatted: Font: Italic

) U L L U

water depth not conducive to calcite preservation): the time-period captured by the sediment intervals (a combination of
SAR and bioturbation);; the frequency and intensity of ENSO events;; as-weH-as-the foraminiferal abundance during ENSO

and non-ENSO conditions; as well as what the proxy is recording. There is also the presumption that a particular climate
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event should be recorded, our Anderson-Darling test for instance highlights that there are locations that cannot discern the

difference between El Nifio and other climate states whilst for the same time period there are locations where the different

climate states can be differentiated. Whilst our analysis is a statistical treatment of the data, each species, and different types

of phyto- or zooplankton preserved in ocean sediments, are likely to record the same set of environmental conditions

differently (Mix, 2006). This is, in brief, the rationale for the development of FAME, the same climate signal seen through

the view of species-specific proxies will give a fractured view constrained by each species particular ecophysiological

constraints (Mix, 1987; Roche et al., 2018). A dynamic depth habitat in which the environmental signal becomes a weighted
average of the water column can further confound the original signal (Wilke et al., 2006). What can be seen as contradictory

reconstructions can therefore be viewed as the prevailing or dominant conditions at a given location at the time when

environmental conditions overlap ecological constraints for a given species.

:d

pectally g-that-tTerrestrial records suggest the number of El Nifio events per century in the early Holocene (8-6

ka BP) was minimal (Moy et al., 2002), with between 0 and 10 events occurring per century. This dampened ENSO is

observed within lake core colour intensity and records driven primarily by precipitation - although like other proxies this can

also be interpreted differently. j.e. as a large changes in the hydrological cycle shifting precipitation away regionally __—{ Formatted: Font: Italic
(Trenberth and Otto-Bliesner, 2003)-(Cele-and-Tudhope; 2017 White-et-al-2018). If we assume for now that the number /{ Formatted: Highlight

and magnitude of ENSO events wasere reduced, the relatively low downcore resolution of marine records may not
accurately capture the dynamics of such lower amplitude ENSO events using existing methods. The sensitivity and

probability of detecting a change in IFA with changes in frequency and amplitude, has been dealt with before (Thirmulai et

al., 2013), although without considering bioturbation. Fe-pessibity-of i e tarehive-bei blet trtet /{ Formatted: Not Highlight
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The synthesis of pseudo-timeseries to discern the potential distribution for different scenarios. whilst a necessary

approximation, is nonetheless one that is free of cause and causality. Modulating a timeseries for events with enhanced or

weakened amplitude or fewer or greater number of events assumes in essence that there is limited feedback both regionally

(between two sites) and internally within the timeseries (i.e., a process that operates on a higher level). Reconstructions of

the past can benefit from inclusion within conceptual frameworks that incorporate both data and modelling studies (e.g.

Trenberth and Otto-Bliesner, 2003; Rosenthal and Broccoli, 2004; McPhaden et al., 2006). The use of coupled ocean—/{ Formatted: Highlight

atmosphere models (e.g., Clement et al., 1999; Zebiak and Cane, 1987); isotope enabled Earth system models (e.g., iCESM;

Zhu et al., 2017); or multi-model ensembles with prescribed boundary conditions can be used for the generation of timeseries

in which the physics of atmospheric and oceanic circulation are constrained and feedbacks between sites can occur. The

perceived failure of several climate models to resolve ENSO adequately, resulting in variable ENSO frequency and

amplitude between models, could therefore be used to determine the proxy signal from model derived timeseries at different

frequencies and intensities of ENSO. Albeit a timeseries of variable ENSO that is grounded in ocean-atmosphere coupling.
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Such analysis could also provide information on a secondary assumption, in which time slices from the same core inherently

assume that where a particular oceanographic feature exists now is also where it may have existed before. This gives a

somewhat binary view, the feature either occurs or does not occur, and if it occurs then it has either enhanced or weakened.

Yet this can (though not always) preclude a scenario in which the feature has shifted. Analysis of the El Nino patterns

suggests that there are two types of El Nino that are spatially delineated: the dateline Central Pacific El Nino and the Eastern

Pacific El Nino. The expansion, contraction or shift of certain large scale oceanographic features (e.g., Polar Front

Upwelling) during periods of warmer than average (e.g., the last interglacial) or colder than average temperatures (e.g. the

LGM) can complicate the comparison of two down core samples, i.c., a static core continuously recording a particular

climate event as opposed to a shifting oceanographic regime passing over or beyond a core site (Weyl, 1978). Climate

models could therefore also be used to determine applicable core locations for comparison of proxy values with ‘Jike with

/‘[ Formatted: Font: Italic

like’ oceanographic features (similar to the analysis of Evans et al. (1998) for predicting coral sites), without necessarily the

cost of a time-slice project (e.g., CLIMAP, MARGO),
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4.2 Limitations of the methods applied and assessment of model uncertainties

For simplicity we have assumed that our model is ‘perfect’, of course that is inaccurate, there are four potential sources of

error: the input variables (temperature, salinity and their conversion into §'*Og and §'*Ocq); the model’s error with respect to
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real world values (Roche et al., 2018); the statistical test’s errors (associated Type I — in which attribution of significance is
given to an insignificant random event, a false ‘positive’ — and Type II — in which a significant event is attributed to be
insignificant, a false ‘negative’ - errors); and reducing the complexities of foraminiferal biology via parameterization. The
input variables can have errors associated with both the absolute values of temperature and salinity used here; and the
limitation of input values to a single value per month. Whilst it is possible to interpolate to a daily resolution, this is
problematic for two reasons: (1) daily temperature records have much more high frequency oscillations than the data here
and (2) the lifecycle of a single foraminifera is approximately monthly, therefore by using monthly data it provides an
estimate of the average population signal. Conversion of salinity and temperature into §'*Og, and §'%0.q uses a quadratic
approximation, one source of error is the unknown influence of carbonate ion concentration on both the Kim and O’Neil
(1997) equation and the foraminiferal microenvironment (de Nooijer et al., 2008, 2009; Spero et al., 1997; Spero and
DeNiro, 1987; Spero and Lea, 1996) which has further implications due to the upwelling of cool, low pH, waters in the
eastern Tropical Pacific (Cole and Tudhope, 2017; Raven et al., 2005). The spatial variability in salinity, particularly within
regions underlying the intertropical convergence zone (ITCZ) and the moisture transport from the Caribbean into the eastern
Pacific along the topographic low that represents Panama Isthmus, the resultant conversion of salinity to §'*Oy. and then
5'80cq may contain further error. If such errors are independent of the absolute value of the variable, i.e. the error on cold
temperature is the same and not larger than warm temperatures, then the error terms effectively cancel one another out. A
point of note, is that the §'%0 to °C conversion of Kim and O’Neil (1997) is considered to be marginally larger at the cold
end then at the warm end (0.2 %o per 1°C to 0.22 %o per 1°C) than that originally discerned (O’Neil et al., 1969).

The comparison of the pseudo-Mg/Ca temperature signal produced here (T.) to a value corresponding to that reconstructed

from measurements of Mg/Ca should be done with caution. Computation of pseudo-foraminiferal 3'%0 in FAME is aided by

the ability to compute an initial §'*0 equilibrium value for a given latitude-longitude grid-point and timestep. The weighting

of 8'%0 value used in FAME is an approximation of the foraminiferal shell, chambers are generally homogenous in §'50

value excluding either terminal features such as crust or gametogenic calcite which can lead to chamber heterogeneities (e.g.,

Wycech et al., 2018) although this can be approximated with an additional parameter (Roche et al., 2018). The same cannot

_—{ Formatted: Not Highlight

be said for Mg/Ca, alongside heterogeneities in the shell which may be the result of diurnal processes (terminal features in
the computation of 8'*0 are technically simpler to model), there are differences in both sample preparation and measurement

techniques. Whilst, the change in Mg/Ca with temperature has been validated (¢.g.. Elderfield and Ganssen, 2000) the

/{ Formatted: Font: Italic

computation of a pseudo-proxy value for and from model parameters remains enigmatic. Construction of a matrix of

equilibrium Mg/Ca would ideally be the most logical step in a second generation of the FAME model. Whilst, simply

solving the Mg/Ca palaeotemperature equation for an input of T and an output Mg/Ca is a first approximation, aAs stated

previously; several other parameters can alter this technique, this includes -abiotic effects such as salinity (Allen et al., 2016,
Gray et al., 2018; Groeneveld et al., 2008; Kisakiirek et al., 2008) or carbonate ion concentration (Allen et al., 2016; Evans et
al., 2018; Zeebe and Sanyal, 2002); biotic effects such as diurnal calcification (Eggins et al., 2003; Hori et al., 2018;
Sadekov et al., 2008, 2009; Vetter et al., 2013); or additional factors such as sediment (Fallet et al., 2009; Feldmeijer et al.,
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2013) or specimen (Barker et al., 2003; Greaves et al., 2005) ‘cleaning’ techniques. Given the role of Mg in inhibiting
calcium carbonate formation, the manipulation of seawater similar to the modification of the cell’s pH (de Nooijer et al.,
2008, 2009) may aid calcification and explain the formation of low-Mg by certain foraminifera (Zeebe and Sanyal, 2002). ;S
heweverscaling these processes up to a basin-wide model is beyond the remit of this current paper.

Our modelling results also depend upon the species symbiotic nature and potential genotypes. For instance, mixotrophs,
those organisms that utilise a mixture of sources for energy and carbon (planktonic foraminifera such as G. ruber; and/or G.
sacculifer) can outcompete heterotrophic (or photoheterotrophic) organisms (planktonic foraminifera such as

Neogloboguadrina: pachyderma; N-eogloboquadrina incompta) especially in stratified-oligotrophic waters. FORAMCLIM

1 d-both-G—bulloid ad-A barren—for-th dfor

hk . ; bhiont B huciol 1eal vy
HaAsP bHttotdes-ana v —autertreras-Symoiont-oarren—+ e pHEp 50T phystotogtcarparameters—us ¥

for-both-fut

lture studies have shown that G.

o 1. T
seenartos—However+ H-eultu have-shownt

3
g

al52048)—Whilst FAME uses only the temperature component of FORAMCLIM (Roche et al., 2018) and we have only
modelled N. dutertrei, it is important to note that there are distinctions between the fundamental niche that FAME computes,
i.e. the conditions that an organism can survive, and the realised niche, i.e. what an organism actually occupies given

limiting factors within the environment. Likewise, FAME and FORAMCLIM are based upon the original culture

experiments that assumed that both species (G. bulloides and N. dutertrei) are non-symbiotic_(see Bird et al., 2018, 2017). A
species that hosts symbionts will likely have a restricted temperature that is associated with the temperature tolerance of their
symbionts, given that the next geneartiongeneration of a species of planktonic foraminifera must be re-infected with their
symbionts. Likewise, Vartation—in—ecryptic speciation may es—ef-G—bulloides—de—exist—lead to foraminiferal given—that
genotypes ef merphetypes-exhibiting distinct environmental preferences (Bird et al., 2018, 2017; Darling et al., 20046, 2000,
1999; Huber et al., 1997; Morard et al., 2013; de Vargas et al., 1999, 2002). ;-especially between genotypes-Type-la; b, Ha;

5

—Incorporation of
both a theoretical genotype abundance (Morard et al., 2013) and ecophysiological tolerances of different genotypes (Bird et

al., 2018) within an ecophysiological model could further reduce error within modelling of planktonic foraminiferal habitats

and thus reduce data-model comparison error. For instance, Morard et al. (2013) simulated the impact of genotypes upon

palaecoceanographic reconstructions (in particular transfer functions) using a theoretical abundance, calculated with a best-fit

gaussian response model, depending upon SST later using a similar approach (Morard et al., 2016) to deduce the impact
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Conclusion

varianceusing-areductionin-o(d "0 )as-anindicator of reduced ENSO(Zhu-et-al-—2017a)—Concentrating on the period

spanning the instrumental record by using the FAME module, we present-forward modelled thea species-specific_(.e.. ,G. <1 Formatted: Font: Italic ]
ruber; G. sacculifer and N. dutertrei) oxygen isotope values (§'%Q;) and pseudo--Temperature eutput(T.), computed fromfor Formatted: Font: Italic ]
ocean reanalysis data, The aim of this study was to determine whether-te-validate the modelled values from different climate Formatted: Font: Italic ]
states are statistically different, our results suggest for large expanses of the Tropical Pacific the climate states do have Formatted: Font: Italic ]
i R R i e Formatted: Subscript ]
different values. Whilst, the results show that the values between El Nino states and Neutral climate states are statistically
different for a large proportion of the Tropical Pacific, the total variance is dominated by the interannual variance for much
of the region. Overlaying our computed foraminiferal distributions with the characteristics of the Pacific Ocean we infer that
much of the signal recorded in foraminifera corresponds to areas where several processes will alter the preservation of the
foraminiferal signal. First, the inferred SAR for much of the region is critically low, and a simulation of bioturbation for
different bioturbation depths and SAR, typical for the Pacific indicates that discrete core depths can have a large temporal
spread in single foraminifera, possibly precluding the extraction of ENSO-related climate variability. Second, a large
proportion of the seafloor lies below the lysocline. the depth at which dissolution of foraminifera becomes apparent, These __——{ Formatted: Not Highlight ]
factors reduce the size of the area available for reconstructions considerably, thus arguably precluding the extraction of a
temporally valid palacoclimate signal using long-standing methods. It is our inference that only at exceptional ocean
sediment core sites is it possible to determine the variability in ENSO, which makes it difficult to build a Pacific basin-wide
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Code and data availability

The ocean reanalysis data used in this paper are available from the Universiteit Hamburg. ;-2aAn open source version of the
FAME code is available from Roche et al. (2018). S;-and-thestatistical routines are available as part of the Statistical
package of MATLAB R2018a; mapping tools (including the topographic colormap) are part of the Mapping Toolbox. The
function to  retrieve ~GEBCO  bathymetry (data available at www.gebco.net) from netcdf format,

gebconetcdf(FILE,Wlon,Elon.Slat,Nlat) is available from the MATLAB Central File Exchange

(https://mathworks.com/matlabcentral/fileexchange/46669-gebconetcdf-file-wlon-elon-slat-nlat). The single foraminifera

sediment accumulation simulator (SEAMUS) is published in Lougheed (2019). available at [waiting for doi from

Formatted: Highlight

Geoscjentific __Model __Discussions]. A video of the §"Ogei  output has been archived online /{Formatted: Highlight

(https://doi.org/10.5281/zenodo.2554843, Metcalfe et al., 2019).
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Figure 1. Oceanic Nifio Index and the temperature anomaly for a single El Nifio event. (Top) Oceanic Niiio Index (ONI), sourced
from a 3-month running mean of SST anomalies in ERSST.v5 of the Nifio 3.4 region (Huang et al., 2017). Grey vertical bars
represent the periods in which El Nifio-like conditions exist using a simple one-month threshold. (Bottom) The sea surface
temperature difference between week beginning 1st December 1997 minus the long-term climatic mean (1971 — 2000) for
December. The 1997 — 1998 El Nifio represents an EP-ENSO. The long term monthly climatology, the NOAA optimum
interpolation (OI) SST V2, based upon the methodology of Reynolds and Smith (Reynolds and Smith, 1995) using two distinct
climatologies for 1971 - 2000 and 1982 — 2000 (Reynolds et al., 2002). Boxes represent the Nino region: Niiio 1 and 2 (0° - -10°S,
90°W - 80°W), Niiio 3 (5°N - -5°S, 150°W - 90°W), Niiio 3.4 (5°N - -5°S, 170°W - 120°W) and Niiio 4 (5°N - -5°S, 160°E - 150°W).
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Figure 2. A snapshot of the output of FAME. Each panel represents an individual species (Top Panel G. sacculifer; Middle Panel

G. ruber and Bottom Panel N. dutertrei) 5'%0 for a single time step (¢ = 696). The species $'*0 for each grld—pomt is based upon th_e_/{ Formatted: Font: Italic

integrating the 8'%0eq values using a growth-rate based weighting (FAME; Roche et al., 2018);
5 upon-the growth rate and the 8'%0.q-values. Values are in per mil (%o V-PDB).
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Figure 3. Total variance and Interannual variance and the range in standard deviation of the Monte-Carlo experiments. (a) Total

variance of Globigerinoides sacculifer §!30;, using FAME-§!%Q0, for a cut-off value of 60 m. (b) The ratio of (a) and (¢c), where (c) is
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the Interannual variance of the timeseries of (a). In (d-i) we plot the range in standard deviation obtained by picking 60 months
5  with replacement with 10,000 iterations, the experiments are as follows: (d) the same months were chosen for all grid-points for
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the same as (e) but we weight the values by the total amount of growth per month; the months selected for (e) were re-run
but a random variability is added to each month; (h) the months selected for (e) were re-run but a random measurement error is
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Figure 4. Anderson-Darling Results for Input datasets of Temperature and Equilibrium §'®0 (5'®0cq). Results of the test in which
input variables underwent the same statistical procedure (see section 2.0) as the modelled data for (A-C) temperature and (D-F

cannot be rejected. Gray regions R
And n.wlmg test-bet El Nine—and-\ tral-eli diti based llpnn the T ‘“p“f data: Fixed :lnnfh

White-represent_grid pointss where the Hi hypothesis is accepted, therefore the distributions of the foramlmferal population (FP)
for El Nifio and Non- El Nmo can be said to be umque (FPEi Nifio # FPNon-El Niiio)=

and-Non-El Nino p are—not-statistiealh—ditferent (P Nino =HPNon-k1 Nino) t-berejeeted. The hatched regions
represent areas were the Hi_hypothesis can be acce ted, therefore the distributions of the foraminiferal population (FP) for El
Niiio and Non- El Niiio can be said to be unique (FPgi niio -El Nifio), though the difference between the means of tested

dlstrlbutlon are less than (A-C) The hatehi ts those locati here the difference between the means of both
i istess—than-0.5°C_or (D-F) 0.1 %o Each panel represents a single depth (5, 15649 and 23550 m)-sampled-equally
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Figure 5. Anderson-Darling Results for modelled FAME-Oxygen-isetope(5'®Ocqc): Panels representing Maps-ef-these-locations of Formatted:
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where dissimilar and similar values of FAME modelled species §'®0 occur between climate states, for (columns) particular species Formatted:
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and (rows) particular model depth cut-off limits. Each panel represents the Anderson-Darling test result, which are plotted with
A Globigerinoides sacculifer and |B] Globigerinoides ruber) and without ._dutertrei) model derived error. For all
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standard deviation of the FAME model and hatched regions represent those in which the means are less than this standard
deviation (Roche et al., 2018). For species without a calculatable error, the regions are plotted in white. The rows represent the

model runs with a depth cut-off limit at: (A-C) 60 m; (D) 100 m; (E) 200 m; and (F) 400 m.

i ik 1 an-be-said-t H (EP; ™ inisay—Hatehi ts-the FAME. H i al s0f0.32 % and
que-(EPeNiro £ FP; P -32-%0

I i P
0.20 %o Each ts-a icular depth limit for the model, from-top-to-b 60-m;-100-m;-200-m-and-400-m.
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Figure 6. Anderson-Darling Results for modelled FAME-T.: Panels representing locations of where dissimilar and similar values
of FAME modelled temperature recorded in the calcite shells (Tc) occur between climate states, for (columns) particular species

and rows artlcular model depth cut-off llmlts Each anel re resems the Anderson-Darling test result which are plotted with

10  black areas reﬂect latltudmal and longitudinal r1d oints that failed to re ect the null hypothesis (Ho and therefore the
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foraminiferal population (FP) of the El Niiio is similar to the Non-El Niiio, and therefore the distribution between the neutral

cllmate and El Nmo cannot be sald to be dlfferent (FPgiNifio = FPNon-EL

Niiio). The results in whlch the H1 x_pothesm is accepted, in

model runs with a depth cut-off limit at: (A-C) 60 m; (D) 100 m; (E) 20l)>m= and (F) 400 m.
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Figure 7. Combined A-D plots. As figure 5 and figure 6, in that panels represent locations of where dissimilar and similar values
for the two climate states for (a-d) FAME-8'0q modelled oxygen isotope values or (e-h) FAME-T, modelled temperature

recorded in the calcnte shells (Tc) occur. Each panel represents the Anderson-Darling test result, the results for Globtgermolde

EPnon-E1Nido), are plotted as vellow where the depth is deeper than 3500 m bsl or purple where the depth is shallower than 3500 m
bsl (see Figure 8). Purple locations are where our results suggest that the signal of ENSO has different values and the water depth
allows for preservation — although this purple region will be smaller when inferred SAR is taken into account (see Figure 9). The
rows represent the model runs with a depth cut-off limit at: (A and E) 60 m; (B and F) 100 m: (C and G) 200 m; and (D and H)

where a combination of depths were utilised (Pracht et al., 2019).
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input values of NGRIP and for each SAR three analysis were performed with different bioturbation depths (BD) of: (Blue
5 cm; (Green) 10 cm; and (Orange) 15 cm.
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Figure 10. Output of the bioturbation model SEAMUS. (A) The unbioturbated input signal, NGRIP (North Greenland Ice Core
Project Members, 2004; Rasmussen et al., 2014; Seierstad et al., 2014), used in our simulation of bioturbation for different SAR
with SEAMUS (Lougheed, 2019). Sediment mixed layer referred to here as bioturbation depth (BD) is fixed at (B, E . H. K) 5 cm,
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5 cm kyr ' and (K-M) 10 em kyr™'. The output is plotted as the discrete 1 cm depth median age. In (B-M) grey values represent the

unbioturbated input signal, NGRIP. Note, we retain the original units (V-SMOW) of the original timeseries used, no inference

between Pacific climate and Greenland is intended by the use of NGRIP (see section 2.7).
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Simulated single specimen age distribution for typical Pacific SAR
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Figure 11. Histograms of simulated specimen age within the bioturbation depth. The simulated age distribution present within the<——{ Formatted: Caption

sediment mixed layer, referred to here as bioturbation depth (BD). BD is fixed at (A, D. G.J) 5 cm, (B. E. H. K) 10 cm and (C. F,
1. L) 15 em for sedimentation accumulation rates (SAR) of (A-C) 1 em kyr™': (D-F) 2 cm kyr'; (G-I) 5 ¢cm kyr' and (J-L) 10 ¢cm
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kyr!. The output is plotted as the discrete 1 cm depth median age. Note the size of the BD varies, therefore the simulated age
distribution comes from a varying ‘core depth’.
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Comments to the Author:

Editor Decision: Reject (27 May 2019) by Helen McGregor
Comments to the Author:

Dear Dr Metcalfe

Thank you for your manuscript titled ‘On the validity of foraminifera-based ENSO reconstructions’ (manuscript
#cp-2019-9) submitted for publication in Climate of the Past. The manuscript has received three referee reviews
and one short comment during the Discussion phase.

After careful consideration of your Author Responses | regret to inform you that we are unable to accept the
manuscript for publication at this time. The three referee reports and short comment are supportive of the FAMES
approach, however they bring up similar issues on this specific manuscript, and fundamentally, there appears
to be a mismatch between the intention of the study as read by the referees (and myself) in the submitted
manuscript, and the intention of your study as stated in the Author Responses. The proposals for revision in the
Author Response do not to my mind reconcile this key issue, nor adequately address the other major issues, and
therefore | cannot accept the manuscript.

The detailed referee reports are made available for your reference and | encourage you to engage with these
comments constructively in your future studies.

I wish to clarify for future reference that Climate of the Past referees are not required to cross-reference each
other’s reports on the Discussions forum and are free to develop their reviews independently.

Again, thank you for your interest in the journal and | regret that | cannot be more positive on this occasion.

Yours sincerely,

Helen McGregor



Further comments intended to clarify our work towards all reviewers and the Topical Editor

Having received reviews from all three anonymous referees we would like to make some general comments before

posting a line by line response to referees #2 and #3.

We note that all three referees have submitted very similar reviews. We invested quite some effort in responding
to the points raised by the first referee as quickly as possible, so that referees #2 and #3 would be able to consult
our response before submitting their own personal reviews. It seems, however, that these two referees submitted
very similar reviews as referee #1, which would suggest that referees #2 and #3 have not taken our response to
referee #1 into account. It is unfortunate that the full potential of the Climate of the Past Discussions forum format
was not exploited. It would indeed have been much more profitable to discuss the comments of referee #2 & #3
if they had been written in the light of our initial response. We also note that even though we strongly disagree
in our initial response with the first reviewer comment, at time of writing, there has been no further comments
from the reviewers on the discussion page on this first response although the discussion period is not ended. In
the interest of stimulating such a discussion, we will briefly synthesise and address the three main criticisms raised
by all three reviewers here and our arguments against them. There are several other, minor criticisms/corrections
raised by the referees which we find very valid, for which we thank the reviewers and which we will gladly

address. The main criticisms raised by the three reviews can be distilled into the following four points:
(1) The study is a forward model and, therefore, does not inverse model ENSO recorded by sediments.

This is correct. Our study uses 60 years of observed monthly climate data to forward model planktonic
foraminifera populations accounting for habitat water depths and growth season for the entire Pacific Ocean,
allowing us to investigate whether or not ENSO dynamics are recorded by foraminifera populations in the water.
We think that this investigation is in itself a fundamentally interesting subject for research/publication, since it is
the first step/prerequisite to investigate whether it is possible to distinguish ENSO from non-ENSO conditions
from the planktonic foraminifer fossil record. This question has not been investigated before and is, therefore,

new and has the potential for interesting conclusions.

Our model approach is indeed not an inverse model. It is also not a sediment model. The manuscript that we have
submitted is a forward model of planktonic foraminifera populations in the water. Clearly, the reading of the
referees’ comments shows that they would have preferred if we had submitted a completely different manuscript;
as they have reviewed our manuscript as if it were yet another study on the inverse problem of detecting a change
in ENSO from a change in the distribution of sediment archive planktonic foraminifer 320. We are disappointed
and strongly disagree with being reviewed in the view of a different manuscript that could have been written, and
not evaluated based on the actual manuscript submitted and the science contained therein. We feel this is against

the basic principles of a standard review process and strongly object to this treatment of our work.
(2) The FAME output in this study has not been tested against core tops / sediment records, etc.

This is correct. In the present manuscript, we have indeed used a 60 years monthly record of climate input to run
our FAME foraminifera population model. Core tops and sediment records in the Pacific integrate foraminifera
populations from centuries/millennia of time, and are therefore totally unsuitable to compare to our model output
in the context of evaluating the impact of ENSO. The best thing that we could think of to compare our FAME
output to, in the interest of this particular study, would be data from monthly plankton tows spanning multiple
decades, but we couldn't find any. There is thus simply no data we know of that can be used meaningfully in the

context of our current work on ENSO. We note, however, that the FAME model itself has been validated against



core tops in Roche et al. (2018), including core tops from the Pacific Ocean. The claim that FAME has not been

validated in the Pacific Ocean is therefore unfounded.
(3) The statistics are not applicable to palaeo records

This is correct. We did indeed not select a statistical test on the basis of it being applicable to palaeo records. We
chose the statistical test (Anderson Darling test) that was most suitable for our purpose and hypothesis: to examine
the (dis)similarity of different high-resolution probability distributions produced by our FAME output driven by
60 years of monthly observational data. This approach allows us to use the full potential of our model output to
directly test our hypothesis. The standard deviation (as suggested by all three reviewers), is unsuitable for
comparing the dissimilarity of distributions, as it can return spurious results: for example, it is possible that two
distributions of differing shape could have the same standard deviation, whereas an A-D test would detect a
difference. The research question and its associated hypotheses are the central tenant upon which we based our
experimental design. We note that we are not developing a statistical toolbox for palaeorecords and readers should

of course always assess, on a case by case basis, statistics that are appropriate for their own studies.
(4) The authors have not run a bioturbation model.

This is correct. Since we are not modelling sediments in this manuscript, we did not carry out a transient
bioturbation model. It would not be suitable to carry out a transient bioturbation model upon 60 years’ worth of
input data, seeing as bioturbation models require, due to the interplay between sediment accumulation rate (SAR)

and bioturbation depth, many millennia of data/spin up time in order to produce valid output.

We were, however, curious as to whether the parts of the Pacific Ocean where FAME predicts that foraminifera
in the water can record ENSO dynamics coincide with high SAR sediments. Therefore, as an extra, we included
a rough map of regions of the Pacific Ocean where SAR < 5 cm/ka. The reviewers asked why 5 cm/ka was used
as a cut-off point. We intentionally used a very generous cut-off point of 5 cm/ka and assumed that the reader
would understand that 5 cm/ka is a very slow SAR that would severely hamper the detection of average ENSO
dynamics for specific time periods (i.e. less than one millennia). It is not, however, necessary to carry out a
transient bioturbation model to understand the time periods integrated by a 5 cm/ka SAR. We can simply carry
out a calculation following established understanding of the influence of bioturbation upon the age dispersal of
single foraminifera (Berger and Heath, 1968; Berger and Johnson, 1978; Berger and Killingley, 1982), the same
understanding that is included in transient bioturbation models themselves (e.g. Trauth, 2013; Dolman and
Laepple, 2018; Lougheed et al., 2018). In such a case, assuming the common bioturbation depth of 10 cm (Peng
et al., 1979; Trauth et al., 1997; Boudreau, 1998), we can calculate that the 1 sigma age value of foraminifera

contained within a single cm of a 5 cm/ka core is:
10 [em] / (5 [ecm/ka] /1000) = 2000 years (from which follows that 2 sigma = 4000 years).

Our map may of course miss limited parts of the Pacific Ocean with SAR higher than 5 cm/ka. We will mention

this and/or highlight such places in the final version of the manuscript.
Kind Regards,

Brett Metcalfe

Bryan Lougheed

Claire Waelbroeck

Didier Roche



B. Metcalfe on behalf of the co-authors, Response to Reviewer 1

[reviewer comments as quoted blocks]

We appreciate the effort the reviewer has taken in reviewing our paper and thank them for their
interest in our work. The rapid publishing of a review on the same day as the reviewer has been
nominated for review, especially given the level of detail contained within the review, must have
involved great effort, and we thank the reviewer for making time for us. The reviewer raises some
important points, but we believe that the reviewer may have misunderstood the goals of our paper,
or that we have may not have explained them clearly enough. We would, therefore, like to take this
opportunity to clear up these matters.

[“Page 12 line 22 — What is meant by “...especially if an individual foraminiferal analysis...

approach is used...” | thought the whole analysis in the paper was on whether individual

foraminifera analysis can be used? Was there another method tested (for example the

means analysis referred to at Page 7 line 3)? ; Page 9 line 23 — The focus of this paper is on

IF analysis. Why are the Koutavas and Lynch- Stieglitz, 2003; Koutavas and Lynch-Stieglitz,

2003 etc. cited here? The whole discussion in this paragraph, lines 16-31 feels out of
place.”].

We should make clear that we are principally not undertaking an evaluation of sediment-based
individual foraminifera analysis, but rather an evaluation of the foraminifera populations in the
water, before they have been incorporated into the sediment. We will endeavour to make this
clearer in the manuscript, as we may not have done so (: we do not explicitly say ‘we are modelling
individual foraminifera distributions’ as the reviewer assumes we are, however we also do not
explicitly say ‘we are not modelling individual foraminifera distributions’ therefore, a clarifying
sentence we will be added to a revised manuscript). Although, clearly, the question of whether
foraminifera populations in the water are themselves able to record ENSO or not is important for
sediment-based reconstructions, so we have included some minor discussion of sediment dynamics.
Furthermore, the FAME methodology we apply does not simulate individual foraminifera, rather, it
produces what the likely 5'8Q¢, T value for a time-step using a function that ‘weights’ water depths
by foraminiferal growth. In other words, FAME is producing mean population values for a given
time slice.

The reviewer has suggested that we carry out analysis that is outside the scope and purposes of our
manuscript, for example:
“Furthermore, the statistical analysis focuses on a forward problem rather than the inverse

problem that is the real challenge for detecting changing ENSO from individual
foraminiferal analysis”.

We should make clearer, and will be glad to do so in the final version, that the purpose of our study
is to determine whether or not the foraminiferal population produced under EI Nino conditions are
statistically different from the Neutral and La Nina conditions during the period of the observed
climate record. Such a difference is an important prerequisite for any analysis: Can we detect the
change we are searching for? In order to address this question, we choose a forward model as the
most suitable tool. In the following reply to the reviewer, we will expand upon why the inverse
method may not be suitable for our application/research question; discuss the use of the statistical
methods in our paper which will hopefully address the reviewers concerns about palaeo-
applications; discuss the reviewer’s comments regarding validation; and answer specific questions.

Inverse Problem

[Focus in the inverse problem. It is really the inverse problem of detecting a change in ENSO
from a change in the distribution of foraminifera d180c or T that is the focus of IF ENSO
reconstructions. The analysis in this paper basically asks the question: are the distributions
from EIl Nifio months different from neutral or La Nifia months? This is a useful first step in
the inverse problem but it doesn’t really answer the question stated in the title about the
validity of foraminifera-based ENSO reconstructions.]

While interesting, we believe that the inverse approach is not suitable to our particular research
question. We will make this clearer in the manuscript. The inverse problem, as its very name



suggests, flips the question: “we have this data what variables must have occurred to produce
them”. One is inverting the scientific method to explain causal factors from observations rather than
explaining observations with causal factors. The reviewer points out several papers that have done
this approach, but there is a lack of large-scale analysis beyond single cores or forcing a climate
model with these boundary conditions to explain inter basin variability. So, why did we not use an
inverse problem, well, firstly, it has been done before, as the reviewer suggests:

(“This type of analysis has been done before (Thirumalai, Ford, White), with a focus on the

inverse problem of estimating ENSO change from individual foraminifera distributions.
Here the novelty is the inclusion of a forward model of foraminifera growth rate.”)

And, secondly, it would not address the central question we are asking. Using the inverse problem
would change our fundamental question from ‘determining whether the foraminiferal population
produced under El Nino conditions are statistically different from the Neutral and La Nina
conditions’ to an entirely different question, namely, ‘with this dataset what magnitude and
frequency of ENSO would have to have occurred to produce these observations’. The reviewer
seems to partly realise that these are not the same question:

(“The forward problem is whether El Nino, neutral, and La Nina months have different

distributions and requires that each individual d180c or T value be assigned beforehand to
one of those three states.”)

Crucially and in contrast to the inverse methodology, our research question does not exclude the
possibility of there being no detectable change, while the reviewer’s proposed question forces the
ENSO parameters to contort into those that generate a particular dataset. In conclusion (of this
point), the inverse problem approach would not give us an answer to the hypothesis and/or research
question that we have chosen: with a chosen set of input parameters (temperature, salinity)
using an ecological model what would the theoretical observations of Tc or 80 be? And
would the populations of EI Nino, Neutral and La Nina climate be similar or different?

In addition, for the purposes of carrying out the inverse problem, there is a lack of sediment-based
data to do a large, basin-wide inverse-analysis. As we have already shown in our study (namely in
the SAR and water depth/CCD plots), the seafloor of the Pacific is not conducive to providing
samples with which to perform an inverse analysis on a basin-wide scale, and there is also a

sampling bias, as the reviewer correctly alludes to: (“Page 10 line 28 — The discussion of model limitations does
not ask what would seem to be the most important questions: Does the modeled growth rate actually reflect the real ocean
(and the sampling bias for what is recorded in sediments)?”).

A further problem is that we would need to vary temperature AND salinity to realistically produce
an inverse model, and not just temperature, as is the case when producing an accurate 5*¥Oc.

[ Furthermore, the statistical analysis focuses on a forward problem rather than the inverse
problem that is the real challenge for detecting changing ENSO from individual
foraminiferal analysis. The forward problem is whether El Nino, neutral, and La Nina
months have different distributions and requires that each individual d180c or T value be
assigned beforehand to one of those three states. The inverse problem is to determine from
comparison of two different d180c or T distributions (as would be measured in two
sediment samples) whether any change in their distributions occurred and whether it can
be ascribed to changes in the statistics of ENSO events (frequency, magnitude).]

We would like to point out that neither in our response to the reviewer, nor in the paper, are we
being critical of inverse modelling. We believe that it can be an appropriate and valuable technique,
but it is not the suitable technique for answering our central research question. There is a

fundamental difference in what the reviewer would like us to produce and what we have done (“with
different analyses the authors could address the questions they pose. However, it could be very different from the manuscript

in its current form and in my opinion would need to independently evaluated and reviewed”), namely that our paper
sets out to use FAME to produce distributions using an input of temperature and salinity. The



reviewer would like us to produce temperature and salinity from the distributions. However, how
we should create these distributions without the input temperature parameter required for FAME is
not clear. Indeed, as should be clear from the reading of the FAME methodology already published
(Roche et al., 2018), there is no simple bijective relationship between the 580 and the oceanic
variables (T, 3'0sw).

Statistics

[Apply statistical tests on parameters used on paleo-IF distributions . The author’s use
Anderson-Darling tests for differences in distributions. They should demonstrate how this
might be useful for paleo-IF analysis. It would also be greatly to their advantage to test the
approaches actually used for paleo-IF analysis (1-sigma, quantiles) to see how they
perform in this framework. A welcome contribution would be demonstration that a
new/different type analysis from those typically applied to paleo-IF distributions is better.
As it stands, the focus on the forward problem and on statistical approaches not used for
paleo-IF analysis make the manuscript in its present form not a good evaluation of the IF
approach for ENSO reconstruction.

[Page 3 line 23 — Here the authors introduce the 1-sigma d180c parameter than has been
used in some studies to look at changes in ENSO variance. But, they never really address
whether this parameter is useful and can detect changes in ENSO. Thirumalai et al. (2013)
took this question on already. More discussion of what has been done previously is needed.
Also, why not test the actual way that IF analysis is used (e.g. 1sigma, quantiles etc.) rather
than a new method as introduced here (Anderson-Darling test)?]

To reiterate, the reason we use the long-established Anderson-Darling (AD) (1954,
doi:10.2307/2281537) approach is because it is the most suitable method for the computer
modelling study that we are carrying out, for the following reasons: The FAME model, coupled to
the observational climate data that we have inputted, can produce high-resolution probability
density functions (PDF) associated with El Nino, La Nina and neutral conditions. An Anderson-
Darling test allows us to directly test if these PDFs are significantly different from one another or
not. Obviously, an Anderson-Darling test may be more difficult to apply to foraminifera sampled
from natural archives, where workers are limited in data resolution by the number of foraminifera
that can be picked for analysis, by bioturbation of the natural archive, etc. Subsequently, in those
cases, it might indeed make sense to use simpler statistics such as standard deviation and quantiles.
Since we are not analysing natural archives, but rather data produced by a model for which we
control what is generated, it makes more sense, in our case, to use a more powerful method such as
the Anderson-Darling test.

Nonetheless, we appreciate that workers analysing natural archives are accustomed to using more
straightforward statistical analyses, and would also like to see the 1 sigma and quantile intervals, so
we will additionally report those for comparison in a revised version of the manuscript. Of course,
these statistical parameters may not answer our research question and will not impact the answer to
our research question (as AD is the appropriate test). These tests may however have flaws, given
that the standard deviation is not the best descriptor of non -normal data and outside of the realms of
statistics its usage assumes that the data will significantly impact the standard deviation or that
standard deviation can be used as a measure of ENSO. If for instance one follows the reasoning of
Mix (1987), a species may actually calcify solely in the anomaly regions (the la nina or el nino), and
such species may not have a standard deviation that due to ENSO. This argument can be used for
quantile-quantile, if the species does not calcify for the full year, an assumption of such an
approach, it will mean that the data does not reflect the full year but a subset.

Validation of the forward model

[Here the novelty is the inclusion of a forward model of foraminifera growth rate. This
model is used to estimate the biased sampling in depth and time that different
foraminiferal species have, and how this contributes to the analysis of the ENSO signal.



However, that part of the model is not really validated and it is unclear how much it adds
to the analysis... Validate the growth rate calculation through comparison with
sedimentary relative abundances. This was done to some extent in the paper cited for the
foraminifera model (Roche et al., 2018) but in that paper no clear assessment of the errors
was presented. The model in Roche et al., 2018 is a simplification of earlier growth rate
modeling of foraminifera. In Roche 2017 all parameters besides temperature are discarded.
How well then does the model work?]

The model is indeed a simplification of the earlier FORAMCLIM model, because light, food etc.
are not easily parameterised in models or validated with proxies. However, to claim that Roche et
al. has “no clear assessment of the errors [was] presented” is not correct in our opinion. For the
question relating on how the model works, the reviewer is referred to the initial publication where
all the equations are described in detail; the code is itself also made available in the supplementary
online material so that the reviewer can even try the model itself. While the reviewer’s comments
on Roche et al. (2018) relate to another publication, in the interest of discussion let us focus on how
the reviewer would validate the model.

“I think the authors should use the modeled growth rate for the species they are targeting

and calculate the relative abundance of those three species in a sediment sample. This can

be compared to the measured relative abundance of those three species (summing to one)

recalculated from their relative abundance amongst all species counted in coretop

datasets. This should be shown as a scatterplot of observed vs. predicted on x- and y-axes
rather than on a map as is shown in the supplement to Roche et al., 2018.”

Unfortunately, this would not work due to the closed sum problem. Relative abundance between
species is based upon a closed sum calculation, i.e. not the true abundance as a fraction of the total
foraminifera flux. Therefore, variation caused by other species not being considered/modelled has
the potential to alter the relative abundance of the species being considered. In other words, if you
take the relative abundance of G. ruber, G. sacculifer and N. dutertrei and sum them to 1 that would
not get rid of the closed sum problem, because it fails to consider other species which are not being
modelled. In fact, you would not only magnify the counting error, but you would also be basing
your data on a small percentage of the total foraminifera flux. Additionally, as clearly stated in
Roche et al., 2018, the FAME model is constructed so as to produce a 580 value where the given
species of foraminifera is assumed to be able to grow: “It should be clearly understood that this
approach is not able to and does not attempt to determine the relative abundances of the different
species. Instead FAME provides a simplified approach to compute the 3'80c of a generic population
of foraminifers if environmental conditions permit its growth. From a model-data perspective, this
approach enables one to compute the calcite §'80 for a given species, were it to exist in the
sedimentary record “. A further useful reference in this instance is the actual formulation of the
model in equation 8, page 3590 of Roche et al. (2018).

Page 10 line 28 — The discussion of model limitations does not ask what would seem to be
the most important questions: Does the modeled growth rate actually reflect the real
ocean (and the sampling bias for what is recorded in sediments)?

As the reviewer states in this question, there is a sampling bias within sediments hence the selection
of a forward model and why in this instance it is more logical than an inverse model.

Do the modeled growth-rate weighted d180 distributions match actual measured
individual foraminifera d180 distributions (such as in Koutavas and Joanides or Rustic)? If
no growth-rate weighting is applied are the results better or worse?

As discussed earlier, FAME is not attempting to produce the measured IF distributions from natural
archives.

Clearly separate the role that the growth model and (T,S) timeseries play in identifying
ENSO change.



To what degree are the outcomes and conclusions of this paper depending upon the
modeled growth rates versus the sea water properties (T,S,d180w)? Many prior workers
have analyzed in different ways the reconstruction of ENSO from IF analysis. These
approaches include summary statistics like the standard deviation (Thirumalai; Koutavas;
Leduc; Sadekov; Rustic), as well as examination of changes in the quantiles of IF
distributions (Ford; White). What is added here is the foraminifera growth rate weighting.
What effect does this have? From the histograms in Roche et al. (2018) it appears that the
growth-rate weighting does not have major consequences for the mean d180c value of a
sediment sample. It may have consequences for the IF variability though. The authors could
show a map that quantifies the growth-rate weighting effect with respect to the non-
weighted results (ratio, difference).

Thank you for the comment. Figure 4 and supplementary figure S3 are already aiming at this, and
we will endeavour to make this clearer. We will expand upon the section that is already included in
the paper: “The model-driven results were assessed with the underlying observational dataset,
to check how the dataset alters with FAME the input data (temperature and 6180eq) underwent
statistical testing (Figure 4 and Figure S3). Instead of a variable depth, we opted for fixed depths at
5, 149 and 235 m, giving a Eulerian view (Zhu et al., 2017a) in which to observe the implications of
a dynamic depth habitat. By using a fixed depth, these results show that the shallowest depths
produce populations that are significantly different both in terms of their mean values and their
PDF. In the upper panel of Figure 4, the canonical El Nifio 3.4 region is clearly visible at 5 m depth.
Whilst differences exist between the temperature (Figure 4) and the FAME Anderson Darling
results (Figure 3), for instance close to the Panama isthmus, there are significant similarities
between the plots. These plots also show that our FAME data (Figure 3), in which we allow
foraminiferal growth down deeper than the depths in Roche et al. (2018), are a conservative
estimate and thus are on the low-end (Figure 4), to account for potential discrepancies with depth
habitats.”

We do not fully understand the following comment of the reviewer:

“Page 8 line 1 — This paragraph is rather confusing to understand. It sounds like the authors

are comparing a depth-weighted reconstruction and non-depth weighted reconstructions

at fixed depths (Fig. 3 vs. 4)?”.
In the way FAME is set up, the weighting for depth is based upon growth, without FAME we would
be unable to integrate the required weighting function. Hence why it necessitated fixing the depth
for the analysis of the input temperature and *8O¢q values.

Validation of 6%Oc¢

[“Validate the 680, predictions from the growth rate and geochemistry model. This was
done in Roche et al., 2017 but is also somewhat circular because the sedimentary §'¥0
values were used to determine the depth of production. | admit | am not sure how to
actually validate the approach except from an additional validation dataset not used for
determining production depth.

Page 5 line 10 — Why was growth rate arbitrarily constrained to these different depths?

First, foraminifera with algal symbionts should be in the photic zone. Second, didn’t the

Roche et al., 2018 paper try to identify the depth-production relationship for the different

species from the predicted 6'¥0. and measured MARGO &%0.? Why not use those

depths?”]
Thank you for your comment. It is important to stress that there is no geochemistry model in our
approach. The optimisation procedure of Roche et al. (2018), gives the maximum allowed growth
depth of each species. However, as the reviewer discussed previously, we should test how this
influences the resultant distributions we generate, therefore we constrained the model to four depths
including to a depth known to be below the photic zone. This is what is stated in page 4 line 7-19;
page 5 line 10. We will rephrase this with clarity in mind.

Dismissive of Mg/Ca-Temperature?



[Include the analysis of Tc for Mg/Ca reconstructions. Inexplicably the authors refuse to
analyze the temperature distributions even though those are the data from the common
Mg/Ca method of individual foraminifera analysis (Sadekov, Ford, White). The author’s
stated reason is due to “..the complexity in reconstructions of trace metal
geochemistry...and the potential error associated with determining which carbonate phase
is first used when foraminifera biomineralise...”. While there are ongoing methodological
and calibration efforts for this and other proxies (including d180c), to ignore such a
widespread type of analysis seems very shortsighted. If the authors do not want to forward
model the Mg/Ca proxy itself they can simply analyse the temperatures in their dataset.
Either way this is something that should be included in the manuscript.

Page 9 line 20 — Why discount trace metal temperatures (Mg/Ca)? Include the analysis of
Tc for Mg/Ca reconstructions.

Page 11 line 14 — Why are the authors so dismissive of Mg/Ca analyses? The list of possible
complications is important but it remains a fundamental observation that the Mg/Ca of
foraminiferal calcite changes with growth temperature and has been validated in many
different ways.]

The reviewer is alluding to Figure 6, the Tc or calcite/recorded temperature, which is essentially our
pseudo-Mg/Ca* produced with FAME (* = It is a weighting of temperature rather than '8Qeq).
This is discussed in the dataset, we also ran the temperature (Figure 4) of the dataset by itself
(without the foraminiferal growth rates). It is true that we don’t go into too much detail and we will
expand our section discussing the FAME produced temperature (Tc).

However, it is not as the reviewer states as us being ‘so dismissive of Mg/Ca analyses’ (we are sorry
if we created such an impression). A great many researchers are dedicating their time to this
valuable geochemical analysis. However, given that the species-specific conversion from
temperature to Mg/Ca is not as straight-forward as 6'0. and *8Qcq, it would therefore require more
parameters, which we are not confident in modelling at this stage. A pseudo Mg/Ca would also need
to be validated (yet techniques are not standardised nor cross calibrated to a sufficient degree, with
users using laser ablation; pooled specimens and/or whole shell) and the problems associated with
dissolution, cleaning for analysis, are not easily parameterised in a model. We do welcome
discussions on the computation of pseudo Mg/Ca and consider it something that could be included
in the future, possibly in a second generation of the FAME model.

Removal of maps

[Remove maps of carbonate preservation/depth. It is fine for the authors to state the
general problem in the text, but there are regions of shallow depth were carbonate is
preserved that are not captured in the coarse DEM used; Remove map of sedimentation
rate. Either quantitatively discuss the role of sedimentation rate and bioturbation or
remove this map. The sedimentation rate threshold is intimately tied to the secular and
nonENSO variability and thus is a much more complicated analysis than the general
discussion in the text. | think the discussion is a starting point but the author’s miss that the
important factors are really the magnitude of other, non-ENSO sources of variability at the
timescale of a sediment sample (plus bioturbation) compared to the magnitude of the
ENSO change signal and the non-ENSO variability.]

As stated in the paper: - “The resolution of the ocean reanalysis data for the time period 1958-2015
would essentially be analogous with a sediment core representing 50 yr-1 cm-1 (or 20 cm-1 kyr-1).
Based on our analysis, such a hypothetical core with a rapid sediment accumulation rate (SAR)
could allow for the possible disentanglement of El Nifio related signals from the climatic signal
using IFA, but only in a best-case scenario involving minimal/no bioturbation, which is unlikely in
the case of oxygenated sediments”. This is an important caveat to communicate to the reader. We
believe that removing the maps would remove this valuable piece of information.

Definition of ENSO components

[“Definition of El Nifio, neutral, and La Nifia months there is a large body of literature and
accepted methods for defining El Nifio, neutral, and La Nifia periods. In the text the authors
take a simplistic approach, but there is no reason for this. Why not actually use the societal



and dynamically important definitions of these events including the requirement of a
minimum consecutive number of months of anomalies and changing baseline for
anomalies (to account for secular warming of the ocean)? This definition has a basis in
theory as an El Nino (La Nina) event unfolds over a length of time and thus a single month
anomaly may not be associated with the dynamics that are part of the coupled ENSO
system.”]

What we said: “The tropical Pacific Ocean is divided into four Nifio regions based on historical ship
tracks, from east to west: Nifio 1 and 2 (0° to -10°S, 90°W to 80°W), Nifio 3 (5°N to -5°S, 150°W
to 90°W), Nifio 3.4 (5°N to -5°S, 170°W to 120°W) and Nifio 4 (5°N to -5°S, 160°E to 150°W).
One index for ENSO, the Oceanic Nifio Index (ONI), based upon the Nifio 3.4 region (because of
the region’s importance for interactions between ocean and atmosphere) is a 3-month running mean
of SST anomalies in ERSST.v5 (Huang et al., 2017). However, Pan-Pacific meteorological agencies
differ in their definition (An and Bong, 2016, 2018) of an El Nifo, with each country’s definition
reflecting socio-economic factors, therefore, for simplicity we utilise a threshold of y > +0.5°C as a
proxy for El Nifio, -0.5°C <y > +0.5°C for neutral climate conditions and -0.5°C < y for a La Nifia
in the Oceanic Nifio Index. Many meteorological agencies consider that five consecutive months of
x> +0.5°C must occur for the classification of an El Nifio event. However, here it is considered that
any single month falling within our threshold values as representative of El Nifio, neutral or La
Nifia conditions (grey bars in Figure 1). By using this threshold, three weighted histograms for each
0180c¢ and Tc and their resultant distributions (El Nifio; Neutral; and La Nifia) were computed for
every month and for every latitude and longitude grid-point for the 1958-2015 period.”

Why did we do this? Because if a foraminifer lives for 30 days then how appropriate would “including
the requirement of a minimum consecutive number of months of anomalies and changing baseline for anomalies (to account

for secular warming of the ocean)” be? Because sediments can’t resolve annual/sub-annual resolution (like
corals or molluscs), therefore the periods where the threshold passes 0.5 would in the sediment be
mixed with with El Nino or La Nina (as in they would have potentially similar values as an El Nino,
and as time cannot be resolved they would be considered as EI Nino). In the sediment the minimum
consecutive months is not used to define an El Nino, as it is impossible, an arbitrary value or any
kind of quantile- or sigma distribution is.

Next paper.

[“Examine how ENSO amplitude vs. frequency change IF distributions. The authors raise an

interesting point in their conclusion that has not been well addressed, namely how do

changes in the statistics of ENSO (frequency, amplitude) affect IF distributions and

reconstructions of ENSO variability. Evaluating these two different questions would be an

important contribution to IF analysis of ENSO change. But, introducing the idea in the

conclusions without a previous discussion in the manuscript is not a good idea in my

opinion.”]
We are not attempting, at this stage, to specifically reproduce single foraminifera analysis. How
ENSO amplitude and frequency impact foraminiferal distributions is a separate paper we are
working upon, because it actually cannot be dealt within as a simple discussion topic (and would
require a specific and different dataset from the current paper’s dataset), it is something that we
thought about as we worked on this manuscript. Therefore, we suggested this approach in our
conclusions / perspectives as something that could be worked on in the future, which is something
that we believe is normal in scientific manuscripts. We will attempt to make clearer that we are
referring to possible future work.

Specific comments

Page 1 line 17 — “Furthermore, a large proportion of these areas coincide with sea-floor
regions exhibiting a low sedimentation rate and/or water depth below the carbonate
compensation depth, thus precluding the extraction of a temporally valid palaeoclimate
signal using long-standing palaeoceanographic methods.” The role of sedimentation rate in
IF analysis is important but there is not any investigation of this effect in the present
manuscript so it is not really a conclusion or finding. This statement should not be included



in the paper in its present form; Page 1 line 17 — “Furthermore, a large proportion of these
areas coincide with sea-floor regions exhibiting a low sedimentation rate and/or water
depth below the carbonate compensation depth, thus precluding the extraction of a
temporally valid palaeoclimate signal using long-standing palaeoceanographic methods.”
The role of water depth and carbonate preservation is also important. But, there is not any
investigation of the sedimentation rate effect in the present manuscript so it is not really a
conclusion or finding. Furthermore, there are seamounts and other shallow sites not
captured in the gridded dataset that can contain records for palaeoceanographic
investigations. This statement should not be included in the paper in its present form

We disagree, we believe that the inclusion of SAR and water depth (CCD) adds important context
to our paper. Those are the two main factors that allow for the carbonate signal to be preserved in
sufficient temporal resolution. We can consider adding the location of sea mounts to the map, thank
you for this idea.

Page 4 line 1 — The new model for foraminifera growth only uses the temperature

component of the previous model. Why? How different are the results?
The ‘why’ have been dealt within in Roche et al. (2018). The ‘how different’ is comparing apples
and oranges, FAME requires temperature as an input whereas FORAMCLIM needs temperature,
light, and organic carbon (food). Light and food are not included in many datasets, nor are they
parameterised or have proxies. A validation step of the two different models using the same
observational input data is thus not simply attainable. The input data here does not have either of
these additional variables (we considered for example using a long term chlorophyll record from
satellite data, but such datasets ignore the deep chlorophyll maximum).

Page 4 line 15 — Allowing symbiont-bearing foraminifera to possibly grow to 400 m simply

based upon optimal temperatures seems not correct. They need to be in the photic zone.
Four different depths (60; 100; 200 and 400 m) have been used in the model, the use of the shallow
and deeper depths likely don’t capture one or more of the species actual ecologies, however that is
why we ran it with different depths to understand how chosen depth alters (or doesn’t alter) the
results.

What we said: - “Consequently, we allow all the species of foraminifera to grow down to ~ 400 m
(depending if optimal temperature conditions are met) to capture the total theoretical niche width.
As the optimised depths of Roche et al. (2018) are shallower, and upper ocean water is more prone
to temperature variability, our approach likely dampens both the modelled 8180c and Tc.
Therefore, the sensitivity of the model was tested by applying the same procedure but with the
limitation of the depth set to 60; 100 and 200 m.”

—Methods—

Page 5 line 5 — The conversion of VSMOW to VPDB looks to be in error. The correct
formula for this conversion is [d180_VSMOW+1]/[d180_VPDB+1] = 1.03091 where
d180 does not include the 1073 term. Thus d18O VPDB = dI8O VSMOW/1.03091
+(1/1.03091)-1 or d180_VPDB = 0.97002*d180_VSMOW 0.02998. In d180 expressed
with the 10°3 term, the equation would read: d180_VPDB = 0.97002*d180_VSMOW -
29.98.

The reviewer is referring to the fractionation difference between water and carbonate for which the
given expressions are indeed correct. However, what is referred to in the manuscript is the

conversion between two scales with measured 8180y, ; those can be converted from V-SMOW to
V-PDB by — 0.27 %o (please see Figure 1 in Hut, 1987 for the original reference).

Page 6 line 1 — “...these for now can be ignored.” Why can the other factors determining
foraminifera growth be ignored? This cannot be a statement unless it is backed up. Or, the
authors use only temperature but then go through an appropriate validation process (more
than what is shown in Roche et al., 2018) as suggested above.



We agree with the reviewer that our initial sentence was somewhat ill-formulated. What we meant
here is that the major driver of foraminiferal growth is temperature and hence taking it
(temperature) into account will provide the first order signal, as was discussed already in Roche et
al. (2018). A revised version of the manuscript will include a modified statement as follow: “these
variables for now can be set aside as temperature provides the dominant signal, it is worth noting
that in all probability some variance will arise from these processes and deviation between observed
and expected values should consider this.” Regarding the validation process we refer the reviewer
to the discussion already given above.

Page 6 line 11 — Starting here, it is very unclear how and why the particular set of

conditions for El Nifio, La Nifia, and neutral periods were chosen. What time series of sea

surface temperatures were chosen for computing anomalies (in each grid square, Nino 3.4,

Nino 3, Nino 4, etc.)? Were the anomalies based upon a 3-month running mean? Were the

anomalies computed relative to a fixed period or, as is now the accepted approach, relative

to 5-year interval means? Why not use the definition of EI Nino etc. events that include the

requirement for consecutive months of anomalies? This definition has a basis in theory as an

El Nino (La Nina) event unfolds over a length of time and thus a single month anomaly may

not be associated with the dynamics that are part of the coupled ENSO system.
Pg. 6, Line’s 8 to 10. The ONI dataset was used, this is based upon the 3 month smoothed anomaly
in the EI Nino 3.4 region, we decided to set thresholds including anything above 0.5 and below -0.5
in their respective EL Nino and La Nina bins because unlike, e.g. corals, a palaeoceanographer
using sediment core foraminifera cannot discern a specific year. An ‘almost El Nino’ anomaly
won’t be discernible from a full El Nino period in the fossil record, because unlike coral records we
cannot determine what the previous 3 months were like.

Page 6 line 18 — Why and how was the pdf/cdf from the actual data fitted and smoothed with

an Epanechnikov kernel? What impact did this fitting and smoothing (particularly the choice

of bandwidth) have on the Anderson-Darling test and the results overall?
The data was fitted using a fit distribution procedure in MatLab because the statistical function
requires a distribution to test. We chose to use the kernel distribution because it mimics the
underlying dataset well and we were testing a large number of grid points, therefore we decided to
keep numerous parameters constant (for instance we could have decided to change the distribution
using a find the best fit distribution but this would have made intercomparison problematic),
however to allow our fitted distribution to better mimic the underlying distribution we allowed the
programme to vary the bandwidth between grid points for an optimal kernel distribution.

Page 6 line 24 — This paragraph is very unclear and the errors associated with binning prior

to analysis of the pdf seem avoidable. For example, why not take the growth rate in each of

the 696 months in each grid at each depth, and scale the growth rate to calculate an

effective # of individuals such that they sum to 1000 across all months? Round those

numbers to integers and then use the integer # of individuals for each month to replicate that

actual months Tc or d180c value. The resulting ordered list of values can then be

binned/smoothed etc. and represents a pseudo-distribution that one might find in a sediment

sample?
The reviewer is correct that it would solve the minor binning error — but it wouldn’t solve the
rounding error, if you round these numbers....

What we wrote:- “As the weighted distributions are effectively probability distributions, in order to
fit a distribution, we multiplied the bin counts by 1000, effectively converting probability into a
hypothesised distribution. Using the repeat matrix function (MatLab function: repmat), a matrix of
8180c¢ was produced using each bin’s mid-point (6180mid-point) there is a threefold error
combined with this methodology which may account for minor variation between discrete runs of
the model: first the counts values were rounded to whole integers so an exact number of cells could
be added to a matrix; secondly the 6180mid-point was used which gives an error associated with



the bin size (£0.05 %o) that is symmetrical close to the distributions measures of central tendency
but asymmetrical at the sides; and finally, the associated rounding error at the bin edges within a
histogram (£0.005 %o).”

—Results—

Page 7 line 3 — It says that the mean d18Oc for El Nino and neutral months are compared.
How? Earlier and later it is stated that the A-D test is applied to compare distributions.
What is meant by these lines?

We will reword this sentence for clarity.

Page 7 line 5 — “...ENSO events can potentially be detected by paleoceanographers and
unmixed using, for example, a simple mixing algorithm with individual foraminiferal
analysis...” This is not really practicable because it assumes complete stationarity in the El
Nino, La Nina, and neutral distribution. This is unlikely as all are expected to change, and
do in models and data (e.g. coral time series from middle Holocene show changed seasonal
amplitude and ENSO cycles).

Here we are discussing an unmixing analysis for a single time slice, if enough foraminifera are
measured then it can be possible to disentangle mathematically the various components that go into
a single distribution. However, this is only possible if the values of El Nino, La Nina etc. have a
different absolute 5*20 value, our point here. This is true regardless of an unmixing analysis or and
holds true for any proxy.

Page 7 line 7 —“In cases where FPEN and FPNEU do not exhibit significantly different
means, then the chosen species and/or location represent a poor choice to study ENSO
dynamics.” This may not always be the case because the mean values could be similar but
the distributions wildly different (such as long tails with different signs). Changing numbers
of EI Nino and neutral and La Nina events could that quite dramatically change the shape of
the combined distribution that is ultimately preserved in sediments. And, it may be possible
to find regions of such a distribution that can be used to diagnose changing ENSO.

Page 7 line 20 — Why is Anderson-Darling test done here but the mean values are discussed
above? If the A-D test shows that the EI Nino and Neutral distributions are different (at
some statistical level) then that means alteration of those distributions (more/fewer,
stronger/weaker events) would alter the summed distributions that one gets from a sediment
sample. But, how would this actually be detected in the sediment sample? That the AD test
demonstrates the EI Nino, Neutral, and/or La Nina distributions are different is helpful but it
does not get at whether ENSO change could actually be detected in a sediment sample.

True, that is why we tested the distributions as well. Here we are discussing the fact that similar

values would be impossible to unravel — we will make this clear. This (“Changing numbers of El Nino and
neutral and La Nina events could that quite dramatically change the shape of the combined distribution that is ultimately
preserved in sediments. And, it may be possible to find regions of such a distribution that can be used to diagnose changing

ENSO”) is why we chose to use a statistical test that looks into the distribution.

Page 7 line 26 — Applying a 1-sigma value from modeled minus coretop comparisons to the

AD test value does not seem appropriate. This value assesses the accuracy of the model in

predicting the absolute value of the mean of a coretop sample. But it is not an appropriate

estimate for the significance of the difference between two different IF values or the

difference in the AD statistic.
We disagree, if the model has some measurable error, it is appropriate to advertise the fact to
readers that at some locations the distributions whilst significantly different with one test fall within

the model ‘error’. Hence the use of hashing.

Page 8 line 9 — Unclear what “on the low-end” means.

We will clarify this.



Page 8 line 16 — “..a large percentage of the tropical Pacific remains accessible to

palaeoclimate studies.” This is very much not the message in the Abstract and from the title

of the paper. Those sections should reflect this finding.
First the title is “On the validity of foraminifera-based ENSO reconstructions” is ambiguous as to
whether they are or are not valid. Second the abstract is referring to the entire discussion, the
calculated distributions and the SAR/depth. We will clarify this statement.

Page 8 line 25 — “Indeed, one should view discrete sediment intervals, and the foraminifera
contained within them, as representative of an integrated multi-decadal or even multi-

centennial signal...” This is exactly how foraminifera paleo-IF studies have viewed them

and should be stated up front (start of paragraph for instance).
Yes, we will make this clearer. We note that we cite our individual foram paper (Lougheed et al,
2018) using single shell C to show that a single cm can be not just multi-centennial, but multi-
millennial.

Page 8 line 28 — “Therefore, in order to reliably extract short-term environmental

information from foraminiferal-based proxies, the signal that one is testing or aiming to

recover must exhibit a large enough amplitude in order to perturb the population by a

significant degree from the background signal, otherwise it will be lost due to the smoothing

effect of bioturbation...” This statement does not make sense to me. The background signal

IS the signal, i.e. the seasonal cycle, ENSO etc. Changes in ENSO must be such that they

alter that signal (the distribution of IF analyses), but bioturbation etc. should not erase the

signal unless one is looking for short periods of change less than the time integrated into the

sample.
The reviewer has stated what we are stating in that sentence, we will rephrase for clarity. However,
ENSO is not the background signal otherwise it would not be detectible through a temperature
anomaly. It is a short term climatic event when one considers that a single cm in ocean sediments
can reflect hundred to thousands of years.

Page 9 line 6 — “...a series of high magnitude, but low frequency EIl Nifio events could be

smoothed out of the downcore, discrete-depth record.” They will not be smoothed out as the

authors state. Those anomalous IF values may be rare, but will be present in the sediment

sample and if measured can be used to examine changing ENSO.
Thank you for pointing this sentence out. We will clarify this sentence to explain in better detail
what we mean. Firstly, the absolute magnitude of events would obviously be smoothed out if one
were to be apply discrete, multi-specimen sample downcore analysis (i.e. not single foram analysis),
as the reviewer is obviously aware of. Were single foram analysis to be applied, the single foram
values corresponding to high-magnitude ENSO events would indeed still be present in the sediment
record, as the reviewer correctly points out. However, single foraminifera from multiple ENSO
events, and non-ENSO climate, would all be mixed into the same discrete interval, meaning that a
time-series of ENSO is essentially not possible to produce, and therefore: (1) the frequency of
ENSO events becomes difficult to detect, and (2) that one is forced to make a priori assumptions
regarding the behaviour of background climate and ENSO climate in past times in order to
differentiate between ENSO and non-ENSO single foraminifera in the palaeo record.

Page 9 line 7 — The sediment accumulation rate needed to observe/reconstruct changes in

ENSO is not fixed. It depends upon the magnitude and duration of secular trends, and

variability with respect to both the time integrated in a sediment sample and the magnitude

of the ENSO signal and its change. This is a quite interesting but also complicated subject

and arbitrarily cutting the sedimentation rate at 5 cm/ky is not justified.
We agree with the reviewer it is not fixed, the ‘sediment accumulation rate needed to observe/reconstruct
changes’ ideally would reflect the percentage of foraminifera within the sediment growing during
ENSO events and the magnitude of the events not just the number of events. We furthermore note
that, to avoid using a SAR cut off that could be considered arbitrary, we intentionally used a very
generous cut-off of 5 cm/ka. Were we to set the cut-off to be higher, following the more traditional



lower cut-off of 10 cm/ka (Bard et al, Shackleton et al), then the areas of the Pacific basin that could
be considered suitable would be even more limited.

Page 9 line 9 — The map of water depth is quite coarse and misses important locations that
are above the CCD, accumulate carbonate (and foraminifera), and can be used for
palaeoceanographic reconstructions. Thus, while the overall point is true, the map as shown
is misleading.

We used the latest GEBCO, but we would be more than happy to include higher resolution data..
However, we are obviously not saying a seamount would not be useable. We can consider adding
sea mounts to the map.

Page 10 line 3 — The references to Cole and Tudhope, 2017; White et al., 2018 seem to be in
error. These papers do not discuss lake core colour etc.

We will rephrase this sentence. Here we referring to the interpretation, for instance figure 19.3 of
Cole and Tudhope (2017)

Page 10 line 3 — “If the number and magnitude of ENSO events were reduced, the relatively
low downcore resolution of marine records may not accurately capture the dynamics of such
lower amplitude ENSO events using existing methods.” This statement is not justified by the
author’s analysis or a citation.

We will add a citation(s).

Page 10 line 5 — “The possibility of a marine sediment archive being able to reconstruct
ENSO dynamics comes down to several fundamentals: the time-period captured by the
sediment intervals (a combination of SAR and bioturbation), the frequency and intensity of
ENSO events, as well as the foraminiferal abundance during ENSO and non-ENSO
conditions.” Also included is the magnitude of change in ENSO statistics and resulting
foramifera Tc or d180c, sampling uncertainty on the IF distribution. See also note above on
the role of sedimentation rate.

At the reviewer’s suggestion we will add in ‘sampling-bias’ into the sentence

Page 10 line 9 — “The results presented here imply that much of the Pacific Ocean is not
suitable for reconstructing ENSO studies using palaeoceanography, yet several studies have
exposed shifis within a(d180c) of surface and thermocline dwelling foraminifera. One can,
therefore, question what is being reconstructed in such studies.” The results presented here
don’t really test whether individual foraminifera d180Oc (or Tc) studies can reconstruct
ENSO. Furthermore, the water depth and sedimentation rate constraints are the reason for
excluding much of the Pacific. This statement is therefore incorrect and the search for other
explanations does not follow.

This sentence may have led the reviewer to misinterpret our results as sediment-based individual
foraminiferal analysis centric, we will rephrase this sentence for clarity and suitability.

Page 10 line 19 — This second part of the paragraph is interesting and has been commented

on before. But, at no point do the authors actually evaluate any of these effects or

approaches so they can’t really assess the different factors they raise here.
Here we are discussing other’s findings, for instance, Zhu computed the variance and found that
some of the signals detected could be a by-product of the annual cycle.

—Conclusion—

Page 12 line 17 — “Previous work...” The only citation here is to Zhu et al., 2017. There has

been a lot of work comparing IFA different time slices (both d180c and Mc/Ca) that should

be cited here (Koutavas et al., Leduc, Koutavas and Joanides, Sadekov et al,Ford et al,

Rustic et al, White et al). Furthermore, they have not all used 1-sigma d180Oc as the metric

for detecting change.
The reviewer is right, “they have not all used 1-sigma d180c as the metric for detecting change”, that is why they
are not cited. The reviewer would be justified in suggesting these references here, had we not
repeatedly cited them throughout our paper. Whilst we will attempt to make this clearer for the
reader, it is worth noting that a few sentences later, we directly refer to the papers the reviewers
cites (see comment below:) .



Page 12 line 21 — “Overall, our results suggest that foraminiferal 6180 for a large part of

the Pacific Ocean can be used to reconstruct ENSO..."” This contradicts what is said in the

abstract and in some places in the text (but is similar to in other places in the text). Which is

it?
We will add clarity to this statement, however we would like to note that this quote neglects the
second part, the first word overall here being ‘generally speaking’ eludes to the fact that it’s a
sentence that has a follow up: “Overall, our results suggest that foraminiferal ¢ 1s0 for a large part of

the Pacific Ocean can be used to reconstruct ENSO, especially if an individual foraminiferal analysis
(Lougheed et al., 2018; Wit et al., 2013) approach is used (Ford et al., 2015; Koutavas et al., 2006;
Koutavas and Joanides, 2012; Koutavas and Lynch-Stieglitz, 2003; Sadekov et al., 2013; White et

al., 2018), contrary to previous analysis (Thirumalai et al., 2013). However, the sedimentation rate of

ocean sediments in the region is notoriously slow (Olson et al., 2016) and much of the ocean floor is
under the CCD. These factors reduce the size of the area available for reconstructions considerably
(Lougheed et al., 2018), thus precluding the extraction of a temporally valid palaeoclimate signal
using long-standing methods.”

Page 12 line 24 — “However, the sedimentation rate of ocean sediments in the region is
notoriously slow (Olson et al., 2016) and much of the ocean floor is under the CCD. These
factors reduce the size of the area available for reconstructions considerably (Lougheed et
al., 2018), thus precluding the extraction of a temporally valid palaeoclimate signal using
long-standing methods.” This is generally true, but there are seamounts and other regions
that may actually preserve carbonate. Furthermore, the sedimentation rate constraint is also
somewhat arbitrary and depends upon secular trends and non-ENSO variability
encompassed in a particular sample.
As the reviewer states our statement is ‘generally true’, therefore the difference is our interpretation

vs. the reviewer’s interpretation, we politely disagree.

Page 12, line 27 — “We further highlight that the conclusions drawn from foraminiferal

reconstructions should consider both the frequency and magnitude of El Nifio events during

the corresponding sediment time interval (with full error) to fully understand whether or not

a strengthening or dampening occurred.” While this is true, nowhere in the manuscript is

this issue addressed. Inclusion as a conclusion to the paper is therefore not warranted; Page

12 line 30 — “The use of ecophysiological models...are not limited to foraminifera and

provide an important way to test whether proxies used for palaeoclimate reconstructions are

suitable for the given research question.” This is not really a conclusion of the study. And,

given the uncertainties and lack of rigorous testing of the foraminifera model in this study,

this is a questionable statement overall.
Conclusions do not have to include the main focus of the study but can include information that
present the findings in a different light (as in what it means to the readers) or what can be next done.
We don’t agree with the reviewer’s suggestion that it is an untested model, but also doubting that
Ecophysiological models are not limited to foraminifera — this is a factual statement and they can be

of use.

—Figures—
Where we have used FAME they are growth rate weighted values — this is explained in the
methodology and Roche et al. (2018). Figure 4 and supplementary figure 3 use the input data
therefore they are non growth rate weighted.
Figure 3 — Why are there white and grey areas that mean the same thing?
As the key shows they represent where the populations are statistically different, the hashing draws

the eye too much so for those panels with hashes we make it grey. As one of our species does not
have these hashes it remains white.



Figure 4 — Are the temperature data growth weighted? What species? If not, why not

analyze the Tc data in parallel to the d180c data to evaluate what advantage/disadvantage

the two different signals have (e.g. from S).
What the caption says: - “Figure 4. Results of an Anderson-Darling test between ElI Nino and
Neutral climate conditions based upon the Temperature input data: Fixed depth.” This is the
temperature input data

Figure 5 — Why are the white and grey areas grouped together? What do they mean? Are
these panels based upon growth-rate weighted values?

As the key shows they represent where the populations are statistically different, the hashing draws
the eye too much so for those panels with hashes we make it grey. As one of our species does not
have these hashes it remains white.

Figure 6 — Are these panels based upon growth-rate weighted values?
Where we have used FAME they are growth rate weighted values



B. Metcalfe on behalf of the co-authors, Response to Reviewer 2
[reviewer comments as red text in blocks]

We thank Reviewer 2 for their time in submitting this review of our work, before we address the main and
minor comments we like to (re)address a point raised by Reviewer 1 and expand upon application of our
study.

In their manuscript Metcalfe et al. present a forward modeling approach through FAME to
investigate the use of individual foraminifera analysis (IFA) for ENSO reconstruction. Based
on the modeling results, they conclude that this proxy is only valid in part of the Pacific
Ocean. However, these regions are often characterized by low sedimentation rate, therefore
limiting the use of this proxy.

The reviewer correctly identifies that we have carried out a forward model of foraminifera §'0.
Specifically, we used the FAME model, driven by observed climate data, to predict foraminifera
population &80 accounting for their habitat water depths and growth season, to test whether foraminifera
populations in the water can record the ENSO signal. We are not modelling IFA in sediment cores. We
carry out a minor discussion of sediment core IFA, because, clearly, whether or not ENSO dynamics can
be recorded by foraminifera populations in the water itself has consequences for sediment core records
(which obviously source their foraminfiera tests from the water column).

While the effort to incorporate forward models into paleoceanographic studies is com-
mendable, | fail to see the practical application of this study.

The reviewer might prefer if our study was more similar to an inverse model approach, however, the manuscript
that we submitted is a forward model. We regret if we have not elucidated enough in our paper the practical
applications of our forward model. We see several applications:

Research question / proxy validation — Pg. 12 In 30-32 “The use of ecophysiological models
(Kageyama et al., 2013; Lombard et al., 2009, 2011) are not limited to foraminifera and provide an
important way to test whether proxies used for palaeoclimate reconstructions are suitable for the given
research question.” One application can be validating the research question, i.e., whether foraminifera in
the water will in the first place (even before they become fossilised, disturbed, winnowed away) record the
signal we are looking (e.g., similar to Leduc et al., 2009; Ford et al., 2015). A pre-screening using the
available information (temperature, salinity, etc.) and our understanding of certain processes can be used
to focus our research, determine species selection. Which leads on to...

Site selection — In an ideal world the location of (palaeo-) data would be at least one datapoint every 1x1
degree latitude longitude (or a higher resolution) so that a direct comparison between model and data
could be obtained. However, this is neither practical nor feasible in the real world where access to time
and funding (etc.) is limited. The time and effort (from personal experience) that goes into sampling,
washing, picking, measuring (and dependent upon pooled or individual, replicates or no replicates, etc)
foraminifera is a lot. Forward models can therefore be used to select sites not on geographic proximity to
existing published records but based on their strategic location, which can provide critical information
about certain climatological processes for data-model comparison. Naturally, a bioturbation module would
further elucidate such an approach. There are three models/analytical tools that exist that deal with picking
and signal modulation: Sedproxy; FIRM or INFAUNAL. Therefore, we focussed upon the construction of
a signal, which leads on to....

Sandbox modelling - Pg. 12 In 26-27: “We further highlight that the conclusions drawn from
foraminiferal reconstructions should consider both the frequency and magnitude of El Nifio events during
the corresponding sediment time interval (with full error) to fully understand whether or not a
strengthening or dampening” occurred. FAME is intended for climate models where boundary conditions
can be varied.

Inverse modeling would be impossible and the lack of comparison between the pseudo-proxy
distributions and actual distributions of foraminifera prevents validation of the method.

Major comments

Inverse problem

The manuscript focuses on forward modeling of IFA analysis. Although definitely a
valuable exercise for data-model comparison (assuming that the climate model can make use
of the forward model), it doesn’t solve the inverse problem. It would be almost impossible to
evaluate the growth factor in the d180 record.



Our commentary regarding the inverse problem is available with respect to Reviewer 1, we will surmise our
key points here: (i) It is not suitable/applicable to our research question; (ii) a lack of a large scale dataset to
perform a basin-wide analysis; and (iii) lack of a bijective relationship between 50, and the oceanic
variables (T, 580gy).

“(assuming that the climate model can make use of the forward model)” - FAME is built with climate
models in mind. Data-model comparison studies suffer from an ‘apples and oranges’ problem, of which
there are two key problems: (i) the conversion of units i.e., most proxies reconstructing temperature do not
give values of temperature in degrees C or K but in their own proxy units (per mil, mmol/mol, etc) requiring
a conversion, and (ii) a reduction in scales, i.e., models give a wealth of information (multiple layers) in the
time-depth domain. FAME was produced (Roche et al., 2018) to (i) to generate pseudo-proxy time-series
from model runs that can be compared with age-depth values down cores. Naturally, including a
bioturbation, or mixing, module into down-core work is prudent for core datasets (please see comment
below; and to (ii) reduce the information for a given time-slice into a manageable value using an integration
that would make sense on a biological point of view (integrating various depths with equal weightings might
seem logical, but foraminifera for instance grow at different rates depending on their temperature) and).

It’s also not visually obvious what the difference between the output of a non-weighted model
is vs FAME in Figure S1. Some statistics would help, or plotting the resulting kernel
distributions on a separate panel,

We will elaborate further on these plots to make them more understandable, Figure S1 are produced solely
by FAME, the difference is one is weighted for a larger proportion of growth per month and the other bins
the total number of months, these plots were picked at random from the dataset.

Further, bioturbation is also likely to have a large impact on IFA, especially in areas of low
sediment accumulation. Why not connect FAME to a bioturbation model and disentangle the
influence of these factors?

There are three points we would like to address with this comment, the first is the reviewers admission
that IFA (and by association pooled) distributions can be impacted by bioturbation. The second point is
that it asks the follow-up question to our own research question, i.e. “Are the populations between
different climatological end members significantly different, and can this difference be resolved in the
sediment record”, this second question would need different input parameters, as discussed next. The
third point we would like to address is that our input dataset is ~60 years, in the grand scheme of things a
relatively small contribution to the sediment. We choose not to link the dataset to a bioturbation module
because the time series is not long enough, a 1cm kyr!* SAR with a 10 cm mixed layer depth would need
several thousand years of input data (please see comment further below). Furthermore, the application of
bioturbation to a monthly time-series can be done in several ways, for instance should one could
bioturbate the ‘settling flux’, i.e. the monthly signal, as soon as it is encoded or at the end of the time-
series.

Statistical analysis

Page 6, Line 25: Multiplying the bin counts will effectively skewed the results of a
significance test. In practice, it would be impractical if not impossible to obtain 1000
samples in each bin.
We will reword this section as whilst we state ‘total bin counts’ we add a clarification: - “As the
weighted distributions are effectively probability distributions, in order to fit a distribution, we multiplied
the total bin counts by 1000 (i.e. so that the total sum is 1000).

Similarly, page 7, line 4, how many foraminifera were artificial picked to produce these
maps?

We did not artificially pick foraminifera (here we are referring to population rather than a simulated sample).
We are testing the water populations that would be EI Nino or La Nina or Neutral. As we are not modelling IFA
in sediment cores, we therefore also do not include a picking routine.

IFA model - data comparison

There are a number of recent studies with IFA results from the past 1000years (some of them
cited in the current manuscript). How do these distributions compare to the statistical ones?

We will address this in a revised form of the MS.
Effect of SAR

Since a model of bioturbation was not implemented here, it’s hard to examine the effect of
bioturbation on the IFA.



We have indeed not specifically modelled the effect of bioturbation upon our data, because it is simply
not possible to carry out a transient bioturbation model run upon 60 years data. Therefore, to avoid
appearing biased against sediment archives in our SAR map, we intentionally used a very generously
low SAR cutoff of 5 cm/ka. However, it is not necessary to run a transient bioturbation model to
demonstrate the limitations of a SAR that is less than 5 cm/ka. We can carry out simple calculation
following established understanding of the influence of bioturbation upon the age dispersal of single
foraminifera (Berger and Heath, 1968; Berger and Johnson, 1978; Berger and Killingley, 1982), the
same understanding that is included in transient bioturbation models themselves (e.g. Trauth, 2013;
Dolman and Laepple, 2018; Lougheed et al., 2018). In such a case, assuming a bioturbation depth of
10 cm (Peng et al., 1997; Trauth et al., 1997; Boudreau, 1998), we can calculate that the 1 sigma age
value of foraminifera contained within a single cm of a 5 cm/ka core is 10 / (5/1000) = 2000 years
(from which follows that 2 sigma = 4000 years). — We will include a version of this paragraph in a
revised manuscript

Furthermore, rapid accumulation rates should be possible around islands. The coarse map
overlaid here fails to account for these. | would suggest adding to the text that in strategic
locations (in the blue areas), sedimentation rates may still be high enough.

We agree seamounts and islands are places where the depth is shallower than our prescribed carbonate
compensation cut-off depth and could also potentially have higher SAR, we will add a clarifying
statement to the figures and the main-text.

Improper referencing
This is not the first study to use pseudo-proxy to examine whether IFA can be used for
ENSO reconstruction. Thirumalai et al. present a model that can be more easily applied
to a real application. First, reference this study (and others) at the beginning of the
manuscript and second, why not extend their “picking” model to also evaluate the
contributions of sample size?

We reiterate that our forward model seeks to model the d180 of the full foraminifera populations in the
water. We are not modelling sediment core IFA.

Minor comments

Abstract: Should state that this is an IFA technique.

See answer to your previous point.

Page 1, Line 23: specify that the interaction on interannual timescale is known as ENSO.

On decadal, it’s known as the PDO.
We will rephrase to:
“Predictions of short-term, abrupt changes in regional climate are imperative for improving the
spatiotemporal precision and accuracy when forecasting future climate. Coupled ocean-atmosphere
interactions (wind circulation and sea surface temperature) in the tropical Pacific, collectively known as
the El Nifio-Southern Oscillation (ENSO) on interannual timescales and the Pacific Decadal
Oscillation on decadal timescales, represent global climate’s largest source (Wang et al., 2017) of inter-
annual climate variability (Figure 1).”

Page 1, Line 27: SO is part of ENSO. Should rephrase as we have long instru- mental

records of the atmospheric variability but not the ocean.
We will rephrase to:
“The instrumental record of the past century provides important information (i.e. the Southern Oscillation
Index; SOI), however, detailed oceanographic observations of the components of ENSO (both the El
Nino and Southern Oscillation), such as the Tropical Oceans Global Atmosphere (TOGA; 1985-1994)
experiment only provide information from the latter half of the twentieth century (Wang et al., 2017).”

Page 3, line 3: Stott et al is not the only reconstruction in the Western Pacific, either
use e.g., or as done previously cite multiple sources.

We will include multiple sources and an e.g., so it will read as follows: “and (3) those associated with the
trace metal geochemistry (e.g., Ford et al., 2015; Sadekov et al., 2013; Stott et al., 2002, 2004; White et
al., 2018), more specifically the natural logarithm of the relative concentration of Mg and Ca (In(Mg/Ca),
of the shell, based upon the temperature dependent (Elderfield and Ganssen, 2000; Nirnberg et al.,
1996)incorporation and substitution of a Mg cation into the calcite lattice (Branson et al., 2013, 2016).”.



However, we would like to clarify that the rationale for the citation here is not referring exclusively to the
Western Pacific pool, but rather citing papers (including earlier papers) around the topic of 3 proxy types
as noted on Pg. 2 In23:

“Proxies of past ENSO and Pacific SST (Ford et al., 2015; Koutavas et al., 2006, Koutavas and Joanides,
2012; Koutavas and Lynch-Stieglitz, 2003; Leduc et al., 2009; Sadekov et al., 2013; White et al., 2018)
are based upon the biomineralisation of the calcite, or a polymorph such as verite (Jacob et al., 2017), and
shells of foraminifera (Emiliani, 1955; Evans et al., 2018; Zeebe and Wolf-Gladrow, 2001). There are
three major types of foraminifera-based palaeoceanographic proxies: (1).... (2)... and (3)...”

Page 3, Line 30: Mg/Ca is not a simple function of temperature. There is a growing

body of evidence that suggests that Mg/Ca is also sensitive to salinity and pH. In

addition, the calcite saturation of the bottom waters on post-depositional preservation of

the signal.
We agree that is why on Pg. 11 Ln 16 — 23 we state : “several other parameters can alter this technique,
this includes abiotic effects such as salinity (Allen et al., 2016; Gray et al., 2018; Groeneveld et al., 2008;
Kisakiirek et al., 2008) or carbonate ion concentration (Allen et al., 2016; Evans et al., 2018; Zeebe and
Sanyal, 2002); biotic effects such as diurnal calcification (Eggins et al., 2003; Hori et al., 2018; Sadekov
et al., 2008, 2009; Vetter et al., 2013); or additional factors such as sediment (Fallet et al., 2009;
Feldmeijer et al., 2013) or specimen (Barker et al., 2003; Greaves et al., 2005) ‘cleaning’ techniques.
Given the role of Mg in inhibiting calcium carbonate formation, the manipulation of seawater similar to
the modification of the cell’s pH (de Nooijer et al., 2008, 2009) may aid calcification and explain the
formation of low-Mg by certain foraminifera (Zeebe and Sanyal, 2002)”
As such we are producing a pseudo proxy of what the proxy aims to test, i.e. temperature, we will add
some text with regards to these later lines, where the reviewer has pointed it out, as follows:
“Here, we use the recently developed Foraminifera as Modelled Entities (FAME) model (Roche et al.,
2018) to take into account potential modulation of §180¢ and the Temperature recorded in the calcite,
herein T¢, by foraminifera growth. Tc can thus be considered as an estimate of the proxy Mg/Ca (albeit
one uninfluenced by secondary factors).”

Page 5, Line 3: Why not used species- specific equations?

A first reason is that the use of equilibrium as opposed to species-specific equations places all
foraminiferal species against an equal benchmark. More importantly, most species-specific equations have
been produced in culture (though some others in tows and pump samples) so that they contain variability
in both growth and environmental (the same data that produced the growth functions in
FORAMCLIM/FAME) conditions.

As an equilibrium oxygen isotope matrix (time-depth) is used to produce the FAME weighted
distributions, said equilibrium can be switched out for ‘equilibrium species values’, however, such a
terminology does not clearly outline the influence of time (growth season) and depth on the different
species’ oxygen isotopes.

Page 5, Line 12: Not sure what is meant by “Which can compute eight foraminiferal
species”. Do you mean growth?
The sentence will be altered as follows:
“FAME is based upon FORAMCLIM which can compute the growth of eight foraminiferal species
(Kageyama et al., 2013; Lombard et al., 2009, 2011; Roche et al., 2017), however comparison with a core
top database has been limited to five foraminiferal species (Roche et al., 2017).”

Page 6, line 11: There is an abundant body of literature dealing with the definition of an

ENSO event. Why not start there?
We are not attempting to challenge or redefine ENSO or discount ONI or the BJ-Index (etc.) derived event
chronologies, instead our simplification is based upon two things: (1) the simplicity of the input variables
and (2) whether foraminifera (~4 weeks life) would ‘sense’ the event (as stated in our previous comment
to reviewer 1). To clarify we will alter the paragraph as follows:
Pg. 6 Ln 10 — 15: “However, Pan-Pacific meteorological agencies differ in their definition (An and Bong,
2016, 2018) of an El Nifio, with each country’s definition reflecting socio-economic factors, therefore, for
simplicity we utilise a threshold of y > +0.5°C (where y is the value of ONI) as a proxy for El Nifio, -
0.5°C <y > +0.5°C for neutral climate conditions and -0.5°C <y for a La Nifia in the Oceanic Nifio Index.
Many meteorological agencies consider that five consecutive months of x > +0.5°C must occur for the
classification of an El Nifio event. However, here it is considered that any single month falling within our
threshold values as representative of EI Nifio, neutral or La Nifia conditions (grey bars in Figure 1). This
simplification reflects the lifecycle of planktonic foraminifera (~4 weeks) as the population at time
step t knows not what happened at t-1 or will happen at t+1. As we are producing the mean
population growth weighted 880 values, ‘almost’ El Nifio or ‘almost’ La Nifia would be
indistinguishable from the build-up and subsequent climb-down of actual El Nifio and La Nifia
events. Therefore, these ‘almost’ El Nifio or ‘almost’ La Nifna are placed within their respective
climatological pools as El Nifio or La Nifia.”



Page 9, line 20-25: Most of these studies are based on pooled samples and were

referencing to an ENSO-like signal rather than the interannual mode of variability that

IFA is targeting.
We state that these datasets are from pooled and individual (Pg. 9 In 18-20 “Several authors have focussed
on individual foraminifera analysis (IFA) or pooled foraminiferal analysis in the Pacific region, either for
trace metal or stable isotope geochemistry.”) and later we point out that these are the authors inference
(Pg. 9 In 22-23  “The resultant data of such studies have been used to infer a relatively””). We agree that
depending upon the method authors can be referencing ‘ENSO-like’ and/or ‘interannual mode of
variability’, we make reference to this point at Pg 10 In 9 -26 (e.g., “Our own analysis using our FAME
8180c and Tc output mimics foraminiferal sedimentary archives, pooling several decades worth of data in
which the resolution is coarse enough to obscure and prevent individual El Nifio events being visible but
allowing for some kind of long-term mean state of ENSO activity to be reconstructed”).
As we already take into consideration the reviewers point, we can assume that this comment merely
reflects the opinion we are performing IFA.




B. Metcalfe on behalf of the co-authors, Response to Reviewer 3
[reviewer comments as red text in blocks]

We thank reviewer 3 for their time in reviewing our paper. However, it is unfortunate that the reviewer did not
take the time to read our response to reviewer 1 as many of the same concerns have been addressed there and
we have responded to those questions in detail. It is also unfortunate because it would have, hopefully, aided the
reviewer in realising that this paper is about testing whether the given foraminiferal populations are statistically
different so that they could potentially unravel different climatic states. Our approach is not about IFA research;
IFA research is referred to because it provides an excellent sample dataset (and we highlight that it is one of the
ways to understand a climate history more thoroughly). It is however not the only dataset and hence we make
reference to other studies as well. We also find it disappointing that once more we are having to discuss inverse
and forward modelling, as well as the statistical tests used; all aspects that where already explained in our
previous response.

In this study, Metcalfe et al. aim to test whether the approach of using individual
foraminifera analysis (IFA) can be used to assess ENSO variability. In order to accom- plish
this, they use the Foraminifera as Modeled Entities (FAME) model to calculate idealized
foraminifera distributions across the tropical Pacific. These results are then combined with
seafloor/ CCD depth and sedimentation rate to determine which regions of the Pacific Ocean
are suitable targets for IFA approaches. Modeling of foraminifera populations in order to
determine if ENSO change is detectable has been done before (e.g., Thirumalai 2013, White
2018), although these studies focus on the detection of ENSO from paleoclimate proxy
records. This study’s novel contribution is the inclusion of the FAME model and foraminiferal
growth rates to the analysis of modeled response of biological calcite to tropical variability.

We once more state we are not testing IFA or have a model which tests IFA approaches. IFA is a suitable
dataset to compare results with because it gives a lot more information than pooled analysis.

However, the FAME portion of the model is not validated against core-top data from the
tropical Pacific, precluding assessment of its utility.

The FAME model is validated against the whole MARGO dataset which includes the tropical Pacific. Please read
Roche et. al. (2018).

The application of these results is likewise problematic, as it focuses on determining whether
ENSO events (El Nifio, La Nifia) and neutral conditions have distinct distributions (forward
modeling) rather than on how one could detect ENSO change (inverse modeling).

There are a number of applications of this method, which we have outlined in response to reviewer 2. However,
we consider that the reviewer comment is not an argument against what we have done — the first basic principle
of understanding a proxy is ‘can we detect’, not ‘how could we detect’, as the how implies we know we can. Our
manuscript is devoted to answer the question “can we detect”.

Further, the discussion on sedimentation rate and CCD is broad-based and does not take in
to consideration local changes in seafloor topography, changes in bottom-water oxygen
availability that may alter bioturbation depths, and the variability characteristics of different
regions with regard to the seasonal cycle, decadal-centennial variability, and ENSO change
(e.g., Thirumalai 2013, Ford 2015, White 2018).

It is true we have used broad based and conservative estimators (5 cm kyr?) as the bioturbation mixed layer is
known to vary from 1 to 35 cm depending upon the various aspects the reviewer states. However, we fail to
understand how “and the variability characteristics [?] of different regions with regard to the seasonal cycle,
decadal-centennial variability and ENSO change” would somehow relate to SAR and dissolution depth.

Finally, there are aspects of the model that are unrealistic (e.g., a400m depth for symbiont-
bearing foraminifera; assuming sample sizes of 1000 for binning) or unrealized (e.g., how
many individuals were selected for generating these estimates and a lack of model-data
comparison) that present significant issues to the overall utility of this model for
paleoceanographic reconstruction of ENSO from IFA.

In the paper we state we use more than one depth, we first apply a CUT-OFF value of 400 m then progressively
shallower (hence the reason for multiple panels) — we know this CUT-OFF value is deeper than symbiotic species (e.g.,
Pracht et al., 2019, Biogeosciences) hence the use of shallower depths (the reviewer is arguing against a simple test of
our model here). It should be pointed out, whilst the model can in principle run down to 400 m it will only register a
value if the temperature is applicable for that species (i.e., temperatures outside of the temperature window will not give
growth as highlighted by the equations in Roche et al., 2018). Second, we multiply the TOTAL BIN COUNTS by 1000
to convert it into a simple distribution to test the distributions of the various climate - this is not the picking / assumed
sample size. Were we to test sample picking we would need (and would have stated) to have done a larger test
(although the computation required would be enormous [samples in group * replications * resampling] *[lat * lon], i.e.,
an individual foraminifera picking would be [1*40*10,000]*[40*120] = ~192 million computations).




The title of the article does not represent the content or main goals of the study, and the
conclusions stated in the abstract are different than those in the main paper.

We disagree. If we break down the title:

Validity — is the quality or state of something being valid (valid - being logically correct or well-
grounded/justifiable). We are testing whether the distributions of different climate events are statistically
different (this is a fundamental test)

Foraminifera-based — we use a foraminiferal model. An alternative could include the word “populations™ here,
as in “foraminiferal populations”.

ENSO reconstructions - The reviewer, we assume, is arguing that as we say ENSO reconstructions, and
judging from their previous point (“as it focuses on determining whether ENSO events (El Nifio, La Nifia) and
neutral conditions have distinct distributions (forward modeling) rather than on how one could detect ENSO
change (inverse modeling).”) that we haven’t focused on the 'how one could detect’, yet we are testing whether
the foraminiferal distributions of different climate events are statistically different, hence we have carried out a
test on a more fundamental level (i.e. foraminifera in the water, before they are incorporated in the sediment
archive).

We will rephrase the abstract and conclusions for clarity.
The questions the authors raise are valid and useful, but the results as stated do not support
their conclusions. In fact, the stated conclusions of the article are, in several places,
contradicted within the paper itself. These contradictions are not well-explained, and thus a
clear summary of the findings is difficult to parse.

We will rephrase those sections the reviewer elaborates on in the general comments.

General Comments

The study here focuses on forward modeling using FAME for IFA. However, the authors fail to
prove whether existing IFA-ENSO reconstructions are valid or provide the tools for
evaluating proxy data (e.g., the “inverse problem”, as mentioned in other reviews, whereby
foraminifera records are analyzed to infer ENSO). Thus the application of these results to
the paleodata world is limited.

We are not forward modelling for IFA in sediment records, we are forward modelling foraminifera populations in the
water.

The Paleodata world exists to answer questions regarding our understanding of past climate, therefore understanding
if our proxies work for the period covering the observed climate record represents a fundamental test. The use of
foraminiferal records to infer ENSO starts off with the prerequisite that what you are recording is ENSO, so our
current research asked whether the values of the different climatic states for two proxies (calcite 880 and
temperature of calcification) are statistically different. The application of these results downcore or the provision of
tools for evaluating palacoproxy data were not the stated aim of our particular research question.

The more relevant application here is in targeting locations for performing IFA studies, but
this is limited as well, as the sedimentological and bioturbation properties of regions across
the Pacific are much more variable captured here.

We included a rough SAR/CCD map for the benefit of the reader. However, if a reader or potential researcher
in palaeoceanography has access to much better data regarding SAR/sedimentological properties, our research
would still be of value because they can compare their chosen location with the FAME results that we have
generated. The fact that the FAME results and FAME-SAR-DEPTH results are plotted separately allows users
to pick and choose whichever plot they find necessary.

The authors use their own definition of ENSO events, despite significant previous
literature and established definitions that are commonly used. The use of single
month anomalies does not adequately represent the actual ENSO phenomenon,
which relies on ocean-atmosphere feedbacks expressed over a period of months, and
thus their analysis of differences between El Nifio, La Nifia, and neutral conditions
may be flawed and biased toward non-ENSO SST anomalies.

We extensively discussed the definition of ENSO events in the paper and our answer to reviewer 1. In the latter
we explain the rationale for our choice of definition (that foraminifera life cycle is shorter than a month and
therefore several populations would exist that could conceivably have the same isotopic value as a true event).

This study does not compare the results of their FAME analysis with existing IFA
reconstructions of variability from the tropical Pacific. In the eastern Pacific, Rustic
2015 used 0180 IFA on modern-era sediments to show close correspondence with
calculated 6180 from reanalysis data; in the central Pacific, White 2018 showed
that the distributions of Mg/Ca-based SSTs from individual foraminifera in a 4ky
coretop are statistically similar to modern reanalysis data.

As per our comment to a similar question by reviewer 2, we will address this in a revised form of the
MS.



Specific Comments

The authors focus on 180 proxies for IFA, and discount Mg/Ca reconstruction and the
modeling efforts done with those (White 2018, Ford 2015). To discount Mg/Ca ratios as
a paleoproxy without the kind of analysis provided for 6180 seems premature. While
changes in carbonate concentration, salinity, and preservation environment can indeed
alter Mg/Ca ratios, significant study has been done and is underway to understand these
roles. Species-specific calibrations and various corrections exist that are well
quantified. Not using Mg/Ca for the Tc seems rather limited.

This point was discussed in our answer to reviewer 1. We use integrated temperature as a pseudo proxy for
Mg/Ca — we did not attempt (though it would be interesting to perform such an analysis in another
dedicated paper) to convert the input temperature into proxy values, i.e., a pseudo equilibrium Mg/Ca, like
how the oxygen isotope values are calculated. Most ocean reanalysis and model datasets do not include the
full variables required, although some models do (e.g., Grey and Evans 2019, Paleoocean. Paleoclim.).

The section of the paper that deals with and discusses Mg/Ca, is not “to discount” the proxy but was
written to preempt comment(s) regarding our paper about why we did not attempt to model the full
variables of this proxy (as we state in the paper why it would be beyond the remit of the paper).

Nor have we, as the reviewer states, ‘discounted’ the modelling efforts done with Mg/Ca (e.g. White et al.,
2018; Ford et al., 2015) — if the reviewer would like to clarify this point, we would gratefully alter the text.
However, this would seem to be the reviewer’s own projection on to our paper and not something we
categorically stated. We will try to make this clearer.

The number of foraminifera picked from a given sediment interval is an important
component of IFA. Increasing bin counts to 1000 artificially (Page 6) does not represent
the numbers typically used in such analyses; the numbers used for other analyses (Page
7) are not specified.

They are not specified because we didn’t used the number of foraminifera picked, we artificially convert
the distribution into testable values by multiplication. However, as we have stated throughout we are
testing the distribution of the population not a sample.

In the results, the first statistical test is to test whether the means of the FPen and FP-
neu 0180 distributions are different and use this to determine whether ENSO events can
be detected. Comparison of the population means does not necessarily reflect
differences in the population distributions, and only provides a measure of mean
conditions that may or may not be related to ENSO variability. The use of the Anderson-
Darling test to assess differences in distribution is used later. It is unclear how these two
different tests were related, and how the mean 0180 FPen/neu was utilized.

As per a similar comment as reviewer 1, we will reword this sentence for clarity. We agree it does not necessarily
reflect differences hence why we used the AD test.

The author’s use of the Anderson-Darling test to assess differences in distributions is
novel, but results of this test are not compared to those that have been used to assess
IFA results in previous studies (e.g., std dev (Thirumalai 2013, Koutavas and Joanides
2012, Rustic 2015) or Q-Q (White 2018, Ford 2015)). Is this more sensitive, less
sensitive, or does it measure different aspects of the distribution change NOT captured
in the other analyses? Without such comparison, the ability to assess the validity of IFA
reconstruction (the purported goal of this paper) is limited.

Different statistical techniques plot, test or validate different aspects of a sample or dataset being used. There seems
to be some confusion by all three reviewers as to why the Anderson-Darling is being used. As we have already stated
this before (in our reply to reviewer 1), a statistical test should be chosen by a study’s author that can be used to test
the research question devised by that author. We seek to investigate the (dis)similarity of distributions, therefore the
Anderson-Darling test is the suitable test.

The specifics of sedimentation rate and bioturbation vary greatly across the tropical
Pacific and rely on multiple processes. The role that oxygen plays in bioturbation is
important, especially as bottom-water oxygen levels vary across the tropical Pacific.
Likewise, seafloor topography is highly variable, with ridges and sea mounts that are
not apparent at the resolution used.

On P8: “Similarly, the individual characters of El Nifio events, which are very short
in duration, become lost in the bioturbated sediment record *“ The purpose of IFA is not
to discern the properties of an individual event. Change in frequency or amplitude of
events over a period of time can be statistically detected using various means to
compare the distribution of integrated conditions over the period of sedimentation.
Bioturbation serves, then, to extend that integrated time and the range of conditions
experienced.

Bioturbation causes, in the case of low SAR sediment record, thousands of years of time to become mixed into a
single interval of sediment core. Hence, this may serve to mix values associated with the long-term climate signal and
the ENSO signal.



With respect to the comment regarding IFA, we understand (e.g. Ganssen et al., 2011) that IFA is not a way to
deduce a particular event (e.g. monsoon) but a way to characterize the samples. However, our sentence on page 8 is
not saying that individual events are to be reconstructed, but that the characteristics of single event get muddled up in
time. Now this would not be a problem (fundamentally) if §'80 did not have a §'8Osw component. But 580 does have
a 8%0sw component, thus, shells that are anomalous in one time period (e.g. LGM) may - with a change in the ice
volume effect on the §%QOsw - have a value that is similar to ‘background signal’ in another time period (e.g.
Holocene). Hence, the use of the word ‘lost’.

Bioturbation will also not remove anomalous values (page 9) — rather, such values may
be present as part of a distribution representing more integrated time. Likewise,
bioturbation has the effect of smoothing the signal, but the “signal” is a function of all
sources of variability (ENSO, annual, decadal, centennial). The relative expression of
these forms of variability along with the amount of time integrated by a sample are both
important in terms of the ability to capture ENSO signals.

Anomalous values are only anomalous in relation to the rest of the dataset. As our answer to the comment
above explains, if a samples anomalous values are moved into a sample with similar values then they will
no longer be anomalous. We will clarify what we meant by smoothing the signal in a revised form of the
MS.

On P.10, Cole and Tudhope (corals) and White et al (IFA) are cited in error when dis-
cussing lake colour intensity and precipitation-driven records.

We were referring to some of the analysis within those papers (as per our comment to a similar point of
reviewer 2 we will alter this sentence).

Also on P10, the authors claim: “If the number and magnitude of ENSO events were
reduced, the relatively low downcore resolution of marine records may not accurately
capture the dynamics of such lower amplitude ENSO events using existing methods.”

— Which methods? Q-Q, std. dev, event counting, others? It’s not entirely clear this is
even referring to IFA reconstructions, as the records discussed previous are
sedimentary, coral, and IFA (but noted as “precipitation driven”, see above).

As our comment to reviewer 1 very clearly explained that we are not modelling IFA it is a shame that
reviewer 3 did not have the time to read our replies. Here, “methods” is generally referring to proxies — we
will elaborate in the revised version to reduce the confusion.

P.10 line 5: “The possibility of a marine sediment archive being able to reconstruct
ENSO dynamics comes down to several fundamentals: the time-period captured by
the sediment intervals (a combination of SAR and bioturbation), the frequency and
intensity of ENSO events, as well as the foraminiferal abundance during ENSO
and non-ENSO conditions. ” This statement leaves out other key elements, including
the relative expression of ENSO events, the seasonal cycle, and decade-and-longer
variability. These elements are (arguably) more important for inverse modeling,
where the ability to disentangle growth rates from other sources of variability is
impossible, and thus the signatures of ENSO in such records need to be discerned.

[Bold is to clarify what part of the reviewers comment is a quote] — The reviewer suggests we have left out key
elements. We agree that we missed out ‘seasonal cycle, and decade-and-longer variability’ which we will
add. But the ‘relative expression of ENSO events’ is already included within the reviewer’s chosen quote
(underlined).

A key point in the paper (P10) says “The results presented here imply that much of the
Pacific Ocean is not suitable for reconstructing ENSO studies using paleoceanography,
yet several studies have exposed shifts within std dev(618Oc) of surface and thermocline
dwelling foraminifera. One can, therefore, question what is being reconstructed in such
studies.”. This study has, at this point, not tested whether the Std.dev of 6180c from
individual foraminifera have reconstructed ENSO (also, the wording of this sentence is
odd).

If the two populations are statistically similar (as in La Nina and El Nino have statistically indistinguishable
distributions) then it is logical to question what the measure of dispersion (std dev) of the measured sample is linked
to (i.e. it is seasonality, or species depth habitat change). We will rephrase in the revised version of the MS to
improve readability.

The first paragraph of the discussion (p9) purports to be about paleoclimatological
archives that “have been used to indirectly and directly study past ENSO”. However, the
discussion is on mean-state reconstructions (Koutavas 2003, Dubois 2009). Koutavas
2003 is non-IFA mean-state reconstruction; likewise, the Dubois 2009 paper notes
that “we prefer not to invoke any ENSO-like state for the glacial EEP based solely
on our UK’37 SST.“ While it may be true that this result and Koutavas 2003 are at



odds, this is not an issue of IFA or ENSO reconstruction, but rather aggregate analysis
and mean -state reconstruction. Discussion of std.dev ENSO studies (modeled by
Thirumalai, Koutavas 2006, Koutavas and Joanides 2012, Leduc 2009, Sadekov 2013,
Rustic 2015) is not found, yet the following paragraph (see above) is largely about this
approach. Further, significant discussion and analysis of IFA reconstructions of ENSO
during the LGM is found in Ford 2015, which is not discussed here.

The quote says “to indirectly and directly study past ENSO”, one could pool papers that are non-IFA mean
state reconstructions into the ‘indirectly’ and studies that utilise IFA into ‘directly’. However, in this
paragraph we are cataloguing changes (“The resultant data of such studies have been used to infer”) around the
Pacific. In the example the reviewer gives of Dubois, we are referring to upwelling intensification. Here is
the section the reviewer is referring to in its entirety: “The resultant data of such studies have been used to
infer a relatively weaker Walker circulation, a displaced ITCZ and equatorial cooling (Koutavas and LynchStieglitz,
2003); both a reduction (Koutavas and Lynch-Stieglitz, 2003) and intensification (Dubois et al., 2009) in eastern
equatorial Pacific upwelling; and both weakened (Leduc et al., 2009) and strengthened ENSO variability (Koutavas
and Joanides, 2012; Sadekov et al., 2013) during the LGM. A number of these results are contentious, for instance
the reduction in upwelling in this region (Koutavas and Lynch-Stieglitz, 2003) is contradicted by Dubois et al.
(2009), who used alkenones (i.e., U37K’ ratios) to suggest an upwelling intensification.” We can include a section
in this paragraph discussing only the std dev (reviewer comment: Discussion of std.dev ENSO studies (modeled
by Thirumalai, Koutavas 2006, Koutavas and Joanides 2012, Leduc 2009, Sadekov 2013, Rustic 2015) is
not found, yet the following paragraph (see above) is largely about this approach) although it is mentioned
on page 10 lines 19-26.

The main analysis uses an unrealistic mixed-layer depth of 400m for the models
foraminifera. Symbiont -bearing forams (G. ruber and G. sacculifer) live in the photic
zone, and thus modeling and analysis of these organisms should be constrained to these
depths.

There isn’t really a ‘main analysis” — we just chose the 400 m cut-off to start with. Irrespective, we know
that symbiont species don’t live so deep, however, the computation of FAME is such that if the
temperature is appropriate a growth rate will be calculated (see Roche et al., 2018). Therefore, as we state
in the paper, we varied the cut-off depths to see how these would alter the distribution. This is intended as
a sensitivity study.

The model results using the shallower depths and specific, photic zone depths (Figure 4,
figure 5, Figure 6) show that much of the tropical Pacific is suitable for such analyses,
provided adequate carbonate preservation. This is very much in contrast with the point
made previously in the paper that much of the tropical Pacific is unsuitable.

Here is the crux of our comments — we state that it is possible but, as the reviewer points out (in Bold
hereafter), provided the signal can be recovered (i.e. SAR/Depth). “The model results [...] show that much
of the tropical Pacific is suitable for such analyses, provided adequate carbonate preservation.”. We will
make this clearer in the revised version

In these figures, confusingly, some figures show significant areas in white while others
use gray for no discernable reason. The figures are also improperly labeled, according
to the captions — in each figure, G. sacculifer is on the left, G. ruber is in the middle,
and this is reversed in the caption. Which is which?

We will correct this — the label on the figure is correct (left G. sacculifer; mid G. ruber; right N. dutertrei),
we will correct the figure captions. The reviewer is correct that some are white and some grey when we
originally made the figure everything was white, black and hashed. Unfortunately, these hashes draw the
eye (and can hide some small locations) away from the white only locations we decided to make it grey to
highlight this (The top panel of Figure 5 ‘G. sacculifer 60 m’ is missing the grey which is our mistake but
demonstrates the drawing of the eye). The N. dutertrei dataset does not have the hashing so we decided to
make it white only.

The conclusions are at odds with what is presented at various points in the paper.
Specifically: “Overall, our results suggest that foraminiferal 6180 for a large part of
the Pacific Ocean can be used to reconstruct ENSO, especially in an individual
foraminifera Analysis approach is used, contrary to previous analysis (Thirumalai et al.
2013). This conclusion is contradicted in the abstract, and in various parts of the study
(e.g., P10

— “the results presented here imply that much of the Pacific Ocean is not suitable for
reconstruction ENSO studies with paleoceanography. . .”’) Which is it?

We will rephrase these sections for clarity: reconstruction is possible when considering foraminifera only,
but not necessarily possible if SAR/depth is taken into account.

Again, Koutavas 2003 is cited here, but that is not an IFA study. In general, clearly
noting which studies are IFA/ENSO and which are mean state / aggregate / non-1FA



studies will clarify the discussion surrounding the use of IFA and IFA techniques to
identify ENSO signals.

Again we are not doing an IFA paper, so our citations are based upon a mixture of analyses. We will
consider the reviewers suggestion of stating which studies are and are not based upon IFA more
clearly in the revised text.

This study does not directly address the Thirumalai 2013 study, as presented. The role of
seasonality does not appear to be well addressed in this study (a key factor of
Thirumalai 2013), the questionable definition of ENSO events confounds direct
comparison, and the lack of clarity on sampling rates and other facts precludes a direct
comparison. If this was a goal in this analysis, the Thirumalai study should be discussed
in detail at the beginning (and should be discussed, in any case, earlier when discussing
approaches for quantifying the suitability of locations for ENSO reconstruction), and the
differences between their approaches (e.g., forward vs. inverse modeling). Suitable
criteria for comparison should be noted (e.g., std. dev. Vs A-D tests).

Our goal as the research question states was not to compare our results with those of Thirumalai et al.
(2013) but to test whether the foraminiferal (50 and Tc) distributions for climate state A and B are
statistically different. If they are different then it is theoretically possible to discern A and B when the two
are pooled into the same ‘bag’. However, a secondary consideration is whether at any location
(irrespective of picking etc) would the signal likely be preserved, hence the SAR and water depth are two
simple characteristics that have been known to palaeoceanographers. We are using a forward model,
because (as explained in our answer to reviewer 1) it is not a bijective function (i.e., reversing the equation
does not give you one solution) which makes it hard to do inverse modelling. We left out a discussion of
inverse and forward modelling techniques because it’s not really an appropriate discussion — in fact it
would only be appropriate if the study had the ability to do both. With this goal in mind we decided to use
a statistical method that tests whether the distributions for climate state A and B are statistically different.
We could have tested the dataset with various other statistical tests but those would not directly answer our
research question hence they would fail the reviewers “suitable criteria for comparison”. Standard
deviation and Anderson-Darling test different things. (AD makes a comparison of two distributions and
whether they can be considered the same, whereas std dev. is a value for the spread of data around a
mean). Regarding confounding and precluding comparisons: The definition of ENSO events is Oceanic
Nino Index except we decided to reduce it to one that is appropriate and compatible with the foraminiferal
lifecycle (as stated in our comment to reviewer 1) because of the short lifecycle they have (~1 month) and
the impossibility to discern ENSO-lite (i.e. those near El Nino or La Nina events — as discussed in the
reply to the reviewers comment about ENSO definition) from ENSO (this will bias both our results and
any work using foraminifera). As we are testing the population, we did not therefore include a
sampling/picking monte carlo style parameter, as that would be testing a sample.
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SUMMARY

This manuscript by Metcalfe et al. tries to understand where in the tropical Pa-
cific Ocean the analysis of distributions of individual foraminifera geochemistry results
(d180c¢, T(MgCa)) could be used to find changes in the El Nifio-Southern Oscillation.
This type of analysis has been done before (Thirumalai, Ford, White), with a focus on
the inverse problem of estimating ENSO change from individual foraminifera distribu-
tions. Here the novelty is the inclusion of a forward model of foraminifera growth rate.
This model is used to estimate the biased sampling in depth and time that different
foraminiferal species have, and how this contributes to the analysis of the ENSO sig-
nal. However, that part of the model is not really validated and it is unclear how much
it adds to the analysis. Furthermore, the statistical analysis focuses on a forward prob-
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lem rather than the inverse problem that is the real challenge for detecting changing
ENSO from individual foraminiferal analysis. The forward problem is whether EI Nino,
neutral, and La Nina months have different distributions and requires that each indi-
vidual d180c or T value be assigned beforehand to one of those three states. The
inverse problem is to determine from comparison of two different d180c or T distribu-
tions (as would be measured in two sediment samples) whether any change in their
distributions occurred and whether it can be ascribed to changes in the statistics of
ENSO events (frequency, magnitude). Finally, there are also additional questions in
the author’s methodology that are opaque and need to be clarified.

As it stands, the focus on the forward problem and on statistical approaches not used
for paleo-IF analysis make the manuscript in its present form not a good evaluation
of the IF approach for ENSO reconstruction. The title is misleading and the abstract
mis-states the conclusions from the study. For the reasons above and detailed below
it is difficult to evaluate the utility and applicability of the manuscript to the questions
the authors raise. With different analyses the authors could address the questions they
pose. However, it could be very different from the manuscript in its current form and in
my opinion would need to independently evaluated and reviewed.

GENERAL COMMENTS

1. Make sure that the abstract and conclusions follow from the analyses and are prop-
erly stated (see specific notes below).

2. Validate growth rate forward model

Validate the growth rate calculation through comparison with sedimentary relative
abundances. This was done to some extent in the paper cited for the foraminifera model
(Roche et al., 2018) but in that paper no clear assessment of the errors was presented.
The model in Roche et al., 2018 is a simplification of earlier growth rate modeling of
foraminifera. In Roche 2017 all parameters besides temperature are discarded. How
well then does the model work? 1 think the authors should use the modeled growth
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rate for the species they are targeting and calculate the relative abundance of those
three species in a sediment sample. This can be compared to the measured relative
abundance of those three species (summing to one) recalculated from their relative
abundance amongst all species counted in coretop datasets. This should be shown as
a scatterplot of observed vs. predicted on x- and y-axes rather than on a map as is
shown in the supplement to Roche et al., 2018.

3. Validate the d180Oc predictions

Validate the d180c predictions from the growth rate and geochemistry model. This
was done in Roche et al., 2017 but is also somewhat circular because the sedimentary
d180 values were used to determine the depth of production. | admit | am not sure
how to actually validate the approach except from an additional validation dataset not
used for determining production depth.

4. Include the analysis of Tc for Mg/Ca reconstructions

Inexplicably the authors refuse to analyze the temperature distributions even though
those are the data from the common Mg/Ca method of individual foraminifera analy-
sis (Sadekov, Ford, White). The author’s stated reason is due to “...the complexity in
reconstructions of trace metal geochemistry...and the potential error associated with
determining which carbonate phase is first used when foraminifera biomineralise. ..”.
While there are ongoing methodological and calibration efforts for this and other prox-
ies (including d180c), to ignore such a widespread type of analysis seems very short-
sighted. If the authors do not want to forward model the Mg/Ca proxy itself they can
simply analyse the temperatures in their dataset. Either way this is something that
should be included in the manuscript.

5. Remove maps of carbonate preservation/depth

It is fine for the authors to state the general problem in the text, but there are regions
of shallow depth were carbonate is preserved that are not captured in the coarse DEM
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used.
6. Remove map of sedimentation rate

Either quantitatively discuss the role of sedimentation rate and bioturbation or remove
this map. The sedimentation rate threshold is intimately tied to the secular and non-
ENSO variability and thus is a much more complicated analysis than the general dis-
cussion in the text. | think the discussion is a starting point but the author's miss that
the important factors are really the magnitude of other, non-ENSO sources of variability
at the timescale of a sediment sample (plus bioturbation) compared to the magnitude
of the ENSO change signal and the non-ENSO variability.

7. Focus in the inverse problem

It is really the inverse problem of detecting a change in ENSO from a change in the
distribution of foraminifera d180c or T that is the focus of IF ENSO reconstructions.
The analysis in this paper basically asks the question: are the distributions from El
Nifio months different from neutral or La Nifia months? This is a useful first step in the
inverse problem but it doesn’t really answer the question stated in the title about the
validity of foraminifera-based ENSO reconstructions.

8. Apply statistical tests on parameters used on paleo-IF distributions

The author’s use Anderson-Darling tests for differences in distributions. They should
demonstrate how this might be useful for paleo-IF analysis. It would also be greatly
to their advantage to test the approaches actually used for paleo-IF analysis (1-sigma,
quantiles) to see how they perform in this framework. A welcome contribution would be
demonstration that a new/different type analysis from those typically applied to paleo-IF
distributions is better. As it stands, the focus on the forward problem and on statistical
approaches not used for paleo-IF analysis make the manuscript in its present form not
a good evaluation of the IF approach for ENSO reconstruction.

9. Definition of El Nino, neutral, and La Nifia months

C4

CPD

Interactive
comment

Printer-friendly version

Discussion paper

|


https://www.clim-past-discuss.net/
https://www.clim-past-discuss.net/cp-2019-9/cp-2019-9-RC1-print.pdf
https://www.clim-past-discuss.net/cp-2019-9
http://creativecommons.org/licenses/by/3.0/

There is a large body of literature and accepted methods for defining El Nifio, neutral,
and La Nifa periods. In the text the authors take a simplistic approach, but there is no
reason for this. Why not actually use the societal and dynamically important definitions
of these events including the requirement of a minimum consecutive number of months
of anomalies and changing baseline for anomalies (to account for secular warming of
the ocean)? This definition has a basis in theory as an El Nino (La Nina) event unfolds
over a length of time and thus a single month anomaly may not be associated with the
dynamics that are part of the coupled ENSO system.

10. Clearly separate the role that the growth model and (T,S) timeseries play in identi-
fying ENSO change.

To what degree are the outcomes and conclusions of this paper depending upon the
modeled growth rates versus the sea water properties (T,S,d180w)? Many prior work-
ers have analyzed in different ways the reconstruction of ENSO from IF analysis.
These approaches include summary statistics like the standard deviation (Thirumalai;
Koutavas; Leduc; Sadekov; Rustic), as well as examination of changes in the quantiles
of IF distributions (Ford; White). What is added here is the foraminifera growth rate
weighting. What effect does this have? From the histograms in Roche et al. (2018)
it appears that the growth-rate weighting does not have major consequences for the
mean d180c value of a sediment sample. It may have consequences for the IF vari-
ability though. The authors could show a map that quantifies the growth-rate weighting
effect with respect to the non-weighted results (ratio, difference).

11. Examine how ENSO amplitude vs. frequency change IF distributions

The authors raise an interesting point in their conclusion that has not been well ad-
dressed, namely how do changes in the statistics of ENSO (frequency, amplitude) af-
fect IF distributions and reconstructions of ENSO variability. Evaluating these two differ-
ent questions would be an important contribution to IF analysis of ENSO change. But,
introducing the idea in the conclusions without a previous discussion in the manuscript
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is not a good idea in my opinion.
SPECIFIC COMMENTS ON TEXT
— Abstract —

Page 1 line 15 “Our results show that it is possible to use d180c from foraminifera to
disentangle the ENSO signal only in certain parts of the Pacific Ocean.” This line in the
abstract is sharply in contrast to the line in the conclusion at Page 12 line 21 “Overall,
our results suggest that foraminiferal d180 for a large part of the Pacific Ocean can be
used to reconstruct ENSO.” Which is it?

Page 1 line 17 — “Furthermore, a large proportion of these areas coincide with sea-floor
regions exhibiting a low sedimentation rate and/or water depth below the carbonate
compensation depth, thus precluding the extraction of a temporally valid palaeoclimate
signal using long-standing palaeoceanographic methods.” The role of sedimentation
rate in IF analysis is important but there is not any investigation of this effect in the
present manuscript so it is not really a conclusion or finding. This statement should not
be included in the paper in its present form.

Page 1 line 17 — “Furthermore, a large proportion of these areas coincide with sea-floor
regions exhibiting a low sedimentation rate and/or water depth below the carbonate
compensation depth, thus precluding the extraction of a temporally valid palaeoclimate
signal using long-standing palaeoceanographic methods.” The role of water depth and
carbonate preservation is also important. But, there is not any investigation of the
sedimentation rate effect in the present manuscript so it is not really a conclusion or
finding. Furthermore, there are seamounts and other shallow sites not captured in the
gridded dataset that can contain records for palaeoceanographic investigations. This
statement should not be included in the paper in its present form.

— Main Text —

Page 3 line 23 — Here the authors introduce the 1-sigma d180c parameter than has
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been used in some studies to look at changes in ENSO variance. But, they never really
address whether this parameter is useful and can detect changes in ENSO. Thirumalai
et al. (2013) took this question on already. More discussion of what has been done
previously is needed. Also, why not test the actual way that IF analysis is used (e.g. 1-
sigma, quantiles etc.) rather than a new method as introduced here (Anderson-Darling
test)?

Page 4 line 1 — The new model for foraminifera growth only uses the temperature
component of the previous model. Why? How different are the results?

Page 4 line 15 — Allowing symbiont-bearing foraminifera to possibly grow to 400 m
simply based upon optimal temperatures seems not correct. They need to be in the
photic zone.

—Methods—

Page 5 line 5 — The conversion of VSMOW to VPDB looks to be in error.
The correct formula for this conversion is [d180_VSMOW+1]/[d180_VPDB+1] =
1.03091 where d180 does not include the 10°3 term. Thus d180_VPDB =
d180_VSMOWY/1.03091 +(1/1.03091)-1 or d180_VPDB = 0.97002*d180_VSMOW -
0.02998. In d180 expressed with the 1073 term, the equation would read: d180_VPDB
=0.97002*d180_VSMOW - 29.98.

Page 5 line 10 — Why was growth rate arbitrarily constrained to these different depths?
First, foraminifera with algal symbionts should be in the photic zone. Second, didn’t
the Roche et al., 2018 paper try to identify the depth-production relationship for the
different species from the predicted d180c and measured MARGO d180c? Why not
use those depths?

Page 6 line 1 — “.. .these for now can be ignored.” Why can the other factors deter-
mining foraminifera growth be ignored? This cannot be a statement unless it is backed
up. Or, the authors use only temperature but then go through an appropriate validation
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process (more than what is shown in Roche et al., 2018) as suggested above.

Page 6 line 11 — Starting here, it is very unclear how and why the particular set of
conditions for El Nifio, La Nifia, and neutral periods were chosen. What time series of
sea surface temperatures were chosen for computing anomalies (in each grid square,
Nino 3.4, Nino 3, Nino 4, etc.)? Were the anomalies based upon a 3-month running
mean? Were the anomalies computed relative to a fixed period or, as is now the
accepted approach, relative to 5-year interval means? Why not use the definition of El
Nino etc. events that include the requirement for consecutive months of anomalies?
This definition has a basis in theory as an El Nino (La Nina) event unfolds over a length
of time and thus a single month anomaly may not be associated with the dynamics that
are part of the coupled ENSO system.

Page 6 line 18 — Why and how was the pdf/cdf from the actual data fitted and smoothed
with an Epanechnikov kernel? What impact did this fitting and smoothing (particularly
the choice of bandwidth) have on the Anderson-Darling test and the results overall?

Page 6 line 24 — This paragraph is very unclear and the errors associated with binning
prior to analysis of the pdf seem avoidable. For example, why not take the growth rate
in each of the 696 months in each grid at each depth, and scale the growth rate to
calculate an effective # of individuals such that they sum to 1000 across all months?
Round those numbers to integers and then use the integer # of individuals for each
month to replicate that actual months Tc or d180c value. The resulting ordered list
of values can then be binned/smoothed etc. and represents a pseudo-distribution that
one might find in a sediment sample?

—Resulis—

Page 7 line 3 — It says that the mean d180c for El Nino and neutral months are com-
pared. How? Earlier and later it is stated that the A-D test is applied to compare
distributions. What is meant by these lines?
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Page 7 line 5 — .. .ENSO events can potentially be detected by paleoceanographers
and unmixed using, for example, a simple mixing algorithm with individual foraminiferal
analysis...” This is not really practicable because it assumes complete stationarity in
the El Nino, La Nina, and neutral distribution. This is unlikely as all are expected to
change, and do in models and data (e.g. coral time series from middle Holocene show
changed seasonal amplitude and ENSO cycles).

Page 7 line 7 —“In cases where FPEN and FPNEU do not exhibit significantly differ-
ent means, then the chosen species and/or location represent a poor choice to study
ENSO dynamics.” This may not always be the case because the mean values could
be similar but the distributions wildly different (such as long tails with different signs).
Changing numbers of El Nino and neutral and La Nina events could that quite dra-
matically change the shape of the combined distribution that is ultimately preserved in
sediments. And, it may be possible to find regions of such a distribution that can be
used to diagnose changing ENSO.

Page 7 line 20 — Why is Anderson-Darling test done here but the mean values are
discussed above? If the A-D test shows that the El Nino and Neutral distributions
are different (at some statistical level) then that means alteration of those distributions
(more/fewer, stronger/weaker events) would alter the summed distributions that one
gets from a sediment sample. But, how would this actually be detected in the sediment
sample? That the AD test demonstrates the El Nino, Neutral, and/or La Nina distribu-
tions are different is helpful but it does not get at whether ENSO change could actually
be detected in a sediment sample.

Page 7 line 26 — Applying a 1-sigma value from modeled minus coretop comparisons
to the AD test value does not seem appropriate. This value assesses the accuracy of
the model in predicting the absolute value of the mean of a coretop sample. But it is
not an appropriate estimate for the significance of the difference between two different
IF values or the difference in the AD statistic.
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Page 8 line 1 — This paragraph is rather confusing to understand. It sounds like the
authors are comparing a depth-weighted reconstruction and non-depth weighted re-
constructions at fixed depths (Fig. 3 vs. 4)?

Page 8 line 9 — Unclear what “on the low-end” means.

Page 8 line 16 — “.. .a large percentage of the tropical Pacific remains accessible to
palaeoclimate studies.” This is very much not the message in the Abstract and from
the title of the paper. Those sections should reflect this finding.

Page 8 line 25 — “Indeed, one should view discrete sediment intervals, and the
foraminifera contained within them, as representative of an integrated multi-decadal
or even multi-centennial signal...” This is exactly how foraminifera paleo-IF studies
have viewed them and should be stated up front (start of paragraph for instance).

Page 8 line 28 — “Therefore, in order to reliably extract short-term environmental in-
formation from foraminiferal-based proxies, the signal that one is testing or aiming to
recover must exhibit a large enough amplitude in order to perturb the population by
a significant degree from the background signal, otherwise it will be lost due to the
smoothing effect of bioturbation...” This statement does not make sense to me. The
background signal IS the signal, i.e. the seasonal cycle, ENSO etc. Changes in ENSO
must be such that they alter that signal (the distribution of IF analyses), but bioturbation
etc. should not erase the signal unless one is looking for short periods of change less
than the time integrated into the sample.

Page 9 line 6 — “. . .a series of high magnitude, but low frequency El Nifio events could
be smoothed out of the downcore, discrete-depth record.” They will not be smoothed
out as the authors state. Those anomalous IF values may be rare, but will be present
in the sediment sample and if measured can be used to examine changing ENSO.

Page 9 line 7 — The sediment accumulation rate needed to observe/reconstruct
changes in ENSO is not fixed. It depends upon the magnitude and duration of secular
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trends, and variability with respect to both the time integrated in a sediment sample
and the magnitude of the ENSO signal and its change. This is a quite interesting but
also complicated subject and arbitrarily cutting the sedimentation rate at 5 cm/ky is not
justified.

Page 9 line 9 — The map of water depth is quite coarse and misses important locations
that are above the CCD, accumulate carbonate (and foraminifera), and can be used for
palaeoceanographic reconstructions. Thus, while the overall point is true, the map as
shown is misleading.

—Discussion—

Page 9 line 20 — Why discount trace metal temperatures (Mg/Ca)? At least use the Tc
analysis as a stand-in for Mg/Ca.

Page 9 line 23 — The focus of this paper is on IF analysis. Why are the Koutavas and
Lynch- Stieglitz, 2003; Koutavas and Lynch-Stieglitz, 2003 etc. cited here? The whole
discussion in this paragraph, lines 16-31 feels out of place.

Page 10 line 3 — The references to Cole and Tudhope, 2017; White et al., 2018 seem
to be in error. These papers do not discuss lake core colour etc.

Page 10 line 3 — “If the number and magnitude of ENSO events were reduced, the
relatively low downcore resolution of marine records may not accurately capture the
dynamics of such lower amplitude ENSO events using existing methods.” This state-
ment is not justified by the author’s analysis or a citation.

Page 10 line 5 — “The possibility of a marine sediment archive being able to reconstruct
ENSO dynamics comes down to several fundamentals: the time-period captured by
the sediment intervals (a combination of SAR and bioturbation), the frequency and
intensity of ENSO events, as well as the foraminiferal abundance during ENSO and
non-ENSO conditions.” Also included is the magnitude of change in ENSO statistics
and resulting foramifera Tc or d180c, sampling uncertainty on the IF distribution. See
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also note above on the role of sedimentation rate.

Page 10 line 9 — “The results presented here imply that much of the Pacific Ocean is not
suitable for reconstructing ENSO studies using palaeoceanography, yet several studies
have exposed shifts within ¢(d180c) of surface and thermocline dwelling foraminifera.
One can, therefore, question what is being reconstructed in such studies.” The re-
sults presented here don’t really test whether individual foraminifera d180c (or Tc)
studies can reconstruct ENSO. Furthermore, the water depth and sedimentation rate
constraints are the reason for excluding much of the Pacific. This statement is therefore
incorrect and the search for other explanations does not follow.

Page 10 line 19 — This second part of the paragraph is interesting and has been com-
mented on before. But, at no point do the authors actually evaluate any of these effects
or approaches so they can’t really assess the different factors they raise here.

Page 10 line 28 — The discussion of model limitations does not ask what would seem
to be the most important questions: Does the modeled growth rate actually reflect the
real ocean (and the sampling bias for what is recorded in sediments)? Do the modeled
growth-rate weighted d180 distributions match actual measured individual foraminifera
d180 distributions (such as in Koutavas and Joanides or Rustic)? If no growth-rate
weighting is applied are the results better or worse?

Page 11 line 14 — Why are the authors so dismissive of Mg/Ca analyses? The list of
possible complications is important but it remains a fundamental observation that the
Mg/Ca of foraminiferal calcite changes with growth temperature and has been validated
in many different ways.

—Conclusion—

Page 12 line 17 — “Previous work. ..” The only citation here is to Zhu et al., 2017. There
has been a lot of work comparing IFA different time slices (both d180c and Mc/Ca) that
should be cited here (Koutavas et al., Leduc, Koutavas and Joanides, Sadekov et al,
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Ford et al, Rustic et al, White et al). Furthermore, they have not all used 1-sigma
d180c as the metric for detecting change.

Page 12 line 21 — “Overall, our results suggest that foraminiferal §180 for a large part
of the Pacific Ocean can be used to reconstruct ENSO. . .” This contradicts what is said
in the abstract and in some places in the text (but is similar to in other places in the
text). Which is it?

Page 12 line 22 — What is meant by “...especially if an individual foraminiferal
analysis. .. approach is used...” | thought the whole analysis in the paper was on
whether individual foraminifera analysis can be used? Was there another method
tested (for example the means analysis referred to at Page 7 line 3)?

Page 12 line 24 — “However, the sedimentation rate of ocean sediments in the re-
gion is notoriously slow (Olson et al., 2016) and much of the ocean floor is under the
CCD. These factors reduce the size of the area available for reconstructions consid-
erably (Lougheed et al., 2018), thus precluding the extraction of a temporally valid
palaeoclimate signal using long-standing methods.” This is generally true, but there
are seamounts and other regions that may actually preserve carbonate. Furthermore,
the sedimentation rate constraint is also somewhat arbitrary and depends upon secular
trends and non-ENSO variability encompassed in a particular sample.

Page 12, line 27 — “We further highlight that the conclusions drawn from foraminiferal
reconstructions should consider both the frequency and magnitude of El Nifio events
during the corresponding sediment time interval (with full error) to fully understand
whether or not a strengthening or dampening occurred.” While this is true, nowhere
in the manuscript is this issue addressed. Inclusion as a conclusion to the paper is
therefore not warranted.

Page 12 line 30 — “The use of ecophysiological models. . .are not limited to foraminifera
and provide an important way to test whether proxies used for palaeoclimate recon-
structions are suitable for the given research question.” This is not really a conclusion
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of the study. And, given the uncertainties and lack of rigorous testing of the foraminifera

model in this study, this is a questionable statement overall. CPD
—Figures—

Figure 3 — Why are there white and grey areas that mean the same thing? Interactive
Figure 4 — Are the temperature data growth weighted? What species? If not, comment

why not analyze the Tc data in parallel to the d180c data to evaluate what advan-
tage/disadvantage the two different signals have (e.g. from S).

Figure 5 — Why are the white and grey areas grouped together? What do they mean?
Are these panels based upon growth-rate weighted values?

Figure 6 — Are these panels based upon growth-rate weighted values?

Interactive comment on Clim. Past Discuss., https://doi.org/10.5194/cp-2019-9, 2019.
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In their manuscript Metcalfe et al. present a forward modeling approach through FAME
to investigate the use of individual foraminifera analysis (IFA) for ENSO reconstruction.
Based on the modeling results, they conclude that this proxy is only valid in part of the
Pacific Ocean. However, these regions are often characterized by low sedimentation
rate, therefore limiting the use of this proxy.

While the effort to incorporate forward models into paleoceanographic studies is com-
mendable, | fail to see the practical application of this study. Inverse modeling would
be impossible and the lack of comparison between the pseudo-proxy distributions and
actual distributions of foraminifera prevents validation of the method.
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Inverse problem

The manuscript focuses on forward modeling of IFA analysis. Although definitely a
valuable exercise for data-model comparison (assuming that the climate model can
make use of the forward model), it doesn’t solve the inverse problem. It would be
almost impossible to evaluate the growth factor in the d180 record.

It's also not visually obvious what the difference between the output of a non-weighted
model is vs FAME in Figure S1. Some statistics would help, or plotting the resulting
kernel distributions on a separate panel,

Further, bioturbation is also likely to have a large impact on IFA, especially in areas
of low sediment accumulation. Why not connect FAME to a bioturbation model and
disentangle the influence of these factors?

Statistical analysis

Page 6, Line 25: Multiplying the bin counts will effectively skewed the results of a
significance test. In practice, it would be impractical if not impossible to obtain 1000
samples in each bin. Similarly, page 7, line 4, how many foraminifera were artificial
picked to produce these maps?

IFA model - data comparison

There are a number of recent studies with IFA results from the past ~1000 years (some
of them cited in the current manuscript). How do these distributions compare to the
statistical ones?

Effect of SAR

Since a model of bioturbation was not implemented here, it's hard to examine the effect
of bioturbation on the IFA. Furthermore, rapid accumulation rates should be possible
around islands. The coarse map overlaid here fails to account for these. | would
suggest adding to the text that in strategic locations (in the blue areas), sedimentation
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rates may still be high enough.
Improper referencing

This is not the first study to use pseudo-proxy to examine whether IFA can be used
for ENSO reconstruction. Thirumalai et al. present a model that can be more easily
applied to a real application. First, reference this study (and others) at the beginning of
the manuscript and second, why not extend their “picking” model to also evaluate the
contributions of sample size?

Minor comments

Abstract: Should state that this is an IFA technique. Page 1, Line 23: specify that the
interaction on interannual timescale is known as ENSO. On decadal, it's known as the
PDO. Page 1, Line 27: SO is part of ENSO. Should rephrase as we have long instru-
mental records of the atmospheric variability but not the ocean. Page 3, line 3: Stott
et al is not the only reconstruction in the Western Pacific, either use e.g., or as done
previously cite multiple sources. Page 3, Line 30: Mg/Ca is not a simple function of
temperature. There is a growing body of evidence that suggests that Mg/Ca is also
sensitive to salinity and pH. In addition, the calcite saturation of the bottom waters on
post-depositional preservation of the signal. Page 5, Line 3: Why not used species-
specific equations? Page 5, Line 12: Not sure what is meant by “Which can compute
eight foraminiferal species”. Do you mean growth? Page 6, line 11: There is an abun-
dant body of literature dealing with the definition of an ENSO event. Why not start
there? Page 9, line 20-25: Most of these studies are based on pooled samples and
were referencing to an ENSO-like signal rather than the interannual mode of variability
that IFA is targeting.

Interactive comment on Clim. Past Discuss., https://doi.org/10.5194/cp-2019-9, 2019.
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Interactive comment on “On the validity of
foraminifera-based ENSO reconstructions” by
Brett Metcalfe et al.

Anonymous Referee #3

Received and published: 11 April 2019

In this study, Metcalfe et al. aim to test whether the approach of using individual
foraminifera analysis (IFA) can be used to assess ENSO variability. In order to accom-
plish this, they use the Foraminifera as Modeled Entities (FAME) model to calculate
idealized foraminifera distributions across the tropical Pacific. These results are then
combined with seafloor/ CCD depth and sedimentation rate to determine which regions
of the Pacific Ocean are suitable targets for IFA approaches. Modeling of foraminifera
populations in order to determine if ENSO change is detectable has been done before
(e.g., Thirumalai 2013, White 2018), although these studies focus on the detection of
ENSO from paleoclimate proxy records. This study’s novel contribution is the inclusion
of the FAME model and foraminiferal growth rates to the analysis of modeled response
of biological calcite to tropical variability. However, the FAME portion of the model is
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not validated against core-top data from the tropical Pacific, precluding assessment of
its utility. The application of these results is likewise problematic, as it focuses on
determining whether ENSO events (El Nifio, La Nifia) and neutral conditions have
distinct distributions (forward modeling) rather than on how one could detect ENSO
change (inverse modeling). Further, the discussion on sedimentation rate and CCD
is broad-based and does not take in to consideration local changes in seafloor topog-
raphy, changes in bottom-water oxygen availability that may alter bioturbation depths,
and the variability characteristics of different regions with regard to the seasonal cycle,
decadal-centennial variability, and ENSO change (e.g., Thirumalai 2013, Ford 2015,
White 2018). Finally, there are aspects of the model that are unrealistic (e.g., a 400m
depth for symbiont-bearing foraminifera; assuming sample sizes of 1000 for binning)
or unrealized (e.g., how many individuals were selected for generating these estimates
and a lack of model-data comparison) that present significant issues to the overall utility
of this model for paleoceanographic reconstruction of ENSO from IFA. The title of the
article does not represent the content or main goals of the study, and the conclusions
stated in the abstract are different than those in the main paper. The questions the
authors raise are valid and useful, but the results as stated do not support their conclu-
sions. In fact, the stated conclusions of the article are, in several places, contradicted
within the paper itself. These contradictions are not well-explained, and thus a clear
summary of the findings is difficult to parse.

General Comments

The study here focuses on forward modeling using FAME for IFA. However, the authors
fail to prove whether existing IFA-ENSO reconstructions are valid or provide the tools
for evaluating proxy data (e.g., the “inverse problem”, as mentioned in other reviews,
whereby foraminifera records are analyzed to infer ENSQO). Thus the application of
these results to the paleodata world is limited. The more relevant application here
is in targeting locations for performing IFA studies, but this is limited as well, as the
sedimentological and bioturbation properties of regions across the Pacific are much
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more variable captured here. The authors use their own definition of ENSO events,
despite significant previous literature and established definitions that are commonly
used. The use of single month anomalies does not adequately represent the actual
ENSO phenomenon, which relies on ocean-atmosphere feedbacks expressed over a
period of months, and thus their analysis of differences between El Nifio, La Nifa, and
neutral conditions may be flawed and biased toward non-ENSO SST anomalies.

This study does not compare the results of their FAME analysis with existing IFA re-
constructions of variability from the tropical Pacific. In the eastern Pacific, Rustic 2015
used 6180 IFA on modern-era sediments to show close correspondence with calcu-
lated 6180 from reanalysis data; in the central Pacific, White 2018 showed that the
distributions of Mg/Ca-based SSTs from individual foraminifera in a 4ky coretop are
statistically similar to modern reanalysis data.

Specific Comments

The authors focus on 6180 proxies for IFA, and discount Mg/Ca reconstruction and
the modeling efforts done with those (White 2018, Ford 2015). To discount Mg/Ca
ratios as a paleoproxy without the kind of analysis provided for 6180 seems premature
. While changes in carbonate concentration, salinity, and preservation environment
can indeed alter Mg/Ca ratios, significant study has been done and is underway to
understand these roles. Species-specific calibrations and various corrections exist that
are well quantified. Not using Mg/Ca for the Tc seems rather limited.

The number of foraminifera picked from a given sediment interval is an important com-
ponent of IFA. Increasing bin counts to 1000 artificially (Page 6) does not represent the
numbers typically used in such analyses; the numbers used for other analyses (Page
7) are not specified.

In the results, the first statistical test is to test whether the means of the FPen and FP-
neu 6180 distributions are different and use this to determine whether ENSO events
can be detected. Comparison of the population means does not necessarily reflect
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differences in the population distributions, and only provides a measure of mean con-
ditions that may or may not be related to ENSO variability. The use of the Anderson-
Darling test to assess differences in distribution is used later. It is unclear how these
two different tests were related, and how the mean §180 FPen/neu was utilized. The
author’s use of the Anderson-Darling test to assess differences in distributions is novel,
but results of this test are not compared to those that have been used to assess IFA
results in previous studies (e.g., std dev (Thirumalai 2013, Koutavas and Joanides
2012, Rustic 2015) or Q-Q (White 2018, Ford 2015)). Is this more sensitive, less sen-
sitive, or does it measure different aspects of the distribution change NOT captured in
the other analyses? Without such comparison, the ability to assess the validity of IFA
reconstruction (the purported goal of this paper) is limited.

The specifics of sedimentation rate and bioturbation vary greatly across the tropical
Pacific and rely on multiple processes. The role that oxygen plays in bioturbation is
important, especially as bottom-water oxygen levels vary across the tropical Pacific.
Likewise, seafloor topography is highly variable, with ridges and sea mounts that are
not apparent at the resolution used.

On P8: “Similarly, the individual characters of El Nifio events, which are very short
in duration, become lost in the bioturbated sediment record “ The purpose of IFA is
not to discern the properties of an individual event. Change in frequency or ampli-
tude of events over a period of time can be statistically detected using various means
to compare the distribution of integrated conditions over the period of sedimentation.
Bioturbation serves, then, to extend that integrated time and the range of conditions
experienced.

Bioturbation will also not remove anomalous values (page 9) — rather, such values
may be present as part of a distribution representing more integrated time. Likewise,
bioturbation has the effect of smoothing the signal, but the “signal” is a function of all
sources of variability (ENSO, annual, decadal, centennial). The relative expression of
these forms of variability along with the amount of time integrated by a sample are both
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important in terms of the ability to capture ENSO signals.

On P.10, Cole and Tudhope (corals) and White et al (IFA) are cited in error when dis-
cussing lake colour intensity and precipitation-driven records.

Also on P10, the authors claim: “If the number and magnitude of ENSO events were
reduced, the relatively low downcore resolution of marine records may not accurately
capture the dynamics of such lower amplitude ENSO events using existing methods.”
— Which methods? Q-Q, std. dev, event counting, others? It's not entirely clear this is
even referring to IFA reconstructions, as the records discussed previous are sedimen-
tary, coral, and IFA (but noted as “precipitation driven”, see above).

P.10: The possibility of a marine sediment archive being able to reconstruct ENSO
dynamics comes down to several fundamentals: the time-period captured by the sed-
iment intervals (a combination of SAR and bioturbation), the frequency and intensity
of ENSO events, as well as the foraminiferal abundance during ENSO and non-ENSO
conditions. This statement leaves out other key elements, including the relative expres-
sion of ENSO events, the seasonal cycle, and decade-and-longer variability. These
elements are (arguably) more important for inverse modeling, where the ability to dis-
entangle growth rates from other sources of variability is impossible, and thus the sig-
natures of ENSO in such records need to be discerned.

A key point in the paper (P10) says “The results presented here imply that much of
the Pacific Ocean is not suitable for reconstructing ENSO studies using paleoceanog-
raphy, yet several studies have exposed shifts within std dev(6180c) of surface and
thermocline dwelling foraminifera. One can, therefore, question what is being recon-
structed in such studies.”. This study has, at this point, not tested whether the Std.dev
of 6180c from individual foraminifera have reconstructed ENSO (also, the wording of
this sentence is odd).

The first paragraph of the discussion (p9) purports to be about paleoclimatological
archives that “have been used to indirectly and directly study past ENSO”. However, the
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discussion is on mean-state reconstructions (Koutavas 2003, Dubois 2009). Koutavas
2003 is non-IFA mean-state reconstruction; likewise, the Dubois 2009 paper notes
that “we prefer not to invoke any ENSO-like state for the glacial EEP based solely
on our UK'37 SST.“ While it may be true that this result and Koutavas 2003 are at
odds, this is not an issue of IFA or ENSO reconstruction, but rather aggregate analysis
and mean -state reconstruction. Discussion of std.dev ENSO studies (modeled by
Thirumalai, Koutavas 2006, Koutavas and Joanides 2012, Leduc 2009, Sadekov 2013,
Rustic 2015) is not found, yet the following paragraph (see above) is largely about this
approach. Further, significant discussion and analysis of IFA reconstructions of ENSO
during the LGM is found in Ford 2015, which is not discussed here.

The main analysis uses an unrealistic mixed-layer depth of 400m for the models
foraminifera. Symbiont -bearing forams (G. ruber and G. sacculifer) live in the photic
zone, and thus modeling and analysis of these organisms should be constrained to
these depths. The model results using the shallower depths and specific, photic zone
depths (Figure 4, figure 5, Figure 6) show that much of the tropical Pacific is suitable
for such analyses, provided adequate carbonate preservation. This is very much in
contrast with the point made previously in the paper that much of the tropical Pacific is
unsuitable. In these figures, confusingly, some figures show significant areas in white
while others use gray for no discernable reason. The figures are also improperly la-
beled, according to the captions —in each figure, G. sacculifer is on the left, G. ruber is
in the middle, and this is reversed in the caption. Which is which?

The conclusions are at odds with what is presented at various points in the paper.
Specifically: “Overall, our results suggest that foraminiferal 5180 for a large part of the
Pacific Ocean can be used to reconstruct ENSO, especially in an individual foraminifera
Analysis approach is used, contrary to previous analysis (Thirumalai et al. 2013). This
conclusion is contradicted in the abstract, and in various parts of the study (e.g., P10
— “the results presented here imply that much of the Pacific Ocean is not suitable for
reconstruction ENSO studies with paleoceanography. ..”) Which is it?
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Again, Koutavas 2003 is cited here, but that is not an IFA study. In general, clearly
noting which studies are IFA/ENSO and which are mean state / aggregate / non-IFA
studies will clarify the discussion surrounding the use of IFA and IFA techniques to
identify ENSO signals.

This study does not directly address the Thirumalai 2013 study, as presented. The role
of seasonality does not appear to be well addressed in this study (a key factor of Thiru-
malai 2013), the questionable definition of ENSO events confounds direct comparison,
and the lack of clarity on sampling rates and other facts precludes a direct comparison.
If this was a goal in this analysis, the Thirumalai study should be discussed in detalil
at the beginning (and should be discussed, in any case, earlier when discussing ap-
proaches for quantifying the suitability of locations for ENSO reconstruction), and the
differences between their approaches (e.g., forward vs. inverse modeling). Suitable
criteria for comparison should be noted (e.g., std. dev. Vs A-D tests).

Interactive comment on Clim. Past Discuss., https://doi.org/10.5194/cp-2019-9, 2019.
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| have not been assigned to be a reviewer on this manuscript, yet a previously pub-
lished paper authored by my colleagues and | entitled "Statistical constraints on El
Nifo Southern Oscillation reconstructions using individual foraminifera: A sensitivity
analysis and me." (Thirumalai et al. 2013) is quite pertinent to this study. | wanted
to point out some flawed rationale in this discussion paper especially considering the
explicit lack of utilizing subsampling in their arguments concerning ENSO skill, sea-
sonality, and individual foraminiferal reconstructions. | hope the authors are open to
my comments and | would like to state that | am a big proponent of studies such as this
one and that | support the FAMES approach.
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- The authors’ conception of reconstructing ENSO variability versus reconstructing
mean state conditions in areas influenced by ENSO is critically flawed, especially
with regards to commenting on and inferring changes in variability using individual
foraminiferal analysis (IFA). Regardless of using Anderson-Darling statistical tests to
assess whether subsampling occurs from their forward-modeled 6180 and tempera-
ture histograms, their analyses completely discount that ENSO events are seasonally
synchronized to the annual cycle, and much of the variance of subsampled IFA distri-
butions across the Pacific Ocean represents this power. Foraminiferal reconstructions
are sensitive to absolute temperatures and NOT to monthly anomalies of temperature.
This has been clearly demonstrated previously (e.g., see Thirumalai et al. 2013) and
also underpins that discussion of IFA is incomplete without discussing uncertainties in
sampling (e.g., White et al. 2018). Thus, their arguments and results (as well as the
abstract) need to be significantly revised with this in mind. If the authors want to com-
ment on ENSO and foraminifera (as in their title), they MUST incorporate subsampling
uncertainties and how this interacts with the seasonal cycle.

- By definition, the authors state that "FAME uses the associated temperature and
0180eq at each grid cell to compute a time averaged §180c and Tc for a given
species". In other words, the authors have shown in their analyses that ENSO events
strongly alter the temperature and §180 in much of the tropical Pacific and that
foraminiferal histograms (or foraminiferal distributions) are able to capture mean state
conditions by sampling from these altered distributions (i.e., based on the utility of the
Anderson-Darling test to account for histogram subsampling). Both of these aspects
are well known. This, by no means, demonstrates a calculation of skill or validity of
IFA-based ENSO reconstructions. Thus the title of the manuscript is inaccurate and
misleading. For a demonstration of calculating ENSO skill in reconstructions, please
read the literature: Carré et al. 2013, Emile-Geay and Tingly, 2017, Ford et al., 2014,
Hereid et al. 2013, Khider et al. 2011, Tindall et al. 2017, Thirumalai et al. 2013, and
so forth (only two of which are cited and not discussed). If this paper is proposed for
revisions in this journal, | would strongly contend that the title of this paper should be
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revised in addition to the recalculation or revision of their text wherein IFA-based ENSO
skill is referred to (as opposed to mean state conditions that are influenced by ENSO.)

- The manuscript mischaracterizes Thirumalai et al. 2013 and does not refer to the
advances contained therein appropriately. As one example, the authors write in their
conclusions: "Overall, our results suggest that foraminiferal 6180 for a large part of the
Pacific Ocean can be used to reconstruct ENSO, especially if an individual foraminiferal
analysis (Lougheed et al., 2018; Wit et al., 2013) approach is used (Ford et al., 2015;
Koutavas et al., 2006; Koutavas and Joanides, 2012; Koutavas and Lynch-Stieglitz,
2003; Sadekov et al., 2013; White et al., 2018), contrary to previous analysis (Thiru-
malai et al., 2013). " Firstly, considering that their analyses do not account for sampling
uncertainty or ENSO skill in IFA-based reconstructions due to the lack of separation
from the seasonal cycle as well as decadal and higher forms variability, their conclusion
is not supported by their findings. Second, we demonstrate that, in fact, ENSO sensi-
tivity is high (with minimal influences from seasonality) according to forward-modeled
IFA (with uncertainty) in the subsurface Eastern equatorial Pacific and the surface-
ocean in the central tropical Pacific Ocean (see Figs. 5-6 as well as Discussion). From
the conclusions of Thirumalai et al. 2013: "Our results show that the IFA approach is
insensitive to ENSO frequency changes (<20% probability) but nevertheless indicate
that changes in ENSO amplitude or seasonal cycle amplitude (or a combination of
both) can be detected depending on the ratio of interannual-to-annual variability at the
location of the study."

References:

Carré, M., J. P. Sachs, A. J. Schauer, W. E. Rodriguez, and F. C. Ramos. 2013. Re-
constructing El Nifo-Southern Oscillation activity and ocean temperature seasonality
from short-lived marine mollusk shells from Peru. Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology 371: 45-53.

Emile-Geay, J., and M. P. Tingley. 2015. Inferring climate variability from nonlinear
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Dear Dr. Kaustubh Thirumalai, Thank you for taking the time to make known your
opinion of our paper and for volunteering your comments. We addressed many of
these issues in the reply to reviewer 1, reply to reviewer 2, reply to reviewer 3 and
the general reply to all reviewers. However, we will gladly address your points here.
We must stress, as we have done so in the previous replies, that we are modelling
foraminifera populations in the water, and not in the sediment archive.
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the annual cycle, and much of the variance of subsampled IFA distributions across
the Pacific Ocean represents this power. Foraminiferal reconstructions are sensitive to
absolute temperatures and NOT to monthly anomalies of temperature.”

- By forcing the model with 65 years of monthly ocean reanalysis temperature and
salinity data we are not discounting seasonality (an odd suggestion), it is exactly why
we chose such a dataset to run the analysis rather than producing a theoretical or
hypothetical temperature distribution to which to produce FAME modulated signals.
We produce 696 values (1 for each month) of d180 and Tc, that are then pooled into
their respective climatological states (using a modified definition). Naturally this has
repercussions. We use absolute temperature (FAME requires absolute temperature,
see Roche et al., 2018) and not monthly anomalies for calculation (ONI — the definition
of events is however a monthly anomaly).

- If the suggestion from this comment is that we should be more flexible with our defi-
nition of El Nino, or how we pool such values, we refer to the arguments of reviewers’
1-3 against such flexibility.

- We do not use “ Anderson-Darling statistical tests to assess whether subsampling oc-
curs from their forward-modeled §180 and temperature histograms” but to determine
whether the different climate states could be considered statistically different (i.e., if
foraminifera populations from event A and event B can be considered to be statistically
different or not). The commentator’s interpretation of the Anderson-Darling test does
not reflect what we did (or stated). If the commentator is suggesting that second or-
der variability (short -term changes in the seasonal cycle) should be included, then it
implicitly implies that foraminifera don’t record El Nino events.

COMMENT: “If the authors want to comment on ENSO and foraminifera (as in their
title), they MUST incorporate subsampling uncertainties and how this interacts with the
seasonal cycle.”

- As we made clear in the reply to reviewer 1, reply to reviewer 2, reply to reviewer
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3 and our general reply to all reviewers, we are using FAME, driven by six decades
of monthly observed climate data, to model foraminifera populations in the water. We
are not modelling foraminifera retrieved from the sediment archive, so we therefore
do not model processes such as bioturbation, fabric disturbance during core retrieval,
species misidentification, machine error, subsampling-induced noise, sample vial mis-
labelling, or indeed anything else pertaining to the generation of palaeodata in a practi-
cal sense. We seek to understand whether or not foraminifera populations in the water
are intrinsically capable of recording ENSO dynamics, and at which locations. We
consider this to be the most fundamental consideration for foraminifera-based ENSO
studies, and therefore, we fail to see how our title is inappropriate. Assessment of
sediment/laboratory processes essentially becomes a moot point if the events to be
reconstructed are not recorded by foraminifera in the water.

- Further studies should address whether or not the signal produced is an artefact of
subsampling (i.e., that the signal is introduced because of picking and not a real clima-
tological signal) — a point we suggest in the text, that should definitely be of concern
for palaeoreconstructions, as the commentator is aware of.

COMMENT: “By definition, the authors state that "FAME uses the associated temper-
ature and 6180eq at each grid cell to compute a time averaged §180c¢ and Tc for a
given species". In other words, the authors have shown in their analyses that ENSO
events strongly alter the temperature and §180 in much of the tropical Pacific and that
foraminiferal histograms (or foraminiferal distributions) are able to capture mean state
conditions by sampling from these altered distributions (i.e., based on the utility of the
Anderson-Darling test to account for histogram subsampling). Both of these aspects
are well known. This, by no means, demonstrates a calculation of skill or validity of
IFA-based ENSO reconstructions. Thus, the title of the manuscript is inaccurate and
misleading.”

- We were testing whether it is possible for foraminifera in the water to record ENSO.
The skill or validity of IFA-based ENSO reconstructions has been studied before (we
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have made this point previously to more than one reviewer). Here we are testing
whether (in a perfect world) the foraminifera population in the water detect ENSO dy-
namics.

- ‘Thus the title of the manuscript is inaccurate and misleading’ — we broke down
the title in our response to reviewer 3 as follows: If we break down the title: Valid-
ity — is the quality or state of something being valid (valid - being logically correct or
well-grounded/justifiable). We are testing whether the distributions of different climate
events are statistically different (this is a fundamental test) Foraminifera-based — we
use a foraminiferal model. An alternative could include the word “populations” here,
as in “foraminiferal populations”. ENSO reconstructions - The reviewer, we assume,
is arguing that as we say ENSO reconstructions, and judging from their previous point
(“as it focuses on determining whether ENSO events (El Nifio, La Nifa) and neutral
conditions have distinct distributions (forward modeling) rather than on how one could
detect ENSO change (inverse modeling).”) that we haven’t focused on the ’how one
could detect’, yet we are testing whether the foraminiferal distributions of different cli-
mate events are statistically different, hence we have carried out a test on a more
fundamental level (i.e. foraminifera in the water, before they are incorporated in the
sediment archive)." We do not think that we are being misleading or inaccurate.

COMMENT: “In other words, the authors have shown in their analyses that ENSO
events strongly alter the temperature and §180 in much of the tropical Pacific and that
foraminiferal histograms (or foraminiferal distributions) are able to capture mean state
conditions by sampling from these altered distributions (i.e., based on the utility of the
Anderson-Darling test to account for histogram subsampling).”

-The first half of this is correct, the signal will be modulated in response to water col-
umn conditions (and potential depth habitat or growth related changes). However,
we are not referring to mean state conditions, we are testing whether the El Nino
foraminifera population is statistically different from the foraminifera population for other
climate states. The comment keeps referring to ’histogram subsampling’ which is not
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at Anderson-Darling test does. The A-D test compares two probability distribution func-
tions for (dis)similarity.

COMMENT: “For a demonstration of calculating ENSO skill in reconstructions, please
read the literature: Carré et al. 2013, Emile-Geay and Tingly, 2017, Ford et al., 2014,
Hereid et al. 2013, Khider et al. 2011, Tindall et al. 2017, Thirumalai et al. 2013, and
so forth (only two of which are cited and not discussed).”

- We will endeavour to incorporate those papers we feel match our discussion, how-
ever, as pointed out to Reviewer 3, we did mention that our 'validity’ is referring to a
fundamental validity of foraminifera populations in the water to record ENSO dynamics,
and not a test of the skill of sediment-based reconstructions.

COMMENT: “The manuscript mischaracterizes Thirumalai et al. 2013 and does not
refer to the advances contained therein appropriately” - We have already mentioned
rephrasing this section in the replies. We apologise for mischaracterisation.

COMMENT: “ Firstly, considering that their analyses do not account for sampling un-
certainty or ENSO skill in IFA-based reconstructions due to the lack of separation from
the seasonal cycle as well as decadal and higher forms variability, their conclusion is
not supported by their findings.”

- Although our results are condensed into a simple binary 0 and 1, that is an aid to the
reader, such simplicity does not reflect a lack of complexity. As we point out above,
we have utilised over six decades of monthly ocean reanalysis data, which means that
for every grid cell we produce 696 monthly values and divided them into their various
climatological states. That means the low and high orders of variability are intrinsically
included in our approach. However, foraminifera are a filter of the signal, which means
that much of this variability will be altered (e.g., changes in flux, the growth weighting
or even the depth habitat). This is why we decided to use a simple foraminiferal module
to produce our time series.
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-Separating out seasonal and annual values would be unrealistic, as foraminifera are
pooled in the sediment, therefore it would be a falsifiable test. Separation also implies CPD
that it is possible to reconstruct seasonal or decadal time series within the sediment,

which is not possible.
Interactive

Finally, we would like to raise an important point, reviewer 1, 2 and 3 have stressed
comment

repeatedly that our study fails to address the inverse problem instead using a forward
model, to which we have in our replies to reviewers 1, 2 and 3 repeatedly had to
discuss inverse modelling. But it is worth noting that here you state ("according to
forward-modeled IFA (with uncertainty)" ) that your previous research (Thirumalai et
al., 2013) is also in part based upon a forward model - which suggests the reviewers
have not appreciated this fact.

Kind regards,
dr. Brett Metcalfe
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