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Climate and marine biogeochemistry during the Holocene fron tran-
sient model simulations
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We wish to thank Rev#1 for his many thoughtful comments angairticular for pointing us
to the work of Liu et al. (2014) on the Holocene climate conuna We performed additional
analyses to address the reviewer's comments where possitlalso extended the control ex-
periments KCM-CTL and BGC-CTL further. Comments are adrégsoint-by-point in the
following. In addition we divided the Discussion into subens for better readability and
moved the 'North Atlantic’ section from Results to Discuss(Sec. 4.3).
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1) Role of model drift

In deed the control run of 'only’ 2000 years turned out to b&-satisfactory for the non-
accelerated experiments, and Rev#1 is right in that we cuatléxclude that at least part of the =
signals we discuss are remaining model drift or internal ehedriability. 2000 years seemed -

quite long with regard to the accelerated 950 year-long ixyts. It was then unexpected that -
there was still some model drift (and/or internal varidp)lthat amounted, for some parameters;-
to variability of similar magnitude as the variations of tien-accelerated transient experiments.”
The basis for the KCM experiments is a 1,000 year KCM expeanimgth 9.5k orbital pa- —
rameters, 286.6 ppm GOand 805 ppbv Cliconcentration (with a final global average SST,_.
of 15.8°C), followed by a spin up for a further 1,000 years with 9.5BR orbital and GHG =
forcing. From this state the KCM-CTL and KCM-HOL experimentere started. Apparently 4
the 2x 1,000 year spinup time was still not long enough, anadeindrift remained in KCM- =
CTL that was significant given the small temperature chattggsoccured during the Holocene. =
We have become aware of this problem during the analysespefiexent KCM-HOL, and ex- =
tended the control runs (KCM-CTL and BGC-CTL) since, butthee not finished yet and will
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still need up to 2 more month to do so (currently at 8100 yelatskyr BP).
This has an impact of the interpretation of the SST (revisigd Ba, see also response to =
FC 7), and to some extent on the biogeochemical variablégdimg the EEP OMZ (revised j
Fig. 13). We now mention this in the abstract (p3, In 8-12)t®e 2.3 and 2.4 (description of .
KCM/BGC experiments), and more generally in the Results@isdussion sections.
We also note that for all the paleo experiments in the litemtthere are no(!) control experi-
ments to be found for transient and time-slice experimdfisefier and Jungclaus, 2011; Varma —
et al., 2016; Liu et al., 2014; Bopp et al., 2017). So this isaegeneral problem in the paleo

rode,

(w)
climate modelling community, probably based on an undenasion of model drift and inter- =
nal model variability compared to the relatively weak fat¢¢olocene variability on long time *
scales. S

g
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2) Off-line biogeochemistry

Convection and diffusion are simulated as in the onlineigarsbased on the stored mixing ©
parameters from OPA9 as part of KCM. So there might be sonfierelifces from the monthly
time-averaging of the online output and the non-linearftyixing, but we have not investigated
this systematically for our model configuration as thereasonline version of KCM-PISCES

1IS

] UOTSST

available. &
For the same reason, we can not make a statement about glotéffirences of water mass 2
ages in the on- and off-line versions of PISCES. -
3) Vertical resolution of the ocean T
There are 20 layers below 100m depth, and layer thicknessmeaottom is about 500m. We ;
have no indication that this causes problems for the sinonlaif deep Pacific @within the

general limitations due to the coarse model resolution.
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We now describe the vertical resolution of the ocean modilerK CM model description.

4) Missing processes, potential impact on results should lmBscussed

1odeJ UOISSTos

- sediment is not included in model setup

- no changes in weathering -
- no coral reefs (Vecsei and Berger, 2004) j
In setting up our experiments, we followed the standard PptRRocol. So while the above ;
processes are not included in the model setup, their comilgifiects on GHG climate forcing =
must be represented by the reconstructed PMIP GHG forcomg fce cores. With regard to
the evolution of atmospheric GOwe now point to the study of Brovkin et al. (2016), were
all these processes are described in fair detail and nicelyrsarized in their Fig. 8. We note, ©
however, that changes in alkalinity due to changes in ptamitcalcification as they occur in =
our model, are not included in the study of Brovkin et al. @01 )
- how is freshwater pulse of 8.2 kyr BP represented in tharigfz _j
The freshwater pulse at 8.2 kyr BP is not included in the fagcand hence we can not expect
to find changes in AMOC related to it. This is now picked up ie tlescription and discussion .
of AMOC (Sec. 3.1.2 and Discussion 4.2). =
- role of changes in the land biopshere carbon inventory

5
The land biosphere is not included in the model, but we usenstoucted pC® and other —
greenhouse gases, which should include any contributidheofand biosphere to atmospheric
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GHG-concentrations. So what remains neglected is albealoges from changes in vegetation, H
but we can not quantify the potential impact this would haweh® simulated climate. 2

J UOTSS

- potential influence from volcanic eruptions?

rod:

Including volcanic aerosol forcing would likely have a dagl effect during the first 1-2 years
following the volcanic eruptions, but this is difficult to gutify for KCM without performing —
the experiment. For the same reason, also any integratect eff volcanic eruptions on long
term evolution of temperature is difficult to establish, uaiuld likely to be small based on the =
coupled climate model experiments for the last millenni@rogkin et al., 2010) that indicate a *
-0.8°cooling for the 1258 eruption (the largest eruption durimg gimulated period), but within =
a decade surface air temperature fluctuations are withitdlokground range (their Fig. 1). =
Any effect on atmospheric pGQrelated to post-glacial increased volcanic activity andiad =
tional outgassing of 1,000-5,000 GtgBetween 12 kyr and 7 kyr BP (Huybers and Langmuir,
2009) will be included in the prescribed PMIP GHG-forcinghfeh shows decreasing pGO
during the early Holocene). =)

5

I

In summary, while these are all interesting points, we dowant to hypothesize about the
potential effects of the omitted forcings and model compisie

Also in response to Rev#2, we now describe our model expatsres sensitivity experiments =
to the PMIP orbital and GHG forcings with likely deviation®in the Holocene climate vari-
ations that are caused by other forcings and biogeochemioaésses that are not included in
our model setup. We explicitly mention the neglected coneptsmand forcings (Section 2.1.1), ﬂ
and indicate where this might have a direct impact on ourltesWe have also extended the -
more general discussion of differences between proxy artkmased evolution of Holocene ;
climate in the revised section 4.1. -

ydeJ uc
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5) Interpretation of CO , fluxes in the light of prescribed pCO,

We think that we were quite careful in our wording as to how mthe diagnosed C£fluxes
can be meaningful for a quantification of a potential contitn of the ocean to atmospheric
pCO,, however, seemingly not careful enough.

1odeJ UOISSTos

We deleted Fig. 7 and included the time-integrated ocemosithere carbon flux in a revised —
Fig. 6a as suggested. We also revised the description oiftiecimtegrated carbon flux and its
discussion (Sections 3.2.1 and 4.5).

]

6) Attribution of changes of O, and other tracers to underlying processes

1odeJ UOISSTIISI(

- stratification changes and impact op O

In contrast to studies based on global warming and@bcco et al., 2013; Bopp et al., 2013)
and marine biological production (Steinacher et al., 201§t showed an impact of stratifi- ©
cation changes on {fields and marine biological production, here we simulatelmsmaller -
temperature variations, but much longer periods. Globdleamual mean of the MLD in KCM- .
HOL reveal little temporal variability: MLD is around 48m @t5kyr BP, and starts to decrease =
after 5.5 kyr BP to around 47m at O kyr BP. We, therefore, staestratification changes play 2

only a minor role for @ changes during the Holocene (revised Sec. 4.4).

-0, saturation and AOU

LL) Ia

We computed also the fields ofy@aturation and AOU for experiment BGC-HOL (new Flg
13) and included the description and discussion in Sec8dh$ and 4.4.

7) export production wrong metric to judge efficiency of the kological pump

1odeJ uors



With due respect, on this point we disagree with Rev#1. Adamgmber of studies describe the H
biological carbon pump, also called soft tissue pump asdrly the export production (e.g. -
Six and Maier-Reimer, 1996; Sigman and Hain, 2012; Ducklowle 2001), and the whole
JGOFS project was based on this principle. See also httpay/us-ocb.org/biological-pump/
for a very condensed description. Evidently the export petidn is related to the uptake of

nutrients in the euphotic zone, but as not all of the nutsi¢hat are taken up in the euphotic =
zone are exported to depth because of remineralization r@zéhg in the euphotic layer itself, —
we emphasize that export production is a correct metridif@istrength of the biological carbon

pump.
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We did not change our statement regarding the biologicalg(mow in Section 4.5) , but in-
cluded references to the biological pump and its role foroghere-ocean carbon fluxes.

1odeJ UOISSTos

Response to further Comments (FC)

NoSI(J

FC 1) Other transient simulations not mentioned (p4, 2nd paa)

yde J Uorss

We referenced some exemplary transient simulations rdttger trying to give a complete
overview (again, our focus being more on the marine biogexmistry), but to address this point =
we included in the Introduction references to Brovkin e{2016) as an example of EMIC ex-
periments, and to Liu et al. (2014) as an example for the 2Xkerement, and to Fischer
and Jungclaus (2011) as a further non-accelerated coupldélraxperiment from mid-to-late
Holocene.

NoSI(J

FC 2) Are changes in ice albedo taken into account? (p9)

1odeJ Uolss

Changes in sea-ice cover are simulated by LIM, the sea-iogonent of NEMO, but that is
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probably not meant here. We now mention explicitly in Setto2 that we do not take into
account solar TSI and volcanic forcing, nor changes in tm¢iigental ice sheets (neither topog-
raphy nor albedo) and also no fresh water pulses.

FC 3) Forcing data GHG

We admit somewhat shamefacedly that due to a misunderstgangi stated that we force KCM-
HOL with only CGO, as greenhouse gas. However, the experiments were alsa foitetran-
sient CH, and N,O from the PMIP data base. This mistake in the descriptiomefforcing,
however, does not change the findings of our study.

We rewrote section 2.2.1 accordingly and revised Fig. ladlude the time series of CHand
N>O (see above). We now also provide the internet address froememve obtained the data,
and added the reference to Augustin et al. (2004) describim&PICA data.

FC 4) 1st para would better fit in methods sections (pl12, In 2)

We moved the paragraph to a new section 2.3 'Processing o&lhwadput’ in the Methods
section.

FC 5) delete 'again’ p12, In 21

has been deleted

FC 6) drift is not 'modest’, please delete modest (p12, In 25)
7
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we deleted 'modest’

FC 7) It seems the whole [SST] signal may be explained by dri?t (p13, In1-2)

odeJ uotssnos

See also response to main commentWe have extended experiment KCM-CTL in the mean-
time by a further 5800 years (leading up to 1.6 kyr BP). We ntatesthat parts of the initial =~
SST decrease in KCM-HOL can indeed be explained by the dhié decrease is stronger in =
KCM-HOL), while the following SST increase is damped by thedwl drift (which becomes -
smaller after 6 kyr BP). As a result, the initial SST decreaseld be weaker in a drift-free
setup, while the following SST increase would be strongewaduld of course be ideal to run
the extended control experiment until Ok, but that woulceptglly delay publication by several
months (a minimum of 1.5 months, from past experience mkedyli2-4 months).

1odeJ UOISSno!

We revised Section 3.1.1 accordingly, and ammended Figo Bzlude the extended control
run up to 1.6 kyr BP and to include the SST drift averaged dverfirst 500 years (grey bar),
which is very small and led us to assume the spin-up/conté@ment was already in balance.

NoSI(J
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FC 8) Indo Pacific overturning should be discussed also (p13gc. 3.1.2)

In response to FC8 we also analysed the Indo Pacifc ovenurii/e included a time series of
Pacific maximum meridional streamfunction between 3000%0@0m depth at the equator in
a revised Fig. 3 and added the description and discussior@mn Elacific northward inflow in
Section 3.1.2 and 4.2.

NoSI(J
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FC 11) Authors should say sth. on SST evolution at differenteasons (p20, Discussion)
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While we felt that this goes a bit beyond the scope of our menipts(and possibly the focus of
Biogeosciences), we analysed the summer (JJA) and winget)(8ST separately. We added to
Section 4.1 that the simulated SST evolution in KCM-HOL ismmégly not very sensitive to
the choice of season. We further point to the study of Liu e24l14 for a more detailed anal- -
ysis of the general proxy-model mismatch for MH temperataed its seasonal dependency-
(Section 4.1). s

1 UOISSNOS

FC 12) How was BGC-CTL extendend (Fig. 5) :
BGC-CTL was extended by forcing PISCES for another -repgattycle of the 2000 yrs avail- ;
able from KCM-CTL. This extension has been replaced by the extended control runs in @
revised Figures 2-12,14,15. b
Further errors found by the authors

OMZ-volume for the Arabian Sea erroneously showed values femall region off Peru, for
which the main author had made some quick analyses for npydg} comparison and then =
did not change the script back to the Arabian Sea lon/lat t®uifhe Arabian Sea time series ;
is now very similar to the one published in Gaye et al. (20¥V¢.apologize for this mistake. =

SSTOSI(]

Typo in Ref of (Leduc et al., 2010): Ma/Ca was corrected to G/

E.g. misplaced p231n 3

NoSI(J
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BG-2017-554, Segschneider et al.: Responseto Rev#2

SIL

Climate and marinebiogeochemistry during the Holocenefrom tran-
sient model simulations

J UOTS

d

We wish to thank Reviewer#2 for the kind words and thoughtirhments that we addressed )
as outlined below. In addition we divided the Discussiow istibsections for better readability.

W)

1) Mismatch with observations/regard experiments as sensitivity study

] UOTSSTIOST(

We find that a particularly useful suggestion of Rev#2 thaaveehappy to follow. Also, Rev#1
pointed us to the study of (Liu et al., 2014, The Holocene terajure conundrum), who inves-
tigated this mismatch of proxy-based warmer and model sitadlcolder mid-Holocene than
late-Holocene in some detail. They found this to be a comsideature for the three investi- —
gated coupled climate models. So this is a more widespresae ihat we can not resolve here.
See also response to Rev#l FC11.

rod!

] UOTSSTIOST

We revised the Introduction (Sec. 2) and Discussion (Sez), dnd Conclusions (Sec. 5) to
describe our study as a sensitivity experiment to the pitestiforcing, with known deviations
from the Holocene climate evolution estimates from proxtada

rod!

2) Relatively large CH,4 variations during the Holocene but CH,4 not included in forcing

We admit that due to a misunderstanding between authorsatezighat KCM was forced with
only CG, as time-varying greenhouse gas. However, the experimests w fact also forced
with transient CH and N,O according to the PMIP protocol ’
We apologize for this error, and rewrote section 2.2.1 atingty. We added the data source,;‘
and the reference to Augustin et al. (2004) that describe€®ICA ice core as data source =

1 UOTSSNOS
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for the Holocene greenhouse gas concentrations and cha&igedla accordingly. We now
also provide a basic estimate of the potential effect of Bet® CH changes on SST based on
former KCM experiments in the Discussion (Sec. 4.1).

1odeJ UOISSTos

3) Areplanetary and cloud albedo included in theradiation calculation?

Both planetary and cloud albedo are included in the radiagcheme of ECHAMS (sections
6.1.1 and 11.3.2 in the Technical Report (Roeckner et ab3R0A more detailed analysis of
the atmospheric variations in the KCM-experiments is péahto be published in a separate
manuscript in a more climate focussed journal.

q

4) Comparison with proxy reconstructions would be niceto see (AMOC, 6> N)

1odeJ UOISSTos

A more detailed analysis of the physical ocean variationssiply including a more in depth
comparison of the model results for the North Atlantic argltilopical Pacific with proxy data
would likewise be the topic of a separate study. But we treedddress the issue within our
current limitations.

NoSI(J

4.2) AMOC (Atlantic Meridional Overturning Circulation, datacim Hillaire-Marcel et al.,
2001, Hoogakker et al., 2011, 2015, Thornalley et al., 2013)

1odeJ Uuolss

In a revised Discussion section 4.2 we now refer to the worBlaschek et al. (2015), who
describe a set of experiments with the earth system modete&imediate complexity "LOVE-
CLIM” and compare their results with various proxies for AMQ@including those investigated
by Hoogakker et al. (2011), see Table 2 in Blaschek et al.F901

NoSI(J
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4.b) Oxygen minimum zonesy'> N records in the Arabian Sea and the Eastern Equatorial P
cific
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Here we now refer to the study of Gaye et al. (2017) for the Amal$ea, and to a study of Sal-
vatteci et al. (2016) for the EEP in a revised Section 4.4éDscussion (last two paragraphs).
We also admit that the time series shown in the original Figfat the Arabian Sea were for
an area in the Pacific off Peru. Since the simulated OMZ volfona threshold of 3gmol I~}

in that region is of similar magnitude as in the Arabian Seaf@Q.mol |1, this error was not
immidiately spotted.

JodeJ UOISSNOSI(]

Response to minor comments

o

p15, In 6: corrected to -0.4 GtCl/yr. 3
p16, In 20: double relevance’ has been removed ;
pl19, In 24: 'seaice’ was corrected to 'sea-ice’ ;
p22, In 28: 'effect’ was corrected to "affect’ =
p24, In 23: 'pysical’ was corrected to 'physical’ ;j
p24, In 23: 'extrema’ was corrected to extremes’ 3
References =
Augustin, L., Barbante, C., Barnes, P. R. F., Barnola, J.Bigler, M., Castellano, E., Cattani, O., %
Chappellaz, J. A., Dahl-Jensen, D., Delmonte, B., Drey@sDurand, G., Falourd, S., Fischer, H., ;
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Abstract

Climate and marine biogeochemistry changes over the Hodoaee investigated based on tran-
sient global climate and biogeochemistry model simulatiower the last 9,500 yr. The sim-

Te g worssnosi(q

ulations are forced by accelerated and non-acceleratdthloparameters, respectively, and =
atmospheric pCQ CH,, andN->O. The analysis focusses on key climatic parameters of rell

evance to the marlne blogeochemrsteﬁmepreeesseshapdetemnethe—strengthef—the
and on the physicaland
bio eochemlc rocessesshatdnve atmos here ocean:arbonfluxesandchan eso the oxy—

gen mrnlmum zones (OMZs)

m—the The5|mulated Iobal meanoceantem eratures characterrsedb amrd Holocene

v i i A i iming—cooling and a late Holocen
warmin acommonfeatureamon HoIocenecIrmatesrmulatlonSNhrch howevercontradrct
a proxy-derivedmid-Holoceneclimate optimum. As the most significant resulgnd onl

the non-acceleratedimulation, we find a substantial increase in volume of the OMZ in th

EEP continuing into the late Holocenethe-ron-aceeleratedimulation The concurrent in-

crease of arent)x enutllrsatlon AOU) and age of the water mass Wlthln the EEP OMZ

W@)’X%KMW the deemorthwardlnflow into the Pacrflc This results marge
scaledeoxygenationn-thedeeperalarge scalemid-to-lateHoloceneincreaseof AOU in most
of the Pacific and hence the source regions of the EEP OMZ Watersnid-te-lateHelecene
The simulated expansion of tigEEP OMZ raises the questiowhetherthecurrentlyobserved
deoxygenatioris-acontinuationof the f the deoxygenationhathasbeenobservedverthelast
WMQ%&%WMMM@D&@MWOW@”V drrven declrne in
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lower valuesin the mid-Holocene.The simulatedatmosphere-ocea@0,-flux would resultin
similar-magnitudeatmospheripCO, changessobservedor the Holocene but with different
timing. More technically, asthe increasein EEP OMZ-volume can only be simulated with
the non-accelerated model simulatiofthe simulationsthusdemenstratéhatnon-accelerated
experimentanodel simulationsare required for an analysis of the marine biogeochemistry i

the HoloceneNotably,alsothe long control experimentlisplayssimilar magnitudevariabilty
as the transientexperimentfor someparameters. This indicatesthat also long control runs
arerequiredwheninvestigatingHoloceneclimate and marinebiogeochemistryandthat some
of the Holocenevariationscould be attributedto internal variability of the atmosphere-ocean
system.

JodeJ UOISSNOSI(]
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1 Introduction

Numerical models that combine the ocean circulation andh@asgeschemistrhiogeochemistry:
have been developed since the 1980s (e.g., Maier-Reimdr, 4983; Maier-Reimer, 1993;
Six and Maier-Reimer, 1996; Maier-Reimer et al., 2005). Bawdies of marine carbon cycle
variability during the Holocene have been performed, hareas the focus of marine carbon -
cycle research has been more on recent and future climatgehelated carbon cycle changes;
(e.g., Maier-Reimer and Hasselmann, 1987; Maier-Reimatl.,e1996), and glacial-interglacial -
changes (e.g., Heinze et al., 1991; Brovkin et al., 2016;0Bz@l., 2017). However, one thou- —
sand year long transient climate experiments have beearpet for the last millennium with
comprehensiv&arth system models that include the marine carbon cyclg, (ingclaus et al.,
2010; Brovkin et al., 2010), and more recently the CMIP5/PBIMillennium experiments (At-
wood et al., 2016; Lehner et al., 2015)

Of the many features thaharacterizeharacteris¢he biogeochemical system in the ocean,”

here we will concentrate on oxygen minimum zones (OMEs&an—a%mesahe@mgWaﬁ
carbon fluxesandthe marine ecosystem. OMZs have received particular aiteint the recent

3
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past. This is in large part due to the observation that indkeflve decades, a general deoxy-?
genation of the world’s ocean, and an intensification of tbean’s main OMZs has occurred '
(e.g., Stramma et al., 2008; Karstensen et al., 2008; Sc¢konigt al., 2017). A further de-
crease of oceanic {concentrations has been projected for the future with nisalemodels
(e.g., Matear and Hirst, 2003; Cocco et al., 2013; Bopp ¢8lL3) as a consequence of an-—
thropogenic climate change. Knowing the past variationthefOMZ extent and oxygen is,
therefore, of immediate relevance to estimate the impoeasf the observed and projected—
deoxygenation (e.g., Bopp et al., 2017).

A few studieshatinvestigatepastoxygenvariationshavealreadybeenperformed:Based on
a model study with an intermediate complexity model to itigege glacial-interglacial vari-
ations of oxygen, Schmittner et al. (2007) found a causitienrelationshipof Indian and
Pacific ocean oxygen abundance and a shut down of the Atldeticlional Overturning Circu-
lation (AMOC). In their experiments, AMOC variability waggerated by freshwater perturba- =
tions. An attempt to better understand the currently olesband future projected expansion of
the OMZ based on paleoceangraphic observations (Moffitt,2@L5) indicates an expansion
of the major OMZs in the world ocean concurrent with the waigrsince the last deglaciation ©
(18-11 kyr BR kilo yearsheforepresenk. This is based on estimates of seafloor deoxygenation
using snapshots at 18, 13, 10, and 4 kyr BP. Bopp et al. (20%¢&}tigatedoxygenvariability
from thelastglacialmaximum(LGM) into the future basedon CMIP5 simulations(PiControl,

Although the focus of this manuscript is on marine biogeaukgy, it is mainly the changes
in climate that are driving the changes in marine biogeodsteyn Hence, some character-
istics of the Holocene climate variability need to be adskeds Model-based investigations
of Holocene climate are performed under the auspices of éheoRModel Intercomparison
Project (PMIP, Braconnot et al., 2012). Initially, numaticnodel time slice experiments have
been used to simulate the climate at specific time intertgtscally 9.5 kyr, 6 kyr, and 0 kyr

BPdo—BR=kiloyearsbeferepresent) The simulated climate and its variability has been;
compared to proxy data (e.g., Leduc et al., 2010; Emile-Gatagl., 2016). Also transient
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experiments over the entire Holocene have been performadlyrwith accelerated orbital @
forcing to save computing time (Lorenz and Lohmann, 2004méaet al., 2012; Jin et al., 2
2014) orcoupledatmosphere- oceantermedlate compIeX|ty models Wlth non- -accelerated-forc

ever—tanel—(Renssen et al., 2005 2009 Blaschek et aI 2015nger model S|mulat|ons
exist also for Earth systemmodelsof intermediatecomplexity (EMICS), suchas described —

in Brovkin et al. (2016)or thelast8 kyr, andfor 6 kyr BP to 0 kyr BP with a comprehensive
ocean-atmosphere-laibspheranodelbut orbital forcing only (Fischer and Jungclaus, 2011)
Thelongeston-acceleratedimatesimulationwith acomprehensivenodelis the Tra-CE21ka

modelexperimentwith the Climate CommunitySystemModel 3 for thelast21 kyr (Liu et al.,
2014).

A second source of information about climate variabilityidg the Holocene comes from
proxy data. A concerted effort &ynthesizesynthesisehese estimates by the PAGES2K prOJect
has resulted in a temperature reconstruction over the Ja602/ears in fairly high temporal
reseulutionresolution(PAGES 2k Consortium, 2013). In this reconstruction, thebgl mean
surface air temperature #alyzedanalysedo cool by about 0.3C between 1000 A.D. and
1900 A.D, followed by a sharp increase in temperature. Beid00 A.D. the temperature is
fairly constant at about 0.4C colder than the 1961-1990 average.

Wanner et al. (2008) also provide a comprehensive overvieglabally collected proxy-
based climate evolution for the last 6,000 yr together witims instructive plots of theselar
insolation changes during that period based on Laskar €@04). For land-based proxies the
authors consistently find a decrease of temperatures frogr 8R until now, with different
amplitude, but for the ocean this is more heterogenous (¥faenal., 2008, Fig. 2). E.g.,
the sea surface temperature (SST) displays an increasdimvéhin the subtropical Atlantic,
whereas SST decreases in line with the land surface reaoftie iwestern Pacific and in the
North Atlantic (see also Marchal et al., 2002).

A continuous reconstruction of temperatures for the erttiodocene, i.e., the past 11,300 —
years, albeit with lower temporal resolution before the BS2K period has been assembled
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by Marcott et al. (2013). In their reconstruction, globalanesurface air temperature increases?
by about 0.6°C between 11.3 kyr BP and 9 kyr BP to 0:@ warmer than present (as defined -
by the 1961-1990 CE mean). After 6 kyr BP temperatures slaglyrease by 0.4C until 2
kyr BP and are relatively stable for 1,000 years. This isofeéd by a relatively fast decrease
beginning around 1 kyr BP of 0, in agreement with the PAGES2K data and an increase to
present day temperatures in the last few hundred yearsebefesent (Marcott et al., 2013, Fig.
la-f). —

Model simulations and proxy-based estimates of past cfimvatiability apparently show
some disagreement (Liu et al., 2014), and the model sinouisiescribed here make no excep--
tion. One reason may be a different behavibatweenof land and ocean, as e.g., the PMIP2:
model simulations shown in Wanner et al. (2008) show warmierHimlocene temperatures
over land, in particular over Eurasia, whereas there ig IBST difference between 6 kyr BP
and modern values. Also on shorter timescales there areegiescies between model results =
and proxy-based records. E.g., proxy-based estimatesaiedchanging El Nifio-Southern Os-
cillation (ENSO) related variability during the Holocerteat cannot be reproduced by most of
the PMIP models (Emile-Geay et al., 2016). Also the proxsiveel inverse relationship be-
tween ENSO variability and the amplitude of the seasondkdgmot picked up by most of the
models (Emile-Geay et al., 2016, Fig. 3). The reasons fonttsnatch in proxy-based and
model-simulated Holocene climate variability, despitensoefforts in the PMIP community,
have yet to be established.

In this manuscript we aim at closing the gap between glactalkglacial and future green-
house gagGHG)driven simulations of climate and the marine carbon cgddearliertime-slice

experimentsof the Holocene. Given the differencesin simulatedand proxy-derivedclimate
evolutionoverthe Holocene this study shouldbe regardedas a sensitivtystudyto orbital and

GHG forcing. Following earlier time slice experiments with a coupkadhesphere-ecean-sea
iee-atmosphere-ocean-sea-ickmate model and a marine biogeochemistry model (Xu et al
2015), here we are using transient model simulations settha-a comprehensivenodel sys- -
tem that are covering the last 9.5 kyr of the Holocene. Inipaer, we investigate the tempo-

ral evolution of some of the key elements of the simulatethate that are important drivers
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of marine biogeochemistry variations, such as SST and AMEXC the marine carbon cycle
we focus on global values of primary production, export picithn, and calcite export, all of
which canbeimportantdriversof-theresultin atmosphere-ocean G@lux and OMZ varia-

tions. Based on these results we analyse and discuss chiartgesOMZs, in particular in the -
EEP but also in the Atlantiewetherandthe ArabianSeathe integrated effect of changes in the—

ocean-atmoespheamosphere-ocedDO,-fluxeanexplainthereconstructeditmospheripCOr
durirgtheHoleeene and changes in the marine ecosystem.

In addition we want to address the more technical questiomhtat extent simulations with
accelerated orbital forcing are suitable for Holocene nehiogeochemistry simulations. In
the accelerated-forcing experiments, the change in dpgat@meters between two model years:
corresponds to a 10 yr step in the real orbital forcing (sem 2e2.1). For climate simula-
tions, the sensitivity to accelerated vs. non-accelerfdezng has recently been investigated =
for the last two interglacials (130-120 kyr BP and 9-2 kyr BRrma et al., 2016), indicating
that non-accelerated experiments differ from accelerasgariments in the representation of
Holocene climate variability in the higher latitudes of lndemispheres while the behaviour is
more similar in low latitudes. A different temporal evolutiwas also found for the deep oceant
temperature, with the non-accelerated experiment dismag larger variation. Here we per-

TOISSTIOSI(]
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form and analyse simulations of the marisiegeechemispbiogeochemistryof the Holocene ;
forced by an accelerated and a non-accelerated climatel siaddation of the Holocene. i
We will first describe the numerical models, the experimentis, and characteristics of the =
time-varying forcing in Sec. 2, report the results for cltmand biogeochemical variables in =
Sec. 3, and discuss the results and implications for fuesearch in Sec. 4. -
o
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2 Model description and experiment set-up
2.1 Models

2.1.1 The Kiel Climate Model (KCM)

1odeJ UOISSTos

Oceanic physical conditions are obtained from the globabtad atmesphere-ocean-séze
atmosphere-ocean-sea-ioeodel KCM (the Kiel Climate Model, Park and Latif, 2008; Park
etal., 2009), in particular from NEMO/OPA9 (Madec, 2008hi@h comprises the oceanic com-
ponent of KCM and includes the LIM2eaicesea-icemodel (Fichefet and Morales Maqueda,
1997). The atmospheric component is ECHAMS5 (Roeckner e@03). The spatial config-
uration for ECHAMS5 is T31L19, and for NEMO the ORCAZ2 configtioa is chosen, i.e., a
tripolar grid with a nominal resolution of°? 2°and a meridional refinement to Or&ear the
equator and 31 layers with a finer resolution in the upper ma@ikimn. The upper100m are

resolvedoy 10layers,andbelowtheeuphoticzonethereare20 layerswith increasinghickness

up to amaximumof 500 m for thedeepestayer.
KCM has previously been used to conduct and analyse time-simulations of the pre-

industrial and the mid-Holocene climate and hydrologigalle (Schneider et al., 2010; Khon ©
et al., 2010, 2012; Salau et al., 2012) and contributed toFR3Mé.g., Emile-Geay et al., 2016). ;
More recently, orbital forcing (eccentricity, obliquitgnd precession) were varied continiously -

q

1odeJ UOISSTos
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over the last 9,500 yr of the Holocene according to the stahpietocol of PMIP (Braconnot
et al., 2008). This forcing was accelerated by a factor ofré8ulting in a transient model
experiment of 950 model years for the Holocene (Jin et alldP0OHere, in additional KCM —
experiments, the forcing is non-accelerated, so that theddae is represented by 9,500 model,.
years starting from 9.5 kyr BP (see Sec. 2.2.1 for the exmarirdescription). %

T1OS

2.1.2 Pelagic Interactions Scheme for Carbon and EcosysteStudies (PISCES)

ode J uoIss

Monthly mean fields of temperature, salinity, and the vejoftom the KCM experiment were
used in off-line mode to force a global model of the maringgbmchemistry (PISCES, Aumont
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et al., 2003).

Since the description of PISCES in Aumont et al. (2003) isegoomprehensive, we restrict
the model description to the most relevant parts for ourstigation. Sources of oceanic oxygen
are gas exchange with the atmosphere at the surface, aodibalproduction in the euphotic
zone. Oxygen consuming heterotrophic aerebisineralizatiorremineralisatiorof dissolved
organic carbon (DOC) and particulate organic carbon (P®Ginulated over the whole water
column, i.e., also in the euphotic layeRemineratizatiorRemineralisatiordepends on local —
temperature and £concentration. For an increase of AD the rate increases by a factor of 1.8 _

(Q10=1.8). RemineralizatiorRemineralisations reduced for @-concentrations below gmol
=1

yde J ToIsSSToS

OTSSTIOST

I

Primary production is simulated by two phytoplankton greugpresenting nanophytoplank- =
ton and diatoms. Growth rates are based on temperatureydietslity of light and the nu-
trients P, N (both as nitrate and ammonium), Si (for diatgragll the micronutrient Fe. The
elemental ratios of iron, chlorophyll, and silicate witldiatoms are computed prognostically
based on the surrounding water’s concentration of nusie®therwise they are constant fol-
lowing the Redfield ratios. Photosynthetically availal@ddiation (PAR) is computed from the
shortwave radiation passed from ECHAM to NEMO. Sea ice igrassl to reflect all incoming
radiation so there is no biological production in areas @naicompletelyseaicesea-icecovered
(i.e., where theseaice sea-icdraction is equal to 1).

There are three non-living components of organic carbonl8CES: semi-labile DOC, as
well as large and small POC, which are fuelled by mortaliggragation, fecal pellet production
and grazing. In the standard version of PISCES, large andl @& sinks to the sea floor
with their respective settling velocities of 2 and 5&m d~—!. For large POC, the settling
velocity increases further with depth. In the model vergoployed herethe simulation of the
settling velocity of large detritus is formulated allowifay the ballast effect of calcite and opal
shells according to Gehlen et al. (20@6)le-the-. The settling velocity of small POC remains
constant at 2adm d—!. In most areas and at most depttiesthe ballastparametrizatiorieads
to a reduction of the settling velocity for large POC compa@the (50mdm d—! and more)
standard version. The new formulation of the settling vigydor large POC generally improved
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the oxygen fields of the KCM-driven PISCES simulatwhencompared to modern day WOA
data (Garcia et al., 2013), in particular in the EEP (see AdpeA for a comparison of observed
and simulated oxygen distribution and a sensitivity ofd#éZ-velumeOMZ-volumeto the G-
threshold). Note that the ballast parameterization waspadtof the PISCES version used in
Xu et al. (2015), and therefore the mean state of the EEP Ofetrslbetween the experiments
of Xu et al. (2015) and the ones described here.

We also added an age tracer to PISCES. The age tracer is sgbtatzsurface grid points, —
and then the age increases with model time elsewhere. Adaeantd mixing is also applied to
the age tracer.

IodeJ UOISSNOSI(]

2.2 Experiment setup

2.2.1 KCM - greenhouse gases and astronomical forcifigShM-CH—KEM-HOLx10-
i

As greenhousgasGHG and orbital forcing are thexairboundary conditions driving the forced
variations in the KCM experiments, we describe this fordma little more detail.We do not

wg@wm@@wmmmmmmmwwmm
PreseribecatmosphendcO,-concentratioR(Greenhousgas concentrationsvere obtained
from the PMIP database(https://www.paleo.bristol.ac. djl/pmip/pmiphol_lig_gases.t
basedon ice coresfrom the EPICA site (Augustin et al., 2004and are displayedin Fig.
la) PrescribedatmosphericCO, concentrationvaried from 263.7 ppm at the beginning of —

the Holocene, decreased to 260 ppm around 7 kyr BP in the rideline, and then increased
to about 274 ppm for the present day pre-industrial constitbased on Indermihle et al.,

1999). CH andvaried from 678.8ppb in the early Holoceneto 580 ppb arounds kyr BP,
MWW%&E@RQD&IQM
N2 O werekeptateonstantevelsof-678-8ppb-andvariationswere smaller,from 260.6 ppb
respectivelyjn-al KCM-experimentis the early Holoceneto 267 ppbaround2 5kyr BP.

10
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Eccentricity remained fairly constant at a value of 0.02rdie entire Holocene. The pre-
cessional index increased from -0.015 to 0.02, and the wibfiglecreased from about 24t
23.5. In general, this leads to less insolation during northesmisphere summer, and more
insolation in southern hemisphere summer: Solar radiatidghe top of the atmosphere (TOA)

UoIs

-

in June decreased during the Holocene from 9.5 kyr BP to 0 RybBabout 25 Wm? at the 4;
equatoy and 45 Wn1?2 at 60°N. On the southern hemisphere, the decrease is up to 103Wvm ™
at 30°S, and at 68S there is a weak increase of a few Wfn In December the insolation is —

stronger for 0 kyr BP than for 9.5 kyr BP by up to 30 Winat 30°S and about 5 WY at 60°N
(see also Jin et al. (2014, Fig. 2) and Wanner et al. (2008,8}ifpr changes in solar radiation
at top of atmosphere vs. time for different latitudes and m@mwinter, based on Berger and
Loutre (1991) and Laskar et al. (2004), respectively).

We note that the total annual radiation driven by precessi@mges remains fairly constant =

]

UOTSSTIOST(

._1

at each latitude and globally, whereas obliquity changeseahanges also in the annual mean:

insolation (see e.g., Fig.1b in Schneider et al., 2010). s&renual mean changes in TOA

insolation from 9.5 kyr BP to O kyr BP are an increase of aroBidm~2 at the poles and a

decrease of 1 Wt at the equator, thereby potentially decreasing the latinidemperature
gradient.

For our analyses that focus on ocean physical conditionsrarthe biogeochemistry, how-
ever, we need to consider the TOA forcing as filtered by thevapherei.e., atthe seasurface

SIL

J UoTS

In Fig. 1b annual and zonal mean anomalies of short waveti@diéSWR) at the ocean and =

seaicesea-icesurface are displayed as a Hovmoller diagramme. Thesealimaan anomalies

are somewhat different from the TOA anomalies, but morevegleto understand the simu-

lated SST evolution and changes in PAR. In the early Holoceagative anomalies of -1 to
-3 Wm~2 develop at high latitudes of mainly the southern hemisphérehe mid-Holocene
negative anomalies of -1 to -3 Wrh start to evolve also in northern high latitudes, and are -
to -5 W2 in the southern high latitudes around®6) whereas SWR-anomalies become pos
itive in low latitudes (1 to 3 Wm?). At around 60N, there is a shift from negative to positive

]

W)w I(

d U0t

anomalies at around 6.8 kyr BP. During the late Holocene ptigitive anomalies in the low ;
latitudes intensify (3 to 5 Wm?), whereas the high latitude anomalies remain about cotistan
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2.2.2 KCM experiments(KCM-CTL, KCM-HOLx10 and KCM-HOL

The basisfor the KCM experimentds a 1,000 of-a-spinupexperimentiorcedby-year KCM
WE@Q 5kyr BPa&mne%ea#e%n%ganda%mespheﬁ@GQo rbital arameter 86 6

805 bCH and276 bN Oconcentratlo W|th aflnal Iobalavera eSSTof

15.8'C), followed by a spin up for a further 1,000yearswith 9.5 kyr BP orbitalfereing-but
presentiayand9,5kyr BP GHG forcing (pCO286-4ppr)-=263,8ppm, CH,=678,8ppband
The KCM control experiment (KCM-CTL) was integrated for ather2,0007,860years with

orbital parameters and atmosphereo,(263-8ppm)greenhousgasekept constant at 9.5 kyr
BP values as continuation of the spinup experiménDueto computationalimitations, it was
notpossibleto run KCM-CTL for thefull 9,500y, In thetransientexperiments KCM-HOLx10
(950 years)and KCM-HOL (9,500years) time varying orbitaffercing-andgreenhousegases
parameterandgreenhousgasessdescribedn Sec.2.2. 1were applied as forcing.

2.3 Solnset e =S nnd eontal soonrment (000 L
2.2.1 Spinup of PISCESand control experiment (BGC-CTL

To spin up the biogeochemical model, monthly mean ocean hmdput from experiment
KCM-CTL was used as forcing. Thitenavailable2,000 yr long forcing(first 2,000yearsof
KCM-CTL) was repeated three times to spin-up PISCES for 6,000 yefaes,vehich period
the model drift as defined by air sea carbon flux and age of watmses was negligible. It
was in particular the age tracer in the deep northern Pabdgicrequired the long spinup time.
Note that thiBGC spin-up simulation does not achieve a 'classical’ timeitant steady state
but reflects the internal variability of tHest 2,000yearyearsfrom experiment KCM-CTL and
any remaining drift. After repeating the KCM-CTL forcingrée times for the spinup, PISCES ~
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was integrated for a furthex06007,860years with theavailableKCM-CTL forcing as a control
experiment for the marine biogeochemistry (BGC-CTL).

2.3 Ersientesonmeniseh e o s PO o Mol a0 Do s Lo
2.2.1 Transient experimentswith PISCES(BGC-HOLx10,BGC-HOL

Similarly to the set-up of the Holocene KCM experiments, wwef@grmed two transient exper-
iments with PISCES in off-line mode. Both transient expenins are also started from year - o)
6,000 ofexperimentBGC-CTLthe PISCESspinupexperiment In the accelerated experlment
BGC-HOLXx10, oceanic fields of KCM-HOLXx10, and the same afphesic pCQ as in KCM-
HOLXx10 is prescribed as forcing. In this experiment, PISGEfRtegrated for 950 years cor-
responding to the period 9.5 kyr BP to 0 kyr, with 10-fold decated forcing. Monthly mean
output is stored.

The non-accelerated experiment BGC-HOLalsestartedfrom-year6,0006f BGC-CTL;
butis-integrated for 9,500 years forced by the non-acceleratpdrerent KCM-HOL and the
corresponding pC® All experiments and their names axemarizecsummarisedn Tab. 1.

Note that the approach here differs from earlier work to stigate Holocene OMZ changes
with a KCM/PISCES model setup, where PISCES was forced byFPpibtocol time-averaged i
oceanic conditions for specific time slices (6 kyr BP and 0 R, Xu et al., 2015). Also, Z
now all BGC experiments make use of the direct KCM-NEMO otjtps opposed to the setup ;
in Xu et al. (2015) where KCM-derived anomalies were addethéan ocean fields from an =
reanalysis-forced ocean-only setup. —
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2.3 Processingof model output

All plots in the results section are based on model outpetrpaiated to a regulark 1°grid

—with-the-exeeptionofusing the CDO/SCRIPinterpolationpackage. The only exceptionis
the meridional overturning circulatiogfMOC) that has been computed on the original ORCA2:

grid —for differentoceanbasinsusingthe standardccdf-tool availablefrom the NEMO-package
13
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(https://github.com/meom-group/CDFTOOL 3Yaximum valueshave beencomputedusing
the Ferret@maxfunction.

For all time series the time-axis represents the forcingsy€ehis corresponds to model years
for the non-accelerated experiments but not for the acelérexperiments, so any variation
caused by long term internal variability of the model wouéddpread out in time in the accel—
erated experiment compared to the non-accelerated exgetrinfor all time series, the long =
term changes are indicated by #té&-erderpelynemiatfitswhereaslets4th-ordermolynomial
fits from the xmgracesoftwarepackage.An exceptionis alkalinity, wherepolynomialfits are

1 UOTSSNOSI(]
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we will first examine the relevant aspects of the simulatedatie variations over the Holocene.

)
of 8th-orderto allow for the higher curvatureof the time series. Dots represent annual aver- =
ages and their spread indicatgserterinterannualto centennialtime scale variability. Plots -
for BGC-HOL andBGC-CTL are based on output from every 10th year, both to be consistan
with BGC-HOLXx10, and to keep the output file size at a managkavel. FerBGC-CTlenly &
3 Results o
3.1 Climate variations over the Holocene ;
Since the biogeochemical variations depend to a large eatethe changes in ocean physics,i

3.1.1 Sea surface temperature

As a first indicator of simulated changes in ocean physicgpmsent time series of the global
and annual mean SST (Fig. 2a). The global mean SST in KCM-HQO15i1°C at 9.5 kyr
BP, decreases to 14°€ at 6.5 kyr BP, and increasesainto 15.6°C at 0 kyr BP(basedon
4th-orderpolynomial fits). In KCM-HOLXx10, the temporal evolution is similar as in KCM-
HOL, but with a smaller decrease of global mean SST in they ¢étwlocene (to 15.0C and a
slightly higher SST than KCM-HOL at the end of the late Holoe¢15.7°C).
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We-netethat-alse-Also the control experiment KCM-CTL displays raedestdecrease of
global mean SSTof about 0.1°C per 1,000 years over it3:000{irst 3,500yr integration

time)simplying-. This drift is reducingto 0.1 °C per 2,000yearsbetweer6 kyr and4 kyr BP,
and after 4 kyr BP the drift becomesvery small. Note that the drift over the first 500 yr is
negligiblein KCM-CTL (grey barin Fig. 2a). Thatevena five hundredyear periodof stable

TheSSTevolutionin KCM-CTL impliesthat the simulated early Holocene decrease in SST
in KCM-HOL and KCM-HOLXx10 is the combined result of a remaigimodel drift, and the
orbital and CQ forcing. Theinitial SSTdecreassvould beweaker,andthe SSTincreasdrom
mid-to-lateHolocenewould be strongerin a drift-free experimenKCM-HOL.

A Hovmoller diagramme of zonal mean SST anomalies of KCMEHBig. 2b) reveals that
the mid-Holocene cooling is strongest in the higher laggidf the southern hemisphere (up'=
to -0.75°C, centered at around 88) whereas the late Holocene warming is strongest between
40°S and 40N —with maxima around the equator and af80This pattern coincides to large
extent with that of the anomalies of SWR at the oceansssitesea-icesurface (Fig. 1b).

The seasonal cycle of global mean SST in KCM-HOL doublesritplaude from around —©
0.35°C in the early Holocene to 0T at about 3 kyr BP (Fig. A.3a), indicating the dominance”
of the increasing seasonal cycle in the solar forcing on thehern hemisphersidatitudes
mid-latitudesover the decreasing seasonal cycle on the northern hemesphe et al., 2014).
The seasonal cycle of global mean SST remains in the randiglflys less than 0.7C during
the late Holocene after 3 kyr BP.
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3.1.2 Atantiemerdienal-Meridional overturning circulation

The AMOC-Atlantic meridionaloverturningcirculation (AMOC) serves as an indicator of the

intensity of deep water formatlon in the source reglon ofgltebal conveyor belt AMOC
: rom the NEMO-
output, max-
imum AMOC at 3GN has been comput@d—ﬁe%e&e#ead&bﬂﬂy—k@@ymmnmgme&nsa#e
(Fig. 3). Basedonthe4th-orderpolynomialfits shown in Figg—Fhe. 3, thesimulated maximum
15
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AMOC at 30N in KCM-HOL at thebeginrningotthe Holoceneisaroundi4-5Sv-Durngthe
Helecenethe 100yr+unningmeand.S kyr BP is around13.9Sv. AMOC is gradually decreas-
ing to slightly more than 12.5 Suringthefirsthalf-ofthe Holocenaintil 3 kyr BP, indicating
a weak slow down of the global conveyor belt circulation. ARI@enslighth-intensifiesagain
butonly-margirathymarginallyincreasesntil the end of the Holocene to arouad-512.6 Sv
(Fig. 3).

In KCM-HOLXx10 the mean AMOC and its temporal evolution armigr to KCM-HOL,
with a slightly higher mean valuelhe control experimentK CM-CTL, however.alsodisplays

changesn AMOC, similar to the changesn KCM-HOL. Overall, the long term changes in
AMOC are relatively smalin all experimentsand remain within the range of interannual

centennialariations of aroung-2-3 Sv.

In_the Pacific, the deepnorthwardflow that forms the far end of the deepbranchof the

watersin the deepPacific. Also in the Indian Oceanthe deepinflow from the Southis slightl
decreasingvith time but lessstrongly (not shown).
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3.1.3 Age of water masses
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In addition to AMOC, the age of water masses can serve as aatondof deep water formation,
the intensity of the global deep water circulation, and helpinderstand changes in oxygen
concentration. We will investigate time series of the waiiess age in the deep ocean at the
source and end regions of the global convyeor belt cirmrathamely the North Atlantic and
the North Pacific.

The renewal of water masses in the North Atlantic is indiddig a time series of the age
tracer averaged between 1,800 m and 2,500 m depth &l #D10°W, 40°N to 60°N in Fig.
4a. The average water mass age in this volume in BGC-HOlailyittanges from 60 to 80 yr
over the first 2,800 yr, followed by a sudden decrease tothlighore than 25 yr that occurs
within a fewyryearsaround 6.8 kyr BP. This is followed by a gradual increase ¢aiad 40 yr

16
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over the remaining 6,800 yr of the Holocene. The sudden deers likely driven by changes
in SST in the North Atlantic which in turn are a consequencthefchanging solar radiation in
this area. We will come back to this point in Sec. 4.3.

Also the controlexperimenBGC-CTL, however simulatesa suddendecreasén watermass

agesimilar to the onein BGC-HOL but occuringat a differenttime. In the accelerated experi- -
ment BGC-HOLx10 (brown curve in Fig. 4a) a slightly weakecase in age from 60 to 30

yr is simulated for the deep North Atlantic, but it occurs ioadonger time period (roughly 300 —
model years) and later in terms of forcing years (betweenrdéikyg 1 kyr BP).

At the far end of the conveyor belt circulation, the deep Ndracific, changes occur less -
sudden than in the North Atlantic, but with a larger amplkudetween Z66/500 m and
3,500m-500 m depth, 150E to 130W, 40°N to 60°N the water masses show an initial age
of 1,475 yr for all experiments (Fig. 5). In BGC-HOL, water ssaage initially decreases to =
around 1,400 yr around 7.5 kyr BP, but from thereon there teady increase up to an age of =

1,800 yr at the end of the Holocenglso in BGC-CTL the watermassagein the deepNorth
Pacificincreasesfter 8.5 kyr BP, but lessstrongthanin KCM-HOL. At 1.6 kyr BP, the end of

This can not be simulated in the accelerated experiment BG@Cx10, however, that runs ;
for 950 yr only. In BGC-HOLx10 deep North Pacific water mass dgcreases slightly stronger -~
than in the control experiment to 1,400 yr at 0 k BP. The inseda water mass age in the non- =
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accelerated experiment BGC-HOL is indicating a consideralmw down of the global con- j
veyor belt circulation over the Holocene with significanpiact on the marine biogeochemistry =
in the Pacific. We will come back to the age of water masses wiestigating the evolution
of the EEP OMZ in section 3.2.5.

w
3.2 Biogeochemical variations ;
3.2.1 Ocean-Atmosphere carbon flux g

"

asaearbenseu;eee%m(—te%hea%mesphe#el thls sectlonthe atmos here oceamrbonflux
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is diagnosedAs atmospheripCO, is prescribedn all BGC experimentsthe diagnosedlux is
acombinationof the climatedrivenoceanicvariations,andthe prescribedoCO,. We will come

backto this pointin thediscussionSec.4.5).
In the early Holocenghisfluxtheatmosphere-oceararbonflux in BGC-HOL is around -0.5

GtC yr! (Fig. 6a), the equilibrium value in the PISCES modetjicating an outgassinghat
is balancing riverine carbon input. In the mid-Holocene #eg¢gassirecarbonflux is slightly
reduced to aroun@-4-0.4GtC yr—!. Indicating slightly stronger outgassing, the value iases
to -0.75 GtC yr! in the late Holocene in experiment BGC-HOL, wheréghe flux remains at
around -0.4 GtC yr1 in experiment BGC-HOLXx10Atthesametime;theln BGC-CTL, the

~ANAAAAAANSAANAAAAR

CO, flux variesbetween0.45and-0.6 GtC yr— !, The amplitude of the seasonal cycle of the

atmosphere-ocean carbon flux in BGC-HOL decreases fromteddte Holocene from around
1.8 GtC yr ! to only 0.8 GtC yr! (Fig. A-2A.3b).

Thetime-inte rateditmos here oceamrbonﬂuanGC HOL bluecurvein Fig. Gindicates
5 -a) is almostzerodurin th

earl Holocene andmcreasesto 10 GtC from 7 r BPto 4.5kyr BP.From4 kyr BPto O
BP thereis asteadydecreas¢o -42 GtC, indicatinga netflux from the oceanto the atmos here
in thelate Holocene.

Thezonalmeanchan eof thein

BGC-HOL (@a $CO; Fig. 6b)
WWWMMW
andmostly increasediptakein northernmid-latitudes.Also the positiveanomalyaround40°s

3.2.2 Surface alkalinity and pH

Fhe-glebal-meanconeentrationof-dn BGC-HOL total alkalinity (TA) in—the-centrolrun-is

2250-2258moH—L(Fig—7a)—n-BGC-HOL it increasede-2260at the seasurfaceincreases

from 2240t0 2250 umol I-! {areund7 kyr BP)-and2280until 8 kyr BP andincreasegurther
18
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to 2265umol 171 i
MWM@B@MWI
I=! —in thelate Holocene.In experiment BGC-HOLx10 the global mean concentrationAf T
remains in the range e contrelrun2240to 2245umol 1 -1, with a maximum at around 6 kyr
BP. Surprisingly,alsoin BGC-CTL TA increasesonsiderablyandevenslightly strongerthan
The increase in TAin BGC-HOL occurs over most latitudes (Fig) with a stronger increase
north of 40N and around the equator between 5 kyr BP and 3 kyr BP, whehmneas is only a
small trend around 6@&. This temporal evolution can only partly be explained bgduction
in CaCQ; export that would drive an increase in TA (Sec. 3.2.4, Fid)11
The global andsruatannualmean pH at the surface is following the temporal variations i
atmospheric pC®and varies only little during the Holocene, with changeshia tange of a
few hundredths pH-units (8.13 - 8.16, not shown).
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3.2.3 Nutrients

In BGC-HOL, the global mean N{xoncentration averaged over the euphotic z&r&40+0-100
m) is decreasing with time from 56mol I=! in the early Holocene to 52mol |- around 3
kyr BP. This is followed by a slight increase to almost/&8ol I=! at 0 kyr BP (Fig. 8a). In
BGC-HOLXx10, the global mean concentration is fairly constt 56,:mol 1! until 5 kyr BP,
and then declines gradually to p4nol I=! in the late Holoceneln BGC-CTL,the decreasén

weakerthereafter. However, NO; concentrationis notincreasingafter 3 kyr BP asit doesin
BGC-HOL. o
The Hovmoller diagramme of the zonal mean Néoncentratiorenematiedaveragestthe ;

first 200yearssubtractedLhangeof experiment BGC-HOL (Fig. 8b) reveals that the decrease

of the NO; concentration originates from a large range of latitudesnipan the southern

hemisphere (43 to 60S), and also from high northern latitudes after the 'everduad 6.8

kyr BP in the North Atlantic centered at @9. The weak increase of global mean euphotic-zone

NO; concentration after 3 kyr BP originates mainly from a smaihdh centered at SBland,
19
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counteractedy a weakening of the negative anomalies around and south eijitor (10N
to 20°S).

3.2.4 Marine ecosystem

Te J uorssnosi(g

3(

Herewewill-presenthefocusis on thethree major components of the marine ecosystem with
relevance for the carbon cycle, namely the integrated pyimi@duction, the export production,
and the calcit¢calciumcarbonategxport. The primary production integrated over the eughoti
zone (INTPP) is a measure of the productivity of the marirasgstem. INTPP in BGC-HOL
is around 44 GtC yr! at the beginning of the Holocene, decreasing to a minimunnaafrad 41
GtC yr~! in the mid-Holocene at 5 kyr BP, and then increasing agairdtG#C yr-! towards
the late Holocene (Fig. 9a). Interannual variations araiaBe8 GtC yr!. In the accelerated
experiment BGC-HOLx10, INTPP remains fairly constant otrex entire Holocene at 43 to

44 GtC yr '-which-is-similarto-therangeof-, In the control experiment BGC-CTINTPP

decreasesteadilyform 44 GtC yr—! to aroud41 GtC yr—! attheendof the simulation
The decrease in global mean INTPP in BGC-HOL originates p#éiom latitudes south of

40°N and isgenerallymore pronounced on the southern hemisphere (Fig. 9b). Tnease
after 4 kyr BP can be traced back to an increase in INTPP betwW8iN and 60N begin-
ning around 6 kyr BP and intensifying asgreadingseuthwaregraduallygraduallyspreading
southwardfor the remainder of the Holocene. This response is likiglyen by a combination
of the changes in SST, PAR, and nutrient availability (Figjs, 1b, 8b), as there is some sim-
ilarity between zonal mean anomalies of INTPP and SST, SWReaseate-sea-icesurface,
and NG, but none of the patterns is matched excactly.

The export production &86r/-100m depth in BGC-HOL, hereomputedas sum of small
and large PO(seeSec. 2.1.2) is around 10.2 GtC yr* at 9.5 kyr BP. During théate-early
and mid-Holocene, there is a slight decrease to 9.8 GtC st 4 kyr BP,Expertand export
production remains fairly constant at that level uat kyr BP after which there is a modest
increase to 10 GtC yr' (Fig. 10a). The accelerated experiment BGC-HOLx10, aftexrsmall
increase in the early Holocene, simulates a relativelyoumfdecreasey-expertproductionby

just0.1 GtCyr—! from 8 kyr BP to 0 kyr BPAIso the control experimenBGC-CTL simulates
20
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aguite uniform decreasef exportproduction,from 10.2GtC yr—! atthe beginningto 9.9 GtC

r—! attheendof the experiment.
The zonal mean export production in BGC-HOL decreases sairthe low latidues in two

bands centred around 29 and 35°S (Fig. 10b). An increase occurs mainly betweefNBO
and 60N, intensifying after 6.8 kyr BP. The apparent deviatiorsrirthe pattern ofNFRR100
INTPP could be explained by changing temperatures (with an impadheremineralizaion
remineralisatiorrate) and changes in the particle composition (with an irnpacsettling ve-
locity) and relative contributions from small and large Pfo@he export production. For slowly
sinking small POC, we find a more continuous but minor dedhihglobal export from 3.7 to
3.6 GtC yr'!, whereas for the faster sinking large POC the decline is magiel during the first
3,000 yr of the Holocene (from 6.5 to 6.3 GtCy) and the export is fairly constant thereafter =
(not shown).

The temporal evolution of the calcite export in all expenitsas similar to that of INTPP: In
BGC-HOL, calcite export is around 1.08 GtCyrin the early Holocene (Fig. 11a), followed
by a decrease of about 0.1 GtCyr(10%) until the mid-Holocene (around 6 kyr BP) after
which there is a slight increase again to 1.05 GtC'ytowards the late Holocene. In BGC-
HOLx10ardBGCS-CHthe calcite export fluctuatdairly constantlyaround its initial value of

about 1.08 GtC yr! fairly-constanthwhereasn BGC-CTL aninitially strongerdeclinefrom

1.075GtCyr~' to 1 GtCyr~! at1.6kyr BPis simulated.
The zonal mean changes of Cagéxport in BGC-HOL are similar téhatthoseof INTPP,

with an almost global decrease in the early Holocene, and@veey in the higher northern
latitudeatitudesafter 6.8 kyr BRthat-. The recoverygradually extends to thenire-entire
northern hemisphere in the late Holocene (Fig. 11b). .
Overall the variations of the globaharine biological production and export rates remain
smalkin the rangeof +/-10% throughout the Holocene even in the non-accelerated exper
iment BGC-HOL, with a tendency for lower values in the midibtene and surprisingly =

similar-magnitudevariationsin the control run. ;

1odeJ UOISSTos

1odeJ UOISSTISI(

NoSI(J

1odeJ Uuolss

21



10

15

20

25

3.2.5 Oxygen minimum zones

The mairlargestOMZ in the global ocean resides in the EBRelatteris-here-. The EEP
herels deflned as the reglon from 12 - 74°W, 10°S 1()’N—Heneewewﬂ4—ﬁ%s%mvesﬂg&te

feHheHeleeene andto computethe EEPOMZ vqumeathreshoIdof 30 umol I Lis used

The volume of the EEP OMZasdefinedby-a30-#moH—thresheld-initially remains fairly
constant inKCM-HOL-BGC-HOL from 9.5 kyr BP to 7 kyr BP at 1510'4m? (Fig. 12, left

y-axis, dashedines). But from 7 kyr BP onwards, theMZ-velume OMZ-volume steadily
increases to around 2610'4m? at 0 kyr BP in KCM-HOL, an increase of more than 70%. In
the accelerated forcing experimeREM-BGCx10the EERP-OMZvolumeBGC-HOLx10the
EEP OMZ-volume remains fairly constant over the entire Holocerdso in BGC-CTL the
EEPOMZ-volumeincreasesfter 8 kyr BP, but|lessstrongthanin BGC-HOL.,

At the same time as th@MZ-velumeinereasesn-KEM-HOLOMZ-volume increasesn
BGC-HOL, the age of the water mass within the OMZ increases from arei4® yr (9.5 -

7 kyr BP) to 530 yr at 0 kyr BRa-experimentkCM-HOL—whereasit-decreaseslightly-in
BGC-HOLIO0Alsethecentrelrun(Fig. 12,right y-axis,solidlines). Notethattheaccelerated

experimentdoes not showan increasein the OMZ-volume and water massage (Fig. 12).
In BGC-HOLx10the age decreasesnainly after 6 kyr BP from 430 to 415 yr. The longer

controlrun, howeveralsoshowssubstantial variations é#MZvelumeOMZ-volumeand water

mass agetheaveragdn BGC-CTL the watermassageincreasego 490 yr atthe endof the
experimentvith astrongerincreasen thelast1,500yearsof the experiment.

Time seriesof the oxygen saturation(O.coneentrationwithin-the OMZ-decreaseslightly
from-18-5-sat) and apparentoxygen utilisation (AOU) betweenl100 and 800 m depthin the
EEPfor BGC-HOL demonstratea relatively stableO,sat (following mainly the temperature
evolution)but anincreasen AOU from 252t0 267 umol I-! at9.5kyr BP-to-17.5(Fig, 13a).
LateHoloceneminusearly HolocenedifferencesshowthatO,satis decreasindn the upper400
WMmoll 1&%94eyFBFLm—KGM—I=l9L—(nePshewn)—
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watermassage, butincreasingby upto 4 umol I~ belowthatdepth(Fig. 13b,shading).The
correspondindemperaturehangds awarmingof upto 0.4°C in the100- 400m depthrange,

anda cooling of up to 0.4 °C below 400 m depth, W|th anoverall very similar atternasfo
AQOU (Flg @
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ForAQU, thereis amoreuniform-with-depthtendencyto highervaluesin the late Holocene,
AOU valuesonly nearthe surface(Fig. 13c, shading).The correspondinghangein idealised
watermassagerangesfrom 10 to 60 yearshetweer400 m and1000m, with a similar pattern

to the AOU changegFig. 13c,contours).
Export production in the EEP is fairly constant over the Helee at 0.58 GtCd (figure not

shown), with only a marginal tendency for lower values in lite Holocene, and thus can be
ruled out as a driver of the expansion of the EEP ONIEe averageO, concentratiorwithin

the OMZ decreaseslightly from 18.5 ymol I~! at9.5kyr BPto 17.5umol 1~ at0 kyr BPin

BGC-HOL (notshown).
In contrastto the EEP, for the OMZ in the tropical Atlantic mainly south of the edqoia the

changes over the Holocene are more modest and of opposite Isighe region from 3W -
15°E, 30°S - 5°N, the volume of the OMZ in BGC-HOL decreases slowly from aul x
10"m3 to 3.5 x 10*m3, and the average age over the OMZ decreases from about 18315t
yr (Fig. 14).

For the Arabian Se#hered
MW&QMMMQQQ&M%@” BGC-HOL (441 X 10Lm—te4ll4 ’
to 6 x 102m314m3), concurrent with an increase in water mass age f&2@tc-360-100 to
120yr (Fig. 15). In the accelerated experiment BGC-HOLx&6;the-contrary there is a
deereassimilar increaseof both OMZ-volumeardwhereasnean water mass ageainhy-after
4-increasesnainly before 6 kyr BP. Alse-In BGC-CTL displaysa-deereasaen-average water
mass agder-theArabianSeawhereaghe-and OMZ-volumeremainrsabeutconstantire much
lessvariablethanfor the transientexperiments Note that the results for the Arabian Sea in"
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Gaye et al. (2017) are from an earli@rsionef BGC-HOLxIaccelerate@xperiment started

at year 1,500 of KCM-CTLand;thereforearenotdirectlycomparable.

3.2.6 Nerth-Atlantic-

. The earlierresultsare quite similar but not identicalto
24
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BGC-HOLX10
4 Discussion
s

4.1 HoloceneSSTvariations
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Comparinghe KCM-simulatedtemporal evolution of global mean SST with observationedas
estimates and other model simulations, there is a notafitretcewith-betweenmodelsand
observations. During theel-establishegoroxy-derivedclimate optimum in the mid-Holocene
(8 kyr to 5 kyr BP)ebservatiorbasedobservation-basedlobal mean temperature is about 0. 4
°C warmer than 1961-1990 (Marcott et al., 2013), and boretesteeratures from Greenland =
are about 2C warmer (Dahl-Jensen et al., 1998). During the same pen@&CM-simulated
SST is at its lowest value, about 0.8 colder than at the end of the simulation at 0 kyr BP in
the non-accelerated experiment (Fig-&). o

The largest fraction of the initial post-glacial temperatincrease in the reconstructions of G
Marcott et al. (2013), however, occurs in the very early delee (11.3 kyr BP to 9 kyr BP),
whereas the simulations discussed here start at 9.5 kyr Bioid difficulties with the simu-
lation of retreating ice masses and increasing sea levalul&fions, therefore, start at a time :
when continental ice sheets and sea level are assumed todgetolpresent day values. This =
very early Holocene temperature increase can, therefotbasimulated by KCM in its present
configuration. We note that also in the Holocene time sligeearents with KCM, the annual
mean SST is lowest for the 6 kyr BP experiment, and highesh®0 kyr BP experiment (e.g.,
Schneider et al., 2010, Fig.6).

In support to our model results, and raising the generaltouresf how representative the
mainly land based proxy-derived temperature anomaliebearansfered to the Holocene SST, -
Varma et al. (2016) find a similar temporal evolution of gllain@an SST in their orbitally forced 1
Commuity Climate System Model version3 simulations of ttest.and Present Interglacials
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(LIG and PIG, respectively) mainly in their non-acceledal®dG experiment (their Fig.4). The
larger amplitude of our simulated temperature change casxpkined by the small cooling
trend still inherent in the control run (KCM-CTL, about 0:C/ 1,000 years, an otherwise
very acceptable value) and the additional forcing from taesient CQ and CH, variations
in KCM-HOL and KCM-HOLx10{with a range of about 20pprfor CO,, andof about100
ppb for CH, (Fig. 1a), whereas Varma et al. (2016) used constant p&@&ues during their
simulations.

Fromearlierexperimentsvith KCM with/without a 1%/2% p.a. atmospherigpCH, increase
acontributionon the orderof 0.1°C to the simulatedHoloceneglobalmeanSSTvariationfrom

the prescribedCH, seemsa reasonablyconservativeestimate(Biastoch et al., 2011, supple-
mentary material Fig. S3)We also performed an additional transient non-accelers@h

experiment with constant pGf 286.4 ppm but orbital forcing for the Holocene that has noﬁ
been discussed here. In that experiment, the global mearfi&S$Tates within a constant range =
almost until 4 kyr BP, i.e., with no mid-Holocene coolingdancreases by 0.2 to 07 from 4
kyr BP to 0 kyr BP. This indicates that the early to mid-HoloeeSST evolution in KCM-HOL
is a result of thggCO,-foreing GHG forcing andanyremainingmodeldrift, whereas for the late
HolocenepEO,-hoth GHG and orbital forcing drive an increase in SST.

We note that also in the simulations of Varma et al. (2016)rsegly small variations in
atmospheric pC®lead to larger variations in the simulated global mean S$ih #xpected
from climate sensitivity estimates: For their PIG and LI@slations with atmospheric pGO
of 280 ppm and 272 ppm, respectively, the initial global m8& difference is more than 0.35 !
°C. This sensitivity is of similar magnitude as the 0® for KCM control simulations witha
pCO, of 286.4 ppm and 263 ppm.

As such, thédolocenesimulations of Varma et al. (201&ndtheLGM-to-presensimulations
discussedn Liu et al. (2014) support the results of our simulations abnéally sound. The
discrepancy between simulated SST, and proxy-based éstimtaowever, raises the questlon
of why the simulations result in such a different temporadletion thanebservationbased
observation-basetmperature reconstructions.

Possibly there might be a difference in the behaviour of t8& &nd the mainly land-based
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temperature reconstructions. E.g., Renssen et al. (2088 simulated differences between =
9 kyr BP and 0 kyr BP, and their Fig. 3c suggests mainly colderperatures of the northern
hemisphere oceans for 9 kyr BP, whereas the trend is opdosithe land surface mainly in
Eurasia. Fhis-Leduc et al. (2010)nvestigateMg/Ca ratios and alkenoneunsaturationvalues

adiffering warming/coolingrendfor thevariousrecords Apparently,furtherresearclis needed

onthisissue.

‘The model/datamismatchcould also imply that at least early Holocene temperature va
ationswherewere determined not only by orbital forcing &O-,-greenhousgasesbut also
by solar and volcanic forcmg |ce sheets and mternala*mirty of the systen{seealseier—a
ate(see also

IodeJ UOISSNOSI(
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Wanner et al., 2008; Renssen et aI 2009, for a more comamiereglonal investigation of

driving mechanisms of Holocene climateilowever,including total solarirradiance(TSI) in
arearound1 W m~? (Vieira et al., 2011) and assuminga climate sensitivity of 0.5 K (W
m=?)~! (IPCC, 2007thesecould translateinto global meantemperaturevariationsof similar
As proxiesmight be seasonallybiased(e.g., Schneider et al., 2010)e also analysedhe
northernsummer(June-July-AugustJJA) and northernwinter (December-January-February,
warming. Also using the yearly maximum temperaturejndicating local summer,doesnot

the simulatedlarge scaleSST evolutionin KCM-HOL is seeminglynot very sensitiveto the
choiceof seasonThe Holoceneclimateconundrum(Liu et al., 2014)ss still not solved
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4.2 Holocenecirculation changes

Themeridionaloverturningin the Atlantic in KCM-HOL decreaseeverthe Holoceneby about

1.5Sv/10%, whereaghe deepinflow into the Pacificdecreaseby 2.5 Sv/20% (Sec.3.1.2,Fig.
3). As the slow down of the circulation in the deep Pacific in ekpent KCM-HOL seems

stronger than one would expect from themesti-Sv/iodecrease of the AMOGseesection
3-12)this suggests a decoupling of the North Atlantic and the INB&cific over the course of
the Holocene simulationgadicating. Thisindicatesthat changes in the 'far-end’ conveyor belt
circulation are not necessarily represented by change$/i9@.

Blaschek et al. (2015Jescribea setof Holoceneexperimentsncludingvariousforcingswith
the earthsystemmodel of intermediatecomplexity "LOVECLIM”_and comparetheir results
with availableproxiesfor AMOC, including thoseinvestigatechy Hoogakker et al. (20113ee
Table2 in Blaschek et al. (2015)Sincethe temporalevolution of AMOC in our experiment

KCM-HOL is similar to that of experimentOG’ (Orbital and Greenhousgasesasforcing) in
Blaschek et al. (2015we canassumehat their findings are also valid for our experiments:

Additional forcing with the 8.2 kyr BP freshwaterpulseandalsoice sheettopographychanges
seemdo be requiredto simulatethe weak early HoloceneAMOC derivedfrom proxies. As
thoseforcingsarenotincludedin our modelexperimentthereis a furtherreasorto discusour

experimentsasa sensitivity experimento orbital andGHG forcing. Also Renssen et al. (2005)
find in their experiments with a coupled intermediate comiptemodel that AMOC remains

fairly constant throughout their 9,000 yr Holocene experimerspitie the changes in location
of the deep water formation regions.
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4.3 North Atlantic

the changesn the OMZs could be tracedbackto the deepwatersourceregions. It turnedout,
however,that significantchangesoccurredin the North Atlantic, that justify further analysis.
In section3.1.3we showeda suddendrop in the water massagein the deepNorth Atlantic
(Fig. 4a)that canbe tracedbackto a westwardshift in the deepwaterformation areassouth
of Josland.anda northwaidshift notth of. osland.asindicatedby the diferencein the ratea

depthin the North Atlantic (Fi .mheshlft of location alsoanlncrease:)f th

mixed layer depthof up to 3000 m occursin the more southwestermart of the Nordic Seas.

This is accompanieddy a changein SSTat 60°N around6.8 kyr BP from negativeto positive
anomalieqFig. 2b). andanincreasan exportproduction(Fig. 10b).

An SSTtime seriesat 53°N, 30°W showsa rapid decreasen SST, a time seriesat 62°N
30°W a slight SST increase,and both time serieshave reducedvariability after 7 kyr BP
figure not shown). Fig. 1b revealsa shift from negativeanomaliesof annualmeanSWR at
the ocean/sea-iceurfacejust north of 60°N to positive anomaliesin a narrow bandsouthof
60°N, anda negativeanomalynorthof 75°N. In particularthe positiveanomalysouthof 60°N
seemssurprising,as TOA radiationin the North Atlantic is decreasindgrom 9.5 kyr BP to 7
kyr BP from around190W m~? to 180W m_?, This decreasés morepronouncedn summer,
with a potentialfor preconditioningthe water massegor winter convection,whereaswinter
m%mm‘mw
for asuddershift of deepwaterformationareasn theeffectsefanthropegenievarmingasbeth
mechanismpointin the samedirectiomodel)North Atlantic duringthe Holocene.
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This shift is alsovisible in the concentratiornof NOs (Fig. 8b) andthe marineecosytemas

indicatedby INTPP, and exportproductionthat both increasesouthof 60°N after 6.8 kyr BP
anddecreasaorthof 65°N (Figs. 9b, 10b).

As alsothe control simulationshowsa suddenshift in deepNorth Atlantic watermassage,
this indicatesthat small variationsin the rangeof the internal (model) variability aresufficient
to trigger shiftsin the patternof North Atlantic deepmixing.

JodeJ UOISSNOSI(]

4.4 HoloceneOMZ variations

The dominant mechanisms for past and future OMZ-varigblifve yet to be established
PotentialcandidategJaccard and Galbraith, 2012; Bopp et al., 20IH9tentialprocessesire
changes in export production, setting the amount of dettitat can beemineralizedemineralised
temperature changes that effect oxygen solubility andnicgmatterremineralization;and

cireulation;settingtheratesby whichdeoxygenizedemineralisationandchangesn circulation.
Circulationchangesrechangingthetime duringwhich oxygencanbeconsumedn subsurface

watersdue to remineralisationof organic matter,and the ratesat which deoxygenatedvater
masses can be replenished.

E.g.,Deutsch et al. (2011) analyse an ocean general circulatamtehfiorced by atmospheric
reanalysis from 1959-2005 to identify the main mechanismofoygen mimimum zone vari-
ability in the more recent past. From the analyses the asitfind that downward shifts of
the thermocline and hence an uplifting of the Martin curveaftih et al., 1987)resultingin
drive anincreaseof the suboxicvolumedueto higher respiration rates at the same water depth
drive-anincreaseof-the suboxievelume,whereasupwards, Accordingly, upwardshifts of the
thermocline cause decreasing suboxic volume.

On glacial to interglacial time scales, on/off changes ef AMOC have been identified to
drive OMZ variations also in the Pacific (Schmittner et alQ?2). In their model experiments
with the UVic (University of Victoria) intermediate compiégy model, however, the AMOC
collapses entirely, whereas the AMOC in our Holocene sitiaria varies only by around 10%.
As such we find no indication for a direct connection betwe®hOC changes and the EEP !
OMZ for more modest changes in AMOEhemechanism
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Bopp et al. (2017suggesta compensatiorof temperaturedriven changesn O,-saturation

to the variationsin idealisedwater massage, that can serveas an indicator for ventilation,
Oy-saturationin the EEP hasa similar temporalevolution as SST,AOU reflectsthe general
slow-down of the circulation in the Pacific (seeFig. 13a). Meridional sectionsin the EEP
reveala different Holocene-trendf O,-saturationin the upperandlower part of the OMZ: a
temperature AOU resemblesvater massagechangesandis strongerin the late Holoceneat
driven by temperaturehangesthe latter by a slowercirculation (increasen watermassage).
We notethatthis differs from the compensatiorof O,-saturationand AOU changesshownin
Bopp et al. (2017vhoinvestigateshortersimulationsof muchstrongerclimatevariations such
lower AOU andvice versa.However,alsoBopp et al. (2017, Fig. 4d)nd acorrelationbetween

In summarythe dominatingmechanisnfor OMZ changesn our transientnon-accelerated
Holocene experiment is a slowdown of the circulattbat developsover thousandof years.

q
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This slow down is not mainly from changesn AMOC, but is more confined to the deep Pa-

cificanghenee, It resultsin widespread oxygen consumptiandanincreasen AOU with an
effect on the EEP OMZ (Fig. 12) where the deep waters are ugaveln the Atlantig cir-
culation changes remain small over the Holocene, anésthgencencentratiscrOMZ-volume
remains fairly constant in the Atlantic OMZ (Fig. 14).

In contrastto studiesbasedon global warming and O, (Cocco et al., 2013; Bopp et al.,
2013) and marine biological production (Steinacher et al., 2010jhat showedan impact of
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smallertemperaturevariations. The globalandannuaimeanof the MLD in KCM-HOL reveals

r BP to around47 m at 0 kyr BP. We, therefore statethat stratificationchangelay only a
minorrole for largescaleO, changesluringthe Holocene.

A modestdeoxygenationof the global oceanhas beenobservedover the last 50 years(-
2% globally, Schmidtko et al., 2017 Moreover,a further declineof the oxygencontent,and
hencean extensionof the world’s OMZs hasbeenprojectedin oceanand Earthsystemmodel
simulationsof the next centuryasa consequencef global warming (Matear and Hirst, 2003;
Cocco et al., 2013; Bopp et al., 2013)s the non-accelerategxperimenBGC-HOL yields
concentrationsas a result of the natural forcing only, this raisesthe guestionwhetherthe
trendby the effectsof anthropogenigvarmingasbothmechanismpointin the samedirection,

Comparingour resultswith the proxy-derivedestimatesof OMZ intensity in_the Eastern
Tropical SouthPacific(Salvatteci et al., 2016)ve find anindicationof strongerdenitrification
towardsthelateHolocenen theproxy data. Thiswouldlikely supportourresultof anexpanding
EEPOMZ, but the proxiescouldalsohaverecordeda morelocal decreasn O,-concentration,
ratherthana generalexpansiorof the OMZ. Moreover,the proxy-datafor the early Holocene
showa decreasén 9'° IV, indicatingincreasingoxygenconcentrationswhich is, however,not
simulatecby our model.

An earlierversionof the accelerate@xperimentBGC-HOLx10was comparedo sediment
corebasedestimatef HoloceneOMZ evolutionin the ArabianSea.Basedon §'° NV records,
Gaye et al. (2017jind thatthe AS OMZ hasintensifiedsincethe lastLGM, andthatmostof
modelresultspresentediere.In summaryhoweveraswe do notsimulatenitrogenisotopes(or
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otherproxies),a direct comparisorbetweemproxiesand modelresultsis somewhatimited. A
morecomprehensiveomparisorof proxy dataandour modelresultshasbeenplannedfor the

future.

4.5 Atmosphere-oceanCO, fluxes

Concerning the observed changes in atmosphericop@®r the Holocene, Indermuhle et al.
(1999) postulate that changes in the terrestrial biospardeSST were driving the observed
changes. Elsig et al. (2009) base their investigatiod'd€ measurements from an Antarctic =
ice core. They attribute the 5 ppm early Holocene decreasgniospheric pC®to an up-
take of the land biosphere, and the mid-to-late Holocenease of 20 ppm to changes in the =

oceans carbonate chemisingeoratreefformation. Coral reefformationon newly flooded
shelves(Vecsei and Berger, 200#)asbeenidentifiedasa possiblesourceof atmosphericO,

canbefoundin Brovkin et al. (2016).

Here we can also use our model results to sbmied extent to investigateem-amedeliers
perspeetivefor our modelsystemif and how the ocean may have contributed to the observ
atmospheric pC@variations. Ferthis-we-heedto-keepinmind-Limitations arisefrom that

the BGC experiments ar@seforced with observed pCQ and don't include coral reefsor

calcium carbonatecompensatiorirom sediments Potential mechanisms in our model come™
from the three 'carbon pumps’ of the ocean, i.e. changesedmic temperature and circulation

(phyS|caI pump), alkallnlty (alkallnlty counter pump) daexport productlowmelegrealrpump}

IodeJ UOISSNOSI(]

SSTOS

JodeJ uor

feg e Hs1

ef—#un#na#ra%mesphenqe@@and remlnerallsatlonof or amcmatter(blologlcal pump, e.g.,
Six and Maier-Reimer, 1996; Ducklow et al., 2001; Segsafereand Bendtsen, 2013)

During the early Holocenethe integratedcarbonflux is constaniFig. 6a),despitea decrease
in atmosphericCO, (Fig. 1a): During this initial phase the global meanSSTin KCM-HOL
is decreasindoy about0.3°C (Fig. 2), andthe alkalinity in BGC-HOL is increasingby 10
mol/l (Fig. 7a),while exportproductionis slightly decreasindy 0.2 GtCyr—! (Fig.
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summarytheseeffectsbalanceoutduringtheearlyHolocene andthetime-integrategtmosphere- &:ean

mm7m%mnﬁaﬁhams%b%eﬂ

JodeJ UOISSNo

j ' j r BP (Fig. 6a,bluecurve).
In the mid-Holocene from 7 kyr BP to 4 kyr BP, the time-integrateccarbonflux is slowl
increasingo atotal oceanu takeof 10 GtC. This occursdurln aperiodof atmospheripCG,

' d Sincreasethat ZU
WMM&QMM%MMMW% 7
andalkalinity is increasindoy afurther 10 zmol/l. c
M‘MMM ?

The general slowdown of the C|rculat|emeweve+;seuggestsaneppesﬁe#end494heene -
observedpver the Holocenesuggestsa weakeningof the physicalpump, anda strengthened ©
biological pump as more dissolved inorganic carbon (DIfEm remineralisatiorof organic  °
matteris stored in the deep ocean. Finally, as a result of reduckitec@xport, simulated *.
global mean surface alkalinity increases mainly duringntfig-Holocene (6.5 kyr to 5 kyr BP), =
which would lead to decreasmg pG@ surface waters and hence a sink for carbon in théJ
atmosphere : <

m&m&&mm&%m
the prescribecoCO,
a&%se%d%eﬁ#&h—d#@%%ngﬁmeb%@%mwmm@
reversingtheflux expectedrom the atmospheridorcing in the early andlate Holocene.

4.6 Non-accelerated accelerated,and time-slice experiments
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Finally we discuss the gain from the transiemperimensexperimentgperformed here com-
pared to the earlier time-slice climate model experimengsskyr BP, 6 kyr BP, and O kyr BP
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with KCM (Schneider et al., 2010) and and also the biogeodsteyrexperiments with PISCES
(Xu et al., 2015). Note that the experiments in Schneidel.gR10) were also performed
with preindustrial pC@ (286.4 ppm) and hence neglect the forcing from changing syimeric
pCQO, that is included here.

One obvious gain from the transient experiments is the nomgete time coverage over the
Holocene, potentially allowing better comparison withxjes and providing more continuous
information. The transient experiments can also be usedtermine if the timing of the time-
slice experiments is appropriate. For fhesicatphysicalfields like global mean SST (Fig. 2a)
we find that the time-slice experiments fit with the extreméheftransient experiment well.

As the state of the biogeochemistry, but also of AMOC in thtyesnd late Holocene are not
much different, time slice experiments of these periodsldvmiss any changes in between.

Also the time-slice experiments including a 6 kyr BP simioiatdo not capture the extrema
of the simulated time series of the transient experiment€B{®L and BGC-HOLx10. E.g.,
the integrated primary production and export of detritugehtineir lowest values at 5 kyr to
4 kyr BP (Fig. ®,109. In particular, the evolution of the EEP OMZ in the non-decated
experiment BGC-HOL was not captured in the earlier timeestigperiments of Xu et al. (2015),
even though they also showed smaller mid-Holocene OMZsechoyg changes in the equatorial
current system.

So, are non-accelerated experiments generally requirethrothe same knowledge be ob-
tained from experiments with accelerated astronomicalirigf? This has already been inves-
tigated for physical models (Varma et al., 2016) where a gagetement for physical vari-
ables has been found between accelerated and non-aceélénatsient simulations over the

q
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Holocene in low latitudes, but deviations were found in Hagliudes and the deep ocean. When

comparing our results for the accelerated and non-actetbexperiments, we find that also the
global mean SST shows some deviations, but it is mainly ferbibgeochemical system (that
was not included in the Varma et al. (2016) model) that lamd@ations are simulated. This is

npotonlymainly the case fotheglobally averaged fieldbutalsomereregionalationwlatitudes
suehaster-, More regionally,in the EEP OM2Zhereis alargediscrepancyetweeraccelerated
and non-accelerate@xperimentOMZ-volume, whereasresultsa similar for the Arabian Sea
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Pae#%whe#easﬁenge*p&n&enef—m&GMZ—B&mma{em% th|sstud ,a9 500 ear
simulationof Holoceneclimateandmarinebiogeochemistrys analysedogethemvith a 10-fold

accelerate@gimulationand- to our knowledgefor theflrsttlme acontrolrun of S|m|IarIen th
asthe non-accelerateé

tme-slice-experiments. While- most experiment, The simulateddimatein termsaf global
meanSSTis characterisedly amid-Holocenecooling, anda late Holocenewarmingfollowing.

climatesystem.
‘Most of the characteristic variables of the marine carbon cyitke, global atmosphere-

ocean CQ-flux, primary and export production, and global mean s@fptl displayenly

medesthanrgeghangef upto 10% during the Holocenein thenon-acceleratedxperiment.
Variationsaregenerallysmallerin the accelerategxperimentjout for somevariablesalsothe
control experimentdisplayssimilar magnitudevariationsas the non-accelerateexperiment.
This - surprisingly large - variablillity in the control experimentis a combinationof a small

remainingmodeldrift butmainlytheinternalvariability of theclimateandmarinebiogeochemist

system.This internalvariability is of similar magnitudeasthe - orbitally andgreenhousgas-
forcedvariablility during the Holocene.An exceptionis the EEP OMZ-volumehatincreases
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by more than 50%

W&%‘mmd
experiment,but not in the acceleratecexperimentand muchweakerin the control run. This
mvgrvggqugvglylvgv\vlgvlgvrggcan be attributed tgbbahvarmmg—\#lcm&thegleba#neanehma{e
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Weakenm

dee northwardlnflow into the Pacmc and a correspondin |de -S readlncreasem water

w)

massage and AOU thatdevelo soverthousandsof ears. In summar theequ&te#em&m 3
T

j mulatlonsdemonstratehe necessﬂ f performin E

transienssimulationswith non-acceleratetbrcing whenexaminingthe marinebiogeochemistry
changeoverthe Holocene but alsoof controlrunsof similar length =
Appendix A Simulated and observed oxygen concentrations §
e

Fig. A.1 shows simulated and observation-based (Garcia,&2G13) G-concentration pro-

files in the three major oxygen minimum zones (OMZ) in the wartean. For all areas, the
simulated oxygen concentrations at the surface are ovmagst due to the cold bias in KCM-
simulated SST compared to present day estimates of obs8&€dLocarini et al., 2013). The
near-surfac@xygengradient (uppe286nr200m) is simulated well in the eastern equatorial Pa-~
cific (EEP) and the Arabian Sea (AS), but overestimated irtrtsygical South Atlantic (SATL).

Between 200 and000#1000m, the observedencentatiorconcentrationsire matched well in

the SATL, and differ not too much in the EEP, whereas the olsiens are poorly matched in
the AS, mainly due to a lack of faster sinking large detritughis area. In general, all BGC
simulations show a tendency for too high @ncentrations in the upper water column, and to
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low concentrations below800+1000m, with the exception of the AS. Overall, the representa—‘
tion of oxygen minimum zones is within the range of large scabbal ocean blogeochemlstry £
models, that all havéieretheir errors (Cabré et al., 2015).

As the threshold for the definition of an OMZ is not very welfided {reflin the literaturg
we display theOMZ-volume-OMZ-volume for a range of threshold values febservaions
observationgind as simulated in Fig. A.2 for a) the global ocean and b) & Eor thresholds
up to 70umol 11, the simulated>MZ-velume OMZ-volumeis generally too low for the upper
1000a1.000m, while the best match is at a threshold of;@@o0l I-! for the global ocean and at
70 pmol I~ ol 1-1 for the EEP 0-5000 m range. For higher thresholds, the mamallanons overes-
timate theSOMZ~ :
meEERM%MﬁheAﬂan%QMZOM
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Appendix B Changes in the seasonal cycle

Fig. A.3 demonstrates the increasing amplitude of the sedsycle of SST and the decreasing
amplitude of the seasonal cycle for theean-atmosphe@mosphere-oceararbon flux during
the Holocene. For SST, the annual range increases duriniyghbalf of the Holocene from
about 0.35°C to about 0.7C at 5 kyr BP and remains at that level for the remainder of the
Holocene.

For theecean-atmesphe@mosphere-oceararbon flux, the seasonal cycle is almost 2 GtC
yr~—1in the early Holocensgt-, It becomes continously weaker as the Holocene proceeds and 1S
less than 1 GtC yr! in the late Holocene. Untka5 kyr BP it is mainly the maximum out- —
gassing that becomes weaker, whereas after 5 kyr BP the maxirmptake decreases and turns@
into outgassing after 3 kyr BRétekeepin mind that PISCES has an equilibrium outgassmgA
of around 0.5 GtC @' that compensates the riverine carbon input).
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Table 1. Experiment names and characteristics. See also Fig. 1dd¢ethporal evolution of atmospheric
greenhouse gases. Lower entries in column ‘forcing-exgitite the KCM-experiments that have been

used to force the BGC-experiments. (x10) indicates an axagbn factor of 10. CihHand NO are not &

prescribed in PISCES. g

Experiment Model orbitkyr BP] pCO; [ppm]  pCHy [pph  pN2O [pph  model ;

(forcing exp) years )

KCM-CTL KCM 9.5 263.77 677.88 260.6 7,860
KCM-HOLx10 KCM 9.5-0(x10) 263.77-286.2 575-805 258-268 095

KCM-HOL KCM 9.5-0 263.77-286.2 575-805 258-268 9,500

BGC-CTL PISCES KCM-CTL 263.77 n/a n/a 7,860 7

BGC-HOLx10 PISCES KCM-HOLx10 263.77-286.2 n/a n/a 950 2

BGC-HOL PISCES KCM-HOL 263.77 -286.2 n/a n/a 9,500 =

-

=)

-
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Figures

Fig. 1. Forcing for KCM-HOL and BGC-HOL experimentga)time-seriesef-the- Holoceneatmo-
sphericgreenhousgasconcentration¢CO,eencentrationsn-, ppm CH, andN,O, ppb)derivedfrom
EPICAice coregAugustin et al., 2004andprovidedoy PMIP and(b) short wave radiative forcing at the
seateaieesea-icesurface in W rrT2 for the BGC-HOL experiment asbtairedrom-computedn exper-
iment KCM-HOL (i.e., the astronomical TOA changes over tr@ddene as shown in Jin et al. (2014)

IodeJ UOISSNOSI(]

filterd by ECHAMS, the atmospheric component of KCM). Hovfeddiagramme of the anomaly of =
zonal and annual mederthelast9;500yearssince9.5kyr BP as 50 year running mean. Anomalies areé
derived by subtracting the average over the first 20 yeans th@ annual mean values. 2}
-
Fig. 2. (a) time series of annual and global mean SS¥i@ for the three KCM experiments KCM-HOL g
(ron-aceleratedon-acceleratefbreing, black), KCM-HOLx10 (10 times accelerated forcimgown),
and the control experiment KCM-CTL (gressts). Circles represent annual averages (not every year
shown), solid lines ath-erder4th-orderpolynomial fit. The bold greyline indicatesa linearfit over &
thefirst 500yearsof experimenKCM-CTL, (b) Hovmoller diagramme of theermalzonalmean SST
anomaly ine°C for KCM-HOL, computed by subtracting the average over that 0 years of KCM- z
HOL from annual mean values and smoothed by a 10 yr runningim&ae colour bar for contour =
intervals. o

Fig. 3. As in Fig. Za), but for the maximum meridional overturniegculationin the Atlantic at 36°N

solid lines, left axis) andfor the deepPacificbetween3000m and5000m depthat 0°N (dashedine,
right axis)in Sv (10 m* s 1).

IodeJ UOISSNOSI(]

48



Fig. 4. (a)ldealized- Idealisedage (time since contact with the surface) in years averagedeovolume

in the deep North Atlantic (48W - 10 °E, 40’N -66- 60°N, 1800 m - 2500 m depth) based on annual
mean values for KCM-HOL (blackjkEM-HOLEL0KCM-HOLx10 (brown) and KCM-CTL (greegets).
(b) Change in annual maximum mixed layer depth in m in the Nortarfic between two periods before
and after the shift in watermass aM(? 8 mlnus 5. &&MBP mean over 200 years centred
around theespectivelatesH 2
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Fig. 5. As Fig. 4a), but for theidealizecidealisedage in years averaged over a volume in the deep North
Pacific (15(9E 130w, 40°N -69- 60°N 2500 m - 3500 m depth)ael—BGG—G‘FL—e*mcreleefer—anether

JodeJ UOISSI:

Fig. 6. As Fig. 2, but(a) for the globalecean-atmeosphemmosphere-oceararbon flux (GtC yr!)
of experiments BGC-HOL (black), BGC-HOLx10 (brown) and B&JL (green)andthe integrated =

atmosphere-oceararbonflux for BGC-HOL (GtC, blue) Negative values indicate oceanic outgassing.

The net outgassing of around 0.5 GtC Yris balancing the river input of carboib) Hovmoller dia- =)
gramme of the zonal meaean-atmosphestmosphere-oceararbon flux change (molCnt s~!) of =
experiment BGC-HOL. 73
Ay
Fig. 7. As Fig. 2, butfor (a) time seriesof globalmeantotal alkalinity (TA) atthesurfacein pmoll~! as
8th-ordempolynomialfit, and(b) Hovmollerdiagrammef thechangesn zonalandannuaimeansurface ?
TA in umol |71, g
Fig. 8. As Fig. 2, but(a) for the average N@concentration averaged over the uppermost 100 gminl -~
C1~! and(b) Hovmoller diagramme of the changes in zonal and annual Mé&yconcentration in the ?

upper 100 m iumol C 1.
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Fig. 9. As Fig. 2, but(a) for time series of global primary production integrated e upper 100 m
in GtC yr-! (INTPP), and(b) Hovmaller diagramme of the changeszonalandannuaimeaniNTPP in
molCm~2s! x 10°%.

Fig. 10. As Fig. 2, but(a) for time series of global export production at the bottomted euphotic
layer in GtC yr!, and(b) Hovmoller diagramme of the changeszonalandannuaimeanglobal export
production in molC m=2 s~ x 10°.

Fig. 11. As Fig. 2, but(a) for time series of global CaCQexport production at the bottom of the
euphotic layer in GtC yr, and(b) Hovmoller diagramme of change #onalandannuaimeanCaCo;
exportinmol C m2 s ! x 10°.

Fig. 12. Time series of Eastern Equatorial Pac@isAZvelumeOMZ-volumefor athresholdof 30 umol
171 in 10" m3 (left axis,lower dashedturves)and mean age of water mass in the EEP OMZ in y&ars

thearea(right axis,uppersolid curves).EEPdefinedas140°W - 74°W, 10°S - 10°N, 0-1000m depth

Circles represent annual mean values of @éZ-velumeOMZ-volume dots are annual mean values
of the water mass age in the EEP OMZ for BGC-HOL (black), BGGOLX10 (brown) and BGC-CTL
(green). Solid lines represent polynomial fits of 4th order.

Fig. 13. (a) time seriesof AOU andO,-satin the EEP(regionasin Fig. 12, butfor 100- 800m depth),

and(b,c) meridionalsectionsof zonalmeandifferencesof late Holoceneminusearly Holocenefor (b

O,-sat(shadingumol | ~1) andtemperaturécontours°C) and(c) AOU (shadingumol | 1) andwater

massage(contours years). Contourintervalfor temperaturés 0.1 from -0.3to 0.3°C, with additional
linesfor 0.5,0.7,and1°C. Contourintervalfor watermassageis 10yr from-10to 60yr, yr, with additional
linesat-5 and>5 yr. Zerocontoursareomitted.

Fig. 14. As Fig. 12 but for the Atlantic in the area of\8/ - 15°E, 30°S - 5’ NanrdOMZvelume, 0 -
1000m depth.OMZ-volumefor athresholdof 30 umol I~1 in 10124 m® andwatermassagein years
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Fig. 15.As Fig. 12 butfor the ArabianSeain theareaof 55°E - 75°E, 8.5°N - 22°N, 100- 800m depth.
OMZ-volumefor athresholdof 70 umol I~! in 10'* m3 andwatermassagein years.

Fig. A.1. Simulated andbbservatiorbasedobservation-baseprofiles of average ©concentration in
pmol =1 in the three major oxygen minimum zones in the world ocealpihe eastern equatorial Pa-
cific, (b) the tropical South Atlantic, an@) the Arabian Sezased Basedon observationSA/OA2043;;
solidWOA2013, Garcia et al., 2013, solid), and from experim@&@@C-CTL (dotted) andBGC-HOL

(dashedpveraged over the last 200 yealrBGC-HOL{dashed)

Fig. A.2. Simulated anebbservatiorbasedobservation-base@VOA2013, Garcia et al., 2013) volume
of water masses with oxygen concentration below the thidsiadue indicated on the x-axis f¢a) the
world oceanfrom the surfaceto the seafloorin 10'° m?, and(b) the eastern equatorial Pacifiar O -
1000m and0 - 5000m in 10'* m3. See legends for explanations of symbols.

Fig. A.3. Time series obeeanatmespherda) SST and (b) atmosphere-oceararbon flux (negative
upward) for experiment BGC-HOL (black dots: annual meanes) solid black line4th-erderdth-order

polynomial fit), and annual minimum and maximum (dashedbliaes,4th-orderdth-ordepolynomial
fits), indicating the range of the annual cycle.
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