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Subject: response 1 Re: FW: bg-2017-554 (author) - manuscript accepted for final publication
From: Christoph Heinze <Christoph.Heinze@uib.no>

Date: 08/05/18 09:35

To: Anna Wenzel <anna.wenzel@copernicus.org>

CC: joachim.segschneider@ifg.uni-kiel.de

Dear All,

I agree to include this update in the final version for upload, Joachim.

It would be good, however, to document this in the email exchange stored in the BG
archive for the manuscript ("MS records"),

so that in case of questions we can reconstruct what happened. Can you arrange for this
Anna?

Many thanks,

Christoph Heinze

Christoph Heinze

prof. in chemical oceanography,

University of Bergen, Geophysical Institute,
Bjerknes Centre for Climate Research,

and Uni Research Climate

Allégaten 70, N-5007 Bergen, Norway

Mobile phone work: +47 975 57 119

Email: christoph.heinze@uib.no

CURRENTLY ON SABBATICAL AT GEOMAR, Kiel
land line +49 431 600 4212

On 2018-05-08 09:22, Anna Wenzel wrote:
Dear Christoph,

The authors asked me to forward the attached message to you.
Kind regards,

Anna
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From: j.segschneider [mailto:joachim.segschneider@ifg.uni-kiel.de]

Sent: 07 May 2018 16:36

To: Copernicus Publications Editorial Support

Cc: birgit.schneider@ifg.uni-kiel.de

Subject: Re: bg-2017-554 (author) - manuscript accepted for final publication

Dear Natascha Topfer,

if possible I would appreciate if you could forward the below enquiry
to the editor of
the above paper, unless any formal reasons speak against this.

Best regards, Joachim Segschneider

Dear Christoph Heinze,

Since the control-experiment KCM/BGC-CTL has completed another 800
years in the meantime,

I would consider it useful to provide the figures with the additional
model years in the publication

of the above manuscript since they provide a more complete view.

I have attached a zip-archive of the updated figures (.jpg).

In addition this would require updated CTL-related numbers in Tab.1l
(runtime) and in a few places in the results

section (state of -CTL at end of CTL experiments) but would not change
any of the findings of the paper.

Please let me know if I can upload the updated figures, or if you
would prefer the formally accepted

versions.

Waiting for the CTL-experiment to complete the full 9,500 years would
still require 1-2 months.

In the hope of a positive reply and best regards

Joachim Segschneider

On 02/05/18 13:54,
editorial@copernicus.org<mailto:editorial@copernicus.org> wrote:

Dear Joachim Segschneider,

We are pleased to inform you that your following manuscript was
accepted for final publication in BG:
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Title: Climate and marine biogeochemistry during the Holocene from
transient model simulations

Author(s): Joachim Segschneider et al.
MS No.: bg-2017-554

MS Type: Research article

Iteration: Minor Revision

Special Issue: Progress in quantifying ocean biogeochemistry - in
honour of Ernst Maier-Reimer

Presently, your manuscript is being transferred to the Copernicus
Publications Production Office for typesetting and publication. To
proceed, please upload all files that are required for production no
later than 12 May 2018 at

https://editor.copernicus.org/BG/production file upload/bg-2017-554.
For further information on files and formats we kindly refer you to
the submission guidelines:

https://www.biogeosciences.net/for authors/submit your manuscript.html

In your manuscript, please use full first names for all authors.
Although references are still based on initials, we will use full
first names on the title page of your paper.

To log in, please use your Copernicus Office user ID 27271.

You are invited to monitor the processing of your manuscript via your
MS Overview: https://editor.copernicus.orq/BG/my manuscript overview

In case any questions arise, please contact me.

Kind regards,

Natascha Topfer
Copernicus Publications
Editorial Support

editorial@copernicus.org<mailto:editorial@copernicus.org>
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Subject: response 2 Re: FW: bg-2017-554 (author) - manuscript accepted for final publication

From: Christoph Heinze <Christoph.Heinze@uib.no>
Date: 08/05/18 09:37

To: Anna Wenzel <anna.wenzel@copernicus.org>
CC: joachim.segschneider@ifg.uni-kiel.de

Dear All,

I agree to ALSO include this ADDITIONAL update in the final version for upload,

Joachim. NO PROBLEM.

It would be good, however, to document this in the email exchange stored in the BG

archive for the manuscript ("MS records"),

so that in case of questions we can reconstruct what happened. Can you arrange for this

Anna?
Many thanks,
Christoph Heinze

Christoph Heinze

prof. in chemical oceanography,

University of Bergen, Geophysical Institute,
Bjerknes Centre for Climate Research,

and Uni Research Climate

Allégaten 70, N-5007 Bergen, Norway

Mobile phone work: +47 975 57 119

Email: christoph.heinze@uib.no

CURRENTLY ON SABBATICAL AT GEOMAR, Kiel
land line +49 431 600 4212

On 2018-05-08 09:22, Anna Wenzel wrote:
Dear Christoph,

Please find attached the follow-up email.
Kind regards,

Anna
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From: j.segschneider [mailto:joachim.segschneider@ifg.uni-kiel.de]

Sent: 07 May 2018 17:01

To: Copernicus Publications Editorial Support

Subject: Re: bg-2017-554 (author) - manuscript accepted for final publication

Dear Natascha Topfer, Dear Christoph Heinze,

maybe the attached text that highlights the required changes is helpful in
making the decision with regard to including updated figures.

Changes can be found on p5, p7, p8, and Table 1 (pl9).
Sorry for not supplying this with my earlier email.
Best regards, Joachim Segschneider

On 02/05/18 13:54,
editorial@copernicus.org<mailto:editorial@copernicus.org> wrote:

Dear Joachim Segschneider,

We are pleased to inform you that your following manuscript was
accepted for final publication in BG:

Title: Climate and marine biogeochemistry during the Holocene from
transient model simulations

Author(s): Joachim Segschneider et al.
MS No.: bg-2017-554

MS Type: Research article

Iteration: Minor Revision

Special Issue: Progress in quantifying ocean biogeochemistry - in
honour of Ernst Maier-Reimer

Presently, your manuscript is being transferred to the Copernicus
Publications Production Office for typesetting and publication. To
proceed, please upload all files that are required for production no
later than 12 May 2018 at

https://editor.copernicus.org/BG/production file upload/bg-2017-554.
For further information on files and formats we kindly refer you to
the submission guidelines:

https://www.biogeosciences.net/for authors/submit your manuscript.html
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In your manuscript, please use full first names for all authors.
Although references are still based on initials, we will use full
first names on the title page of your paper.

To log in, please use your Copernicus Office user ID 27271.

You are invited to monitor the processing of your manuscript via your
MS Overview: https://editor.copernicus.org/BG/my manuscript overview

In case any questions arise, please contact me.

Kind regards,

Natascha Topfer
Copernicus Publications
Editorial Support

editorial@copernicus.org<mailto:editorial@copernicus.org>

on behalf of the BG Editorial Board

Joachim Segschneider
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Climate and marine biogeochemistry during the Holocene frm
transient model simulations
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Abstract. technically, as the increase in EEP OMZ-volume can only
Climate and marine biogeochemistry changes over thébe simulated with the non-accelerated model simulation nen
Holocene are investigated based on transient global cliaccelerated model simulations are required for an anaysis
mate and biogeochemistry model simulations over the lasthe marine biogeochemistry in the Holocene. Notably, also
s 9,500 yr. The simulations are forced by accelerated and nonthe long control experiment displays similar magnitude-var
accelerated orbital parameters, respectively, and atneogp  ability as the transient experiment for some parameteis. Th
pCG,, CHy, and NO. The analysis focusses on key cli- indicates that also long control runs are required whersinve
matic parameters of relevance to the marine biogeochemtigating Holocene climate and marine biogeochemistry, and
istry, and on the physical and biogeochemical processés thahat some of the Holocene variations could be attributed to
1 drive atmosphere-ocean carbon fluxes and changes of thiaternal variability of the atmosphere-ocean system.
oxygen minimum zones (OMZs). The simulated global mean
ocean temperature is characterised by a mid-Holocene cool-
ing and a late Holocene warming, a common feature among
Holocene climate simulations which, however, contradicts 1 Introduction
15 proxy-derived mid-Holocene climate optimum. As the most
significant result, and only in the non-accelerated simula-Numerical models that combine the ocean circulation and
tion, we find a substantial increase in volume of the OMZ marine biogeochemistry have been developed since the
in the Eastern Equaorial Pacific (EEP) continuing into the1980s (e.g., Maier-Reimer et al., 1993; Maier-Reimer, 1993
late Holocene. The concurrent increase of apparent oxygefix and Maier-Reimer, 1996; Maier-Reimer et al., 2005).
» utilisation (AOU) and age of the water mass within the EEP Few studies of marine carbon cycle variability during the
OMZ can be attributed to a weakening of the deep north-Holocene have been performed, however, as the focus of
ward inflow into the Pacific. This results in a large scale marine carbon cycle research has been more on recent and
mid-to-late Holocene increase of AOU in most of the Pa-future climate change related carbon cycle changes (e.g.,
cific and hence the source regions of the EEP OMZ watersMaier-Reimer and Hasselmann, 1987; Maier-Reimer et al.,
» The simulated expansion of the EEP OMZ raises the ques1996), and glacial-interglacial changes (e.g., Heinzé.gt a
tion if the deoxygenation that has been observed over the lasl991; Brovkinetal., 2016; Bopp etal., 2017). However,
five decades could be a - perhaps accelerated - continuatio®ne thousand year long transient climate experiments have
of an orbitally driven decline in oxygen. Changes in global been performed for the last millennium with comprehen-
mean biological production and export of detritus remain onsive Earth system models that include the marine carbon cy-
» the order of 10%, with generally lower values in the mid- cle, (e.g., Jungclaus etal., 2010; Brovkin et al., 20104 an
Holocene. The simulated atmosphere-ocean-@ax would more recently the CMIP5/PMIP3 Millennium experimenis
result in similar-magnitude atmospheric pcGhanges as (Atwood et al., 2016; Lehner et al., 2015).
observed for the Holocene, but with different timing. More ~ Of the many features that characterise the biogeochemi-
cal system in the ocean, here we will concentrate on oxygen
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minimum zones (OMZs), atmosphere-ocean carbon fluxeshensive ocean-atmosphere-land biosphere model but lorbita
and the marine ecosystem. OMZs have received particulaforcing only (Fischer and Jungclaus, 2011). The longest non
attention in the recent past. This is in large part due to theaccelerated climate simulation with a comprehensive model
observation that in the last five decades, a general deoxyis the Tra-CE 21ka model experiment with the Climate Com-
genation of the world’s ocean, and an intensification of themunity System Model 3 for the last 21 kyr (Liu et al., 2014).
ocean’s main OMZs has occurred (e.g., Stramma et al., 2008; A second source of information about climate vari-
Karstensen et al., 2008; Schmidtko et al., 2017). A furtherability during the Holocene comes from proxy data. A
decrease of oceanicy@oncentrations has been projected concerted effort to synthesise these estimates by the
for the future with numerical models (e.g., Matear and Hlirst PAGES2K project has resulted in a temperature reconstruc-
10 2003; Cocco et al., 2013; Boppetal., 2013) as a consetion over the last 2,000 yr in fairly high temporal resole-
quence of anthropogenic climate change. Knowing the pastion (PAGES 2k Consortium, 2013). In this reconstruction,
variations of the OMZ extent and oxygen is, therefore, of im- the global mean surface air temperature is analysed to cool
mediate relevance to estimate the importance of the obderveby about 0.3C between 1000 A.D. and 1900 A.D, followed
and projected deoxygenation (e.g., Bopp et al., 2017). by a sharp increase in temperature. Before 1000 A.D. the
s A few studies that investigate past oxygen variations havaemperature is fairly constant at about 8 colder than the
already been performed: Based on a model study with ari961-1990 average.
intermediate complexity model to investigate glaciabmt Wanner etal. (2008) also provide a comprehensive
glacial variations of oxygen, Schmittner et al. (2007) fdan  overview of globally collected proxy-based climate evolu-
causal relationship of Indian and Pacific ocean oxygen abuntion for the last 6,000 yr together with some instructive
» dance and a shut down of the Atlantic Meridional Over- plots of the insolation changes during that period based:on
turning Circulation (AMOC). In their experiments, AMOC Laskar et al. (2004). For land-based proxies the authors con
variability was generated by freshwater perturbationsafAn  sistently find a decrease of temperatures from 6 kyr BP until
tempt to better understand the currently observed andduturnow, with different amplitude, but for the ocean this is more
projected expansion of the OMZ based on paleoceangraphiceterogenous (Wanner et al., 2008, Fig. 2). E.g., the sea sur
observations (Moffitt et al., 2015) indicates an expansibn o face temperature (SST) displays an increase with time inshe
the major OMZs in the world ocean concurrent with the subtropical Atlantic, whereas SST decreases in line wigh th
warming since the last deglaciation (18-11 kyr BP, kilo gear land surface records in the western Pacific and in the North
before present). This is based on estimates of seafloor deéAtlantic (see also Marchal et al., 2002).
oxygenation using snapshots at 18, 13, 10, and 4 kyr BP. A continuous reconstruction of temperatures for the entire
Bopp et al. (2017) investigated oxygen variability from the Holocene, i.e., the past 11,300 yr, albeit with lower tenapos
last glacial maximum (LGM) into the future based on CMIP5 resolution before the PAGES2K period has been assembled
simulations (PiControl, the historical and the future pdji by Marcott et al. (2013). In their reconstruction, globalane
and time slice simulations of the last LGM (21 kyr BP) and surface air temperature increases by about°C &etween
the mid-Holocene (6 kyr BP). 11.3 kyr BP and 9 kyr BP to 0.24C warmer than present (as
s Although the focus of this manuscript is on marine bio- defined by the 1961-1990 CE mean). After 6 kyr BP tem-
geochemistry, it is mainly the changes in climate that areperatures slowly decrease by 0@ until 2 kyr BP and are
driving the changes in marine biogeochemistry. Hence, someelatively stable for 1,000 yr. This is followed by a relatiy
characteristics of the Holocene climate variability nemtlé  fast decrease beginning around 1 kyr BP of GC3in agree-
addressed. Model-based investigations of Holocene aimatment with the PAGES2K data and an increase to present day
« are performed under the auspices of the Paleo Model Intertemperatures in the last few hundred years before present
comparison Project (PMIP, Braconnot et al., 2012). Irditjal (Marcott et al., 2013, Fig. 1a-f).
numerical model time slice experiments have been used to Model simulations and proxy-based estimates of past
simulate the climate at specific time intervals, typicall$ 9 climate variability apparently show some disagreement
kyr, 6 kyr, and 0 kyr BP. The simulated climate and its vari- (Liu et al., 2014), and the model simulations described here
ability has been compared to proxy data (e.g., Leduc et al.make no exception. One reason may be a different behaviour
2010; Emile-Geay et al., 2016). Also transient experimentsof land and ocean, as e.g., the PMIP2 model simulations
over the entire Holocene have been performed, mainlyshown in Wanner et al. (2008) show warmer mid-Holocene
with accelerated orbital forcing to save computing time temperatures over land, in particular over Eurasia, wiserea
(Lorenz and Lohmann, 2004; Varma et al., 2012; Jin et al.there is little SST difference between 6 kyr BP and mod-
2014) or coupled atmosphere-ocean intermediate comyplexitern values. Also on shorter timescales there are descrepen-
models with non-accelerated forcing (Renssen et al., 2005¢ies between model results and proxy-based records. E.g.,
2009; Blaschek et al., 2015). Longer model simulations ex-proxy-based estimates indicate changing El Nifio-Southern
ist also for Earth system models of intermediate complex-Oscillation (ENSO) related variability during the Holoeen
ity (EMICS), such as described in Brovkin et al. (2016) for that cannot be reproduced by most of the PMIP models
ss the last 8 kyr, and for 6 kyr BP to 0 kyr BP with a compre- (Emile-Geay et al., 2016). Also the proxy-derived invelseko
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lationship between ENSO variability and the amplitude of 2 Model description and experiment set-up

the seasonal cycle is not picked up by most of the models

(Emile-Geay et al., 2016, Fig. 3). The reasons for the mis-2.1  Models s
match in proxy-based and model-simulated Holocene cli-

mate variability, despite some efforts in the PMIP commu-5, 4 4 The Kiel Climate Model (KCM)

nity, have yet to be established.

In this manuscript we aim at closing the gap bewVeenOceanic physical conditions are obtained from the global
lacial-interglacial fut h HG)edri . :
glacial-interglacial and future greenhouse gas (GHG)edriv coupled atmosphere-ocean-sea-ice model KCM (the Kiel

simulations of climate and the marine carbon cycle and ear-_ . ; ] )
lier time-slice experiments of the Holocene. Given the dif- Climate Model, Park and Latif, 2008; Park etal., 2009), in

ferences in simulated and proxy-derived climate evolutionpart'cmar from NEMO/OPAS (Madec, 2008), which comis

over the Holocene, this study should be regarded as a ser15€s the oceanic component of KCM and includes the

sitivty study to orbital and GHG forcing. Following earlier LIM2 sea-ice model (Fichefet and Morales Maqueda, 1997).

time slice experiments with a coupled atmosphere-ocean--rhe atmospheng comp_onentlls ECHAMS (Roepkneret al,
sea-ice climate model and a marine biogeochemistry mode?ogs;)' Tﬁ;l\jpatlhal cogfliuzratmr;. for EQHAMSh IS T31.L19'
(Xu et al., 2015), here we are using transient model simu-2" Ior ) th e ORC | COT 'gura‘:;’” IS Chosen, 1.€.4a
lations with a comprehensive model system that are cover.Erlpo ar grid with a nominal resolution of'2 2°and a merid-

ing the last 9.5 kyr of the Holocene. In particular, we inves- lonal refinement to 0.51ear the equator and 31 layers with a

tigate the temporal evolution of some of the key elementsfmer resolution in the upper water column. The upper 100 m

of the simulated climate that are important drivers of ma- are resolved byiloilayers,.and pelow the euphotic zone there
fine biogeochemistry variations, such as SST and AMOC &€ 20 layers with increasing thickness up to a maximum.of

For the marine carbon cycle we focus on global values of500 m for the deepest layer.

primary production, export production, and calcite export KCM has previously been used to conduct and analyse

all of which can result in atmosphere-ocean £iix and mﬁ) 'Csé'gg sllir?nl;lglg?]z ﬁf ét]slongz;lngucsite”?lsgr?r?eit::rgt"gl-
OMZ variations. Based on these results we analyse and di y g Y N

Ssan, i
cuss changes in the OMZs, in particular in the Eastern Equagow’ Khon et al., 2010, 2012; Salau et al., 2012) and cen-

torial Pacific (EEP) but also in the Atlantic and the Arabian tributed to PMIPS (e.g., Emile-Geay etal., 2016). More re-

Sea, the integrated effect of changes in the atmosphea"ﬂocec.ently’ orbital fprcmg (e_:c_centncny, obliquity, and pes-
CO,-flux, and changes in the marine ecosystem. sion) were varied continiously over the last 9,500 yr of

In addition we want to address the more technical ques-the Holocene according to the standard protocol of PMIP

tion to what extent simulations with accelerated orbitatfo (Braconnot et al., 2008). This forcing was accelerated by a

ing are suitable for Holocene marine biogeochemistry sim—EC?rIOf 1Or’ rfesru:::nngnlatrinS|§:1r1t rr][oclielzegfélerlrge?t dijn%d
ulations. In the accelerated-forcing experiments, thengha odel years for the Holocene (Jin etal., )- Here, in a

in orbital parameters between two model years correspondt 'g??ﬁéﬁ%’l\gfgr?:riggmé’stggéoé%n%'Zgg%i%ﬁle;iﬂs’tart_
to a 10 yr step in the real orbital forcing (see Sec. 2.2.1). P = Y

For climate simulations, the sensitivity to accelerated vs ing from 9.5 kyr BP (see Sec. 2.2.1 for the experiment de-

non-accelerated forcing has recently been investigated foscrlptlon).

the last two interglacials (130-120 kyr BP and 9-2 kyr BP,

Varma et al., 2016), indicating that non-accelerated exper 2.1.2 Pelagic Interactions Scheme for Carbon and

ments differ from accelerated experiments in the represen- Ecosystem Studies (PISCES)

tation of Holocene climate variability in the higher laties

of both hemispheres while the behaviour is more similar inMonthly mean fields of temperature, salinity, and the veloc-

low latitudes. A different temporal evolution was also fdun ity from the KCM experiment were used in off-line mods

for the deep ocean temperature, with the non-accelerated exo force a global model of the marine biogeochemistry

periment displaying a larger variation. Here we perform and(PISCES, Aumont et al., 2003).

analyse simulations of the marine biogeochemistry of the Since the description of PISCES in Aumont et al. (2003) is

Holocene forced by an accelerated and a non-accelerated clguite comprehensive, we restrict the model descriptiohéo t

mate model simulation of the Holocene. most relevant parts for our investigation. Sources of oicean

We will first describe the numerical models, the experi- oxygen are gas exchange with the atmosphere at the surface,

ment set-up, and characteristics of the time-varying fagyci and biological production in the euphotic zone. Oxygen con-

in Sec. 2, report the results for climatic and biogeochemicasuming heterotrophic aerobic remineralisation of dissdlv

variables in Sec. 3, and discuss the results and implicationorganic carbon (DOC) and particulate organic carbon (POC)

for future research in Sec. 4. is simulated over the whole water column, i.e., also in the
euphotic layer. Remineralisation depends on local tempera
ture and @-concentration. For an increase of 10 the rate
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increases hy a factor of 1.8 (x1.8). Remineralisation is changes in ice sheets (neither topography nor albedo} fres
reduced for @-concentrations below gmol =1, water input into the North Atlantic, or volcanic aerosols.
Primary production is simulated by two phytoplank- Greenhouse gas concentrations were obtained from
ton groups representing nanophytoplankton and diatomsthe PMIP data base (https://www.paleo.bristol.ac.ukdjlggss
Growth rates are based on temperature, the availability opmip/pmip_hol_lig_gases.txt) based on ice cores from the
light, and the nutrients P, N (both as nitrate and ammonium)EPICA site (Augustin et al., 2004) and are displayed in Fig.
Si (for diatoms), and the micronutrient Fe. The elemental ra 1a). Prescribed atmospheric &@oncentration varied from
tios of iron, chlorophyll, and silicate within diatoms ar@nc- 263.7 ppm at the beginning of the Holocene, decreased to
puted prognostically based on the surrounding water's con260 ppm around 7 kyr BP in the mid-Holocene, and then in-
centration of nutrients. Otherwise they are constant¥ello creased to about 274 ppm for the present day pre-industrial
ing the Redfield ratios. Photosynthetically available atidn conditions (based on Indermuhle et al., 1999).,GHried
(PAR) is computed from the shortwave radiation passed fronfrom 678.8 ppb in the early Holocene to 580 ppb around 5
ECHAM to NEMO. Sea ice is assumed to reflect all incom- kyr BP, slowly increasing afterwards to 650 ppb around 0.5
ing radiation so there is no biological productionin aréett  kyr BP, followed by a steeper increase to 805 ppb during the
are completely sea-ice covered (i.e., where the sea-ice fra last five hundred years of the Holocene reflecting early land
tion is equal to 1). use change. pD variations were smaller, from 260.6 ppb in
There are three non-living components of organic carborthe early Holocene to 267 ppb around 2.5 kyr BP.
in PISCES: semi-labile DOC, as well as large and small Eccentricity remained fairly constant at a value of 0.02
POC, which are fuelled by mortality, aggregation, fecalgiel over the entire Holocene. The precessional index increased
production and grazing. In the standard version of PISCESfrom -0.015 to 0.02, and the obliquity decreased from about
large and small POC sinks to the sea floor with their respec24.2to 23.5. In general, this leads to less insolation during
tive settling velocities of 2 and 50 n1d. For large POC, the  northern hemisphere summer, and more insolation in south-
settling velocity increases further with depth. In the mode ern hemisphere summer: Solar radiation at the top of the
version employed here, the simulation of the settling veloc atmosphere (TOA) in June decreased during the Holocene
ity of large detritus is formulated allowing for the ballast from 9.5 kyr BP to O kyr BP by about 25 Wi at the equa-
effect of calcite and opal shells according to Gehlen et al.tor, and 45 Wm2 at 60°N. On the southern hemisphere, the
(2006). The settling velocity of small POC remains constantdecrease is up to 10 Wi at 30°S, and at 60S there is a
at 2 m d"'. In most areas and at most depths, the ballastweak increase of a few Wn#. In December the insolation is
parametrization leads to a reduction of the settling v&joci stronger for 0 kyr BP than for 9.5 kyr BP by up to 30 W «
for large POC compared to the (50 m'dand more) stan- at 3C°S and about 5 Wm? at 60°N. See also Jin et al. (2014,
dard version. The new formulation of the settling velocity Fig. 2) and Wanner et al. (2008, Fig. 6) for changes in solar
for large POC generally improved the oxygen fields of theradiation at top of atmosphere vs. time for different latda
KCM-driven PISCES simulation when compared to modernand summer/winter, based on Berger and Loutre (1991) and
day WOA data (Garcia et al., 2013), in particular in the EEP Laskar et al. (2004), respectively. &
(see Appendix A for a comparison of observed and simulated We note that the total annual radiation driven by preces-
oxygen distribution and a sensitivity of the OMZ-volume to sion changes remains fairly constant at each latitude and
the O,-threshold). Note that the ballast parameterization wasglobally, whereas obliquity changes cause changes alkein t
not part of the PISCES version used in Xu et al. (2015), andannual mean insolation (see e.g., Fig.1b in Schneider,et al.
therefore the mean state of the EEP OMZ differs between th010). These annual mean changes in TOA insolation from
experiments of Xu et al. (2015) and the ones described hered.5 kyr BP to 0 kyr BP are an increase of around 5 Wnat
We also added an age tracer to PISCES. The age tracer the poles and a decrease of 1 Wit the equator, thereby
set to zero at surface grid points, and then the age increasgmtentially decreasing the latitudinal temperature gradi
with model time elsewhere. Advection and mixing is also  For our analyses that focus on ocean physical conditions
applied to the age tracer. and marine biogeochemistry, however, we need to consiger
the TOA forcing as filtered by the atmosphere, i.e., at the sea
surface. In Fig. 1b annual and zonal mean anomalies of short
wave radiation (SWR) at the ocean and sea-ice surface are
) displayed as a Hovmoéller diagramme. These annual mean
2.2.1 KCM - greenhouse gases and astronomical anomalies are somewhat different from the TOA anomalies,
forcing but more relevant to understand the simulated SST evolution
and changes in PAR. In the early Holocene, negative anoma-
As GHG and orbital forcing are the boundary conditions lies of -1 to -3 Wn12 develop at high latitudes of mainly the
driving the forced variations in the KCM experiments, we southern hemisphere. In the mid-Holocene negative anoma-
describe this forcing in a little more detail. We do not take lies of -1 to -3 Wn1?2 start to evolve also in northern highs
into account changes in total solar irradiance (TSI), seslle latitudes, and are -3 to -5 WM in the southern high lati-

2.2 Experiment set-up


https://www.paleo.bristol.ac.uk/~ggdjl/pmip/pmip_hol_lig_gases.txt
https://www.paleo.bristol.ac.uk/~ggdjl/pmip/pmip_hol_lig_gases.txt
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tudes around 60, whereas SWR-anomalies become posi-is integrated for 950 yr corresponding to the period 9.5 kyr
tive in low latitudes (1 to 3 Wm?). At around 60N, there  BP to O kyr, with 10-fold accelerated forcing. Monthly mean
is a shift from negative to positive anomalies at around 6.8output is stored. The non-accelerated experiment BGC-HOL
kyr BP. During the late Holocene, the positive anomalies inis integrated for 9,500 yr forced by the non-accelerated ex-
the low latitudes intensify (3 to 5 Wnt), whereas the high  periment KCM-HOL and the corresponding p&Q\ll ex- s

latitude anomalies remain about constant. periments and their names are summarised in Tab. 1.
Note that the approach here differs from earlier work to
2.2.2 KCM experiments (KCM-CTL, KCM-HOLX10 investigate Holocene OMZ changes with a KCM/PISCES
and KCM-HOL) model set-up, where PISCES was forced by PMIP-protocol

i . . time-averaged oceanic conditions for specific time sliGesq(
The basis for the KCM experimentsis a 1,000 yr KCM exper- kyr BP and 0 kyr BP, Xu et al., 2015). Also, now all BGC

iment with 9.5 kyr BP orbital parameters, 286.6 ppmCO  gyneriments make use of the direct KCM-NEMO output,
805 ppb CH, and 276 ppb bO-concentration (with a final - 54" gnhosed to the set-up in Xu etal. (2015) where KCM-

global average SST of 15.8), followed by a spin up fora  yeriyed anomalies were added to mean ocean fields from an
further 1,000 yr with 9.5 kyr BP orbital and 9.5 kyr BP GHG reanalysis-forced ocean-only set-up. o

forcing (pCG;=263.8 ppm, CH=678.8ppb and NO=260.6

ppb). From this state the KCM-CTL and KCM-HOL exper- )

iments were started. The KCM control experiment (KCM- 2-3  Processing of model output

CTL) was integrated for a furthéx8608,700yr with orbital

parameters and atmospheric greenhouse gases kept constait plots in the results section are based on model output
at 9.5 kyr BP values as continuation of the spinup experi-interpolated to a regulark 1°grid using the CDO/SCRIP
ment. Due to computational limitations, it was not possible interpolation package. The only exception is the meridiona
to run KCM-CTL for the full 9,500 yr. In the transient exper- overturning circulation (MOC) that has been computed on
iments KCM-HOLx10 (950 yr) and KCM-HOL (9,500 yr), the original ORCAZ grid for different ocean basins using the
time varying orbital parameters and greenhouse gases as dstandard cdf-tool available from the NEMO-package (hitps:

scribed in Sec. 2.2.1 were applied as forcing. github.com/meom-group/CDFTOOLS). Maximum values
have been computed using the Ferret @max function.

2.2.3 Spinup of PISCES and control experiment For all time series the time-axis represents the forc-

(BGC-CTL) ing years. This corresponds to model years for the non-

) ) ) accelerated experiments but not for the accelerated experi
To spin up the biogeochemical model, monthly mean oceannents, so any variation caused by long term internal vari-

model output from experiment KCM-CTL was used as forc- gpjjity of the model would be spread out in time in the accel-
ing. This then available 2,000 yr long forcing (first 2,000 Yr grated experiment compared to the non-accelerated experi-
of KCM-CTL) was repeated three times to spin-up PISCESmant. For all time series, the long term changes are indicate
for 6',000 yr, after which period the model drift as defined by the 4th-order polynomial fits from the Grace software
by air sea carbon flux and age of water masses was negliackage (http:/plasma-gate.weizmann.ac.il/Gracef)ek
gible. It was in particular the age tracer in the deep north-ceniion is alkalinity, where polynomial fits are of 8th-orde
ern Pacific that required the long spinup time. Note that thisy, ajiow for the higher curvature of the time series. Dots rep
.BGC.spm-up simulation does not achleve a cla§3|pal time-rasent annual averages and their spread indicates intexbnn
invariant steady state butreflects the internal variginlithe 1, centennial time scale variability. Plots for BGC-HOL and
first 2,000 yr from experiment KCM-CTL and any remaining BGC-CTL are based on output from every 10th year, both to

drift. After repeating the KCM-CTL forcing three times for pq ~onsistant with BGC-HOLXx10, and to keep the output file
the spinup, PISCES was integrated for a furth@668,700  gi,c at a managable level.
yr with the available KCM-CTL forcing as a control experi-

ment for the marine biogeochemistry (BGC-CTL).

90

2.2.4 Transient experiments with PISCES
(BGC-HOLx10, BGC-HOL) 3 Results

Similarly to the set-up of the Holocene KCM experiments, ] o

we performed two transient experiments with PISCES in off-3-1 ~ Climate variations over the Holocene

line mode. Both transient experiments are also started from

year 6,000 of the PISCES spinup experiment. In the accelSince the biogeochemical variations depend to a large exten
erated experiment BGC-HOLXx10, oceanic fields of KCM- on the changes in ocean physics, we will first examine the
HOLx10, and the same atmospheric pC@s in KCM- relevant aspects of the simulated climate variations dwers

so HOLX10is prescribed as forcing. In this experiment, PISCESHolocene.


https://github.com/meom-group/CDFTOOLS
https://github.com/meom-group/CDFTOOLS
http://plasma-gate.weizmann.ac.il/Grace/
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3.1.1 Sea surface temperature indicating a weak slowdown of the global conveyor belt cir-
culation. AMOC then marginally increases until the end of
As afirstindicator of simulated changes in ocean physics, wehe Holocene to around 12.6 Sv (Fig. 3). 55

present time series of the global and annual mean SST (Fig. In KCM-HOLx10 the mean AMOC and its temporal evo-
2a). The global mean SST in KCM-HOL is 15°C at 9.5  lution are similar to KCM-HOL, with a slightly higher mean
kyr BP, decreases to 14°€ at 6.5 kyr BP, and increases to value. The control experiment KCM-CTL, however, also dis-
15.6°C at 0 kyr BP (based on 4th-order polynomial fits). In plays changes in AMOC, similar to the changes in KCM-
KCM-HOLXx10, the temporal evolution is similar as in KCM- HOL. Overall, the long term changes in AMOC are relatively
HOL, but with a smaller decrease of global mean SST in thesmall in all experiments and remain within the range of in-
early Holocene (to 15.0C) and a slightly higher SST than terannual to centennial variations of around 2-3 Sv.
KCM-HOL at the end of the late Holocene (15Q). In the Pacific, the deep northward flow that forms the far
Also the control experiment KCM-CTL displays a de- end of the deep branch of the conveyor belt circulation also
crease of global mean SST of about @CLper 1,000 yr over  weakens with time during the Holocene. Between 3,000 and
its first 3,500 yr integration time. This drift is reducingQdl 5,000 m depth, at latitude’dl, the decrease of the maximum
°C per 2,000 yr between 6 kyr and 4 kyr BP, and after 4 kyrflow is from almost 10 Sv at 9.5 kyr BP to 7.5 Sv at 0 kyr BP
BP the drift becomes very small. Note that the drift over the (dashed line in Fig. 3), indicating a reduced replenishment
first 500 yr is negligible in KCM-CTL (grey bar in Fig. 2a). with younger waters in the deep Pacific. Also in the Indian
That even a five hundred year period of stable SST does ndDcean the deep inflow from the South is slightly decreasing
guarantee a later drift-free climate in the control simolat  with time but less strongly (not shown).
is rather unexpected.
The SST evolution in KCM-CTL implies that the sim- 3.1.3 Age of water masses
ulated early Holocene decrease in SST in KCM-HOL and
KCM-HOLXx10 is the combined result of a remaining model In addition to AMOC, the age of water masses can serve as an
drift, and the orbital and COforcing. The initial SST de- indicator of deep water formation, the intensity of the glbb
crease would be weaker, and the SST increase from mid-todeep water circulation, and help to understand changes in
late Holocene would be stronger in a drift-free experimentoxygen concentration. We will investigate time series @f th
KCM-HOL. water mass age in the deep ocean at the source and end
A Hovmoller diagramme of zonal mean SST anomalies ofregions of the global convyeor belt circulation, namely the
KCM-HOL (Fig. 2b) reveals that the mid-Holocene cooling North Atlantic and the North Pacific.
is strongestin the higher latitudes of the southern heneisph The renewal of water masses in the North Atlantic is ia-
(up to -0.75°C, centred at around 68) whereas the late dicated by a time series of the age tracer averaged between
Holocene warming is strongest betweefi@@nd 40N with 1,800 m and 2,500 m depth and°4#0 to 10°W, 40°N to
maxima around the equator and at80This pattern coin- 60°N in Fig. 4a. The average water mass age in this volume
cides to large extent with that of the anomalies of SWR at thein BGC-HOL initially ranges from 60 to 80 yr over the first
ocean and sea-ice surface (Fig. 1b). 2,800 yr, followed by a sudden decrease to slightly more than
The seasonal cycle of global mean SST in KCM-HOL 25 yr that occurs within a few years around 6.8 kyr BP. This
doubles its amplitude from around 0.3% in the early is followed by a gradual increase to around 40 yr over the
Holocene to 0.7C at about 3 kyr BP (Fig. A3a), indicat- remaining 6,800 yr of the Holocene. The sudden decrease is
ing the dominance of the increasing seasonal cycle in thdikely driven by changes in SST in the North Atlantic which
solar forcing on the southern hemisphere mid-latitudes ovein turn are a consequence of the changing solar radiation in
the decreasing seasonal cycle on the northern hemisphethis area. We will come back to this point in Sec. 4.3.
(Jin et al., 2014). The seasonal cycle of global mean SST re- Also the control experiment BGC-CTL, however, simu-
mains in the range of slightly less than OC during the late  lates a sudden decrease in water mass age similar to the one

Holocene after 3 kyr BP. in BGC-HOL but occuring at a different time. In the accel-
erated experiment BGC-HOLx10 (brown curve in Fig. 4a)
3.1.2 Meridional overturning circulation a slightly weaker decrease in age from 60 to 30 yr is simu-

lated for the deep North Atlantic, but it occurs over a longer
The Atlantic meridional overturning circulation (AMOC) time period (roughly 300 model years) and later in terms of
serves as an indicator of the intensity of deep water formaforcing years (between 4 kyr and 1 kyr BP).
tion in the source region of the global conveyor belt. Fromth At the far end of the conveyor belt circulation, the deep
NEMO-package output, maximum AMOC at30has been  North Pacific, changes occur less sudden than in the North
computed (Fig. 3). Based on the 4th-order polynomial fits Atlantic, but with a larger amplitude. Between 2,500 m and
shown in Fig. 3, the simulated maximum AMOC at’BDin 3,500 m depth, 15T to 130W, 40°N to 60°N the water
KCM-HOL at 9.5 kyr BP is around 13.9 Sv. AMOC is grad- masses show an initial age of 1,475 yr for all experiments
ually decreasing to slightly more than 12.5 Sv until 3 kyr BP, (Fig. 5). In BGC-HOL, water mass age initially decreases.to
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around 1,400 yr around 7.5 kyr BP, but from thereon there is3.2.2  Surface alkalinity and pH 50
a steady increase up to an age of 1,800 yr at the end of the
Holocene. Also in BGC-CTL the water mass age in the deepgn BGC-HOL total alkalinity (TA) at the sea surface in-
North Pacific increases after 8.5 kyr BP, but less strong tharcreases from 2,240 to 2,25mol I=! until 8 kyr BP and
s in KCM-HOL. At 4-60.8kyr BP, the end of BGC-CTL, the increases further to 2,268nol |~* between 6.5 and 4 kyr BP
water mass age is 1,650 yr comparechtsly-1,800 yr in  (Fig. 7a). After 4 kyr BP, TA decreases to 2,250l 1! in
KCM-HOL. the late Holocene. In experiment BGC-HOLXx10 the global
This can not be simulated in the accelerated experimenmean concentration of TA remains in the range of 2,240 to
BGC-HOLXx10, however, that runs for 950 yr only. In BGC- 2,245umol |71, with a maximum at around 6 kyr BP. Sur-
10 HOLx10 deep North Pacific water mass age decreases tprisingly, also in BGC-CTL TA increases considerably and
1,400 yr at 0 k BP. The increase in water mass age in theeven slightly stronger than in BGC-HOL.
non-accelerated experiment BGC-HOL is indicating a con- The increase in TA in BGC-HOL occurs over most lati-
siderable slowdown of the global conveyor belt circulation tudes (Fig. 7b) with a stronger increase north ofM@&nd
over the Holocene with significant impact on the marine bio-around the equator between 5 kyr BP and 3 kyr BP, whereas
15 geochemistry in the Pacific. We will come back to the agethere is only a small trend around@ This temporal evo-
of water masses when investigating the evolution of the EERution can only partly be explained by a reduction in CaCO
OMZ in section 3.2.5. export that would drive an increase in TA (Sec. 3.2.4, Fig.
11b).
The global and annual mean pH at the surface is following
3.2 Biogeochemical variations the temporal variations in atmospheric p£énhd varies only
little during the Holocene, with changes in the range of a few
hundredths pH-units (8.13 - 8.16, not shown). 70
3.2.1 Atmosphere-ocean carbon flux
3.2.3 Nutrients

2 In this section the atmosphere-ocean carbon flux is diagin BGC-HOL, the global mean Nf3concentration averaged
nosed. As atmospheric pGQs prescribed in all BGC ex- over the euphotic zone (0-100 m) is decreasing with time
periments, the diagnosed flux is a combination of the climatefrom 56 zmol 1! in the early Holocene to 52mol 1-!
driven oceanic variations, and the prescribed pQ@e will around 3 kyr BP. This is followed by a slight increase to al-
come back to this point in the discussion (Sec. 4.5). most 53umol I~ at 0 kyr BP (Fig. 8a). In BGC-HOLx10,

= Inthe early Holocene the atmosphere-ocean carbon flux ithe global mean concentration is fairly constant a/s6ol
BGC-HOL is around -0.5 GtC yr! (Fig. 6a), the equilibrium 1= until 5 kyr BP, and then declines gradually to mahol |~
value in the PISCES model, indicating an outgassing that isn the late Holocene. In BGC-CTL, the decrease in the global
balancing riverine carbon input. In the mid-Holocene the ca mean NQ-concentration is similar to that in BGC-HOlsw
bon flux is slightly reduced to around -0.4 GtCyr Indicat-  until 7 kyr BP, and becomes weaker thereaftéewever,

w ing slightly stronger outgassing, the value increases.@b-0 NO;-concentrationshetinereasingfter3kyrBPasitdees
GtC yr ! in the late Holocene in experiment BGC-HOL, in-BGC-HOL-
whereas the flux remains at around -0.4 GtClyin experi- The Hovmodller diagramme of the zonal mean NO
ment BGC-HOLx10. In BGC-CTL, the COflux varies be-  concentration changes of experiment BGC-HOL (Fig. 8b)
tween -0.45 and6-6-0.65GtC yr—!. The amplitude of the  reveals that the decrease of the N@ncentration originates

s seasonal cycle of the atmosphere-ocean carbon flux in BGCirom a large range of latitudes mainly in the southern hemi-
HOL decreases from early to late Holocene from around 1.8phere (40S to 60'S), and also from high northern lati-
GtC yr-' to only 0.8 GtC yr! (Fig. A3b). tudes after the 'event’ around 6.8 kyr BP in the North At-

The time-integrated atmosphere-ocean carbon flux inantic centred at 60N. The weak increase of global mea#a
BGC-HOL (blue curve in Fig. 6a) is almost zero during the euphotic-zone N@-concentration after 3 kyr BP originates

« early Holocene, and increases to 10 GtC from 7 kyr BP tomainly from a small band centred at®§, counteracted by
4.5 kyr BP. From 4 kyr BP to 0 kyr BP there is a steady de-a weakening of the negative anomalies around and south of
crease to -42 GtC, indicating a net flux from the ocean to thethe equator (12N to 20°S).
atmosphere in the late Holocene.

The zonal mean changes of the atmosphere-ocean carb@2.4 Marine ecosystem %

s flux in BGC-HOL (Fig. 6b) are indicating a change from
net CGQ, uptake to outgassing in the high latitude SouthernHere the focus is on the three major components of the ma-
Ocean and mostly increased uptake in northern mid-latitude rine ecosystem with relevance for the carbon cycle, namely
Also the positive anomaly around 248 shows stronger up- the integrated primary production, the export productzom
take from mid-to-late Holocene. the calcite (calcium carbonate) export. The primary preduc
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tion integrated over the euphotic zone (INTPP) is a mea-there is a slight increase to 1.05 GtC yrtowards the
sure of the productivity of the marine ecosystem. INTPP inlate Holocene. In BGC-HOLXx10 the calcite export fluctuates
BGC-HOL is around 44 GtC yr! at the beginning of the fairly constantly around its initial value of about 1.08 GtC
Holocene, decreasing to a minimum of around 41 GtC'yr  yr—! whereas in BGC-CTL an initially stronger decline from
in the mid-Holocene at 5 kyr BP, and then increasing again tal.075 GtC yr! to slightly lessthan1 GtC yr! at1.60.8 &
44 GtC yr-! towards the late Holocene (Fig. 9a). Interannual kyr BP is simulated.

variations are about 2-3 GtCyt. In the accelerated experi- The zonal mean changes of Cagéxport in BGC-HOL
ment BGC-HOLXx10, INTPP remains fairly constant over the are similar to those of INTPP, with an almost global decrease
entire Holocene at 43 to 44 GtCyt. In the control experi-  in the early Holocene, and a recovery in the higher northern
1 ment BGC-CTL INTPP decreases steadily form 44 GtClyr  latitudes after 6.8 kyr BP. The recovery gradually extenes

5

to around 41 GtC yr! at the end of the simulation. to the entire northern hemisphere in the late Holocene (Fig.
The decrease in global mean INTPP in BGC-HOL origi- 11b).
nates mainly from latitudes south of 20 and is generally Overall the variations of the global marine biological pro-

more pronounced on the southern hemisphere (Fig. 9b). Thduction and export rates remain in the range of +/-10%
1s increase after 4 kyr BP can be traced back to an increasthroughout the Holocene even in the non-accelerated exper-
in INTPP between 4N and 60N beginning around 6 kyr iment BGC-HOL, with a tendency for lower values in the
BP and intensifying and gradually spreading southward formid-Holocene, and surprisingly similar-magnitude vaoias
the remainder of the Holocene. This response is likely drive in the control run.
by a combination of the changes in SST, PAR, and nutrient
availability (Figs. 2b, 1b, 8b), as there is some similabigr  3.2.5 Oxygen minimum zones
tween zonal mean anomalies of INTPP and SST, SWR at
the sea/sea-ice surface, and NlOut none of the patterns is The largest OMZ in the global ocean resides in the EEP. The
matched excactly. EEP here is defined as the region from MM0- 74°W, 10°S-
The export production at 100 m depth in BGC-HOL, here 10°N, and to compute the EEP OMZ-volume a threshold of
s computed as sum of small and large POC (see Sec. 2.1.280 umol I=! is used. The volume of the EEP OMZ initially
is around 10.2 GtC yr! at 9.5 kyr BP. During the early and remains fairly constant in BGC-HOL from 9.5 kyr BP to 7
mid-Holocene, there is a slight decrease t0 9.8 GtCwt 4  kyr BP at 15<10'm? (Fig. 12, left y-axis, dashed lines)o
kyr BP, and export production remains fairly constant at tha But from 7 kyr BP onwards, the OMZ-volume steadily in-
level until 3 kyr BP after which there is a modest increase tocreases to around 2610'4m? at 0 kyr BP in KCM-HOL, an
10 GtC yr ! (Fig. 10a). The accelerated experiment BGC- increase of more than 70%. In the accelerated forcing exper-
HOLXx10, after a small increase in the early Holocene, simu-iment BGC-HOLx10 the EEP OMZ-volume remains fairly
lates a relatively uniform decrease by just 0.1 GtClyfrom constant over the entire Holocene. Also in BGC-CTL the
8 kyr BP to 0 kyr BP. Also the control experiment BGC- EEP OMZ-volume increases after 8 kyr BP, but less strong
CTL simulates a quite uniform decrease of export produc-than in BGC-HOL.
s tion, from 10.2 GtC yr! at the beginning t&-9-10.0 GtC At the same time as the OMZ-volume increases in BGC-
yr—! at the end of the experiment. HOL, the age of the water mass within the OMZ increases
The zonal mean export production in BGC-HOL decreasesrom around 440 yr (9.5 - 7 kyr BP) to 530 yr at O kyr BP (Fig-
mainly in the low latidues in two bands centred arountiN0 12, right y-axis, solid lines). Note that the acceleratgueeix
and 35°S (Fig. 10b). An increase occurs mainly between ment does not show an increase in the OMZ-volume and wa-
« 30°N and 60N, intensifying after 6.8 kyr BP. The apparent ter mass age (Fig. 12). In BGC-HOLx10 the age decreases
deviations from the pattern of INTPP could be explained bymainly after 6 kyr BP from 430 to 415 yr. The longer con-
changing temperatures (with an impact on the remineralisatrol run, however, also shows substantial variations of GMZ
tion rate) and changes in the particle composition (with anvolume and water mass age. In BGC-CTL the water mass
impact on settling velocity) and relative contributionerfr ~ age increases #96480yr at the end of the experiment with
small and large POC to the export production. For slowly a slightly stronger increase in the |a&t5662,000yr of the
sinking small POC, we find a more continuous but minor de-experiment.
cline of global export from 3.7 to 3.6 GtC yt, whereas for Time series of the oxygen saturation,&t) and apparento
the faster sinking large POC the decline is more rapid duringoxygen utilisation (AOU) between 100 and 800 m depth in
the first 3,000 yr of the Holocene (from 6.5t0 6.3 GtC{y  the EEP for BGC-HOL demonstrate a relatively stabis&
and the export is fairly constant thereafter (not shown). (following mainly the temperature evolution) but an ingea
The temporal evolution of the calcite export in all ex- in AOU from 252 to 267umol |~! (Fig. 13a). Late Holocene
periments is similar to that of INTPP: In BGC-HOL, cal- minus early Holocene differences show thgs@ is decreasrws
cite export is around 1.08 GtC yt in the early Holocene ing in the upper 400 m of the EEP by up tq:&ol 171, but
(Fig. 11a), followed by a decrease of about 0.1 GtC'yr increasing by up to 4mol I~ below that depth (Fig. 13b,
ss (10%) until the mid-Holocene (around 6 kyr BP) after which shading). The corresponding temperature change is a warm-
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ing of up to 0.4°C in the 100 - 400 m depth range, and a ever, occurs in the very early Holocene (11.3 kyr BP to 9
cooling of up to 0.4°C below 400 m depth, with an overall kyr BP), whereas the simulations discussed here start at 9.5
very similar pattern as for AOU (Fig. 13b, contours). kyr BP to avoid difficulties with the simulation of retreagin
For AOU, there is a more uniform-with-depth tendency ice masses and increasing sea level. Simulations, theretor
s to higher values in the late Holocene, with AOU up to 25 start at a time when continental ice sheets and sea level are
umol 171 higher at around 1,000 m depth and slightly lower assumed to be close to present day values. This very early
late Holocene AOU values only near the surface (Fig. 13c,Holocene temperature increase can, therefore, not be simu-
shading). The corresponding change in idealised water madated by KCM in its present configuration. We note that also
age ranges from 10 to 60 yr between 400 m and 1,000 m, within the Holocene time slice experiments with KCM, the asn-
10 a similar pattern to the AOU changes (Fig. 13c, contours). nual mean SST is lowest for the 6 kyr BP experiment, and
Export production in the EEP is fairly constant over the highest for the 0 kyr BP experiment (e.g., Schneider et al.,
Holocene at 0.58 GtCd (figure not shown), with only a 2010, Fig.6).
marginal tendency for lower values in the late Holocene, and In support to our model results, and raising the gen-
thus can be ruled out as a driver of the expansion of the EERral question of how representative the mainly land based
s OMZ. The average @concentration within the OMZ de- proxy-derived temperature anomalies can be transferdeto t
creases slightly from 18.5mol I=! at 9.5 kyr BP to 17.5 Holocene SST, Varma et al. (2016) find a similar temporal
umol 171 at 0 kyr BP in BGC-HOL (not shown). evolution of global mean SST in their orbitally forced Com-
In contrast to the EEP, for the OMZ in the tropical Atlantic muity Climate System Model version3 simulations of the
mainly south of the equator, the changes over the Holocené&ast and Present Interglacials (LIG and PIG, respectively)
2 are more modest and of opposite sign. In the region frommainly in their non-accelerated PIG experiment (their4)g.
5°W - 15°E, 30°S - 5°N, the volume of the OMZ in BGC- The larger amplitude of our simulated temperature change
HOL decreases slowly from around 4 x'#M3 to 3.5 x  can be explained by the small cooling trend still inherent
10'“m?3, and the average age over the OMZ decreases fronn the control run (KCM-CTL, about 0.2C/ 1,000 yr, an
about 125 yr to 115 yr (Fig. 14). otherwise very acceptable value) and the additional fgrcin
»  For the Arabian Sea a steady increase in OMZ-volumefrom the transient C®and CH, variations in KCM-HOL
(here computed for a 7@mol I=! threshold) is simulated and KCM-HOLx10 with a range of about 20 ppm for €0
in BGC-HOL (1 x 104m? to 6 x 10"*m3), concurrent with  and of about 100 ppb for CHFig. 1a), whereas Varma et al.
an increase in water mass age from 100 to 120 yr (Fig. 15). I(2016) used constant pG@alues during their simulations.
the accelerated experiment BGC-HOLX10, there is a similar From earlier experiments with  KCM with/without &
w0 increase of OMZ-volume whereas mean water mass age int%/2% p.a. atmospheric pGHncrease a contribution on
creases mainly before 6 kyr BP. In BGC-CTL average waterthe order of 0.1C to the simulated Holocene global mean
mass age and OMZ-volume are much less variable than foBST variation from the prescribed Gldeems a reasonably
the transient experiments. Note that the results for the Araconservative estimate (Biastoch et al., 2011, supplementa
bian Sea in Gaye et al. (2017) are from an earlier acceleratethaterial Fig. S3). We also performed an additional trarisien
s experiment, started at year 1,500 of KCM-CTL. The earlier non-accelerated KCM experiment with constant pCad
results are quite similar but not identical to BGC-HOLx10. 286.4 ppm but orbital forcing for the Holocene that has not
been discussed here. In that experiment, the global mean SST
fluctuates within a constant range almost until 4 kyr BP, i.e.

4 Discussion with no mid-Holocene cooling, and increases by 0.2 to &3
°C from 4 kyr BP to O kyr BP. This indicates that the early to
4.1 Holocene SST variations mid-Holocene SST evolution in KCM-HOL is a result of the

GHG forcing and any remaining model drift, whereas for the
Comparing the KCM-simulated temporal evolution of global late Holocene both GHG and orbital forcing drive an increase
« mean SST with observation-based estimates and other model SST. o
simulations, there is a notable difference between models We note that also in the simulations of Varma et al. (2016)
and observations. During the proxy-derived climate optimu seemingly small variations in atmospheric pC@ad to
in the mid-Holocene (8 kyr to 5 kyr BP) observation-basedlarger variations in the simulated global mean SST than ex-
global mean temperature is about 0@ warmer than 1961- pected from climate sensitivity estimates: For their PI@ an
4+ 1990 (Marcott et al., 2013), and borehole temperatures froniLIG simulations with atmospheric pG®f 280 ppm and 272
Greenland are about° warmer (Dahl-Jensen et al., 1998). ppm, respectively, the initial global mean SST differerge i
During the same period the KCM-simulated SST is at its low- more than 0.35C. This sensitivity is of similar magnitude
est value, about 0.8C colder than at the end of the simula- as the 0.6C for KCM control simulations with a pCfof
tion at 0 kyr BP in the non-accelerated experiment (Fig. 2a).286.4 ppm and 263 ppm.
so  The largest fraction of the initial post-glacial temperatu As such, the Holocene simulations of Varma et al. (2016)
increase in the reconstructions of Marcott et al. (2013-ho and the LGM-to-present simulations discussed in Liu et al.
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(2014) support the results of our simulations as technjicall would expect from the decrease of the AMOC this suggests
sound. The discrepancy between simulated SST, and proxya decoupling of the North Atlantic and the North Pacific over
based estimates, however, raises the question of why the sinthe course of the Holocene simulations. This indicates that
ulations result in such a different temporal evolution thanchangesin the 'far-end’ conveyor belt circulation are rest-n
observation-based temperature reconstructions. essarily represented by changes in AMOC.

Possibly there might be a difference in the behaviour of Blaschek et al. (2015) describe a set of Holocene exper-
the SST and the mainly land-based temperature reconstruéments including various forcings with the earth system
tions. E.g., Renssen etal. (2009) display simulated differ model of intermediate complexity "LOVECLIM" and com-
ences between 9 kyr BP and 0 kyr BP, and their Fig. 3c sugpare their results with available proxies for AMOC, includ-
gests mainly colder temperatures of the northern hemisphering those investigated by Hoogakker et al. (2011), see Table
oceans for 9 kyr BP, whereas the trend is opposite for the? in Blaschek et al. (2015). Since the temporal evolution of
land surface mainly in Eurasia. Leduc et al. (2010) investi-AMOC in our experiment KCM-HOL is similar to that ofs
gate Mg/Ca ratios and alkenone unsaturation valués;f))  experiment’OG’ (Orbital and Greenhouse gases as forcing)
for arange of sediment cores from differentlocations. &irth  in Blaschek et al. (2015), we can assume that their findings
study, the majority of the H5; records suggests a Holocene are also valid for our experiments: Additional forcing with
warming trend in the EEP and the tropical Atlantic, whereasthe 8.2 kyr BP fresh water pulse and also ice sheet topogra-
Mg/Ca records indicate a Holocene cooling trend in the samehy changes seems to be required to simulate the weak early
regions. For the North Atlantic, the alkenone-derived SSTHolocene AMOC derived from proxies. As those forcings
decreases over the Holocene, but Mg/Ca-derived SST showare not included in our model experiment, there is a further
a differing warming/cooling trend for the various records. reason to discuss our experiments as a sensitivity expetime
Apparently, further research is needed on this issue. to orbital and GHG forcing. Also Renssen et al. (2005) find

The model/data mismatch could also imply that at leastin their experiments with a coupled intermediate compiexit
early Holocene temperature variations were determined nomodel that AMOC remains fairly constant throughout their
only by orbital forcing or greenhouse gases but also by sola®,000 yr Holocene experiment, despite the changes in loca-
and volcanic forcing, ice sheets, and internal variabditthe  tion of the deep water formation regions.
system (see also Wanner et al., 2008; Renssen et al., 2009,
for a more complete and regional investigation of driving 4.3 North Atlantic
mechanisms of Holocene climate). However, including total
solar irradiance (TSI) in the forcing would likely not solve Our original intention in examining the North Atlantic more
the problem. Reconstructed TSI variations over the Holecen closely was to investigate whether the changes in the OMZs
are around 1 W m? (Vieira etal., 2011), and assuming a could be traced back to the deep water source regions. It
climate sensitivity of 0.5 K (W m2)~! (IPCC, 2007) these turned out, however, that significant changes occurreddn th
could translate into global mean temperature variations ofNorth Atlantic, that justify further analysis. In sectiorll3
similar magnitude as simulated here, but reconstructed TSWwe showed a sudden drop in the water mass age in the deep
is relatively low during the mid-Holocene. North Atlantic (Fig. 4a) that can be traced back to a westward

As proxies might be seasonally biased (e.g.,shiftin the deep water formation areas south of Iceland, and
Schneider etal.,, 2010), we also analysed the northerm northward shift north of Iceland, as indicated by the dif-
summer (June-July-August, JJA) and northern winterference in the annual maximum of the mixed layer depth in
(December-January-February, DJF) SST separately, but dithe North Atlantic (Fig. 4b). In addition to the shift of locaw
not find a better match with the proxy-derived mid-Holocenetion, also an increase of the mixed layer depth of up to 3,000
warming. Also using the yearly maximum temperature, m occurs in the more southwestern part of the Nordic Seas.
indicating local summer, does not change the temporalThis is accompanied by a change in SST &iN@round 6.8
behaviour, it only shifts the SST curve upward by roughly 2 kyr BP from negative to positive anomalies (Fig. 2b). and an
K. In summary, the simulated large scale SST evolution inincrease in export production (Fig. 10b). o
KCM-HOL is seemingly not very sensitive to the choice of An SST time series at 58I, 30°W shows a rapid decrease
season. The Holocene climate conundrum (Liu et al., 2014)n SST, atime series at 8R 30°W a slight SST increase, and

is still not solved. both time series have reduced variability after 7 kyr BP (fig-
ure not shown). Fig. 1b reveals a shift from negative anoma-
4.2 Holocene circulation changes lies of annual mean SWR at the ocean/sea-ice surfacedjust

north of 60N to positive anomalies in a narrow band south
The meridional overturning in the Atlantic in KCM-HOL de- of 60°N, and a negative anomaly north of°Ra In particu-
creases over the Holocene by about 1.5 Sv/10%, whereas tHar the positive anomaly south of @8 seems surprising, as
deep inflow into the Pacific decreases by 2.5 Sv/20% (SecTOA radiation in the North Atlantic is decreasing from 9.5
3.1.2, Fig. 3). As the slowdown of the circulation in the deep kyr BP to 7 kyr BP from around 190 W ni¥ to 180 W nT 2. 10
Pacific in experiment KCM-HOL seems stronger than oneThis decrease is more pronounced in summer, with a poten-
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tial for preconditioning the water masses for winter convec lution as SST, AOU reflects the general slowdown of the cir-
tion, whereas winter insolation is very low anyway so any culation in the Pacific (see Fig. 13a). Meridional sectionss
changes would be of limited impact. The TOA SWR north- the EEP reveal a different Holocene trend of-§aturation
ern hemisphere decrease is fairly linear and continues furin the upper and lower part of the OMZ: a decrease in the

s ther for the entire Holocene. The abrupt response of KCMupper part, and an increase below 400 m, reflecting the tem-
to the forcing anomalies suggests that there may be a ¢riticgporal evolution of temperature. AOU resembles water mass
threshold for a sudden shift of deep water formation areas irage changes, and is stronger in the late Holocene at allslepth
the (model) North Atlantic during the Holocene. with the exception of a small decrease in the upper 100 m off

This shift is also visible in the concentration of NQFig. the equator.

10 8b) and the marine ecosytem as indicated by INTPP, and ex- Thus, the long term changes show a decoupling of oxy-
port production that both increase south ofBGfter 6.8 kyr  gen saturation and AOU, the former driven by temperature
BP and decrease north of 8% (Figs. 9b, 10b). changes, the latter by a slower circulation (increase in wa-

As also the control simulation shows a sudden shiftin deeper mass age). We note that this differs from the compensa-
North Atlantic water mass age, this indicates that smaltvar tion of O,-saturation and AOU changes shown in Bopp et al.

15 ations in the range of the internal (model) variability avé s (2017) who investigate shorter simulations of much stronge

ficient to trigger shifts in the pattern of North Atlantic gee climate variations, such as for present day to future, LGM to

mixing. mid-Holocene, and the shorter time-scale fluctuations fram
the piControl simulations. In these simulations, a de@é@as
4.4 Holocene OMZ variations Os-saturation has a signature in lower AOU and vice versa.

However, also Bopp et al. (2017, Fig. 4b) find a correlation
The dominant mechanisms for past and future OMZ-between AOU and idealised water mass age for the LGM
2 variability have yet to be established (Jaccard and Gadlyrai to mid-Holocene changes, and question if the compensating
2012; Bopp et al., 2017). Potential processes are changes &ffect holds also for longer multi-century simulations.eTh
export production, setting the amount of detritus that oan b results shown here indicate that for millennial time sc#ies
remineralised, temperature changes that effect oxygen solO,-saturation and AOU changes may be decoupled.
ubility and organic matter remineralisation, and changes i  In summary, the dominating mechanism for OMZ changes
25 Circulation. Circulation changes are changing the time dur in our transient, non-accelerated Holocene experiment is a
ing which oxygen can be consumed in subsurface waters duslowdown of the circulation that develops over thousands
to remineralisation of organic matter, and the rates at whic of years. This slowdown is not mainly from changes in
deoxygenated water masses can be replenished. AMOC, but is more confined to the deep Pacific. It results
E.g., Deutsch et al. (2011) analyse an ocean general circun widespread oxygen consumption and an increase in AOU
= lation model forced by atmospheric reanalyses from 1959with an effect on the EEP OMZ (Fig. 12) where the deep
2005 to identify the main mechanism for oxygen mimimum waters are upwelled. In the Atlantic, circulation changes r
zone variability in the more recent past. From the analysesnain small over the Holocene, and the OMZ-volume remains
the authors find that downward shifts of the thermocline andfairly constant in the Atlantic OMZ (Fig. 14).
hence an uplifting of the Martin curve (Martin etal., 1987), In contrast to studies based on global warming and O
s drive an increase of the suboxic volume due to higher res{Cocco et al., 2013; Bopp et al., 2013) and marine biologigal
piration rates at the same water depth. Accordingly, upwardoroduction (Steinacher et al., 2010), that showed an impact
shifts of the thermocline cause decreasing suboxic volume. of stratification changes onJGfields and marine biological
On glacial to interglacial time scales, on/off changes ef th production, here we simulate much smaller temperature vari
AMOC have been identified to drive OMZ variations also in ations. The global and annual mean of the MLD in KCM-
« the Pacific (Schmittner et al., 2007). In their model experi-HOL reveals little temporal variability: MLD is around 4&
ments with the UVic (University of Victoria) intermediate m at 9.5 kyr BP, and starts to decrease after 5.5 kyr BP to
complexity model, however, the AMOC collapses entirely, around 47 m at 0 kyr BP. We, therefore, state that strati-
whereas the AMOC in our Holocene simulations varies onlyfication changes play only a minor role for large scale O
by around 10%. As such we find no indication for a direct changes during the Holocene.
s connection between AMOC changes and the EEP OMZ for A modest deoxygenation of the global ocean has been®b-
more modest changes in AMOC. served over the last 50 yr (-2% globally, Schmidtko et al.,
Bopp etal. (2017) suggest a compensation of tempera2017). Moreover, a further decline of the oxygen con-
ture driven changes in £saturation and ventilation driven tent, and hence an extension of the world's OMZs has
changes in AOU to explain past and future-tdends. In ad-  been projected in ocean and Earth system model simula-
so dition to the variations in idealised water mass age, that ca tions of the next century as a consequence of global wagm-
serve as an indicator for ventilation, we computed also theing (Matear and Hirst, 2003; Cocco et al., 2013; Bopp et al.,
fields of G,-saturation and AOU for experiment BGC-HOL. 2013). As the non-accelerated experiment BGC-HOL yields
While O,-saturation in the EEP has a similar temporal evo-an expanding OMZ in the EEP during the late Holocene,
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and in general declining oxygen concentrations as a resultlude coral reefs nor calcium carbonate compensation from
of the natural forcing only, this raises the question whethe sediments. Potential mechanisms in our model come frem
the presently observed deoxygenation might also partly behe three 'carbon pumps’ of the ocean, i.e. changes of
caused by the continuation of an externally forced trenik Th oceanic temperature and circulation (physical pump), al-

s would not have to be in contradiction with an anthropogenickalinity (alkalinity counter pump), and biological produc
contribution to the observed oxygen decline, but could alsation and export of organic matter resulting in changes of
point to an amplifaction of the externally forced trend bg th the strength (Six and Maier-Reimer, 1996; Ducklow et a.,
effects of anthropogenic warming as both mechanisms poin2001; Segschneider and Bendtsen, 2013) and the efficiency
in the same direction, albeit with different time-scales. (Sarmiento and Gruber, 2006) of the biological pump.

1 Comparing our results with the proxy-derived estimates During the early Holocene the integrated carbon flux is
of OMZ intensity in the Eastern Tropical South Pacific constant (Fig. 6a), despite a decrease in atmospheric CO
(Salvatteci et al., 2016), we find an indication of stronger(Fig. 1a): During this initial phase, the global mean SSTin
denitrification towards the late Holocene in the proxy data. KCM-HOL is decreasing by about .G (Fig. 2), and the al-
This would likely support our result of an expanding EEP kalinity in BGC-HOL is increasing by 1@mol I=! (Fig. 7a),

1s OMZ, but the proxies could also have recorded a more lo-while export production is slightly decreasing by 0.2 GtC
cal decrease in ©concentration, rather than a general ex- yr—! (Fig. 10a). In summary, these effects balance out dur-
pansion of the OMZ. Moreover, the proxy-data for the early ing the early Holocene, and the time-integrated atmosphere
Holocene show a decrease 4%’ N, indicating increasing ocean carbon flux remains about zero until 7 kyr BP (Fig. 6a,
oxygen concentrations, which is, however, not simulated byblue curve).

20 our model. In the mid-Holocene, from 7 kyr BP to 4 kyr BP, the time-

An earlier version of the accelerated experiment BGC-integrated carbon flux is slowly increasing to a total ocean
HOLx10 was compared to sediment core based estimatesptake of 10 GtC. This occurs during a period of atmosphesic
of Holocene OMZ evolution in the Arabian Sea. Based onpCQO, increase that would drive oceanic uptake, but SST is
d'5 N records, Gaye et al. (2017) find that the AS OMZ hasrising slowly, export production is further decreasingd ait

2 intensified since the last LGM, and that most of this in- kalinity is increasing by a further 1omol I-*.
crease occured throughout the Holocene (their Fig. 6),lwhic  In the late Holocene, after 4 kyr BP, the ocean is outgassing
is in agreement with the model results presented here. Iratotal of 50 GtC, potentially driven by the simulated inG@ax
summary, however, as we do not simulate nitrogen isotopet SST and damped by the increasing prescribed atmospheric
(or other proxies), a direct comparison between proxies angCO,.

s model results is somewhat limited. A more comprehensive The general slowdown of the circulation over the
comparison of proxy data and our model results has beemiolocene suggests a weakening of the physical pump, and

planned for the future. a strengthened biological pump as more dissolved inorganic
carbon (DIC) from remineralisation of organic matter is
4.5 Atmosphere-ocean CQ fluxes stored in the deep ocean. Finally, as a result of reducetealc

export, simulated global mean surface alkalinity increase
Concerning the observed changes in atmospheric ;pCOmainly during the mid-Holocene (6.5 kyr to 5 kyr BP), which
s over the Holocene, Indermiihle et al. (1999) postulate thaivould lead to decreasing pG@n surface waters and hence
changes in the terrestrial biosphere and SST were drivimg tha sink for carbon in the atmosphere.
observed changes. Elsig et al. (2009) base their investigat  To investigate whether the efficiency of the biologi-
on §'3C measurements from an Antarctic ice core. They at-cal pump (EBp, Sarmiento and Gruber, 2006, eq. 4.1.1)
tribute the 5 ppm early Holocene decrease in atmospherichanged over the Holocene we computegl Brom the
« pCO; to an uptake of the land biosphere, and the mid-to-global mean N@-concentrations from O - 100 m depth
late Holocene increase of 20 ppm to changes in the oceansurface) and 100 - 200 m depth (deep), as suggested by
carbonate chemistry. Coral reef formation on newly floodedSarmiento and Gruber (2006, Fig.4.1.7). It was found that
shelfs (Vecsei and Berger, 2004) has been identified as a po#here is little variation of Ep over the Holocene, with values
sible source of atmospheric GGn the early Holocene. A for Egp of around 0.47 +/- 0.01 and a marginal tendency for
s comprehensive EMIC-based investigation of interglacal ¢ increased efficiency in the late Holocene (an increase frem
bon cycle dynamics and potential mechanisms that drive at0.468 to 0.473 based on a 4th-order polynomial fit), i.e., op-
mospheric CQ@ changes during these periods can be foundposite to the simulated atmosphere-ocean flux that indicate
in Brovkin et al. (2016). stronger outgassing in the late Holocene.
Here we can also use our model results to some limited In summary, the contribution of oceanic processes to air-
so extent to investigate for our model system if and how thesea carbon fluxes is in line with the prescribed pG®the 1o
ocean may have contributed to the observed atmospherimid-Holocene, while reversing the flux expected from the at-
pCQO, variations. Limitations arise from that the BGC ex- mospheric forcing in the early and late Holocene.
periments are forced with observed p&Gnd don't in-
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4.6 Non-accelerated, accelerated, and time-slice 5 Conclusions 50
experiments
In this study, a 9,500 yr simulation of Holocene climate and
marine biogeochemistry is analysed together with a 10-fold
accelerated simulation and - to our knowledge for the first
time - a control run of similar length as the non-accelerated
experiment. The simulated climate in terms of global mean
SST is characterised by a mid-Holocene cooling, and a late
Finally we discuss the gain from the transient experimentsHolocene warming following the temporal evolution of the
performed here compared to the earlier time-slice climategreenhouse gas forcing and the short wave radiation at the
model experiments at 9.5 kyr BP, 6 kyr BP, and 0 kyr BP sea surface. This is in contradiction to a proxy-derived-mid
with KCM (Schneider et al., 2010) and and also the biogeo-Holocene climate optimum and a late Holocene cooling. The
chemistry experiments with PISCES (Xu et al., 2015). Noteopen question why KCM and other ocean-atmoshere coupled
that the experiments in Schneider et al. (2010) were also perclimate models do not simulate the proxy-derived Holocene
formed with preindustrial pC©(286.4 ppm) and hence ne- climate evolution under astronomical and GHG-forcing re-
glect the forcing from changing atmospheric pCthat is ~ mains a major issue. As long as this issue is not resolved, we
included here. have to regard the biogeochemistry simulation as a sensitiv
One obvious gain from the transient experiments is theity study to orbital and greenhouse gas forcing of the clemat
more complete time coverage over the Holocene, potentiallysystem.
allowing better comparison with proxies and providing more  Most of the characteristic variables of the marine car-
continuous information. The transient experiments caa als bon cycle, like global atmosphere-ocean £iix, primary
be used to determine if the timing of the time-slice experi-and export production, and global mean surface pH dis-
ments is appropriate. For the physical fields like globalmea play changes of up to 10% during the Holocene in the non-
SST (Fig. 2a) we find that the time-slice experiments fit with accelerated experiment. Variations are generally smadler
the extrema of the transient experiment well. As the state othe accelerated experiment, but for some variables also the
the biogeochemistry, but also of AMOC in the early and late control experiment displays similar magnitude variatiass
Holocene are not much different, time slice experiments ofthe non-accelerated experiment. This - surprisingly large
these periods would miss any changes in between. variablillity in the control experiment is a combination of
Also the time-slice experiments including a 6 kyr BP sim- a small remaining model drift but mainly the internal vari-
ulation do not capture the extrema of the simulated timeability of the climate and marine biogeochemisty system.
series of the transient experiments BGC-HOL and BGC-This internal variability is of similar magnitude as the - or
HOLx10. E.g., the integrated primary production and exportbitally and greenhouse gas - forced variablility during the
of detritus have their lowest values at 5 kyr to 4 kyr BP Holocene. An exception is the EEP OMZ-volume that in-
(Fig. 9a, 10a). In particular, the evolution of the EEP OMZ creases by more than 50% in the second half of the Holocene
in the non-accelerated experiment BGC-HOL was not cap4n the non-accelerated experiment, but not in the accelérat
tured in the earlier time slice experiments of Xu et al. (9015 experiment and much weaker in the control run. This in-
even though they also showed smaller mid-Holocene OMZgrease in OMZ-volume can be attributed to a weakening deep
caused by changes in the equatorial current system. northward inflow into the Pacific, and a corresponding wide-
So, are non-accelerated experiments generally required, sspread increase in water mass age and AOU that develops
can the same knowledge be obtained from experiments witlover thousands of years. In summary, the simulations demon-
accelerated astronomical forcing? This has already been irstrate the necessity of performing transient simulatioits w
vestigated for physical models (Varma et al., 2016) where anon-accelerated forcing when examining the marine biogeo-
good agreement for physical variables has been found beshemistry changes over the Holocene, but also of contrsl run
tween accelerated and non-accelerated transient siongati of similar length.
over the Holocene in low latitudes, but deviations were fbun
in high latitudes and the deep ocean. When comparing our
results for the accelerated and non-accelerated expetsmen Appendix A: Simulated and observed oxygen
we find that also the global mean SST shows some deviaeconcentrations
tions, but it is mainly for the biogeochemical system (that
was not included in the Varma et al. (2016) model) that largeFig. A1 shows simulated and observation-based
deviations are simulated. This is mainly the case for glgbal (Garciaetal., 2013) ©concentration profiles in the
averaged fields. More regionally, in the EEP OMZ there isthree major oxygen minimum zones (OMZ) in the world
a large discrepancy between accelerated and non-acegleratocean. For all areas, the simulated oxygen concentrations
experiment OMZ-volume, whereas results a similar for theat the surface are overestimated due to the cold bias in
Arabian Sea OMZ. KCM-simulated SST compared to present day estimates
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of observed SST (Locarini etal.,, 2013). The near-surfaceAcknowledgements. J.S. would like to thank the dearly missed
oxygen gradient (upper 200 m) is simulated well in the Ernst Maier-Reimer for his countless advice and help, Ep&r- so
EEP and the Arabian Sea (AS), but overestimated in thepetual willingness to answer his questions and to discussitsic
tropical South Atlantic (SATL). Between 200 and 1,000 m, issues even beyond office hours — at which time, howeverustisc
the observed concentrations are matched well in the SATLSions were preferably held not in the office but in more erjiiya
and differ not too much in the EEP, whereas the observationgU"oundings, and strictly had to change subject afterttind beer

are poorly matched in the AS. mainlv due to a lack of - with a bit of luck to his less known months-long journeysnfross
P - y . . ’ y Germany to India and the Saharan Desert by car. This workdvoul
faster sinking large detritus in this area. In general, &IB

. . . . not have been possible without him.
simulations show a tendency for too high-Goncentrations The authors acknowledge support by the German Research

in the upper water column, and too low concentrationsfoundation through the Collaborative Research Centre attim
below 1,000 m, with the exception of the AS. Overall, the Biogeochemistry Interactions in the Tropical Ocean (SFB&Md e
representation of oxygen minimum zones is within the rangethe DFG project "Climate impact on marine plankton dynardios
of large scale global ocean biogeochemistry models, that aling interglacials” (Grant DFG SCH 762/3-1) and the Excedken
have their errors (Cabré et al., 2015). Cluster Future Ocean (Grant FO EXC 80/1). We also wish tokthan

As the threshold for the definition of an OMZ is not very the NEMO/PISCE$ team for proyiding their models and general
well defined in the literature, we display the OMZ-volume SuPPOrt. Computations were carried out on a NEC-SX-ACEat ih
for a range of threshold values for observations and as simuSomPuting centre of the Christian-Albrechts-Universitie Ger-
lated in Fig. A2 for a) the global ocean and b) the EEP. Foramw- Finally, the aUth.O s wish to ac kn_owlgdge the use Oﬁ.hem
thresholds up to 7@mol =1, the simulated OMZ-volume is pragrarme Tor ang[yss apd grap‘hlcs In this paper. Fereepiod-

! - uct of NOAA's Pacific Marine Environmental Laboratory.

generally too low for the upper 1,000 m, while the best match
is at a threshold of 89mol I~! for the global ocean and at 70
umol 1= for the EEP 0 - 5,000 m range. For higher thresh-
olds, the model simulations overestimate the OMZ-volume.

Appendix B: Changes in the seasonal cycle

Fig. A3 demonstrates the increasing amplitude of the sea-
sonal cycle of SST and the decreasing amplitude of the sea-
sonal cycle for the atmosphere-ocean carbon flux during the
Holocene. For SST, the annual range increases during the
first half of the Holocene from about 0.3% to about 0.7

°C at 5 kyr BP and remains at that level for the remainder of
the Holocene.

For the atmosphere-ocean carbon flux, the seasonal cycle
is almost 2 GtC yr' in the early Holocene. It becomes con-
tinously weaker as the Holocene proceeds and is less than 1
GtC yr ! in the late Holocene. Until 5 kyr BP it is mainly
the maximum outgassing that becomes weaker, whereas af-
ter 5 kyr BP the maximum uptake decreases and turns into
outgassing after 3 kyr BP (keep in mind that PISCES has an
equilibrium outgassing of around 0.5 GtC 'athat compen-
sates the riverine carbon input).
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Figure 1. Forcing for KCM-HOL and BGC-HOL experimenté&)
Holocene atmospheric greenhouse gas concentrations, (@p;
CH, and N, O, ppb) derived from EPICA ice cores (Augustin et al.,
2004) and provided by PMIP arn(®) short wave radiative forcing
at the sea/sea-ice surface in W frfor the BGC-HOL experiment
as computed in experiment KCM-HOL (i.e., the astronomic@AT
changes over the Holocene as shown in Jin et al. (2014) fifterd
ECHAMS, the atmospheric component of KCM). Hovmoéller dia-
gramme of the anomaly of zonal and annual mean since 9.5 kyr BP
as 50 year running mean. Anomalies are derived by subtrati
average over the first 20 yr from the annual mean values.

Figure 2. (a) time series of annual and global mean SST@for

the three KCM experiments KCM-HOL (non-accelerated fagein
black), KCM-HOLXx10 (10 times accelerated forcing, browand

the control experiment KCM-CTL (green). Circles represemiual
averages (not every year shown), solid lines a 4th-ordgmpahial

fit. The bold grey line indicates a linear fit over the first 50@f/ex-
periment KCM-CTL.(b) Hovmodller diagramme of the zonal mean
SST anomaly irf C for KCM-HOL, computed by subtracting the
average over the first 20 yr of KCM-HOL from annual mean values
and smoothed by a 10 yr running mean. See colour bar for contou
intervals.

Figures

Figure 3. Asin Fig. 2(a), but for the maximum meridional overturn-
ing circulation in the Atlantic at 3MN (solid lines, left axis) and for
the deep Pacific between 3,000 m and 5,000 m deptti{dashed
line, right axis) in Sv (16 m3 s71).
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Table 1. Experiment names and characteristics. See also Fig. 1édethporal evolution of atmospheric greenhouse gases.ienges
in column "forcing-exp’ indicate the KCM-experiments thave been used to force the BGC-experiments. (x10) indiGateacceleration
factor of 10. CH and N;O are not prescribed in PISCES.

Experiment Model orbitkyr BP| pCO; [ppm]  pCH: [ppb  pN2O [pph model
(forcing exp) years
KCM-CTL KCM 9.5 263.77 677.88 260.6  #8608,700
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 +8608,700
BGC-HOLx10 PISCES KCM-HOLx10 263.77-286.2 n/a n/a 950
BGC-HOL PISCES KCM-HOL 263.77 -286.2 n/a n/a 9,500

Figure 4. (a) Idealised age (time since contact with the surface) in
yr averaged over a volume in the deep North Atlantic (40 - 10

°E, 40’N - 60°N, 1,800 m - 2,500 m depth) based on annual mean
values for KCM-HOL (black), KCM-HOLx10 (brown) and KCM-
CTL (green).(b) Change in annual maximum mixed layer depth in
m in the North Atlantic between two periods before and afber t
shift in watermass age in KCM-HOL (7.8 minus 5.8 kyr BP, mean
over 200 yr centred around the respective dates).

Figure 10. As Fig. 2, but(a) for time series of global export pro-
duction at the bottom of the euphotic layer in GtC Yr and (b)
Hovmodller diagramme of the changes in zonal and annual mean
global export production in mol C nt s~* x 10°.

Figure 5. As Fig. 4(a), but for the idealised age in yr averaged over
a volume in the deep North Pacific (13- 130'W, 40°N - 6(°N,
2,500 m - 3,500 m depth).

Figure 6. As Fig. 2, but(a) for the global atmosphere-ocean carbon

flux (GtC yr—') of experiments BGC-HOL (black), BGC-HOLx10 _. . . .

(brown) and BGC-CTL (green) and the integrated atmosphere-':Igure 1.1'AS Fig. 2, but(a) for time Series of glqbal CaGfexport
ocean carbon flux for BGC-HOL (GtC, blue). Negative valueh-in produgtlon ?t the bottom of the eu_photlc layer in GtC yrand(b)
cate oceanic outgassing. The net outgassing of around C.5Gt Hovmo.ller dlagragmglof ck(n)a;\nge in zonal and annual mean GaCo
is balancing the river input of carbofb) Hovmoéller diagramme of exportinmol C M= s~ x 10

the zonal mean atmosphere-ocean carbon flux change (mol‘C m

s~ 1) of experiment BGC-HOL.

Figure 7. As Fig. 2, but for(a) time series of global mean total al-
kalinity (TA) at the surface ipumol |~ as 8th-order polynomial fit,
and(b) Hovmoller diagramme of the changes in zonal and annual
mean surface TA ipmol 171,

Figure 12. Time series of EEP OMZ-volume for a threshold of 30
pmol 171 in 10* m? (left axis, lower dashed curves) and mean age
of water mass in the EEP OMZ in yr (right axis, upper solid esjv
EEP defined as 140V - 74°W, 10°S - 1O°N, 0 - 1,000 m depth.
Circles represent annual mean values of the OMZ-volume, atet
annual mean values of the water mass age in the EEP OMZ for
BGC-HOL (black), BGC-HOLx10 (brown) and BGC-CTL (green).

Solid lines represent polynomial fits of 4th order.
Figure 9. As Fig. 2, but(a) for time series of global primary pro-

duction integrated over the upper 100 m in GtC y(INTPP), and
(b) Hovméller diagramme of the changes in zonal and annual mean
INTPP in mol C nT? s™* x 10°.

Figure 8. As Fig. 2, but(a) for the average N@concentration
averaged over the uppermost 100 myimol C I~ and (b) Hov-
moller diagramme of the changes in zonal and annual meagt NO
oncentration in the upper 100 m jmol C ™.
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Figure 13. (a)time series of AOU and &at in the EEP (region as in Fig. 12, but for 100 - 800 m deptin),(k, c) meridional sections
of zonal mean differences of late Holocene minus early Hatedor(b) O.sat (shadingumol =) and temperature (contouf&;) and(c)
AOU (shading,zmol I7!) and water mass age (contours, yr). Contour interval foptature is 0.9C from -0.3 to 0.3C, with additional
lines for 0.5, 0.7, and’LC. Contour interval for water mass age is 10 yr from -10 to 6@wth additional lines at -5 and 5 yr. Zero contours
are omitted.

Figure 14.As Fig. 12 but for the Atlantic in the area of%/ - 15°E,
30°S - 5°N, 0 - 1,000 m depth. OMZ-volume for a threshold of 30
pmol I=1 in 10** m? and water mass age in yr.

Figure 15. As Fig. 12 but for the Arabian Sea in the area ofB5
75°E, 8.5N - 22°N, 100 - 800 m depth. OMZ-volume for a thresh-
old of 70 zmol ™! in 10'* m? and water mass age in yr.
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Figure Al. Simulated and observation-based profiles of averageddcentration inumol |~ in the three major oxygen minimum zones in
the world ocean fo(a) the EEP(b) the tropical South Atlantic, an(t) the Arabian Sea. Based on observations (WOA2013, Garcigeta
2013, solid), and from experiments BGC-CTL (dotted) and B&QOL (dashed) averaged over the last 200 yr.

Figure A2. Simulated and observation-based (WOA2013, Garcia et@3Rvolume of water masses with oxygen concentration beiew
threshold value indicated on the x-axis faj the world ocean from the surface to the seafloor it? 18°, and(b) the EEP for 0 - 1,000 m
and 0 - 5,000 m in 10 m3. See legends for explanations of symbols.

Figure A3. Time series ofa) SST andb) atmosphere-ocean carbon flux (negative upward) for expeti@GC-HOL (black dots: annual
mean values, solid black line: 4th-order polynomial fit}d @mnual minimum and maximum (dashed black lines, 4th-qedmomial fits),
indicating the range of the annual cycle.



