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Dear Christoph Heinze,

thank you for clarifying the issue regarding strength arfitiehcy of the biological pump.

Following your suggestion we have computed a time seriebegfficiency of the biological
pump following Sarmiento and Gruber (2006) (see below, noluded in revised ms.) and

included a paragraph on the temporal evolution in the d&ons
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Fig. 1. Efficiency of the biolgical pump based on eq. 4.1.1 in Sarteiemd Gruber (2006) and global
mean NO3 from 0-100m (surface) and 100-200 m (deep) as in &i§).7 in Sarmiento and Gruber
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Abstract =

e

Climate and marine biogeochemistry changes over the Hotoage investigated based on tran-=.
sient global climate and biogeochemistry model simulaiower the last 9,500 yr. The sim- i
ulations are forced by accelerated and non-acceleratdthloparameters, respectively, and =
atmospheric pC@ CH,, and N;O. The analysis focusses on key climatic parameters of rele-
vance to the marine biogeochemistry, and on the physicab&gkochemical processes that
drive atmosphere-ocean carbon fluxes and changes of themxyigiimum zones (OMZs). The B
simulated global mean ocean temperature is charactensadniid-Holocene cooling and a late >
Holocene warming, a common feature among Holocene climatelations which, however, =
contradicts a proxy-derived mid-Holocene climate optimuya the most significant result, and =
only in the non-accelerated simulation, we find a substhimiiaease in volume of the OMZ in ;
the EEP continuing into the late Holocene. The concurrestemse of apparent oxygen utilisa-~
tion (AOU) and age of the water mass within the EEP OMZ can béated to a weakening
of the deep northward inflow into the Pacific. This results large scale mid-to-late Holocene —
increase of AOU in most of the Pacific and hence the sourcemsgif the EEP OMZ waters.
The simulated expansion of the EEP OMZ raises the questtbe dleoxygenation that has been *
observed over the last five decades could be a - perhaps@tedlecontinuation of an orbitally
driven decline in oxygen. Changes in global mean biologicatuction and export of detritus
remain on the order of 10%, with generally lower values inritid-Holocene. The simulated
atmosphere-ocean G@lux would result in similar-magnitude atmospheric pCéhanges as =
observed for the Holocene, but with different timing. Moeehinically, as the increase in EEP
OMZ-volume can only be simulated with the non-acceleratedehsimulation non-accelerated
model simulations are required for an analysis of the marsingeochemistry in the Holocene. ©
Notably, also the long control experiment displays simitergnitude variability as the transient
experiment for some parameters. This indicates that alsp dontrol runs are required when
investigating Holocene climate and marine biogeochewjisind that some of the Holocene
variations could be attributed to internal variability b&tatmosphere-ocean system.
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1 Introduction

SIL

Numerical models that combine the ocean circulation andrmadiogeochemistry have been
developed since the 1980s (e.g., Maier-Reimer et al., 18k r-Reimer, 1993; Six and Maier-
Reimer, 1996; Maier-Reimer et al., 2005). Few studies ofimeazarbon cycle variability dur- =
ing the Holocene have been performed, however, as the fdauarine carbon cycle research
has been more on recent and future climate change relatedrcaycle changes (e.g., Maier-
Reimer and Hasselmann, 1987; Maier-Reimer et al., 1996),garcial-interglacial changes B
(e.g., Heinze et al., 1991; Brovkin et al., 2016; Bopp et2117). However, one thousand year
long transient climate experiments have been performethétast millennium with compre-
hensive Earth system models that include the marine canae, ¢e.g., Jungclaus et al., 2010; -
Brovkin et al., 2010), and more recently the CMIP5/PMIP3l&fihium experiments (Atwood
et al., 2016; Lehner et al., 2015).
Of the many features that characterise the biogeochemysatra in the ocean, here we
will concentrate on oxygen minimum zones (OMZs), atmospiomean carbon fluxes, and —
the marine ecosystem. OMZs have received particular aitent the recent past. Thisisin -
large part due to the observation that in the last five decaalgeneral deoxygenation of the *
world’s ocean, and an intensification of the ocean’s main @M2s occurred (e.g., Stramma
et al., 2008; Karstensen et al., 2008; Schmidtko et al., ROA7further decrease of oceanic
O, concentrations has been projected for the future with nisalemodels (e.g., Matear and
Hirst, 2003; Cocco et al., 2013; Bopp et al., 2013) as a carmse of anthropogenic climate =
change. Knowing the past variations of the OMZ extent andyeryis, therefore, of immediate
relevance to estimate the importance of the observed afecped deoxygenation (e.g., Bopp
etal., 2017). =
A few studies that investigate past oxygen variations hiready been performed: Based on -
a model study with an intermediate complexity model to itigage glacial-interglacial vari-
ations of oxygen, Schmittner et al. (2007) found a causalticgiship of Indian and Pacific
ocean oxygen abundance and a shut down of the Atlantic Me@dliOverturning Circulation
(AMOC). In their experiments, AMOC variability was genexdtby freshwater perturbations.
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An attempt to better understand the currently observed anule projected expansion of the
OMZ based on paleoceangraphic observations (Moffitt eR@lL5) indicates an expansion of =
the major OMZs in the world ocean concurrent with the warnsinge the last deglaciation =
(18-11 kyr BP, kilo years before present). This is based timates of seafloor deoxygenation Z
using snapshots at 18, 13, 10, and 4 kyr BP. Bopp et al. (20%@}siigated oxygen variability —;
from the last glacial maximum (LGM) into the future based dl€5 simulations (PiControl, =
the historical and the future period) and time slice simaret of the last LGM (21 kyr BP) and —
the mid-Holocene (6 kyr BP).
Although the focus of this manuscript is on marine biogead#y, 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, numatienodel time slice experiments have =
been used to simulate the climate at specific time intertgtscally 9.5 kyr, 6 kyr, and 0 kyr
BP. The simulated climate and its variability has been caomsgbdo proxy data (e.g., Leduc
etal., 2010; Emile-Geay et al., 2016). Also transient eixpents over the entire Holocene have ©
been performed, mainly with accelerated orbital forcingawe computing time (Lorenz and -
Lohmann, 2004, Varma et al., 2012; Jin et al., 2014) or cabiptenosphere-ocean intermediate ”.
complexity models with non-accelerated forcing (Rensgeal.e2005, 2009; Blaschek et al., =
2015). Longer model simulations exist also for Earth systendels of intermediate complex- =
ity (EMICS), such as described in Brovkin et al. (2016) foz thst 8 kyr, and for 6 kyr BPto 0 =
kyr BP with a comprehensive ocean-atmosphere-land biogphedel but orbital forcing only
(Fischer and Jungclaus, 2011). The longest non-accalediteate simulation with a com-
prehensive model is the Tra-CE 21ka model experiment wighCGimate Community System =

Model 3 for the last 21 kyr (Liu et al., 2014). £

] UOISSTL

'd

A second source of information about climate variabilityidg the Holocene comes from =
proxy data. A concerted effort to synthesise these estsriatehe PAGES2K project has re-
sulted in a temperature reconstruction over the last 2,86@ésyin fairly high temporal resolution —

(PAGES 2k Consortium, 2013). In this reconstruction, thabgl mean surface air temperature
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is analysed to cool by about 0G between 1000 A.D. and 1900 A.D, followed by a sharp.‘?
increase in temperature. Before 1000 A.D. the temperatufairly constant at about 0C -
colder than the 1961-1990 average. Z

Wanner et al. (2008) also provide a comprehensive overvieglabally collected proxy- Z
based climate evolution for the last 6,000 yr together witme instructive plots of the inso- —;
lation changes during that period based on Laskar et al.4)20Bor land-based proxies the =
authors consistently find a decrease of temperatures frogr R until now, with different —
amplitude, but for the ocean this is more heterogenous (@faenal., 2008, Fig. 2). E.g.,

(w)
the sea surface temperature (SST) displays an increasdimihin the subtropical Atlantic, =
whereas SST decreases in line with the land surface recotie iwestern Pacific and in the -
North Atlantic (see also Marchal et al., 2002). S

o

A continuous reconstruction of temperatures for the ertiobocene, i.e., the past 11,300
years, albeit with lower temporal resolution before the ES2K period has been assembled=
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 slalelyrease by 0.4C until 2 ©
kyr BP and are relatively stable for 1,000 years. This isofe#d by a relatively fast decrease -
beginning around 1 kyr BP of 0, in agreement with the PAGES2K data and an increase 13’)
present day temperatures in the last few hundred yearsdogfesent (Marcott et al., 2013, Fig.
la-f).

Model simulations and proxy-based estimates of past clinvatiability apparently show
some disagreement (Liu et al., 2014), and the model sinoulatiescribed here make no ex-
ception. One reason may be a different behaviour of land aadm as e.g., the PMIP2 model
simulations shown in Wanner et al. (2008) show warmer mitbetne temperatures over land, ﬂ
in particular over Eurasia, whereas there is little SSTedéice between 6 kyr BP and modern-
values. Also on shorter timescales there are descrepebpeieeen model results and proxy-
based records. E.g., proxy-based estimates indicate iclgpfd Nifio-Southern Oscillation -
(ENSO) related variability during the Holocene that cariseteproduced by most of the PMIP
models (Emile-Geay et al., 2016). Also the proxy-derivegeise relationship between ENSO
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variability and the amplitude of the seasonal cycle is nokeil up by most of the models
(Emile-Geay et al., 2016, Fig. 3). The reasons for the mismat proxy-based and model-
simulated Holocene climate variability, despite somerggfan the PMIP community, have yet
to be established.

In this manuscript we aim at closing the gap between glactalglacial and future green-
house gas (GHG) driven simulations of climate and the marambon cycle and earlier time-
slice experiments of the Holocene. Given the differencesirmulated and proxy-derived cli- —
mate evolution over the Holocene, this study should be deghas a sensitivty study to orbital .
and GHG forcing. Following earlier time slice experimenisva coupled atmosphere-ocean- =
sea-ice climate model and a marine biogeochemistry modeg&fal., 2015), here we are using *
transient model simulations with a comprehensive modeksyshat are covering the last 9.5 =
kyr of the Holocene. In particular, we investigate the temapevolution of some of the key ele- =
ments of the simulated climate that are important driversafine biogeochemistry variations, =
such as SST and AMOC. For the marine carbon cycle we focusaallalues of primary
production, export production, and calcite export, all dfieth can result in atmosphere-ocean
COy-flux and OMZ variations. Based on these results we analydedmtuss changes in the ©
OMZs, in particular in the EEP but also in the Atlantic and Arabian Sea, the integrated effect
of changes in the atmosphere-ocean,@l0x, 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 dgmtameters between two model years:”
corresponds to a 10 yr step in the real orbital forcing (see 2e2.1). For climate simula-
tions, the sensitivity to accelerated vs. non-accelerftszing has recently been investigated
for the last two interglacials (130-120 kyr BP and 9-2 kyr BRyma et al., 2016), indicating -
that non-accelerated experiments differ from acceleratgubriments in the representation of :
Holocene climate variability in the higher latitudes of ibdtemispheres while the behaviour =
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is more similar in low latitudes. A different temporal evbain was also found for the deep -
ocean temperature, with the non-accelerated experimspiiagiing a larger variation. Here we —
perform and analyse simulations of the marine biogeocheyni$ the Holocene forced by an
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accelerated and a non-accelerated climate model simulatithe Holocene.

We will first describe the numerical models, the experimetts, 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.

1odeJ UOorsst

2 Model description and experiment set-up

2.1 Models

q

2.1.1 The Kiel Climate Model (KCM)

J UOISSTOS

Oceanic physical conditions are obtained from the globaptd atmosphere-ocean-sea-ice’:
model KCM (the Kiel Climate Model, Park and Latif, 2008; Patlal., 2009), in particular from
NEMO/OPA9 (Madec, 2008), which comprises the oceanic carapbof KCM and includes
the LIM2 sea-ice model (Fichefet and Morales Maqueda, 199kg atmospheric component
is ECHAMD5 (Roeckner et al., 2003). The spatial configurafienECHAM5 is T31L19, and
for NEMO the ORCAZ configuration is chosen, i.e., a tripolad gvith a nominal resolution of
2°x 2°and a meridional refinement to Oriear the equator and 31 layers with a finer resolutlo
in the upper water column. The upper 100 m are resolved byyHddaand below the euphotic
zone there are 20 layers with increasing thickness up to anmuax of 500 m for the deepest
layer.

KCM has previously been used to conduct and analyse tirne-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 toFA\é.g., Emile-Geay et al., 2016). .
More recently, orbital forcing (eccentricity, obliquitsgnd precession) were varied contlnlously
over the last 9,500 yr of the Holocene according to the stahplieotocol of PMIP (Braconnot
et al., 2008). This forcing was accelerated by a factor ofr&6ulting in a transient model
experiment of 950 model years for the Holocene (Jin et all420Here, in additional KCM
experiments, the forcing is non-accelerated, so that theddaoe is represented by 9,500 model
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years starting from 9.5 kyr BP (see Sec. 2.2.1 for the exmarirdescription).

SIL

2.1.2 Pelagic Interactions Scheme for Carbon and Ecosyste8tudies (PISCES)

le g uots

Monthly mean fields of temperature, salinity, and the v&joitom the KCM experiment were
used in off-line mode to force a global model of the maringbimchemistry (PISCES, Aumont =
etal., 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 H
are gas exchange with the atmosphere at the surface, andibalproduction in the euphotic -
zone. Oxygen consuming heterotrophic aerobic reminetais of dissolved organic carbon
(DOC) and patrticulate organic carbon (POC) is simulated dve whole water column, i.e.,
also in the euphotic layer. Remineralisation depends al temperature and{concentration.
For an increase of 10C the rate increases by a factor of 1.8,{€1.8). Remineralisation is
reduced for @-concentrations below gmol |71, —
Primary production is simulated by two phytoplankton gmugpresenting nanophytoplank-
ton and diatoms. Growth rates are based on temperatureyaiialdlity of light and the nu-
trients P, N (both as nitrate and ammonium), Si (for diatgragdl the micronutrient Fe. The *
elemental ratios of iron, chlorophyll, and silicate witldiatoms are computed prognostically =
based on the surrounding water’s concentration of nugie@therwise they are constant fol- =
lowing the Redfield ratios. Photosynthetically availakddiation (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 #natcompletely sea-ice covered (i.e.,
where the sea-ice fraction 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 produc-
tion and grazing. In the standard version of PISCES, largesamall POC sinks to the sea floor
with their respective settling velocities of 2 and 50 m'dFor large POC, the settling velocity &
increases further with depth. In the model version empldyee, the simulation of the settling =
velocity of large detritus is formulated allowing for thellaat effect of calcite and opal shells
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according to Gehlen et al. (2006). The settling velocityrob POC remains constant at 2 m =
d~!. In most areas and at most depths, the ballast parameiriZatads to a reduction of the :
settling velocity for large POC compared to the (50 m éind more) standard version. The =
new formulation of the settling velocity for large POC geailsrimproved the oxygen fields of Z
the KCM-driven PISCES simulation when compared to modesn\W&®A data (Garcia et al., —;
2013), in particular in the EEP (see Appendix A for a compmarisf observed and simulated ~
oxygen distribution and a sensitivity of the OMZ-volume ke tO,-threshold). Note that the —
ballast parameterization was not part of the PISCES verssed in Xu et al. (2015), and there-

fore the mean state of the EEP OMZ differs between the expatisnof Xu et al. (2015) and -
the ones described here. Z

We also added an age tracer to PISCES. The age tracer is sebtatzsurface grid points, =
and then the age increases with model time elsewhere. Admesmid mixing is also applied to =
the age tracer. b
2.2 Experiment setup —

W)

2.2.1 KCM - greenhouse gases and astronomical forcing

As GHG and orbital forcing are the boundary conditions digvihe forced variations in the ;
KCM experiments, we describe this forcing in a little mor¢aile We do not take into account
changes in total solar irradiance (TSI), sea level, chaiges sheets (neither topography nor—
albedo), fresh water input into the North Atlantic, or val@aaerosols. -
Greenhouse gas concentrations were obtained from the Patdédse (https://www.paleo.bristol.ac4ggdjl/pmip/pmiphol_lig _¢
based on ice cores from the EPICA site (Augustin et al., 2@G0%) are displayed in Fig.
1la). Prescribed atmospheric @€oncentration varied from 263.7 ppm at the beginning of thé{
Holocene, decreased to 260 ppm around 7 kyr BP in the midddalm and then increased to
about 274 ppm for the present day pre-industrial condit{based on Indermuihle et al., 1999).
CH, varied from 678.8 ppb in the early Holocene to 580 ppb arouky BP, slowly increasing
afterwards to 650 ppb around 0.5 kyr BP, followed by a stegmeease to 805 ppb during the =
last five hundred years of the Holocene reflecting early laselahange. MO variations were
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smaller, from 260.6 ppb in the early Holocene to 267 ppb aidb kyr BP.

Eccentricity remained fairly constant at a value of 0.02rdbe entire Holocene. The pre- -
cessional index increased from -0.015 to 0.02, and the wibliglecreased from about 24t8
23.5. In general, this leads to less insolation during northexmikphere summer, and more Z
insolation in southern hemisphere summer: Solar radiaidhe top of the atmosphere (TOA) —;
in June decreased during the Holocene from 9.5 kyr BP to 0 RybBabout 25 Wm? at the
equator, and 45 Wt at 60°N. On the southern hemisphere, the decrease is up to 163Wm-—
at 30°S, and at 60S there is a weak increase of a few W In December the insolation is
stronger for 0 kyr BP than for 9.5 kyr BP by up to 30 Wt 30°S and about 5 Wim? 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 memwinter, 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 =
at each latitude and globally, whereas obliquity changase&ahanges 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 0 kyr BP are an increase of aroBifm~2 at the poles and a
decrease of 1 WrTt at the equator, thereby potentially decreasing the latinidemperature ~
gradient.

For our analyses that focus on ocean physical conditionsrearthe biogeochemistry, how-
ever, we need to consider the TOA forcing as filtered by theoaphere, i.e., at the sea sur- =
face. In Fig. 1b annual and zonal mean anomalies of short veaiiation (SWR) at the ocean =
and sea-ice surface are displayed as a Hovmoller diagraniimese annual mean anomalies
are somewhat different from the TOA anomalies, but morevagieto understand the simu-
lated SST evolution and changes in PAR. In the early Holoceagative anomalies of -1 to ﬂ
-3 Wm~2 develop at high latitudes of mainly the southern hemisphérghe mid-Holocene :
negative anomalies of -1 to -3 W 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 -
anomalies at around 6.8 kyr BP. During the late Holocene ptisitive anomalies in the low

W)
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latitudes intensify (3 to 5 Wm?), whereas the high latitude anomalies remain about cdnstan?

2.2.2 KCM experiments (KCM-CTL, KCM-HOLx10 and KCM-HOL)

J uoissn

The basis for the KCM experiments is a 1,000 year KCM expantrmeth 9.5 kyr BP orbital =
parameters, 286.6 ppm G805 ppb CH, and 276 ppb BO concentration (with a final global c
average SST of 15°&), followed by a spin up for a further 1,000 years with 9.5 BR or-
bital and 9.5 kyr BP GHG forcing (pC§3263.8 ppm, CH=678.8ppb and NO=260.6 ppb).

q

From this state the KCM-CTL and KCM-HOL experiments weratsth The KCM control

experiment (KCM-CTL) was integrated for a further 7,860 rgeaith orbital parameters and -
atmospheric greenhouse gases kept constant at 9.5 kyr B&svad continuation of the spinup ;
experiment. Due to computational limitations, it was nosgible to run KCM-CTL for the
full 9,500 yr. In the transient experiments KCM-HOLx10 (9%€ars) and KCM-HOL (9,500 -
years), time varying orbital parameters and greenhousesges described in Sec. 2.2.1 were
applied as forcing. —

ST

W)

2.2.3 Spinup of PISCES and control experiment (BGC-CTL)

L

J UOTSST

To spin up the biogeochemical model, monthly mean ocean hmdput from experiment
KCM-CTL was used as forcing. This then available 2,000 ygléorcing (first 2,000 years of
KCM-CTL) was repeated three times to spin-up PISCES for @ y¥ars, after which 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 Pahdgicrequired the long spinup time. —
Note that this BGC spin-up simulation does not achieve aital’ time-invariant steady state
but reflects the internal variability of the first 2,000 yetxesn experiment KCM-CTL and any
remaining drift. After repeating the KCM-CTL forcing thréenes for the spinup, PISCES was
integrated for a further 7,860 years with the available KCNIL forcing as a control experiment -
for the marine biogeochemistry (BGC-CTL). o
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2.2.4 Transient experiments with PISCES (BGC-HOLx10,BGCHOL)

)S

Similarly to the set-up of the Holocene KCM experiments, wefgrmed two transient exper-
iments with PISCES in off-line mode. Both transient expenms are also started from year
6,000 of the PISCES spinup experiment. In the acceleratperiement BGC-HOLX10, oceanic =
fields of KCM-HOLx10, and the same atmospheric pG® in KCM-HOLx10 is prescribed as =
forcing. In this experiment, PISCES is integrated for 958rgecorresponding to the period 9.5
kyr BP to 0 kyr, with 10-fold accelerated forcing. Monthly areoutput is stored. The non-
accelerated experiment BGC-HOL is integrated for 9,500s/&&ced by the non-accelerated j
experiment KCM-HOL and the corresponding pCOAll experiments and their names are -
summarised in Tab. 1. 3
Note that the approach here differs from earlier work to stigate Holocene OMZ changes -
with a KCM/PISCES model setup, where PISCES was forced byRPpfbtocol time-averaged
oceanic conditions for specific time slices (6 kyr BP and 0 R Xu et al., 2015). Also,
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 addechéan ocean fields from an
reanalysis-forced ocean-only setup. 2

UOoTS!
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2.3 Processing of model output

J UOTSST

All plots in the results section are based on model outpetrjmiated to a regularrk 1°grid =
using the CDO/SCRIP interpolation package. The only exaeps the meridional overturn- =
ing circulation (MOC) that has been computed on the origRICAZ2 grid for different ocean —
basins using the standard cdf-tool available from the NEp#Okage (https://github.com/meom-
group/CDFTOOLS). Maximum values have been computed usiadrérret @max function. ﬂ
For all time series the time-axis represents the forcingsyedhis corresponds to model -
years for the non-accelerated experiments but not for tbela@ted experiments, so any vari- -
ation caused by long term internal variability of the modelwd be spread out in time in the
accelerated experiment compared to the non-accelerafestiment. For all time series, the =
long term changes are indicated by the 4th-order polynofit@afrom the xmgrace software
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package. An exception is alkalinity, where polynomial fite af 8th-order to allow for the =
higher curvature of the time series. Dots represent anrveshges and their spread indicates-
interannual to centennial time scale variability. PlotsB&C-HOL and BGC-CTL are based =

on output from every 10th year, both to be consistant with B@QLx10, and to keep the output
file size at a managable level. S

3 Results
3.1 Climate variations over the Holocene g

Since the biogeochemical variations depend to a large eatethe changes in ocean physics,é
we will first examine the relevant aspects of the simulatedate variations over the Holocene. =

3.1.1 Sea surface temperature

As a first indicator of simulated changes in ocean physicspnesent time series of the global
and annual mean SST (Fig. 2a). The global mean SST in KCM-HQ5i1°C at 9.5 kyr BP,  ~
decreases to 148C at 6.5 kyr BP, and increases to 15® at 0 kyr BP (based on 4th-order
polynomial fits). In KCM-HOLXx10, the temporal evolution isrslar as in KCM-HOL, but with

a smaller decrease of global mean SST in the early Holocert5(0°C and a slightly higher
SST than KCM-HOL at the end of the late Holocene (157.

Also the control experiment KCM-CTL displays a decreaselalbgl mean SST of about 0. 1
°C per 1,000 years over its first 3,500 yr integration time.sTdhift is reducing to 0.2C per
2,000 years between 6 kyr and 4 kyr BP, and after 4 kyr BP thel#tomes very small. Note =~
that the drift over the first 500 yr is negligible in KCM-CTLr&y bar in Fig. 2a). That even a
five hundred year period of stable SST does not guaranteerall&t-free climate in the control
simulation is rather unexpected.

The SST evolution in KCM-CTL implies that the simulated gatlolocene decrease in SST =
in KCM-HOL and KCM-HOLXx10 is the combined result of a remaigimodel drift, and the S
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orbital and CQ forcing. The initial SST decrease would be weaker, and tHeiBSease from -
mid-to-late Holocene would be stronger in a drift-free eipent KCM-HOL. 2
A Hovmoller diagramme of zonal mean SST anomalies of KCMEHBig. 2b) reveals that =
the mid-Holocene cooling is strongest in the higher lagdf the southern hemisphere (upi
to -0.75°C, centered at around 88) whereas the late Holocene warming is strongest betweej]
40°S and 40N with maxima around the equator and af 80 This pattern coincides to large
extent with that of the anomalies of SWR at the ocean andcgestdirface (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 tluthern hemisphere mid-latitudes *
over the decreasing seasonal cycle on the northern hemésphe et al., 2014). The seasonal -
cycle of global mean SST remains in the range of slightly less 0.7°C during the late =
Holocene after 3 kyr BP. 2

)ISST

3.1.2 Meridional overturning circulation —

]

The Atlantic meridional overturning circulation (AMOC)rsees as an indicator of the intensity =
of deep water formation in the source region of the globalvegar belt. From the NEMO- *
package output, maximum AMOC at30 has been computed (Fig. 3). Based on the 4th-order
polynomial fits shown in Fig. 3, the simulated maximum AMOQG@&tN in KCM-HOL at9.5 =
kyr BP is around 13.9 Sv. AMOC is gradually decreasing tohgligmore than 12.5 Sv until
3 kyr BP, indicating a weak slow down of the global conveyoit b&culation. AMOC then
marginally increases until the end of the Holocene to ardiih@ Sv (Fig. 3). -

In KCM-HOLXx10 the mean AMOC and its temporal evolution armigr to KCM-HOL,
with a slightly higher mean value. The control experimentN&CTL, however, also displays
changes in AMOC, similar to the changes in KCM-HOL. Overtike long term changes in
AMOC are relatively small in all experiments and remain witthe range of interannual to
centennial variations of around 2-3 Sv.

In the Pacific, the deep northward flow that forms the far enthefdeep branch of the
conveyor belt circulation also weakens with time duringltwocene. Between 3000 and 5000
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m depth, at latitude ‘NN, the decrease of the maximum flow is from almost 10 Sv at 9Bk
to 7.5 Sv at 0 kyr BP (dashed line in Fig. 3), indicating a regtLieplenishment with younger
waters in the deep Pacific. Also in the Indian Ocean the ddamirirom the South is slightly
decreasing with time but less strongly (not shown).

1odeJ UOISSTos

3.1.3 Age of water masses

In addition to AMOC, the age of water masses can serve as aatodof deep water formation,
the intensity of the global deep water circulation, and helpinderstand changes in oxygen H
concentration. We will investigate time series of the watass age in the deep ocean at the%
source and end regions of the global convyeor belt ciradathamely 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-HOlallyittanges from 60 to 80 yr —
over the first 2,800 yr, followed by a sudden decrease to thlighore than 25 yr that occurs
within a few years around 6.8 kyr BP. This is followed by a graldncrease to around 40 yr
over the remaining 6,800 yr of the Holocene. The sudden dseris 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 control experiment BGC-CTL, however, simulates@dden decrease in water mass -
age similar to the one in BGC-HOL but occuring at a differémtet In the accelerated experi-
ment BGC-HOLx10 (brown curve in Fig. 4a) a slightly weakecm@se in age from 60 to 30
yr is simulated for the deep North Atlantic, but it occurs oadonger time period (roughly 300
model years) and later in terms of forcing years (betweenr4éikyg 1 kyr BP).

At the far end of the conveyor belt circulation, the deep Nd?acific, changes occur less
sudden than in the North Atlantic, but with a larger amplgudBetween 2,500 m and 3,500
m depth, 150E to 130W, 40°N to 60°N the water masses show an initial age of 1,475 yr fo
all experiments (Fig. 5). In BGC-HOL, water mass age ifitialecreases to around 1,400 yr =
around 7.5 kyr BP, but from thereon there is a steady increpgde an age of 1,800 yr at the
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end of the Holocene. Also in BGC-CTL the water mass age in dspdNorth Pacific increases
after 8.5 kyr BP, but less strong than in KCM-HOL. At 1.6 kyr,Bifre end of BGC-CTL, the
water mass age is 1,650 yr compared to nearly 1,800 yr in KGDA-H

This can not be simulated in the accelerated experiment BI®Cx10, however, that runs
for 950 yr only. In BGC-HOLXx10 deep North Pacific water mass dgcreases slightly stronger
than in the control experiment to 1,400 yr at O k BP. The ineeda water mass age in the non-
accelerated experiment BGC-HOL is indicating a consideralmw down of the global con-
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 wivestigating the evolution
of the EEP OMZ in section 3.2.5.

3.2 Biogeochemical variations

3.2.1 Oecean-AtmesphereAtmosphere-oceancarbon flux

In this section the atmosphere-ocean carbon flux is diagho8s atmospheric pCQis pre-
scribed in all BGC experiments, the diagnosed flux is a coatlin of the climate driven
oceanic variations, and the prescribed pC®/e will come back to this point in the discussion
(Sec. 4.5).

In the early Holocene the atmosphere-ocean carbon flux in-BIGC is around -0.5 GtC
yr~! (Fig. 6a), the equilibrium value in the PISCES model, intliwa an outgassing that is
balancing riverine carbon input. In the mid-Holocene theboa flux is slightly reduced to

q
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around -0.4 GtC yr'. Indicating slightly stronger outgassing, the value iasgs to -0.75 GtC

yr~1 in the late Holocene in experiment BGC-HOL, whereas the femains at around -0.4
GtC yr—1 in experiment BGC-HOLx10. In BGC-CTL, the G@lux varies between -0.45 and
-0.6 GtC yr'. The amplitude of the seasonal cycle of the atmosphereaocagoon flux in
BGC-HOL decreases from early to late Holocene from arouBdGtC yr—! to only 0.8 GtC
yr—! (Fig. A.3b).

The time-integrated atmosphere-ocean carbon flux n BGC-file curve in Fig. 6a) is
almost zero during the early Holocene, and increases to ©0fiGm 7 kyr BP to 4.5 kyr BP.
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From 4 kyr BP to 0 kyr BP there is a steady decrease to -42 Gtliating a net flux from the
ocean to the atmosphere in the late Holocene. =

The zonal mean changes of the atmosphere-ocean carbon B&@HOL (Fig. 6b) are =
indicating a change from net GQuptake to outgassing in the high latitude Southern Oceaﬁ
and mostly increased uptake in northern mid-latitudeso Ale positive anomaly around 4® ‘
shows stronger uptake from mid-to-late Holocene.

1ode

3.2.2 Surface alkalinity and pH B
In BGC-HOL total alkalinity (TA) at the sea surface increa®m 2240 to 225@mol |~ until Z
8 kyr BP and increases further to 22680l I=! between 6.5 and 4 kyr BP (Fig. 7a). After ;
4 kyr BP, TA decreases to 2258nol |- in the late Holocene. In experiment BGC-HOLx10
the global mean concentration of TA remains in the range dD2® 2245,mol I=!, with a =
maximum at around 6 kyr BP. Surprisingly, also in BGC-CTL TAirieases considerably and =
even slightly stronger than in BGC-HOL. —

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 bga@uction
in CaCQ; export that would drive an increase in TA (Sec. 3.2.4, Fid)11

The global and annual mean pH at the surface is followingehgpbral variations in atmo-
spheric pCQ 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 o
In BGC-HOL, the global mean N{concentration averaged over the euphotic zone (0-100 m)
is decreasing with time from 56mol I~! in the early Holocene to 52mol I=! around 3 kyr 5
BP. This is followed by a slight increase to almost/G8ol I=! at 0 kyr BP (Fig. 8a). In BGC-
HOLXx10, the global mean concentration is fairly constar&gmol I=! until 5 kyr BP, and =
then declines gradually to 54mol |1 in the late Holocene. In BGC-CTL, the decrease in the
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global mean N@ concentration is similar to that in BGC-HOL until 7 kyr BP,cabecomes -
weaker thereafter. However, N@oncentration is not increasing after 3 kyr BP as it does II‘L
BGC-HOL. =

The Hovmoller diagramme of the zonal mean NEncentration changes of experiment;
BGC-HOL (Fig. 8b) reveals that the decrease of the;N@ncentration originates from a large —;
range of latitudes mainly in the southern hemispheré $40 60S), and also from high north-
ern latitudes after the 'event’ around 6.8 kyr BP in the Ndkttantic centered at 60N. The
weak increase of global mean euphotic-zone;@ncentration after 3 kyr BP originates mainly .
from a small band centered at®%, counteracted by a weakening of the negative anomalies
around and south of the equator {NOto 20°S). 7

J UOTSST

3.2.4 Marine ecosystem

rod:

Here the focus is on the three major components of the madogystem with relevance for
the carbon cycle, namely the integrated primary producttbe export production, and the —
calcite (calcium carbonate) export. The primary produrciittegrated over the euphotic zone
(INTPP) is a measure of the productivity of the marine ectesys INTPP in BGC-HOL is
around 44 GtC yr! at the beginning of the Holocene, decreasing to a minimunrafral 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 araieBe8 GtC yr!. In the accelerated
experiment BGC-HOLX10, INTPP remains fairly constant aberentire Holocene at 43 to 44
GtC yr~!. In the control experiment BGC-CTL INTPP decreases stgdolim 44 GtC yr! to
aroud 41 GtC yr! at the end of the simulation.

The decrease in global mean INTPP in BGC-HOL originates pdiom latitudes south of
40°N and is generally more pronounced on the southern hemis{Rég. 9b). The increase -
after 4 kyr BP can be traced back to an increase in INTPP batd@d and 60N beginning
around 6 kyr BP and intensifying and gradually spreadingissard for the remainder of the
Holocene. This response is likely driven by a combinatiothef changes in SST, PAR, and =
nutrient availability (Figs. 2b, 1b, 8b), as there is somailgirity between zonal mean anomalles
of INTPP and SST, SWR at the sea/sea-ice surface, and®none of the patterns is matched
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excactly.

The export production at 100 m depth in BGC-HOL, here conmppate sum of small and :
large POC (see Sec. 2.1.2), is around 10.2 GtC wat 9.5 kyr BP. During the early and mid- =
Holocene, there is a slight decrease to 9.8 GtC yat 4 kyr BP, and export production remains Z
fairly constant at that level until 3 kyr BP after which thesea modest increase to 10 GtC —;
yr~! (Fig. 10a). The accelerated experiment BGC-HOLXx10, aftamall increase in the early =
Holocene, simulates a relatively uniform decrease by jubt@C yr-! from 8 kyr BPto 0 —
kyr BP. Also the control experiment BGC-CTL simulates a guihiform decrease of export
production, from 10.2 GtC yr' at the beginning to 9.9 GtC yt at the end of the experiment. =

The zonal mean export production in BGC-HOL decreases mairthe low latidues in two
bands centred around 20 and 35°S (Fig. 10b). An increase occurs mainly betweefNsand =
60°N, intensifying after 6.8 kyr BP. The apparent deviatiomsirthe pattern of INTPP could be =
explained by changing temperatures (with an impact on tmneralisation rate) and changes =
in the particle composition (with an impact on settling \&tp) and relative contributions from
small and large POC to the export production. For slowlyisiglsmall POC, we find a more
continuous but minor decline of global export from 3.7 to G yr—!, whereas for the faster
sinking large POC the decline is more rapid during the fir808,yr of the Holocene (from 6.5 =
to 6.3 GtC yr'!') 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'yiowards the late Holocene. In BGC-
HOLXx10 the calcite export fluctuates fairly constantly araguts initial value of about 1.08 GtC
yr—! whereas in BGC-CTL an initially stronger decline from 1.0G& yr~! to 1 GtC yr ! at
1.6 kyr BP is simulated. =

The zonal mean changes of Cagéxport in BGC-HOL are similar to those of INTPP, with =
an almost global decrease in the early Holocene, and a ngciovthe higher northern latitudes
after 6.8 kyr BP. The recovery gradually extends to the emorthern hemisphere in the Iate~
Holocene (Fig. 11b).
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Overall the variations of the global marine biological pmotion and export rates remain
in the range of +/-10% throughout the Holocene even in theataelerated experiment BGC- =
HOL, with a tendency for lower values in the mid-Holocene] aarprisingly similar-magnitude
variations in the control run.

J UOTSS
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3.2.5 Oxygen minimum zones

The largest OMZ in the global ocean resides in the EEP. TheheE®is defined as the region
from 140W - 748°W, 10°S-10°N, and to compute the EEP OMZ-volume a threshold ofi8l H
I-! is used. The volume of the EEP OMZ initially remains fairlynstant in BGC-HOL from =
9.5 kyr BP to 7 kyr BP at 1510'4m? (Fig. 12, left y-axis, dashed lines). But from 7 kyr BP *
onwards, the OMZ-volume steadily increases to arouns 88 *m? at 0 kyr BP in KCM-HOL,
an increase of more than 70%. In the accelerated forcingriemeet BGC-HOLx10 the EEP
OMZ-volume remains fairly constant over the entire Holazemlso in BGC-CTL the EEP
OMZ-volume increases after 8 kyr BP, but less strong thanGiCBHOL. —

At the same time as the OMZ-volume increases in BGC-HOL, tee & the water mass
within the OMZ increases from around 440 yr (9.5 - 7 kyr BP) 89 ¥r at O kyr BP (Fig. 12,
right y-axis, solid lines). Note that the accelerated expent does not show an increase in thej
OMZ-volume and water mass age (Fig. 12). In BGC-HOLx10 thederreases mainly after 6 =
kyr BP from 430 to 415 yr. The longer control run, howeverpahows substantial variations =
of OMZ-volume and water mass age. In BGC-CTL the water massrageases to 490 yr at =
the end of the experiment with a stronger increase in thell&80 years of the experiment.

Time series of the oxygen saturation,@at) and apparent oxygen utilisation (AOU) between
100 and 800 m depth in the EEP for BGC-HOL demonstrate avelgtstable @sat (following
mainly the temperature evolution) but an increase in AOUh&52 to 267umol I~ (Fig. 13a). s
Late Holocene minus early Holocene differences show thaatis decreasing in the upper 400
m of the EEP by up to xmol I~!, but increasing by up to 4mol I=! below that depth (Fig.
13b, shading). The corresponding temperature change israimgof up to 0.4°C in the 100 =
- 400 m depth range, and a cooling of up to 8Gbelow 400 m depth, with an overall very =
similar pattern as for AOU (Fig. 13b, contours).
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For AOU, there is a more uniform-with-depth tendency to bigbalues in the late Holocene,
with AOU up to 25mol 1! higher at around 1000 m depth and slightly lower late Holecen
AOU values only near the surface (Fig. 13c, shading). Theesponding change in idealised
water mass age ranges from 10 to 60 years between 400 m andnl@Gi¢h a similar pattern
to the AOU changes (Fig. 13c, contours).

Export production in the EEP is fairly constant over the Heloe at 0.58 GtCd (figure not
shown), with only a marginal tendency for lower values inldte Holocene, and thus can be —
ruled out as a driver of the expansion of the EEP OMZ. The g concentration within
the OMZ decreases slightly from 18.8nol I=! at 9.5 kyr BP to 17.5:mol I~! at 0 kyr BP in
BGC-HOL (not shown).

In contrast to the EEP, for the OMZ in the tropical Atlanticinig south of the equator, the
changes over the Holocene are more modest and of opposite Isighe region from 3W -
15°E, 3C°S - 5N, the volume of the OMZ in BGC-HOL decreases slowly from au x
10"m3 to 3.5 x 10*m3, and the average age over the OMZ decreases from about 12315t
yr (Fig. 14).

For the Arabian Sea a steady increase in OMZ-volume is steuilan BGC-HOL (1 x
10"m? to 6 x 104m3), concurrent with an increase in water mass age from 100 Goyi2
(Fig. 15). In the accelerated experiment BGC-HOLXx10, thera similar increase of both
OMZ-volume whereas mean water mass age increases mairmsel@kyr BP. In BGC-CTL
average water mass age and OMZ-volume are much less vaitnldor the transient exper-
iments. Note that the results for the Arabian Sea in Gaye.dqR8lL7) are from an earlier
accelerated experiment, started at year 1,500 of KCM-CTie. 8arlier results are quite similar
but not identical to BGC-HOLXx10.
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4 Discussion
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4.1 Holocene SST variations

l U( j?i

Comparing the KCM-simulated temporal evolution of glob&an SST with observation-based -~
estimates and other model simulations, there is a notafigatice between models and obser-=
vations. During the proxy-derived climate optimum in thedriolocene (8 kyr to 5 kyr BP)
observation-based global mean temperature is abot@warmer than 1961-1990 (Marcott
et al., 2013), and borehole temperatures from Greenlandtaret 2°C warmer (Dahl-Jensen
et al., 1998). During the same period the KCM-simulated $Sit its lowest value, about 0.8
°C colder than at the end of the simulation at O kyr BP in the accelerated experiment (Fig.
2a).

The largest fraction of the initial post-glacial temperatincrease in the reconstructions of-';"
Marcott et al. (2013), however, occurs in the very early etee (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 leveiultions, therefore, start at a time
when continental ice sheets and sea level are assumed todsetol present day values. This &
very early Holocene temperature increase can, therefot@esimulated by KCMin its present -
configuration. We note that also in the Holocene time sligeeeiments with KCM, the annual =
mean SST is lowest for the 6 kyr BP experiment, and higheghto0 kyr BP experiment (e.g., =
Schneider et al., 2010, Fig.6).

In support to our model results, and raising the generaltauesf how representative the
mainly land based proxy-derived temperature anomaliebedransfered to the Holocene SST,
Varma et al. (2016) find a similar temporal evolution of gloi@an SST in their orbitally forced ©
Commuity Climate System Model version3 simulations of trestLand Present Interglacials
(LIG and PIG, respectively) mainly in their non-acceledal®dG experiment (their Fig.4). The
larger amplitude of our simulated temperature change casxpkained by the small cooling
trend still inherent in the control run (KCM-CTL, about O:C/ 1,000 years, an otherwise
very acceptable value) and the additional forcing from thadient CQ and CH, variations in
KCM-HOL and KCM-HOLx10 with a range of about 20ppm for @@nd of about 100 ppb for
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CH, (Fig. 1a), whereas Varma et al. (2016) used constantp@{es during their simulations. =

From earlier experiments with KCM with/without a 1%/2% paamospheric pChlincrease

e

a contribution on the order of 0.C to the simulated Holocene global mean SST variation froni

the prescribed Cldiseems a reasonably conservative estimate (Biastoch @0Aall, supple-
mentary material Fig. S3). We also performed an additiorsaisient non-accelerated KCM

g

experiment with constant pGf 286.4 ppm but orbital forcing for the Holocene that has not
been discussed here. In that experiment, the global meafl&$Jates within a constant range —

almost until 4 kyr BP, i.e., with no mid-Holocene coolinggdancreases by 0.2 to 0°€ from 4
kyr BP to O kyr BP. This indicates that the early to mid-HoloeesST evolution in KCM-HOL
is a result of the GHG forcing and any remaining model drifheneas for the late Holocene
both 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 pCO

]
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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 with a
pCO, of 286.4 ppm and 263 ppm.

As such, the Holocene simulations of Varma et al. (2016) &ed_GM-to-present simula-
tions discussed in Liu et al. (2014) support the results ofstmulations as technically sound.

The discrepancy between simulated SST, and proxy-basedagss, however, raises the ques-=

tion of why the simulations result in such a different temgd@volution than observation-based
temperature reconstructions.
Possibly there might be a difference in the behaviour of t8& 8nd the mainly land-based

temperature reconstructions. E.g., Renssen et al. (20§8ag simulated differences between -
9 kyr BP and 0 kyr BP, and their Fig. 3c suggests mainly coldeperatures of the northern -~

hemisphere oceans for 9 kyr BP, whereas the trend is opgdosite land surface mainly in
Eurasia. Leduc et al. (2010) investigate Mg/Ca ratios akeraine unsaturation values’(;)
for a range of sediment cores from different locations. kirtktudy, the majority of the &'s;
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records suggests a Holocene warming trend in the EEP anefiied| Atlantic, whereas Mg/Ca
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records indicate a Holocene cooling trend in the same regidfor the North Atlantic, the -
alkenone-derived SST decreases over the Holocene, butaviigved SST shows a differing :
warming/cooling trend for the various records. Apparerfilyther research is needed on this =
issue. -
The model/data mismatch could also imply that at least ¢twlpcene temperature variations —;
were determined not only by orbital forcing or greenhoussegaut also by solar and volcanic ~
forcing, ice sheets, and internal variability of the sys{see also Wanner et al., 2008; Renssen-
et al., 2009, for a more complete and regional investigatiaariving mechanisms of Holocene .
climate). However, including total solar irradiance (T®Ithe forcing would likely not solve =
the problem. Reconstructed TSI variations over the Holecare around 1 W m? (Vieira
et al., 2011), and assuming a climate sensitivity of 0.5 K (W?)n' (IPCC, 2007) these could =
translate into global mean temperature variations of sinmtagnitude as simulated here, but'=
reconstructed TSl is relatively low during the mid-Holoeen '
As proxies might be seasonally biased (e.g., Schneider.,e2@l0), we also analysed the
northern summer (June-July-August, JJA) and northernewifibecember-January-February,
DJF) SST separately, but did not find a better match with tlexypderived mid-Holocene
warming. Also using the yearly maximum temperature, inthcpalocal summer, does not =
change the temporal behaviour, it only shifts the SST cupweand by roughly 2 K. In summary,
the simulated large scale SST evolution in KCM-HOL is seglyimot very sensitive to the
choice of season. The Holocene climate conundrum (Liu g2@1.4) is still not solved.
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4.2 Holocene circulation changes

The meridional overturning in the Atlantic in KCM-HOL deases over the Holocene by about
1.5 Sv/10%, whereas the deep inflow into the Pacific decrdns2®b Sv/20% (Sec. 3.1.2, Fig.
3). As the slow down of the circulation in the deep Pacific iperkment KCM-HOL seems

stronger than one would expect from the decrease of the AM@Csuggests a decoupling
of the North Atlantic and the North Pacific over the coursehef Holocene simulations. This =
indicates that changes in the 'far-end’ conveyor belt ¢atton are not necessarily representedff
by changes in AMOC.
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Blaschek et al. (2015) describe a set of Holocene expersnecitiding various forcings with -
the earth system model of intermediate complexity "LOVERILland compare their results -
with available proxies for AMOC, including those investige by Hoogakker et al. (2011), see -
Table 2 in Blaschek et al. (2015). Since the temporal evautf AMOC in our experiment Z
KCM-HOL is similar to that of experiment 'OG’ (Orbital and &gnhouse gases as forcing) in~';‘
Blaschek et al. (2015), we can assume that their findingslagevalid for our experiments: =
Additional forcing with the 8.2 kyr BP fresh water pulse arsbace sheet topography changes—
seems to be required to simulate the weak early Holocene AM@twed from proxies. As .
those forcings are not included in our model experimentgtiga further reason to discuss our =
experiments as a sensitivity experiment to orbital and GBi@ifig. 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 experi despite the changes in location
of the deep water formation regions.

)ISS
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4.3 North Atlantic —
Our original intention in examining the North Atlantic masksely was to investigate whether =
the changes in the OMZs could be traced back to the deep waisresregions. It turned out, *
however, that significant changes occurred in the Northntittathat justify further analysis. In =
section 3.1.3 we showed a sudden drop in the water mass dgedeép North Atlantic (Fig. 4a) =
that can be traced back to a westward shift in the deep watmaton areas south of Iceland, '2
and a northward shift north of Iceland, as indicated by tffferdince in the annual maximum of
the mixed layer depth in the North Atlantic (Fig. 4b). In adh to the shift of location, alsoan
increase of the mixed layer depth of up to 3000 m occurs in theersouthwestern part of the o
Nordic Seas. This is accompanied by a change in SST°&t &bund 6.8 kyr BP from negative
to positive anomalies (Fig. 2b). and an increase in expaduystion (Fig. 10b).

An SST time series at 58I, 30°W shows a rapid decrease in SST, a time series dil 62
30°W a slight SST increase, and both time series have reduceabiity after 7 kyr BP (fig-
ure not shown). Fig. 1b reveals a shift from negative ana@sadf annual mean SWR at the e
ocean/sea-ice surface just north of BQo positive anomalies in a narrow band south 60

25
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and a negative anomaly north of°M In particular the positive anomaly south of*60seems -
surprising, as TOA radiation in the North Atlantic is deieg from 9.5 kyr BP to 7 kyr BP -
from around 190 W m? to 180 W n12. This decrease is more pronounced in summer, with-
a potential for preconditioning the water masses for wint@vection, whereas winter insola- Z
tion is very low anyway so any changes would be of limited icipdhe TOA SWR northern —;
hemisphere decrease is fairly linear and continues fuftvethe entire Holocene. The abrupt =
response of KCM to the forcing anomalies suggests that thesebe a critical threshold fora —
sudden shift of deep water formation areas in the (modeljiN&tlantic during the Holocene.

This shift is also visible in the concentration of NQFig. 8b) and the marine ecosytem as*
indicated by INTPP, and export production that both inaeessuth of 60N after 6.8 kyr BP =
and decrease north of @8 (Figs. 9b, 10b).

As also the control simulation shows a sudden shift in deeggthiN&tlantic water mass age,
this indicates that small variations in the range of therirae(model) variability are sufficient =
to trigger shifts in the pattern of North Atlantic deep migin

d UOT:

4.4 Holocene OMZ variations o
The dominant mechanisms for past and future OMZ-varigiiléve yet to be established (Jac-j
card and Galbraith, 2012; Bopp et al., 2017). Potentialgsses are changes in export produc-—
tion, setting the amount of detritus that can be reminexd]isemperature changes that effect>
oxygen solubility and organic matter remineralisationd ahanges in circulation. Circulation =
changes are changing the time during which oxygen can beigwtsin subsurface waters due
to remineralisation of organic matter, and the rates at wtlenxygenated water masses can be
replenished. !
E.g., Deutsch et al. (2011) analyse an ocean general diculaodel forced by atmospheric
reanalysis from 1959-2005 to identify the main mechanismofygen mimimum zone vari-
ability in the more recent past. From the analyses the asifiired that downward shifts of the
thermocline and hence an uplifting of the Martin curve (Must al., 1987), drive an increase
of the suboxic volume due to higher respiration rates at #meswater depth. Accordingly, g
upward shifts of the thermocline cause decreasing subakione.
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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 complégy 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 betwed&hOC changes and the EEP
OMZ for more modest changes in AMOC.

Bopp et al. (2017) suggest a compensation of temperatuwerdchanges in @saturation
and ventilation driven changes in AOU to explain past andriO, trends. In addition to the
variations in idealised water mass age, that can serve awlarator for ventilation, we com-
puted also the fields of saturation and AOU for experiment BGC-HOL. Whilg-Gaturation
in the EEP has a similar temporal evolution as SST, AOU refléwt general slow-down of
the circulation in the Pacific (see Fig. 13a). Meridionaltsers in the EEP reveal a different
Holocene-trend of @saturation in the upper and lower part of the OMZ: a decréatiee up-
per part, and an increase below 400 m, reflecting the tempuddlition of temperature. AOU

ST1)!
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resembles water mass age changes, and is stronger in thdolatene at all depths with the

exception of a small decrease in the upper 100 m off the equato
Thus, the long term changes show a decoupling of oxygenatimrand AOU, the former

driven by temperature changes, the latter by a slower eitionl (increase in water mass age).§

We note that this differs from the compensation efg€aturation and AOU changes shown in
Bopp et al. (2017) who investigate shorter simulations ofimstronger climate variations, such

W)

g

as for present day to future, LGM to mid-Holocene, and thetehtime-scale fluctuations from g

the piControl simulations. In these simulations, a de@éagO,-saturation has a signature in
lower AOU and vice versa. However, also Bopp et al. (2017, &) find a correlation between

AOU and idealised water mass age for the LGM to mid-Holocdranges, and question if the ﬂ

compensating effect holds also for longer multi-centumgations. The results shown here

et

indicate that for millennial time scales the-®aturation and AOU changes may be decoupled.i{'

In summary, the dominating mechanism for OMZ changes in r@nstent, non-accelerated
Holocene experiment is a slowdown of the circulation thatettgps over thousands of years.

)

This slow down is not mainly from changes in AMOC, but is mooefined to the deep Pacific. =
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It results in widespread oxygen consumption and an incriea&®U with an effect on the EEP -
OMZ (Fig. 12) where the deep waters are upwelled. In the Aitanirculation changes remain -
small over the Holocene, and the OMZ-volume remains faidgstant in the Atlantic OMZ
(Fig. 14). :

In contrast to studies based on global warming and(Qocco et al., 2013; Bopp et al., —;
2013) and marine biological production (Steinacher et2810), that showed an impact of ~
stratification changes on-sJields and marine biological production, here we simulatemu —
smaller temperature variations. The global and annual rotte MLD in KCM-HOL reveals .
little temporal variability: MLD is around 48 m at 9.5 kyr B&nd starts to decrease after 5.5~
kyr BP to around 47 m at 0 kyr BP. We, therefore, state thatifitation changes play only a =
minor role for large scale £changes during the Holocene.

A modest deoxygenation of the global ocean has been obsevezdhe last 50 years (-2%
globally, Schmidtko et al., 2017). Moreover, a further deelof the oxygen content, and hence =
an extension of the world’s OMZs has been projected in ocaedrEarth system model simula-
tions of the next century as a consequence of global warnitagglar and Hirst, 2003; Cocco
etal., 2013; Bopp et al., 2013). As the non-acceleratedrerpat BGC-HOL yields an expand- ©
ing OMZ in the EEP during the late Holocene, and in generdlimiag oxygen concentrations =
as a result of the natural forcing only, this raises the doesvhether the presently observed
deoxygenation might also partly be caused by the contionaif an externally forced trend.
This would not have to be in contradiction with an anthropageontribution to the observed
oxygen decline, but could also point to an amplifaction @& éxternally forced trend by the
effects of anthropogenic warming as both mechanisms poitita same direction, albeit with
different time-scales.

Comparing our results with the proxy-derived estimates MZintensity in the Eastern
Tropical South Pacific (Salvatteci et al., 2016), we find agidation of stronger denitrifica-
tion towards the late Holocene in the proxy data. This woikdly support our result of an
expanding EEP OMZ, but the proxies could also have recordedra local decrease ins© :
concentration, rather than a general expansion of the OM#&eMer, the proxy-data for the -
early Holocene show a decreasediiV, indicating increasing oxygen concentrations, which

l [0 (¢ J?i*
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is, however, not simulated by our model.

An earlier version of the accelerated experiment BGC-H@LwhAs compared to sediment
core based estimates of Holocene OMZ evolution in the AraBiea. Based oft® N records,
Gaye et al. (2017) find that the AS OMZ has intensified sincdaselL GM, and that most of
this increase occured throughout the Holocene (their Fyjgwaich is in agreement with the
model results presented here. In summary, however, as wetdinmulate nitrogen isotopes (or
other proxies), a direct comparison between proxies ancehredults is somewhat limited. A
more comprehensive comparison of proxy data and our mosgeltsehas been planned for the
future.

1odeJ UOISSTos
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4.5 Atmosphere-ocean CQ@fluxes

tode J UOISSTos

Concerning the observed changes in atmosphericop@@r the Holocene, Indermihle et al.
(1999) postulate that changes in the terrestrial biosparteSST were driving the observed
changes. Elsig et al. (2009) base their investigation'8€ measurements from an Antarctic
ice core. They attribute the 5 ppm early Holocene decreasgmospheric pC®to an up-
take of the land biosphere, and the mid-to-late Holoceneease of 20 ppm to changes in the
oceans carbonate chemistry. Coral reef formation on neadg#d shelves (Vecsei and Berger,
2004) has been identified as a possible source of atmospbéxidn the early Holocene. A
comprehensive EMIC-based investigation of interglaca@bon cycle dynamics and potentlal
mechanisms that drive atmospheric £&hanges during these periods can be found in Brovklr;
et al. (2016).

Here we can also use our model results to some limited extenvéstigate for our model
system if and how the ocean may have contributed to the obdextimospheric pCOvaria-
tions. Limitations arise from that the BGC experiments amedd with observed pCQ and
don'’t include coral reefs nor calcium carbonate compeosdtom sediments. Potential mech-
anisms in our model come from the three 'carbon pumps’ of tiean, i.e. changes of oceanic
temperature and circulation (physical pump), alkalinakélinity counter pump), andxpert

preductionandremineralisatiorbiological productionandexportof organic matteresultingin
changef the strength(Six and Maier-Reimer, 1996; Ducklow et al., 2001; Segsidereand

29
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Bendtsen, 2013ndthe efficiency(Sarmiento and Gruber, 2006} the biological pum

f‘

During the early Holocene the integrated carbon flux is amidt-ig. 6a), despite a decrease s

in atmospheric CQ(Fig. 1a): During this initial phase, the global mean SST @N-HOL is
decreasing by about @G (Fig. 2), and the alkalinity in BGC-HOL is increasing by itol/l
(Fig. 7a), while export production is slightly decreasing®?2 GtC yr! (Fig. 10a). In sum-
mary, these effects balance out during the early Holocerkttee time-integrated atmosphere-
ocean carbon flux remains about zero until 7 kyr BP (Fig. Gz blrve).

In the mid-Holocene, from 7 kyr BP to 4 kyr BP, the time-int&gd carbon flux is slowly
increasing to a total ocean uptake of 10 GtC. This occursidwiperiod of atmospheric pGO
increase that would drive oceanic uptake, but SST is ridimglg, export production is further
decreasing, and alkalinity is increasing by a furthept@ol/I.

In the late Holocene, after 4 kyr BP, the ocean is outgassitugah of 50 GtC, potentially
driven by the simulated increase in SST and damped by thedsitrg prescribed atmospheric =

pCO;.

1odeJ UOorsst

()

1odeJ UOISSTIISI(

The general slowdown of the circulation over the Holocenggssts a weakening of the

physical pump, and a strengthened biological pump as meselgied inorganic carbon (DIC)
from remineralisation of organic matter is stored in thepdeeean. Finally, as a result of
reduced calcite export, simulated global mean surfacdimiyaincreases mainly during the
mid-Holocene (6.5 kyr to 5 kyr BP), which would lead to desiag pCQ in surface waters
and hence a sink for carbon in the atmosphere.

To investigatewhetherthe efficiency of the biological pump (Egp, Sarmiento and Gruber,
2006, eq. 4.1.1thangedover the Holocenewe computedEgp from the global meanNO

concentrationdrom 0 - 100 m depth (surface)and 100 - 200 m depth (deep),as suggested

by Sarmiento and Gruber (2006, Fig.4.1.T) wasfound that thereis little variationof E

over the Holocene with valuesfor Egp of around0.47 +/- 0.01 and a marginaltendencyfor

increasecefficiencyin the late Holocene(anincreaseérom 0.468to 0.473basedon a 4th-order
olynomial fit), i.e., oppositeto the simulatedatmosphere-oceaftux that indicatesstronger

outgassindn thelate Holocene.
In summary, the contribution of oceanic processes to airesebon fluxes is in line with the
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prescribed pCQin the mid-Holocene, while reversing the flux expected from atmospheric
forcing in the early and late Holocene.

)S
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4.6 Non-accelerated, accelerated, and time-slice experamts

J UOTS

Finally we discuss the gain from the transient experimeet$opmed here compared to the -
earlier time-slice climate model experiments at 9.5 kyr 8Ryr BP, and 0 kyr BP with KCM
(Schneider et al., 2010) and and also the biogeochemispriements with PISCES (Xu et al.,

2015). Note that the experiments in Schneider et al. (20E0¢\also performed with preindus- -
trial pCO, (286.4 ppm) and hence neglect the forcing from changing spimeric pCQ thatis -
included here. z
One obvious gain from the transient experiments is the nomgete time coverage over the Z
Holocene, potentially allowing better comparison withxjes and providing more continuous -;
information. The transient experiments can also be usedtarmiine if the timing of the time-
slice experiments is appropriate. For the physical fiekksdilobal mean SST (Fig. 2a) we find —
that the time-slice experiments fit with the extrema of tlamsient experiment well. As the
state of the biogeochemistry, but also of AMOC in the earlgt e Holocene are not much =
different, time slice experiments of these periods wouldsany 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. 9a, 10a). In particular, the evolution of theFEEBMZ in the non-accelerated
experiment BGC-HOL was not captured in the earlier timeestigperiments of Xu et al. (2015),
even though they also showed smaller mid-Holocene OMZsechg changes in the equatorial
current system. G
So, are non-accelerated experiments generally requirechrothe 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 gagtement for physical vari- =
ables has been found between accelerated and non-aceglé@isient simulations over the =
Holocene in low latitudes, but deviations were found in higtitudes and the deep ocean.
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When comparing our results for the accelerated and nodeaated experiments, we find that
also the global mean SST shows some deviations, but it islynf@inthe biogeochemical sys- -
tem (that was not included in the Varma et al. (2016) modael) ldrge deviations are simulated.
This is mainly the case for globally averaged fields. Moréameaglly, in the EEP OMZ there is a
large discrepancy between accelerated and non-accelergieriment OMZ-volume, whereas

results a similar for the Arabian Sea OMZ. :

J UOTSS
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5 Conclusions

SIL

In this study, a 9,500 year simulation of Holocene climate ararine biogeochemistry is anal-
ysed together with a 10-fold accelerated simulation andoutcknowledge for the first time - a
control run of similar length as the non-accelerated expent. The simulated climate in terms =
of global mean SST is characterised by a mid-Holocene ogaéind a late Holocene warming =
following the temporal evolution of the greenhouse gasifgr@and the short wave radiation at
the sea surface. This is in contradiction to a proxy-derivedtHolocene climate optimum and
a late Holocene cooling. The open question why KCM and othean-atmoshere coupled cli- j
mate models do not simulate the proxy-derived Holoceneat&mavolution under astronomical -
and GHG-forcing remains a major issue. As long as this issunetiresolved, we have to regard ;
the biogeochemistry simulation as a sensitivity study tutat and greenhouse gas forcing of -
the climate system. k=
Most of the characteristic variables of the marine carbaregyike global atmosphere-ocean =
CO»-flux, primary and export production, and global mean serfaid display changes of upto —
10% during the Holocene in the non-accelerated experinvamiations are generally smallerin .
the accelerated experiment, but for some variables alsoatieol experiment displays similar =
magnitude variations as the non-accelerated experimdms -Tsurprisingly large - variablil-
lity in the control experiment is a combination of a small eening model drift but mainly
the internal variability of the climate and marine biogesctisty system. This internal vari-
ability is of similar magnitude as the - orbitally and greense gas - forced variablility during =
the Holocene. An exception is the EEP OMZ-volume that ineeedy more than 50% in the
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second half of the Holocene in the non-accelerated expatijnbet not in the accelerated ex- =
periment and much weaker in the control run. This increas@NIZ-volume can be attributed -
to a weakening deep northward inflow into the Pacific, and aesponding wide-spread in- =
crease in water mass age and AOU that develops over thouséndsrs. In summary, the Z
simulations demonstrate the necessity of performing ieabhsimulations with non-accelerated —;
forcing when examining the marine biogeochemistry chamyes the Holocene, but also of
control runs of similar length. —

q

Appendix A Simulated and observed oxygen concentrations

SIL

Fig. A.1 shows simulated and observation-based (Garci&,e2@.3) 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 ovmast due to the cold bias in KCM-
simulated SST compared to present day estimates of obs8&€qLocarini et al., 2013). The
near-surface oxygen gradient (upper 200 m) is simulatetliwéhe eastern equatorial Pacific
(EEP) and the Arabian Sea (AS), but overestimated in thécbfouth Atlantic (SATL). Be-
tween 200 and 1000 m, the observed concentrations are rdatekein the SATL, and differ
not too much in the EEP, whereas the observations are poaighad in the AS, mainly due
to a lack of faster sinking large detritus in this area. Inegah all BGC simulations show a
tendency for too high @concentrations in the upper water column, and too low canagons
below 1000 m, with the exception of the AS. Overall, the repreation of oxygen minimum
zones is within the range of large scale global ocean bidgguistry models, that all have their —
errors (Cabré et al., 2015).

As the threshold for the definition of an OMZ is not very welfided in the literature, we =~
display the OMZ-volume for a range of threshold values fosavlations and as simulated in 7
Fig. A.2 for a) the global ocean and b) the EEP. For threshatd® 70mol 1!, the simulated
OMZ-volume is generally too low for the upper 1000 m, while tiest match is at a threshold
of 80 umol I~ for the global ocean and at 7@nol I~ for the EEP 0-5000 m range. For hlgher
thresholds, the model simulations overestimate the OMidmse.
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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 the atmosphere-ocaaonrtdux during the Holocene. For
SST, the annual range increases during the first half of tHeddone from about 0.35C to
about 0.7°C at 5 kyr BP and remains at that level for the remainder of thi¢ene.

For the atmosphere-ocean carbon flux, the seasonal cydimdsta2 GtC yr! in the early
Holocene. It becomes continously weaker as the Holoceneepds and is less than 1 GtC
yr~! in the late Holocene. Until 5 kyr BP it is mainly the maximumtgassing that becomes
weaker, whereas after 5 kyr BP the maximum uptake decreasesians into outgassing after
3 kyr BP (keep in mind that PISCES has an equilibrium outgassf around 0.5 GtC & that
compensates the riverine carbon input).
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Table 1. Experiment names and characteristics. See also Fig. 1ddethporal evolution of atmospheric
greenhouse gases. Lower entries in column ‘forcing-exgitate the KCM-experiments that have been

used to force the BGC-experiments. (x10) indicates an aca@bn factor of 10. Ciland N,O are not

prescribed in PISCES.

Experiment Model orbitkyr BP pCG; [ppm]  pCH; [ppd  pN2O [ppd  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 95-0 263.77-286.2 575-805 258-268 9,500
BGC-CTL PISCES KCM-CTL 263.77 n/a n/a 7,860
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

42

2] UOTSSTIOSI(]

1od

| 10deg uorssnosi(q

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]



Figures

IOTSSTIOST(]

Fig. 1. Forcing for KCM-HOL and BGC-HOL experiment§a) Holocene atmospheric greenhouse gasl\/
concentrations (C ppm; CH, and N;O, ppb) derived from EPICA ice cores (Augustin et al., 2004)§
and provided by PMIP antb) short wave radiative forcing at the sea/sea-ice surface mWfor the -~

BGC-HOL experiment as computed in experiment KCM-HOL (itlee astronomical TOA changes over
the Holocene as shown in Jin et al. (2014) filterd by ECHAMEg, @mospheric component of KCM).

Hovmoller diagramme of the anomaly of zonal and annual ns#ace 9.5 kyr BP as 50 year running
mean. Anomalies are derived by subtracting the averagetbedirst 20 years from the annual mean

values.
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Fig. 2. (a)time series of annual and global mean SSTanfor the three KCM experiments KCM-HOL

(non-accelerated forcing, black), KCM-HOLx10 (10 timeselerated forcing, brown), and the control
experiment KCM-CTL (green). Circles represent annualayes (not every year shown), solid linesa
4th-order polynomial fit. The bold grey line indicates a &néit over the first 500 years of experiment
KCM-CTL. (b) Hovmaller diagramme of the zonal mean SST anomaRl@rior KCM-HOL, computed
by subtracting the average over the first 20 years of KCM-H@Ifannual mean values and smoothed:
by a 10 yr running mean. See colour bar for contour intervals.
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Fig. 3. Asin Fig. 2(a), but for the maximum meridional overturningalation in the Atlantic at 30N ‘
(solid lines, left axis) and for the deep Pacific between 3@0&nd 5000 m depth at'®l (dashed line,
right axis) in Sv (16 m3 s=1). o
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Fig. 4. (a)ldealised age (time since contact with the surface) in y@agsaged over a volume in the deep ;
North Atlantic (40°W - 10°E, 4°N - 60°N, 1800 m - 2500 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 pdsdefore and after the shift in watermass ¥
age in KCM-HOL (7.8 minus 5.8 kyr BP, mean over 200 years eghéiround the respective dates). ?

Fig. 5. As Fig. 4(a), but for the idealised age in years averaged @vetume in the deep North Pacific
(15C°E - 130°W, 4°N - 60°N, 2500 m - 3500 m depth).

Fig. 6. As Fig. 2, but(a) for the global atmosphere-ocean carbon flux (GtC'yrof experiments
BGC-HOL (black), BGC-HOLx10 (brown) and BGC-CTL (green)ahe integrated atmosphere-ocean
carbon flux for BGC-HOL (GtC, blue). Negative values ind&ateanic outgassing. The net outgassing:
of around 0.5 GtC yr! is balancing the river input of carboifb) Hovmaller diagramme of the zonal =
mean atmosphere-ocean carbon flux change (mot€sn') of experiment BGC-HOL.
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Fig. 7. As Fig. 2, but for(a) time series of global mean total alkalinity (TA) at the sedanmol I=! as
8th-order polynomial fit, an¢b) Hovmaoller diagramme of the changes in zonal and annual rmedace
TAin pmol |71,

Fig. 8. As Fig. 2, but(a) for the average N@concentration averaged over the uppermost 100 amiol
C I=! and(b) Hovmaller diagramme of the changes in zonal and annual IN&ynconcentration in the
upper 100 m inumol C -1,
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Fig. 9. As Fig. 2, but(a) for time series of global primary production integrated rothe upper 100 m
in GtC yr-! (INTPP), andb) Hovmaéller diagramme of the changes in zonal and annual AERP in
mol Cm—2 s~ ! x 10%.

Fig. 10. As Fig. 2, but(a) for time series of global export production at the bottomha euphotic
layer in GtC yr!, and(b) Hovmoller diagramme of the changes in zonal and annual mlkedal export
production in mol C m?2 s~ ! x 10°.
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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 in zonal and annual mean GaCO-

exportinmol C m2s! x 10°.

Fig. 12. Time series of Eastern Equatorial Pacific OMZ-volume forrashold of 3Qumol I~! in 10'4

m? (left axis, lower dashed curves) and mean age of water mas®iBEP OMZ in years (right axis,
upper solid curves). EEP defined as IM0- 74°W, 1(°S - 10N, 0-1000 m depth. Circles represent
annual mean values of the OMZ-volume, dots are annual melaes/af the water mass age in the
EEP OMZ for BGC-HOL (black), BGC-HOLx10 (brown) and BGC-CTdireen). Solid lines represent
polynomial fits of 4th order.

Fig. 13. (a)time series of AOU and @sat in the EEP (region as in Fig. 12, but for 100 - 800 m depth)

and(b,c) meridional sections of zonal mean differences of late Hahecminus early Holocene f¢ib)
O,-sat (shadingymol I~1) and temperature (contoufs;) and(c) AOU (shadingumol 1) and water
mass age (contours, years). Contour interval for temperagi0.1 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 60wth additional
lines at -5 and 5 yr. Zero contours are omitted.

Fig. 14. As Fig. 12 but for the Atlantic in the area of®/ - 15°E, 30°S - 5°N, 0 - 1000 m depth.
OMZ-volume for a threshold of 3gmol I=! in 10'* m? and water mass age in years.

Fig. 15. As Fig. 12 but for the Arabian Sea in the area ofB5 75°E, 8.5 N - 22°N, 100 - 800 m depth.
OMZ-volume for a threshold of 7@mol I~! in 10'* m3 and water mass age in years.

Fig. A.1. Simulated and observation-based profiles of averageddcentration inumol =1 in the three
major oxygen minimum zones in the world ocean (fay the eastern equatorial Pacif{t) the tropical
South Atlantic, andc) the Arabian Sea. Based on observations (WOA2013, Garcia 2043, solid),
and from experiments BGC-CTL (dotted) and BGC-HOL (daslaedyaged over the last 200 years.
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Fig. A.2. Simulated and observation-based (WOA2013, Garcia et@L3Rvolume of water masses
with oxygen concentration below the threshold value inidan the x-axis fo¢a) the world ocean from

the surface to the seafloor in'?0m?, and(b) the eastern equatorial Pacific for 0 - 1000 m and O - SOOCP
m in 10" m3. See legends for explanations of symbols.
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Fig. A.3. Time series ofa) SST andb) atmosphere-ocean carbon flux (negative upward) for exgetim
BGC-HOL (black dots: annual mean values, solid black linéh-@rder polynomial fit), and annual
minimum and maximum (dashed black lines, 4th-order polyiabfits), indicating the range of the
annual cycle.
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