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Abstract =

Climate and marine biogeochemistry changes over the Hoéaee investigated based on tran- .
sient global climate and biogeochemistry model simulatiover the last 9,500 yr. The simu- H
lations are forced by accelerated and non-acceleratethbpairameters, respectively, and at-=
s mospheric pC@. The analysis focusses on key climatic parameters of neteveo the marine =
biogeochemistry, on the processes that determine thegitrefithe carbon pumps that drive the
ocean-atmosphere carbon flux, and on the oxygen minimunsZ@/dZs) in the ocean. The
most pronounced changes occur in the eastern equatoriicRBEP) OMZ, and in the North 5
Atlantic. Changes in global mean values of biological piigin and export of detritus remain -
1 modest, with generally lower values in the mid-Holocene.e Bimulated ocean-atmosphere -
CO,-flux is of the right order of magnitude to explain the obsdre¢émospheric pCOevolu- H
tion, but with different timing. As the most significant réswe find a substantial increase in
volume of the OMZ in the EEP continuing into the late Holocé@méhe non-accelerated sim-
ulation. The concurrent increase of age of the water magsniihe EEP OMZ suggests that —
15 this growth is driven by a slow down of the circulation in tin¢eirior of the deep Pacific. This
results in large scale deoxygenation in the deeper Pacifichance the source regions of the =
EEP OMZ waters from mid-to-late Holocene. The simulatedaesjon of the OMZ raises the
question whether the currently observed deoxygenatiort@mtnuation of the orbitally driven
decline in oxygen, or if it is already a result of the occuralignate change from anthropogenic -~
20 forcing as widely assumed. An additional explanation wdahat the anthropogenic forcing =
amplifies the natural forcing. The increase in water massaageEEP OMZ volume can only
be simulated with the non-accelerated model simulatior Sitmulations thus demonstrate that
non-accelerated experiments are required for an analf/tiie anarine biogeochemistry in the
Holocene.
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1 Introduction

Numerical models that combine the ocean circulation andmadogeochemistry have been
developed since the 1980s (e.g., Maier-Reimer et al., 198&r-Reimer, 1993; Six and Maier-
Reimer, 1996; Maier-Reimer et al., 2005). Few studies ofmeararbon cycle variability during

the Holocene have been performed, however, as the focus fienearbon cycle research
has been more on recent and future climate change relatedrcaycle changes (e.g., Maier-
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Reimer and Hasselmann, 1987; Maier-Reimer et al., 199&),gdacial-interglacial changes .

(e.g., Heinze et al., 1991). However, one thousand yeartlamgient climate experiments have
been performed for the last millennium with Earth system el@that include the marine carbon
cycle, (e.g., Jungclaus et al., 2010; Brovkin et al., 2046} more recently the CMIP5/PMIP3
Millennium experiments (Atwood et al., 2016; Lehner et 2015)

Of the many features that characterize the biogeochemysaérs in the ocean, here we
will concentrate on oxygen minimum zones (OMZs), oceaneaphere carbon fluxes, and
the marine ecosystem. OMZs have received particular ateirt the recent past. This is in
large part due to the observation that in the last five decageneral deoxygenation of the
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world’s ocean, and an intensification of the ocean’s main @¥&s occurred (e.g., Strammaz'

et al., 2008; Karstensen et al., 2008; Schmidtko et al., ROA7further decrease of oceanic
O, concentrations has been projected for the future with nizalemodels (e.g., Matear and

Hirst, 2003; Cocco et al., 2013; Bopp et al., 2013) as a caressg of anthropogenic climate .’

change. Knowing the past variations of OMZ extent and oxygertentrations is, therefore, of
immediate relevance to estimate the importance of the ebdemnd projected deoxygenation.
Based on a model study with an intermediate complexity mumgivestigate glacial-inter-

glacial variations of oxygen, Schmittner et al. (2007) fdum causal relation of Indian and -

Pacific ocean oxygen abundance and a shut down of the Atlstatiional Overturning Cir-
culation (AMOC). In their experiments, AMOC variability w@enerated by freshwater pertur-
bations.

An attempt to better understand the currently observed @ndef projected expansion of the
OMZ based on paleoceangraphic observations (Moffitt eR@IL5) indicates an expansion of
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the major OMZs in the world ocean concurrent with the warnsinge the last deglaciation =
(18-11 kyr BP). This is based on estimates of seafloor dematgm using snapshots at 18, 13,
10, and 4 kyr BP. 2

Although the focus of this manuscript is on marine biogeaoais#y, it is the changes in cli- H
mate that are driving the changes in marine biogeocheniistoyr experiments. Hence, some
characteristics of the Holocene climate variability neete addressed. Model-based investiga--
tions of Holocene climate are performed under the auspidie aleo Model Intercomparison —
Project (PMIP, Braconnot et al., 2012). Initially, numeatienodel time slice experiments have _,
been used to simulate the climate at specific time interegtscally 9.5 kyr, 6 kyr, and 0 kyr =
BP (kyr BP = kilo years before present).

Also transient experiments over the entire Holocene haea Iperformed, mainly with ac-
celerated orbital forcing to save computing time (Lorend &ohmann, 2004; Varma et al., @
2012; Jin etal., 2014) or intermediate complexity modethwon-accelerated forcing (Renssen=
et al., 2005, 2009). In summary the PMIP simulations showirb/ fstable global climate with
a tendency for warmer mid-Holocene temperatures and ctdtieHolocene temperatures in——
particular over land (Wanner et al., 2008).

A second source of information about climate variabilityridg the Holocene comes from
proxy data. A concerted effort to synthesize these estsnbyethe PAGES2K project has
resulted in a temperature reconstruction over the lastO2y@@rs in fairly high temporal re-
soulution (PAGES 2k Consortium, 2013). In this reconstamtthe global mean surface air =
temperature is analyzed to cool by about@:®etween 1000 A.D. and 1900 A.D, followed by =
a sharp increase in temperature. Before 1000 A.D. the teatyeris fairly constant at about
0.1°C colder than the 1961-1990 average.

Wanner et al. (2008) also provide a comprehensive overvieglabally collected proxy- ?
based climate evolution for the last 6,000 yr together witis instructive plots of the solar -
insolation changes during that period based on Laskar €@04). For land-based proxies the :
authors consistently find a decrease of temperatures frogr 8R until now, with different =
amplitude, but for the ocean this is more heterogenous (#faenal., 2008, Fig. 2). E.g., -
the sea surface temperature (SST) displays an increasdinvihin the subtropical Atlantic,
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whereas SST decreases in line with the land surface recolttie iwestern Pacific and in the Q;f
North Atlantic (see also Marchal et al., 2002).
A continuous reconstruction of temperatures for the entiodocene, i.e., the past 11, 300
years, albeit with lower temporal resolution before the ES2K period has been assembled o
s 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 slalglyrease by 0.4C until 2 —
kyr BP and are relatively stable for 1,000 years. This iofe#td by a relatively fast decrease
beginning around 1 kyr BP of 0, in agreement with the PAGES2K data and an increase to
10 present day temperatures in the last few hundred yearsebgfesent (Marcott et al., 2013, Flg
1a'f) :-;
The simulated climate and its variability has been comptrguoxy data Wanner et al. (e.g., 7
in 2008); Leduc et al. (e.g., in 2010); Emile-Geay et al. (6rg2016). Model simulations and =
proxy-based estimates of past climate variability applresmow some disagreement, and the
15 model simulations described here make no exception. Osemeaaay be a different behaviour
between land and ocean, as e.g., the PMIP2 model simuleafwwn in Wanner et al. (2008) o
show warmer mid-Holocene temperatures over land, in pdatiiover Eurasia, whereas there
is little SST difference between 6 kyr BP and modern values.

Also on shorter timescales there are descrepencies betweedal results and proxy- based

20 records. E.g., proxy-based estimates indicate changingjfiel-Southern Oscillation (ENSO) -
related variability during the Holocene and the proxy-dedi inverse relationship between
ENSO variability and the amplitude of the seasonal cyclenoabe reproduced by most of
the PMIP models (Emile-Geay et al., 2016). The reasons &mntismatch in proxy-based and
model-simulated Holocene climate variability, despitensoefforts in the PMIP community,

25 have yet to be established.

In this manuscript we aim at closing the gap between glactalglacial and future green-
house gas driven simulations of climate and the marine cacgole. Following earlier time
slice experiments with a coupled atmosphere-ocean-seelilcate model and a marine bio- —
geochemistry model (Xu et al., 2015), here we are usingigahmodel simulations with such
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a model system that are covering the last 9.5 kyr of the Holecén particular, we investigate -
the temporal evolution of some of the key elements of the kitad climate that are important -
drivers of marine biogeochemistry variations, such as S®TAMOC. For the marine carbon
cycle we focus on global values of primary production, expooduction, and calcite export,
all of which can be important drivers of the atmosphere-n0g&,-flux and OMZ variations.
Based on these results we analyse and discuss i) changes @MH&s, in particular in the
EEP but also in the Atlantic and the Arabian Sea, ii) whetherihtegrated effect of changes —
in the ocean-atmosphere g@ux can explain the reconstructed atmospheric pd@ing the
Holocene, and iii) changes in the marine ecosystem.

In addition we want to address the more technical questiamhi@t 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-acceleréiszing has recently been investigated
for the last two interglacials (130-120 kyr BP and 9-2 kyr B®ma et al., 2016), indicating
that non-accelerated experiments differ from acceleratgmriments in the representation of ©
Holocene climate variability in the higher latitudes of lrdtemispheres while the behaviour °
is more similar in low latitudes. A different temporal evttin was also found for the deep
ocean temperature, with the non-accelerated experimsplaging a larger variation. Here we
perform and analyse simulations of the marine biogeochgnoisthe Holocene forced by an =
accelerated and a non-accelerated climate model simulatithe Holocene.

We will first describe the numerical models, the experimemts, and characteristics of the
time-varying forcing in Sec. 2, report the results for cltinand biogeochemical variables in
Sec. 3, and discuss the results and implications for fugsearch in Sec. 4.
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2 Model description and experiment set-up =
2.1 Models Z

2.1.1 The Kiel Climate Model (KCM)

rode UOT

Oceanic physical conditions are obtained from the globaptad atmosphere-ocean-sea ice
model KCM (the Kiel Climate Model, Park and Latif, 2008; Patlkal., 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, 199 atmospheric component -
is ECHAMS (Roeckner et al., 2003). The spatial configuraionECHAMS is T31L19, and ~.
for NEMO the ORCAZ2 configuration is chosen, i.e., a tripolad gvith a nominal resolution of H
2°x 2°and a meridional refinement to Ortear the equator and 31 layers with a finer resolution:
in the upper water column. g
KCM has previously been used to conduct and analyse time-simulations of the pre-
industrial and the mid-Holocene climate and hydrologicalle (Schneider et al., 2010; Khon
et al., 2010, 2012; Salau et al., 2012) and contributed toF3\é.g., Emile-Geay et al., 2016).
More recently, orbital forcing (eccentricity, obliquitgnd precession) were varied continiously
over the last 9,500 yr of the Holocene according to the stahpieotocol of PMIP (Braconnot
et al., 2008). This forcing was accelerated by a factor ofr&8ulting 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 theddae is represented by 9,500 model ™
years starting from 9.5 kyr BP (see Sec. 2.2.1 for the exparirdescription). o

| > J TOISSTOSI(T

2.1.2 Pelagic Interactions Scheme for Carbon and Ecosyste8tudies (PISCES)

SIq

Monthly mean fields of temperature, salinity, and the veéjotom the KCM experiment were =
used in off-line mode to force a global model of the maringbimchemistry (PISCES, Aumont -
etal., 2003). g

Since the description of PISCES in Aumont et al. (2003) igeqabmprehensive, we re-

7



Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-554
Manuscript under review for journal Biogeosciences
Discussion started: 4 January 2018

(© Author(s) 2018. CC BY 4.0 License.

10

15

20

25

strict the model description to the most relevant parts toriovestigation. Sources of oceanic =
oxygen are gas exchange with the atmosphere at the surfatd®jaogical production in the
euphotic zone. Oxygen consuming heterotrophic aerobiteralization of dissolved organic
carbon (DOC) and particulate organic carbon (POC) is sitadlaver the whole water col-
umn, i.e., also in the euphotic layer. Remineralizationeshels on local temperature ang-O
concentration. For an increase of 10 the rate increases by a factor of 1.8 {©L.8). Rem-

ineralization is reduced for Sconcentrations below gmol =1, —

Primary production is simulated by two phytoplankton guogpresenting nanophytoplank-
ton and diatoms. Growth rates are based on temperatureyaiahility of light and the nu- 7
trients P, N (both as nitrate and ammonium), Si (for diatgragyl 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 availatddiation (PAR) is computed from the =
shortwave radiation passed from ECHAM to NEMO. Sea ice iarassl to reflect all incoming
radiation so there is no biological production in areas énatcompletely 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 production
and grazing. In the standard version of PISCES, large andl @& sinks to the sea floor
with their respective settling velocities of 2 and 50 Thd For large POC, the settling velocity =
increases further with depth. In the model version empldye, simulation of the settling =
velocity of large detritus is formulated allowing for thellaat effect of calcite and opal shells
according to Gehlen et al. (2006) while the settling veloat small POC remains constant
at 2 md!. In most areas and at most depths, this leads to a reductithre sfettling velocity ?
for large POC compared to the (50 mdand more) standard version. The new formulation
of the settling velocity for large POC generally improved tixygen fields of the KCM-driven :
PISCES simulation compared to modern day WOA data (Garci,€2013), in particular in -
the EEP (see Appendix A for a comparison of observed and aiedibxygen distribution and
a sensitivity of the OMZ volume to the fathreshold). Note that the ballast parameterization’
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1 UOTSSNOSI(]

8



Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-554
Manuscript under review for journal Biogeosciences
Discussion started: 4 January 2018

(© Author(s) 2018. CC BY 4.0 License.

10

15

20

25

was not part of the PISCES version used in Xu et al. (2015)tlsexefore the mean state of the =
EEP OMZ differs between the experiments of Xu et al. (201%) thie ones described here.

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

ode J UoIsSno

2.2 Experiment setup

2.2.1 KCM - greenhouse gases and astronomical forcing (KCNGTL, KCM-HOLX10,
and KCM-HOL)

As greenhouse gas and orbital forcing are the main boundamglitions driving the forced
variations in the KCM experiments, we describe this fordimg little more detail.

Prescribed atmospheric G@oncentration (Fig.1a) varied from 263.7 ppm at the beggml =
of the Holocene, decreased to 260 ppm around 7 kyr BP in théHuidcene, and then increased
to about 274 ppm for the present day pre-industrial conuititbased on Indermihle et al.,
1999). CH and N,O were kept at constant levels of 678.8 ppb and 260.6 ppbecésely, in
all KCM experiments. g

Eccentricity remained fairly constant at a value of 0.02rdte 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 northemmisphere summer, and more -
insolation in southern hemisphere summer: Solar radiatighe 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 W at 60°N. On the southern hemisphere, the decrease is up to 103%Wm,_.
at 30°S, and at 60S there is a weak increase of a few W In December the insolation is g
stronger for O kyr BP than for 9.5 kyr BP by up to 30 Winat 30°S and about 5 Wi? at 60N~
(see also Jin et al. (2014, Fig. 2) and Wanner et al. (2008,6ifpr changes in solar radiation =
at top of atmosphere vs. time for different latitudes and mentwinter, based on Berger and .’
Loutre (1991) and Laskar et al. (2004), respectively). g

We note that the total annual radiation driven by precessimmges remains fairly constant

9
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at each latitude and globally, whereas obliquity changeseahanges also in the annual mean-
insolation (see e.g., Fig.1b in Schneider et al., 2010). s&€rennual mean changes in TOA /
insolation from 9.5 kyr BP to 0 kyr BP are an increase of aroGWm~2 at the poles and a
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decrease of 1 Wi? at the equator, thereby potentially decreasing the latinidemperature
gradient.
For our analyses that focus on ocean physical conditionsrearthe biogeochemistry, how-

._1

ever, we need to consider the TOA forcing as filtered by theogphere (i.e., the atmospheric —

component of KCM). In Fig. 1b annual and zonal mean anomalfeshort wave radiation

=)

(SWR) at the ocean and sea ice surface are displayed as adflevdiagramme. These an- 7

nual mean anomalies are somewhat different from the TOA afies) but more relevant to

2
s

understand the simulated SST evolution and changes in RARelearly Holocene, negative =

anomalies of -1 to -3 Wim? develop at high latitudes of mainly the southern hemisphére

(o)

the mid-Holocene negative anomalies of -1 to -3 Wistart to evolve also in northern high #

latitudes, and are -3 to -5 WM in the southern high latitudes around°6) whereas SWR-
anomalies become positive in low latitudes (1 to 3 WAn At around 60N, there is a shift

from negative to positive anomalies at around 6.8 kyr BPiiguthe late Holocene, the positive =)

anomalies in the low latitudes intensify (3 to 5 WH), whereas the high latitude anomahes
remain about constant.
All KCM experiments discussed here were started from ye@0@pf a spin-up experiment

forced by 9.5 kyr BP astronomical forcing and atmospheri©p@263.8 ppm). The spin-

up experiment itself was started from a KCM experiment witimgtant 9.5 kyr BP orbital

—

2 UOTSST:

forcing but present day pGQ(286.4 ppm). The KCM control experiment (KCM-CTL) was

integrated for a further 2,000 years with orbital paranmseterd atmospheric pCd263.8 ppm)

kept constant at 9.5 kyr BP values as continuation of the-spiexperiment. In experiments

KCM-HOLx10 and KCM-HOL, time varying orbital forcing (Beey, 1978) and green house
gases (Braconnot et al., 2012) were applied as forcing.

10
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2.3 Spin-up of PISCES and control experiment (BGC-CTL)

To spin up the biogeochemical model, monthly mean ocean hmdput from experiment

w
&

KCM-CTL was used as forcing. This 2,000 yr long forcing wasaated three times to spin-up H
PISCES for 6,000 years, after which period the model driftlefined by air sea carbon flux =
and age of water masses was negligible. It was in partichaage tracer in the deep northern
Pacific that required the long spin-up time. Note that this-sjp simulation does not achieve
a 'classical’ time-invariant steady state but reflects thternal variability of the 2,000 year »

experiment KCM-CTL and any remaining drift. After repegtithe KCM-CTL forcing three
times for the spin-up, PISCES was integrated for a furthB0@ years with the KCM-CTL
forcing as a control experiment for the marine biogeocheyn{®GC-CTL).

2.4 Transient experiments with PISCES (BGC-HOLx10, BGC-HQ.)

2
s

(o)

Similarly to the set-up of the Holocene KCM experiments, wef@rmed two transient exper-

iments with PISCES in off-line mode. Both transient expeins are also started from year
6,000 of experiment BGC-CTL. In the accelerated experirB&€C-HOLX10, oceanic fields of
KCM-HOLx10, and the same atmospheric p£&s in KCM-HOLx10 is prescribed as forcing.
In this experiment, PISCES is integrated for 950 years sparding to the period 9.5 kyr BP
to 0 kyr, with 10-fold accelerated forcing. Monthly meanmuittis stored.

The non-accelerated experiment BGC-HOL is also startenh fyear 6,000 of BGC-CTL,

| > J TOTISSTOSI(T

but is integrated for 9,500 years forced by the non-acaeldraxperiment KCM-HOL and the .

corresponding pC® All experiments and their names are sumarized in Tab. 1.

Note that the approach here differs from earlier work to $tigmte Holocene OMZ changes
with a KCM/PISCES model setup, where PISCES was forced byFRPibtocol 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 addethéan ocean fields from an

reanalysis-forced ocean-only setup.

11



Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-554
Manuscript under review for journal Biogeosciences
Discussion started: 4 January 2018

(© Author(s) 2018. CC BY 4.0 License.

10

15

20

3 Results

All plots in the results section are based on model outpetrjpalated to a regular’k 1°grid,

w
&

with the exception of the meridional overturning circuatithat has been computed on the;

original ORCAZ2 grid. For all time series the time-axis reggets the forcing years. This cor-

responds to model years for the non-accelerated expesrbennot for the accelerated exper- g
iments, so any variation caused by long term internal vditialof the model would be spread

out in time in the accelerated experiment compared to theacorlerated experiment. For all
time series, the long term changes are indicated by the 4r @olynomial fits. Polynomial
fits were chosen over running averages to also include theeinds of the simulation. Dots

represent annual averages and their spread indicate®istiore scale variability. Plots for =

BGC-HOL are based on output from every 10th year, both to bsistant with BGC-HOLXx10,

192

7

(o)

and to keep the output file size at a managable level. For BEC-Gnly annual averages are -

shown (also every 10th year). Due to some interesting buigmibehaviour of the marine
biogeochemistry, we excluded the Mediterranean Sea fremanllysis by masking it out.

3.1 Climate variations over the Holocene

|}

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

ae)

As a first indicator of simulated changes in ocean physicspmesent time series of the global

and annual mean SST (Fig. 2a). The global mean SST in KCM-HQL5i1°C at 9.5 kyr BP,
decreases to 14°€ at 6.5 kyr BP, and increases again to 1%t 0 kyr BP. In KCM-HOLXx10,

the temporal evolution is similar as in KCM-HOL, but with aaiter decrease of global mean -

SST in the early Holocene (to 15°C and a slightly higher SST than KCM-HOL at the end ofH

the late Holocene (15.7C).
We note that also the control experiment KCM-CTL displays @dest decrease of global

12
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mean SST (about 03C per 1,000 years over its 2,000 yr integration time), immythat the =
simulated early Holocene decrease in SST in KCM-HOL and KB®Ix10 is the combined -
result of a remaining model drift, and the orbital and{@rcing. 5

A Hovmobller diagramme of zonal mean SST anomalies of KCMEHBig. 2b) reveals that H
the mid-Holocene cooling is strongest in the higher lagsidf the southern hemisphere (up-
to -0.75°C, centered at around 88) whereas the late Holocene warming is strongest between
40°S and 40N. with maxima around the equator and af80This pattern coincides to large —
extent with that of the anomalies of SWR at the ocean and sesuitace (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 tlthern hemisphere mid latitudes =
over the decreasing seasonal cycle on the northern hemésflie et al., 2014). The seasonal ;@
cycle of global mean SST remains in the range of slightly thss 0.7°C during the late
Holocene after 3 kyr BP.

&

3.1.2 Atlantic meridional overturning circulation o

The AMOC serves as an indicator of the intensity of deep watenation in the source region _
of the global conveyor belt. AMOC has been computed here thighstandard cdf-tool that is =
available from the NEMO-package (available from httpgtilgh.com/meom-group/CDFTOOLS)
From this output, maximum AMOC at 38 has been computed and, for better readability, 100
yr running means are shown in Fig 3. The simulated maximum AMMO30N in KCM-HOL

at the beginning of the Holocene is around 14.5 Sv. DuringHbkcene the 100 yr running
mean AMOC is gradually decreasing to slightly more than 1&/5during the first half of o
the Holocene, indicating a weak slow down of the global cgovedelt circulation. AMOC
then slightly intensifies again but only marginally untietend of the Holocene to around 12.5 ~
Sv (Fig.3). In KCM-HOLx10 the mean AMOC and its temporal extan are similar to KCM-
HOL, with a slightly higher mean value. Overall, the longtechanges in AMOC are relatlvely
small and remain within the range of interannual variatioharound 2-3 Sv. |

2 oIS
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3.1.3 Age of water masses

In addition to AMOC, the age of water masses can serve as aratodof deep water formation,

w
&

the intensity of the global deep water circulation, and helpinderstand changes in oxygen H
concentration. We will investigate time series of the wamess age in the deep ocean at the:

source and end regions of the global convyeor belt cirardathamely the North Atlantic and

the North Pacific. The renewal of water masses in the Northmitt is indicated by a time

series of the age tracer averaged between 1,800 m and 2,56ptmahd 40W to 10°W, 40°N
to 6C°N in Fig. 4a. The average water mass age in this volume in B@&C-Hitially ranges
from 60 to 80 yr over the first 2,800 yr, followed by a suddenrdase to slightly more than

192

25 yr that occurs within a few yr around 6.8 kyr BP. This is doled by a gradual increase -

to around 40 yr over the remaining 6,800 yr of the Holocenee 3indden decrease is likely

(o)

driven by changes in SST in the North Atlantic which in tura arconsequence of the changing -
solar radiation in this area. We will come back to this pomSiec. 3.2.6. In the accelerated

experiment BGC-HOLx10 (brown curve in Fig. 4a) a slightlyaker decrease in age from 60
to 30 yr is simulated for the deep North Atlantic, but it occaver a longer time period (roughly
300 model years) and later in terms of forcing years (betwieleyr and 1 kyr BP).

At the far end of the conveyor belt circulation, the deep Ndracific, changes occur less 7 _
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

)

7

(A

all experiments (Fig. 5). In BGC-HOL, water mass age iritialecreases to around 1,400 -

yr around 7.5 kyr BP, but from thereon there is a steady iserag to an age of 1,800 yr
at the end of the Holocene. This can not be simulated in thelerated experiment BGC-
HOLXx10, however, that runs for 950 yr only. In BGC-HOLXx10 ge¢orth Pacific water mass

ST

age decreases slightly stronger than in the control exjeetite 1,400 yr at 0 k BP. The i increase

in water mass age in the non-accelerated experiment BGC-id@idicating a considerable 2.
slow down of the global conveyor belt circulation over thedtene with significant impact on

I

the marine biogeochemistry in the Pacific. We will come bacthe age of water masses When

investigating the evolution of the EEP OMZ in section 3.2.5.
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3.2 Biogeochemical variations =

w
&

3.2.1 Ocean-Atmosphere carbon flux

The global mean ocean-atmosphere carbon flux provides auneeas whether the ocean acts -
as a carbon source or sink to the atmosphere. In the earlyceiwdothis flux is around -0.5 GtC =&
s yr~! (Fig. 6a), the equilibrium value in the PISCES model, batagciverine carbon input. In
the mid-Holocene the outgassing is slightly reduced toraildi4 GtC yr!. Indicating slightly
stronger outgassing, the value increases to -0.75 Gt€iprthe late Holocene in experiment =
BGC-HOL, whereas it remains at around -0.4 GtC yin experiment BGC-HOLx10. Atthe =
same time, the amplitude of the seasonal cycle of the atneosgitean carbon flux in BGC- =
10 HOL decreases from early to late Holocene from around 1.8 y&tC to only 0.8 GtC yr! H
(Fig. A.3b).
Fig. 6a indicates that a weak oceanic source of €@uld have been contributing to the in- ~
creasing atmospheric pG@owards the end of the Holocene. Fig. 7 shows the diagnosed te
poral evolution of atmospheric pG@s calculated from the time integrated ocean-atmosphere
15 COy flux in experiment BGC-HOL (dashed curve), together withrédeonstructed pCOfrom —
Indermuihle et al. (1999) as in Fig. 1a. The decrease ofyp@@urs later in time, and the in- -
crease towards the late Holocene is faster than recoretiumit the range is of the same order=
of magnitude. We will come back to this point in the discussio )

3.2.2 Surface alkalinity and pH

20 The global mean concentration of total alkalinity (TA) iretbontrol run is 2250-2258mol |1
(Fig. 8a). In BGC-HOL it increases to 2266nol I~ (around 7 kyr BP) and 2280mol I=! in
the late Holocene (0 k), a value that is closer to the pressmnbbdserved value of 23Qdmol |~}
(GLODAP, Takahashi et al., 2014). In experiment BGC-HOL#i®global mean concentration ;
of TA remains in the range of the control run, with a maximuraraund 6 kyr BP. The increase

25 in TAin BGC-HOL occurs over most latitudes (Fig. 8b) with eosiger increase north of 48 =
and around the equator between 5 kyr BP and 3 kyr BP. Therelysaosmall trend around
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60°S. This temporal evolution can only partly be explained bgduction in CaC@export that =
would drive an increase in TA (Sec. 3.2.4, Fig. 12b). /

The global and anual mean pH at the surface is following thepteal variations in atmo- =
spheric pCQ and varies only little during the Holocene, with changeshia tange of a few H
hundredths pH-units (8.13 - 8.16, not shown). S

1o

3.2.3 Nutrients -

In BGC-HOL, the global mean N{concentration averaged over the euphotic zone (0-100 nﬂ
is decreasing with time from 56mol 1! in the early Holocene to 52mol 1= around 3 kyr £
BP. This is followed by a slight increase to almost;G8ol I=! at 0 kyr BP (Fig. 9a). In BGC- =
HOLXx10, the global mean concentration is fairly constar@jg:mol I~! until 5 kyr BP, and H
then declines gradually to 54mol I=! in the late Holocene. The Hovmoller diagramme of thef;f'
zonal mean N@concentration anomalies (average of the first 200 yearsamibtl) of experi-
ment BGC-HOL (Fig. 9b) reveals that the decrease of thg Blihicentration originates froma —
large range of latitudes mainly in the southern hemisph#deSto 60'S), and also from high
northern latitudes after the 'event’ around 6.8 kyr BP in l@rth Atlantic, centered at 60I. "
The weak increase of global mean euphotic-zone; M@nhcentration after 3 kyr BP originates -
mainly from a small band centered at’5band a weakening of the negative anomalies around
and south of the equator (19 to 20°S). g

3.2.4 Marine ecosystem

Three components of the marine ecosystem are of major relevlevance for the carbon
cycle, namely the integrated primary production, the ekposduction, and the calcite export. &
The primary production integrated over the euphotic zoN& AP) is a measure of the produc- ’
tivity of the marine ecosystem. INTPP in BGC-HOL is around@ yr—! at the beginning ;
of the Holocene, decreasing to a minimum of around 41 GtC ym the mid-Holocene at 5
kyr BP, and then increasing again to 44 GtC Yytowards the late Holocene (Fig.10a). Interan-=-
nual variations are about 2-3 GtCyr. In the accelerated experiment BGC-HOLx10, INTPP
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remains fairly constant over the entire Holocene at 43 to #2 %!, which is similar to the
range of the control experiment BGC-CTL.

The decrease in global mean INTPP in BGC-HOL originates p&iom latitudes south of
4C°N and is more pronounced on the southern hemisphere (Fig.T0le increase after 4 kyr
BP can be traced back to an increase in INTPP betwe®d 46d 60N beginning around 6 kyr
BP and intensifying and spreading southward graduallyfferémainder of the Holocene. This
response is likely a combination of the changes in PAR, S&T natrient availability (Figs. 1b,
2b, 9b), as there is some similarity between zonal mean diestad INTPP and SST, SWR at
the sealice surface, and Nut none of the patterns is matched excactly.

The export production at 100 m depth in BGC-HOL, here as susndll and large POC,
is around 10.2 GtC yr' at 9.5 kyr BP. During the late and mid-Holocene, there is ghsli
decrease to 9.8 GtC yt at 4 kyr BP. Export production remains fairly constant at leael

until 1 kyr BP after which there is a modest increase to 10 GtC yFig.11a). The accelerated -

experiment BGC-HOLXx10, after an small increase in the gddipcene, simulates a relatively
uniform decrease in export production from 8 kyr BP to 0 kyr BP

The zonal mean export production in BGC-HOL decreases sairihe low latidues in two
bands centred around 20 and 35°S (Fig.11b). An increase occurs mainly betweefiNB0
and 60N, intensifying after 6.8 kyr BP. The apparent deviatiormrirthe pattern of INTPP100
could be explained by changing temperatures (with an impa¢he remineralizaion rate) and

)

w

rode UOTS

w)

(o)

> UOISSNOSI(]

changes in the particle composition (with an impact onisgttvelocity) and relative contribu-

tions from small and large POC to the export production. Fawly sinking small POC, we
find a more continuous but minor decline of global export f@ihto 3.6 GtC yr', whereas for

the faster sinking large POC the decline is more rapid dutiedirst 3,000 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 expenitseis similar to that of INTPP: In
BGC-HOL, calcite export is around 1.08 GtCyrin the early Holocene (Fig.12a), followed by

a decrease of about 0.1 GtCyr(10%) until the mid-Holocene (around 6 kyr BP) after which’j
there is a slight increase again to 1.05 GtC'ytowards the late Holocene. In BGC-HOLx10

and BGC-CTL, the calcite export fluctuates around its ihitiue of about 1.08 GtC yr!
17
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fairly constantly. The zonal mean changes of Cag@®port in BGC-HOL are similar to that =
of INTPP, with an almost global decrease in the early Holecemd a recovery in the higher /
northern latitudes after 6.8 kyr BP, that gradually extetadthe enire northern hemisphere in -
the late Holocene (Fig.12b). -

Overall the variations of the global production and expatés remain small throughout the
Holocene even in the non-accelerated experiment BGC-H@h,aendency for lower values
in the mid-Holocene.

rodeJ

3.2.5 Oxygen minimum zones

The main OMZ in the global ocean resides in the EEP, the latteere defined as the region ;
from 140W - 74°W, 10°S-1CN. Hence, we will first investigate this region. Fig. 13 days H
the temporal evolution of the EEP OMZ as simulated for theddehe. The volume of the EEP
OMZ, as defined by a 3pmol I~! threshold, initially remains fairly constant in KCM-HOL
from 9.5 kyr BP to 7 kyr BP at 1510'4m?. But from 7 kyr BP onwards, the OMZ volume —
steadily increases to around 260'*m? at 0 kyr BP in KCM-HOL, an increase of more than _
70%. In the accelerated forcing experiment KCM-BGCx10 tli#PEDOMZ volume remains &
fairly constant over the entire Holocene. At the same timéhasOMZ volume increases in
KCM-HOL, the age of the water mass within the OMZ increasesnfaround 440 yr (9.5 - 7 §
kyr BP) to 530 yr at 0 kyr BP in experiment KCM-HOL, whereasétdeases slightly in BGC- J
HOLXx10. Also the control run does not show substantial vemes of OMZ volume and water
mass age. The average @oncentration within the OMZ decreases slightly from 18rBol
I~ at 9.5 kyr BP to 17.5:mol I~! at 0 kyr BP in KCM-HOL (not shown).

Note that the accelerated experiment does not show an geiethe OMZ volume and water
mass age (Fig. 13). As the age of the water increases in thactaierated experiment, more
organic material that is raining down from the surface wél iemineralized in a given water
volume, thereby reducing its oxygen concentration. Expootduction in the EEP is fairly
constant over the Holocene at 0.58 GtC @igure not shown), with only a marginal tendency =
for lower values in the late Holocene, and thus can be rulé@®a driver of the expansion of =
the EEP OMZ. o

18
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In contrast, for the OMZ in the tropical Atlantic mainly sbubf the equator, the changes -
over the Holocene are more modest and of opposite sign. Iretgien from 5W - 15°E, 30°S -
- 5°N, the volume of the OMZ in BGC-HOL decreases slowly from ayd x 102m? to 3.5 x
10'2m3, and the average age over the OMZ decreases from about 183 y8tyr (Fig. 14). -

For the Arabian Sea there is a small increase in OMZ volume fnoid-to-late Holocene
in BGC-HOL (4.4 x 10%m3 to 4.7 x 13%m?), concurrent with an increase in water mass age
from 320 to 360 yr (Fig. 15). In the accelerated experimenCB@OLx10, on the contrary, —
there is a decrease of both OMZ-volume and mean water massa@g¥ after 4 kyr BP. Also
BGC-CTL displays a decrease in average water mass age fokrdigan Sea, whereas the 7
OMZ-volume remains about constant. Note that the resuitthi Arabian Sea in Gaye et al.
(2017, BGD, accepted for BG) are from an earlier version ofB@0Lx10, started at year =
1,500 of KCM-CTL, and, therefore, are not directly compégab -

SS

3.2.6 North Atlantic

Our original intention in examining the North Atlantic marksely was to investigate whether
the changes in the OMZs could be traced back to the deep wateresregions. It turned out,
however, that significant changes occurred in the NorthrAigathat 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 watexatoon areas south of Iceland,
and a northward shift north of Iceland, as indicated by tfferdince in the annual maximum of =
the mixed layer depth in the North Atlantic (Fig. 4b). In a@tzh to the shift of location, also an
increase of the mixed layer depth of up to 3000 m occurs in theersouthwestern part of the
Nordic Seas. This is accompanied by a change in SST°&t 66ound 6.8 kyr BP from negative
to positive anomalies (Fig. 2b), and an increase in expoadywstion (Fig.11b).

Fig. 1b reveals a shift from negative anomalies of annualm®&/R at the ocean/seaice
surface just north of 60N to positive anomalies in a narrow band south of0and a negative
anomaly north of 78N. In particular the positive anomaly south of*60seems surprising, as =
TOA radiation in the North Atlantic is decreasing from 9.5 IBP to 7 kyr BP from around
190 W nT2 to 180 W nT2. This decrease is more pronounced in summer, with a pokentia
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for preconditioning the water masses for winter convectishereas winter insolation is very =
low anyway so any changes would be of limited impact. The T@¥®RSnorthern hemisphere /
decrease is fairly linear and continues further for therertiolocene. The abrupt response of”
KCM to the forcing anomalies suggests that there may beiaalrthreshold for a sudden sh|ft
of deep water formation areas in the (model) North Atlanticriy the Holocene.

This shift is also visible in the concentration of NFig. 9b) and the marine ecosytem as™
indicated by INTPP, and export production that both inceesmuth of 60N after 6.8 kyr BP  —
and decrease north of @9 (Figs. 10b, 11b). -

4 Discussion =

TO(

Comparing the temporal evolution of global mean SST witheolrtion-based estimates
and other model simulations, there is a notable differenitle @bservations. During the well
established climate optimum in the mid-Holocene (8 kyr toy6BP) observation based global
mean temperature is about 0@ warmer than 1961-1990 (Marcott et al., 2013), and boreholer
temperatures from Greenland are abowtCwarmer (Dahl-Jensen et al., 1998). During the;_
same period the KCM-simulated SST is at its lowest valueygB®@°C colder than at the end =
of the simulation at 0 kyr BP in the non-accelerated expaniniieig. 2). q

The largest fraction of the initial post-glacial temperatincrease in the reconstructions of
Marcott et al. (2013), however, occurs in the very early tdelee (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 leveiul&tions, therefore, start at a time .
when continental ice sheets and sea level are assumed todeetolpresent day values. This %
very early Holocene temperature increase can, therefoteesimulated by KCM in its present
configuration. We note that also in the Holocene time sligeeerents with KCM, the annual 3
mean SST is lowest for the 6 kyr BP experiment, and highesh&0 kyr BP experiment (e.g., -’
Schneider et al., 2010, Fig.6). g

In support to our model results, Varma et al. (2016) find alsintemporal evolution of global

20



Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-554
Manuscript under review for journal Biogeosciences
Discussion started: 4 January 2018

(© Author(s) 2018. CC BY 4.0 License.

10

15

20

25

)

mean SST in their orbitally forced Commuity Climate Systeraddl version3 simulations of =
the Last and Present Interglacials (LIG and PIG, respdgjivaainly in their non-accelerated /
PIG experiment (their Fig.4). The larger amplitude of onngliated temperature change can be’:
explained by the small cooling trend still inherent in thatol run (KCM-CTL, about 0.2C/ :
1,000 years, an otherwise very acceptable value) and thgasdd forcing from the transient
CO, variations in KCM-HOL and KCM-HOLx10 (with a range of aboudgbm, Fig. 1a),
whereas Varma et al. (2016) used constant p@&ues during their simulations. —
We also performed an additional transient non-accelerd@hl experiment with constant
pCO, of 286.4 ppm but orbital forcing for the Holocene that has men discussed here. In 7
that experiment, the global mean SST fluctuates within ataahsange almost until 4 kyr BP, -
i.e., with no mid-Holocene cooling, and increases by@2o 0.3°C from 4 kyr BP to O kyr =
BP. This indicates that the early to mid-Holocene SST eiaiun KCM-HOL is a result of the 7
pCO, forcing, whereas for the late Holocene pCéhd 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@h #xpected
climate sensitivity estimates derived from idealized pQi@rease experiments. For their PIG &
and LIG simulations with atmospheric pG@f 280 ppm and 272 ppm, respectively, the initial
global mean SST difference is more than 0°85 This sensitivity is of similar magnitude as ”.
the 0.6°C for KCM control simulations with a pC9of 286.4 ppm and 263 ppm. Climate :
sensitivity on very long time-scales for relatively modastospheric pC® concentrations
seems to warrant further investigation. 2
The discrepancy between simulated SST, and proxy-basedaéss, moreover, raises the
question of why the simulations result in such a differentgeral evolution than observation
based temperature reconstructions. Possibly there migatdifference in the behaviour of the ?
SST and the mainly land-based temperature reconstructiogs Renssen et al. (2009) display -
simulated differences between 9 kyr BP and 0 kyr BP, and frigir3c suggests mainly colder :
temperatures of the northern hemisphere oceans for 9 kywB#eas the trend is opposite for
the land surface mainly in Eurasia. This could also implyt titaleast early Holocene tem- =
perature variations where determined not only by orbitedifig or CQ but also by solar and =

rodeJ U
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volcanic forcing, ice sheets, and internal variabilitylué system (see also Wanner et al. (2008);-

Renssen et al. (2009) for a more complete and regional igegisin of driving mechanisms of /

Holocene climate).
Turning to the large scale oceanic circulation, the slow mioivthe circulation in the deep |

&

._1

Pacific in experiment KCM-HOL as indicated by the increaseater mass age (Fig. 5) seems—

stronger than one would expect from the at most 1 Sv/10% dseref the AMOC (see section

3.1.2). This suggests a decoupling of the North Atlantic taied\orth Pacific over the course of —

the Holocene simulations, indicating that changes in theéhd’ conveyor belt circulation are

=)

not necessarily represented by changes in AMOC. Also Rerts#. (2005) find in their exper- 7

iments with a coupled intermediate complexity model that@®iremains constant throughout

their 9,000 yr Holocene experiment, despite changes irottagibn of the deep water formation =

regions.
So how would such a slow down in circulation impact on the aieaxygen distribution, and
how does it relate to current deoxygenation research? Aydemation of the global ocean has

2
s

(o)

been observed over the last 50 years (-2% globally, Schmieltkal., 2017). A further decline

of the oxygen content, and hence an extension of the worlfliZ ©has been projected in ocean
and Earth system model simulations of the next century asisecpence of global warmlng
(Matear and Hirst, 2003; Cocco et al., 2013; Bopp et al., 2013

As the non-accelerated experiment over the Holocene yaldsxpanding OMZ in the EEP,

and in general declining oxygen concentrations as a rekthieamatural forcing only, this raises

)

2] UOTSST

the question whether the presently observed deoxygenatight also partly be caused by the ©
continuation of an naturally forced trend. This would notéé be in contradiction with an

anthropogenic contribution to the observed oxygen dedinecould also point to an amplifac-

tion of the naturally forced trend by the effects of anthrg@aic warming as both mechanlsms =

point in the same direction.
Thus, the dominant mechanisms for past and future OMZbiitiahave yet to be estab-

lished. Potential candidates are i) changes in export ptamy setting the amount of detritus .

-

that can be remineralized, ii) temperature changes thattedkygen solubility and organic mat- -
ter remineralization, and iii) circulation changes, segtihe rates by which deoxygenized water
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masses can be replenished.

The importance of these mechanisms may well change witlntteesicale considered. Deutsch
et al. (E.g., 2011) analyse an ocean general circulatioretfocted by atmospheric reanalysis = 5
from 1959-2005 to identify the main mechanism for oxygen miom zone variability in the -

more recent past. From the analyses the authors find thatveerdrshifts of the thermocline
and hence an uplifting of the Martin curve (Martin et al., IR8esulting in higher respiration

rates at the same water depth, drive an increase of the submxime, whereas upwards shifts—

of the thermocline cause decreasing suboxic volume.

=)

On glacial to interglacial time scales, on/off changes ef AMOC have been identified to 7

drive OMZ variations also in the Pacific (Schmittner et a0?2). In their model experiments
with the UVic (University of Victoria) intermediate compi#éy model, however, the AMOC
collapses entirely, whereas the AMOC in our Holocene sitiaria varies only by around 10%.

2
s

(o)

As such we find no indication for a direct connection betwe®OC changes and the EEP #

OMZ for more modest changes in AMOC. The mechanism in oursiesut non-accelerated

Holocene experiment is a slowdown of the circulation morefioed to the deep Pacific and

hence widespread oxygen consumption with an effect on tHe BHMZ (Fig. 13) where the
deep waters are upwelled. In the Atlantic, circulation gemremain small over the Holocene
and the oxygen concentration remains fairly constant irAttentic OMZ (Fig. 14).

Concerning the observed changes in atmospheric,pfv@r the Holocene, Indermihle et al.
(1999) postulate that changes in the terrestrial biospardeSST were driving the observed =

)

l ]()]x:\. |

changes. Elsig et al. (2009) base their investigatiod'8& measurements from an Antarctic =

ice core. They attribute the 5 ppm early Holocene decreaa#mnspheric pC®to an uptake
of the land biosphere, and the mid-to-late Holocene inere&d20 ppm to changes in the oceans
carbonate chemistry and coral reef formation.

Here we can also use our model results to some extent to igatsfrom a modellers per-
spective, if and how the ocean may have contributed to therebd atmospheric pGQvaria-
tions. For this we need to keep in mind that the BGC experimarg also forced with observed
pCO, and don't include coral reefs. Potential mechanisms in oodehcome from the three
‘carbon pumps’ of the ocean, i.e. changes of oceanic teryserand circulation (physical
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pumpy), alkalinity (alkalinity counter pump), and exporbguction (biological pump).

The simulated export production, the driver of the bioladjipump, is at a minimum at the /
time of minimum atmospheric pGQ7 kyr BP), and as such evolves in a way that its contri-_’*

bution to atmospheric pCQOwould be opposite to the observed evolution. The SST, ardoive

the physical pump together with deep water formation rateslves in phase with the observed -

._1

pCO,, in response to both the orbital forcing and thesd@rcing itself. So there is a poten-
tial for the orbitally forced change in SST to drive obserg2iO,, and a further contribution —

from the carbon-cycle climate feedback from the4cf@rced fraction of SST change, but that
feedback is not included in our model.

The general slowdown of the circulation, however, suggest®pposite trend to the one

12

observed, as more dissolved inorganic carbon (DIC) is dtorehe deep ocean. Finally, as =

a result of reduced calcite export, simulated global meafaca alkalinity increases mainly 7

during the mid-Holocene (6.5 kyr to 5 kyr BP), which woulddea decreasing pC£n surface
waters and hence a sink for carbon in the atmosphere. Thegedifect of all these processes
results in diagnosed atmospheric pCéanges of the observed magnitude and an increase i
the late Holocene as observed, but with different timingntblbserved (Fig. 7).

What can be gained from the transient experimens perforreesl dompared to the earlier
time-slice climate model experiments at 9.5 kyr BP, 6 kyr &% O kyr BP with KCM (Schnei-
der et al., 2010) and and also the biogeochemistry expetawégth PISCES (Xu et al., 2015)?

—

2 uotssnosyq s

One obvious gain from the transient experiments is the monepéete time coverage over the :
Holocene, potentially allowing better comparison with)jes and providing more continuous =
information. The transient experiments can also be usedtermine if the timing of the time-

slice experiments is appropriate. For the pysical fields §lobal mean SST (Fig. 2a) we find
that the time-slice experiments fit with the extrema of tlaasient experiment well. Note that
the time-slice experiments in Schneider et al. (2010) weréopmed with preindustrial pCO
(286.4 ppm) and hence neglect the forcing from changing spimeric pCQ that is included
here.

For the biogechemical variables, however, the picture isensomplex. As the state of the -

10

> 1o1ss

biogeochemistry, but also of AMOC in the early and late Helue are not much different, time
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slice experiments of these periods would miss any changestimeen. Also the time-slice =
experiments including a 6 kyr BP simulation do not captueeektrema of the simulated time /
series of the transient experiments BGC-HOL and BGC-HOL¥.@., the integrated primary =
production and export of detritus have their lowest values kyr to 4 kyr BP (Fig. 10). In H
particular, the evolution of the EEP OMZ in the non-accettaexperiment BGC-HOL was
not captured in the earlier time slice experiments of Xu e(2015), even though they also
showed smaller mid-Holocene OMZs caused by changes in thet@tpl current system. —
Finally, are non-accelerated experiments generally requior can the same knowledge be .
obtained from experiments with accelerated astronomiairig? This has already been in- 7
vestigated for physical models (Varma et al., 2016) whereaggreement for physical vari- -
ables has been found between accelerated and non-aceelénatsient simulations over the =
Holocene in low latitudes, but deviations were found in higtitudes and the deep ocean. =
When comparing our results for the accelerated and norleaated experiments, we find that =
also the global mean SST shows some deviations, but it islynff@inthe biogeochemical sys-
tem (that was not included in the Varma et al. (2016) model) fdrge deviations are simulated.
This is not only the case for the globally averaged fields atgad more regional at low latitudes =
such as for the EEP OMZ.

| 2J UOTSSTIOST

5 Conclusions

This manuscript demonstrates the necessity of performamgient simulations with non-accel-
erated astronomical forcing when examining the marine dmegemistry changes over the
Holocene. This holds in particular for changes of the oxygenimum zone in the Eastern
Equatorial Pacific, where a strong expansion of the OMZ iuukited in the non-accelerated &
experiment that cannot be simulated by the acceleratediegr or time slice experiments. _
While most of the characteristic variables of the marindoarcycle, like global atmosphere- -
ocean CQ-flux, primary and export production, and global mean serfaid display only mod- 7
est changes during the Holocene, the EEP OMZ-volume inesdasmore than 50% from early =
to late Holocene. While the global mean climate remaindyfaitable, some abrupt changes
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can occur in local regions, like the North Atlantic, with acstger impact also on the nutrient =
distribution and marine productivity. These variationsyiver, have little global impact, as /
variations in the OMZ in the Atlantic south of the equator e@msmall. An open question =
remains in why our and other ocean-atmoshere coupled dimaidels do not simulate the H
s mid-Holocene climate optimum under astronomical and, @fcing. Hopefully, experiments
with full scale earth system models that include the landjtfiere and a free carbon cycle, and™
further SST-based proxy records can resolve this decrgpenc —

=)

Appendix A Simulated and observed oxygen concentrations

Fig. A.1 shows simulated and observation-basedc@ncentration profiles in the three major H
10 0xygen minimum zones (OMZ) in the world ocean. For all ard@ssimulated oxygen concen- =
trations at the surface are overestimated due to the cakdmi&CM-simulated SST compared =
to present day estimates of observed SST (Locarini et al3)20The near-surface gradient
(upper 200 m) is simulated well in the eastern equatorialfied&EP) and the Arabian Sea
(AS), but overestimated in the tropical South Atlantic ($ATBetween 200 m and 1000 m,
15 the observed concentation are matched well in the SATL, #fet dot too much in the EEP,
whereas the observations are poorly matched in the AS, yndird to a lack of faster sinking
large detritus in this area. In general, all BGC simulatishew a tendency for too high-O
concentrations in the upper water column, and too low canagons below 1000 m, with the =
exception of the AS. Overall, the representation of oxygémnrum zones is within the range
20 Of large scale global ocean biogeochemistry models, thdtaak there errors (Cabré et al.,
2015). =
As the threshold for the definition of an OMZ is not very welfided, we display the OMZ :
volume for a range of threshold values for observaions arginaslated in Fig. A.2 for a) the
global ocean, and b) the EEP. For thresholds up tpmol I=1, the simulated OMZ volume is
s generally too low for the upper 1000 m, while the best matcit i threshold of 8mol 1!
for the global ocean, and at 7nol I~ ! for the EEP 0-5000 m range. For higher thresholds, the
model simulations overestimate the OMZ volume. The resme@MZ volumes for the WOA
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data (Garcia et al., 2013) are 4210'*m3 for the EEP, and 4.5%10'2m3 for the Atlantic

OMZ.

Appendix B Changes in the seasonal cycle

rode UOT

Fig. A.3 demonstrates the increasing amplitude of the sedsycle of SST and the decreasing

amplitude of the seasonal cycle for the ocean-atmosphebercdlux 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 thlvétne.

For the ocean-atmosphere carbon flux, the seasonal cydimasta2 GtC yr' in the early
Holocene, it becomes continously weaker as the Holocereepds and is less than 1 GtCyr

w)
=

in the late Holocene. Until 5 kyr BP it is mainly the maximuntgassing that becomes weaker,
whereas after 5 kyr BP the maximum uptake decreases anditorautgassing after 3 kyr BP =
(note that PISCES has an equilibrium outgassing of arousids0C a ! that compensates the

riverine carbon input).
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Table 1. Experiment names and characteristics. See also Fig. 1addemporal evolution of atmo-
spheric pCQ. BGC-CTL was run for 8,000 years by repeating the forcingiftéCM-CTL four times,
only the last 2,000 years are used as control experiment.

Experimentname  Model (orbital) forcing pGQppm  model years
KCM-CTL KCM 9.5 kyr BP 263.77 2,000
KCM-HOLx10 KCM 9.5kyr BP -0 kyr BP x10 263.77 -286.2 950
KCM-HOL KCM 9.5 kyr BP - 0 kyr BP 263.77 -286.2 9,500
BGC-CTL PISCES KCM-CTL 263.77 2,000 (8,000)
BGC-HOLx10 PISCES KCM-HOLx10 263.77 -286.2 950
BGC-HOL PISCES KCM-HOL 263.77 -286.2 9,500
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Fig. 1. Forcing for KCM-HOL and BGC-HOL experiments: a) time serasthe atmospheric CO
concentrations in ppm from Indermdihle et al. (1999) andhbytsvave radiative forcing at the sea/seaice
surface in W nt2 for the BGC-HOL experiment as obtained from experiment KEKL (i.e., the
astronomical TOA changes over the Holocene as shown in Jah é2014) filterd by ECHAMS, the 7@
atmospheric component of KCM). Hovmoller diagramme ofdahemaly of zonal and annual mean for =
the last 9,500 years as 50 year running mean. Anomalies evedéy subtracting the average over the = f
first 200 years from the annual mean values.
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Fig. 2. a) time series of annual and global mean SSTGrfor the three KCM experiments KCM-HOL é
2]

(S

(non-accelerated forcing, black), KCM-HOLXx10 (10 timeselerated forcing, brown), and the control .
experiment KCM-CTL (green dots). Circles represent aniavalages (not every year shown), solid
lines a 4th order polynomial fit. b) Hovmoller diagramme loé zonmal mean SST anomaly@ for
KCM-HOL, computed by subtracting the average over the fidstears of KCM-HOL from annual mean
values and smoothed by a 10 yr running mean. See colour beofbour intervals.

(0]}

u

36



Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-554
Manuscript under review for journal Biogeosciences
Discussion started: 4 January 2018

(© Author(s) 2018. CC BY 4.0 License.

Maximum AMOC at 30° N
:

=
o

* KCM-CTL
KCM-HOLx10
= KCM-HOL

=
o

=
i

AMOC 30N [Sv]
N

B e

o

! I

9k 8k 7k 6k 5k 4k 3k 2k 1k Ok
YEARS B.P.

=]

Fig. 3. As in Fig. 2a, but for the maximum meridional overturning e tAtlantic at 3°N in Sv (10
m? s ).
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Fig. 4. a) Idealized age (time since contact with the surface,imgjemveraged over a volume in the
deep North Atlantic (40w - 10°W, 40°N - 60°N, 1800 m - 2500 m depth) based on annual mean value
for KCM-HOL (black), KCM-HOLx10 (brown) and KCM-CTL (greedots). b) Change in annual
maximum mixed layer depth in m in the North Atlantic betweawo periods before and after the shift
in watermass age (5.8 minus 7.8 kyr BP, mean over 200 yeatsedearound the respective dates),

indicating a shift in the location and the intensity of deegtev formation.
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Fig. 5. As Fig. 4a, but for the idealized age in years averaged oveilane in the deep North Pacific
(150°E - 130°W, 40°N -60°N, 2500 m - 3500 m depth) and BGC-CTL extended for another 3@ads
to make sure that the increase in age after 8.5 kyr BP is ndinzong as in BGC-HOL.
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Fig. 6. As Fig. 2, but a) for the global atmosphere-ocean carbon Bi€ ') of experiments BGC- é
HOL (black), BGC-HOLx10 (brown) and BGC-CTL (green). Negatvalues indicate oceanic out- é
gassing. The net outgassing of around 0.5 GtC ys balancing the river input of carbon. b) Hovmoller =
diagramme of the zonal mean atmosphere-ocean carbon flinget{anol C n* s™') of experiment =7
BGC-HOL. Positive anomalies indicate stronger uptake tittitdes of net C@-flux into the ocean, or =

weaker outgassing in areas of a net£flix into the atmosphere (68 to 45S and 20S to 17N).
Negative values vice versa. The negative anomaly in the $agithern latitudes indicates a shift from —
net uptake to net outgassing. 40
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Fig. 7. Observed atmospheric pG{solid, as in Fig.1a) that is used to force experiment BGC-HO
together with the potential atmospheric p£@erived from the time integrated ocean to atmosphere
fluxes in experiment KCM-HOL (dotted) where pe®=pCQ;(t-1)+ 0.5 * CO,-flux(t) and the CG-

flux is the global sum in GtC/month and p€@ s,»rr)=263.77ppm.
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Fig. 13. Time series of Eastern Equatorial Pacific OMZ volume it*1@3 (lower curves, left scale) and
mean age of water mass (upper curves, right scale) in the BEPi@years in the area 140V - 74°W,
10°S - 1ON. Circles represent annual mean values of the OMZ volumts, @@ annual mean values
of the water mass age in the EEP OMZ for BGC-HOL (black), BGGOLX{10 (brown) and BGC-CTL
(green). Solid (age) and dashed (volume) lines represdéyniqaial fits of 4th order.
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Fig. 14. As Fig. 13 but for the Atlantic in the area of & - 15°E, 30°S - 5°N and OMZ volume in 16
m3.
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Fig. 15. As Fig. 13 but for the Arabian Sea in the area ofB5 75°E, 8.5 N - 28°N and OMZ volume
in 102 m3,
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Fig. A.1. Simulated and observation based profiles of averageddcentration in the three major oxy-
gen minimum zones in the world ocean for a) the eastern edqab®acific, b) the tropical South Atlantic,
and c) the Arabian Sea based on observations (WOA2013,detrai. (2013), solid), and from experi-
ments BGC-CTL (dotted) and averaged over the last 200 yé&8&G-HOL (dashed).
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Fig. A.2. Simulated and observation based volume of water masseowytpen concentration below
the threshold value indicated on the x-axis for a) the woddam and b) the eastern equatorial Pacific.
See legends for explanations of symbols.
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Fig. A.3. Time series of ocean atmosphere carbon flux (negative up@rexperiment BGC-HOL
(black dots: annual mean values, solid black line: 4th opddynomial fit), and annual minimum and
maximum (dashed black lines, 4th order polynomial fits)jdating the range of the annual cycle.
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