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Abstract. Although of substantial importance for marine 1 Introduction
tracer distributions and eventually global carbon, oxygen,
and nitrogen fluxes, the interaction between sinking and remThe relationship between organic matter degradation and
ineralization of organic matter, benthic fluxes and burial is ©Xygen consumption in the water column is of importance
not always represented consistently in global biogeochemi.for the distribution of biogeochemical tracers in the global
cal models. We here aim to investigate the relationships beocean and for features like oxygen minimum zones (OMZs),
tween these processes with a suite of global biogeochemwhich, although covering only a small volume of the global
ical models, each simulated over millennia, and comparedPcean, are crucial for controlling the marine nitrogen inven-
against observed distributions of pelagic tracers and benthit¢ory. OMZs are notoriously difficult to reproduce in numer-
and pelagic fluxes. ical models, and their representation seems particularly sen-
We concentrate on the representation of Sediment_wate$itive to changes in the parameterizations of remineraliza-
interactions in common numerical models, and investigatetion processesqschlies et al.2008 Bianchi et al, 2013. In
their potential impact on simulated global sediment-waterglobal models such as those used to predict the evolution of
fluxes and nutrient and oxygen distributions. We find that OMZ under global warming (e.gQuteil and Oschlies201%,
model configurations with benthic burial simulate global Stramma et al2012, remineralization at low oxygen levels
oxygen well over a wide range of possible sinking flux pa- has been parameterized in many different ways.
rameterizations, making the model more robust with regard Reduction or cessation of remineralization in the absence
to uncertainties about the remineralization length scale. Orf oxygen or other oxidants seems to be a plausible choice for
a global scale, burial mostly affects oxygen in the meso- tomodels that focus on the open ocean. However, in such mod-
bathypelagic zone. While all model types show an almostels sinking detritus may accumulate below suboxic zones
identical fit to observed pelagic particle flux, and the sameand, according to our own sensitivity experiments, reach un-
sensitivity to particle sinking speed, comparison to obser-realistically high concentrations. This suggests that there is
vational estimates of benthic fluxes reveals a more complexi) too intense an export production or (ii) too little lateral
pattern, but definite interpretation is not straightforward be-mixing of the remineralization signal (or organic substrates)
cause of heterogeneous data distribution and methodologyvith surrounding water masses, a problem sometimes re-
still, evaluating model results against observed pelagic anderred to as nutrient trapping.
benthic fluxes of organic matter can complement model as- Spatial reorganization of zooplankton around suboxic
sessments based on more traditional tracers such as nutrier&@nes (€.g.Wishner et al.2013, which is usually not con-
or oxygen. Based on a combined metric of dissolved trac-sidered in current models, may mediate the adverse effects
ers and biogeochemical fluxes, we here identify two modelof low oxygen concentrations, and prevent the otherwise too
descriptions of burial as suitable candidates for further ex-intense an accumulation of detritus at the seafloor.
periments and eventual model refinements.
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Another explanation for too intense an accumulation ofdescribed inKriest et al. (2012 hereafter referred to as
remineralization products in water columns associated withKKO12). This model is a phosphorus-based, five-component
eastern tropical upwelling regions could be the neglect ofmodel, that simulates nutrients (as phosphate), phytoplank-
burial of particulate organic matter in the sediment. ton, zooplankton, detritus and dissolved organic phosphorus

Despite the fact that global burial of organic matter in (DOP). Detritus sinks with a speed that increases linearly
the sediments is rather small compared to biogeochemicalith depth. Experiment “ref” applies a vertical increase in
fluxes in the water column, and has often been neglectedinking speed of 0.058 (nTd) m~—1. With a detrital reminer-
more specifically: treated as absent in global biogeochemalization rate of 0.05d! this would, in equilibrium and in
ical ocean models (e.gMatear and Hirst2003, it never-  the absence of advection, result in a “Martin” flux profile
theless influences biogeochemical processes locally and, ofMartin et al, 1987 i.e., F o z~?) with an exponenb of
long timescales, will impact tracer distributions in the entire 0.858 (experiment “ref” oKriest et al, 2012).
water column and, on even longer timescales, may affect the Detritus that enters the last box remains as detritus
oxygen content of the atmosphebhgfjar et al, 2007). and remineralizes with its given remineralization rate of

Inspection of various published biogeochemical models0.05d™. Similar toMarchal et al(1998, Matear and Hirst
reveals that burial and also remineralization in low-oxygen (2003 and Najjar et al. (2007, KKO12 assumed that for
waters are often treated in very different ways in different oxygen concentrations below 4 pmaol @3 remineraliza-
models. For example, in the “PISCES” model (as describedion of organic matter continues, but does not use any oxy-
in the Appendix ofAumont and Bopp2006, which includes  gen, thereby mimicking the consumption of other, non-
both aerobic as well as anaerobic remineralization (the forspecified oxidants such as nitrate.
mer depending on oxygen, the latter on both oxygen and ni- A new model feature investigated here is burial of detri-
trate), remineralization of organic matter ceases in the abtus at the sea floor. In order to satisfy global mass conserva-
sence of oxygen. In this model sinking organic matter is ulti- tion of phosphorus, buried detrital phosphorus is resupplied
mately buried below the sea floor, thereby preventing the acas phosphate via river runoff, while the non-buried detritus
cumulation of detritus at the bottom. However, current mod-is resuspended in the water column. In the following we de-
els that continue remineralization even under sub- or anoxiscribe this model modification in more detail.
conditions do not seem to consider any burial, but reminer-
alize the organic matter hitting the sea floor instantaneously2.1 Parameterization of benthic burial

(Marchal et al, 1998 Matear and Hirst2003 Najjar et al, ) ) )
2007 Yool et al, 2017 or remineralize detritus in the last L€t0= fe =1 be the fraction of organic matter reaching the

box with the normal remineralization rate of detritus in the S&& floor which is buried permanently in the sediment. For
water column Kriest et al, 2010. In order to account for /8 =0 (no burial), detritus remains in the last box, where
more realistic nutrient regeneration at the seaflgool etal. it Slowly remineralizes, further depleting the oxygen (e.g.,
(2013 added 2-D pools of organic and biogenic material at'n Schmittner et 8J.2008 Kriest et al, 2010. In the oppo-
the seafloor to model “MEDUSA-1.0"Ypol et al, 201).  Site case/s =1 (e.g., in the PISCES modekumont and
Overall, most formulations of water—sediment interactions in BOPP 2008 implies complete burial of organic matter reach-

global biogeochemical circulation models have been intro-N9 the sea floor. Between these two extrenfigsnay vary,
duced in an ad hoc manner, and a systematic evaluation

@mong other things, with flux to the sea floor, water depth,
the impact of such formulations on the model's performance®’ Pottom water conditions. For examplBurdige (2007)
is lacking. suggested relating the so-called burial efficiengy, to the
In this paper we investigate the impact of burial against the@mount of organic matter falling onto the sea floBr{here
background of a commonly used parameterization of organid mmol P nT<d™) via
matter degradation in the water column. In particular, we ex- . pB-1 1
amine the following questions: what is the effect of differ- fe=akg @
ent descriptions qf organic m_atter burial on simulated Oxyge”according to which the amount of burial in the sedimeit,
and phosphate distributions in the global ocean? How do th% : ;
X s X an be described via
simulated exchanges across the sediment surface, which are
implicit in th_e different parameterizations, compare to obser-r5 = fg Fr =« F,’g. 2)
vational estimates?
In order to obtain an observational estimate of the param-
etersa (in (mmol P nr2d—1)1-#) and 8 (dimensionless) of
2 Model Eqg. (2), we first compiled a data set that contains observa-
tions for burial, Fg, and flux onto the sedimerfr (some-
For our model experiments we use the framework of thetimes also called “rain rate”; note that this usually refers
Transport Matrix MethodKhatiwala et al.2005 Khatiwalg to the sum of sedimentary remineralization and burial). De-
2007, coupled to the biogeochemical model NPZD-DOP tails about the data set can be found in AppendlixThe
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regression of the log-transformed data of buri)vs. rain 107 il il
rate (Fr) givesa = 1.6828 (mmol Pm2d-1)1-# andpg = ]
1.799, with~2 = 0.80. Figurel compares this relationship to 10° 5

other estimates of burial vs. rain rate.

Flogel et al. (2011 divided the ocean into two do- o
mains, namely the coastal and the open ocean, for which% 10_2_5
they derived two separate empirical relationships between o E

107" =

Fg and Fr. The two descriptions bylogel et al.(201]) E =%
have very similar exponentg, but very different offsets =~
a (see Fig.1). Restricting our regression to regions with 3 10+ 4

2.1 . . Flaegel /coost
Fg <250mmol CnT<yr~, i.e., placing more emphasis on Floegel /open ocean
the open ocean, results in a much weaker dependence o 1073

i i _ 2 4-11- _ ] :
burial or; rain rated = 0.0176 (mquPn’T dHl-#), g = . this study/total: 16828 X~1 7985
1.022, r< =0.61) than the regression for the full domain, e e e e
and is comparable to the open ocean estimate-ligel Flux to Sea Floor (mmol P m~2 4™")

; _ 24-1\1-8 .
et al. (2011 with « =0.024 (mmolP m*d™) (con Fig. 1. Burial vs. rain rate onto sediment for various approaches.

verted with a.C:-P ratio of 106) anfl= 1.05. . . Thick red symbols: data compilation for regions with burial

Our compilation over the full range of rain rates is, at 55 mmol C nr2yr—L. Thin red symbols: data compilation for re-
the upper and lower end of range, similar to the functional-gions with burial> 250 mmol C nt2yr—. Straight red line: re-
empirical relationship given bunne et al(2007 see also  gression for data compilation over all regions (used in model sce-
our Fig. 1), which relates the burial to a sigmoidal function nario BUR). Dashed red line: regression for data compilation over
of rain rate: Fg = Fr (0.013+ 0.53F3/(7+ Fr)?). At low  regions with burial< 250 mmol Cn2yr—1 (used in model sce-
rain rates Dunne’s data set agrees quite well with the opennario WBUR). Regressions frofidgel et al.(2011) are shown as
ocean estimate biflogel et al.(2011) and with the regres- ~ Straight (open ocean)_ and dashed (coasta]) blue _Iine. The_ algorithm
sion derived from our of our “open ocean” data compilation. Py Dunne etal(2007) is denoted as green line. Thin black lines de-
At higher rain rates, the estimate by Dunne agrees with thd°t€ constant burial efficiencies of 100 (straight), 10 and 1% (both

. . . dotted). Observations (symbols) and lines for algorithm®bxgne

shelf estimate byrlogel et al.(2011). Few observations are ; o .

. . . . et al.(2007 andFlégel et al(2011) were given in carbon units, and
available in the mid-range of the ram rates betweelhO;— have been converted to phosphorus using a constant C: P ratio of
0.1 mmol P nr2d~1, where the function by Dunne deviates 1qg.
from the other parameterizations.

For our model experiments we use the regression over
the full data compilation, restricted to a maximum value of e test the effect of instantaneous remineralization case
fs = 1. We further test a regression over the lower end of(j) in a simulation where we assume instantaneous reminer-
flux rates (i.e., forFg < 250 mmol Cnr2yr—?; see also Ta-  alization of all organic matter that hits the seafloor (experi-
ble 1). We also present some results of experiments carriegnent “INST”, see text below and Table 1). As shown below,

this study/low:0.0176 X~1.0223

out with Dunne’s parameterization of burial. we find little difference with respect to a simulation where
o ] ] detritus remains suspended in the deepest grid box of the wa-
2.2 Parameterization of the benthic nepheloid layer ter column. For all burial scenarios, we therefore follow op-

tion (ii) and assume resuspension of the non-buried detritus,

For incomplete burial{g < 1) the model also has to describe éhereby mimicking a benthic nepheloid layer.

what happens to the organic matter that is not buried. Her
we can distinguish two cases: (i) under oxic conditions or-5 5 Phosphorus budget closure via river runoff
ganic matter can be instantaneously remineralized, implying ™

a very “active” sediment, e.g., via bottom fauna, which in- 1o apove parameterization of permanent burial of organic
stantaneously consumes and remineralizes any input of Ofy51ter in marine sediments removes P from the oceanic
ganic matter. (ii) Organic matter can be resuspended bacleagic system. To account for mass preservation on long
into the overlying water where it is subject to mixing and ad- timescales, we re-supply it again via river runoff, using a sub-
vection with the bottom water. Observational evidence sug-et of river runoff data of Table 2 #erry et al(1996, i.e.
gests that the deposition of organic matter onto the sea floog,g \jymetric flow rates of the largest rivers in the world.
is not necessarily the ultimate sink of these particles, but tha{y/s 4id not use direct P- or N-discharge rates, because these
the (freshly) deposited organic particles may be easily remosy oy exhibit a strong anthropogenic influence, e.g., due to fer-
bilized, and become again subject to horizontal or even Veryjjizars and therefore may not correspond to the steady-state
tical (by mixing and upwelling) transport (e.dacon and system envisaged here.
van der Loeff 1989. Instead, we calculated the volumetric runoff of each river
as a fraction of global runoff, and distribute it vertically over

www.biogeosciences.net/10/8401/2013/ Biogeosciences, 10, 222013
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Table 1. Experiments carried out. “Strong” burial corresponds to Bjjw(th parameterss = 1.6828 andg = 1.7985. “Weak” burial cor-
responds to Eq.2) with parametersr = 0.0176 andpg = 1.0223, as described in Se@.1 “Variable” burial refers to parameterization
according tdunne et al(2007, see text)”. We also denote the identifiers for experiments with different sinking exponents (“s1” to “s4”) as
used inKriest et al.(2012).

Name Burial Sinking exponent
1.287 1.073 0.965 0.858 0.751 0.644 0.429
Hslll “82" Href" “83” “84”
“very slow”  “slow” “ref” “fast”  “very fast”

MIT2.8 configuration

CTL - X X X X X X X

ECCO configuration

CTL -
BUR strong
WBUR weak
DUNNE variable

x X x X
x X x X
x X x X
x X x X

the entire water column of the model boxes that receive riverto the results obtained with the “coarser” MIT2.8 matrix. For
runoff, i.e., in the vicinity of a river mouth (thereby mim- both configurations, ECCO and MIT2.8, we have carried out
icking unspecified processes, such as frontal dynamics). Ta set of seven numerical experiments, where we varied the
combine P loss due to burial and P gain due to river runoff,flux exponent from 0.429 up to 1.287 in model NPZD-DOP
during runtime the loss of P due to burial in the sediment isof KK012 (hereafter named CTL; see also Tabjeln these
integrated over total model area and — for computational efdinitial model simulations, burial is not included and resus-
ficiency — over one year. The resulting global annual loss ispension of any detritus hitting the bottom is assumed, i.e.,
then resupplied continuously over the following year. we apply option (ii) of Sect2.2

We note that although the immediate resupply of buried We then evaluate different biogeochemical models in
phosphorus via river runoff may appear as a very fast “rockthe ECCO configuration. Starting from the model CTL,
cycle”, under equilibrium conditions addressed here, phosin setup BUR we introduce burial via Eq2)( with our
phorus sinks and sources have to be of identical size and rébest fit to our sediment data compilation,= 1.6828
sponse timescales become irrelevant. More details about thenmol P nT2d—1)1~# andg = 1.799. We further test the ef-

river runoff fluxes used can be found in Appendix fect of a weak relationship between rain rate and burial us-
_ o ing the open-ocean composite described abave 0.0176
2.4 The circulation field (mmolPnr?2d—Y)#, g=1.022). This setup is named

) ) o _ WBUR. We finally carried out experiments with the algo-
Kriest et al.(2012 used circulation fields derived from arel- |ithm suggested bypunne et al.(2007), here denoted by
atively coarsely resolved (2.8« 2.8, 15 vertical levels) cir-  pyNNE. To examine the effect of instantaneous benthic
culation model (here referred to as MIT2.8) to examine theyemineralization, as described above we also present experi-
effect of different biogeochemical parameterizations on theyents where all organic matter hitting the sea floor is imme-
spatial distribution of phosphate and oxygen. Because VeNgiately remineralized (“INST”).
tilation pathwgys and coa;tal processes may be important ag i KKO12, for each of the setups we have carried
for the formation and persistence of OMZs, we here focusy; 4 set of four experiments where we varied the flux ex-
on biogeochemical models simulated with transport derivedponentb from the reference (“ref”) experimenk & 0.858)
from the Estimating the Circulation and Climate of the Ocea”upwards to 1.0725 (experiment “s2” of KKO12; hereafter
(ECCO)_ project, which provides circulation f_ields that yie_ld named experiment “slow”) and 1.287 (“s1” of KKO12; here-
a best fit to hydrographic and remote sensing observationger named “very slow”) and downwards to 0.644 (“s3” of
over the 10-year period 1992 through 2001 on a spatial resogk12: hereafter named “fast”) and 0.429 (“s4” of KKO12:
lution of 1° x 1° horizontal resolution with 23 vertical levels peoreafter named “very fast’; see also Talile Note that
(Stammer et al2004). “fast” corresponds to particle sinking speed, or a deep pen-
etration of flux, whereas “slow” indicates slowly sinking
particles, or a shallow remineralization of organic matter.
As im KKO12, each of the model experiments was spun
up for 3000yr, using eight time steps per day for ocean

2.5 Model experiments

We first examine the effect of the finer resolution and differ-
ent circulation inherent in the ECCO matrix via comparison

Biogeosciences, 10, 8408422 2013 www.biogeosciences.net/10/8401/2013/
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tracer transport, and another eight biogeochemical time steps For the biogeochemical model variations considered,
within each ocean time step. Annual mean concentration&£CCO fits observed oxygen much better than MIT2.8, while
and fluxes of year 3001 were then used for model evaluaits results show the same sensitivity to changes in the rem-
tion and analysis (see alsoiest et al, 201Q for transient of  ineralization length scale. In the following sections we will
similar model experiments). focus on results from simulations of the ECCO configuration.

2.6 Model assessment

Impact of burial and benthic remineralization

. 4
Results from model experiments are compared to the grid- on pelagic tracers

ded (P x 1°) analyzed set of observations of phosphate
and oxygen compiled bfarcia et al(20063 and Garcia  gjmjjar to results obtained bitwon and Primeay(2009

et al. (2006h in the following referred to as “WOAOS"). 5 kriest et al. (2019, simulated nutrient concentrations

We mapped the data set to the respective model resolutiony, o\ger waters such as in the mesopelagic and bathypelagic
By doing so, we release the coarser model from the penalyorih pacific are very sensitive to changes in the reminer-

ties imposed by its lack of resolution, and investigate justyjization length scale in our models CTL and INST. Fur-
the errors due to its numerical diffusion (e.g., due to Up-ther Kwon and Primeay(2008 found that nutrients in the

stream schemes in particle flux; s&eiest and Oschlies  gagtern equatorial Pacific (hereafter named EEP) are partic-
2011, circulation and biogeochemistry. To assess the mody, |5y sensitive to changes in organic matter production and

els’ performance with respect to dissolved tracers, we applydecay terms. As we will show below, in our model experi-

a global misfit function based on the volume-weighted root ments these two regions also appear particularly sensitive to
mean square error, as described in KKO12. Data sets usegssmptions about burial and remineralization. Besides in-
for comparison to simulated pelagic and benthic fluxes will \agtigating the nutrient and oxygen concentrations above the
be described in the respective section. sea floor, we will therefore mostly focus on phosphate and
oxygen in these two regions in the following.
3 Impact of spatial resolution and physics We show the effects of benthic burial and remineralization
on the nutrient and oxygen concentration near the sea floor,
The volumetric distribution of global phosphate is quite sim- as depicted in Fig3 for models INST, CTL and BUR simu-
ilar in the two control model configurations (Fig, upper lated with moderate (scenario “ref”) particle sinking speed.
panels). The overall mismatch of ECCO with respect to phosBoth model INST and CTL are very similar, as they pre-
phate is lower than that for MIT2.8, but the sensitivity to dict far too high bottom-water phosphate concentrations in
changes in the remineralization length scale is very similarthe Pacific Ocean, and, correspondingly, far too low bottom-
between the two different models driven by different circula- water oxygen concentrations. This mismatch gets worse for
tion fields (Fig.2b). The same increase in sinking speed (e.g.,faster sinking speed (e.g, for scenario s4; not shown), re-
“ref” to "fast”) has a larger effect in MIT2.8 than in ECCO. sulting in deep phosphate concentration above 3 mmdim
In the former, this increase results in a much more disperover wide areas of the North Pacific, and correspondingly
sive distribution of phosphate, with an overestimate of waterlow (< 30 mmoln73) oxygen concentrations. Introducing
volume with rather low and rather high concentrations. Thisburial improves the match to observed pelagic tracer fields,
effect is not so pronounced in ECCO (F&g, c). both with respect to phosphate and oxygen. The differences
Greater differences appear when Comparing the Oxyger@mong the different scenarios decrease for slower sinking
distributions (Fig.2, lower panels). First, the remineraliza- Speeds, where the models show a similar fit for phosphate,
tion length scale shows a strong impact on the simulatecend even slightly too high oxygen (above 180 mmaofhin
oxygen distribution, with a strong volumetric overestimate of Scenario s1) in many regions of the deep Pacific Ocean (not
low oxygen regions when sinking is fast. Second, in MIT2.8 shown).
we find a bimodal volumetric distribution of oxygen, whereas ~ The introduction of burial also affects the simulated dis-
the oxygen distribution in ECCO is more or less unimodal tribution of phosphate and oxygen in upper parts of the wa-
and, in this respect, in better agreement with WOAO05. Particier column, as evident from a section along the “conveyor
ularly the fast sinking scenarios of MIT2.8 show oxygen con- Pelt” (Fig. 4). The slow sinking scenario of model CTL un-
centrations below 50 mmol£n~2 in large parts of the deep derestimates mesopelagic (0-2000 m) phosphate in the North
ocean, Causing a peak of ocean volume with rather low ConPaCifiC, and overestimates its concentration in the deep wa-
centrations. Reasons for differences among the two modelers of this region (Figd, panel Al). Increasing transport of
configurations may be differences in the circulation fields, Organic matter to the deep ocean, as in scenario “fast” (panel
but also the differences in the vertical resolution, causing aA2 of Fig. 4) further reduces shallow and mesopelagic, and
higher numerical diffusion in MIT2.8 (see aldtriest and  increases deep~(2000 m) phosphate in this region. At the
Oschlies2011). same time, phosphate in the North Atlantic is reduced. There-
fore, in accordance witKriest et al.(2012), increasing the

www.biogeosciences.net/10/8401/2013/ Biogeosciences, 10, 222013
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MIT2.8 ECCO
(2.8 x 2.8 deg, 15 layers) (1 x 1 deg, 23 layers)
Volume Distribution Volume Distribution
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Fig. 2. Volume distributions of global phosphate (upp&randC) and oxygen (lowerD andF) for model CTL in the MIT2.8 (left) and

ECCO (right) configuration. Grey bars denote the corresponding observations (WOAO5). Lines denote the different experiments. Thin lines:
fast-sinking profile. Thick lines: slow-sinking profile. Medium line: reference scenario (see Téttenodel configurations). Mid-panel:

misfit of phosphate (upper) and oxygen (lower). Thin lines: MIT2.8 configuration. Thick lines: ECCO configuration. Horizontal lines: global
spatial variance (square root) of observations.

INST Observations

80°s T = T T T —T T T
120w o° [ 120°E  120°W Q= o° 1207

T T
120°W g a® 120°E

T T
120°E 120%w o0

pe g | e e

el P

o 120°E 120°W o* o 120°E 120w o° o 120°E 120°W a* o° 120°E 120°W 0"

Fig. 3. Concentration of phosphate (top panaisD) and oxygen (bottom paneE-H) in the deepest model box above the hypothetical
sediment, for models INSTA, E), CTL (B, F), BUR (C, G) and from observationg, D, H; Garcia et al.2006a b).
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remineralization length scale in model CTL has the effectweak sensitivity of both nutrients and oxygen simulated by
of shifting nutrients downwards, and towards older watersmodel BUR, we ask to what extent possible impacts of model
along the conveyor belt. Introducing burial in model BUR deficiencies may be “hidden” in the sediment, and if compar-
leads to “slow” and “fast” model solutions that are more ison to benthic observations can compensate for the reduced
similar to each other than the corresponding solutions ofsensitivity of model-data misfits in terms of pelagic oxy-
model CTL. Introducing burial has little effect on shallow gen and phosphorus distributions to remineralization length
and mesopelagic nutrients in both scenarios “slow” (shal-scale. In the next subsection we therefore examine the poten-
low remineralization) and “fast” (deep remineralization), but tial of additional diagnostics of particle fluxes and benthic-
reduces deep nutrients in the northern North Pacific of thepelagic coupling to identify model deficiencies and to better
“fast” scenario making them more similar to those of the constrain the respective model parameters and parameteriza-
“slow” scenario (panels A3 and A4 of Fig). tions.

Burial thus lowers the sensitivity of deep model nutrients
to changes in remineralization length scale. Likewise, the ) )
sensitivity of simulated deep phosphate in the eastern equa2 P article fluxin the water column and at the
torial Pacific (EEP) to changes in sinking speed is reduced, Sediment-water interface
as evident in Fig5, panels Al to A4. As a consequence, the
models’ misfit to observed phosphate (calculated as global

average of the root mean square error RMSE; seelaisst |, kg g we compare the particle flux in 2000 m simulated by
et al, 2010 becomes less sensitive to the remineralizationy» gifferent sinking scenarios of model BUR against obser-
length scale when introducing burial (Fig). Instantaneous | ~ions compiled by-onjo et al.(2008. The models reflect
remine_ralization of organic matter at the sea roor_(ag int_ro-the general pattern of high particle flux in the high north-
duced in model INST) shows almost the same distributiong,p, |atitudes and the upwelling regions, and low particle flux
and sensitivity of phosphate and oxygen as in model CTLi, the oligotrophic subtropical gyres. As expected, decreas-
(see F'956 and?). ) ) o ing the flux exponent increases particle flux at 2000 m, es-
_ Interestingly, the impact of burial on the oxygen distribu- ,aiajly in the eutrophic regions. Simulated global particle
tion is even more pronounced than its impact on phosphatéy,x as well as its pattern is quite insensitive to changes in
While the fast-sinking scenario of model CTL shows a severey, o strength of burial (see Tat® The slow sinking scenar-
underestimate of simulated oxygen in the deep North PacifiG,g yie|d the lowest RMS misfit to observed flux of 112 and
and in the EEP, this underestimate almost disappears With 13 mmol C mr2 yr—1 for runs CTL and BUR, respectively

the introduction of burial. Burial also considerably improves (see Table?). However, the moderate to fast sinking scenar-
the deep oxygen in the EEP and in the northern North Pa- '

S b ! MR ) ios of these models overestimate particle flux in the Southern
cific of the fa;t s_lnkl_ng scenario. This is also_ evident from §agn (see Figg).
the volume distributions of oxygen for the different mod-
els: in contrast to that of phosphate, which is very similar5 2 Benthic remineralization
among the different models and scenarios, oxygen distribu-
tions change considerably among the burial and non-buriaBecause our models do not represent the sediment explic-
models (Fig.7). While scenario “fast” of model CTL predicts itly, defining the model's counterpart to observations of ben-
far too large a volume of water with lows(100 mmol n13) thic remineralization is not straightforward. We may, how-
oxygen, the detrimental effect of fast sinking disappears al-ever, approximate benthic remineralization using the follow-
most entirely when burial is considered (BUR). If burial is ing assumptions: Over long timescales every (simulated) de-
only weakly related to sediment input (WBUR), simulated tritus particle in the model's deepest grid box will have en-
oxygen again becomes more sensitive (compared to scenarimuntered the sediment at least once. Although the model's
BUR) to changes in the remineralization length scale. Theupstream numerics for the description of sinking assumes
lower sensitivity of simulated oxygen to changes in the rem-that this resuspended detritus is equally distributed within
ineralization length scale in model BUR is also evident from the grid box, we may also view it as sediment “fluff”, i.e.,
plots of the model misfit to oxygen vs. flux exponent (g.  as organic matter that is only loosely associated with the sed-
To summarize, adding burial yields a strong improve- iment, but can be easily remobilized by currents, animals,
ment of the modeled pelagic biogeochemical tracers for fasetc. We therefore define detritus remineralization vertically
sinking speed (comparable to a long remineralization lengthintegrated over the deepest model box as an (upper) model
scale, or deep penetration of flux). The effect is most pro-estimate of benthic remineralization per sea-floor area.
nounced in old waters such as in the northern North Pa- Figure 9 shows simulated benthic remineralization of
cific, or in the EEP. As a consequence, simulated dissolveanodel BUR, together with observations as compiled by
tracers become less sensitive to changes in remineralizatioSeiter et al.(2005 we use a data set provided by Chris-
length scale, thereby reducing the potential of biogeochemitian Hensen). The data set is supplemented by observa-
cal water-column data to constrain this parameter. Given thigions of Fischer et al(2009 taken in the South Pacific, an

.1 Particle flux in the water column

www.biogeosciences.net/10/8401/2013/ Biogeosciences, 10, 222013
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Fig. 4. Model mismatch (model — observation) for phosphate (upper paAgland oxygen (lower panel®) plotted along sections for
different model experiments CTL (slow sinkingl, B1; fast sinking:A2, B2), and BUR (slow:A3, B3; fast: A4, B4). Sub-panels on the
left show north—south section along 2PAW. Sub-panels on the right show south—north section alofig\20
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140° W to the coast of Ecuador for different model experiments CTL (slow sinligB1; fast sinking:A2, B2), and BUR (slowA3, B3;
fast: A4, B4).

area which otherwise would be only sparsely represented ithigh fluxes shown by five data points collected in the Arabian
the observations. In general, the model scenarios reflect th8ea cannot be simulated by any of our model experiments,
very high benthic remineralization rates observed along theand therefore strongly deteriorate the model’s fit to obser-
coasts, and predict very low remineralization in the subtrop-vations. However, the observations in this region have been
ical gyres. For the Northern Hemisphere the simulated lowderived from a local model fit to observed sediment prop-
subtropical values are supported only by the few observaerties (uff et al., 2000, which may not correspond to as-
tions by Seiter et al(2005. However, in the South Pacific, sumptions inherent in the global model used in this study. In
Fischer et al(2009 observed some sites with rather high addition, mesoscale processes are not resolved in our coarse,
benthic fluxes, which are not simulated by the model. 1° x 1° model, but their representation has been shown to be
Another severe model—observation mismatch can be foundery important in this regionawamiyg 2001, Resplandy
in the Arabian Sea. Here the observations suggest extremelgt al, 2011). Global z level models often fail to represent
high benthic fluxes, whereas the model predicts rather lowthe complex hydrodynamic and biogeochemical structures of
benthic remineralization. As the sites in the Arabian Sea aréghe Arabian Sea (Dietze, personal communication, 2013). We
quite far from continental slopes, lateral advection does nothus have skipped these observational estimates from model
serve to explain the apparent mismatch. We note that the vergomparison.
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Table 2. Global benthic and boundary fluxes for scenarios “slow” to “fast” (s2 to s3, corresponding to increasing remineralization depth)
of different models, and observational estimates fiallmann(2010, his Tables 1 (riverine P flux to ocean), 2 (burial flux in sediment)

and 3 (benthic phosphate releaselrom Wallmann(2010, without “shelf and slope” region. Simulated “benthic remineralization” value
estimated from total detritus remineralization in last box (see t&x@bservation of particle flux in 2000 m frotdonjo et al.(2008.
Identifiers for experiments different sinking exponents as in Table also denote the RMSE of global particle flux in 2000 m, “benthic
remineralization” and burial, as exemplified for BUR in Fig§s9 and10, respectively.

Flux, CTL (no burial)  BUR (strong burial) wBUR (weak burial) DUNNE Observations

RMSE s2 ref s3 s2 ref s3 s2 ref s3 s2 ref s3

Global riverine flux to the ocean (Gmol PW)
Rivers 0 0 0 154 266 511 31 55 106 121 220 450 270

Global particle flux in 2000m (Gmol P y#)
>2000m 305 455 672 304 461 707 306 458 685 304 460 705 4332

Global “benthic remineralization” (Gmol Pyt)
Total: 446 562 748 317 350 373 419 518 673 343 385 419 1060
>200m 278 416 630 203 253 290 255 375 550 221 281 327 310¢

>2000m 187 305 495 134 175 208 169 268 419 148 198 237

Global burial (Gmol Pyr1)
Total: 0 0 0 154 266 511 31 55 106 121 220 450 419
>200m 0 0 0 77 176 393 24 46 96 58 146 352 ..

>2000m 0O 0 0 54 134 315 19 40 85 39 111 284

RMSE for particle flux (F), “benthic remineralization” (R) and burial (B) ((mmol C:ﬁryr*l)

F 112 145 258 113 149 276 112 146 264 113 148 275
R 290 294 379 282 255 238 290 287 350 278 250 234
B 338 338 338 283 258 305 327 322 315 294 265 287

The fit of the models with pronounced burial (BUR, for the coastal regions off Washington, California and Mex-
DUNNE) to observations of benthic remineralization im- ico. The overestimate is most severe in the EEP. In addition,
proves with faster sinking speed (Taldeand Fig.9). This slow sinking together with the insufficient representation of
is in contrast to the fit to observations of the particle flux shelf regions leads to a quite low simulated burial of organic
at 2000 m described above, which tends to be best for slownatter off California and Washington, and therefore to an
sinking speeds. This can be ascribed to higher benthic remincrease of the RMS misfit. Therefore, although simulated
ineralization with increasing flux to the ocean floor, as well burial mitigates the otherwise too high an oxygen consump-
as to a steeper gradient between regions of simulated low antion by remineralization in the EEP under medium- to fast
high benthic fluxes. If burial is weaker, as in model WBUR, sinking speed, it results in unrealistically high burial of or-
the misfit to observations of benthic respiration is larger (Ta-ganic matter below the sediment surface especially in this
ble 2), with a minimum misfit at medium sinking speed. region. Compared to models with weak (WBUR) or — not
Without burial (CTL), the faster sinking leads to an overes- surprisingly — no (CTL) burial, models BUR and DUNNE
timate in benthic remineralization in many regions, resulting are in better RMS agreement with observational estimates of
in a worse fit (Table2). global burial (Table2).

5.3 Burial in the sediment 54 Global fluxes

We compare simulated burial flux to the observations de-

scribed in AppendixA, which provides more details about Despite the sometimes considerable model-data mismatches

the individual data sets. As in both the model and the obserin various regions, some of the models perform quite well

vations, burial is defined by the fact that organic matter iswhen compared to global fluxes of organic matter (Table

removed from the system for a very long time, the model-Benthic and riverine fluxes in all models increase with de-

data comparison appears more straightforward than for benereasing flux exponent (= increasing particle sinking speed).

thic remineralization. The strength of burial has only little influence on particle
When simulating medium- to fast sinking speed, modelflux in 2000 m, but global burial and therefore riverine input

BUR often overestimates observed burial (Fif), except is higher in models with strong burial (BUR and DUNNE),

Biogeosciences, 10, 8408422 2013 www.biogeosciences.net/10/8401/2013/
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Fig. 8. Upper panels: particle flux in 2000 m, for experiment BUR with burial, and observations. Sinking speed in models increases from the
left (slow) to the right (fast). Small colored circles denote observations from the data Beiliy et al.(2008, on the same color scale as

the model results. Lower panels: simulated vs. observed particle flux. Lines indicate 1:2, 1:1 and 2: 1 relationship. The panels also denote
the RMSE of the modeled vs. observed flux, as well as the number of data points sampled.
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Fig. 9. Upper panels: benthic remineralization (see text) for experiment BUR with burial, and observations. Flux exponent in models de-
creases from the left (slow) to the right (fast). Colored symbols denote observations from the dat&si¢ibgt al.(2005 circles) and

Fischer et al(2009 diamonds), on the same color scale as model results. Lower panels: simulated vs. observed benthic remineralization.
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Fig. 10.Upper panels: burial in the sediment (see text), for experiment BUR with burial, and observations. Flux exponent in models decreases
from the left (slow) to the right (fast). Colored circles denote observations in the same color scale as model results (see text and Appendix
A). Lower panels: simulated vs. observed burial in the sediment. Lines indicate 1:2, 1:1 and 2: 1 relationship. The panels also denote the
RMSE of the modeled vs. observed DOU, and the number of data points sampled.

while benthic remineralization is higher in the model with base scenarios of BUR and DUNNE match observed global

weak burial (WBUR). burial flux much better, but underestimate global benthic
Despite the relatively fine {1x 1°) spatial resolution, the remineralization (Tabl@). The sinking speed plays a strong

models do not resolve the shelf very well. This is reflected inrole for these models’ agreement with observed fluxes of

a smaller difference between total and deef2000 m) sim-  burial.

ulated benthic remineralization and burial than found in the

observations (Tablg). While the models simulate 40—66 %

of total benthic remineralization, and 32—80 % of total burial 6 Discussion

to occur below 2000 m, observations suggest lower percent-

ages for the “open ocean” (i.e., shelf and slope region omit-6.1 Sensitivity of dissolved tracers to particle flux and

ted), of 26 and 29 % for remineralization and burial, respec- pelagic—benthic coupling

tively. Because of this deficient representation of coastal and

shelf areas, in the following we focus on the deeg2000 m) A finding that is, at first sight, surprising for a model with
fluxes. fixed stoichiometric relations is that simulated oxygen seems

Global particle flux in the water column at 2000 m depth t0 P& much more affected by changes in model structure and
is relatively insensitive to the implementation of burial, thus Sinking speed than phosphate. The reason for the lower sen-
all models show about the same response to changes in pargitivity of phosphate may be found in the fixed P-inventory
cle sinking speed (Tabl®). Particle flux at 2000 m is repro- IMPosed onto the model: although an increase in particle
duced best with slow sinking speed (scenarios “very slow”Sinking speed will result in higher phosphate concentration
and “slow”), a finding that agrees with results obtained with In déeper and older waters, at the same time this increase is,
a coarser resolution of this model (ségest et al, 2012. in our spun up steady—statg solution, limited by the concomi-

The implementation of burial has a strong impact on thef@nt phosphate decrease in younger waters (seekalset
model’s representation of global burial below the sea floor.8t @l» 2012. Thus, the misrepresentation of phosphate in the
Model WBUR and, of course, the no-burial models CTL model is limited by the constraint of phosphorus mass con-
and INST, underestimate global burial. At the same time, Servation. We expect results to be very similar in models with
these models for moderate- to fast sinking speeds overestfynamic phosphorus inventory, because of the residence time
mate benthic remineralization. Taken together, this points to._Of phOSphOFUS being long Compareq to the ocean overturn-
wards too weak a burial, or too strong a “resuspension” andnd timescale Raytan and McLaughlin2007). In contrast,

subsequent remineralization in these models. In contrast, thf'€ 0xygen inventory can change due to the combined ef-
fects of biogeochemistry, circulation and mixing, and air-sea

Biogeosciences, 10, 8408422 2013 www.biogeosciences.net/10/8401/2013/
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gas exchange with the atmosphere, so that the model cannggrison in regions of strong horizontal gradients (6Sgegel

only fail in the internal distribution of oxygen, but also in et al, 2008. However, the general overestimate of particle
its average concentration. This is consistent with the mucHlux by the fast sinking models as evident in Figndicates
shorter residence time of oxygen than phosphorus, with the- together with the other metrics — that these are less likely
former being of the order of that of the overturning circula- to represent pelagic biogeochemical processes well (see also
tion, as indicated by mean transit times from the surface toKriest et al, 2012 for the relation between fit to estimated
the deep North Pacific of 1360350yr (derived from ob- global flux and dissolved tracer).

servations; Khatiwala et al. 2012. Model simulations also Benthic C-org remineralization or dissolved oxygen uti-
suggest a mean age betweerd000-1600 yr for this region lization (“DOU”) is measured either (a) from pore water pro-
(Khatiwalg 2007). files and diffusion models, or (b) via the oxygen decline over

The introduction of burial reduces the sensitivity espe-time in benthic chambers. While method (a) can lead to de-
cially of simulated oxygen distribution to changes in the par- compression and handling artifacts (much of which has been
ticle flux exponent. The models with fast particle sinking overcome by using in situ probes and measurements), (b)
now perform much better with respect to oxygen, the reasorcan introduce some variability through benthic fauna activ-
being most likely, that now “excess” organic matter, whoseities (e.g.,Glud et al, 1994. Further, while (a) represents
remineralization would strongly decrease oxygen, is burieda steady-state system (due to the intrinsic assumptions), the
in the sediment. In other words, it is “swept under the car-benthic chamber used in (b) represents a snapshot of sed-
pet”, and only reappears as phosphate in regions far awayment respiration in an isolated system that excludes both
from the areas of burial. Note that many of the worlds ma-transfer of organic matter to the sediment, as well as ex-
jor rivers discharge into the Atlantic Ocean (Fig). While change with the surrounding water and dissolved oxygen.
we cannot exactly define the pathways of phosphorus atom$he latter may be of importance when observing systems at
between the Pacific and Atlantic Ocean, we can calculatdow to vanishing oxygen concentrations, where oxygen de-
the loss and gains through boundaries for each basin: abowline may affect oxygen sensitive processes and rates. How-
1/3 (28.7 Gmol) of phosphorus buried in the Pacific (north ever, assuming that during the incubation time of typically a
of 40° S) is not resupplied into this ocean. This correspondsfew days, the rate of respiration is neither carbon nor oxygen
to an oxygen demand of 4.9 Pmol (if all of the organic matterlimited, this observation may well represent a steady state
buried was respired instead). In contrast, the Atlantic Ocearsystem.
receives more that twice as much phosphorus via river runoff Burial is usually estimated directly froff'C age, mass
(177.4 Gmol) than it looses via burial (77 Gmol). Alltogether, accumulation rate and %dg of the sediment cores, mean-
the Atlantic receives about 67 % of global runoff, but con- ing that these flux estimates assume steady state over multi-
tributes only to 29 % of global loss via burial. These figures ple thousands of years. Perhaps counter-intuitively, simulated
suggest that a fraction of phosphorus buried in the Pacifiand observed burial estimates compare quite well, strength-
and elsewhere is “teleported” to the younger waters of theening the case for both the validity of the steady-state as-
Atlantic by the way we parameterize these processes (andumption over these timescales and fidelity in the models.

mass conservation) in our model. Unfortunately, as we have seen above (Hif) these ob-
servations are very sparse, and biased towards coastal ar-
6.2 Comparison to vertical fluxes eas and/or highly productive regions. In addition, there may

be complications and artifacts due to sediment focusing and
This reduced sensitivity of simulated dissolved tracers in theerosion (e.g.Kienast et al. 2007, or potential age offsets
burial models poses problems for any method that aims aamong different sediment weight fractionddinze et al.
constraining the model parameters via calibration agains009 and citations therein).
global pelagic tracer distributions. A potential solution to  Overall, the spatial sparsity of the flux observations, their
this problem could be to use additional observations, suclpotential bias towards certain regions, as well as the some-
as pelagic and benthic fluxes of organic matter, that are moréimes difficult assignment of proper model counterparts to
closely related to particle flux and remineralization. How- the observations make it difficult to use them as strong con-
ever, some peculiarities like mismatches in the spatial andtraints on model performance. However, the models’ over-
temporal scales, and methodological constraints can makestimate of simulated burial especially under medium- to
such a direct comparison between models and observatiortsigh sinking rates in the eastern equatorial Pacific (EEP)
difficult. points towards a potential lack or misrepresentation of pro-

It is beyond the scope of this paper to discuss the methodeesses by the models in that region.

ological problems associated with sediment traps (but see, An explicit representation of sediment processes, invento-
e.g.,Honjo et al, 2008 and citations therein). However, even ries and fluxes, as model level 3 or 4 suggeste®bgtaert
with a perfect particle interceptor trap we would still have to et al. (2000, or as implemented in global models biginze
deal with the spatial hydrographic variability around many et al. (1999 or Maier-Reimer et al(2005 can facilitate and
trap locations, which may hinder a direct model-data com-improve the comparison of simulated to observed benthic
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fluxes, and provide more insight on the impact of benthic (rr) and burial {g). We further complemented the analysis
processes on the (pelagic) ocean, and vice versa. Likewise, @ model skill by calculating the relative deviation of sim-
better representation of bottom topography would likely im- ulated to observed global oxygen inventory| expressed
prove the simulation of benthic processes, especially on theas global average oxygen) as well as simulated to observed
coastal shelf. While this is beyond the scope of this study,global particle flux ), benthic remineralizationif), burial

we consider this approach very useful. We thus regard thddg) and river runoff §;). As noted above, because of mass
flux observations as useful additional model constraint, thattonservation, the global phosphate inventory does not help
may complement any model assessment based on more “trée constrain the model, and is therefore not used for model

ditional” observations such as nutrients or oxygen. assessment. To add quantities of different units, we have nor-
malized the RMSE and deviations of oxygen by the respec-

6.3 Model performance in the eastern equatorial tive observed average global concentration. RMSE and devi-
Pacific and in coastal areas ations of vertical fluxes have been normalized by the respec-

tive global fluxes (see Tabl2). Total model skillS is thus

A potential explanation for the apparent misfits in the EEPevaluated as
could be the neglect of oxygen sensitivity of remineraliza-
tion in the model. This neglect currently allows for com-
plete consumption of oxygen at unaltered remineralization Table3 and Fig.11depictS of the different model exper-
rates, whenever the supply of organic matter is high enoughiments, as well as its components. As already noted above,
Thereby the current model assumes a form of “implicit” den- the misfit to dissolved tracers shows only small differences
itrification, as remineralization continues even in the absenceamong the models, particularly for phosphate, and for slow
of oxygen. to moderate sinking speeds. Differences between simulated

An alternative explanation for the mismatches in the EEPand observed oxygen inventoryd) indicate a considerably
could be a misrepresentation of the Equatorial Intermediatdetter performance of models with slow sinking speed, even
Current System in this region, resulting in too little oxy- for the burial models.
gen Qietze and Loeptien2013. According to that study, For the two models CTL and WBUR with no or only
and citations therein, the problem is “endemic even to eddy-weak burial, metrics according to particle flux (RMSE as
resolving circulation models”. Improved representations ofwell as deviation of global flux) coincide with those from
physical processes in regional or (nested) global modelslissolved tracers, similar to the results obtainedKiest
might help to resolve this problem. et al. (2012. Models perform almost identical with respect

Considering only areas deeper that 2000 m, the modelso particle sinking speed. Thus, comparison to particle flux
with strong burial seem to be better suited to represent globasupports the decision for slower particle sinking speed, but
vertical fluxes, although results for particle flux at 2000 m, does not help to decide among different model types.
benthic remineralization and burial point towards different Models BUR and DUNNE with rather strong burial in
“best” candidates. It remains to be investigated, whether anost cases perform better with respect to the RMSE for
better topographic representation of coastal and shelf arbenthic fluxes than do models CTL and WBUR with no or
eas helps to achieve a closer match to local observations offeak burial. The pattern is more complex for the deviation
benthic processes, as well as to global estimates of burial antb global fluxes. Here, models BUR and DUNNE when sim-

S=rp+ro+re+rrR+r8+do+di+dr+dr+ds. (3)

benthic remineralization. ulated with fast or very fast sinking speed exhibit a strong
overestimate of global burial, and therefore a stronger mis-
6.4 Combining model metrics match than model CTL or WBUR, but perform much better

than CTL when simulated with the medium sinking speed

So far it seems that the addition of burial has been of littleof scenario “ref”. At the same time, fast sinking speed in
benefit to the model in terms of its ability to reproduce water- BUR and DUNNE leads to a better agreement with observed
column distributions of biogeochemical tracers. A main ef- global benthic remineralization.
fect of burial in the model is a weakening of the constraints The misfits for burialrg and global burialdg are quite
provided by water-column tracer distributions on the rem-large and therefore contribute strongly to the overall metric,
ineralization length scale, thereby making the model moreS. As a result, given the good fit to burial of the reference sce-
robust with respect to errors in the parameterization of parti-narios of models BUR and DUNNE, together with the quite
cle flux. At moderate to slow sinking speeds all models rep-similar fit of all models to dissolved tracers, scenario “ref” of
resent dissolved tracers about equally well. BUR and DUNNE performs best with respecttoEven the

In order to identify a “best” model type, we have evaluated second best scenario “slow” of these two model types per-
model performance using a combined metric of dissolvedforms much better than any experiment of CTL or WBUR.
tracers and vertical fluxes. The metric consists of terms for Summarizing, despite overly high burial rates in certain re-
normalized root mean square errors (RMSE) for phosphategions, we regard models BUR or DUNNE as more suitable
(rp), OXygen (o), particle flux ¢£), benthic remineralization than CTL or INST without any pelagic—benthic coupling, or
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Table 3. Different misfit metrics, normalized by global average concentration of dissolved tracers (2.17 mmlf@mphosphate,
174.31 mmol @ m~3 for oxygen) or by global annual flux (see TaBle for scenarios “slow” to “fast” (s2 to s3, corresponding to increasing
remineralization depth) of different models. See text and Bdfof more information.

Metric CTL (no burial) BUR (strong burial) WBUR (weak burial) DUNNE
s2 ref s3 s2 ref s3 s2 ref s3 s2 ref s3
I: norm. RMSE to phosphate and oxygeng
rp 0.10 0.14 0.20 0.10 0.13 0.17 0.10 0.13 0.19 0.10 0.13 0.17
ro 0.14 0.21 0.36 0.15 0.14 0.17 0.14 0.19 0.31 0.15 0.15 0.19

>ory 0.24 0.35 0.56 0.25 0.27 0.34 0.24 0.32 0.50 0.25 0.28 0.36

II: norm. deviation from global average oxygen (global oxygen inventfy,

0)) —-0.03 -0.15 -0.27 0.01 -0.05 -0.09 -0.02 -0.12 -0.23 0.00 -0.07 -0.11
> x| 0.03 0.15 0.27 0.01 0.05 0.09 0.02 0.12 0.23 0.00 0.07 0.11
[ll: norm. RMSE to particle flux«p), “benthic remineralization’sg]) and burial (g)
rp 0.33 0.42 0.75 0.33 0.44 0.81 0.33 0.43 0.77 0.33 0.43 0.80
r 0.94 0.95 1.22 0.91 0.82 0.77 0.94 0.93 1.13 0.90 0.81 0.75
B 3.10 3.10 3.10 2.60 2.37 2.80 3.00 2.95 2.89 2.70 2.43 2.63
>orx 4.37 4.47 5.07 3.84 3.63 4.38 4.27 431 4.79 3.93 3.67 4.18
IV: norm. deviation from global runoffd;), particle flux ¢gg), “benthic remineralization’dr) and burial ¢g)
dr -1.00 -1.00 -1.00 -043 -0.01 0.89 -089 -0.80 -061 -055 -0.19 0.67
dr -0.11 0.33 0.96 —-0.11 0.35 1.07 -0.11 0.34 1.00 -0.11 0.35 1.06
dr —0.40 -0.02 0.60 -057 -0.44 -033 -045 -0.14 035 -052 -0.36 -0.24
dp —-1.00 -1.00 -1.00 -0.50 0.23 189 -0.83 -0.63 -0.22 -0.64 0.02 1.61
> x| 251 2.35 3.56 1.61 1.03 4.18 2.28 191 2.18 1.82 0.92 3.58
Total Misfit S (sum over I-1V)
S 7.15 7.32 9.46 5.71 4.98 8.99 6.81 6.66 7.70 6.00 4.94 8.23
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Fig. 11. Metrics for different model types plotted vs. different sinking speed. P@)etum of misfit (RMS, divided by observed global
average concentration) for phosphate and oxygen; pg@elg) normalized misfit to data sets for particle flux in 200Q€), benthic
remineralization(D), benthic burial(E). Bottom panelgF-J) normalized deviation between simulated and observed global inventory of
oxygen(F), between global fluxes of organic partic(é8, benthic remineralizatioi) , benthic buria(J) and global river runoff of phosphate
(G). Panel A shows the sum over all panéB to (J). Normalization of biogeochemical fluxes has been carried out by global integrated
fluxes listed in Tabl. Colors as in Fig6.
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model WBUR with only weak burial at the seafloor. The lit-  The large relative increase of detritus in the bottom water

tle difference between simulations BUR and DUNNE may compared to the overlying grid box exhibited by model CTL

be attributed to the fact that both burial functions are quiteseems to be rather high when compared to observations, but

similar in regions of high particle rain, which strongly im- model BUR with its less pronounced particle increase seems

pact global bulk fluxes and misfit. to be more in line with observations of a several-fold increase

of particle number or mass taken e.gBgetius et al(2000),

6.5 Deep detritus: an “escape route” for excess organic  McCave et al(2001), or Lukashin and Shcherbini(2007).

matter? Note that despite the several fold increase of detritus concen-

. ) . ) tration relative to the overlying water, the absolute concentra-
So far, we have mvestllgated d'SSOIV,ed tracers in the Watefions in deep bottom waters are mostly at nanomolar levels.
column, as well as vertical and benthic fluxes. What remainsrpa relative increase of detritus in the bottom layer, com-

is to examine the last potential “escape route” for excess Ofhared to the layer above, declines with slower sinking speed

ganic matter that sinks to the sea floor, namely detritus in the(no figure), and increases with faster sinking speed, partic-

deep ocean. . _ ularly for model CTL. Thus, differences between CTL and
Our suite of model experiments includes the most extremes R decrease for slow sinking speeds.

case for benthic remineralization, namely model “INST”, in An alternative to the reflection of detritus at the sea

which all organic matter arriving at the sea floor is rem- 54 could be its immediate remineralization, as exempli-

ineralized instantaneously. This model setup is the same ag.q by model INST, and suggested Byetaert et a(200Q
model “level 2" presented bgoetaert et al2000. Its dis-  air model level 2). As shown above, using the current,

solved pelagic properties are quite close to that of model CTLya¢her coarsely resolved model, that continues remineraliza-

(Fig. 3), indicating that in the long term these two exhibit jon even under suboxic conditions, its impact on pelagic
similar bulk fluxes in the bottom layer and at the benthic- gissoived tracers is quite small. It remains to be investi-

pela_gicinterface._ . ) . gated, how the difference between types INST and CTL
Differences arise, however, when implementing benthic,; 4 impact model outcome when applied with oxygen-

burial, where models with burial show much lower bottom gesitive remineralization (where suboxic conditions would
phosphate, and higher oxygen concentrations near the S§gnqer aerobic remineralization). Further, cross- or along-

floor (Fig. 3). In models BUR and DUNNE we allowed par-  gheft transport of organic matter might play a larger role in
ticulate organic matter to be locked away in the Sed'mem’connecting the shelf and the open ocean in models with a
thereby mimicking burial and/or the activity of benthic or- g q, spatial resolution.

ganisms. The lower phosphate and higher oxygen concen- ¢ shown above, some scenarios of models BUR and

trations in the bottom box the two *best” models DUNNE pNNE perform best with respect to a combined metric of
and BUR come not only at the cost of partly t0o high a gigsolved tracers and fluxes. By avoiding extreme tracer con-
burial, but are also accompanied by elevated deep detritugenirations near the seafloor, they might therefore serve as
concentrations. However, we argue that these are not uny g4q4 starting point for a later parameterization of oxidant

realistically high. While model INST due to its inherent gengitive processes such as oxygen-dependent remineraliza-
assumptions shows decreasing detritus concentrations Wit or denitrification.

depth (Fig.12), model CTL exhibits elevated (in contrast to

the layer above) detritus at the sea floor. In some areas de-

tritus increases towards the seafloor even more than 10-fold@ Conclusions

(Fig. 12). Burial reduces this increase towards values that are

four to seven times that of the overlying layer, thereby mim- In contrast to the constraint of mass conservation imposed on

icking a benthic nepheloid layer (BNL). phosphorus, exchange of oxygen with the atmosphere results
BNLs are indicated by elevated turbidity and have beenin variable oxygen inventory. Therefore, simulated oxygen

observed in many different regionydngriesheim et al. is more affected by changes in model structure and sinking

2001 Inthorn et al, 2006 Lukashin and Shcherbini2007 speed than phosphate. The introduction of burial reduces the

Capello et al. 2009 Fischer et al. 2009. Typically, the  Sensitivity of simulated oxygen and, to a lesser extent, phos-

BNL has a thickness up to tens to hundreds of metersdhate distributions to changes in the particle flux.

(e.g., Turnewitsch and Springe2001 Inthorn et al, 2006). In some regions remineralization of organic matter, in par-

The amount and spatial extension of these remobilizationdicular in conjunction with high sinking speed, would cause

depends not 0n|y on physica| processes, but also on th@ severe oxygen deficit. In models that allow burial of de-

megafauna composition, the type of the material depositedritus in the sediment, high concentrations of organic matter

(e.g.,Vangriesheim et al2001% Lampitt et al, 2001, or the  in deep layers, associated oxygen deficit and therefore high

abundance and activity of groundfistehel et al, 2009. sensitivity towards changes in remineralization length scale
are all “swept under the carpet”.
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Fig. 12. Detritus concentration in the bottom layer of reference scenarios models(NSTTL (B), and BUR(C), expressed as multiple
of detritus concentration the layer above. Note the different color scales.

cesses in finer scale regional or nested global models, and/or

] : 1 4 ’ the (explicit) parameterization of oxidant-sensitive processes
: e e ' under oxic and suboxic conditions.
o " 1 1 e D_“1!|- =1k Given the robustnesg of tht_e burial models to observed dis-
. ot | T J_ ] .-I ° solved tracers, and their relatively good match to many of the
P I%- : = . “ observed fluxes, we regard the burial models using param-
e '-iir'-'l i ek eterizations BUR and DUNNE as most suitable candidate
f'ii || '1 T 0 i i! > for further stud!es myes'qgatlng processes such as oxygen-
f'. - IJ, = - | dependent remineralization or (_jemtrlflca_ltlor?. _
T hom, Ty L A thorough and comprehensive examination of the impact
40° A w e g and potential feedback processes of the sediment on ocean
j - . inventories and fluxes can only be carried out by coupling
el e L. al B an explicitly simulated sediment to a global biogeochemical
0 60t 120t 180° | 120%  soow 0 model (as, e.g., ifeinze et al. 1999 Maier-Reimer et a.
2005. This is beyond the scope of this study. However, given
River Runoff (percent of total) the importance of exchange processes across the lower model

boundary demonstrated in this study, and the benefit gained
from comparison to benthic observations, we consider this to
be a useful addition to the model.

Fig. 13. Distribution of river runoff (as fraction of total runoff, col-
ored boxes), as calculated frdPerry et al(1996 for rivers south of

60° N and mapped onto the topography of the MIT2.8 degree model
as described in the text. Symbols denote original locations from the
data set byPerry et al(1996. Crosses: omitted from runoff calcu-

) . . . Appendix A
lation (see text). Open squares: included in runoff calculation. P

Data set for sediment burial and remineralization

The resulting weakened sensitivity of simulated dissolvedwe compiled a data set similar to the one showrBoydige
tracers to the remineralization length scale can be partly over(2007, who plotted burial efficiency versus net sediment ac-
come by using vertical fluxes as model constraints, but miscumulation. Many of the data sources give burial and carbon.
matches in the spatial and temporal scales, and methodolog=or the continental margin off Washington State and Mex-
ical constraints may hinder the direct comparison betweernco we refer to the data set Hyevol and Hartnet{2001).
models and observations. However, observational flux esye further include data from the following sourcéen-
timates may serve as useful indicators of potential modelder and Heggi€1984 NE Pacific and equatorial Atlantic),
deficiencies. For example, the strong overestimate of simuBerelson et al(1987 Californian Borderland — S. Pedro
lated burial under medium- to high sinking rates in the east-and S. Nicolas)Bender et al (1989 Californian Border-
ern equatorial Pacific (EEP) points towards a potential lack oland — S. Clemente)]ahnke(199Q Californian Borderland
misrepresentation of processes by the models in that region. S Monica and S. Catalina).

Potential candidates for model improvements particularly in
the EEP could be an improved representation of physical pro-
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8418

I. Kriest and A. Oschlies: Remineralization and burial in global biogeochemical models

Table Al. Latitude € N), longitude W), depth (m), rain rate, remineralization and burial (all in mmolCyr—1), data set Id and
author/location for the data set used for regression and model assessment.

Lat Lon Depth RainRate Remin. Burial 1d Author Location
8.80 103.75 3143 130.0 118.0 400 1 Ben84 M
6.54 92.81 3599 120.0 119.0 100 1 Ben84 H
0.02 11.74 4052 - 116.0 1000 1 Ben84 EEA
1.10 138.95 4144 - 200.0 200 1 Ben84 C
11.02 140.08 4910 18.0 18.0 010 1 Ben84 S
33.00 119.00 1800 - 4745 76650 2 Ber87  SNicolas
33.50 118.50 900 - 584.0 1168.00 2 Ber87 SPedro
32,58 118.18 1904 704.0 4540 250.00 3 Ben89 SClemente
33.37 118.42 100 1791.5 869.9 921.60 4 Jah90  ScCatalina
33.75 118.83 500 1703.3 973.3 730.00 4 Jah90  SMonica
—5.00 140.00 4391 84.0 76.7 146 5 Ber97 EqgPac5S
—2.00 140.00 4475 109.5 157.0 157 5 Ber97 EqgPac2S
0.00 140.00 4440 138.7 157.0 153 5 Ber97 EgPacON
1.00 140.00 4440 127.8 149.7 0.84 5 Ber97 EgPaclN
2.00 140.00 4540 105.9 200.8 099 5 Ber97 EqgPac2N
5.00 140.00 4560 120.5 63.9 040 5 Ber97 EgPac5N
4948  11.17 208 1595.1 - 1350 6 Loh98 shelf
49.32 12.07 1021 690.9 - 6.57 6 Loh98 upperslope
49.13 13.22 2810 542.8 - 7.30 6 Loh98 lowerslope
49.04  13.70 4509 365.0 - 840 6 Loh98 PAP
—66.14 169.63 3148 - 135.0 1.70 7 Say0l M5
—64.20 170.10 2746 - 275.0 420 7 Say0l 15/4
—63.14 169.80 2930 - 185.0 420 7 Say0l M4
—61.88 169.97 3303 - 260.0 10.00 7 Say01 14/3
—60.26 170.13 3979 - 61.0 1.70 7 Say0l M3
—58.69 169.98 4345 - 110.0 1.70 7 Say0l 13/2
—56.90 170.19 4969 - 31.0 080 7 Say0l M2
46.71 124.75 333 32499 25904 665.70 8 Dev0l Washington
22.63 106.45 445 1880.2 13424 50532 8 Dev0l Mexico
48.89  16.47 4817 178.9 167.9 11.00 9 Sta04 PAP
0.02 86.46 2941 - - 50.00 10 Kie07 ME524JC
0.10 86.48 2740 - - 16.67 10 KieO7 Y6971P
260 8399 3085 330% - 16.67 10 KieO7 P7
-185 8279 2203 - - 33.33 10 Kie07 ME527JC
—3.60 8395 3209 - - 33.33 10 Kie07 TR13631
226 90.95 2348 - - 8.33 10 KieO7 TR13619

* Rain rate determined from trap-derived sedimentation ratddmjo et al.(1999.

In addition to these eight data sets, we have further added 1. Bender and Heggi€l984) — Pacific and Atlantic: we

the data set byBerelson et al(1997), which gives burial

and remineralization rates for the equatorial Pacific along

140 W. The data set b¥Kienast et al.(2007) only gives

burial rates for the Panama Basin. As this region is espe-
cially sensitive to ventilation and biogeochemical parameters

(especially DOP decay parameters; g&eon and Primeau

2.

2006, we have added this data set as a valuable constraint
on simulated burial. We supplemented it by carbon rain rate
to the sea floor, derived from sediment traps deployed in the
vicinity of this site Honjo et al, 1992. Taken together, we

therefore have 10 different data sets:

Biogeosciences, 10, 8408422 2013

used their Table 12 and station locations from their Ta-

ble 1. For the site in the eastern equatorial Atlantic we

only considered the five stations nearest the equator.
We only considered §4-Oxidation from Q.

Berelson et al(1987 — Californian Borderland (S. Pe-
dro and S. Nicolas): we used their Table 8 for reminer-
alization and burial rate of &. Station locations were
determined from their Fig. 1, and station depths from
their Table 1.

. Bender et al. (1989 - Californian Borderland

(S. Clemente): we usedyfg fluxes from their Fig. 10.

www.biogeosciences.net/10/8401/2013/
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Station locations were calculated from averages of alla small fraction of rain rate — therefore, subtracting it from
stations listed in their Table 1. the rain rate would have made only a small difference to the

o ) regression.
4. Jahnke(1990 — Californian Borderland (S. Monica

and S. Catalina): we used Table 3 frdahnkg1990),

but only values for S. Catalina and S. Monica. Station Appendix B

locations were read from their Fig. 1. For depth we

used the value of the nearest isoline. Data set for river runoff

5. Berelson et al(1997) — Equatorial Pacific: station lo- We use the data set of volumetric flow rates giverParry
cations and fluxes were taken from their Table 1, butet al. (1996. Because little seems to be known about their
only for stations where all fluxes (rain rate, remineral- nutrient contents of Arctic rivers (but see the recent pa-
ization and burial rate) are available. If there is more per by Holmes et al. 2012, and because during model
than one value, we calculated the average. simulation the nutrient supply via these rivers may get

trapped in the Arctic, we excluded the 14 rivers that dis-

6. Lohse etal(1998 — OMEX: we used Table 6 dfohse  charge north of 60N, namely Yenisei, Lena, Ob, MacKen-
et al. (1998, averaged over regions “shelf” (A), “UP-  zie Yukon, Pechora, Severnaya Dvina, Khatanga-Popigay,
per slope” (I, B, Il), “lower slope” (C, F, Il and PAP  yq\yma, Pyasina, Indigirka, Taz, Kuskokwim, and Copper.
(E). Station locations, listed in Table 1, were averagedgqy the remaining 61 rivers, we calculated the minimum dis-
accordingly. tance of their mouth’s location to the corresponding model

7. Sayles et al(200]) — Ross Sea: averages of station lo- location in the MIT2.8 con_figu“ratiop. We only included rivers
cations were taken from Table 1. Fluxes were extractedWh'(_:h have a correspondlng wet pomt_m the mo_del within
from Table 12. For remineralization we used the “NO Srr?ézt:a/%czgaﬁl\; Ilhn;el\jl'trhzesrgood deell gggsﬁiﬂi@%?v?ﬁ?an
Remin” value. For a range of fluxes, we took the aver- v ) N S any
age (center) of this value. For burial, we used the ﬁrstmargmal seas, this results in the omission of the foIIOW|.ng
(2®Th-normalized) rate. rivers from the d_ata set: Danube, Dniepr (Black Sea); Nile,

Po, Rhone (Mediterranean Sea); Nelson, La Grande (Hudson

8. Devol and Hartnetf2001) — off Washington and Mex-  Bay); Neva (Baltic Sea); Shatt al-Arab (Persian Gulf); Huang

ico: Table 1 fromDevol and Hartnetf2001) contains  Ho (Yellow Sea).

22 entries. We used averages owerl : 13 for the re- In order to account for the potentially large fan of river
gion off Washington State, and for 14 : 22 forthere-  runoff, we first calculated the number of all surface model
gion off Mexico, for location, depth and fluxes of rain boxes that are influenced by a river in the modified data set.
rate, burial and remineralization. In case a river's discharge exceeds half of the correspond-
ing model surface box volume per year, we extended the

9. Stahl et al.(2004 — Porcupine Abyssal Plain (PAP): region over which this discharge is distributed equally over
we read flux for station PAP from their Fig. 6. Station several surface boxes. In the MIT2.8 model geometry this
location was taken from their Table 1 (average over allonly affects the Amazon outflow, whose discharge is being

values). distributed over 11 horizontal grid points around its mouth.

. . The resulting runoff (discharge volume of a river, expressed

10. Kienast et al(2007) andHonjo et al.(1992 —Panama ;¢ fraction of total discharge of all rivers), and all river loca-

Basin: burial data (Acc. rate) were read from I_:ig. 8, tions south of 60N from the original data set are shown in
carbon flux from mass accumulation rate. Station lo- Fig. 13

cations were taken from their Table 1. For the parameterization of runoff fields for ECCO, we

For core P7, we have added the trap-derived sedimentatiof}>- the MIT2.8 runoff volumes, remapped onto the ECCO

rate of 10.87mg CmPd-L at 2869 m observed bifonjo geometry. By doing so, we assure that the riverine input of

et al.(1992 their Table 5: “Honjo — A?). Note that this value buried P happens at approximately the same location in both

) . i model configurations. Burial and runoff for both model types
is probably an upper estimate of the carbon rain rate to the : o .

. T . Show about the same magnitude and distribution, with some
sea floor, in the vicinity of this site.

TableA1 shows the fluxes converted to mmol GRyr— difference along the coasts. Although not shown here, the
For the plot shown in Figl and corresponding regressi(.)ns general response of the MIT2.8 model to the introduction of

we used remineralization- burial as total flux to the sea burial and runoff is the same.
floor. In case where there was no remineralization available

(data byLohse et al.1998andKienast et al.2007) we used

the rain rate to the sediment as upper estimate for reminer-

alization rate. Note that in these two data sets, burial is just
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