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Zusammenfassung 

Diese Arbeit beschÃ¤ftig sich mit marinen biogeochemischen KreislÃ¤ufe von Nahrstof- 
fen und Silikat. Biogene PartikelflÃ¼ss von organischen Kohlenstoff, Karbonat u n d  Opal 
werden mit einem adjungierten Modell gleichzeitig mit  der ozeanischen Zirkulation bes- 
timmt. Die Advektion und Diffusion gelÃ¶ste NÃ¤hrstoffe die Produktion und der Abbau,  
sowie die Akkun~ulation von Partikeln werden so parametrisiert. daÂ ein mit hydrographis- 
chen Daten und gelÃ¶ste NÃ¤hrstoffe konsistent,es Modell des StrÃ¶mungsfelde u n d  der 
PartikelflÃ¼ss entsteht. Es wird gezeigt, daÂ die Modellverteilungen von Temperatur ,  
SalinitÃ¤ und gelÃ¶ste NÃ¤hrstoffe in gute Ãœbereinstimmun mit den Daten gebracht wer- 
den kÃ¶nnen Das berechnete StrÃ¶mungsfel ist, im Einklang mit, geostrophischer Dynamik 
und enthÃ¤l alle wichtigen Wassermassentransporte. die PartikelflÃ¼ss sind realistisch in 
ihrer Verteilung und GrÃ¶Â§enordnun 
Ein Hauptziel der Untersuchungen war der Vergleich von adjungiert berechneten Par- 
tikelflÃ¼sse mit direkten Messungen. HierfÃ¼ wurden Sinkstoffallendaten des Sonder- 
forschungsbereiches 261. "Der SÃ¼datlanti im SpÃ¤tquartÃ¤. , in das Modell aufgenommen. 
Der Vergleich von Modellergebnissen und Fallendaten ergibt generell hÃ¶her FlÃ¼ss im 
Modell. Das zum Reproduzieren der Sinkstoffallendaten gezwungene Modell behÃ¤l sys- 
tematische Abweichungen bei: eine LÃ¶sung die mit Sinkstoffallendaten und NÃ¤hrstoffe 
gleichzeitig konsistent ist. konnte nicht gefunden werden. Die  Ergebnisse deuten darauf 
hin, daÂ Sedimentfallen Sinkstoffe nicht quantitativ messen. Die Fangeffizienz scheint, 
besonders in geringen Wassertiefen, gering zu sein. 
Weiterhin wurde das Modell erweitert, so daÂ Akkumulationsraten berechnet werden 
kÃ¶nnen Die NÃ¤hrstoffbudget in der bodennÃ¤chste Schicht des Modells werden zur 
Bestimmung von PartikelflÃ¼sse in das Sediment genutzt. Die resultierenden Akkuinu- 
lationsraten von organischem Kohlenstoff und Opal stimmen teilweise mit unabhÃ¤ngige 
SchÃ¤tzunge Ã¼berein KarbonatflÃ¼ss scheinen vom Modell unterschÃ¤tz zu werden. Den- 
noch bietet das hier vorgestellte Modell eine neue, unabhÃ¤ngig Methode, u m  mittlere 
Akkun~ulationsraten zu berechnen. 
Das Weddellineer hebt sich im Modell als ungewÃ¶hnliche Gebiet ab. Generell gilt der 
SÃ¼dozea (SO) als HNLC (High Nutrient Low Chlorophyll) Region, d.11.; trotz hohem 
NÃ¤hrstoffangebo bleibt die Produktion von organischem Kohlenstoff relativ gering. An- 
dererseits finden sich im SO sehr hohe Si/C VerhÃ¤ltniss im partikulÃ¤re Material und 
der SO wird als wichtiges Gebiet fÃ¼ den Silikatkreislauf angesehen. Dies spiegelt sich im 
Modell durch hohe OpalflÃ¼ss im flacheren Wasser wider. die aber durch extreme Losung 
nicht in den tieferen Ozean gelangen und so auch nicht zur Sedimentakkuinulat~ion beitra- 
gen. 
Die hier gezeigten Ergebnisse ermutigen dazu, die adjungierte Methode zur unabhÃ¤ngige 
Berechnung von PartikelflÃ¼sse heranzuziehen. Mit hÃ¶here AuflÃ¶sun und Einbeziehung 
weiterer Tracer kÃ¶nnt das Modell auch fÃ¼ Aussagen Ã¼be biogeochemische KreislÃ¤uf in 
regionalem Mafistab genutzt werden. 



CONTENTS 

Abstract 

This study investigates oceanic biogeochemical cycles of nutrients and silicate. 
An adjoint model is used to calculate the 3D large scale ocean circulation and biogeochem- 
ical fluxes of nutrients and silicate simultaneously. Advection and diffusion of dissolved 
nutrients, production of particulate matter, and vertical particle fluxes are parameterized 
to achieve a 3D flow field and biogeneous particle fluxes consistent with hydrographic and 
nutrient data. Vertical fluxes are parameterized for particulate organic carbon, calcite, 
and opal separately. It is shown that simulated distributions of temperature, salinity, 
nutrients and silicate can indeed be brought to good agreement with data. The resulting 
flow field is consistent with geostrophic dynamics and contains major current. Resulting 
biogeneous particle fluxes are reasonable in their spatial distribution and magnitude. A 
major goal of the model calculations is to examine whether particle fluxes determined with 
the adjoint method conflict with direct flux measurements. Sediment trap data from the 
German Joint Research Project SFB261 "The South Atlantic in the Late Quaternary" are 
assimilated into the model. The comparison of model results and sediment trap da ta  re- 
veals that model fluxes are generally higher than direct measurements. Even if the model 
is forced to reproduce sediment trap data, systematic deviations remain. A solution which 
gives particle fluxes in agreement with sediment trap data und data of dissolved nutrients 
cannot be obtained. The results from adjoint modeling indicate that sediment traps do not 
catch sinking particles quantitatively but trapping efficiency seems to be low, especially 
at shallow water depths. 

An extension of the model is the calculation of sediment accumulation rates. Budgets of 
dissolved nutrients in the bottom layer are used for indirect determination of accumulation 
rates for organic carbon, calcite, and opal. The accumulation rates derived with the 
adjoint model are partly agree with recent independent estimates. Model values for calcite 
accumulation are lower than literature values. 

The resulting model fields of physical circulation and biogeochemical fluxes bear very 
special conditions in the Weddell Sea. The Southern Ocean is generally identified as a 
HNLC (High Nutrients Low Chlorophyll) region, i.e. organic carbon production is low 
inspite of high nutrient concentrations in surface waters. Further it is known that the 
Southern Ocean plays a major role in silica cycling which is reflected in high model opal 
productivity. On the other hand, opal fluxes in the deep Weddell Sea were found to be 
rather low. The 'high production low flux anomaly' is also reproduced in the model results. 

The results presented in this study give confidence that adjoint modeling can be used to 
calculate vertical particle fluxes from water column nutrient distributions. It is proposed 
that further refinement of the model grid and the inclusion of more, independent tracers 
in the model calculations can be used for a better understanding of biogeochemical cycles. 
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1 Introduction 

The world ocean is a very coinplex dynainical system that  permancntly reclistributes 
large amounts of energy and mat,ter over large distanccs. Dcpcnding 011 the processes 
involved, cycling occui-s on a variety of time scales. The ocean is a huge reservoir 
of heat. salt, COy,. oxygen. and nutrients and interacts with tlie litl~osphei-e and 
t,he atmosphere. Along spreading pathways. sea wat,er propert,ics are affected and 
modified by many processes. Particulate and dissolved substances are added by 
aeolian and riverine input. The sulxtances undergo several moclifications a n d  are 
finally accun~ulat,ed a t  the sea floor forming deep sea secliments. It is assumed that, 
the oceanic cycles are currentlv at  a quasi-steady state. i.e. input,s and out,puts of 
any substance are approximately in balance. By knowing t,he concentrations of a 
particular constituent in sea water and its rate of removal and/or addition frorn/to 
the ocean i t  is possible to  calculate the specific residence time. The residence times 
cover a wide range from a few years (210Pb,230 T h )  to about 2 X 108 years (sodium, 
chloride). The different time scales reflect the very hetcrogencous processcs making 
t,he oceans an int2eresting study object for many disciplines in modern science. 
Ocean circulation controls the budgets of fresh wat,er and heat. Tlius. ocean circu- 
lation clirectly affects atmospheric circulation and the daily weather. Small changcs 
in ocean circulation may cause major disturbances in the global climate. Tlie 'E1 
Nifio' event is a special case which is currently of major public int,erest because of 
its impact on local fisheries and global climate. 
The interest in climat,e forecasts lias cont,inuously grown over t,lie last years not only 
because of time limit,ed phenomena as 'E1 Siiio' but also because it is believed that  
increasing atmospheric CO2 and methane concentrations may cause major long-term 
n~odifications of t,odays environmcnt ("Greenliouse effect"). CO2 is clissolved in sea 
water at. different rates clepending 011 surface temperature ancl CC& partial pressure 
differentes. Large sinks of atmospheric CO-> are found in the northern polar region 
whereas the ocean is a source of CO2 in low latitucles. The global ocean conveyor 
belt takes about a time scale of 1.000 years so thp water transports atmospheric 
CO2 approximately a t  this rate to t,he deep ocean. The occanic uptake of CO2 is 
an important current rescarch topic for oceanographers and ineteorologists. 
Tlie CO2 Storage capabilities of the ocean not only depend 011 occan circulation but 
also 011 biogeochemical processes. Pl~ytoplankton living in the surface layer of tlw 
ocean consumes dissolved nutrients (phosphat,e ancl nitrate) and also C a .  During 
photosynthesis. the inorganic components are reformed to build organic matter. The 
CO2 concentration near the sea surface is lowered whereas oxygen is released. This 
process is commonly named primary production (PP) and forms the very beginning 
of the biological food-chain npon which all surface occanic lifc depencls. Life 011 

eartli is mostly restricted to eartli's surface where the sun provicles a more or less 
continuous supply of energy. 
The ocean Covers about l\% of the earth's surface ancl so the ocean is very impor- 
tant for global cycling bccause of its hugc extent,s although biological productivity 
per unit, area is relatively small comparecl to lancl. Furthermore. ocean circulation 
serves as a large-scale global redistribiitor for all inhereilt constituents. 



2 Intioduction 

Particles resulting from primary production are partly consumed by zoo-plankton 
and fish (secondary producers) and, after completing their life cycles. dead primary 
anci secondary producers sink towards the sea floor. This results in a net transport 
of organic matter (ancl so nutrients and CO2) into tlie deep ocean. These processes 
are known as thc1 ul~iological pump" and are discussed in great,er detail in section 
1.1. Many biologists. fisheries engineers. and biological oceanographers have great 
concern in the biological upper ocean processes for economical and ecological rea- 
sons. Also, the biological pump affects surface CO2 partial pressure and is i n  this 
way linked t,o other oceanographic disciplines mentioned above. 
At the sea floor, terrigeneous sediment,~ (which are transported into the ocean by 
rivers, wind, and ice) and biogeneous sediments (the remains of biological production 
reaching the sca floor) are 'removed' from the marine system. Matter buried in the  
deep ocean does no longer participate in marine cycles, and thus the sediment can 
be int,erpreted as a net sink. The deep sea sediments again undergo several mod- 
ifications before they are finally partly subductecl a t  plate boundaries and partly 
accretecl to continental plates. The recycling of the lithosphere occurs on geological 
time scales of several million years but closes the cycle because t,he subducted and 
accretecl matter  finally builds new crust which is then eroded and brought back to 
the ocean. The deep sea sediments form an archive which stores information about 
marine processes over very long times. Tlie deep sea sedimentary record is nearly 
the only information source concerning marine geological history. Geologists study 
deep sea drilling cores t,o reconst,ruct marine palaeo-environments which helps to 
better understand natural climatological fluctuations. 
The information which is extractecl from sediment cores is very heterogeneous. The 
remains of phytoplanl~ton record the upper ocean processes (p roduc t i~ i ty~  temper- 
aturc, e t ~ . ) ,  ten-igeneous components reflect intensity of matter input (strength of 
winds. river clischarge, etc.). For some environments, the  terrigeneous signal might 
be negligible (e.g. in the pelagic deep sea) whereas in some regions the marine biogeo- 
chemical signal miglit be not recoverable because terrigeneous sediments dominates 
the record (e.g. near most river mouths). A major problem in marine geology is 
that  the 'coding' of the signals Sound in deep sea sediments is not well understood 
ancl that  the differente in signal coding might be large between different areas. A 
key for the interpretation of sedimentary data is the net accumulation rate. The 
total accurnulation of a given substance directly influences the residence time in the 
ocean ancl gives estimates for the strengt11 of a particular process. 
In tlie last years, increasing effort has been spent to understand biogeochemical cy- 
cles in order to detcrminc the rates of iiiput, recycling. and removal of matter and 
encrgy in the ocean. Only a better understanding of all n~oclifications will finally 
allow a more accurate interpretation of the signals in sediment cores. Information 
about cycling in the oceans is not only stored in the sediments but also in property 
cl istr ib~~tions in the world ocean. Figure 1.1 shows the  clistribution of temperature, 
salinity, oxygen. ancl phosphate along a section in the western At,lantic. 



Figure 1.1: Teinperature. salinity. phospliate. ancl oxygen concentrations along the 
west Atlantic GEOSECS (Geocl~einical Oceaii Sections Study) section (Bainbridge. 
1980) 

The climatk: iufluence 011 surface water cliaracteristics can be clearly seen in the 
clistribiition of temperature and salinity. At low- ancl mid-latitndes (between ca. 
40'5 and 40'-V). surfacc temperature is high due to continuous insolation. Salinity 
is also high duc to cvaporation of frcsh watcr. The temperature is continnousiy 
clecreasing with cleptli down to temperat~ires below OÂ° wliereas salinity -shows a 
tongne '  of minimum salinities a t  a h n t  800m deptli obviously generated at the  sur- 
face in the Soiithern Occan (soutli of ca. 50"s) .  This low-saliuity Vater, which 
goes along with a slight deprossion in temperature.. is associatecl witli Antarctic 
Intermediate Water (AAIW) which spreads uortliwards in the Atlantic. Another 
clistinct water mass is the Antarctic Bottom Kater  (AABW) which is associated 
with comparahly l o ~  salinities and very lo-sv ten~peratures. These water masses are 
produccd in tlie Southern Ocean by cooling of surface water and clensity changes 
dne to freezingaand melting of sea ice and ice slielf. Because tlie deep water masses 
store information aboiit surface water properties and modification processes. distri- 
butions of temperatiire a ~ i d  salinity caii be used to reconstruct ocean circulation. 
To f~irtlier constrain ocean circiilation. couservative tracers with known input rates 
at the ocean surface are also used, e.g. radiocarbon 14C (Broccker et al.. 1960) and 
cl~lorofli~orocarl~ons CFC's (Bullister (1989). Roetlier (1996)). Compari~ig salinity. 
temp(~rature.  and phosphate concentrations reveals that  high phosphate concen- 
trations roughly coincicle witli Antarctic waters which are also rich in nitrate and 
silicate. Tlie vertical graclients in pliospliate distribution are relatively stroiig with 
concentrations approaching Zero at  tlie surface in low latitudes. This is not surpris- 
ing since pliosphate is involved in pliotosyiitlicsis wliich takes place in surface waters 
ancl. especially in t,ropical and subtropical regions. all nutrieuts are clepleted in tlie 
iipper water column during primary procluction. 
The pliospliate distribution is influencecl by ~llysical  processes (advection and diffu- 
sion) arid biology and thus; pliospliate is a non-conservative tracer of watcr masses. 



4 Introduction 

Maximum phosphate concentrations are found in about 500m depth near the  equa- 
tor where oxygen sl~ows a strong minimum. The differences between phosphate 
and oxygen store information about biogeochemical processes in the water column. 
At the surface. oxygen is produced during photosyntl~esis~ and remineralization of 
sinking organic mat,ter releases phosphate and nitrate whereas oxygen is used up. 
This 'apparent oxygen utilization' (AOU) is used t.0 estimate degradation of organic 
carbon. These data  thus indirectly contain inforn~ation about particle fluxes. 
Hovever, vert,ical particulate fluxes are also directly observed using various tech- 
niques such as in-situ filtration of sea wat,er or sediment traps whicli collect sinking 
particles in different water depths over longer periods. Particle concentrations in 
water column clirectly depend 011 surface part ide production. 
All t-ogether, propert,y clist,ribiit,ions and particle concentrations in water column not 
only reflect physical circulat,ion but also processes modifying nutrients such a s  pro- 
duction of organic mat,ter and subsequent degradation (see Sect,ion 1.1).  
Biogeocheniical processes are couplecl to physical circulation. Thus. for a full un- 
derstanding of nutrient cycling, physical and biogeochemical processes must be re- 
garded. Since distributions of temperature. salinity. an,d clissolved nutrients con- 
tain information about t11e current field as well as about biogeochemical processes, 
oceanographers began to develop coupled pl~ysical/biogeochemical models. The 
Progress in physical/biogeochemical modeling is outlined in Section 1.2. 

1.1 The biological pump 

Biogeochernical processes together with physical circulation control the cycles of nu- 
trients in the water column and gas exchange of Oy and CO2 with thc atmosphere. 
Biological processes in the upper water column are closely linked to physical circula- 
tion. Primary productivity (photosynthesis) not, only depends 011 availability of light 
but also 011 the supply of nutrients due to advective and diffusive processes. In vast 
areas of the world ocean, surface waters are depleted in nutrients and silicate due to 
biological productivity. Sinking detrit.us remineralizes and transports nutrients into 
deeper water. Lpwelling of deep wat.er closes the cycle and supplies nutrients to the 
euphotic Zone. The coupling of biogeochernical and physical processes is visualized 
in Figure 1.2, for a det,ailed process description See, e.g. (Lalli and Parsons, 1997): 



Insolation 

Fignre 1.2:  Schematic diagram of tlic biological pump in the ocean 

Phytoplankton p o w s  in the upper mixecl layer of the ocean (1). Pliotosynthesis 
is either limitcd by light and/or by nutrients. During photosyntl~esis. dissolved 
nutrients as phosphate. nitrate. and inorganic carbon are consumed by groxving 
phytoplankton cells. The most abundant species in temperate and high latitudes 
belong to the diatom gronp. Diatoms form fnistrules of amorph silica (Opal) and 
so. silicate is consumecl too. Other species (like coccolithophorides) form calcium 
carbonate (C'aCO.-j) frustrules or no shells at  all (for instance cyanobacteria). Car- 
bon. phosphate. nitrate. and silica are depleted in surface waters. and especially 
near the equator concentrations are ver? low (see Figure 1.1). Total primary pro- 
duct,iori is comn~only namecl ' g o s s  production. Many efforts have been spent on the 
estimation of primary procluction (PP) .  Direct n~easurements of nitrate utilization. 
chloropliyll concentrations. oxygen saturation. pH. and others were assimilated for 
clifferent maps of estimated primary pi-oductiou. The maps most commonly used are 
based 011 vcry licterogeneoi~s clata and were summarized by Berger (1989). Globally 
integratcd primary procluction in these maps varies froni 20 GtC/?j to 27 GtC/y.  In 
1996. A n t o i n ~  and Morel (1996) presented a new inethocl to estimate total priinary 
production froiii satellite cliloropl~yll meas~ireme~its (SOAA. 1998) and "climatolog- 
ical fielcls" (Autoine and Morel (1996). Antoine at al. (1996)). In their new maps; 
integratecl priniary productioii was ~nucli  liigher than tliouglit before ranging frorn 
36.5 GtC/y to 4.3.6 GtC/y.  
Primary production is partly already recyclecl within the euphotic zone supplying 
a standing stock of marine microorganisms. A part of planlitonic detritus sinks 
t o ~ i ~ r d s  tlie sea floor and appears as a loss of nutrients for the ecosystein in the 
euphotic zone. Conscq~ie~itly. this part of biomass is callcd 'cxport production' 
EP ( 2 ) .  Tlie amoimt of exportcd particles is regionally variable and depends non- 



linearly 011 primary prod~~ct ion.  Eppley ancl Peterson (1979) defincd the 'f-ratio' 
whic11 describes the ratio of export production to primary production (EP/PP). 
The f-ratio itself was found to depencl 011 nitrate coucentration. zoo-plankton graz- 
ing. seasonality. and morc. In a i ~ v i e w  of Epplcy (1989) thc f-ratio varies from 0.06 
( e  6% of primary production is pxportcd) in thc oligotrophic open occ'an areas 
to 1 (all primary production sinks out of thc euphotic zone) during spccial spring 
bloom events. Epplcy ancl Peterson (1979) estimated that for priniary production 
between 20Gt.C/g and 45G7C/?j about 3.4 G'fC/y to 4.7 GfC/y is exportcd t o  the 
deep ocean. 
The fate of sinking particlcs ( 2 ) ,  (3 )  is examined using seclirneut traps. An ex- 
tensive discussion of secliment trap data is given in Section 4. From sediment trap 
data ,  in situ filtrations, and estiniations of export productiou the vortical dccrease 
of particle fluxos is calculated. Tllc rcmineralization of part,icles incrcases nutrient 
concentrations in the decpcr water column. At thc sea floor. benthic organisnis live 
on the supply of sinking det,ritus and remineralization continues. and so over large 
areas the bottom waters of t hc ocean bcar highcst nutrient concentrations. 
A sinall ainount of partides reaching the sea floor is buried in the sodimcnts (4). 
The accumulation of sediments is the only durable sink in t,hc marine niitrient cycle. 
The total mass flux int,o the sediments is ratlier sinall comparcd to the other fluxes 
but the accumulatcd particles are almost tlle only infor~nation source of thc marine 
geological history. Assuming that  t,he cycle maintains in a steacly statc the nutrient 
sink a t  the sea floor inust be compensated witli external inputs (riveriue ( 5 )  and/or 
acolian). 
The major part of export production pumped '  into the dceper water colnmn is 
remineralized during sinking. The deep waters get enriclied witli dissolvod n~i t r i -  
ents. The residente time of dissolved iiutrients in thc cleeper Kater cohuiin depends 
on part ide remineralization deptll and oii ocean circnlation. Finally. t h ~  advec- 
tive/diffusivc upwelling of iiutrieiit-enricl~ed cleep weiter (6) allows coutinuiiig pri- 
mary (and export) production. Tlius. ocean circulation becomes t.11~ ciigine of all 
marine biological activitics because witl~out u1)welling of dccp. nutrient-rich water, 
production would cease within weeks or montlis. 
As alreacly pointecl out. the biological pump transports particulate organic carbon. 
calcite, and biogeneous silica towards t,he dcep sea. Many studies focused 011 the 
effect of thc biological pump on organic carbou. Organic carbon cycling is of special 
intcrest because of it,s relevante to climatic forecasts (Green l~ouse  cffect"). Global 
buclgets are neeclecl to cstiinate eff'ccts of antliropogei~ic COv inputs into the at- 
mospliere. Thc ocean is a hiige reservoir for CO2. Depending oll surface watei- 
properties the ocean appears as a source or sink for atiiiosplicric COP Additional 
to pl~ysical/chcmical transports in ocean circulation models. olle ncods to knoxv tlie 
size of the biological pump (i.e.. the amount of particles vertically traiisportecl). An 
e x a ~ ~ i p l e  of the cstimation of organic carbon cycling for the world ocean from Berger 
et al. (19891)) is shown in Figure 1.3. 
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Figure 1.3: Fluxes of particular organic carbon in the world ocean from Berger et 
al. (198911). Nurnbers denote fluxes in units [g] 

On tjhe left side of the  circles in Fig.1.3, values for a typical open ocean environment 
are given and on the right side for coastal regions. Major parts of primary produc- 
tion are recycled within the euphotic Zone and only 10% to  25% contribute to  the  
particle flux J ( z ) .  Sinking particles are remineralized and only 10% to 26% of ex- 
Port product.ion reaches the sea floor, At the se,diment-water-interface, redissolution 
continues resulting in a net deposition of 0.01 to 1% only. The biological pump 
delivers 0.03% to 0.8% of primary production to the sediment. The sum of particles 
removed from the  wat,er column is thus not very large but sedirnent accumulation 
is the only ultimate nutrient sink in the oceans. 
Even if the tot,al COv removal into deep sea sediments is of minor importance com- 
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pared with the total amount of cycled carbon it is still important to provide estimates 
for carbon accumulation. 

One goal of the work presented here is to test a new method to calculate accumu- 
lation rates of biogeneous sediments from nutrient distributions. 
As already pointed out, the estimates of primary production fand also export pro- 
duction) vary within a factor two. Further, the remineralization of sinking particles 
strongly depends On properties of individual particles (composition, morphology, 
size, etc.), sinking speed (residence time in water column) and properties of the 
surrounding water (under- and oversaturation. temperature, etc.) .  Suess (1980) 
proposed that  thc general form of particulate organic carbon fluxes J follows: 

1 
J ex EPÃ EP = export production 

z (1.1) 

In the original form, the parameter Q determining the depth of reniineralization was 
equal to one but subsequent. work showed that  the parameter 3 is regionally vari- 
able. A Summary was given by Bisllop (1989). His work clearly shows the complex 
problem of determination of the degradation rates of organic matter. For different 
da ta  set.s and subsets. he pre~ent~ed eight equations with parameter ,8 ranging from 
0.5 to  1, i.e. the variation is huge. An overall valid paramet,erization for pa,rticle 
formation and redissolution is not yet found. 
The present work aims a t  a better understanding of the variations of remineraliza- 
t,ion rates in the world ocean. As will be described later on. the vrork presented here 
determines remineralization scale lengths by means of nutrient budget calculations 
which will give new, independent estimates for 3. 
Bishop (1989) showed that  productivity and degradation of biogeneous particles are 
closely linked to oceanographic conditions. He developed simple, empirical rules to 
estimate fluxes. He also points out that  by using the empirical rules: a full under- 
standing cannot be achieved, especially where strong horizontal gradient,s exist (i.e. 
a t  the frontal Systems and upwelling regions). It is thus clear that  biogeochemi- 
cal models must be linked to oceanographic ~nodels in order to understand global 
biogeocheniical cycles. 

1.2 Biogeochemical modeling 

Global physical/l~iogeochemical models combine ocean circulation with biogeocliem- 
ical processes deterniining consumption and redissolution of nutrients. Dissolved 
nutrients are used as non-conservative tracers with biogeochemical processes con- 
trolling nutrient transports together with t,he current field. Table 1.1 summarizes the 
(incomplete) 11ist.ory of Progress in coupled oceanograpl~ic/biogeocl~emical modeling. 



No Desciiption Citation ~p K~CIYI 

(1) LSG GFDL. Global inoi- (Maiei-Reimei and Hassel- - 

ganic caibon rvcle ' ' C  mann 1987), (Toggweilci . 
l989a). (Toggn eile1 . 198913) 

(2)  HAMOCC1 Global moigamc (Bacastov and Maiei- 4 8 
and o~ganic  cai bon cwle Reimei 1990) 
(POM. DOM calcite) 

(3) GFDL, global phosphate CI- (Najjai et al 1992) 12-15 
d m g  (PO11 P O P )  

(4) H -WOCC3 global CI cling (Maiei-Remiei 1993) NG 
(POM. calcite. silicate) 

( 5 )  GFDL. global CI clmg of phos- (Anclerson and Sarmiento. \G 
phate ancl oxvge~i (POM. 1995) 
DOM, AOL) 

(6) CCSR global nc l ing  (POM. (Yamanaka and Tajika. 10 
calcite) 1996) 

(7) CCSR. global g c l i n g  (POM. (Yamanaka and Tajika. 8 
DOM. calcite) 1997) 

(8) HAMOCC1. North Pacific (Matear and Holloway. 
adjomt (POM. calcite) 1995) 

(9) Global adjoint (POM. calcite (Schlitzer. 1999a) \G 
s111cato~ 

Table 1.1: "History" of biogeoclieinical modeling (incomplete). For further expla- 
nat,ion see text . 
Abbreviations: 

-VOL: Apparent Oxygen L'tilization. CC'SR: Center for Climate System Research, DOM: Dissolved Organic Mat- 

ter. DOP: Dissolved Organic Pliosphorus. EP:  Global POM export. GFDL: Geophysics Fluid Dynamics Laboratory. 

HAMOCC: Hamhurg Ocean Carbon C'ycle Circulation Model. LSG: Large Scale Geostrophic. NG: Not given, POM: 

Particulate Organic Matter  

Tlie first f11ll 3D circulation model witli cycliiig of inorganic carbon was published 
1987 by Meier-Reimer and Hasselmann (1). Their model treated inorganic carbon 
as a passive tracer (no sources and sinks) in tlie ocean. At tlie surface, CO2 flux 
was calculated using chcmical intcraction rates witli the atmosphere. The purpose 
of that work was to understand the storage properties of tlic ocean and to deter- 
mine the ocean response to increasing CO2 concentrations in the atn~osphere. One 
conclusion was that  the inodel must be extcncled by t,he "biological pump" to get 
more realistic values of surface CO2 partial pressure. 
In 1990. tlie model was extended by Bacastow and Maier-Reimer with organic car- 
11011 cycling due to export production and reinineralization of organic matter and 
calcite (CaCOy)  (2). Nutrients. alkaliiiity. and CO2 are transported dowmvards 
in two fractioiis: organic soft tissnc (Corn) and calcite (CaCOy) .  New production 
was modelecl using surface pliospliate concentrations and Michaelis-Menten kinetics 
with an adclitioiial light limiting factor (depeucliiig 0x1 latit,ude). Cgrg is re~nineral- 



ized with an  exponential function (fluxes decrease ex exp(-z), z = water depth)  and 
CaCOy remineralization rates were adjusted to give reasonable alkalinity distribu- 
tions. The current field was not cha.nged in t,he model runs and resulting nutrient 
distributions were generally reasonable but 1oca.lly deviations to measurements xere 
quite large. I t  was discussecl that  the deviations are most likely due to unrealistic 
features in the current field. 
Najjar et  al. (1992) extended the 3D global circulation niodel of Toggweiler (1989) 
to include vertical biogenic carbon fluxes (3) .  New production calculations were 
based on surface phosphate concentrat.ions and remineralization followed exponen- 
tial functions and a power law according to Martin e t  al. (1987) (fluxes decrease 
cx l/(z0-858), c.f. Section 1.1 and Mart,in a t  al. (1987)). Both experiments shovred 
some systematic deviations which led to t.he introduction of disso'ved organic -matter 
(DOM), which was also included in Maier-Reimer's model (4). Advection of DOM 
and new remineralization rates for DOM helped to produce beUer ~Siosphate dis- 
tributions, especially in the e~~ua to r i a l  Pacific. In the model of ?;a,fiar e t  4. (1.992)" 
optimum results were obtaiiied if DOM was clearly dominating part.icula.te organic 
material (POM) with a relation of 4:l. Ast.onishingly, the reduction of 'oarticulate 
organic matter  led to the conclusioii that  sediment traps are overestimating particle 
fluxes (c.f. discussion in Section 4).  Furthermore, t,he experiments with particles 
only (no DOM) showed better agreement with measurements of bent,hic fluxes of 
organic matter .  Anderson and Sarmiento (1995) showed later that  the contribution 
of DOM was probably overestimated in the GFDL (Geophysics Fluid Dynamics 
Laboratory) model of Najjar et al. (1992) and that  the discrepancies are most likel;: 
caused by shortcomings of the current field (5). In addition t,o phosphate concentra- 
tions they used 'apparent oxygen utilization' (AOU) as a tracer for rernineralization 
of organic matter .  From AOL distributions t.hey stated that  the remincralization 
depth scale derived from sediment t.rap data appears too sha.llow (the model resu1t.s 
indicate tha t  main remineralization occurs deeper). 
Yamanaka and Tajika (1996) tried to find the best parame'.erizatior. o f  fiux eq.2.- 

tions (power law and exponential) comparing 28 case studies wit'ti . cs;,ic'l to 
resulting phosphate concentrations, Contrary to the resu1t.s of Ka';:;.: C! al. (1927) 

.. . they carne up with the concl~tsion t.hat. the optimum parame;ers ait: .:c.,i in ?:)? 
. .  > . 

range determined by paicicle fliix measurements and tliat -." -'c:o.J~:.... ..Â¥.;.i be  c :u :  

to a different current field (6) .  In an extension of tha t  ;-;c:'.:l ' . h ~ . '  "*y::!c^lenL::d 
, , ' - ~ ~ i ;  also DOM fluxes which improved inodel phosphate fields k,.. , -%., 62 :- .- &.- ,,.. 

production (7). 
The new version of HAMOCC1 with an improved current fiele! (?sp. cieep ivater 
forrnation) and DOM was presented by Maier-Reimer (1993) (4). In i.hs \:ei-sion, 
HAMOCC3, not only Corq and CaCOy were determined but biogencous silica (Opal) 
was modeled whereas the separate treatment of DOM was abandoned. Shell mat.erial 
was divided into C a C 0 3  and Opal wit,h liinitations of Opal protiuction (availability 
of dissolved silica). Organic carbon remineralization was changed t,o a power law 
(Martin e t  al..  1987). CaC(13 arid Opal were rernineralized with exponential func- 
tions (l/e-fold depth 2km and 10kn1, r e ~ p e c t i v e l ~ ) .  A new feature in HAMOCC3 
was a 10cm sediment layer where particulate material is accumulated. HAMOCC3 
generally produces realistic biogeocliemical tracer distributions but deviations re- 



1.2 Biogeochemical modeling 
-- 

11 

main in areas with strong hydrographic gradients (e.g. upwelling regions). The  
local discrepancies are discussed to depend most likely On shortcomings of the  cur- 
rent field. 
So far, these coupled pliysical/biogeochemical models were improved witli respect to  
the current fiele! and parameterizations of biogeochemical processes. Nevertheless, 
the agreement of model nutxient fields and data was satisfactorily on a global scale 
only. Remineralization processes are still a matter of discussion. Also, integrated 
export of POM is not a fixed quantity but varies from 4.8 GtC/y to 15 GtC/y 
(c.f.Tab. 1.1). Most differences (model fields to observations u n d  differences between 
different models) are probably due to the current field. In all models discussed 
above, tlie current field was calculated z n d e p e n d e n t l y  of biogeochemical processes. 
A solution of a circulation model was "frozen" and calculation of biogeochemical 
processes were performed using t,he -unchanged- current field. The results show 
clearly that  distributions of biogeochemical tracers not only depend 011 the param- 
eterization of the underlying processes but that  a minor change in tlie current field 
has strong impact On nutxient distributions. 
With this background, Matear and Holloway (1995) developed an adjoint model 
for thc Nortli Pacific using the LSG (Large Scale Geostrophic) solution of Maier- 
Reirnei's HA!i/lOCCl model (8). The adjoint formalism is widely used to derive pa- 
rametei-s from observations (e.g. Tarantola (1987)) Wunsch (1983): Wunsch (1984)). 
In Matear and Holloway's (1995) ~ o r l i ,  t,he adjoint model was used to vary velocities, 
export production rates. and remineralization scale lengths to match observations of 
dissolved phosphat,e. Data of dissolved phosphate were assimilated and the adjoint 
formalis~n was implemented similar as described by Schlitzer (1993). Opt,imiza- 
tion of the biogeochemical parameters alone (frozen current field) showed t h a t ,  in 
a,greement with Anders011 and Sarmiento's (1995) results, optimum remineralization 
scale lengths were indeed deeper than derived from sediment traps. Further, they re- 
confirmed that  witliout, changing the current field, a particle only model (no DOM) 
could not satisfactorily reproduce measured phosphate concentrations. A very small 
variation of the current field led to much better agreement of phosphate fields and 
data.  Result,ing new production showed strong resemblance with observations. 
All togetlier this overview makes clear that  dynamical ocean models including bio- 
geochemical models react very sensitively to changes in the current field. This  is 
not surpiising because productivity prirnanly depends on nutrient concentrations in 
surtace wat,ers. The nutrients available for phytoplankton growth are transported to 
the surface layer by advective/diffusive transports (upwelling of nutrient- rikh d ~ e p  
water). In most circulation models, up,velling is generated from the d ive~ge .xe  of 
horizontall~ moving water masses, i.e., as the difference between large amounts of 
water horizontally entering and leaving a model box. Very small changes in the 
horizontal c,uirent field can give rise to dramatic changes in vertical velocities and 
SO SiSo i , i ~ L i i ' L  ,+.-: ,,V supply. The results of Matear and Holloway (1995) nicely dernon- 
st.rated the very critical relation between current velocities arid resultin;, u~t. ' icnt ,  
cycling and that  t,he adjoint method can be powei-fully used to solve major problems 
of the dynamic models described above. 
A disad~vantage of adjoint models is tha t  they are not prognostic. The pi-~cesses are 
optimized to give results in agreement with mea-surements and/or a priori knowl- 



edge (see Section 2). Calculat,ing the current field and/or biogeochemical processes 
without data  is thus not possible and so the modeling of a paleo- or future -ocean 
is excluded. 
The  adjoint method is rather a diagnost,ic t,ool t,o quantify present processes. For in-. 
stance, the amount of Antarctic Bott,om Water (AABW) formation which is needed 
to  produce temperaturc and salinity distributions found in the Atlantic (c.f F ig .  1.1) 
is a classical adjoint problem. 
It was already pointcd out that biogeocl~emical fluxes in the world ocean are rather 
cornplicated and not easily described by unicl~ie values valid for the global ocean 
c . f  Section 1.1). 0 1 1  the otlier hand. many data of temperature. salinity. dissolved 
nutrients and silicate exist. The adjoint method thus can be used t,o clerive process 
rates (physical and biogeochen~ical) from these data. The results from adjoint mod- 
eling might help to underst,aud regional characteristics of biogeochemical processes. 
These results then can be used to further refine dynamical models. 
Schlitzer (1999) presented a global adjoint model where particle cycling optimized 
for organic carbon. calcite, and opal (9). In his model, export production rates 
and remineralization rates are optimized together with t.he physical current field to 
reproduce temperature. salinity, and nutrient. measurements in t,he world ocean. Re- 
sulting propert-Y distr ibution~ wcre indeed in close agreement t.o data.  

The presented work focuses on the inforination stored in distributions of tenipera- 
ture, salinity, nutricnt,s, and silicate. The basic tool used in this work.is the adjoint 
moclel from Schlitzer (1999). The met,hod is o ~ ~ t l i n e d  in Section 2 and general model 
results are presented in Section 3. 

Two rnajor modifications of Schlitzer's (1999) model are presented in this work. 

For the first time. a detailed comparison of model fluxes with independent flux 
measure~nents is pcrformed. Vertical model fluxes of particulate biogeneous 
matter are coinpared with particle fl~ixes collected in sediment traps. An ex- 
tension of the moclel now allows to force model particle fluxes to reproduce 
sediment t rap  data .  Sediment trap data are used as new, independent (fronl 
distributions of dissolved nutrients) variables recording biogeochemical pro- 
cesses. Assimilation of sediment trap data and results are given in Section 4. 

The model was extended to yield not only vertical particle fluxes in water 
column but also fluxes through the water-sediment interface. Sediment accu- 
mulation rates are calculated from nutrient budgets. Sediment accumulation 
does not play a major role in global biogeochemical cycles but is, as mentioned 
above, one int,erface of the marine System with the lit,hosphere and is an im- 
portant boundary conclition if one wants t.o estimate global sinks and sources. 
I t  was to be tested whether t,he adjoint model can give reasonable values for 
mean sediment acc~imulation. 
Implementation and results for this new feature are given in Section 5 



The experimcnts presented here shon-ed that particle fluxos in t,he Sontl~ern Ocean 
are 'atypical' whon compared to other areas. Resiilts from adjoint modeling and 
inclependent studies near tlie Polar Front ancl in the Weddell Sea arp compared in 
Section 6. 
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2 The adjoint model 

In this work, the  adjoint model is used to calculate the 3D large scale ocean circu- 
lation and biogeochemical fluxes of nutrients and silicate. The model was originally 
developed by Schlitzer (1993) and the first version was set up to calculate the  ocean 
circulation. air-sea fluxes of heat. and fresh water. and mixing coefficients in  the 
Atlantic. An extensive description of the model and a comparison with ot,ller meth- 
ods is given in (Schlitzer. 1995). The basic idea is to make use of the information 
stored in distributions of temperature and salinity to  reconstruct, ocean processes. 
Ocean currents are calculated inversely to reproduce hydrographic data. His model 
determines mean velocities toget,her with air-sea heat and fresh water fluxes and 
mixing coefficients which give distribut,ions close to data.  The model was expanded 
by de la Heras and Schlitzer to a global domain (de la Heras and Schlit,zer, 1999) and 
Schlitzer (1999) added vertical biogenic particle fluxes. Physical and biogeochemical 
processes are calculated using property distributions of the world ocean. Processes 
generating the distributions of temperature, salinity, nutrients, and silicate a re  pa- 
rameterized to reproduce measurements. 

An important feature of this model is the conservation of mass. lieat, salt, and  trac- 
ers. The exact satisfaction of budget equations allows the computation of cycles of 
phosphate, nitrate. and silicate: 
For a stationary, mean ocean circulation. the transport of nutrients due to advection 
and diffusion processes is in equilibrium with vertical particulate fluxes. 1.e.. assum- 
ing steady state. the sum of all transports amounts to  zero. Calculat,ing the mean 
advective/diffusive transports of nutrient .~ allows the determination of the compen- 
sating vertical particulate fluxes. Particle fluxes J are calculated witli equations of 
t,he form 

J ( x ,  y, z )  = a ( x ,  y)z i3<Â¥x~y z == water depth. (2.1) 

The Parameters a. ,Â are regionally variable and optimized b y  the niodel to compen- 
sate for transports caused by advcction and diffusion of dissolved nutricnts. 

The calculation of the geostrophic current field is mainly based 011 temperature 
ancl salinity data,  vertical part.ic1e fluxes are mainly controlled by data of dissolved 
nutrients. Biogenic particlcs are modeled as sources and sinks of dissolvecl nutri- 
ents: Dissolved nutrients are removed from the water column during particle for- 
mation (phytoplankton growth in the euphot,ic zone), whereas remineralization of 
biogeneous particles releases nutrients (during sinking and early diagenesis a t  the sea 
floor). With the adjoint model. the rates for particle production, remineralization. 
and accumulat,ion of surface sedinients are deterniined such that  particle fluxes are 
in agreement with dissolved nutrients. Also, the moclel can be forced to reproduce 
sediment t rap  data .  

Furtlier const,rai~lts for the moriel are discnssed in Section 2.8. 
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The  adjoint model optimizes parameters for a Set of model equations such that  model 
property fields are dose to data.  The data  base used in this model is described in 
Section 2.3. A principal sketch of the model setup is shown in Fig.2.1. 

Improve Model 
Parameters 

Data ^ 

Figure 2.1: Schematic sketch of the adjoint modcl 

Initially, a 3D model grid is set up to represent the area of interest with desired 
resolution. Within this grid, all independent model parameters p* are initialized. 
For the current field, the model is initialized by setting horizontal velocities C, 77 
for all model boxes, horizont,a.l and vertical mixing coefficients Kh- .  K u ,  and surface 
heat fluxes Q. Particle fluxes are initialized by set,ting rat.es for export production, 
remineralization and accurnulation of surface sediments for each water colurnn. In 
the so-called forward mode, the model equations are solved (c.f. Section 2.5). The 
resulting fields of vertical velocities 6 temperature T, salinity S, and dissolved nu- 
trients PO4, S202, NO3,  0% C& and Alkalinity are called dependent parameters 
D. The property fields are then compared with data and all deviations are accu- 
mulated in a costfunction F(p*,p)  which depends on all independent and depen- 
dent parameters. Additionally, F(p*,p) contains penalty terms for deviations from 
geostrophic shear, srnoothness constraints etc. (see, e.g. Schlitzer (1993)' Schlitzer 
(1995)' Thacker (1988)). The complete Set of penalty terms of costfunction F ( p * , p )  
in this study is listed in Section 2.8.1. The costfunction is a scalar function which 
measures the quality of the model solution. The smaller the costfunction, the bet- 
ter the model complies with the desired feat,ures (terms in F (p* ,p ) ) .  All terms in 
F ( p X , p )  are multiplied with weight factors, allowing t o  align the individual terms 
for special demands. In th.is model, the agreement of model distributions and data  
of temperature, salinity, and dissolved nutrients was taken as the main criterion for 
a 'good' solution. A smaller costfunction indicates tha t  the model solution yields 
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property fields which are closer to measurements and thus more realistic. A srnaller 
costfunction is calculated in the 'adjoint mode', where new parameters p* a r e  de- 
termined. This is done by calculating the gradient of F(p*,p) with respect t o  the 
independent model parameters and following the negative gradient in parameter 
space. Thus, a model solution is obtained which is 'better'  in the sense, that  rnodel 
properties closer accomplish with the features defined in the costfunction. Lsing 
a quasi-Newton algorithm. this procedure is iterated and guarantees a decreasing 
costfunction. The iteration is repeated until F(p;p} is a t  its minimum or model 
features are satisfyingly. 
Finally, the model solution gives the mean, large-scale ocean circulation together 
with mean particle fluxes minimizing the costfunction F(p*,p). 

2.2 Optimization 

Formally, thc minimization of F(p',p} is identical to constrained optimization. In 
this model the well known met.hod of Lagrangian Multiplicators is used (e.g. Taran- 
tola (1987)). 
Costfunction F(p',p) is t,o be minimized under constraints: 

(budget equations, c.f. Section 2.5). Equations (2.2) are fulfilled exactly and are 
named 'hard constraints'. 
F(p*,  F) can be imagined as a surface in an orthogonal space of dimension N t p - )  (num- 
ber of independent parameters). constraints (2.2) are implicit parameter curves. 
Projection of these curves on the surface F (p* ,@)  gives all poi11t.s in space which 
fulfill the  hard constraints exactly. The subset of points defined by these equations 
Span the subspace of possible pararneter values P*. This subspace has dimension 
A$-. The  method is visualized with a two-dimensional example. In Fig. 2.2, F ( x ,  y) 
is t o  be minimized under the constraint E ( x , y )  = 0. The  irnplicit curve has an  
image E1(x,y') on the plane F(x ,  y) and another image E1'(x, y) in the x-y-plane. 
All points on either curves fulfill the constraint given by E ( x .  y} = 0. Minimum of 
F ( x ,  y) under constraint E (x ,  y) = 0 is a point on the implicit curve E ( x ,  y) which 
gives the smallest value of F ( x ,  y).  



Figure 2.2: Example functions for constrained optimization 

Calculating F ( x ,  y) = z = const. gives isolines on the plane F(x .  y) and curves 
F ( x .  y )  - z = 0 in the X-F-plane. One particular curve F ( x ,  y )  - ZQ = 0 touches the 
curve E1/ (x .  y) at. the n~inimum of F ( x , y )  under const,raint E(? y) .  At this point, 
the tangents (and so the derivatives within the X-F-plane) of E" and F ( x ,  y) - z are 
equal Tlius. the gradient becomes 

Y )  
(1 = -- 

EÃ ( X .  Y )  

From Equation (2.3) directly follows tliat 
tional: 

nominator and denon~inator are propor- 

Ei ( T .  y) = -M. y) and E y ( r .  y) = -AFÃ£(x y) (2 4) 

Tlie coefficient A 1s callecl Lagrangian rnultiplicator 
Thc Lagrangian L 1s defined as 

L(x .  y. \)= F ( r .  y) + AE(x. y ) .  (2.5) 

Note tliat t l ~  Lagrangian is a function of .T, y, and A. 
The minimum of L  is given where all partial derivatives vanish: 

and 

L y ( x . y .  A )  = FÃ£(x y )  + /\Ev(x. y )  = 0 .  (2.7) 

L&. y .  A )  = E(.T. y) = 0 (2.8) 

(2.6) and (2.1) are identical with (2 .4))  and (2.8) reveals the constraint E ( x .  y) = 0 .  
Tlms. at  minimum of L(T.  y. X), F ( x .  y) is minimal. too. 
Analogous considerat,ions yield the n-dimensional extension of costfunction F ( p * , p )  
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under constraints EL(p*. F). The partial derivatives 9/Bp* and 91% of F($,  6) and 
E(px ,$ )  give the relations 

with ne = number of constraints. Coefficients A given by 

yield the Lagrangian 
n C 

L = F + A ~ E ~ .  (2.12) 
k=l 

Equation (2.12) again reveals that  equat,ions (2.10) and (2.11) describe the partial 
derivatives of the Lagrangian L with respect to parameters pt,& a t  a stationary 
point L' = 0: 

L?; ==: Fp; (P; P I )  + & E k p .  (P:. P]} = 0 (2.13) 

Lp, E Fp^.p,) + &&P, ( g $ j )  = 0 (2.14) 

Again, differentiation with respect to Ai. revcals constraints E{; = 0: 

A stationary point (a vector [P",?]) of L($,?, A) is stat,ionary in F(p',p), too. 
Equations (2.13) and (2.14) are called adjoint equations. Finding the minimum 
of F (p* ,  F )  is equivalent to solving Equations (2.13). (2.14). and (2.15) at  the  same 
time. 
In practice, a minimum value of costfunction F(p',j) is found iteratively: 
In a first st,ep, Equation (2.14) is solved for t,he Lagrange multipliers by setting the 
partial derivatives L p  to Zero. The are then introduced in Equation (2.13). This 
gives the gradient with respect to t,he independent model paramet.ers. It should 
be noted here tha t  this algorithm guarantees that  costfunction F(pX.p} decreases 
but the model does not necessarily converge t,o a global minimum. As in most quasi- 
gradient algorithms, the nearest ~ninimum is found. Depending on t,he 'roughness' of 
costfunction F ( p * > F ) ;  this minimuin can be quite different from the global n~inimum. 

2.3 Data and model geometry 

The most iinportant terms in F ( p X .  3) require close~iess of inodel fields of tempera- 
t,ure. salinity. and dissolved nutrients to data.  Schlitzer (in press) compiled a hnge 
an~o imt  of measurement,~ for co~nparisons in tlie moclel. The data  set includes inore 
than 14.000 stations of measurements of dissolvecl phosphate and more t,han 25.000 
top-to-bottom profiles of temperature a11d salinity. Tlie overall spatio-teniporal da ta  
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coverage is good except in the polar regions where data are biased towards surnmer 
va-lues. Fig. 2.3 shows sta-tion points of profiles of temperature. salinity. and nutri- 
ents. 

Figure 2 3. Global distribution of stations with nutnent data 

Fig. 2.4 shows the ~node l  grid used in this vrork. The grid is non-uniform for the 
global model domain. Resolution varies from 2.5 X 2 degrees t,o 60 X 4 degrees a t  
the very high la,t,it.udes in the north with a default of 5 X 4 degrees in most regions 
of the world ocean. The moclel grid allows high resolution calculation of currents 
and biogeochemical processes in areas with strong currents, prono~~nced upwelling; 
and/or high property gradients without having high computational costs within the 
whole model domain. 

180 W SO W 0 90 E 180 E 

Figure 2 4 Model gnd  
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The vertical resolution decreases top to bottom. At the surface, layer thickness is 
61m which increases to about 500m at  the deepest layers (deeper than 4000m). 
Individual layer depths are 0, 61, 133, 219, 320, 436, 568, 719. 888, 1078. 1289. 1522, 
1779. 2060. 2368, 2702, 3064, 3456, 3879, 4332, 4819. 5339, 5895. 6486, 7115, and 
7783 meters, respectively. 

Figure 2.5: Definitions within the model grid 

Fig. 2.5 shows definitions within the model grid. AÃ£ are signed box surfaces. 
Due to the irregular grid, boxes can have more than 6 surfaces. This is important 
for the setup of the advection/diffusion matrix (see Section 2.5). Horizontal and 
vertical velocities are defined a t  the corresponding surface, whereas concentrations 
are defined in the center of a box (Arakawa C-grid). 

2.4 Model parameters 

In t,he adjoint model, independent parameters p* are varied to minimize costfunction 
F(p' ,p) as described above. The independent model parameters defined on the grid 
described in Section 2.3 are summarized in Table 2.1. The independent 'physical' 
model parameters P",,̂  are horizontal velocities 5, horizontal and vertical mixing 
coefficients Kb Ky. surface heat fluxes 0, and gas exchange rates at the surface for 
O2 and CO2. 
Independent parameters p l ,  for the biological processes are export-, reminerali- 
zation- and accumulation rates of biogeneous particles (a, ,3, s). Parameters a,  ,8 
for export production and remineralization correspond to export production and 
remineralization rates mentioned in Section 1.1, t,he accumulation of biogeneous 
surface sediments s is described further below. 
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1 Independent 1 Meaning 

1 boundaries 
1 horizontal and vertical mixing coefficients, globally 

parameten p* 

U. V horizontal velocities, defined on all vertical box 

Table 2.1: Independent model parameters 

p (02.  CO2)  

Q 
a. 3. s 

The paiarneters pEz0 are calculated for Cm, CaCOy,  and Opal separately. The 
vector of independent model pa ram~te r s  becomes: 

constant 
P- 

gas exchange rates a t  sea surface. definecl for each 
column 
surface heat fluxes. defined for each colun~n 
Parameters determining vertical particle fluxes, de- 
fined for each column 

These parameters define a 3D current field and a 2D field of gas exchange and ver- 
tical particle fluxes on the grid shown in Fig.2 4. 

The independent model parameters together with hard constraint,~ (see Equations 
(2.18) below), namely budget equations for inass, heat. salt, and nutrients, yield 
the dependent. parameters F. Within the whole model domain, property fields of 
temperature, salinity, and dissolved n ~ t ~ r i e n t s  (all 6's) are determined by solving a 
linear System 

where A is an advection/diffusion matrix, E denotes any property of interest and f 
source and/or sink terms of tha t  propert,y, respectively. The setup of the advection- 
Idiffusion matrix A is described in Section 2.5. sources and sinks in subsequent 
Sections 2.6 and 2.7. 

The dependent paranleters 6 are fully deterministic variables which automatically 
change during the opt,imization because the independent parameters p* are modified. 
Table 2.2 sumn~arizes all modeled variables (dependent parameters). 
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Dependent 
parameters 

W 

POi. NO,. SW,, 
TALK 
0 2 ,  CO2 

Meaning 

-. 

vertical velocity. results from mass conservation. 
at surface identical with evaporation and precipi- 
tation 
result fror11 advection/diRusion. and biogenic par- 
t,icie fluxes 
result from advection/diffusion, biogenic particle 
fluxes. and air-sea exchanee rates 

Table 2 2 Dependent model paiameters 

2.5 Advection-/diffusLn rnatrix 

The conservation of mass becomes 

Advect,ion ancl diffusiori of any property c for each box leads to steady s t a k  form of 
equat,ions:: 

Here. A,,,k are signecl box surfaces (C.!. Fig. 2.5); _\C de:io:e~ the differente concen-" 
tration of two adjacent boxes, and L ineasures the distance bctween box cent,ers. 
To compute t,he advective term. one lias t.o knotv the concentration at the box  sur- 
face. where the velocity is defined. Therefore. a weight,eci-mean scheme is uscd: Tl12 
mean concentrat,ion c,,,.k for velocities U, 17. U' b e r ~ . - ~ - ~ e s  

Here. cÃ is the concentration in the 'upwind box' and ed is the concentration in the 
downwind box'. According to Sclilitzer (1999): in this model, a factor = 0.7 
was chosen. Consequences of the choice of difieidnt upwiiid factors are discussed in 
(Schlitzer, 1995). 
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Summation is over all box boundaries and the nuinber of box surfaces is not equal 
for all boxes due to the irregular model grid (c.f. Section 2.3). q denotes the source 
term (resp. sink term) for a property in a box. 

At the surface. Os and COs fluxes are calculated. Sinks of dissolved nutrients (for- 
mation of particles) are located in the two upperinost boxes (the euphotic zone),  
sources of dissolved nutrients (remineralization of particles) are set in the underly- 
ing wat,er column. The exact definition of biogeneous sources and sinks is given in 
Section 2.7. 

All equations (2.20) build the matrix A representing the model (Equation (2.17)) 

The matrix e1ement.s of A contain horizontal and vertical mixing coefficient,~ a n d  ve- 
locities and build partly the vector of independent model parameters P* (c.f. Equa- 
t.ion (2.16)). Remaining independent parameters of P* give surface heat fluxes, gas 
exchange rates. and biogeochemical fluxes. These parameters define the source/sink 
terms q and contribute to the right hand side of equations 2.17 only. This has  the  
advantage, that  the same advection/diffusion matrix A can be used for all properties 
(phosphate, silicate, salinity, etc.). 
The solution of equations (2.17) yields the dependent parameters naniely vertical 
velocities, temperature. and concentrations of salinity, phosphate. nitrate, silicat,e; 
alkalinity, oxygen; and carbon dioxide. 

The vertical velocities 12 are calculated as follows: At the bottom, vertical velocity is 
zero. The divergente resulting from independent parameters V (Equation (2.19)) 
gC.ves the velocity ,G at  the upper box surface. Vertical velocities are calculated suc- 
cessively bottom to top. At the sea surface. vertical velocities represent evaporation 
a'cid pre~ipi ta t~ion,  respectively. 
9 n c e  all velocities are calculated, solut.ion of (2.17) gives the distribution of all other 
. 'operties. 
1 :ie dependent model parameters become 

Thc nuinber of dependent parameters becoines 9 X nb (nb = number of boxes) Coni- 
bimng the independent (Equation. (2.16)) and dependent (Equation. (2.22)) pa- 
rameters gives the complete model vector 

Together with the model gricl, this vector is a full description of a model solution (a 
n1oclel state)  . 
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2.6 Gas exchange and heat flux 

Gas exchange is calculated a t  the surface for O2 and CO2. A positive flux J (into 
the atmosphere) manifests in a sink of Oz and/or CO2, a negative flux (into the 
ocean) in a source of gas in the top box nt of a water column. 

Analogous, surface heat flux appears as source (or sink, respectively) of heat in top 
boxes. 

qnt = - J ( Q )  (2.25) 

2.7 Model particle fluxes 

Property fields of dissolved nutrients are calculated with the advection/diffusion 
matrix and biogeochemical sources and sinks: 

Here, A is the advection/diffusion matrix (c.f. Section 2.5), c" is the concentration 
vector of the property of interest arid the corresponding source term (which is 
negative for sinks). Sources describing the particle fluxes resolve as follows: 

qo,i= l /2  (Jo- J j  

EP{ q 2  = & - J 3  ZEP 4 
q 3  = & - J 4  

Figure 2.6: Water column with sources and sinks 

Biogenic particles are formed in the two uppermost layers of the model (representing 
thc euphotic Zone EP) resulting in sinks of dissolved nutrients (exceptions are dis- 
cussed in Appendix A).  Within the euphotic zone, particle fluxes are not defined. 
Particle flux J(z) is defined below the euphotic zone, i.e. for z > The flux 



J(zEp) = JI measuies the expoit flux at the base of the euphotic Zone 
The cxpolt of nutiients results in sinks in the ttto euphotic Zone l a ~ e r s  and, assum- 
mg that  110th l a ~ e i s  contribute to the same amount of pioduction, the sink t e r ~ n s  
become 

1 

In tlie next box. the nutnent souice 92 is given by the flux into the box ( J^ )  minus 
the flux out of thc box 2 into box 3 (J3) In this way. all sources of dissolved nutrients 
are graclually calculated top down the water column. 

In tlie lowcst box ri.;, sediment accumulat,ion is ~nodeled with particle flux J ( S )  (flux 
to the sediment). 

J(S) = s . Jn, (2.28) 

Maximum accumulation occurs if all particles reaching the bottom layer are removed 
from wat,er column ( s  = 1), minimum accumulation, if 110 particles accumulate 
( s  = 0).  The parameter s regulates accumulation within bounds [O : 1] to allow for 
percentual removal of particles: 

Xutnent source is agam the particle flux reaching the bottom layer minus the particle 
flux lea\ing the bottom layer. 

Whereas particle flux into the bottom layer inanifests in a source of dissolved nu- 
trients in t,he bot.tom box. accumulation of surface sediments is a net sink. The 
total sink due to accumulation of surface sediments is balanced with riverine input 
of dissolved riutricnt,~ (this is discussed in greater detail in Appendix A). 
Combination of Equations (2.26)) (2.27), and (2.29) gives the overall definition of 
source and sink t e r ~ n s  due to particle fluxes in the water column: 

So far, this formulation is independent of the particular functional form of particle 
fluxes J ( z ) .  

Honoring fornier work of various scientists (c.f. Section l ) ,  particle fluxes are de- 
scribccl nsing functions (2.1) : 

For organic carbon. t,llis descript,ion is well established and thus allows direct com- 
parison with est in~ates derived witli other niethods. In contrast, CaCO3 and Opal 
dissolution in water column is a inajor point of interest in modern studies (Rague- 
neau et  al..  1997) and is currently not well understood. I11 biogeochemical models, 



these f l u x c  are sometimes describrd \vif 11 exponentially decrcasing fornnilae (c.f. 
Section 1.2).  
The cxponontial form of partirle flu.ws is morc convenient in coinputational niodels 
but nrvcrtlieless in this study all ronipononts of biogcncous material arc coniputed 
with Equations (2.1), Tlie d i f f r ~ ~ i i r r  h r t w ~ i i  fluxes 0: l/z and X P . ; ~ . Ã ˆ ( , :  is depicted 
in Fig. 2.7. 

0 1 2 3 4 5 
Depth z 

Figur? 2.7: Functioiis describing part iclc fluxrs ck~crcasing with deptli exponentially 
and X l / z .  respcctively (arb, miits) 

2.7.1 Export productiori 

Export production (EP) appears as a sink of clissolved mitrients in tlie eupl~otic 
zoue. Tlie amoiint of nutrients rxportcd is uptimizrd by tho model. Simplifying one 
could say. that nutrieiit rxcess (compared to data) physically transported into the 
eupliotic zonc due to advection and diffusion is removed simulating particlc fornia- 
tion. Tlie sink c i y l  is that part of primary production whicli is not rerycled witllin 

conlmon in literaturc. To i i~a l i~ ,  comparisons inore eonvenient. a new parameter 
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0 Organic carbon 

Lsing this equation and primary production P? from Bergcr (1989) tlie param- 
eter 7 gives a relative portion describingliow much of Eppley and Peterson's 
(1979) export production is exported (i.e.. - = 1 mcans model export equals 
Eppley and Peterson's (1979) export). 

At tlie base of tlie eupliotic Zone. particle finx J is e q u i v a k ~ ~ t  to export pro- 
cluction. Norinalizat,ion of part,icle fluxes to deptli of export z ~ p  leads to :  

Mocleled properties related to organic carbon are nitrate. pliosphate. carbon. 
oxygen, and alkalinity. Relative contrib~itions are calculatccl using Redfield's 
ratios (Codispoti (1989); Redfield et al. (1963)): 

I.c., the molar ratio in a co~npound of organic carbon is constant and for each 
pliospl~ate assimilat,ed. 16N and 106C arc used 1113 whcrcas 138 oxygeii atoms 
are set free due to photosyntliesis. Instead of a single sink tcriii for 'organic 
carbon' 

1 
Yo.!~.",,~ = -- o Q c r Ã £ . s  (2.34) 

four definitions are given for tlie corrcspoiiding propcrties with coefficient r d f  
(= Redfield ratio): 

90 1 1  p r o  1 clf = 16.1.106 -138 (2 35) 

Fultlici. o1gamc carbon production affects total all,alinit\ (TALK) in amounts 
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0 Calcite 

For calcite (CaCOs) ,  the parameter -) gives the  portion of 5% of primary 
production which is exported (i.e.. 7 = 1 means that  the molar ratio of CaCOy, 
to  primary produced C is 5/100). Normalization to depth of export gives: 

CuCOy. formation effects total alkalinity (TALK} and C. The sinks become 

0 Opal 

For Oval. the parameter 7 gives the portion of 5% of primary production 
which is exported (i.e.. for 7 = 1, the molar ratio of Sz to primary produced 
C equals 5/100). Normalization to depth of export gives: 

Biogenic silica production is calculat,ed independently of other elements than 
silica. The sink term is simply defined as 

2.7.2 Remineralization 

The depth of remineralization is given by parameter ,ÃŸ A large value of ,Ã indicates 
shallow remineralization, at  smaller values particles are sinking to greater depth.  
Due to  remineralization in the water column. dissolved nutrients are set free (sinking 
particles as sources of dissolved nutrients, c.f. Equations (2.30) and (2.27)) and 
sources vary in magnitude depending on both parameters a and Q. In this model, 
sources of nutrients are set to reproduce Equations (2 .1)  as follows: 

Organic carbon 

To match the desired flux equations. water depths for levels n must be taken 
into account The source 111 box n becoines the flux into that  box J(zn} (zn = 



dept,h of upper box boundary) minus the flux out of box n a t  depth zn+\ (lower 
box boundary). Obeying definitions from Equations (2.27) the sourcc term for 
organic carbon becomes 

Analogoiis t,o c'quat,ions 2.35 t his gives four sink terms lii~lcecl to organic mat ter  
reclissolution for each box: 

- q n ,  - rrlf gn c o r g  rdf = 16.1.106. -138 (2 43) 

and effocts on TALK 

0 Calc i t e  

CaC03 remineralization is defined in the saine \\a> and again properties af- 
fected aie carbon and TALK 

0 O p a l  

Opal remineralization is defined in the same mariner and again the only prop- 
erty affected by Opal remineralizat,ion is dissolved silicate giving: 

2.7.3 A c c u m u l a t i o n  

Accumulation of surface secliments is modeled as particle flux througll the water- 
secliment interface. Particle flux reaching the bottom box is not fully remineralized 
but maximun~ 100% are virtually transferi-ed to the sediinent. Particles accuinulated 
in the  sediment are no longer available to serve as nutrient source. Thus, a small 
fract,ioii of originally exported biomass leaves the water column and the sediment. 
appears as a sink of nutrients. Parameter s regulates the flux into the sediment and 
describes tlie portion of the particle flux which is n,ot remineralized (c.f. Equation 
(2.28)). The flux into the sediment becoines: 

Analogous to definitions in Section 2.7.2. the source is defined by the flux into the 
bottom box n, minus tlie flux out of t,he bottom box. which here is the flux to the 
sediment J ( S ) .  

(?als = J(^s) - J (S)  (2.49) 
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COCO:~ rcmir~~ralizat  ion in thc bottom box gives the source for dissolved silica 

To guarantr-o conscrvation of rn~trioiits. removal of nutrients at the sediment-water- 
in ter fac~ has to be balanccd 11y any inpiit of the Same inagiiitude. This is doue by 
river input. Therefore. sources of dissolved nutrients are set geographically dose  to 
river moutlls. I11 tlic corresponding boxes. iiutrients are adcled clepending (a)  on the 
contribiition of th r  particiilar river to total river input (percentage). arid (11) 011 tlie 
total amo1111t of particlos ~ I ~ ( ' I I I I I I I ! ~ ~ P ~  in the scdiments. Tlie relative contribiition 
of a rivw to ~ o t  al rivorinr input doprnds 011 the choice of how many and whidi rivers 

P .  

are taken int o a ~ c o ~ l i i t .  111" part icular clioice for the experiments is discussed in 
Appendix :I. Tlio s111ii of accuiimlatcd panides  oT"ei' all coluinns amoimts to the 
global aniiual flux to  t h ~  scdiiiient ,4rr,;o;,a/ for and Opal. respectively. 



2.7.5 C o m m e n t  o n  t h e  constra. ints  of m o d e l  pa r t i c l e  fluxes 

Thc amount of data availablr associatcd with i~ givpn paramcter defc~rmiii(~s how 
well the parameter is coustrained. All niurlel partide fluxcs determined with the 
adjoint model depend 011 data cjf dissolved mitrients. no additional a priori knowl- 
cdge is wgardod. As can be sec11 in ~ I I P  drfinitions of biogeneous part ide fiuxes. 
organie carbou is constraincci by phosphate. nitrat(>. oxygen. total carbon. and  al- 
kalinity. Cy,. particle formation and remineralization is determined usiug tlie total 
information about sources and sinks of tlicse properties in the water columii. Thc 
relation of data  d e n s i t ~  to the numbcr of parameters to be optimized is tlius quite 
good for organic carhon. Silicate n~easurcinrnts are also quite common but  thc 
constraint for Opal fluxes is vaguer compared to organic carbon. Tlie parameter 
weakest constrained are export production. rciiiineralization. and acc~imulatioii of 
CoC'03.  Measurcments of total car1jo11 anti alkalinity are rare and not cvenly clis- 
tributcc! over the vrorlcl occan. This sho111d 1jc kcpt in inincl w11eii interpreting the 
resnlts presentecl later 011 and wlien comparing tllese results with other models. Tbc' 
dynamic moelcl of Maier-Reimer (1993) assumcs deterministic ratios of ~11011 ~ n a t c -  
rial to soft tissue (op"+c"m ) with limitations to  Opal procluction (availability of 

silica). Tliis gives a mucli strenger constraint for CaC'03 fliixcs because clata of dis- 
solved silicate are used to dctes-mine calcite formation. In the iiiodel presented here. 
all part ide fluxes are calculated on the hasis of clata of the constituents in\-olvcd in 
particle formation and remineralizatioii only. 

2.8 Costfunction 

Once all pa ramot~rs  are set in tlie advection/diffusiou matrix and for source terms 
in Equation (2.17). the syst,em is solvocl for all propertics of intcrest. This gives 
tlie model distributions of vertical v ~ l o c i t i ~ s .  teniperature, salinity, oxygcn. carbon 
clioxide. and dissolvcd nutricnts (all dependent paraineters 3). Once tlic model 
statp (tlie complete vertor 11 = [p* . f i } )  is determi~lcd. the solution is evalnated by 
calculating the costfunct,ion F ( p ' . j ) ,  Tho costfunction F(p\j) is a scalar functioii 
of all niodcl parameters and might contain any undesired feature formulated in terms 
of functions of independent ancl dependent parameters. These features must I I O ~  be 
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fulfilled exactly but 'as good as possible' and terms in F(p* ,p}  are consequently 
named 'soft constraints'. How dose a particular constraint is fulfilled by the model 
can be adjusted by multiplying the individual terms by weight factors. 

2.8.1 Terms of costfunction F(Å¸* P) 

All terms of the costfunction used in this study are described below. Most terms 
of the costfunct,ion are cliscussed in detail in earlier publications of Schlitzer (1993; 
1999). Here, only a short review of terms used in this study is given. New and/or 
refined terms of the costfunct,ion are marked t. 

1. Deviations from initial geostrophic shear 
Outside the equatorial band (10'5' - 10Â°fV) the vertical shear u-, = 9u/Qz 
and uz = 9u/Qz of the horizontal velocities is required to be dose to original 
geostrophic shear U* = Qv*/Qz and V* = 9v*/9z computed from geostrophic 
flow calculations ap is a spatially varying weight factor depending on statis- 
tical information (quality indicator) and o- is a normalization factor. 

2. Deviations of mixing coefficients from 'mixing coefficient data' 
Mixing coefficients are kept dose to 'mixing coefficient data '  from literature 
and/or earlier niodel calculations especially performed to determine best val- 
ues. 

3. Pointwise deviations from data 
For data  of temperature, salinity, oxygen. phosphate, nitrate, silicate, total 
carbon. and total alkalinity, deviations of model fields X m o d  (or dependent 
Parameters F )  t o  measurements 'Ydata are computed pointwise. o- denotes 
measurement errors. 

4. Systematic deviations from data 
For the Same properties, the bias is calculated by computing the systematic 
deviation within the neighborhood of a box. 

5. Deviations from sediment trap data 
Particle fluxes are now explicitly calculated in the  model. Flux parameters 



a. 3. ,s give fluxes for the ~vhole model donlain and in boxes where trap da ta  
exist. the deviations to data are calculated. A detailed discussion of sediment 
t rap  clata Jhia and model fluxes Jmod is given in Section 4. The general form of 
t,his term is analogous to other t,erms penalizing deviations to data.  o' denotes 

Smoothness constraints (linear) 
Tlie sproud derivative of parameters p" and F is nsed to enforce spatial s n ~ o o t h -  
ncss of vertical vclocities G. surface heat fluxes. and gas exchange ratSes. Here. 
p denotes tlie respective parameter and pe;1lw> ~ n ,  ps are the parameter values 
of the next neighbors in eastern, vrestern. northern; and southern direction, 

Smoothness constraints (squared) t 
The serond derivative is used to enforce spatial smootl~ness of biogeochemical 
parameters. The paranleters are squared prior penalizing the second deriva- 
tive because all biogeochemical parameters contribute with their Square value 
to  the inoclel fields. This simply reflect,~ the 'true' appearance of export pro- 
duction. rernineralization~ and accumulation. 

Deviations from a priori values (global) 
For all inclependent, parameters p" deviations from a priori knowledge can be 
penalizecl (i.e., if one knows tliat a parameter value must be close to a certain 

Deviations from 
Deviations from a 

a priori volurne transports 
priori volume transports are penalizecl by integrating the 

horizontal velorities over prescribed surfaces ancl calculating the differences to 
a priori transports 7.  

2.8.2 Weighting of costfunction F(p ' .  6 )  

F ( p X .  F )  is a measure for the 'quality' of a niodel solution with respect to all indi- 
vidual terms. A large valne of F ( p x . @ )  indicates that  the model solution does not 
fulfill t.lie features desired by the peiialty ternis. The individual t e m s  of F(p",p} 
are multiplicd by weiglit factors to force tlie inoclel in special directions. Table 2.3 
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summarizes weight factors used in tliis st,udy. The weights are very different,. rang- 
ing froin 0 .1  to 106. This does not rnean t,hat. for instance. a priori transports arc 
much more import,ant than salinity data.  The minimization respects the absolute 
value of weight factor ni~~ltipliccl with the penalty term. Low weight factors for 
deviations to data  are mostly compcnsatrd by a high density of nleasurement,s. Tbc' 
absolute valnes are witliin the Same rang?. Most of the weight factors wo-e kept 
constant tlirougllout all model nms. Cllanges due to the variation of weight factors 
are cliscussed in Section 4.2. 

Term Weight Notes 

Dev. from initial geostr. shear 0.01 
Smoothness of W 1.0 
Dev. from a priori vol. t,ransports 106 See Table 2.4 
Dev. from initial p̂ i, 1 o4 Initial mixing coefficients were 
Dev. from initial p~ 10.' taken from Schlitzer (199.3) 
Dev. from heat-flux data QcLÃ£i 10 
Smoothness of heat-flux Qmd 2 
Sniootliness of parameter ycorg 1 .  var Different weight factors were 
Smoothncss of parameter gCorg 1 .  var nsed to smooth out export pro- 
Smoothness of parameter yecÃ 1 .  var cluction and remineralization 
Smoothness of parameter 1 ,  var in experiments SLAT and 
Smoothness of paraineter y O a ,  1. var SLANT (see Section 2.9) 
Smoothness of parameter 30 *, 1. var 
Dev. from data (.Y,Ã£oc - ,Ydata) 0 . 1  Mocleled properties 
Bias of .Ynind - A"doto 0 . 1  T. S. 02. PO4. -V03. S?. TALK 
Dev. from E C O i  data 0 .5  Weight factor high because 

Bias of E COQ,od - E C02,rfata 0 .5  data density of yco2 is 1ov 
Dev. frorn TALh' data 0 .5  Weight factor high because 
Bias of TALI<lnod  - TdALI\data 0 .5  data clensity of TALK is low 
Dev. from trap data Corg var Different weight factors were 
Dev. from t,rap data  CnC03 var used in the cxperiments. 
Dev. from trap data  Opal var see Section 2.9 

Table 2.3: Weiglit factors in costfunction F(p".  P ) .  Var: variable. see text  

Prescribed top-to-bottoni flows were t,iie same for ail cxperiments a11d arc sulli1lla- 
rized in Table 2.4. 



2.9 Experiments 35 

Â¥\ie Sv 
Total inflow into Mediterranean Sea 1 0 
Total mflm into Red Sea 
Total mflow into Peisian Gulf 
Baffin Ba^ espolt of aictic wate15 
Flonda Cunent  
Di alie Passage 
1 ADK a c i o s  tlie ecluatoi 
Indonemn Passage 

Sotes 
Open model boundary 
Open model b o ~ ~ n d a r y  
Open niodel boundaiy 

Table 2 4: A priori volumes transports prescribed for all experinients 

2.9 Experiments 

Several esperin~ents have been carried out to obtain optimum ocean circulation and 
biogeochemical particle fliixes. Main objective in all inodel runs was to find param- 
eters for export product~ion~ remineralization, and accumulation rates of biogeneous 
particles whicli are consist,ent with nutrient data. Tlie sensitivity of model particle 
fluxes to tlie assiinilation of secliment trap clata is investigated by running experi- 
inents with and wit,hont these -11ew- modeled properties. Also, differentes arising 
froni the  iniplenieiitation of sediment accumulation is investigated. The individual 
experinients presentecl here are: 

REF 
A reference experiment (REF) was performed in the  niodels most simple mode. 
No sedimeiit t rap  data  are assimilated and no accumulation of surface sedi- 
nicnts is considered. This model setup is co~iiparable with Schlitzer's (1999) 
experirnents. This experinient is chosen as tlie reference to compare for changes 
due to model modifications. General model results and distributions froni ex- 
periment REF are presented in Section 3. 

e HANT 
In experiment HAST (High Accumulation. No Traps), accurriulat,ion rates of 
biogeneons surface sediments are calculated. No sediment trap data constraint 
was appliecl. I t  turned out that initial values of relative accumulation rates 
were chosen too high (see discussion in Section 5). The model reduced the 
paramet,er s for Opal. In subsecluent niodel runs. initial values for accumula- 
tion of surface sediments wer? set lower. Results froni experiment HAST are 
presented in Sect,ioii 5. 

e LAT, SLAT, SLANT 
Experiment LAT was init.ialized witli lower values for sediment accumulation 
than H A S T  and was constrairied to reproduce sediment trap data (LAT: LOK 
Accumulation and Traps). The weight factors for deviations from sediment 
trap data  were set to very high values (three orders of magnitude larger than 
for other t,erms) t,o force tlie moclel to strictly 1-eproduce tlie da ta .  This led to 
unrealistic pat tems in the parameter fields. 
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Expeiiment SLAT is a subsequent model iun of LAT Here weight factois foi 
the iepiocluction of sediment trap data weie reduced whereas smoothness con- 
st i  amts foi t he biogeocheinical pai ameters were incieased to sinoothen out 
the parainetei distiibutions (SLAT Smooth Lon -Vccumulation with Traps) 
Aftei a sinooth solution of experiinent SLAT was gained neight factois foi the 
leprocluction of sediinent t iap data were set to alinost Zero (SLALT Srnooth 
Lon Accuinulation S o  Tiaps) The assimilation of sedinient trap d a t a  ef- 
fects of sinoothing ancl the 'release of the model from sediment trap d a t a  is 
describecl m Scction 4 

Initial fielcls foi paiaineteis a 3 and the cuiient field nere taken from Schlitzer 
(1999) and weie identical foi expeiiments REF H A S T  and LAT The differentes 
arc suininaiizcd 111 Tablc 2 5 below 

S a m e  Suinbei of Tiap scorg SCaCoa ~ O ~ C L /  

iteiations data initial value initial alue initial 1 alue 
REF 70.000 
HAXT 70 000 0 09 0 16 0 25 
L 4 T  70.000 + 0 09 0 16 0 04 
S L AT 70.000 + L AT L AT L -VT 
SLAST 10 000 SLAT SLAT SLAT 

Taljle 2.5: Different experiinents. explanation See text 
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The different cxperiments show very similar patterns for all Parameters and prop- 
erties 011 a global scale. The gencral similarit,y is also seen by evaluating the cost- 
function. Figure 3.1 shows absolute values of selected t.ern~s in the cost,function a t  
the end of the iterations. When cvaluat,ing the costfunct.ion one has t.o keep in rnind 
that  not all cxperiments were run for t,lie sanie number of it,erations. Experiments 
SLAT liad 70,000, experiment SLAST 80.000 iterations more to find 't,he best solu- 
tion'. Sone of tlle experiments described here were terminated a t  a global minimum 
but aftcr a certain number of iterations. The costfunction thus measuses t-he model 
solution at th,e state after terminat ion whzch is not necessarzly identical with t h e  best 
solutzon whzch could be obta,ined for t,liis costfunction 

100 

10 

T+S Kh.Kv Geosir Flows Nu& Corg CaC03 Opal 
(xIOE6) (xlOE6) (xlOE6) (sIOE4) (xlOF.7) 1x10) (xl0)  (xlO) - REF 

H>\hT 
0 LAT 
," SLAT 

S L \ M  

Figure 3 1- Absolute values of terms of costfunction after termi~lation of the  opti- 
niization. For explanation, See text 

The valup of 'T+S' in Fig. 3.1 is t,he sum of terms penalizing deviations and bias 
of model temperature ancl salinity comparecl to data,  'K11;Kv' denotes deviations 
from initial 'mixing coefficient da ta ' .  The value of 'Geostr' denotes deviations from 
initial geostrophic shear, 'Flows' belongs to the sum of all deviations from prescribed 
volunie transports. The different experiments show quite similar values for these 
physical' constraints. but experiment HANT systematically has tllc highest values. 
A possible explanation for this is that  experiment HAST started with relatively high 
accumulation ratcs for Opal and CaCO-\. The parameters for accumulation were 
drast,ically recluccd in this experiment (see Section 5). The gradient of F(p* .  F )  in this 
experiment nlight have been don~inated  by terms related to sediment accumulation 
rates. at  least at the beginning of the model run. Thus. expesiment H A S T  'had 
not hacl the time' to optin~ize the  cun'ent fielcl as well as the other experiments, 
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especially with respect to the closeness to geosthrophic shear. 
Larger differentes bet,ween the experiment,~ occur for the terms 'Corg'. 'CaC03 ' .  
and 'Opal' whicli measi~re t l ~  smootl~ness of parameters a and 3. Experiments 
REF, HAKT, and LAT werc run with the Same weight factors for thc smoothncss 
constraints. It can be clearly Seen that experin~ent LAT bears llig'hc-st values for 
these terms. This was cansed by the assimilation of sediment trap data and forcing 
the moclel to exactly reproduce n~easured fluxes. This experiment produced strong 
local changes in the Parameter fielcls (see also discussion in Scction 4.2) and therefore 
smoothness constraints wcre increased for the subsequent experiments SLAT and 
SLANT. Both experinlent,~ bear values of the snioothness constraints which are 
even smaller than thc experiments 'which have never Seen sediinent tzap clata' REF 
and HANT. 
The changes due t,o the assimilation of sediment trap data are clisrussed in greater 
detail in Section 4. 
The current field and distributions of t,emperature. salinity, and dissolved riutrients 
are presentecl with cxamples from the experirnent REF in the noxt section. 

3.1 Current field 

Figure 3.2 shows the transports in surface (Surface -00 = 26.8). intermccliate (go = 

26.8-00 = 36.75), deep (oO = 36.75-oo = 45.9). and bottom (0-0 = 45.9- Bott,om) 
water. 
All major current Systems of the Atlantic are reproduced. Surface currents as the 
subtropical gyres. tlie Benguela Current in the South Atlantic, ancl the Gulf Stxeam 
in tlle S0rt.h Atlantic can be seen in Fig. 3.2(a). The deeper parts of the Gulf Stream 
can also be seen in Fig. 3.2(b). The west,ern boundary counter current and large 
transports of Sor th  Atlantic Deep Kater  (SADW) across low latitudes appear in 
Fig. 3.2(c). Bott,om waters from the Icelaiid-Scot,tland-Overflow and the Denmark 
Strait are seen in Fig. 3.2(d). Antarctic Bottom Water (AABW) flo~vs northwards 
mainly in the western part  of the Atlantic. The Weddell gyre turns south-west,warcls 
a t  about 3OSE. 
The very strong Antarctic Circumpolar Current (ACC) flows eastwards in all layers. 



Surface water: surface -> ao=26.8 
90t I 

Intermediate water: 00=26.8 -> 02=36.75 
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Deep water: a2=36.75 -> a4=45.9 
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Figure 3.2: Horizontal current field from experiment R E F  
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Figure 3.3 shows the vertical velocities in the Atlantic. 

C )  (4 

Figure 3.3: Vertical velocities in the Atlantic from experiment REF 

In Fig. 3.3(a) to (d) the Antarctic Circumpolar Current (ACC) can be clearly seen. 
North of the Polar Front (PF) a t  about. 50'5'; the general pattern reflects a zonal 
downwelling through all layers whereas south of the PF upwelling dominat,es. This is 
in accordance with the observation of maximum wind stress a t  50Â° (Toggweiler and 
Samuels, 1993) causing this convergence and divergente, respectively. The upwelling 
in the Southern Ocean is very deep which results in an effective transport of silicate- 
rich deep water (c.f. silicate distribution in Fig. 1.1) and is in agreement with deep 
strong property gradients found in the Polar Frontal Zone (Orsi et  al., 1995). The 
equatorial upwelling in the eastern Atlantic is much weaker and shallower. At 500m 



Kater depth, no upwelling is secn off the coast of West Africa. It. is currently 
not known whether the upwelling off the southwestern coast of Africa is persistent 
or seasonal (Summcrhayes et al., 1995). The upwelling off the Namibian coast 
originales from several hundred meters water depth only (SultenfuÃŸ 1998). 
It shoulcl be notecl that the determination of absolute vertical velocities bears large 
unavoidable unrertainties. 1"elocities determined with circulation models strongly 
depend On model resolution and the spatio-temporal extent of upwelling events. In 
the model presented here. the annual mean vertical velocity is calculated as the 
divergente of annual niean horizontal t,ransports divided by the surface of a box. 
Horizontal velocitics are orders of magnitude larger than vertical velocities and  a 
minor cliange in horizontal velocities can lead to major changes in the respective 
vertical velocity. This ran lead to unrealistic values in small boxes and/or near 
model boi~~iclarics. 
Determination of upwclling velocities with other metliods (for instance transient 
tracers or radionuclides) bears similar problems because the spatio-temporal extent 
of upwelling is difficult to detern~ine. At mid-latitudes. coastal upwelling velocities 
are in the ordcr of 1 0 - 4 y  to K T 2 y  corresponding to  ca. 3 5 F o  3500: (Smith, 
1995). Ecldies dctect,ecl in coastal upwelling areas using satellite remote sensing data  
were associated with small-scale up- and downwelling ranging from 300"10 -300: 
(Abbot and Barksdale. 1995). The range of vertical velocities is thus quite large and 
comparisons of absolute values are difficult,. 
The vertical velocit,ies dctermined with the adjoint model are in the range of -50007 
to .5000'-1 with most velocities between -500: and 500: and are thus within the 
range of indepenclent measurements. 
Integrated tsransports give niore stahle estimates to characterize the current field. 
A comparison of cliffei-ent models to calculate mean near-surface upwelling in the 
equatorial Atlantic (15'5' to 150A7) was givcn by Wunsch (1984). He calculated the 
upwelling a t  100m deptli in a quasi-geostrophic current field constrained with bomb 
radiocarbon budgets to 11e 7Sv - l0Sv. In this area (Atlantic between l5OS and 
15',V) experiment REF has an integrated upwelling of ca. 115'1; at  100m water 
depth which is very dose to Wunsch's (1984)res~lt~s.  Table 3.1 gives horizontal 
volume transports across selected sections in the Atlantic for all experiments. The 
transports are witliin thc range of the moclel results published earlier by de las Heras 
and Schlitzer (1999). A detailed discussion of tlie different water paths and also heat 
transports is given in de las Heras and Schlitzer (1999). The differentes bet,ween the 
clifferent experiment,~ are generally smaller than 5%. 
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E e r i m e n t  1 REF H A N T  LAT STAT SLAXT 

30Â°1 
Surface 

-1.0 -1.0 -1.0 -1.0 -1.0 
8.8 8.4 8.5 8.4 8.4 

Intermediate 
Deep 

Table 3.1: Volume transports in Sverdrups ( l S v  = 106m3/s) across selected sections 
in the Atlantic from all experiments. Positive (negative) values indicate northwards 
(southwards) and eastwards (westwards) transports. 
Definitions of water rnasses: 
Surface: Surface -0-0 = 26.8, Intermediat,e: 0-0 = 26.8 - 0-0 = 36.75, Deep: 0-0 = 36.75 - 
0-0 = 45.9, Bottom: 0-0 = 45.9- Bottoin 

2.0 2.5 2.2 1.9 1.9 
-15.3 -15.8 -15.2 -14.5 -14.5 

Bottoni 

Drake Passage 

The differences between total northwards and total soiithwards flows are balanced 
by inflows from Arctic Katers. differences bet,ween flows through t,he Drake Passage 
and between South Africa and Antarctica. and differences in evaporation minus pre- 
cipitation. 
Experiment HAKT yields higher transports compared t.o the other solutions. An 
explanation is that. all experiments have tlie tendeiicy ' to slow down' ocean circu- 
lation during the optimization course. The experiment HANT to  have the fastest 
circulation is consistent with ideas given above. In experiment HAKT. predoniinant, 
changes were applied to the Parameters related to sediment accun~ulation. 
The reasons for the quietening' of tlie ocean are not yet clear but this problem 
~ n i g h t  be partly minimized by introducing dissolvecl organic matter into the model 
calculations (Schlitzer, pers. coinm.). 

0.9 0.8 0.9 0.8 0.8 
126.7 129.0 128.5 125.7 125.6 

3.2 Property distributions 

Bottom 3.5 3.9 3.6 3.2 
Equator 
Surface 
Intermediate 5.9 
Deep -11.9 -12.4 -12.0 -11.4 -11.3 
Bottom 3.2 

In the following. some examples of model distributions and a co~nparison to data  
are given. 

30Â° 
Surface 
Intermediate 
Deep 

-0.5 -0.5 -0.5 -0.5 -0.5 
2.0 2.6 2.0 2.0 1.9 
6.2 6.0 6.2 5.9 5.8 

-9.6 -9.8 -9.6 -9.1 -9.1 
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Model Ternperature [Â¡C at 250m Ternperature Data [Â¡C at 250rn 

Figure 3.4: Model temperatures (lcft) and data  (right) 

Model Salinity [psu] at 250rn Salinity Data [psu] at 250rn 

Figure 3.5: Model salinities (left) and data  (right) 

Deviations of niodel clistributions of temperature, salinit,y. and nutrients contribute 
to a considerable amount to the total costfunction. The model is driven to repro- 
duce tlie assimilat,ed data  (c.f. Section 2).  1.e.. the current field described above 
was optimized to  give small model-data niisfits. In the examples, model property 
distributions from 250 m water depth are shown on the left side and corresponding 
dat,a are shown on the  right side of the figures. Gridding and visualizing of model 
properties and data  was perfornied using the Ocean Data V i e r  software (Schlitzer. 
1999). 
The current fiele! from Fig. 3.2 together with surface fresli water fluxes yields tem- 
perat,ures and salinit,ies a t  250m as displayed in Fig. 3.4 and 3.5. The physical model 
fields of te~npera ture  and salinity are in excellent agreement with data.  Within the 
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subtropical gyres, temperature and salinities are higbest with maximum t,empera- 
tures and salinities in t>he Sargasso Sea. Strong t,emperature gradients are  found 
a t  the northern boundary of the Antarctic Circumpolar Cun-eilt and around 50Â° 
where the contour lines are well reproduced in position and magnitucle. Minimum 
salinities are found in the Ant,arctic Circumpolar Current a t  about 50Â°S 

Dissolvecl nutrient fielcls depend on tlie current field und source ancl sink t.erms de- 
scribing export and remineralization of particulate biogenic matter (c.f. Section 1.1 
and Section 2.7). Resulting distrihutions are also vcry close to observations. As 
an example, the phosphate distribution at  250m water depth is given in Fig.  3.6. 
Generally, the large scalc features are well reproduced. High phosphate concentra- 
tions can be seen near t h ~  equator decreasing from east to west. and sout,h of about, 
50'5'. Minimum phosphate concentrations are found in thr  Sargasso Sea. Model 
phosphat,e concentrations are slight,ly higher than ineasurement,~ near the equator 
and in mid-latitucles but absolute deviations rarely exceed 0,1/~17Â¥;,ol/kg 

Model Phosphate [prnlkg] at 250rn Phosphate Data [prnollkg] at 250111 

Figure 3.6: Model phosphatp (left) and clata (right) 

Model oxygen clistributions depend 011 the current field. biogeneous pai-ticle fluxes, 
and gas exchange at  the surface. The oxygen distribution in 250111 water depth 
(Fig. 3.7) also is in close agreement wit,l~ measurements. In low and mid-latitudes, 
high phosphat,e concentrations coincide with low oxygen concentrations. This anti- 
con-elation reflects the decomposition of sinking particles: Remineralization of sink- 
ing organic mat ter  releases phosphate whereas oxygen is utilized. In the high lat- 
itudes the  anti-corrclation is not seen ancl oxygen concentrations are high due to 
intense ventilation. 



Model Oxygen [umollkg] at 250m Oxygen Data [pmollkg] at 250m 

Figuie 3 7 Model ox\ gen (loft) and data  (nglit) 

Model Silicate [umollkg] at 250m Silicate Data [,umol/kg] at 250111 

Figure 3.8: Model silicate (lrft) and data  (right) 

Data of dissolved silicate sliow vrry low conccntrations in most parts of thc Atlantic 
(below 20/!n?ol/k(l} whicl~ is well reproduced 1 1 ~  the model. Sontli of 50Â°S sili- 
cate concentrations increase drastically. Comparing the contour liiirs of the model 
distribution (Fig. 3.8. left side) to  n~easureiiients reveals t,hat despite the nice gen- 
eral agreement tlie inodel produces silicate concentrations greater than lOOp7nol/kg 
wllicll are not seen in tlie da ta  (Fig. 3.8. right side). The -1arge scale- pat,tern of 
dissolveci silicate is satisfyilig and t lie overestiniation of silicatc concentration in the 
southrmmost Atlantic is a coinparably small misfit,. All together. the large scale 
features of physical properties and nutrients calculated with the adjoint niodel are 
vcry dose to obscrvations. Tlie -reasonable- current field togetlicr wit,h biogeochem- 
ical prorrsscs and gas exchange viele1 model distributions which do coincide with 
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data.  That means, it. is indeed possible to find parameters which are in agreement 
with gencral oceanograp1~ic knowledge (reproduction of known large-scale currents 
while keeping model gcostrophic shear dose to 'observed' geostropliic shear) .  At 
the same time. biogcocliemical parameters aro determined whirh reprocluce da ta  of 
dissolvecl n ~ ~ t r i o n t s  acniratoly. 

3.3 Model particle fluxes 

Integrated exports for tlic diffcrcnt cxperiments were calculated after terminatiori 
of the opt,imization. Table 3.2 suiumarizes global export procl~iction and estimates 
from otlicr authors. Generally, integrated exports are very similar for all experi- 
ments. That  means. assimilat,ion of sediment trap dat,a lias no recognizable effect 
on the total integral of global export production (experiments LAT and SLAT). As 
expected, also calcnlat , io~~ of sediment accumulat~ion does not alter the globally inte- 
grated fluxes of C& and Opal (all experiments compared to REF). The only system- 
atic change occurs for C a C 0 3  which indirates that inclusion of CaCOs accumulation 
in sediments might be important for global calcite budgets. Export 111-oduction rates 
are higher in all experiments witli sediment accumnlation rates. Compared to  liter- 
ature values. CaCOy export production is still much too low. But calcite formation, 
remineralization and acc~imulation are not well const.rained because only few data 
of alkalinity and COy exist. One shoulcl 11e cautious to interpret this trencl. By 
comparing model Co^ export production with literature values it seems t,hat model 
exports are far too high. Model cxport is a factor of about '2.5 to 3 higher than 
proposed by Eppley arid Peterson (1979). Eppley and Peterson (1979) excluded 
polar regions from tlieir calculation and their export was based 011 comparably low 
primary procluction. It was already ment,ioiiecl that estimates of primary production 
have increased also ahout a factor two in recent st~idies.  Even using Eppley and Pe- 
terson's (1979) relations would give higher C,,,.g exports using re-cstimated priinary 
procluction. The model C m  fluxos are thus tenclentiously in agreement with current 
lmovledge. Total modcl C .  export arnount,s to about 10 GtC/y  wllicll is well in 
the range as given by otlier global modpls (Â¥i.SGtC/ - l^GtC/g.  c.f. Tab. 1.1 in 
Section 1 .2 ) .  
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1 Literature 1 Model export production 
1 I'p 1 EP 1 REF HANT LAT SLAT SLANT 

Table 3.2: Global literature estimates of primary and export production and 
globally integrated model export production a t  133m depth from all experiments. 
Lnits  in [7̂ ]̂ for C o ?  and CaC03 and [F] for Opal, respectively. 

Y 
1) (Berger et al., 1987): P P  1550 - 2590. EP 20% of P P  at 100m depth 
2) (Eppley and Peterson. 1979): P P  1670 - 3750. EP 280 - 390 
3) (Antoine and Morel, 1996): P P  3040 - 3800 
4) (Nelson et al., 1995): P P  200 - 280, EP at 2001n depth 
5) (Milliman, 1993): PP 530 

Global 

Corg 
CaCOt 
Opal 

Model Opal export production is about 60% to 100% of global Opal production 
(surface) and higher than export production at 200m as proposed by Trkguer et al. 
(1995). Model export is calculated at  133m depth and its total amount is between 
Trkguers (1995) primary and export production but closcr to primary production. 
Model Opal fluxes follow ex l / ' z  and so the main remineralization takes place in the  
upper model layers. The flux a t  200m is thus smaller t,han at  133m but it is still 
higher than Trkguer et al.'s (1995) value. 
In the following, the spatial distribution of export production and remineralization is 
discusscd. Model Parameters were optimized as perccntage of primary production as 
given by Berger et  al. (1987) (c.f. Section 2.7). Figure 3.9 shoxvs prin~ary production 
in the Atlantic to give an impression of the distribution of high/loxv productive 
areas. Highest primary production takes place along t,he eastern boundaries of the  
oceans and in a zonal band around Antarctica. Strong gradients separate these 
high production regions from the oceanic 'deserts' within the subtropical gyres. As 
stated in Section 1.1. mean. high productivity can only t.ake place where advective 
processes transport dissolved nutrients into the surface layer. The annual mean 
vertical ~elocit~ies in the upper ocean (c.f. Fig. 3.3 (a.13)) from the adjoint model 
show a similar pattern as primary production from Fig. 3.9. In the following, 
opti~nized export production and remineralization rates from experiment REF are 
given for C o ,  Cu,C03! and Opal. In the literature, the  (variable) 'f-ratio' is often 
used to calculate export production from priinary production. Export production of 
organic carbon is expected to be related to primary production in a predictable way 
SO patterns of export should be similar to primary production. The shells of phyt,o- 
and zoo-plankt,on built from CaC03 and Opal are not related to primary production 
in a chemical sense because primary production is calculated from chlorophyll which 
is part of organic carbon only. CaC03 and Opal production (and so export) patterns 
may be very different from observed chlorophyll distributions. 

I I 

1 5 0 0 ^ - 3 8 0 0 ~ ) ~ ~ )  
530"' 
200-280~) 

280-390') 
- 

100-140~) 

840.3 833.6 843.0 838.0 838.6 
99.8 103.3 103.1 101.2 101.0 
206.2 209.3 206.5 203.8 203.9 
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Primary production [mol C/m2/yr] 

Figure 3.9: Primary production according to Berger et al. (1987) 

The export production shown in Fig. 3.10(a) shows strong resemblance to primary 
production. The subtropical gyres appear as 'marine deserts' with very low export 
production rates. High export fluxes are found at  the east,ern boundaries and near 
the Antarctic Polar Frontal Zone (PFZ). The high productivity upwelling region off 
the west coast of Africa produces the phosphate maximum and oxygen minimum in 
the underlying water masses (c.f. Fig. 3.6 and Fig. 3.7) because large amounts of 
sinking detritus are remineralized. 
The parameter Ã determines the 'steepness' of particle remineralization, i.e. the 
depth where remineralization takes place. S was set to one a t  the beginning of 
the optimization procedure as proposed by Suess (1980). In large areas (15@S t,o 
50"s  and north-east of a section from north-west Africa to Canada) parameter S 
remains one or becomes even smaller in agreement with independent estimates (c.f. 
Section 1.1). But in distinct regions. parameter Ã becomes much larger than 1. 
almost reaching 2. That means that model particle remineralization is inuch faster 
than indicated by, for instance, sediment trap measurements. Few models regard 
the possibility that particle fluxes might decrease so fast with depth. Recent stud- 
ies also indicate that a very fast remineralization can take place in high produc- 
tive areas where opport,unistic zoo-plankton feeds on sinking detritus in mid-watjer 
depths (Bishop, pers. comm.). The variation of parameter ,0 seems to divide the At- 
lantic ocean into different areas which coincide partly with oceanograpl~ic/ecological 
provinces. Remineralization is fast where sea surface t,emperatvires are comparably 
high (between 15@S and lS0N) and/or in areas with intense upwelling along the 
eastern boundaries and south of the Polar Front (c.f. Fig. 3.3). 



Corg export production [rnol/rn2/yr] ÃŸ-Cor 

(a) (11) 

Figure 3.10: C'org export production (a)  and remineralization scale length 3 (b) 

CaC0, export production [mol/m2/yr] 

Figure 3.11: CaC'03 export production (a) and remineralization scalc lengtli 3 (b) 

Export productioii of C a W 3  generally coincides with organic carbon export. High 
cxports are found in upwelling regions and near the PFZ. The remineralization scale 
lengtli for CaCOy is von- different froni remineralization of organic carbon. In a 
bow from North- to Sout,l~ Africa. parameter 3 ceases to almost Zero resulting in 
liighpr deep sea fluxes in tlie castern part of the Atlantic. Tha t  means that almost 
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all particles reach the very deep ocean (this east-west differencc is also reflected in 
a strong gradient in CaC03 accumulation rates. see Section 5) 

Opal export production [mol/m2/yr] 

a )  (h)  

Figure 3.12: Opal export production (a)  and remineralization scale length 3 (b) 

Figure 3.12 shows model Opal export production and remineralization scale lengths. 
Two vei-y different regimes of Opal flux arc found in the Atlantic. North of approx. 
40Â°S Opal export is relatively low and coupled to export of organic carbon, i.e. 
export production is enhanced along the eastern boundaries ancl between Green- 
land and Scotlancl. Remineralization is moderate. Opal fluxes decrease slower than 
organic carbon (,Ã <  ̂ 1) .  This is in agreement with observations in sediment traps 
and surface sediments (see. for instance Deliaster (1991). Ragueneau et al.(1997)). 
I t  is generativ found that  particles bccomc enriched in Opal relative t.o organic car- 
bon during sinking and early diagenesis at  the sea floor because of preferred CoTg 
clegradation. 
South of ca. 40'5'. Opal exports drast,ically increase and Opal remineralization is 
very fast south of ca. 55'5'. The exceptionally high Opal exports and the dramatic 
change in remineralization ratcs in t,he Sonth Atlantic is discussed in greater detail 
in Section 6. 

Table 3.3 summarizes export procluction rates from experiment REF for tlie At1ant.i~ 
averaged over latitudinal bands. 



3.3 Model particle fluxes 5 1 

I 

Total Area [1012m2] 1 5.56 15.2 18.0 20.1 24.1 5.31 

Table 3.3: XIean export fluxes for latitudinal bands in the Atlantic (global model 
grid from 70Â°1T to 30'0) from experiment REF. 
1) PP: Primary production after Berger et al.(1987) 
2) EP: Export production calculated from P P  using Eppley and Peterson's (1979) relation 
3) Weiglit ratios are calculated from molar ratios using 1 mol g12 g and 1 mol 
cacos g100 g 

Litcrature 

PI' C 0 r g [ ~ ] "  
EP C o r o [ p ] 2 )  
Model export, 

Model export production is higher for all bands in Table 3.3 compared to exports 
from Eppley and Peterson (1979). High exports are thus not. due to a local effect but. 
the model produces overall higher part,icle fluxes (compared to Eppley and Peterson 
(1979)) to obtain satisfying nutrient distributions. Export production of organic 
carbon is highest between the equator and 30'5' where Eppley and Peterson's ex- 
ports are l o ~ .  This discrepancy is mainly due to the very high model exports in the 
Namibia upwelling system. 
North and south of t.llese latitudes, C m  exports decrease about 213 of maximum 
productivities a t  high latitudes. 

4.19 4.22 9.22 4.77 5.62 6.18 
0.59 0.62 1.97 0.82 1.07 1.27 

C a C O y  exports are symmetrically around t,he equator with lowest specific export 
rates at  low latitudes. C a C O s / C m  rat,ios tend to be higher in the North Atlantic 
which is in agreement with the general finding that the Atlantic, in particular the 
northern part. is a ~arbonat~e-dominated system. It should again be pointed out 
that  resu1t.s for C a C 0 3  are not to be overrated (with respect to distribution and 
magnitucle) because of weak constraints. 

Opal export production is generally higher in high latitudes with a strong trend of 
highest exports in the Southern Ocean. This finding is in agreement with distribu- 
tions of dissolved silica which also show a strong north-south gradient (c.f. Fig. 3.8). 
Treguer and van Bennekom (1991) report. a niean production weight ratio Opal/CoFg 
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of 0.3 in living phytoplankton which is lower than the global ratio derived with the 
adjoint model (X 0.5). As already mentioned above. many studies report an enrich- 
ment of Opal relative to organic carbon in sinking particles due to faster degradation 
of C o .  Since model cxport is t,he flux a t  133m depth for the whole modcl dornain. 
model results do not, contradict common biological knowledge. 
However, as can be seen in Table 3.3, OpaL/Cw-ratios are highly variable. The 
high regional variability with liigh values in the Southern Ocean is in agreement 
wit,h recent findings (Nelson et al. (1995); Ragueneau et  al. (1997)). 



4 Particle fluxes in the water column: Sediment 
traps 

In this scction, particle fluxes n~easurecl in sediment traps are compared to model 
results. The assiinilation of sedinlent trap data and sensitivity of the n~oclel ~vit l l  
respect to these data is also discussed. 
Sediment traps aro used to measura lithogenic and biogenic particle fluxes i n  t,he 
ocean. Sediment trap measiirements arc thc only \vay to directly record seasonality 
and interaunual variability of particle fluxes in t,he deeper water column. Moorings 
are deployed for varying time prriods to catch sinking particles. Ideally, at  least two 
traps are positionecl such that none of the traps is located within the mixed surface 
layer nor in the neplieloid layer near t,he seafloor. L'sually the traps are moored for 
at  least one ypar to measure the seasonal cyclc of particle fluxes. Each trap contains 
several sample cups which are changed automatically under the sampling device. 
Time serics with different resolution are obtained clepending 011 the total sampling 
period. 
Sediment t rap  measurcments viele1 intcresting information about total mass flux, 
composition of particulate matter, and changes of particle composition with dept,h. 
Many different methods have beeil testecl to link sediment t,rap fluxes not only to 
export fluxcs but also to primary production. This is crucial because es t i~nates  of 
primary production are updat,ed frequent.ly. Further. it turned out, that ~ p o r t  ra- 
tio (thc f-ratio) and cleep sea fluxes strongly deperid on the particular environment. 
Seasonality (ÃŸerge and Wefer (1990). Bacon et al. (198.5). Deuser et al. (1981). Fis- 
cher (1988)). particle sizc. and zooplankton grazing (Wassmann (1993); Wassmann 
and Slagst,ad (1993); Wals11 et al. (1988)) seem to be important factors controlling 
tlie 'f-ratio'. sinking. and conscrvat,ion of particles. 
An intercomparison of sediment t rap  data from different environments was given 
by Lampitt ancl Antia (1996). Despite of the conclusion that flux properties are 
higlily variable they apply the flux equation of Martin et al. (1987) (.J oc z 0 . 8 5 8  
to 'normalize' mcasurecl fluxes to 2000m clept,l~. After all they conclude t,hat a link 
between fluxes to 20001n deptli ancl primary production can be drawn. Looking a t  
the raw clata and original publications this conclusion seems to be obsolete. L'sually 
authors calculate the degradation (the exponcnt of z )  from the differentes between 
upper ancl lower traps and a wide variety of parameter values for 3 is obtained. The 
results from adjoint modeling in Section 3 also indicatecl that a ~inique value (as in 
Martin et al. 's (1987) equation) probably does not exist for the the whole ocean. 
Sediment trap data  have relatively high errors ancl it is still questionable whether 
traps sample vcrtical part ide fluxes quantitatively (c.f. tlie discussion in Section 4.1 
and. e.g. Deuser at  al. (1981). Baker (1988). ÃŸuessele (1991). Gust et al. (1994), 
Murnane et al. (1996). Valdes et al. (1998)). 'Xormalization' of sediment t rap  data  
is an elaborate problern and absolute values of vertical fluxes are difficult to inter- 
prete. Xevertheless, scdiment t rap  clata are inclucled as direct flux measurements 
in the moclcl calculations. The assimilation of sediment t,rap data in t,he nlodel cal- 
culations can givc indications whcther non-normalizecl particle fluxes ~neasured in 
sediment traps are consistent witli general oceanography and budgets of dissolved 
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nutrients. 
Another probleni is that  sediment trap clat,a are point clata and is it not clear whether 
they are representative for a larger area. Sediment traps are often deployecl a t  ver? 
special locations where eithcr exceptionally high fluxcs and/or high scasonality is 
expect,ed. Depencling on model resolution, for many sediment trap locat,ions the 
model grid might be too coarse. If sediment trap data agree with clat,a of dissolved 
nutr ient ,~  at  a certain gicl cell trap data will be reproduced easily. If. 011 the other 
hand, sediment. trap data  cannot be reproduced this can have several reasons: 

The grid is too coarse a t  that  locat,ion (averaging over an area with strong 
graclients). respect,ively t,he sediment trap data are not represcntative for a 
larger area. 

0 Sediment fluxes were not collectecl quantitatively. It has been found in many 
studies that  undcr- and oversampling of particles in sediment traps occurs (see 
also disnission below) , 

The model produces unrealistic particle fluxes (e.g. due to an  unroalistic up- 
welling). This might happen in areas wit.11 very strong hyclrographic gradients. 

Sediment t rap  data  uscd for comparisons in this work, assimilat,ion of dat,a into t,he 
model, and experiment,s performed are describecl in the next sections. 



4.1 Data 53 

4.1 Data 

Within German Joint Research Project 261 (SFB261) sediment traps have been 
deployed in the Sout,h At,lantic since 1983. Fig. 4.1 shows the schedule for traps of 
SFB261. At some positions, traps were replaced several times for long-term studies 
but others were deployed for short-term observations only. Names of the sediment 
txaps indicatc t,rap positions. For inst,ance. 'KG' stands for King George Island. 
Numbers indicate sampling period. i.e. numbers ; 1 are given for follow ups 

Figure 4.1: Schedule of sediment trap moorings deployed by SFB261 

Mooring positions are shown in figure 4.2. Here, additionally the positions of the 
"JGOFS Kort11 At,lantic Bloom Experiment" (NABE) and "Berniuda AtJantic Time 
Series" (BATS) are given. For these traps, the raw da ta  are available (NABE: 
(Honjo and Manganini, 1993)) data: (NABE, 1998); BATS: (Deuser et  a l .  1981), 
data: (BATS, 1998)) and were assimilated toget.hcr with data  from SFB261 into an 
Ocean Data  View collection (ODV: (Schlitzer, 1999)) for further processing. The 
data f r o ~ n  SFB261 data  were supplied by Dr.  G.  Fischer (Lniversity Bremen) and 
are ~nost ly  published (Fischer (1988, 1996, 1998); Fischer and Wefer (1996, 1998); 
Fischer et al. (1996)). 
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Figure 4.2: Sediment trap mooring positions in the Atlantic 

Fig. 4.3 shows all flux data versus depth 

Corg [mg/mA2;d] Opal [mg/mWd] CaC03 [mgftir2/dl 

Figure 4.3: Fluxes of Cov. Opal and CaCOs vs. depth 

Generally, Corg and Opal show fluxes decreasing with depth but the depth depen- 
dence of Ca,COs fluxes appears rather unsyst,e~natic. Looking at the individual trap 
measurements reveals that fluxes of CaCOy and Opa,l are offen higher in deep traps. 
Lithogenic fluxes (not, shown) show similar results indicating that either the upper 
traps do not catch effectively or lateral inputs are included in deep t,raps. Still, 
sediment traps bear interesting information about particle distribution in water col- 
umn, particle composition and seasonality of particle fluxes. In Fig. 4.4, flux da ta  
are displayed over "day of year". Date of a flux measurement is the start time of 
a sampling interval. Fig. 4.4(a) shows the time series of all sediment trap data  in 
low and mid latitudes (50Â° - 50'5'). Particle fluxes are present throughout the 
year. The sediment traps south of 50'5' (c.f. Fig. 4.4(b)) show a very strong signal 
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in austral summer (December and Januarv) with almost vanishing fiuxcs otheru-ise. 
The extremely high part ide fluxes occur in a short period whcn sea ice is absent. 
Becaiw of the different sampling periods of the sediment traps, all raw c1at.a were 
inspectcd carefully. Sampling intervals vary generally from 10 to 30 days but some- 
times only one bottie was recoverecl giving the integral of a long time (niax. 304 
C ays) . 

(a) oOoN - 5OoS 

Figure 4.4: Particle fluxes over time 

For thc comparison with model particle fluxes (representing long-term mean fluxes). 
mes.Ti a i i ~ ~ a l .  flnxes were calc.ulatoc1 from the raw data of Corv Opal and CaCOy,. 
Table 4.1  suinmarizes ail averagecl sediment trap clata. For 1noori;lgs U.at were 
deployed for a wllole ycar, annual mean fluxes are deterniined directly by integratiiig 
measured fluxos. Gther moorings with short or i r ~ g u l a r  sampling v:e; .: traated 
specially:: 

KX1  t rap  was moorecl directly off Kap Norvegia. Antarctica. Data v,ere col- 
lectecl in a period of 53 days only. Sea ice is present most of the year and 
t,hus the flux collected within 53 days of ice-free sea surface was taken as the 
integrated annual flux. 

EA8 ( E ~ s t e i n  Equatonal Atlantic) was dcplo~ecl foi 296 days Since the sea- 
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sonality is very lcw a t  the equator the flux was multiplied by 3651296 

e CV1 (181 days) and CT\"2 (498 days) (Cape Verde Islands) were cleployed in a 
series. Intcgratcd fiux (679 days) was multiplied by 36.51679. 

e CB2 (374 days) and CI33 (379 days) (Cape Blanc) wre also cleployed in a 
serics. Intcgratcd finx (718 days) wa.s multiplied by 3651718. 

B 0 1  (Bonvet lsland) was deployec! for 460 clays betvi,een December 1990 ancl 
April 1992. This t.rap shows high seasonality with high particle fluxes frcm 
Jannary to t.he cnd of March and low fluxes otlicrwise. Thc interannual vai-i- 
ation was relativcly high and two high-productive sequcnces were col'ered by 
that  time scries. The chta vere averaged (multiplied by 3651460) in order t,o 
get a better estiinato fo" annual fiuxes. 

WS1 (Weddell Sca) s h o m  a scasonal signal witli high part,ide fluxes in Febru- 
ary. Thc niean particlc flux was taken from Fischer (1988). 

BATS traps were doployed for u p  to two years. Here. seasonality was very 
low. Data  (BATS. 1998) werc averagecl over the whole periocl. 

NABE traps shoiv a scasonai sigial rnean \alues weie taken fiom HonJo and 
Mangamm (1993) 

Close insppction of part ide fluxes in Tahle 4.1 reveals tliat the data do not represent 
vertical dccreasing partic'le fluxes in all ca-ses. For instance. trap EA8 shows higher 
fluxes in the micldle trap at  1833x1 clepth than in the shallow t rap  at 598m for all 
components. This inight be due to under t~tpping of the  shallow trap 01- by lat,eral 
input into the iriiddle trap. Fliixes increasinq with clepth are also fouud for other 
moorings: GBX3 (CaCO-i,). GEN6 (CnCOg, Opal) .and WA4 ( C a C m .  Trap data 
for tlie assiinilatiori irito t h p  model wer? selected in cooperation ivit,h G.Fischer vi'ho 
deployed and recovercd th r  traos anc! also performed most of the meas~~rements  of 
C o .  C a C 0 3 ;  and Opal. Clioiccs w r c  made clepp~ident 011 reliability of data and/or 
trap position (possibility of lateral iiipurs). 
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Trap LAT LOK Depth Days Notes Coig CaCO3 Opal 

- 

Table 4.1: Annual particle fluxes of Corn, &COy, and Opal (explanations concerning 
averaging procedure see above). Fluxes assimilated in the inodel aro marked "+", 
rejected values are indicated by "-". 
1 Alternative to t rap  WR21. 2 CaCOa increases with depth.  upper trap probable undcrirapping. 3 Alternative to  

t rap  WR21. da ta  for Gq only, 4 C d 0 3  and Opal increase \vith depth. iipper trap probably underlrapping, 5 

c.f. E.48~.  EA8m most reliable (pers. cornm. Dr. G. Fischer). 6 A l l e r n a t i , ~  to GBZ5. 7 Alternative to GBN3u, 8 

Vertical model resolution. 
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Sediment t.rap data ~narkcd '+' in Table 4.1 were assimilated int,o the model. Dif-. 
ferent experiments v:ere carried out to t ~ s t  whether sediment trap data  and budgets 
of dissolved nutrients are conflictinp; or yield the sa.me informat,ion a1~1u.t particle 
fluxes. Sediment t,rap data  are iilcludcd as soft constraints (c.f. Section 2) .  
In t,his section, five inodcl solutions arn coi~.lpared with respect to t,he t rap  constraint 
(REF, HAKT, LAT, SLAT, ancl SLANT c.f. Tab. 2.5). 

e REF, HANT: 
In experiments REF and HAKT. no ~ediment  trap clata were assirnilated. 
Fluxes are exclusively detern~ined by budgets of dissolved nat~.ionts and srnooth  
ness constraints. Thc differente lxtween t,hese experimcnt.~ is that  scdirmin 
accnmulation rates calculated in HAKT. This is discussed in Section 5. 

Â LAT: 
Experiment LAT was forced to accui-ately reproduce assimila-ted sediment t,rap 
data  by sett,ing very high weight factors in the costfunction. All other weight 
factors were kept as in experiment HAXT. This led to 'singularities' in the 
parameter fields (sec below). Initial parameter fields wer? the Same as in 
experiment HAKT.  

e SLAT: 
Experiment SLAT is a subsequent run of experiment LAT. Weight factors 
for sediment t rap  data were clccr~ased. Weight factors for the smoothness 
constraints of export. production and remineralization were increased. 

Ã SLANT: 
Experiment SLANT is a subsequmt ru.n of experi~nent SLAT. Weight. fact,ors 
for sediment t rap  da.t,a were reduced by 23 orders of magnitude. i.e. the model 
was effectively not. lcnger forced to reproduce the data.  

Experiments REF, HAKT,  LA-, and SLAT were run for a,bout 70;000 Iteration;:. 
each. Experiment SLAXT is a 'relaxation' from experiment SLAT 2nd vi-as run for 
10.000 iterations only. 

The model fluxes and secliment trap data are compared for four posit,ions in the 
South k l a n t i c  to illustrate the different model solutions. WAS is a sediment t m p  in 
the western Atlantic near t,he equator. WR3 (Walvis Ridge) is 1ocat.ed in an  eastern 
Atlantic upwelling region, B0 (Bouvet Island) is moored in the  west,ern Weddell 
Sea, and WS1 (Weddell Sea) lies in the cent,ral western Weddell Gyre (c.f. Fig.4.2). 



Model Corg Flux [inol/m2/y] 

(a) WAS: West Atlantic 

Model Corg Flux [mol/rn2/y] 

(b) K R :  Walvis Ridge 

Model Corg Flux [mol/rn2/y] 

(C) WS1 Weddcll Sca (Vi'est) 

Model Corg Flux [mol/m2/yI 

(d) BO: Bouvct Island 

Figure 4.5: Corn model fluxes from experiment HAXT (black) ancl LAT (grey). 
Sediment t rap  data  are displayed as filled 111arIi~. 

Fig. 4.5 sho~vs model Cera fluxes at  the four trap locations in the Â§out1 Atlantic 
for experiments HANT fblack line) and LAT (gray line). Fluxes from H A S T  and 
LAT I V C ~ P  chosen because these fluxes exliibit largest resp. sinallest deviations from 
sediment t rap  data.  Sediment trap data are clisplayed as  filled n~arks .  Model fluxes 
start at  133m water depth. where export production i s  defined. Belcw this 'model 
cuphotic zone', fluxes follow equations J(z) a l/(zJ), wliere /l clescribes the 'steep- 
ness' of partiell;' flux decrease with riepth (c.f. Section 2 .7 ) .  
In all examples given in Fig. 4.5, fluxes froin expcrimcnt IHANT are higher than 
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fluxes from experiment LAT and sediment trap clata. Export product,ion in expe- 
riment HAXT is 1111 to a factor of about 9 highcr ( trap WAS. Fig. 4.5 ( a ) )  than 
in experiment LAT. Duc to liigher export production and sonietimes also deeper 
remineralizatiou. flnxes reacliing the cleep ocean are higher in experiment HANT. 
The 'biologiral pump' is inore effective in experimciit HANT. at  least at  tlw cxample 
positions givoii her?. But tlie black lines do not lie near the sediment trap d a t a  and 
are thus not in aggreement with clirect flux mcasurements. 
Particlr fluxc's from experiment LAT (grey liiies) almost exactly match t,he sedi- 
ment trap data .  Moclpl fluxes of experiment LAT could be considered to be a very 
good rcpresent~tion of sediment trap data. Inspection of the niodel fielcls (export 
productiun and remiileralization scale lengtli 3) sliows that in tliis solution, tlle bio- 
geoche~iiiral parameters were clianged at thc locations of sediment traps only. The 
local clianges are comparably large. This is illiistrated by plotting the differente of 
the param(>ter fk'lds between experimpnt HAXT ancl LAT in the Soutli Atlantic. 
Figs. -1.6 and 4.7 show tlle differcuce of export production rates ancl remineraliza- 
tion scale lengtli bctween experiment H A I T  ancl LAT for organic carbon. T h e  t rap  
positions from the examples given in Fig. -4.5 are ck'arly seen. Differences between 
model solutions HANT and LAT occiir exactly a,t thc trap positions, the neighbour- 
hood reiriains relativcly miaffrcted. Thc discontinuit,ies occur in experinicnt LAT. 
wl i e r~as  experimeiit HALT exliibits srnootll dist,ributions of export production ancl 
remiiic~ralizatioii scale l~ i ig th  romparablc to tlle reference experiment REF describecl 
in Sectioii 3.3. 
Tliis is prohal~ly d11e to  t-lle very high weight factors for the 'trap constraint' in t,he 
costfunction wliile lwcping all other weight factors const,ant. Obviously, all other 
constraints. lilie deviations to data of dissolved nutrients and smoothnpss. 'lost' 
against the sedin~ent trap ronstraini: Tlie sediment trap data are reprocluced accu- 
rately but tlle paranieter fields seeni to be unrealistic. Due to the discontinuities in 
the parameter fields. LAT is not consiclercd a satisfying solution. 

Figure 4.6: Differenres of export production rates betweeii experimcnts HAXT and 
L AT. 
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Figure 4.7: Diff'erences of remineralization scale Ienghts bctwecn experiments HAST 
and LAT. 

SLAT. a subsequent niodel run was performed to 'smoothen out' t l ~  parameter 
fields. Weight, factors of smoothness const.raints for cxport production and reminer- 
alizat'iou wcre increased to avoid abrupt changes as occurred in experiment LAT. 
whereas weiglit factors for sediment trap data were reduccd. Thc discontinuities are 
not secn in the  resulting parameter fields. Resulting part.ic.1~ fluxes for the examples 
above are between fluxes of experiments HAKT and LAT. 1.e.. cornpared with ex- 
periment LAT, export production iricreases and part ide fluxes reac11 deeper layers 
of the ocean. Sediment t rap  dat,a are not as well rcproduced as in experi~ilent LAT. 

4.2.2 Model fluxes vs. sediment trap data 

Model fluxes of C u .  Ca,CO^, and Opal are comparecl with sedinient trap dat,a. 
The model fluxes are shown for 110th extreme experiments H A S T  and LAT for 
~ h i c h  examples were given abovc. Figs. 4.8 to 4.9 show calculated model fluxes 
vs. sedinient t rap  data  for Corg-. C a  , ancl Opal. Shallow (Oin-2000m) and deep 
(>2000m) traps are displayed separately. Sediment t rap  data  (X-axis) and corre- 
sponding model fluxes (Y-axis) for the shallow traps are given on tlie left sides in the 
figurcs (a)  each, a-nd for t.be cleep traps 011 the right side (13). respectively. Generally, 
the differentes b~iXee11 fluxes constrained to reproduce sediment t rap  data (crosses) 
and unconstrained (circles) snodc'l fluxes are relatively sniall a t  tlie positions of t,he 
d e e ~  traps (b). This is unclerstandable by looking again at  tlie examples given in 
tlie last section and recalling the definition of particle flux equations. A power law 
reduces particle fluxes niostly in shallow waters. A slight, change in export produc- 
tion and/or particle remineralization has largest effects near the surface whereas 
dcep part ide fluxes are only slightiy changed. To change a +mall- deep particle 
flux requires !arge changes in the paxameters for export and remineralization, re- 
spectively. In the shallow traps ((a)  in Figs. 4.8 to 4.10), moclel particle fluxes for 
the unconstrained snodel (circles) are systematically higher tlian measurements. In 
mest cases. deviations are reduced t,o almost Zero applyinp. the t rap  constraint with 
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high weight factors (LAT, crosses). 
The particle fluxes derived in experiments REF. SLAT, and SLANT are not shown 
in det,ail. Particle fluxes from these experiments generally are between fluxes frorn 
experiment HANT and L,AT 

Corg Flux Data [mol/m2y] 

(a) Shallow traps (Om-2000m) 

Corg Flux Data [mo l /m~]  

(11) Deep tmps (>2000m) 

Figure 4.8: Cera model fluxes vs. sediment trap data  for the ~nconst~rained m o d d  
HANT (circles) and t,he model constrained with sediment t.rap data LAT (crosses). 
Solid line: 1:l relation 

CaC03 Flux Data [mol/m2y] CaC03 Flux Data [mol/m2y] 

(a) Shallow traps (Om-2000m) (11) Deep traps (>2000m) 

Figure 4.9: Co.C03 model fluxes vs. sediment t rap  data  for the unconstrained ~node l  
HANT (circles) and the model constrained with sediment trap data LAT (crosses). 
Solid line: 1:1 relation 
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(2) Shallov: traps (0111-2000111) 

Opal Flux Data [mof/m2y] 

(11) Deep traps (>2000m) 

Figur? 4.10: Opal modcl fluxes vs. sediment trap clata for the unconstrained model 
HALT (circlcs) and the model const,rained with sediment trap data LAT (crosses). 
Solid line: 1 :1 relation 

^F iable -1.2 summarizos nvan  dcviations of model fluxes to sed-iment trap da ta  for all 
expcriments. 

. - 

REF 
-- - -. 

HAKT LAT SLAT SLANT 
-- . -. 

sha.110~ 0.082 0.125 0.016 0.036 0.042 
cleep -0.065 -0.031 -0.047 -0.014 -0.012 
shallow 0.387 0.376 0.016 0.022 0.329 
dcep 0.099 0.1.56 0.109 0.106 0.108 
shallow 0.037 0.078 0.024 0.025 0.035 
d e e ~  -.0.042 0.011 0.001 0.003 0.003 

Table 4.2: Mean cleviations of model results compared with sediment t rap  data 
( ~ [ . J m o d r i  - Acta]) from ali experiments. Shallox~: traps in Om - 2000n1 water depth.  
Deep: traps bclow 2000m, 

Generally. niodcl fluxes at  thc siiallow trap posit,ions are higher than founcl in secli- 
ment traps. Mean dcviations are positive for all co~nponents (Cgrg, C u C 0 3 .  Opal) in 
all experin~cnts. 1.e.. particle fiu.xes were calculated to be higher than measurernents 
in all experiments. 
Maximum deviations for the sha.ilow traps are found in the unconstrained experi- 
ment HAXT. The morlel ca ic~~la t ions  witli very high weight factors (LAT) drastically 
reduce the devia.tions in the shallow traps (about one order of magnitude for Corg 
and Opal and to 113 for C a C 0 3 ) .  This was alreacly shown with the exarnple fluxes 
in the south Atlantic in the last section where model fluxes almost exactly passed 
tl1.c clata points (c.f. Fig 4.0) .  After thc part,icle flux parameters were 'snioothecl 
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out'  in experiment SLAT. mean deviations of model fluxes t,o flux data again in- 
crease. Furt,her wealiening of the trap constraint in experiment SLAST (effectively 
setting the wcight,s to zero) again yields increasing cleviations. After 10,000 iter- 
at,ions only. t11e mean deviation of Cgv and &CO3 is about 113 and 112 for the 
unconstraiiied moclel HANT. Mean deviations of Opal arc abont tlic Same as for 
experiment HAST.  
I t  can thus be statecl that  the acljoint rnoclel does not reproduce shallow sediment 
t rap  data without. massive forcing. Sl~allow sediment trap clat,a arc incompatible 
with part ide flnxes derived fror11 mitrient buclgets. 

At the positions of tlie deep sediment traps. C a C 0 3  and Opal fluxes are also higher 
than found in sediment traps in almost all model calculations. An cxception is the 
CaCOs flux in expcriment REF. Comparing &COs fluxes of cxperiment REF and 
H A S T  (bot11 inclepenclent of sediment trap data) again indicates that  the introduc- 
tion of sediment accumulation ratcs has altered CaCO-\ fluxes. It was alroady shown 
in Section 3 that all experiment,s wit,h sediment accumulation bear liiglier exports 
(ancl thus larger part,icle fluxos) for CaCO3. The result that fluxes at  t l ~ e  t r ap  po- 
sitions in experiment HANT arc higher than in experiment REF is t11iis consistent 
with earlier findings. 
However. the trend is thc Same as for t,he sl~allow traps: MCWI deviat,ions are largest 
in expcrimcnt H A S T  and lowest in cxperiment LAT. Reducing t11c wcight factors 
successively (SLAT and SLANT) again yiekis increasing cleviations. 
Organic carbon result,s are different. First,ly. thc dcep model fluxes are lower than 
measurements. This is either eine to too fast remineralization in t11e model exper- 
iments or because of lateral inputs into the cleep traps. Too low part,icle exports 
are an unliliely reason because the results fi-om the shallow t rap  positions indicate 
the opposite (where moclel fluxes arc higher than measurements). Surpi-isingly. the 
effect of unde~~.st,iinat,ion of measured particle fluxes only occurs for organic carbon. 

Alltogether it can be stat,ed that  at all sllallcw trap positions the mean model par- 
t i de  fluxes are higher than found in sediment traps, even if the model is forced t,o 
reprocluce the sediment t rap  rlata. This inzght be due to  an overestimation of parti- 
d e  fluxes in the model calcnlations. More likely is that  sediment traps do not catch 
sinking detritus quantitatively. especially in sllallow watcr. As pointed out in the 
cliscussion of the sediment t rap  data in Section 4.1. increasing fluxes (wit,l~ depth) 
are found in several rnoorings. 
I t  has been 1i110wn from many st,uclies that sediment trap efficiency is influenced by 
rnany processes. Gust et al. (1994) showed tliat different deployments of sediment 
traps (surface tothered and bottom moored) yield very different collection behavior. 
Even using the Same geometrical collection device the sampling efficieiicy (ratio of 
collected mat,erial tu 'true' rain rate) was influencecl differently by liydrodynamics 
ancl t,urbulences (Gust et al.. 1994). 
'Swimmers' can enter the traps to feed 011 the collect,ed material. Nekton entering 
the traps is commonly removed from t11e samples but this might cause biasing of 
clata. too. 
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Furt,her. t,he material collected remains in the sampling device for weeks to months  
and degradation occurs. Khripounoff and Crassous (1994) compared poisoned (us- 
ing HgCl2) with non-poisoned traps. Tliey found that poisoning leads to bet ter  
preservat,ion OS organic carbon in deep traps but increases the rate of calcit,e disso- 
lution. 
Determining trapping efficiencies was identified to be a major problem limiting the  
quantitative i~lterpretat~ion OS sediment trap data.  It has been s~lggest~ed tha t  ra- 
dionuclides can be used to calibrat,e sediment traps. The radionuclide most com- 
monly used is 230Th which is highly particle reactive and has a known production 
ra te  in water column (radioactive daughter of 23'iE). Sinking particles scavenge dis- 
solved 230Tl~  and total 230T/i, concentration becomes a function of water depth only 
(constant flux model, see Bacon et al. (1985)). Particulate 230T11. found in sedi- 
ment t,raps is usecl to normalize total part ide fluxes. Bacon et al. (1985) showed 
that  this niethod sliould only be used to normalize long-term moorings (at least one 
year) because in shorter periods. production and scavenging OS 230Th not ahvays is 
in exact balance. Further, they point out that  even the normalization of long-term 
n~oorings bears errors caused by advective processes. However, the normalization 
OS sediment trap chta  using radionuclides is widely used and is an improvement for 
t,he interpretation of sediment trap data.  
The adjoint method is a new. independent approach to get meso-scale estimates of 
particle fluxes. The results obtained in this work agree with earlier findings tha t  sed- 
iment traps tend to underestimate vert,ical particle fluxes. especially a t  shallon- water 
depths. Inverse n~odeling t,hus may help to understand conflicting interpretations of 
sediment t rap  dat,a and to further constrain sediment t rap  data normalization. 
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5 Accumulat ion of biogeneous part icles 

Deep sea sediment cores are the almost onLy source of information about marine 
environments in geological history. The understanding of t,he recording of upper 
ocean processes in deep sea sediments is a basic task of marine geology. As was al- 
ready point,ed out in preceding sections, signals of primary production are modified. 
in many ways. Particle fluxes to the sea floor are non-linearly linked to eit.her export, 
or pr in~ary  production. At t,he sediment,-water-interface. modificat,ion of signals con- 
tinues. Early diagenesis of surface sediments is influenced by the special conditions 
a t  a given location. For inst,ance, organic carbon accun~ulation depends on grain 
size, CaC03 accumulation 011 wat,er dept,l~. and Opal conservation 011 sedimentation 
rate, and more. This list is far from being complete and non-linear dependencies 
of preservation on sediment composition probably exist. Further. conservation geil- 
erally depends on physical propert,ies of bottom waters (current velocity, alkalinity, 
temperat,ure etc.) .  Geological interpretation of cores is challenging because one has 
to  consider all possible processes of signal modificat,ion. The 'natural way' to proceed. 
is to firstly study the surface sediments which represent the modern environment. 
Content,s of organic matter, calcite. opal. arid terrigeneous particles give a n  esti- 
mate of integrated signal transformation a t  a given location. Then, variations with 
depth (in a secliment core) are interpret,ecl as changes in surface production and/or 
deep water properties wit,h time and are connected with geological cycles (e.g. Mi- 
lankovitch cycles). Physical ancl chemical properties of the sediment, (e.g. stable 
isotopes and radionuclides, magnetic orientation and susceptibility) and biological 
indicators (microfossils) are usecl to dat,e horizons in a sediment core. From these 
horizons, the age of sediments is calculat,ed. A basic parameter is thus t,he sediment 
accumulation rate which maps thickness versus age. Without knowing the modern 
sedimentation rate (and thus. togetller with sediment, composition, accumulation 
rates of all components) a connection between ocean properties ancl geological sig- 
nal formation is probleniatic. Paleoreconstructions of marine environments can only 
be performed by understanding the 'signal coding' a t  the particular station. 

5.1 Sediment accumulation rate data 

Firstly. it should be pointed out that  cuirently no sediment accumulation ra te  data  
aie assimilated into the present model for seveial reasons: 

The database for secliment accumulation rates is rather sparse. Maps of sed.- 
iment accumulation are generally compiled from few accun~ulation ra te  data  
(moles or gram per Square meter and time). Thc maps of Lisit,zin (Lisit.zin. 
1996) and Archer (l996a. 199611) are based on dat,a of percentage sediment 
composition and different models are usecl to estimate flux rates from t-hese 
data .  

0 Accumulation rates for surface sediments are difficult to determine in vast 
regions of the ocean, especially wheie sediment accumulation is low. Many 



surface arcumiilat.ion rates represent niean values for the last 11000 to 12000 
years. This is cliie to the last glacial/interglacial transition often being tlie 
most recont dateable event in a sedinient core. 

e Reccntly. a discussion arose about the reliabilit,y of accumulation rates from 
indivicliial statioiis in areas witli poor sanipling coverage. Probably all dat,a 
liave to be correctecl for focusing ancl erosion. Sediment, redistribution seems 
to be conimon. even for deep sea sedinients. 

e Geological samples are usually from special locations which do not represent a 
mean accuniulation rate for an area of about 2 X 2.5 degrees which is required 
for direct assimilation into tlie moclel. 

No gcological data and no functional a priori knowledge is included in tlie model 
calcuiations. Instead. in this model. sediment accumulation rates are exclusively 
calculated based 011 nutrient buclgets. This approacli is ecluivalent to the budget 
calcu.iations to optimizc particlc fluxes in the water column already descril~ed ear- 
lier in this manuscript. The model optimizes the mean nutrient sink a t  tlie sea 
floor wliich is compatiblc to physical and biogeocliemical cycles determined by the 
otlier model paramcters und data  of dissolved nutrients in tlie bott,om box. The 
optimum moclel nutrient sink is an indirect rneasurc of tlie mean accumulation rate 
and is calculated indepcndently of geological data.  As pointecl out above, geological 
sediment accurnnlation rates are point data and usually show strong variations on 
small scales. Mean accumulat,ion rates calculated 011 a the global grid described 
in Section 2.3 may be very different from geological accumulation rate estimates. 
Accumulation rates from tlie adjoint model give addit,ional information about the 
variability of tlie m e m  accumiilation rates to be expected from mitrient budgets. 

5.2 Model sediment accumulation rates 

it  was already shown that the introduction of sediment accumulation rates did not 
ehan"; tlie results clrastically with respert to total costfunction. Global model-data 
misfits are witliin tlie sarne range for all experirnents (c.f. Fig. 3.1 in Section 3).  
Sediment accumulation rates snainly inflnence the concentrations in tlie bottoni layer 
~vliere nutrients can be renioved by tlie model. Table 5.1 sunimarizes clianges in the 
bottom layer for the properties wit,li liighest da ta  density in tlie niodel bottom layer. 
Comparing tlie mean concentrations of 02. POzi, and Si02 and the mean absolute 
deviation frorn experiment R,EF reveals tliat. even without sediment accumulation 
rates, tlie model reproduces t,he deep concentrations quite well. Deviations are of 
tlie order of a few percent of observecl values only. 
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Data 1 REF 1 H A S T  1 LAT 
Mean 1 Absolute 1 Absolute 1 Absolute 

Table 5 1 Clianges of model nutnent de\iations in the bottom lavei All xalues a ie  
averaged concentiations and absolute deviations wheie data aie a~ai lable  in model 
bottom boxes 

o h o l . / L ]  
PO~[p17zoL/l] 
Si02 [pnzol/L] 

Colunin 4 and 5 in Tab. 5.1 give mean, absolute deviations of experiment,~ HAKT 
and LAT. Introducing sediment accumulation rates only slightly changes the  devi- 
ations of model concentrations compared to data.  But for oxygen and phosphate. 
both experiment,s wit,h sediment accun~ulation rates show lower mean deviations to  
data .  This shows that  the optimization of sediment acc~~mulat ion rates has a posi- 
tive effect 011 nutrient budgets, i.e., the adjoint modcl does van- mean accuinulation 
rates to  inipi-ove bottom nutrient concentrations. Deviations of clissolved silica are 
larger in experiment HAST compared to experiment REF. This indicates t h a t  ini- 
tial values for sediment accumulat,ion rate parameters of Opal in experiment H A L T  
(25%) were mis-set. It was already noted in Section 3 that  sediment acc~imulation 
ra te  initial values for Opal in experiment H A S T  seemecl to be too high also for other 
reasons (experiment HAST reduced Parameter s drastically almost everywhere in 
the  model domain). The negative effect in bottom silica concentrations proves that  
indeed high Opal accumulation worsened the model sol~ition. Silica concentrations 
are closer to data  when lower Start values for Opal accumulation rates were used (4% 
in experiment LAT). This gives confidence that also for Opa,l. particlc accumulation 
can improve model distributions. The high accumulation rates from experin~ent 
HAKT thus give an upper limzt of Opal part,icle accumulation. 
All together it can be statecl that sediment accumulation rates determineci from 
nutrient budgets are weakly constrained because deep water nutricnt nieasurements 
represent only a small fraction of the whole nutrient dataset b ~ i t  an improvement of 
deep vrater nutrient concentrations (despite S i02  in expcrinient HAKT) indicates 
tha t  nutrient clistributions provide information about accumulat,ion of biogeneous 
sediments. Tlie accumulation rates determined by the adjoint model give indepen- 
clent estimat,es which are compared to literaturc ~'alues in tlie following. 

Concentration 

195 
2.18 
125.6 

deviation 

8.00 
0.080 
7.03 

deviation 

7.78 
0.078 
7.27 

deviation 

7.76 
0.077 

7.0 
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Global 

Table 5.2: Integrated burial (Acc) and preservation (accumulation relative to 
export production Acc/EP) of biogenic particles for the global model domain from 
experiments HANT and SLAST 
1) (Broecker and Pcng, 1993): C o ,  w 3 X 10~~rnol /y ,  Ca.COs Ã 14 X 10~~7n~ol /7~  
2) (Sundquist, 1985): Compilation of estimat,es of mean burial of organic carbon over 
different geological tiine scales. Total burial criticized by the author were excluded 
3) (Berger, 1989): see Figure 1.3 
4) (Lisitzin, 1985):Global: 3.7-5.53 Tm01 Si 
5) (Trkgeur et al., 1995), EP: 100 - 140, ACC: 5.3-8.9 
6) (Nelson ct al., 1995): Burial/(Export at 100m) w 3% 
7) (Lisitzin. 1996): Mean Holocene CaCOs 10.8 Tmol/y (incl. t,errigcneous). Opal 
2.STmol/y 
8) (Milliman, 1993): PP: 5.3 X 1 0 g t / ~ ,  ACC: 3.2 X 1ogt/y 

G7rg 
CaCOs  

O p d  

The global accumulat,ion of C m  from adjoint. modeling is a factor of about 1.5 higher 
than the relat,ively ncw est,in~ate froni Broecker and Peng (1993) for present day car- 
11011 cyc,ling. Sundquist (1985) suminarized estiinates from various authors varying 
by more t , l~an a factor of 100. These estimates were derived using different methods 
and give mean accumulation over different tiine scales. The t,otal accumulation of 
organic carbon derivecl with the adjoint model is well in the range of these esti- 
mates and comparably close t,o Broeckcr and Peng's (1993) most recent, estimate. 
The global mean relative accumulation rate (or preservation efficiency) of organic 
carbon is within the same range as proposed by Berger (1989) (see also Fig. 1.3). 
CaCO3 accumulation is much lower tlian independent estimates. The  adjoint model 
gives t,otal Ca,COy accumulat,ion of about 113 of the lovrest value of 10.8Tmol/y 
proposed by Lisitzin (1996). I t  was already pointed out in Section 3 that  CaCOs  
fluxes are probably generally underestimated. The 'too-low' accumulation is thus 
not surprising. Consistent with independent estimates, the preservation efficiency 
for CaCOs  is higher than the preservat>ion efficiencies of C .  and Opa,l but  abso- 
lute values are much lower than proposed by Milliman (1993). Due to the very 
different initial values for Opal accuinulat,ion. Opal fluxes to the sediment, range 
from 0.81 T m o l / y  (LAT) to  3.72 Tm,ol/y (HAXT) in the niodel calculations. I t  was 
stated above that  tahe accumulation from experiment HANT yields an  upper limit 
for Opal accuniulat,ion because higher accumulation conflicts with nutrient budgets. 
Hon-ever. this upper limit is lower than the estimates of Trkguer et al. (1995) but 

SLAST 
Ace Acc/EP 

mol C [Yj a [ A ]  
Acc 

[TEE'] V 
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4.33 0.52 
2.95 2.9 
0.81 0.4 



higher than the value from Lisitzin (1996). The preservation efficiency in experi- 
ment HANT is lower than estimates from Nelson et al. ( I  995) which is not only due 
to lower accumulation but also due to higher (than Nelson's (1995)) model export 
fluxes. The preferred (from nutrient budgets) lov; accumulation of O.ZlTv~ol/y is 
much lower than estimates from Trkguer ~t al. (1995) and Lisitzin (1996). The 
relative preservation efficicncy is also much lower (approx. 1/10 of the values 2s 
proposed by Nelson et  al. (1995) and TregÅ¸e et al. (1995)), 
Concluding, CaC03 fluxes are. in agreement vi'ith statements given earlier, systeni- 
atically t,oo low and global particie fluxes of C m  into the sedirnent derived with the 
adjoint model are consistent with estimat,es based 011 other methods. Model O N  
accumulat,ion and preservation is lower than independent estiinatcs but as s t a d  
earlier, silicat,e cycling is currently not wcll understood and process rates a rc  still 
controversial discussed. The estimates frorn adjoint modeliiig cail bc used t o  fur- 
ther const,rain global budgets. In the following. the spatial distributions of biogenic 
surface sediments is presented. 

5.3 Distribution of surface sedrrrtents in t,he Atiantir, 

Figs. 5.1 to 5.3 show the distributions of modeled particle fluxes reaching the bottom 
boxes (a) and sediment accumulation rates (11) from experiment, HANT. As ali-eady 
mentioned above, absolute values of accumulation rates f'or Opal are probably too 
high but the general pattern is t l ~ e  Same for both experiments RAN'I  a,nd SLANT. 
It should be noted tha t  the flux to the sea fioor in the model prcnonted herc is defined 
as the flux reaching the bottoin box. i h i s  flux is not i d ~ i l t i c ~ !  with tlie 'rain raie to 
the sea floor' as often used in litei-ature, Hos~ever~ for particie fiuxes described with 
functions oc l / z ;  this is a minor differente beca,use fiuxes do not dccrea-se rapidly a t  
these depths. 
Organic carbon fluxes to the sea floor occur in considerable amount only in high- 
productive regions (compare Fig. 5.1(a) to Fig. 3.10(a)) and/or a t  shallow water 
deptll as on the  Argentinian shelf and at  the Greenland-Scotland Ridge. Organic 
carbon accumulation occurs only where high fluxes to the sea floor are f o ~ i l d .  The 
patterns of accumulation. flux to the sea floor. and export procluction tahus seeni t>o 
depend on primary product,ion in a predictable way, Even if the reinineralization 
changes over larger scales (c.f. Fig. 3.10 (b) in Section 3.3); a t  least the global 
pattern of primary production is conserved in the scdizents.  



Corg flux to the sea fioor [mmol/m21yr] Corg accumulation rates [mmol/m2/yr] 

Figure 5.1: Corg flux to the sea floor (a)  and accumulation rates (b) from experiment 
HANT 

This is in agreemcnt with common geological kno~~ledge .  Palaeoproductivity often is 
calculated froni organic carbon accumulation in sediment cores. But -again referring 
to the  r~mineralization rates- no overall valid equation should be used to calculate 
palaeoprocluctivities bccause absolute values 111q differ considerably. 

CaC03 flux to the sea floor [mrnof/m?yr] CaC03 accumulation rates [rnrnol/m9yr] 

Figure 5.2: Cc1C03 flux to the sea floor (a)  arid accumulation rates (11) from exper- 
iment HAST 

CnC0-j fluxes to tlw bottoin (Fig. 5 2(a)) are also high wherc CaCO? export pro- 



duction is high (compare to Fig. 3.11 (a) ) .  The relation between export production 
and deep fluxes seems to be more complicated compared to organic carbon. In  a bow 
southern extending from north-west Africa t,owards south-west Africa, fluxes to the 
sea floor as well as sediment accumulat,ion rates are highest. This is niainly due  t,o 
the  weak reminerali~at~ion in water coliimn (c.f. Fig. 3.11(b)) and so the pat tern  in 
CaCOy accumulation does not simply mimic high export fluxes. In general, CaL'Oy, 
sediment accumulation prcferably occurs a t  low latitudes in the eastern part  of the 
Atlantic. This is in agreement with other models (see. e.g Archer (1996b), Lisitzin 
(1996)). Taking into account t,hat CaCOs fluxes are only weakly constraincd duc to 
the  sparse data  base of alkalinity and Y. CO-). this is a surprising result. However, 
sediment accumulat,ion rate distributions look very different from maps showing 
CaCOs content of ~ediment~s  (e.g. Archpr (1996a. 1996b), Lisitzin (1996)) a n d  one 
should bc very careful in con~paring bot11 kinds of information. This is particularly 
important for calcite becausc high CaCO'i, contents most often correlate with low 
flux rates (Lisitzin, 1996). 
Even if the total CaC03 accumulat,ion rat,es seem to be underestimated 
model (see above), the general pat,terns are acceptable. 

Opal flux to the sea floor [mrnol/m2/yr] Opal accumulation rates [mmol/mVyr] 

by the 

Figure 5.3: Opal flux to the sea floor (a) and accumulation rates (b) from experiment 
H A S T  

Sor th  of about 40'5' in the Atlantic. Opal fluxes to the sea floor and accumulation 
rates conserve the pat tern of export production (c.f. Fig. 3.12). High fluxes (both,  
into the  bottom box and into tlie sediment) are found along the eastern boundary 
of the Atlant,ic and a t  t,he Grecnland-Scotland Ridge. 
Soutli of 40'5'. flux patterns lxcome much more complicated. It was already shown 
in Section 3.3 that  in the area of thp Antarctic Circumpolar Current (ACC) Opal 
flux properties drastically cliange. Coniparing Figs. 3.12(a) and 5.3(a) reveals that  
the maximum flux to the sea floor is n,ot below maximum export but shifted north- 
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wards. Whereas maximum export production occurs around 60'5'. maximum flux 
to t,he sea floor is located around 50'5'. This is due to  t,he very strong change in 
remineralization rate ,3 a t  ca. 55'5' (c.f. Fig.3.12(b)). The accumulation of Opal 
is also not located where maximum flux to the sea floor occurs but is again shifted 
northwards. Maximu~n accumulation is located between 40Â° and 50'5'. The zonal 
pattern of Opal fluxes in t,he South Atlantic from export product.ion to  accumula- 
tion is shifted northwards about 1 5 O  of latitude. Such a decoupling is not found 
elsewhere and a closer view on the special silica System of this area is given in  the 
next section. 
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6 A special case: Opal fluxes in the Weddell Sea 

In Sections 3 and 5 i t  was already shown that  the Southern Ocean exhibits strong 
gradients not only dynamically (the Polar Frontal System) but also wit,h respect t.o 
silicate concentrations and Opal fluxes. The special environment of the Southern 
Ocean has attracted many scientists to investigate the biogeochemical System of 
tha t  area and is has been stated (e.g Ragueneau et  al. (1997)) that  the Southern 
Ocean is very important for global budgets of silica. 

The  Southern Ocean is a so-called high-nutrient-low-chlorophyll (HNLC) region. 
Surface nutrient concentrations are very high coinpared to the rest of the world 
ocean for all components nanlely phosphate. nitrate, and silicate (see, e.g. Fig. 
1.1).  But neither direct measurements nor satellite observations show high concen- 
trations of chlorophyll. For a long time only ininor photosynthetical activity was 
considered t.0 be present. Many different hypotheses were examined to explain the  
low product,ivity of the Southern Ocean such as phytoplankton growth limitation 
due to  iron limitation. However, the occurrence of deep (sub-surface) chlorophyll 
maxima led to a re-estimation of polar product.ivity giving the Southern Ocean a 
much larger iriiportance for global budgets (see. e g .  Berger a t  al. (1987)). In the  
Antarctic, primary production is strongly couplecl to Opal production because phy- 
toplankt,on mainly consists of diatoms. Opal accumulation rat.es are widely used to 
reconst,ruct palaeo-environn~ents in the Southern Ocean. For instance, the Opal belt 
is a zonal structure of high Opal content ancl is associated with the Polar Front (PF) .  
The  position of the Opal belt in sub-surface sediments is used to reconstruct palaeo 
hydrography. Preservation efficiencies of Opal were thought to be up to 100% of 
export fluxes and due to these high a c c ~ ~ ~ n ~ ~ l a t i o n  rates it was estimated that 75% of 
present day Opal accuniulation occurs in the Southern Ocean (Nelson et al.,  1991). 
Assuming that  the Opal preservation is so high. Opal accuniulation rates would be 
a very powerful proxy for the reconstruction of palaeoenvironments. 

AS could already be Seen, strong meridional gradients are found in the Atlantic 
Ocean south of ca. 40'5 for general circulation. teniperature. salinity. dissolved 
nutrients and also biogeochemical parameters. 
The A11tarct.i~ Circumpolar Current (ACC) is the only closed circulation cell in 
the  world ocean and transports more than 100 Sv in all oceans eastwards. The 
meridional extent of the ACC is from approx. 45'5' t o  60'5'. At least tliree front,s 
are identified within the ACC which separat,e the ACC int,o different sub-systems. 
Table 6 .1  suminarizes the definitions of the three fronts aft,er Orsi et al. (1995). 



Tahle 6.1: I'roperty iiiclimtors of tlie tliree ACC fronts froin Orsi et al. (199.5) 

In thc At1ant)ic. t,hr Siibantarctic Front (SAF) is locatecl at approx. 50'5. the Polar 
Front (PF) between ca. 50'5' arid 55'5'. The southem ACC front is at, ca. 60Â° 
at  the Drake Passage and turns slowly nortl~warcls to approx. 55'5 south of Africa 
witli a nleander around the South Sandwich Islands. The changes in Opal fluxes 
from adjoint moclelling are oriented perpendicular to tliis frontal System which can 
be secn in the Figs. 6.1 to 6.3 below. 
Most intriguiug in Figs. 6.1 to 6.3 is the strong zonal orientation of the general 
pattern. Sortll of about 40'5, Opal fluxes are negligible at  all deptlls (export, flux 
to tlle sea floor. and accum~~lat ion) .  
South of approx. 45'5. Opnl export procluction (Fig. 6.1) increases drastically 
to a maximum of about 4 , 5 m o l / m ^ / v  around 60'5'. Opal  export fluxes are thus 
high even-wherc south of 45'5 except in tlle ~0~1th-western Weddell Sea. Here, 
productivity is limited due to a relatively stable sea ice cover cluring most of t,he 
vear. 
Fig. 6 .2 sllows the Opal flux to the seafloor. It can be clearly scen that  the pattern 
of export production is not mirrored in the flux to thc sea floor. The region of high 
fluxes is inucll narrower with maximum fluxes between 50'5 and 60'5'. High fluxes 
to the sea floor are tlius founcl in the entire rcgioii betvreen the SAF and the southern 
boundary of tlie ACC. but fluxes are very lo~v south of tlle ACC. This 'decoupling' 
is due to the rapid cllange in parameter 3 between 55'5 and 60'5' (c.f. Fig. 3.12). 
This transition occurs just soutll of the PF. Leyneart et al.(1993) also found that  
Opal fluxes in the Weddell Sea are quite different from elsewhere: "...  Cotnparing 
our annual prod~iction estimate to prrvious estimates of vprtical flux of opal in the 
Weddell Sea. we conclude that  no more than 1% of tlle silica producecl annually 
by phytoplanl~ton in thc upper watcr column reaches a deptll of 800111. This is 
coiisistent with the gcneral distribution of high accumulation rates of opal in the 
Soutllern Ocean sediments which evidence an unexplained gap in the Weddell Sea. 
Tlms. regarding the cycling of biogenic silica in tlle Soutllern Ocean, the Weddell 
Sea appears to he atypical . . . ' ~ .  
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Opal export production [mol/m2/yr] 

Figure 6.1: Opal export p-oduct,ion 

Opal flux to the sea floor [mmol/m2/yr] 

Figure 6.2: Opal flux to the sea floor 

Opal accumulation rates [mmol/m~/yr] 

Figure 6.3: Opul accuniulatio~l ratcs 



Van Bemlekom et  al. (1991) fou~icl tllat in tlie celitral Il~eclclrll Sea aluminium is 
less al~unclant tllan in other regions of tlle \~orlcl ocea1i. -4l/Si ratlos in diatom sliells 
xvere of an order of magnitude lo~ver con~parrcl to (liato~ns f ro~n  regions farther nor th .  
Biogenic Opal s o l ~ ~ l ~ i l i t y  xTas fo~lncl to de11e1icI 011 a l u ~ n i ~ ~ i ~ l m  content of tlle d ia tom 
sllells. B e ~ l ~ l e k o ~ n  et al.'s (1991) ctllt~lre esprrime~its  shox~ecl tliat cliatonis froni 
tlle ce~ltral IYedclell Sea were i~icorporating a l ~ ~ ~ l i i ~ i i ~ i m  \~ l l en  esposed to lligller -Al- 
conce~~t ra t io~ l s  arid tlle solul~ility was decreaseil, Tlle lo~v a lu~n in iun~  c o ~ i c e ~ ~ t r a t i o ~ l s  
soutll of tlle PF co111cI tllus esplain tlle liigll remi~ir ra l iza t io~~ rates of sinking Opal 
IT-l~icli is ohviously reflected in the nutricnt c l i s t r i l ~ ~ ~ t i o ~ ~ s  l~eca~ise  tlie acijoi~it model 
too proclt~ces ver)- fast remineralizatio~~ in tliis region. The alumili i~l~n llyl>othesis 
might e ~ ~ n  hold for an esplanation of tlle recluceil 11urial of l~ioge~lic Opd  SOU^^ of 
50's. Schliiter et al. (1998) calculated s e d i n ~ ~ ~ i t  a c c ~ i ~ n u l a t i o ~ ~  rates arid used Pore 
water samples t,o est in~ate I~urial effi(;ie~lcies in tlir Il*eddell Sea. Tlley f01111d tllat 
xvith t l l ~  esception of the Scotia Sea anrl tlle east(>rll -ACC o~ily ~legligil~le amounts of 
prinlarj. procl~~ced 11iogenic 01101 is preser~wl ili tlic sedi~~ients .  Table 6.2 s ~ ~ n ~ ~ l ~ a r i z e s  
tlleir results. 

Table 6.2: Seclime~it a c c u ~ n ~ ~ l a t i o n  rates ancl f l t~x to tlle sea floor from Scl~luter et, 
al. (1998). PItot denotcs tlie relative accu~nulatio~l rate; i.e. tllc ratio (BSi *4ccu.) / 
(Bsi-procl~~ctio~l) .  

Tlie total preser\.atio~i efficie~icy PItot in Tab. 6.2 gi~.es tlle ratio of 01101 accumu- 
lation to total primary proci~~ceci Opal, Tab, 6.2 sllo~vs t,llat preservatio~l is loxv in 
~ n o s t  parts of tlle 11-ecldell Sea. Only in tlie ~ ~ o r t l l e r ~ i  part of tlie stucly area> consid- 
eral~le anlotlnts of Opcd are buriecl in thc sedime~lts. SchlÃ¼tc et al. (1998) conclude 
tllat l~ioge~iic Opal is of limitecl use for 11alaeo-reco~~structio~~s in tlle South Atlantic. 
Different ~ i s s o l t ~ t , i o ~ ~  kinetics clue to trace meta1 content. different residente times 
i ~ i  n-ater c o l ~ ~ r ~ i ~ i .  and particle ~norpliology n~iglit cause tlle clrcoupli~ig of primary 
l~ roc luc t io~~  of Opal and Opal accum~~lat ion.  
Tlie d is t r ibut io~~s  of Opal esport .  f lus to the sea floor: a1ic1 accumulation from ad- 
joint ~nodelling also shox~ this c l e c o ~ ~ p l i ~ ~ g ,  Tlle trends are tlle Same as founcl by 
Scll1Ã¼t.e et, al. (1998). -Absolute val~ies of 011(1,1 acct l i~ iula t io~~ rates in the -4CC are 
l o w r  (c.f. Fig.6.3) comparecl to SclllÃ¼te et, a1,'s (1998) values even for es~~er i l l lent  
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HANT (~vhich gives p roba l~ l j~  overall too high Opal accumulatio~~ rates) but absolute 
values are clifEc~llt to conlpare. Sediment accumulation rates fronl adjoint ~nodell ing 
give mean accumulat io~~ over an area of aljout 2' X 2.5' where mean values can  be 
consideral~ly different froln point data. Even in deep sea areas; sedi~nent accumL1- 
lation rat,es c a ~ i  be higl~ly varial~le spat>ially (Bennekom et al. (1988), DeMaster 
(1981)) and focusing of secli~nents ~night add a bias to~vards higher acc~imulation 
rates in geological san~ples. Especially in areas witll rough topography as neal- the 
Polar Front? one has to be very carefull when budgets or mean accumulat~ion rates 
are calculated. Tlle selection of san~pling sites most often depends on sedi~nent. type 
and expected seclin~cnt recovery and so salnpling coverage is guarant,eed to be non- 
ranclomly 11ut biasecl towards high-accumt~lation sites (G. Kuhn? pers. c o ~ l ~ l n . ) .  
The mean, meso-scale acc~l~nulation rates from the adjoint model coulcl be a nlore 
realistic estilnate than 'upscaled' esti~nates f ron~  geological sa~nples l~ecause nutri- 
ent distributions in water co l t i l n~~  int,egrat,e the signals from lligllly- variable sea  floor 
processes. Tlle globally integratecl Opal accumulation from the adjoint, model is 
within the Same rang<; as est,imat,es pt~blislled 11y Trkgeur et al. (1995) (c.f. Table 
3.2) giving Opal acc~~~nu la t , i on  rates froln adjoint ~nodelling higlier conficle~~ce. The 
qualitative behavio~ir of Opal fluxes from inverse niodelling in the Southern Ocean 
is summarized in Fig. 6.4 

Xorth of the At the South of the 

Polar Front 

Accumulation 
Total 17igh /obt, 1 0 ~ .  

Export prociuction 

The S o ~ i t l ~ e r n  Ocean is tit,led a high-~lutrient-low-chloropl~yll (HXLC) region ~vllich 
is reproducecl I I ~  tlle model (c.f. COr9 export in Fig.3.10). This Statement is relatecl t o  
organic carbon only because cl~loropl~yll is part, of tlle soft organic tissue. Tlie adjoint 
model gives very lligh Op(~1 exportx xvhich are in agreement with independent studies 
of very high S i /C  ratios in the +lnt,arctic (Xelson et al.. 1995). The So~lthern Ocean 
is thus a higll productive region for biogenic Opal. On the other band; Opal fluxes 
to the deep sea s w m  to 11e \.ery low soutll of the southern boundary of the ACC. 
These sest~lts also agree xvith nlodern studies. S~lnln~arizing t,lle results fr0111 acljoint 
modeling in the S o u t l ~  A4tlant,ic it can 11e stated that  the ll~edclcll Sea not only is a 
HXLC region for organic carljon 11ut also a HPLF (high production; 101~- fltix) system 
for Opal. The decoupling of Opal/COrg prodtiction arid product io~~/acc~~mulat ion of 



Opal migllt l ~ e  lii~kcd 11y differei~t yet ui~knowii processes. It has been ~uggest~ed tllat 
inissiilg tci-rigeiio~is coinpoi~eilts as Fe;  Al are respoi~sible for t l ~ e  special coilditioils 
in tlle \I-cclclell S m .  The adjoint i ~ ~ o d e l  co~ilcl identify tllis special SJ-stei~i froill 
nut,riei~t \xiclget calc~ilat,ions. 



7 Conclusions 

The  adjoint 1node1 has been found t,o be a very powerful tool to r cp rod~~cc  data  
of temperat,ure and salinity and to give a c~lrrent  fielci vihicl~ is in agree~nent with 
observations arid other models. The overall circulation compares vell witll general 
oceanographic knowledge and all major cui-rent systenls are reproduced. D a t a  of 
dissol~~ecl nutrie~lts and silicate co~ild also be reprod~iced accurately by in~plemen- 
tation of vertical fluxes of biogeneous particles. In the surface layer (Om to 1331il)> 
export of organic carbon, calcite; and opal nras optimized to reproduce data of dis- 
solved 111itrients realistically. Simplifying one could say that  excess (compared to 
da ta )  of dissolved nutrients advected in t,he surface laycr is transferred to particular 
matter  1~11ic11 is then export,ed to the deep ocean. 
Optin~ized export prodtiction of organic carbon closely resembles the pattern of 
observed primary production. Opal export production is similar in its spatial dis- 
tributioil as organic carbon north of Ca. 40Â° ancl high Opal productio~l also takes 
place in tlle So~itllern Ocean. So far. t,he results fronl adjoint modeling are in agree- 
ment x ~ i t h  general ideas of the distril>ut,ion of productivity in the worlcl ocean and 
give inclependent estimates of annual ratcs of nutrient cycling in tlle surface layer. 
Glol~al  export of COFg is weil in tlle range of i n c l e ~ ~ e ~ l c l e ~ ~ t  estimates and 011~11 export,s 
are withi11 the Same order of ~nagnit,ucle but higher than recent reestimates. The 
procl~~ction of CuC03 is comparably weakly const,rained from n ~ ~ t r i e n t  distributions 
becatise only relatively few alkalinity data arc available for tlie global ocean ancl re- 
sulting exports seem to 1~ ~inderestimated 11>- the 1110del. To better constrai~l calcite 
for~nation it is necessary to include a priori l~no~vledge and/or to assin~ilat~e lnore 
data  of total car l~on and total alkalinity. 
Organic car l~on flux vs, depth xvas ~~ara~neter izccl  tvitll Suess-type f~i i~ct ions  1/z8 
(c.f. Section 2.7). These functioi~s are wiclely usecl to reconstruct prod~lctivity from 
organic carbon content of deep sea secli~l~ents. 11-ith the adjoint model; the param- 
eter ,Ã tvas varied spatially to give opti1nun1 nutrient cl istr ib~~tio~ls.  The dist,ribution 
of <3 s l~o \~- s  systematic ~a r i a t ions  spatially. 50 overall valid X-alue for !3 xvas found 
in the ocean. This is in agreenient with recent stuclies and inclicates tllat special 
care has to be taken when reconstr~~cting paleoprocl~~ctivities~ l ~ e c a ~ ~ s e  Parameter 8 
toget,l~er with meas~lred or estimatecl l~o t tom fluxes cletermines the a l~sol t~te  I-alues 
of recoristr~icted export fluses, Tlle distribution ancl variability of '3 sllo~11d lje inves- 
t,igatecl to l~e t t e r  c o n s t r a i ~ ~  paleo-estimates of organic carbon prod~~ctivity.  Because 
B f r o ~ n  acljoi~lt 111ocleli11g sl~o\vs sj-stematic ~ariatioris. tllese res~ilts co~ild 1~ usecl to 
l ~ e t t e r  understancl tlle interferences of 3 ancl oceanic conditions. 
Re~nineralization of Opal ancl CaC'03 was also parameterized ~ ~ s i n g  Suess-type func- 
tions. Tllis pa ran~e te r i za t io~~  TI-as s ~ ~ ~ e s s f ~ i l l y  appliecl to reproduce dis t r ib~~t ions  of 
dissolved silicate: total carbon. and t,otal alkali~~ity.  Res~llt,i~lg Opal fluxes are rea- 
sonable in d i s t r i l ~ ~ i t i o ~ ~  arid magnit~lde. This type of f l~ix parameterizat,ion seerris to  
be applicable t,o l~e t t e r  11ndersta11cl Opal d i s s o l ~ ~ t i o n ~  wllicl~ is further confir~ned by 
the fact t,llat the special conditions sotitll of t,lle Polar Front are reprod~iced 11y the 
~noclel. Cu,C03 fluxes give (inspite of weak constraints) l~e t t e r  ~~rese rva t io~ l  in the 
eastern Atlantic in agreen~ent ~v i th  geological knowledge. 



A new featurc of the nlodel is t,he assimilation of direct flux measurements from 
sediment, t,raps. A comparison of fluxes const,rained wit.11 nutrient budgets only and 
sediment t,rap data showed that model fluxes were systematically higher tlian mea- 
surements. The moclel could be forced to reproduce sediment trap data  more closely 
but systematic cleviations remained. Aft,er the model was in a near-minimum state 
and relatively dose to sediment t,rap data the assimilated sediment t rap  d a t a  were 
removed for an addit8ional nlodel expcriment. The model fluxes very fast 'relaxed' 
giving higlier particlc fluxes again. A model solution which reproduces direct inea- 
surements und nutrient,s a t  t11e same time could not be obtained. Sediment t.rap 
data  do conflict wit,h budgets of dissolved nutrients showing syst,ematic deviations. 
Model results indicate that  sediment traps do not catch vertical particle fluxes quan- 
titatively but trap efficiency seems to be low. especially at  shallow water depths.  
This is in agreement wit,l~ recent sediment trap studies which suggest that. sediment 
trap data  niust be normalized (Buesseler et. al., 1994). The result,s from adjoint 
modeling could be used to det,ermine (together with otlier methods such as ^^Th 
normalization) trapping efficiencies. 
Another new feature is the det,erminat,ion of sediment accun~ulation rates f rom nu- 
trient budgets. At the sediment-water interface. a new model parameter 's' was 
int,roduced which regulates how much of the flux to t.he bottom box is removed from 
water column (burial efficiency). The parameter 's' was variecl to obtain realistic 
concentrat,ions of dissolved riutrient,s. I t  was found that  intcgratcd scdin~cnt accu- 
mulat,ion rates for C are quite close to recent estimates of total C , .  accumulation 
(Broecker and Peng, 1993) and the distribution of accumulation rates seems t o  be 
reasonable. In a first experiment. the initial value for burial efficiency of biogenic 
Opal was set to 25% and the model drastically reduced this burial efficiency almost 
everywhere in the ocean. This initial value thus appeared to be too high indicating 
that  mean redissolution of sedimented Opal is more than 75% of the flux reaching 
the sea floor. The reduction of the start  value to 4% gave niuch bet't,er agreement 
of model dissolved nutrient,s and data.  Total Opal accumulation is lower t>han es- 
timates by Trkguer et al.(1995) and Lisitzin (1996) but the pattern of high/low 
Opal accumulation in tlie Atlantic conipares well with geological data.  The abso- 
lute values a t  special locations cleviate from pore water investigat,ions and data  from 
sediment cores but it is not yet clear whether this is due to an underestimation of 
model fluxes or due to an overestimation of geological data.  The large-scale pattern 
of CuCOy accu~nulation is similar as proposed by Lisitzin (1996) with tendentiously 
higher rat,es in tlie eastern Atlantic but absolute values were too low conipared to lit- 
erature values. This is probably due to a general underestimation of model CaCO3 
fluxes (see above). 
Opal fluxes from the adjoint model show very special conditions in tlie Southern 
Ocean. A more detailed comparison of model Opal fluxes and recent. studies shows 
that  t,he principal findings are similar. The Weddell Sea south of the southern front 
of the Ant,arctic Circumpolar Current appears as a high-productive region with 
astonisliingly low deep sea particle fluxes. This high-production low-flux (HPLF) 
anomaly is also found in direct measurements (Leynaert et al.; 1991). The fact that  
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the same region was 'atypical' in the model parameter distributions indicat,es that  
the information about water column processes stored in distribut,ions of dissolved 
nutrients indeecl can be e~ t rac t~ed  with the adjoint method. 

Ocean circulation and biogeocl~emical processes are strongly coupled and t h e  de- 
pendencies allow to calculate process rates from propert,ies in t,he water column: 
Primary production only can persist where nutrients are supplied to the sea surface. 
The modeling of new production (or export production) must include advective 
processes because stancling stocks of phytoplankton or nutrient depletion alone do 
not provide information about. nutrient fluxes. Deep sea particle fluxes probably de- 
pend on sinking velocity. particle morphology. physical properties of the surrounding 
wat.ers. and more. The combznatzon of all individual processes is reflect,ed i n  dis- 
t,ributions of dissolved nutrients. The adjoint model used in t,his study is a very 
powerful tool to caIculatc physical circulation and biogeochemical processes simul- 
taneously and to detect areas of int,erest with respect to gradient.~ of physical and 
biogeochemical process rates. The underlying processes cannot be explained by the 
model because resulting information are mean transports and mean cycling. These 
mean rates can be used to test. whether point data are representative for larger areas 
and to normalize the integratecl effects of small-scale processes. 
The results of the experiments presented in this work are promising: Optimized in- 
dependcnt model parameters show systematic variations which are mostly in agree- 
ment with general oceanographic and geological/biological knowlcdge such as  the 
current field and the largc-scale patterns of export production. On the ot8her hand. 
processes which are poorly understood are to be seen in their effect on nutrient 
distributions. Systematic variations of ~nodel  parameters and their relation to  the 
oceanographic environment can give indicators about the processes involved. 

The application of inverse modeling with higher resolution in areas of interest re- 
quires the assimilation of more data  and/or independent tracers. An il~t~eresting 
future application of t,he adjoilit moclel is the investigation of the drastic changes of 
physical and biogeoche~nical processes near the Polar Front in the South Atlantic 
and in tlie Weddell Sea. 



A River input 

The  total rpmoval of nutrients due to accumulation of surface sediments is compen- 
satecl by river input of dissolved nutrients. 

River watcr properties are usually given in units of "-2. To calculate the contribution 
of a particular river o11e has to know the annual discharge of water. Estiniates of 
river discharge bear relatively high errors so thc absolute values are not to be taken 
too seriously but give an cstimate. Further. the constituents of river wat>er vary 
with season (depending on geography) and so the nutrient content of most rivers 
also covcrs a comparably wide range (e.g. Milliman (1980). Dyer (1980)). 

River 

Ainaxon 
Congo 

unoco 0 - '  

Yangtse Kiang 
Brahmaputra 
Mississippi 
Yeniss~i 
Lena 
Parana 

Ganges 
Niger 

Table A.1: Fresh water and Si02  inputs through major world rivers. t :  (Lerman, 
198011). $: (Borner and Berner. 1996), * :  calculated from water discharge (f) and 
silicato concentration ($ )  

Table '1.1 gives the mean annual fresh water discharge from Lerman (1980) and cal- 
ciilated inputs of ciissolved silica (using Si conrentrations from Beruer and Berner 
(1996)) for the 14 largest rivers of the world. It is possible to take more rivers into 
account but all other world rivers have dischargcs smaller than the Xiger river wliich 
is already ahnest negligible compared to the. other rivers. The 10 biggest rivers ac- 
connt for 73% of global river water clischarge (Lerman, 1980b). There is considerable 
~ a r i a t i o n  in concentration of dissolved silica ranging from '2Ay (St .  Lawrence) to  
21y (Niger). Variations in dissolved inorganic carbon and organic carbon are gen- 
erally smaller but within the same range (not shown. see. for instance Beniiekom 
arid Salomons (1980); Meybeck (1980), Degens and Kempe (1991); Ludwig (1996)). 
Comparing the percentage of water input and percentage of silica input shows that  
about 60% of Kater o,~z(l also 70% of dissolved silica is contributecl by three rivers. 



namely Amazon. Congo, and Orinoco. All othcr rivcrs contribute with less t h a n  6% 
to the  global budget orily. 
The general dominancc of t,hree rivers is thus not changed by regarrling the  silica 
cont,ent of river water. Changes in the ranking by regarding carbon content were 
even smaller. In the rnodel calcnlations. the sunl of nutrients ra11iovcr1 a t  t h e  sea 
floor due to sediment accumulat.ion is distributed according to thc water discharge of 
t,hese 14 rivers neglecting slight changes in relat,ive nutrient content,. The discharge 
of nutrients is realizecl by setting a source in the top box of a coluinn near a river 
mouth. Thc boxes accounting for riverine input, are the o idy  boxes in the rnodel 
where a nutrient source a t  the surface exists. The nutrient. budget is balanced by 
riverine input through thcse 14 rivers, no aeolian nutrient input is modelecl. 
If n,n denotes the top box 'at. a rivcr 1nout,11', then the source term in th i s  box 
becomes (Eq. 2.59): 

Here. the coefficient ri is taken from t,he third column in Table A.1  and gives t.he 
relative portion a river contributes t.o the t,ot,al input of dissolvecl nutrients. 



B Derivatives of costfunction F (P*, 3) 

For t,he calculation of the the gradient of F (p* .v ) ;  all partial derivatives must be 
known. In addition to advection/diffusion terms, all source and sink t,ernls con- 
tribute to model-data misfit. Partial derivatives for export (X a). remineralization 
(,d) ancl accumulat,ion (s) resolve similar for all cornponents (Cov, CaCOs, Opal). 
For short,ness, only equations for organic carbon are shown. The differente to CaCOs 
and Opal is a factor in export production only (c.f. definition of particle fluxes in 
Section 2.7). The partial derivatives are then scaled with the Redfield ratios in order 
to penalize deviations of dependent model paramet,ers t,o data.  
All biogeochernical parameters are bound to non-negative values. Therefore, for 
each model coliinln ( j )  the parameters are int,ei-nally represented: 

The sources (for each box) contribute to the gradient witli terms proportional to: 

B.1 Euphotic Zone 

In the two uppermost boxes, only parametei (= 7) 1s involved. The source term 

and the derivatives become: 

B .2 Water column 

Within the water column. sources dopend on export (oc &) and 3(= P ; ) :  

Partial derivatives become: 

(B.3) 

(B.4) 

(B. 5) 
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B.3 Sediment-water interface 

At thc sedinlent-water interface, all parameters contribute to the source term: 

Qb = (1 - s)az^  

All partial derivatives remain non-zero: 

B.4 Riverine input 

The riverine input depends on the intcgrated flux to  the sediment and thus. all 
fluxes J(S), contribute to the source: 

A single box (where 
where sedimentation 

Q ~ ,  = TI J(s),,~z;' 
columns 

the riverine input applies) affects all parameters at columns 
occurs. 

9 PP2 -0 
-Q = pa,j 2pi,,- 410 ' b  

(B.12) 
9~ i ,j 

9 
-Q = ~3~~ 2p2,J1n (=) (B.13) 
9 ~ 2 . :  zb 

9 
-Q = 2 ~ 3 , ~  a z r Ã  (B.14) ^S,j 

B.5 Deviations from sediment trap data 

The term in costfunction F(Å¸*,$ for penalizing deviations from trap data lias the 
form: 



B.5 Deviation:-; from sediment trap data 89 

All sediment t,raps are located deeper t,llan the euphotic Zone (where model particle 
fluxes are defined). Furtller, t rap dat.a vrere 'mapped' to a horizontal boundary 
of a box (c.f. Appendix C).  Therefore, the partial derivatives in combination of 
Equations (B. 15) and (B.6) to (B.8) become: 

(B. 16) 
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C New variables and routines 

Deviations of model fluxes to sediment trap data are included as soft constraint ,~.  
As pointed out in section 2.8, care has to be taken not to overestimate t,he quality of 
data  by setting small weight factors. To include sediment, t rap  data in the model it. 
is not sufficient t,o calculate source and sink ternls of dissolved nutrients (c.f. section 
2.7). Calculating deviations from sediment trap data: 

for costfunction .F(pz,fi) requires explicit model fluxes J(z)Modei- 5 e w  dependent 
parameters repre~ent~ing moclel particle fluxes are defined (modeled properties p, c.f. 
(2.22) in section 2.5). Particle fluxes are calculated a t  the upper surface of each 
model box. 
Trap depth generally lies between two levels (n and n + 1) .  Annual averaged sedi- 
ment trap fluxes J ( Z ) ~ &  from t,able 4.1 are set a t  t,he ~iext-most level (i.e. at. level 
n if z(tra,p) < ~(77.) + 2(n+1)-z (n)  aiid at  level 77, + i eise). 

Sediment accumulation rates are realized with independent parameters s for Corg, CaCOs. 
and Opal, respectively. These parameters determine how much of the flux reaching 
the sea floor is accumulated. 

The formal i~nplementation was already discussed in section 2.7 

Sediment accumulation rates thus become new dependent parameters. Model-data 
deviat,ions can be penalized but up to now, no accumulation da ta  are included (see 
Section 5).  
Generally, it is possible t,o use sediment accumulation rates as soft const,raints as for 
the sediment t rap  dat,a. In tlie model, sediment accumulation rates can be penalized 
wit.h terms: 

TO force sediment accumulation rates (relative to flux to bott,om) to certain values 
one could also apply smoothness constraints and/or a priori value constraints in 
costfunction F. In the experiments discussed in the presented these t e r ~ n s  were not 
used. 

The calculation of new independent and dependent paraineters requires new vari- 
ables and routines 
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C.1 New variables 

c.l.1 moddat . h 

The  conimon block in moddat . h was expanded with variables for sediment t rap  data  
and sediment accumulation rate data. Sediment trap data can be set for each box 
and accumulation rate data for each column. 

common /moddat/datte (mxclus ,2) ,datsa(mxclus ,2) , 
datox (mxclus ,2) , datpo (mxclus ,2) , 
datni (mxclus ,2) ,datsi (mxclus ,2), 
dattc (mxclus, 2) ,datal(mxclus ,2), 
datc3 (mxclus ,2) , datc4(mxclus, 2) , 
datsw(mxcol,2), datsh(mxcol,2), 
datts (mxdts ,2), datkh(2) ,datkv(2), 
datcofl(mxclus,2),datcafl(mxclus,2), 
datsif 1 (mxclus ,2) , datcoac (mxcol ,2) , 
datcaac(mxcol,2),datsia~(mxcol,2) 

datcof 1 (i, 1) 
datcofl(i,2) 
datcafl(i, I) 

datcafl(i,2) 
datsif 1 (i, 1) 
datsif l(i,2) 
datcoacd, I) 

datcoac(i,2) 
datcaac (i, I) 

datcaac (i ,  2) 
datsiac(, 1) 

datsiac(i,2) 

Sediment trap data  Cera [*] 
m Y 

Error of datcofl(i,l) 
Sediment t rap  data CaCOs [%] 
Error of datcafl(i,l) 
Sediment t rap  data  Opd  [z] 
Error of datsifl(i,l) 
Accumulation rate CÃ£r [$I 
Error of datcoac (i, 1) 
Accumulation rate CaCOs [lÃ‘ 
En-or of datcaac (i, 1) 
Accumulation rate Opal [z] 
Error of datsiac (i, 1) 

Table (2.1: Meaning and units of new variables in moddat .h 

The file parf lux .prm contains information for different modes of the model (for 
instance. how many iterations are to be performed). Here. a new parameter indsed 
is set (0 = false, 1 = true) defining whether sediment accumulation rates are to be 
calculated. 
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C.1.3 sediments . h 

The new common-block sediments. h contains variables related to sediment accu- 

mulation rates. 
C sedimente 
common /sediments/posedi(O :mxcol) , casedi (0:mxcol) ,sisedi(~:mxcol) , 
dpAorg(0 :mxcol) ,dpBorg(O :mxcol) ,dpCorg(O :mxcol) , 
dpAsil (0:mxcol) ,dp~sil(O:mxcol) ,dp~sil(O:mxcol) , 
dpAcar(0 :mxcol) ,dpBcar(O :mxcol) ,dpCcar(O :mxcol) , 
rivers (0:mxriver ,0: 4 ) ,  idcols (0:mxcol) 

posedi (0 :mxcol) 
casedi (0 :mxcol) 
sisedi(0:mxcol) 
dpAorg(0:mxcol) 
dpBorg(0:mxcol) 
dpAcar(0:mxcol) 
dpBcar(0:mxcol) 
dpAsil(0:mxcol) 
dpBsil(0:mxcol) 
rivers(0:mxriver 

idcols (0 :mxcol) 

Relative accumulation rate Corg 
Relative accumulation rate CaCOi, 
Relative accumulation rate Opal 
^Coro /^PI 
9qcÃ£.J9p 
^ c a c O J ^ S  

^IcaCOJ9?4  
^0pal/^P5 
^Opa, 13% 

1 : 4) 1: column number 
2: pcrcentage Corq 
3: percentage CaC03 
4: percentage O p a l  
0: inactive 
1: no river input. nlvl > 2 
-1: river input, nlvl = 1 
-2: river input, nlvl = 2 
-3: river input. nlvl > 2 
2: sediment t rap  data assimilated 
3:  accumulation rates assimilated 

Table (2.2: Meaning of new variables in common block sediments. h 

idcols indicates how the columns are to be treated in the model c a l ~ u l ~ t i o n s .  Bio- 
geochemical particle fluxes are calculat,ed in columns with a t  least 3 levels (nlvl ^ 
2 ) .  Currently, no vertical particle fluxes are calculated in columns with river in- 
put (idcols < 0) and all nutrients are distributed with the Same percentage (c.f. 
Appendix A). 

Common block depprm. h contains variables of the dependent model parameters (the 
modeled properties). Since vertical particle fluxes and sediment accumulation rates 
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are now determined explicitly. depprm. h was expanded. 
cornrnon /depprm/wfl(mxbox), 
xtm(-mxbbox : mxclus) , xsm(-mxbbox : mxclus) , 
xoxm(-mxbbox : mxclus) , xpom(-mxbbox :mxclus) , 
xnim (-mxbbox : mxclus) , xsim(-mxbbox : mxclus) , 
xtcm(-mxbbox :mxclus) ,xalm(-mxbbox :mxclus) , 
xc3m(-mxbbox : mxclus) , xc4m (-mxbbox : mxclus) , 
xcof lm(-mxbbox :mxclus) , xcaf lm(-mxbbox :mxclus) , 
xsif lm(-mxbbox:mxclus) , X C O ~ C C ( ~ : ~ X C ~ ~ ) ,  

xcaacc(0:mxcol),xsiacc(0:m~~0l) 

xcof lm(-mxbbox mxclus) Paiticle flux Colg [$I 
xcaflmc-mxbbox mxclus) Paiticic flux cacÔ , [z] 
xsif lm (-mxbbox mxclus) Paiticle flu\ Opal [%] 
xcoacc (0 mxcol) iccumnlation rate Colg [z] 
xcaacc CO mxcol) iccumulation rate CaCO3 $ 1  
xsiacc (0 mxcol) Accumulation ia tc  Opal [f^-] 

Table C.3: Meaning and units of new variables in depprm. h 

C.2 New routines 

C.2.1 lf luxdat (f inam,dat ,edatmi, ident) 

Subroutinc to rcad sediment t rap  clata from filc 

f inam filenamc 
dat sedimcnt trap data  in units [~7xol/m~/y] 
edatmi minimum error of sediment trap data in units [mol/m2/y} 
ident indicator for sediment trau data (idcols (column) set to 2) 

C.2.2 laccudat (f inam,dat , edatmi , ident) 

Suhroutinc to 1-eacl sediment accumulation rates from filc. analog to C.2.1 but 
idcols (column) is set to 3. 

C.2.3 setrivers 

If sccliment accumulat~ion rates are calculated. w e r  input is set t,o balance total 
removal of nuti-ients. File rivers is read which miist contain the nun~ber  of rivers. 
column nuinber of cach river and relative contribut~ion of organic carbon. calcite, 
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and opal. For each column where river input is set. i d c o l s  (column) is Set to values 
as indicated in Table C.2 

C.2.4 c a l b i o f  1 (p  ,np) 

Subroutine to calculate vertical fluxes of biogeneous particles. In this routine. 
xcof lm,  xcaflm, x s i f  l m  representing the flux through the top suiface of each 
box are calculated. For each column. the sedinient accumulation rates xcoacc ,  
xcaacc ,  x s i a c c  are determined. 

P  parameter (vector; dim(np)) 
o b j g r d  number of parameters (scalar) 

Subroutine to penalize deviations of model fluxes to sediment trap clat,a. For each 
box where sediment trap data  esist. deviations of model fluxes are accumulated in 
t o b j f  and o b j f .  Partial derivatives are added t,o gradient ob jg rd ,  

P  parameter (vector, dim(np)) 
o b j g r d  gradient of F (vector, dim(np)) 
nP number of parameters (scalar) 
obj f  total costfunction F 
t o b j f  terms in cost,funct.ion F (vector, dim(number of terms)) 
t f  f  ak  weights of terms in F (vector, diin(uu1nber of terms)) 
i f  ob j f  number of weight (scalar) 

Subroutiile to penalize de\ iations of model accumulation iates fiom accumulation 
rate data,  mostly analogous to C 2 5 but d e ~ a t i o n s  a ie  calculated column-v. ise 

P paramet,er (vector, dimfnp)) 
ob jg rd  gradient of F (vector, diin(np)) 
nP number of paraineters (scalar) 
ob j  f total cost,function F 
t o b j f  terms in costfunction F (vector. dirn(niim11er of terms)) 
t f f a k  weights of terms in F (vector. diin(number of t,erms)) 
if ob j f  number of weight (scalar) 
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Routine t,o calculate the smoothness terms in costfunction F. This routine i s  not 
new but  refined. Parameters contributing with their square values to the model are 
squared before penalizing t,he seconcl derivative (c.f. Section 2.8.1). By doing so, 
the  functional form of the penalt,y term is symmetric again. Otherwise, neighboring 
parameter values of, for instance, -2 and 2 would be penalized despite having the 
Same effect in the model calculations. The parameters contributing with their square 
values only are export production, remineralization. and sediment accumulation. 

P Parameter (vector, clim(np)) 
ob jg rd  gradient of F (vector, dim(np)) 

nP number of parameters (scalar) 
ob j f  total costfunction F 
t o b j f  terms in costfunction F (vector dim(number, of terms)) 
t f f a k  weights of terms in F (vector dim(number. of terms)) 
i f  objf  number of weight (scalar) 

Subroutine to penalize deviations of indepeiident biogeochemical parameters from 
a priori values. This routine is not new but refined. Paramet,ers contributing with 
their square values to the model are squared before penalizing deviat.ions ti a priori 
values. The parameters contributing with their square values only are export pro- 
duct.ion, remineralization, and sediment accumulation (see also C.2.7). 

P Parameter (vector, dim(np)) 
ob jg rd  gradient of F (vector. dim(np)) 

nP number of parameters (scalar) 
ob j f  total costfunction F 
t o b j f  terms in costfunction F (vector. dim(number of ternis)) 
t f f  ak weights of terms in F (vector. dim(num11er of terms)) 
i f  ob j f  number of weight (scalar) 
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D Abbreviations and units 

A 
Az,k,j 

AABW 
AAIW 
Ace 
ACC 
AOU 
B ATS 
C> C* 
14^ 

CaC03 
CCSR 
CFC 
CO2 
Corq 
DOM 
DOP 
E 
EP 
F 
f-ratio 
G 
GEOSECS 
GFDL 
HAMOCC 
HNLC 
HPLF 
JGOFS 

J ( z )  
Kh, KÃ 
L 
LSG 
m 
mal 
NABE 
NADW 
NG 

Advection/diffusion matrix 
Surfaces of model boxes 
Antarctic Bottom Water 
Antarctic Intermediate Water 
Accumulation rate 
Antarctic Circumpolar Current 
Apparent Oxygen Utilization 
Bermuda Atlantic Time Series 
Concentrations a t  box center and box surface. respectively 
Radiocarbon 
Calcium carbonate 
Center for Climate System Research 
Chlorofluorocarbon 
Carbon-dioxide 
Organic carbon 
Dissolved Organic Matter 
Dissolved Organic Phosphorus 
Hard constraint 
Export Production 
Costfunction 
E P / P P  
Giga = log 
Geochemical Ocean Sections Study 
Geophysics Fluid Dynamics Laboratory 
Hamburg Ocean Carbon Cycle Circulation Model 
High Nut,rient LOXJ Chlorophyll 
High Production Low Flux 
Joint Global Ocean Flux Study 
Particle flux 
Horizontal and vertical mixing coefficients 
Lagrange function 
Large Scale Geostrophic 
Milli = l W 3  or meter 
lmol = 6.022 X l O Z 3  
North Atlantic Bloom Experiment 
North Atlantic Deep Water 
Not given 



.Y03 
0 2  

ODV 
Opal 
p' 
P 
P F  
P F Z  
PO 1 

POM 
P P  

Q 
s 
SAF 
S I  
S v  
T 
TALK 
U. F'. l? 
- 
& 

Nitrate 
Oxygen 
Ocean Dat,a View 
Amorplious biogenic silica 
~lld~pe1ldellt model parametcrs 
Depenclent model parariiet.crs 
Polar Front 
Polar Frontal Zone 
Phosphate 
Particiilate Organic Matter 
Primary Production 
Heat flux 
Parameter for burial efficiency of surface sediments 
Sont her11 ACC Front 
Silicate 
Sverdrups, I S v  = 10G171,3/s 
Tcra = 1012 
Total Alkalinity 
zonal, n~cridional. arid vortical velocitics 
Ka te r  cleptli 
Parameter for export production of part,iculate matter 
Parameter for re~i~ineralization scale length 
Lagrange niult iplier 
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