MetaFrame Output

USER=a1g

Date: 5/3/2004Time: 9:19:40 AM

JobID: 54

O c e a n i c v e n t i l a t i o n a n d b i o g e o c h e m i c a l c y c l i n g : U n d e r s t a n d i n g t h e p h y s i c a l m e c h a n i s m s t h a t p r o d u c e r e a l i s t i c d i s t r i b u t i o n s o f t r a c e r s a n d p r o d u c t i v i t y

Anand Gnanadesikan 1 John P. Dunne 1 Robert M . Key 2 Katsum i M atsum oto 3 Jorge L. Sarm iento 2 Richard D. Slater 2 P.S. Swathi 4

Revised for Global Biogeochem ical Cycles

1: NOAA/Geophysical Fluid D ynam ics Lab, PO Box 308 Princeton, NJ 08542 2: AOS Program , Princeton University, PO Box CN710, Princeton, NJ 08540 3: Present address: A IST, Geological Survey of Japan, Tsukuba, Japan 4: Center for M athem atical M odelling and Com puter Sim ulation, Bangalore, India

Ab str act

Differing m odels of the ocean circulation support different rates of ventilation, which in turn produce different distributions of radiocarbon, oxygen, and export production. W e exam ine these fields within a suite of general circulation m odels run to exam ine the sensitivity of the circulation to the param eterization of subgridscale m ixing and surface forcing. W e find that different m odels can explain relatively high fractions of the spatial variance in som e fields such as radiocarbon, and that newer estim ates of the rate of biological cycling are in better agreem ent with the m odels than previously published estim ates. W e consider how different m odels achieve such agreem ent and show that they can accom plish this in different ways. For exam ple, m odels with high vertical diffusion m ove young surface w aters into the Southern Ocean, while m odels with high winds m ove m ore young North Atlantic water into this region. The dependence on param eter values is not sim ple- changes in the vertical diffusion coefficient, for exam ple, can produce m ajor changes in advective fluxes. In the coarse-resolution m odels studied here lateral diffusion plays a m ajor role in the tracer budget of the deep ocean- a som ewhat worrisom e fact as it is poorly constrained both observationally and theoretically.

1. In tr od u ction

General circulation m odels (GCM s) have com e to play an increasingly im portant

role in the prediction of changes in clim ate and biogeochem ical cycling resulting from

hum an activity and natural variability. In the last two decades, the oceanographic

m odeling com m unity has sought to use biogeochem ical data sets to evaluate m odel

perform ance. Early work was m ainly focused on showing that the m odels could capture

broad-scale features of fields such as radiocarbon (Toggweiler et al., 1989; M aier-

Reim er, 1993) and nutrients (Najjar et al, 1992). M ore recently, however, the

com m unity has begun to use such tracers as m eans of identifying specific deficiencies in

m odels. Toggw eiler and Sam uels (1993) used radiocarbon to argue that m odels were

upwelling too m uch deep waters in the equatorial zone. England (1995) used the

distribution of CFC-11 to argue that m odels without eddy-induced advection produced a

Southern Ocean that was excessively w ell m ixed. Gnanadesikan (1999b) m ade a sim ilar

argum ent using estim ates of the export of biogenic silica. However, as pointed out by

Dixon et al. (1996) it can be difficult to com pare different sim ulations of the sam e tracer

if key details of the sim ulation (gas exchange, chem istry, etc.) are not the sam e across

different m odels.

The second phase of the Ocean Carbon M odel Intercom parison Program

(OCM IP2) was designed to attack this problem by developing standard sim ulation

protocols for CFCs, the abiotic carbon cycle, and the biotic carbon cycle. Runs m ade

with these protocols have found interesting differences between m odels. For exam ple,

Dutay et al. (2002) found that different OCM IP2 GCM s had quite different patterns of

the penetration of CFC11 into the deep ocean, particularly the Southern Ocean. W atson et al. (2003) show ed that the m odels have significantly different air-sea fluxes of carbon dioxide. M atsum oto et al. (2004) docum ented significant differences in sim ulations of radiocarbon. Taken together, the tracer sim ulations point to large differences in the rate of ventilation of the deep ocean. The physical m echanism s underlying inter-m odel differences, how ever, have rem ained obscure.

One way of ensuring sufficient deep ventilation is to include m echanism s that enhance rates of vertical exchange in the low latitudes. Exam ination of the m odels run during OCM IP (Doney et al., subm .) shows that alm ost all the m odels include such m echanism s. Som e have rates of vertical diffusion significantly larger than the 0.1-0.15 cm 2 /s seen in the real ocean (Ledw ell et al., 1993). Others use horizontal diffusion, which allows for diapycnal transfer across sloping isopycnals (Veronis, 1975; Griffies et al., 1998). Two groups advect passive tracers using an upwind schem e, a num erical schem e that produces greatly enhanced num erical diffusion (M aier-Reim er, 1993;

Griffies et al., 2001 ). One group restores internal tem peratures and salinities towards observations, essentially guaranteeing diapycnal fluxes in the deep ocean w hen there are m ism atches between the m odels and data. All in all, of the 11 m odels discussed in

Doney et al., (subm .) only two (the Southam pton Oceanography Centre and our own

Princeton m odel) have low diapycnal diffusion and relatively non-diffusive num erics.

In Gnanadesikan et al. (2002, henceforth GSGS) we considered the rate of biological cycling associated with our low-diffusion m odel, together with an associated suite of m odels designed to exam ine the sensitivity of the ocean overturning and biological cycle to changes in the lateral and vertical diffusion. Our m odel

(KV LOW +A ILOW in G SGS) has the problem (shown in Figure 1) that it does not

produce very realistic distributions of radiocarbon and oxygen. W hile the observed

zonally-averaged radiocarbon all lies above -245 � , alm ost the entire deep Pacific lies

below this value in the m odel, indicating that the rate of ventilation is too slow. M ost of

the deep Pacific has far too high a level of apparent oxygen utilization as well.

Other m odels in the suite reported in GSGS have higher rates of diapycnal

m ixing. These m odels sim ulate m ore realistic values of AOU and radiocarbon in the

deep ocean (Figure 2a,c). The fact that increasing new production (which results in great

oxygen consum ption at depth) is correlated with decreasing AOU in this suite shows that

the im provem ent in AO U is a result of an increase in the rate of ventilation. The results

in Figure 2 present som ewhat of a conundrum : w hile high rates of diapycnal m ixing in

the pycnocline appear to be necessary to produce sufficient deep ventilation, large

diapycnal m ixing coefficients are not consistent w ith observations. Nor, as reported in

GSGS are they consistent with the relatively low rates of new production (the rate of

biological production driven inorganic nutrients rather than from recycled organic

m atter) inferred from the CZCS satellite. In the past year, we have acquired access to

new gridded datasets for waterm ass tracers and developed new algorithm s for estim ating

the rate biological cyling. This m akes it opportune to revisit the following questions:

1. How m uch of a constraint on the pathways of deep ocean ventilation is the

distribution of radiocarbon?

2. In particular, to what extent is it possible to get the right answer for the wrong

reasons?

3. To what extent does Figure 2 im ply that m odels require a high m ixing

coefficient?

4. How robust is the constraint on the circulation resulting from satellite estim ates of biological cycling?

An im portant m otivation for this work com es from a sim ple analytic m odel of the ocean overturning circulation, a schem atic of which is shown in Figure 3, proposed by Gnanadesikan (1999a). In this m odel, the pathways of oceanic circulation are predicted using a cubic equation in the pycnocline depth D. W ithin this equation, increasing the vertical diffusion coefficient (Kv) results in an increase in tropical upwelling and a decrease in the net upwelling within the Southern Ocean. Increasing the lateral diffusion coefficient (A I) results in an increase in the net tropical upwelling and a decrease in the net Southern Ocean upw elling. This is because the lateral diffusion coefficient in the m odels diffuses not only passive tracers, but layer thickness (Gent and

M cW illiam s, 1990), which results in a net advective flux of light waters into the

Southern Ocean. One im plication of this equation was that by changing the m agnitude of the two diffusion coefficients together, one could m aintain a constant pycnocline depthand hence keep the Northern Hem isphere overturning circulation constant while changing the pathw ays of diapycnal transform ation and upwelling between the Southern

Ocean and the tropics. G SGS exam ined a suite of m odels designed to test this idea and found it to be quite accurate. M ore recent work by Klinger et al. (2003) and

Gnanadesikan et al. (2003) has given further support to the theory. An im portant finding of GSGS was that certain m easures of the rate of biogeochem ical cycling w ere m ore sensitive to changes in the param eterization of subgridscale m ixing than were the zonally averaged tem perature and salinity fields. This suggested that biogeochem ical

tracers could provide im portant inform ation about the circulation that would otherwise

be m issed by concentrating on tem perature and salinity alone.

In this paper, w e dem onstrate that while radiocarbon, oxygen utilization and

particle export can be used to identify deficiencies in GCM s, they do not necessarily

constrain how to solve such deficiencies. As is the case with active tracers like

tem perature and salinity, different circulations can produce quite sim ilar passive tracer

fields. After describing the m odels in Section 2, we discuss their relative skill at

sim ulating particle export, radiocarbon, and oxygen in Section 3, and show that the

agreem ent between m odels and data is m uch better than would be inferred from GSGS.

In Section 4, we exam ine why the m odels im prove, looking at the budgets of

radiocarbon and oxygen in detail. W e show that changing the vertical and horizontal

m ixing produces changes in the m odel budgets that are understandable in term s of a

sim ple analytical theory. W e also dem onstrate that increasing vertical m ixing is not the

only way of im proving deep ventilation, but that changing the surface boundary

conditions can also have a m ajor im pact.

2. M eth od s

Circulation Model Description

W e present results from seven m odels, five from the suite presented in GSGS

and two new sim ulations. All are coarse-resolution, four degree general circulation

m odels based on the M odular Ocean M odel, V ersion 3 code of Pacanowski and Griffies

(1999). All are forced with m onthly- varying clim atological fluxes of heat, salt and

m om entum , as well as diagnosed flux corrections of heat and salt com puted by restoring

the surface tem peratures and salinities back towards the observations collected by

Levitus and Boyer (1994). The m onthly heat and salt fluxes for all the m odels (except for m odel P2A, as described below) are taken directly from the clim atology of Da Silva et al. (1994). Additionally, a representation of the biological cycle of phosphate and carbon is included, as specified by the OCM IP protocols and described in GSGS. All m odels were run out to equilibrium . Differences between the m odels are sum m arized in tabular form in Table 1. The m odels are:

1. LL: This is the KV LOW +A ILOW case from GSGS. This m odel has been found to have a good tem perature, salinity and pycnocline structure, and reasonable globally integrated rates of uptake of anthropogenic CO2 and CFCs but very low values of deep radiocarbon (M atsum oto et al., 2004).

2. HH: This is the KVH IG H+A IH IGH case from G nanadesikan et al. (2002).The lateral m ixing coefficients was increased from 1000 to 2000 m 2 /s and the vertical m ixing coefficient within the pycnocline was increased from 0.15 to 0.6 cm 2 /s. These changes w ere m ade together so as to preserve the shape of the pycnocline while shifting the pathw ay of deep upwelling from the Southern Ocean to low latitudes, following the theory of G nanadesikan (1999a). A m ajor deficiency of this m odel is that the vertical m ixing coefficient is far larger in the tropical pycnocline than can be supported by direct m easurem ents (Ledwell et al., 1993).

3.,4 H L,LH: These m odels have either the vertical (H L) or lateral diffusion (LH) coefficients increased to the values in HH. This enables us to exam ine which aspects

7. P2A: As in P2, boundary conditions were altered in the far Southern O cean to increase the form ation of deep dense water. However, in contrast to P2, this m odel attem pts to resolve the radiocarbon problem without increasing the vertical diffusion coefficient in the pycnocline. Instead, a series of changes were m ade to m ake the

Southern Ocean circulation m ore "realistic" (at least putatively). The wind stress field was changed from H ellerm an and Rosenstein (1983) to the ECM W F reanalysis of

Trenberth et al. (1989). The zonally-averaged differences in the wind stress are shown in Figure 4a. The Drake Passage, which w as too broad all the previous m odels (where the topography was adopted from the old GFD L coupled m odel) was narrowed by one grid point (~450 km ). Finally, analysis of the LL m odel showed that the flux corrections calculated from restoring and the applied fluxes were operating in the opposite direction throughout m uch of the Southern Ocean (Figure 4b). This im plies that the surface waters in LL are too fresh. The applied fluxes are quite uncertain (they are not, for exam ple, globally balanced). W e decided to adjust the applied fluxes by adding the flux corrections com puted from restoring. As can be seen from Figure 4b, this substantially reduces the applied freshwater flux to the Southern Ocean. The result of this change is to destabilize the surface, allowing for m ore deep ventilation.

Data sets with which the models are compared

Com parisons are m ade between the m odels and four datasets, three of which are new. Apparent oxygen utilization, phosphate, and oxygen are com pared against the

Conkright et al. (2002) W orld Ocean Atlas 2001. Radiocarbon is com pared against a

new gridded dataset com piled from W OCE and GEOSECS data (Key et al., subm .).

CFC-11 is com pared against a new gridded dataset com piled by W illey et al. (2004).

Additional com parisons are m ade with estim ates of particle export m ade from

satellite-based estim ates of chlorophyll concentration based on ocean color. Particle

export is the fraction of total uptake of nutrients by phytoplankton (prim ary

productivity) that is exported as sinking particles. Previous work (Laws et al., 2000)

assum ed that the particle export was the sam e as the new production (that part of the

prim ary production fueled by upw elled nitrate from below the euphotic zone as opposed

to recycled nitrogen in the form of am m onia, urea or dissolved organic m atter). W e do

not. W e use the em pirical regression of Dunne et al. (subm .) which links particle export

to prim ary productivity and chlorophyll concentration at 119 sites using equation (1)

pe-ratio=Particle export / Prim ary Productivity =

*m ax(0.042,m in(0.72,-0.0078 . T + 0.0806 . ln(Chl) + 0.433)) .(1)

In Dunne et al. (subm .) all estim ates of prim ary productivity were m ade in-situ. This

paper extends Dunne et al. (subm .) by using prim ary productivity estim ates from

satellite-based estim ates of chlorophyll concentration.

Since significant uncertainties rem ain about how to estim ate prim ary

productivity from ocean color we use three estim ates of this term . The first uses the

algorithm of Behrenfeld and Falkowski (1997, BF97) which includes an eighth-order

polynom ial estim ate of the tem perature-dependent optim al photosynthetic efficiency

(PB opt ) with a m axim um at around 20°C. The second estim ate uses the algorithm of Carr

(2002) which assum es an exponential tem perature dependence for PB opt sim ilar to that of

Eppley (1972). The third estim ate uses the prim ary productivity estim ate of Lee et al.

(1996). The algorithm for prim ary production used in this paper is docum ented in M arra et al. (2003). W e use satellite estim ates of chlorophyll concentration from SeaW IFS.

Figure 5 shows the estim ated zonally-integrated particle export using (1) for the three separate estim ates of prim ary productivity. The Carr (2002) param eterization produces a value of export that is twice that of the BF97 algorithm in the tropics, while the M arra et al. (2003) param eterization is higher in the tropics and substantially lower in the subpolar regions.

3. M od el sim u lation s of b iogeoch em ical cyclin g: An over view

Before exam ining the differences betw een the m odel circulation and tracer budgets, it is worthwhile to exam ine how well the m odels sim ulate a range of biogeochem ical fields. From Figure 2 it is clear that m odel HH sim ulates the ventilation of the deep ocean m uch better than LL. Figure 6, which shows the AOU error for H H,

P2, and P2A shows that the latter two m odels also are able to produce a deep ocean which is sufficiently ventilated. Sim ilar im provem ents are seen in the radiocarbon distribution within the Pacific (not shown here).

Com parisons between satellite-based and m odelled particle export also show significant im provem ent relative to GSGS due to a revision of the satellite-based estim ates. In Figure 7, the four m odels in Figure 6 are com pared with the three

observationally based estim ates from Figure 5 using SeaW iFS chlorophyll and the three

different prim ary productivity algorithm s. Basin-scale integrals are presented in Table 2.

The qualitative agreem ent between m odels and observational estim ates is m uch better

than in GSGS, with all the estim ates of particle export showing three latitudinal m axim a.

By contrast in GSGS the two estim ates of new production had only two latitudinal

m axim a. The Behrenfeld and Falkowski (1997) algorithm produced latitudinal m axim a

in the high latitudes but none in the tropics, while the Eppley (1972) exponential PB opt

elim inated the Southern Ocean m axim um .

Using particle export rather than new production changes the regions where the

m odel-data m ism atch is the greatest. In GSGS the biggest differences betw een the

m odels and the observational estim ates was in the tropics while at least one m odel was

consistent with the observational estim ates between 50°N and 70°N (Figure 16 of

GSGS). In the current study, the observational range in the tropics (3.2-5.0 GtC/yr)

brackets the two m odels with low vertical m ixing (LL and P2A). The m odel with an

interm ediate level of m ixing (P2) has a tropical particle export of 5.6 Gt/yr, slightly

higher than the highest observational estim ate (that of Carr, 2002). The H H m odel has a

tropical particle export of 7.7 GtC particle export, 50% higher than the highest of the

three observational estim ates and m ore than 140% larger than the Behrenfeld and

Falkowski (1997) observational estim ate. The argum ent m ade in previous papers that

high levels of diapycnal diffusivity are inconsistent with observed tropical productivity

given our understanding of particle remineralization (Gnanadesikan and Toggw eiler,

1999; GSGS) is supported by the overprediction of particle export by HH. The caveat is

im portant, as increasing the depth at which rem ineralization occurs has a tendency to

lower the rate of biological production. The conclusion that can be drawn from the overprediction of tropical production in HH is thus either that the diffusion coefficient is too high, or that the OCM IP2 schem e produces rem ineralization that is too shallow.

Prelim inary high resolution sim ulations indicate that both m echanism s m ay be at work as they tend to produce slightly higher values for tropical particle export (6.0 GtC/yr) even though they have low vertical diffusion in the tropical pycnocline.

In contrast to GSGS, where the biggest area of disagreem ent was the tropics, the biggest area of disagreem ent in this study is the Northern H em isphere. A s discussed in

GSGS, a m ajor source of disagreem ent between the m odels and the observational estim ates is the lack of export production in the North Pacific. The North Pacific particle export in the m odels ranges between 0.29 and 0.62 GtC/yr. This is m uch sm aller than the estim ates of particle export from satellite color, which range between 1.3 and 1.8

GtC/yr. This lack of particle export is in large part responsible for the m id-depth AOU errors seen in Figure 6.

The failure of m any coarse-resolution m odels to sim ulate the tem perature, salinity, and nutrient structure of the North Pacific was discussed in detail in GSGS.

There it was argued that the boundary conditions applied to the m odels failed to sim ulate the form ation of a w ater m ass with high preform ed nutrients in the Northwest Pacific.

The dynam ics of how this water m ass is form ed rem ains a topic of current research- but prelim inary results suggest that the problem arises from applying a strong tem perature restoring in the presence of boundary currents that separate too far to the north. The outcrop of the s q=26.8 surface occupies a relatively sm all area in the Northwest Pacificand a Kuroshio that separates from the coast too far from the north (a phenom enon

found in m odels at 1 degree resolution as well as at four degrees) m ove large fluxes of

tropical water into an area where the surface is being restored tow ard subpolar

conditions. This produces a water m ass that is too warm , salty, and nutrient-poor and

reduces production throughout the North Pacific. M ore recent studies using the OCM IP

protocol in a m odel where the fluxes are com puted by directly calculating the fluxes

using a prescribed atm osphere (which does not have a sharp front in tem perature at the

northern edge of the Kuroshio and so does not strongly restore the SSTs towards

subpolar values) do not show this behavior.

In com bination, the new m odels and observational estim ates of particle export

result in a significant im provem ent in m odel-data m ism atch. Figure 8 reproduces Figure

2, but using particle export rather than new production. The data does not lie off the

trend line of the m odels, and m odels P2 and P2A are quite close to the observations. P2

lies within the error bars for the radiocarbon, CFC-11 inventory, global particle export

and Southern Ocean particle export and is quite close to the observed AOU . P2A also

lies within the error bars for radiocarbon, A OU and tropical particle export, is slightly

high for CFC-11 and Southern Ocean particle export, and would lie within the error bars

for global particle export given higher export in the North Pacific. In contrast to Figure

2, the revised assessm ent based on SeaW IFS-based particle export gives no sense that

m atching both satellite-estim ated rates of biological cycling and w aterm ass tracers of

ocean ventilation is necessarily inconsistent.

A m ajor contributor to the im provem ent in the m odel-data fit is that we use

particle export rather than new production. This m eans that we are com paring our

satellite estim ates of biological cycling against a sm aller value in the m odels, as the

OCM IP m odels have a significant am ount of export associated with dissolved organic m atter. Because of the short lifetim e (6 m onths) of this DOM , it rapidly returns to the m ixed layer fueling new production there. Approxim ately 1/3 of the ^ new ~ production in the m odels is sustained through this DOM cycling.

In order to judge the ability of m odels to sim ulate observed patterns, it is helpful to exam ine m ultiple patterns sim ultaneously. Taylor (2001) proposed a diagram m atic way of com paring m ultiple patterns within and across m odels. The diagram he proposed is a polar plot in which the radius is the ratio of the standard deviation of the m odel to that of the data, and the angle is the inverse cosine of the correlation. In other words, the radius shows whether the m odel gets the right am plitude of variability, while the angle shows whether the variability has the right spatial pattern. The distance from the (1,0) point on the plot is then the norm alized unbiased RM S error.

On a Taylor diagram , different fields will pick out different aspects of the structure of the ocean circulation. For exam ple, tem perature is low in the deep and high in the surface. The Taylor diagram essentially provides a m easure for whether the location of the vertical tem perature gradient is correct. By contrast, oxygen is low in m id-depth waters, so the Taylor diagram for oxygen is m uch m ore sensitive to the ventilation of these water m asses. Radiocarbon has a large contrast betw een the Atlantic and Pacific O cean-so the Taylor diagram for radiocarbon will weight sm all differences in ventilation between these ocean basins m uch m ore heavily than the Taylor diagram for tem perature.

A com posite Taylor diagram , showing com parisons between T,S, radiocarbon,

AOU, phosphate, and the m onthly-varying, zonally-averaged particle export is shown in

Figure 9. A zonal average was used to elim inate spurious low correlations arising from

extrem e values of particle export in coastal points not resolved by the m odel. The results

show that the spatiotem poral distribution of particle export rem ains m uch m ore poorly

sim ulated than any of the hydrographic param eters. At their best, the m odels explain

40% of the observed zonally-averaged spatiotem poral variance of export flux,

substantially better than the upper lim it of 20% found in GSGS but still far below the

m odel perform ance for radiocarbon or even oxygen. The correlations are substantially

better for the Carr and M arra param eterizations than they are for the Behrenfeld and

Falkowski param eterization, consistent with our earlier results. Som e of this

im provem ent stem s from the use of the SeaW IFS chlorophyll data set, which has higher

retrievals in the tropics, particularly the Pacific (G regg et al., 2002) so that

param eterizations of production such as BF97 are able to produce a local m axim um

there. Additionally, the Dunne et al. (subm .) representation of pe-ratio allows for higher

export in the tropics since it allows for higher pe-ratios when the production is high even

at high tem peratures.The results also show that although the distribution of oxygen and

radiocarbon are significantly im proved in the P2 and P2A m odels relative to LL, the new

m odels do not capture a higher fraction of the variability in the particle export. By

contrast, the distributions of tem perature and salinity (the best-known hydrographic

fields) are best sim ulated in LL, so that there is no m odel that unam biguously produces a

^ best~ solution for all fields. Given this fact, it is worth exam ing how the different

m odels arrive at different solutions.

4. W h at m ech an ism s m ain tain an ad eq u ately ven tilated d eep ocean w ith r esp ect to oxygen an d r ad iocar b on ?

W e have shown that our new m odels com e closer than LL to reproducing both estim ates of the rate of biological cycling, the im pact of that cycling on the AOU field, and the distribution of radiocarbon within the deep ocean. The first im provem ent is largely driven by changes in the data, the latter tw o by changes in the m odels. In this section we focus on understanding the changes in the m odels. In particular, we seek to understand what it is about the high m ixing m odels that produces increased ventilation, and to what extent these processes are replicated in the low-m ixing m odels with altered

Southern Ocean boundary conditions.

W e begin by looking at the budget for oxygen and radiocarbon in the North

Pacific, where som e of the largest errors w ere found in the LL m odel. Figure 10 shows budgets of oxygen and radiocarbon betw een 25N and 60N and 120E and 105W in the

North Pacific. The colum n is divided into three boxes, from the surface to 1365m

(m odel level 14), from 1365 to 4131m (bottom of m odel level 21) and from 4131 to

5000m . Advective fluxes (in black) are distinguished from diffusive fluxes (in red). A num ber of interesting conclusions can be drawn from this figure.

1. Both advection and diffusion play first-order roles in determ ining the supply of oxygen and radiocarbon to the deep North Pacific in the GCM s. For exam ple, in the bottom box in m odel LL (top row), advection accounts for 2/3 of the oxygen supply and slightly less than 1/2 of the radiocarbon supply. N either advection nor diffusion can be neglected in the budget.

7. The advective fluxes of oxygen and radiocarbon are far larger in HH, P2, and P2A than in LL. This is both because the deep concentrations increase and because the m agnitude of the flows increase.

A sim ilar plot can be m ade for the Southern Ocean (Figure 11). The differences between m odels in this plot reinforce the conclusions from Figure 10. Especially with respect to radiocarbon, the HH m odel has a com pletely different advective pattern than the other m odels, with a net flux out of the tropics, downward advection of radiocarbon in the Southern Ocean and deep advective export of radiocarbon. The oxygen flux in the

HH m odel is also strikingly different, with net downward advection and deep export of oxgyen. The lateral diffusive fluxes are significant in all of the m odels. The lateral diffusive flux of radiocarbon is of the sam e order as the net advective flux, som etim es larger, som etim es sm aller. The net inflow of oxygen and radiocarbon in P2A, which has higher Southern Ocean w inds, is significantly larger than in the other m odels.

A particularly surprising result from Figure 11 is the upward diffusive flux of radiocarbon in m odel LL. In order to understand how such a flux is possible, one m ust rem em ber that the vertical diffusive term in this m odel includes not only the sm all-scale diffusion, but all m ixing term s, including those associated with the isopycnal m ixing of thickness- the GM term s. The GM term s act to flatten isopycnals, resulting in a net upwelling (of lighter, younger waters) in lower latitudes and downwelling (of denser, older waters) in high latitudes. In the LL case this term overwhelm s all the other vertical diffusive term s within the Southern Ocean.

The changes in the advective supply of radiocarbon and oxygen resulting from differences in m ixing can be readily explained in term s of the different pathways of

vertical exchange in the m odel. Figure 12a shows the northward transport of water with

a density lighter than 27.4 in the original m odel suite. An increase m eans that dense

water is being converted to light water, while a decrease m eans that light w ater is being

converted to dense water. In the m odels with high vertical m ixing, the northward

transport increases throughout the tropics, im plying that deep water is upwelling and

being converted to light water. In the m odels with low vertical m ixing by contrast, m uch

m ore of the light water is converted to dense water in the Southern Ocean

(Gnanadesikan et al., 2003). Figure 12b shows the equivalent plot for P2 and P2A.

M odel P2 has slightly m ore upwelling in the tropics than LL, but only slightly. M odel

P2A has a m uch larger Southern Ocean upw elling- as would be expected from the m uch

higher Southern Ocean w inds associated with the ECM W F wind product.

The results in Figures 10 and 11 suggest that the im pact of changing one

param eter within a general circulation can be quite com plicated. W e can see this in m ore

detail in Figure 13, which shows zonally-integrated changes in the global transport

associated with increasing vertical diffusion (H L-LL), lateral diffusion (H H-H L), and

Southern Ocean diffusion (HSL-LL).

Increasing the vertical diffusion coefficient (Figure 13a) results in a com plex

pattern of changes in the fluxes. The large-scale pattern of change in the advective flux

is exactly as m ight be expected from com paring the H L and LL lines in Figure 12a. The

high m ixing water has m uch m ore transform ation of dense to light w ater within the

tropics, im plying m ore upwelling there. This results in a substantial increase in the

diffusive flux there and an increase in the flux of younger waters to the Southern Ocean

and high-latitude northern ocean surface boxes. In these boxes, however, vertical

diffusion takes over, m oving the additional radiocarbon down into the water colum n. At depth, the advective flux then m oves this additional radiocarbon into the tropics, where som e of it diffuses back into the high latitudes and som e is lost through decay.

By contrast, increasing the lateral diffusive coefficient (Figures 12a and 13b) tends to counter the interhem ispheric overturning circulation, reducing the flow of surface water from the Southern Ocean into the tropics and from the tropics to the North

Atlantic. This actually results in an increase in the advective surface divergence in the tropics and a slight decrease in radiocarbon concentration (as indicated by the sm aller decay term ). The slowdown in the export of Southern Ocean surface waters allows them to increase their radiocarbon concentration (they are not being exported to the north as rapidly). In the deep ocean, the larger diffusive coefficient rem oves radiocarbon from the Southern Ocean. As a result the vertical gradient of radiocarbon increases, and the vertical diffusive flux increases slightly. Overall, however, there is a very slight decrease in the uptake of radiocarbon and the ocean grows slightly older as the slow down in the vertical advective flux is not quite com pensated by the increase in vertical diffusive flux.

Increasing the vertical diffusion coefficient within the Southern Ocean alone produces a change in the budgets of radiocarbon that is com pletely unlike the patterns resulting from changing either the vertical or lateral diffusion coefficients globally. The m ain effect of increasing the vertical diffusion coefficient within the Southern Ocean is to increase the ventilation of interm ediate w aters, substantially increasing the radiocarbon values in these waters (exam ination of the tracer fields shows an increase of

30 per m il. This additional radiocarbon is advected northward in the interhem ispheric overturning. Som e of it sinks to join the North Pacific Deep W ater in the Pacific,

resulting in a significant increase in radiocarbon consum ption in the deep ocean. Som e

fraction of this radiocarbon then diffuses back towards high latitudes in the deep ocean.

The differences in circulation are strongly reflected in the surface distribution of

radiocarbon. Figure 14 shows the surface radiocarbon concentration in all seven m odels

com pared with data assum ing 2000 as a nom inal com parison year (done so as not to

have to worry about the separation betw een natural and bom b radiocarbon). The high

m ixing m odels have surface radiocarbon concentrations that are system atically too low,

a result consistent with the earlier work of Toggweiler and Sam uels (1993). The lower

m ixing results give a better m atch to the observed surface values. The best solution is

found for the P2 m odel.

5. C on clu sion s

A m ajor question we asked at the beginning of this paper w as the extent to which

m easurem ents of global biogeochem ical cycling can be used to learn about the details of

vertical exchange. W hile such approaches are com m on am ong geochem ists (see

Broecker et al., 1999 and Orsi et al. 2002 for a recent exchange) the use of tracers to

infer the pathw ays of exchange has been criticized. For exam ple, W unsch (2002) has

argued that tracers actually add relatively little inform ation about the dynam ics of the

large-scale flow because their boundary conditions are poorly known. W hile this paper

supports the utility of tracers for understanding the ocean circulation, it also places som e

caveats on their use. W hile biogeochem ical cycling estim ates are clear m arkers about

when the circulation is getting som ething wrong. (as in m odel LL which has far too little

ventilation of the deep ocean) they do not provide an unam biguous picture of how such problem s m ay be fixed. For exam ple, m odels m ay produce better ventilation of the deep

Southern Ocean either by increasing the am ount of vertical m ixing (as in H H and P2), increasing the supply of younger waters from the tropics (as in HH, but not P2 or P2A) or increasing the net inflow of waters from the Atlantic (as in P2A). W hile we would strongly suggest that the overprediction of tropical particle export and the underprediction of surface radiocarbon m itigate against a choice of high vertical diffusion coefficients the results are not unam biguous- since lower errors near the surface m ay be balanced by higher errors at depth. In addition, a good sim ulation of radiocarbon (in the sense of m inim izing errors on the global scale) does not result in an unam biguous determ ination of the direction of certain im portant fluxes, let alone their m agnitude.

The com plexity of the flow, and the fact that the response to changes in param eters such as diffusion coefficients is not straightforward, underlines both the utility of general circulation m odels for understanding tracer distributions, and the difficulty in verifying such m odels with data. Because the indirect effects of changing param eter settings can dwarf the direct effects, it is im possible to understand the sensitivity of tracer distributions to m ixing processes without running a full m odel.

W hile the large-scale pattern of the im pact of diffusive coefficients on advective fluxes can be qualitatively understood using the sim ple theory of Gnanadesikan (1999a), the theory does not capture how the flux of radiocarbon can be ^ handed off~ between advection and diffusion. Given that the flux divergences m ay be relatively sm all in com parison with to gross advective fluxes of oxygen and radiocarbon, it m ay prove

difficult to close the budget from observations alone.

A particularly im portant result of this work is that lateral diffusion plays a m ajor

role in determ ining the budgets of radiocarbon and oxygen. This is significant because

lateral diffusive term s are particularly poorly constrained by direct m easurem ents. M any

box m odels (such as the widely used PANDORA m odel) effectively neglect such term s.

Observing lateral diffusion requires capturing correlations between biogeochem ical

tracers and velocity on the spatial scale of ocean eddies (10-30 km in m id-latitudes). It is

far from clear that this can be done observationally. A better understanding of the

diffusive effects of realistic eddies throughout the global ocean would appear to be

necessary in order to close budgets of im portant tracers.

Acknowledgm ents: This work was supported by the Departm ent of Energy Office of

Biological and Environm ental Research under the Ocean Carbon Sequestration Initiative

(DOE Grant DE-FG0200ER63009), the Carbon M odeling Consortium (NO AA Grant

NA56GP0439) and the N OAA Geophysical Fluid D ynam ics Laboratory. R.M . Key

was supported under NO AA grants NA96GP0200 and NSF grants OCE-9986310. W e

thank Joellen Russell, Bryan Arbic and two anonym ous reviewers for useful suggestions

on an earlier draft of this paper and the SeaW IFS project (Code 970.2) and Goddard

Earth Sciences Data and Inform ation Services Center/Distributed Active A rchive (Code

902) at the Goddard Space Flight Center, Greenbelt, M D 20771, for the production and

distribution of these data, respectively. These activities are sponsored by N ASA’s Earth

Science Enterprise.

Bib liogr ap h y

Behrenfeld, M .J. and P.G. Falkowski, Photosynthetic rates derived from satellite-based chlorophyll concentration, Limnol. Oceanogr., 42, 1-20, 1997.

Broecker, W .S., S. Sutherland and T.H. Peng, A possible slowdown of Southern Ocean deep water form ation, Science, 286, 1132-1135., 1999

Bryan, F. O., Param eter sensitivity studies of a prim itive-equation ocean general circulation m odel, J. P hys. Oceanogr., 17, 970-985, 1987.

Carr, M .E., Estim ation of potential productivity in Eastern Boundary Currents using rem ote sensing, Deep Sea Res. II, 49, 59-80, 2002.

Conkright,M ., R.A. Locarnini, H.E. Garcia, T.D. O´Brien, T.P. Boyer, C. Stephens, J.I.

Antonov, World O cean Atlas 2001: Objective analysis, data statistics and figure: CD-ROM Documentation.. National Oceanographic Data Center, Silver

Spring, M D, 17pp, 2002.

Da Silva, A., A.C. Young, and S. Levitus, Atlas of Surface M arine Data 1994, Volum e

1: Algorithm s and Procedures, NOA A Atlas NESD IS 6, U.S. D epartm ent of

Com m erce, W ashington, D.C., 1994.

Dixon, K.W ., J.L. Bullister, R.H. Gam m on and R.J. Stouffer, Exam ining a coupled

clim ate m odel using CFC-11 as an ocean tracer. Geophys. Res. Lett., 23(15),

1957-1960, 1996.

Doney, S.C., K. Lindsay, K. Caldeira, J.M . Cam pin, H. Drange, J.C. Dutay, M . Follows,

Y. Gao, A. Gnanadesikan, N. Gruber, A. Ishida, F. Joos, G. M adec, E.M aier-

Reim er, J.C. M arshall, R.J. M atear, P. M onfray, R. Najjar, J.C. Orr, G.K.

Plattner, J. Sarm iento, R. Schlitzer, I.J. Totterdell, M .F. W eirig, Y. Yam anaka,

A. Yool, Evaluating global ocean carbon m odels: The im portance of realistic

physics, subm . Global Biogeochem. Cycles, 2004

Dunne, J.P., R.A. Arm strong, A. Gnanadesikan, J.L. Sarm iento and R.D. Slater,

Em pirical and m echanistic m odels of particle export, subm . Global

Biogeochemical Cycles.

England, M .H., Using chlorofluorocarbons to assess ocean clim ate m odels, Geophys.

Res. Lett., 22(22),3051-3054, 1995.

Eppley, R.W .,Tem perature and phytoplankton growth in the sea, F isheries Bull., 70,

1063-1085, 1972.

Fahrbach, E., R.G. Peterson, G. Rohardt, P. Schlosser and R. Bayer, Suppression of

bottom water form ation in the Southeastern W eddell Sea, Deep Sea Res. I, 41,

389-411, 1972.

Foster, T.D. and E.C. Carm ack, Frontal zone m ixing and Antarctic Bottom W ater form ation in the Southern W eddell Sea, Deep Sea Res., 23, 301-317, 1976.

Gent, P., and J.C. M cW illiam s, Isopycnal m ixing in ocean circulation m odels, J. P hys.

Oceanogr., 20, 150-155, 1990.

Gnanadesikan, A., A sim ple m odel for the structure of the oceanic pycnocline, Science.

283, 2077-2079, 1999a.

Gnanadesikan, A., A global m odel of silicon cycling: Sensitivity to eddy param eterization and dissolution, Global Biogeochemical Cycles, 13, 199-220,

1999b.

Gnanadesikan, A., R.D. Slater, N. Gruber and J.L. Sarm iento, Oceanic vertical exchange and new production: A com parison between m odels and observations, Deep- Sea

Res. II, 49, 363-401, 2002.

Gnanadesikan,A., R.D. Slater and B.L. Sam uels, Sensitivity of ocean heat transport to subgridscale param eterizations in coarse-resolution ocean m odels, G eophys. Res.

Lett., 30(18), 1967, doi:10.1029/2003G L018036, 2003.

Klinger, B.A., S. D rijfhout, J. M arotzke and J.R. Scott, Sensitivity of basinwide m eridional overturning to diapycnal diffusion and rem ote wind forcing in an idealized Atlantic-Southern Ocean geom etry, J. P hys. Oceanogr., 33, 249-266,

2003.

Laws, E.A., P.G. Falkow ski, W .O. Sm ith, H. Ducklow and J.J. M cCarthy, Tem perature effects on export production in the open ocean, Global Biogeochem. Cycles, 14,

1231-1246, 2000.

Ledwell, J., A. W atson, and C.S. Law, Evidence for slow m ixing across the the pycnocline from an open-ocean tracer release experim ent, Nature, 364, 701-703,

1993.

Lee, Z.P., K.L. Carder, J. M arra, R.G. Stew ard and M .J. Perry, Estim ating prim ary production at depth from rem ote sensing, Applied Optics, 35, 463-474, 1996.

Levitus S., R. Burgett and T.P. Boyer. W orld Ocean Atlas 1994 Volum e 3: Salinity.

NOAA Atlas NESD IS 3. U.S. Departm ent of Com m erce, W ashington, D.C. 99 pp., 1994.

Longhurst, A., Ecological geography of the sea, A cadem ic Press, 398 pp., 1998.

M arra, J., C. Ho and C. Trees, An alternative algorithm for the calculation of prim ary productivity from rem ote sensing data, Technical Report LDEO-2003-1,

Lam ont-Doherty Earth O bservatory, Palisades, N Y., 2003.

M aier-Reim er, E., Geochem ical cycles in an ocean general circulation m odel:

Preindustrial distributions, Global Biogeochem. Cyc. 7,643-667, 1993.

Najjar, R.G., J.L. Sarm iento and J.R. Toggw eiler , Downward transport and the fate of

organic m atter in the ocean: Sim ulations with a general circulation m odel, Global

Biogeochem. Cyc., 6, 45-76, 1992.

Orsi, A.H., W .M Sm ethie and J.L. Bullister, On the total input of Antarctic waters to the

deep ocean: A prelim inary estim ate from chlorofluorocarbon m easurem ents, J.

Geophys. Res., 107, 3122, 2002.

Pacanowski, R.C., and S.M . Griffies, (1999) The M OM 3 M anual, Alpha version,

NOAA/ Geophysical Fluid D ynam ics Laboratory, 580pp.

Polzin, K.L., A rough recipe for the energy balance of quasi-steady internal lee waves,

in `Aha Hulikoa: Dyna mics of oceanic internal gravity waves II, University of

Hawaii, pp. 117-128, 1999.

Taylor, K.E., Sum m arizing m ultiple aspects of m odel perform ance in a single diagram ,

J. Geophys. Res., 106, 7183-7192, 2001.

Toggw eiler, J.R., K. Dixon and K. Bryan, Sim ulations of radiocarbon in a coarse-

resolution world ocean m odel 1. Steady state prebom b distributions. J. of

Geophys. Res., 94(C6), 8217-8242, 1989.

Toggw eiler, J.R. and B. Sam uels, New radiocarbon constraints on the upwelling of abyssal water to the ocean´s surface, in The Global Carbon Cycle, Springer-

Verlag, 333-366, 1993.

Trenberth,K.E., J. Olson, and W . Large, A Global Ocean W ind Stress Clim atology based on ECM W F Analyses. Tech. Rep. NCAR/TN-338+STR, National Center for Atm ospheric Research, Boulder, Colorado, 1989.

Veronis, G., The role of m odels in tracer studies, in Numerical models of Ocean

Circulation, pp. 133-165, Natl. Acad. O f Science, W ashington, DC, 1975.

W atson, A., J.C. Orr, O. Aum ont, K. G. Caldeira, J.-M . Cam pin, S. C. Doney, H.

Drange, M . J. Follows, Y . Gao, A. Gnanadesikan, N. Gruber, A. Ishida, F. Joos,

R. M . Key, K. Lindsay, F. Louanchi, E. M aier-Reim er, R. J. M atear, P. M onfray,

A. M ouchet, R. G. Najjar, G.-K. Plattner, C. L. Sabine, J. L. Sarm iento, R.

Schlitzer, R.D. Slater, I. Totterdell, M .-F. W eirig, M . E. W ickett, Y. Yam anaka, and A. Yool, Carbon dioxide fluxes in the global ocean, in O cean

Biogeochem istry: The role of the ocean carbon cycle in clim ate change, M .J.R

Fasham , ed. Springer-V erlag, pp. 123-144, 2003.

W inton, M .E., R.W . Hallberg and A. Gnanadesikan, Sim ulation of density- driven

downslope flow in z-coordinate ocean m odels, J. P hys. Oceanogr. , 28, 2163-

2174, 1998.

W illey, D. A.; Fine, R. A .; Sonnerup, R. E.; Bullister, J. L.; Sm ethie, W . M ., Jr.;

W arner, M . J., Global oceanic chlorofluorocarbon inventory, Geophys. Res. Lett.,

31(1), L01303 10.1029/2003G L018816, 2004.

W orthington, L.V., The case for near-zero production of Antarctic Bottom W ater,

Geochim. Cosmochim. Acta, 41, 1001-1006, 1977.

W unsch, C., Oceanic age and transient tracers, Analytical and num erical solutions, J.

Geophys. Res, 107(C6), 10.1029/2001JC000797, 2002.

LL, HH P2 P2A

Pycnocline diffusivity

(tropics)

0.15 0.6 0.3 0.15

Pycnocline diffusivity

(Southern

Ocean)

0.15 0.6 1.0 1.0

Enhanced diffusivity in top 50m

No No No Yes

Lateral diffusivity 1000 2000 1000 1000

Applied

Surface Fluxes Da Silva et al.

(1994) DaSilva et al.

(1994) Da Silva et al.

(1994) DaSilva et al

(1994) +

C or r ection glob ally

Tem perature and salinity towards which restoring occurs

Levitus and

Boyer (1994) Levitus and

Boyer (1994) Levitus and

Boyer (1994) +

C or r ection n ear

An tar ctica in w in ter

Levitus and

Boyer (1994) +

C or r ection n ear

An tar ctica in w in ter

W ind stress Hellerm ann Hellerm ann Hellerm ann E C M W F

Topography W ide Drake

Passage W ide Drake

Passage W ide Drake

Passage Nar r ow Dr ak e

P assage

T ab le 1: Tabular description of four m odels of the seven m odels. K ey differences from

LL are shown in bold. M odel LH is identical to LL except that lateral diffusivity is increased to 2000. M odel H L is sim ilarly identical except that vertical diffusivity is increased to 0.6. M odel HSL is identical except that vertical diffusivity within the Southern Ocean is changed to 1.0.

R egion

E stim ate

G lob al Nor th er n P acific (>30N )

Nor th er n Atlan tic (30N-75N)

T r op ics (23S-23N)

Sou th er n O cean (<30S) Beh r en feld F alk ow sk i

11.1 1.8 1.7 3.2 3.4

C ar r 12.0 1.6 1.4 5.0 2.9

M ar r a 9.7 1.3 1.2 3.9 2.4

P R IN C E 1

6.9

0.31

0.64 3.9

1.6

P R IN C E 2 10.0 0.39 0.85 5.6 2.4

P R IN C E 2A 8.8 0.29 0.79 3.7 3.5

H IM IX 13.0 0.62 0.95 7.7 2.7

T ab le 2: Particle export in GtC/yr from different regions using three different

observational estim ates of export and the four general circulation m odels described in

the text. M odel results which lie within the range of the observational estim ates are

highlighted in bold text.

Figure 1: Illustration of poor ventilation of the deep ocean in the LL (OCM IP2

PRINCE1) m odel. (a) Zonally-averaged A OU from the W orld Ocean Atlas (2001).

Shading shows values great than 200 mm ol/l. (b) Zonally-averaged radiocarbon from the W OCE dataset in the Pacific. (c) Zonally-averaged oxygen from LL biotic sim ulation. (d) Zonally-averaged radiocarbon in the Pacific from LL historical sim ulation (year shown is 1995). Shading shows values less than ˘ 250 � , not seen in zonally-averaged observations.

Figure 2: W aterm ass tracers and new production (GSGS) sim ulations run using the

OCM IP2 protocols. The range of observational estim ates is shown by the crosses.

Sym bols are defined in Section 2 and refer to the range of m odels run in G SGS. (A)

Radiocarbon in Circum polar Deep W ater (south of 30S, below 1365m ) vs. new

production (B) Radiocarbon in the North Pacific vs. new production (from 25-60N,

110W -250W , below 1365m ). (C) CFC-11 inventory in (10 8 m ol) vs. global new

production. (D) Apparent oxygen utilization below 2000m in the Pacific sector vs. new

production. Note that increasing new production m eans increasing oxygen utilization at

depth, so the negative correlation is evidence of increasing ventilation.

Figure 3: Schem atic of the sim ple m odel of therm ohaline overturning of G nanadesikan

(1999a). Figure is taken from Gnanadesikan et al. (2003). The figure shows four fluxes.

The form ation of North Atlantic Deep W ater is represented by a northern hem isphere overturning flux Tn which goes as g´D 2 /e where g´ is the reduced gravity between light and dense w ater spheres, D is the depth of the pycnocline and e is a frictional resistance.

This flux m ay be balanced either by an upw elling flux in tropical latitudes Tu = KvA/D

(where Kv is the diapycnal diffusion coefficient and A the area of the tropics) or by a

Southern Ocean upwelling flux. The Southern Ocean flux is the difference between the

Ekm an flux Tek=t xLx/r f (where t x is the wind stress, Lx the length of a latitude circle in the Southern Ocean, r is density and f a scale value for the Coriolis param eter) and an eddy flux Teddy=A ID/Ly (where A I is a lateral diffusion coefficient and Ly is the scale over which the pycnocline shallows in the south).

Figure 5: Particle export in GtC/yr/degree using three observational estim ates of prim ary productivity (as outlined in the text) and the regression of Dunne et al. (subm .). Note that there are three lobes- in contrast to the result reported in GSGS. This is due both to the use of new observational estim ates for chlorophyll (which have m ore chlorophyll in the tropics) and the new pe-ratio param eterization which allows for higher pe-ratios in high-productivity tropical regions.

Figure 6: AO U errors (relative to W orld Ocean Atlas 2001) from the new m odels

com pared with A OU errors in LL. Results dem onstrate that the changes to m odel

physics and forcing do im prove the ventilation of the deep ocean. Note, however that all

the sim ulations have too little AOU in the northern subpolar therm ocline. (a) P2. (b)

P2A. (c) HH. (d) Horizontally averaged AOU error including LL.

Figure 7: Com parison of observational estim ates and m odels of particle export. Dashed lines are the observational estim ates. Solid lines are the m odels. (A) LL. Note that this m odel is roughly in the right range in the tropics, but lies below the observational estim ates outside the tropics. (B) P2. This m odel is higher than observations in the tropics, close to the M arra curve in the Southern Ocean, and too low in the north. (C)

P2A. Note the displacem ent of the Southern Ocean export in this sim ulation. (D) HH.

Vertical axis is extended. Note that the tropical production is now severely overestim ated.

Figure 8: Particle export vs. waterm ass tracers for the LL,HH, P2 and P2A. (A) Particle

export vs. radiocarbon in Circum polar Deep W ater. (C) Particle export vs. global CFC-

11 inventory (x10 8 m ol). (D) Particle export vs deep AOU in the Pacific sector. Note

that the P2 m odel is close to the data in all four plots. P2A is close, with som ewhat

better AOU, low er particle export and higher CFC-11 inventory.

Figure 9: Taylor diagram s including particle export for four of the m odels. TE is tem perature, SA salinity, O2 oxygen, OU apparent oxygen utilization, PO phosphate,

RC radiocarbon, 11 CFC-11, EB export production using Behrenfeld and Falkowski

(1997), EC export production using Carr (2002) and EM export production using M arra et al. (2003). Export production is the m onthly-varying zonal average. All other fields are the three-dim ensional annual average. The results show graphically that although the newer m odels produce a tighter clustering of the hydrographic param eters, they do not produce a tighter clustering of the export production. (a) LL. (b) P2 (c) P2A (d) HH (EB is off the chart for this m odel).

Figure 10: Budgets of oxygen (in Tm ol/yr) and radiocarbon (in m ol/yr) in the North

Pacific (north of 25N) in four m odels. Advective fluxes are in black, diffusive in red and

consum ption term s in blue.

Figure 11: Budgets of oxygen (in Tm ol/yr) and radiocarbon (in m ol/yr) within the

Southern Ocean in four m odels.

Figure 12: Northw ard transport of water with s q less than 27.4. Increasing values to the

right m ean that dense w ater is being converted to light water. Decreasing values to the

right m ean that light water is being converted to dense water. (a) M odels LL (black), LH

(red), H L (green), HH (dark blue) and HSL (light blue). Note that the m odels with high

pycnocline m ixing (HH and H L) slope upwards to the right across the tropics, indicating

that dense water is being converted to light water there. Note also the relatively sm all

difference between HSL and LL. (b) M odels P2 and P2A. Note that m odel P2 is

interm ediate betw een LL and HH, having som e slope in the tropics. M odel P2A has

virtually none as the stronger Southern Ocean winds drive a m ore uniform northward

transport.

Figure 13: Sensitivity of zonally averaged radiocarbon budget to different param eterizations of m ixing (in m ol/yr). Note that as before certain regions are out of balance due to decadal transients. (a) Increase in the vertical m ixing (difference between

H L and LL).. (b) Increase in the lateral m ixing (difference between HH and H L). (c)

Increase in vertical m ixing within the Southern Ocean only (difference between HSL and LL).

Filenam e: Export_and_Exchange_2d

Directory: N:\export_paper

Tem plate: U:\Docum ents and Settings\a1g\Application

Data\M icrosoft\Tem plates\Norm al.dot

Title: Oceanic vertical exchange and biogeochem ical cycling:A new m odel/data com parison

Subject:

Author: Adm inistrator

Keywords:

Com m ents:

Creation Date: 3/3/2004 7:04 PM

Change Num ber: 5

Last Saved On: 3/26/2004 10:58 AM

Last Saved By: Adm inistrator

Total Editing Tim e: 1,565 M inutes

Last Printed On: 5/3/2004 9:19 AM

As of Last Com plete Printing

Num ber of Pages: 49

Num ber of W ords: 12,707 (approx.)

Num ber of Characters: 72,435 (approx.)