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_________________________________________________________________________

Abstract

We compared the 13 models participating in the Ocean Carbon Model Intercomparaison

Project (OCMIP) with regards to their skill in matching observed distributions of CFC-11.

This analysis characterizes the abilities of these models to ventilate the ocean on time scales

relevant for anthropogenic CO2 uptake. We found a large range in the modeled global
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inventory (±30%), mainly due to differences in ventilation from the high latitudes. In the

Southern Ocean, models differ particularly in the longitudinal distribution of the CFC uptake

in the intermediate water, whereas the latitudinal distribution is mainly controlled by the

subgrid-scale parameterization.  Models with isopycnal diffusion and eddy induced velocity

parameterization produce more realistic intermediate water ventilation. Deep and bottom water

ventilation also varies substantially between the models. Models coupled to a sea-ice model

systematically provide more realistic AABW formation source region; however these same

models also largely overestimate AABW ventilation if no specific parameterization of brine

rejection during sea-ice formation is included. In the North Pacific Ocean, all models exhibit a

systematic large underestimation of the CFC uptake in the thermocline of the subtropical gyre,

while no systematic  difference toward the observations is found in the subpolar gyre. In the

North Atlantic Ocean, the CFC uptake  is globaly underestimated in  subsurface. In the deep

ocean, all but the adjoint model, failed to produce the two recently ventilated  branches

observed in the North Atlantic  Deep Water (NADW). Furthermore, simulated transport  in

the Deep Western Boundary Current (DWBC) is too sluggish in all but the isopycnal model,

where  it is too rapid.

Keyword:  Models, Ocean ventilation, Transient tracers, CFC

_________________________________________________________________________

Introduction

Ocean carbon models offer a means to study and improve our understanding of the carbon

cycle in the ocean and its feedback on the climate system. Due to the importance of CO2 to

the greenhouse effect, many research groups have developed ocean carbon models in order to
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better understand the role of oceanic CO2 uptake on past, present and future atmospheric CO2

concentrations. The Ocean Carbon-cycle Model Intercomparison Project (OCMIP) is part of

this effort. It was initiated because models improve more rapidly when resources are pooled

and understanding is shared among modelling groups, and when they are systematically

evaluated against observations [Orr, 1999]. Simulations with the 4 models that participated in

the first phase of OCMIP, all suggest that the Southern Ocean is a region of large uptake  of

anthropogenic CO2, with the models giving widely different views of the regional distribution

of this uptake [Orr et al., 2001]. Evaluation  of the performance  of these models  is based on

their comparison with data-based  estimates for anthropogenic CO2 [Gruber et al., 1996;

Sabine et al., 1999] and bomb C-14 [Broecker et al., 1995]. However, these  data-based

estimates  may be subject  to large systematic errors in some regions such as the Southern-

Ocean. Thus ocean carbon cycle models require further independent  evaluation with other

geochemical tracers, whose oceanic distribution and uptake are better known.

In the second phase of OCMIP, the number of models has increased from 4 to 13 (Table 1).

OCMIP-2 also includes evaluation of the models' circulation fields with some new tracers,

including chlorofluorocarbons (CFCs). CFC-11 and CFC-12 are gases of purely

anthropogenic origin, whose atmospheric concentrations have increased from zero since the

1930s. CFC-11 and CFC-12 enter the surface ocean via gas exchange and are carried within

the ocean as passive and conservative tracers of circulation and mixing processes that occur on

decadal time scales [Bullister and Weiss, 1983; Weiss et al., 1985; Wallace and Lazier, 1988;

Warner and Weiss, 1992; Doney and Bullister, 1992; Smethie, 1993; Roether et al., 1993;

Rhein, 1994; Warner et al., 1996; Smythe-Wright and Boswell, 1998; Andrié et al., 1999].

Thus, CFCs are qualitatively similar to anthropogenic CO2, and this has motivated a number

of investigators to use CFCs to evaluate the ability of ocean circulation models to simulate the

uptake and redistribution of anthropogenic CO2 in the oceans [England, 1995; Robitaille and

Weaver, 1995; England and Hirst, 1997; Heinze et al., 1998; Dutay, 1998, Haine and Gray,
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1999]. The transfer of CFC-11 and CFC-12 in the ocean is well known, and their oceanic

concentrations are measured with high precision. Measurements are available globally, with

greatly extended coverage from the recent World Ocean Circulation Experiment (WOCE).

Along the sections, the temporal and spatial resolution of the CFC data is « very high », but in

the ocean  as a whole the resolution is « very low », even for WOCE.

In this paper we have compared and evaluated standard CFC-11 simulations from the 13

OCMIP-2. Our analysis focused on the middle and high latitude ocean ventilation, where

most  of the anthropogenic CO2 is absorbed in the ocean. This paper has two main goals.

First, we wish to characterize the abilities of the models to ventilate the ocean on the time

scales relevant for anthropogenic CO2 uptake.  This characterization is necessary for

assessing the accuracy of the predictions of anthropogenic CO2 uptake by the OCMIP-2

models.  The second goal of the paper is to present to the ocean and climate modeling

communities an evaluation of the decadal scale ventilation characteristics of the major state-of-

the-art ocean general circulation models (OGCMs) used in long-term climate modeling today.

Our evaluation is largely qualitative in that we cannot pin down the exact causes for

differences among the models and between the models and observations. However, we are

hopeful that our effort will set standards and motivate individual modeling groups to develop

new parameterizations and conduct sensitivity studies that will ultimately improve coarse-

resolution OGCMs.

Below, we begin by providing  a brief description of model characteristics and the OCMIP

simulations for CFC-11. We show only the CFC-11 results; because  the CFC-12 results lead

to the same conclusions. Then we present results, first as integrative diagnostics  in order to

capture the broad characteristics and differences among models, to compare their time

evolution and the spatial distibution of CFC-11 uptake. Subsequently, we compare models

results along observed sections and on specific water mass surfaces in order to evaluate the
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behavior of the models in the regions that models indicate are quantitatively important for

anthropogenic CO2 uptake. Finally, we attempt to isolate the features that appear to be similar

among some models and try to relate them, where possible, to model forcing or physics.

Description of the circulation models

The general characteristics of the 13 models participating in OCMIP-2 are presented in Table

2. All 13 models have global coverage, with coarse, non-eddy resolving horizontal resolution;

however, three  of  the models (IGCR, MIT and NERSC) lack an Arctic Ocean. All but three

of the models are primitive equation models [Bryan, 1969]. The exceptions are MPIM, which

neglects nonlinear terms in the advection equation (Large scale Geostrophic model) [Maier-

Reimer, 1993], AWI, which uses an adjoint technique to derive the circulation from

hydrographic and geochemical data (temperature, salinity, alkalinity, phosphate, dissolved

inorganic carbon, oxygen, silicate and nitrate)[Schlitzer, 1999], and PIUB where momentum

equations are balances between Coriolis forces, horizontal pressure gradients and zonal wind

stress [Stocker et al., 1992]. The PIUB model is also a zonally averaged basin model. One

model uses an isopycnal vertical coordinate (NERSC). The dynamical forcing (heat flux, fresh

water flux and wind stress) is different in each model. Three of the models, AWI, IGCR and

PIUB, use annualy averaged forcing. Three models, LLNL, MPIM, UL are coupled to sea ice

models that include both thermodynamics and sea ice dynamics. The PIUB model is coupled

with a thermodynamic sea ice model and an energy balance model of the atmosphere.

Parameterization of ocean physics also differs among the models. Models differ in their

subgrid scale parameterization, which has a large effect on the predicted circulation. The lateral

subgrid-scale mixing is horizontal in three models (IGCR, MPIM and UL), while the other
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models orient such mixing along isopycnal surfaces. Most of the latter use the eddy-induced

velocity parameterization proposed by Gent et al. [1995] (hereafter GM). Most of the models

have a prescribed profile of the vertical eddy diffusion coefficient, but some have a more

sophisticated parameterization, such as the Kraus and Turner [1967] mixed layer scheme

(SOC), the non-local K-profile parameterization (KPP) of the boundary layer from Large et

al. [1994] (NCAR), or a turbulent kinetic energy (TKE) closure parameterization in the IPSL,

UL and NERSC models [Gaspar et al., 1990; Goosse et al., 1999]. The IPSL model applies

a subsurface restoring to climatological temperature and salinity in the ocean interior below

the mixed layer. This « robust diagnostic » forcing is reduced in the vicinity of land and in the

polar region and supressed at the equator [Madec et al., 1998]. Bottom topography in the

models differs considerably, which affects bottom water flow pathways. Other factors, such as

the vertical discretization, the advection scheme and bottom boundary layer schemes also

differ, which may affect the thermohaline circulation in this class of models. Further details of

each  model are provided in the references cited in Table 2.

Parameterization of the air-sea CFC flux

For OCMIP-2, passive tracer fluxes at the air-sea interface are calculated in a common way

for all the models. For the CFC simulations, which span 1932-1997, the net downward flux

(Q) is calculated according to the classical formulation of air-sea gas exchange:

Q = k F P
P
P

Ccfc
o

s−






(1)

Where k is the air-sea gas transfer velocity, F is the CFC solubility function, Pcfc is the CFC

atmospheric partial pressure in dry air at one atmosphere total pressure, P is the monthly total
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air pressure at sea level from Esbensen and Kushnir [1981], Po is 1 atm, and Cs is the

modeled sea surface tracer concentration. More specifically, F is the CFC solubility function

in seawater [Warner and Weiss, 1985] using modeled sea surface temperature (SST) and

salinity (SSS). Pcfc is assumed to be uniform in each hemisphere poleward of 10° latitude

(Figure 1a), with temporal values from the reconstructed annual mean mole fraction of Pcfc at

41°S and 45°N [Walker et al., 2000]. Between 10°S to 10°N, we made a linear transition

between the two hemispheres.

The formulation of air-sea gas transfer velocity in units of cm.hr-1 is from Wanninkhof

[1992]:

k = ko 1− R( ) u2 + v( ) Sc 660( )−1
2

(2)

where R is sea-ice fraction, Sc is the Schmidt number of the gas and u and <v> are the

monthly mean (m s-1) and the variance (m2 s-2) of instantaneous wind speed at 10 m,

respectively. In our study, the sea-ice fraction is prescribed from the Walsh [1978] and Zwally

et al. [1983] climatologies, wind speed information is taken from the first and second Special

Sensor Microwave Imager (SSMI) satellite data prepared as described in Boutin and Etcheto

[1997] and Orr et al. [2001]. The Schmidt numbers of the CFCs are estimated from modeled

SST with the formulation of Zheng et al. [1998]. Finally, ko (=0.31 cm s2/hr m2)) is a

constant that has been calibrated so that our global mean K for CO2 matches the Broecker et

al. [1986] radiocarbon-calibrated estimate of 0.061 mol C m-2 yr-1 µatm-1.

Results
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CFC inventories and Fluxes

In each model, the global CFC-11 inventory (the global amount of this tracer absorbed by the

oceans) follows the increase of the CFC-11 partial pressure in the atmosphere (Figure 1).

Simulated inventories exhibit a standard deviation of about 20% and a range of about ±30%

around the mean. Extrema clearly stand out: the uptake of UL and NERSC are largest while

that of PRINCE is lowest. The evolution of the inventory in each model is linearly related to

that in all others (r2 of at least  0.99) (Figure 1c).

With similar temporal evolution, one might also expect similar spatial structure. The CFC-11

cumulative flux distribution at the air-sea interface (Figure 2), which is the time-integrated flux

of the tracer into the ocean since the begining of the simulations (1932), provides a signature

of modeled water mass ventilation and transformation (e.g. upwelling). Uptake is consistently

high mainly in regions of cold winter SST and strong vertical mixing such as the Southern

Ocean, the North Atlantic ocean and the Northwestern Pacific ocean. Uptake is also high in

the Equatorial Pacific due to upwelling of subsurface waters that are impoveriched in CFC.

Uptake is two orders of magnitude lower in the subtropics. Despite such similarities in the

large-scale pattern of uptake, the detailed spatial structure differs substantially among models.

Simulated CFC-11 uptake differs by up to an order of magnitude, especially in the Southern

Ocean, where the greatest proportion of CFC-11 is absorbed in all the models. For instance,

two models (IPSL and SOC) exhibit maximum uptake in the South Pacific and South Indian

Oceans, whereas three other models (CSIRO, UL and PRINCE) absorb most in the South

Atlantic and South Indian oceans, and the remaining models spread uptake throughout all

three sectors of the Southern Ocean (Figure 2). The MPIM and NERSC stand apart in that

maximum uptake occurs adjacent to the Antarctic coast; in the other models, most uptake is

located offshore in the Antarctic Circumpolar Current (ACC). All models show similar
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dominance of the southern hemisphere with regard to CFC-11 uptake, from 60% (MPI and

PRINCE) to 70% (UL and NERSC) of the total (Table 3).

North Pacific

In the North Pacific ocean, all the models have their highest CFC-11 uptake near the Kuroshio

extension just north of 30°N (Figure 2), where the North Pacific Subtropical mode water

(NPSTW) is formed [Suga et al., 1997], and where the winter mixed layer is deepest in this

basin [Qiu and Huang, 1995]. Uptake is also large in the North Pacific subpolar gyre, just

south-east of the Bering Strait in most of the models.

An opportunity to evaluate  the simulated CFC-11 distribution in this region of the North

Pacific is provided by the WOCE P13 section at 165°E [Sonnerup et al., 1999]. This section

is plotted in Figure 3 along with the corresponding section in each models.  This figure, and

others like it that show observed and modeled CFC sections, depict the model results for the

same month and year that the measurements were made. Ventilation in both the observation

and models is restricted to the thermocline in the North Pacific. Below 2000 m, CFC-11

concentrations are negligible, testifying to the lack of deep water formation. The only

exception is the UL model, which shows an unrealistic penetration of CFC-11 to the bottom

near the Bering strait.

To more quantitatively evaluate the CFC uptake, we define the local inventory of CFC-11 and

CFC-11 partial pressure (PCFC-11) as their vertical integral (mol m-2; 10-9  atm  m) and the

penetration depth (m) as the vertical integral divided by the surface concentration. Vertical

integrals in the observations are computed using a trapezoidal method, while those from the
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models use the full model resolution. PCFC-11 inventories enable to remove the effects of

temperature biases in the models and assess how much of the differences are due to the

circulation. The local inventory and penetration depth  are presented in Figure 4 for the

WOCE P-13 section. In the observations, the greatest CFC-11 penetration depth is around

1100 m and occurs in the subtropical gyre between 20° and 40°N (Figure 4c), where the lower

thermocline is ventilated by intermediate water formed in the Sea of Okhotsk [Warner et al.,

1996]. The penetration depth is shallower (200-300 m) in the subpolar gyre where large

stratification due to the vertical salinity gradients prevents deep penetration of CFCs [Warren,

1983]. Models exhibit their greatest penetration depths of CFC-11 in the subtropical gyre

between 20°-40°N, but they do not exceed 900 m and thus are smaller than observed (Figure

4b). Simulated CFC-11 and PCFC-11 inventories in this latitudinal band are systematically

too low, being at least 30% smaller than the observed inventory. The magnitude of these

inventories varies by 60% among the models. The simulated penetration depths and

inventories do not always correspond due to differences in stratification among models. As a

whole, the models do not have a systematic bias in the subpolar gyre, north of 40°N (Figure

4a). About half the models (LLNL, IPSL, MPIM, PIUB, PRINCE) underestimate that

region's observed CFC-11 inventory; the others overestimate it, with some (UL, NERSC,

NCAR, MIT) estimating values that are twice as large as those observed.

North Atlantic

Substantial intermediate and deep waters are formed in the North Atlantic. The observed CFC-

11 distribution in the Eastern North Atlantic along the WOCE NA20W section ( in 1993)

[Castle et al., 1993], provides insight regarding subsurface ventilation of the subtropical and

subpolar gyres (Figure 5). In that region, formation of a variety of mode waters by winter

convection [McCartney and Talley, 1982] produces a uniform vertical CFC distribution below

the seasonal thermocline [Doney and Bullister, 1992] to a depth that appears also to vary in
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time [Doney et al., 1998]. Along this section, the mean observed  CFC-11 penetration depth in

subsurface increases from 400 m to 1000 m as one moves northward from 20°N (Figure 6c)1,

which shows that CFC uptake is large in the North Atlantic subpolar gyre in stark contrast to

its North Pacific counterpart. Although all models tend to show this increase, but most of

them underestimate the CFC-11 inventory and CFC-11 penetration depth in the subtropical

gyre. Only two models (NERSC,MIT) slightly overestimate inventories and penetration

depths in the subpolar gyre (Figure 6). Four models (PIUB, MPIM, AWI, IGCR), have

particularly low CFC-11 uptake in the subtropical gyre. Three of these models (MPIM, AWI,

IGCR) are forced with annual means  (Table 2), that does not allow to reproduce deep winter

mixed layers and a realistic subduction that is known to be strongly seasonally aliased with

the winter conditions  [Williams et al., 1995]. 

The NA20W section is located in the eastern limit of the recirculation of the Labrador sea

water in the North Atlantic subpolar gyre [Talley and McCartney, 1982]. Figure 5 reveals

observed CFC-11 concentrations that are elevated below 1000 meters in the deep ocean due to

renewal of NADW (North Atlantic Deep Water). We can assess in more detail the NADW

ventilation characteristics, with its different components and source regions, from the zonal

section at 24°N (Figure 7) performed during the WOCE program [Peltola et al., 2001]. The

A24N section shows the well known observed vertical distribution of CFCs within the deep

western boundary current (DWBC), with two maxima along the continental slope [Molinari et

al., 1992; Smethie, 1993; Rhein et al., 1995; Andrié et al., 1999]. The deep maximum lies

between 3000 and 4000 m depth, indicating the presence of Lower North Atlantic Deep Water

(LNADW). The LNADW forms from the Denmark Strait Overflow Water (DSOW) and the

Iceland-Scotland Overflow Water (ISOW). Those source waters mix after flowing over the

Greenland-Iceland-Scotland Ridge. The shallow maximum, between 1500 and 1800 m,
                                                
1 In Figure 6, the integration is limited to 1100 m depth  in order to  restrain the analysis to  SPMW
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corresponds to the Upper North Atlantic Deep Water (UNADW). The rate of formation and

properties of the UNADW vary on a decadal time scale [Pickart, 1992]. The classical

component of UNADW is the Labrador Sea Water (LSW). The UNADW signal observed

on A24N in 1998, is an upper LSW component, which is believed to have been ventilated in

the early 1980s from south of the classical formation region, outside the western Labrador sea

gyre [Pickart, 1992]. The DWBC is also linked with some tight recirculation which is

involved in ventilation of the ocean interior [Hogg and Stommel, 1985; Pickart and Hogg,

1989]. Along A24N, significant CFC-11 concentrations are observed in the deep ocean

interior, as far west as 40°W for the UNADW component and 50°W for the LNADW.

The AWI model is the only one that succeeds in producing the two subsurface CFC maxima

in the western Atlantic. The other models produce only one CFC maximum corresponding to

modeled NADW. The structure and position of this simulated maximum, recently ventilated

NADW, varies substantially. The simulated depth of this maximum varies by hundreds of

meters among the models. Generally, it lies between the depth the two maxima on the

observed section at 24°N, except for the LLNL and SOC models, where it is significantly

shallower, and the isopycnal model (NERSC), where it lies at the bottom of the ocean.

Longitudinally, the single maximum is sometimes located a few tens of degrees of longitude

offshore in some models, thereby showing error in circulation pathway and increasing the

volume of the deep interior ocean that is ventilated on a decadal time scale. All models have

coarse resolution, thus the modeled DWBC spans at least few grid points, and is wider than in

the real ocean. In the AWI model ocean interior ventilation is too weak for the upper

component, but too strong for the lower component, spreading  too much into the ocean

interior.

Having analysed the vertical structure of CFC-11 within the DWBC, we now investigate the

lateral spreading of the upper NADW component produced by the models. Weiss et al.
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[1985] have shown that at the time of the TTO survey in 1983, CFC-enriched water had

already reached the tropical Atlantic via the DWBC. The measurements presented on the σ1.5

= 34.63 kg.m-3 surface (≈ 1600 m) show a well ventilated core of UNADW with a significant

CFC-11 concentration of 0.05 pmol/kg having reached the western equatorial Atlantic (Figure

8). The corresponding model results are shown on the depth (or for the NERSC model, along

the σ level) that coincide with the NADW core in each model (Figure 8). Close to the source

region in the north, models have CFC-11 concentrations similar to the observations (0.8 - 1.6

picomol/l). Nearer the equator, the Z coordinate models underestimate CFC-11 concentrations

in the western boundary outflow, whereas the isopycnal layer model, NERSC, overestimates it.

two of the Z-coordinate models (NCAR and MPIM) succeed in producing CFC-11 rich water

(> 0.03 pmol/l) as a well defined DWBC along the coast of South America, whereas others

(CSIRO, MIT, LLNL, UL and PRINCE) unrealistically spread the CFC-11 signal into the

interior of the deep ocean. In these models, the tracer spreads into the ocean interior by lateral

diffusion but although  because  the velocity field deviate from a pure  equatorward  steering.

Southern Ocean

Figure 2 reveals dramatic differences between models for the cumulative flux in the Southern

Ocean. Two sections provide a more in-depth view of model performance in the Southern

Ocean: the AJAX section, which was taken in 1983-1984 in the South Atlantic ocean along the

Greenwich meridian from Africa to Antarctica [Weiss et al., 1990] [Warner and Weiss, 1992]

(Figure 9); and the WOCE P15s section [WOCE Data Products, 2000], which was taken in

1996 in the South Pacific ocean, from the Equator to the region surrounding the Ross Sea

(Figure 10). The observed CFC-11 distribution along these two sections reveals the signature

of the principal water masses of the Southern Ocean. The sharp subsurface tracer penetration

down to approximatly 1000 m depth occuring between 55°S and 40°S reflects the formation
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of Subantarctic mode water (SAMW). At greater depths, low CFC concentrations south of the

ACC reveal weakly ventilated Circumpolar Deep Water (CDW). Nearer the bottom, higher

CFC-11 concentrations indicate recently ventilated Antarctic Bottom water (AABW). The

source of AABW for P15s is the Ross Sea and for AJAX it is the Weddell Sea and the

Amery Ice shelf [Orsi et al., 1999]. These bottom water CFC-11 concentrations are typically

100 times less than those in the surface waters, but concentrations remain significantly higher

than the detection limit (0.01 picomol/l), and thereby clearly indicate recent ventilation. The

CFC-11 vertical inventory along these sections clearly shows how SAMW ventilation is more

important than AABW ventilation in some respects to anthropogenic gases uptake in the

Southern Ocean (Figure 11). The standard non-linear CFC concentration color bar in the full

depth section plots (Figure 9 and 10) emphasize the differences in the deep waters, but in

terms of inventory, the SAMW dominates.

Model results differ substantially along these two sections. Sea-surface CFC-11

concentrations are similar to those observed, but the tracer concentrations in the ocean's

interior differ substantially among models. Some models succeed in reproducing the sharp

subsurface penetration of the CFCs at the subantarctic front associated with the SAMW

ventilation (AWI, CSIRO, IPSL, LLNL, MIT, NCAR, SOC, PRINCE and NERSC). In other

models (MPIM, IGCR and UL) CFC-11 penetration is less realistic, extending vertically into

the Circumpolar Current, but not diagonally (along isopycnals) towards the subtropics. The

general CFC-11 distribution in the SAMW subduction region along the AJAX section in the

Atlantic ocean (between 55°S and 40°S) is captured by several of the models, with simulated

penetration depths and inventories that are close to that observed (800 m), though there is a

tendency in several models (MPIM, LLNL, CSIRO, PIUB, and PRINCE) for these quantities

to be on the low side (Figure 11) . In this region, modeled CFC-11 distribution are bracked by

the MPIM model which has a weak SPMW ventilation and low CFC-11 inventory, and the

NERSC model that overestimates the CFC-11 inventory and penetration depth. The observed
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CFC-11 penetration depth along P15s section reaches 1000 m in the SAMW subduction

region (between 60°S and 50°S), and is deeper than that observed in the Atlantic ocean along

the AJAX section (Figure 11). Compared to the observations, most of the models have similar

or too-large CFC-11 inventories and penetration depth along P15s. Exceptions are the

CSIRO, LLNL, and PRINCE models which underestimate the CFC-11 inventory between

60°S and 50°S. The CSIRO and LLNL models have a realistic magnitude for the maximum

CFC-11 inventory, but it is located further north between 50°S and 35°S.

Antarctic Bottom Water (AABW) ventilation also differs dramatically among the models. The

inverse model (AWI), the isopycnic model (NERSC) and the four models that are coupled to

sea-ice models (LLNL, MPIM, UL, PIUB) all show, on both sections, significant CFC

concentrations at the bottom due to AABW ventilation. However their skill varies: the AABW

CFC-11 concentrations are realistic in the LLNL model, but overpredicted by more than a

factor of ten in the five other models mentioned above. Ocean models that are not coupled to a

sea-ice model, generally produce a weaker ventilation of AABW, and CFC-11 concentrations

that are too low in the deep Southern Ocean. Exceptions are the CSIRO model on AJAX and

the NCAR, IPSL and IGCR models on P15s, which produce significant CFC-11

concentrations in the deep Southern Ocean.

Recent analysis of the new CFC WOCE data set in the deep Southern Ocean [Orsi et al.,

1999] provides a large-scale picture that allow us to assess the simulation of AABW

formation. Bottom maps on the abyssal layer show newly formed CFC-rich bottom water

sinking from source regions located around Antarctica: in the western Weddell Sea, around

the Amery basin (50°-100°E), off Wilkes Land (120°-160°E) and in the Ross Sea (Figure 12).

We compared the Orsi et al. data analysis with simulated CFC-11 concentration averaged over

year 1990 at 2800 m depth (Figure 12). The latter is indicative of simulated Antarctic Bottom

Water ventilation characteristics close to Antarctica. Analogous maps at different times or
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depths in the abyssal ocean provide the same qualitative information. Models exhibit dramatic

differences in AABW ventilation. The inverse model (AWI) and ocean models coupled with a

sea-ice model form AABW at several locations around Anatrctica similar to observed patterns,

although of different intensity. Our previous comparison along P15s and AJAX sections

revealed that the CFCs concentrations in the bottom layer of these models are for the most

part too high, except for the LLNL model. The isopycnal model (NERSC) exhibits high deep

CFC concentration and deep water ventilation all around Antarctica. AABW ventilation in the

other models is weaker, with source regions either exclusively in the Weddell Sea (CSIRO,

PRINCE), or in both the Weddell and Ross Seas (IGCR, NCAR and SOC). Unlike other

models, the MIT and IPSL models do not show substantial bottom water ventilation around

Antartica. Instead the MIT model forms AABW only in Drake Passage, and the IPSL model

ventilate the deep Southern Ocean throughout the ACC.

Discussion

Global uptake of CFC-11 predicted by the OCMIP-2 models varies by ±30% around the

mean. Thus establishing an observed global CFC inventory, with reasonable accuracy, would

provide an important constraint for global OGCMs. Furthermore, a linear relationship in the

trend of global CFC uptake exists among all models. Surface ocean CFC concentrations

equilibrate rapidly with the atmosphere [Doney and Jenkins, 1988] and all models are forced

to follow the same temporal CFC increase in the atmosphere. Hence global uptake of CFCs is

contolled by a global subduction rate whose magnitude differs for each model. The

differences between the models and the observations  are not due to biases in model simulated

temperature because model evaluation with both CFC-11 and PCFC-11 inventories along
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sections lead to the same conclusions. Thus, these differences must be ascribed to different

model circulation fields. Differences in the global CFC-11 budget among models derive

mainly from the Southern Ocean, where CFC uptake is concentrated in the Subantarctic mode

waters. In that region zonally integrated fluxes are largest and models differ significantly. For

instance, our model-data comparison along sections reveals that the UL and NERSC models

absorb the most CFC-11 globally and are ventilated too strongly in the Southern Ocean.

Conversely the PRINCE model has the lowest global CFC uptake and correspondingly weak

ventilation in the Southern Ocean, particularly within the SAMW.

Some of the differences in Southern Ocean ventilation can be related to general physical

forcing, while others are obviously more closely related to the physics or model

parameterizations (Table 2). The meridional distribution of the uptake of CFCs in the

Southern Ocean appears to be closely related to the parameterization of the lateral subgrid-

scale mixing in the models. Most of the models without isopycnal diffusion (IGCR, MPIM,

PIUB) exhibit maximum uptake south of 60°S (Figure 2). On the other hand, all the depth

coordinate models with lateral diffusion oriented along isopycnal surfaces exhibit maxima

located closer to the subantarctic front, north of 60°S. The lateral mixing parameterization is

crucial for SAMW subduction and ventilation. Subsurface ventilation in the Southern Ocean

is very sensitive to the lateral subgrid scale mixing parameterization [Danabasoglu et al.,

1994; Hirst and Cai, 1994; England, 1995; Duffy et al., 1997; Guilyardi et al., 1999]. Models

with horizontal mixing (IGCR, MPIM, UL, PIUB) show particularly unrealistic subsurface

ventilation. They fail to produce substantial SAMW ventilation due to their inadequate

isopycnal subduction at the base of the mixed layer. The other models, which have a lateral

mixing oriented along isopycnal surfaces, produce more realistic SAMW ventilation. The

resulting sharp vertical penetration of CFC-11 that occurs near the subantarctic front (55°S-

45°S) is correlated with the more realistic low CFC-11 concentrations in the CDW (Figures 9
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and 10). The isopycnal model (NERSC) simulates excessive CFC-11 uptake all around the

Antarctic continent. When deep convection occurs in the NERSC model, isopycnals

simultaneously outcrop in the mixed layer. Therefore, the near-vertical isopycnals in the

Southern Ocean allow excessive CFC to penetrate into the ocean interior.

Unlike the meridional distribution of CFC uptake, its longitudinal distribution shows no

obvious relationship to model configuration or parameterizations. It is more likely that

longitudinal variations in CFC uptake are controlled by the buoyancy forcing of the models.

The primary sources of SAMW are mainly located in the Indian and Pacific sectors of the

Southern Ocean [McCartney, 1982; Speer et al., 1997]. Thus, models that have their

maximum of CFC uptake located in the Pacific and Indian sectors of the Southern Ocean

(IPSL and SOC) are more realistic in this regard. However, the location of the CFC-11 flux

maxima (convection regions) is not the only important factor for intermediate water

ventilation. Advection also plays a crucial role. Part of the mode water formed in one basin is

later exported into another basin [Speer et al., 1997]. Our CFC simulations reveal this

tendency. For instance, the CSIRO model takes up more CFC-11 than does the SOC in the

Southern Atlantic Ocean. Yet the CFC-11 penetration depth and inventory along the AJAX

section in the Atlantic Ocean, are both larger for SOC than for CSIRO (Figure 9). The

formation (convection) regions of SAMW are now quite well established, and global basin

subduction rates have been calculated. Unfortunately, the location of where SAMW is

subducted is poorly understood [Speer et al., 1997]. Thus it is difficult to evaluate the models

further in this regard. CFC observations are useful for evaluating a model's ventilation

characteristics, but they can not constrain the origin of the ventilation.

The CFC-11 simulations also offer the opportunity to evaluate modeled formation and

ventilation of AABW. Shelf-edge processes play a major role in the formation of deep and

bottom waters in the Southern Ocean [Foster and Carmack, 1976]. Since the models lack the
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spatial resolution to resolve shelf-edge processes, they also tend to resort to unrealistic open-

ocean convective processes to simulate deep and bottom ventilation [Goosse et al., 2000].

However, coupling an ocean model to a sea ice model appears to produce a more realistic

pattern of model AABW source around Antarctica.  Of all the forward models tested during

OCMIP-2, only those coupled to a sea-ice model exhibit the recent ventilation by AABW in

all three sectors of the Southern Ocean around Antarctica seen in a recent synthesis of

observations by Orsi et al. [1999]. These models also tend to overestimate this production.

Thus including a sea ice model or reasonable freshwater fluxes are necessary conditions for

producing a realistic spatial distribution of the AABW formation region. Also model

parameterizations for subgrid-scale mixing or salt rejection play an important role in

propagating recently  formed AABW. All models coupled to a sea ice model offer improved

AABW source distribution, yet all but one of them simulate bottom water CFC-11

concentrations that are too high. The LLNL model, has clearly the most realistic CFC-11

concentrations in the bottom water of the Southern Ocean (Figure 9, 10 and 12). The GM

parameterization in this models helps stratify the deep Southern Ocean [England, 1995; Hirst

and McDougall, 1996], but it is the treatment of brine rejected during sea ice formation that

distinguishes this model from others. In order to simulate concentrated brine plumes, the

LLNL model transports salt, but not other tracers, downward during brine rejection [Duffy and

Caldeira, 1997]. Thus convection is reduced as is CFC-11 uptake in this region [Caldeira

and Duffy, 1998]. Still this parameterization is not the only mean for improving the

representation of bottom water ventilation in these coarse resolution models. Additional

sensitivity tests carried out by two OCMIP-2 modeling groups have shown that specific

bottom boundary layer parameterizations may further contribute to an improvent in the

propagation of AABW in the models [Campin and Goosse, 1999; Doney and Hecht, 2001].
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In the northern hemisphere, the regions of high CFC-11 uptake are the North Atlantic and

Northwestern Pacific. The large-scale meridional structure of the subsurface ventilation of the

subtropical region of these oceans  appears adequate in all of the models. The simulated

penetration of CFC-11 into subsurface layers does not seem to be improved by incorporating

a more sophisticated mixed-layer parameterization. For instance, NCAR uses the KPP

parameterization, but has a weaker vertical penetration than the Princeton model which has no

mixed-layer model. This result is consistent with large-scale water mass properties being

much more dependent on the surface forcing than on the surface boundary layer mixing

scheme [Large et al., 1997]. Simulated CFC-11 and PCFC-11 inventories and penetration

depths are systematically too low, especially along the WOCE P13 section located near the

STMW formation region in the Pacific. As all simulated PCFC-11 inventories are too low

compared to the observations, it indicates a systematic shortcoming in the model circulation

fields. Perhaps, meso-scale eddies, which are not resolved by any of the OCMIP-2 models,

play an important role in ventilating the subtropical gyre.

Model performance concerning the ventilation of the subpolar subsurface gyre differs

between basins. In the North Atlantic, the simulated CFC-11 uptake has a reasonable

meridional structure, but is too low compared to the observations in all models but two. Lack

of spatial resolution may partially explain that systematic bias. On the other hand, in the

Northwestern Pacific, some models do succeed in reproducing the observed large-scale

meridional structure of the CFC-11 uptake, with smaller inventories and penetration depths in

the subpolar gyre. Other models (MIT, SOC, NERSC, NCAR and UL) overestimate the

uptake of CFC-11 in the North Pacific subpolar gyre. In the North Pacific, the shallow

penetration  depth simulated in some of the models may also be partially due to the poor

representation of the marginal seas (Sea of Okhotsk) and exchange through straits.
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Our results reveal shortcomings in the ability of many models to simulate the ventilation of the

deep water in the Northern hemisphere. In most models, deep water formation in the Northern

hemisphere is localized in the Irminger Sea and in the Greenland-Iceland-Norwegian (GIN)

seas (Figure 2). Conversely in the MIT, NERSC, and UL models, maximum uptake occurs in

the north Atlantic subpolar gyre, in the Labrador Sea (Figure 2). This coincides better with

formation of UNADW in the real ocean [McCartney and Talley, 1982]. The vertical structure

of the recently ventilated NADW (Figure 7) is not clearly related to the formation region in

the models. Only the adjoint model (AWI) produces the two separate ventilated branches of

NADW (UNADW and LNADW), as observed. Modeled deep water formation in the GIN

seas does not produce a distinct, recently ventilated core in the DWBC because overflow from

the Nordic seas is poorly simulated in coarse resolution models, particularly if they do not

include any specific parameterization of dense water overflow over the sills [Beckmann and

Döscher, 1998; England and Holloway, 1998; Redler and Dengg, 1999].

The simulated lateral spreading of CFC-11 in the DWBC also reveals shortcomings in the

modeled thermohaline circulation on the decadal time scale. Some of the models have well

defined DWBC (e.g., AWI, IPSL, MPIM, NCAR and NERSC) whereas others (e.g., CSIRO,

LLNL and MIT) produce excessive ventilation into the ocean interior. All models, except for

the NERSC isopycnal model, produce CFC-11 concentrations in the DWBC that are too low.

Thus transport of tracer is too weak in the cold branch of the thermohaline circulation of these

coarse resolution Z-coordinate models. The unrealistic vertical structure of NADW ventilation

may also explain why the modeled DWBC is too slow. With a higher-resolution model,

Böning et al. [1996] show that if dense overflow from the Greenland and Norwegian Seas is

inadequate, then this also reduces the total export of NADW from the subpolar gyre. Further

reduction of southward transport of CFC-11 in coarse resolution models is due to artificial

upwelling in the DWBC caused by the crude representation of the lateral boundary layer used

in these models [Huck et al., 1999]. This model artifact results in diluting the CFC signal due
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to mixing with CFC-poor deeper water, and thereby creates an unrealistic shortcut in the

modeled thermohaline circulation. Such artificial upwelling is commonly found in coarse-

resolution models using a horizontal lateral diffusion, which produces large diapycnal fluxes

when isopycnals are tilted, the so-called "Veronis" effect" [Toggweiler et al., 1989]. Artificial

upwelling persists when using isopynal diffusion and the GM parameterisation, although its

intensity is generally reduced along with the global meridional overturning [Lazar et al.,

1999]. It is then balanced by downward eddy induced advection, which also tends to mix the

tracer signal in the DWBC. The impacts of these shortcomings of the thermohaline circulation

of coarse-resolution models will also have an impact on the simulated redistribution of carbon

by the ocean.

Conclusion

Standard CFC-11 simulations were made in 13 coarse-resolution models so that uptake and

transport of this tracer could be used as an evaluation tool for model performance, particularly

over decadal time scales. The range of the simulated global CFC-11 uptake is large (± 30%

about the mean result), mainly due to differences in the Southern Ocean. An observed CFC

inventory would provide a useful benchmark for evaluating the decadal ventilation

characteristics of global OGCMs. Observations and derived analysis products of CFC

measurements from WOCE and some previous programs have been useful for testing the

models. Our analysis of the Southern Ocean reveals that ocean models coupled with a sea-ice

component  model systematically provided more realistic patterns of AABW formation source

region, than those without this component.

Nonetheless, the propagation of AABW into the interior of the ocean also depends on the

parameterization of ocean physics. Models with a sea ice component produced excess deep
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water formation in the Southern Ocean or indeed near the Bering strait (e.g. UL). An

exception was the LLNL model with its specific parameterization for vertical redistribution of

brine rejection during sea ice formation. Models with lateral diffusion oriented along

isopycnals that also include the GM eddy-induced velocity parameterization produce more

realistic intermediate water ventilation in the Southern Ocean. However, models differ

longitudinally in regions where SAMW is formed, probably because the lack of data allows

modelers too much liberty in specifying Southern Ocean heat and fresh water fluxes.

Therefore improving heat and fresh water flux climatologies in the Southern Ocean would

help improve ocean models, as would new constraints for interannual and decadal climate

variability in this region. In the northern hemisphere, all models underpredict the CFC-11

uptake in the subtropics and in the subtropical gyre of the Atlantic Ocean. As for NADW,

only the adjoint AWI model succeeds in producing the two recently ventilated branches of

NADW. Other models produce only one branch with related transport in DWBC being too

sluggish, except in the NERSC isopycnal model where it is too rapid. Our standard OCMIP

protocols  and  archive of CFC-11 and CFC-12 model output should be useful for continued

evaluation of ocean model performance. More information about OCMIP can be found  at

http://www.ipsl.jussieu.fr/OCMIP.
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Figure captions

Figure 1: Temporal evolution of (a) the CFC-11 atmospheric mole fraction in both
hemispheres  and  (b) simulated  global CFC-11 inventory. (c) Global CFC-11
model inventory as a function of the average global CFC-11 inventory of all the
models.

figure 2: Models' cumulative CFC11 flux in 1989, units: mol/m2.

Figure 3: CFC-11 concentration along the P13 section (1992), units mol/m3.

Figure 4: CFC-11 and PCFC-11 vertical inventories and penetration depths along the P13
section.

Figure 5: CFC-11 concentration along the Na20w section (1993), units mol/m3.

Figure 6: CFC-11 and PCFC-11 vertical inventories and penetration depths along the Na20w
section. Integration is limited to 1100 m depth in this calculation in order to restrain
the analysis to SPMW

Figure 7: CFC-11 concentration along the A24N section (data, 1998; models, 1997), units
mol/m3.

Figure 8: data: CFC-11 concentration on the σ1.5 = 34.63 isopycnal surface in 1983, units:
picomol/l, from Weiss et al., [1985], models: CFC-11 concentration at the depth (or
σ level for NERSC) of the core of UNADW of the models in 1983, units:
picomol/l.

Figure 9: CFC-11 concentration along the AJAX section (1983), units mol/m3.

Figure10: CFC-11 concentration along the P15s section (1996), units mol/m3.

Figure11: CFC-11 and PCFC-11 vertical inventories and penetration depths along the AJAX
and P15S sections

Figure 12: Data : CFC-11 concentration in AABW - σ > 28.27 kg.m-3 - Atlantique (1987)-
Pacifique and Indian (1993)- units: picomol/l – adapted  from Orsi et al.,[1999],
models : CFC-11 concentration at 2800 meter depth.
Units : 10-11 mol/m3
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Modeling groups

AWI (Alfred Wegener Institute for Polar and Marine Research), Bremerhaven, Germany
CSIRO (Commonwealth Science and Industrial Research Organization), Hobart, Australia
IGCR/CCSR (Institute for Global Change Research), Tokyo, Japan
IPSL (Institut Pierre Simon Laplace), Paris, France
LLNL (Lawrence Livermore National Laboratory), Livermore, Ca, USA
MIT (Massachussets Institute of Technology), Cambridge, MA, USA
MPIM (Max Planck Institut fuer Meteorologie), Hamburg, Germany
NCAR (National Center for Atmospheric Research), Boulder, Co, USA
NERSC (Nansen Enviromental and Remote Sensing Center), Norway
PIUB (Physics Institute, Univeristy of Bern) Switzerland
PRINCEton (Princeton University AOS,OTL / GFDL), Princeton, NJ, USA
SOC (Southampton Oceanography Centre) /SUDO / Hadley center (UK Met. Office), England
UL (University of Liege) / UCL (Université Catholique de Louvain), Belgium

Data groups

PMEL (Pacific Marine Environmental Laboratory), NOAA, Seattle, Washington, USA
PSU (Pennsylvania State University), Pennsylvania, USA
PRINCEton (Princeton University AOS,OTL / GFDL), Princeton, NJ, USA

Table 1: List of OCMIP-2 groups.
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1997]
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et al.,
1997]
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[Bleck et
al.,
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et al.,
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al.,
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et al.,
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Table 2: model characteristics

EBM: Energy Balance Model
AMIP: Atmospheric Model Intercomparaison Project
Levitus: Climatological atlas of the world ocean, NOAA, 1982
HOR, ISOP, GM: Horizontal, Isopycnal, Gent & Mc Williams parameterization
TKE: Turbulent Kinetic Energy closure
KPP: non-local boundary layer parameterization, Large et al. [1994]
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AWI CSIRO IGCR IPSL LLNL MIT MPIM NCAR NERSC PIUB PRINCE SOC UL

global
CFC-11
uptake

5.4 4.3 4.9 4.5 4.2 4.9 4.2 4.4 6.1 4.3 3.7 4.6 6.6

NH
CFC-11
uptake

1.7 1.5 1.6 1.4 1.4 1.7 1.6 1.7 1.9 1.4 1.6 1.6 2.0

SH
CFC-11
uptake

3.6 2.8 3.3 3.1 2.8 3.2 2.5 2.8 4.2 2.9 2.1 2.9 4.6

NH/Global
(%)

32.3 34.2 32.6 31.4 33.0 34.8 39.0 37.4 31.2 32.6 43.1 35.7 30.1

table 3: global and hemispheric CFC-11 uptake in 1989, units: 1018 mol. ratio of Northern
Hemisphere CFC-11 uptake/ Global CFC-11 uptake, units: percent


