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Abstract
Ventilation of Southern Ocean deep water regulates the global climate through carbon and heat
uptake and transport, yet published data-based estimates of Southern Ocean transport differ
widely. Simulations of the biogeochemical cycling in the Southern Ocean also vary widely and
are especially sensitive to the underlying physical circulation. We address this uncertainty by
analyzing IPCC-AR4 coupled climate model simulations of the late 20th Century in terms of their
volume, heat and nutrient transports across 30°S. An observationally-derived, layer-based
quantification of these transports is compared to published inverse model analysis of
hydrographic data. The IPCC-AR4 models do not directly simulate nutrients (oxygen, silica,
nitrate, etc.) so we calculate each model’s “implied transport” by mapping observed nutrient
concentrations onto model density and velocity fields. Results show that simulated upper-layer
density and velocity structures are most important for correctly simulating heat transport, while
the deep density and velocity structure are most important for correctly simulating nitrate
transport.
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Introduction
The Southern Ocean is an integral part of the global climate system and the carbon cycle. The
strong, year-round, southern hemisphere westerly winds lead to a northward Ekman surface flow
around Antarctica and massive divergence-driven upwelling from as deep as 2000 m. The
Southern Ocean is the only place in the global ocean where water upwells from this depth to the
surface before sinking again and where remineralized carbon and nutrients from the deep ocean
reach the light of the surface layer and can be utilized. Surface waters advected away from the
Southern Ocean at intermediate depths supply nutrients that fertilize a large portion of the
oceanic biological production in the global ocean, as the Southern Ocean surface has the greatest
amount of unused macronutrients anywhere in the world (Boyd 2002). If the Southern Ocean
supply of nutrients to the north of 30°S were to cease, models suggest that three quarters of the
biological production in outside the Southern Ocean would shut down (Marinov et al. 2006).
Published estimates of water mass formation and export in the Southern Ocean, however, differ
widely (Table 1) – even the direction of transport in certain layers is still uncertain!
Several studies (Russell et al. 2006a, 2006b) have shown that accurate simulation of the Southern
Ocean circulation, water mass formation and export across 30°S is challenging for coupled
climate models. Factors affecting the fidelity of a model’s Southern Ocean physical circulation,
the density and velocity structure, include the strength and position of the southern hemisphere
westerly winds, the upper-layer meridional temperature and salinity gradients across the ACC,
and the strength, depth and salinity of North Atlantic Deep Water exported from the Atlantic
(Russell et al. 2006a).
As the climate modeling community shifts from coupled climate models to Earth System Models
(ESMs) with explicit carbon cycling, an accurate simulation of the Southern Ocean physical
circulation has become even more critical. Model and observational studies suggest that the
uptake of heat in the Southern Ocean may account for most of the heat addition to the ocean
below 700 meters due to increased radiative trapping of greenhouse gases (Trenberth and
Fasullo, 2010), and that the uptake of anthropogenic carbon dioxide by this region accounts for
about 23% of the global ocean carbon sink (Mikaloff Fletcher et al., 2006).
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Table 1: Comparison of Southern Ocean transport estimates. Although most studies have loosely divided the flow
across 30°S into four basic layers, the layer definitions are quite different and the net transports are quite different –
even of opposite sign. (reprinted with permission from A. Drain, personal communication)

In order to assess the potential for biases and errors in simulations of future climate and carbon
cycling, the analysis presented here employs a novel technique that highlights the importance of
an accurate simulation at all depths throughout the water column. Figure 1 shows the vertical
profiles of heat and nitrate as a function of density for the various ocean basins at 30°S. As
expected most of the heat content of the ocean is in the upper-most layers, so velocity errors in
the upper-water column will affect the simulated heat transport. Nitrate, on the other hand, is a
maximum at depth due to the biological pump: an accurate simulation of the nitrate budget of the
Southern Ocean will entail a correct simulation of the deep circulation. To our knowledge, there
are currently no published assessments of the deep circulation for any of the CMIP3 coupled
climate models.
We map the observed nitrate field at 30°S (as a function of longitude and depth) onto the model
simulated density and velocity fields in order to calculate the “implied transport” of nitrogen by
the physical circulation. Biogeochemical results from the Earth System Models in the CMIP5
with explicit representations of nitrate and carbon will be available in the future, but our
technique provides a means of providing a preliminary assessment of the oceanic nutrient and
carbon cycling (and the implied air/sea exchange) based on physical circulation parameters only.
Section 2 of this study describes our methodology and the data and model output we analyze;
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section 3 presents our results, and section 4 presents out conclusions about the critical
importance of an accurate physical simulation, especially when the carbon and nutrient cycling
in the ocean is analyzed.

A)

B)

Figure 1: Vertical profiles of the annual mean (A) heat content and (B) nitrate concentration at 30°S for each basin
(Indian in red, Pacific in green, Atlantic in blue) and the global average (in black) as a function of potential density
from WOA01. Heat content is calculated by multiplying the temperature (in K) by the specific heat (4000 J/kg/K)
and the density of seawater (1000 kg/m3).

Methods
A “pseudo-inverse” analysis is carried out on the simulated temperature, salinity and meridional
velocity from each of five coupled climate models. The monthly data over all months between
January 1981 and December 2000 from the IPCC-AR4/CMIP3 “20th Century” historical run are
averaged to create our annual mean data. These data were obtained from the World Climate
Research Programme's (WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3)
multi-model dataset through the Program for Climate Model Diagnosis and Intercomparison
(PCMDI, http://www-pcmdi.llnl.gov/). The models used in this study are GFDL-CM2.1 and
GFDL-CM2.0 (Delworth et al. 2006), MIROC3.2(hires) and MIROC3.2(med-res) (Hasumi and
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Emori 2004), and UKMO-HadCM3 (Johns et al. 2003). We compare the model simulations with
the observed data (temperature, salinity and nitrate) from the World Ocean Atlas (2001,
Conkwright et al. 2002).
The CMIP3 set of coupled models did not include a simulation of the carbon system or of
nutrients in the ocean. In order to assess the “implied” transport of nitrate by the models (a
similar analysis was done for phosphate but the results were qualitatively similar to the nitrate
analysis – phosphate will not be specifically addressed in the rest of this analysis), we map the
observed nitrate concentrations (averaged between 32°S and 28°S) onto each model’s native
grid. This mapping is carried out by regridding the data using a linear interpolation in both
longitude and depth using FERRET, an analysis package for gridded data
(http://ferret.pmel.noaa.gov/Ferret). By using a common nitrate profile, we can assess differences
in the implied transport that arise solely from differences in the physical circulation, that is, the
density structure and the velocity structure.
In order to calculate the layer transports, the potential density in each grid box was determined
and its contribution (volume, heat and nitrate) was added to the layer total. Volume transport,
heat transport and nitrate transport are calculated according to Equations #1, #2 and #3
respectively:
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where v is the meridional velocity (m/s), ρ is the in situ density, cp is the specific heat capacity of
sea water, θ is the potential temperature, [NO3=] is the nitrate concentration in µmol/kg and dA is
the integral across longitude and depth of all the appropriate grid boxes for each layer.
The layer-based framework we use is based on the one described in Talley (2008) for the
Southern Ocean. That study analyzed transports of mass, heat, and freshwater in each of 11
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different density based layers as well as the transport directly attributable to Ekman forcing by
the wind. We do not separate out the explicit wind-forced transports in our analysis so we
present results based on 11 density-based layers. The observed estimates for volume and heat
transport presented here are taken directly from Talley (2008). We calculate the “observed”
nitrate transport by multiplying the observed volume transport by the average nitrate in each of
the observationally-derived density layers (from WOA01). This method likely introduces some
minor errors as there might be covariances between velocity and nitrate concentration that we do
not include.

a)

b)

c)

d)

e)

f)

Figure 2: Annual-mean potential density (colors) and nitrate concentration (contours) at 30°S. The color bands
indicate the 11 different potential density layers used in this analysis: layer interfaces are located at σ0 = 26.1, 26.4,
26.9, 27.1, and 27.4, σ2 = 36.8, and σ4 = 45.8, 45.86, 45.92 and 46. a) The observed annual mean from the World
Ocean Atlas (WOA01, Conkwright et al., 2002), b) GFDL-CM2.1, c) GFDL-CM2.0, d) MIROC3.2(hires), e)
MIROC3.2(medres), and f) UKMO-HadCM3. The contours overlaid on each panel are the observed, annual mean
nitrate concentration at 30°S in µmol/kg with a contour interval of 5 µmol/kg.
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Results
The amount of water “ventilated” or exposed to the atmosphere in the Southern Ocean depends
on two opposing factors: the strength of the wind-driven divergence and the strength of the
underlying stratification (Matear and Lenton, 2008). Ventilating intermediate and mode waters is
critical for ocean-atmosphere heat and carbon exchange and the delivery of nutrients from the
Southern Ocean: more ventilation of these waters results in more oceanic uptake of heat and
carbon. An appropriately ventilated model ocean, then, is essential to properly simulate exchange
with the atmosphere and heat and nutrient transport in the global ocean. It is also likely that a
model’s sensitivity to anthropogenic change will depend upon the details of the underlying
circulation. In the analysis that follows, it is important to bear in mind that our method maps
nitrate concentration as a function of depth onto the modeled circulation where it may fall into a
different layer in density space in the model as opposed to its layer in density space in the
observations. Differences from observed can occur due to the simulated density layer being at a
different depth than observed, or having flow in that layer be different than the actual flow
(which generally has big error bars associated with it).
The modern, annual-mean density structure at 30°S is captured fairly well by the coupled climate
models (Figure 2), although each model has small-to-moderate biases. The transition from
surface and intermediate water densities to those that characterize deeper water masses
(compare, for example, the 27.4 contour between the pale yellow and gray bands) is at a realistic
depth, around 1200 m in the western Indian basin rising to about 1000 m in the eastern Atlantic.
The surface layer (σ0 ≤ 26.1) is very shallow in the observations, but generally thicker in the
models, especially in the UKMO-HadCM3 where it is nearly twice as thick as observed. The
HadCM3 model also has much too dense water at the bottom, whereas the MIROC3.2(medres)
simulation has too light water at the bottom.
Overlaying the modeled density contours are the observed nitrate concentrations (averaged from
32°S to 28°S). Comparing the simulated density around the local maximum at 2500 m in the
western Pacific (nitrate ≥ 35 µmol/kg) reveals one of the strengths of our analysis technique. The
observed density around this maximum is nearly entirely in the layer of upper deep water
between σ2 = 36.8 and σ4 = 45.8. Each of the models has it straddling at least one other density
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layer implying that some of the nitrate transport will be “mis-assigned”, generally to a denser
layer. Where these nutrients fall in density space will directly affect if and where they are
exposed to the surface in the Southern Ocean and how much will be re-exported as Antarctic
Intermediate Water (the high nitrate region at 1500 meters in the eastern Pacific). The largest
errors relative to the Western Pacific maximum are again in the UKMO-HadCM3 model where
the water is significantly denser than observed and in the MIROC3.2(medres) simulation where
the water is lighter than observed.
The layer-integrated transports of volume, heat and nitrate are shown in Figure 3 (volume
transport in Sv is the upper row, heat transport in PWT is the middle row, and nitrate transport is
the bottom row in TgN/yr – 1012g Nitrogen/yr). For each of the volume and heat transport panels,
the solid black outlines indicate the observed transport as reported by Talley (2008). For the
nitrate transport, we determine the “observed” nitrate transport by calculating the average nitrate
concentration for each basin separately (Indian, Pacific and Atlantic) in each layer and
multiplying that value by the volume transport reported in Talley (2008). As noted previously,
this calculation is inexact as it is likely that the nitrate concentration and the direction of the flow
across 30°S are covarying to some degree.
Comparing the volume transports, the models generally agree with the observed 4-layer
structure: southward transport in the surface layer, northward transport of mode and intermediate
water, southward transport of deep water, and northward transport of bottom water (see also
Table 1). Four of the five models (except MIROC3.2(hires)) indicate a weak net northward
transport across 30°S representing the net freshwater input (precipitation plus ice melt less
evaporation) over the Southern Ocean. The fine-scale uppermost red bar includes the net
southward Ekman transport at this latitude in each of the models: the total southward transport of
low-density surface water occurs primarily in the Indian Ocean due to the Indonesian
Throughflow. The models generally have the net northward flow of mode and intermediate water
at lower than observed densities, and the flows of deep and bottom water are under-represented.
The two models that stand out are MIROC3.2(hires) which has larger than observed net transport
in all of the layers and UKMO-HadCM3 which has alternating counter flows in the upper at
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lower densities and a vigorous transport in the deepest level due to the overly dense water at the

Nitrate

Heat

Volume

bottom seen in Figure 2.

Figure 3: Transport across 30°S of volume (top row), heat (middle row), and nitrate (bottom row) as a function of
density. Density layer definitions are adapted from Talley (2008). The solid outlines indicate the observed transport
in each layer and the thick blue bars are the model-derived transport in each layer, with the upper-most bar
indicating the net transport of all layers. The thin red bars are a more finely-resolved transport obtained by
subdividing each (blue) layer into four sub-layers. Volume transports are calculated according to Equation #1 in the
text and are given in units of Sv (106 m3/s); heat transports are calculated according to Equation #2 in the text and
are given in units of PWT (1015 W as calculated from temperature in °C rather than K [Talley 2003]); nitrate
transports are calculated according Equation #3 in the text and are given in units of 1012 g N/yr. Positive values
indicate net northward transport across 30°S (out of the Southern Ocean). The five models analyzed (each column
from left to right) are GFDL-CM2.1, GFDL-CM2.0, MIROC (hi-res), MIROC (med-res), and UKMO-HadCM3.

The layer heat transports are surface intensified due again to the Indonesian Throughflow: cool
surface water flows northward in the Pacific and is balanced by very warm water flowing
southward out of the Indian to rejoin the Southern Ocean. This net southward heat transport is
underestimated by four of the models (again MIROC3.2(hires) is the exception). In the deeper
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flows, there is less difference in temperature between southward and northward flowing water,
so the net transport in each layer is significantly smaller.

The layer nitrate transports are significantly higher at greater densities, consistent with the nitrate
profiles seen in Figure 1 and Figure 2. Each of the models has a net transport (topmost bar) into
the Southern Ocean (southward) whereas the observations indicate a small net transport to the
north. The nitrate transport is much more closely tied to the volume transport than is the heat.
The two GFDL models simulate the upper water column well, but deep and bottom water import
and export are significantly weaker than observed. The MIROC models have transports closer to
the observations although MIROC3.2(hires) has too much of the densest deep water flowing
southward. The UKMO-HadCM3 model has somewhat inconsistent transports throughout the
water column.

Discussion
Nitrate is a limiting factor in the productivity of ocean ecosystems. The ability of an ESM to
simulate the nitrate budget will directly affect the models ability to accurately simulate the
uptake and storage of carbon as well. Our inverse analysis demonstrates that models’ Southern
Oceans are widely variable. Each of the models included in this study has significant transport
errors in some or most of the water column. Errors in the simulated flow will have differing
effects on the net transport of heat and carbon. Most of the models underestimate deep and
bottom water transport, but these shortcomings have little effect on the simulated heat transport,
which occurs largely in surface layers. As Russell et al. (2006a) noted, a coupled climate model
must strike the right “Goldilocks” balance: gyres that aren’t too strong or too weak, combined
with surface temperatures that aren’t too cold or too warm. In general, our analysis shows that
11

most errors stem from errors in the physics: models with the lowest net surface volume
transports move the least heat, whereas the models with the highest surface volume transports are
also those with the highest heat transports.
Nitrate transports, on the other hand, are more complicated because substantial nitrate occurs at
almost all isopycnal depths (Figure 1, Figure 2). Proper nitrate transport for the “right reasons”
will require a good simulation of water mass transports throughout the water column and across
the globe. The misrepresentation of these transports has important implications for projections of
future oceanic carbon cycle behavior, and properly simulating ocean physics is critical to
capturing its true transport in the future, especially considering that the biological response to the
predicted changes in ocean dynamics is poorly understood. (Arrigo et al., 1999).

Figure 4: Annual mean nitrate concentration at 30°S as simulated by the GFDL-ESM2M Earth System Model
(colors, µmol/kg, contour interval is 3 µmol/kg). Overlaid are the observed nitrate concentration at 30°S from the
WOA01. The mid-depth maximums at 1500 m in the eastern Indian and at 1000 m in the eastern Atlantic as well as
the deep minimum at 3000 m in the western Atlantic Ocean are clearly visible in the model simulations. The model
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simulates a region of lower nitrate at 1500 m in the eastern Pacific and puts the nitrate maximum at the bottom,
unlike the observations that have the nitrate maximum in the Antarctic Intermediate Water region at 1500m.

As the climate modeling community moves from purely physical coupled climate simulations to
explicit modeling of the carbon cycle with Earth System Models, getting the physical circulation
correct has become even more important. Properly capturing the water mass transformation
leading to ventilation is necessary to understand oceanic heat and carbon uptake, both at present
and in the future. A coupled model’s simulation of future climate is largely affected by its ability
to simulate Southern Ocean behavior.
Figure 4 demonstrates the utility of our technique: the GFDL-ESM2M simulation of nitrate at
30°S, while not perfect, is remarkably close over most of the section despite density and velocity
structure errors very similar to those in GFDL-CM2.1 (Figure 2). We expect that these
differences in these models’ Southern Ocean late 20th-century climates and their carbon uptake
will be augmented as these models project ocean behavior and atmospheric carbon into the year
2100 and beyond. Understanding the sources of these errors is crucial if we are to improve our
understanding of ocean carbon cycle behavior in the future. We have shown that since there are
significant amounts of nitrate at all depths, the velocity structure must be correct at all depths for
a correct simulation of the Southern Ocean nitrate import and export, and models must correctly
simulate all of the ocean’s water masses if they are to reliably simulate the anthropogenic
perturbations to the global carbon cycle.
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