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Global Ocean Carbon Uptake: Magnitude, Variability and Trends
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Abstract

The best estimates of net or contemporary global sea-air carbon dioxide (CO2) flux from 1990 to 2009, based on different modeling and measurement approaches, range from -1.4 to -1.9 Pg C yr-1.  Adding a net carbon flow from terrestrial systems to the ocean, predominantly by rivers, of 0.45 Pg C yr-1 leads to the anthropogenic carbon flux into the ocean ranging from -1.8 to -2.4 Pg C yr-1.  The “best” median values for different approaches are: -1.3 
Pg C yr-1 for global atmospheric constraints based on O2/N2 ratios for 1990-2000; -2.0 
for Pg C yr-1 for numerical ocean general circulation models (O-GCMs) with parameterized biogeochemistry for 1990-2009; -1.4 Pg C yr-1 for atmospheric inverse models for 2000-2008; and -1.8 P
g C yr-1 for oceanic inverse models for 1990-2009. The estimate based on climatology of sea-air partial pressure of CO2 differences (∆pCO2) (Takahashi et al., 2009) and a bulk formulation of gas transfer with wind speed for year 2000 is -1.4 Pg C yr-1.  Using this ∆pCO2 climatology and empirical relationships of pCO2 with SST anomalies (Park et al. 2010), the inter-annual variability is estimated to be 0.18 Pg C yr-1 from 1990 through 2009. This is similar to the variability observed in O-GCMs of 0.2 Pg C yr-1 but smaller than the interannual variability from atmospheric inverse estimates of 0.3 Pg C yr-1. The variability is largely driven by large-scale climate re-organizations. The decadal trends differ regionally, with increasing uptake at high latitude caused in equal measure by increasing ∆pCO2 and wind, and increased outgassing in Eastern Equatorial Pacific.  This manuscript focused on global ocean magnitude, variability, and trends in CO2 while companion papers describe basin dynamics in further detail. The empirical data-based approach is highlighted and compared with the ocean and atmospheric inverse model results for the past two decades.
1.


1. Introduction
The ocean exchanges carbon with the atmosphere at the sea-air interface.  This exchange is driven by a complex and varying set of physical and biogeochemical processes that make accurate assessment of the sea-air carbon dioxide (CO2) flux challenging.  Different approaches are used to estimate the ocean carbon sink.  Direct determination is generally done using a bulk flux expression that has a kinetic term and thermodynamic term according to:

F = k × (Cw – Ca)  





(1)

where the kinetic term, k, is called the gas transfer velocity and incorporates all processes that control the kinetics of transfer across the sea-air interface, while the term (Cw – Ca) is the concentration gradient in the liquid boundary layer that is on the order of 100 micron thick.  For sea-air CO2 fluxes the equation is commonly written in terms of partial pressure (or fugacity) difference across the interface according to:

F = k K0 (pCO2w – pCO2a) = k K0 ∆pCO2


(2)

where the general convention is that a net flux into the ocean is expressed as negative. pCO2w is the partial pressure of CO2 of surface water, pCO2a is the partial pressure of CO2 in air, K0 is the solubility of CO2, and ∆pCO2 is the partial pressure gradient.  
Other approaches used to infer global sea-air fluxes rely on models, total inorganic carbon measurements in the ocean interior and/or atmospheric data.  Global ocean circulation models with parameterization of biogeochemical rates calculate pCO2w from the state carbon variables, total alkalinity (TAlk) and total dissolved inorganic carbon (DIC), and determine the fluxes using eqn. (2).  Their resolution is on the order 2 by 2 degree with output commonly provided at monthly scales (e.g. Doney et al. 2004). Oceanic inverse models constrain the fluxes from interior ocean circulation and divergence in surface DIC levels (Gruber et al. 2009). The estimate is independent of the flux-based estimates (Eqn. 1).  Their resolution is regional and on decadal timescales.  Atmospheric inverses use atmospheric transport models and measured atmospheric CO2 levels to assess sources and sinks.  Spatial resolution is similar to those of the ocean inverse with about a dozen ocean regions (Jacobson et al., 2007).  Temporal resolution is higher than ocean inverses, on the order of months, due to faster atmospheric transport. The atmospheric ratio of O2/N2 along with atmospheric CO2 levels can be used to separate terrestrial CO2 uptake from that of oceanic uptake.  Scales of uptakes are hemispheric and monthly depending on the level of sophistication of interpretation.  
Data based estimates of magnitudes of uptake, variability and trends are limited by the short record of observations. High quality surface water and air CO2 measurements commenced in the early 1960’s but at limited scope (Fig 1).  Consistent physical forcing such as wind speeds are available for the last 5 decades but the older estimates are not known to be consistent with current measurements due to large changes in observing methods. 

 In this overview the focus is on the last 20 years (1990-2009) with the recognition that the first decade has data limitations.  The emphasis is on the observations and empirical approaches that are based heavily on observations.  The background focuses on a summary of measured variability and trends and current global carbon cycle inventories and fluxes.  The methodology describes the empirical approach to estimate a 20-year time series of global sea-air fluxes from the global pCO2 climatology and SST and wind anomalies over the past two decades, and the procedure to incorporate the effect of increasing atmospheric CO2 levels.  It includes discussion of uncertainty in input parameters and parameterization.  This approach is emphasized as it is observation-based and provides first-order insights on the causes of variability. 
Background

Atmospheric CO2 variability and trends

The pCO2 of air (pCO2a) is well constrained from measurement of mole fraction of CO2, XCO2, in air at about 80 global flask sampling stations worldwide (Conway et al., 1994).  Its annual behavior is well understood with seasonal changes of ≈ 10 ppm in the Northern hemisphere driven by the photosynthesis and respiration cycle of terrestrial biosphere.  Much smaller seasonal changes are observed in the Southern Hemisphere due to the lack of land cover. The CO2 measurements point towards a rapid zonal atmospheric mixing (≈month) and impedance in the tropics causing slower North-South inter-hemispheric exchanges on the order of a year.  Superimposed on the natural cycle is the anthropogenic imprint from burning of fossil fuel and land-use changes.  Again, these changes are largely driven from the North with bleed-over to the Southern hemisphere on annual timescales.

Oceanic CO2 variability and trends

In contrast to the atmospheric pCO2, the pCO2 in the surface ocean (pCO2w) is spatially and temporarily more variable, and therefor requires more data to map variation (Figs. 1 and 2).  Seasonal and inter-annual changes can be 100 µatm or more.  The spatial variability is on the order of 100's of km (Li et al., 2005) compared to 1000's of km in the atmosphere. The greater variability and challenges in making measurements of pCO2w means that for large parts of the ocean there are not sufficient observations to obtain direct estimates of ∆pCO2 (Fig. 2).  Instead, the global bulk sea-air flux estimate is based on a monthly global climatology of ∆pCO2 produced by Takahashi et al. (2009), henceforth referred to as T-09, by using approximately 3 million data points obtained over the last 40-years, assuming that the ∆pCO2 does not vary on multi-year timescales. The climatology is on coarse (4° latitude x 5° longitude) resolution, and data have been interpolated in time and using the mean surface flow fields from an ocean GCM.

Regionally, ∆pCO2 maps are created from interpolations on seasonal time scales using SST and other (remotely sensed) surface parameters, including sophisticated approaches such as self-organizing maps (Telszewski et al., 2009).  Only select regions such as the equatorial Pacific, and time-series stations in the sub-tropical North Atlantic (ESTOC and BATS) and sub-tropical North Pacific (HOT) have sufficient measurements and robust interpolation schemes to discern decadal variability and trends based on observations alone.

For the global ocean we are limited to numerical models and an innovative scheme to determine variability and trends for the past two decades. The scheme utilizes the pCO2 monthly climatology of T-09, and empirical relationships of pCO2w with temperature for each pixel which in turn are applied to the SST record.

Singular estimates of anthropogenic CO2 uptake based on a variety of methods over time can be obtained from IPCC reports (Table 1).  The data on which these estimates are based varies.  The estimates for the 1980s and 1990s use a global mass balance of carbon sources and sinks including carbon isotopic measurements, the 2000-2005 IPCC assessment (Solomon et al., 2007) relies heavily on atmospheric O2/N2 measurements (Bender et al., 2005; Manning and Keeling, 2006).  Long-term trends of ocean uptake of anthropogenic CO2 have been determined by models with the estimates provided as part of the Global Carbon Project (GCP) (Le Quéré et al., 2009; www.globalcarbonproject.org/).  The estimates consider mass balances and fluxes between all major labile reservoirs (ocean, atmosphere, and terrestrial biosphere).  The annual model-based estimate for anthropogenic ocean uptake since 1960 is provided in Figure 3.  

An important distinction between the anthropogenic CO2 uptake estimate and the net flux estimate (Eqn. 1) is that there was a net sea-air flux in the pre-industrial era that is estimated as an efflux of  + 0.45 Pg C yr-1(Jacobson et al. 2007) as a result of terrestrial carbon input into the ocean by rivers.  Therefore the anthropogenic flux equals the net CO2 flux - pre-industrial CO2 flux.  In other words, the anthropogenic sea-air CO2 flux is ≈ 0.5 Pg C yr-1 greater (that is, more negative using the sign convention) than the net flux.

-------------------------------------------------------------------------------------------------------------------

Table 1.

Estimates of anthropogenic CO2 uptake by the oceans (Solomon et al., 2007)

Ocean-to-atmosphere anthropogenic CO2 flux





Pg C yr-1    uncertainty*

1980s



-1.8

0.8

1990s



-2.2

0.4

2000-2005


-2.3

0.4

* The uncertainty excludes inter-annual variability 

-------------------------------------------------------------------------------------------------------------------

The Takahashi et al. (2009) (T-09) ∆pCO2 climatology is used as an observational benchmark for net sea-air CO2 fluxes and it is the basis for an empirical approach to estimate inter-annual variability. 

However, even with over 3 million data points and coarse resolution, the T-09 pCO2w climatology is data limited.  For much of the ocean, particularly the Southern Hemisphere the seasonal cycle cannot be fully resolved from measurements alone.  As shown in Figure 2 only in the Northern hemisphere are there sufficient monthly observations to create a full climatological year for many of the grid boxes.  A propagation of errors suggests an uncertainty in the global fluxes from the climatology of 50%.  However, the estimated fluxes are in better than 50% agreement with independent mass balance and model estimates.  The breakdown of errors is listed in Table 2.

-------------------------------------------------------------------------------------------------------------------

Table 2. Uncertainty in different components of the flux estimate (adapted from section 6, T-09)




Pg C yr-1 
 
 %



Pg C yr-1 

Net flux








-1.4

 ∆pCO2  

±0.18    

±13%

 k        


±0.42    

± 30%

Wind (U)

±0.28     

± 20%

 <d(pCO2w) dt-1>a
±0.5    


± 35%

Total


±0.7 
 

± 53%. 

Under-sampling biasb







-0.2

Pre-industrial sea-air flux






0.4 ± 0.2

Anthropogenic CO2 flux






-2.0 ± 1.0 

a: <d (pCO2w) dt-1> represents the error due to uncertainty in the mean rate of surface water pCO2 change (1.5 ± 0.2 µatm yr-1) used for correcting observed values measured in different years to reference year 2000.
b: The bias due to spatial undersampling is determined by using the temperature bias of 0.08 ˚C between the measured SST in the data used in the T-09 climatology and a comprehensive independent global SST climatology.  For an iso-chemical temperature dependence of 4.2 % ˚C-1 for pCO2, this translates into a pCO2 bias of 1.3 µatm that in turn leads to a bias in flux of -0.2 Pg C yr-1. 

-------------------------------------------------------------------------------------------------------------------

The breakdown of the uncertainty estimate shows that the smallest uncertainty in global sea-air CO2 fluxes is associated with the ∆pCO2 estimate.  This mirrors the conclusion for a regional estimate by Watson et al. (2009) that the appreciable de-correlation length scales and large number of measurements in each pixel reduce the uncertainty in ∆pCO2 appreciably.  However, the uncertainty estimate in ∆pCO2 does not fully account for the dearth of measurements in many parts of the ocean.  The uncertainty in the gas transfer velocity, k is based on the range of common parameterizations presented in the literature.  Recent studies (Ho et al. 2011) suggest that globally the uncertainty in gas transfer is appreciably less than this, and is in the range of 10 to 20%.  Difference in global wind products is appreciable but this is partially compensated for by normalizing gas transfer-wind speed relationships to match global bomb-14C inventories as detailed below.  

The largest uncertainty in the global CO2 flux climatology lies in the assumption that the surface seawater pCO2 increases at the same rate as the atmospheric CO2 levels of 1.5 ppm yr-1.  As a reference, the global mean net sea-air CO2 disequilibrium, ∆pCO2, for the T-09 climatology is ≈ -1.3 µatm, and a 1 µatm bias in ∆pCO2 leads a 0.2 Pg C bias in ocean uptake. Therefore for the climatology the assumption that the ∆pCO2 remains invariant is critical.  For regional short-term assessments where data are not normalized for time this uncertainty does not come in to play. 

The rate of CO2 gas exchange is much faster than exchange of CO2 between the mixed layer and the waters below such that on global scale the surface ocean CO2 levels should keep up with the atmosphere albeit with a lag of about -0.11 µatm yr-1.  This lag is similar to what is observed in O-GCMs when the atmospheric CO2 is increased at a rate as observed but other surface forcing and circulation remains constant (Le Quéré et al., 2010).  

McKinley et al. (2011) and Le Quéré et al. (2010) using the dataset assembled for T-09 show that for several regions of the ocean the ∆pCO2 does not remain constant over periods of up to three decades.  This is attributed to circulation changes, and possibly changes in the biological cycle.  The regions that have received most attention are the Southern Ocean (Le Quéré et al., 2007; Lovenduski et al., 2008) and Eastern North Atlantic (Schuster et al., 2008; Omar and Olsen, 2006) where pCO2w has increased faster than atmospheric CO2 increases, thereby decreasing the CO2 sink.  Particularly in the Southern Ocean, where the changes are attributed to more upwelling of deep-water due to greater wind stress, the changes are believed to be sustained.  In other parts of the ocean where the changes are attributed to more ephemeral causes, no systematic long-term changes in uptake are anticipated, other than caused by increasing atmospheric CO2 levels.

By its nature the T-09 climatology does not address the issue of inter-annual variability in the sea-air CO2 fluxes.  The largest natural cause of variability is associated with the ENSO cycle and to avoid biases, the T-09 climatology excludes about 0.2 million measurements made in the equatorial Pacific, from 10 ˚N–10 ˚S, during the five El Niño periods (1982–1983, 1986–1987, 1991–1994, 1997–1998, 2002–2003 and 2004–2005).  Since the Equatorial Pacific is a smaller source during El Niños, and thus makes the global ocean a larger sink, this exclusion will create a positive bias (smaller sink). Based on an extensive time series of pCO2w measurements by Feely et al. (2006) for the Equatorial Pacific the bias in the T-09 climatology is estimated at 0.14 Pg C yr-1. That is, by including El Niño years the average ocean uptake will be greater. In addition coastal measurements within 200-km from shore are excluded in T-09.  The coastal ocean is believed to be a sink of 0.2 Pg C (Borges et al. 2005) such that the exclusion biases of El Niño and coastal ocean uptake cause the T-09 climatology referenced to year 2000 to underestimate the uptake by about 0.3 Pg C yr-1 if applied as a multi-year estimate.  

Trends in global wind speed 

Winds have a major impact on sea-air fluxes through their influence on k (Eqn. 2).  Long-term global wind records suggest an increase with time.  The global wind speed records are either based on assimilations commonly used in weather forecasts, ship and buoy based observations, remotely sensed winds, or a combination thereof.  Accurate trends are challenged by changes in procedures and inputs.   Assimilation model outputs (e.g. NCEP, ECWMF) are re-analyzed, often with as major objective to eliminate procedural biases.  The re-analysis products show appreciable global and regional differences in magnitude and variability (Wallcraft et al., 2009). For the RECCAP analysis the cross-calibrated multiplatform (CCMP) winds are used as they address many of the shortcomings of other products for the determination of sea-air fluxes.  The product is well documented and consistent for the entire time record (Atlas et al., 2011). The product that covers the time period from Jan 1, 1990 through December 31, 2009 shows an appreciable trend of winds over time both regionally and globally (Fig. 4).  It shows good correspondence with several other global wind products (Fig. 5). 

2. Methods

Here we provide details on the input parameters for the bulk flux equation (Eqn. 2) that are key to determine the fluxes for data-based methods and O-GCMs that provide fluxes based on ∆pCO2.  Atmospheric and ocean inverse model and the O2/N2 methods do not directly rely on this approach and can serve as an independent check for global comparisons.
Gas transfer velocities and wind speeds

The T-09 climatology uses the NCEP-II assimilated wind speed product that appears inconsistent in magnitude and wind speed pattern over the ocean compared to other products (Fig. 5) (Wallcraft et al., 2009). For the observation-based estimate in RECCAP, the cross-calibrated multiplatform (CCMP) winds (Atlas et al., 2011) were chosen as the default product.  The second moments of the winds were determined from the 6-hourly observations at the spatial resolution of 0.25˚ from the data at http://podaac.jpl.nasa.gov/DATA_CATALOG/ccmpinfo.html.

 Using these second moments and an inverse procedure to optimize the inventory of bomb-14C in the ocean (Sweeney et al., 2007), the coefficient for the gas transfer velocity, a, was determined:

 k = a <U2>     (3)

where k is the gas transfer velocity (cm hr-1), "< >" denote averages and <U2> is the second moment of the wind at 10-m height.  The coefficient, a, was adjusted such that the bomb-14C inventory increase in the ocean corresponded with the atmospheric 14C history (Sweeney, pers. com.).  The optimal coefficient for the gas transfer velocity parameterization is:

k = 0.251 (Sc/660)-0.5   <U2>





(4)

where Sc is the Schmidt number of CO2 in seawater at a given SST. The functionality Sc of CO2 with SST is: Sc = 2073.1−125.62×SST+3.6276×SST2−0.043219×SST3 (Wanninkhof, 1992).
Impact of the different gas transfer velocity parameterization on global fluxes

The CCMP wind product as averaged over 4˚ × 5˚ grid yields an average 20-year mean, denoted as "< >", for wind speed <U> = 7.6 m s-1 and for second moment  <U2> = 69.1 (m s-1)2. Using eqn. (4) this yields an average gas transfer velocity <k> of 15.95 cm hr-1, and a global sea-air CO2 flux <Flux> of  -1.18 Pg C yr-1 when applied to the Takahashi ∆pCO2 climatology (downloaded October 2010 from: http://www.ldeo.columbia.edu/res/pi/CO2/carbondioxide/ pages/air_sea_flux_2010.html).  For comparison the net sea-air flux, without the undersampling correction, determined by T-09 using NCEP-II winds is -1.38 Pg C yr-1 (Table 2).

Method for estimating decadal variability and trends in ∆pCO2 using a data based approach 
There are limited observational data on global trends and variability in ocean CO2 uptake from the bulk flux method.  An empirical approach first presented in Lee et al. (1998) and improved in Park et al. (2010), henceforth referred to as P-10, provides an assessment of inter-annual variability from seasonal correlations of pCO2w and SST that are used with inter-annual SST variability. This approach is applied to the T-09 climatology as follows: The monthly mean sea–air CO2 flux for each 4◦ latitude by 5◦ longitude grid cell for an individual year other than the climatological year 2000 is estimated from the global pCO2w climatology and pCO2w anomalies derived from sub-annual pCO2w -SST relationships.  The sub-annual pCO2w -SST relationships are derived from one to four linear fits of pCO2w and SST for each of the 1759 grid cells in the T-09 climatology.  The number of linear fits for each grid cell to delineate the sub-annual trends is kept to a minimum but sufficient to characterize the annual pattern of pCO2w with SST for the location. The monthly second moment of the wind from CCMP, monthly mean SST from the NOAA Optimum Interpolation (OI) SST product (Reynolds et al., 2007; http://www.cdc.noaa.gov/data/gridded/data.noaa.oisst.v2.html) and sea level pressures from NCEP-II for each grid cell are used over the time period to determine the sea-air fluxes.   
For the central and eastern Equatorial Pacific (6˚N–10˚S and 80˚W–165˚E) empirical pCO2w-SST equations are derived from multi-year observations that were collected from 1979 to 2008 (updated from Feely et al. 2006). The drivers of inter-annual variability in this region are different from those of seasonal variability, and this is one of the few regions where extensive pCO2w observations are available.  For the period of investigation, covering seven El Niño and five La Nina periods, unique pCO2w-SST equations for three different time periods (1979–1989, 1990–mid-1998, and mid-1998–2008) are used to reflect the modulation of ENSO by the Pacific Decadal Oscillation (PDO). The inter-annual variability (1-sigma) based on the annual values for this region is 0.07 Pg C yr-1 for the 1990–2009 time period.

The empirical method to assess inter-annual variability of P-10 is implicitly tied to the climatology referenced to year 2000 such that is cannot reproduce trends tied to increasing atmospheric CO2 levels.  Changes in biogeochemistry of surface seawater associated with SST changes will be reflected as long as the same mechanisms that relate intra-annual pCO2w change to SST control the inter-annual pCO2w-SST relationships.  A weak trend in ∆pCO2 is observed over the 20-year period with this empirical method that leads to a reduction in net global ocean CO2 uptake.
To include changes in uptake attributed to increasing atmospheric CO2 levels, we use the “CO2-only” run of NCAR CCSM-3 model (Doney et al., 2009a and 2009b) for the period of 1987-2006. This model output is produced by repeat annual physical forcing and rising atmospheric CO2. In each 4◦ × 5◦ grid cell, the trend in ∆pCO2 is computed by a linear regression with deseasonalized monthly values using a harmonic function. CO2 fluxes caused by atmospheric CO2 increase are only calculated in the ≈ 75% of the grid cells that have significant increase or decrease trends in ∆pCO2 (p<0.05).  The remaining 25% of the grid cells with no significant trends assume that pCO2SW increases at the same rate as atmospheric CO2, that is, ∆pCO2 is constant year-to-year. These “CO2-only” fluxes are added to CO2 fluxes from the empirical model using subannual relationships between SST and pCO2w and interannual changes in SST.  A regional representation of the global trends of the CO2-only output using a different model but with similar results can be found in Figure 4b of Le Quéré et al. (2009). 
Ocean global circulation models (OGCMs) used
The trends and variability observed in the models result from the physical forcing and the resulting changes in circulation and biogeochemistry.  A list of the O-GCMs used in RECCAP is shown in Table 3.   The model output and metadata used in the discussion are provided at RECCAP site. The sea-air CO2 fluxes based on the atmospheric O2/N2 measurements is from Manning and Keeling (2006) with procedures outlined therein. 

Table 3
.  Ocean General Circulation models

Abbreviation 




   Key Reference

 Years used
BER 

MICOM-HAMOCC 

   Assmann et al., 2010
1990 to 2009

CSI 

CSIRO 


   Lenton and Matear, 2007
1990 to 2009

BEC 

WHOI 



   Doney et al., 2004 

1990 to 2009

ETHk15 
ETH 



   Gruber et al., 2009

1990 to 2007

ETHk19 
ETH 



   
-


1990 to 2007

LSC 

NEMO-PISCES 

   Aumont and Bopp, 2006
1990 to 2009

UEAncep 
NEMO-PlankTOM5 NCEP 
   Le Quéré et al., 2007 
1990 to 2009

UEAecmwf 
NEMO-PlankTOM5 ECMWF    
-


1990 to 2009

UEAjpl 

NEMO-PlankTOM5 JPL 
   
-


1990 to 2009

3. Discussion

Global Sea-Air CO2 Fluxes 

Bulk flux estimate

The analysis presented here follows the procedures and assumption of those in T-09 and P-10.  The main differences are the wind speed product used, the use of the second moment of the wind, and the coefficient in the gas transfer parameterization.  For the long-term record and consistency the CCMP winds are used rather than the NCEP-II product applied in T-09. The NCEP-II has strong biases compared to other products with higher winds at mid- to high-latitudes and lower winds in the tropics (Fig. 5). The T-09 analysis uses monthly averaged winds and a coefficient for gas transfer that is optimized for the NCEP-II wind speed product. For our current effort a dependency with the second moment of the wind was used with a coefficient of 0.251 (Eqn. 4).  Using the CCMP winds yields a net global uptake of -1.18 Pg C yr-1 compared to -1.38 Pg C yr-1 for the T-09 climatology. The difference is 0.19 Pg C yr-1 despite using the same constraints and consistent assumptions. This is because of spatial differences in wind speed products.
The NCEP-II product yields systematically lower evasion fluxes at low latitudes and systematically higher invasion fluxes at high latitude.  As a result the anthropogenic CO2 flux applying the same adjustments (Table 2) as T-09 will be -1.8 Pg C yr-1 compared to -2.0 Pg C yr-1 as presented in T-09. The -1.8 Pg C yr-1 for nominal year 2000 is at the lower end of anthropogenic CO2 uptake estimates.

2
.

Global Ocean CO2 Uptake Estimates Based on Models 

Several modeling and atmospheric observing approaches are available to quantify and constrain the global sea-air CO2 flux and variability.  They generally have smaller uncertainties than those relying on measured surface CO2 levels and bulk flux approaches.  Each has their unique shortcomings and attributes. An important consideration when providing a multi-model “best” estimate is that approaches in models are often similar which can lead to an unrealistic good correspondence between them.  A graphical summary of the annual fluxes is for the ocean forward and ocean inverse estimates and the atmospheric inverses are presented in Figures 6 and 7, respectively. 
Ocean Inversion Estimates

Ocean inversions rely on inorganic carbon measurements in ocean interior and can only provide an average on a 5-year timescale, at best. A comprehensive ocean inversion estimate of CO2 uptake based on a suite of ten general ocean circulation models is presented in Gruber et al. (2009) and yields a net uptake of  -1.7 and an anthropogenic uptake of -2.2 Pg C yr-1 for the nominal period between 1995 and 2000. This inversion estimate is independent from the bulk sea-air CO2 flux estimate.  The inversion-based estimate has an uncertainty of ± 0.3 Pg C yr-1.  The average of the inverses provided in RECCAP are shown for nominally 1995, 2000 and 2005 with values of 1.85, 1.87 and 1.95 ± 0.28 (1σ) Pg C yr-1.
Jacobson et al. (2007) present a comprehensive joint inversion scheme applying both atmospheric inverse and oceanic inverse constraints.  The resulting sea-air fluxes are heavily weighted towards the (interior) oceanic inverse due to the large number of data points and sluggish circulation/transport compared to the atmosphere.  It yields results similar to Gruber et al. (2009) with a net sea-air CO2 flux of -1.7 and an anthropogenic flux of -2.1 Pg C yr-1 for the time period from 1992-1996 with an uncertainty of ± 0.2 Pg C yr-1.  The low uncertainty is because of the strong data constraint of the ocean inverse but the uncertainty does not include the poorly constrained uncertainties in transports and large-scale biases. Unlike the ocean inversion estimate, the joint inversion does include observation based bulk sea-air CO2 flux estimates. Jacobson et al. (2007) include seasonality of sea-air CO2 fluxes in the joint inverse based on the patterns of fluxes as determined in a previous version of the sea-air CO2 flux climatology of Takahashi et al. (2002).

Ocean General Circulation Models (O-GCM)
Several general ocean circulation models that include basic biogeochemical cycles provide sea-air CO2 fluxes as part of their output. A comprehensive synthesis of model performance was provided as part of the OCMIP (Ocean Carbon-Cycle Model Intercomparison Project) in the early 2000s (see e.g. Doney et al., 2004). A more recent subset of models was used to determine the ocean sink for 1959-2008 (Le Quéré et al., 2009). The models were driven by observed atmospheric forcing and CO2 concentration.  For some of the models, the mean ocean uptake for the 1990s determined by these models was normalized to the best estimates of global sea-air fluxes listed below. 

The major fluxes in the global carbon cycle are summarized annually as part of the global carbon project (http://www.globalcarbonproject.org/carbonbudget/index.htm). The 2010 ocean estimate is -2.4 Pg C yr-1.  The ocean sink for 2009 was estimated by Le Quéré et al. (2009) using 2008-2009-sink anomaly as determined by five ocean biogeochemistry models. The error in the ocean sink is ±0.5 Pg C yr-1.  Since the approach is tuned to the best uptake estimate for the 1990s, these models are better suited to estimate the trends and variability in sea-air CO2 fluxes, rather than an independent estimate of the absolute magnitude of sea-air CO2 fluxes.  That is, they are adjusted to provide closure of the large-scale fluxes and sources and sinks for the major exchanging carbon reservoirs.  The ocean anthropogenic CO2 uptake from 1958-2010 is shown in Figure 2 and shows an increase in ocean uptake over time.  The average trend in uptake is nearly proportional to the trend in atmospheric CO2 increases.

Two things stand out in the timeseries of annual CO2 fluxes from O-GCMs (Fig. 6).  The models with a heritage traceable to the NCAR community ocean circulation models with biogeochemistry (BEC, ETHk14, and ETHk19) show about 0.5 Pg C yr-1 less uptake than the others.  The UEA models are adjusted to the best estimate of ocean uptake in the 1990s and therefor show a mean of about -2.2 Pg C yr-1. The models either do not have lateral aquatic carbon flows (riverine inputs of carbon) or have them incorporated in the estimates in a consistent fashion such that all the estimates are contemporary sea-air fluxes.  The second significant difference is the response of the models to major climate reorganizations.  The 1998/99 El Niño was one of the largest on record (see e.g. http://www.esrl.noaa.gov/psd/enso/mei/) with an expected increase in ocean uptake (Feely et al. 2006).  The models show greatly varying responses in magnitude and duration. The NCAR models show a change of 0.2 Pg C while the UEA models show peak to peak changes of up to 1 Pg C. The Bergen model shows no global response to the El Niño while the CSI shows an increase over several years.  Park et al. (2010) estimate an anomaly of about 0.3 Pg C with a recovery in less than 2 years (see their Fig 4). 

For the estimate of the median of the O-GCMs, only those are used that differ in their original model heritage. That is, only one of the UEA models and one of the BEC/ETH model outputs were used.  The solid red line in Figure 6 is the annual median of LSC, UEA JPL, CSI, BER, and ETHk15 runs.  A notable result is that the interannual variability of the best estimate of 0.15 (1σ) Pg C yr-1 is damped compared the mean interannual variability of the individual models of 0.20 (1σ) Pg C yr-1 indicating that the variability in the individual models is not coherent.  While the median “best” estimates masks the interannual variability, there is a significant trend of -0.013 ± 0.005 Pg C yr-1  (p<0.05) that agrees overall with the trends of the individual model as shown in Table X in the synthesis of synthesis paper (REF).
 3.

Atmospheric inverse models
Ocean uptake determined from atmospheric inverse models show a similar range as the uptakes in the O-GCMs (Fig. 7).  There are however appreciable differences in the variability.  The net flux is 0.6 Pg
 C less than the ocean models and the interannual variability is considerably greater (0.29 Pg C yr-1, 1σ of the annual median values through 2008).

As with the prognostic ocean models the response to the 1998 El Nino varies appreciably from no impact to about 1 Pg C.  However, the atmospheric inverses show the maximum uptake a year earlier (1997).  The mean of the variability for each model is 0.33 Pg C yr-1 that is very similar to the standard deviation of the median values.  The atmospheric inverses have to separate the seasonal and interannual cycle of the ocean from that of the terrestrial biosphere that show variability in CO2 fluxes that is orders of magnitude greater.   Therefor the uncertainty of the separation between ocean and terrestrial carbon fluxes dictates the variability in the ocean.  The difference in median uptake of -2.0 Pg C yr-1 for the ocean models compared to -1.4 Pg C yr-1 for the atmospheric inverses is less clear although both estimates agree within their statistical uncertainties.  No estimate of the decadal trend is provided as the model runs from which the median estimate is determined differ in time span and time period.
4.


Trends and Variability in Wind, ∆pCO2 and Fluxes

The trends and variability in fluxes as determined from the bulk flux equation (Eqn. 1) are driven by changes in wind and ∆pCO2.   This is discussed in context of the empirical approach (Park et al. 2010) but the trends and variability in winds will also impact the model results.   However, the models are dynamic in nature and there is a negative feedback in the ocean models in that higher winds will drive the ∆pCO2 faster towards equilibrium and thereby counteract the increase to the wind.  A qualitative indication can be gleaned from comparison on the ETH15 and ETH19 runs (Fig. 7) where the global mean gas transfer velocity differs 27% (15 cm hr-1 and 19 cm hr-1), respectively but the difference in flux is less than 3% (-1.42 ± 0.16 Pg C yr-1 for the ETHk15 and -1.46 ± 0.17 Pg C yr-1 for the ETHk19 model runs). In contrast, applying a static ∆pCO2 field such as the T-09 climatology shows a 15% increase in uptake for a change in global k from 15 to 19 cm hr-1.
5.

Sub-annual (seasonal) variability: seasonal and regional patterns

Inter-annual variability and trends in CO2 fluxes are masked by large sub-annual (seasonal) changes on regional scales in ∆pCO2 and in wind.  Thus, the detection of inter-annual and decadal changes requires a long time-series of measurements.  Figure 8 provides the 20-year mean and standard deviation of <U2>0.5 and flux, along with the climatological annual mean and standard deviation of monthly ∆pCO2. The second moment of the winds show low winds in the tropics and steadily increases to higher southern and northern latitudes with a hiatus in the subtropical high pressures regions around 30 ˚N and 30 ˚S. The Southern Ocean experiences higher average winds than the northern oceans (11 m s-1 vs. 10 m s-1).  At latitudes greater than 60˚ winds decrease slightly.  The annual variance pattern of winds, expressed as the standard deviation in the 20-year mean in Figure 8, differs appreciably between the northern and southern hemisphere.  There is appreciable more variability in winds in the mid- to high-latitudes (> 30˚) in the Northern Hemisphere than in the Southern Hemisphere.  Variability is at a minimum in the high-pressure regimes in the sub-tropics, and at the equator.

The annual mean ∆pCO2 from the T-09 climatology (Fig. 8b) shows maximum values just south of the equator and a decline to the north and south.  The ∆pCO2 equals 0 near 18-20˚ and a minimum of -20 to -25 µatm at 40˚ for both hemispheres.  At high Northern latitudes the average ∆pCO2 continues to drop precipitously while in the South it increases and, on average, becomes slightly positive near the Antarctic ice edge. The variance in ∆pCO2 in the North is appreciably greater than in the South as is the case with the winds as well. 

The specific fluxes (mol m-2 mo-1) mirror the trends in ∆pCO2 but with amplification at mid-latitudes due to higher winds. The largest sink is in the Northern hemisphere but the substantially larger surface area in the South causes a much greater mass exchange (See, Table 6 in T-09). Because the variance in wind and ∆pCO2 have the same pattern, the fluxes at mid- to high- latitudes in the North show twice the variance in their sub-annual patterns compared to the South.

The greater sub-annual variability in the North compared to the South is because of the significantly greater landmasses.  The land-ocean contrast, along with continental input and bathymetry causes greater variability in weather systems, (micro) nutrient input and seasonal temperature variations in the North, all which contribute to higher variability in sea-air CO2 fluxes.   

The T-09 climatology excludes the coastal ocean (≈< 200 km from land) such that much of the areas with particularly high variability in ∆pCO2 and fluxes are excluded (see e.g. Chavez et al. 2007; Liu et al., 2010; Borges et al., this volume).  Several open ocean regions are anomalous compared to the zonal view.  These include high sub-annual variability in the seasonal upwelling region in the Arabian Sea caused by the Monsoonal winds. High standard deviations from the annual mean of the sea-air CO2 fluxes are also found in the Eastern tropical South Pacific, again attributed to variations in upwelling along the western boundary, and in the SW Atlantic near the Malvinas confluence area that is impacted by variation in currents, shallow bathymetry and associated plankton blooms. Low sub-annual variability is seen in the subtropical and sub-polar region of the South-East Pacific and Eastern tropical and subtropical South Pacific
. 

Inter-annual variability

The patterns of sub-annual variability differ from the inter-annual variability for parts of the oceans. There is high sub-annual and inter-annual variability in the North Atlantic but the Equatorial Pacific shows relatively small sub-annual variability but large inter-annual variability caused by the ENSO that operates on inter-annual time scales. For large parts of the subtropical gyres the ratio of interannual to sub-annual variability is small (≈<0.2) showing that variability on seasonal timescales dominate.  In the equatorial and high latitude areas the ratio is greater than 0.4 and in places reaches over 1 indicating that inter-annual variability exceeds sub-annual changes.  The regions with high inter-annual variability correspond with those strongly affected by climate reorganizations; the North Atlantic Oscillation (NAO) in the North Atlantic; the El Niño/Southern Oscillation (ENSO) in the Equatorial Pacific and Equatorial Indian Ocean; and the Southern Annual Mode (SAM) in the Southern Ocean.  

Temporal trends in pCO2
The longer-term trends in ∆pCO2 arise from changes in circulation and upwelling patterns, and associated changes in biological productivity.  This is because the surface ocean is closely coupled with the lower atmosphere through rapid sea-air gas exchange and relatively slower exchange between surface mixed layer and waters below. That is, the thermodynamic forcing will compensate for changes in kinetic forcing (Eqn. 1). For instance, increases in wind speed and associated increases in sea-air gas transfer will cause the partial pressure gradient to decrease on annual time scales.  However, the longer-term trends are impacted by the rapid rise in atmospheric CO2 and finite uptake capacity of the surface mixed layer, and decreasing buffer capacity which, in fractional sense leads to a diminished uptake of the ocean while in absolute sense the amount of CO2 taken up by the ocean increases (Fig. 2). This robust result is apparent in most models.

The trend in the global annual flux for the empirical approach, not accounting for atm CO2 increase is  0.009 ± 0.005 Pg C yr-1 (Fig. 9a) yielding a 0.1 Pg C decrease in uptake per decade.  The second moment of the winds increases by 0.32 ± 0.04 (m s-1)2 per year, which translates into about a 0.2 m s-1 increase per decade (Fig. 10a).  Global SST as determined from the NOAA OI SST product (Reynolds et al., 2007) shows an increasing trend of 0.008 ± 0.003 ˚C yr-1 (Fig. 10b).  The decreasing uptake, not accounting for atm CO2 increase, suggests that either the CO2 sources are becoming more prevalent over the ocean, or that the CO2 sinks are decreasing, due to changes of ∆pCO2 or wind.   

The absolute decrease in ocean CO2 uptake using the P-10 method does not account for the direct impact of increasing atmospheric CO2 and therefor only accounts for variability associated with temperature and wind.   This empirical approach is analogous to the climate-only runs for ocean models (see, for instance, Le Quéré et al. 2009) and is indicative of the impacts of trends in wind and SST on global sea-air fluxes. By including the CO2-only run from the NCAR CCSM model (Fig. 9b) the trend indicates a greater absolute CO2 uptake with time as shown in Figure 9c. 
6.


The global trends in sea-air CO2 flux are strongly influenced by significant inter-annual variability in ∆pCO2 (Fig. 10).  In particular, the large El Niños in 1992/93 and 1998 decreased the equatorial ∆pCO2 and thus has the net effect of increasing the CO2 flux into the ocean.  This suggests that climate reorganization on multi-annual timescales have an appreciable impact on the trends.

Most models show trends of increasing CO2 uptake from 1990 through 2009 (or 2007). The “best “ estimates for the different modeling approach, O-GCMs, ocean inverses, and atmospheric inverses all show an increase in uptake of -0.12 Pg C decade-1 over the time period, that is the same as that inferred from the approach in P-10 when including the atmospheric CO2 increases. 
Attribution of trends in sea-air CO2 fluxes

On first-order the cause of changes in sea-air CO2 fluxes in the P-10 approach can be investigated holding the wind speed, the ∆pCO2 or the atm CO2 increase constant with time.  The effect of wind is separated from that caused by pCO2, and atmospheric CO2 increase in this analysis is controlled by temperature, in the following manner:

dF/dt = dF/dt)CO2atm + dF/dt)<U^2> +  dF/dt)∆pCO2



(5)
The subscript CO2atm, <U^2> and ∆pCO2 in Eqn. 5 indicate that this parameter is held at its average annual value for 2000. 
The regional results are shown in Table 4.

-------------------------------------------------------------------------------------------------------------------

Table 4. Impact of changes in wind and ∆pCO2 on the decadal trend in sea-air CO2 fluxes (all values in Pg C yr-1)a
Region


Atm CO2 incr. effect
Wind effect
∆pCO2 effect
Total trend

> 42˚N


-0.02


-0.04

-0.05

-0.09

subtropics

-0.1


-0.002

0.07

-0.03

EPOb


-0.01


 0.05

0.05

 0.07

Southern > 42˚S
-0.08


-0.02

0.04

-0.06
Global Ocean

-0.2


-0.009

0.12

-0.12

aTrends are shown in Pg C decade -1.  Negative values indicate increased uptake

bEPO= (10 ˚N-10 ˚S,  135-280 ˚E)

-------------------------------------------------------------------------------------------------------------------

The atmospheric CO2 increase increases the sink in all regions but with differeing impact with the high Northenr Latitudes and Eastern Equatorial Pacific Ocean (EPO) experiencing the smallest effect.   For the Northern regions the increasing atmospheric CO2 increase, increasing winds and increasing ∆pCO2 operate in the same direction on sea-air CO2 flux trends and leads to greater uptake.  For the subtropical regions the trends are dominated by increase in pCO2w leading to less uptake or more release.  The EPO region shows an appreciable increase in efflux both through increased winds and ∆pCO2.  In the Southern Ocean the effect of increasing winds on the trend is counteracted by the increasing pCO2w effect leaving the sink strength decreased.  For the global ocean, the increase in uptake expected from pCO2 alone is counteracted by oceanic processes decreasing the oceanic CO2 sink. The results are similar in magnitude and direction as observed in a model study with an O-GCM by Le Quéré et al. (2010).
4. Conclusions

A re-assessment of the sea-air CO2 flux based on the ∆pCO2 climatology of Takahashi et al (2009) (T-09), and the average 20-year CCMP wind product yields a net flux of -1.38 Pg C yr-1 into the ocean or an anthropogenic flux of -1.8 Pg C yr-1 using the same assumptions as T-09.  This is at the lower end uptake estimates compared to ocean models and mass balance approaches but in agreement with the best estimate from atmospheric inverses. Using an empirical approach relating ∆pCO2 to SST changes according to Park et al. (2010) (P-10) including the effect of increasing atmospheric CO2 levels, a small decadal trend of -0.12 Pg C decade-1 is observed, or an increasing sink over the past two decades, in agreement to modeling approaches. At high latitudes the increasing winds over time leads to a greater uptake while in the Equatorial Pacific it leads to enhanced outgassing. The decadal variability in trends is dominated by large scale interannual changes in sources and sinks that are attributed to large- scale climate phenomena such as the ENSO, SAM and NAO.  However, the phasing and magnitude of the response for the different modeling and observational approaches differs suggesting incomplete knowledge on a mechanistic basis of the drivers. 
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�-1.3; -1.9 is anthropogenic flux.


�If only use 5 models, the flux value should be 2.0.


Values in the table for the global synthesis were calculated from all O_GCMs’ outputs.


�Median (1.8)? or Mean(1.9)?


�Best estimate Park et al. net flux = -1.38 Pg C /yr –this includes undersampling error and inclusion of  CO2-only model run. Inter annual variability 0.18 based on monthly values for time period


�Including CO2 only model run does not affect the mean flux value.


�Copied from McKinley and Schuster


�OGCM, Atm_Inv, O2/N2 and Ocean_Inv fluxes shown in this paper do not include coastal areas. Because I calculated global fluxes based on T-09’s global area. 


�What about coastal flux and El Nino anomaly- should this be added? 





�LSC, UEA JPL, CSI, BER, and ETHk15 runs. (mean= -1.98, median = 2.02)





�1. Ocean model: 1.9 (mean) =>0.5; 2. Ocean model: 2.0 (median) =>0.6


�For the atmospheric inversions, only one model has 2009 flux value. So, best estimate was calculated for the period of 1990-2008. IV (standard deviation of annual median values) for 1990-2008 is 0.29.


�Here are values for the atmospheric inversion models.


1. Standard deviation of 20-years of  median values : -1.41 ± 0.32 Pg C yr-1.


2. Mean of the s.d. of each of the models: 0.33 Pg C yr-1 (from 0.16 to


0.59).





�1. 20-year mean and standard deviation of annual median values


�The difference between the ETHk15 and ETHk19 runs is the gas transfer velocity coefficient used in the flux calculation.


ETHk15 uses coefficient of 0.24 cm/hr s^2/m^2 and global mean velocity of 15 cm/hr.


ETHk19 uses coefficient of 0.31 cm/hr s^2/m^2 and global mean velocity of 19 cm/hr. 


18-year (1990-2007) mean fluxes are -1.42 ± 0.16 Pg C yr-1 for the ETHk15 and -1.46 ± 0.17 Pg C yr-1 for the ETHk19, respectively.





�Shouldwe include a description of subannual variability in models 


�In the trend analysis, the Southern Ocean area with annually varying ice-cover was included (≈>60˚S) but the  reliability of CCMP wind for the full period of investigation near ice edge are questionable. The estimate for the average flux in the regions with seasonal ice cover > 60˚S is -0.07 ±0.02 Pg C yr-1. This is an appreciable component of the inter-annual variability and points to the importance of gas exchange dynamics near sea-ice (Loose and Schlosser, 2011, submitted).





�We did not exclude the Southern Ocean area in the trend analysis.
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