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Abstract

Large-scale studies of ocean biogeochemistry and carbon cycling have often parti-
tioned the ocean into regions along lines of latitude and longitude despite the fact
that spatially more complex boundaries would be closer to the true biogeography of
the ocean. Herein, we define 17 open-ocean biomes defined by environmental en-5

velopes incorporating 4 criteria: sea surface temperature (SST), spring/summer chloro-
phyll a concentrations (Chl), ice fraction, and maximum mixed layer depth (maxMLD)
on a one-by-one degree grid (doi:10.1594/PANGAEA.828650). By considering interan-
nual variability for each input, we create dynamic ocean biome boundaries that shift
annually between 1998 and 2010. Additionally we create a core biome map, which in-10

cludes only the gridcells that do not change biome assignment across the 13 years of
the time-varying biomes. These ocean biomes can be used in future studies to distin-
guish large-scale ocean regions based on biogeochemical function.

1 Introduction

In recent decades, many studies have partitioned the pelagic environment into gyre-15

scale regions in order to investigate biogeochemical processes at the large-scale
(Longhurst, 1995; Sarmiento et al., 2004; Gurney et al., 2008; Reygondeau et al.,
2013). Recent studies of the terrestrial carbon cycle have moved beyond the division
of the landmasses into latitudinally defined regions (Gurney et al., 2008). Despite the
clear limitation of this latitudinal-defined approach in the oceans, recent studies have20

generally used such definitions (Gruber et al., 2009; Schuster et al., 2013). This is,
at least in part, due to the lack of an alternative biome map available from the peer-
reviewed literature.

Limited sampling means that our knowledge of the detailed biogeography of the
global oceans is more elementary than that of the terrestrial biosphere, though satellite-25

based estimates of surface ocean chlorophyll has helped to remedy this since the late
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1990s. Additionally, ocean biogeochemistry is organized, to first order, by the large-
scale ocean circulation. In this study, we take advantage of satellite chlorophyll and
variables associated with the large-scale circulation to define 17 surface ocean biomes
that capture patterns of large-scale biogeochemical function at the basin scale. This
work builds upon previous biome definitions (McKinley et al., 2011; Fay and McKinley,5

2013), with the addition of biome boundaries that shift annually due to variability in
physical state and surface chlorophyll.

In contrast to previous work by Reygondeau et al. (2013) and Longhurst (1995),
which consider sub-basin scale ocean provinces, the biomes presented here are for
only open ocean regions and do not include coastal regions. These biomes are sub-10

stantially larger than the provinces proposed initially by Longhurst (1995) in order to
address the first-order differences in biogeochemical function at the scale of the ocean
gyres. These ocean biomes are of a similar scale to those used in TransCom (the At-
mosphere Tracer Transport Model Intercomparison Project), a global intercomparison
of atmospheric inversion for surface-air CO2 fluxes (e.g. Gurney et al., 2008) (available15

at transcom.project.asu.edu), which have become a standard for global ocean carbon
research (Jacobson et al., 2007; Mikaloff-Fletcher et al., 2007; Gruber et al., 2009;
Canadell et al., 2011; Lenton et al., 2013; Schuster et al., 2013). There is substantial
similarity between these biomes and the TransCom partitions. We argue that these
biomes are preferable because they are defined by relevant environmental parameters20

instead of by lines of latitude. Going forward, these biomes could be used as a new ba-
sis for a wide range of analyses and intercomparison studies in ocean biogeochemistry
and carbon cycling.

Herein, we present time varying biomes for the global ocean, spanning 1998 through
2010 (limited by chlorophyll a data availability). We also present a mean biome map and25

a core biome map, which assigns a biome classification only for those ocean gridcells
that retain the same biome classification for all 13 years of the time-varying biomes.
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2 Methodology

We create physical, biologically defined regions or “biomes” delineated based on four
climatological criteria: maximum mixed layer depth (maxMLD), spring/summer chloro-
phyll a (Chl), sea surface temperature (SST), and sea ice coverage (Table 1).

2.1 Biome descriptions5

Using the four criteria discussed in detail in Sects. 2.2–2.5, the ocean is divided into
biomes. Each biome is characterized by a range of values from the observational fields
(Table 1) and, if multiple criteria define a biome, all must be met for the gridcell to be
assigned to that biome.

Cooler, polar waters that have at least 50 % ice cover during some part of the year10

are grouped into the marginal sea ice (ICE) biome.
Subpolar seasonally stratified (SPSS) biomes have divergent surface flow driven by

the positive wind stress curl and thus upwelling from below, allowing for higher sum-
mer chlorophyll concentrations due to continual nutrient resupply. The Pacific and At-
lantic oceans have different constraints, with the Pacific allowing warmer, lower chloro-15

phyll waters, while in the North Atlantic, cooler water with higher chlorophyll levels is
required. The Pacific is a warmer and less productive high nutrient, low chlorophyll
(HNLC) region (Table 1).

The subtropical seasonally stratified (STSS) biome is an area of downwelling due
to negative wind stress curl, but intermediate chlorophyll concentrations due to deep20

winter maxMLDs. The subtropical permanently stratified (STPS) biome experiences
negative wind stress curl, leading to convergence and year-round stratification, such
that maxMLDs are shallow and chlorophyll is low.

Equatorial biomes (EQU) are defined by latitude (5◦ S to 5◦ N) as is consistent with
previous studies in this region (Sarmiento et al., 2004; Gierach et al., 2012). While other25

studies have allowed the equatorial region to extend farther north and south (Feely
et al., 2004; Lenton et al., 2012), we opted for the conservative definition (5◦ S to 5◦ N)
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due to previous work (Fay and McKinley, 2013) that shows that this restrictive definition
is able to capture ENSO signals in surface ocean partial pressure of CO2 (pCO2) in
this area. The Pacific Equatorial biome is also separated into an east and west sub-
biome, divided at 160◦ W. In the Indian Ocean, the equatorial region is grouped in with
the STPS biome due to seasonally varying physical ocean circulation patterns linked5

to the monsoon.
Ocean areas not defined by any of these biomes are largely coastal or influenced by

coastal upwelling. A few open ocean points also cannot be grouped into biomes by our
criteria. These anomalous regions are omitted.

For calculation of the mean biomes, 1998–2010 mean chlorophyll, SST and ice frac-10

tion are used with the climatological maxMLD.

2.2 Monthly ice fraction and sea surface temperature

The Hadley Centre Meteorological Office provides monthly mean gridded, global frac-
tional sea ice coverage and sea surface temperature (SST) for years 1870 to present
(HADISST) (Rayner et al., 2003).15

HADISST sea ice coverage is reported as a fraction of each 1◦ ×1◦ degree cell.
A minimum threshold of 0.5 fractional coverage in any month of the year designates
the ICE biome. This contrasts to Sarmiento et al. (2004) who define their ICE region
as having any sea ice coverage in any part of the year.

For annual mean SST and ice fraction climatology, monthly means for years 1998–20

2010 are averaged. SST criteria for each biome are presented in Table 1.

2.3 Monthly chlorophyll a

Chlorophyll is as a proxy for the abundance of marine phytoplankton and offers a first-
order quantification of rates of biogeochemical cycling in the surface ocean. Global
ocean chlorophyll a estimates provided by the Sea-viewing Wide Field-of-view Sen-25

sor (SeaWiFS) Project are used to estimate chlorophyll a concentrations using NASAs
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OC4 algorithm (O’Reilly et al., 1998) (available at: http://oceandata.sci.gsfc.nasa.gov/).
Monthly-binned climatology products at 9km×9km resolution are provided by NASA
beginning in September 1997 and ending in December 2010. SMIGEN (available
at: http://seadas.gsfc.nasa.gov/doc/smigen/smigen.html) was used to map monthly
chlorophyll a to 1◦ ×1◦ resolution.5

In order to avoid bias due to high cloud coverage in winter, all biome selection is
based on mean spring/summer chlorophyll rather than an annual climatology. April
through September are used in the Northern Hemisphere, and December through
March in the Southern Hemisphere. SeaWiFS data is not available for January through
March 2008, which would impact Southern Hemisphere biomes in 2008 because De-10

cember 2007 would be the only month with data. To avoid this potential bias, climato-
logical summer chlorophyll is used for the Southern Hemisphere biome classification
for 2008. Southern Hemisphere summer chlorophyll is used as criteria for the Indian
Ocean STPS biome despite its extension into the Northern Hemisphere at its northern
limits.15

2.4 Climatological maximum Mixed Layer Depth

Climatological maximum MLD (maxMLD) indicates the amplitude of seasonality in bio-
geochemical processing, particularly in the transition regions between the subpolar
and subtropical gyres (Table 1). maxMLDs do not vary annually for biome selection
because data is insufficient for global coverage at monthly timescales.20

Criteria for definition of the mixed layer and methods for finding its depth are numer-
ous. We use the ARGO mixed layer depth climatology (Holte et al., 2010) calculated
with the density algorithm (Holte and Talley, 2009). Other threshold methods (de Boyer
Montegut et al., 2004; Sarmiento et al., 2004) were also considered. The selected al-
gorithm builds on traditional threshold and gradient methods by drawing its estimate of25

the MLD from physical features in the profile and by considering a pool of various MLDs
from which the algorithm selects the final MLD estimate (Holte and Talley, 2009). The
ARGO climatology is based on data from years 2002–2008 that overlap reasonably well
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with the satellite chlorophyll record (1998–2010). The deBoyer-Montegut et al. (2004)
climatology is based on earlier data (1941–2002) that has less overlap.

In some regions, most notably in the Southern and Arctic Oceans, MLD for some
gridcells are not defined in the ARGO climatology. These missing pixels are filled with
a latitudinal mean from the same ocean basin. This filling occurs mostly in the higher5

latitudes and near continental shelves, where the maxMLD criterion is actually not
applied for biome selection (Table 1). The maxMLD criterion is applied only to divide
the STPS and STSS biomes, which are generally quite well covered prior to filling.

2.5 Smoothing

After initial processing, each biome is smoothed to limit the number of gridcells that10

do not conform to the biome definition characteristic of a particular region. An iterative
smoothing process is used, cycling through the map numerous times, changing any
gridcell that is bordered on at least three sides by another biome classification.

Each of the 13 years has between 300 and 400 total gridcells changed in their biome
classification by the smoothing. For the 13 years of time-varying biomes, the maxi-15

mum number of 1◦ ×1◦ gridcells smoothed is 400 in the year 2000, which is 1 % of
the total gridcells in the global ocean. No more than 15 % of the gridcells in any one
biome change due to smoothing. Smoothing of the mean biomes changes 263 grid-
cells (0.71 % of total ocean gridcells and no more than 14 % of any one biome). These
smoothed areas occur predominantly in the intergyre regions, the hardest region to de-20

fine due to strong interannual variability. Core biomes are created from the time-varying
biomes after smoothing is performed.

2.6 Data format and availability

The biome maps are provided in netCDF-4 format (with an accompanying README
file) and can be found at PANGAEA web page http://doi.pangaea.de/10.1594/25

PANGAEA.828650 (or doi:10.1594/PANGAEA.828650). It contains files for the Mean
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and Core biome map boundaries as well as maps for each year of the Time-
varying biomes. Animation of the 13 time-varying biome maps is available at http:
//oceancarbon.aos.wisc.edu/biomes-2014/.

3 Biomes

Seventeen global biomes are represented on our biome maps using the criteria out-5

lined in Table 1.

3.1 Mean biomes

Mean biomes are created using the climatological SST, Chl, and ice fraction criteria
for years 1998–2010, and climatological maxMLD with the criteria in Table 1. These
biomes are presented in Fig. 1 with their areas listed in Table 2. From the 5◦ S north-10

ward in both the Atlantic and Pacific, the resulting biomes delineate the equatorial
regions (EQU) and then the subtropical gyres, or permanently stratified subtropical
biome (STPS). Next come the intergyre regions between the subtropics and subpo-
lar gyres, or seasonally stratified subtropical biomes (STSS). Then are the subpolar
gyres, or seasonally stratified subpolar biomes (SPSS), and finally the marginal sea15

ice biome (ICE) in the far north. The Indian Ocean is entirely a permanently stratified
subtropical biome (STPS). Going southward from 5◦ S in the Atlantic and Pacific, we
find the subtropical gyres (STPS), and then the Southern Ocean regions that we define
as STSS, SPSS and ICE biomes. Respectively, these three Southern Ocean biomes
are directly comparable to the Subantarctic Zone (SAZ), the Polar Frontal Zone (PFZ)20

and Antarctic Zone (AZ) (Lovenduski et al., 2007).

3.2 Time-varying biomes

In Supplement Figs. S1–S13, biome maps spanning years 1998–2010 are presented.
Chlorophyll a products are the limitation on the years of analysis. In each year, the
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criteria as listed in Table 1 are used. Changes between these 13 maps are due to the
combined impacts of changes in Chl, SST, and ice fraction from year to year. maxMLD
remains a climatological variable.

3.3 Core biomes

Core biomes are defined by the gridcells that maintain the same biome assignment5

for all 13 years (Fig. 2). Gridcells that shift from one biome to another in any of the
13 years of the time-varying biomes are not assigned in the core biome map. With
respect to analysis of variability or trends in biogeochemical variables, core biomes
would be a conservative region for analysis because there is a strict consistency with
the biome definition for each individual year between 1998 and 2010. Core biome areas10

are included in Table 2.
Undefined regions in the core biome map are caused by variability of the time-varying

biomes. Comparing the area of core biomes to time-varying biomes indicates the per-
cent of area lost with use of core biomes. Only in the high-latitude biomes do core
biomes cause a substantial percentage of area to be excluded (> 15 %, Fig. 3).15

Figure 4 shows the anomaly in biome area each year, separated by ocean basin,
based on a residual from the area of the corresponding biome area of the mean
biomes. Between the North Pacific SPSS and ICE biome, the Bering Sea region shifts
biomes year to year due to changing annual temperatures. Low productivity in some
years also contributes to the northward recession of the core North Pacific SPSS20

biome. This is reflected by the relatively high variability of the Pacific SPSS biome
area in Fig. 4a and substantial area lost with the core biomes (Fig. 3a).

In the North Atlantic ICE biome, variation in ice fraction causes changing designation
between ICE and SPSS, and thus a greater area lost with the core biomes (Fig. 3b).
A significant inverse correlation (r = −0.83) between NA ICE and NA SPSS biome area25

further demonstrates this exchange of biome area (Fig. 4b). Biome area changes are
also large where the boundary between the North Atlantic STSS and STPS biomes
shifts annually due to changes in chlorophyll concentration along the Gulf Stream and
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North Atlantic Current (Fig. 4b), but there is not a statistically significant correlation in
the anomalies of these areas.

Decreasing chlorophyll in the Arabian Sea allows the expansion of the IND STPS
biome over time (Fig. 4c). Interannual change in Southern Ocean circulation impacts
temperature and productivity causing biome areas to have substantial variability, par-5

ticularly for SO STSS (Fig. 4c). This also results in a loss of area for the core biomes
(Fig. 3c).

4 Discussion

As first discussed by Longhurst (1995), ocean biogeography does not organize itself
along lines of latitude and longitude. For example, in the surface ocean pCO2 clima-10

tology of Takahashi et al. (2009), it is clear in the North Atlantic and North Pacific that
the subtropical-subpolar boundary follows the major ocean currents. Going forward, it
will be advantageous to use biogeochemically-relevant biomes in studies of large-scale
ocean biogeochemistry and carbon cycling so as to avoid the limitations of square re-
gions (Takahashi et al., 2006; Canadell et al., 2011). Schuster et al. (2013) note that15

the limited agreement in the seasonal cycle of North Atlantic air–sea CO2 fluxes from
a range of methodologies is partially driven by the use of boundaries defined by lati-
tude.

Previous studies have proposed that the subtropical ocean regions are expanding
and that warming ocean temperatures are exhibiting reduced productivity in these im-20

portant ocean gyres (Polovina et al., 2008; Behrenfeld et al., 2006). In these biomes,
there are not significant trends in the area of any Northern Hemisphere subtropi-
cal biomes (STPS) over the years 1998–2010. In the Southern Hemisphere, there is
a negative trend in the South Pacific STPS biome (Fig. 4a, −2.31±1.07×105 kmyr−1).
This negative trend is due to higher chlorophyll values in the South Pacific/Southern25

Ocean boundary for years 2002–2010. This allows SO STSS to extend further equa-
torward (Fig. 4c, Supplement figures) resulting in an expanding area between 1998–
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2010 (2.22±1.58×105 kmyr−1). Decreasing chlorophyll levels in the Arabian Sea al-
low the expansion of the IND STPS biome and thus an increasing biome area trend
(1.13±1.08×105 kmyr−1) for 1998–2010 (Fig. 4c).

A negative trend in the area of the North Pacific ICE biome appears for all trends
longer than 10 years if the final year is prior to 2010 (Fig. 4a). When the area timeseries5

is extended to include 2010, this signal of declining area of the Pacific ICE biome
disappears.

In the Northern Hemisphere, the only significant biome area trend for 1998–2010 is
a negative one in the North Atlantic ICE biome (−4.84±2.90×104 kmyr−1) and a cor-
responding positive trend in the North Atlantic SPSS biome (3.75±1.80×104 kmyr−1)10

(Fig. 4b). The statistical significance of these trends persists for any 10 year or longer
timeseries considered (i.e. 1998–2008, 1999–2009, 2000–2010, 1998–2009, etc.).
As mentioned above, the 1998–2010 trends in NA ICE and SPSS biome areas are
highly correlated (r = −0.83). As more data becomes available, the time-varying biome
boundaries can continue to be analyzed and may elucidate trends in the biome area15

extent over time.
The global biomes previously used by these authors in study of surface ocean pCO2

trends (McKinley et al., 2011; Fay and McKinley, 2013) varied slightly from those pre-
sented here. Time-varying biomes were not used in these previous analyses. For the
products presented here, biome criteria have been updated with the most current and20

complete datasets and products available. This results in some noticeable differences
between the mean biome map presented here and that used in previous work by Fay
and McKinley. Changes in the North Atlantic biomes are primarily due to an improved
mixed layer depth climatology used in this analysis. Changes in the extent of the ICE
biomes here are due to the inclusion of ice fraction as a criterion with this study.25

The data used as biome criteria have limitations, some of which could be improved in
the future. The main constraint on the time-varying biomes is the availability of surface
ocean chlorophyll estimates and complete coverage of mixed layer depth measure-
ments. The mixed layer depth measurements should improve in the coming decade
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with expanding ARGO coverage and may elucidate temporal changes. The global
chlorophyll a product used here is from the now-decommissioned SeaWiFS satellite.
To extend the years of the time-varying biomes, a new chlorophyll product will need to
be identified. Ideally, this will be a merged product extending back to the beginning of
the SeaWiFS record.5

5 Conclusions

We offer three versions of environmentally-defined biomes to be used as an alternative
to the current standard of latitudinally-defined ocean regions for biogeochemical and
carbon cycle studies. The 17 mean biomes offer full coverage of the open ocean and
are based on mean data for 1998–2010. Also presented are time-varying ocean biomes10

for each year from 1998–2010 that should be of use to studies focused in this period.
Finally, core biomes can be utilized in analyses that wish to be most conservative in
their definition by avoiding any points where the biome to which that point is assigned
is not the same in all years from 1998 to 2010.

Opportunities for use of these biomes in future studies are likely to be numerous.15

Clear distinction between biogeochemically different regions should improve the fidelity
of analyses of both large datasets and numerical models. Atmospheric and ocean in-
version studies could use the mean biomes for their regional discretization (Gurney
et al., 2008; Gruber et al., 2009). If as widely adopted as the TransCom latitudinally-
defined regions have been, this will facilitate future intercomparison studies such as20

RECCAP (Canadell et al., 2011).
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Supplementary information

Supplement Figs. S1–S13: time-varying biomes for years 1998–2010. Dark blue: ICE;
cyan: SPSS; green: STSS; yellow: STPS; orange: EQU.

Supplementary material related to this article is available online at
http://www.earth-syst-sci-data-discuss.net/7/107/2014/5

essdd-7-107-2014-supplement.zip.

References

Behrenfeld, M. J., O’Malley, R. T., Siegel, D. A, McClain, C. R., Sarmiento, J. L., Feldman, G. C.,
Milligan, A. J., Falkowski, P. G., Letelier, R. M., and Boss, E. S.: Climate-driven trends in
contemporary ocean productivity, Nature, 444, 752–755, doi:10.1038/nature05317, 2006.10

Canadell, J., Ciais, P., and Al, E.: An international effort to quantify regional carbon fluxes, EOS,
92, available at: http://onlinelibrary.wiley.com/doi/10.1029/2011EO100001/abstract (last ac-
cess: November 2013), 2011.

De Boyer Montégut, C., Madec, G., Fischer, A. S., Lazar, A., and Iudicone, D.: Mixed layer
depth over the global ocean: an examination of profile data and a profile-based climatology,15

J. Geophys. Res., 109, C12003, doi:10.1029/2004JC002378, 2004.
Fay, A. R. and McKinley, G. A.: Global trends in surface ocean pCO2 from in situ data, Global

Biogeochem. Cy., 27, 541–557, doi:10.1002/gbc.20051, 2013.
Feely, R. A.: Effects of wind speed and gas exchange parameterizations on the air–

sea CO2 fluxes in the equatorial Pacific Ocean, J. Geophys. Res., 109, C08S03,20

doi:10.1029/2003JC001896, 2004.
Gierach, M. M., Lee, T., Turk, D., and McPhaden, M. J.: Biological response to the 1997–98 and

2009–10 El Niño events in the equatorial Pacific Ocean, Geophys. Res. Lett., 39, L10602,
doi:10.1029/2012GL051103, 2012.

Gruber, N., Gloor, M., Mikaloff Fletcher, S. E., Doney, S. C., Dutkiewicz, S., Follows, M. J.,25

Gerber, M., Jacobson, A. R., Joos, F., Lindsay, K., Menemenlis, D., Mouchet, A., Müller, S.

119

http://www.earth-syst-sci-data-discuss.net
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-print.pdf
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-supplement.zip
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-supplement.zip
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-supplement.zip
http://dx.doi.org/10.1038/nature05317
http://onlinelibrary.wiley.com/doi/10.1029/2011EO100001/abstract
http://dx.doi.org/10.1029/2004JC002378
http://dx.doi.org/10.1002/gbc.20051
http://dx.doi.org/10.1029/2003JC001896
http://dx.doi.org/10.1029/2012GL051103


ESSDD
7, 107–128, 2014

Global ocean biomes

A. R. Fay and
G. A. McKinley

Title Page

Abstract Instruments

Data Provenance & Structure

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

A., Sarmiento, J. L., and Takahashi, T.: Oceanic sources, sinks, and transport of atmospheric
CO2, Global Biogeochem. Cy., 23, GB1005, doi:10.1029/2008GB003349, 2009.

Gurney, K. R., Baker, D., Rayner, P., and Denning, S.: Interannual variations in continental-
scale net carbon exchange and sensitivity to observing networks estimated from atmo-
spheric CO2 inversions for the period 1980 to 2005, Global Biogeochem. Cy., 22, GB3025,5

doi:10.1029/2007GB003082, 2008.
Holte, J. and Talley, L.: A new algorithm for finding mixed layer depths with applications to

argo data and Subantarctic mode water formation, J. Atmos. Ocean. Tech., 26, 1920–1939,
doi:10.1175/2009JTECHO543.1, 2009.

Holte, J., Gilson, J., Talley, L., and Roemmich, D.: Argo Mixed Layers, Scripps Institution of10

Oceanography/UCSD, available at: http://mixedlayer.ucsd.edu (last access: 14 March 2013),
2010.

Jacobson, A. R., Mikaloff-Fletcher, S. E., Gruber, N., Sarmiento, J. L., and Gloor, M.:. A joint
atmosphere–ocean inversion for surface fluxes of carbon dioxide: 2. Regional results, Global
Biogeochem. Cy., 21, GB1020, doi:10.1029/2006GB002703, 2007.15

Lenton, A., Metzl, N., Takahashi, T., Kuchinke, M., Matear, R. J., Roy, T., Sutherland, S. C.,
Sweeney, C., and Tilbrook, B.: The observed evolution of oceanic pCO2 and its drivers over
the last two decades, Global Biogeochem. Cy., 26, GB2021, doi:10.1029/2011GB004095,
2012.

Lenton, A., Tilbrook, B., Law, R. M., Bakker, D., Doney, S. C., Gruber, N., Ishii, M., Hoppema, M.,20

Lovenduski, N. S., Matear, R. J., McNeil, B. I., Metzl, N., Mikaloff Fletcher, S. E., Mon-
teiro, P. M. S., Rödenbeck, C., Sweeney, C., and Takahashi, T.: Sea–air CO2 fluxes in the
Southern Ocean for the period 1990–2009, Biogeosciences, 10, 4037–4054, doi:10.5194/bg-
10-4037-2013, 2013.

Longhurst, A.: Seasonal cycles of pelagic production and consumption, Prog. Oceanogr., 36,25

77–167, doi:10.1016/0079-6611(95)00015-1, 1995.
Lovenduski, N. S., Gruber, N., Doney, S. C., and Lima, I. D.: Enhanced CO2 outgassing in the

Southern Ocean from a positive phase of the Southern Annular Mode, Global Biogeochem.
Cy., 21, GB2026, doi:10.1029/2006GB002900, 2007.

McKinley, G. A., Fay, A. R., Takahashi, T., and Metzl, N.: Convergence of atmospheric and30

North Atlantic carbon dioxide trends on multidecadal timescales, Nat. Geosci., 4, 606–610,
doi:10.1038/ngeo1193, 2011.

120

http://www.earth-syst-sci-data-discuss.net
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-print.pdf
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2008GB003349
http://dx.doi.org/10.1029/2007GB003082
http://dx.doi.org/10.1175/2009JTECHO543.1
http://mixedlayer.ucsd.edu
http://dx.doi.org/10.1029/2006GB002703
http://dx.doi.org/10.1029/2011GB004095
http://dx.doi.org/10.5194/bg-10-4037-2013
http://dx.doi.org/10.5194/bg-10-4037-2013
http://dx.doi.org/10.5194/bg-10-4037-2013
http://dx.doi.org/10.1016/0079-6611(95)00015-1
http://dx.doi.org/10.1029/2006GB002900
http://dx.doi.org/10.1038/ngeo1193


ESSDD
7, 107–128, 2014

Global ocean biomes

A. R. Fay and
G. A. McKinley

Title Page

Abstract Instruments

Data Provenance & Structure

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Mikaloff-Fletcher, S. E., Gruber, N., Jacobson, A. R., Gloor, M., Doney, S. C., Dutkiewicz, S.,
Gerber, M., Follows, M., Joos, F., Lindsay, K., Menemenlis, D., Mouchet, A., Müller, S.
A., and Sarmiento, J. L.: Inverse estimates of the oceanic sources and sinks of natu-
ral CO2 and the implied oceanic carbon transport, Global Biogeochem. Cy., 21, GB1010,
doi:10.1029/2006GB002751, 2007.5

O’Reilly, J. E., Maritorena, S., Mitchell, B. G., Siegel, D. A., Carder, K. L., Garver, S. A., Kahru,
M., and McClain, C.: Ocean color chlorophyll algorithms for SeaWiFS, J. Geophys. Res.,
103, 24937, doi:10.1029/98JC02160, 1998.

Polovina, J. J., Howell, E. A., and Abecassis, M.: Ocean’s least productive waters are expand-
ing, Geophys. Res. Lett., 35, L03618, doi:10.1029/2007GL031745, 2008.10

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K., Alexander, L. V., Rowell, D. P.,
Kent, E. C., and Kaplan, A.: Global analyses of sea surface temperature, sea ice, and
night marine air temperature since the late nineteenth century, J. Geophys. Res., 108, 4407,
doi:10.1029/2002JD002670, 2003.

Reygondeau, G., Longhurst, A., Martinez, E., Beaugrand, G., Antoine, D., and Maury, O.: Dy-15

namic biogeochemical provinces in the global ocean, Global Biogeochem. Cy., 27, 1046–
1058, doi:10.1002/gbc.20089, 2013.

Sarmiento, J. L., Slater, R., Barber, R., Bopp, L., Doney, S. C., Hirst, A. C., Kleypas, J.,
Matear, R., Mikolajewicz, U., Monfray, P., Soldatov, V., Spall, S. a., and Stouffer, R.: Re-
sponse of ocean ecosystems to climate warming, Global Biogeochem. Cy., 18, GB3003,20

doi:10.1029/2003GB002134, 2004.
Schuster, U., McKinley, G. A., Bates, N., Chevallier, F., Doney, S. C., Fay, A. R., González-

Dávila, M., Gruber, N., Jones, S., Krijnen, J., Landschützer, P., Lefèvre, N., Manizza, M.,
Mathis, J., Metzl, N., Olsen, A., Rios, A. F., Rödenbeck, C., Santana-Casiano, J. M., Taka-
hashi, T., Wanninkhof, R., and Watson, A. J.: An assessment of the Atlantic and Arctic sea–air25

CO2 fluxes, 1990–2009, Biogeosciences, 10, 607–627, doi:10.5194/bg-10-607-2013, 2013.
Takahashi, T., Sutherland, S. C., Feely, R. A., and Wanninkhof, R.: Decadal change of the

surface water pCO2 in the North Pacific: a synthesis of 35 years of observations, J. Geophys.
Res., 111, C07S05, doi:10.1029/2005JC003074, 2006.

Takahashi, T., Sutherland, S. C., Wanninkhof, R., Sweeney, C., Feely, R. A., Chipman, D. W.,30

Hales, B., Friederich, G., Chavez, F., Sabine, C., Watson, A., Bakker, D. C. E., Schuster, U.,
Metzl, N., Yoshikawa-Inoue, H., Ishii, M., Midorikawa, T., Nojiri, Y., Körtzinger, A., Steinhoff,
T., Hoppema, M., Olafsson, J., Arnarson, T. S., Tilbrook, B., Johannessen, T., Olsen, A.,

121

http://www.earth-syst-sci-data-discuss.net
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-print.pdf
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2006GB002751
http://dx.doi.org/10.1029/98JC02160
http://dx.doi.org/10.1029/2007GL031745
http://dx.doi.org/10.1029/2002JD002670
http://dx.doi.org/10.1002/gbc.20089
http://dx.doi.org/10.1029/2003GB002134
http://dx.doi.org/10.5194/bg-10-607-2013
http://dx.doi.org/10.1029/2005JC003074


ESSDD
7, 107–128, 2014

Global ocean biomes

A. R. Fay and
G. A. McKinley

Title Page

Abstract Instruments

Data Provenance & Structure

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Bellerby, R., Wong, C. S., Delille, B., Bates, N. R., and de Baar, H. J. W.: Climatological
mean and decadal change in surface ocean pCO2, and net sea–air CO2 flux over the global
oceans, Deep-Sea Res. Pt. II, 56, 554–577, doi:10.1016/j.dsr2.2008.12.009, 2009.

122

http://www.earth-syst-sci-data-discuss.net
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-print.pdf
http://www.earth-syst-sci-data-discuss.net/7/107/2014/essdd-7-107-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/j.dsr2.2008.12.009


ESSDD
7, 107–128, 2014

Global ocean biomes

A. R. Fay and
G. A. McKinley

Title Page

Abstract Instruments

Data Provenance & Structure

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Characteristics for the environmental envelopes defined for each biome.

Sea-ice SST Chl maxMLD
Biome fraction (◦C) (mgm−3) (m) Notes

NH ICE x ≥ 0.5
N Pacific SPSS x < 19 x ≥ 0.25
N Atlantic SPSS x < 14 x ≥ 0.4
NH STSS 11 ≤ x < 25 x > 125
NH STPS x ≥ 11 x < 0.25 x ≤ 125
IND STPS x ≥ 11 x < 0.25
Equatorial Latitude 5◦ S to 5◦ N
SH STPS x ≥ 8 x ≤ 150
SH STSS x ≥ 8 x ≥ 0.15 x > 150 Need EITHER Chl

OR maxMLD
SH SPSS x < 8
SH ICE x ≥ 0.5
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Table 2. Size (in 106 km2) of the Mean biomes and Core biomes.

Biome Mean biome area Core biome area
(106 km2) (106 km2)

NP ICE 4.5912 3.9112
NP SPSS 15.451 10.194
NP STSS 2.7473 2.4006
NP STPS 48.214 45.400
Pac EQU W 9.6109 9.6109
Pac EQU E 9.8813 9.8813
SP STPS 61.798 57.872
NA ICE 5.4472 4.6123
NA SPSS 10.092 7.8110
NA STSS 4.7235 4.2817
NA STPS 19.613 17.549
Atl EQU 6.8913 6.8913
SA STPS 20.134 19.625
IND STPS 36.199 33.450
SO STSS 30.414 24.783
SO SPSS 30.648 25.875
SO ICE 18.658 16.169
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Mean Biomes

Figure 1
Fig. 1. Mean biome map. Dark blue: ICE; cyan: SPSS; green: STSS; yellow: STPS; orange:
EQU.
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Core Biomes

Figure 2

Fig. 2. Core biome map. Dark blue: ICE; cyan: SPSS; green: STSS; yellow: STPS; orange:
EQU.
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Figure 3
Fig. 3. Percentage of biome area lost each year if using core biomes as compared to time-
varying biomes for (a) Pacific Ocean, (b) Atlantic Ocean, and (c) Southern ocean. Black: ICE
biomes; cyan: SPSS biomes; green: STSS biomes. Biomes not included on figure are under
25 % for all years.
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Figure 4
Fig. 4. Biome area anomaly from the area of the corresponding Mean biome area for years
1998–2010 in (a) Pacific Ocean; (b) Atlantic Ocean; (c) Southern and Indian Oceans. Black:
ICE; cyan: SPSS; green: STSS; navy: Northern Hemisphere STPS; magenta: EQU; red: South-
ern Hemisphere STPS.
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