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We have examined the 16-year time series of particulate organic carbon (POC)
concentration in the surface waters of the North Atlantic derived from SeaWiFS and
MODIS-Aqua data. The annual mean POC concentrations are the highest in the
northern North Atlantic, reaching 120 mg m−3. Moving south, the mean annual POC
concentrations decrease to minimum values of about 30 mg m−3 at around 30° N and
increase in the equatorial region to about 70 mg m−3. The seasonal amplitude of POC
concentration in the northern North Atlantic region is larger when compared to other
regions. The annual mean surface POC concentrations in the entire North Atlantic
basin show a statistically significant trend with an average decrease of 0.79 mg m−3

year−1. Regionally averaged 16-year mean POC biomass integrated over the optical
depth, euphotic depth, and mixed-layer depth is estimated at about 1.27, 4.34, and
4.59 g m−2, respectively. Even larger biomass of 6.26 g m−2 is estimated if one chooses
to use in the calculations the greatest from the daily values of the estimates listed above
at each pixel of the satellite data. Comparisons of POC biomass with primary produc-
tivity allowed us to assess temporal and spatial patterns of POC losses.

1. Introduction

An improved knowledge of the particulate organic carbon (POC) reservoir is of interest to
research on ocean biogeochemical cycles, ocean ecosystems, and climate studies relating
to the ocean carbon cycle (e.g. Houghton 2007). With recent development of POC
algorithms (Stramski et al. 2008), satellite ocean colour observations can greatly advance
our understanding of these issues by providing simultaneous POC data for large areas of
the ocean and long-term monitoring.

Traditionally, ocean colour has supplied estimates of surface chlorophyll-a concentra-
tion, Chl (Clarke, Ewing, and Lorenzen 1970; Gordon and Morel 1983; McClain,
Feldman, and Hooker 2004). However, of particular interest to ocean biogeochemistry
and its role in climate change is not Chl, but carbon. Attempts have been made to estimate
POC from remotely sensed Chl. However, such estimates are not very accurate because,
even in Case I waters (Morel and Prieur 1977), the bulk carbon to chlorophyll ratio can
vary 10 fold or more on a global scale (Morel 1988). Therefore, it is more practical to use
algorithms specifically designed for the direct assessment of POC from ocean colour.

A rigorous remote-sensing capability for estimating POC needs to be based on the
knowledge about the relationships between POC and the spectral remote-sensing reflec-
tance, Rrs(λ) (or a combination of Rrs and inherent optical properties, IOPs, data). Recently
published POC algorithms (Stramski et al. 2008) satisfy that requirement and POC
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estimates obtained through these algorithms have been used in this study. These algo-
rithms were derived on simultaneous in situ measurements of Rrs(λ) and a collection of
water samples for POC determinations, in a similar manner as was performed by the
ocean colour community to construct ocean colour Chl algorithms (O’Reilly et al. 1998,
2000). The work of Stramski et al. (2008) covered a broad range of oceanic conditions,
from hyper-oligotrophic and oligotrophic waters within subtropical gyres to eutrophic
coastal upwelling regimes. This suggests that such algorithms should perform well in
different bio-optical provinces of the ocean. Note that to date only a few attempts have
been made in which simultaneously collected in situ data were used for the development
of empirical algorithms for estimating POC (Stramski et al. 1999; Stramska and Stramski
2005a; Pabi and Arrigo 2006; Stramski et al. 2008; Son et al. 2009; Allison, Stramski, and
Mitchell 2010). Alternative approaches have also been applied; however, algorithms
based on POC and optical data that were not all collected in situ, or were not collected
during the same field experiment (Loisel et al. 2001, 2002; Mishonov, Gardner, and
Richardson 2003; Gardner, Mishonov, and Richardson 2006), might have more significant
limitations than the algorithms of Stramski et al. (2008).

In this article, the 16-year time series of POC concentrations in the North Atlantic
derived from data collected by the Sea-viewing Wide Field-of-view Sensor (SeaWiFS)
aboard the OrbView-2 satellite and the Moderate Resolution Imaging Spectroradiometer
deployed on the Aqua (EOS PM) satellite (MODIS-A) have been analysed. Similar
analyses have been attempted before (Gardner, Mishonov, and Richardson 2006;
Stramska 2009; Duforêt-Gaurier et al. 2010) but they were based on significantly shorter
time series of the ocean colour data (10 years or less). In this article, we focus our interest
on the North Atlantic, because it is a region where phytoplankton blooms have been
traditionally attributed an important role in the ocean carbon cycle (Longhurst and
Harrison 1989; Legendre et al. 1993). In particular, in the northern North Atlantic, the
biological carbon pump can be quite effective, because biological processes are character-
ized by high seasonal amplitudes of productivity, phytoplankton blooms are not matched
by concurrent secondary production, and deep-water formation is active (Aagaard, Swift,
and Carmack 1985). Deep-water formation processes provide the link between the north-
ern North Atlantic carbon export and the rest of the global oceanic waters through the
deep ocean ‘conveyor belt’. It has been estimated that dissolved organic carbon (DOC)
export contributes less than 20% of the total export production within the North Atlantic
(Carlson et al. 2010); therefore, export of particulate matter is significant. There are
however large latitudinal differences. On the basin scale, the availability of inorganic
nutrients exerts a major control on phytoplankton biomass, primary productivity (PP),
community structure, and POC export, which results in prominent latitudinal gradients in
the North Atlantic (Longhurst 1998; Dutkiewicz et al. 2001). Typically, high latitude and
temperate systems receive substantial amounts of nutrients from deep waters via vertical
mixing. In contrast, phytoplankton communities inhabiting low-latitude environments,
such as stratified, subtropical gyres, largely rely on local recycling and diapycnal nutrient
fluxes to sustain their standing stocks. Phytoplankton growth involves a balance between
nutrient and light supply. Thus, the dominant scheme in the North Atlantic is a transition
from a high-latitude system where phytoplankton blooms are triggered by increasing light
availability and water column stability in spring, to a low-latitude system where they are
associated with a decrease of vertical stability when nutrients from deep waters can fuel
the permanently warm and nutrient-exhausted mixed layer (ML). The interplay between
these two competing effects has been discussed since the publication of Sverdrup’s (1953)
critical depth theory and Menzel and Ryther’s (1961) observations of phytoplankton
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blooms in the Sargasso Sea. Sverdrup’s critical depth theory has been known to have
some conceptual value and not to explain all the details of interactions involved in
phytoplankton bloom development, as it has been well documented that the blooms can
start before the onset of seasonal stratification (e.g. Townsend et al. 1992; Stramska and
Dickey 1993, 1994). These issues have been recently discussed in depth by Behrenfeld
(2010) and Behrenfeld and Boss (2014).

Although considerable literature is available on the development of phytoplankton
blooms in the North Atlantic, spatial distributions of POC reservoirs and their variability
are not documented as well. Thus, the main goals of this article are to quantify surface
POC concentrations in different regions of the North Atlantic, to discuss regional varia-
bility of the POC biomass contained in the oceanic surface layer, and to compare these
estimates with regional estimates of PP.

2. Data sources and methods

2.1. POC data

This study is based on ocean surface POC concentrations derived from data collected by
SeaWiFS and MODIS-Aqua (Franz et al. 2007). Each of these ocean colour missions
provided global coverage of remote-sensing reflectances at selected spectral bands in the
visible and near-infrared spectral regions approximately every two days. The standard
data processing procedures applied by NASA include atmospheric corrections and
removal of pixels with land, ice, cloud, or heavy aerosol load. As a result the retrievals
of the ocean remote-sensing reflectance have uncertainties of ~3% (O’Reilly et al. 1998,
2000). For our study, we used Level 3 POC data (Standard Mapped Images with a
nominal 9.2 km resolution at the equator, reprocessing versions R2010.0 and R2013.1
of SeaWiFS and MODIS-A data, respectively). The POC data product provided by NASA
is based on the Stramski et al. (2008) algorithm. Note that similar to satellite-derived Chl,
POC data represent concentrations just below the water surface (see also Stramska and
Stramski 2005b).

Because the POC algorithms are non-linear, we have attempted to minimize the
biases, which could be accrued if our calculations were completed on temporal averages
(such as monthly composites) of satellite data. Therefore, we started our calculations with
daily fields of POC concentrations. The original set of daily POC concentrations (mg m−3)
includes 13 years (1998–2010) of SeaWiFS data and 11 years (2002–2013) of MODIS-A
data. SeaWiFS data in 2008–2010 have extensive time periods with missing data; there-
fore, we have decided to not use SeaWiFS data from 2008 to 2010. From the rest of daily
POC imagery, the 21-day moving averages were calculated to fill in the missing data.
Next, we have calculated monthly and annual averages, and the 16-year averaged POC
concentrations, which are presented in Figure 1. For our approach of contrasting regional
POC reservoirs, we have defined four study regions. Geographical boundaries for these
regions were subjectively chosen based on the large-scale POC patterns displayed
in Figure 1. These regions include: region 1 – northern North Atlantic (60–46.7° N,
47–15° W); region 2 – temperate zone (44–30° N, 58.4–16° W); region 3 – oligotrophic
region (30–15 °N, 63.3–34.2° W); and region 4 – equatorial Atlantic (23.3° N–1.6° S,
34.2–18.3° W). When we refer to the North Atlantic region, we have in mind the area
extending from 70° N to 10° S as shown in Figure 1 (i.e. excluding the inland seas such as
the Mediterranean, Black and Baltic Seas, and the Gulf of Mexico). This choice of the
boundaries for the basin-scale POC estimates has been motivated by the fact that we
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wanted to exclude the polar region north of 70° N (because of the problem of missing
data) and we intended to include in our analysis the area of the equatorial upwelling,
extending south of the equator.

Time series were constructed by calculating the weighted averages from all pixels
within each region. The weighted average takes into account that pixel area at a given
latitude is equal to the cosine of this latitude multiplied by the pixel area at the equator.
This regional averaging provides POC estimates representative of mean conditions over
relatively large sections of the ocean, removes the small and mesoscale features, and
reduces (but does not eliminate) gaps in the time series due to missing data. Gaps are still
present after this spatial averaging in the northern region in winter. These gaps are left
unfilled in the figures presented below. In our estimates of the annual mean POC
concentrations, these gaps were filled by linear interpolation. In the final time series
presented below, data in years 2003–2007 represent average POC concentrations from
SeaWiFS and MODIS-A observations. Comparisons of the POC estimates obtained in
these years by both radiometers shows a good agreement (Figure 2). The POC estimates
for years 1997–2002 are based on SeaWiFS data, whereas for years 2008–2013 they are
based on MODIS-A data. Using these time series data we calculated POC anomalies, as
the difference between POC concentration observed on a given day of the year and the 16-
year averaged POC concentration for the same day number. All these calculations were
carried out for our four study regions and for the North Atlantic, as shown in Figure 1.

2.2. POC reservoirs and other data

One of the biggest challenges in modern oceanography is the need to estimate reservoirs
of organic matter in the ocean. The methods used to derive our estimates of the POC
reservoirs in the surface waters in the North Atlantic are described in this section.
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Figure 1. The 16-year averaged (1997–2013) surface POC concentrations in the North Atlantic
derived from SeaWiFS and MODIS-A data. The area of the North Atlantic region where ocean
colour data were analysed extends from 70° N to 10° S (inland seas are excluded) and is shown in
colours. Additionally, four study regions are indicated by black boxes.
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As discussed in Stramska (2009), the meaning of the oceanic surface layer is rather
broad and needs to be defined more precisely if we are to discuss the POC reservoirs in a
quantitative sense. For example, oceanic surface layer can be understood as the optical
depth (z90), the euphotic depth (zeu), or the mixed layer depth (MLD). The ML of the
ocean is the layer near the ocean surface with vertically quasi-homogeneous water proper-
ties (temperature, salinity, density; Niiler and Kraus 1977; Kraus, Bleck, and Hanson
1988; Lorbacher et al. 2006). The intense vertical turbulent mixing near the surface is the
cause of the observed vertical uniformity. The ML concept has been used by Stramska
(2009) to estimate the POC reservoirs in the oceanic surface waters by assuming that the
POC concentration within the ML is nearly homogenous and that the POC integrated over
the ML (POCMLD) can be simply calculated as POCMLD = POC · MLD. In another
approach, POC reservoirs can be assessed in the oceanic surface layer defined as the
euphotic depth. The euphotic depth limits the surface layer of the water, where there is
sufficient light to support PP and is defined as the depth where photosynthetic available
radiation (PAR) is 1% of its surface value.

In the current article, the surface POC concentrations were converted to POC biomass
through the relationships derived from observational data. Towards this objective, we
investigated the historical in situ data obtained from the Joint Global Ocean Flux Study

Figure 2. Comparison of SeaWiFS and MODIS-A time series of regionally averaged POC
concentrations in the four study regions in the years 2003–2007. Panels (a), (b), (c), and (d)
correspond to regions 1, 2, 3, and 4, respectively (see explanation in the text).
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(JGOFS) website (usjgofs.whoi.edu/jg/dir/jgofs/). For our goal we selected these data sets,
which included simultaneous information about zeu, MLD, vertical profiles of beam
attenuation coefficient at 660 nm (cp660), and POC concentrations estimated from water
samples collected at selected water depths. For each station, the local relationship between
cp660 and POC concentration was estimated. Three examples of such relationships are
shown in Figure 3 (panels on the left side of the figure). Based on the station-specific
relationships, vertical profiles of cp660 measured at each station were converted to the
vertical profiles of POC concentration (plots on the right side of Figure 3). In the final
step, POC concentrations were averaged over the MLD and zeu. In this way we analysed
data from 102 stations from the Arabian Sea, Southern Ocean, Equatorial Pacific, and
Bermuda Atlantic Time-Series experiments. Because of limited availability of data sets
with all the required parameters, we had to include in our analysis data not only from the
North Atlantic but also from other geographic regions, in order to obtain a sufficient

Figure 3. Plots (a), (c), (e). Example relationships between beam attenuation coefficient at 660 nm
(cp660) and POC concentrations determined from water samples at three stations: (a) 2.1° N, 141.4°
W; 26 August 1992; (c) 7.0° N, 17.5° W; 3 November 2005; and (e) 33.5° N, 14.5° W; 27 October
2005. Plots (b), (d), and (e). Vertical profiles of POC concentration determined from measured
vertical profiles of cp660 and the relationships between cp660 and POC concentrations (shown in (a),
(c), and (e)).
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number of data points. As a result from this analysis, the relationships between surface
POC concentration and POC concentration averaged over the MLD and zeu have been
derived (Figure 4). These relationships were subsequently used to convert the surface
POC concentrations determined from satellite data to POC reservoirs present in the
surface waters of the ocean. To calculate POCMLD, we used the MLD estimates derived
from ocean models for the same day and geographical location as the satellite POC
determinations (MLD data available at web.science.oregonstate.edu/ocean.productivity/
site.php, Behrenfeld et al. 2005; Westberry et al. 2008). We also used the zeu estimates
provided by the NASA OceanColor website (oceancolor.gsfc.nasa.gov) as the euphotic
depth product (Zeu_lee, Lee et al. 2007) to calculate POC integrated over the euphotic
depth (POCzeu).

Another estimate of POC reservoir has been based on the concept of optical depth
(z90). Gordon and McCluney (1975) showed that 90% of all the remotely sensed ocean
colour radiance originates from z90. The concept of optical depth has been used before to
estimate POC biomass in oceanic surface waters (Gardner, Mishonov, and Richardson
2006; Stramska 2009; Duforêt-Gaurier et al. 2010). In these calculations, z90 was esti-
mated using the SeaWiFS-derived diffuse attenuation coefficient data product (K490) and
the relationship z90 = 1/K490. The POC content integrated over one attenuation depth
(POCopt) was then calculated as POCopt = POC/K490 (see also Campbell, Blaisdell, and
Darzi 1995). In this article, we carried out similar calculations to compare our new
estimates of POC biomass with the earlier estimates. In our calculations we used the

Figure 4. (a) POC concentration averaged over the euphotic depth as a function of surface POC
concentration. (b) POC concentration averaged over the MLD as a function of surface POC
concentration (data from 102 in situ stations).
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NASA Kd_Lee(490) product, which has been validated in a wide range of oceanic and
coastal conditions including case 1 and case 2 waters (Lee, Du, and Arnone 2005, Lee,
Darecki et al. 2005, 2007; Doron et al. 2007).

The PP data used in this article represent PP estimates distributed through the Ocean
Productivity Web Page (www.science.oregonstate.edu/ocean.productivity/) and include
data from the Vertically Generalized Production Model, VGPM (Behrenfeld and
Falkowski 1997), the Eppley-VGPM version of the model, and the Carbon-based
Production Model, CBPM (Behrenfeld et al. 2005; Westberry et al. 2008).

3. Results and discussion

3.1. POC concentrations

Spatial distribution of the 16-year averaged surface POC concentration in the North
Atlantic is presented in Figure 1. Recall that the spatial distribution of the surface POC
concentration in the ocean is, in general, governed by both the biological processes
(primary production and recycling) and the physical processes (vertical mixing and
advection). The significance of the different processes can vary in time and space. The
large-scale patterns in POC concentration shown in Figure 1 are similar to the large-scale
distribution of Chl (not shown), because phytoplankton production is a primary source of
POC particles in the open ocean surface waters (e.g. Siegel et al. 2013; Yoder and
Kennelly 2006).

The concentrations of POC are high in the northern North Atlantic waters due to the
intense phytoplankton blooms of the spring and summer. Elevated POC concentrations are
also present in the equatorial upwelling zone due to favourable growth conditions for
phytoplankton. These conditions are caused by trade winds and the divergence of water
transport and upwelling along the equator, which brings up nutrient-rich and cool water
that nourishes phytoplankton (e.g. Siegel et al. 2013; Yoder and Kennelly 2006). In
contrast, open-ocean mid-latitude regions, such as the region east of Florida, typically
have low POC concentrations, because these mid-latitude regions are a significant dis-
tance away from the source of nutrients and runoff from land. In addition, these are
regions of convergence and downwelling of surface water masses and thus PP is low
(Westberry et al. 2008). Figure 2 compares the time series of POC concentration in our
four study regions as estimated with SeaWiFS and MODIS-A observations, and docu-
ments good agreement between both sensors. Figure 2 also demonstrates the seasonal
variability of POC in the North Atlantic, which is closely linked to seasonal phytoplank-
ton blooms. These blooms start around February–March at the latitude of the Sargasso Sea
and can be seen in the true ocean colour images (not shown here) as a green colour
moving with time gradually north until they reach the latitude of Spitsbergen.
Accordingly, the POC concentrations are low during January and February, when the
values of spatially averaged POC concentrations in the northern North Atlantic (Figures 2
(a) and (b)) range from about 60 to 80 mg m−3. By June, POC concentrations in the
northern North Atlantic are often greater than 120 mg m−3. At the same time, low POC
concentrations (30 mg m−3 and less) in the mid-latitude region (Figure 2(c)) seem to be
quite stable throughout the year.

To illustrate the major patterns in temporal and spatial variability of POC in the North
Atlantic, we plotted in Figure 5 the annual cycles of POC concentration. These data
represent spatial averages (in the four geographical regions defined in Section 2.1) plotted
as a function of the day of the year. Note that there is relatively little variability in the
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seasonal POC patterns between different years for each of the regions. The highest POC
concentrations are observed during spring/summer in the northern region (Figure 5(a)),
whereas the lowest are observed in the oligotrophic region (Figure 5(c)). Note also the
differences between regions. The spring increase in the POC concentration is observed
somewhat earlier in the temperate region (see Figures 2(b) and 5(b)) than in the northern
region (Figures 2(a) and 5(a)), whereas in the oligotrophic region (Figure 5(c)) the
seasonal changes have small amplitude and POC concentrations are generally low through
the year.

In Figure 6 the same data are shown as the time series of POC anomalies (calculated
as the difference between POC concentration recorded on a given day and the 16-year
averaged POC concentration for the same day number). The anomalies allow us to
highlight inter-annual variability. The data shown in Figure 6 indicate that the POC
anomalies are within ±30 mg m−3. The absolute values of the POC anomalies are
generally greatest in the northern zone where average POC concentrations are the highest.
The unusually large anomaly observed in 1998 in the equatorial region was most likely
related to the El Niño event.

In Figure 7 the annual cycle of the average surface POC concentration in the entire
North Atlantic region is shown. The maximum average surface POC concentration of
about 85 mg m−3 is observed around day 120–140 (end of April/start of May). In Figure 8
we have plotted time series of the annual mean POC concentrations in the four study
regions (Figures 8(a)–(d)) and the entire North Atlantic basin (Figure 8(e)). Data dis-
played in Figure 8 illustrate patterns of inter-annual variability. Estimated trends were
statistically significant (p < 0.001 at 95% confidence level) in regions 1, 3, 4, and for the
entire North Atlantic. At the basin scale average POC concentration in the North Atlantic

Figure 5. Annual (1998–2012) time series (grey lines) and the 16-year averaged annual cycle
(black line) of spatially averaged surface POC concentration in the four study regions. Panels (a),
(b), (c), and (d) correspond to regions 1, 2, 3, and 4, respectively.
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was decreasing in the years 1997–2013 by ~0.8 mg m−3 per year (or ~12–13 mg m−3 in
16 years). Longer time series of ocean colour data are needed to explain whether this is a
long-term fluctuation of POC concentration or a multiyear trend related to long-term
climate change (e.g. Henson et al. 2010).

Figure 7. Time series of the POC concentration averaged over the entire area of the North Atlantic
in the years 1997–2013 (grey lines) and the 16-year average annual cycle (black line).

Figure 6. The 16-year (October 1997–September 2013) time series of surface POC concentration
anomalies in the four geographic regions. Panels (a), (b), (c), and (d) correspond to regions 1, 2, 3,
and 4, respectively.
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3.2. POC reservoirs

In this section we assess the POC biomass present in the surface waters of the North
Atlantic. As mentioned previously, such an estimate depends to a large extent on the
choice of what should represent the ‘oceanic surface layer’. To illustrate the differences
between the POC content in various ‘oceanic surface layers’ we plotted in Figure 9 maps
of the four estimates of the POC reservoir. All the estimates shown in Figure 9 represent
the 16-year averages. These estimates include the POC biomass integrated over the optical
depth (POCopt shown in Figure 9(a)), the MLD (POCMLD shown in Figure 9(b)), the
euphotic depth (POCZEU shown in Figure 9(c)), and the POC biomass estimated as the
greater of the POCMLD and POCZEU (POCMAX shown in Figure 9(d)). The POCMAX was
obtained by comparing daily POCMLD and POCZEU values at every pixel. The greater of
the two estimates was then used to calculate the 16-year averaged POCMAX. As can be
seen the lowest estimates of POC reservoir are based on the optical depth (Figure 9(a)).
POC biomass integrated within the MLD (Figure 9(c)) is greater than the POC biomass
integrated over the euphotic depth (Figure 9(b)) in the northern North Atlantic region,
whereas the opposite is true in regions 3 and 4. (Note that the colour scales in Figures 9(a)
and (b) are different from the scales in Figures 9(c) and (d).)

Figure 8. Time series of the annual mean POC concentrations in the four study regions (panels
(a)–(d) and for the entire area of the North Atlantic (panel (e), see explanations in the text). Note that
the vertical scale is different in each plot to better show the trends. All trends are statistically
significant (p < 0.001 at 95% confidence level) except in region 2 (b).
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In Figure 10 the annual cycles of zonally averaged zeu and MLD are compared with
the annual cycles of the water column integrated POC reservoirs. The MLD estimates
shown in Figure 10 are based on model data obtained from the Ocean Productivity
Website (web.science.oregonstate.edu/ocean.productivity/site.php). The euphotic depth
estimates represent the 16-year averaged data from the NASA OceanColor Web (product
zeu_Lee). Figure 10 summarizes the geographical and seasonal variability of zeu and
MLD. In the equatorial zone, zeu is nearly double the MLD and both zeu and MLD show
low seasonal variability throughout the year. In contrast, the MLD in the three other
regions undergoes a distinct seasonal cycle. The annual cycle of the MLD in these regions
shows a summer layer shallower than 40 m from June to September. The development of
this layer occurs sometime between April and June. The deepening of the MLD during the
autumn seems to take a longer time (September–January). The mean MLD in the winter
months is the deepest in the north, with the January–February regional 16-year averaged
MLD decreasing from more than 250 m in the northern region to about 80–100 m in the
oligotrophic region. In the oligotrophic region, the MLD is about 30 m during the
summer, which means that the MLD is significantly less deep than zeu in that season.

These regional differences in the MLD and zeu are critical for understanding the
control of availability of inorganic nutrients on phytoplankton biomass and PP
(Cermeno et al. 2008). Typically, high latitude and temperate systems receive substantial
amounts of nutrients from deep waters during the winter deepening of the MLD. In
contrast, phytoplankton in the low-latitude environments, such as stratified, subtropical
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Figure 9. Maps of the 16-year averaged POC biomass integrated over the (a) optical depth, (b)
euphotic depth, (c) mixed layer depth, and (d) estimate of POCMAX (see explanations in the text).
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gyres, for the most part depends on local recycling and diapycnal nutrient fluxes to sustain
their standing stocks. Moving from high latitudes to low latitudes in the North Atlantic,
the in situ data show progressive deepening of the nutricline that closely parallels the
depth of the euphotic layer. The PP of phytoplankton is negatively correlated with the
depth of the nutricline (Cermeno et al. 2008).

The differences between zeu and the MLD are significant; therefore, estimates of the
POC reservoir and their spatial and temporal variability diverge considerably if we choose
to use zeu or the MLD as an oceanic surface layer depth. For example, because in the
northern North Atlantic zeu is on average shallower than the MLD, the POC reservoir
integrated over zeu is smaller than if it is integrated over the MLD. This is shown in
Figure 10(a) where we plotted time series of the 16-year averaged POC integrated over
the MLD (POCMLD) and the 16-year average POC integrated over zeu (POCzeu).
Regarding POCMLD, it might seem somewhat surprising at first, but time series of
POCMLD in the northern and temperate regions (Figures 10(a) and (b)) display maximum
values in the winter, despite the fact that the surface POC concentrations are much higher
in the spring/summer seasons compared to the winter values. This is because MLD is
much deeper in the winter than in the spring/summer. Clearly, the spring decrease of the
MLD in these zones overcompensates the increase of surface POC concentrations as far as

Figure 10. The 16-year averaged annual cycle of the mixed layer depth (MLD), euphotic depth
(zeu), POCZEU, POCMLD, and POCMAX. Panels (a), (b), (c), and (d) correspond to regions 1, 2, 3,
and 4, respectively.
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the POCMLD is concerned. In addition, POCMLD does not account for the POC biomass
produced in the euphotic zone below the MLD in situations when zeu is deeper than the
MLD. Thus, POCMLD most likely underestimates the true total POC reservoir present in
the surface ocean in the situation when zeu is deeper than the MLD.

Note that the POCzeu does not change as much as POCMLD with seasons. Generally,
the spring/summer increase of POC concentration is accompanied by a decrease of the zeu
(since water is less transparent). As can be seen, POCzeu is significantly lower than
POCMLD in the northern and temperate zones during the winter, when the MLD reaches
maximum values. Note that POCzeu does not account for a large portion of POC biomass
present in surface waters of the ocean. When MLD is deeper than zeu, some of the biomass
produced in the zeu becomes redistributed through mixing below the zeu. Therefore, if one
wants to develop a complete POC budget in the surface waters of the ocean, it seems that
POCzeu in such situations is not the best choice.

We believe that a better approach to estimate the POC reservoir in the oceanic surface
waters can be achieved if one uses the greater of the two estimates POCMLD or POCzeu

(i.e. POCMAX). The justification for this approach is as follows. If the MLD is greater than
zeu, POC biomass produced within the zeu becomes redistributed within the ML by
mixing. Therefore, PP reinforces changes of the POC content of the entire ML, and
POCMLD should be used to quantify POC reservoir. In the opposite case when the MLD is
shallower than the zeu, the PP affects changes of POC content of the euphotic depth and
POCzeu should be used to describe POC reservoir in surface waters. POCMLD would not
reflect these changes.

The regional differences in the POC concentration and estimates of POC reservoirs are
summarized in Table 1, which shows the 16-year regional means of the POC, POCopt,
POCZEU, POCMLD, and POCMAX. The results presented in Table 1 indicate that the
increase in POC biomass between the oligotrophic and the northern regions is in the
order of 43%, 37%, 561%, and 221% when POCopt, POCZEU, POCMLD, and POCMAX are
considered, respectively. For comparison, averaged surface POC concentrations increase
by about 280%. The results in Table 1 show that our estimate of POCopt is similar to that
derived by Gardner, Mishonov, and Richardson (2006) and Stramska (2009). The most
important fact that we want to stress here is that if the estimate of POC standing stock is
based on the MLD or zeu, the POC reservoir is about 3.5 times the POCopt estimate. This
is due to the MLD and zeu being on average significantly deeper than z90 (also discussed
in Stramska 2009). Gardner, Mishonov, and Richardson (2006) calculated the total POC
down to background levels of cp660 to be 2.5–5 times greater than POCopt, which is in line
with our more detailed calculations. Our new estimate of POCMLD in the North Atlantic is
about 10% higher than the similar estimate in Stramska (2009), despite the fact that the
North Atlantic region boundaries in the current article include the area south of the

Table 1. Estimates of regionally averaged annual means of POC concentration and biomass in the
surface waters of the North Atlantic.

Region 1 2 3 4 North Atlantic

POC concentration (mg m−3) 110.2 55.0 29.0 62.3 80.5
Integrated POCopt (g m−2) 1.33 1.15 0.93 1.35 1.27
Integrated POCZEU (g m−2) 4.40 3.79 3.21 4.46 4.34
Integrated POCMLD (g m−2) 9.73 4.20 1.47 2.86 4.59
POCMAX (g m−2) 10.40 5.56 3.24 5.12 6.26
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equator (where ML is relatively shallow). The differences in both POCMLD estimates are
most likely because we have now used in our calculations of POCMLD the MLD estimates
from models with better temporal resolution than the MLD climatology data used in
Stramska (2009). Finally, we note that the POCMAX provides the estimate of POC
reservoir in the surface waters of the North Atlantic higher by 392%, 44%, and 36%
than the POCopt, POCZEU, and POCMLD, respectively.

The basic source of POC biomass in the surface waters of the ocean is primary
production (PP). PP can be also estimated from ocean colour using PP ocean colour
algorithms. The 16-year averaged PP estimates in our four study regions are displayed in
Figures 11(a)–(d). These estimates are based on the standard VGPM (Behrenfeld and
Falkowski 1997), the ‘Eppley’ version of the VGPM, and the CBPM models (Behrenfeld
et al. 2005; Westberry et al. 2008). More details about these models, access to the model
codes, and calculated global PP estimates are available at www.science.oregonstate.edu/
ocean.productivity/index.php. Figure 11 indicates that there are significant differences
between the PP estimated by different models. In particular, the largest discrepancies
between the models are evident in the northern North Atlantic. The annual cycle of PP is
characterized by the prominent maximum at around day 150 in the northern North
Atlantic and around day 100 in the temperate region. Further south in the oligotrophic
and equatorial regions, the annual cycle of PP is not well defined and the annual
variability is low. It is interesting to note that the timing of the maximum PP in regions
1 and 2 happens after the maximum POC concentration is observed and when a sig-
nificant decline of the POC biomass in the ML takes place.

If we consider the large-scale averages of POC content in the surface waters and
assume that in such large-scale estimates the advection process can be neglected, we can
use the daily estimates of POCMAX and PP to calculate how much POC could have been
lost from a surface layer in a given region. These estimates are based on the assumption

Figure 11. The 16-year averaged annual cycle of primary productivity (PP) estimated with
standard VGPM, VGPM-Eppley, and CBPM models. Panels (a), (b), (c), and (d) correspond to
regions 1, 2, 3, and 4, respectively.
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that a change of POC biomass in a given region over a day (ΔPOCMAX) is approximately
equal to the sum of gains (i.e. PP) and losses (export and recycling, POCL).

ΔPOCMAX ¼ PPþ POCL: (1)

After rearranging Equation (1) we can estimate POC losses as follows:

POCL ¼ ΔPOCMAX � PP: (2)

The annual cycles of POCL estimated in our four study regions are displayed in Figure 12.
The estimated POCL in the northern and temperate zones exhibit a seasonal cycle with the
largest POC losses (negative POCL) during the summer. Our simple POC budget does not
seem to close in the northern North Atlantic, if we assume that the PP is represented by
the CBPM model. In this case the daily changes of ΔPOCMAX exceed the PP estimate.
This suggests that the PP might be underestimated by the CBPM model in this region in
winter and early spring. The regional variability of POC losses is in agreement with recent
evidence indicating that the rate of organic matter recycling is correlated with SST (Laws
et al. 2000; Rivkin and Legendre 2001). Another proposed hypothesis suggests that
organic matter recycling is influenced by controls related to the variability of upper
ocean ecosystem structure (Lutz et al. 2007). If the supply of solar radiation and nutrients
is relatively constant, environments are stable throughout the year, activities of autotrophs
and heterotrophs are balanced, recycling dominates, and the fraction of production
exported is minimal (oligotrophic gyres). In contrast, environments with time-varying
physical conditions, solar radiation, and nutrients are characterized by ‘leaky’ food webs
with temporally imbalanced components (e.g. high-latitude North Atlantic). In this case
new production dominates and rapid autotrophic growth outpaces consumer feeding and
decompositional activity (Lutz et al. 2007).

Figure 12. The 16-year averaged annual cycle of POC losses. Panels (a), (b), (c), and (d)
correspond to regions 1, 2, 3, and 4, respectively.

4732 M. Stramska

D
ow

nl
oa

de
d 

by
 [

M
al

go
rz

at
a 

St
ra

m
sk

a]
 a

t 0
2:

10
 2

8 
Ju

ly
 2

01
4 



The characteristic latitudinal distribution of POC reservoirs and PP in the North
Atlantic is summarized in Figure 13, where the 16-year averaged POCMAX and PP values
are plotted as a function of latitude. Characteristic features of the latitudinal POCMAX

distribution include the highest biomass in the range 10–12 g m−2 at 50–70° N, and the
lowest POCMAX (about 3–4 g m−2) at around 30° N, increasing when moving south to
about 5–6 g m−2 in the equatorial zone. This latitudinal distribution of POCMAX is similar
in different years (inter-annual variability is low). Moreover, the estimates of PP change in

Figure 13. (a) Comparison of the latitudinal distribution of the POCMAX with the primary
productivity (PP) estimated with standard VGPM, VGPM-Eppley, and CBPM models. (b) Similar
to (a), but PP expressed in % of POCMAX is shown.

Figure 14. POC losses expressed as a percentage of the PP estimated with the VGPM model.

International Journal of Remote Sensing 4733

D
ow

nl
oa

de
d 

by
 [

M
al

go
rz

at
a 

St
ra

m
sk

a]
 a

t 0
2:

10
 2

8 
Ju

ly
 2

01
4 



a characteristic way as a function of latitude, from higher values in the North, the lowest
values around the 30° N, and again increasing values in the equatorial region. The VGPM
model suggests that the PP reaches the highest values in the northern North Atlantic,
whereas Eppley and CBPM parameterizations suggest that PP is the highest in the
equatorial region. Nevertheless, the data displayed in Figure 13 indicate that the ratio of
PP to POCMAX in the equatorial region is about twice as big as in the northern North
Atlantic. The POC losses expressed as a percentage of the PP estimated with the VGPM
model show the greatest variability in region 1 (Figure 14).

In our final remarks we would like to stress that although ocean colour provides
unprecedented information about large-scale oceanic processes, one needs to be aware of
potential limitations. Preliminary estimates of errors in the POC algorithms in the open
ocean are of the order of 30% (Stramski et al. 2008). These errors can be larger in coastal
regions, but such regions contribute only a small percentage of the area included in our
analysis (inland seas were excluded), and do not affect our large-scale regional estimates.
Sources of such errors also include imperfections in atmospheric corrections for absorbing
aerosols (e.g. Nobileau and Antoine 2005; Wang, Son, and Shi 2009) and a possible
failure of the black pixel assumption in highly scattering waters (e.g. Siegel et al. 2000;
Morel and Gentili 2008). Another difficulty is that ocean colour remote sensing can only
provide data under clear-sky conditions; therefore, results may be biased. This problem of
missing data is more severe in high latitudes due to frequent clouds and the occurrence of
sea ice and polar nights; therefore, our results for the northern zone have greater
uncertainty than the results for the other zones.

4. Summary and conclusions

In this article, multiyear time series of satellite data have been used to study large-scale
patterns of POC variability across the North Atlantic and to quantify POC reservoirs in the
surface waters. We believe that this information about POC will be of interest to Earth
sciences, particularly biogeochemical and climate studies relating to the ocean carbon
cycle and biological productivity. We have focused our interest on the North Atlantic,
because this is a region where phytoplankton blooms are traditionally attributed an
important role in the ocean carbon cycle (e.g. Longhurst and Harrison 1989; Legendre
et al. 1993). It is therefore important to increase the quantitative understanding of POC
reservoirs and their variability in this region.

We have shown that the characteristic spatial patterns in surface POC concentration
include the highest annual mean POC concentrations in the northern North Atlantic,
reaching 120 mg m−3. Moving south from this region, mean annual POC concentrations
decrease to minimum values of about 30 mg m−3 at around 30° N. Further south, POC
concentrations increase in the equatorial zone to about an average of 70 mg m−3. Thus, the
latitudinal distribution of surface POC concentration shows the highest values in the
regions where the seasonal amplitude of the MLD is large. We have shown that although
the inter-annual variability in the spatial patterns of POC is quite obvious in the ocean
colour imagery, time series of the large-scale average POC concentrations are quite stable,
with the maximal anomalies of ±30 mg m−3 in the 16-year POC time series in the northern
North Atlantic. The annually averaged POC concentrations show a small decreasing trend.
We need longer ocean colour time series to fully understand the significance of this
observation (Henson et al. 2010).

Utilizing some assumptions, we have attempted to derive quantitative information
about the POC reservoir in the oceanic surface layer. Optical depth was used to derive the
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POC biomass in the ocean surface waters in the literature in the past (Gardner, Mishonov,
and Richardson 2006; Stramska 2009; Duforêt-Gaurier et al. 2010). Therefore, we have
also estimated POCopt for comparison (Table 1) and our result is similar to the earlier
estimates. We have also estimated the POC biomass contained in the oceanic ML
(POCMLD) and euphotic layer (POCZEU). Compared with POCopt, the POCZEU and
POCMLD estimates are considerably greater (about 3.5 times). Finally, we have proposed
that if we use a simple POCZEU and POCMLD estimate, we tend to underestimate the total
POC biomass contained in the oceanic surface layer over the year. It seems that a more
realistic annual estimate of the POC reservoir (POCMAX) can be based on the choice of
the greater value from the POCZEU or POCMLD. We note that the POCMAX provides the
estimate of POC reservoir in the surface waters of the North Atlantic higher by 392%,
44%, and 36% than the POCopt, POCZEU, and POCMLD, respectively. Finally, the POC
reservoir in the North Atlantic exhibits a clear latitudinal pattern. Moving from the
oligotrophic to the northern zone, regionally averaged annual mean POC biomass
increases by about 43%, 37%, 561%, and 221% when POCopt, POCZEU, POCMLD, and
POCMAX are considered, respectively.

Ocean colour remote sensing has long been recognized as a powerful means for the
study of the world oceans. The application of the ocean colour POC algorithms provides a
new potential to obtain long-term spatially resolved time series of POC data for detecting
real trends in ocean carbon cycling. We believe that our study provides new important
insights about the magnitude and variability of the oceanic POC reservoirs in the North
Atlantic. Continuous long-term global monitoring of the POC in the oceans is needed to
develop a better understanding of the ocean POC budget on a global scale and its climatic
trends.
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