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Seasonal modulation of phytoplankton biomass
in the Southern Ocean
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Over the last ten years, satellite and geographically constrained in situ observations largely

focused on the northern hemisphere have suggested that annual phytoplankton biomass

cycles cannot be fully understood from environmental properties controlling phytoplankton

division rates (e.g., nutrients and light), as they omit the role of ecological and environmental

loss processes (e.g., grazing, viruses, sinking). Here, we use multi-year observations from a

very large array of robotic drifting floats in the Southern Ocean to determine key factors

governing phytoplankton biomass dynamics over the annual cycle. Our analysis reveals

seasonal phytoplankton accumulation (‘blooming’) events occurring during periods of

declining modeled division rates, an observation that highlights the importance of loss pro-

cesses in dictating the evolution of the seasonal cycle in biomass. In the open Southern

Ocean, the spring bloom magnitude is found to be greatest in areas with high dissolved iron

concentrations, consistent with iron being a well-established primary limiting nutrient in this

region. Under ice observations show that biomass starts increasing in early winter, well

before sea ice begins to retreat. The average theoretical sensitivity of the Southern Ocean to

potential changes in seasonal nutrient and light availability suggests that a 10% change in

phytoplankton division rate may be associated with a 50% reduction in mean bloom mag-

nitude and annual primary productivity, assuming simple changes in the seasonal magnitude

of phytoplankton division rates. Overall, our results highlight the importance of quantifying

and accounting for both division and loss processes when modeling future changes in phy-

toplankton biomass cycles.
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Background

Two ways to estimate NPP from BGC-Argo floats (so far)

•  From oxygen measurements 
 Perhaps a more direct estimate, with less assumptions.
 No depth resolution.

•  From bio-optical sensors 
 A model is needed, less straightforward.
 Depth resolution is possible.

ARTICLES
https://doi.org/10.1038/s41561-021-00807-z

Monterey Bay Aquarium Research Institute, Moss Landing, CA, USA. ✉e-mail: johnson@mbari.org

Global ocean productivity is estimated to be near half of Earth’s 
total productivity1, and it represents the production of auto-
trophic biomass that is readily available for the remaining 

food web2–4. Uptake of inorganic carbon and sinking of the particu-
late organics sequesters atmospheric carbon into the ocean inte-
rior, a process known as the biological carbon pump5. This process 
reduces the present atmospheric CO2 by 200 ppm relative to a world 
with a modelled, abiotic ocean6. Measuring metabolic rates via daily 
photosynthetic generation of oxygen (gross oxygen production, 
GOP), total carbon dioxide reduction (gross primary production, 
GPP) and net primary production (NPP, which equals GPP minus 
autotroph respiration to sustain self-metabolism) has been valuable 
to assess the marine ecosystem status and productivity4. In a chang-
ing ocean, primary productivity is observed to be variable spatially 
and seasonally7–9.

The earliest measurements of primary productivity in the 
ocean were based on the light bottle/dark bottle (LBDB) method, 
resulting in GOP rates10. Poor sensitivity and bottle artifacts led to 
replacement of the LBDB method by 14C-bicarbonate labelled incu-
bations11 as the most generally utilized method. It is interpreted 
to yield NPP estimates2,12,13, although method artifacts may still 
occur13,14. Early assessments of global GPP were based on extrapola-
tion of 14C-labelled NPP measurements to the entire ocean10,15. More 
recently, methods based on the fractionation of the three isotopes of 
oxygen have been used to determine GOP rates directly from sam-
ples without the need for incubation16,17. However, there are never 
enough of any of these measurements to enable the extrapolation to 
a global extent with seasonal to annual resolution.

With the advent of satellite-based observations of chlorophyll 
near the sea surface, a variety of methods to estimate the ocean’s 
biological productivity were developed18,19. These estimates were 
based on empirical models of primary production20,21 that have 
been tuned to a limited set of 14C-uptake NPP observations (Fig. 1a)  
and driven by the satellite fields of chlorophyll and particulate 
organic carbon. More recently, global estimates of ocean primary 

productivity have been generated using general circulation models 
(GCMs) with embedded biogeochemical models that assimilate 
ocean-colour data22,23. These satellite and GCM methods gener-
ate NPP in the range of 30 to 60 Pg C y−1 for the global ocean18,22,24. 
None of these values is a direct observation of ocean productivity, 
however. They are estimates derived from models with documented 
limitations18,19,23. For example, these models have difficulty repro-
ducing observations at ocean time-series stations25, and they may be 
affected by changing phytoplankton physiology26.

In an approach derived from the original LBDB method, auton-
omous platforms equipped with oxygen sensors are now capable 
of measuring the diel cycle of oxygen production and respiration 
directly in the open ocean without enclosing samples27,28. This has 
enabled direct observations of GOP and community respiration 
(CR, respiration at all trophic levels) in oligotrophic waters29–31. 
These approaches require multiple observations over the course of 
each day from a single autonomous platform, and they are difficult 
to replicate to the global scale.

Observing diel oxygen cycles
Here we use the profiling floats of the Biogeochemical-Argo 
(BGC-Argo) array32 to detect the diel cycle of oxygen (GOP) and 
compute NPP at the global scale (Fig. 1b). BGC-Argo floats are 
free-drifting platforms equipped with biological and chemical sen-
sors, including oxygen, that profile from ~2,000 m depth to the sur-
face. Observations made on the ascent are transmitted via satellite 
to Argo Data Assembly Centers, where results are made available 
without restriction within 24 hours. Each float has sufficient energy 
to make about 200 vertical profiles, typically at ~5- to ~10-day 
intervals over float lifetimes that reach 4–6 years. The low profiling 
frequency would seem to be incompatible with the need for mul-
tiple measurements during one day to detect a diel oxygen cycle. 
However, the diel cycle of oxygen is a signal that is phase locked to 
the solar cycle. This signal is present in euphotic-zone oxygen con-
centrations throughout the ocean, and it can be resolved using the 

Constraint on net primary productivity of the 
global ocean by Argo oxygen measurements
Kenneth S. Johnson! ! ✉ and Mariana B. Bif

The biological transformation of dissolved inorganic carbon to organic carbon during photosynthesis in the ocean, marine pri-
mary production, is a fundamental driver of biogeochemical cycling, ocean health and Earth’s climate system. The organic mat-
ter created supports oceanic food webs, including fisheries, and is an essential control on atmospheric carbon dioxide levels. 
Marine primary productivity is sensitive to changes due to climate forcing, but observing the response at the global scale 
remains a major challenge. Sparsely distributed productivity measurements are made using samples collected and analysed on 
research vessels. However, there are never enough ships and scientists to enable direct observations at the global scale with 
seasonal to annual resolution. Today, global ocean productivity is estimated using remote-sensing ocean-colour observations 
or general circulation models with coupled biological models that are calibrated with the sparse shipboard measurements. Here 
we demonstrate the measurement of gross oxygen production by photosynthesis using the diel cycle of oxygen concentration 
detected with the array of Biogeochemical-Argo profiling floats. The global ocean net primary productivity computed from this 
data is 53!Pg!C!y−1, which will be an important constraint on satellite and general circulation model-based estimates of the ocean 
productivity.
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1. Introduction
Marine net primary production (NPP) is an essential biogeochemical process that represents the gateway of 
carbon into the marine ecosystem via the production of organic matter from dissolved inorganic carbon (DIC), 
nutrients, and light. Understanding and quantifying marine NPP is of major importance since it accounts for 
about half of the global production in the biosphere (Field,  1998) and it is the primary source of chemical 
energy sustaining marine trophic webs. In situ measurements of NPP are commonly obtained employing the  14C 
method, where the rate of carbon fixation by autotrophs is measured by tracing the uptake of radioactive  14C from 

Abstract Estimates of marine net primary production (NPP) commonly rely on limited in situ  14C 
incubations or satellite-based algorithms mainly constrained to the surface ocean. Here we combine data from 
biogeochemical Argo floats with a carbon-based productivity model (CbPM) to compute vertically resolved 
estimates of NPP. Inferred NPP profiles derived by informing the CbPM with float-based, depth-resolved, 
bio-optical data are able to qualitatively reproduce the vertical structure in NPP inferred from in situ  14C 
incubations at various ocean regions. At station ALOHA, float-based estimates agree within uncertainty with 
productivity observations at depth, but underestimate surface NPP. We test the ability of the CbPM to infer 
the depth-resolved structure in NPP from bio-optical properties in the mixed layer, in similar fashion as how 
remote sensing algorithms of ocean productivity operate. In Southern Ocean waters, the depth-reconstructing 
implementation of the CbPM overestimates phytoplankton division rates and Chl:C below the mixed layer, 
resulting in artificially high subsurface NPP when compared with the fully float-informed implementation 
of the model. The CbPM subsurface extrapolation of phytoplankton Chl, Chl:C, division rates, and NPP 
improves by accounting for deep nutrient (iron) stress impacts on photoacclimation in the Southern Ocean. 
This improvement is also observed in vertically integrated NPP, where the mean bias between model 
implementations in depth-integrated productivity south of 30°S is reduced by 62% when account for deep iron 
limitation. Our results demonstrate that profiling data from biogeochemical Argo floats can serve to inform 
regional adjustments that lead to the improvement of marine productivity algorithms.

Plain Language Summary The oceanic production of organic carbon by photosynthesis is a key 
process that regulates marine food-webs and the planet's climate. This production takes place not only at the 
surface of the ocean, but also in the subsurface, where it is difficult for ocean-viewing satellites to retrieve 
accurate information. In this work, we combine information on water column biogeochemical properties 
collected by bio-optical sensors on autonomous profiling floats with a mathematical model to estimate 
biological primary production throughout the water column. Our results show that this combination of model 
and float data can reproduce depth profiles of productivity observed in various ocean regions. We also test 
the ability of the model to infer subsurface productivity in Southern Ocean waters based on information of 
averaged biogeochemical properties in the surface ocean mixed layer alone. We find that the model improves 
the estimation of subsurface productivity when accounting for the limiting effect of scarce nutrients in Antarctic 
waters, such as iron. Our results provide confidence in the combination of float data and existing models to 
describe the vertical structure in marine biological productivity, and guide the improvement of productivity 
algorithms in specific regions of the global ocean.
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Key Points:
•  Net primary production (NPP) 

estimates from the float-informed 
carbon-based productivity model 
(CbPM) can reproduce the vertical 
structure in  14C-based productivity 
observed in various ocean regions

•  Accounting for deep iron limitation 
improves the reconstruction 
of depth-resolved biomass and 
productivity by the CbPM in the 
Southern Ocean

•  The inclusion of deep iron limitation 
potentially reduces the bias in 
Southern Ocean estimates of 
depth-integrated NPP by 62%
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Basics: Chl:C

Figure 3. Changes in phytoplankton Chl:C ratios in response to changes in light, nutrients, and
temperature as (Figures 3a–3c) observed in the laboratory and (Figures 3d–3f ) derived from satellite
ocean color data. (a) Chl:C values measured in monocultures of the marine chlorophyte, Dunaliella
tertiolecta, grown over a range of light levels (Ig) at 20!C and with replete nutrients. (b) Temperature
dependence of Chl:Cmax for 16 cultured phytoplankton species as reported by Geider [1987]. Solid
circles denote diatoms. Open circles denote all other species. (c) Influence of nutrient stress on Chl:Cmin

in the diatom, Thalassiosira fluviatilis [Laws and Bannister, 1980]. Nutrient stress is quantified by
changes in growth rate (x axis). Solid circles denote NO3 limited cultures. Open circles denote NH4

limited cultures. Solid triangles denote PO4 limited cultures. (d) Satellite Chl:C estimates versus Ig for
four of the regions defined in Figure 2a. Solid circles denote SP-L1. Solid diamonds denote NA-L2. Solid
upside-down triangles denote SP-L2. Solid right-side-up triangles denote SA-L1. Fitted curves for all
28 regions are shown in Figure 4a, and fit statistics are provided in Table 1. (e) Relationship between sea
surface temperature (SST: !C) and fitted values of Chl:Cmax for all 28 regions. Solid line denotes fit to
data (Chl:Cmax = 0.0155 + 0.00005 exp 0.215 SST) (r2 = 0.79). (f ) Relationship between sea surface
temperature (SST: !C) and fitted values of Chl:Cmin for all 28 regions. Solid line denotes fit to solid circle
data (Chl:Cmin = 0.017 ! 0.00045 SST) (r2 = 0.83). Open triangles denote the six high-temperature
outliers (L2 and L3 data from the North Indian, Central Pacific, Central Atlantic). Open circle denotes
low-temperature outlier (Southern Ocean). These ‘‘outliers’’ are anticipated based on regional
relationships between SST and constraints on phytoplankton growth (see text). Solid line in Figures
3a and 3d denotes fit of (1). Solid line in Figure 3b denotes fit of exponential model as in Figure 3e. Solid
line in Figure 3c denotes linear regression fit to all data.
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that fits of equation (1) yielded regional values for the
nutrient-dependent term, Chl:Cmin, that decreased with in-
creasing SST in 21 of our 28 regions (r2 = 0.83) (Figure 3f,
solid circles). The seven remaining regions were all areas

where SST is a poor surrogate for nutrient stress. For the six
high-temperature outliers (Figure 3f, open triangles), equa-
torial or monsoon-driven upwelling sustains elevated
nutrients and productivity. In these regions, annual mean

Figure 2

GB1006 BEHRENFELD ET AL.: PHYTOPLANKTON GROWTH RATES AND OCEAN PRODUCTIVITY

5 of 14

GB1006

N
utrient effect

CbPM I: Behrenfeld et al. (2005)

where Zeu is the depth (m) of the photosynthetically active
surface layer and h(I0) describes how changes in surface
light influence the depth-dependent profile of carbon
fixation. Equation (5) is of the same form as earlier NPP
models [Behrenfeld and Falkowski, 1997b], with the
exception that Chl is replaced by C and the empirical
estimate of chlorophyll-specific photosynthesis (Popt

b ) is
replaced by m (where C and m are now directly estimated
from remote sensing; see above). To illustrate the impact of
this new carbon-based approach, we now compare NPP
calculated from (5) and a common Chl-based algorithm,
the Vertically Generalized Production Model (VGPM)
[Behrenfeld and Falkowski, 1997a] (see section 2.4).
[27] Annual total global ocean productivity averaged

67 Pg C yr!1 (Pg = 1015 g) for the C-based model and
60 Pg C yr!1 for the Chl-based model over the 1997 to 2002
period, a difference that scales directly with the value of
mmax. Far more striking (and independent of mmax) are the
spatial and seasonal differences in NPP between models
(Figures 5a–5d). The carbon model yielded 40% and 49%
higher annual NPP for the central Atlantic and central
Pacific regions (see Figure 2 for regional boundaries) and
an increase from 1.6 to 2.6 Pg C yr!1 in the north Indian

region (Figures 5e and 5f ). (It is interesting to note that the
two models are in better agreement in these areas when an
exponential model for Popt

b , following Antoine et al. [1996],
is used in the VGPM. This exponential expression performs
better at low latitudes than the standard VGPM model based
on comparisons with 14C data [Campbell et al., 2002].)
Carbon-based NPP was also higher by 9% in the south
Indian, 7% in the North Pacific, and 2% in the South Pacific
regions (Figures 5e and 5f ). The opposite trend was found
for the North and South Atlantic, where NPP was 21% and
18% lower for the C model than the Chl model, respectively
(Figures 5e and 5f ). In the Southern Ocean, the relationship
between C- and Chl-based NPP was patchy (particularly in
summer months) (Figure 5f ), but overall the C model gave
a 20% lower estimate for this region.
[28] Without exception, the C-based and Chl-based

models yielded different seasonal cycles in NPP, and
often dramatically so (see the NPP figures in the auxiliary
material to view time series for all 28 regions). While
each region exhibited unique differences, the general
trend over variance levels was for the C model to give
dampened cycles relative to the Chl model in low
variance regions, and often stronger and delayed seasonal

Figure 4. (a) Phytoplankton chlorophyll to carbon (Chl:C) ratios versus median mixed layer growth
irradiance (Ig: moles photons m!2 h!1). Blue line denotes modeled maximum Chl:C. Gray lines denote
fits of (1) to the 28 regions (see Figure 2a). Figures 4b and 4c show seasonal mean mixed layer
phytoplankton growth rates (m: divisions d!1) calculated from satellite Chl:C using (2). (b) Boreal
summer (June to August). (c) Boreal winter (December to February). (d) Frequency histogram of annual
mean satellite-based phytoplankton growth rates.
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that fits of equation (1) yielded regional values for the
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creasing SST in 21 of our 28 regions (r2 = 0.83) (Figure 3f,
solid circles). The seven remaining regions were all areas

where SST is a poor surrogate for nutrient stress. For the six
high-temperature outliers (Figure 3f, open triangles), equa-
torial or monsoon-driven upwelling sustains elevated
nutrients and productivity. In these regions, annual mean

Figure 2
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where Zeu is the depth (m) of the photosynthetically active
surface layer and h(I0) describes how changes in surface
light influence the depth-dependent profile of carbon
fixation. Equation (5) is of the same form as earlier NPP
models [Behrenfeld and Falkowski, 1997b], with the
exception that Chl is replaced by C and the empirical
estimate of chlorophyll-specific photosynthesis (Popt

b ) is
replaced by m (where C and m are now directly estimated
from remote sensing; see above). To illustrate the impact of
this new carbon-based approach, we now compare NPP
calculated from (5) and a common Chl-based algorithm,
the Vertically Generalized Production Model (VGPM)
[Behrenfeld and Falkowski, 1997a] (see section 2.4).
[27] Annual total global ocean productivity averaged

67 Pg C yr!1 (Pg = 1015 g) for the C-based model and
60 Pg C yr!1 for the Chl-based model over the 1997 to 2002
period, a difference that scales directly with the value of
mmax. Far more striking (and independent of mmax) are the
spatial and seasonal differences in NPP between models
(Figures 5a–5d). The carbon model yielded 40% and 49%
higher annual NPP for the central Atlantic and central
Pacific regions (see Figure 2 for regional boundaries) and
an increase from 1.6 to 2.6 Pg C yr!1 in the north Indian

region (Figures 5e and 5f ). (It is interesting to note that the
two models are in better agreement in these areas when an
exponential model for Popt

b , following Antoine et al. [1996],
is used in the VGPM. This exponential expression performs
better at low latitudes than the standard VGPM model based
on comparisons with 14C data [Campbell et al., 2002].)
Carbon-based NPP was also higher by 9% in the south
Indian, 7% in the North Pacific, and 2% in the South Pacific
regions (Figures 5e and 5f ). The opposite trend was found
for the North and South Atlantic, where NPP was 21% and
18% lower for the C model than the Chl model, respectively
(Figures 5e and 5f ). In the Southern Ocean, the relationship
between C- and Chl-based NPP was patchy (particularly in
summer months) (Figure 5f ), but overall the C model gave
a 20% lower estimate for this region.
[28] Without exception, the C-based and Chl-based

models yielded different seasonal cycles in NPP, and
often dramatically so (see the NPP figures in the auxiliary
material to view time series for all 28 regions). While
each region exhibited unique differences, the general
trend over variance levels was for the C model to give
dampened cycles relative to the Chl model in low
variance regions, and often stronger and delayed seasonal

Figure 4. (a) Phytoplankton chlorophyll to carbon (Chl:C) ratios versus median mixed layer growth
irradiance (Ig: moles photons m!2 h!1). Blue line denotes modeled maximum Chl:C. Gray lines denote
fits of (1) to the 28 regions (see Figure 2a). Figures 4b and 4c show seasonal mean mixed layer
phytoplankton growth rates (m: divisions d!1) calculated from satellite Chl:C using (2). (b) Boreal
summer (June to August). (c) Boreal winter (December to February). (d) Frequency histogram of annual
mean satellite-based phytoplankton growth rates.
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thus alter the magnitude of Southern Ocean bloom cycles with
respect to present conditions, with implications for marine car-
bon productivity and export.

Current projections suggest that the Southern Ocean will
generally experience an increase in surface ocean stratification in
the future31. Associated with this intensified stratification will
likely be an increase in summer nutrient limitation and a
relaxation of winter light limitation32. We use our in situ-based
estimates of division (μ), loss (l), and net biomass rate of change
(r) to assess the sensitivity of the annual cycle in phytoplankton
biomass in the Southern Ocean to changes in division rates by
increasing and decreasing μ over a range from 10 to 60% with
respect to current values during winter and summer, respectively.
For these simulations, we assumed that loss rates paralleled
changes in μ but with a temporal lag10 (Methods). The loss rate is
recalculated at each sensitivity run based on the resulting seasonal
cycle of μ. We find that environmental changes that lead to a
decrease in summer division rates tend to reduce bloom
magnitude and mean annual productivity despite increased μ
during winter (Figs. 4c, d, and S11). Specifically, bloom
magnitude decreases from a mean of 12 mg Cm−3 for present
conditions to 6 mg Cm−3 for a 10% change in μ and to ~2 mg C
m−3 for a 60% change in μ. Similarly, annual mean vertically
integrated net primary production (NPP) decreases from 324mg
Cm−2 d−1 for present conditions to 181 and 56 mg Cm−2 d−1

for 10 and 60% changes in μ, respectively.
These results indicate that a relatively small change of 10% in μ

can result in a relatively large (estimated here at ~50%) reduction

in bloom magnitude and NPP. The highly sensitive response of
the bloom magnitude and NPP to a reduction in summer μ
results from the fact that division rates decrease during the period
of highest (exponential) phytoplankton growth. These estimates
are mostly theoretical and are obtained for the average seasonal
cycle in phytoplankton biomass in the Southern Ocean, but they
respond to the expected general trend in nutrient and light
availability if upper ocean stratification is to increase at high
latitudes31,32. The exact quantitative reduction in bloom magni-
tude and NPP will, nevertheless, depend on the impact that
reduced surface ocean mixing will have on division and loss rates,
as well as on the compound net environmental change of the
heterogenous Southern Ocean. While the consequences of
changes in NPP on oceanic carbon export and sequestration
remain to be quantified, our analysis suggests that relatively small
changes in phytoplankton division rates in the Southern Ocean
could result in ‘flatter’ seasonal biomass cycles that more closely
resemble current lower latitude regions33.

Discussion
Future perspectives on phytoplankton biomass cycles. Over the
last ten years, satellite and restricted in situ studies have shown
that phytoplankton biomass often starts increasing in early winter
and prior to surface mixed layer shoaling, a finding inconsistent
with the classical light-driven interpretation of blooms10–15. A
new ‘Disturbance-Recovery’ hypothesis has been proposed that
accommodates these findings11,15, where disturbances such as
mixed layer deepening impact predator-prey relationships and
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Fig. 4 Light and iron controls on phytoplankton blooms and future projections of biomass and productivity. a Relationship between the mean mixed
layer phytoplankton division rate (μ) and light and nutrient saturation indices diagnosed by the phytoplankton growth model. b Relationship between bloom
magnitude and the surface iron concentration in the Southern Ocean. The continuous black line is obtained from a least-squares linear regression model
with a coefficient of determination (R2) of 0.26 and a p-value= 0.006) (p-value corresponds to an F-test which evaluates whether the linear model fits
significantly better than a degenerate model consisting of only a constant term and slope= 0). c Variations in seasonal phytoplankton concentration in the
Southern Ocean resulting from a relative decrease (increase) in μ during summer (winter) with respect to the present division rate. d The decrease in mean
phytoplankton bloom magnitude (black line and symbols) and annual mean vertically integrated net primary production (NPP, blue line and symbols) in the
Southern Ocean as a consequence of relative changes in μ.
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Carbon-based Productivity Model (CbPM)

on occasion deep particle maxima can form and will not be
captured by our model because this description does not
allow for a subsurface maximum (see also section 4).
Fortuitously, the exact specification of the C profile does not
significantly alter the resulting growth rates or depth-
integrated NPP because the changes generally take place
deeper in the water column at low-light levels (in fact, using
a uniform C profile with depth results in a change of annual
global NPP of !0.5 Pg C a"1, not shown). Thus, given the
lack of knowledge about subsurface biomass profiles at the
global scale, the description used here is adequate.

2.3. Net Primary Production Model

[13] The NPP model developed here is referred to as the
carbon-based production model (CbPM) to reflect the use of
bbp data to estimate C as the metric of algal biomass. The
CbPM is a depth-resolved, spectral NPP model that iterates
through the water column at each global grid point in a manner
consistent with the local mixed layer and nitracline depths.
Within themixed layer, properties are constant and equal to the
satellite-retrieved values, while below the mixed layer, bio-
logical properties are described from a reconstruction of the
underwater light field, climatological subsurface nutrient fields
and the physiological response to these changes.

2.3.1. Underwater Light Field
[14] Incident, cloud-corrected PAR (Ein m"2 d"1) was

decomposed spectrally using constant fractions estimated
from an atmospheric radiative transfer model [Ricchiazzi et
al., 1998]. These fractions are stable within 1–6% depend-
ing on wavelength under extremely variable illumination
conditions and allow the estimation of spectral irradiance at
the surface, Ed(0

+, l). Diffuse attenuation at 490 nm,
Kd(490), within the mixed layer was derived from SeaWiFS
measurements [O’Reilly et al., 2000], and spectral diffuse
attenuation across the visible spectrum, Kd(l), was subse-
quently calculated using the model of Austin and Petzold
[1986]. This approach works well on a globally represen-
tative data set (NOMAD [Werdell and Bailey, 2005]) and
was restricted to wavelengths available for validation in the
NOMAD data set (412, 443, 490, 510, 555, 665, and
683 nm). On average, 95% of the variability in Kd(l)
(range = 84–99%) is accounted for at discrete wavelengths
throughout the visible spectrum. Spectral treatment of the
light field (both irradiance and attenuation) allows for differ-
ential propagation of light with depth to provide an accurate
characterization of the underwater light environment.
[15] Kd(l) is assumed to be constant within the mixed

layer and then varies below this depth as a function of Chl

Figure 2. Example profiles from carbon-based productivity model (CbPM) at a single location and
time. Data shown are monthly mean values for August in a 1! box in the tropical Pacific (20!N, 110!W).
(a) Chl a (mg Chl m"3) and carbon biomass (mg C m"3); also shown are mixed layer depth, nitracline
depth, and euphotic depth. (b) Diffuse, spectral attenuation Kd(l, z) (m"1) and photosynthetically
available radiation (PAR) (Ein m"2 d"1). (c) Phytoplankton growth rate, m (d"1) and net primary
production (NPP) (mg C m"3 d"1).
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• Floats provide Chl and C (no need to 
model it)

• Simplified implementation of the 
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• Need surface light (remote sensing), 
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Argo-CbPM
Overviews of the various multi-instiutional programs used

in the database are as follows: PRPOOS (Plankton Rate Pro-
cesses in Oligotrophic Oceans; Eppley 1982), Biowatt (Marra
and Hartwig 1984), Marine Light-Mixed Layers (Marra 1988,
Marra 1995), and JGOFS (Brewer et al., 1986). Kinkade
et al. (1997) has background for Arlindo.

A few publications have used the ancillary data in analyses
of productivity. Those interested in the use of pigment data
(for example) can consult Marra et al. (1993) and Marra
et al. (2000). The latter publication describes methods for pig-
ment and spectral absorption (e.g., the “filterpad technique”).
Marra (2009) reviews some of the earlier publications arising
from the data.

Results
The geographic coverage of the database is shown in Fig. 1.

Table 1 shows the programs that produced the data, and
keyed to the identifiers in Fig. 1. Example results from the
database shown in Fig. 2 are data from two cruises to the Ara-
bian Sea. These are by no means the limit of what can be
accessed or analyzed.

Figure 2 illustrates, and as we have found for other pro-
grams, that photoinhibition, a markedly lower rate of carbon
assimilation near the ocean surface, is not usually observed. A
lower value for carbon assimilation near the surface is often a
feature in simulated in situ incubations, those carried out in
deck incubators (Barber et al. 1997, 2001). The difference
might be explained by the difference in irradiance exposure

between the two methods (the deck incubators were blue
plexiglass to compensate for spectral changes). Unlike incuba-
tions on deck, near-surface samples incubated in situ will
experience less irradiance because of a higher sun angle (lower

Fig 1. Locations where primary productivity experiments were done. Further details are in Table 1.

Table 1. Data available.

Program, location
Map
no. Year

No. of
productivity

profiles

PRPOOS’85, N. Pac.
Central Gyre

4 1985 4

Biowatt1 Biowatt2, N.
Sargasso Sea

3 1985,
1987

20

North Atlantic Bloom
Experiment

2 1989 12

ML-ML, Gulf of Maine 9 1990 4
ML-ML, Iceland Basin 1 1991 7
Arlindo, Indonesian
Seas

6 1993–1994 10

Arabian Sea
Expedition

5 1995 42

AESOPS, Ross Sea 8 1997 12
AESOPS, Polar Front 7 1997–1998 15
On Deque, N.
Sargasso Sea

3 2008 7
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mean float-based surface productivity is lower than in observations, while 
for station rr-wiki-7 in the Polar Front (Figure 2b), float-based NPP is closer 
in magnitude to  14C-incubations and both (float-based and observational 
profiles) follow a similar attenuation of productivity with depth. Station 
rr-wiki-9, also in the Polar Front (Figure 2c), shows a similar vertical struc-
ture in float and  14C-based averaged profiles as for station rr-wiki-7, but the 
averaged float productivity profile is higher than the average observational 
profile. All Southern Ocean stations follow a monotonic decrease in produc-
tivity with depth, except for a slight increase observed in  14C-incubations 
within the upper 20 m at station rr-wiki-7 (Figure 2b). The magnitude and 
shape of the mean vertical NPP profile of the Southern Ocean stations 
(Figures  2a–2c) contrast those of the North Pacific Gyre (Figure  2d), 
where float-based and  14C-based productivity are on average between 0 
and 5  mg  C m −3  d −1 in the upper 100  m (compared with a range from 0 
to 50 mg C m −3 d −1 for averaged productivity profiles in Southern Ocean 
stations). In the North Pacific Gyre, both averaged float-based and  14C-based 
profiles show a subsurface productivity maximum at about 50 m. Here, the 
averaged float NPP profile increases with depth within the upper 50  m, 
while  14C-based observations present a less pronounce increase in NPP given 
that surface  14C-incubations yielded higher surface productivity estimates to 
begin with. In the Sub-Arctic North Atlantic (Figures 2e and 2f), the range 
in averaged surface float- and  14C-based productivity profiles is between 0 
and nearly 100 mg C m −3 d −1, closer in magnitude to the surface productivity 
range of the high latitude Southern Ocean stations. Mean vertical profiles 
(float- and  14C-based) in the Sub-Arctic North Atlantic show a rapid attenua-
tion of productivity with depth, analogous to the Southern Ocean stations and 
in constrast to what is observed in the mid latitude North Pacific Gyre. Six 
additional stations with available float- and  14C-based productivity profiles 
are present for cruises conducted in the Arabian Sea (Figure S2 in Supporting 
Information S1). Overall, there is good qualitative agreement in the vertical 
structure of the productivity profile between floats and observations for all 
stations/cruises compared in this region.

All the individual in situ and float-based productivity profiles included in 
each of the stations above correspond to the spring-summer season in each 
hemisphere (Table S1 in Supporting Information  S1). Nevertheless, there 
are many disparities in the collection of float-based and  14C-based observa-
tional profiles that prevent a formal quantitative validation of the productivity 
output derived from the CbPMArgo. In situ and float profiles are not exact 
paired estimates in space and time, with  14C-based productivity measure-
ments corresponding to an earlier time period (1980s and 1990s) than float 
profiles (2012 and beyond). We have made an effort to match as many float 
and observational profiles as possible within each region, but submesoscale 
variability can still lead to important discrepancies in productivity between 

profiles. Ideally, a formal validation exercise would include paired in situ  14C incubations with biogeochemical 
and bio-optical profiles from BGC-Argo floats. A noteworthy takeaway from this qualitative analysis is that, on 
average, the CbPMArgo seems to replicate well the observed productivity profile whenever surface NPP condi-
tions in the float data are similar to observations. Additionally, the vertical structure of the averaged productivity 
profiles derived from CbPMArgo show distinct regional features, in consonance with the in situ  14C-based profiles. 
This qualitative agreement yields some confidence in the utility of NPP estimates derived from the combination 
of the CbPM and float data to assess the output of satellite-based productivity algorithms, as presented in the 
following sections.

Figure 2. (left panels) In situ  14C-based net primary production (NPP) 
measurements (open red circles) and averaged float-based NPP profiles 
obtained from the carbon-based productivity modelArgo (black line ± standard 
deviation represented by the gray-shaded area). Red line represents the average 
of depth-interpolated in situ profiles. (right panels) Geographical location of in 
situ  14C-based productivity profiles (red filled circles) and float NPP profiles 
(blue filled circles) for various ocean regions (Cruise_Designation): (a) Ross 
Sea (NBP-97-1), (b) Polar Front (rr-kiwi-7), (c) Polar Front (rr-kiwi-9), 
(d) North Pacific Gyre (Alcyone-III), (e) Sub-Arctic North Atlantic (EN 
224), (f) Sub-Arctic North Atlantic (EN 227) (See Table S1 in Supporting 
Information S1 for specific details of each cruise/station).

Depth-resolved NPP from floats
Arteaga et al. (2022)
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within the mixed layer. ΔzNO3 is the distance from the nitracline, valid for 
depths shallower than the nitracline and below the MLD. A very deep nitr-
acline (ΔzNO3 → ∞) maximizes nutrient stress to the degree inferred within 
mixed layer (i.e., second term in Equation 8 approaches ΔChl:CNut). As the 
nitracline shallows and approximates a given depth below the MLD (ΔzNO3 
→ 0), nutrient stress diminishes (i.e., second term in Equation 8 approaches 
zero) (Figure 1). The exponent in Equation 8 of 0.075 gives an e-folding of 
13 m and approximates a “smooth” boundary due to diffusion and diapycnal 
mixing across the nitracline (Westberry et al., 2008).
2.3.3. CbPM Implementations
The original CbPM, developed for satellite-based applications, infers 
depth-resolved phytoplankton biomass, division rates (μ), and NPP profiles 
from satellite-based surface information of incident light, phytoplankton 
carbon, and chlorophyll. As indicated above, by “original” we refer to the 
version described in Westberry et al. (2008), which builds upon a yet previous 
version of this model (Behrenfeld et al., 2005) to provide vertically resolved 
(not just vertically integrated) estimates of NPP.  The satellite-informed 
version of the CbPM (CbPMSat) is not the focus of this study, but it is briefly 

used to assess discrepancies between float-based and in situ productivity profiles at station ALOHA (see details 
in Section 2.5.2).

In this work we implement the CbPM in three distinct configurations (Table 1): The first implementation directly 
uses float-derived profiles of phytoplankton biomass and Chl:C ratio to estimate NPP following the growth 
equations of the model (Equations 3–7 in Section 2.3.1), hereafter referred to as CbPMArgo. In order to gain an 
insight into how well can the fully float-informed productivity model reproduce NPP profiles throughout the 
water column, we compare depth-resolved productivity profiles (within and below the mixed layer) obtained from 
the CbPMArgo against available depth-resolved in situ  14C-based NPP observations scattered throughout various 
ocean regions (Section 2.5.1). The comparison with in situ data serves as a base step to assess the following 
implementations of the model.

The second implementation operates in similar fashion as the satellite-based model, inferring vertical profiles of 
phytoplankton biomas, Chl:C ratio, and productivity from averaged float information in the upper ocean mixed 
layer, hereafter referred to as CbPMOrig. The SOCCOM float data set is biased toward latitudes south of 30°S, 
where iron, and not nitrate, is considered the primary limiting nutrient of marine productivity (Boyd et al., 2007; 
Martin et al., 1990). Thus, the standard configuration of CbPMOrig, which uses nitracline depths to parameter-
ize photoacclimation and nutrient stress throughout the water column, is likely to fail in this region and others 
where nitrate is not the primary limiting nutrient. The nitracline depth is here defined based on paired float 
nitrate profiles as the depth where nitrate exceeds 0.5 μ mol kg −1 (similarly as for the satellite-based version of 
the model described in Westberry et al., 2008). In an effort to broaden the applicability of the model, we include 
a modification where for waters south 30°S the nitracline is substituted by a constant ferricline depth, and for 
waters north of 30°S where the depth of nitrate >0.5 μ mol kg −1 is shallower than the depth of the mixed layer, 

Figure 1. Relationship between the distance separating any given depth 
below mixed layer depth and the nitracline (ΔzNO3) versus the modeled 
photoacclimation nutrient stress below the mixed layer (  ) in the 
original carbon-based productivity model (Westberry et al., 2008).

CbPMArgo CbPMOrig CbPMMod

Above MLD Depth-resolved or averaged, based on float 
obs.

Averaged based on float obs. Averaged based on float obs.

Below MLD Depth resolved based on float obs. Depth resolved reconstructed (as in 
satellite applications)

Depth resolved reconstructed (as in 
satellite applications)

Nutrient stress north of 30°S Based on local Chl:C (z) Nitracline depth (>0.5 μ mol kg −1) Nitracline depth (>0.5 μ mol kg −1) or 
depth of maximum nitrate gradient 

when nitracline depth < MLD.
Nutrient stress south of 30°S. Based on local Chl:C (z). Nitracline depth (>0.5 μ mol kg −1) Ferricline depth (333 m)

Table 1 
Implementation of the Carbon-Based Productivity Model Used in This Study

Arteaga et al. (2022)
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within the mixed layer. ΔzNO3 is the distance from the nitracline, valid for 
depths shallower than the nitracline and below the MLD. A very deep nitr-
acline (ΔzNO3 → ∞) maximizes nutrient stress to the degree inferred within 
mixed layer (i.e., second term in Equation 8 approaches ΔChl:CNut). As the 
nitracline shallows and approximates a given depth below the MLD (ΔzNO3 
→ 0), nutrient stress diminishes (i.e., second term in Equation 8 approaches 
zero) (Figure 1). The exponent in Equation 8 of 0.075 gives an e-folding of 
13 m and approximates a “smooth” boundary due to diffusion and diapycnal 
mixing across the nitracline (Westberry et al., 2008).
2.3.3. CbPM Implementations
The original CbPM, developed for satellite-based applications, infers 
depth-resolved phytoplankton biomass, division rates (μ), and NPP profiles 
from satellite-based surface information of incident light, phytoplankton 
carbon, and chlorophyll. As indicated above, by “original” we refer to the 
version described in Westberry et al. (2008), which builds upon a yet previous 
version of this model (Behrenfeld et al., 2005) to provide vertically resolved 
(not just vertically integrated) estimates of NPP.  The satellite-informed 
version of the CbPM (CbPMSat) is not the focus of this study, but it is briefly 

used to assess discrepancies between float-based and in situ productivity profiles at station ALOHA (see details 
in Section 2.5.2).

In this work we implement the CbPM in three distinct configurations (Table 1): The first implementation directly 
uses float-derived profiles of phytoplankton biomass and Chl:C ratio to estimate NPP following the growth 
equations of the model (Equations 3–7 in Section 2.3.1), hereafter referred to as CbPMArgo. In order to gain an 
insight into how well can the fully float-informed productivity model reproduce NPP profiles throughout the 
water column, we compare depth-resolved productivity profiles (within and below the mixed layer) obtained from 
the CbPMArgo against available depth-resolved in situ  14C-based NPP observations scattered throughout various 
ocean regions (Section 2.5.1). The comparison with in situ data serves as a base step to assess the following 
implementations of the model.

The second implementation operates in similar fashion as the satellite-based model, inferring vertical profiles of 
phytoplankton biomas, Chl:C ratio, and productivity from averaged float information in the upper ocean mixed 
layer, hereafter referred to as CbPMOrig. The SOCCOM float data set is biased toward latitudes south of 30°S, 
where iron, and not nitrate, is considered the primary limiting nutrient of marine productivity (Boyd et al., 2007; 
Martin et al., 1990). Thus, the standard configuration of CbPMOrig, which uses nitracline depths to parameter-
ize photoacclimation and nutrient stress throughout the water column, is likely to fail in this region and others 
where nitrate is not the primary limiting nutrient. The nitracline depth is here defined based on paired float 
nitrate profiles as the depth where nitrate exceeds 0.5 μ mol kg −1 (similarly as for the satellite-based version of 
the model described in Westberry et al., 2008). In an effort to broaden the applicability of the model, we include 
a modification where for waters south 30°S the nitracline is substituted by a constant ferricline depth, and for 
waters north of 30°S where the depth of nitrate >0.5 μ mol kg −1 is shallower than the depth of the mixed layer, 

Figure 1. Relationship between the distance separating any given depth 
below mixed layer depth and the nitracline (ΔzNO3) versus the modeled 
photoacclimation nutrient stress below the mixed layer (  ) in the 
original carbon-based productivity model (Westberry et al., 2008).

CbPMArgo CbPMOrig CbPMMod

Above MLD Depth-resolved or averaged, based on float 
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within the mixed layer. ΔzNO3 is the distance from the nitracline, valid for 
depths shallower than the nitracline and below the MLD. A very deep nitr-
acline (ΔzNO3 → ∞) maximizes nutrient stress to the degree inferred within 
mixed layer (i.e., second term in Equation 8 approaches ΔChl:CNut). As the 
nitracline shallows and approximates a given depth below the MLD (ΔzNO3 
→ 0), nutrient stress diminishes (i.e., second term in Equation 8 approaches 
zero) (Figure 1). The exponent in Equation 8 of 0.075 gives an e-folding of 
13 m and approximates a “smooth” boundary due to diffusion and diapycnal 
mixing across the nitracline (Westberry et al., 2008).
2.3.3. CbPM Implementations
The original CbPM, developed for satellite-based applications, infers 
depth-resolved phytoplankton biomass, division rates (μ), and NPP profiles 
from satellite-based surface information of incident light, phytoplankton 
carbon, and chlorophyll. As indicated above, by “original” we refer to the 
version described in Westberry et al. (2008), which builds upon a yet previous 
version of this model (Behrenfeld et al., 2005) to provide vertically resolved 
(not just vertically integrated) estimates of NPP.  The satellite-informed 
version of the CbPM (CbPMSat) is not the focus of this study, but it is briefly 

used to assess discrepancies between float-based and in situ productivity profiles at station ALOHA (see details 
in Section 2.5.2).

In this work we implement the CbPM in three distinct configurations (Table 1): The first implementation directly 
uses float-derived profiles of phytoplankton biomass and Chl:C ratio to estimate NPP following the growth 
equations of the model (Equations 3–7 in Section 2.3.1), hereafter referred to as CbPMArgo. In order to gain an 
insight into how well can the fully float-informed productivity model reproduce NPP profiles throughout the 
water column, we compare depth-resolved productivity profiles (within and below the mixed layer) obtained from 
the CbPMArgo against available depth-resolved in situ  14C-based NPP observations scattered throughout various 
ocean regions (Section 2.5.1). The comparison with in situ data serves as a base step to assess the following 
implementations of the model.

The second implementation operates in similar fashion as the satellite-based model, inferring vertical profiles of 
phytoplankton biomas, Chl:C ratio, and productivity from averaged float information in the upper ocean mixed 
layer, hereafter referred to as CbPMOrig. The SOCCOM float data set is biased toward latitudes south of 30°S, 
where iron, and not nitrate, is considered the primary limiting nutrient of marine productivity (Boyd et al., 2007; 
Martin et al., 1990). Thus, the standard configuration of CbPMOrig, which uses nitracline depths to parameter-
ize photoacclimation and nutrient stress throughout the water column, is likely to fail in this region and others 
where nitrate is not the primary limiting nutrient. The nitracline depth is here defined based on paired float 
nitrate profiles as the depth where nitrate exceeds 0.5 μ mol kg −1 (similarly as for the satellite-based version of 
the model described in Westberry et al., 2008). In an effort to broaden the applicability of the model, we include 
a modification where for waters south 30°S the nitracline is substituted by a constant ferricline depth, and for 
waters north of 30°S where the depth of nitrate >0.5 μ mol kg −1 is shallower than the depth of the mixed layer, 
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within the mixed layer. ΔzNO3 is the distance from the nitracline, valid for 
depths shallower than the nitracline and below the MLD. A very deep nitr-
acline (ΔzNO3 → ∞) maximizes nutrient stress to the degree inferred within 
mixed layer (i.e., second term in Equation 8 approaches ΔChl:CNut). As the 
nitracline shallows and approximates a given depth below the MLD (ΔzNO3 
→ 0), nutrient stress diminishes (i.e., second term in Equation 8 approaches 
zero) (Figure 1). The exponent in Equation 8 of 0.075 gives an e-folding of 
13 m and approximates a “smooth” boundary due to diffusion and diapycnal 
mixing across the nitracline (Westberry et al., 2008).
2.3.3. CbPM Implementations
The original CbPM, developed for satellite-based applications, infers 
depth-resolved phytoplankton biomass, division rates (μ), and NPP profiles 
from satellite-based surface information of incident light, phytoplankton 
carbon, and chlorophyll. As indicated above, by “original” we refer to the 
version described in Westberry et al. (2008), which builds upon a yet previous 
version of this model (Behrenfeld et al., 2005) to provide vertically resolved 
(not just vertically integrated) estimates of NPP.  The satellite-informed 
version of the CbPM (CbPMSat) is not the focus of this study, but it is briefly 

used to assess discrepancies between float-based and in situ productivity profiles at station ALOHA (see details 
in Section 2.5.2).

In this work we implement the CbPM in three distinct configurations (Table 1): The first implementation directly 
uses float-derived profiles of phytoplankton biomass and Chl:C ratio to estimate NPP following the growth 
equations of the model (Equations 3–7 in Section 2.3.1), hereafter referred to as CbPMArgo. In order to gain an 
insight into how well can the fully float-informed productivity model reproduce NPP profiles throughout the 
water column, we compare depth-resolved productivity profiles (within and below the mixed layer) obtained from 
the CbPMArgo against available depth-resolved in situ  14C-based NPP observations scattered throughout various 
ocean regions (Section 2.5.1). The comparison with in situ data serves as a base step to assess the following 
implementations of the model.

The second implementation operates in similar fashion as the satellite-based model, inferring vertical profiles of 
phytoplankton biomas, Chl:C ratio, and productivity from averaged float information in the upper ocean mixed 
layer, hereafter referred to as CbPMOrig. The SOCCOM float data set is biased toward latitudes south of 30°S, 
where iron, and not nitrate, is considered the primary limiting nutrient of marine productivity (Boyd et al., 2007; 
Martin et al., 1990). Thus, the standard configuration of CbPMOrig, which uses nitracline depths to parameter-
ize photoacclimation and nutrient stress throughout the water column, is likely to fail in this region and others 
where nitrate is not the primary limiting nutrient. The nitracline depth is here defined based on paired float 
nitrate profiles as the depth where nitrate exceeds 0.5 μ mol kg −1 (similarly as for the satellite-based version of 
the model described in Westberry et al., 2008). In an effort to broaden the applicability of the model, we include 
a modification where for waters south 30°S the nitracline is substituted by a constant ferricline depth, and for 
waters north of 30°S where the depth of nitrate >0.5 μ mol kg −1 is shallower than the depth of the mixed layer, 

Figure 1. Relationship between the distance separating any given depth 
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original carbon-based productivity model (Westberry et al., 2008).
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depth of maximum nitrate gradient 
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within the mixed layer. ΔzNO3 is the distance from the nitracline, valid for 
depths shallower than the nitracline and below the MLD. A very deep nitr-
acline (ΔzNO3 → ∞) maximizes nutrient stress to the degree inferred within 
mixed layer (i.e., second term in Equation 8 approaches ΔChl:CNut). As the 
nitracline shallows and approximates a given depth below the MLD (ΔzNO3 
→ 0), nutrient stress diminishes (i.e., second term in Equation 8 approaches 
zero) (Figure 1). The exponent in Equation 8 of 0.075 gives an e-folding of 
13 m and approximates a “smooth” boundary due to diffusion and diapycnal 
mixing across the nitracline (Westberry et al., 2008).
2.3.3. CbPM Implementations
The original CbPM, developed for satellite-based applications, infers 
depth-resolved phytoplankton biomass, division rates (μ), and NPP profiles 
from satellite-based surface information of incident light, phytoplankton 
carbon, and chlorophyll. As indicated above, by “original” we refer to the 
version described in Westberry et al. (2008), which builds upon a yet previous 
version of this model (Behrenfeld et al., 2005) to provide vertically resolved 
(not just vertically integrated) estimates of NPP.  The satellite-informed 
version of the CbPM (CbPMSat) is not the focus of this study, but it is briefly 

used to assess discrepancies between float-based and in situ productivity profiles at station ALOHA (see details 
in Section 2.5.2).

In this work we implement the CbPM in three distinct configurations (Table 1): The first implementation directly 
uses float-derived profiles of phytoplankton biomass and Chl:C ratio to estimate NPP following the growth 
equations of the model (Equations 3–7 in Section 2.3.1), hereafter referred to as CbPMArgo. In order to gain an 
insight into how well can the fully float-informed productivity model reproduce NPP profiles throughout the 
water column, we compare depth-resolved productivity profiles (within and below the mixed layer) obtained from 
the CbPMArgo against available depth-resolved in situ  14C-based NPP observations scattered throughout various 
ocean regions (Section 2.5.1). The comparison with in situ data serves as a base step to assess the following 
implementations of the model.

The second implementation operates in similar fashion as the satellite-based model, inferring vertical profiles of 
phytoplankton biomas, Chl:C ratio, and productivity from averaged float information in the upper ocean mixed 
layer, hereafter referred to as CbPMOrig. The SOCCOM float data set is biased toward latitudes south of 30°S, 
where iron, and not nitrate, is considered the primary limiting nutrient of marine productivity (Boyd et al., 2007; 
Martin et al., 1990). Thus, the standard configuration of CbPMOrig, which uses nitracline depths to parameter-
ize photoacclimation and nutrient stress throughout the water column, is likely to fail in this region and others 
where nitrate is not the primary limiting nutrient. The nitracline depth is here defined based on paired float 
nitrate profiles as the depth where nitrate exceeds 0.5 μ mol kg −1 (similarly as for the satellite-based version of 
the model described in Westberry et al., 2008). In an effort to broaden the applicability of the model, we include 
a modification where for waters south 30°S the nitracline is substituted by a constant ferricline depth, and for 
waters north of 30°S where the depth of nitrate >0.5 μ mol kg −1 is shallower than the depth of the mixed layer, 

Figure 1. Relationship between the distance separating any given depth 
below mixed layer depth and the nitracline (ΔzNO3) versus the modeled 
photoacclimation nutrient stress below the mixed layer (  ) in the 
original carbon-based productivity model (Westberry et al., 2008).
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Above MLD Depth-resolved or averaged, based on float 
obs.

Averaged based on float obs. Averaged based on float obs.

Below MLD Depth resolved based on float obs. Depth resolved reconstructed (as in 
satellite applications)

Depth resolved reconstructed (as in 
satellite applications)

Nutrient stress north of 30°S Based on local Chl:C (z) Nitracline depth (>0.5 μ mol kg −1) Nitracline depth (>0.5 μ mol kg −1) or 
depth of maximum nitrate gradient 

when nitracline depth < MLD.
Nutrient stress south of 30°S. Based on local Chl:C (z). Nitracline depth (>0.5 μ mol kg −1) Ferricline depth (333 m)
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3.2. Assessment of Vertically Resolved Output From CbPM Implementations in the Southern Ocean
3.2.1. NPP
We compare meridional sections in vertically resolved modeled NPP between the three model implementations 
(CbPMArgo, CbPMOrig, and CbPMMod) within the Southern Ocean. We focus on the Southern Ocean as this region 
has the highest density of BGC-Argo floats with paired biogeochemical and bio-optical profiles in the global 
ocean. The Southern Ocean is, nonetheless, a challenging region in which to interpret the inferred vertical struc-
ture in phytoplankton growth and productivity by the CbPM. As mentioned above, the original satellite applica-
tion of this model was not developed to account for iron limitation, a scarce nutrient in most of the non-coastal 
Southern Ocean (Martin et al., 1990; Moore et al., 2013). The most relevant features in depth-resolved NPP are 
observed in the upper 100 m in all three model implementations (Figures 3a–3c). Zonally averaged estimates of 
vertically resolved NPP from the three model implementations show some common characteristics, such as higher 
NPP rates between 45°S and 30°S and south of 60°S (Figures 3a–3c). Depth-resolved NPP is lower across model 
configurations roughly between 45°S and 60°S, where the lowest iron concentrations are observed on average for 
the Southern Ocean (Arteaga et al., 2019; Tagliabue et al., 2012). The overall range and meridional gradient in 
vertically resolved NPP is similar to that observed in zonally averaged  14C incubations (Buitenhuis et al., 2013). 
Float data latitudinally spread across the Southern Ocean is available for all seasons, with at least (and often more 
than) one full annual cycle of profiles (minimum of 4 profiles per month during 12 consecutive months). Zonally 

Figure 3. Zonally and seasonally averaged net primary production (NPP) (mg C m −3 d −1) obtained from the (a) carbon-based productivity model (CbPM)Argo, (b) 
CbPMOrig, and (c) CbPMMod. (d) Difference in zonally and seasonally averaged NPP between the CbPMArgo and CbPMOrig. (e) Difference in zonally and seasonally 
averaged NPP between the CbPMArgo and CbPMMod. NPP estimates were previously binned into a 1° by 1° grid.
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averaged outputs in polar latitudes from the CbPM have a slight bias toward high light months imposed by the 
inability to compute NPP when the solar zenith angle exceeds 90° (due to unavailable PAR retrievals).

Across depth, the largest discrepancies between model implementations are observed below the summer 
MLD (Figures 3d and 3e). Both, CbPMOrig, and CbPMMod, tend to overestimate NPP at depth with respect to 
the CbPMArgo. The CbPMOrig shows a higher positive bias in productivity with respect to the CbPMArgo, with 
depth-resolved differences >4  mg  C m −3  d −1 (Figure  3d). This represents about 50% of the highest zonally 
averaged NPP computed by the CbPMArgo. The positive bias in NPP by the CbPMMod is lower and constrained to 
∼2 mg C m −3 d −1. The only distinction in the configuration of the CbPMMod and CbPMOrig south of 30°S, is that 
the CbPMMod uses ferricline instead of nitracline to parameterize photoacclimation. It is important to note that 
differences between model implementations are always only obtained below the averaged local mixed layer, given 
that for this comparison, input variables have been averaged within the mixed layer in all three implementations.
3.2.2. Division Rate, Nutrient and Light Index
Similarly as for NPP, large discrepancies in phytoplankton growth parameters (μ, nutrient and light indices) 
between model implementations are observed at depth in the Southern Ocean (Figure 4). The CbPMArgo shows 
highest division rates near the surface and decreasing with depth (Figure 4a), except north of 30°S, where deep 
light penetration permits the increase of division rates below the summer mixed layer (Figure 4c). High NPP 
rates in subsurface waters derived from the CbPMOrig are a consequence of very high subsurface phytoplankton 
division rates predicted in this implementation (Figure 4d). Here, inferred μ north of 40°S and below the summer 

Figure 4. Zonally and seasonally averaged phytoplankton (a) division rate (μ, d −1), (b) nutrient index (unitless), and (c) light index (unitless) inferred by the 
carbon-based productivity model (CbPM)Argo. Panels (d–f) show the same variables inferred by the CbPMOrig. Panels (g–i) show the same variables inferred by the 
CbPMMod. All variables were previously binned into a 1° by 1° grid.
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averaged outputs in polar latitudes from the CbPM have a slight bias toward high light months imposed by the 
inability to compute NPP when the solar zenith angle exceeds 90° (due to unavailable PAR retrievals).

Across depth, the largest discrepancies between model implementations are observed below the summer 
MLD (Figures 3d and 3e). Both, CbPMOrig, and CbPMMod, tend to overestimate NPP at depth with respect to 
the CbPMArgo. The CbPMOrig shows a higher positive bias in productivity with respect to the CbPMArgo, with 
depth-resolved differences >4  mg  C m −3  d −1 (Figure  3d). This represents about 50% of the highest zonally 
averaged NPP computed by the CbPMArgo. The positive bias in NPP by the CbPMMod is lower and constrained to 
∼2 mg C m −3 d −1. The only distinction in the configuration of the CbPMMod and CbPMOrig south of 30°S, is that 
the CbPMMod uses ferricline instead of nitracline to parameterize photoacclimation. It is important to note that 
differences between model implementations are always only obtained below the averaged local mixed layer, given 
that for this comparison, input variables have been averaged within the mixed layer in all three implementations.
3.2.2. Division Rate, Nutrient and Light Index
Similarly as for NPP, large discrepancies in phytoplankton growth parameters (μ, nutrient and light indices) 
between model implementations are observed at depth in the Southern Ocean (Figure 4). The CbPMArgo shows 
highest division rates near the surface and decreasing with depth (Figure 4a), except north of 30°S, where deep 
light penetration permits the increase of division rates below the summer mixed layer (Figure 4c). High NPP 
rates in subsurface waters derived from the CbPMOrig are a consequence of very high subsurface phytoplankton 
division rates predicted in this implementation (Figure 4d). Here, inferred μ north of 40°S and below the summer 

Figure 4. Zonally and seasonally averaged phytoplankton (a) division rate (μ, d −1), (b) nutrient index (unitless), and (c) light index (unitless) inferred by the 
carbon-based productivity model (CbPM)Argo. Panels (d–f) show the same variables inferred by the CbPMOrig. Panels (g–i) show the same variables inferred by the 
CbPMMod. All variables were previously binned into a 1° by 1° grid.
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averaged outputs in polar latitudes from the CbPM have a slight bias toward high light months imposed by the 
inability to compute NPP when the solar zenith angle exceeds 90° (due to unavailable PAR retrievals).

Across depth, the largest discrepancies between model implementations are observed below the summer 
MLD (Figures 3d and 3e). Both, CbPMOrig, and CbPMMod, tend to overestimate NPP at depth with respect to 
the CbPMArgo. The CbPMOrig shows a higher positive bias in productivity with respect to the CbPMArgo, with 
depth-resolved differences >4  mg  C m −3  d −1 (Figure  3d). This represents about 50% of the highest zonally 
averaged NPP computed by the CbPMArgo. The positive bias in NPP by the CbPMMod is lower and constrained to 
∼2 mg C m −3 d −1. The only distinction in the configuration of the CbPMMod and CbPMOrig south of 30°S, is that 
the CbPMMod uses ferricline instead of nitracline to parameterize photoacclimation. It is important to note that 
differences between model implementations are always only obtained below the averaged local mixed layer, given 
that for this comparison, input variables have been averaged within the mixed layer in all three implementations.
3.2.2. Division Rate, Nutrient and Light Index
Similarly as for NPP, large discrepancies in phytoplankton growth parameters (μ, nutrient and light indices) 
between model implementations are observed at depth in the Southern Ocean (Figure 4). The CbPMArgo shows 
highest division rates near the surface and decreasing with depth (Figure 4a), except north of 30°S, where deep 
light penetration permits the increase of division rates below the summer mixed layer (Figure 4c). High NPP 
rates in subsurface waters derived from the CbPMOrig are a consequence of very high subsurface phytoplankton 
division rates predicted in this implementation (Figure 4d). Here, inferred μ north of 40°S and below the summer 

Figure 4. Zonally and seasonally averaged phytoplankton (a) division rate (μ, d −1), (b) nutrient index (unitless), and (c) light index (unitless) inferred by the 
carbon-based productivity model (CbPM)Argo. Panels (d–f) show the same variables inferred by the CbPMOrig. Panels (g–i) show the same variables inferred by the 
CbPMMod. All variables were previously binned into a 1° by 1° grid.
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3.2.4. Photoacclimation and Float-Based Chl Driving the CbPM
The CbPM describes the physiological state of phytoplankton cells expressed through variations in their Chl:C 
ratio. NPP and μ are parameterized as a function of cellular Chl:C and its response to changes in ambient nutrient 
(nitrogen) and light, where nutrient stress is inferred from the vertical distance between a given water parcel and 
the nitracline (assuming the latter one is deeper, Westberry et al., 2008). The CbPM was originally developed to 
reproduce vertical profiles of productivity and phytoplankton biomass in nitrate limited oligotrophic waters. The 
oceanic region around the Hawaii Ocean Time-series has the advantage of presenting conditions similar to those 
targeted by the original CbPM, and it has a field sampling program with a large record of depth-resolved  14C-based 
productivity and fluorometric chlorophyll measurements taken at station ALOHA (Karl et al., 2021). Addition-
ally, bio-optical float profiles for all seasons are available nearby station ALOHA, allowing us to compare float 
productivity and Chl profiles with in situ data from different periods of the annual cycle (Figure 6). Float-based 
output from all three model implementations (CbPMArgo, CbPMOrig, and CbPMMod) show a similar productivity 
profile of low surface NPP and increased productivity below the mixed layer, followed by NPP attenuation with 
depth (Figure 6, left panels). Float-based NPP agree within the uncertainty with in situ productivity measure-
ments below the mixed layer, but show a large discrepancy at surface, where in situ observations exhibit higher 
NPP rates than those yielded by the float-based estimates. We investigate whether this inconsistency is rooted in 
the float-based surface Chl estimate by computing satellite-informed productivity profiles from the CbPMSat. The 
magnitude of surface NPP by the CbPMSat is greater than the float-based estimates and in better agreement with 
observations (Figure 6, dashed blue line). Surface Chl estimates by the CbPMSat are also within the uncertainty of 
observations, but yield a higher subsurface Chl maximum below the mixed layer (Figure 6, right panels). Mean 
float-based surface Chl concentrations underestimate observations, similarly as for NPP rates. This suggests that 

Figure 5. Zonally and seasonally averaged phytoplankton (a) Chl:C ratio (gr gr −1), (b) Chl (mg m −3), and (c) Cphyto (mg m −3) used by the carbon-based productivity 
model (CbPM)Argo. Panels (d–f) show the same variables inferred by the CbPMOrig. Panels (g–i) show the same variables inferred by the CbPMMod. All variables were 
previously binned into a 1° by 1° grid.
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3.2.4. Photoacclimation and Float-Based Chl Driving the CbPM
The CbPM describes the physiological state of phytoplankton cells expressed through variations in their Chl:C 
ratio. NPP and μ are parameterized as a function of cellular Chl:C and its response to changes in ambient nutrient 
(nitrogen) and light, where nutrient stress is inferred from the vertical distance between a given water parcel and 
the nitracline (assuming the latter one is deeper, Westberry et al., 2008). The CbPM was originally developed to 
reproduce vertical profiles of productivity and phytoplankton biomass in nitrate limited oligotrophic waters. The 
oceanic region around the Hawaii Ocean Time-series has the advantage of presenting conditions similar to those 
targeted by the original CbPM, and it has a field sampling program with a large record of depth-resolved  14C-based 
productivity and fluorometric chlorophyll measurements taken at station ALOHA (Karl et al., 2021). Addition-
ally, bio-optical float profiles for all seasons are available nearby station ALOHA, allowing us to compare float 
productivity and Chl profiles with in situ data from different periods of the annual cycle (Figure 6). Float-based 
output from all three model implementations (CbPMArgo, CbPMOrig, and CbPMMod) show a similar productivity 
profile of low surface NPP and increased productivity below the mixed layer, followed by NPP attenuation with 
depth (Figure 6, left panels). Float-based NPP agree within the uncertainty with in situ productivity measure-
ments below the mixed layer, but show a large discrepancy at surface, where in situ observations exhibit higher 
NPP rates than those yielded by the float-based estimates. We investigate whether this inconsistency is rooted in 
the float-based surface Chl estimate by computing satellite-informed productivity profiles from the CbPMSat. The 
magnitude of surface NPP by the CbPMSat is greater than the float-based estimates and in better agreement with 
observations (Figure 6, dashed blue line). Surface Chl estimates by the CbPMSat are also within the uncertainty of 
observations, but yield a higher subsurface Chl maximum below the mixed layer (Figure 6, right panels). Mean 
float-based surface Chl concentrations underestimate observations, similarly as for NPP rates. This suggests that 

Figure 5. Zonally and seasonally averaged phytoplankton (a) Chl:C ratio (gr gr −1), (b) Chl (mg m −3), and (c) Cphyto (mg m −3) used by the carbon-based productivity 
model (CbPM)Argo. Panels (d–f) show the same variables inferred by the CbPMOrig. Panels (g–i) show the same variables inferred by the CbPMMod. All variables were 
previously binned into a 1° by 1° grid.
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3.2.4. Photoacclimation and Float-Based Chl Driving the CbPM
The CbPM describes the physiological state of phytoplankton cells expressed through variations in their Chl:C 
ratio. NPP and μ are parameterized as a function of cellular Chl:C and its response to changes in ambient nutrient 
(nitrogen) and light, where nutrient stress is inferred from the vertical distance between a given water parcel and 
the nitracline (assuming the latter one is deeper, Westberry et al., 2008). The CbPM was originally developed to 
reproduce vertical profiles of productivity and phytoplankton biomass in nitrate limited oligotrophic waters. The 
oceanic region around the Hawaii Ocean Time-series has the advantage of presenting conditions similar to those 
targeted by the original CbPM, and it has a field sampling program with a large record of depth-resolved  14C-based 
productivity and fluorometric chlorophyll measurements taken at station ALOHA (Karl et al., 2021). Addition-
ally, bio-optical float profiles for all seasons are available nearby station ALOHA, allowing us to compare float 
productivity and Chl profiles with in situ data from different periods of the annual cycle (Figure 6). Float-based 
output from all three model implementations (CbPMArgo, CbPMOrig, and CbPMMod) show a similar productivity 
profile of low surface NPP and increased productivity below the mixed layer, followed by NPP attenuation with 
depth (Figure 6, left panels). Float-based NPP agree within the uncertainty with in situ productivity measure-
ments below the mixed layer, but show a large discrepancy at surface, where in situ observations exhibit higher 
NPP rates than those yielded by the float-based estimates. We investigate whether this inconsistency is rooted in 
the float-based surface Chl estimate by computing satellite-informed productivity profiles from the CbPMSat. The 
magnitude of surface NPP by the CbPMSat is greater than the float-based estimates and in better agreement with 
observations (Figure 6, dashed blue line). Surface Chl estimates by the CbPMSat are also within the uncertainty of 
observations, but yield a higher subsurface Chl maximum below the mixed layer (Figure 6, right panels). Mean 
float-based surface Chl concentrations underestimate observations, similarly as for NPP rates. This suggests that 

Figure 5. Zonally and seasonally averaged phytoplankton (a) Chl:C ratio (gr gr −1), (b) Chl (mg m −3), and (c) Cphyto (mg m −3) used by the carbon-based productivity 
model (CbPM)Argo. Panels (d–f) show the same variables inferred by the CbPMOrig. Panels (g–i) show the same variables inferred by the CbPMMod. All variables were 
previously binned into a 1° by 1° grid.



Observations at ALOHA
Global Biogeochemical Cycles

ARTEAGA ET AL.

10.1029/2022GB007389

13 of 20

deficiencies in float-based surface productivity nearby ALOHA might indeed be related to problems with the 
estimation of surface Chl by the floats in this region. We hypothesize that potentially biased-low float Chl esti-
mates at ALOHA could be due to the applied fluorescence quenching correction which was developed in South-
ern Ocean waters and might not be entirely applicable in subtropical regions (Xing et al., 2012). We do not expect 
this issue to affect productivity profiles in the Southern Ocean since previous analyses indicate a good agreement 
between fluorescence-based float Chl and satellite ocean color data in this region (Haëntjens et al., 2017).

Figure 6. Seasonally averaged net primary production (mg C m −3 d −1) (left column) and Chl (mg C m −3) (right column) 
profiles near station ALOHA for (a–b) Spring, (c–d) Summer (e–f) Fall, (g–h) Winter (boreal seasons). Profiles are obtained 
from the carbon-based productivity model (CbPM)Argo (Argo, solid blue line), CbPMOrig (Orig, solid black line), CbPMMod 
(Mod, solid red line), CbPMSat (Sat, dashed blue line), and in situ observations (ALOHA, solid cyan circles ± standard 
deviation). Shaded areas represent ± standard deviation of the float-based model implementations. Horizontal dashed black 
line represents average mixed layer depth. (i) Location of float profiles (red) and in situ field station (dark gray).

Global Biogeochemical Cycles

ARTEAGA ET AL.

10.1029/2022GB007389

13 of 20

deficiencies in float-based surface productivity nearby ALOHA might indeed be related to problems with the 
estimation of surface Chl by the floats in this region. We hypothesize that potentially biased-low float Chl esti-
mates at ALOHA could be due to the applied fluorescence quenching correction which was developed in South-
ern Ocean waters and might not be entirely applicable in subtropical regions (Xing et al., 2012). We do not expect 
this issue to affect productivity profiles in the Southern Ocean since previous analyses indicate a good agreement 
between fluorescence-based float Chl and satellite ocean color data in this region (Haëntjens et al., 2017).

Figure 6. Seasonally averaged net primary production (mg C m −3 d −1) (left column) and Chl (mg C m −3) (right column) 
profiles near station ALOHA for (a–b) Spring, (c–d) Summer (e–f) Fall, (g–h) Winter (boreal seasons). Profiles are obtained 
from the carbon-based productivity model (CbPM)Argo (Argo, solid blue line), CbPMOrig (Orig, solid black line), CbPMMod 
(Mod, solid red line), CbPMSat (Sat, dashed blue line), and in situ observations (ALOHA, solid cyan circles ± standard 
deviation). Shaded areas represent ± standard deviation of the float-based model implementations. Horizontal dashed black 
line represents average mixed layer depth. (i) Location of float profiles (red) and in situ field station (dark gray).

Global Biogeochemical Cycles

ARTEAGA ET AL.

10.1029/2022GB007389

13 of 20

deficiencies in float-based surface productivity nearby ALOHA might indeed be related to problems with the 
estimation of surface Chl by the floats in this region. We hypothesize that potentially biased-low float Chl esti-
mates at ALOHA could be due to the applied fluorescence quenching correction which was developed in South-
ern Ocean waters and might not be entirely applicable in subtropical regions (Xing et al., 2012). We do not expect 
this issue to affect productivity profiles in the Southern Ocean since previous analyses indicate a good agreement 
between fluorescence-based float Chl and satellite ocean color data in this region (Haëntjens et al., 2017).

Figure 6. Seasonally averaged net primary production (mg C m −3 d −1) (left column) and Chl (mg C m −3) (right column) 
profiles near station ALOHA for (a–b) Spring, (c–d) Summer (e–f) Fall, (g–h) Winter (boreal seasons). Profiles are obtained 
from the carbon-based productivity model (CbPM)Argo (Argo, solid blue line), CbPMOrig (Orig, solid black line), CbPMMod 
(Mod, solid red line), CbPMSat (Sat, dashed blue line), and in situ observations (ALOHA, solid cyan circles ± standard 
deviation). Shaded areas represent ± standard deviation of the float-based model implementations. Horizontal dashed black 
line represents average mixed layer depth. (i) Location of float profiles (red) and in situ field station (dark gray).

Global Biogeochemical Cycles

ARTEAGA ET AL.

10.1029/2022GB007389

15 of 20

& Milligan, 2013, and references therein). DLHCs are uncoupled pigment proteins that can accumulate in phyto-
plankton under conditions of iron stress in the presence of elevated macronutrients (Behrenfeld et  al.,  2006; 
Schrader et al., 2011), which is the common condition of Southern Ocean waters. In some phytoplankton species 
(Chlamydomonas reinhardtii) evidence of DLHCs has been found even before iron-stress chlorosis has been 
induced (Moseley et al., 2002). These pigment proteins are fluorescence-emitting, and hence, would not be distin-
guishable from chlorophyll in functional pigment proteins a by the bio-optical sensors on board BGC-Argo floats.

3.3. Meridional Variability of the Base of the Productive Layer Inferred From the CbPMArgo

We explore next one of the potential applications of having depth-resolved productivity estimates across different 
regions of the global ocean. We analyze meridional variations in the depth of the productive layer and how it 
compares with variations in metrics commonly used to define the surface most productive region of the ocean, 

Figure 7. Seasonally averaged net primary production (mg C m −3 d −1) (left column) and Chl (mg C m −3) (right column) 
profiles in the Southern Ocean between 40°S and 50°S for (a–b) Spring, (c–d) Summer (e–f) Fall, (g–h) Winter (austral 
seasons). Productivity profiles are obtained from the carbon-based productivity model (CbPM)Argo (Argo, solid blue line), 
CbPMOrig (Orig, solid black line), and CbPMMod (Mod, solid red line). Shaded areas represent ± standard deviation of the 
float-based model implementations. Horizontal dashed black line represents average mixed layer depth. (i) Location of float 
profiles (red).
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ern Ocean waters and might not be entirely applicable in subtropical regions (Xing et al., 2012). We do not expect 
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Figure 6. Seasonally averaged net primary production (mg C m −3 d −1) (left column) and Chl (mg C m −3) (right column) 
profiles near station ALOHA for (a–b) Spring, (c–d) Summer (e–f) Fall, (g–h) Winter (boreal seasons). Profiles are obtained 
from the carbon-based productivity model (CbPM)Argo (Argo, solid blue line), CbPMOrig (Orig, solid black line), CbPMMod 
(Mod, solid red line), CbPMSat (Sat, dashed blue line), and in situ observations (ALOHA, solid cyan circles ± standard 
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& Milligan, 2013, and references therein). DLHCs are uncoupled pigment proteins that can accumulate in phyto-
plankton under conditions of iron stress in the presence of elevated macronutrients (Behrenfeld et  al.,  2006; 
Schrader et al., 2011), which is the common condition of Southern Ocean waters. In some phytoplankton species 
(Chlamydomonas reinhardtii) evidence of DLHCs has been found even before iron-stress chlorosis has been 
induced (Moseley et al., 2002). These pigment proteins are fluorescence-emitting, and hence, would not be distin-
guishable from chlorophyll in functional pigment proteins a by the bio-optical sensors on board BGC-Argo floats.

3.3. Meridional Variability of the Base of the Productive Layer Inferred From the CbPMArgo

We explore next one of the potential applications of having depth-resolved productivity estimates across different 
regions of the global ocean. We analyze meridional variations in the depth of the productive layer and how it 
compares with variations in metrics commonly used to define the surface most productive region of the ocean, 
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mates at ALOHA could be due to the applied fluorescence quenching correction which was developed in South-
ern Ocean waters and might not be entirely applicable in subtropical regions (Xing et al., 2012). We do not expect 
this issue to affect productivity profiles in the Southern Ocean since previous analyses indicate a good agreement 
between fluorescence-based float Chl and satellite ocean color data in this region (Haëntjens et al., 2017).
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such as euphotic depth and isolume. We operationally define the base of the productive layer as the depth above 
which 90% of vertically integrated productivity has occurred (PP90%). Euphotic depth (Zeu) is defined as the depth 
at which PAR is 1% of that at the surface. The isolume is defined as the depth where PAR = 0.4 E m  −2 d  −1. 
The isolume depth and Zeu are obtained based on the zonally and temporally averaged gridded PAR field from 
the spectral component of the CbPMArgo. We base this analysis on output from the CbPMArgo since it is guided 
by float-based Chl:C to constrain photoacclimation, division rates, and NPP. Here, we also include data beyond 
the Southern Ocean in order to compute zonal averages, but it is important to highlight that data in the northern 
hemisphere are only truly representative of specific regions such as the western and central North Pacific, the 
Sub-Arctic North Atlantic, and the Arabian Sea.

The meridional variability in PP90% mirrors that of the Zeu and isolume (Figure 8a). Previous work conducted 
in the North Pacific subtropical gyre has shown covariability in the depth displacement of the isolume (defined 
at ∼ PAR = 0.4 E m  −2 d  −1) and the vertical position of the nitracline (defined as the shallowest depth at which 
the   +   depth gradient exceeds 2 nmol kg −1 m −1, Letelier et al., 2004). We investigate this relationship 
by computing the vertical gradient in zonally averaged paired nitrate profiles obtained from the BGC-Argo floats. 
Overall, we find similar meridional covariability between the depth displacement of PP90%, Zeu, isolume, and 
the shallowest depth at which relatively strong vertical nitrate gradients begin to occur in the water column (Δ 
Nitrate, where positive values represent higher nitrate concentration toward depth) (Figure 8b). It is somewhat 
surprising that these depth horizons agree well even in the Southern Ocean where nitrate is not considered the 
primary limiting nutrient (Moore et al., 2013). Our initial interpretation is that biomass shading and decrease 
in PAR with depth mostly dictate the overall vertical extent of the productive layer and determine the depletion 
depth of nutrients that tend to be well mixed in the upper ocean such as nitrate. However, depth resolved infor-
mation on other nutrients such as phosphate and iron would help to validate this interpretation. It is important 
to note that the CbPMArgo is not informed by float nitrate information, and thus, the similarity in the meridional 
pattern of PP90% and that of the inferred shallow nitracline is an emergent outcome that results from the variability 
in float-based biomass and Chl:C ratio driving NPP in the CbPMArgo.

3.4. Differences in Vertically Integrated NPP
Global patterns in vertically integrated NPP obtained from the individual productivity profiles derived from the 
CbPMArgo (Figure 9) show mean seasonal variability in high latitude (roughly >45°) net carbon fixation between 
<100 and >800 mg C mg −2 d −1 from winter to summer, and intermediate values in mid-latitudes (25°–45°) 
between 300 and 500  mg  C  m −2  d −1, consistent with the range in depth-integrated productivity observed in 

Figure 8. (a) Zonally and seasonally averaged depth-cumulative net primary production (%) inferred by the carbon-based productivity model (CbPM) Argo. (b) Vertical 
gradient (Δ) in the nitrate concentration (μ mol kg 1) computed from zonally and seasonally averaged nitrate profiles measured by the floats. The black line in both 
panels represents the depth above which 90% of vertical productivity has occurred (PP90%). The solid red line in (a) represents the constant isolume depth defined at 
PAR = 0.4 (E m  −2 d  −1). The dashed red line in (a) represents the euphotic depth (Zeu) defined at the 1% fraction of surface PAR.
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satellite-based and general circulation models (GCMs) (Carr et al., 2006). 
Global patterns in vertically integrated NPP obtained from the CbPMOrig and 
CbPMMod (not shown) are very similar to that of the CbPMArgo, given that 
differences in vertically resolved NPP below the mixed layer occur at rela-
tively low productivity levels which do not impact greatly depth-integrated 
estimates.

North of 30°S, estimates of vertically integrated NPP from the CbPMOrig 
correlate well with estimates from the CbPMArgo, explaining >90% of the 
variability in float-based productivity (r 2  =  0.94, obtained from a type II 
linear model) (Figure 10a). The mean bias between these two model imple-
mentations is of 56 mg C −2 d −1. The correction applied in the CbPMMod to 
floats north of 30°S of defining the nitracline as the depth of maximum 
nitrate gradient in cases where the depth of nitrate >0.5 μ mol kg −1 is shal-
lower than the depth of the mixed layer has a modest impact on vertically 
integrated NPP, improving r 2 between CbPMMod and CbPMArgo to 0.96 and 
reducing the overall bias to 32 mg C −2 d −1 (Figure 10b).

South of 30°S, vertically integrated NPP from the CbPMOrig consistently 
overestimates output from the CbPMArgo (Figure 10c). This overestimation 
results from high NPP bellow the mixed layer predicted by the CbPMOrig 
driven by “artificially” high Chl:C ratios and division rates inferred by this 
model configuration (see discussion above). The mean bias between the 

Figure 9. Global patterns in float-based vertically integrated net primary 
production (mg C m −2 d −1) obtained by the carbon-based productivity 
modelArgo averaged for (a) boreal spring and summer months (April–
September) and (b) boreal fall and winter months (October–March).

Figure 10. Scatterplots of vertically integrated net primary production (NPP) (mg C m −2 d −1) obtained for profiles north of 30°S by the (a) carbon-based productivity 
model (CbPM)Argo versus CbPMOrig, (b) CbPMArgo versus CbPMMod, and south of 30°S by the (c) CbPMArgo versus CbPMOrig, (d) CbPMArgo versus CbPMMod. The 
coefficient of determination (r 2) and p-value are based on a type II linear regression fit. The mean bias  is computed as the averaged difference between vertically 
integrated NPP estimates obtained from individual float-based productivity profiles.

Global Biogeochemical Cycles

ARTEAGA ET AL.

10.1029/2022GB007389

17 of 20

satellite-based and general circulation models (GCMs) (Carr et al., 2006). 
Global patterns in vertically integrated NPP obtained from the CbPMOrig and 
CbPMMod (not shown) are very similar to that of the CbPMArgo, given that 
differences in vertically resolved NPP below the mixed layer occur at rela-
tively low productivity levels which do not impact greatly depth-integrated 
estimates.

North of 30°S, estimates of vertically integrated NPP from the CbPMOrig 
correlate well with estimates from the CbPMArgo, explaining >90% of the 
variability in float-based productivity (r 2  =  0.94, obtained from a type II 
linear model) (Figure 10a). The mean bias between these two model imple-
mentations is of 56 mg C −2 d −1. The correction applied in the CbPMMod to 
floats north of 30°S of defining the nitracline as the depth of maximum 
nitrate gradient in cases where the depth of nitrate >0.5 μ mol kg −1 is shal-
lower than the depth of the mixed layer has a modest impact on vertically 
integrated NPP, improving r 2 between CbPMMod and CbPMArgo to 0.96 and 
reducing the overall bias to 32 mg C −2 d −1 (Figure 10b).

South of 30°S, vertically integrated NPP from the CbPMOrig consistently 
overestimates output from the CbPMArgo (Figure 10c). This overestimation 
results from high NPP bellow the mixed layer predicted by the CbPMOrig 
driven by “artificially” high Chl:C ratios and division rates inferred by this 
model configuration (see discussion above). The mean bias between the 

Figure 9. Global patterns in float-based vertically integrated net primary 
production (mg C m −2 d −1) obtained by the carbon-based productivity 
modelArgo averaged for (a) boreal spring and summer months (April–
September) and (b) boreal fall and winter months (October–March).

Figure 10. Scatterplots of vertically integrated net primary production (NPP) (mg C m −2 d −1) obtained for profiles north of 30°S by the (a) carbon-based productivity 
model (CbPM)Argo versus CbPMOrig, (b) CbPMArgo versus CbPMMod, and south of 30°S by the (c) CbPMArgo versus CbPMOrig, (d) CbPMArgo versus CbPMMod. The 
coefficient of determination (r 2) and p-value are based on a type II linear regression fit. The mean bias  is computed as the averaged difference between vertically 
integrated NPP estimates obtained from individual float-based productivity profiles.

Global Biogeochemical Cycles

ARTEAGA ET AL.

10.1029/2022GB007389

17 of 20

satellite-based and general circulation models (GCMs) (Carr et al., 2006). 
Global patterns in vertically integrated NPP obtained from the CbPMOrig and 
CbPMMod (not shown) are very similar to that of the CbPMArgo, given that 
differences in vertically resolved NPP below the mixed layer occur at rela-
tively low productivity levels which do not impact greatly depth-integrated 
estimates.

North of 30°S, estimates of vertically integrated NPP from the CbPMOrig 
correlate well with estimates from the CbPMArgo, explaining >90% of the 
variability in float-based productivity (r 2  =  0.94, obtained from a type II 
linear model) (Figure 10a). The mean bias between these two model imple-
mentations is of 56 mg C −2 d −1. The correction applied in the CbPMMod to 
floats north of 30°S of defining the nitracline as the depth of maximum 
nitrate gradient in cases where the depth of nitrate >0.5 μ mol kg −1 is shal-
lower than the depth of the mixed layer has a modest impact on vertically 
integrated NPP, improving r 2 between CbPMMod and CbPMArgo to 0.96 and 
reducing the overall bias to 32 mg C −2 d −1 (Figure 10b).

South of 30°S, vertically integrated NPP from the CbPMOrig consistently 
overestimates output from the CbPMArgo (Figure 10c). This overestimation 
results from high NPP bellow the mixed layer predicted by the CbPMOrig 
driven by “artificially” high Chl:C ratios and division rates inferred by this 
model configuration (see discussion above). The mean bias between the 

Figure 9. Global patterns in float-based vertically integrated net primary 
production (mg C m −2 d −1) obtained by the carbon-based productivity 
modelArgo averaged for (a) boreal spring and summer months (April–
September) and (b) boreal fall and winter months (October–March).

Figure 10. Scatterplots of vertically integrated net primary production (NPP) (mg C m −2 d −1) obtained for profiles north of 30°S by the (a) carbon-based productivity 
model (CbPM)Argo versus CbPMOrig, (b) CbPMArgo versus CbPMMod, and south of 30°S by the (c) CbPMArgo versus CbPMOrig, (d) CbPMArgo versus CbPMMod. The 
coefficient of determination (r 2) and p-value are based on a type II linear regression fit. The mean bias  is computed as the averaged difference between vertically 
integrated NPP estimates obtained from individual float-based productivity profiles.

CbPMargo Orig

Mod



Conclusions

• Depth-resolved estimates of NPP from the CbPMargo  
agree reasonably well (in shape and magnitude) 
with historical 14C observations.

• BGC-Argo data suggest that the original CbPM 
needs to be modified in iron-limited regions. This is 
an example of how BGC-Argo can help improve 
remote sensing productivity algorithms.

• For depth-integrated NPP, the inclusion of iron 
limitation reduces the bias in the original CbPM by 
62 % (with respect to CbPMargo)

CbPMArgo Code

https://zenodo.org/record/6599224#23.YqJZFC1h3uM

CbPMArgo Paper

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029
/2022GB007389


