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A B S T R A C T   

We present annual cycles of chlorophyll a, phytoplankton carbon, nitrate and oxygen for Subtropical (STW), 
Subantarctic (SAW), and Subantarctic Mode (SAMW) waters near Aotearoa New Zealand from data collected by 
two Biogeochemical (BGC) Argo floats. We develop two simple models of depth-integrated net primary pro-
duction (NPP), tuned against 14C-uptake measurements, to compare with Vertically-Generalised Production 
Model (VGPM) satellite-based estimates of NPP. One model is the simplest possible, and assumes production is 
proportional to light multiplied by chlorophyll a concentration. The second model modifies the light response 
profile to account for photoacclimation. In STW at 30–35◦S, enhanced production is initiated in austral autumn 
when the mixed layer deepens to entrain nutrients into the photic zone. For about half the year, there is sub-
stantial production within a deep chlorophyll maximum that sits below the mixed layer. Consequently, depth- 
integrated NPP is only loosely related to surface biomass as imaged from satellite remote-sensing, and BGC 
Argo-based model estimates of depth-integrated NPP are about double VGPM estimates. In SAW at 45–55◦S, 
production is initiated when vertical mixing decreases in austral spring. Production is largely within the mixed 
layer, and depth-integrated phytoplankton biomass and depth-integrated NPP follow surface phytoplankton 
biomass. Model estimates of depth-integrated NPP based on BGC Argo float profiles are comparable with VGPM 
estimates for the southern water masses.   

1. Introduction 

Net primary production (NPP) in the oceans, and the physical and 
biological mechanisms driving this production have long been of in-
terest because changes in NPP strongly affect higher trophic levels, with 
consequent flow-on effects on ecosystem structure and functioning (e.g., 
Chassot et al., 2010; Stock et al., 2017). Climate change has been pro-
jected to affect NPP both positively and negatively, depending on the 
regional physical and biological processes driving the production (e.g., 
Bopp et al., 2013; Krumhardt et al., 2017; Law et al., 2017). There is 
consequently a need for better regional understanding of the seasonal 
cycles of primary production, and how NPP responds to environmental 
forcing that may be influenced by climate change, such as air-sea heat 
fluxes, ocean warming, stratification, mixed-layer depth, and nutrient 
fluxes. 

Various ocean colour satellite products have been derived to esti-
mate NPP. In particular, the Vertically-Generalised Production Model 
(VGPM, Behrenfeld and Falkowski, 1997a; Behrenfeld and Falkowski, 
1997b) has been used in climate prediction studies (e.g., Taboada et al., 
2019), regional studies (e.g., Kahru et al., 2009), process studies (e.g., 
Milutinović et al., 2009), and global analyses (e.g., Tseng et al., 2019). 
However, it has long been recognised that satellite observing sensors are 
unable to detect subsurface structure in phytoplankton biomass, 
potentially resulting in errors in the depth-integrated biomass and 
depth-integrated NPP. In addition, ocean-colour based models are 
challenged by high-nutrient low-chlorophyll a (Chl) conditions, and/or 
extreme temperatures (Carr et al., 2006). Partly in order to address these 
issues, the Biogeochemical-Argo program (BGC-Argo, Claustre et al., 
2020) was developed to maintain a global network of profiling floats 
making key measurements of Chl fluorescence, particulate organic 
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carbon (POC), and nitrate (NO3), as well as other standard parameters - 
depth, temperature (T), salinity (S), and dissolved oxygen (O2). 

In this article, we investigate how the temporal and vertical vari-
ability in primary production can be estimated from BGC-Argo floats. To 
do this, we develop two models of NPP that are tuned against in situ 
14Carbon (14C)-uptake measurements made in the south-west Pacific 
Ocean near Aotearoa New Zealand over the last 25 years. 

While many BGC-Argo floats have passed through the New Zealand 
region, only two floats have measured all the variables of interest - Chl, 
POC, NO3, and O2. The first float sampled Subtropical Water (STW) to 
the north-east of New Zealand, and the second float sampled Circum-
polar Surface Water, Subantarctic Water (SAW), and Subantarctic Mode 
Water (SAMW), to the south of New Zealand (Fig. 1). Water masses are 
considered to be different biomes reflecting the different roles that nu-
trients, light, and mixing play in controlling production (e.g., Boyd et al., 
1999; Longhurst, 2007), and while there have been several regional 
process and satellite-based studies of ecosystem functioning in these 
water masses (e.g., Bradford-Grieve et al., 1999; Chiswell et al., 2015; 
Ellwood et al., 2015; Murphy et al., 2001; Nodder et al., 2005; Nodder 
et al., 2016), these BGC-Argo floats provide the first data that allow 
estimates to be made of the seasonal cycles of the depth-structure of 
phytoplankton biomass, production, and their environmental forcing. 

The aims of this article are two-fold. The first aim is to provide the 
seasonal cycles of the vertical structure of nutrients, phytoplankton 
biomass, and primary production for these water masses, and to relate 
these seasonal cycles to physical forcing mechanisms. The second aim is 
to develop two regionally focussed models of NPP tuned against in situ 
14C-uptake measurements. The first model is the simplest possible model 
where primary production at depth is proportional to in situ light 
multiplied by chlorophyll concentration. The second model replaces 
light with an equation based on Behrenfeld et al. (2005) that flattens the 
exponential decay of light near the surface to account for light photo-
acclimation. These models are not meant to be mechanistic models of 
NPP; instead, they are designed to provide a phenomenological view of 
the important processes leading to biological primary production, and to 
aid in the investigation of how well VGPM and other satellite-based 
algorithms likely perform in such regional settings. 

1.1. Estimating NPP from BCG-argo data 

It is commonly assumed that net primary production is functionally 
proportional to phytoplankton concentration (e.g., Sathyendranath 
et al., 2009), so that the rate of change of phytoplankton biomass at 
depth, z, can be written as 

∂CP(z)/∂t = μ(z)CP(z) − l(z)CP(z), (1)  

where NPP = μ(z)CP(z), CP is the phytoplankton biomass (mg C m− 3), μ 
and l are the specific (i.e. per unit CP) production and loss (grazing, 
mixing, advection) rates, both having units d− 1. All values are daily- 
mean values. 

We compute estimates of depth-integrated NPP (which has also been 
also termed areal NPP) for the two models by integrating the depth- 
dependent NPP, 

NPPinti =

∫

NPPidz =
∫

μiCPdz, (2)  

where NPPinti is the depth-integrated NPP having units mg C m− 2 d− 1, 
and subscript i indicates the model. 

The specific production rate, μ, has been modelled in a variety of 
ways of differing complexity reflecting plankton species composition, 
photoacclimation and nutrient levels, and temperature (e.g., Aumont 
et al., 2015; Behrenfeld et al., 2005; Li et al., 2010; Litchman and 
Klausmeier, 2008; Yang et al., 2020), but here, the aim is to develop 
models that avoid as much complexity as possible. 

Model 1 is the simplest possible model, and assumes the specific 
production rate at depth is proportional to the local downwelling light 
intensity, I (units mol m− 2 d− 1), multiplied by the chlorophyll to carbon 
ratio, [Chl: CP], 

μ1 = ν1I[Chl : CP], (3)  

where ν1 is a scaling factor (mol− 1 m2), and the light intensity decays 
approximately exponentially with depth according to the Beer-Lambert 
law (e.g. Weiskerger et al., 2018). 

Model 2 replaces I in Eq. (3) with a ‘light function’ (no units) 
designed to incorporate photoacclimation in the upper water column by 

Fig. 1. Trajectories of the Kermadec and Bounty 
Biogeochemical Argo floats superimposed over the 
2016/2017 mean depth-integtated net primary 
production (NPPint) as estimated by the Vertically 
Generalised Production Model (VGPM). Trajectories 
are colour-coded according to the T-S properties 
seen in each float profile (see Fig. 2). Surface waters 
are Subtropical Water (STW), Subantarctic Mode 
Water (SAMW), Subantarctic Water (SAW), and 
Circumpolar Surface Water (CSW). SAF indicates 
the Subantarctic Front separating CSW from SAW. 
Also shown are locations of all 14C-uptake mea-
surements of NPP (black diamonds), and those used 
to tune the models (red in STW, blue in SAW, and 
magenta in SAMW).   
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flattening the exponential decay of light near the surface, 

μ2 = ν2(1 − exp( − nI) )
/
(1 + exp( − nI) )

[
Chl : Cp

]
, (4)  

where n is a tuneable coefficient that flattens the light function more as n 
increases. Eq. (4) is a simplified version of the Behrenfeld et al. (2005) 
equation with a scaling factor ν2 (d− 1). 

The coefficients n and νi are assumed to be constant in time and 
depth and can be chosen to minimise the difference between model 
estimates and 14C-uptake measurements as discussed in the Supporting 
Information. 

The depth-integrated loss rates, L (mg C m− 2 d− 1), can be derived as 

Li = NPPinti − ∂/∂t
∫

CPdz . (5)  

2. Data and methods 

2.1. BGC-argo profiles 

BGC-Argo floats (Claustre et al., 2020) profile between 2000 m and 
the sea-surface about every 10 d. Between profiles, the floats drift at a 
depth of 1000 m, so their trajectories are largely determined by ocean 
lateral velocity at 1000 m, but are also affected by the velocities seen 
during profiling. 

Core variables measured by BGC-Argo include Chl, POC, NO3, and 
O2. Details of how these quantities are measured are provided by 
Claustre et al. (2020) and Johnson et al. (2017a). In summary, Chl is 
estimated from fluorescence, POC is estimated from optical backscatter 
at 700 nm (bbp700), NO3 is estimated from ultraviolet absorbance 
spectra, and O2 is estimated from Clark-type electrodes or fluorescence 
optodes. 

Here, high resolution quality-controlled data were downloaded from 
the Southern Ocean Carbon and Climate Observations and Modeling 
(SOCCOM) programme. Data from two floats WMO 5905108 and 
5904677 were chosen because these floats had the most complete data 
sets in the New Zealand region. However, the salinity sensor failed for 
both floats, and because salinity was used to determine water mass, data 
were only used up to the point of sensor failure. 

The core phytoplankton biomass variable reported by SOCCOM is 
POC derived as a linear function of bbp700. Backscatter can also be used 
to estimate the phytoplankton carbon biomass, CP, and based on (Graff 
et al., 2015), we estimate CP as 

CP = 12128bbp470 + 0.59 , (6)  

where, following Boss et al. (2013) and Boss and Haëntjens (2016), the 
backscatter at 470 nm is estimated from the backscatter at 700 nm as 

bbp470 = bbp700

(
470
700

)− 0.78

. (7) 

Thus, CP and POC are both linear functions of bbp700, but have 
different slopes and different intercepts. Averaged over both floats, CP 
was about 46% of POC. 

BGC-Argo float surface times slowly change through the deployment. 
Consequently, many surface times were during daylight hours, resulting 
in profiles having chlorophyll missing in the upper 100 m due to non- 
photochemical quenching (e.g., Carberry et al., 2019). Rather than 
correcting for quenching (e.g., Thomalla et al., 2018; Xing et al., 2012), 
we report Chl and [Chl:CP] using the gappy records. For the models, and 
to compute light extinction coefficient (see later), we filled the gaps in 
Chl by multiplying CP by a mean estimate of [Chl:CP] derived from all 
available data for each float. Any remaining gaps were filled by linear 
interpolation. 

Near-surface values of all variables were taken to be the values at 10 
m depth (Chl10, CP10, etc). Virtually all production is in the upper 200 m 
(see later), so depth-integrated values were computed by integrating 

from the surface to 300 m (e.g., CP0/300 =
∫300

0
CPdz). 

Two estimates of mixed-layer depth, MLD03 and MLD125, were 
computed as the shallowest depth where the density exceeds the surface 
density by 0.030 kg m− 3 and 0.125 kg m− 3, respectively (e.g., Kara et al., 
2000). MLD125 has been considered to define the seasonal thermocline 
(Suga et al., 2004), whereas MLD03 may be a better indicator of mixed 
layers relevant to phytoplankton blooms (Chiswell, 2011). 

Specific accumulation rates, r10 = ∂ln CP10/∂t , and r0/300 = ∂ 
ln CP0/300/∂t (units d− 1), for near-surface (10 m) and depth-integrated 
(0–300 m) phytoplankton carbon were smoothed with a 60-day win-
dow. Most other quantities were smoothed with a 20-day window. These 
window lengths were chosen to smooth out noise due to measurement 
errors and patchiness in the data. (Time-derivatives are by their very 
nature are more noisy, and require longer window lengths than their 
respective time series). 

2.2. Sea-surface chlorophyll, PAR, and VGPM 

Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua 9- 
km, 8-d, composite sea surface chlorophyll (SSC) and daily-mean 
photosynthetically active radiation (PAR) were downloaded from 
NASA’s Ocean Color web site. The 9-km, 8-d VGPM data were down-
loaded from the Ocean Productivity website at Oregon State University. 

Time series of SSC, VGPM, and PAR following the float locations 
were computed by choosing the closest estimates in space and time to 
the locations (i.e., at the point closest to where the float surfaced, at the 
time closest to the surface time). These closest estimates could be up to 4 
d different in time. Often the SSC satellite data were missing due to 
clouds. VGPM estimates of depth-integrated NPP were also obtained for 
each 14C-uptake measurement by choosing the closest estimates in space 
and time to the locations to the uptake measurement location. 

Light profiles, I(z), for each float profile were computed by numer-
ically integrating the attenuation equation, 

dI = kddz , (8)  

using MODIS-derived values of PAR (mol m− 2 d− 1) for the surface value 
(i.e., I(0) = PAR), where kd is the diffuse light attenuation coefficient. 
PAR is weighted over several wavelengths (400–700 nm). Hence, as an 
approximation to integrating over all wavelengths, kd was computed as 
the mean of the 490 nm and 690 nm values, being wavelengths of ab-
sorption peaks in chlorophyll, kd = (kd490 + kd690)/2. Attenuation co-
efficients were computed as a function of chlorophyll (Morel and 
Maritorena, 2001), 

kd490 = 0.0166 + 0.07274Chl0.6896 and
kd690 = 0.05164 + 0.0390Chl0.640 .

(9)  

2.3. Surface air-sea heat fluxes 

The net air-sea heat flux, Qf (W m− 2) was computed as the sum of 
long-wave, short-wave, sensible and net-heat fluxes. Daily-mean values 
of these fluxes were obtained from the National Centers for Environ-
mental Prediction (NCEP) reanalysis products (Kalnay et al., 1996). 

Time series of Qf along the float tracks were computed by choosing 
the daily value closest in space and time to the floats’ surface locations. 
Positive Qf represents heat entering the atmosphere, negative values 
represent ocean warming. 

2.4. 14C-uptake measurements of NPP 

14C-uptake measurements of NPP have been made since 1995, 
mostly east of New Zealand (Fig. 1 and Table S1). The experimental set- 
up, and sample processing differed between cruises. However, in gen-
eral, 24-h experiments were run in light and dark bottles (320 mL acid- 
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cleaned polycarbonate) incubated either in situ (using a free-drifting 
array drogued at 10 m), or in on-deck temperature-controlled in-
cubators that simulated in situ irradiance levels. Before incubation, total 
added 14C activity was assayed on triplicate controls containing etha-
nolamine to quantify initial radioactivity at each depth incubation. Each 
bottle was spiked with 14C-bicarbonate (DHI, Denmark or PerkinElmer, 
USA). Samples were then filtered onto 0.2-μm pore-size 25/47-mm 
polycarbonate filters and kept frozen until analysis. Once on land, fil-
ters were acidified, Hi Safe 3 liquid scintillation cocktail was added and 
disintegrations per minute were then estimated using a scintillation 
counter following procedures described most recently in Gutiérrez-Ro-
dríguez et al. (2020). 

3. Results 

3.1. Kermadec float, subtropical water 

The Kermadec float, WMO 5905108, was deployed in July 2017 
north-east of New Zealand. This float then travelled westwards from 
175◦W to 177◦E, between 31◦S and 35◦S, with a short excursion up and 

down the Kermadec Ridge, which it crossed between L’Esperance and 
L’Havre Rocks (Fig. 1). The salinity sensor failed when the float was just 
east of Te Ika a Māui North Island in late October 2018. 

Surface temperature for this float ranged between 17 ◦C and 24 ◦C, 
and salinity ranged between 35.5 and 35.8 (Fig. 2). Profiles from west of 
the ridge did not show the surface warming seen in the other profiles 
since they were taken in winter, but the surface temperature and salinity 
for all profiles were characteristic of STW in this region (Heath, 1985). 
Below the surface, salinity decreased until it reached a minimum in 
Antarctic Intermediate Water (AAIW) at about 1000 m depth (e.g., 
Bostock et al., 2013). 

The air-sea heat flux (Qf), PAR, temperature, and salinity from this 
float are shown in Fig. 3. PAR peaked in December (summer) and had a 
minimum in June (winter). Summer heating (negative Qf) began in 
September of each year, and summer showed a warm, slightly more 
saline (due to evaporation) mixed layer of about 20 m depth (both 
MLD03 and MLD125), with maximum SST of 24 ◦C in February. Ocean 
cooling began in March 2018, and the mixed layer deepened due to 
convective overturn to reach deepest values of about 100 m in June for 
MLD03, and 200 m in August for MLD125. Minimum SST was 17 ◦C in 

Fig. 2. Upper panels show temperature as a function of salinity (T–S) for profiles from the two floats. a) Kermadec float; and b) Bounty float. The colours indicate the 
locations of the profiles (see Fig. 1). In each case, the properties for the other float are shown in grey. Surface waters are Subtropical Water (STW), Subantarctic Mode 
Water (SAMW), Subantarctic Water (SAW), and Circumpolar Surface Water (CSW), while the intermediate water is Antarctic Intermediate Water (AAIW). Lower 
panels show T-S properties of surface waters where 14C-uptake measurements were made (see Table 1). Black dots show T-S properties for all 14C measurement sites. 
Filled red diamonds show T-S properties for sites used to tune NPP models, open red diamonds show STW sites not used in tuning. Blue or magenta lines show T-S 
properties from the upper 100 m of the float profiles (see Fig. 2); c) Kermadec float; d) Bounty float in SAW; and e) Bounty float in SAMW. 
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September or October, depending on the year, just before the heat flux 
changed sign, but about 2 months after the deepest MLD125. Oscillations 
in isotherms, especially noticeable at about 200 m depth were likely due 
to internal tides. 

The Kermadec float returned reasonably complete data for CP and 
O2, although NO3 was missing for the latter third of the record, and 
much of the Chl record was missing above 80 m due to non- 
photochemical quenching (Fig. 4). 

At these latitudes (35◦–31◦S), sea-surface chlorophyll has a mini-
mum in summer and rises throughout winter, even as the mixed layer 
deepens, to reach a peak in September (Chiswell et al., 2013), and this 
pattern is seen in the MODIS observations of SSC (Fig. 4a). There were 
no near-surface chlorophyll (Chl10) observations from the float in 2017, 
but in 2018, Chl10 rose throughout winter to reach 0.7 mg Chl m− 3 in 
late spring (about double the satellite-based value). 

The loss of data limits analysis of chlorophyll in the mixed layer. 
However, both winters were characterised by elevated carbon phyto-
plankton, CP. The 2017 winter was followed by the development of a 
deep chlorophyll maximum (DCM) reaching 1 mg Chl m− 3, that was also 
a deep biomass maximum (Fig. 4a and b). This DCM initially appeared in 
October at a depth of about 50 m, just below MLD125. The DCM deep-
ened to a maximum depth of about 100 m in January, it then became 
more diffuse, but persisted until it was mixed upwards by deepening 
mixing in June. During the 10 months of available nitrate data, there 
was a strong nutricline between 100 and 200 m depth. Near-surface 
values of nitrate were low (~1.5 mmol m− 3) in October (spring), but 
increased by a factor of nearly two (to ~2.8 mmol m− 3) by April 
(autumn). Peak vertical nitrate gradients (∂NO3/∂z) were 0.1 mmol m− 3 

m− 1, coincident with the DCM (not shown). Unfortunately, the NO3 
record was too short to determine if there was nitrate replenishment into 
the mixed layer in winter. 

Oxygen had a deep oxygen maximum residing above the DCM, while 
the mixed layer was well ventilated during other times of the year. 

Starting in March, both MLD03 and MLD125 deepened, and both Chl 
and CP were well mixed down to MLD125, indicating strong vertical 
overturn. After July, however, MLD03 started to shoal while MLD125 
continued to deepen, and both Chl and CP were only mixed to MLD03. 
This suggests that during much of the winter, except for some sporadic 
instances, even when the seasonal thermocline was deepening, the rate 
of vertical overturn was not high enough to mix near-surface phyto-
plankton deeper than MLD03. Similar results by Carranza et al. (2018) 
suggest that at these latitudes, plankton are well-mixed to the seasonal 
thermocline only during strong storms. 

The chlorophyll to carbon ratio, [Chl:CP], shows similar spatio- 
temporal patterns to Chl, with highest values of 0.04 (mg Chl:mg CP) 
within the DCM in late summer (Fig. 5a). 

Oxygen was at or near saturation levels in the mixed layer, except 
during winter overturn when the mixed layer oxygen was diluted by 
entrainment of lower-oxygen water from below the thermocline. The 
oxygen saturation anomaly (ΔO2 = ([O2 : O2sat ] − 1)× 100) reached 5% 
just above the DCM in summer (Fig. 5b). Since supersaturation at depth 
is an indicator of net photosynthetic production (e.g., Bushinsky and 
Emerson, 2015), this suggest positive net production just above the DCM 
in summer. 

Near-surface biomass, CP10, shows an annual cycle having a winter 
peak of 22.8 mg C m− 3, i.e. about 3 times the summer minimum of 7.4 

Fig. 3. Physical data for the Kermadec float. 
a) Air-sea heat flux (Qf, green line) and 
smoothed with a one-month window (black 
line), and daily-mean photosynthetically 
active radiation (PAR) derived from MODIS 
satellite for the float locations; b) Tempera-
ture (T); and c) Salinity (S) from the float 
profiles. Dashed and solid black lines in b) 
and c) show the mixed layer depths, MLD03 
and MLD125, calculated using two different 
density criteria (see text). Labels ‘east’, ‘KR’ 
and ‘west’ indicate the float regimes (see 
Fig. 1 and text).   
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mg C m− 3 (Fig. 5c). In comparison, the depth-integrated biomass, CP0/ 

300, has a much flatter annual cycle with its maximum (3500 mg C m− 2) 
only about 1.5 times its minimum value (2000 mg C m− 2). From mid- 
summer to late-autumn (January to May) depth-integrated biomass 
decreased (i.e., the accumulation rate, r0/300, was negative), even 
though near-surface biomass levels increased (r10 > 0, Fig. 5d). 

VGPM estimates of depth-integrated NPP have a mean value over the 

float duration of 440 mg C m− 2 d− 1 which is close to CP10 scaled by a 
factor of 30 m d− 1 (Fig. 5e). This reflects the (Behrenfeld and Falkowski, 
1997b) algorithm’s strong dependence on surface chlorophyll. 

3.2. Bounty float, subantarctic waters 

The Bounty float, WMO 5904677, was deployed south of Tasmania 

Fig. 4. Chlorophyll, phytoplankton carbon, nitrate, 
and oxygen for the Kermadec float. Panels show the 
near-surface (10 m depth) and section values. a) 
Chlorophyll (Chl), also shown is sea surface chlo-
rophyll from the MODIS satellite (SSC, green); b) 
Phytoplankton carbon (CP); c) Nitrate (NO3); and d) 
Dissolved oxygen (O2). Also shown are the mixed 
layer depths (MLD030 and MLD125, black dashed 
and solid), and the 1% light level (I100, red). Labels 
‘east’, ‘KR’ and ‘west’ indicate the float regimes (see 
Fig. 1).   
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in April 2016 (Fig. 1). T-S properties (Fig. 2b) show that the float passed 
through three distinct water mass regimes. It was deployed in a region of 
slow flow within Circumpolar Surface Water, it then became entrained 
in the Subantarctic Front (SAF) and for the next 9 months travelled 
eastwards in the SAF where the surface waters were mixed between 
Circumpolar Surface Water and SAW. In 2017 the float drifted along the 
eastern flank of the Campbell Plateau and into the Bounty Trough where 
surface water was SAW. In October 2018, while still in the Bounty 
Trough it transitioned into warmer water that had surface salinity of 
34.35–34.4, which is characteristic of Subantarctic Mode Water (SAMW, 

Morris et al., 2001), although its temperature was higher than typically 
associated with SAMW. This elevated temperature was almost certainly 
due to the extensive 2017/2018 marine heat wave seen around New 
Zealand at that time which showed temperature anomalies as high as 
0.5–0.8 ◦C in the Bounty Trough during January 2018 (Salinger et al., 
2019; see their Fig. 3). 

We denote the three flow regimes encountered by this float as SAF, 
SAW and SAMW, respectively. The SAF regime exhibits deep winter 
mixing exceeding 400 m, with considerable temperature and salinity 
variability, presumably due to relative movement of the float across the 

Fig. 5. Kermadec float derived quantities. 
a) Chlorophyll to phytoplankton carbon 
ratio [Chl:CP]; b) Oxygen saturation anom-
aly (ΔO2 = ([O2 : O2sat ] − 1)× 100); c) 
Near-surface (10 m) and depth-integrated 
(0–300 m) phytoplankton carbon (CP10 and 
CP0/300), CP0/300 is scaled by 1/200; d) Spe-
cific accumulation rates (r10 = ∂ln CP10/∂t 
and r0/300 = ∂ln CP0/300/∂t) for near-surface 
and depth-integrated phytoplankton car-
bon, respectively; and e) Depth-integrated 
net primary production from the Vertically- 
Generalised Production Model (VGPM, 
magenta), with CP10 multiplied by 30. Also 
shown in a) and b) are the mixed layer 
depths (MLD030 and MLD125, black dashed 
and solid).   
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frontal zone (Fig. 6). In the SAW regime, SST was 10 ◦C in summer and 
8.5 ◦C in winter, while summer and winter MLD125 were 70 m and 200 
m, respectively. The transition to SAMW was marked by shallower 
mixed-layer depths of ~40 m. 

Chlorophyll data were mostly missing above 100 m because of non- 
photochemical quenching (Fig. 7), and at these high latitudes SSC from 
MODIS was also often missing due to cloud cover. Where both quantities 
exist, Chl10 was generally higher than SSC by a factor of 2 or more. 

Both CP and Chl (where available) indicate low phytoplankton con-
centration in the SAF regime, and spring or summer blooms in SAW and 
SAMW that terminated at about the time the mixed layer started to 
deepen in early autumn. The missing chlorophyll data make it uncertain 
whether there was a summer DCM in SAW, although there is a sugges-
tion of elevated CP at the base of the mixed layer in March and April 
2017 (autumn, Fig. 7b). In SAMW, both Chl and CP show limited evi-
dence of weak maxima at about 40 m depth. 

In the SAF regime, NO3 and O2 co-vary and reflect the aliasing as the 
float traversed strong physical and chemical gradients across the front, 
so that paradoxically, NO3 showed lowest concentrations during winter 
deep mixing and highest values during the spring. Within the SAW 
regime, NO3 was generally lower within the mixed layer than at depth, 
but still exceeded 14 mmol m− 3. There is slight evidence of replenish-
ment during winter mixing in 2017, when mixed-layer concentrations 
rose (although near-surface levels did not change substantially). There 
was subsequent drawdown during the following production phase. In 
the SAMW regime, both NO3 and O2 were depleted in the mixed layer 
compared to the SAW regime (to 5.5 and 240 mmol m− 3, respectively). 

Interpretation of [Chl:CP] for this float is complicated by missing 

chlorophyll data (Fig. 8a), but in both SAW and SAMW, [Chl:CP] was 
highest from February to May, i.e., after the summer production (Fig. 8). 

Oxygen in the mixed layer was well ventilated at all times, with the 
oxygen saturation anomaly, ΔO2, typically near zero, although ΔO2 
increased to ~5% associated with the increase in primary production 
when the float transitioned into SAMW. 

The lack of a strong deep biomass maximum at these southern lati-
tudes means that CP0/300 followed CP10 well in all of these southern 
water masses (Fig. 8c), hence the near-surface and depth-integrated 
specific accumulation rates are essentially the same (Fig. 8d). 

VGPM estimates for this float have mean values of 316 and 760 mg C 
m− 2 d− 1 in SAW and SAM, respectively. In SAW, the VGPM algorithm 
produces an estimate of depth-integrated NPP that is nearly proportional 
to the surface phytoplankton biomass, CP10, scaled by a factor of 15 m 
d− 1. In SAMW, this proportionality breaks down due to the anomalously 
high temperature seen at the end of the float deployment (Salinger et al., 
2019). 

4. NPP models 

A total of 131 14C-uptake measurements of net primary production, 
made mostly east of New Zealand were available to tune the models 
(Fig. 1, Table S1). Each model was tuned separately for each float using 
NPP measurements from sites where the surface T-S properties were 
close to, or within the envelope, of T-S properties from the respective 
float profiles (Fig. 2c, d, e). 

Model 1 was tuned by choosing ν1 to minimise the root-mean-square 
differences between model estimates and NPP observations for the 

Fig. 6. Physical data for the Bounty float. a) 
Air-sea heat flux (Qf, green line) and 
smoothed with a one-month window (black 
line), and daily-mean photosynthetically 
active radiation (PAR) derived from the 
MODIS satellite for the float locations; b) 
Temperature (T); and c) Salinity (S) from the 
float profiles. Dashed and solid black lines in 
b) and c) show the mixed layer depths, 
MLD03 and MLD125, calculated using two 
different density criteria (see text). Labels 
‘SAF’, ‘SAW’, and ‘SAMW’ indicate the float 
regimes (see Fig. 1).   
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respective days of the year. Model 2 was tuned similarly by choosing ν2 
for various n (see Supporting Information for details). The results were 
not very sensitive to the choice of n, but best results were obtained with 
n = 1 for both floats (Table 1), suggesting that the response to light is 
shallower and not as flat as the Behrenfeld et al. (2005) equation would 
suggest (see Supporting Information). 

Fig. 9 summarises how NPP from the tuned models compares with 

the 14C-uptake measurements for all three water masses. The 14C-uptake 
measurements were mostly made in summer/autumn (February to 
April) or spring (September and October), and hence cannot capture the 
annual cycles of primary production. In particular, there are no 14C- 
uptake measurements for winter for either float. In STW, Model 1 tends 
to fit the observations better in the upper 50 m, whereas Model 2 tends 
to fit better below 50 m. For the four months that have observations, 

Fig. 7. Chlorophyll, phytoplankton carbon, nitrate, 
and oxygen for the Bounty float. Panels show the 
near-surface (10 m depth) and section values. a) 
Chlorophyll (Chl), also shown is sea surface chlo-
rophyll from the MODIS satellite (SSC, green); b) 
Phytoplankton carbon (CP); c) Nitrate (NO3); and d) 
Dissolved oxygen (O2). Also shown are the mixed 
layer depths (MLD030 and MLD125, black dashed 
and solid), and the 1% light level (I100, red). Labels 
‘SAF’, ‘SAW’, and ‘SAMW’ indicate the float regimes 
(see Fig. 1).   
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Model 1 returns better scores in February and April, whereas Model 2 
does better in March and September. For SAMW, there is substantial 
production deeper than about 25 m that is not captured by Model 1, and 
Model 2 tends to underestimate production above 25 m. Model 2 scores 
better each month except November. 

Fig. 10 shows the annual cycles of depth-integrated NPP, NPPint, 
from both models and VGPM for each water mass, along with depth- 
integrated NPP from the 14C uptake measurements. For STW, the 
model tuning is hampered by a lack of 14C uptake measurements outside 
of February–April. Two values of depth-integrated NPP from February 

and March were well outside the range of other estimates of depth- 
integrated NPP for these months, and were not used in the model tun-
ing (shown as open diamonds). One high observation in October was 
from a site near the highly productive STF which possibly should not be 
included in the calibration, but since both models show peaks at this 
time, this measurement was included. 

VGPM estimates for this float are about half the 14C-uptake values, 
and given the large separation between the float trajectory and the 14C- 
uptake sampling sites, we investigated the possibility that this discrep-
ancy could be due to spatial differences in VGPM. However, VGPM 

Fig. 8. Bounty float derived quantities. a) 
Chlorophyll to phytoplankton carbon ratio, 
[Chl:CP]; b) Oxygen saturation anomaly 
(ΔO2 = ([O2 : O2sat ] − 1)× 100); c) Near- 
surface (10 m) and depth-integrated 
(0–300 m) phytoplankton carbon (CP10 and 
CP0/300), CP0/300 is scaled by 1/200; d) Spe-
cific accumulation rates (r10 = ∂ln CP10/∂t 
and r0/300 = ∂ln CP0/300/∂t) for near-surface 
and depth-integrated phytoplankton car-
bon, respectively; and e) Depth-integrated 
net primary production from the Vertically- 
Generalised Production Model (VGPM, 
magenta) with CP10 multiplied by 15. Also 
shown are the mixed-layer depths (MLD030 
and MLD125, black dashed and solid).   
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estimates for the 14C-uptake measurement sites are consistent with 
VGPM estimates at the float locations, indicating that the discrepancy is 
more likely to be due to real differences between VGPM and 14C-uptake 
values. 

For SAW, both models and VGPM suggest depth-integrated NPP, 
NPPint, peaks in January/February. For SAMW, VGPM values were 
much higher than the 14C-uptake measurements, but since these are 
coincident with the 2017/18 marine heat wave (Fig. 10a), we suspect 
this reflects a sensitive temperature dependence in the VGPM algorithm. 

Timeseries of modelled NPP (Fig. 11), and depth-integrated NPP and 
losses (Fig. 12), illustrate the depth- and temporal-differences between 

the models. For STW, both models suggest NPP is low over summer and 
autumn, but peaks in late spring. Primary production is predominately 
near the surface from July to October, but the DCM contributes a size-
able fraction of NPPint from November to June – as much as 60% of 
NPPint in Model 1, and as much as 90% in Model 2 (Fig. 12a). For SAW 
and SAMW, both models suggest NPP is low throughout winter, but rises 
in spring and peaks in summer. Model 1 suggests production is almost 
entirely within the upper 50 m, although Model 2 suggests production 
below 50 m reaches 50% of the total during November and December. 

The depth-integrated losses, Li, closely match NPPint for both models 
in all water masses, suggesting a high degree of coupling between pro-
duction and losses. Both models show near zero lag between losses and 
production for STW. In SAMW and SAW, losses lag NPP by ~10 d for 
Model 1 and by ~15 d for Model 2. 

5. Discussion 

On average the BGC-Argo float-derived estimate of near-surface 
chlorophyll (where available) was 20% higher than the satellite- 
derived estimate of sea surface chlorophyll for the Kermadec float and 
3 times as high for the Bounty float. While some of this mismatch reflects 
the fact that float values are point measurements from below the surface 
whereas the satellite data are 9-km 8-d composites derived from ocean 
colour, and that the relationship between fluorescence and chlorophyll 
concentration could vary with latitude due to differences in light, nu-
trients, and/or phytoplankton physiology (e.g., Claustre et al., 2020), it 
may also be that the BGC-Argo fluorometer calibrations were in error. 

There is some evidence that BGC-Argo floats could have a systematic 
bias towards overestimating fluorescence. Roesler et al. (2017) made a 

Table 1 
Model scores.   

STW, Kermadec 
13 profiles 

SAW, Bounty 
19 profiles 

SAMW, Bounty 
28 profiles 

Mean RMS Mean RMS Mean RMS 

Model 1 81 232 106 232 3 150 
Model 2, n = 0.5 165 222 149 237 95 167 
Model 2, n = 1 ¡12 142 92 209 32 141 
Model 2, n = 2 − 200 244 30 194 − 36 142 
Model 2, n = 3 − 294 326 0 193 − 68 153 
Model 2, n = 5 − 390 416 − 31 196 − 100 170 
VGPM 382 436 8 275 ¡124 234 

Model scores (mg C m− 2 d− 1), defined as the mean and root-mean-square of the 
difference between modelled and observed 14C-uptake estimates of depth- 
integrated net primary production (NPP) at corresponding days of the year. 
Model 1 and VGPM have no tuneable parameters, Model 2 has been tuned by 
choosing the value of n to minimise the model score (see Supporting Informa-
tion). Bold values are for the models used in this article. 

Fig. 9. Net primary production as function of depth from the two models and 14C-uptake measurements for a) Subtropical water (STW); b) Subantarctic water 
(SAW); and c) Subantarctic mode water (SAMW). The 14C-uptake measurements (red diamonds) have been grouped by month of the year. The net primary pro-
duction for Model 1 (NPP1, dark green) and Model 2 (NPP2, dashed light green) have been averaged over the respective months of the year. Locations of the 14C- 
uptake measurements are shown in Fig. 1. Root-mean-square differences (rms) between model and observed primary production are shown for each model. 
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Fig. 10. Depth-integrated net primary production (NPPint) along the float tracks as a function of year day from models, NPPint1 (dark green diamonds), NPPint2 (light 
green squares), and VGPM (magenta dots). Also shown are 14C-uptake measurements of NPPint for the respective water masses (red diamonds) with data used for 
model tuning shown as filled diamonds. VGPM estimates of NPPint at the 14C-uptake measurement sites are shown as black squares. a) Kermadec float in STW; b) 
Bounty float in SAW; and c) Bounty float in SAMW. 
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global analysis of WET Labs ECO sensors (used in both floats) and 
recommend a factor of 2 correction be applied at the user level, although 
this may be limited to the Southern Oceans because Xing et al. (2011) 
shows good correlation for global data. Phung (2020) found better re-
sults from data taken around New Zealand, but still found BGC Argo 
surface chlorophyll values were ~27% higher than the satellite values. 

Given that we only used data from one float in each water mass, mis- 
calibrations of individual floats would not be a serious issue. If the 
chlorophyll values for either float were out by a simple scaling factor, 
our values of Chl and [Chl:Cp], and subsequently ν1 and ν2 would also 
out by the same scaling factor, but since the models were tuned against 
observations, there would be no difference to the estimated values of 
NPP or losses, and none of our conclusions would be altered. 

A bigger problem would be if float fluorometer calibrations drifted 
throughout the float deployments, for example due to biofouling or in-
strument degradation. There is some evidence of calibration drift since 
the ratio of satellite to float-based measurements of chlorophyll changed 

over the float deployments from ~1 to ~3 for the Kermadec float 
(Fig. 4a) and from ~4 to ~2 for the Bounty float (Fig. 7a). Unfortu-
nately, we do not have independent estimates of fluorescence to deter-
mine if these ratio changes are due to fluorometer calibration shifts or 
reflect variable real-ocean fluorescence to ocean colour ratios. Given the 
relatively small overlap between satellite and BGC-Argo data and that 
the drifts were in opposite directions for each float, it would be un-
warranted to calibrate the float chlorophyll against satellite chlorophyll. 
However, if the float fluorometers did drift as implied by the changes in 
this ratio, then chlorophyll (and hence NPP) would be relatively over-
estimated by a factor as much as 3 towards the end of the Kermadec 
deployment, and relatively underestimated by a factor as much as 2 
towards the end of the Bounty deployment. A comparison of BGC-Argo 
fluorescence is well beyond the scope of this article, and we flag this as a 
potential issue for the community. 

Because of their sampling strategy, BGC-Argo floats provide quasi- 
Lagrangian observations (i.e., they do not exactly follow a particular 

Fig. 11. Modelled primary production from the two models (NPP1 and NPP2) for a) Kermadec float; and b) Bounty float. In each case, the red line is mixed-layer 
depth (MLD125), and white lines are contours of chlorophyll (see Fig. 4 and 7). 
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water parcel), and by treating the observations as Eulerian we have 
implicitly assumed that the water masses are homogeneous biomes. This 
may not always be the case, for example, the timing of the annual peak 
in surface chlorophyll in STW varies with latitude (Chiswell et al., 2013). 
In addition, with float deployments of 14, 10 and 5 months in STW, 
SAW, and SAMW, respectively, the descriptions of annual cycles have 
low statistical significance. Nevertheless, these float data provide the 
only available continuous observations of these biogeochemical quan-
tities in these water masses, and so provide qualitative if not quantitative 
estimates of the seasonal cycles. 

For the same reasons, the models provide fits to the data along the 

float trajectories rather than homogeneous biomes. Apart from the po-
tential fluorometer drift and the loss of chlorophyll data due to non- 
photochemical quenching (particularly for the Kermadec float), 
perhaps the biggest limitation of the models is that they assume constant 
values of ν1 and ν2, thus the specific production rates are a function of 
light only and neglect the complex nutrient, light, temperature, and 
species dependencies of production (e.g., Barton and Yvon-Durocher, 
2019; Laws, 2013). 

As one might expect, given the simplicity of the models, neither 
model perfectly simulates the vertical structure of primary production. 
For STW, Model 1 tends to simulate the near-surface production better, 

Fig. 12. Modelled depth-integrated net primary production and depth-integrated losses from the two models for a) Kermadec float; and b) Bounty float. Panels show 
depth-integrated NPP from the models (NPPint1, NPPint2, green lines), the contribution to NPPint from below 50 m (blue dashed lines), depth-integrated growth 
(∂CP0/300/∂t, black lines), and depth-integrated losses (L, red dashed lines). Labels ‘east’, ‘KR’, ‘west’, ‘SAF’, ‘SAW’, and ‘SAMW’ indicate the float regimes (see Fig. 1). 
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and Model 2 tends to simulate the deep production better (Fig. S3), so 
that quite possibly a different formulation of the light parameterization 
might lead to better simulations. For SAW/SAMW, Model 2 generally 
performs better than Model 1 throughout the water column. Both 
models, however, suggest a substantial fraction of primary production 
occurs at depth in STW, which is corroborated by the 14C-uptake mea-
surements (Fig. S3) and CTD fluorescence profiles showing deep chlo-
rophyll maxima (Nodder et al., 2016, their Fig. 7). 

The model tuning unavoidably was made by fitting the models to 
spatially sparse and temporally non-concurrent, data. The spatial 
mismatch between float locations and 14C-uptake measurement sites for 
STW was considerable (the closest distance between float and 14C-up-
take measurement site was ~1100 km), so that the tuning may have 
considerable error for this site. However, even if NPPint1 and NPPint2 for 
STW were wrong by a factor or 2 or 3 (so that they matched VGPM), the 
models would still point to the importance of subsurface production, to 
the timing of the blooms, and to increasing stability of the water column 
as the controlling force of the production in STW. For the southern water 
masses (SAW, SAMW), the 14C-uptake measurements are dense enough 
that both models fall within the envelope of 14C-measurements, and the 
uncertainty is less. 

The seasonal cycle of STW production, based on the Kermadec float 
data (Fig. 4), is similar to that described for STW by Chiswell et al. 
(2015). Starting in summer, a strong thermocline provides a barrier to 
nutrient supply into the shallow surface mixed layer. Any nutrients 
remaining in the mixed layer from the previous winter are consumed. 
This leads to a low biomass phytoplankton community in the summer 
mixed layer, likely dominated by small phytoplankton cells (Ellwood 
et al., 2013), and sustained by bacterial and grazing-mediated nutrient 
recycling (Goldman et al., 1979; Laws, 2013). A DCM appears below the 
mixed layer, and because both CP and [Chl:CP] show deep maxima, and 
because oxygen is supersaturated just above it, the DCM appears to be a 
product of both photoacclimation and biomass accumulation. As the 
summer progresses and light levels increase, the DCM and the nutricline 
deepen because nutrients are consumed from the top of the nutricline (e. 
g. Wolf and Woods, 1988). After the change to ocean cooling in autumn, 
convective overturn deepens the mixed layer. At first this mixes up the 
DCM but then mixing reaches the nutricline, at which point, nutrients 
are entrained into the mixed layer. If there is sufficient winter light at 
these lower latitudes, this supports new production throughout the 
mixed layer during winter. NPP decreases in spring as decreasing ver-
tical mixing reduces the supply of nutrients into the mixed layer, and 
eventually emerging stratification leads to summer conditions. 

Because of the failure of the NO3 sensor on the Kermadec float in 
June 2018, we did not observe replenishment of NO3 due to deep mixing 
in winter, but mixed-layer NO3 values during the winter of 2017 were 
not much higher than in summer (2.5 vs 1.5 mmol m− 3, Fig. 4c), as was 
also seen by Johnson et al. (2017b) for STW/STF water east of New 
Zealand. This suggests that nutrients are rapidly taken up as soon as they 
enter the mixed layer, and the production of phytoplankton is sustained 
by rapid remineralization (e.g., Laws, 2013). It is likely that production 
in these oligotrophic waters is nutrient limited even during winter. It is 
worth pointing out, that dissolved iron in STW mixed layers is low 
(Ellwood et al., 2008, 2018) and may be limiting production, rather than 
NO3, but this does not impact the seasonal cycles. 

One issue with this description of the STW seasonal cycle is that we 
saw an increase in mixed-layer NO3 during the 2017/18 summer, when 
mixed layer nutrients should have been decreasing (Fig. 4c). It has been 
suggested that breaking internal waves (such as those responsible for the 
vertical displacements of isotherms, Fig. 3), could also inject nutrients 
into the mixed layer (Stevens et al., 2012) even in summer, but we 
speculate the main reason for this increase may be due to influences of 
topography (e.g., Priede et al., 2013) as the float approached the Ker-
madec Ridge, This points to one of the problems of trying to interpret 
Lagrangian float data in an Eulerian sense, where real spatial gradients 
in measured quantities can be falsely interpreted as temporal changes. 

Both models are consistent with this STW seasonal cycle. However, 
even though they are tuned against the same 14C-uptake measurements, 
the range of NPPint2 is about half the range in NPPint1 (~1200 vs 2500 
mg C m− 2 d− 1, Fig. 10). This is a consequence of the light function in 
Model 2 that shifts production deeper in the water column compared to 
Model 1, particularly in summer. Both models show a substantial 
contribution to depth-integrated NPP from the DCM, suggesting that 
between November and April at least 60%, and perhaps as much as 90%, 
of NPPint occurs in the DCM. Since VGPM is effectively a rescaling of 
near-surface chlorophyll, it tends to underestimate this deep contribu-
tion to NPP. 

For the Bounty float, SAW and SAMW were treated as different water 
masses because of the large increase in temperature, and decreases in 
nitrate and oxygen in the mixed layer in October 2017 (Figs. 6 and 7), 
even though the increase in temperature was a result of the 2017/2018 
marine heat wave (Salinger et al., 2019; see their Fig. 3). SAMW is 
recognised as a distinct water mass found year-round over the Campbell 
Plateau (Morris et al., 2001), where both satellite imagery (Banse and 
English, 1997; Boyd et al., 2004) and in situ observations show higher 
production and phytoplankton biomass accumulation than surrounding 
waters (Gutiérrez-Rodríguez et al., 2020; Heath and Bradford, 1980). 

SAW is recognised as high-nitrate low-chlorophyll (HNLC) and iron- 
limited water, although light and silicate can also become limiting at 
times (Boyd et al., 1999; Dugdale et al., 1995; Peloquin et al., 2011; 
Rintoul and Trull, 2001). Even during winter deep mixing, iron con-
centrations remain extremely low (and possibly limiting), with most 
iron thought to be supplied via Ekman transport from the south (Ellwood 
et al., 2008). In SAW, the ocean cooled until August, but the mixed layer 
reached its deepest level ~2 months earlier (in June), after which both 
MLD03 and MLD125 slowly shoaled. Both CP10 and CP0/300 increased 
during this time (i.e. r10 and r0/300 were positive). Thus, for SAW (and 
likely SAMW) there is net accumulation of biomass even in late winter 
(from June to October). That the mixed layer reaches its deepest before 
convective overturn ceases indicates that for the last 2–3 months of 
winter, convective overturn was not forming sufficient cool water to 
overcome erosion and hence shoaling of the thermocline due to internal 
mixing, and the ocean enters the low-turbulence regime discussed by 
Chiswell et al. (2015). 

SAMW mixed-layers exhibited nitrate (Fig. 2) concentrations about 
one-half of those in SAW (7 compared to 17 mmol m− 3), while CP10 
values were comparable with those of SAW, perhaps reflecting iron 
limitation in both water masses (Boyd et al., 1999). 

For the Bounty float, the two models are consistent with the 14C- 
uptake measurements, and depict near-identical representations of the 
annual cycles of production in SAW and SAMW (Fig. 10). Both models 
exhibit the seasonal cycles described above, with production confined to 
the upper mixed layer (although deeper in Model 2), and with produc-
tion starting to increase as vertical convective overturn slows, but before 
the ocean starts to warm. In both models, production decreases once 
PAR starts to decrease, and deep chlorophyll maxima play less important 
roles in these water masses than further north. VGPM is also indistin-
guishable from the 14C-uptake measurements for SAW, but showed a 
temperature response to the 2017/2018 marine heat wave in SAMW. 

For all water masses and both models, the calculated depth- 
integrated loss rates (L in Fig. 12) almost exactly balance NPP, sug-
gesting tight coupling between production and losses. The lag for STW 
was too small to determine, but for SAW and SAMW, the lag was 10 d lag 
for Model 1 and 15 d for Model 2. Phytoplankton growth and micro-
zooplankton grazing rates have different temperature dependencies 
(Banse, 1982; Rose and Caron, 2007), and this lag suggests that a 
stronger temperature dependence for grazing limit the ability of 
zooplankton to control phytoplankton growth in colder conditions (e.g., 
Landry et al., 2000). 

For all water masses, the loss rate decreases as the depth-integrated 
biomass decreases, but at a faster rate, so that the specific loss rate (L/ 
CP0/300, not shown) decreases with depth-integrated biomass, However, 
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without direct estimates of zooplankton biomass, we cannot determine 
the relative roles of grazer density and biomass-specific grazing activity 
in these losses. 

6. Conclusions 

The main findings of this study are that combining BGC-Argo data 
with simple representations of the subsurface light field can yield 
reasonable first-order estimations of the vertical structure of production 
in the ocean, including estimates of the relative contributions of deep 
and near-surface production to depth-integrated NPP. 

The main limitation of this work is the sparsity of in situ measure-
ments of primary production to tune the models. Even so, we suggest 
that models with simple representations of the vertical structure in 
production can perform better than surface-based algorithms of NPP, 
and can provide useful estimates of the role of sub-surface production in 
depth-integrated NPP. 

In summary, in the south-west Pacific Ocean, the main surface water 
masses bloom at opposite times of the year. In STW, an autumn bloom is 
initiated when the mixed layer deepens to entrain additional nutrients 
into the euphotic zone. For about half the year during spring and sum-
mer, there is a deep chlorophyll/biomass maximum. Consequently, 
depth-integrated phytoplankton biomass and depth-integrated NPP are 
largely decoupled from surface biomass. Model estimates of mean 
depth-integrated NPP range from 900 to 1000 mg C m− 2 d− 1, with be-
tween 23 and 47% of the production deeper than 50 m (Table 2). VGPM 
estimates of depth-integrated NPP are about half the model estimates. 

In contrast, in SAW and SAMW, a spring bloom is initiated when 
convective overturn slows (but before it ceases altogether). Model esti-
mates of depth-integrated NPP range from 265 to 425 mg C m− 2 d− 1, 
depending on water mass. Production is almost entirely within the 
mixed layer, and depth-integrated phytoplankton biomass and depth- 
integrated NPP follow surface biomass. VGPM estimates of depth- 
integrated NPP are comparable with the model estimates, except 
where temperature was anomalously high. 

Key points  

• Net primary production (NPP) estimated from BGC-Argo floats using 
simple conceptual models is compared to NPP estimated from sat-
ellite data  

• In Subtropical Water, an autumn bloom is initiated by deepening 
mixing, and subsurface production accounts for over half the total 
production in summer  

• In Subantarctic Water, a spring bloom is initiated when deep mixing 
ceases, and there is relatively little subsurface production through 
the year 
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