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Key points

e Deep chlorophyll and biomass maxima occur across the Southern Ocean (>30°S),
particularly in oligotrophic regions and in summer.
e Deep chlorophyll maxima in oligotrophic versus iron-limited waters show differences

in seasonality and their contribution to production.
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e When deep chlorophyll maxima are not accounted for up to 45% of net primary

production is missed.

Abstract

Subsurface accumulations of chlorophyll, also known as deep chlorophyll maxima (DCMs),
have been studied in the tropical and temperate oceans for decades, but they have received
less attention in the Southern Ocean. Their formation and maintenance are still under debate,
as is their contribution to phytoplankton biomass and net primary productivity (NPP).
Recently, the application of satellite-based NPP algorithms to data from biogeochemical
(BGC)-Argo floats has improved vertically-resolved NPP estimates. Using this new approach
on 247 BGC-Argo floats, we report (1) subsurface (below the mixed layer) estimates of NPP,
(2) the contribution of subsurface NPP to total NPP, and (3) the influence of DCMs and deep
biomass maxima (DBMs, based on particulate backscatter) on (1) and (2). We compare and
contrast trends in adjacent latitudinal bands in the southern hemisphere, south of 30°S, from
nitrate-limited oligotrophic waters to iron-limited high-nutrient, low-chlorophyll (HNLC)
regions. This comparison of pervasive DCMs in oligotrophic waters with the same features in
HNLC waters reveals differences in seasonality of DCM occurrence and their contribution to
total NPP. Unlike oligotrophic DCMs, HNLC DCMs occur only during spring and summer,
and their contribution to total NPP decreases from ~40% to ~25% through the productive
season, likely linked to the availability of iron and silicate. When DCMs are present but not
accounted for, up to 45% of NPP is not quantified. Our results highlight the importance of
understanding the vertical structure of phytoplankton stocks and productivity, with direct

impacts on global NPP estimates and, ultimately, the biological carbon pump.

Plain Language Summary

Climate model projections suggest that ocean warming will cause changes in the vertical
structure of ocean layers. This will likely have an effect on how photosynthetic plankton
(phytoplankton) are distributed with depth. Subsurface accumulations of phytoplankton
biomass, and pigments like chlorophyll, are characteristic of a stratified ocean. These deep

chlorophyll or biomass peaks are referred to as deep chlorophyll or biomass maxima. In the
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waters south of 30°S they are less well studied than in the northern hemisphere, and their
causes are still under debate. The significance of deep chlorophyll maxima and their
influence on net primary production (the amount of ocean photosynthesis minus respiration)
has never been measured for the Southern Ocean on a large scale. Using data from
autonomous robotic floats, we calculate the contribution of deep chlorophyll maxima to net
primary production. We show that when deep chlorophyll and biomass maxima occur in
nitrate-limited waters, they contribute significantly to total ocean productivity. In iron-limited
waters, deep chlorophyll maxima occur only in spring and summer, and their contribution to
production decreases towards the end of the summer, as light levels decline. Accounting for
subsurface accumulations of phytoplankton is critical for calculating net primary production

through the euphotic zone.

1. Introduction

The Southern Ocean is a high-nitrate low-chlorophyll (HNLC) area, predominantly iron-
limited (Martin et al. 1990; Boyd et al. 2007), where phytoplankton production plays a
central role in the biological carbon pump and functioning of the marine ecosystem (Boyd
and Trull 2007, Henson et al. 2012, Boyd 2015; Gruber et al., 2019). Net primary production
(NPP) is the difference between the gross particulate organic carbon produced by marine
autotrophs and the respiration of their carbon products (Huang et al., 2021). NPP can
therefore be described as the organic carbon available for growth, and it is the most widely
used variable when quantifying ocean productivity (Westberry et al. 2023). Marine NPP
occurs in the sunlit upper ocean and accounts for ~50% of the global total (Field et al. 1998),
although the uncertainty range in the ocean is large (Tagliabue et al., 2021). As increases in
stratification due to warming are expected in the Southern Ocean (Bindoff et al., 2019),
understanding the patterns in the vertical structure of NPP and the contribution of subsurface
production is important, to be able to predict how ocean productivity and the biological
carbon pump will be affected by climate change. However, the measurement of depth-
resolved NPP in the ocean requires time and resources, resulting in sparse data sets,

especially in the Southern Ocean.

The development of satellite-based algorithms, hereafter referred to as models, to derive NPP
has been essential to the study of productivity in remote areas. The large temporal and spatial
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resolution of these data sets have been necessary to quantify long-term changes in biological
production globally since the 1990s (Platt and Sathyendranath, 1988; Longhurst et al., 1995;
Behrenfeld and Falkowski, 1997; Behrenfeld et al., 2005). Satellite measurements are
restricted to the surface (~10-50m depth) of the ocean, and it is challenging for satellite-based
models to extrapolate NPP to its maximum depth (typically the base of the euphotic zone). As
the calculated vertical distribution of chl is based on algorithms using surface ocean color,
there is also considerable uncertainty regarding future ocean estimates. More recently, NPP
models like the Carbon-based Productivity Model (CbPM; Behrenfeld et al. 2005; Westberry
et al., 2008) have been combined with in situ data from Biogeochemical (BGC)-Argo floats
in the North Atlantic to estimate depth-resolved NPP using observations rather than the
assumed depth distributions of carbon and chlorophyll (Estapa et al., 2019; Long et al., 2021;
Yang et al. 2021; Bendtsen et al. 2023). Using this methodology researchers have been able
to reproduce vertical NPP structure derived from depth-resolved *C incubation
measurements in the Southern Ocean (Arteaga et al., 2022). Taking the approach one step
further, Arteaga et al. have shown that the CbPM satellite estimates of NPP improve for the
Southern Ocean south of 30°S if the ferricline depth (Southern Ocean average = 333m) is

used to model nutrient limitation, rather than the nitracline.

Deep chlorophyll maxima (DCMs) are subsurface accumulations of chlorophyll, first
observed in oligotrophic waters (Cullen, 1982). They are frequently-observed features in
stratified waters, well-studied in macronutrient limited temperate regions (Estrada et al.,
1993; Cullen et al., 1995; Fennel and Boss, 2003; Longhurst, 2007; Richardson and
Bendtsen, 2017), and their occurrence and characteristics are primarily linked to a favourable
combination of light and nitrate to sustain a phytoplankton layer at depth (Letelier et al.,
2004; Cullen, 2015; Richardson and Bendtsen, 2019). DCMs have recently received more
attention in the Southern Ocean (Baldry et al., 2020; Cornec et al., 2021a; Boyd et al. 2024).
In the Southern Ocean, DCMs can form as a result of photoacclimation (Baldry et al., 2020;
Cornec et al., 2021), where phytoplankton increase their cellular chlorophyll content in
response to low light at depth (Geider et al., 1997; Westberry et al., 2016; Graff et al., 2019).
Sporadic influx of nutrients, like the resupply of iron (Trull et al., 2001) from depth via
eddies for example (Uchida et al., 2020), or silicate (Parslow et al., 2001), may also drive
DCM formation in the Southern Ocean (Cornec et al., 2022; Strutton et al., 2023). DCMs can
also coincide with a subsurface accumulation of phytoplankton biomass (Cullen, 2015;
Latasa et al., 2016; Latasa et al., 2017), defined as deep biomass maxima (DBMs). DBMs
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tend to dominate in equatorial and subequatorial regions (0-10°) and tend to be proportional
to photoacclimation-induced DCMs from 30° to high latitudes (Cornec et al., 20211). This
study focuses on the DCMs in the Southern Ocean south of 30°S (Pinkerton et al. 2021;
Cornec et al., 2021; Strutton et al., 2023; Boyd et al., 2024).

In the North Sea, subsurface summer blooms coinciding with pervasive DCMs have been
shown to account for more production than the spring bloom (Richardson et al., 2000). Other
studies in temperate and subtropical waters have shown that DCMs can significantly
contribute to total water column production (Hickman et al., 2012; Fawcett et al., 2014
Richardson et al.,, 2014). A few studies to date have reported vertical patterns in
phytoplankton biomass, DCM occurrence and subsurface blooms in regions including the
North Atlantic (Lacour et al., 2017), Mediterranean Sea (Marafién et al., 2021), oligotrophic
oceans (Mignot et al., 2014; Barbieux et al., 2019), and globally (Cornec et al., 2021; Bock et
al., 2022). DCMs in the Southern Ocean have been found to be more prevalent at oligotrophic
low-latitude waters, in the summer >40°S (Carranza et al., 2018; Baldry et al., 2020; Cornec

etal., 2021), and be important potentially for downward carbon export (Boyd et al., 2024).

In this study, we use 247 BGC-Argo floats, south of 30°S, spanning 2012 to 2022, to estimate
vertically-resolved NPP using the CbPM, following Arteaga et al. (2022). We then examine
subsurface production (that is, all production below the mixed layer depth; MLD) for 3 cases:
(1) DCM or DBM present; (2) DCM or DBM naturally absent; (3) DCM or DBM “removed”.
Additionally, we quantify NPP occurring in the DCM and DBM. We calculate the subsurface
contribution to the total integrated NPP and investigate the influence of DCM and DBM
occurrence on this contribution. We compare results for water masses between the four
Southern Ocean frontal zones, and across the southern hemisphere, from nitrate-limited
oligotrophic waters (30-40°S), to iron-limited HNLC sub-Antarctic waters (40-60°S) to
HNLC polar waters south of 60°S. Finally, we compare NPP estimates from floats and

satellites, to assess whether satellite reconstructions of vertical NPP account for DCMs.

We find that when DCMs alone are present, NPP below the MLD contributes 59% of the
total NPP on average across the entire dataset, and ~40% in iron-limited areas of the Southern
Ocean. When DCMs coincide with a DBM, this contribution to total NPP increases to 66%
overall. Furthermore, the contribution of subsurface NPP to total NPP varies spatially and
seasonally, increasing at low latitudes (30-40°S) and during the summer, when DCMs are
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more prevalent. Omitting DCMs from the water column results in integrated NPP estimates
of up to 45% lower NPP.

2. Methods
2.1. BGC-Argo float data

Data from 339 BGC-Argo floats from the Southern Ocean Carbon and Climate Observations
and Modelling (SOCCOM) program were downloaded through the Australian Antarctic
Division repository on 01-June-2022. This equated to a total of ~15,000 quality-controlled
(QC) profiles south of 30°S, spanning 2012 to 2022. In this study we first divide the Southern
Ocean into four zones, based on Bushinsky et al. (2017) using a 10-year Argo climatology of
temperature and salinity, as follows: the sub-tropical zone (STZ) north of the sub-tropical
front and south of 30°S, the sub-Antarctic zone (SAZ) between the sub-Antarctic and sub-
tropical front, the polar Antarctic zone (PAZ) between the sea ice zone (S1Z) and polar
Antarctic front, and the S1Z south of the maximum sea-ice extent (Figure 1). The maximum
winter sea-ice extent was computed using daily sea-ice concentration products (25km
resolution) from the Ocean and Sea Ice Satellite Application facility (OSI SAF) from the
Copernicus  website  (https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-ice-
concentration?tab=form), following Liniger et al., (2024). Because floats are quasi-
Lagrangian and can cross regional boundaries when drifting, float profiles are divided into
each zone based on location. This method to study large scale processes using fixed fronts
has been widely used in the Southern Ocean (Bushinsky et al., 2017; Johnson et al., 2017,
Llort et al., 2018; Arteaga et al., 2020; Su et al., 2022; Liniger et al., 2024). We then explore
the latitudinal variability of our results using three bands based on nutrient-limitation: nitrate-
limited oligotrophic waters (30-40°S), silicate and/or iron-limited HNLC sub-Antarctic
waters (40-60°S), and iron-limited HNLC polar waters south of 60°S.

Data flagged as QC 4 (bad data) and 3 (bad data that are potentially correctable) were not
included in our analyses (Johnson et al. 2017; Bittig et al. 2019). Two additional criteria were
applied for removing profiles with insufficient data coverage: (1) the first pressure
measurement should be in the upper 10 m, and (2) the upper 300 m of each profile should
contain a minimum of 20 observations of all the variables used in the analysis. After applying
these criteria, the total number of floats left for analysis was 247, of which 12,700 profiles
were good for estimating NPP (Figure 1a). All floats were equipped with a CTD (for salinity,



202
203
204
205
206
207
208

209
210

211
212
213
214
215
216
217
218
219
220
221
222
223
224

manuscript submitted to Global Biogeochemical Cycles

temperature and pressure), a nitrate sensor, and bio-optical sensors for fluorescence-derived
chlorophyll a (chl, used to identify DCMs) and particulate backscatter at 700nm (byp, used to
identify DBMs). SOCCOM floats have a sampling period of 10 days. The vertical resolution
of profiles decreases with depth, from 5m in the upper 100m, to 10m below 100m, to 20m
below 360m and 50m between 400m to 2000m. Vertical profiles were extrapolated to the
surface, and chl and by, interpolated from 0 to 300m with 1m resolution.

a) All profiles b) Profiles with DCM ¢) Profiles with DBM

@ siIZ @ PAZ O SAz @ sSTZ

Figure 1. Location of (a) all 12,700 profiles used for the calculation of NPP, (b) 2,119
profiles with a DCM below the MLD, and (c) 1,363 profiles where a DCM was also a DBM.
Colors represent the frontal zone in which each profile occurred as follows: sea ice zone
(S12) south of the maximum sea-ice extent; polar Antarctic zone (PAZ) between the SIZ and
polar Antarctic front; Subantarctic zone (SAZ) between the sub-Antarctic and sub-tropical
front; subtropical zone (STZ) north of the sub-tropical front and south of 30°S. Fronts are
based on Bushinsky et al. (2017) and the climatological maximum winter sea ice extent was
computed using Copernicus Ocean and Sea Ice Satellite Application Facility (OSI SAF)
products as per Liniger et al. (2024).

Float-based practical salinity and in situ temperature, adjusted and quality-controlled, were
used to calculate absolute salinity, conservative temperature, and density using the Gibbs-
Seawater Oceanographic Toolbox (McDougall & Baker, 2011, https://www.teos-10.org). The
MLD was calculated based on a density difference of 0.03 kg m™ from density at 10m (de
Boyer Monteégut et al. 2004). The nitracline depth (Dnos) was defined as the shallowest depth
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where the nitrate gradient exceeded 0.05 umol kg ™ m ™ (Letelier et al. 2004) in a nitrate
profile smoothed by a 10-point running median. This method for calculating Dnos is
appropriate for HNLC areas, where nitrate tends to be more than 10 pmol kg ™ at the surface
(Arteaga et al. 2022).

2.1.1. Chlorophyll and phytoplankton carbon
During the routine BGC-Argo QC, the adjusted chl data are dark-corrected, NPQ (non-
photochemical quenching)-corrected, and divided by 2, reflecting the global linear scaling
factor between the factory calibration and in situ chlorophyll (Schmechtig et al. 2015; Boss
and Haéntjens 2016; Roesler et al. 2017). The correction factor is larger in the SO due to iron
limitation; we therefore multiplied chl by 2 (to remove the pre-applied correction) and
applied an average slope factor for the Southern Ocean, dividing by 3.79 (Schallenberg et al.
2022). A 7-point running median filter was applied to both chl and by, profiles as a despiking
method (Su et al. 2021; Arteaga et al. 2022). This removed spikes due to measurement and
background noise, and large phytoplankton aggregates (Briggs et al. 2011; Cornec et al.
2021). The mean value of chl in the mixed layer (ML) was defined as chly.p, and used to

examine the relationship between subsurface NPP and the DCM in the correlation analyses.

We calculated Cpyhyto based on by, from the floats. First, to remove any non-phytoplankton
signal, the mean by, between 900 and 1000m was subtracted from the entire float profile
(Arteaga et al. 2020). Next, by, at 700nm, measured by the floats, was converted to by, at

470nm, according to Morel and Maritorena (2001):

Dbpazo = bbp?OO(%)-l m™ (1)

Then, Cpnyto Was estimated from bppazo using the empirical relationship from Graff et al.
(2015):

Cphyto = 12,128x bppazo + 0.59 mg C m* 2)
This is based on a global analysis using backscatter and flow cytometry data from the field.
This equation has been used in float-based estimates of NPP using by, in the North Atlantic
(Estapa et al. 2019, Yang et al. 2020), the Gulf of Mexico (Yang et al. 2022) and more
recently in the SO (Arteaga et al. 2022).

2.2. Attenuation coefficient and euphotic depth
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The diffuse attenuation coefficient at 490nm (Kdasgo) was calculated for each depth using chl
profiles from the floats (Morel et al., 2007):
Kdago(z) = 0.0166 + 0.0773xchl(z)***** m™ (3)
The satellite-derived surface photosynthetically available radiation (PARsure) Was obtained
from NASA MODIS-Aqua (8-day, 9-km composites), downloaded from the NASA Ocean
Color website (https://oceancolor.gsfc.nasa.gov). Each float profile was matched with a
satellite value for PARsure (E m™ day™). The diffuse attenuation coefficient of PAR (Kdpar)
was calculated for each depth using Kdsgo(z) and the MLD (Morel et al., 2007):
Kdpar (z)= 0.0864 + 0.884 Kdagg-0.00137xKdago™, when MLD < Kdsge?  (4a)
Kdpar (z)= 0.0665 + 0.874 Kdago-0.00121xKdago™, when MLD > Kdage®  (4b)
The profile of PAR, denoted PAR(z) was calculated using:
PAR(z) = PARsure x €K% ar(2) (5)
The euphotic depth (De,) was defined as the depth where PAR(z) was 0.1% of PARsurr
(Laws et al., 2014).

2.3.Carbon-based Productivity Model (CbPM)

The model used in this study is the Carbon-based Productivity Model (CbPM; Behrenfeld et
al. 2005; Westberry et al., 2008), which has been recently applied to in situ profiles of chl
(mg chl m®) and Cyhyio (Mg C m™®) derived from BGC-Argo floats (Estapa et al. 2019, Long
et al. 2021; Yang et al. 2021, 2022, Arteaga et al. 2022). The CbPM uses chl and
phytoplankton carbon biomass (Cphyto) to estimate NPP.
The CbPM uses the chl:C ratio at each depth (z) as an indicator of phytoplankton nutrient (g)
and light () stress, and to estimate the phytoplankton division rate (i, d™). The cellular light
index (f) is defined as:

f(z) = 1-e(5OPAR@) (6)
The CbPM assumes a well-mixed water column, homogeneous in the ML, and uses surface
values from satellite as the mean value in the ML. We consider two scenarios for the mixed
layer: a mixed and a stratified (depth-resolved) scenario. The mixed scenario uses the median
PAR in the mixed layer (PARwmLp) in place of PAR(z) in Eq. 6. Below the mixed layer, to
300m, PAR(2) is used. The depth-resolved scenario simply uses PAR(z) from the surface to
300m. Most profiles are aphotic below ~150m (Boyd et al. 2024), so NPP, from ~150 to
300m tends to be zero and contributes little to total integrated NPP (Figure 2d). We present
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the mixed scenario in the main manuscript with a brief mention of the depth-resolved

scenario, and all figures from the latter in the SI.

The CbPM, as adapted by Westberry et al. 2008, derives chl:C ratios below the ML based on
the phytoplankton response to light and nutrient limitation, and a theoretical chl:C maximum
(chl:Cmax), at each light level:

chl:C(2) = [0.022 + (0.045-0.022) 30X PAR@] _ [AEL (1 — ¢-0075D7DNos]  (7)

CnuT

Where ACCM

Is the nutrient stress index (g), and is the difference between the surface chl:C
NUT

and the chl:Cpax:

chl:Crmax(z) = 0.022 + (0.045 — 0.022) x g 30 PAR(@)/daylength (8)
When light decreases, chl:C ratios increase as phytoplankton increase their cellular pigments
to acclimate to low light (Geider et al. 1997; Graff et al. 2016). So chl:C ratios generally
increase with depth due to photoacclimation. This trend is further affected by relaxation of
nutrient stress, which is also depth-dependent. Nutrient stress increases with distance to the
nitracline (Dzpno3), i.€., from depth towards the surface, and chl:C ratios decrease with
nutrient stress. The chl:C ratio resulting from the light level at each depth and the distance to
the nitracline (with the nitracline depth derived from climatologies) determines
phytoplankton growth rates (4) at each depth. The C biomass below the ML is then

calculated based on growth and losses, defined by a constant growing rate (R = 0.1 d™%).

Because we are using full profiles of chl and by, from the floats, there is no need to
reconstruct chl:C ratios below the ML based on a light or nutrient index. Instead, the cellular
nutrient index (g), at each light level, was modelled following Arteaga et al. (2022), skipping

Eq. 7 and using the float profiles directly in Eq. 9:

_ chl:C(z)—chl:Cuzo
9(2)= chl:Cmax(2)—chl:Cy—g ©)

where chl:Cy=o was set to 0.0003 mg chl mg C™, based on the minimum observed satellite

chl:C (Westberry et al. 2008).

The phytoplankton growth rate (u, d™) is then estimated at each depth (z) using the equation
H(z) = Hmax X 9 (2) x f (2) (10)

where Pmax Was set to 2, based on a natural observed maximum growth rate (Banse, 1991).

Finally, the depth-resolved daily net primary production (NPP, mg C m™ d™) from the CbPM

was computed using the Cynyio derived from the by, float profile as follows:

10
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NPP(z) = L(z) X Cphyto(2) (11)

2.4. Identifying deep chlorophyll and biomass maxima

To find “true” DCMSs only, a 5-point running median was applied (Cornec et al. 2021) to an
interpolated 300m profile of chl with a resolution of 1m, different from the smoothed profile
used to estimate NPP, which is smoothed using a 7-point running median filter (section 2.1.1
in Methods). The by, profile was smoothed with a 5-point running median followed by a 5-
point running mean (Cornec et al., 2021). We defined the DCM as the depth of the maximum
value of chl when that maximum value was deeper than 10m and the chl concentration at that
depth was more than double the chl concentration in the upper 15m (Figure 2a; Lavigne et al.,
2015; Cornec et al., 2021). The deep biomass maximum (DBM) is the depth of the maximum
value of byp, when the by, concentration at that depth is 1.3 times greater than the by
concentration in the upper 15m (Cornec et al., 2021). In our 12,700 eligible NPP profiles
(Figure 1a), we found a total of 2,306 DCMs following this criterion. For this study, we only
consider DCMs below the MLD (2,119 out of 2,306 or 91%), as all other DCMs are expected
to be spurious (Brown et al., 2015). Of these, 64% (i.e. 1,363) were also DBMs. We denote
the depth of the DCM as DCM; and the depth of the DBM as DBM,.

2.5. Subsurface production

The upper bound of the DCM (DCMypper) Was defined as the depth where the vertical chl
gradient was the absolute maximum, above the DCM,. Then the lower bound of the DCM
(DCMiower) Was defined as DCM, + (DCM, — DCMypper). Some DCMs were thinner (i.e.,

narrower depth range) than others, and therefore usually had a steeper chl gradient.

We define three measures of subsurface production. NPP integrated across the thickness of
the DCM feature (15m average; NPPpcym Figure 2¢) and the DBM feature (26m average;
NPPpgwm Figure 2a) was only estimated if a ‘true’ DCM or DBM was present. NPP below the
MLD (NPPsyg) was calculated as the integral of NPP below the MLD to 300m (Figure 2d).
We use NPP “ALL” to denote all profiles with and without a DCM, and NPP “DCM” for
profiles where a DCM was present below the MLD. Then, we calculate two types of
percentages: (1) the contribution of NPPpcwm or pem tO the total NPP when DCMs/DBMs are
present, and (2) the contribution of NPPsyg to the total NPP when DCMs/DBMs are present

11
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or not (Table 1). For profiles that had a DCM/DBM, we removed the DCM/DBM and
recalculated NPP, to understand the significance of the DCM/DBM. We removed the
DCM/DBM as follows: below the MLD, we take the BGC-Argo measured chl or by, value at
each depth if it is smaller than the median MLD value. Otherwise, we take the median MLD
value. We then apply the CbPM the same way we did with the original Argo float profiles.
All estimates from this method are denoted NPPpcm-removed @nd NPPpem-removed (S€€ Figure 2

for examples).

2.6. NPP estimates from satellite

To compare our BGC-Argo NPP estimates to satellite estimates, we derived NPP below the
ML using all the same assumptions as are used for the satellite application of the CbPM, but
using the float median in the ML as the surface value instead of the satellite value (Arteaga et
al., 2022). In the adapted CbPM by Westberry et al. (2008), the cellular nutrient index (g)
uses the distance to the nitracline at each depth (Eq. 7-9). Recently, Arteaga et al. (2022)
showed that changing the nitracline depth for the ferricline depth south of 30°S improved the
NPP estimates from satellite. Here, we use the CbPM (nitracline) adapted by Westberry et al.
(2008), using nitracline depths computed using nitrate profiles from the floats, (NPP Satp),
and the CbPM (ferricline) adapted by Arteaga et al. (2022), using a mean ferricline of 333m
depth (NPP Satgy,), based on in situ estimates in the Southern Ocean from Tagliabue et al.
(2014).

12
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Figure 2. Profiles of (a) Cphyto, (b) chl:Cpynyto ratio, (c) chl, and d) NPP resulting from the
range of methods. Note that in this figure, all profiles are only shown to 200m as NPP below
200m was zero. The black line in panel c) represents the chl profile after applying all quality
control criteria and before smoothing, used to calculate NPP. The solid green line is the
smoothed profile from the float. The dashed green is for the float profile after removing the
DCM. The dashed yellow line is for the CbPM using the nitracline and the dashed red line is
for the CbPM using the ferricline to calculate the nutrient index. In all four panels, the same
profile (no. 4) from float WMO5904105 is shown. Both, the MLD and the nitracline depth
for this profile are shown in all panels. The ferricline depth in the CoPMge was set to 333m

in all profiles (Arteaga et al. 2022).

All NPP estimates (Table 1) were not normally distributed, therefore the Kruskal-Wallis test
was used to test for significant differences between variables across DCM, DBM, and ALL.
To test differences in subsurface NPP between zones, the Kruskal-Wallis and Dunn’s post-
hoc tests were used. A correlation test was used to examine the influence of environmental
variables (PARwmLp, Dnos, DCM;, DBM;, MLD, Dg,, and chly.p) on the contribution of
subsurface production to total production from the different profiles. Root mean square error,
mean normalised bias, and the correlation coefficient (r), were used to compare NPP
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estimates between the CbPMyi, CbPMger, Argopcm-removed and Argo float profiles. All

analyses, including statistical analyses, were carried out using MATLAB ver. R2018b.

Table 1. Definitions of the acronyms used to describe the different (subsurface) production

measures.

Label Definition

NPP (ALL) Vertically-integrated NPP for all profiles, with and without a DCM
NPP (DCM) Vertically-integrated NPP for profiles with a DCM

NPP (DBM) Vertically-integrated NPP for profiles with a DBM

I\”:)F)DCM—removed

NPPDBM-removed

Vertically-integrated NPP for profiles with a DCM, after removing the DCM
Vertically-integrated NPP for profiles with a DCM, after removing the DBM

NPP Saty;t Vertically-integrated NPP derived from surface values using the nitracline
NPP Sater Vertically-integrated NPP derived from surface values using the ferricline
NPPpcwm Integrated NPP in the DCM
NPPpgwm Integrated NPP in the DBM
NPPsyg (DCM) Integrated NPP below the MLD, for profiles with a DCM
NPPsus (DBM) Integrated NPP below the MLD, for profiles with a DBM
NPPsus (ALL) Integrated NPP below the MLD, for profiles with and without a DCM
%NPPpcMm Percentage of NPP in DCM relative to total NPP
%NPPpsm Percentage of NPP in DBM relative to total NPP
%NPPsys (DCM)  Percentage of NPP below MLD relative to total NPP in profiles with a DCM
%NPPsys (DBM)  Percentage of NPP below MLD relative to total NPP in profiles with a DBM
%NPPsys (ALL)  Percentage of NPP below MLD relative to total NPP in all profiles

3. Results

3.1. Deep chlorophyll maxima occur across the Southern Ocean and often coincide

with deep biomass maxima

We observed a total of 2,133 DCMs in BGC-Argo float data from 30°S to Antarctica (Figure

1b). DCMs occur across the four frontal zones defined in this study (see Methods 2.1.),

consistently throughout the year, with higher frequency in summer (Figure 4). DCMs are
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dominant in the STZ, with a total of 1,558 DCMs. South of the STZ, the SIZ had 255 DCMs,
the PAZ 189 and the SAZ 131. North of 40°S, in the STZ, DCMs occur throughout the year.
At 40-60°S DCMs are restricted to spring and summer (November to March), and south of
60°S DCMs occur from September to April (Figure 3). Notably, 63% of the DCMs occurring
south of 30°S coincided with a DBM. By region, this amounted to 1,032 (75%) of DBMs in
the STZ, 148 in the PAZ, 112 in the SIZ, and 67 in the SAZ. DCMs and DBMs most
commonly occur deeper than 100m, and there is a tendency for concurrent DCMs to be found
deeper than DBMs (Figure 5h). The widespread occurrence of DCMs and DBMs strongly
suggests that they are ecologically important in the Southern Ocean, south of 30°S.
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Figure 3. Seasonal cycles with monthly means (panels a, ¢ and €) and annual means (panels
b, d and f) for each latitudinal group: <40°S, 40-60°S, and >60°S. The contribution of
subsurface NPP to total NPP is shown in panels a) and b), integrated subsurface NPP is
shown in panels ¢) and d), and total integrated NPP in panels ) and f). The shorter timeseries
in a, ¢ and e are due to lack of DCM profiles outside of the summer and spring months at
higher latitudes. Because there is no data from DCM profiles after summer, the contribution
of subsurface NPP to total NPP decreases to 20%, although in winter, having no DCMs, the

contribution will be zero.
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3.2. How productive are deep chlorophyll maxima?

3.2.1. Total NPP estimates

Estimates of total integrated NPP (ALL) range from <100 to 1,500 mg C m? day™ (Figure
4a) with a mean of 355 + 396 mg C m? day™ (standard deviation). Total production was on
average higher when DCMs were present (Figure 5g). That is, mean NPP (DCM) (406 = 306
mg C m? day™) was significantly higher than mean NPP (ALL). Mean NPP (DBM) was
lower (306 + 248 mg C m? day™) than mean NPP (ALL). Production was highest from
November to January for these three parameters (Figure 4b). Summer is also the period when
DCM occurrence was highest (Figure 4d). Total NPP increases in summer for profiles with
and without DCMs or DBMs, but again, the overall seasonality is muted when DCMs or
DBMs are present (Figure 4b). For NPP (ALL), on average, mid-latitudes (45-60°S) are more
productive than the region impacted by sea-ice (>65°S; Figure 4c), where DCMs are less
common (Figure 1b, 6b). The sea ice zone is impacted by ice cover, making it an annually
low but seasonally highly productive area. NPP estimates are higher, although not
significantly, when using the mixed scenario compared to the depth-resolved scenario (see
Methods, 2.3.), but trends are similar (Table S3).

Our NPP estimates agree with in-situ measurements of NPP from previous studies in the
Southern Ocean S of 30S (Figure 4c). The majority of in-situ measurements were taken
during the austral spring and summer, when NPP is highest. Because our NPP and NPPsyg
estimates depend heavily on accurate MLD calculations, we compare our MLD values with
the literature (see SI.1.). The observed distribution of MLDs (Figure 6a; Figure S1-S4) is
consistent with other studies using the density method (Table S1).
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Figure 4. (a) Data distribution of total integrated NPP for all profiles (purple), profiles with a
DCM (green), and profiles with a DBM (blue) shown as % of all profiles of each type. (b)
The seasonal cycles with monthly means for total integrated NPP for the three data sets: ALL
(purple), with a DCM (green), and with a DBM (blue). (c) Annual means of NPP (bars) and
standard deviation (error bars) for each frontal zone in the Southern Ocean south of 30S,
compared to total NPP estimates from other studies. The grey bars and red filled triangles
correspond to our annual means for each frontal zone and summer mean for all data across
the Southern Ocean, respectively. The Arteaga NPP estimates are based on BGC-Argo float
profiles following the same methods as in this study. Because no annual means or overall
means are reported in their study, we take estimates based on their Figure 9, where NPP
estimates range from <100 to >800 mg C m™ day™ annually, and can reach 2000 mg C m™
day™, agreeing with our estimates. Other estimates are from mostly summer **C incubations.

The DCM occurrence for each month is shown in panel d).
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3.2.2. Deep chlorophyll and biomass maxima increase the contribution of subsurface
NPP to total NPP

Profiles with a DCM and a DBM had significantly higher NPP below the mixed layer
compared to all profiles together, with and without DCMs/DBMs (Figure 5; Table S2).
NPPsus(DCM) and NPPsys(DBM) were 153 + 108 and 161 + 113 mg C m? day™
respectively and NPPsyg for all profiles combined, NPPsys(ALL), was 21 +103 mg C m™
day™; Table S2). Profiles with a DBM had significantly higher NPPsys(DBM) than profiles
with a DCM only (NPPsyg(DCM); Kruskal-Wallis p<0.05; Figure 5c). Similarly, NPPpgm
was higher than NPPpew (Figure 5b), but not significantly (86 +124 vs. 57 +118 mg C m™
day™, p>0.05).

When DCMs and DBMs are present, % NPPsyg increases significantly, compared to
%NPPsyg in all profiles with and without DCMs and DBMs (76% median vs 1% median;
Kruskal-Wallis p<0.05; Figure 5d). The contribution of NPP at the DCM to the total NPP in
profiles where a DCM is present (%NPPpcyv) ranges between 40 and ~60% (median 26
+12%; Figure 5d). NPP at the DBM contributes between 60 and ~80% with a median of
44+42% (%NPPpgm, Figure 5d). The contribution of %NPPpcym is overall skewed towards
lower values compared to %NPPpgw, Where the distribution of the data is constant across a
wide range of values (Figure 5e). The distributions of %NPPsys(DCM) and %NPPsys(DBM)
are skewed towards higher values, and %NPPsys(ALL) is skewed towards lower values
(Figure 5f). Similar to the total NPP numbers, these conclusions are true for NPPsyg and
%NPPsyg for both the mixed and the depth-resolved scenario (Table S3).

Because our NPPgsyg estimates depend heavily on accurate MLD calculations, we compare
our MLD values with the literature. The observed distribution of MLDs (Figure S2) is
consistent with other studies using the density method (Table S1). An extended summary of

this comparison can be found in section SI.1. in the SI.
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Figure 5. a) Seasonal distribution of subsurface NPP (mg C m? day™) with monthly means
and standard error for all profiles analysed (dashed purple line), profiles with a DCM (dashed
green line), profiles with a DBM (dashed blue line), and NPP in the DCM layer (solid green
line) and NPP in the DBM layer (solid blue line). b) Data distributions for NPP in the DCM
layer (mg C m?day™) and NPP in the DBM layer. c) Data distributions for subsurface NPP
(mg C m?day™) in all profiles, profiles with a DCM and profiles with a DBM. (d) Monthly
means and standard error for the contribution of subsurface NPP to total NPP (%) for the
same datasets as in panel a). Panels e) shows the distribution of %NPPpcym and %NPPpgwm,
and (f) for %NPPsyg(DCM), %NPPsyg(DBM), and %NPPsyg(ALL). The right-hand axis in
panels c) and f) corresponds to NPPsyg(DCM), and NPPsyg(DBM). Panel (g) shows means

20

Profiles (%)



516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549

manuscript submitted to Global Biogeochemical Cycles

and standard errors for all the NPP estimates including NPP in the DCM/DBM layer and
subsurface NPP. The distribution of DCM and DBM depths is shown in panel h).

3.3. Seasonal and spatial variability of production in DCMs and DBMs

Subsurface NPP is strongly seasonal for all cases, but the difference between summer and
winter is less stark when DCMs or DBMs are present (Figure 5a). NPPsyg ALL ranges from
~10 mg C m? day™ in winter to 150 mg C m™ day™ in summer. NPPsys(DCM) increases
from 100 mg C m2 day™ in winter to ~210 mg C m?day™ in summer (Figure 5a), and the
pattern for DBMs is very similar. NPPsyg (DCM/DBM) contributes to more than half of the
total production consistently through the year, on average for all profiles with a DCM (Figure
5d). While %NPPsyg(ALL) shows pronounced seasonality, %NPPpcv and %NPPpgy Stay
almost constant throughout the annual cycle at ~20% and ~45% respectively. At low latitudes
(30-40°S), %NPPsyg is at least 40% throughout the year, and more than 50% during the
summer. At mid latitudes (40-60°S), DCMs occur only in the summer and %NPPsyg
decreases from 40 to 30% (Figure 3a and b). At high latitudes (>60°S), DCM occurrence
extends over the spring and summer months, where %NPPsyg is ~40% during spring and
then drops to <20% at the end of the summer.

Overall, the contribution of NPPsyg to NPP when DCMs are present is highest in subtropical
oligotrophic regions of the Southern Ocean (30-40°S, Figure 3), compared to the iron and/or
silicate-limited regions (40-60°S) and the iron-limited sea ice zone (>60°S). NPPsyg Is
highest at mid-latitudes (40-60°S), although these regions are the most productive overall,
resulting in low %NPPsys. DCMs are less important in regions of higher NPP, south of 40°S.

The seasonal patterns observed are likely related to the spatial patterns, which show that
subsurface production is highest at lower latitudes (Figure 6, 7), where seasonality is weakest
(Figure 5a). Across zones, %NPPsyg is much higher when DCMs (69 £ 20 %) and DBMs (75
+ 21 %) occur compared to all profiles, with and without DCMs (21 = 25%; Table S2;
Kruskal-Wallis p<0.05). However, the contribution of subsurface NPP to total NPP
(%NPPsyg) exhibits a different pattern. The lowest contribution is in the PAZ, which then
increases towards the north, reaching a maximum at the STZ (Figure 6f; Figure 7). For all
profiles, with and without a DCM, %NPPsyg(ALL) reaches a maximum of approximately
40% in the STZ, with much lower values observed at higher latitudes (Figure 7). Moreover,
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%NPPsyg(DCM) and (DBM) reaches up to 70% north of the sub-tropical front and decreases
towards higher latitudes, until it increases again somewhat near Antarctica (Figure 6f; 7a).
Indeed, the contribution of subsurface NPP to total NPP is always highest in the STZ (Dunn’s
test, p<0.0; Figure 7; Table S2). Overall, both, subsurface NPP and its contribution to total
NPP, are higher in the northern zones. That is, contribution of NPPgsyg(DCM) and
NPPsus(DBM) to total NPP is highest in less productive areas or times (Figure 4b), for

example in the summer and at low latitudes, where DCMs and DBMs occur.

In contrast, the amount of NPP below the MLD, and its contribution to total NPP, is lower in
areas with more production and fewer DCM and DBM occurrence. In regions characterized
by overall lower NPP (Figure 6c), such as the Pacific and Atlantic sections of the Subtropical
Zone (STZ), we find more subsurface production (Figure 6e,f), particularly in areas with
deeper DCMs and DBMs (Figure 6b), and lower surface nitrate (Figure 6d). Thus, the
influence of DCMs on the contribution of subsurface NPP increases when total NPP
decreases. These general trends are true for both the mixed and the depth-resolved scenario,

where NPPgyg is generally higher when DCMs and DBMs are present (Table S3).

We find no significant correlations with surface NO3, and we find that DCMs and DBMs
occur, even when surface NOs is high, indicating iron limitation in HNLC areas in the
Southern Ocean (Figures S6-S11). Not surprisingly, we find positive correlations between
NPPsys (ALL, DCM and DBM) and light (PARw.p only, not De,), but these are significant
only in the PAZ (Table S4). See Sl for additional figures and results (Figures S6-S11; Tables
S4 and S5). We find that DCMs occur across the Southern Ocean, where light and iron are
limiting. The %NPPsyg is higher at low latitudes, where DCMs are deeper and total NPP is
low (Figure 6).

22



(,Kep , w0 6w) naa yum NS gaN

(W) “woa (

€
- B jowrl) *ON (%) waa yum NS ggN

180°
180°
180°

(,Aep , w0 bw) TV IMgaN
(%) 17V ¥ gaN =

manuscript submitted to Global Biogeochemical Cycles

180°
180°

576
577
578

Figure 6. Spatial distribution of (a) MLD for all profiles with and without a DCM, (b) DCM
depth (DCM,) (c) total integrated NPP for all float profiles, (d) surface nitrate averaged over

the upper 20m (e) the contribution of NPPsyg to total NPP (%) for all float profiles, (f) the
contribution of NPPgsyg to total NPP (%) when a DCM and DBM is present, (g) below-
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581  mixed-layer NPP for all float profiles (mg C m?day™), and (h) below-mixed-layer NPP in
582  the presence of a DCM and a DBM (mg C m? day™). The black lines represent the polar
583  front, the sub-Antarctic front, and the sub-tropical front. The dashed black line shows the

584 limit of the sea-ice zone.
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587  Figure 7. Violin plots for the four frontal zones, showing: (a) NPP below the MLD when
588  DCMs occur (mg C m?day™), (b) the contribution to total NPP from NPP below the MLD
589  expressed as a percentage, (c) the contribution of NPP at the DCM to total NPP (%), (d) the
590 contribution of NPP at the DBM to total NPP (%), (e) the contribution of NPP below the
591 MLD to total NPP (%) for all profiles with and without DCMs and DBMs. The shaded area
592  shows the distribution of data for each group, the darker shade is the interquartile range, the

593  coloured horizontal line is the mean value, and the white circle is the median value. Panel (f)
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shows all the float profiles with a DCM in each frontal zone. The extended version of this
figure is presented in figure S5; it includes all NPPgsyg estimates, and their contributions to

total NPP, for all frontal zones.

3.4. How do satellites represent NPP associated with DCMs and DBMs?

The CbPM satellite algorithm doesn’t explicitly account for DCMs or DBMs, but it does use
the chl:C carbon ratio to mimic what happens below the ML. In order to investigate how well
it does when DCMs/DBMs are present, we compare our Argo-derived NPP estimates to
estimates that use the same assumptions as the satellite algorithms, but with mixed-layer chl
and carbon estimates from the Argo floats, so that results are directly comparable (NPPsar;
see Methods section 2.6). Overall, the CbPM overestimates NPP across the Southern Ocean
when using the nitracline to estimate the nutrient index (Figure 8a, Figure 9a,b), as found
previously by Arteaga et al. (2022). Overestimates are highest in the low and high latitudes,
and smallest in the mid-latitudes (Figure S12). The CbPM performance improves when the
mean depth of the ferricline is used as a nutrient reference instead of the nitracline, bringing
NPP estimates closer to the float estimates (Figure 9c,d). Again, however, the discrepancies
are highest at the high and low latitudes (Figure 8a). Interestingly, when comparing only
profiles where a DCM was present, NPP Satr,, compares very favourably to the float
estimates, even better than when all profiles are compared (compare Figure 8a and b, 9c,d).
The ferricline version performs best when DCMs are present (r=0.88, RMSE=378.8, P-
bias=42.18), compared to all profiles with and without a DCM (r=0.70, RMSE=398.3, P-
bias=52.85).

Inspecting the NPP estimates for the subsurface (Figure 8c and d), we find that the satellite
algorithm “creates” a DCM (both for the ferricline and nitracline parameterization; Figure
S13 in the Sl). Even though this feature does not usually sit at the same depth as the
measured DCM, it nudges the satellite algorithm towards higher column-integrated NPP for
cases where a DCM is present, hence the better agreement with the observations. The
nitracline parameterization overestimates NPP for all cases (Figure 9a and b). The ferricline
parameterization, however, does well for DCM cases and somewhat over-estimates NPP

when no DCM is present (Figure 9c and d).
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Our results show that when we remove the DCM from the float profile, average estimates are
139 mg C m2day™ and thus 34-45% (mean and median) lower than the total NPP with DCM.
When the DBM is removed, these numbers are 49.13-88.5 mg C m?day™ (mean and median)
and 16-37% lower of the total NPP.
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Figure 8. Latitudinal mean values for (a) total NPP (mg C m day™) in all the profiles, with
and without a DCM present, (b) total NPP (mg C m™ day™) in profiles with a DCM present,
(c) NPPsys (mg C m™ day™) for profiles with a DCM, and (d) NPPsyg as a percentage (%) of
total NPP in profiles where a DCM was present. The estimates are shown for all four
methods: using the Argo float profiles of chl and carbon, in profiles with a DCM (solid
green) and profiles with a DBM (solid blue), artificially removing the DCM from the same
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float profile (dashed green) and removing the DBM (dashed blue), using the CbPM with the
nitracline (dashed yellow) and the CbPM with the ferricline (dashed red).
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Figure 9. Scatterplots of vertically-integrated NPP a) from satellite estimates using the
Carbon-based Productivity Model (CbPM) with the nitracline compared to Argo profiles with
and without a DCM, and b) in profiles where a DCM is present, ¢) from satellite estimates

using the CbPM with the ferricline compared to Argo profiles with and without a DCM, and

d) in profiles where a DCM is present. The correlation coefficient (r) is shown on each panel,

along with the root mean square error (RMSE, mg C m™ day™) and the mean normalised bias

(P-bias, mg C m? day™).

4. Discussion

4.1. DCMs are prevalent across the Southern Ocean
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The latitudinal pattern we observed, namely more common DCMs and DBMs towards the
north, ~30 to 50°S, is likely linked to the similar gradient in water-column stability, nutrients
and light, following the standard DCM conceptual model at low latitudes (Cullen, 2015).
Stratified, two-layer conditions are commonly perceived as essential for the formation of
DCMs (Cullen, 2015; Latasa et al., 2017). This stratification is observed less often towards
the poles and in winter in the Southern Ocean (Cornec et al., 2021). At the same time, the
magnitude of the seasonal variability in the ML decreases towards low latitudes. Previous
studies have also observed an increase in DCM occurrence from the poles to the equator
(Parslow et al., 2001; Ardyna et al., 2013; Mignot et al., 2014; Cullen, 2015; Silsbe and
Malkin, 2016; Baldry et al., 2020; Cornec et al 2021).

Recent research has revealed DCMs in the Southern Ocean using BGC-Argo float profiles
(Pinkerton et al., 2021; Cornec et al., 2021; Yasunaka et al., 2022; Strutton et al., 2023), as
well as ship-based measurements (Carranza et al., 2018; Latour et al., 2023; Boyd et al.,
2024). While our understanding of DCMs largely stems from nitrate-limited waters (Cullen
2015), various mechanisms regarding their formation have been observed for the iron-limited
Southern Ocean. These include photoacclimation (Baldry et al., 2020; Cornec et al., 2021a),
physical or biogeochemical mechanisms such as eddies (Cornec et al., 2021b; Strutton et al.,
2023), sea-ice retreat, subduction, and episodic iron supplies that induce diatom aggregations
at depth (Carranza et al., 2018; Baldry et al., 2020). More recently, persistent DCMs and
DBMs have been found near a subsurface ammonium maximum, suggesting a sustained in
situ supply of recycled iron along with silicate resupply from depth (Boyd et al., 2024). The
higher prevalence of DCMs at the STZ, and in the SIZ during summer, where light is less
limiting, and their strong association with DBMs, confirm that mechanisms other than photo-
acclimation contribute to their formation in the Southern Ocean, agreeing with mechanisms

documented in temperate and tropical waters (Durham and Stocker, 2012).

4.2. Deep chlorophyll maxima matter for Southern Ocean primary production

We observe DCMs and DBMs everywhere in the Southern Ocean, and while we do see
higher abundance at low latitudes in the STZ, compared to the PAZ and SAZ, DCMs and
DBMs are widespread, and occur under a range of light and nutrient conditions. More
importantly, our results show that DCMs are significant in terms of their contribution to total
production. Subsurface NPP in the presence of DCMs contributes 59% of total NPP on
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average. This contribution is highest (40-70%) north of 40°S, and lower (20-40%) south of
40°S (Figure 3). At low latitudes, the contribution of DCMs is consistent throughout the year,
while in iron-limited areas south of 40 and 60°S the contribution shows strong seasonality,
lasting a few months during spring and summer, where the contribution decreases to ~20%
towards the end of the summer. When DCMs and DBMs are present, %NPPsyg increases
significantly, compared to %NPPsyg in all profiles with and without DCMs and DBMs (76%
median vs 1% median). When DCMs are not accounted for or removed, NPP is 34-45%

lower than total NPP from profiles with a DCM.

While DCM studies are limited in the Southern Ocean compared to other basins, previous
Southern Ocean work found higher productivity (211 vs. 152 mg C m™ day™) in profiles with
diatom DCMs in the summer, compared to profiles with no DCMs (Tripathy et al., 2015).
Similarly, field studies in the Polar Antarctic Zone (PAZ) have shown that DCMs resulted in
higher NPP, compared to no DCMs during summer (Parslow et al., 2001; Westwood et al.,
2011). Another study (Bouman et al., 2020) found NPP estimates using a realistic non-
uniform chl profile to be higher than those that did not take the vertical distribution of
chlorophyll into account. At higher latitudes (~56-60°S), in situ measurements have shown
low photosynthetic rates in the DCM/DBM in mid-summer (~30% of NPP), although the
multi-month longevity of the DCM resulted in more downward carbon export (Boyd et al.,
2024). These findings agree well with the vertical distribution of NPP recently observed in
the Southern Ocean using floats, where higher NPP appears to occur below the MLD at low
latitudes (30-50°S), and the depth at which 90% of NPP occurs is deeper at low latitudes
(Arteaga et al., 2022).

No studies have reported NPP estimates when DCMs occur for the Southern Ocean on a large
scale. Boyd et al. (2024) found that NPP in the DCMSs accounted for up to 20mmol C m™ day”
! and was ~0.5 pmol L™ d* lower than in the ML. The iron and silicate-fuelled DCMs lasted
~3 months during the austral summer and their decline was linked to a decrease in light
availability. We investigated profiles from a float at 54-56°S, and 140-141°E (float no.
5905371), to compare our estimates to Boyd et al., and likewise found that NPPsyg
contributed to 18-24% of the total NPP, with most occurring in the ML during the summer of
2020-2021. We examined this float and observed that the contribution of NPPsyg varied
significantly between the five annual cycles of data available (Figure S15), along the same
latitude, ~55°S (Figure S15f). On average %NPPsyg is <20% across all profiles. This is
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consistent with our general results, where we show that the occurrence and %NPPsyg is
lowest at mid-latitudes (40-60°S) and high latitudes (>60°S), where %NPPsyg has a strong
seasonality potentially linked to the availability of iron and silicate. This year also seems to

have a longer bloom, compared to the preceding years.

4.3. How does DCM occurrence relate to light and iron limitation?

4.3.1. Light acclimation in DCM formation

We observe more and deeper DCMs, along with more DBMs, at low latitudes, and they are
relatively more productive, due to more light being available there compared to higher
latitudes (Figure S14). DCMs in nitrate-limited waters at low latitudes tend to be
photoacclimating DCMs, following the typical DCM model for oligotrophic waters (Cullen,
2015). Photoacclimation is a well-established mechanism of DCM formation in the northern
hemisphere (Richardson et al., 2000; Durham and Stocker, 2012; Cullen, 2015), where
phytoplankton adapt to low light levels at depth by increasing their chl content (Geider et al.,
1997; Westberry et al., 2016; Graff et al., 2019). Many northern hemisphere studies have
documented DCM formation as a way for phytoplankton to access nutrients at depth when
light is sufficient (Richardson and Bendtsen, 2019), while Southern Ocean studies have been
added more recently (Baldry et al., 2020; Cornec et al. 2021; Boyd et al. 2024). DCMs at low
latitudes are formed by phytoplankton species capable of utilising episodic supplies of
nutrients. At low latitudes in oligotrophic waters, light at the DCM tends to be higher than at
high latitudes because of persistent low nitrate concentrations at the surface, limiting
phytoplankton growth at shallow depths. These DCMs thus follow the classic formation
model of optimizing access to light and nitrate in the northern hemisphere (Cullen, 2015;
Richardson and Bendtsen, 2019). We find that 64.3% of DCMs are also DBMs, so the
chlorophyll peak coincides with an actual biomass peak and is not just caused by

photoacclimation.

4.3.2. Iron limitation and DCM formation

Generally, DCMs form at or below the pycnocline, where there is sufficient light at depth and
phytoplankton can be close to the nitracline (Bathmann et al., 1997; Cailliau et al., 1999;
Quéguiner, 2001), as observed in the temperate North Atlantic (Richardson and Bendtsen,
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2019) and oligotrophic regions (Richardson and Bendtsen, 2017). Compared to the tropics,
Southern Ocean DCMs are generally deeper (64m vs. 37m depth), less intense (1.4 vs. 2.4 mg
chl m™®), shorter lived (<3 months), and are most prevalent in the summer (Cornec et al.,
2021). We find that DCM; is deeper when total NPP(ALL) is low and light is higher at the
DCM, (Figure S14, Figure 8a), especially in the north (<50°S), suggesting that some DCMs
follow a similar DCM formation mechanism as in the northern hemisphere, where
phytoplankton grow in deeper layers to access higher nutrient concentrations at depth
(Richardson et al., 2000; Cullen, 2015). While this mechanism may work well in nitrate-
limited regions at low latitudes like in the STZ (~30-40°S), where the nitracline sits near the
MLD (Tagliabue et al., 2014; Cornec et al., 2021a), it doesn’t explain DCM formation in
iron-limited waters, where the average depth of the ferricline is ~333m (Tagliabue et al.,
2014).

We observe widespread DCMs and DBMs, including in HNLC areas, where iron is limiting.
We also see that NPPsyg accounts for ~40% of the total NPP at higher latitudes (<60°S) in
the spring, where surface NOs is high, light is low (compared to summer months) and DCMs
are shallower than at low latitudes (Figure S14). Previous studies suggested that
phytoplankton may grow at great depths as a result of a nutrient supply, with aggregations of
low light and low iron-adapted diatoms in deeper waters often dominating Southern Ocean
DCMs (Parslow et al., 2001; Kopczynska et al., 2001; Armand et al., 2008; Gomi et al., 2007,
2010; Westwood et al., 2011; Tripathy et al., 2015). Most recently, the formation of diatom-
rich DCMs and DBMs below the MLD has been linked to subsurface peaks of ammonium
and a supply of recycled iron (Boyd et al., 2024). Boyd et al. propose a dual mechanism
where DCMs and DBMs form as a result of iron recycling within the subsurface ammonium
maxima and an upwelling of silicate, which sustains the diatom community at depth. Diatoms
are known for their ability to survive and adapt to low light conditions (Strzepek et al. 2012;
2019), making it possible for them to thrive at these DCMs that form in the Southern Ocean.
We find that DCMs are productive across the Southern Ocean, especially in terms of absolute

numbers, regardless of the mechanism of formation.

4.4. What do our findings mean for satellite estimates of NPP?

Our study indicates that current satellite productivity algorithms like the CbPM require
further refinement to accurately estimate NPP in the presence of DCMs. While the ferricline
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version of the CbPM performs reasonably well overall when DCMs are present, some
important discrepancies remain. When using the ferricline, satellite estimates are closer to
float values, although still differ at low and high latitudes. At low latitudes, where DCMs are
more prevalent, both adaptations of the CbPM significantly overestimate NPP (Figure S13).
Satellite subsurface NPP estimates, using both nitracline and ferricline approaches, are
significantly higher than float-based NPP values below the MLD (Figure S13). This
overestimation is driven by elevated chl:Cpnyo ratios predicted by the CbPM, creating an
artificial DCM that does not match the actual DCM in the float profile. While the CbPM
performs better with the ferricline approach at high latitudes, it still needs refinement for
precise subsurface NPP representation at lower latitudes.

Other satellite algorithms like the Vertically Generalized Production Model (VGPM) or the
Carbon, Absorption, and Fluorescence Euphotic (CAFE) model, underestimate and
overestimate NPP, respectively, compared to the CbPM, especially in the Southern Ocean
(Figure 2 in Westberry et al., 2023). Spatially, the CbPM tends to have higher NPP estimates
particularly in the northern hemisphere. When comparing the VGPM and the CAFE to our
DCM-removed profiles (<1000 mg C m™ day™), the CAFE seems to have higher estimates
(500-1300 mg C m™ day™), whereas the VGPM has lower estimates overall (200-900 mg C
m day™). However, both the VGPM and the CAFE have NPP estimates closer to the DCM-
removed profiles, than the DCM profiles.

Our results clearly show that DCMs make a significant contribution to NPP, and that satellite
algorithms could quantify them better. Future improvements should focus on incorporating
more detailed vertical profiles and integrating data or climatologies from BGC-Argo floats.
Adapting the ferricline depth based on regional and seasonal variations in the Southern Ocean
could address limitations observed at low latitudes. Refining these algorithms will enhance
our understanding of global NPP dynamics and improve model predictions of climate change

impacts on ocean primary production.

5. Conclusions and implications
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The importance of DCMs and their influence on NPP have never been quantified at the scale
of the Southern Ocean. With the SOCCOM-led introduction of a large array of BGC-Argo
floats, we are now able to better study bio-optical properties and the vertical structure of
phytoplankton features basin-wide, through the seasons. Here, we have quantified the
contribution of subsurface NPP to total NPP, and the effect of DCMs and DBMs on these

estimates.

The significant contribution of subsurface NPP to total NPP when DCMs and DBMs are
present indicates that DCMs are of biological and ecological importance in the Southern
Ocean. When DCMs are present, subsurface NPP contributes more than half of the total
NPP, predominantly at low latitudes north of 40°S throughout the year, from 40% in winter
to 70% in the summer. At mid and high latitudes, this contribution presents a strong
seasonality, decreasing from ~40% in spring to ~25% in summer. NPP at the DCM
contributes up to ~20% to the total NPP annually. DCMs are especially important at low
latitudes, and in summer. The contribution of subsurface NPP is higher when a DCM
coincides with a DBM, and both are widespread. Satellite estimates that do not account for
DCMs may be underestimating NPP by 34-45% when DCMs occur.

Most climate models primarily focus on upper ocean processes, where a decrease in
phytoplankton biomass is the result of a decrease in the upward supply of nutrients (Bopp et
al., 2001; Steinacher et al., 2010). Some models suggest that warmer temperatures and
increased nutrient limitation may disadvantage diatoms and result in a shift towards smaller
phytoplankton (Bopp et al., 2005; Marinov et al., 2010). In general, ocean circulation models
show that warming will influence nutrient cycling and ocean productivity through enhanced
stratification (Rhein et al., 2013; Bindoff et al., 2019; IPCC, Fifth Assessment Report AR5).
Interestingly, while CMIP6 models project a global decline of 4-11% in NPP (Longhurst,
2007; Cullen, 2015; Laufkotter et al., 2015; Kwiatkowski et al. 2020), an increase in NPP is
predicted specifically in the Southern Ocean (Bopp et al., 2013; Laufkotter et al., 2015).
Ocean models also show large uncertainty in future projections due to insufficient regional
observations and knowledge gaps in the magnitude and spatial and vertical variability of NPP
(Tagliabue et al., 2021). Models are often compared against satellite products and use these
as input data when observations are scarce (Aumont et al. 2015), highlighting the need to
improve satellite algorithms and estimates, as these are currently the most viable method to
study long-term changes on a global scale.
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DCMs are often observed in stratified waters (Cullen, 2015; Carranza et al., 2018), thus, if
the oceans become warmer and more stratified (Li et al., 2020), the vertical distribution of
biomass will change, and the occurrence of DCMs may increase. It is therefore important to
understand what effect DCMs have on the vertical distribution of NPP, particularly in the
Southern Ocean, where no particular attention has been paid to DCMs (Arteaga et al., 2022;
Bock et al., 2022). The lack of attention paid to DCMs and DBMs has in part been due to a
lack of data with sufficient spatial coverage. Our results show that accounting for subsurface
accumulations of chlorophyll and biomass matters when estimating total NPP. While the
CbPM creates artificial DCMs and overestimates NPP, other satellite algorithms could
potentially be missing subsurface features and underestimating NPP in the Southern Ocean,
particularly in the summer, when the contribution of DCMs in terms of productivity is

highest.
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