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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.
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Key points  27 

 28 

 Deep chlorophyll and biomass maxima occur across the Southern Ocean (>30°S), 29 

particularly in oligotrophic regions and in summer.  30 

 Deep chlorophyll maxima in oligotrophic versus iron-limited waters show differences 31 

in seasonality and their contribution to production. 32 
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 When deep chlorophyll maxima are not accounted for up to 45% of net primary 33 

production is missed.  34 

 35 

 36 

Abstract  37 

 38 

Subsurface accumulations of chlorophyll, also known as deep chlorophyll maxima (DCMs), 39 

have been studied in the tropical and temperate oceans for decades, but they have received 40 

less attention in the Southern Ocean. Their formation and maintenance are still under debate, 41 

as is their contribution to phytoplankton biomass and net primary productivity (NPP). 42 

Recently, the application of satellite-based NPP algorithms to data from biogeochemical 43 

(BGC)-Argo floats has improved vertically-resolved NPP estimates. Using this new approach 44 

on 247 BGC-Argo floats, we report (1) subsurface (below the mixed layer) estimates of NPP, 45 

(2) the contribution of subsurface NPP to total NPP, and (3) the influence of DCMs and deep 46 

biomass maxima (DBMs, based on particulate backscatter) on (1) and (2). We compare and 47 

contrast trends in adjacent latitudinal bands in the southern hemisphere, south of 30°S, from 48 

nitrate-limited oligotrophic waters to iron-limited high-nutrient, low-chlorophyll (HNLC) 49 

regions. This comparison of pervasive DCMs in oligotrophic waters with the same features in 50 

HNLC waters reveals differences in seasonality of DCM occurrence and their contribution to 51 

total NPP. Unlike oligotrophic DCMs, HNLC DCMs occur only during spring and summer, 52 

and their contribution to total NPP decreases from ~40% to ~25% through the productive 53 

season, likely linked to the availability of iron and silicate. When DCMs are present but not 54 

accounted for, up to 45% of NPP is not quantified. Our results highlight the importance of 55 

understanding the vertical structure of phytoplankton stocks and productivity, with direct 56 

impacts on global NPP estimates and, ultimately, the biological carbon pump. 57 

 58 

Plain Language Summary  59 

 60 

Climate model projections suggest that ocean warming will cause changes in the vertical 61 

structure of ocean layers. This will likely have an effect on how photosynthetic plankton 62 

(phytoplankton) are distributed with depth. Subsurface accumulations of phytoplankton 63 

biomass, and pigments like chlorophyll, are characteristic of a stratified ocean. These deep 64 

chlorophyll or biomass peaks are referred to as deep chlorophyll or biomass maxima. In the 65 
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waters south of 30°S they are less well studied than in the northern hemisphere, and their 66 

causes are still under debate. The significance of deep chlorophyll maxima and their 67 

influence on net primary production (the amount of ocean photosynthesis minus respiration) 68 

has never been measured for the Southern Ocean on a large scale. Using data from 69 

autonomous robotic floats, we calculate the contribution of deep chlorophyll maxima to net 70 

primary production. We show that when deep chlorophyll and biomass maxima occur in 71 

nitrate-limited waters, they contribute significantly to total ocean productivity. In iron-limited 72 

waters, deep chlorophyll maxima occur only in spring and summer, and their contribution to 73 

production decreases towards the end of the summer, as light levels decline. Accounting for 74 

subsurface accumulations of phytoplankton is critical for calculating net primary production 75 

through the euphotic zone.  76 

 77 

 78 

1. Introduction  79 

  80 

The Southern Ocean is a high-nitrate low-chlorophyll (HNLC) area, predominantly iron-81 

limited (Martin et al. 1990; Boyd et al. 2007), where phytoplankton production plays a 82 

central role in the biological carbon pump and functioning of the marine ecosystem (Boyd 83 

and Trull 2007, Henson et al. 2012, Boyd 2015; Gruber et al., 2019). Net primary production 84 

(NPP) is the difference between the gross particulate organic carbon produced by marine 85 

autotrophs and the respiration of their carbon products (Huang et al., 2021). NPP can 86 

therefore be described as the organic carbon available for growth, and it is the most widely 87 

used variable when quantifying ocean productivity (Westberry et al. 2023). Marine NPP 88 

occurs in the sunlit upper ocean and accounts for ~50% of the global total (Field et al. 1998), 89 

although the uncertainty range in the ocean is large (Tagliabue et al., 2021). As increases in 90 

stratification due to warming are expected in the Southern Ocean (Bindoff et al., 2019), 91 

understanding the patterns in the vertical structure of NPP and the contribution of subsurface 92 

production is important, to be able to predict how ocean productivity and the biological 93 

carbon pump will be affected by climate change. However, the measurement of depth-94 

resolved NPP in the ocean requires time and resources, resulting in sparse data sets, 95 

especially in the Southern Ocean.  96 

 97 

The development of satellite-based algorithms, hereafter referred to as models, to derive NPP 98 

has been essential to the study of productivity in remote areas. The large temporal and spatial 99 
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resolution of these data sets have been necessary to quantify long-term changes in biological 100 

production globally since the 1990s (Platt and Sathyendranath, 1988; Longhurst et al., 1995; 101 

Behrenfeld and Falkowski, 1997; Behrenfeld et al., 2005). Satellite measurements are 102 

restricted to the surface (~10-50m depth) of the ocean, and it is challenging for satellite-based 103 

models to extrapolate NPP to its maximum depth (typically the base of the euphotic zone). As 104 

the calculated vertical distribution of chl is based on algorithms using surface ocean color, 105 

there is also considerable uncertainty regarding future ocean estimates. More recently, NPP 106 

models like the Carbon-based Productivity Model (CbPM; Behrenfeld et al. 2005; Westberry 107 

et al., 2008) have been combined with in situ data from Biogeochemical (BGC)-Argo floats 108 

in the North Atlantic to estimate depth-resolved NPP using observations rather than the 109 

assumed depth distributions of carbon and chlorophyll (Estapa et al., 2019; Long et al., 2021; 110 

Yang et al. 2021; Bendtsen et al. 2023). Using this methodology researchers have been able 111 

to reproduce vertical NPP structure derived from depth-resolved 
14

C incubation 112 

measurements in the Southern Ocean (Arteaga et al., 2022). Taking the approach one step 113 

further, Arteaga et al. have shown that the CbPM satellite estimates of NPP improve for the 114 

Southern Ocean south of 30°S if the ferricline depth (Southern Ocean average = 333m) is 115 

used to model nutrient limitation, rather than the nitracline. 116 

 117 

Deep chlorophyll maxima (DCMs) are subsurface accumulations of chlorophyll, first 118 

observed in oligotrophic waters (Cullen, 1982). They are frequently-observed features in 119 

stratified waters, well-studied in macronutrient limited temperate regions (Estrada et al., 120 

1993; Cullen et al., 1995; Fennel and Boss, 2003; Longhurst, 2007; Richardson and 121 

Bendtsen, 2017), and their occurrence and characteristics are primarily linked to a favourable 122 

combination of light and nitrate to sustain a phytoplankton layer at depth (Letelier et al., 123 

2004; Cullen, 2015; Richardson and Bendtsen, 2019). DCMs have recently received more 124 

attention in the Southern Ocean (Baldry et al., 2020; Cornec et al., 2021a; Boyd et al. 2024). 125 

In the Southern Ocean, DCMs can form as a result of photoacclimation (Baldry et al., 2020; 126 

Cornec et al., 2021), where phytoplankton increase their cellular chlorophyll content in 127 

response to low light at depth (Geider et al., 1997; Westberry et al., 2016; Graff et al., 2019). 128 

Sporadic influx of nutrients, like the resupply of iron (Trull et al., 2001) from depth via 129 

eddies for example (Uchida et al., 2020), or silicate (Parslow et al., 2001), may also drive 130 

DCM formation in the Southern Ocean (Cornec et al., 2022; Strutton et al., 2023). DCMs can 131 

also coincide with a subsurface accumulation of phytoplankton biomass (Cullen, 2015; 132 

Latasa et al., 2016; Latasa et al., 2017), defined as deep biomass maxima (DBMs). DBMs 133 



 manuscript submitted to Global Biogeochemical Cycles 

 5 

tend to dominate in equatorial and subequatorial regions (0-10°) and tend to be proportional 134 

to photoacclimation-induced DCMs from 30° to high latitudes (Cornec et al., 20211). This 135 

study focuses on the DCMs in the Southern Ocean south of 30°S (Pinkerton et al. 2021; 136 

Cornec et al., 2021; Strutton et al., 2023; Boyd et al., 2024).  137 

 138 

In the North Sea, subsurface summer blooms coinciding with pervasive DCMs have been 139 

shown to account for more production than the spring bloom (Richardson et al., 2000). Other 140 

studies in temperate and subtropical waters have shown that DCMs can significantly 141 

contribute to total water column production (Hickman et al., 2012; Fawcett et al., 2014; 142 

Richardson et al., 2014). A few studies to date have reported vertical patterns in 143 

phytoplankton biomass, DCM occurrence and subsurface blooms in regions including the 144 

North Atlantic (Lacour et al., 2017), Mediterranean Sea (Marañón et al., 2021), oligotrophic 145 

oceans (Mignot et al., 2014; Barbieux et al., 2019), and globally (Cornec et al., 2021; Bock et 146 

al., 2022). DCMs in the Southern Ocean have been found to be more prevalent at oligotrophic 147 

low-latitude waters, in the summer >40°S (Carranza et al., 2018; Baldry et al., 2020; Cornec 148 

et al., 2021), and be important potentially for downward carbon export (Boyd et al., 2024).  149 

 150 

In this study, we use 247 BGC-Argo floats, south of 30°S, spanning 2012 to 2022, to estimate 151 

vertically-resolved NPP using the CbPM, following Arteaga et al. (2022). We then examine 152 

subsurface production (that is, all production below the mixed layer depth; MLD) for 3 cases: 153 

(1) DCM or DBM present; (2) DCM or DBM naturally absent; (3) DCM or DBM “removed”. 154 

Additionally, we quantify NPP occurring in the DCM and DBM. We calculate the subsurface 155 

contribution to the total integrated NPP and investigate the influence of DCM and DBM 156 

occurrence on this contribution. We compare results for water masses between the four 157 

Southern Ocean frontal zones, and across the southern hemisphere, from nitrate-limited 158 

oligotrophic waters (30-40°S), to iron-limited HNLC sub-Antarctic waters (40-60°S) to 159 

HNLC polar waters south of 60°S. Finally, we compare NPP estimates from floats and 160 

satellites, to assess whether satellite reconstructions of vertical NPP account for DCMs.  161 

 162 

We find that when DCMs alone are present, NPP below the MLD contributes 59% of the 163 

total NPP on average across the entire dataset, and ~40% in iron-limited areas of the Southern 164 

Ocean. When DCMs coincide with a DBM, this contribution to total NPP increases to 66% 165 

overall. Furthermore, the contribution of subsurface NPP to total NPP varies spatially and 166 

seasonally, increasing at low latitudes (30-40°S) and during the summer, when DCMs are 167 
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more prevalent. Omitting DCMs from the water column results in integrated NPP estimates 168 

of up to 45% lower NPP.  169 

 170 

2. Methods 171 

2.1. BGC-Argo float data 172 

 173 

Data from 339 BGC-Argo floats from the Southern Ocean Carbon and Climate Observations 174 

and Modelling (SOCCOM) program were downloaded through the Australian Antarctic 175 

Division repository on 01-June-2022. This equated to a total of ~15,000 quality-controlled 176 

(QC) profiles south of 30°S, spanning 2012 to 2022. In this study we first divide the Southern 177 

Ocean into four zones, based on Bushinsky et al. (2017) using a 10-year Argo climatology of 178 

temperature and salinity, as follows: the sub-tropical zone (STZ) north of the sub-tropical 179 

front and south of 30°S, the sub-Antarctic zone (SAZ) between the sub-Antarctic and sub-180 

tropical front, the polar Antarctic zone (PAZ) between the sea ice zone (SIZ) and polar 181 

Antarctic front, and the SIZ south of the maximum sea-ice extent (Figure 1). The maximum 182 

winter sea-ice extent was computed using daily sea-ice concentration products (25km 183 

resolution) from the Ocean and Sea Ice Satellite Application facility (OSI SAF) from the 184 

Copernicus website (https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-ice-185 

concentration?tab=form), following Liniger et al., (2024). Because floats are quasi-186 

Lagrangian and can cross regional boundaries when drifting, float profiles are divided into 187 

each zone based on location. This method to study large scale processes using fixed fronts 188 

has been widely used in the Southern Ocean (Bushinsky et al., 2017; Johnson et al., 2017; 189 

Llort et al., 2018; Arteaga et al., 2020; Su et al., 2022; Liniger et al., 2024). We then explore 190 

the latitudinal variability of our results using three bands based on nutrient-limitation: nitrate-191 

limited oligotrophic waters (30-40°S), silicate and/or iron-limited HNLC sub-Antarctic 192 

waters (40-60°S), and iron-limited HNLC polar waters south of 60°S.  193 

 194 

Data flagged as QC 4 (bad data) and 3 (bad data that are potentially correctable) were not 195 

included in our analyses (Johnson et al. 2017; Bittig et al. 2019). Two additional criteria were 196 

applied for removing profiles with insufficient data coverage: (1) the first pressure 197 

measurement should be in the upper 10 m, and (2) the upper 300 m of each profile should 198 

contain a minimum of 20 observations of all the variables used in the analysis. After applying 199 

these criteria, the total number of floats left for analysis was 247, of which 12,700 profiles 200 

were good for estimating NPP (Figure 1a). All floats were equipped with a CTD (for salinity, 201 
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temperature and pressure), a nitrate sensor, and bio-optical sensors for fluorescence-derived 202 

chlorophyll a (chl, used to identify DCMs) and particulate backscatter at 700nm (bbp, used to 203 

identify DBMs). SOCCOM floats have a sampling period of 10 days. The vertical resolution 204 

of profiles decreases with depth, from 5m in the upper 100m, to 10m below 100m, to 20m 205 

below 360m and 50m between 400m to 2000m. Vertical profiles were extrapolated to the 206 

surface, and chl and bbp interpolated from 0 to 300m with 1m resolution.  207 

 208 

 209 

Figure 1. Location of (a) all 12,700 profiles used for the calculation of NPP, (b) 2,119 210 

profiles with a DCM below the MLD, and (c) 1,363 profiles where a DCM was also a DBM. 211 

Colors represent the frontal zone in which each profile occurred as follows: sea ice zone 212 

(SIZ) south of the maximum sea-ice extent; polar Antarctic zone (PAZ) between the SIZ and 213 

polar Antarctic front; Subantarctic zone (SAZ) between the sub-Antarctic and sub-tropical 214 

front; subtropical zone (STZ) north of the sub-tropical front and south of 30°S. Fronts are 215 

based on Bushinsky et al. (2017) and the climatological maximum winter sea ice extent was 216 

computed using Copernicus Ocean and Sea Ice Satellite Application Facility (OSI SAF) 217 

products as per Liniger et al. (2024).  218 

 219 

Float-based practical salinity and in situ temperature, adjusted and quality-controlled, were 220 

used to calculate absolute salinity, conservative temperature, and density using the Gibbs-221 

Seawater Oceanographic Toolbox (McDougall & Baker, 2011, https://www.teos-10.org). The 222 

MLD was calculated based on a density difference of 0.03 kg m
-3

 from density at 10m (de 223 

Boyer Montégut et al. 2004). The nitracline depth (DNO3) was defined as the shallowest depth 224 
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where the nitrate gradient exceeded 0.05 µmol kg 
-1

 m 
-1

 (Letelier et al. 2004) in a nitrate 225 

profile smoothed by a 10-point running median. This method for calculating DNO3 is 226 

appropriate for HNLC areas, where nitrate tends to be more than 10 µmol kg 
-1

 at the surface 227 

(Arteaga et al. 2022).  228 

 229 

2.1.1. Chlorophyll and phytoplankton carbon 230 

During the routine BGC-Argo QC, the adjusted chl data are dark-corrected, NPQ (non-231 

photochemical quenching)-corrected, and divided by 2, reflecting the global linear scaling 232 

factor between the factory calibration and in situ chlorophyll (Schmechtig et al. 2015; Boss 233 

and Haëntjens 2016; Roesler et al. 2017). The correction factor is larger in the SO due to iron 234 

limitation; we therefore multiplied chl by 2 (to remove the pre-applied correction) and 235 

applied an average slope factor for the Southern Ocean, dividing by 3.79 (Schallenberg et al. 236 

2022). A 7-point running median filter was applied to both chl and bbp profiles as a despiking 237 

method (Su et al. 2021; Arteaga et al. 2022). This removed spikes due to measurement and 238 

background noise, and large phytoplankton aggregates (Briggs et al. 2011; Cornec et al. 239 

2021). The mean value of chl in the mixed layer (ML) was defined as chlMLD, and used to 240 

examine the relationship between subsurface NPP and the DCM in the correlation analyses.  241 

  242 

We calculated Cphyto based on bbp from the floats. First, to remove any non-phytoplankton 243 

signal, the mean bbp between 900 and 1000m was subtracted from the entire float profile 244 

(Arteaga et al. 2020). Next, bbp at 700nm, measured by the floats, was converted to bbp at 245 

470nm, according to Morel and Maritorena (2001):  246 

bbp470 = bbp700(
470

700
)

-1   
m

-1                                                                            
   (1) 247 

Then, Cphyto was estimated from bbp470 using the empirical relationship from Graff et al. 248 

(2015):  249 

Cphyto = 12,128× bbp470 + 0.59 mg C m
-3

                                         (2) 250 

This is based on a global analysis using backscatter and flow cytometry data from the field. 251 

This equation has been used in float-based estimates of NPP using bbp in the North Atlantic 252 

(Estapa et al. 2019, Yang et al. 2020), the Gulf of Mexico (Yang et al. 2022) and more 253 

recently in the SO (Arteaga et al. 2022).  254 

 255 

2.2. Attenuation coefficient and euphotic depth 256 

 257 
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The diffuse attenuation coefficient at 490nm (Kd490) was calculated for each depth using chl 258 

profiles from the floats (Morel et al., 2007):   259 

Kd490(z) = 0.0166 + 0.0773×chl(z)
0.67155 

m
-1                                           

(3) 260 

The satellite-derived surface photosynthetically available radiation (PARSURF) was obtained 261 

from NASA MODIS-Aqua (8-day, 9-km composites), downloaded from the NASA Ocean 262 

Color website (https://oceancolor.gsfc.nasa.gov). Each float profile was matched with a 263 

satellite value for PARSURF (E m
-2

 day
-1

). The diffuse attenuation coefficient of PAR (KdPAR) 264 

was calculated for each depth using Kd490(z) and the MLD (Morel et al., 2007):  265 

KdPAR (z)= 0.0864 + 0.884 Kd490 -0.00137×Kd490
-1

, when MLD  Kd490
-1           

(4a) 266 

KdPAR (z)= 0.0665 + 0.874 Kd490 -0.00121×Kd490
-1

, when MLD > Kd490
-1  

      (4b) 267 

The profile of PAR, denoted PAR(z) was calculated using: 268 

PAR(z) = PARSURF  e
(-Kd

PAR(z)
)
                                      (5) 269 

The euphotic depth (Deu) was defined as the depth where PAR(z) was 0.1% of PARSURF 270 

(Laws et al., 2014).  271 

 272 

2.3.Carbon-based Productivity Model (CbPM) 273 

 274 

The model used in this study is the Carbon-based Productivity Model (CbPM; Behrenfeld et 275 

al. 2005; Westberry et al., 2008), which has been recently applied to in situ profiles of chl 276 

(mg chl m
-3

) and Cphyto (mg C m
-3

) derived from BGC-Argo floats (Estapa et al. 2019, Long 277 

et al. 2021; Yang et al. 2021, 2022, Arteaga et al. 2022). The CbPM uses chl and 278 

phytoplankton carbon biomass (Cphyto) to estimate NPP.  279 

The CbPM uses the chl:C ratio at each depth (z) as an indicator of phytoplankton nutrient (g) 280 

and light (f) stress, and to estimate the phytoplankton division rate (µ, d
-1

). The cellular light 281 

index (f) is defined as: 282 

f(z) = 1-e
(-5.0 PAR(z))

                                                     (6) 283 

The CbPM assumes a well-mixed water column, homogeneous in the ML, and uses surface 284 

values from satellite as the mean value in the ML. We consider two scenarios for the mixed 285 

layer: a mixed and a stratified (depth-resolved) scenario. The mixed scenario uses the median 286 

PAR in the mixed layer (PARMLD) in place of PAR(z) in Eq. 6. Below the mixed layer, to 287 

300m, PAR(z) is used. The depth-resolved scenario simply uses PAR(z) from the surface to 288 

300m. Most profiles are aphotic below ~150m (Boyd et al. 2024), so NPPz from ~150 to 289 

300m tends to be zero and contributes little to total integrated NPP (Figure 2d). We present 290 
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the mixed scenario in the main manuscript with a brief mention of the depth-resolved 291 

scenario, and all figures from the latter in the SI. 292 

  293 

The CbPM, as adapted by Westberry et al. 2008, derives chl:C ratios below the ML based on 294 

the phytoplankton response to light and nutrient limitation, and a theoretical chl:C maximum 295 

(chl:Cmax), at each light level: 296 

chl:C(z) = [0.022 + (0.045-0.022) e
-3.0 x PAR(z)

] – [
𝑐ℎ𝑙

𝐶𝑁𝑈𝑇
 (1 − 𝑒−0.075𝐷𝑧𝐷𝑁𝑂3]        (7) 297 

Where 
𝑐ℎ𝑙

𝐶𝑁𝑈𝑇
 is the nutrient stress index (g), and is the difference between the surface chl:C 298 

and the chl:Cmax:  299 

chl:Cmax(z) = 0.022 + (0.045 – 0.022) × e
-3.0 PAR(z)/daylength

                   (8) 300 

When light decreases, chl:C ratios increase as phytoplankton increase their cellular pigments 301 

to acclimate to low light (Geider et al. 1997; Graff et al. 2016). So chl:C ratios generally 302 

increase with depth due to photoacclimation. This trend is further affected by relaxation of 303 

nutrient stress, which is also depth-dependent. Nutrient stress increases with distance to the 304 

nitracline (𝐷𝑧𝐷𝑁𝑂3), i.e., from depth towards the surface, and chl:C ratios decrease with 305 

nutrient stress. The chl:C ratio resulting from the light level at each depth and the distance to 306 

the nitracline (with the nitracline depth derived from climatologies) determines 307 

phytoplankton growth rates (µ) at each depth. The C biomass below the ML is then 308 

calculated based on growth and losses, defined by a constant growing rate (R = 0.1 d
-1

). 309 

 310 

Because we are using full profiles of chl and bbp from the floats, there is no need to 311 

reconstruct chl:C ratios below the ML based on a light or nutrient index. Instead, the cellular 312 

nutrient index (g), at each light level, was modelled following Arteaga et al. (2022), skipping 313 

Eq. 7 and using the float profiles directly in Eq. 9: 314 

g (z) = 
chl:C(z)−chl:Cµ=0

chl:Cmax(z)−chl:Cµ=0
                                                    (9) 315 

where chl:Cµ=0 was set to 0.0003 mg chl mg C
-1

, based on the minimum observed satellite 316 

chl:C (Westberry et al. 2008).  317 

The phytoplankton growth rate (µ, d
-1

) is then estimated at each depth (z) using the equation  318 

µ(z) = µmax × g (z) × f (z)                                                 (10) 319 

where µmax was set to 2, based on a natural observed maximum growth rate (Banse, 1991). 320 

Finally, the depth-resolved daily net primary production (NPP, mg C m
-3

 d
-1

) from the CbPM 321 

was computed using the Cphyto derived from the bbp float profile as follows: 322 
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NPP(z) = µ(z) × Cphyto(z)                                                 (11) 323 

 324 

2.4. Identifying deep chlorophyll and biomass maxima 325 

 326 

To find “true” DCMs only, a 5-point running median was applied (Cornec et al. 2021) to an 327 

interpolated 300m profile of chl with a resolution of 1m, different from the smoothed profile 328 

used to estimate NPP, which is smoothed using a 7-point running median filter (section 2.1.1 329 

in Methods). The bbp profile was smoothed with a 5-point running median followed by a 5-330 

point running mean (Cornec et al., 2021). We defined the DCM as the depth of the maximum 331 

value of chl when that maximum value was deeper than 10m and the chl concentration at that 332 

depth was more than double the chl concentration in the upper 15m (Figure 2a; Lavigne et al., 333 

2015; Cornec et al., 2021). The deep biomass maximum (DBM) is the depth of the maximum 334 

value of bbp, when the bbp concentration at that depth is 1.3 times greater than the bbp 335 

concentration in the upper 15m (Cornec et al., 2021). In our 12,700 eligible NPP profiles 336 

(Figure 1a), we found a total of 2,306 DCMs following this criterion. For this study, we only 337 

consider DCMs below the MLD (2,119 out of 2,306 or 91%), as all other DCMs are expected 338 

to be spurious (Brown et al., 2015). Of these, 64% (i.e. 1,363) were also DBMs. We denote 339 

the depth of the DCM as DCMz and the depth of the DBM as DBMz.   340 

 341 

2.5. Subsurface production 342 

 343 

The upper bound of the DCM (DCMupper) was defined as the depth where the vertical chl 344 

gradient was the absolute maximum, above the DCMz. Then the lower bound of the DCM 345 

(DCMlower) was defined as DCMz + (DCMz – DCMupper). Some DCMs were thinner (i.e., 346 

narrower depth range) than others, and therefore usually had a steeper chl gradient.  347 

 348 

We define three measures of subsurface production. NPP integrated across the thickness of 349 

the DCM feature (15m average; NPPDCM Figure 2c) and the DBM feature (26m average; 350 

NPPDBM Figure 2a) was only estimated if a ‘true’ DCM or DBM was present. NPP below the 351 

MLD (NPPSUB) was calculated as the integral of NPP below the MLD to 300m (Figure 2d). 352 

We use NPP “ALL” to denote all profiles with and without a DCM, and NPP “DCM” for 353 

profiles where a DCM was present below the MLD. Then, we calculate two types of 354 

percentages: (1) the contribution of NPPDCM or DBM to the total NPP when DCMs/DBMs are 355 

present, and (2) the contribution of NPPSUB to the total NPP when DCMs/DBMs are present 356 
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or not (Table 1). For profiles that had a DCM/DBM, we removed the DCM/DBM and 357 

recalculated NPP, to understand the significance of the DCM/DBM. We removed the 358 

DCM/DBM as follows: below the MLD, we take the BGC-Argo measured chl or bbp value at 359 

each depth if it is smaller than the median MLD value. Otherwise, we take the median MLD 360 

value. We then apply the CbPM the same way we did with the original Argo float profiles. 361 

All estimates from this method are denoted NPPDCM-removed and NPPDBM-removed (see Figure 2 362 

for examples). 363 

 364 

2.6. NPP estimates from satellite 365 

 366 

To compare our BGC-Argo NPP estimates to satellite estimates, we derived NPP below the 367 

ML using all the same assumptions as are used for the satellite application of the CbPM, but 368 

using the float median in the ML as the surface value instead of the satellite value (Arteaga et 369 

al., 2022). In the adapted CbPM by Westberry et al. (2008), the cellular nutrient index (g) 370 

uses the distance to the nitracline at each depth (Eq. 7-9). Recently, Arteaga et al. (2022) 371 

showed that changing the nitracline depth for the ferricline depth south of 30°S improved the 372 

NPP estimates from satellite. Here, we use the CbPM (nitracline) adapted by Westberry et al. 373 

(2008), using nitracline depths computed using nitrate profiles from the floats, (NPP Satnit), 374 

and the CbPM (ferricline) adapted by Arteaga et al. (2022), using a mean ferricline of 333m 375 

depth (NPP Satfer), based on in situ estimates in the Southern Ocean from Tagliabue et al. 376 

(2014).  377 

 378 

 379 

 380 
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 381 

Figure 2. Profiles of (a) Cphyto, (b) chl:Cphyto ratio, (c) chl, and d) NPP resulting from the 382 

range of methods. Note that in this figure, all profiles are only shown to 200m as NPP below 383 

200m was zero. The black line in panel c) represents the chl profile after applying all quality 384 

control criteria and before smoothing, used to calculate NPP. The solid green line is the 385 

smoothed profile from the float. The dashed green is for the float profile after removing the 386 

DCM. The dashed yellow line is for the CbPM using the nitracline and the dashed red line is 387 

for the CbPM using the ferricline to calculate the nutrient index. In all four panels, the same 388 

profile (no. 4) from float WMO5904105 is shown. Both, the MLD and the nitracline depth 389 

for this profile are shown in all panels. The ferricline depth in the CbPMFer was set to 333m 390 

in all profiles (Arteaga et al. 2022).  391 

 392 

All NPP estimates (Table 1) were not normally distributed, therefore the Kruskal-Wallis test 393 

was used to test for significant differences between variables across DCM, DBM, and ALL. 394 

To test differences in subsurface NPP between zones, the Kruskal-Wallis and Dunn’s post-395 

hoc tests were used. A correlation test was used to examine the influence of environmental 396 

variables (PARMLD, DNO3, DCMz, DBMz, MLD, Deu, and chlMLD) on the contribution of 397 

subsurface production to total production from the different profiles. Root mean square error, 398 

mean normalised bias, and the correlation coefficient (r), were used to compare NPP 399 
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estimates between the CbPMNit, CbPMFer, ArgoDCM-removed and Argo float profiles. All 400 

analyses, including statistical analyses, were carried out using MATLAB ver. R2018b.  401 

 402 

Table 1. Definitions of the acronyms used to describe the different (subsurface) production 403 

measures.  404 

 405 

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 

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

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

NPP Satnit Vertically-integrated NPP derived from surface values using the nitracline 

NPP Satfer Vertically-integrated NPP derived from surface values using the ferricline 

NPPDCM Integrated NPP in the DCM  

NPPDBM Integrated NPP in the DBM  

NPPSUB (DCM) Integrated NPP below the MLD, for profiles with a DCM 

NPPSUB (DBM) Integrated NPP below the MLD, for profiles with a DBM 

NPPSUB (ALL) Integrated NPP below the MLD, for profiles with and without a DCM 

%NPPDCM Percentage of NPP in DCM relative to total NPP 

%NPPDBM Percentage of NPP in DBM relative to total NPP 

%NPPSUB (DCM) Percentage of NPP below MLD relative to total NPP in profiles with a DCM 

%NPPSUB (DBM) Percentage of NPP below MLD relative to total NPP in profiles with a DBM 

%NPPSUB (ALL) Percentage of NPP below MLD relative to total NPP in all profiles 

  406 

3. Results  407 

 408 

3.1. Deep chlorophyll maxima occur across the Southern Ocean and often coincide 409 

with deep biomass maxima 410 

 411 

We observed a total of 2,133 DCMs in BGC-Argo float data from 30°S to Antarctica (Figure 412 

1b). DCMs occur across the four frontal zones defined in this study (see Methods 2.1.), 413 

consistently throughout the year, with higher frequency in summer (Figure 4). DCMs are 414 
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dominant in the STZ, with a total of 1,558 DCMs. South of the STZ, the SIZ had 255 DCMs, 415 

the PAZ 189 and the SAZ 131. North of 40°S, in the STZ, DCMs occur throughout the year. 416 

At 40-60°S DCMs are restricted to spring and summer (November to March), and south of 417 

60°S DCMs occur from September to April (Figure 3). Notably, 63% of the DCMs occurring 418 

south of 30°S coincided with a DBM. By region, this amounted to 1,032 (75%) of DBMs in 419 

the STZ, 148 in the PAZ, 112 in the SIZ, and 67 in the SAZ. DCMs and DBMs most 420 

commonly occur deeper than 100m, and there is a tendency for concurrent DCMs to be found 421 

deeper than DBMs (Figure 5h). The widespread occurrence of DCMs and DBMs strongly 422 

suggests that they are ecologically important in the Southern Ocean, south of 30°S. 423 

 424 
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 425 

Figure 3. Seasonal cycles with monthly means (panels a, c and e) and annual means (panels 426 

b, d and f) for each latitudinal group: <40°S, 40-60°S, and >60°S.  The contribution of 427 

subsurface NPP to total NPP is shown in panels a) and b), integrated subsurface NPP is 428 

shown in panels c) and d), and total integrated NPP in panels e) and f). The shorter timeseries 429 

in a, c and e are due to lack of DCM profiles outside of the summer and spring months at 430 

higher latitudes. Because there is no data from DCM profiles after summer, the contribution 431 

of subsurface NPP to total NPP decreases to 20%, although in winter, having no DCMs, the 432 

contribution will be zero. 433 
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 434 

3.2. How productive are deep chlorophyll maxima? 435 

 436 

3.2.1. Total NPP estimates 437 

 438 

Estimates of total integrated NPP (ALL) range from <100 to 1,500 mg C m
-2

 day
-1

 (Figure 439 

4a) with a mean of 355 ± 396 mg C m
-2

 day
-1

 (standard deviation). Total production was on 440 

average higher when DCMs were present (Figure 5g). That is, mean NPP (DCM) (406 ± 306 441 

mg C m
-2

 day
-1

) was significantly higher than mean NPP (ALL). Mean NPP (DBM) was 442 

lower (306 ± 248 mg C m
-2

 day
-1

) than mean NPP (ALL). Production was highest from 443 

November to January for these three parameters (Figure 4b). Summer is also the period when 444 

DCM occurrence was highest (Figure 4d). Total NPP increases in summer for profiles with 445 

and without DCMs or DBMs, but again, the overall seasonality is muted when DCMs or 446 

DBMs are present (Figure 4b). For NPP (ALL), on average, mid-latitudes (45-60°S) are more 447 

productive than the region impacted by sea-ice (>65°S; Figure 4c), where DCMs are less 448 

common (Figure 1b, 6b).  The sea ice zone is impacted by ice cover, making it an annually 449 

low but seasonally highly productive area. NPP estimates are higher, although not 450 

significantly, when using the mixed scenario compared to the depth-resolved scenario (see 451 

Methods, 2.3.), but trends are similar (Table S3). 452 

 453 

Our NPP estimates agree with in-situ measurements of NPP from previous studies in the 454 

Southern Ocean S of 30S (Figure 4c). The majority of in-situ measurements were taken 455 

during the austral spring and summer, when NPP is highest. Because our NPP and NPPSUB 456 

estimates depend heavily on accurate MLD calculations, we compare our MLD values with 457 

the literature (see SI.1.). The observed distribution of MLDs (Figure 6a; Figure S1-S4) is 458 

consistent with other studies using the density method (Table S1).  459 

 460 
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 461 

Figure 4. (a) Data distribution of total integrated NPP for all profiles (purple), profiles with a 462 

DCM (green), and profiles with a DBM (blue) shown as % of all profiles of each type. (b) 463 

The seasonal cycles with monthly means for total integrated NPP for the three data sets: ALL 464 

(purple), with a DCM (green), and with a DBM (blue). (c) Annual means of NPP (bars) and 465 

standard deviation (error bars) for each frontal zone in the Southern Ocean south of 30S, 466 

compared to total NPP estimates from other studies. The grey bars and red filled triangles 467 

correspond to our annual means for each frontal zone and summer mean for all data across 468 

the Southern Ocean, respectively. The Arteaga NPP estimates are based on BGC-Argo float 469 

profiles following the same methods as in this study. Because no annual means or overall 470 

means are reported in their study, we take estimates based on their Figure 9, where NPP 471 

estimates range from <100 to >800 mg C m
-2

 day
-1

 annually, and can reach 2000 mg C m
-2

 472 

day
-1

, agreeing with our estimates. Other estimates are from mostly summer 
14

C incubations. 473 

The DCM occurrence for each month is shown in panel d). 474 

 475 
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3.2.2. Deep chlorophyll and biomass maxima increase the contribution of subsurface 476 

NPP to total NPP 477 

 478 

Profiles with a DCM and a DBM had significantly higher NPP below the mixed layer 479 

compared to all profiles together, with and without DCMs/DBMs (Figure 5; Table S2). 480 

NPPSUB(DCM) and NPPSUB(DBM) were 153 ± 108 and 161 ± 113 mg C m
-2

 day
-1

 481 

respectively and NPPSUB for all profiles combined, NPPSUB(ALL), was 21 ±103 mg C m
-2

 482 

day
-1

; Table S2). Profiles with a DBM had significantly higher NPPSUB(DBM) than profiles 483 

with a DCM only (NPPSUB(DCM); Kruskal-Wallis p<0.05; Figure 5c). Similarly, NPPDBM 484 

was higher than NPPDCM (Figure 5b), but not significantly (86 ±124 vs. 57 ±118 mg C m
-2

 485 

day
-1

, p>0.05). 486 

 487 

When DCMs and DBMs are present, % NPPSUB increases significantly, compared to 488 

%NPPSUB in all profiles with and without DCMs and DBMs (76% median vs 1% median; 489 

Kruskal-Wallis p<0.05; Figure 5d). The contribution of NPP at the DCM to the total NPP in 490 

profiles where a DCM is present (%NPPDCM) ranges between 40 and ~60% (median 26 491 

±12%; Figure 5d). NPP at the DBM contributes between 60 and ~80% with a median of 492 

44±42% (%NPPDBM, Figure 5d). The contribution of %NPPDCM is overall skewed towards 493 

lower values compared to %NPPDBM, where the distribution of the data is constant across a 494 

wide range of values (Figure 5e). The distributions of %NPPSUB(DCM) and %NPPSUB(DBM) 495 

are skewed towards higher values, and %NPPSUB(ALL) is skewed towards lower values 496 

(Figure 5f). Similar to the total NPP numbers, these conclusions are true for NPPSUB and 497 

%NPPSUB for both the mixed and the depth-resolved scenario (Table S3). 498 

 499 

Because our NPPSUB estimates depend heavily on accurate MLD calculations, we compare 500 

our MLD values with the literature. The observed distribution of MLDs (Figure S2) is 501 

consistent with other studies using the density method (Table S1).  An extended summary of 502 

this comparison can be found in section SI.1. in the SI.  503 

 504 
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 505 

Figure 5. a) Seasonal distribution of subsurface NPP (mg C m
-2 

day
-1

) with monthly means 506 

and standard error for all profiles analysed (dashed purple line), profiles with a DCM (dashed 507 

green line), profiles with a DBM (dashed blue line), and NPP in the DCM layer (solid green 508 

line) and NPP in the DBM layer (solid blue line). b) Data distributions for NPP in the DCM 509 

layer (mg C m
-2 

day
-1

) and NPP in the DBM layer. c) Data distributions for subsurface NPP 510 

(mg C m
-2 

day
-1

) in all profiles, profiles with a DCM and profiles with a DBM. (d) Monthly 511 

means and standard error for the contribution of subsurface NPP to total NPP (%) for the 512 

same datasets as in panel a). Panels e) shows the distribution of %NPPDCM and %NPPDBM, 513 

and (f) for %NPPSUB(DCM), %NPPSUB(DBM), and %NPPSUB(ALL). The right-hand axis in 514 

panels c) and f) corresponds to NPPSUB(DCM), and NPPSUB(DBM). Panel (g) shows means 515 
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and standard errors for all the NPP estimates including NPP in the DCM/DBM layer and 516 

subsurface NPP. The distribution of DCM and DBM depths is shown in panel h). 517 

 518 

3.3. Seasonal and spatial variability of production in DCMs and DBMs  519 

 520 

Subsurface NPP is strongly seasonal for all cases, but the difference between summer and 521 

winter is less stark when DCMs or DBMs are present (Figure 5a). NPPSUB ALL ranges from 522 

~10 mg C m
-2 

day
-1

 in winter to 150 mg C m
-2 

day
-1

 in summer. NPPSUB(DCM) increases 523 

from 100 mg C m
-2 

day
-1

 in winter to ~210 mg C m
-2 

day
-1

 in summer (Figure 5a), and the 524 

pattern for DBMs is very similar. NPPSUB (DCM/DBM) contributes to more than half of the 525 

total production consistently through the year, on average for all profiles with a DCM (Figure 526 

5d). While %NPPSUB(ALL) shows pronounced seasonality, %NPPDCM and %NPPDBM stay 527 

almost constant throughout the annual cycle at ~20% and ~45% respectively. At low latitudes 528 

(30-40°S), %NPPSUB is at least 40% throughout the year, and more than 50% during the 529 

summer. At mid latitudes (40-60°S), DCMs occur only in the summer and %NPPSUB 530 

decreases from 40 to 30% (Figure 3a and b). At high latitudes (>60°S), DCM occurrence 531 

extends over the spring and summer months, where %NPPSUB is ~40% during spring and 532 

then drops to <20% at the end of the summer.  533 

 534 

Overall, the contribution of NPPSUB to NPP when DCMs are present is highest in subtropical 535 

oligotrophic regions of the Southern Ocean (30-40°S, Figure 3), compared to the iron and/or 536 

silicate-limited regions (40-60°S) and the iron-limited sea ice zone (>60°S). NPPSUB is 537 

highest at mid-latitudes (40-60°S), although these regions are the most productive overall, 538 

resulting in low %NPPSUB. DCMs are less important in regions of higher NPP, south of 40°S.  539 

 540 

The seasonal patterns observed are likely related to the spatial patterns, which show that 541 

subsurface production is highest at lower latitudes (Figure 6, 7), where seasonality is weakest 542 

(Figure 5a). Across zones, %NPPSUB is much higher when DCMs (69 ± 20 %) and DBMs (75 543 

± 21 %) occur compared to all profiles, with and without DCMs (21 ± 25%; Table S2; 544 

Kruskal-Wallis p<0.05). However, the contribution of subsurface NPP to total NPP 545 

(%NPPSUB) exhibits a different pattern. The lowest contribution is in the PAZ, which then 546 

increases towards the north, reaching a maximum at the STZ (Figure 6f; Figure 7). For all 547 

profiles, with and without a DCM, %NPPSUB(ALL) reaches a maximum of approximately 548 

40% in the STZ, with much lower values observed at higher latitudes (Figure 7). Moreover, 549 
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%NPPSUB(DCM) and (DBM) reaches up to 70% north of the sub-tropical front and decreases 550 

towards higher latitudes, until it increases again somewhat near Antarctica (Figure 6f; 7a). 551 

Indeed, the contribution of subsurface NPP to total NPP is always highest in the STZ (Dunn’s 552 

test, p<0.0; Figure 7; Table S2). Overall, both, subsurface NPP and its contribution to total 553 

NPP, are higher in the northern zones. That is, contribution of NPPSUB(DCM) and 554 

NPPSUB(DBM) to total NPP is highest in less productive areas or times (Figure 4b), for 555 

example in the summer and at low latitudes, where DCMs and DBMs occur.  556 

 557 

In contrast, the amount of NPP below the MLD, and its contribution to total NPP, is lower in 558 

areas with more production and fewer DCM and DBM occurrence. In regions characterized 559 

by overall lower NPP (Figure 6c), such as the Pacific and Atlantic sections of the Subtropical 560 

Zone (STZ), we find more subsurface production (Figure 6e,f), particularly in areas with 561 

deeper DCMs and DBMs (Figure 6b), and lower surface nitrate (Figure 6d). Thus, the 562 

influence of DCMs on the contribution of subsurface NPP increases when total NPP 563 

decreases. These general trends are true for both the mixed and the depth-resolved scenario, 564 

where NPPSUB is generally higher when DCMs and DBMs are present (Table S3).  565 

 566 

We find no significant correlations with surface NO3, and we find that DCMs and DBMs 567 

occur, even when surface NO3 is high, indicating iron limitation in HNLC areas in the 568 

Southern Ocean (Figures S6-S11). Not surprisingly, we find positive correlations between 569 

NPPSUB (ALL, DCM and DBM) and light (PARMLD only, not Deu), but these are significant 570 

only in the PAZ (Table S4). See SI for additional figures and results (Figures S6-S11; Tables 571 

S4 and S5). We find that DCMs occur across the Southern Ocean, where light and iron are 572 

limiting. The %NPPSUB is higher at low latitudes, where DCMs are deeper and total NPP is 573 

low (Figure 6).   574 

 575 
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 576 

Figure 6. Spatial distribution of (a) MLD for all profiles with and without a DCM, (b) DCM 577 

depth (DCMz) (c) total integrated NPP for all float profiles, (d) surface nitrate averaged over 578 

the upper 20m (e) the contribution of NPPSUB to total NPP (%) for all float profiles, (f) the  579 

contribution of NPPSUB to total NPP (%) when a DCM and DBM is present, (g) below-580 
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mixed-layer NPP for all float profiles (mg C m
-2 

day
-1

), and (h) below-mixed-layer NPP in 581 

the presence of a DCM and a DBM (mg C m
-2 

day
-1

). The black lines represent the polar 582 

front, the sub-Antarctic front, and the sub-tropical front. The dashed black line shows the 583 

limit of the sea-ice zone.  584 

 585 

 586 

Figure 7. Violin plots for the four frontal zones, showing: (a) NPP below the MLD when 587 

DCMs occur (mg C m
-2 

day
-1

), (b) the contribution to total NPP from NPP below the MLD 588 

expressed as a percentage, (c) the contribution of NPP at the DCM to total NPP (%), (d) the 589 

contribution of NPP at the DBM to total NPP (%),  (e) the contribution of NPP below the 590 

MLD to total NPP (%)  for all profiles with and without DCMs and DBMs. The shaded area 591 

shows the distribution of data for each group, the darker shade is the interquartile range, the 592 

coloured horizontal line is the mean value, and the white circle is the median value. Panel (f) 593 
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shows all the float profiles with a DCM in each frontal zone. The extended version of this 594 

figure is presented in figure S5; it includes all NPPSUB estimates, and their contributions to 595 

total NPP, for all frontal zones.  596 

 597 

3.4. How do satellites represent NPP associated with DCMs and DBMs? 598 

 599 

The CbPM satellite algorithm doesn’t explicitly account for DCMs or DBMs, but it does use 600 

the chl:C carbon ratio to mimic what happens below the ML. In order to investigate how well 601 

it does when DCMs/DBMs are present, we compare our Argo-derived NPP estimates to 602 

estimates that use the same assumptions as the satellite algorithms, but with mixed-layer chl 603 

and carbon estimates from the Argo floats, so that results are directly comparable (NPPSAT; 604 

see Methods section 2.6). Overall, the CbPM overestimates NPP across the Southern Ocean 605 

when using the nitracline to estimate the nutrient index (Figure 8a, Figure 9a,b), as found 606 

previously by Arteaga et al. (2022). Overestimates are highest in the low and high latitudes, 607 

and smallest in the mid-latitudes (Figure S12). The CbPM performance improves when the 608 

mean depth of the ferricline is used as a nutrient reference instead of the nitracline, bringing 609 

NPP estimates closer to the float estimates (Figure 9c,d). Again, however, the discrepancies 610 

are highest at the high and low latitudes (Figure 8a). Interestingly, when comparing only 611 

profiles where a DCM was present, NPP SatFer compares very favourably to the float 612 

estimates, even better than when all profiles are compared (compare Figure 8a and b, 9c,d). 613 

The ferricline version performs best when DCMs are present (r=0.88, RMSE=378.8, P-614 

bias=42.18), compared to all profiles with and without a DCM (r=0.70, RMSE=398.3, P-615 

bias=52.85). 616 

 617 

Inspecting the NPP estimates for the subsurface (Figure 8c and d), we find that the satellite 618 

algorithm “creates” a DCM (both for the ferricline and nitracline parameterization; Figure 619 

S13 in the SI). Even though this feature does not usually sit at the same depth as the 620 

measured DCM, it nudges the satellite algorithm towards higher column-integrated NPP for 621 

cases where a DCM is present, hence the better agreement with the observations. The 622 

nitracline parameterization overestimates NPP for all cases (Figure 9a and b). The ferricline 623 

parameterization, however, does well for DCM cases and somewhat over-estimates NPP 624 

when no DCM is present (Figure 9c and d).  625 

 626 
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Our results show that when we remove the DCM from the float profile, average estimates are 627 

139 mg C m
-2 

day
-1

 and thus 34-45% (mean and median) lower than the total NPP with DCM. 628 

When the DBM is removed, these numbers are 49.13-88.5 mg C m
-2 

day
-1

 (mean and median) 629 

and 16-37% lower of the total NPP. 630 

 631 

 632 

Figure 8. Latitudinal mean values for (a) total NPP (mg C m
-2

 day
-1

) in all the profiles, with 633 

and without a DCM present, (b) total NPP (mg C m
-2

 day
-1

) in profiles with a DCM present, 634 

(c) NPPSUB (mg C m
-2

 day
-1

) for profiles with a DCM, and (d) NPPSUB as a percentage (%) of 635 

total NPP in profiles where a DCM was present. The estimates are shown for all four 636 

methods: using the Argo float profiles of chl and carbon, in profiles with a DCM (solid 637 

green) and profiles with a DBM (solid blue), artificially removing the DCM from the same 638 
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float profile (dashed green) and removing the DBM (dashed blue), using the CbPM with the 639 

nitracline (dashed yellow) and the CbPM with the ferricline (dashed red). 640 

 641 

 642 

Figure 9. Scatterplots of vertically-integrated NPP a) from satellite estimates using the 643 

Carbon-based Productivity Model (CbPM) with the nitracline compared to Argo profiles with 644 

and without a DCM, and b) in profiles where a DCM is present, c) from satellite estimates 645 

using the CbPM with the ferricline compared to Argo profiles with and without a DCM, and 646 

d) in profiles where a DCM is present. The correlation coefficient (r) is shown on each panel, 647 

along with the root mean square error (RMSE, mg C m
-2

 day
-1

) and the mean normalised bias 648 

(P-bias, mg C m
-2

 day
-1

).  649 

 650 

 651 

 652 

4. Discussion 653 

 654 

 655 

4.1. DCMs are prevalent across the Southern Ocean   656 

 657 
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The latitudinal pattern we observed, namely more common DCMs and DBMs towards the 658 

north, ~30 to 50°S, is likely linked to the similar gradient in water-column stability, nutrients 659 

and light, following the standard DCM conceptual model at low latitudes (Cullen, 2015). 660 

Stratified, two-layer conditions are commonly perceived as essential for the formation of 661 

DCMs (Cullen, 2015; Latasa et al., 2017). This stratification is observed less often towards 662 

the poles and in winter in the Southern Ocean (Cornec et al., 2021). At the same time, the 663 

magnitude of the seasonal variability in the ML decreases towards low latitudes. Previous 664 

studies have also observed an increase in DCM occurrence from the poles to the equator 665 

(Parslow et al., 2001; Ardyna et al., 2013; Mignot et al., 2014; Cullen, 2015; Silsbe and 666 

Malkin, 2016; Baldry et al., 2020; Cornec et al 2021).  667 

 668 

Recent research has revealed DCMs in the Southern Ocean using BGC-Argo float profiles 669 

(Pinkerton et al., 2021; Cornec et al., 2021; Yasunaka et al., 2022; Strutton et al., 2023), as 670 

well as ship-based measurements (Carranza et al., 2018; Latour et al., 2023; Boyd et al., 671 

2024). While our understanding of DCMs largely stems from nitrate-limited waters (Cullen 672 

2015), various mechanisms regarding their formation have been observed for the iron-limited 673 

Southern Ocean. These include photoacclimation (Baldry et al., 2020; Cornec et al., 2021a), 674 

physical or biogeochemical mechanisms such as eddies (Cornec et al., 2021b; Strutton et al., 675 

2023), sea-ice retreat, subduction, and episodic iron supplies that induce diatom aggregations 676 

at depth (Carranza et al., 2018; Baldry et al., 2020). More recently, persistent DCMs and 677 

DBMs have been found near a subsurface ammonium maximum, suggesting a sustained in 678 

situ supply of recycled iron along with silicate resupply from depth (Boyd et al., 2024). The 679 

higher prevalence of DCMs at the STZ, and in the SIZ during summer, where light is less 680 

limiting, and their strong association with DBMs, confirm that mechanisms other than photo-681 

acclimation contribute to their formation in the Southern Ocean, agreeing with mechanisms 682 

documented in temperate and tropical waters (Durham and Stocker, 2012). 683 

 684 

4.2. Deep chlorophyll maxima matter for Southern Ocean primary production 685 

 686 

We observe DCMs and DBMs everywhere in the Southern Ocean, and while we do see 687 

higher abundance at low latitudes in the STZ, compared to the PAZ and SAZ, DCMs and 688 

DBMs are widespread, and occur under a range of light and nutrient conditions. More 689 

importantly, our results show that DCMs are significant in terms of their contribution to total 690 

production. Subsurface NPP in the presence of DCMs contributes 59% of total NPP on 691 
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average. This contribution is highest (40-70%) north of 40°S, and lower (20-40%) south of 692 

40°S (Figure 3). At low latitudes, the contribution of DCMs is consistent throughout the year, 693 

while in iron-limited areas south of 40 and 60°S the contribution shows strong seasonality, 694 

lasting a few months during spring and summer, where the contribution decreases to ~20% 695 

towards the end of the summer. When DCMs and DBMs are present, %NPPSUB increases 696 

significantly, compared to %NPPSUB in all profiles with and without DCMs and DBMs (76% 697 

median vs 1% median).  When DCMs are not accounted for or removed, NPP is 34-45% 698 

lower than total NPP from profiles with a DCM.  699 

 700 

While DCM studies are limited in the Southern Ocean compared to other basins, previous 701 

Southern Ocean work found higher productivity (211 vs. 152 mg C m
-2

 day
-1

) in profiles with 702 

diatom DCMs in the summer, compared to profiles with no DCMs (Tripathy et al., 2015). 703 

Similarly, field studies in the Polar Antarctic Zone (PAZ) have shown that DCMs resulted in 704 

higher NPP, compared to no DCMs during summer (Parslow et al., 2001; Westwood et al., 705 

2011). Another study (Bouman et al., 2020) found NPP estimates using a realistic non-706 

uniform chl profile to be higher than those that did not take the vertical distribution of 707 

chlorophyll into account. At higher latitudes (~56-60°S), in situ measurements have shown 708 

low photosynthetic rates in the DCM/DBM in mid-summer (~30% of NPP), although the 709 

multi-month longevity of the DCM resulted in more downward carbon export (Boyd et al., 710 

2024).  These findings agree well with the vertical distribution of NPP recently observed in 711 

the Southern Ocean using floats, where higher NPP appears to occur below the MLD at low 712 

latitudes (30-50°S), and the depth at which 90% of NPP occurs is deeper at low latitudes 713 

(Arteaga et al., 2022).  714 

 715 

No studies have reported NPP estimates when DCMs occur for the Southern Ocean on a large 716 

scale. Boyd et al. (2024) found that NPP in the DCMs accounted for up to 20mmol C m
-2

 day
-

717 

1
, and was ~0.5 µmol L

-1
 d

-1
 lower than in the ML. The iron and silicate-fuelled DCMs lasted 718 

~3 months during the austral summer and their decline was linked to a decrease in light 719 

availability. We investigated profiles from a float at 54-56°S, and 140-141°E (float no. 720 

5905371), to compare our estimates to Boyd et al., and likewise found that NPPSUB 721 

contributed to 18-24% of the total NPP, with most occurring in the ML during the summer of 722 

2020-2021. We examined this float and observed that the contribution of NPPSUB varied 723 

significantly between the five annual cycles of data available (Figure S15), along the same 724 

latitude, ~55°S (Figure S15f). On average %NPPSUB is <20% across all profiles. This is 725 
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consistent with our general results, where we show that the occurrence and %NPPSUB is 726 

lowest at mid-latitudes (40-60°S) and high latitudes (>60°S), where %NPPSUB has a strong 727 

seasonality potentially linked to the availability of iron and silicate.  This year also seems to 728 

have a longer bloom, compared to the preceding years.  729 

 730 

4.3. How does DCM occurrence relate to light and iron limitation? 731 

 732 

 4.3.1. Light acclimation in DCM formation 733 

 734 

We observe more and deeper DCMs, along with more DBMs, at low latitudes, and they are 735 

relatively more productive, due to more light being available there compared to higher 736 

latitudes (Figure S14). DCMs in nitrate-limited waters at low latitudes tend to be 737 

photoacclimating DCMs, following the typical DCM model for oligotrophic waters (Cullen, 738 

2015). Photoacclimation is a well-established mechanism of DCM formation in the northern 739 

hemisphere (Richardson et al., 2000; Durham and Stocker, 2012; Cullen, 2015), where 740 

phytoplankton adapt to low light levels at depth by increasing their chl content (Geider et al., 741 

1997; Westberry et al., 2016; Graff et al., 2019). Many northern hemisphere studies have 742 

documented DCM formation as a way for phytoplankton to access nutrients at depth when 743 

light is sufficient (Richardson and Bendtsen, 2019), while Southern Ocean studies have been 744 

added more recently (Baldry et al., 2020; Cornec et al. 2021; Boyd et al. 2024). DCMs at low 745 

latitudes are formed by phytoplankton species capable of utilising episodic supplies of 746 

nutrients. At low latitudes in oligotrophic waters, light at the DCM tends to be higher than at 747 

high latitudes because of persistent low nitrate concentrations at the surface, limiting 748 

phytoplankton growth at shallow depths. These DCMs thus follow the classic formation 749 

model of optimizing access to light and nitrate in the northern hemisphere (Cullen, 2015; 750 

Richardson and Bendtsen, 2019). We find that 64.3% of DCMs are also DBMs, so the 751 

chlorophyll peak coincides with an actual biomass peak and is not just caused by 752 

photoacclimation.  753 

 754 

 4.3.2. Iron limitation and DCM formation 755 

 756 

Generally, DCMs form at or below the pycnocline, where there is sufficient light at depth and 757 

phytoplankton can be close to the nitracline (Bathmann et al., 1997; Cailliau et al., 1999; 758 

Quéguiner, 2001), as observed in the temperate North Atlantic (Richardson and Bendtsen, 759 
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2019) and oligotrophic regions (Richardson and Bendtsen, 2017). Compared to the tropics, 760 

Southern Ocean DCMs are generally deeper (64m vs. 37m depth), less intense (1.4 vs. 2.4 mg 761 

chl m
-3

), shorter lived (<3 months), and are most prevalent in the summer (Cornec et al., 762 

2021). We find that DCMz is deeper when total NPP(ALL) is low and light is higher at the 763 

DCMz (Figure S14, Figure 8a), especially in the north (<50°S), suggesting that some DCMs 764 

follow a similar DCM formation mechanism as in the northern hemisphere, where 765 

phytoplankton grow in deeper layers to access higher nutrient concentrations at depth 766 

(Richardson et al., 2000; Cullen, 2015). While this mechanism may work well in nitrate-767 

limited regions at low latitudes like in the STZ (~30-40°S), where the nitracline sits near the 768 

MLD (Tagliabue et al., 2014; Cornec et al., 2021a), it doesn’t explain DCM formation in 769 

iron-limited waters, where the average depth of the ferricline is ~333m (Tagliabue et al., 770 

2014).  771 

 772 

We observe widespread DCMs and DBMs, including in HNLC areas, where iron is limiting. 773 

We also see that NPPSUB accounts for ~40% of the total NPP at higher latitudes (<60°S) in 774 

the spring, where surface NO3 is high, light is low (compared to summer months) and DCMs 775 

are shallower than at low latitudes (Figure S14). Previous studies suggested that 776 

phytoplankton may grow at great depths as a result of a nutrient supply, with aggregations of 777 

low light and low iron-adapted diatoms in deeper waters often dominating Southern Ocean 778 

DCMs (Parslow et al., 2001; Kopczynska et al., 2001; Armand et al., 2008; Gomi et al., 2007; 779 

2010; Westwood et al., 2011; Tripathy et al., 2015). Most recently, the formation of diatom-780 

rich DCMs and DBMs below the MLD has been linked to subsurface peaks of ammonium 781 

and a supply of recycled iron (Boyd et al., 2024). Boyd et al. propose a dual mechanism 782 

where DCMs and DBMs form as a result of iron recycling within the subsurface ammonium 783 

maxima and an upwelling of silicate, which sustains the diatom community at depth. Diatoms 784 

are known for their ability to survive and adapt to low light conditions (Strzepek et al. 2012; 785 

2019), making it possible for them to thrive at these DCMs that form in the Southern Ocean. 786 

We find that DCMs are productive across the Southern Ocean, especially in terms of absolute 787 

numbers, regardless of the mechanism of formation.  788 

 789 

4.4. What do our findings mean for satellite estimates of NPP?  790 

 791 

Our study indicates that current satellite productivity algorithms like the CbPM require 792 

further refinement to accurately estimate NPP in the presence of DCMs. While the ferricline 793 
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version of the CbPM performs reasonably well overall when DCMs are present, some 794 

important discrepancies remain. When using the ferricline, satellite estimates are closer to 795 

float values, although still differ at low and high latitudes. At low latitudes, where DCMs are 796 

more prevalent, both adaptations of the CbPM significantly overestimate NPP (Figure S13). 797 

Satellite subsurface NPP estimates, using both nitracline and ferricline approaches, are 798 

significantly higher than float-based NPP values below the MLD (Figure S13). This 799 

overestimation is driven by elevated chl:Cphyto ratios predicted by the CbPM, creating an 800 

artificial DCM that does not match the actual DCM in the float profile. While the CbPM 801 

performs better with the ferricline approach at high latitudes, it still needs refinement for 802 

precise subsurface NPP representation at lower latitudes.  803 

 804 

Other satellite algorithms like the Vertically Generalized Production Model (VGPM) or the 805 

Carbon, Absorption, and Fluorescence Euphotic (CAFE) model, underestimate and 806 

overestimate NPP, respectively, compared to the CbPM, especially in the Southern Ocean  807 

(Figure 2 in Westberry et al., 2023). Spatially, the CbPM tends to have higher NPP estimates 808 

particularly in the northern hemisphere. When comparing the VGPM and the CAFE to our 809 

DCM-removed profiles (<1000 mg C m
-2

 day
-1

), the CAFE seems to have higher estimates 810 

(500-1300 mg C m
-2

 day
-1

), whereas the VGPM has lower estimates overall (200-900 mg C 811 

m
-2

 day
-1

). However, both the VGPM and the CAFE have NPP estimates closer to the DCM-812 

removed profiles, than the DCM profiles. 813 

 814 

Our results clearly show that DCMs make a significant contribution to NPP, and that satellite 815 

algorithms could quantify them better. Future improvements should focus on incorporating 816 

more detailed vertical profiles and integrating data or climatologies from BGC-Argo floats. 817 

Adapting the ferricline depth based on regional and seasonal variations in the Southern Ocean 818 

could address limitations observed at low latitudes. Refining these algorithms will enhance 819 

our understanding of global NPP dynamics and improve model predictions of climate change 820 

impacts on ocean primary production. 821 

 822 

 823 

5. Conclusions and implications  824 

 825 

 826 
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The importance of DCMs and their influence on NPP have never been quantified at the scale 827 

of the Southern Ocean. With the SOCCOM-led introduction of a large array of BGC-Argo 828 

floats, we are now able to better study bio-optical properties and the vertical structure of 829 

phytoplankton features basin-wide, through the seasons. Here, we have quantified the 830 

contribution of subsurface NPP to total NPP, and the effect of DCMs and DBMs on these 831 

estimates.  832 

 833 

The significant contribution of subsurface NPP to total NPP when DCMs and DBMs are 834 

present indicates that DCMs are of biological and ecological importance in the Southern 835 

Ocean.  When DCMs are present, subsurface NPP contributes more than half of the total 836 

NPP, predominantly at low latitudes north of 40°S throughout the year, from 40% in winter 837 

to 70% in the summer. At mid and high latitudes, this contribution presents a strong 838 

seasonality, decreasing from ~40% in spring to ~25% in summer. NPP at the DCM 839 

contributes up to ~20% to the total NPP annually. DCMs are especially important at low 840 

latitudes, and in summer. The contribution of subsurface NPP is higher when a DCM 841 

coincides with a DBM, and both are widespread. Satellite estimates that do not account for 842 

DCMs may be underestimating NPP by 34-45% when DCMs occur.  843 

 844 

Most climate models primarily focus on upper ocean processes, where a decrease in 845 

phytoplankton biomass is the result of a decrease in the upward supply of nutrients (Bopp et 846 

al., 2001; Steinacher et al., 2010). Some models suggest that warmer temperatures and 847 

increased nutrient limitation may disadvantage diatoms and result in a shift towards smaller 848 

phytoplankton (Bopp et al., 2005; Marinov et al., 2010). In general, ocean circulation models 849 

show that warming will influence nutrient cycling and ocean productivity through enhanced 850 

stratification (Rhein et al., 2013; Bindoff et al., 2019; IPCC, Fifth Assessment Report AR5). 851 

Interestingly, while CMIP6 models project a global decline of 4-11% in NPP (Longhurst, 852 

2007; Cullen, 2015; Laufkötter et al., 2015; Kwiatkowski et al. 2020), an increase in NPP is 853 

predicted specifically in the Southern Ocean (Bopp et al., 2013; Laufkötter et al., 2015). 854 

Ocean models also show large uncertainty in future projections due to insufficient regional 855 

observations and knowledge gaps in the magnitude and spatial and vertical variability of NPP 856 

(Tagliabue et al., 2021). Models are often compared against satellite products and use these 857 

as input data when observations are scarce (Aumont et al. 2015), highlighting the need to 858 

improve satellite algorithms and estimates, as these are currently the most viable method to 859 

study long-term changes on a global scale.  860 
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 861 

DCMs are often observed in stratified waters (Cullen, 2015; Carranza et al., 2018), thus, if 862 

the oceans become warmer and more stratified (Li et al., 2020), the vertical distribution of 863 

biomass will change, and the occurrence of DCMs may increase. It is therefore important to 864 

understand what effect DCMs have on the vertical distribution of NPP, particularly in the 865 

Southern Ocean, where no particular attention has been paid to DCMs (Arteaga et al., 2022; 866 

Bock et al., 2022). The lack of attention paid to DCMs and DBMs has in part been due to a 867 

lack of data with sufficient spatial coverage. Our results show that accounting for subsurface 868 

accumulations of chlorophyll and biomass matters when estimating total NPP. While the 869 

CbPM creates artificial DCMs and overestimates NPP, other satellite algorithms could 870 

potentially be missing subsurface features and underestimating NPP in the Southern Ocean, 871 

particularly in the summer, when the contribution of DCMs in terms of productivity is 872 

highest.  873 
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