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Abstract Asa main source of nitrate for the pycnocline in the global ocean, the ocean south of 30°S
plays a pivotal role in the global marine biogeochemical cycle. Nitrate in the pycnocline often shows a more
stable relationship with density than with depth. Hence, it is important to understand the nitrate structure and
its relationship with density in the ocean south of 30°S. In the present study, the nitrate-density relationship
and the mechanisms for its variability are studied based on the data from more than 60,000 profiles. Through
analysis, we find that nitrate is approximately linearly correlated with potential density in the nitracline,
except for the western boundary current zones. The upper bounds of the nitracline depend on the mixed
layer and euphotic layer depth. The lower bounds are related to the depth of maximum nitrate, which mainly
vary meridionally with sharp changes near the Subantarctic Front. The diapycnal gradients of nitrate also
show meridional variability, with large magnitudes corresponding to thick Subantarctic Mode Water, low
diapycnal mixing in the nitracline, and high biological uptake in the euphotic layer. The nitrate-density
relationship can be applied to predict nitrate concentrations based on the observed temperature and salinity
profiles and support some detailed studies on the physical-biogeochemical interactions. Two examples show
that the predicted nitrate data could help better resolve the effects of ocean circulations and mesoscale eddies on
nitrate than the existing observed nitrate profiles.

Plain Language Summary A high percentage of the global ocean pycnocline nitrate is estimated to
originate from the ocean south of 30°S. Nitrate is often found to exhibit a more stable relationship with density
than with depth in the pycnocline. Hence, the studies on the nitrate-density relationship in the ocean south of
30°S will not only help understand the transport process of the pycnocline nitrate, but also provide parameters
for predicting nitrate concentrations through the observed temperature and salinity, benefiting for the
initialization and assimilation of nitrate in ocean models, and the studies those need high-resolution nitrate data.
The analysis reveals distinguishing patterns of the nitracline depth and nitrate-density fit slope, both of which
show sharp changes near fronts. The large magnitude of nitrate-density fit slope is found to be related to thick
Subantarctic Mode Water, low diapycnal mixing under the euphotic layer, and high biological uptake inside the
euphotic layer. Given the better spatial and temporal coverage of the observed temperature and salinity profiles,
the predicted nitrate data have advantages in resolving more detailed variations of nitrate than the observed
nitrate profiles.

1. Introduction

In the ocean, dissolved inorganic nitrate (henceforth referred to as nitrate) is one of the essential macronutrients
for phytoplankton production. Nitrate is often consumed near the surface by phytoplankton uptake and increases
sharply below the euphotic zone through the remineralization of organic matter, exhibiting a strong vertical gradi-
ent (here referred to as the nitracline; Omand & Mahadevan, 2015). Physical transport of nitrate across the nitra-
cline is a main nitrogen source for new production in the surface ocean (Ward et al., 1989), which greatly affects
the biological activities of phytoplankton, including primary productivity and massive blooms in the euphotic
zone (Ardyna et al., 2019; Barocio-Le6n et al., 2007; Johnson & Bif, 2021; Prend et al., 2019; Ryabchenko
et al., 1998; Uchida et al., 2019; Wilson et al., 2015), hence the distribution of nitrate inside the nitracline is
of particular importance in understanding the biological carbon pump. For instance, in some regions, cold and
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windy weather mixes water containing nitrate up to the euphotic zone in the winter. In this way, nitracline plays a
significant role in supporting phytoplankton growth the next spring (Martin et al., 2020).

The Southern Ocean is not only the biggest ocean sink region for anthropogenic CO, and heat, but also a main
source of nutrients for the pycnocline in the global ocean (Fripiat et al., 2021; Watson et al., 2014). A recent study
estimates that about 62% of the global ocean pycnocline nitrate and phosphate originate from the Southern Ocean
(Fripiat et al., 2021). For instance, with the continuous formation and subduction of the Subantarctic Mode Water
(SAMW) originating in the thick wintertime mixed layers, the isopycnal transport of nitrates from the Southern
Ocean supports a large amount of nitrate to the upwelling regions of the equatorial Pacific and off South Amer-
ica (Sarmiento et al., 2004). Without the Southern Ocean nutrient source, the sum of the vertical processes that
transport nutrients upwards across the pycnocline in the mid- and low-latitude ocean would be insufficient to
maintain the biological productivity (Sarmiento et al., 2004). The horizontal transport of nitrate has been proved
extremely important for productivity in subtropical circulation oligotrophic systems (Kelly et al., 2021; Letscher
et al., 2016; Williams & Follows, 1998). It is foreseeable that the abundant nitrate in the upper seawater of the
Antarctic Circumpolar Current (ACC) can be transported to the subtropical oligotrophic basin, according to the
northward Ekman transport driven by westerly wind (Manabe et al., 1990). Therefore, studying the distribution
of nitrate in the Southern Ocean is key to understanding the sources of the pycnocline nitrate in the global ocean.
In some previous studies, the northernmost boundary of the Southern Ocean could extend to nearly 30°S (e.g.,
Fripiat et al., 2021; Johnson et al., 2017). To include the scope of previous studies and avoid conflict with the
concept of the Southern Ocean defined by the National Geographic Society in 2021 (northernmost boundary is
60°S), the area for analysis in the present study is called as the ocean south of 30°S, which is the most inclusive
area fully encompassing all Southern Ocean phenomena northward to the Subtropical Front in each ocean.

Various dynamical and biochemical processes in the ocean will affect the distribution of nitrate, resulting in a
high degree of variability in the nitrate-depth profiles. Many studies have found that nitrate has a more stable
relationship with temperature or density than with depth (e.g., Dugdale et al., 1989; Kamykowski, 1987, 2008;
Omand & Mahadevan, 2013; Redfield, 1942; Sarangi et al., 2011), which is inseparable from the fact that large
and mesoscale motions in the ocean are often along the isopycnal or isothermal surfaces. Nitrate observations are
much fewer and more difficult to measure relative to temperature and salinity. Hence, if the relationship between
nitrate and temperature-salinity or density is quantified, much more nitrate data could be derived through the
observed temperature and salinity. This will contribute to the initialization and assimilation of nitrate in ocean
models, estimation of phytoplankton primary productivity, and studying biogeochemical processes those need
high-resolution nitrate data.

To predict nutrient concentrations based on temperature or density in the global or regional oceans, a few studies
have applied linear, quadratic, and cubic regression methods to study the nutrients-temperature or nutrients-density
relationships (e.g., Dugdale et al., 1997; Garside & Garside, 1995; Holloway, 1986; Kamykowski et al., 2002;
Omand et al., 2012; Omand & Mahadevan, 2015; Switzer et al., 2003). In recent years, more approaches have
been developed, including artificial neural networks (Mozejko & Gniot, 2008), generalized additive models
(Primeau et al., 2013), self-organizing maps (Yasunaka et al., 2014), and multiple linear regression (Arteaga
et al., 2015). In essence, the fundamental construct of these methods is to establish the relationships between
nutrient concentrations and environmental parameters and then predict the unknown nutrient concentrations from
known environmental parameters. In general, the environmental parameters associated with the fit of nutrients
include temperature, salinity, density, and even dissolved oxygen (Bittig et al., 2018; Sauzede et al., 2017). All of
the linear and nonlinear fits have both advantages and disadvantages. Although the multi-order and multi-variable
complicated methods could fit a more complex nitrate-density relationship at full depth, the resulted parameters
are complicated and usually do not have clear physical or biological significance. It is often hard to find reason-
able explanations for the distributions of the complicated parameters based on the oceanic processes. As far as
the local nitracline is concerned, the simplest one-order polynomial fit method would reveal its basic features
when it satisfies the fit accuracy. Compared with the high-order and machine learning fits, linear-fits have fewer
parameters, and the distributions of the parameters are better linked to oceanic processes.

The nitrate-density relationship may vary with space and time (Omand & Mahadevan, 2015). Due to the limita-
tion of the amount of data, previous studies did not propose a relatively high-resolution map that shows clearly
the variability of the nitrate-density relationship in the ocean south of 30°S. Biogeochemical-Argo (BGC-Argo),
carrying in situ ultraviolet spectrophotometers, can observe the vertical profiles of nitrate with high resolution
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Table 1
Number and Period of the Valid Profiles for Analysis in Each Data Set

Data Set WOD18 BGC-Argo MGBNPR_015_009

Number of valid profiles 6,885 18,338 37,132
Period November 1963 to May 2019 February 2008 to May 2022  January 2003 to May 2020

and long time series (Johnson & Coletti, 2002; Johnson et al., 2013), and has been widely used in multidisci-
plinary studies (e.g., Bittig et al., 2019; Claustre et al., 2020; Johnson et al., 2010; Pellichero et al., 2020; Wang
etal., 2021; Xiu & Chai, 2020). In recent years, more and more BGC-Argo floats have been deployed in the ocean
south of 30°S, thus providing an opportunity for better understanding the nitrate-density relationship.

In the ocean south of 30°S, nitrate is supposed to be better correlated with density than with depth in the nitracline
because physical processes of circulation and mixing dominate the distributions of density and nutrients. The
Southern Ocean has a few water masses and fronts, which may have effects on the variability of the nitracline
depth and nitrate-density relationship. To characterize the most basic features of the nitrate-density relationship in
an effort to gain a mechanistic understanding of the oceanic processes that govern the nitracline shape and depth,
linear regression is applied and tested in the present study. The derived nitrate-density relationship is expected to
be applied to predict nitrate concentrations in the nitracline based on the observed temperature and salinity data.

2. Data
2.1. Nitrate Profiling Data and Quality Control

The profiles of synchronously measured nitrate concentration, temperature, salinity, and pressure for studying the
nitrate-density relationship in the southern area of 30°S are obtained from three data sets, including the World
Ocean Database 2018 (WOD18), Biogeochemical Argo (BGC-Argo) data set, and the nutrient estimation data
set-MULTIOBS-GLO-BIO-NUTRIENTS-PROFILES-REP-015-009 (MGBNPR_015_009). Potential density is
calculated with the temperature, salinity, and pressure by the SeaWater Toolbox (http://www.teos-10.org/).

The WOD18 is provided by the National Centers for Environmental Information (NCEI). The BGC-Argo and
Core-Argo profiling data are obtained from https://data-argo.ifremer.fr/ and only adjusted data are used in the
present study. The MGBNPR_015_009 data set is downloaded from the Copernicus Marine Service website. It
consists of vertical profiles of the concentrations of nitrates, phosphates, and silicates, computed for BGC-Argo
equipped with an oxygen sensor from the CANYON (Carbonate system and Nutrients concentration from hydro-
logical properties and Oxygen using a Neural-network) method, first developed by Sauzéde et al. (2017) and then
improved by Bittig et al. (2018). At the global scale, the nitrate concentration is retrieved with an accuracy (from
the root mean squared difference) of 0.68 pmol kg~!.

Before studying the nitrate-density relationship, several data quality-control procedures are performed. First,
the profiles without synchronous observations of nitrate concentration, temperature, salinity, and pressure are
excluded; Second, we select the data with flag = 0 in WOD18, and the adjusted data with flag = 1 in BGC-Argo
and MGBNPR_015_009 data sets for further analysis, in which the accuracy of nitrate concentration is in the
order of 107! pmol kg=!; Third, when the MGBNPR_015_009 data set and the BGC-Argo data set involve the
same profiles, only BGC-Argo measured nitrate profiles are used for analysis; Lastly, profiles without nitrate
data in the water with depth <30 m are excluded, and the reason is clarified in the Method section. The numbers
and periods of the valid profiles from the three data sets after quality control are shown in Table 1. To check the
spatial coverage of the profiles, the southern ocean of 30°S is divided into a few 5° X 5° grids. The number of
valid profiles for analysis at each grid is shown in Figure 1. There are more than 100 valid profiles in most grids,
thus these data are suitable for studying the spatial variability of the nitrate-density relationship to some extent.

2.2. Ancillary Data

To explain the nitrate-density relationship in the ocean south of 30°S, some ancillary data are applied, including
the monthly averaged BOA_Argo data set from January 2004 to March 2021 with a horizontal resolution of
1° x 1°, the monthly averaged 3D biogeochemical fields from January 1993 to December 2020 based on the
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3 Pelagic Interactions Scheme for Carbon and Ecosystem Studies (PISCES)
10 biogeochemical model with a horizontal resolution of 0.25° X 0.25° and 75
vertical levels, the monthly averaged euphotic layer depth from September
1997 to August 2021 with a horizontal resolution of 4 X 4 km provided by the
GlobColour, gridded sea surface temperature (SST), absolute dynamic topog-
raphy (ADT) and sea level anomalies (SLA) with a horizontal resolution of
0.25° x 0.25°.

In the present study, mixed layer depth (MLD) is defined as the depth where
the potential density has increased from that at 10 m depth by a threshold
equivalent to the density difference for the same 0.2°C temperature change
at constant salinity (Li et al., 2017). SAMW is defined as the water mass
with a threshold (AZ/AT > 75 m °C~') in the potential density range of
26.5-27.1 kg m~3, temperature range of 0°C-15°C, and salinity range of
L 100 34.2-35.8 (Gao et al., 2018). Subantarctic Front (SAF) is defined as the 4°C
isotherm at the depth of 400 m according to the criteria of Orsi et al. (1995),
which is also the southern boundary of SAMW. South Antarctic Circumpo-

Number of valid profiles

Figure 1. Number of the valid profiles in every 5° X 5° grid. Black lines . . op -
represent the trajectories of the BGC-Argo floats 5,905,132 and 5,905,072. lar Current Front (SACCE) is defined as the 1.8°C isotherm at the depth of

Blue stars represent the locations of the profiles shown in Figures 2e and 2f.

500 m (Orsi et al., 1995), which is corresponding to a strong current in the
south of the ACC.

3. Methods

3.1. Linear-Fit Between Nitrate and Density

To explain the fit procedures, the profiles of nitrate concentration observed by the BGC-Argo floats 5,905,132
and 5,905,072 are shown as examples (Figure 2). Their trajectories are around 30°S and 50°S, respectively
(Figure 1). As shown in Figure 2, nitrate is consumed near the surface due to the uptake by phytoplankton,
increases rapidly with depth in the underlying region through the remineralization of organic matter, and reaches
its maximum around 1,000 m. The nitrate profiles observed by these two BGC-Argo floats show that iso-nitrate
surfaces are better aligned with the isopycnals than with isobars in the subsurface. In the density coordinate,
the lowest potential density has apparent seasonal variability due to the seasonal variations of temperature in
the upper layer (Figures 2c and 2d). In the subsurface, isopycnals have little seasonal variability, and the nitrate
concentration generally shows less temporal variability along isopycnals (Figures 2c and 2d) than along isobars
(Figures 2a and 2b). The vertical profiles from other BGC-Argo floats and WODI18 also show better alignment
of iso-nitrate surfaces with isopycnals than isobars (not shown for brevity). Therefore, the relationship between
nitrate and density is fitted in this study.

To exclude the surface and deep water, nitracline (fit range) is defined as a bounded region. The upper bound is
defined as 2 pmol kg ! larger than the surface nitrate concentration and the lower bound is defined as 1 pmol kg~!
smaller than the maximum nitrate concentration in one profile (Figures 2e and 2f). The surface nitrate concentra-
tion (N,) is quantified with the vertically averaged nitrate concentration from surface to 30 m. Thus, profiles with-
out nitrate data above 30 m are excluded in the fit. The definition of the upper bound is similar to the definition
of MLD. It differs from that in Omand and Mahadevan (2015), who defined the upper bound as the depth with
nitrate concentration of 2 pmol kg~'. In high latitudes, the nitrate-density and nitrate-depth slopes near-surface
show distinct features from the underlying water due to mixing and biological uptake inside the euphotic layer,
although near-surface nitrate concentration is much higher than 2 pmol kg~! (Figure 2f). Therefore, we define the
upper bound as 2 pmol kg~! larger than the surface nitrate concentration.

To characterize the most basic features of the nitrate-density relationship, we apply the simplest linear regression.
The coefficients K and B in the linear-fit are obtained through a least squares minimization of

NOs3; = Koi + B,i =1, ...n, €8

where i and n denote each data point and the number of data points in the fit range of one profile, respectively;
6; = p; — 1,000 kg m~3 denotes potential density (herein referred to as density); K denotes the slope of the
linear-fit, and B denotes the nitrate intercept.
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Figure 2. Profiles of nitrate concentration in the depth and density coordinates measured by the BGC-Argo floats 5,905,132 and 5,905,072. In panels (a and b),
magenta contours indicate isopycnals. In panels (¢ and d), black contours indicate iso-nitrate surfaces. Vertical black dashed lines represent the time of the profiles
shown in panels (e and f). Panels (e and f) show two typical profiles in the middle and high latitudes, with blue and orange lines representing the variation of nitrate
concentration with density and depth, respectively. The green lines represent the bounded region for linear-fit, and the black dash lines represent the fit results.

Nitrate consumption density ¢, is defined as the density corresponding to the intersection of the fit line and
surface nitrate concentration (N,), which can be written as:

o0 = (No — B) /K. Q)

The skill of the fit in each profile is evaluated by:

L, (NO3; — NOY(01))’
skill = 1 — 12% 3)
n i=1 NO31
where NO,; and NOj(c;) denote the observed and fit values of nitrate concentration at each data point, respec-
tively (Omand & Mahadevan, 2015).

3.2. Nitrate-Based Estimation of Annual Net Community Production (ANCP)

To study the effects of biological processes on nitrate, the annual net community production (ANCP) is esti-
mated. Net community production (NCP) is the balance between the primary production of organic matter in
the euphotic zone and respiration of that matter by organisms at all trophic levels within the upper ocean. ANCP
is the annual integral of NCP, and it is related to the export production and Particulate Organic Carbon in the
euphotic zone. We estimate ANCP from the annual drawdown in the surface nitrate reservoir (upper 200 m)
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following the method proposed by Arteaga et al. (2019) and Johnson et al. (2017). Nitrate profiles at different lati-
tudes in the ocean south of 30°S show that the seasonal variation of nitrate concentrations is roughly concentrated
in the water above 200 m. At depths below 200 m, there is generally good agreement between the summer and
winter nitrate profiles (Figure 2; Figure 4 in Johnson et al., 2017). With neglecting the physical processes such
as advection and diffusion terms, ANCP can be estimated by converting changes in euphotic zone nutrient inven-
tories to changes in carbon inventories through assuming they are related by Redfield ratios (Munro et al., 2015;
Plant et al., 2016). In the present study, based on the outputs from the PISCES biogeochemical model, ANCP is
estimated as the vertical integral from the surface to 200 m of the decrease in nitrate concentration (winter maxi-
mum month-summer minimum month), converted to carbon units using a Redfield ratio of 106 mol C/16 mol
NO, (r6.6):

200
ANCP = 6.6 X / [NOY™@"(z) = NO“™™" (2)] dz. 4
0

The winter maximum and summer minimum months are identified with the climatologically, monthly and depth
averaged nitrate concentration in the upper 200 m. The monthly mean nitrate can also minimize the impact of
short-term oscillations in the mixed layer.

4. Results
4.1. Upper and Lower Bounds of Nitracline

The definition of upper bound depth (Z,,..), that is, the depth with 2 pmol kg~! greater than the surface nitrate
concentration, is similar to the definition of MLD. The magnitude of Zupper
tion depth and is influenced by several physical and biological processes, such as vertical mixing, advection, and
biological uptake.

roughly reflects the nitrate consump-

As shown in Figure 3, deep Z ____occurs as a ring in the regions between 45°S and 60°S, which is corresponding

upper
to the deep annually averagedplp\/ILD. The vertical nitrate gradient is very weak due to strong mixing inside the
mixed layer and increases rapidly with depth in the nitracline. Thus, the magnitude of Z . is close to MLD.
In the regions between 45°S and 60°S, the strong westerlies results in a relatively uniform mixture of the upper
ocean and deeper mixed layer inside the ACC relative to surrounding areas. Therefore, Z _ is deep in the ACC,

with a maximum depth nearly 500 m located to the south of Australia (Figure 3a).

pper

The magnitude of Z .. around 30°S is slightly greater than that around 40°S and the South American continent
(Figure 3a). This may be related to the effects of the biological uptake depth. Nitrate is consumed by phyto-
plankton inside the euphotic layer. Through remineralization, nitrate concentration gradually increases below the
euphotic layer. Thus the euphotic layer depth (Z,) is one main factor that determines the deepest depth of the
biological uptake. As shown in Figure 3c, the euphotic layer is deeper around 30°S and shallower around 40°S
and the South American continent, which is corresponding to the distribution of Z,, .. Therefore, the magnitude
of Z, .. 1is influenced by the depths of mixed layer and euphotic layer, resulting in similar distribution of Z . to

upper pper
the maximum of MLD and Z_, (Figure 3d).

The lower bound depth (Z,.,) of nitracline, that is, the depth with 1 pmol kg~! smaller than the maximum nitrate
concentration, is related to the depth with maximum nitrate concentration. Its spatial distribution mainly shows
meridional variability, with sharp changes near SAF (Figure 4a). This is roughly consistent with Omand and
Mahadevan (2015). On the north of SAF, the averaged magnitude of Z, . is around 896 m, indicating the deep
buried depth of nitrate. On the south of SAF, the upwelling inside the Circumpolar Deep Water (CDW) tilts isop-
ycnals upwards and carries a large amount of nitrate gradually upsurges along isopycnals (Figure 4b), resulting
in smaller Z,

lower?

whose average is around 237 m.

4.2. Fit Skill

To test whether linear-fits are appropriate to be applied in the profiles, fit skill is calculated according to Equa-
tion 3. The results show that linear-fits are applicable in 91.3% of the profiles (skill > 0.8). The areas with poor
fit skill (skill < 0.8) are mainly in the western boundary (warm) current zones, including the Brazil Current, the
Agulhas Current, and the East Australia Current zones (Figure 5a).

XUET AL.

6 of 17

85U8017 SUOWILIOD BA 81D 8|qedl|dde au Aq peusenob ae ssjolie YO ‘8sn Jo SaIN 10} A%eid18UlIUO A8 |1 U (SUOIPUOD-PUR-SLLIBY WD A 1M Ale.d][Bu JUO//Sty) SUORIPUOD pue swie 1 81 8eS *[£202/£0/90] Uo Aidiauliuo A8|im ‘enbiuey 11usD - Busely| Aq 8768T0OCZZ02/620T OT/I0P/W00 A8 1M Ateq i jput|uo'sgndnfe//sdny wioiy papeojumoa ‘TT ‘2202 ‘16266912



At ,
NI Journal of Geophysical Research: Oceans 10.1029/2022JC018948

ADVANCING EARTH
AND SPACE SCIENCE

300 200
250
150
200
£
150 100 o
—
S
100
50
50
0 0
150 200
150 g
100 =
8
N
100 &
—
=)
50 B
50 =
0 0

Figure 3. Depth of (a) the upper bound of nitracline, climatologically and annually averaged (b) mixed layer depth (MLD)
and (c) euphotic layer depth (Z, ), and (d) maximum of MLD and Z_.

For comparison, the coefficient of determination of nitrate and density (R?) is also calculated (Figure 5b), and its
average is as high as 0.95. The results of skill and R? reveal that linear-fits are appropriate to be applied in most
regions of the ocean in south of 30°S.

To study the reasons for the poor fit skill in the western boundary current zones, the profiles in the zonal sections
across the western boundary current zones are analyzed. The nitrate-density profiles and 7-S diagram in a zonal

i (b) Latitude

ASF SACCF SAF STF

1200

E E
800 & 'g

<] O

N A
400
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Figure 4. Depth of the lower bound of nitracline and schematic diagram of water masses in the studied area. In panel (a), the
red line represents the location of the Subantarctic Front (SAF). Panel (b) shows a schematic meridional section in the ocean
south of 30°S, referring to Speer et al. (2000). The area between the red lines represents the bounded region for linear-fit.
Acronyms: Antarctic Surface Water (AASW), Subantarctic Mode Water (SAMW), Subantarctic Surface Water (SASW),
Subtropical Surface Water (STSW), Antarctic Bottom Water (AADW), Circumpolar Water (CDW), Antarctic Slope Front
(ASF), Southern ACC Front (SACCF), Subantarctic Front (SAF), and Subtropical Front (STF).
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Skill

180°W

Figure 5. Spatial distributions of (a) linear-fit skill (skill) and (b) coefficient of determination (R?). In panel (a), the blue
(33.5°S, 30°-55°E) and green lines (33.5°S, 55°-74°E) represent the sections where profiles are identified with skill < 0.8
and skill > 0.8, respectively.

section (33.5°S, 30°-74°E) across the Agulhas Current zone are shown in Figure 6 as an example, and the situa-
tions in other western boundary current zones are similar.

In the profiles with poor fit skills, the slopes of the upper parts of the nitrate-density lines are obviously incon-
sistent with the lower parts (Figure 6a), resulting in a low linear-fit skill. As shown in the 7-S diagram, the
thermohaline properties of the profiles with skill < 0.8 (blue dots) are different from the profiles with skill > 0.8
(green dots; Figure 6b). There is a water mass with high temperature (16°C-20°C) and salinity (35.4-35.6) in the
profiles with skill < 0.8, which is brought by the Agulhas Current from lower latitudes. Hence, the nitrate-density
lines in the upper layer have distinct slopes from the lower layer. The dynamical characteristics in the Brazil
Current and the Eastern Australia Current are similar to those in the Agulhas Current, so the fit skills in these
two regions are also poor.

4.3. Spatial Distribution of K, B, N,, and ¢,

When analyzing the distributions of the parameters in the linear-fits, we exclude the areas with skill < 0.8 to
ensure the accuracy of results. The magnitudes of K mainly vary meridionally, with apparent changes near SAF
and SACCEF (Figure 7a). In general, the magnitude of K is small on the south of SAF and western side of Chile
(<30 pmol m? kg=2). In the regions between 40°S and 55°S, the magnitude of K reaches its maximum (gener-
ally greater than 40 pmol m? kg=?) and rings almost zonally. Due to completely different upper bound in fit, the
magnitudes of fit slopes are different from that in Omand and Mahadevan (2015).

(3)24.5 ‘ , : : : : (b)zz
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=
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S ©
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2
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Salinity

Figure 6. Nitrate-density profiles and 7-S diagram in a zonal section (33.5°S, 30°~74°E) across the Agulhas Current, whose
location is shown in Figure 5a. The blue and green lines represent the profiles with skill < 0.8 and skill > 0.8, respectively. In
panel (b), the green and blue dots correspond to the data points of the blue and green lines in panel (a), respectively.
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Figure 7. Spatial distributions of (a) K and (b) climatologically and annually averaged thickness of Subantarctic Mode
Water (SAMW). The meridional black line (30°-76°S, 150°W) represents the section shown in Figure 9, and the bold part
indicates the region with large K (45°-52°S, 150°W). In panel (a), white areas indicate the regions where the linear-fit skills
are smaller than 0.8.

The spatial distribution of K is similar to the thickness of SAMW (Figure 7b), with large K corresponding to thick
SAMW. The reasons for the correlation between the magnitude of K and the thickness of SAMW are discussed
in Section 5. To see whether the seasonality has a significant effect on the magnitude of K, we also calculate
the spatial distribution of K in four seasons (Figure S1 in Supporting Information S1). They all show similar
patterns as the total result in Figure 7a, indicating that there is no apparent seasonal variability of K. Unlike the
WOD18 and BGC-Argo data, the nitrate concentration in the MGBNPR_015_009 data set is not obtained by
direct observations. To examine whether the MGBNPR_015_009 data set is appropriate to be applied to study
the density-nitrate relationship, we also calculate the spatial distributions of K with only applying this data set
and only applying the WOD18 and BGC-Argo data, respectively (Figure S2 in Supporting Information S1). The
patterns of K are similar to Figure 7a.

The spatial variation of B (Figure 8a) is opposite to that of K (Figure 7a), with large values of B corresponding
to small values of K. The surface nitrate concentration (N,) is greater than 20 pmol kg=! on the south of SAF
and diminishes on the north of 40°S (Figure 8b), so SAF roughly marks the transition from nitrate-limited to
nitrate-replete conditions for phytoplankton growth. The nitrate depletion density o, calculated from K, B, and
N, is close to the deepest isopycnal surface where nitrate is consumed, as shown in Figures 2e and 2f. It generally
shows meridional variability, which increases from low to high latitudes (Figure 8c). Since the amount of nitrate

-1600

1200 -800
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-400 0 0 5 10 15 20 25 30 35 25 26 27 28
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Figure 8. Spatial distributions of (a) nitrate intercept B, (b) surface nitrate concentration N, (vertical average in 0-30 m), (c) and nitrate consumption density o,
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Figure 9. Meridional sections of (a) density and (b) nitrate concentration along 150°W. The region between the blue dotted
lines represent Subantarctic Mode Water (SAMW). The red lines represent the upper and lower bounds of the fits. The region
with large magnitude of K is shown between the two vertical black dotted lines.

sampling is much smaller than temperature and salinity, it is feasible to derive roughly the deepest depth where
nitrate is consumed through known temperature and salinity according to o). It is expected to contribute to some
biogeochemical studies, such as the estimation of ANCP.

5. Discussion
5.1. Effects of Water Masses on K

Many biogeochemical fronts in the Southern Ocean are linked to the presence of various water masses with
distinct properties. Near the fronts, vertical property gradients are tilted to become horizontal gradients by the
action of vertical motions. The SAF is the northernmost frontal jet that passes through Drake Passage. North of
SAF, the winter mixed layers can reach more than 700 m in thickness, McCartney (1977, 1982) first described
the totality of these thick mixed layers, giving them the name SAMW. SAMW is a pycnostad (a layer of rela-
tively uniform density) that originates in the thick wintertime mixed layers that ring the Southern Ocean
(Herraiz-Borreguero, 2010). It is the conduit of nitrate from the Southern Ocean to the upwelling regions of the
equatorial Pacific and off South America (Sarmiento et al., 2004). In the SAMW formation region, isopycnals
and iso-nitrates both have a certain degree of sinking (Figure 9). With the continuous formation and subduction
of cooling waters, SAMW has more homogeneous thermohaline properties than the surrounding water mass.
However, nitrate concentration is not homogeneous due to the remineralization of organic matter in the nitracline
that covers the depth of SAMW (Figure 9). As aresult, K is generally greater (K > 30 pmol m? kg~2) in the thicker
SAMW regions (thickness >500 m; Figure 7). In the regions with the greatest SAMW thickness (thickness
>800 m), nitrate concentration increases from 11 pmol kg~! to 27 pmol kg~! as density changes from 26.7 kg m~>
to 27.1 kg m~3 (Figure 9), resulting in large magnitude of K (x40 pmol m3 kg~2), this is corresponding to the
results shown in Figure 7a. On the north of the regions with large magnitude of K, as the thickness of SAMW
gradually decreases, the contribution of SAMW to K in the nitracline becomes insignificant, so K gradually
decreases.

As a consequence of wind-driven upwelling and mixing, dense CDW rises gradually south of SAF. On the
south of SAF, nitracline is mainly inside the CDW. CDW carries a large amount of nitrate to upper layer, so
nitrate concentration reaches the maximum in a very thin layer (Figure 9b). Strong mixing inside CDW tends to
enhance the diapycnal transport of nitrate, resulting in the decrease of the gradient of nitrate relative to density
(the magnitude of K). On the south of SACCF, the magnitude of K reaches its minimum. It is perhaps because of
the nitrification (the recycling of organic matter to nitrate) in the Antarctic surface waters, which decreases the
nitrate concentration gradient (Smart et al., 2015).

The sections in the Atlantic and Indian Ocean have also been examined, and the results show similar patterns to
that of the 150°W section in the Pacific Ocean in Figure 9. Therefore, the spatial variation of K is highly corre-
lated with water masses.
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5.2. Effects of Mixing and Biological Processes on K

As discussed above, diapycnal mixing and biological processes are perhaps
25 the key factors that determine the difference of K in different water masses.
Diapycnal mixing inside the nitracline could transport nitrate up across isop-
ycnals and hence decrease the gradient of nitrate relative to density. This
can be inferred from the spatial distribution of the turbulence diffusivity
(k4,) across isopycnals in the depth range 300-1,800 m (Figure 1b in Wu
et al., 2011). The regions with small magnitudes of K (Figure 7a in the pres-
ent study) are roughly corresponding to the regions with large magnitudes
of k, (Figure 1b in Wu et al., 2011). Biological uptake consumes nitrate in

ANCP (mol C m2yh)

the euphotic layer, hence has effects on the nitrate concentration at the upper
bound for fit. The nitrate concentration at the upper bound will decrease as
the biological uptake increases in one profile. This will eventually increase

o \5 the gradient of nitrate concentration relative to density, so ANCP can affect
180°W K through biological uptake inside the euphotic layer.
Figure 10. Annual net community production (ANCP) estimated based on To examine whether the distribution of K is related to the biological process,

nitrate drawdown.

we calculate ANCP according to Equation 4. The magnitude and spatial

distribution of ANCP that we obtained agree with the results obtained by

Arteaga et al. (2019) (Figure 10), who have verified the consistency of their
model results with the results from BGC-Argo data. In the regions with high ANCP (Figure 10), the magnitude
of K is generally high (Figure 7a). The rough correspondence of ANCP and K on the north of SAF indicates that
the higher ANCP will lead to larger magnitude of K to a certain extent.

Therefore, diapycnal mixing inside the nitracline is in negative correlation with K, and ANCP inside the euphotic
layer is generally in positive correlation with K. Under the combined effects of diapycnal mixing and biological
process, high K (Figure 7a) is roughly corresponding to low x;, (Figure 1b in Wu et al., 2011) and high ANCP
(Figure 10).

5.3. Prediction of Nitrate Based on the Fit Parameters

Based on the fit parameters, much more nitrate data are expected to be derived from the observed temperature
and salinity profiles, which may contribute to the initialization and assimilation of nitrate in ocean models, and
studying the physical-biogeochemical interactions those need a large amount of nitrate data. In the areas with
fine skills (skill > 0.8), we apply the fit parameters to the temperature and salinity profiling data from Core Argo
and WOD18 to predict nitrate concentrations in the nitracline. In this section, we present two cases in August
2021 to show how the predicted nitrate concentrations clarify some processes in more details than the existing
observed nitrate data.

5.3.1. Filling the Nitrate Observation Gaps

Oceanic currents play primary roles in transporting some oceanic properties (such as temperature and nitrate).
Under the effects of large- and mesoscale currents, the isolines of these properties in the upper layer generally
tend to be roughly aligned with ADT (Figures 11a and 11b; McGillicuddy, 2016; Wang et al., 2021). However,
due to the limited observed nitrate data (193 profiles south of 30°S in August 2021), there appear some apparent
mismatches between the isolines of nitrate and SST, such as the regions inside the gray boxes in Figure 11c. The
observed temperature and salinity profiles (2,694 profiles south of 30°S in August 2021) are much more than the
observed nitrate profiles. The nitrate isolines interpolated from the predicted nitrate data are basically consistent
with the results based on the nitrate observations, while they show more similarities with the distributions of
ADT and SST in some details (gray boxes in Figure 11d). For instance, on the west of the Antarctic, the isoline
of 30 pmol kg~! from the observed nitrate was too further to the west due to very few observed profiles, while
the predicted nitrate filled the gaps to some extent. On the southeast of the South America continent, a mesoscale
eddy may lead to the curvature of the nitrate isolines. This phenomenon is captured by the predicted nitrate,
but not by the observed nitrate data (black box in Figures 11a—11d). The effect of this mesoscale eddy will be
discussed in Section 5.3.2.
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Figure 11. Comparison between the observed and predicted nitrate isolines in August 2021. (a) Monthly averaged ADT;
(b) monthly averaged SST; (c) distribution of nitrate concentration at 200 m obtained through interpolating the observed
nitrate profiles in August 2021; (d) as (c), but obtained through interpolating the predicted nitrate profiles; (e) isolines of
nitrate concentration of 25 pmol kg~! at 200 m obtained through interpolating the observed nitrate profiles in March, June,
September, and December 2021; (f) as (e), but obtained through interpolating the predicted nitrate profiles. The nitrate
distributions in panels (c—f) are obtained through interpolating the scattered nitrate data linearly in the vertical direction and
by the natural neighbor interpolation method in the horizontal direction. In panels (c and d), green dots represent the locations
of the profiles for interpolation. The small black rectangular box represents the area in Figure 12.
The nitrate concentration contours at 200 m in different months indicate that there is no apparently seasonal
variation in large scales (Figures 11e and 11f). However, the isolines of predicted nitrate are not as smooth as the
observed nitrate. This is mainly attributed to the effects of mesoscale meanders and eddies, which is not resolved
well by the observed nitrate due to limited profiles.
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Figure 12. An example that shows the effect of mesoscale eddies on nitrate distribution. (a) Mean Sea Level Anomalies (SLA) from 1 to 27 August in 2021. The black
line with dots indicates the trajectory of the eddy center from 1 to 27 August. (b—d) Distributions of temperature at 200, 300, and 400 m interpolated from the observed
temperature profiles from 1 to 27 August. (e—g) Distributions of nitrate concentration at 200, 300, and 400 m interpolated from the predicted nitrate profiles from 1 to
27 August. (h—j) As panels (e—g), but interpolated from the observed nitrate profiles. The interpolation method is the same as that in Figures 11c—11f.

5.3.2. Resolving the Effects of Mesoscale Eddies

Mesoscale eddies are ubiquitous and play fundamental roles in physical-biological-biogeochemical interactions
in the ocean (McGillicuddy, 2016). Their importance in transporting and redistributing nutrients has been long
recognized (e.g., Chen et al., 2020; Ning et al., 2021; Wang et al., 2021), while the existing observed nitrate
profiles are not enough to resolve the effects of most eddies. The temperature and salinity profiles are much more
than nitrate profiles, and a few studies have applied the Core Argo observed profiles to investigate the effects of
mesoscale eddies on heat transport (e.g., Ning et al., 2019; Zhang et al., 2014). Therefore, the predicted nitrate
data from temperature and salinity profiles are expected to resolve the effects of mesoscale eddies on nitrate
distributions. The mesoscale eddy inside the black box in Figure 11 is analyzed as an example in the following.

In August 2021, an anti-cyclonic mesoscale eddy was generated on the southeast of the South America Continent
and moved southward (Figures 11 and 12a). The movement distance of the eddy center from 1 to 27 August was
shorter than its diameter (Figure 12a), so the temporal mean SLA from 1 to 27 August was used to show the
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averaged location of this eddy. The effect of this eddy on the temperature distribution was well resolved by the
temperature profiles during the same time period. The upper warm water converged and sank inside the eddy
to induce higher temperature than its surroundings (Figures 12b—12d). The deeper the depth, the smaller diam-
eter of the warm eddy. This was consistent with the three-dimensional structures of mesoscale eddies (Zhang
et al., 2014). The predicted nitrate concentrations resolved similar effects of this eddy on nitrate distribution. Due
to the sinking induced by this eddy, nitrate concentration was lower inside the eddy than surrounding waters,
and the diameter decreased with depth (Figures 12e—12g). In August 2021, there were rarely observed nitrate
profiles in the area shown in Figure 12. Thus, the effect of the mesoscale eddy could not be resolved merely by
the observed nitrate data (Figures 12h—12j). As discussed above, the predicted nitrate data show some advantages
in studying the mesoscale physical-biological-biogeochemical interactions due to their better spatial and temporal
coverage than observed nitrate profiles.

Like most predicting models, the prediction based on the linear-fit also has some limitations. First, the linear-fit
is based on the data within the nitracline, so it can only be applied within the nitracline. Second, this relationship
could not be applied to the areas with skill < 0.8, where the fit results do not meet the fit accuracy requirements.
Given the pros and cons of the linear and non-linear fit methods, they are expected to be employed to complement
each other in future.

6. Conclusions

In the present study, the spatial distributions of nitracline depth, nitrate-density relationship, and their mech-
anisms in the ocean south of 30°S are investigated. Deep upper bound of the nitracline occurs as a ring in the
ACC regions, which is corresponding to the distribution of MLD. The lower bound of nitracline is related to the
depth of maximum nitrate concentration, and it shows meridional variability with sharp changes near SAF. The
nitrate and density in the nitracline are well correlated and could be fitted linearly in most regions south of 30°S,
except for the western boundary current zones. The diapycnal gradient of nitrate, that is, linear-fit slope K, mainly
varies meridionally. Its magnitude is related to water masses, diapycnal mixing, and biological uptake. Large
magnitudes of K locate in the regions with thick SAMW and roughly correspond to low diapycnal mixing and
high ANCP. The nitrate consumption density is close to the deepest isopycnal surface where nitrate is consumed,
which also generally shows meridional variability.

These results could help deepen our understanding of the three-dimensional nitrate distribution in the ocean. The
diapycnal supply of nitrate to the upper layer depends not only on the transport induced by turbulent mixing, but
also on the nitracline depth and diapycnal gradient of nitrate (Omand & Mahadevan, 2015). Lower nitracline
depth and larger diapycnal gradient of nitrate are more beneficial for diapycnal nitrate transport when turbulent
mixing is the same. Our results portray the nitracline depth and diapycnal gradient of nitrate, helping to assess the
diapycnal nitrate flux across the pycnocline and interpret the distribution of primary production in euphotic zone
in future studies. In addition, since nutrients and density are often both monotonic continua with respect to depth,
they bear a unique relationship to each other, which has been proved to be useful in identifying water mass types
(Pytkowicz & Kester, 1966; Redfield, 1942). Through the analysis in the present study, it can be found that the
fit results are closely related to the water mass, which is of enlightening significance for the identification of the
water mass. One possible idea is to apply the nitrate-density relationship to identify water masses and determine
the properties of water bodies in the same way as the temperature-salinity (7-S) diagram. Something similar has
already been done (Duarte et al., 2021; Sardessai et al., 2010). Because nitrate is an important nutrient, its content
also contains biological information about water mass.

Based on the relatively high-resolution map of the linear-fit parameters, nitrate concentrations are further predicted
from the observed temperature and salinity profiles, which are much more than the existing observed nitrate
profiles. This is expected to support more detailed studies on the physical-biogeochemical interactions which
need better spatial and temporal coverage of nitrate data. Two examples show that the predicted nitrate data could
help study the effects of physical processes in more details than the observed nitrate data. For instance, they could
help better resolve the effects of ocean circulations and mesoscale eddies on nitrate distributions to some extent,
benefiting for studying the mesoscale physical-biogeochemical interactions. In addition, the predicted nitrate
concentrations based on density can complement the existing nitrate data sets (Arteaga et al., 2015; Dugdale
et al., 1997; Goes et al., 2000; Switzer et al., 2003), which have a few possible practical applications, such as the
validation, initialization and assimilation of coupled biological and physical models (Garside & Garside, 1995).
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In present, although the observed temperature and salinity profiles have been much more than the observed nitrate
profiles, they are still not enough to achieve a perfect spatial and temporal coverage. Thus, the predicted nitrate
profiles may not be able to fully capture the spatial and temporal variabilities of nitrate concentrations. Neverthe-
less, the method of predicting nitrate concentration using observed temperature and salinity data has shed light on
resolving the effects of mesoscale processes. In future, with the increasing observed profiles, the density-nitrate
fits are expected to be more accurate, and the increasing predicted nitrate profiles will help improve our under-
standing of the physical-biological-biogeochemical interactions in meso- and submeso-scales.
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Erratum

The originally published version of the Supporting Information for this article included an outdated copy of
Figure S1. The error has been corrected, and this may be considered the official version of record.
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