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Abstract
Antarctic Intermediate Water (AAIW) formation constitutes an important mechanism for the export of macronutrients out
of the Southern Ocean that fuels primary production in low latitudes. We used quality-controlled gridded data from five
hydrographic cruises between 1990 and 2014 to examine decadal variability in nutrients and dissolved inorganic carbon
(DIC) in the AAIW (neutral density range 27 < γn < 27.4) along the Prime Meridian. Significant positive trends were
found in DIC (0.70 ± 0.4 μmol kg−1 year−1) and nitrate (0.08 ± 0.06 μmol kg−1 year−1) along with decreasing trends in
temperature (−0.015±0.01 ◦C year−1) and salinity (−0.003±0.002 year−1) in the AAIW. Accompanying this is an increase
in apparent oxygen utilization (AOU, 0.16 ± 0.07 μmol kg−1 year−1). We estimated that 75% of the DIC change has an
anthropogenic origin. The remainder of the trends support a scenario of a strengthening of the upper-ocean overturning
circulation in the Atlantic sector of the Southern Ocean in response to the positive trend in the Southern Annular Mode. A
decrease in net primary productivity (more nutrients unutilized) in the source waters of the AAIW could have contributed as
well but cannot fully explain all observed changes.
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1 Introduction

The Southern Ocean (SO) is a key ocean region of the global
carbon cycle. Outgassing of CO2 driven by the upwelling of
carbon-rich deep water (Hoppema 2004b) is counteracted
by CO2 draw-down by biological production and by uptake
of anthropogenic CO2 (Metzl et al. 2006; Gruber et al.
2009). The global ocean takes up 30% of the anthropogenic
carbon that is released to the atmosphere (Le Quéré et al.
2016). Of those 30%, the SO takes up about 40%, i.e., 12%
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of total anthropogenic CO2 emissions (Sabine et al. 2004;
Khatiwala et al. 2009). A reduction in the SO uptake of
anthropogenic CO2 in the 1990s was suggested by Wetzel
et al. (2005) and Le Quéré et al. (2007) based on ocean and
atmosphere inverse models and observations of atmospheric
CO2. The observations were explained by the increase in the
westerlies in response to the positive trend in the Southern
Annular Mode, leading to more upwelling (Thompson et al.
2011; Marshall 2003). However, in the 2000s, the SO carbon
sink has regained its strength (Landschützer et al. 2015).
The reinvigoration of the SO carbon sink was suggested to
be linked to the weakening of the upper-ocean overturning
circulation as revealed by global inverse model analysis
(DeVries et al. 2017).

The SO is also the largest high-nitrate low-chlorophyll
(HNLC) region. The macronutrients nitrate and phosphate
are not utilized completely by the phytoplankton because of
iron (Martin et al. 1990; De Baar et al. 1990) and light limi-
tation (Mitchell et al. 1991; Nelson and Smith 1991). These
macronutrients are supplied from below by large-scale
upwelling. The unused nutrients are advected further north
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by Ekman transport. Surface waters which are still rich in
nitrate and phosphate are subducted between the Antarc-
tic Polar Front (APF) and the Subantarctic Front (SAF),
forming Antarctic Intermediate Water (AAIW) and Sub-
antarctic Mode Water (SAMW, Gordon 1981; Peterson and
Whitworth 1989; Talley 1996; Hanawa and Talley 2001).
The formation and ventilation of SAMW and AAIW in the
SO are crucial for the exchange of water mass properties
between high and low latitudes (Rintoul et al. 2001; Talley
2013; Gordon 1981; de las Heras and Schlitzer 1999). The
export of nutrients through this pathway may be responsi-
ble for the nutrient supply that fuels up to three quarters of
the biological export production in the global ocean north of
30◦S (Marinov et al. 2006; Sarmiento et al. 2004).

The Atlantic sector of the SO is one of the primary
conduits through which high latitude surface, thermocline,
and intermediate waters are advected equatorward and
further to cold northern Atlantic regions (de las Heras
and Schlitzer 1999). The northward transport of surface
and intermediate waters in the Atlantic sector of the SO
compensates the southward flow of North Atlantic Deep
Water (NADW) and Circumpolar Deep Water (CDW)
and forms part of the global Meridional Overturning
Circulation (Bryden et al. 2005; Wunsch and Heimbach
2006; de las Heras and Schlitzer 1999). The Upper
Circumpolar Deep Water (UCDW) upwells in the Antarctic
Divergence zone between 55 and 65◦S and is characterized
by high concentrations of CO2 and nutrients (Fig. 1;
Whitworth and Nowlin 1987). The northward Ekman
transport of the resulting surface waters across the Antarctic
Circumpolar Current (ACC) reaches its maximum value
at about 50◦S between the Antarctic Polar Front (APF)
and the Subantarctic Front (SAF) (Morrison et al. 2015).
Here, subduction leads to the formation of the Antarctic
Intermediate Water (AAIW, neutral density of 27 < γn <

27.4; Sloyan and Rintoul 2001, Fig. 2). The Subantarctic
Mode Water (SAMW, 26.0 < γn < 26.8; Sloyan and
Rintoul 2001) is produced north of the SAF (Hanawa and
Talley 2001). In deeper layers, North Atlantic Deep Water
(NADW), a high-saline and low-nutrient water mass flows
southward, feeding into the CDW.

South of the Antarctic divergence, Antarctic Surface
Water (AASW) flows toward the Antarctic continent where
it cools and becomes saltier as a result of brine rejection
during sea-ice formation. This loss of buoyancy leads to a
sinking of water to the bottom layer where it is known as
Weddell Sea Bottom Water (WSBW). Weddell Sea Deep
Water (WSDW) is formed partly by sinking of dense shelf
waters that mixed with Warm Deep Water (WDW) to
intermediate depth and partly by mixing of WSBW with
overlying water masses (Rintoul et al. 2001). WSDW is light
enough to leave the Weddell Sea and is then spread in the

Fig. 1 Section of potential temperature of the cruise ANT-XXX/2
(2014). On the top, we show the schematic representation of the
circulation of the water masses along the Prime Meridian south of
the Subtropical Front (STF) located at about 40◦S, modified from van
Heuven et al. (2011). AAIW = Antarctic Intermediate Water; AASW
= Antarctic Surface Water; NADW = North Atlantic Deep Water;
CDW = Circumpolar Deep Water; UCDW = Upper Circumpolar
Deep Water; LCDW = Lower Circumpolar Deep Water; WDW =
Warm Deep Water; WSDW = Weddell Sea Deep Water; WSBW =
Weddell Sea Bottom Water; and AABW = Antarctic Bottom Water.
The blue triangles represent the mean positions of the Antarctic Polar
Front (APF), Subantarctic Front (SAF), and STF

world oceans as Antarctic Bottom Water (AABW, Orsi et al.
1999).

Recently, a speed-up in the transport of surface and
intermediate waters in the Atlantic sector of the SO was
reported based on the observations of transient tracers,
leading to more sequestration of anthropogenic carbon
dioxide in this water mass (Tanhua et al. 2017). Salt et al.
(2015) reported rapid acidification of the AAIW in the
southwest Atlantic. More to the south in the Weddell Gyre,
nutrient concentrations significantly increased in the surface
and bottom layers from 1996 to 2011 (Hoppema et al. 2015).
Also, in the same region along the Prime Meridian, van
Heuven et al. (2011, 2014) found that dissolved inorganic
carbon (DIC) concentrations significantly increased in the
bottom water. This suggests that gradual changes are
occurring in the nutrient and carbon concentrations in the
Atlantic sector of the SO. An investigation on how nutrients
and total carbon dioxide concentrations have changed in the
Antarctic Intermediate Water along the Prime Meridian is,
however, lacking.

The objective of this study is to investigate the inter-
annual variability of nutrients and dissolved inorganic
carbon (DIC) in the AAIW in the Atlantic sector of the SO.
We additionally use hydrographic and oxygen data between
1990 and 2014 along the Prime Meridian north of the APF
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b

Fig. 2 a Temperature-salinity (T/S) diagram of niskin bottle data and
b section plot of neutral density of the cruise 2014 (ANT-XXX/2).
AAIW is located within the neutral density range of 27 < γn < 27.4
(Sloyan and Rintoul 2001)

for supporting our case. Possible mechanisms that drive the
observed variability of nutrients and DIC in relation to the
circulation in the Atlantic sector of the SO are discussed.

2Methods and data

Data are presented from a new cruise in 2014 (Boebel 2015)
which has not been published previously. In addition, we
extracted relevant hydrographic and biogeochemical data
from cruises that covered our area of investigation (Prime
Meridian north of the APF) from the global ocean data
analysis project version 2 (GLODAPv2) database (Olsen

et al. 2016), an internally consistent data product for the
world ocean. We extracted 10 cruises from GLODAPv2 that
sampled our area of interest and from these we selected the
cruises that met all of the following criteria: (i) sufficient
spatial resolution in the region north of the APF between 50
and 42◦S, the latitude range along which the intermediate
and mode waters are formed (Hanawa and Talley 2001),
(ii) acceptable quality of the carbon dioxide, and chemical
data (WOCE flag = 2, Olsen et al. 2016), (iii) cruises also
sampled the region between 57◦S and 66◦S that is used for
checking the consistency of the datasets (explained below).

Four cruises from GLODAPv2 met these criteria so in
total we analyzed the datasets from five cruises that cover
the years 1990, 1992, 1998, 2008, and 2014 (Table 1,
Fig. 3). Four cruises (1992, 1998, 2008, and 2014) are from
the German icebreaker FS Polarstern. The 1990 expedition
was conducted on board FS Meteor. The cruise from 1992
did not sample dissolved oxygen data north of 50◦S. The
new data from the cruise in 2014 (ANT-XXX/2, expocode
06AQ20141202; 2 December 2014 to 1 February 2015) is
presented in this study (Section 3.1). The hydrographic data
of this cruise appear in Driemel et al. (2017).

The data collected by the five cruises used in this study
encompass potential temperature (θ ), salinity (S), macronu-
trients (nitrate NO−

3 , phosphate PO3−
4 and silicic acid

H4SiO4), total alkalinity (AT ), directly measured dissolved
inorganic carbon (DIC) (as opposed to calculated from sec-
ondary variables), and dissolved oxygen (O2). For the 2014
cruise (Boebel 2015), measurements of the dissolved nutri-
ents, NO−

3 , PO3−
4 , and H4SiO4 were performed by UV-Vis

spectrophotometric methods (Grasshoff et al. 1983) car-
ried out on board with a Seal Analytical continuous-flow
AutoAnalyzer. The concentration of dissolved oxygen in
each sample collected by Niskin bottles at the Rosette sam-
pler, mounted around the conductivity-temperature depth
(CTD) sensor, was analyzed using a potentiometric Winkler
method (Carpenter 1965). A VINDTA 3C system (Mintrop
et al. 2000) was used for the determination of both AT by
acid potentiometric titration and DIC by coulometry after
phosphoric acid addition, with a precision of ± 2 and ±
1 μmol kg−1, respectively. From 1998 onwards, Certified
Reference Material (CRM) was used for all CO2 analyses
(Dickson 2010).

We checked the consistency of the cruise ANT-XXX/2
(2014) data against adjusted GLODAPv2 cruises in the
range of the lower Warm Deep Water and upper Weddell
Sea Deep Water (lWDW/uWSDW) between the latitudes
of 57–66◦S and 800–2200 m depth for all eleven cruises
that cover this region. This water mass is considered the
least ventilated in the wider region (Klatt et al. 2002). For
this purpose, we used all GLODAPv2 cruises that fulfilled
the selection criteria (ii) and (iii) from above, i.e., cruises
that cover the region chosen for the quality control with
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Fig. 3 Locations of the oceanographic sampling stations of the five
cruises used in this study between 1990 and 2014. The black contours
represent the mean positions of the Subtropical Front, Subantarctic
Front, and Antarctic Polar Front (from north to south), respectively
(Orsi et al. 1995)

acceptable data quality. This resulted in the selection of 10
GLODAPv2 cruises plus ANT-XXX/2 (Table S1) for our
quality control. Note that the GLODAPv2 data were already
adjusted by the GLODAPv2 team, but we locally refine the
quality control to check the consistency of the new 2014
cruise data with reference to the GLODAPv2 dataset.

As a first quality check, we plotted the histogram of the
datasets in the Antarctic Intermediate Water and compared
it to GLODAPv2 climatological data (Lauvset et al. 2016)
at a latitude/depth range of 38–50◦S/200–700 m following
Aoki et al. (2003). This analysis revealed that the silicic
acid data of the cruise ANT-XXX/2 shows some abnormal
high values (Fig. 4). These abnormal values were located
between 40 and 42◦S (white gap in Fig. 5). The anomalies of
very high silicic acid concentrations for this cruise occurred
from the surface to a depth of 3000 m. This analysis
suggests that these silicic acid values are unrealistic and thus
we discard these data points. We rejected the 2014 silicic
acid data because the mean AAIW value would be strongly
biased by this lack of data.

In the second step, we applied a more rigorous quality
control similar to van Heuven et al. (2011). We extracted
all parameters, namely DIC, AT , NO−

3 , PO3−
4 , H4SiO4, O2,

and salinity in the range of the lWDW/uWSDW between
the latitudes of 57 and 66◦S and 800–2200 m depth. We
then linearly regressed each parameter against the potential
temperature (θ ) values ranging between − 0.4 to 0.2 ◦C in
the lWDW/uWSDW as in van Heuven et al. (2011). We
determined the intercept at θ = 0◦C from the regression
analyses. We obtained the required adjustment for each
cruise by taking either the difference or the ratio between
the mean intercept of all cruises and the intercept of
each individual cruise. Additive adjustments based on the
difference of the intercepts were applied for salinity, DIC,
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Fig. 4 Histogram showing the frequency distribution of observed val-
ues. The y-axis shows the number of observations between 200 and
700 m of the AAIW of a certain range of values as given on the x-axis.

The GLODAPv2 climatology is shown in blue and the cruise 2014
(ANT-XXX/2) is shown in orange

and AT , and multiplicative adjustments based on the ratio
were applied for nutrients and O2 prior to further analyses
to have optimal consistency among all cruises (van Heuven
et al. 2011). The data from all 11 cruises showed consistent
relationships with θ for all biogeochemical parameters
selected within the lWDW/uWSDW water mass. Only the
adjustments of the five selected cruises for the AAIW
analysis are shown in this study (Table 1).

In general, we found and applied small adjustments that
are in most cases below the minimum adjustment limits
defined by GLODAPv2 (0.005 for salinity, 2% for nutrients,
4 μmol kg−1 for DIC and 6 μmol kg−1 for AT and 1% for
oxygen, Olsen et al. 2016). This confirms the high-quality

of the global GLODAPv2 quality control and applying these
adjustments assures consistency of our dataset also on a
regional level.

We then interpolated all cruise data onto a common grid
assuming the longitude of all data is 0◦E. For the gridding,
we use a spacing of 0.5◦ in latitude and we use 46 vertical
layers with 50 m thickness from the surface to 500 m, 100 m
from 600 to 1500 m, and 200 m thickness from 1700 to
the bottom. We assumed that the bottom topography is the
same for all cruises.

For the gridding of the datasets, we used the simple
objective mapping interpolation method as did van Heuven
et al. (2011). The advantage of this method is that it
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Fig. 5 Sections (0–1500 m)
along the Prime Meridian from
Polarstern ANT-XXX/2: neutral
density (γn), salinity (S),
potential temperature (θ),
dissolved inorganic carbon
(DIC), total alkalinity (AT ),
nitrate (NO−

3 ), phosphate

(PO3−
4 ), silicic acid (H4SiO4),

and apparent oxygen utilization
(AOU). Gray dots indicate
sampling stations. The deep
sections (1501 m to bottom) are
shown in Fig. S2

assigns equal weight to all cruises by resampling all data
of interest onto a common grid. This avoids the overrep-
resentation of those cruises that have more observations.
The core routine is the “obana.m” function, which does
the actual gridding and is part of the datafun toolbox
available on http://mooring.ucsd.edu/software/matlab/doc/
toolbox/datafun/index.html.

The apparent oxygen utilization (AOU) was calculated
from dissolved oxygen, temperature, and salinity using the
constants of Weiss (1970). Using the quality-controlled,
gridded data, we evaluated the decadal variability of θ ,
salinity, nutrients, DIC, and AOU in the AAIW, which is
here defined by the neutral density range of 27 < γn < 27.4
(Sloyan and Rintoul 2001) and latitude/depth range of 42–
50◦S/ 200–700 m (Fig. 2). We limit our analysis to the depth
at 700 m which is the lower limit of AAIW in most years
(Fig. S1).

The mean and standard deviation of each variable was
calculated for the whole water mass in all years. A time
trend analysis was performed of the cruise mean values
using the ordinary linear least squares fit. In addition, we
measured inter-annual variability by the inter-annual range
(IAR) that we define as follows:

IAR = max(|X − Xk|), (1)

where Xk is the mean of each cruise specified by the index

k and X is the overall mean of all cruises. This measure
is similar to the standard deviation in the sense that the
standard deviation calculates the mean of all differences
between the overall mean and the mean of each individual
cruise (STD = mean(|X−Xk|)) whereas the IAR calculates
the maximum of these differences. We prefer the IAR over
the STD as the STD tends to underestimate the deviation
from the mean if the data is not normally distributed.

http://mooring.ucsd.edu/software/matlab/doc/toolbox/datafun/index.html
http://mooring.ucsd.edu/software/matlab/doc/toolbox/datafun/index.html
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3 Results

3.1 Sections of the cruise ANT-XXX/2 (2014)

The distributions of nitrate, phosphate, silicic acid, AT ,
DIC, salinity, potential temperature (θ ), apparent oxygen
utilization (AOU) and neutral density (γn) along the Prime
Meridian section for the cruise ANT-XXX/2 (2014) are
shown in Fig. 5.

In the region north of 50◦S, silicic acid shows a very strong
vertical gradient with near-surface values below 1.5
μmol kg−1 to values of 130 μmol kg−1 at 4000 m (Fig. 5
and Fig. S2). NO−

3 , PO3−
4 , DIC, and AOU show low values

at the surface (NO−
3 < 10 μmol kg−1, PO3−

4 < 0.75 μmol
kg−1, DIC < 2066 μmol kg−1, AOU < 100 μmol kg−1)
and in the inflowing North Atlantic Deep water (NO−

3 <

26 μmol kg−1, PO3−
4 < 1.8 μmol kg−1, DIC<2200 μmol

kg−1, AOU < 110 μmol kg−1). High concentrations of
nitrate, phosphate, DIC, and AOU are found in the UCDW
between 1100 and 1200 m (NO−

3 > 34 μmol kg−1,
PO3−

4 >2.4 μmol kg−1, DIC > 2272.5 μmol kg−1, AOU >

140 μmol kg−1).
South of 50◦S, nutrients, AOU, DIC, and AT show

minima at the surface, maxima beneath it, and then they
decrease monotonically toward the bottom. However, the
values are higher and more homogeneous than those north
of 50◦S for the same depths (Fig. S2, Hoppema et al. 1998,
Weiss et al. 1979). The distributions of density, salinity,
potential temperature, nutrients, AOU, alkalinity, and DIC
of the cruise ANT-XXX/2 comply with the hydrographic
features observed during previous cruises (Fig. S3 to S6).

3.2 Carbon and nutrient variability in the AAIW
along the PrimeMeridian

We analyzed the time series of the overall water mass
properties in the AAIW (neutral density range of 27 < γn <

27.4) with respect to inter-annual variability (Figs. 6 and 7).
Application of a linear regression to the cruise mean values
yielded significant negative trends (level of significance
α = 0.05) for θ and salinity, and significant positive trends
for DIC, NO−

3 , and AOU.
We found significant linear increases of 7 ± 4 μmol kg−1

decade−1 for DIC and 0.8 ± 0.6 μmol kg−1 decade−1

for NO−
3 (Fig. 7). The AOU increased over time (1.6 ±

0.7 μmol kg−1 decade−1, Fig. 7) in line with the increase
of macronutrients. In contrast, we found significant negative
trends of −0.16 ± 0.1 ◦C decade−1 for θ and −0.03 ±
0.02 decade−1 for salinity (Fig. 6). The linear trend of
phosphate is not significant but it is interesting to note that
the maximum and minimum concentration for each cruise
are monotonically increasing with the exception of the 1998

Fig. 6 Time series from 1990 to 2014 of gridded a potential
temperature (θ ) and b salinity (S) data in the core of AAIW here
defined by the neutral density range 27 < γn < 27.4 (Sloyan and
Rintoul 2001). The red horizontal line represents the mean for each
cruise. The light red bar represents the 95% confidence interval for the
mean. The violet color indicates plus/minus one standard deviation.
Non-overlapping confidence intervals indicate significant differences
between means at the 5% level of significance. The raw data are
shown as gray circles, with random horizontal dispersion introduced
to improve the visibility of the data points. Time trends have been
estimated by linear regression of cruise mean values against time. The
significant trends are indicated by blue solid lines. The slope and p-
value shown in the figure are for the trend which is calculated from the
five average values of the individual cruises

data. The same is true for nitrate which in addition shows a
linear positive trend of the means.

We also conducted this analysis along the density ranges
of 27–27.1, 27.1–27.2, 27.2–27.3, and 27.3–27.4 (Fig. S7 to
10, respectively). In general, DIC, NO−

3 , θ , and S change
consistently in the different neutral density ranges (Fig. S7
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Fig. 7 Time series from 1990 to 2014 of gridded a dissolved inorganic
carbon (DIC), b nitrate (NO3−), c phosphate (PO4

3−) and d silicic acid
(H4SiO4) and e Apparent Oxygen Utilization (AOU) data in the core
of AAIW here defined by the neutral density range 27 < γn < 27.4
(Sloyan and Rintoul 2001). The red horizontal line represents the mean
for each cruise. The light red bar represents the 95% confidence inter-
val for the mean. The violet color indicates plus/minus one standard
deviation. Non-overlapping confidence intervals indicate significant
differences between means at the 5% level of significance. The raw

data are shown as gray circles, with random horizontal dispersion
introduced to improve the visibility of the data points. Time trends
(μmol kg−1 year−1) of DIC, NO−

3 , PO3−
4 , H4SiO4, and AOU have

been estimated by linear regression of cruise mean values against time.
The significant trends are indicated by blue solid lines and the dashed
black lines represent statistically insignificant trends. The slope and p-
value shown in the figure are for the trend which is calculated from the
five average values of the individual cruises
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to 10). The largest changes occurred in the γn interval of
27–27.1 (Fig. S7).

The overall mean of the potential temperature θ was
4.76 ◦C, with an IAR of 0.19 ◦C. The overall mean of
salinity S was 34.25, with an IAR of 0.03. The overall

mean of dissolved inorganic carbon concentration, DIC, was
2157.1 μmol kg−1, with an IAR of 10.4 μmol kg−1.

The overall mean of nitrate concentration, NO−
3 , was

26.5 μmol kg−1, with an IAR of 1.6 μmol kg−1, equal to
about 6% of the overall mean. PO3−

4 varied similarly, with
an IAR of 0.12 μmol kg−1, equal to about 6.6% of the
overall mean of 1.82 μmol kg−1. The correlation coefficient

between NO−
3 and PO3−

4 is 0.92, suggesting that NO−
3 and

PO3−
4 varied together with a mean molar ratio of 16:1. We

found that the overall mean of AOU concentration, AOU,
was 59.72 μmol kg−1, with an IAR of 1.7 μmol kg−1.

H4SiO4 showed larger inter-annual variability. The

overall mean of silicic acid concentration, H4SiO4, was
17.4 μmol kg−1, with an IAR of 1.9 μmol kg−1, equal to
about 11% of the overall mean. The IAR of H4SiO4 is based
on only four cruises (1990, 1992, 1998, and 2008).

Of all years, the lowest concentrations of NO−
3

(<18 μmol kg−1), PO3−
4 (<1.4 μmol kg−1), and

H4SiO4 (<6 μmol kg−1) were observed during the year
1998.

4 Discussion

We analyzed the inter-annual variability of nutrients, DIC,
AOU, temperature, and salinity in the AAIW of the Atlantic
sector of the SO, north of 50◦ S along the Prime Meridian.
The principal findings are (i) significant positive trends
of DIC, NO−

3 , and AOU and negative trends of salinity
and temperature in the AAIW and (ii) strong inter-annual
variability of H4SiO4.

Substantial changes in nutrients, DIC, and AOU were
also observed in other sectors of the SO (Iida et al.
2013; Ayers and Strutton 2013; Pardo et al. 2017) and
in the subtropical Indian Ocean (Álvarez et al. 2011).
Our estimates of IAR of nutrients are lower than the
standard deviations of nutrients for another mode water
mass (Subantarctic Mode Water, SAMW) in the Pacific and
Australian sectors of the SO (Ayers and Strutton 2013).
This suggests that either the variability is lower for Atlantic
AAIW than for Pacific and Australian SAMW or that these
differences arise due to differences in spatial and temporal
data coverage.

Based on our results, DIC concentrations in the AAIW
increased at a rate of 0.70 ± 0.4 μmol kg−1 year−1

(�DICobserved = 17.5 ± 10 μmol kg−1 in 25 years) and

NO−
3 increased at a rate of 0.08 ± 0.06 μmol kg−1 year−1

(2 ± 1.5 μmol kg−1 in 25 years).
We estimated the theoretical DIC increase solely caused

by the atmospheric CO2 increase in the source water
of the AAIW that we define as 50–53◦S/0–100 m. The
atmospheric CO2 increase of 44.75 ppm between 1990
and 2014 at a given Revelle factor of 14.2 in 1990 would
result in a theoretical �DICant of 19 μmol kg−1 in this
area. This is an upper estimate for anthropogenic carbon
in the AAIW as time has passed since the AAIW has
last been in contact with the atmosphere. Note that the
mean DIC concentration in the source region (50–53◦S/0–
100 m) was 2134 μmol kg−1 in 1990 and 2156 μmol kg−1

in 2014, i.e., it has actually increased by 22 μmol kg−1

according to our observations. This finding together with the
significant increase in NO−

3 suggests that other mechanisms
are involved as well. The DIC increase might be the result of
positive and negative contributions to the change that partly
compensate each other.

As a second approach to separate the anthropogenic
carbon from other effects, we estimated the expected overall
mean natural carbon change consistent with the change in

NO−
3 concentration based on the Redfield ratios of C:N:P

= 106:14:1 for the Atlantic sector of the SO north of the
APF (De Baar et al. 1997), which are slightly different from

the classical ratios (Redfield 1963). An increase in NO−
3

at a rate of 0.08 ± 0.06 μmol kg−1 year−1 would result
in an increase in DIC of 0.61 ± 0.45 μmol kg−1 year−1

(�DICRedfield = 15.3 ± 11.3 μmol kg−1 in 25 years). We,
therefore, consider two possible scenarios to explain the
change in DIC based on the best estimate of �DICRedfield

(15.3 μmol kg−1) and on the lower estimate of �DICRedfield

(4 μmol kg−1) within the �DICRedfield uncertainty.
In the first scenario (�DICRedfield = 15.3 μmol kg−1),

the difference of 2.2 μmol kg−1 between �DICobserved

and �DICRedfield represents the anthropogenic carbon that
was taken up from the atmosphere and transported into the
AAIW. This means that approximately 85% of the change in
DIC observed could be explained by circulation or primary
production changes and 15% by the uptake of anthropogenic
carbon.

In the second scenario (�DICRedfield = 4 μmol kg−1),
the difference between �DICobserved and �DICRedfield of
13.5 μmol kg−1 represents the anthropogenic carbon. In
that case, approximately 25% of the change in DIC observed
could be explained by circulation or primary production
changes and 75% by the uptake of anthropogenic carbon.

Our theoretical estimate of �DICant of 19 μmol kg−1

based on the atmospheric CO2 increase suggests that the
true �DICRedfield is likely at the lower end of the range.
Also, we found that the amplitude of DIC change that
varies spatially between 0.2 and 1.2 μmol kg−1 year−1
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between 44 and 50◦ S in the period 1990 to 2012 (Fig. S11)
compares well with the amplitude of anthropogenic carbon
change (0.4–1.2 μmol kg−1 year−1) estimated by Tanhua
et al. (2017). All these observations suggest that the more
probable scenario is the one where 75% of the DIC change
are explained by anthropogenic carbon uptake.

We consider two possible mechanisms that could explain
the observed trends and variability of nutrients and the non-
anthropogenic part of DIC (25%) in the AAIW: (1) an
increase in upwelling, northward transport, and subduction
rate and (2) a change in biological uptake of nutrients
in the source waters of the AAIW and in organic matter
remineralization.

A schematic representation of the proposed mechanisms
that could explain the changes in nutrients and DIC
concentration in the AAIW is displayed in Fig. 8.

(1) Increase in upwelling, northward transport, and subduc-
tion rate:
The non-anthropogenic part of the DIC increase as
well as the nitrate increase in the AAIW could be
related to the positive trend in the Southern Annular
Mode (SAM) since the 1990s (Thompson et al. 2011)
characterized by a southward shift and intensifica-
tion of subpolar westerly winds. The strengthening
of winds leads to stronger upwelling of carbon diox-
ide and nutrient-rich Upper Circumpolar Deep Water
(UCDW) (Whitworth and Nowlin 1987) and subse-
quently to enhanced northward Ekman transport and
subduction of AAIW (Downes et al. 2011). Enhanced
upwelling of carbon is directly linked to stronger

transport of carbon into the ocean interior north of the
Antarctic Polar Front (Hauck et al. 2013).
The hypothesis of an increase in upwelling is sup-
ported by the decrease in potential temperature (−0.15
±0.1 ◦C decade−1) that could be related to the increase
in the subduction rate (Downes et al. 2011). This is in line
with the findings of Tanhua et al. (2017) who reported
a speed-up of ventilation in the upper intermediate
waters of the Atlantic sector of the SO between 1998
and 2012 based on the analysis of transient tracers
(SF6/CFC-12). The increase of nitrate due to stronger
upwelling of nutrient-rich deep water is in accord with
Hoppema et al. (2015) who reported an increase in nutri-
ent concentration in the surface waters of the Weddell
Sea between 1996 and 2011 and linked the changes
observed in nutrients to the increase in upwelling. Also,
Pardo et al. (2017) conclude that biogeochemical change
in the Southern Ocean south of Tasmania between
1995 and 2011 supports a scenario of intensification
of upwelling caused by an increase in westerly winds.
The increase in AOU could also be in line with the
hypothesis of increased upwelling (Pardo et al. 2017)
based on the assumption that the low-oxygen upwelled
water does not fully equilibrate with the atmosphere
before being subducted as AAIW. But this scenario is
at odds with a slowdown of the overturning circulation
that was suggested by DeVries et al. (2017). The fresh-
ening (−0.03 ± 0.02 decade−1 change in salinity) can
be explained by the increase in net precipitation in the
subpolar regions of the Southern Hemisphere (Skliris
et al. 2014; Durack and Wijffels 2010).

Fig. 8 Schematic representation of the proposed mechanisms that
could explain the changes in nutrients and DIC concentration in the
AAIW (neutral density range of 27 < γn < 27.4). Gray arrows
represent the mean state of the upper-ocean overturning circula-
tion. The smaller and red arrows represent the first hypothesis: an
increase in the upper-ocean overturning circulation The orange crosses

represent the second hypothesis: a decrease in phytoplankton pro-
ductivity. AZ = Antarctic Zone; PFZ = Polar Frontal Zone; SAZ =
Subantarctic Zone; APF = Antarctic Polar Front; and SAF = Sub-
antarctic Front. AAIW = Antarctic Intermediate Water; SAMW =
Subantarctic Mode Water; UCDW = Upper Circompolar Deep Water;
and LCDW = Lower Circompolar Deep Water
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(2) Change in biological uptake of nutrients in the source
waters of the AAIW and in organic matter remineral-
ization:

Decreasing productivity in the source region of
the AAIW may well explain the increasing nutrient
concentrations observed in the AAIW core.

An increase in nitrate concentration in the AAIW
could be caused by an increase in remineralization
of particulate or dissolved organic carbon or could
as well be caused by the decrease in nitrate uptake
by phytoplankton in the surface source water of
the AAIW. In the first case, larger remineralization
would imply more oxygen consumption, which can
be measured by apparent oxygen utilization (AOU).
Indeed, we found that AOU showed a significant
positive trend along with nutrients (Fig. 7).
The time trends of C:N:P (140:16:1) are approximately
in line with the Redfield ratios. The time trend of
AOU:C (1:4.4) is much smaller than expected from
stoichiometric ratios (1:1.5, Anderson and Sarmiento
1994). Changes in remineralization would more lead
to changes in AOU following known stoichiometry
(Redfield 1963; Anderson and Sarmiento 1994).
Changes in surface productivity might not necessarily
lead to accompanying change in oxygen due to air-sea
exchange. This suggests that the changes in surface
productivity dominate over remineralization.
Decreased nutrient uptake by phytoplankton would
imply that primary production also decreased. Kahru
et al. (2017) indeed found a significant decreasing
trend of the annual maximum monthly average net
primary production (NPP) between 2011 and 2016 of
overall −23% in a domain of ± 25◦ longitude around
the Prime Meridian and between 52◦S and 40◦S
based on satellite observations. However, there was no
significant trend before 2011. A decrease in NPP in
AAIW source water would lead to an increase in
amounts of residual nutrients in the surface ocean
which are then transported to AAIW via subduction.
This hypothesis, however, cannot explain trends in
temperature and salinity that are apparent in our
datasets.

We revealed a stronger inter-annual variability of H4SiO4

concentration as compared to the other macronutrients,
which was similarly found for the Pacific and Australian
SAMW (Ayers and Strutton 2013). The high IAR of
H4SiO4 does not surprise because north of the APF zone,
H4SiO4 shows a stronger horizontal gradient than other
macronutrients (nitrate and phosphate) and silicic acid
concentration could limit diatom productivity (Laubscher
et al. 1993; Conkright et al. 1994). Of all years, 1998 is the
year during which nutrient concentrations were particularly

low. H4SiO4 values as low as 6 μmol kg−1 were observed
which can be limiting to some diatom species and could be
related to the intense phytoplankton bloom occurring in the
APF zone (Laubscher et al. 1993; Moore and Abbott 2000).

5 Conclusions

This study used observational data from the Prime
Meridian section to investigate the inter-annual variability
of nutrients, dissolved inorganic carbon (DIC), and apparent
oxygen utilization (AOU) along with temperature and
salinity in the Antarctic Intermediate Water (AAIW)
between 1990 and 2014. We found significant positive
trends in DIC, nitrate, and AOU, and negative trends in
temperature and salinity in the AAIW.

These observations support a scenario of an increase
in the upwelling of nutrients in the Antarctic divergence
due to the intensification of westerlies linked to a positive
trend in SAM. This would go along with an increase in
the northward Ekman transport of the cold nutrient-rich
surface waters until they get subducted and form AAIW.
This suggests that the Atlantic sector has experienced an
increased upper-ocean overturning in contrast to the global
analysis of DeVries et al. (2017).

Stronger remineralization and a decrease in net primary
production (NPP) might have contributed to the biogeo-
chemical changes that we observed. However, the decrease
in net primary production (NPP) observed in the AAIW
source region that would lead to an increase in amounts
of residual nutrients in the surface ocean could have con-
tributed to the trends we observed in nitrate only since 2011.
As this would not alter hydrographic properties, it cannot be
the sole explanation.

We suggest that about 75% of the increase in DIC
could be explained by the increase in anthropogenic carbon
uptake in the source waters of the AAIW and 25% due
to circulation and potentially production changes. Further
studies and longer time series are needed to shed light on
the relative contribution of these two mechanisms to the
observed changes.

The changes we observed in the AAIW have the
potential to significantly impact downstream low latitude
primary productivity and carbon cycle over long timescales
(Sarmiento et al. 2004; Ayers and Strutton 2013).
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