
1.  Introduction
The oceans play a vital role in regulating climate by taking up over 25% of anthropogenic carbon dioxide (CO2), 
while the Southern Ocean south of 40°S is responsible for 40% of total ocean carbon uptake (Le Quéré et al., 2018; 
Moreau et al., 2017; Rintoul & Naveira Garabato, 2013; Sabine et al., 2004). However, there is interannual to 
decadal variability in the magnitude of this sink. It weakened between the 1980s to the early 2000s (Le Quéré 
et al., 2018) and has since recovered (Landschützer et al., 2015). For prediction of future climate, it is important 
that we understand the mechanisms of carbon cycling and sequestration in this globally significant ocean.

The Antarctic Circumpolar Current (ACC) is a powerful current system that consists of many narrow, coher-
ent jets (Abbott et  al.,  2001; Sokolov & Rintoul,  2009), and it dominates the large-scale circulation of the 
Southern Ocean (Talley et al., 2011). Due to this complex circulation system, along with the influence of light 
and iron on biological activities, the Southern Ocean has remarkable nutrient heterogeneity and is a famously 
high-nutrient low-chlorophyll (HNLC) area (Garabato et al., 2001; Hoffmann et al., 2008; Janssen et al., 2020; 
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Lannuzel et al., 2011). Among the ACC fronts, the Polar Front (PF) has been considered the most important for 
biogeochemistry, because of its strong meridional gradient of macronutrients (Freeman et al., 2019; Garabato 
et al., 2001; Janssen et al., 2020; Jones et al., 2015) due to the upwelling of high-nutrient Circumpolar Deep Water 
(CDW) to its south (Talley et al., 2011; Tamsitt et al., 2017). The ACC south of Tasmania (around 55°S, 150°E) 
is a region of strong eddy kinetic energy (EKE) due to the interaction of the current with the Southeast Indian 
Ridge. Downstream of the ridge, the fronts form standing meanders that generate mesoscale eddies and intense 
meridional fluxes of heat and other tracers (Patel et al., 2019, 2020; Rees et al., 2019; Ries et al., 2009; Wolfe 
& Byrne, 2016). This mesoscale variability has been suggested to impart more variability on the macronutrient 
and iron supply (Garabato et al., 2001; Lannuzel et al., 2011; McGillicuddy, 2016; McGillicuddy et al., 1998).

Phytoplankton blooms are closely related to mesoscale activity (Abbott et al., 2000; Grenier et al., 2015; Kahru 
et al., 2007). Eddies can redistribute biomass through eddy trapping and stirring, and enhance phytoplankton 
productivity through eddy pumping (Gaube et  al.,  2014; Kahru et  al.,  2007; McGillicuddy,  2016). Cyclonic 
eddies can enhance the macronutrient and iron concentration and maintain phytoplankton in the surface layer 
by lifting isopycnals, during formation while anticyclonic eddies do the opposite (Abbott et al., 2001; Moreau 
et al., 2017). Many studies have shown that cyclonic eddies enhance phytoplankton growth (Jones et al., 2015; 
Kahru et al., 2007; Patel et al., 2020), while others suggested that anticyclones and frontal structures may do the 
same (Abbott et al., 2000; Barré et al., 2011; Song et al., 2016). Upwelling generated by eddies can provide an 
important iron input, locally enhancing phytoplankton physiology (Behrenfeld et al., 2006; Bowie et al., 2009; 
Boyd & Abraham, 2001; Ellwood et al., 2008; Viljoen et al., 2018). In addition to their impact on phytoplank-
ton productivity, eddies can impact the biological carbon pump via physical processes. It is believed that both 
cyclones and anticyclones can switch between being carbon sources and carbon sinks depending on the season 
(Jones et al., 2015; Moreau et al., 2017; Song et al., 2016), because the dissolution of dissolved inorganic carbon 
(DIC) depends on temperature and alkalinity. The upwelling or advection generated by eddies may change the 
local carbon pump by varying the contrast with DIC-rich water. Therefore, air-sea CO2 exchange depends on the 
coupling between the biological pump and the solubility pump, and the way in which both are impacted by eddies.

The Southern Ocean is very sensitive to wind and buoyancy forcing. While the ACC has been experiencing 
stronger westerly winds over the last few decades, most of this additional energy has been seen in increased EKE, 
instead of ACC transport (Böning et al., 2008; Hallberg & Gnanadesikan, 2006; Marshall et al., 2017; Munday 
et  al.,  2013). Specifically, eddy hotspots like the PF standing meander may become more active and subject 
to change in the future (Bischoff & Thompson, 2014; Meredith & Hogg, 2006; Thompson & Garabato, 2014; 
Williams et al., 2007). The increase in EKE is likely to affect both the rate of property transport across the ACC 
and the upwelling of CDW. Considering that mesoscale structures are closely related to blooms, standing mean-
ders may be a window for us to observe the response of biogeochemical properties to variability in the Southern 
Ocean, and the key to understanding future changes in the carbon budget. Therefore, this study is aimed at:

1.	 �Understanding how the physical environment drives phytoplankton biomass distribution, and to what extent 
biological activity can affect local carbon sink characteristics.

2.	 �Characterizing phytoplankton physiology and its response to mesoscale physics in the HNLC PF meander.
3.	 �Investigating the generally low productivity in the area and determining drivers of interannual variability.

2.  Data and Methods
2.1.  Data Sources

2.1.1.  Voyage Data

From 16 October to 15 November 2018, voyage IN2018_V05 on RV Investigator surveyed a standing meander of 
the PF south of Tasmania, approximately 146°–158°E, 52.5°–57.5°S (Figure 1). The goal of this voyage was to 
obtain observations of the spatial structure and temporal variability of the PF standing meander, to examine the 
physical processes that contribute to poleward fluxes of heat and tracers and the downward flux of momentum. 
Comprehensive biogeochemical measurements were made to investigate the effect of these physical processes on 
biogeochemistry in the meander.

Surface underway measurements of salinity, temperature, and the partial pressure of CO2 (pCO2) were collected 
during the entire voyage, by standard instrumentation from the underway seawater stream, as described in Moreau 
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et al. (2017). The phytoplankton photochemical efficiency was defined by normalized variable fluorescence (Fv/
Fm; Behrenfeld et al., 2006). Fv/Fm was measured by a Satlantic Fluorescence Induction and Relaxation (FIRe) 
system in the shipboard underway laboratory. The flash sequence was set to single turnover flash/single turnover 
repetition (STF/STRP) with 40 saturation flashes, 40 ms relaxation duration, 50 µs initial flash interval and 30 
iterations (number of measurements averaged for each reported data point).

There were 77 conductivity temperature depth (CTD) casts to within 10 m of the sea floor (∼4,000 m), including 
hydrochemistry. The CTD casts were conducted along nine cross-front transects using a Seabird SBE911 CTD 
unit, with 36 12 L bottles on the rosette sampler. Water samples (500 mL) were filtered, and the chlorophyll 
extracted in 90% acetone at −20°C for at least 24 hr before being analyzed in a Turner Trilogy fluorometer that 
was calibrated with known standards (Strutton et al., 2004). Nutrient samples were analyzed on board using an 
ALP-kem rapid flow analyzer (Rees et  al.,  2019). Pressure (depth), temperature, conductivity (salinity), and 
dissolved oxygen were computed based on the calibration factors supplied by Seabird and the CSIRO. Potential 
density was calculated from temperature and salinity using the Gibbs Sea Water package in Matlab and was used 
to calculate the mixed layer depth (MLD), for the nutrient drawdown calculations (Section 2.2.4; McDougall & 
Barker, 2011). The uncertainty of the nutrient measurements was as described in Hughes et al. (2018).

Figure 1.  Climatological surface (a) nitrate and (e) silicate concentration for October and November, averaged. The white and magenta lines indicate the climatological 
position of the Subtropical Front and Subantarctic Front, respectively (Orsi et al., 1995). Mean (b, f) and standard deviation (c, g) of monthly chlorophyll for October 
and November, respectively, for the period 2002–2019. Weekly satellite surface chlorophyll for the first (d) and fourth (h) week of the voyage period (October-
November 2018). Black line indicates the core of Polar Front (PF) in 2018 defined by a sea surface height value of −0.5 m and the red line indicates the PF core based 
on the temperature minimum method. White dashed line and white circles indicate the voyage track and conductivity temperature depth (CTD) stations, respectively.
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2.1.2.  Ancillary Satellite, Climatological, and Argo Data

Weekly surface temperature data and surface chlorophyll concentration for the voyage period were collected by 
the NASA Visible and Infrared Imager/Radiometer Suite (VIIRS) mission. The monthly chlorophyll climatology 
from 2002 to 2019 and the monthly average chlorophyll concentration were collected by the NASA Moder-
ate Resolution Imaging Spectroradiometer (MODIS) mission. The chlorophyll data have a spatial resolution of 
4 km. We acknowledge that the voyage period and the climatology/historical data were from different sensors, 
but this was done to provide the best quality contemporary data and also the longest historical record. The 
DUACS provided daily sea surface height (SSH) data, geostrophic current velocity and wind speed at 0.25° 
spatial resolution.

Climatological nutrient data were obtained from NOAA's World Ocean Atlas 2018 (WOA18) at 1° spatial resolu-
tion. These data were used to understand the background nutrient conditions of the region. The Roemmich-Gilson 
Argo Climatology product provided full-depth temperature and salinity data from 2004 to 2019, with a spatial 
resolution of 1° (Roemmich & Gilson, 2009). The eddy climatology data were obtained from AVISO+.

2.2.  Data Analysis

2.2.1.  Biogeochemical Climatologies

The average climatological nitrate and silicate for October and November from WOA18 were further averaged 
across both months to create a distribution indicative of the period of the voyage in the PF area (Figures 1a 
and 1e). To understand the climatology and variability of chlorophyll in the PF meander, the monthly clima-
tology of October and November chlorophyll from 2002 to 2019, and its standard deviation were mapped 
(Figure 1b, 1c, 1f, and 1g).

2.2.2.  Definition of PF Location, CDW, and Euphotic Zone Depth

We defined the location of the PF using two methods. The first defines the PF as the northernmost position of the 
2°C isotherm in the temperature minimum layer (Talley et al., 2011). The vertical temperature profiles collected 
by CTD stations along nine transects were interpolated to determine the accurate position of the PF core based 
on this definition (red line in Figure 1). Second, consistent with previous work on this survey data (Wang, 2020) 
we chose an SSH contour of −0.5 m to mark the PF core (black contour in Figure 1). Except for transects 4 and 
5, the position of the PF core defined by these two methods corresponds well.

The CDW is indicated as the upwelled water with oxygen concentration below 200 μmol kg −1 (Wang, 2020). The 
euphotic zone depth was calculated based on the total chlorophyll with functions:

1.	 �Ze = 912.5*[Chltot]^−0.839             10 m < Ze < 102 m
2.	 �Ze = 426.3*[Chltot]^−0.547             102 m < Ze < 180 m

where Ze is euphotic zone depth (m) and Chltot is integrated chlorophyll (mg m −3; Morel & Maritorena, 2001; 
Su et al., 2021).

2.2.3.  Phytoplankton Physiology

Surface underway Fv/Fm was measured about every 5  s, and we calculated a 60-min moving average every 
10 min after removing bad data. Sunrise and sunset times were calculated using the Matlab sunrise toolbox and 
were used to distinguish day and night Fv/Fm data. To avoid the influence of nonphotochemical quenching, only 
night time Fv/Fm data were plotted in underway maps. Behrenfeld et al. (2006) suggested that the dawn maxi-
mum and the nocturnal decrease in Fv/Fm are important indices for physiological characteristics. The maximum 
in the 2-hr window before and after sunrise was used to define the dawn maximum. The nocturnal decrease was 
defined by the ratio of the nighttime minimum value to the average value of Fv/Fm at the neighboring sunrise 
and sunset. Following Behrenfeld et al. (2006), we chose 25% as the threshold for determining a large nocturnal 
decrease. But because the Southern Ocean has a much higher surface macronutrient concentration than the equa-
torial Pacific, we chose Fv/Fm = 0.5 as the threshold to indicate a high dawn maximum, instead of 0.45 used by 
Behrenfeld et al. (2006).
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2.2.4.  Nutrient Deficits and Organic Carbon Production

The seasonal drawdown of nutrients was used to calculate particulate organic carbon (POC) production. For a 
given CTD location, the nutrient deficit was defined as the difference between the nutrients in the temperature 
minimum (Tmin) layer and the mixed layer (Jennings et al., 1984). We defined the MLD in this area as the depth 
where the potential density increased by 0.02 kg m −3 with reference to a near-surface (10 m) density. In cases 
where CTD data were missing at 10 m, we selected the shallowest value (varied from 11 to 31 m). Because of 
deep winter mixing, the nutrients in remnant Antarctic Winter Water (AWW, the Tmin layer) are indicative of 
the surface nutrient concentration before the start of the growing season. The average of all nutrient samples in 
the mixed layer was considered as the nutrient concentration after consumption. To help reduce biases due to 
nonuniform sampling in the vertical, the CTD bottle nutrient samples above 600 m were linearly interpolated to 
1-m resolution. POC production was calculated by multiplying the seasonal nitrate drawdown by the Redfield 
C:N ratio (106/16). This method may not perform well at the intersection of different water masses, such as at 
the core of the PF, so the seasonal drawdown of macronutrients has only been determined for the southern part 
of the CTD transects.

3.  Results
3.1.  Climatological Nutrient and Chlorophyll Distributions Around the PF Meander

Strong south-north decreasing gradients were observed in surface macronutrient climatological distributions 
(Figures 1a and 1e). A front in macronutrients also existed near the PF meander, where nitrate varied from about 
22 to 19 μmol L −1 and silicate from about 13 to 7.5 μmol L −1. Large-scale gradients were also observed in the 
chlorophyll climatology, but the highest concentrations appeared at the subtropical zone (STZ) in the lowest 
macronutrient waters (Figures 1b and 1f). To investigate the relationship between macronutrient variation and 
chlorophyll distribution, historical satellite chlorophyll data were mapped (Figure 1 and Figure S1 in Supporting 
Information S1).

In October, based on the climatology, the average chlorophyll along the whole PF meander region is quite low 
(about 0.15 mg m −3) and its standard deviation approaches zero, which indicates that there is no frequent bloom 
in this area. However, southwest of the PF meander, around 148°E, 57°S, chlorophyll is slightly higher, about 
0.25 mg m −3 and the standard deviation is also higher. This suggests a regular bloom that starts to occur in Octo-
ber (Figures 1b and 1c and Figure S1 in Supporting Information S1).

In November, higher average chlorophyll and stronger variability (higher standard deviation) were observed in the 
whole area, especially in the southwest corner (mean chlorophyll about 0.4 mg m −3) and STZ (mean chlorophyll 
over 0.5 mg m −3; Figures 1f and 1g). In both areas, the standard deviation was over 0.2 mg m −3. All these data 
suggest regular strong bloom events. In contrast, we did not observe high average chlorophyll along the PF mean-
der, and a spring bloom was only observed in a small number of years (Figure S1 in Supporting Information S1). 
In 2018, the surface chlorophyll concentration was over 0.5 mg m −3 which we considered to be an abnormal 
event. It was likely caused by factors other than the meridional gradient in macronutrients.

3.2.  Chlorophyll, Temperature, and SSH Distribution During the Voyage: The Influence of Eddies and 
Frontal Process

We used SSH, sea surface temperature (SST), and geostrophic currents (Dong et  al.,  2011; Du et  al.,  2019; 
Zhang et al., 2014) to understand physical drivers of the distribution of surface chlorophyll, and to define eddies 
(Figures 2 and 3). A cyclonic eddy arose northeast of the PF trough (the northward excursion of the meander) 
near 154°E, 54°S in the third week of the voyage, with SST about 3°C and SSH about −0.8 m at its center 
(Figures 2a and 2b). The SSH and geostrophic velocity fields suggest the eddy had not yet completely sepa-
rated from the front at that time. East of the forming cyclonic eddy, there was a strip of warm water at the outer 
edge of the cyclonic flow and northward flow further east, suggesting an anticyclonic meander bringing warmer 
water southward. In week 4, an anticyclonic eddy appeared in the location of the southward limit of the warm 
water, north of transects 8 and 9 (Figure 2d, near 156°E). Although the measurements were affected by clouds, 
this eddy captured warm surface water, about 8°C, and had an SSH of about +0.20 m (Figures 2c and 2d). The 
cyclone mentioned before moved eastward to around 156°E, 54°S, with SST about 3°C and SSH about −0.7 m 
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(Figures 2c and 2d). A new cyclone formed to the west of the PF trough (around 152.5°E, 53.5°S), with SST and 
SSH characteristics similar to the other cyclone (Figure 2d).

The week-by-week development of the bloom during the voyage is shown in Figure 3. In the first 2 weeks, no 
bloom was observed in the upstream (western) area (transects 1 through 4; Figures 3a and 3b). In the last 2 weeks 
of the voyage, when the ship was in the downstream region (east of about 151°E), satellite images show that high 
chlorophyll began to appear along the SSH contour marking the front (Figures 3c and 3d). In Figure 3d, there 
are several areas of high chlorophyll. The first is located east of 153°E and rotates with a low-chlorophyll core 
at 156°E, 54°S with quite high chlorophyll (>0.5 mg m −3) to its south. The other is a narrow strip west of 153°E 
with lower chlorophyll (about 0.3 mg m −3), and spinning around a core at about 152°E, 53°S. In addition to the 
bloom surrounding the eddies, we also observed a narrow strip with chlorophyll over 0.4 mg m −3 along the PF 
track, which developed since the second week (Figures 3b–3d). These high chlorophyll areas corresponded well 
to the edge of cyclonic eddies and the PF (Figures 2 and 3). At 156°E, 55°S, there was an area of low chlorophyll 
(close to 0.1 mg m −3), in the anticyclone east of the meander (Figures 3d and 9f).

3.3.  Phytoplankton Physiology From Underway Measurements

During the whole voyage, the Fv/Fm nocturnal decrease was generally small, except for one anomaly measured 
at about 149°E, 55°S (Figure 4b). Spatial variability in the dawn maximum was more pronounced. Based on the 
Fv/Fm features, there were two physiological regions that could be distinguished during the voyage (Figure 4). 
The first of these included the outbound transect (from Tasmania to the survey area), the return transect, and 

Figure 2.  (a and c) Sea surface temperature (SST) and (b and d) sea surface height (SSH) maps of the study area during week 3 (1 November 2018 to 8 November 
2018, upper panels) and week 4 (9 November 2018 to 16 November 2018, lower panels) of the voyage. The weekly average geostrophic current is indicated by black 
arrows. The ordering of conductivity temperature depth (CTD) transects are marked in (b). The cyan and red dashed contours indicate SSH of −0.6 and 0.17 m, 
respectively, to illustrate the general position of anticyclonic and cyclonic eddies (b) and (d). The Polar Front (PF), CTDs, and voyage track are as described in the 
previous figures.
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the northern part of the downstream survey area, which were characterized by small nocturnal decrease (<25%) 
and relatively high dawn maximum (>0.5). The upstream and southern part of the downstream survey area were 
characterized by small nocturnal decrease and relatively low dawn maximum (<0.5). Compared with Section 3.2, 

Figure 3.  Weekly satellite surface chlorophyll maps of the area for the 4 weeks of the voyage. (a) week 1, 16 October 2018 to 23 October 2018; (b) week 2, 24 October 
2018 to 31 October 2018; (c) week 3, 1 November 2018 to 8 November 2018; (d) week 4, 9 November 2018 to 16 November 2018. The Polar Front (PF), conductivity 
temperature depths (CTDs), and voyage track are as described in the previous figures, except that only the CTDs that were performed in the relevant time window are 
plotted as white circles. The gray contours are the weekly average sea surface height (SSH) from −0.8 to −0.2 m with 0.1-m interval.

Figure 4.  Phytoplankton physiological characteristics along the voyage track. (a) Underway night time Fv/Fm 60 min moving average value, (b) nocturnal decrease, 
and (c) dawn maximum. The contours in (a) are mean SSH for the voyage period, to show the range of the PF meander. The core of the PF defined by the −0.5 m SSH 
is the thick black contour. The PF defined by the Tmin method is the red line. The CTD stations are indicated by the black dots.
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these results demonstrate more biomass with a healthier phytoplankton community in the downstream northern 
area and the transit to and from the study area.

Although the ship tracks to and from the study area mainly passed through the same region, there were still 
differences between them regarding phytoplankton physiology. The Fv/Fm values were more variable on the 
return transect, and they were generally lower than the outbound transect until 16 November 2018 (Figure S2 
in Supporting Information S1). A similar phenomenon also appeared in dawn maximum and nighttime Fv/Fm 
(Figures 4b and 4c). The satellite measurements showed that on the return transect approaching Tasmania, the 
bloom in the STZ was strengthening. The Fv/Fm increased north of 47°S on the return transect, exceeding the 
values of the outbound transect at 44°S to reach about 0.64 near Tasmania. The dawn maximum also increased in 
the same area (Figure S2 in Supporting Information S1; Bindoff & Phillips, 2019).

3.4.  Result From CTD Transects

3.4.1.  Macronutrient Distributions

Nine sections of hydrography collected by CTD stations illustrate the distribution of dissolved nitrate, ammo-
nium, silicate, and chlorophyll. We numbered the transects from 1 to 9 (Figure 2b), and chose transects 3 and 
9 as representatives of the upstream and downstream region, respectively (Figures 5 and 6, Figures S3–S9 in 
Supporting Information S1).

In general, nitrate was very high below about 200 m south of the PF. The peak value was over 36 μmol L −1 at the 
depth limit of the sections depicted here (300 m). The lowest concentrations, about 25 μmol L −1, usually occurred 
at the surface, north of the PF. The interior distribution of nitrate was closely aligned to the structure of isopyc-
nals, especially below the mixed layer (100 m). For example, the 32 μmol L −1 nitrate isopleth almost coincides 
with the 27.2 kg m −3 isopycnal (Figure 5). The distribution of silicate was similar, but its concentration ranged 
from 5 to 60 μmol L −1. The north-south decreasing gradient of nitrate and silicate was consistent with the surface 
climatology (Figures 1a and 1e).

The ammonium distribution varied considerably between transects. The concentration of ammonium in transects 
1 to 3 was not more than 0.2 μmol L −1 (Figure 5, Figures S3 and S4 in Supporting Information S1). Relatively 
high concentrations were found at about 100 ± 50 m and lower concentrations at the surface and below 200 m. As 
the ship moved downstream in the ACC, the concentration increased. Water masses with high ammonium were 
found near the PF and the southern end of the transects (Figure 6, Figures S7–S9 in Supporting Information S1). 
For example, in transect 9, a high ammonium (>3.5 μmol L −1) layer was found aligned with the 27.5 kg m −3 
isopycnal, which dipped below 200 m at the PF, and was unique in all transects (Figure 6).

3.4.2.  Biomass Distribution

For all transects, chlorophyll was confined to the surface mixed layer, above ∼100 m (Figure 7). We observed three 
kinds of patterns. In the first two transects, the chlorophyll concentration was generally low. The surface chloro-
phyll varied between 0.3 and 0.4 mg m −3, except at the southern end of transect 1 (Figures 7a and 7b). For tran-
sects 3–6, some water masses had a relatively high chlorophyll concentration, about 0.5 mg m −3 (Figures 7c–7f). 
These mainly appeared in the PF and near the ends of some transects. A bloom was observed in the last three 
transects, especially near the PF, and chlorophyll concentration was greater than 0.65 mg m −3 (Figures 7g–7i). 
The distribution of this high chlorophyll was very narrow, and there was a strong gradient toward the surrounding 
water masses.

3.5.  Carbon Properties

Like macronutrients and chlorophyll, surface pCO2 exhibited a strong south to north gradient from about 410 ppm 
in the PF area to about 330 ppm in the STZ (Figures 1 and 8a). Around 46°S, when the ship returned to Tasmania, 
lower pCO2 was observed compared to the southbound transect, which was largely driven by the rapid increase 
in productivity during the voyage period (Figures 1d and 1h). In the study region, the surface pCO2 was higher in 
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the downstream area compared to that of the upstream, especially for transects 5–8 (Figure 8b). The water mass 
with highest pCO2 was observed around 154°E, 56°S (between transects 6 and 7), with a concentration of over 
425 ppm. At the easternmost end of the study area, pCO2 slightly decreased to about 400 ppm in the northern part 
of transect 9. When the ship returned to the anomalously high pCO2 region, pCO2 had decreased about 30 ppm.

Strong gradients were found in the biological carbon production map (Figure 8c). The productivity was generally 
low in the first five transects, with values varying between 0 and 20 μmol L −1. In contrast, productivity increased 
in the last four transects, to about 40 μmol L −1 at some sites. The carbon production gradually increased eastward, 

Figure 5.  Depth-latitude plots from conductivity temperature depth (CTD) transect 3, (a) temperature (°C) with potential density (kg m −3) as black contours; (b) nitrate 
(μmol L −1), the green contour indicates the upper boundary of Circumpolar Deep Water (CDW); (c) ammonium (μmol L −1); (d) silicate (μmol L −1); and (e) chlorophyll 
(mg m −3), the magenta line indicates Ze. CTD bottle samples are indicated by white circles. The red vertical line indicates the Polar Front (PF) core defined by the 
minimum temperature method and the black vertical line is the PF core defined by SSH = −0.5 m.
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contrary to the trend of surface pCO2, as expected, indicative of strong drawdown. Interestingly, extremely low 
carbon production was observed at the PF on each transect.

3.6.  Correlation Between MLD, Eddies, and Biomass From Argo and Satellite Observations

The intensity of the bloom in our study area has varied over our retrospective 2002 to 2019 analysis, and 2018 
appears to have been an exceptional year (Figure S1 in Supporting Information S1). In the following, we use MLD 
calculated from the RG-Argo monthly data. We investigated whether the MLD difference between October and 
November (MLDdiff = MLDOct − MLDNov), and the number, location, and polarity of eddies are possible drivers 
of the interannual variability and present summary statistics in Table S1 in Supporting Information S1. Generally, 

Figure 6.  Same as Figure 5, but for conductivity temperature depth (CTD) Section 9.
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when the MLD shoaled from October to November (positive MLDdiff) induced by seasonal surface warming and 
increased stratification, the chlorophyll concentration in November tended to increase. In addition, when the 
study area had strong cyclonic eddy activity and weak anticyclonic eddy activity, phytoplankton biomass tended 
to be higher (Table S1 in Supporting Information S1). At other times, the chlorophyll was relatively low. To 
test this, and because we are interested in the bloom to the north and northeast of the PF meander, we defined a 
polygon within which to quantify chlorophyll, MLD and eddies, by four vertices: 148°E, 53°S; 148°E, 54.5°S; 
158°E, 56.5°S; 158°E, 53°S (Figure 9a). A group of case studies showed that when the MLD shoaled in 2017 
and 2018 by 112 and 82 m, respectively, and active cyclones were observed, biomass increased (Figure 9, Figures 
S1, S11, and Table S1 in Supporting Information S1). On the contrary, in 2007, weak MLD shoaling (21 m) and 
strong anticyclonic activities were observed, which resulted in low chlorophyll (Figure 9, Figures S1, S11 and 
Table S1 in Supporting Information S1). Across all years, the correlation between MLDdiff and chlorophyll was 
0.259 (p = 0.333; Figures S1 and S11 in Supporting Information S1), indicating that MLDdiff has a positive but 
not statistically significant impact on chlorophyll in November.

4.  Discussion
Using ship-based observations, satellite measurements, and nutrient climatologies, we studied a standing mean-
der of the PF south of Tasmania in austral spring 2018 (16 October to 15 November). During this period, we 
discovered a phytoplankton bloom that was unusually strong in the context of historical observations. Based on 
SSH and SST anomalies, the voyage sampling took place while at least two cyclonic eddies were forming in 
the trough (northward extension) of the meander. Therefore, this data set presents a unique opportunity to study 
biogeochemical variability in the presence of multiple mesoscale structures (eddies and fronts), and their impact 
on local carbon cycling.

Figure 7.  Depth-latitude transects of chlorophyll distribution. Panel (a) to (i) correspond to transects 1–9. The isopycnals, conductivity temperature depth (CTD) 
stations, and the Polar Front (PF) are marked as in the previous figures.
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4.1.  Macronutrient and Phytoplankton Biomass Distribution

4.1.1.  Macronutrient Distribution

All CTD transects exhibited strong meridional gradients of macronutrients, which was consistent with the clima-
tologies of nitrate and silicate. In this study, we focused on the distribution of macronutrients in the upper 300 m 
where productivity potentially occurs. There was enrichment of macronutrients south of the PF due to the upward 
slope of isopycnals to the south and the associated upwelling of nutrient rich CDW, which is also likely to have 
higher dissolved iron (dFe; Figures 5 and 6, Figures S3–S9 in Supporting Information S1; Ellwood et al., 2008; 
Schlitzer,  2002; Tang et  al.,  2021). The concentrations of nitrate and silicate were not biologically limiting 
(Figures 1a and 1e; Fisher et al., 1992). A regular bloom was mapped with satellite chlorophyll in the STZ, north 
of about 47°S (Figure 1), confirming that the PF meander was mostly what we consider an HNLC region, and that 
blooms can occur in the STZ with lower macronutrients, because iron limitation is relieved by the dust source to 
the north (Bowie et al., 2009; Lannuzel et al., 2011).

The distribution of biomass did not correlate with the subsurface structure of nitrate, silicate or nitrite (nitrite not 
shown), but it was reflected in the subsurface structure of ammonium (Figures 5 and 6). High levels of ammonium 
were found under and adjacent to high chlorophyll (Figure 6 and Figures S6–S9 in Supporting Information S1), 
due to remineralization (Sarmiento & Gruber, 2006). This phenomenon was more noticeable in the downstream 
transects, because of stronger biological activity (chlorophyll concentration over 0.5 mg m −3; Figures 3 and 7).

Figure 8.  Underway pCO2 mapping for (a) the whole voyage track and (b) the Polar Front (PF) meander. Carbon production (POC) is mapped in (c). The blue and 
magenta lines in (a) indicate the climatological position of the Subtropical Front and Subantarctic Front, respectively (Orsi et al., 1995). The PF (black solid lines, with 
cyan triangles for the Tmin method) and voyage track (black dotted line) are as described in the previous figures. Conductivity temperature depth (CTD) stations are 
indicated by black dots.
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4.1.2.  Biomass Distribution and Relationship With Eddies and Frontal Process

Elevated chlorophyll in the PF and eddies suggests that mesoscale structures contributed to the development 
of this bloom (Figures 2 and 3). Eddies in this region are primarily generated by instability of the ACC fronts. 
Standing meanders in the fronts are formed where the fronts interact with steep topography and, within the mean-
ders, instability of the front and the generation of eddies is enhanced (Chapman et al., 2015; Frenger et al., 2015; 
Rintoul, 2018). The eddies that we focused on in this study were formed from the ACC standing meander between 
the Southeast Indian Ridge and the Macquarie Ridge. Frenger et  al.  (2015) identified this area as a hotspot 
for long-lived eddies. This area is far away from terrestrial iron sources and the influence of sea ice (Bowie 
et al., 2009; Cavalieri et al., 1996; Lannuzel et al., 2011), suggesting that these eddies are produced without iron 
input from any islands (Moreau et al., 2017). This is in contrast to the situation where high chlorophyll eddies 
observed near islands like the Kerguelen Plateau, have productivity that is likely enhanced by terrestrial iron 
(Della-Penna et al., 2018; Grenier et al., 2015).

Although our in situ data are not sufficient to determine the specific generation mechanism, here, we explore the 
clues that we can identify from the data regarding the development of the strong phytoplankton bloom. Figure 
S12 in Supporting Information S1 presents schematics to illustrate three mechanisms associated with eddy forma-
tion based on McGillicuddy (2016) and the Southern Ocean eddy census of Frenger et al. (2015). Eddy stirring is 
a horizontal advection of a passive tracer such as chlorophyll, by the rotating eddy, causing patches of high chlo-
rophyll to be carried into regions of low chlorophyll and vice versa (Figure S12a in Supporting Information S1). 
Eddy trapping occurs when a steep meander in a front pinches off, enclosing water from one side of the front 
and carrying it to the other side (Figure S12b in Supporting Information S1). Eddy pumping relates to upwelling 
and downwelling in cyclones and anticyclones, respectively, when an eddy is growing or decaying (Figure S12c 
in Supporting Information S1). Each of these mechanisms may have played a role in the biomass distribution 
and the development of the strong phytoplankton bloom during the voyage in the presence of developing eddies.

Figure 9.  Relationship between MLDdiff and chlorophyll in November. The upper panels plot the MLDdiff in (a) 2007, (b) 2017, and (c) 2018. The corresponding 
November chlorophyll is mapped in the lower panels (d, e, and f). The thin contours represent the meander region (SSH = −0.7 to −0.3 m) and the thick contour 
indicates the Polar Front (PF) core (SSH = −0.5 m). The area used to calculate average chlorophyll and mixed layer depth (MLD) for Table S1 in Supporting 
Information S1 is indicated with gray dashed polygon in panel (a).
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During the voyage, two cyclones were spawned in the trough of a steep meander in the PF near 52°S, 152°–156°E 
(Figure 2). In week 3, a cyclonic eddy characterized by low SST, low SSH (Figures 2a and 2b), and low chloro-
phyll (Figure 3c) appeared near 154°E, indicating eddy trapping. The cyclone developed from the meander stage 
to the separation stage, pinched off as a ring with cool, low chlorophyll water from south of the PF at its center, 
and was transported eastward away from the front in week 4. This is similar to the formation and life history of a 
cyclonic eddy studied in Patel et al. (2019), generated at the Subantarctic Front to the north of our study.

The high chlorophyll around the edge of the cyclonic eddy and PF (Figure 3c) could be influenced by eddy pump-
ing (Figure S12 in Supporting Information S1) or by vertical motion induced by mesoscale processes (Rodríguez 
et al., 2001). The eddies are identified in Figure S10 in Supporting Information S1 by their cyclonic vorticity, 
calculated as vgx − ugy, where subscripts indicate differentiation and (ug, vg) is the geostrophic velocity from 
altimetry. The water mass structure within the trough and eddies finds its origin at the southern side of the PF 
and is sampled most closely on the southern sides of transects 4 and 5 in week 2 of the voyage (Figure 3b). The 
southern sides of transects 4 and 5 are characterized by shallower isopycnals (Figures 7d and 7e) and associated 
relatively shallow nutricline (Figures S5 and S6 in Supporting Information S1), bringing higher macronutrients 
into the mixed layer. The nutrient enriched waters are also likely higher in dFe and could act as an iron source 
in this open ocean environment (Bowie et al., 2009; de Baar et al., 1990; Ellwood et al., 2008), to boost biomass 
rapidly (Eveleth et al., 2017; Viljoen et al., 2018).

Frontal processes and eddy stirring may also contribute to generating an environment that could support the 
bloom. In week 3, as the chlorophyll bloom was getting started (Figure 3c), relative vorticity of the surface flow 
was strongly cyclonic (negative, Figure S10a in Supporting Information S1) throughout the trough and to the 
north where the cyclonic eddies formed, with anticyclonic relative vorticity on the warm side of the PF. Near 
transects 5–7, around 154°E, 55°S, anticyclonic relative vorticity was particularly strong. In week 4, the relative 
vorticity maxima became more localized to the positions of the eddies, shown in Figure S10b in Supporting Infor-
mation S1 as “C” for the northern cyclones and “AC” for the anticyclone further south. Strass (1992) discussed 
the role of frontogenesis in leading to upwelling on the anticyclonic side of an accelerating front leading to chlo-
rophyll blooms. The anticyclonic side of the PF and the outside of the cyclonic eddies are where the highest chlo-
rophyll concentrations occur (Figures 3c and 3d). Upwelling associated with frontogenesis could be a potential 
mechanism for delivering nutrient rich deeper waters to the mixed layer to support the strong bloom we observed.

Vertical velocity in the ocean has been observed to be linked to the phase of meanders in the Gulf Stream (Lind-
strom et al., 1997) and ACC (Phillips & Rintoul, 2000; Watts et al., 2016). These studies show that rotation of the 
horizontal current drives anomalies in temperature and salinity and vertical motion along isopycnals such that, for 
the southern hemisphere, there is downwelling leading out of a meander crest and into the trough and upwelling 
leading out of the trough and into the next crest. Meijer et al.  (2022) linked these subsurface relationships to 
patterns of divergence in surface velocities from a gradient wind balance applied to SSH. The ageostrophic 
component of the flow reveals deceleration of the current in the trough and acceleration in the crest of the mean-
der. The result is convergence of the flow leading into a trough and divergence leading out of a trough and into 
a crest. From their detailed hydrographic survey, Meijer et al. (2022) linked along-front variations in water mass 
properties to show that upwelling along isopycnals is associated with divergence at the sea surface. Applying 
this theory to our study, we would expect to see divergence and upwelling leading into the crest near 150°E and 
leading out of the trough and into the next crest, which is where we see the strongest blooms.

There were also other occurrences of high chlorophyll southwest of the meander (around 151°E, 56°S) and along 
the PF upstream of the meander, which could be contributed by the upwelling of CDW along the front. Further, 
the surface chlorophyll maps clearly show the rotational flow of the cyclones advecting filaments of high chloro-
phyll around the eddies, which might have come from the frontal region (Figure 3; McGillicuddy, 2016). Thus, it 
is likely that both the frontal processes and eddy stirring played roles in stimulating and maintaining this bloom.

Although wind-induced Ekman pumping can lead to downwelling in cyclones, potentially weakening the bloom, 
we believe it was not an important factor in this study (Gaube et al., 2013; Mahadevan et al., 2008). Wind-in-
duced downwelling is about 0.1 m d −1 (Gaube et al., 2013, 2015; Martin & Richards, 2001), much smaller than 
that of typical eddy-induced upwelling (1–10 m d −1; Lévy et al., 2012, 2001; Mahadevan et al., 2008; Martin 
& Richards,  2001). Wind-induced downwelling can be influential at the time scale of an eddy's entire life, 
but eddy-induced upwelling dominates during eddy formation, which we sampled (Martin & Richards, 2001; 
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McGillicuddy, 2016). It is also possible that submesoscale upwelling around the edge of the eddy stimulated 
productivity (Lévy et al., 2001, 2012), but we have no direct evidence of that. The new SWOT (Surface Water 
Ocean Topography) satellite mission may provide valuable detail on submesoscale structures.

4.2.  Physiological Characteristics

In this section, we infer the input of dFe to the surface and the relief of iron limitation based on the changing 
characteristics of phytoplankton physiology. A conceptualized relationship of phytoplankton cells' reaction to 
the changes in macronutrients and dFe was provided by Behrenfeld et al. (2006). They defined four regimes (I 
through IV) as a function of the Fv/Fm dawn maximum, nocturnal decrease, the level of oligotrophy and iron 
limitation (Figure S13 in Supporting Information S1). We did not have trace metal observations on the voyage. 
However, based on the Fv/Fm determined in Section 3.3 (Figure 4), we surmise that Regime I (iron sufficient, 
low macronutrients, small nocturnal decrease, high dawn maximum) and Regime IV (iron limited, high macro-
nutrients, small nocturnal decrease, low dawn maximum) best describe the conditions experienced around the 
PF meander. During the whole voyage, nocturnal decreases were small, thus the dawn maximum was key to 
distinguishing between Regimes I and IV. The dawn maximum exhibited strong differences between the PF and 
the northern area (Figure 4, Figure S2 in Supporting Information S1). Macronutrient limitation has been ruled 
out (refer to Section 4.1), so we infer that dFe was the key driver of phytoplankton physiology. Generally, dFe 
decreases from north to south (Lannuzel et al., 2011), because of distance from the terrestrial iron input and the 
iron-rich subtropical waters (Bowie et al., 2009; Ellwood et al., 2008). The southward decrease in dFe enrich-
ment identified in these earlier studies may help to explain the southward decrease in the dawn Fv/Fm maximum 
(Figure 4c).

In the upstream region of the study area, the PF was characterized by a small Fv/Fm nocturnal decrease and 
low dawn maximum (Regime IV). In the area closer to the developing eddy, near 150°E and on the equatorward 
side of the PF in the downstream region, the dawn maximum increased to above 0.5 and the overall value of Fv/
Fm increased (Figure 4 and Figure S2 in Supporting Information S1). This is consistent with iron enrichment 
experiments in the equatorial Pacific (Behrenfeld et al., 2006), South Atlantic (including the PFZ and AZ; Viljoen 
et al., 2018) and the Australian sector of the Southern Ocean at 140°E, 61°S (Boyd & Abraham, 2001; Boyd & 
Law, 2001). Regime IV (HNLC, low dawn maximum) occurred upstream of the PF trough and eddy generation 
and south of the PF downstream of the trough. Regime I (higher dawn maximum) occurred on the equatorward 
side of the PF in the downstream transects. Based on our Fv/Fm data, this area is likely to have experienced higher 
dFe (Figure 4 and Figure S2 in Supporting Information S1).

4.3.  pCO2 Distribution and Ocean Carbon Uptake

Two parameters were used as the criteria to evaluate carbon uptake: (a) short term pCO2 change at the same loca-
tion and (b) organic carbon production estimated by the seasonal drawdown of nitrate. The strong increase in pCO2 
from south to north (Figure 8a) and the lower pCO2 values on the return compared to outbound transect at the 
same latitude, can be attributed to biological drawdown by the large-scale bloom north of 51°S (Figures 1d, 1h, 
and 8). In the survey area, pCO2 was maximum (>420 ppm) in the underway data between transects 6 and 7 and 
including the northern end of transect 6 and the southern half of transect 7 (Figure 8b). A week later, at the time 
of the strong bloom north and east of the front (Figure 3d), the ship revisited the location of the high pCO2 and 
recorded values ∼40 ppm lower. This intense drawdown we attribute to the chlorophyll bloom. In week 3, at the 
time, transects 5–8 were made and chlorophyll was starting to increase, there was anticyclonic vorticity on the 
northern and eastern sides of the steepening trough (refer to Section 4.1.2; Figure S10 in Supporting Informa-
tion S1). We speculate that the upwelled deep high DIC water caused the high pCO2 section.

POC production was also estimated from nutrient drawdown between winter and the time of sampling, esti-
mated as the difference between nutrients in the subsurface Antarctic Winter Water (Tmin) layer and the sea 
surface. The primary productivity of the first five transects was low because the measurements occurred before 
the general increase in chlorophyll across the region. After transect 6, POC production increased, reaching about 
35–40 μmol L −1 in the last two transects (Figure 8c). The rapid increase of POC production and biomass indicates 
a favorable environment that in this region of iron limitation suggests a possible input of dFe (Cassar et al., 2011; 
Moore et al., 2013; Viljoen et al., 2018). The magnitude of the productivity is close to that observed by Viljoen 
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et al. (2018) in an iron addition experiment in the Atlantic Antarctic zone (54–65°S), with a similar MLD to the 
downstream region in our study. Due to the different time scales of the POC calculation (through seasonal nitrate 
drawdown) and the in situ measurements, the patterns of POC production do not necessarily overlap with that of 
biomass.

4.4.  Correlation Between MLD and Chlorophyll Biomass

We postulate that deep October MLDs enrich macronutrients and dFe in the surface and promote phytoplank-
ton growth if the MLD shoals in November. This shoaling is quantified by a positive MLDdiff (Figure 9, upper 
panels). If the MLDdiff is near zero or negative (mixed layer deepening), this means that light limitation persists 
into November. Alternatively, and perhaps less likely, the mixed layer was already shallow in October, e.g., 
2007, leading to relatively low phytoplankton biomass (Figure 9). We found that MLDdiff alone did not explain 
the interannual variability in chlorophyll. Some studies have raised questions about whether phytoplankton 
biomass increases monotonically with MLD shoaling. The “Dilution–Recoupling Hypothesis” suggests that a 
shallow MLD may increase the encounter rate between phytoplankton and predators, thus limiting the increase 
of phytoplankton (Behrenfeld, 2010; Evans & Parslow, 1985). The phytoplankton increase may also decline even 
before the MLD reaches the euphotic zone (Barber et al., 2001; Behrenfeld, 2010; Marra & Barber, 2005; Zhang 
et al., 2016). And even modest MLDs, by Southern Ocean standards, of about 50 m or deeper have been shown 
to induce light limitation of phytoplankton (Cassar et al., 2011; Eveleth et al., 2017).

The PF is part of the famous HNLC area, so interannual variability in dFe supply, e.g., through mesoscale 
structures, could play a key role in the variability of productivity. We hypothesize that a shoaling MLD (positive 
MLDdiff) with a shallow November MLD is a necessary condition for moderate productivity, allowing iron-rich 
waters to be entrained into the mixed layer. Strong cyclonic eddies or weak anticyclonic eddies, or both, also 
seem to be present when there is a strong bloom (Table S1 in Supporting Information S1). The eddy activity 
likely played multiple roles in both stimulating biomass and advecting it. This is supported by the overlay of eddy 
tracks on monthly mean SSH and chlorophyll (Figure S1 in Supporting Information S1). Cyclones are frequently 
found in the vicinity of high chlorophyll, e.g., in 2005 and 2018. When any of these factors changes or is absent, 
productivity is reduced. For example, in 2008 and 2009, negative MLDdiff (mixed layer deepening) could be the 
key to reduced productivity, while in 2012, anticyclonic eddy prevalence in November was implicated (Figure S1 
and Table S1 in Supporting Information S1). Exceptions exist, however, like in 2014, where mixed layer shoaling 
(positive MLDdiff) and strong eddy activity would suggest high chlorophyll that did not eventuate (Table S1 in 
Supporting Information S1). The concentration of nutrients locally may be a factor in these cases. We suggest that 
future studies could more accurately define the relationship between the physical environment and productivity 
in such an energetic region of the ACC. This could be achieved by improving the observation system, through 
expanded coverage of biogeochemical Argo floats. We hope our study will accelerate such efforts.

5.  Conclusion
This study provided a detailed description of biogeochemical variability around the standing meander of the PF in 
the Antarctic Circumpolar Current south of Tasmania. The unusually strong spring bloom in 2018 was potentially 
stimulated by the instability of the PF and the formation of mesoscale eddies. We quantified the distribution of 
macronutrients and biomass along the PF and divided the survey area into two physiological regimes according 
to the combination of dawn maximum and nocturnal decrease in Fv/Fm values. We theoretically inferred that the 
presence of the young cyclones and frontal processes along the PF may have promoted local upwelling, bringing 
macronutrients, and dFe to the surface. A mechanism such as this would support the unusually strong bloom 
observed in November 2018 and would account for the changed phytoplankton physiology, by increasing Fv/Fm, 
especially the dawn maximum. This was particularly visible in the north of the PF, downstream of the meander.

Increased consumption of DIC and production of POC were linked to a healthier phytoplankton community and 
increase in biomass. Through a remote sensing retrospective study from 2002 to 2019, we found a weak positive 
correlation between chlorophyll increase and MLD shoaling. However, intense blooms like that in 2018 likely 
require mesoscale structures and vertical motion to make nutrients and possibly iron available in the mixed layer. 
If the ACC becomes more energetic in the future, spawning more cyclonic eddies, this may stimulate Southern 
Ocean biogeochemical hotspots and strengthen the biological carbon pump. This study contributes to addressing 
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the research gap on the influence of mesoscale structures on Southern Ocean biogeochemical properties. Further 
progress in this area is important for understanding the changing landscape of primary productivity in a warming 
and more energetic Southern Ocean and its contribution to the climate system in the future.

Data Availability Statement
The shipboard data used in this study can be obtained from the CSIRO MNF at: https://www.marine.csiro.au/
data/trawler/survey_details.cfm? survey= IN2018_V05 and the IMAS data portal via doi: 10.25959/Y5C2-Y445. 
The weekly surface chlorophyll data are available at NASA Goddard Space Flight Center via doi: 10.5067/JPSS1/
VIIRS/L3M/CHL/2018, the SST for the same period are provided by the same mission via: https://oceancolor.
gsfc.nasa.gov/data/viirs-j1/ and the chlorophyll climatologies are available at MODIS Aqua mission via doi: 
10.5067/AQUA/MODIS/L3B/CHL/2018. Climatological nutrient data were obtained from NOAA's WOA18 
at: https://accession.nodc.noaa.gov/NCEI-WOA18. SSH, wind speed, and geostrophic current velocity data 
were provided by Copernicus Marine Environment Monitoring Service (CMEMS) and the Copernicus Climate 
Change Service (C3S) at: https://duacs.cls.fr/duacs-products/. The full-depth temperature and salinity data were 
available at the International Argo Program and the national programs that contribute to it (http://www.argo.ucsd.
edu, http://argo.jcommops.org). The Argo Program is part of the Global Ocean Observing System. The altimetric 
Mesoscale Eddy Trajectories Atlas product (META3.1exp DT allsat, doi: 10.24400/527896/a01-2021.001) was 
produced by SSALTO/DUACS and distributed by AVISO+ (https://www.aviso.altimetry.fr/) with support from 
CNES, in collaboration with IMEDEA. The sunrise Matlab toolbox is preserved at: https://github.com/beaudu/
sunrise, the m_map mapping toolbox is preserved at: www.eos.ubc.ca/∼rich, and the Gibbs-SeaWater Oceano-
graphic toolbox is preserved at: http://www.teos-10.org/index.htm.
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