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Areas covered in compact sea ice were often assumed to prohibit upper-ocean photosynthesis. Yet, under-ice phytoplankton blooms (UIBs) have increasingly been observed in the Arctic, driven by anthropogenic changes to the optical properties of Arctic sea ice. Here, we show evidence that the Southern Ocean may also support widespread UIBs. We compile 77 time series of water column samples from biogeochemical Argo floats that profiled under compact (80%–100% concentration) sea ice in austral spring–summer since 2014. We find that that nearly all (88%) such measurements recorded increasing phytoplankton biomass before the seasonal retreat of sea ice. A significant fraction (26%) met a observationally determined threshold for an under-ice bloom, with an average maximum chlorophyll-a measurement of 1.13 mg/m3. We perform a supporting analysis of joint light, sea ice, and ocean conditions from ICESat-2 laser altimetry and climate model contributions to CMIP6, finding that from 3 to 5 million square kilometers of the compact-ice-covered Southern Ocean has sufficient conditions to support light-limited UIBs. Comparisons between the frequency of bloom observations and modeled bloom predictions invite future work into mechanisms sustaining or limiting under-ice phytoplankton blooms in the Southern Hemisphere.
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1 Introduction

Observations of under-ice phytoplankton blooms (UIBs) in the Arctic Ocean (Arrigo et al., 2012) have highlighted ecological communities living under compact sea ice: that ice defined by the World Meteorological Organization (2014) as having local sea ice concentration greater than 80%. These regions are challenging to sample from remote platforms, and thus the presence and variability of sub-ice ecological communities are important to understand both now and in future climate (Ardyna et al., 2020). Regions supporting UIBs in the Arctic have likely expanded as sea ice has thinned and become more seasonal (Horvat et al., 2017; Cuevas et al., 2018). In the Southern Ocean, annual sea ice coverage has changed less than in the Arctic over the satellite period (Parkinson, 2019), and sea ice is typically thinner, more seasonal, and more fragmented. Yet, studies have not yet described or quantified the potential for widespread UIBs under Antarctic sea ice, although observations from under-ice biogeochemical (BGC)-Argo floats (Arteaga et al., 2020; Hague and Vichi, 2021; Bisson and Cael, 2021) demonstrate that primary production may initiate before seasonal sea ice retreat, and even before the restratification of surface waters.

Antarctic sea ice typically has a higher spring–summer surface albedo than Arctic sea ice (Brandt et al., 2005; Arndt et al., 2017) because of its year-round snow cover. A limited amount of photosynthetically available radiation (PAR, 400–700 nm) can therefore reach the upper ocean directly through Antarctic sea ice compared with the Arctic, where light transmission through melt-pond-covered sea ice is thought to be a primary trigger of UIBs (Arrigo et al., 2010; Arrigo et al., 2014; Lowry et al., 2014). Still, spring–summer solar irradiance in the Southern Ocean can support under-and-in-ice communities. As an example, a bloom of nanoflagellates was observed under highly reflective Antarctic landfast sea ice (Saggiomo et al., 2021). Because floating sea ice in the Southern Ocean can be fractured, thin, and mobile, small areas of open water, like leads or small openings within the floe mosaic, can allow substantial amounts of light to reach the upper ocean. Sunlight entering the ocean through leads in the Arctic can initiate phytoplankton blooms, even in areas where sea ice is thick and snow-covered (Assmy et al., 2017), although this is sensitive to the local oceanographic conditions (Lowry et al., 2018).

Phytoplankton communities in the Southern Ocean respond rapidly to changes in light conditions, with blooms often observed as soon as the sea ice edge retreats in spring, flooding the mixed layer with light and leaving freshwater rich in iron, main limiters of primary production (Martin et al., 1990; Comiso et al., 1993; van Oijen, 2004). In the Arctic, a crucial factor in the development of UIBs is a stable surface mixed layer, which can be induced by melt water and/or increased solar heating of the surface layer (Lowry et al., 2018; Oziel et al., 2019). Observations using tagged seals in the Ross Sea show the initiation of a shallow (20 m) surface mixed layer driven by ice melt, preceding the seasonal retreat of sea ice (Porter et al., 2019). These data show that shoaling mixed layers precede sea ice loss and present the possibility that non-coastal areas of the Southern Ocean, much like the Arctic, are productive before sea ice retreats in summer.

We assess evidence for phytoplankton growth under compact (sea ice concentration >80%, World Meteorological Organization (2014)) floating sea ice in the Southern Ocean. We focus on compact ice regions as they are not readily observable from remote sensing platforms used to obtain surface Chl-a concentrations. These areas are qualitatively distinct from the marginal ice zone regions, typically defined as areas with sea ice concentrations below 80% (Strong and Rigor, 2013; Horvat, 2022; Squire, 2022, e.g.),). There, phytoplankton blooms are often observed to occur during or after the seasonal retreat of the ice edge (Smith and Nelson, 1986; Perrette et al., 2011).

We accumulate evidence from in situ observations, remotely sensed data, and climate model output. We first examine 2,197 profiles taken by BGC-Argo floats under sea ice with at least 15% concentration [the minimum threshold for passive microwave sea ice measurements Meier et al. (2021)] in the Southern Hemisphere. We segment these data into 77 unique sets of measurements of oceanic properties, chlorophyll-a (Chl-a), and phytoplankton carbon (PC) derived from particulate backscatter. A single measurement is defined as a time series of consecutive BGC-Argo profiles from a single float, one of which occurs after November 1 in a given year. Nearly all measurements (68/77) showed enhanced phytoplankton biomass preceding sea ice retreat, and 26% (20/77) meet thresholds on Chl-a and PC suggestive of an under-ice bloom. The set of UIB measurements follows representative dynamics of light-limited blooms observed in the Arctic, although this does not preclude other, top-down controls.

In support and in combination with the BGC-Argo data and remotely sensed sea ice data, we define diagnostic criteria for possible under-ice photosynthetic activity in the Southern Ocean. We apply the criteria to data from ICESat-2 laser altimetry and 11 climate model assessments of Southern Ocean sea ice, light, and ocean conditions from CMIP6. The conditions required for such light-limited phytoplankton blooms exist in 50% or more of modeled compact sea ice areas in spring and summer. Our results suggest that in compact ice-covered areas of the Southern Ocean, enough light reaches the upper water column through regions of open water to permit primary production, as found in the Arctic (Assmy et al., 2017; Ardyna et al., 2020). We identify potential sampling regions for examining under-ice primary production and community composition in the Ross Sea, discuss the implications for sampling strategies and cruise timing, and assess the potential for future work to confirm and contextualize these observations and model results.



2 Observations of phytoplankton blooms under compact Antarctic Sea ice

We first analyze in situ data from autonomous profiling Argo floats equipped with biogeochemical sensors (BGC-Argo floats). These floats represent the foundation of Southern Ocean biogeochemical observations because they provide data with consistent sampling methodologies and sampling frequencies, in areas challenging for ships to access, with depth resolutions unavailable from satellite, and with minimal biofouling and lateral drift (Poteau et al., 2017). Because Argo floats drift with currents during their transit, and because of the large seasonal cycle in Antarctic sea ice extent, a portion of floats deployed in open water in the Southern Ocean can be covered by sea ice for part of the year. An ice-avoidant algorithm has been implemented to initiate a float’s descent when encountering near-freezing surface waters, to help protect floats from ice damage (Klatt et al., 2007). In total, we acquired data from 51 floats that performed 2197 under-ice dives from 2014 to 2021 (see supporting Table S1).

Our primary in situ evidence for sub-ice phytoplankton growth is particulate backscatter-derived phytoplankton carbon (PC) and chlorophyll-a (Chl-a) fluorescence. Chl-a is a pigment common to all phytoplankton, which is historically favored as a proxy for phytoplankton biomass, including in under-ice studies (Arrigo et al., 2010; Arrigo et al., 2014; Briggs et al., 2018; Ardyna et al., 2020; Bisson and Cael, 2021). Biomass and Chl-a may not always be directly connected because of mechanistic (i.e., photoacclimation, nutrient conditions, growth stage) and methodological biases (i.e., lamp source, target volume, or calibration standard) (Haëntjens et al., 2017; Johnson et al., 2017; Roesler et al., 2017). On the other hand, PC can be directly computed from particulate backscattering data bbp (700 nm) (Claustre et al., 2010), which covaries with phytoplankton biomass as phytoplankton scatter light proportional to their concentration and size (Hergert and Wriedt, 2012). Still, the magnitude of bbp is not on its own determined by the abundance of phytoplankton. Elevated bbp can be caused by a high concentration of non-algal particles, especially deeper in the water column where there is enhanced particle sinking and/or aggregation. Particulate backscatter can be a preferred proxy for phytoplankton carbon compared with fluorometric Chl-a (Graff et al., 2015) due to less measurement uncertainty for bbp (on the order of 15%) (Bisson et al., 2019) than for measured Chl-a, and we find better quality control values for backscatter measured on BGC-Argo floats than for Chl-a. We therefore use both Chl-a and PC to describe phytoplankton together and use other observed and derived variables (nitrate, dissolved oxygen, and PAR) as supporting and validative data.


2.1 Preprocessing and quality control of BGC-Argo data

Float data were downloaded from the SOCCOM Argo portal (see Data Availability Statement). We did not initially impose geographical constraints on the data other than that float data were recorded under sea ice in the Southern Ocean.

Chl-a fluorescence, dissolved oxygen concentration, and nitrate concentration were measured by a fluorescence sensor, an oxygen optode sensor, and an optical nitrate sensor, respectively, attached to each BGC-Argo float (details on specific sensors are given in Claustre et al. (2020)). All float parameters were sampled at a 2-m vertical resolution. We report observational parameters at the depth of maximum Chl-a, Chlmax, because while the exact magnitudes of Chl-a may be uncertain, the location of maximum Chl-a in the water column is useful to explore co-located biologically relevant variables (Ardyna et al., 2013; Brown et al., 2015). Ocean phytoplankton blooms are typically surface-intensified, with the highest biomass near the surface during the peak bloom phase (SMITH and NELSON, 1985; Arrigo et al., 2012). In this study, the mean depth of Chlmax for the high PC profiles was 45 m. In the ice-free Arctic Ocean, Chlmax in the subsurface often corresponds to maxima in both particulate carbon and primary production (Weston et al., 2005; Martin et al., 2010). Still, we anticipate that values of phytoplankton biomass reported here may underestimate the true maximum phytoplankton carbon in the water column, as it is not possible to assess backscatter and Chl-a closer to the surface under sea ice due to the ice-avoidant nature of the Argo floats.

We used corrected (methods described in Johnson et al. (2017)) and quality-controlled data, indicated by a quality flag of either “0” (not checked) or “1” (“good” quality) provided by Argo preprocessing (Schmechtig et al., 2016). While most data within a profile were flagged “0,” Chl-a data had high numbers of “bad” flags in near-surface (top 200-m) observations compared with other parameters (for example, whereas the majority of Chl-a observations were flagged “0,” of rated Chl-a observations, 67% were rated “bad”). This reinforces our use of higher-quality coincident backscatter measurements, and we masked and removed any “bad”-rated data prior to analysis.

To obtain phytoplankton carbon (PC), we employed a standard conversion of bbp (700 nm) to bbp (470 nm) following the methods described in Lee et al. (2002) and used the empirically derived phytoplankton carbon relationship in Graff et al. (2015) All float profiles of Chl-a and bbp (at 700 nm, units m-1) were then despiked with a three-point moving median as applied in Bisson et al. (2019; 2021). Profiles were removed from further analysis if Chlmax was recorded at a depth below 200 m. Profiles were also removed if bbp(700) exceeded 0.01 m-1, which is above natural values of bbp(700) observed for phytoplankton and may indicate the influence of bubbles or large particles (zooplankton) attracted to the instrumentation (Haëntjens et al., 2020).

By selecting PC observations at the depth of Chlmax, a variable we term PCmax, we help confirm that high backscatter measurements correspond to high phytoplankton abundance and that high Chl-a measurements are not the result of photoacclimation. We therefore present them together, consistent with previous BGC-Argo work (Mayot et al., 2018). We found comparable seasonal cycles of Chlmax and bbp(700)/PCmax under compact ice with a high correlation (Spearman’s R = 0.7) (see Supporting Information, Figure S1). Example profiles of Chl-a and bbp(700) are provided as Supporting Figure S2, showing Chlmax varying from 0.1 to 3.5 mg/m3 and the covariance of bbp(700) with Chl-a in a profile.

We obtain sea ice concentrations (SICs) in the area of float deployment by matching coordinates for each profile to the daily 25-km-resolution NSIDC Climate data record SIC product (Meier et al., 2021). Location information for a float under sea ice is imprecise, as the latitude and longitude coordinates are calculated via a linear interpolation of the pre- and post-sea ice coordinates of a specific float. In some cases, floats did not surface in open water following a period under ice, so post-sea ice coordinates were unavailable, and we excluded those profiles from further analysis.



2.2 Under-ice light and ocean data

No under-ice BGC-Argo float measured underwater PAR during their dive. Thus, we obtained an estimate of local PAR using NSIDC SICs, assuming that no shortwave irradiance penetrated sea ice (see Climate-model based bounds on bloom prevalence under Antarctic Sea ice) and averaged over the ocean mixed layer. Given a mixed layer depth H, we defined mixed-layer average PAR EML as



where κ = 0.08 m-1 (Matthes et al., 2019) is a PAR extinction coefficient for clear under-ice waters and E0 is the surface shortwave forcing, taken from the JRA55-do analysis of diurnal-average downwelling shortwave irradiance (Tsujino et al., 2018).

The mixed-layer depth, H, is obtained from BGC-Argo salinity and temperature data, using a density gradient method designed for Southern Ocean mixed-layer depths in Argo float data (Dong et al., 2008). This method prevents near-surface temperature inversions associated with sea ice from impacting depth estimates. In each profile, water column density was computed from temperature and salinity observations, and the mixed layer depth was identified as the first depth where the density gradient exceeded 0.05 kg/m4. Profiles where a mixed layer depth could not be determined were excluded.



2.3 Segmenting continuous sets of Argo profiles

In data pruning and preprocessing, we excluded locations where a local estimated SIC was less than 15%, in profiles with bbp(700) exceeding 0.01 m-1 at the depth of Chlmax, and where a mixed layer depth could not be estimated, leading to 2,197 profiles from 51 floats. Summary dive statistics from all floats included in this analysis are provided in the Supporting Information Table S1. Information on accessing this data is in the Data Availability Statement below.

Out of the 2,197 profiles, 1,750 were recorded under a local sea ice concentration above 80% (compact sea ice), by 51 floats. UIBs are likely to occur when solar irradiation increases into spring and summer. Many of the recorded dives take place throughout winter and early spring and therefore will not be useful in assessing the likelihood of observing Southern Ocean UIBs. We therefore segment these data into “measurements,” which we define as a series of consecutive Argo profiles taken by the same float in a given year. We permit up to a single 10-day gap (a single missed dive) in consecutive analyzed profiles. From the under-compact-ice dives, we obtain 146 such measurements. We discard a further 34 that consist of two or fewer profiles. We then also exclude a set of 35 measurements that do not have a single profile taken after November 1 in a given year, as they do not capture the period of increasing under-ice light. This yields a subset of 77 total measurements (from 38 floats) and a total of 1,411 profiles (see Supporting Table S2 for summary statistics on measurements per float). The median number of profiles in each examined measurement was 19 (roughly 6 months of data per float), and we examine the 543 dives that occurred during the annual period from October 1 to February 1.



2.4 Defining an under-ice bloom

To categorize the magnitude of under-ice phytoplankton biomass, we defined two thresholds based on Chl-a and PC measurements. First, we defined profiles where both PCmax and Chlmax exceeded the interquartile range (of the 1,411 “measurement” profiles under compact ice) of 13.2 mg/m3 and 0.11 mg/m3, respectively, as having “elevated” photosynthetic biomass. Second, we identified a profiling float as recording a “UIB” when profiles under compact sea ice record in the same period were 2.5 interquartile ranges above the compact-ice median of both PCmax and Chlmax, or 21.7 and 0.31 mg/m3, respectively. Such values are similar to those used to characterize UIBs in the seasonally ice-covered Arctic (Apollonio, 1959; Laney et al., 2014; Boles et al., 2020). The PCmax threshold chosen here exceeds the majority of global phytoplankton carbon observations (Graff et al., 2015). As we require that both PCmax and Chlmax, taken at the same depth, exceed 2.5 interquartile ranges from the median, we provide a conservative characterization of “bloom-like” conditions that is limited by both Chl-a and PC measurements. Due to the horizontal and temporal intermittency of the BGC-Argo dives, and the lack of near-surface measurements due to ice avoidance, it is unlikely an Argo float will sample peak Chl-a or PC in a bloom. Still, the highest PCmax observed here in under-ice measurements was 92.8 mg/m3 and the highest Chlmax was 3.6 mg/m3.



2.5 Results of in situ observations

BGC-Argo floats recorded many instances of high phytoplankton biomass under compact sea ice in spring–summer. Figure 1A shows the distribution of measured Chlmax in the 543 BGC-Argo profiles taken from October to January under compact sea ice (from daily SIC data on the time of their respective profile), overlaid with climatological October SIC. A majority of these observations are in the Ross Sector (see Supporting Figure S3).




Figure 1 |     Chlorophyll-a and phytoplankton carbon recorded under compact sea ice by BGC-Argo floats. (A) Climatological sea ice coverage in September–November, 2014–2020. Black line shows 80% concentration contour. Green circles are locations of under-ice Argo float profiles under compact sea ice after October 1, with sizes scaled with value of Chlmax. Green dots outside of map shows sizes corresponding to 1.0 and 3.0 mg/m3. (B) Box plot of PCmax for all BGC-Argo measurements under sea ice, indexed by sea ice concentration. Whiskers extend boxes ±3 standard deviations from the mean in each month, and the vertical blue line is the ensemble median. Crosses show values identified as “UIBs.” The black line is the PCmax bloom threshold. (C) Same as (B), but for PCmax recorded under compact sea ice (concentration >80%) only, indexed by month.



In general, SIC is negatively associated with biomass across all observed data. We plot (gray hashes) values of PCmax for the 731 under-ice profiles from October to January, as a function of local sea ice concentration in Figure 1B. We include box plots in each 20% bin of SIC to illustrate the declining PCmax values with increasing SIC. Measurements meeting the criteria for a UIB are green circles. A total of 119 (16.3%) of under-ice profiles met the criteria for a UIB. Of these, 17/37 (46%) had SIC from 20% to 40%, 39/52 (75%) for SIC from 40% to 60%, 33/95 (35%) for SIC from 60% to 80%, and 30/547 (5.5%) for SIC from 80% to 100% (compact ice). This reinforces the existing understanding that light limitation is key for controlling phytoplankton growth and that ice-edge blooms are ubiquitous. Yet, as we show, phytoplankton biomass is frequently increasing or blooming before the sea ice concentration declines.

Phytoplankton biomass under compact ice increases with increasing solar irradiance. Box plots of PCmax in each month are given in Figure 1C for all under-compact-ice profiles, and we see most “UIB” profiles occurring in November and December. Median PCmax under compact ice ranged from 10.17 mg/m3 (n = 275) in August to a high of 16.4 mg/m3in December (n = 80). The number of UIB profiles was just 1 of 1,269 (0.1%) of profiles measured from June to September, 1 out of 267 (0.4%) of profiles in October, 11 out of 197 (5.6%) of profiles in November, and 18 out of 81 (22.2%) of profiles in December–February. Thus, of all segmented profiles, we find a total of 31 that attained values we deem representative of a UIB in spring–summer. Those profiles had an average PCmax of 35.6 mg/m3 and an average Chlmax of 1.13 mg/m3. We find seven profiles meeting the UIB thresholds in late fall (March–May), which we term “freezeover” profiles, as they are the first under-compact-ice profiles taken by these floats in a given year. They likely derive from sea ice freezing over an existing region of elevated biomass. These seven profiles have a mean Chlmax of 0.39 and a mean PCmax of 27.0, lower than the late spring under-ice valueswe determine to be UIBs.

A majority (68/77, or 88%) of Argo measurements recorded “elevated” photosynthetic biomass when profiling under compact sea ice in late spring–summer, illustrating the fact that photosynthesis is occurring before the seasonal retreat of the sea ice edge. Further, a significant fraction (20/77, or 26%) of the floats reported levels of Chlmax and PCmax that met the adopted criteria for a bloom. We note seven “freeze-over” events, each recording UIB levels of Chlmax and PCmax on their first under-compact-ice profile of the year. In four cases, the float continued to profile under compact ice throughout winter and into spring.

Of the 20 UIB measurements which occur in the spring and summer, six included at least two successive profiles (Argo dives are spaced 10 days apart). These multi-profile events occurred in December 2014 (Argo id 5904183), October–November 2017 (5904860), November 2019 (Argo id 5906000), November–December 2019 (Argo ids 5905635 and 5905997), and December 2020 (Argo id 5905637). The 2014 bloom reported in Briggs et al. (2018) (Argo id 5904184) was also included, as a single profile under compact sea ice at 95% concentration. The estimated locations for each UIB measurement are given in Supporting Figure S4, showing the float location against local sea ice concentration. The six multi-profile events are given as the top two rows, each inside of the sea ice edge. Some of the 14 single-profile events are close to the sea ice edge, demonstrating a need for future work to assess whether these are UIBs or a consequence of advected open-water phytoplankton biomass (see Discussion).

The high under-ice PC and Chl-a measurements recorded here bear an observational signature consistent with light-limited under-ice blooms. In Figure 2A, we plot estimated surface, 25-m average, and mixed-layer average PAR values in the 20 measurements that record a UIB, referenced in time to the first dive recorded as a UIB. While there was high variability in estimated surface PAR values for individual floats (gray lines), there is a noted increase in PAR if averaged across all floats. The recorded values of PCmax for each of these UIB measurements are provided in Figure 2B, showing the rapid increase in phytoplankton carbon that occurs before each event over a multi-week period, underneath compact sea ice.




Figure 2 | Under-ice conditions preceding UIBs. (A) Averaged estimated PAR for each of the 12 measured “UIBs” for the first profile identified as a UIB and the five preceding under-ice profiles. The black line is the average surface PAR. The red dash line is the average PAR over top 25 m. The blue dot–dash line is PAR averaged over Argo-measured mixed layer depth. The green line indicates the PAR threshold used to define UIBs in CMIP6 data. (B) (C) Change in dissolved oxygen at depth of Chl$_{max}$, relative to the value recorded 50 days (5 dives) preceding the first UIB measurement. (D–E), same as (C) for (D) nitrate at depth of Chl$_{max}$, and (E) mixed layer depth. Dashed lines indicate standard deviation of profile measurements.



At the time of the UIB profile, both mixed-layer average PAR and 25-m average PAR crossed a threshold of 10 μmol photons/m2/s (green horizontal line). We adopt this threshold in Climate-model based bounds on bloom prevalence under Antarctic Sea ice when evaluating the likelihood of observing a bloom in model output data. The median irradiance at 25 m for all UIB measurements was 2.7 μmol photons/m2/s, similar to observed compensation irradiance in Arctic waters (Tremblay et al., 2006) and within the range of reported values in the North Atlantic (Siegel et al., 2002).

We also composite dissolved oxygen (Figure 2C), nitrate (Figure 2D), and mixed layer depth (Figure 2E) for the UIB measurements. Because of differing water conditions at each profile location, we plot in (Figures 2C–E) the difference in these measurements from the profile taken 50 days (5 profiling cycles) preceding the UIB measurement and show the mean (solid lines) and standard deviation (dashed lines) of these anomaly values (light dashed lines). The lead-up to a UIB profile is associated with increasing dissolved oxygen (average eltaO2≈ 8.7 μmol/kg), decreasing nitrate concentration (average ΔN = -1.1 μmol/kg), and declining mixed layer depths (average ΔH=−46.7 m), all covariant with increases in PAR. Light-limited blooms are often associated with such shoaling mixed layers, which keep phytoplankton in the euphotic layer (Sverdrup, 1953). Autotrophy rates are set by light and nutrient status, and decreasing nitrate concentrations in these surface waters would evince biomass accumulation. As phytoplankton grow, autotrophy will initially exceed heterotrophy in the water column, explaining increases in dissolved oxygen at the surface.

Ultimately, while we have taken a bottom-up view, our results may be compatible with several ecological hypotheses including the “disturbance-recovery” hypothesis (Behrenfeld, 2010; Arteaga et al., 2020), as phytoplankton drift initially in deep MLDs, which might act to dilute them from predators and support their biomass accumulation prior to receiving enhanced light levels with shoaling MLDs. However, due to the poor temporal adjacency of float observations, we could not assess phytoplankton accumulation rates needed to test that hypothesis and others (see Discussion).




3 Climate-model based bounds on bloom prevalence under Antarctic Sea ice

The BGC-Argo float data examined above showed numerous elevated phytoplankton biomass events under compact sea ice in the Southern Ocean. We found that 26% of under-ice measurements reach thresholds which we term a “UIB” before the seasonal loss of sea ice, with 88% showing enhanced phytoplankton biomass, all under sea ice with an average concentration of 96%. Several of these measurements recorded a UIB in November, when Antarctic sea ice is still near its seasonal maximum extent. We next examine climate model and remote sensing output to quantify if conditions that support UIBs are widespread across the sea-ice-covered Southern Ocean before sea ice retreat.


3.1 CMIP6 data

Remote sensing technologies presently do not directly measure light or chlorophyll-a beneath sea ice, and most sampling strategies for Southern Ocean photosynthetic communities associated with sea ice focus on in-ice algae communities in coastal regions (Smetacek et al., 1992; Arrigo and Thomas, 2004; McMinn et al., 2010; Cummings et al., 2019). Therefore, we turned to model estimates, using an ensemble of current-generation coupled climate models contributing to the 6th Coupled Model Intercomparison Project (CMIP6). Each center, by the choice of model and parameters governing that model’s behaviors, will provide a different estimate of the light and ocean conditions governing phytoplankton growth under sea ice. This ensemble is then used to provide a best estimate of the mean and intra-model variance of potential under-ice states.

While observations show Antarctic sea ice has been stable or increased in extent over the satellite period (1978-present), CMIP6 models consistently simulate a declining annual-average Antarctic sea-ice cover over this period (Roach et al., 2020). Thus, we did not consider it feasible to examine present-day model estimates of Antarctic sea ice state. Instead, we postulated that associated light conditions under Antarctic sea ice have remained stable, and used data from preindustrial control run simulations (CMIP6 runs titled picontrol) in this analysis. Of the full CMIP6 model dataset, 11 simulations (see Supporting Table S3) submitted the required model output we used here. Our focus is on the phase space of light and sea ice properties, not specific prediction, so we caution that the use of CMIP6 data is in support of BGC-Argo data but may not be directly comparable.

For each CMIP6 model, we defined a climatology of light and sea ice properties using the final 100 years of their respective preindustrial spin-up experiments. In Figure 3, we specifically examined the Community Earth System Model version 2 (CESM2, Danabasoglu et al., 2020; Singh et al., 2020)) model run, as it uses the more recent version of CICE and the Briegleb (1992) δ-Eddington light scheme. A similar output from CESM2 was analyzed to evaluate the potential for Arctic UIBs in (Ardyna et al., 2020).

We define an area as “permitting” an under-ice bloom if it meets three criteria:

Compact sea ice: Local sea ice concentration exceeds 80% (following World Meteorological Organization (2014)).

An illuminated upper ocean: Average PAR in the top 25 m of the ocean exceeds 10 μmol photons/m2/s over a 10-day period (following Figure 2)

A stable or stratifying surface mixed layer: Sea ice is not refreezing and the upper ocean is non-convecting (following Lowry et al. (2018)).

To quantify the amount of upper-ocean PAR available under the ice, as in Section 2, we estimated PAR at depth H,
 , as



CMIP6 models typically store and output full-spectrum solar forcing to the upper ocean, but not PAR. We therefore had to convert full-spectrum solar irradiance to PAR using a factor of 1.9975 μmol photons/J (Yu et al., 2015; Matthes et al., 2019). We assumed positive photosynthesis (gains outweigh losses) occurred when the average PAR over a 25-m deep water column exceeded the threshold value of 10 μmol photons/m2/s established in Section 2 ice and Figure 2A. This value is approximately twice the threshold of integrated daily irradiance of 4.8 μmol photons/m2/s considered to initiate a phytoplankton bloom in other oceans (Letelier et al., 2004; Boss and Behrenfeld, 2010; Oziel et al., 2019), and higher than the levels found to initiate growth in the Southern Ocean (Arteaga et al., 2020; Hague and Vichi, 2021). Note that the surface irradiance in CMIP6 model output is the flux to the ocean surface, and therefore accounts for light penetration through the sea ice itself, unlike our approach in Section 2.

We also include information about the termination of upper-ocean convection. Under-ice blooms are less likely to occur when active convection extends below the euphotic zone, such as when leads are actively refreezing with the ocean at its freezing point (Lowry et al., 2018). The requirement that the upper ocean is non-convecting is similar to the “turbulent shutdown” theory used to explain midlatitude phytoplankton blooms (Taylor and Ferrari, 2011). GCMs used here are too coarse to resolve the complex boundary layer dynamics that result from surface melt processes of sea ice (Holland, 2003; Horvat et al., 2016; Pellichero et al., 2017), and thus, they are not suited for determining the convective state of the upper ocean in the presence of sea ice leads. Instead, we considered the ocean to be non-convecting if sea ice was melting at its base, which would lead to stratification of the upper ocean, consistent with Argo observations of high negative covariance between a shoaling MLD and increasing phytoplankton biomass under ice (Bisson and Cael, 2021).

In practice, simply non-zero basal melting does not restrict the location of UIBs as small monthly averaged basal melt rates occur whenever sea ice is present. We set a positive threshold for the sea ice basal melt rate  , which we expressed as anequivalent heat flux of  , with the sea ice density of ρi = 920 kg/m3 and the latent heat of fusion of Lf=3.34×10−5 J/kg. As a result, Q is required to exceed 5 W/m2 for an approximate basal melt rate of   cm/month. While turbulent vertical mixing related to sea ice motion can have a significant impact on local circulation, it does not typically extend beyond several meters in the ocean (Smith and Thomson, 2019; Brenner et al., 2021) and therefore likely does not impact convection at the depths of Chlmax considered here.



3.2 ICESat-2 data

We also approximated the light field under sea ice using new measurements with the ICESat-2 (IS2) laser altimeter. We utilized the L3A along-track sea ice type product (ATL07, Kwok et al. (2019)) derived from Level 2A ATL03 photon heights (Neumann et al., 2019). Sea ice types are determined using an empirical decision tree, which identifies whether a given segment is sea ice or water. We developed an estimate of SIC, which we term the linear ice fraction (LIF), c* , as the ratio of total ice segment length to total segment length. The LIF is related to the SIC, which is ordinarily defined over a two-dimensional region. Given the random orientation of crack and open water features relative to frequent satellite tracks, many repeated 1D measurements can approximate a 2D field when sampled sufficiently. In Horvat et al. (2020a), we found that global sea ice area metrics derived from passive microwave (PM) satellites were well-approximated by this method in regions where IS2 records at least 1,000 individual segments per month. We adopted this same threshold in this study to define c* . An advantage of using ICESat-2 segments instead of PM is that ICESat-2 is capable of resolving small cracks and leads that are difficult to observe in PM estimates of local SIC, particularly in summer (Kwok, 2002; Notz et al., 2013; Kern et al., 2020), and that are important for allowing PAR to reach the upper ocean.

From a gridded monthly dataset of

c*, we estimated the total shortwave irradiance, E0 (

∼ 300–3,000 nm, units W/m2), reaching the upper ocean, E0 (averaged monthly),



where αoc=0.06 is the open water albedo and SW is the downwelling solar irradiance (units W/m2) at the surface from [88]. This shortwave irradiance is then converted to a PAR (400–700 nm) estimate as in the CMIP6 model data. This model assumes that no light passes through the sea ice cover and that the only light available in ice-covered regions enters the ocean in the open water areas. For this reason, we consider ICESat-2-derived downwelling irradiances to be conservative. The present-day climatology of E0 presented in Figure 3 was derived from IS2 data spanning the period from January 2019 to December 2020.




Figure 3 | Light field and UIB potential under Southern Ocean sea ice (A) 2018–2020 November surface PAR (μmol photons/m2/s) estimate from ICESat-2. (B) CESM2 climatological PAR from preindustrial simulation. Solid lines in (A, B) are CESM2 climatological CIZ (concentration above 80%). Dashed lines are climatological SIE (concentration above 15%). (C) CESM2 November UIB%. (D, left axis) Seasonal cycle of CESM2 (red) CIZ extent and (blue) UIB extent. The dashed green line is the UIB area from ICESat-2. (D, right axis) CESM2 UIBF. (E) As in (D), but for the Northern Hemisphere. Axes in (D) and (E) are offset by 6 months.





3.3 Model estimates of UIB-permitting areas

In Figure 3A, we show IS2-derived average ocean surface PAR values in the Southern Ocean in November, assuming that no PAR reaches the upper ocean directly through sea ice. A solid line outlines the compact sea ice zone (CIZ, SIC >80%) defined using the NSIDC-CDR SIC product (Meier et al., 2021). We also plot the 15% SIC contour, marking the edge of total sea ice extent (SIE). Regions lying inside the SIE contour but outside the CIZ are defined as marginal ice zones (MIZs), which due to the lower albedo of open water receive higher PAR in the surface water layer compared with the CIZ. Figure 3B shows preindustrial November PAR values for the CESM2 climate model, with CIZ and MIZ defined from the CESM2 model climatology. Both IS2 and CESM2 show large areas within the CIZ where ocean surface PAR estimates exceed a “bloom” threshold of 23 μmol photons/m2/s, sufficient for average insolation within the top 25 m to exceed 10 μmol photons/m2/s. These conditions are representative of the mixed-layer PAR conditions observed in the BGC-Argo UIB profiles (Figure 2A). For the IS2 estimate of ocean surface PAR, 6.9 million km2 of the November CIZ exceeds the PAR threshold, versus 5.9 million km2 for CESM2. Because we do not have coincident ocean and sea ice melt observations at the scale of IS2 observations, IS2 estimates only indicate the presence of light in the upper ocean and may overestimate the area that permits a UIB.

We next considered how frequently an individual grid cell would permit a UIB over time. Looking across a number of years, we next define the UIB percentage by year (UIB%), equal to the percentage of model years where a grid cell meets all three criteria together. The UIB% can be low if a region is not frequently covered by compact sea ice, not only because the light conditions and ocean stratification are not permissive of a bloom. It can be thought of as the likelihood that an observing station will measure a bloom under compact sea ice in a given year. A spatial map of UIB% in November months is given in Figure 3C for CESM2. Areas within the climatological November CIZ (solid line), which has an area of 8.3 million km2, permit a UIB 46.4% of the time. Because of year-to-year variability of the CIZ contour, areas outside of the climatological CIZ also have non-zero UIB%. In those areas, the average UIB% is 19.3%.

We accumulated climatological statistics of UIB-permitting regions in Figure 3D, comparing the climatological extent of compact sea ice (red) to the extent of UIB-permitting regions (blue). Large areas support UIBs, peaking at 5.9 million km2 of compact ice-covered regions in November. We next define the UIB fraction (UIBF) in each year and the percentage of the CIZ that would permit a UIB. This quantity is examined in Figure 3D (black line, right axis), peaking in November at a UIBF of 77%. By point of comparison, we reproduce Figures 3D as Figure 3E for the Arctic Ocean. Up to 4.3 million km2 of the preindustrial Arctic CIZ is permissive to UIBs, repeating the finding in Ardyna et al. (2020) that large regions of the preindustrial Arctic also supported UIBs. The seasonal maximum of Arctic UIB area occurs in June, at the peak of the solar cycle, with a peak UIBF of 52% in July. Generally, in the CESM2 picontrol experiments, we find that UIB-permitting regions in the Antarctic (1) are larger, (2) constitute a larger percentage of the CIZ, and (3) peak earlier in the annual solar cycle (November in the Antarctic versus June in the Arctic) than in the Arctic.



3.4 Southern ocean UIB statistics across CMIP6 models

In Figures 4A, B, we plot the climatological seasonal cycle of Southern Ocean UIB area (A) and UIBF (B) for the 11 CMIP6 models (listed in Supporting Table S3). Across these models, we found a similar seasonal cycle. None of the CMIP6 models show large UIB areas before October, but 10 of 11 reach a maximum UIB area in November. Only the MRI-ESM2 model shows a maximum UIB area in December. Each model has a climatological UIB area exceeding 2.66 million km2, with a median of 4.75 million km2. In Figure 4C, we show box plots of the annual maximum UIB area in the Antarctic for each of the models (filled), compared with the annual maximum UIB area in the Arctic (unfilled) for the same years. Out of 11 models, eight have median Antarctic UIB areas that exceed Arctic UIB areas.




Figure 4 | Statistics of bloom-permitting area for CMIP6 models. (A) Seasonal cycle of the UIB-permitting area in the Southern Hemisphere. (B) Seasonal cycle of UIBF. (C) Box plots of the maximum annual UIB area in (filled) the Southern Hemisphere or (unfilled) the Northern Hemisphere. (D) Box plots of UIBF during the month of maximum UIB area. Colors of lines in (A, B) correspond to boxes in (C, D).



We repeat Figures 4A, C in Figures 4B, D for the UIBF, with Figure 4D showing UIBF values during the month where the UIB area is at its maximum (November or December in the Antarctic, June or July in the Arctic). Seasonal cycles of UIBF are similar between models, with most models peaking in December in the Antarctic as the CIZ reduces in extent and ocean surface PAR increases. In 10 of 11 models, a higher fraction of the Antarctic CIZ permits a UIB than of the Arctic CIZ. The average values of UIBF range from 27% to 86% (average 57%) in the Antarctic, compared to 26%–66% in the Arctic (average 37%). Each of the three models, in which Antarctic UIB areas were less than Arctic UIB areas, have higher UIBF in the Antarctic. We hypothesize that the reason for differences in the overall magnitude of Antarctic UIB areas may be caused by differences in model representations of Antarctic and Arctic sea ice instead of disagreements about whether sufficient PAR is available under the compact sea ice in both regions.



3.5 Targeting in situ observations of Antarctic UIBs

Using BGC-Argo float data, we have demonstrated that high phytoplankton biomass events exist under compact sea ice in the Southern Hemisphere, preceding the seasonal loss of sea ice by several months as well as the seasonal maximum downwelling solar irradiance. Examining a series of climate model estimates of upper ocean light and sea ice conditions, we found that under-ice phytoplankton growth would be permitted across a wide fraction of the compact ice-covered Southern Ocean. We also found that areas permitting UIBs make up a larger percentage of compact sea ice zones in the Southern Ocean than the Arctic, with an earlier peak in the seasonal cycle. Further validation will be needed, as the BGC-Argo data are spatially and temporally sparse, and the CMIP6 data rely on parameterizations of light transmission through ice and assumptions about what conditions are necessary to permit a bloom.

To highlight areas of importance for additional in situ observations, we specifically focused on the potential of the Ross Sea region to support UIBs. To define the Ross Sea region, we followed the convention established by the NIWA Ross Sea Trophic Model (Pinkerton et al., 2010), taking the ocean region south of 69 ∘ S and between 160 ∘ W and 170 ∘ E longitude. Because of grid variations, the area of this region can vary between CMIP6 models, but its surface area is approximately 1.5 million km2. We chose this area as it is seasonally ice free, is among the highest-productivity regions of the Southern Ocean, and is known for supporting large ice-algal communities (Lizotte, 2001; Arrigo, 2003).

In Figure 5, we plot UIB% for each of the 11 models during the model period with highest Ross Sea UIB area, which is November in seven models and December in four models. All models have high UIB% in the coastal region near Cape Adare in the Western Ross Sea, which has compact sea ice into January. We marked this region at 72 ∘ S, 178.5 ∘ E with a blue square in Figure 5. A box plot of UIB% in this location is given for these 11 models in Figure 5 (bottom right), showing a median UIB% of 62% with a minimum of 40%. Across the CMIP6 models, a mean area of 0.55 million km2 of the Ross Sea is expected to permit UIBs, although the borders of UIB-permitting areas vary by model and range from 0.29 million km2 (MRI-ESM2, 49% of the Ross CIZ) to 0.95 million km2 (NorESM2-LM, 65% of the Ross CIZ), including interannual variability. Independent of modeled sea-ice area coverage, a large fraction of the Ross CIZ permits UIBs in each year in all models. Figure 4 is repeated as Supporting Figure S5 for the Ross Sea region, showing that during the month of highest Ross Sea UIB area, at least 49% of the Ross CIZ permits UIBs in each model, with an average of 60%.




Figure 5 | UIB likelihoods in the Ross Sea. Ross Sea UIB% for each model in the month of the maximum UIB area. Solid lines are climatological CIZ. Dashed lines are climatological SIE. Blue square highlights the location of interest at 72°S,178°E. Box plot (bottom right) is of UIB% at square location.






4 Discussion

In this study, we explored the potential for under-ice phytoplankton blooms beneath compact sea ice in the Southern Ocean using model simulations, altimetric measurements of sea ice coverage, and BCG-Argo float data. We showed that 26% of 77 BGC-Argo measurements recorded Chl-a and phytoplankton carbon meeting criteria for UIBs and 88% indicating enhanced under-ice phytoplankton biomass preceding ice retreat. These observations suggest that even for areas with a low open water fraction, incident solar radiation is high enough to promote photosynthetic activity, potentially because the phytoplankton are well adapted to low-light conditions. By evaluating the relationship between under-ice Chl-a and PC to sea ice concentration, we showed that increasing light levels are associated with increasing photosynthetic biomass. Our findings are similar to those in the Arctic, where increased light availability caused by small leads was sufficient to support under-ice blooming (Assmy et al., 2017). Because BGC-Argo floats avoid the surface ocean under ice, and drift with prevailing currents, they may also be underestimating the frequency and magnitude of these events. Thus, data presented here suggest that small regions of open water are sufficient to relax light limitations on under-ice phytoplankton growth in the summertime Southern Ocean.

We have defined a “UIB” in BGC-Argo data in a relative sense, i.e., compared with background values measured in the Southern Ocean under ice (i.e., not relative to the global phytoplankton carbon measurements) (Moore and Abbott, 2000; Haëntjens et al., 2017). This can lead to areas with lower phytoplankton biomass than were, for example, observed in the Arrigo et al. (2010) bloom being recorded as a UIB. Yet, values actually attained in UIB profiles here were not regionally low. For example, observations of an open-water bloom near the West Antarctic Peninsula (Arrigo et al., 2017) average surface Chl-a values ranging from 0.3 to 0.6 mg/m3, as high as 1.1 mg/m3 when only including waters on the West Antarctic Shelf, with substantial spatial variation. Peak Chlmax values at the core of the sampled bloom reached 2.3 mg/m3, but outside of the bloom core, reported values of Chlmax were 1.3 mg/m3 or lower Arrigo et al. (2017).

In contrast, the highest-quality-controlled Chlmax recorded in under-compact-ice measurements was 3.6 mg/m3 taken by float 5904860 on 18 December 2017 under sea ice with a concentration of 91% and with a corresponding PCmax of 38.3 mg/m3. The highest PCmax we analyzed was 92.8mg/m3, recorded by float 5905997 on 5 December 2020 under sea ice with a concentration of 94% and corresponding to a Chlmax of 2.87 mg/m3. The mean Chlmax value for the 20 UIB measurements was 0.96 mg/m3, and the mean PCmax was 36.6 mg/m3. As we noted above, the intermittency and surface avoidance of under-ice BGC Argo floats likely preclude sampling the spatial core of any bloom, and these measurements must necessarily underestimate the peak values observable in any individual event.

We supplemented the PCmax observations with observed nitrate and dissolved oxygen concentrations at the depth of Chlmax and observed mixed-layer depths. Increasing dissolved oxygen concentrations toward the time of peak PCmax together with decreasing nitrate indicate an enhanced phytoplankton biomass accumulation. Our conclusion of increasing phytoplankton (i.e., biomass) concentrations is further supported by the observed high correlation between Chl-a and phytoplankton carbon (Spearman’s R = 0.7, see Supporting Info Figure S1). Ultimately, the highest biomass blooms were in November, occurring before sea ice retreat. We suggest that the November blooms are caused by low zooplankton predation combined with low-light-adapted phytoplankton that are able to grow rapidly as the mixed layer shoals and light availability increases.

Presented ICESat-2 and an ensemble of climate model estimates of sea ice, light, and oceanographic conditions across the compact-ice-covered Southern Ocean also showed that conditions are favorable for under-ice blooms over wide regions, with a median estimated UIB area of 4.75 million km2 across the model ensemble. In using ICESat-2 data, we assumed that no light was transmitted through sea ice and all light available for photosynthesis entered the water column in open water regions near compact ice. We find that the month with the largest potential area for permitting under-ice photosynthesis is in November rather than December, where there is more sunlight, a result of both the higher overall sea ice area in November and the fact that solar irradiance is yet high enough to allow for UIBs, as seen in BGC-Argo data. Thus, these findings indicate that even in regions with local sea ice concentrations above 80%, enough open water areas exist to support light-limited phytoplankton growth in the upper Southern Ocean (Hague and Vichi, 2021).

The climate models considered here have interrelated sea ice and light schemes (see Supporting Table S3) and provide estimates of the light conditions in the Southern Ocean. They may not be accurate if systematic biases in the modeled Southern Ocean phase space of light and sea ice properties exist. We adopted a diagnostic criteria for when sufficient light is available to support a bloom, using a fixed PAR threshold in model data based on our observations of UIBs in BGC-Argo data, which is in line with Arctic modeling studies and observations of photoacclimation in key Antarctic phytoplankton species (Arrigo et al., 2010). While some BGC-Argo floats do report PAR values, none of the ice-enabled floats included in this study did. Further observations and modeling of radiative transfer of PAR specifically focused on variable Antarctic sea ice conditions (as in, for example, Horvat et al. (2020b); Katlein et al. (2021)) would help constrain and evaluate PAR levels needed to trigger blooms observed in BGC-Argo data.


4.1 Future directions for observing and contextualizing Antarctic under-ice blooms

The work we presented here raises an important question: if conditions beneath compact sea ice are favorable for supporting UIBs, if Antarctic sea ice coverage and downwelling irradiance have remained largely stable over the past several decades, and if BGC-Argo floats repeatedly observe high levels of phytoplankton biomass, why are there no reported observations of under-ice blooms in the Southern Ocean made during research cruises or recorded by long-term mooring deployments? We suggest two potential answers.

First, the detection of UIBs requires a dedicated effort to collect in situ phytoplankton biomass data under compact sea ice. An analogy can be drawn to the Arctic Ocean, where spring–summer icebreaker research expeditions are more common. UIBs are now thought to have been widespread dating back to at least the 1950s (with an overall area coverage that has doubled since 1970 (Ardyna et al., 2020)). However, these phenomena, which can have some of the highest levels of integrated biomass of any ecological system (Arrigo et al., 2012), were rarely observed before the report of a massive under-ice bloom in the Chukchi Sea in 2011. BGC-Argo floats permit a broader sampling of biological parameters across the Southern Hemisphere using consistent methodologies and calibrations. We did not mine previous ship-based under-ice Chl-a and backscatter data, for example from the BCO-DMO archive, as BGC-Argo floats provide broader and more regular spatial and temporal coverage with consistent instrument calibration. Still, such data and assimilating models like B-SOSE will be a focus of future work to understand whether such events were common in the past.

Second, it is possible that UIBs do not occur as regularly as suggested by models. Out of all measurements, 26% contain profiles meeting our UIB threshold, lower values than observed in the Chukchi bloom Arrigo et al. (2010). This mismatch points toward fruitful future research and observation. It is clear in a wide majority of float measurements (88%) that elevated phytoplankton biomass precedes the retreat of sea ice, and so this discrepancy may be a result of a too-broad temporal sampling of the under-ice ecosystem by Argo floats, a spatial bias in the deployment of floats, or that rapid sea ice loss uncovers productive regions before they can be termed a “bloom.” The modeling we examine here does not consider factors like community growth, iron limitation, viral lysis, or predation by zooplankton. It is simply based on a set of diagnostic criteria using bulk estimates for light transmission and stratification as detailed biogeochemical modeling was beyond the scope of this study, following the perspective of van Oijen (2004), arguing that primary production is primarily light-limited in the summer Southern Ocean. While the BGC-Argo data, as in Arteaga et al. (2020) and Hague and Vichi (2021), confirm that under-ice regions are productive, we caution it is not possible to directly compare geographic estimates of model-predicted conditions with float data because of uneven spatial coverage (Supporting Info Figure S3).

As after the observation of a UIB in the Chukchi Sea, more work may be necessary to ascertain the provenance of the 20 high-PC and high-Chl-a measurements seen here, requiring detailed oceanographic and biological modeling. In Supporting Figure S4, we show the location of float when recording a UIB, along with local SIC measured on the day of the highest PCmax measurement, along with lat/lon data for UIB profiles taken preceding this maximum. Several UIB profiles were recorded near the sea ice edge. Because of uncertainty in prescribing a specific lat/lon coordinate to under-ice profiles, the potential influence of ice-free waters for UIB profiles recorded near the ice edge will be important to address in future work (see Discussion). Those UIB measurements with more than one consecutive profile meeting the specified thresholds were all significantly inside the sea ice edge at the time the UIBs were recorded and likely not the result of ice-edge advection of Chl-a. Investigation of combined data/modeling sources, like the biogeochemical Southern Ocean State Estimate (SOSE) (Verdy and Mazloff, 2017), may provide a pathway toward observation-model comparison and the estimation of pan-Antarctic UIB extent.




5 Summary

Our presented results, drawn from observations and simulations, suggest underexplored ecological variability beneath Southern Ocean sea ice, and several million square kilometers of the ice-covered Southern Ocean potentially permitting phytoplankton blooms before seasonal ice retreat. We paid special attention to the frequently visited Ross Sea region and suggest detailed measurements of physical and biogeochemical variables to study under-ice phytoplankton bloom phenology, magnitude, and community composition, and to compare those with known bloom dynamics in the Arctic Ocean (Chase et al., 2020). Sampling during the sea ice-covered season will be challenging, especially as remote sensing technologies presently cannot measure Chl-a under sea ice. Continued targeted deployment of remotely operated and autonomous platforms (Arteaga et al., 2020; Hague and Vichi, 2021) to measure under-ice light availability and bio-optical parameters, in combination with ICESat-2 measurements to remotely sense particulate backscatter (Lu et al., 2020) in open water areas within sea-ice-covered regions, can be complementary to ship-based sampling.
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