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Abstract 20 

The Amundsen Sea Embayment (ASE) experiences both the highest ice shelf melt rates and the 21 

highest biological productivity in West Antarctica. Using 19 years of satellite data and modelling 22 

output, we investigated the long-term influence of environmental factors on the phytoplankton 23 

bloom in the Amundsen sea (ASP) and Pine Island polynyas (PIP). We tested the prevailing 24 

hypothesis that changes in ice shelf melt rate could drive interannual variability in the polynyas’ 25 

surface chlorophyll-a (chla) and Net Primary Productivity (NPP). We found that the interannual 26 

variability and long-term change in glacial meltwater may play an important role in chla variance 27 
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in the ASP, but not for NPP. Glacial meltwater does not explain the variability in both chla and 28 

NPP in the PIP, where light and temperature are the main drivers. We attribute this to potentially 29 

greater amount of iron-enriched meltwater brought to the surface by the meltwater pump 30 

downstream of the PIP, and the coastal ocean circulation accumulating and transporting iron 31 

towards the ASP. 32 

 33 

Short Summary 34 

Our study investigates the links between the phytoplankton bloom and environmental parameters 35 

in the Amundsen polynyas (areas of open water within sea ice). Between 1998 and 2017, we find 36 

that changes in melting ice shelves may have different impacts on biological productivity 37 

between the Pine Island (PIP) and Amundsen Sea (ASP) polynyas. While ice shelf melting 38 

seems to play an important role for phytoplankton growth in the ASP, light and warmer waters 39 

appear to be more important in the PIP. 40 

 41 

1. Introduction 42 

 43 

Coastal polynyas are open ocean areas formed by strong katabatic winds pushing sea ice offshore 44 

(Morales Maqueda, 2004).  They are the most biologically productive areas in the Southern 45 

Ocean (SO) relative to their size (Arrigo et al., 1998). This high biological productivity contrasts 46 

sharply with the rest of the SO, where low iron and light availability generally co-limit 47 

phytoplankton growth (Boyd et al., 2007). In West Antarctica, the Amundsen Sea Embayment 48 

(ASE) hosts two of the most productive Antarctic polynyas: The Pine Island Polynya (PIP) and 49 

Amundsen Sea Polynya (ASP; Arrigo & van Dijken, 2003). The ASE is also the Antarctic region 50 

experiencing the highest mass loss from the Antarctic ice sheet. It has been undergoing increased 51 

calving, melting, thinning and retreat over the past three decades (Paolo et al., 2015; Rignot et 52 

al., 2013; Rignot et al., 2019; Shepherd et al., 2018). In the ASE, this ice loss is mainly through 53 

enhanced basal melting of the ice shelves, which is attributed to an increase in wind-driven 54 

Circumpolar Deep Water (CDW) fluxes and ocean heat content intruding onto the continental 55 

shelf and flowing into the ice shelves cavities (Dotto et al., 2019; Jacobs et al., 2011; Pritchard et 56 

al., 2012). 57 

 58 
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Melting ice shelves can explain about 60% of the biomass variance between all Antarctic 59 

polynyas, suggesting that they are the primary supplier of dissolved iron (dFe) to coastal 60 

polynyas (Arrigo et al., 2015), and can directly or indirectly contribute to regional marine 61 

productivity (Bhatia et al., 2013; Gerringa et al., 2012; Hawkings et al., 2014; Herraiz-62 

Borreguero et al., 2016). The strong melting of the ice shelves can release significant quantities 63 

of freshwater (Biddle et al., 2017), resulting in a strong overturning within the ice shelves cavity, 64 

called the meltwater pump (St-Laurent et al., 2017). Modelling efforts have identified both 65 

resuspended Fe-enriched sediments and CDW entrained to the surface by the meltwater pump as 66 

the two primary sources of dFe to coastal polynyas, providing up to 31% of the total dFe, 67 

compared to 6% for direct ice shelves input (Dinniman et al., 2020; St-Laurent et al., 2017). 68 

Other drivers such as sea-ice coverage (and associated increases in light and dFe availability 69 

when sea ice retreats), or winds have also been shown to impact primary productivity in 70 

polynyas (Park et al., 2019; Park et al., 2017; Vaillancourt et al., 2003).  71 

 72 

The key question of how glacial meltwater variability may impact biological productivity in the 73 

ASE has previously been raised during the ASPIRE program (Yager et al., 2012). During the 74 

expedition, a significant supply of melt-laden iron-enriched seawater to the central euphotic zone 75 

of the ASP was observed, potentially explaining why this area is the most biologically 76 

productive in Antarctica (Randall-Goodwin et al., 2015; Sherrell et al., 2015). Other studies in 77 

the western Antarctic peninsula and east Antarctica showed that the meltwater pump process was 78 

also responsible for natural Fe supply to the surface, increasing primary productivity (Cape et al., 79 

2019; Tamura et al., 2022). 80 

 81 

In this study, we investigate the long-term relationship between the main environmental factors 82 

of the ASE and the surface biological productivity, with a focus on ice shelves melting. A 83 

demonstrated relationship between glacial melt and phytoplankton growth would have far-84 

reaching consequences for regional productivity in coastal Antarctica, and possibly offshore, 85 

over the coming decades under expected climate change scenarios (Meredith et al., 2019). We 86 

test the hypothesis that changes in glacial melt are linked to the surface ocean primary 87 

productivity variability observed over the last two decades. We use a combination of satellite 88 
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(ocean color and ice shelf melting rate), climate re-analysis, and model data spanning 1998 to 89 

2017. 90 

 91 

2. Materials and Methods 92 

 93 

2.1 Study area and polynya mapping 94 

 95 

We focus on the PIP and ASP in West Antarctica (Fig. 1). Polynya boundaries were determined 96 

using a 15% sea-ice concentration (SIC) mask (Moreau et al., 2015; Stammerjohn et al., 2008) 97 

for every 8-day period from June 1998 to June 2017 to accurately represent the size of the 98 

polynya through time. 99 

 100 

 101 

 102 

 103 

 104 

 105 

 106 

 107 

 108 

 109 

 110 

 111 

 112 

 113 

 114 

Fig. 1. Spatial distribution of (a) annual surface chla during the bloom and (b) net primary 115 

productivity (NPP) climatology (1998 – 2017) for the Amundsen (ASP) and Pine Island (PIP) 116 

polynyas. The black lines represent the climatological summer polynya boundaries. The dark 117 

grey area is mainland Antarctica. Light grey areas indicate floating ice shelves and glaciers: 118 
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Abbot (Abb), Cosgrove (Cs), Pine Island Glacier (PIG), Thwaites (Tw), Crosson (Cr), Dotson 119 

(Dt) and Getz (Gt). 120 

 121 

2.2 Satellite ocean surface chlorophyll-a and net primary productivity 122 

 123 

We obtained level-3 satellite surface chlorophyll-a (chla) concentration with spatial and 124 

temporal resolution of 0.04° and 8 days from the European Space Agency (ESA) Globcolor 125 

project (https://www.globcolour.info/). We used standard Case 1 water merged products 126 

consisting of the Sea-viewing Wide Field-of-view (SeaWiFS), Medium Resolution Imaging 127 

Spectrometer (MERIS), Moderate Resolution Imaging Spectroradiometer (MODIS-A) and 128 

Visible Infrared Imaging Suite sensors (VIIRS). 129 

 130 

We estimated phytoplankton bloom phenology metrics following the Kauko et al. (2021) 131 

method. Firstly, we applied a spatial 3x3 pixels median filter to reduce gaps in missing data. 132 

Then, if a pixel was still empty, we applied the average chla of the previous and following week 133 

to fill the data gap. Data were smoothed using a 4-point moving median (representing a month of 134 

data). For each pixel, the threshold for the bloom detection was based on 1.05 times the annual 135 

median. The threshold method is frequently used (Racault et al., 2012; Siegel et al., 2002) and 136 

proven reliable at higher latitudes (Marchese et al., 2017; Soppa et al., 2016; Thomalla et al., 137 

2017). We then determined 5 main bloom metrics. The bloom start is defined as the day where 138 

chla first exceeds the threshold for at least 2 consecutive 8-day periods. Conversely, the bloom 139 

end is the day where chla first falls below the threshold for at least 2 consecutive 8-day periods. 140 

The bloom duration is the time elapsed between bloom start and bloom end. The bloom mean 141 

chla and bloom max chla are respectively the average and maximum chla value calculated 142 

during the bloom. Each year is centered around austral summer, from June 10th year n (day 1) to 143 

June 9th  year n+1 (day 365 or 366). We also averaged our 8-day data to monthly data to perform 144 

a spatial correlation analysis (see section 2.6).  145 

 146 

Eight-day satellite derived Net Primary Productivity (NPP) data with 1/12° spatial resolution, 147 

spanning 1998 - 2017 using the Vertically Generalized Production Model (Behrenfeld & 148 

Falkowski, 1997) were obtained from the Oregon State University website. SeaWiFS-based NPP 149 
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data span 1998 - 2009, MODIS-based data span 2002 - 2017. To increase spatial and temporal 150 

coverage, we averaged SeaWiFS and MODIS from 2002 to 2009, where there was valid data for 151 

both in a pixel. NPP data were also monthly averaged and used to compare with chla spatial and 152 

temporal patterns. 153 

 154 

We caution that our study focuses on surface productivity, and satellites cannot detect under-ice 155 

phytoplankton and sea-ice algal blooms, therefore likely underestimating total primary 156 

productivity (Ardyna et al., 2020; Boles et al., 2020).  157 

 158 

2.3 Ice shelves volume flux  159 

 160 

We used the latest ice shelf basal melt rate estimates from Paolo et al (2023). These estimates are 161 

derived from satellite radar altimetry measurements of ice shelves height, and produced on a 3 162 

km grid every 3 months, with an effective resolution of ~5 km. For this study, our basal melt 163 

record spans June 1998 to June 2017. We calculated ice shelves volume flux rate for every 164 

gridded cell by multiplying the basal melt rate by the cell area. Data were summed for each ice 165 

shelf for a 3-month period. A 5-point (15 months) running mean was applied to reduce noise, 166 

such as spurious effects induced by seasonality on radar measurements over icy surfaces (Paolo 167 

et al., 2016), and data were temporally averaged from October to March to match the SO 168 

phytoplankton growth season (Arrigo et al., 2015), providing yearly mean values. The Abbot, 169 

Cosgrove, Thwaites, Pine Island Glacier (PIG), Crosson, Dotson and Getz ice shelves were used 170 

to calculate a single total meltwater volume flux (TVF) for the ASE to investigate the link with 171 

surface chla. We also investigated the relationship between each polynyas' productivity and their 172 

closest ice shelf. The Abbot, Cosgrove, PIG and Thwaites ice shelves were used to calculate the 173 

flux rate in the PIP (TVFpip) while the Thwaites, Crosson, Dotson and Getz ice shelves were 174 

chosen for the ASP (TVFasp). The Thwaites was used in both due to its central position between 175 

the two polynyas. 176 

 177 

2.4 Simulated dFe distribution  178 

 179 
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Spatial distributions of dFe from different sources in the embayment were investigated from 180 

Dinniman et al. (2020) model output. The model used is a Regional Ocean Modelling System 181 

(ROMS) model, with a 5 km horizontal resolution and 32 terrain following vertical layers and 182 

includes sea-ice dynamics, as well as mechanical and thermodynamic interaction between ice 183 

shelves and the ocean. The model time run spans seven years and simulates fourteen different 184 

tracers to understand dFe supply across the entire Antarctic coastal zone, with the last two years 185 

simulating biological uptake. For the purpose of this study, we only use four different dFe 186 

sources/tracers in the ASE: ice shelf melt, CDW, sediments and sea ice. Each tracer estimation is 187 

independent from each other, meaning that one source does not affect the other, and they have 188 

the same probability for biological uptake by phytoplankton. That is, dFe from all sources can 189 

equally be taken up by phytoplankton. This is parametrized in the model as all iron molecules 190 

being bound to a ligand and therefore remaining in solution in a bioavailable form. For a detailed 191 

and complete explanation of the model, see Dinniman et al. (2020). 192 

 193 

  2.5 Other environmental parameters 194 

 195 

We used SIC data spanning June 1998 to June 2017 from the National Snow and Ice Data Center 196 

(Cavalieri et al., 1996). The data are Nimbus‐7 SMMR and SSMI/SSMIS passive microwave 197 

daily SIC with 25 km spatial resolution. We computed the sea-ice retreat (IRT) and open water 198 

period (OWP) metrics using a 15% threshold (Stammerjohn et al., 2008). Daily data were 199 

monthly averaged to perform a spatial correlation analysis (see section 2.6). 200 

 201 

We collected monthly level-4 Optimum Interpolation Sea Surface Temperature (OISST.v2) 202 

0.25° high resolution dataset from the National Oceanic and Atmospheric Administration 203 

(Banzon et al., 2016). Using this dataset compared to others has been proven to be the most 204 

suitable for our region of interest (Yu et al., 2023). 205 

 206 

We obtained monthly Photosynthetically Available Radiation (PAR) from the same Globcolour 207 

project at the same spatial and temporal resolution (0.04° and 8 days) as chla. 208 

 209 
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We used monthly averaged ERA5 reanalysis of zonal (u) and meridional (v) surface wind speed 210 

at 10 m above the surface (Hersbach et al., 2020).  211 

 212 

2.6 Statistical analysis 213 

 214 

Because some of our data were not normaly distributed, we consistently applied nonparametric 215 

tests throughout our statistical analysis. A Mann-Kendall test was performed to detect linear 216 

trends in chla and NPP. A two-tailed non-parametric Spearman correlation metric (p) was 217 

calculated to investigate the relationship between chla, NPP, and glacial meltwater, as well as 218 

between phytoplankton and sea-ice phenology metrics. A two-tailed Mann‐Whitney test was 219 

performed to detect any significant mean differences for chla and sea-ice phenology metrics 220 

between the two polynyas. A monthly spatial correlation was tested between SIC, winds, chla, 221 

NPP, SST, and PAR after removing the seasonality for each parameter. As well, a yearly spatial 222 

correlation between chla, NPP and TVF was performed. The relationships between chla 223 

concentration, NPP and environmental factors were explored using a Principal Component 224 

Analysis (PCA). Every statistical test was run with a 95% (p-value < 0.05) confidence level. Our 225 

study spans 1998-2017. We are constrained by the start of satellite ocean color data (1998) and 226 

the end of the ice shelf basal melt rate record (2017) from Paolo et al (2023). 227 

 228 

3. Results 229 

 230 

3.1 Glacial melt and chla variability 231 

 232 

The annual climatology maps reveal substantially higher chla concentration and NPP in the ASP 233 

compared to the PIP (Fig. 1). During the bloom period, chla concentration is also higher in the 234 

ASP on average compared to the PIP (ASP = 5.21 ± 1.29 mg m-3 ; PIP = 3.69 ± 1.11 mg m-3, 235 

Fig. 2b and Table T1, p-value < 0.01). The chla concentration starts increasing in mid-November 236 

to reach its average earlier in the PIP than the ASP. At its peak, chla in the ASP is 6.49 mg m-3 237 

and 4.94 mg m-3 in the PIP (Fig. 2a). When looking at polynya area integrated values 238 

(concentration multiplied by area gives units of mg m-1), chla is significantly higher in the ASP 239 

than in the PIP, and increases with the polynya area (Figs. S1 and S2). NPP is also significantly 240 
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higher in the ASP than in the PIP (1.88 ± 1.12 TgC y-1 vs 0.85 ± 0.86 TgC y-1, p-value = 0.004,  241 

Fig. S3). No significant interannual trends in mean chla and NPP during the bloom are observed 242 

for either polynya (Fig. 2b,  Fig. S3, p-value > 0.1). 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

Fig. 2. (a) Weekly chlorophyll-a (chla) climatology (1998-2017) for ASP (filled circles) and PIP 262 

(open circles). (b) Bloom mean chla time series of ASP (filled circles) and PIP (open circles). 263 

The relationship between chla (in mg m-3 and mg m-1) and the polynya size is shown in Fig. S2. 264 

 265 

The variability in TVF is statistically uncorrelated with surface chla concentration and NPP in 266 

both polynyas from 1998 to 2017 (Fig. 3; Fig. S4). However, the relationship becomes strongly 267 

significant in the ASP for both mean and max chla when we remove the chla outlier in 2001/02 268 

(red data point, Figs. 3a-b), although not for NPP (Figs S4a-b). The positive relationship implies 269 

that surface chla in the ASP is higher when more glacial meltwater is delivered to the 270 

embayment. No strong relationships are observed in the PIP between TVF, surface chla and NPP 271 
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(Figs. 3c-d; Figs S4c-d). When fluxes from individual glaciers are considered, PIP chla does not 272 

correlate with Abbot, Cosgrove, PIG, Thwaites or TVFpip fluxes (Table 1). On the other hand, 273 

ASP chla shows strong relationships with TVFasp and the Dotson ice shelf (Table 1). Note that 274 

all ice shelves become significantly correlated with mean and max chla when the 2001/02 year is 275 

removed. Note that all ice shelves become significantly correlated with mean and max chla when 276 

the 2001/02 year is removed. There were no statistically significant relationships between 277 

individual ice shelves and NPP in both polynyas. On the other hand, ASP chla shows strong 278 

relationships TVFasp (Table 1). Spatially, the mean and max chla are strongly correlated with 279 

TVF in the central-eastern part of the ASP, in front of the Dotson ice shelf (Figs. 4a-b),  where a 280 

positive relationship with NPP is also observed (Fig. 4c), although not significant. 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

Fig. 3. Scatter plots of mean and max surface chlorophyll-a (chla) with TVF for (a-b) the ASP 298 

and (c-d) the PIP from 1998 to 2017. The fitted lines and statistics exclude the 2001/02 year (red 299 

outlier) for the ASP regressions. If all data is considered, the relationships between mean chla, 300 

max chla and TFV in the asp are not significant. TVF is an annual integral representing the sum 301 

of all ice shelves (see methods section)  for the ASE. 302 
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 303 

Table 1. Statistical summary of the relationships between volume flux metrics and 304 

surface chlorophyll-a (chla). The * marks a significant (p-value < 0.05) relationship. 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 

 330 

 ASP PIP 

 Mean chla Max chla Mean chla Max chla 

 rho p-value rho p-value rho p-value rho p-value 

Abbot / / / / 0.09 0.73 -0.04 0.88 

Cosgrove / / / / -0.32 0.18 -0.46 0.05 

PIG / / / / -0.04 0.88 -0.13 0.61 

Thwaites 0.16 0.52 0.11 0.66 0.12 0.63 0.09 0.7 

Crosson 0.43 0.07 0.50 0.03* / / / / 

Dotson 0.47 0.04* 0.51 0.03* / / / / 

Getz 0.37 0.12 0.43 0.07 / / / / 

TVFasp 0.42 0.07 0.66 0.05* / / / / 

TVFpip / / / / 0.09 0.73 -0.04 0.88 
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 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

Fig. 4. Spatial correlation maps between total volume flux (TVF) and (a) surface mean 340 

chlorophyll-a (chla), (b) surface max chla and (c) net primary productivity (NPP) (n=19). The 341 

black crosses represent significant correlation at 95% confidence level. Data outside of the summer 342 

climatological polynyas boundaries were masked out. 343 

 344 

3.2 Simulated dFe sources distribution 345 

 346 

The modelled spatial distributions of surface dFe sources are presented in Fig. 5. On average, the 347 

smallest dFe source in the embayment is from the ice shelves (Fig. 5a), with a maximum 348 

concentration between the Thwaites and Dotson ice shelves. The dFe from sea ice is slightly higher 349 

than from ice shelves and similar over the two polynyas, and is higher near the sea-ice margin (Fig. 350 

5b). The dFe from CDW is also higher between the Thwaites and Dotson (Fig. 5c). Sediment is 351 

the dominant dFe source (Fig. 5d). Its distribution spreads from 108°W to the western part of the 352 

Getz ice shelf. The highest sediment concentration is found along the coast and inside the ASP. 353 

On polynya-wide average basis, the sediment reservoir contributes significantly more to total dFe 354 

in the ASP (58.3%, 0.13nM) compared to sea ice (16.5%, 0.04nM), CDW (13.5%, 0.03nM) and 355 

ice shelves (11.7%, 0.03nM). In the PIP, the contribution of sediments is still significantly higher 356 

(41.2%; 0.08nM) but lower than the ASP and the contribution gap with the other sources decreases. 357 

The CDW and sea ice contribute 22.5% (0.04nM) and 18.9% (0.035nM) to the dFe pool 358 

respectively, while ice shelves are still the smallest sources at 14.5% (0.03nM) in the PIP. 359 

 360 
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 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

Fig. 5. Two-years top-100m averaged spatial distribution of surface dissolved iron (dFe) 375 

contribution from (a) ice shelves, (b) sea ice, (c) circumpolar deep water and (d) sediments 376 

simulated by the model from Dinniman et al. (2020). The black lines represent the climatological 377 

summer polynya boundaries. 378 

 379 

3.3 Environmental parameters, chla and NPP variability 380 

 381 

During the phytoplankton growth season (October-March), SIC is spatially significantly 382 

anticorrelated to the meridional winds speed in both polynyas (Fig. 6a). Chla is significantly 383 

positively correlated with SST in the central-eastern ASP, and the whole PIP (Fig. 6b), but 384 

weakly with PAR in both polynyas (Fig. 6c). Finally, PAR and SST are positively linked in both 385 

central polynyas, albeit not significantly (Fig. 6d). We note that similar spatial relationships are 386 

observed when NPP is correlated with SST and PAR. (Fig. S5). 387 

 388 

 389 

 390 

 391 
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 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

Fig. 6. Spatial correlation maps between sea-ice concentration (SIC) and (a) meridional winds. 405 

Spatial correlation maps between chlorophyll-a (chla) concentration (mg m-3) and (b) sea surface 406 

temperature (SST), (c) photosynthetically available radiation (PAR). (d) Spatial correlation 407 

between PAR and SST. Data span 1998 – 2017 from October to March (n=114). The black crosses 408 

represent significant correlation at 95% confidence level. Seasonality was removed from the data 409 

before preforming the correlation. Data outside of the summer climatological polynyas boundaries 410 

were masked out. 411 

 412 

Regarding the phenology, the bloom start is positively correlated to IRT and negatively with 413 

OWP in the ASP, although not significantly with the OWP (Table 2). This means that the bloom 414 

starts earlier and later as IRT does, and that longer OWP and earlier bloom starts are correlated 415 

with earlier ice retreat. The bloom mean and bloom max chla are not correlated with either IRT 416 

and OWP in the ASP. In the PIP, all metrics are significantly related to each other, except for 417 

PAR and OWP (Table 2). That is, the bloom start is positively correlated with IRT and 418 

negatively with OWP, while the bloom duration, mean chla, max chla concentrations and NPP 419 

are negatively linked to the IRT and positively with OWP. SST and PAR are negatively 420 

correlated to IRT, while OWP is only significantly positively correlated to SST. IRT and OWP 421 

are significantly related in the PIP. 422 
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 423 

Table 2. Statistical summary of the relationships between the phytoplankton and sea-ice 424 

phenology metrics. The * marks a significant (p-value < 0.05) relationship. IRT = ice retreat time, 425 

OWP = open water period, NPP = net primary productivity, SST = sea surface temperature, PAR 426 

= photosynthetically available radiation. 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

We explore the relationships between phytoplankton bloom phenologies and their potential 443 

environmental drivers by conducting a multivariate PCA for both polynyas (Fig. 7). In the ASP 444 

(Fig. 7a), the first two principal components explain 58.1% of the total variance (Dim1: 37.9%, 445 

Dim2: 20.2%). NPP in the ASP is closely associated with PAR and BD, indicating that light 446 

availability and bloom duration are primary drivers of production. On the other hand 447 

environmental vectors such as TVFall and TVFasp projected more strongly onto Dim2 with the 448 

bloom mean chla, indicating that meltwater input may influence surface chla interannual 449 

variability, and is less directly tied to NPP. We note that when the 2001/02 summer is removed, 450 

the relationship between TVFasp and TVFall becomes much stronger with the bloom mean chla 451 

(Fig. S7a) and is slightly anti correlated to SST. In the PIP (Fig. 7b), the first two components 452 

accounted for 66.9% of the total variance (Dim1: 48.2%, Dim2: 18.7%). Compared to the ASP, 453 

 
Amundsen Sea polynya Pine Island polynya 

 
IRT OWP IRT OWP 

 
rho p-value rho p-value rho p-value rho p-value 

Bloom start 0.51 0.04* -0.43 0.08 0.56 0.02* -0.48 0.04* 

Bloom duration -0.12 0.60 0.09 0.72 -0.56 0.02* 0.59 0.01* 

Bloom mean 0.20 0.44 -0.35 0.16 -0.67 0.003* 0.50 0.04* 

Bloom max 0.25 0.32 -0.36 0.14 -0.65 0.005* 0.52 0.03* 

NPP -0.55 0.02* 0.45 0.05 -0.72 0.001* 0.52 0.02* 

SST -0.07 0.79 -0.03 0.91 -0.57 0.02* 0.52 0.03* 

PAR -0.11 0.66 0.09 0.71 -0.62 0.007* 0.38 0.13 
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both NPP and BM clustered strongly with BD and PAR. Additionally, OWP and SST aligned 454 

along Dim1, suggesting that physical conditions might play a stronger structuring role in PIP 455 

compared to the ASP. In contrast, TVFall and TVFpip stand alone and align more strongly with 456 

Dim2, suggesting a less dominant influence of meltwater on the system bloom mean chla and 457 

NPP variability in the PIP. 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

Fig. 7. Principal component analysis biplot of environmental parameters (red) and years (black) 476 

for (a) the ASP and (b) the PIP. Same plot is presented in supplementary Figure S7 but removing 477 

the 2001/02 anomalous year for the ASP, emphasizing the relationship between total volume 478 

fluxes (TVFall, TVFasp) and the bloom mean (BM) in the ASP. 479 

 480 

4. Discussion 481 

 482 

4.1 Effect of ice shelf meltwater on phytoplankton chla and NPP 483 

 484 
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The relationship between glacial melt rates and surface chla observed over the last two decades 485 

was distinctly different between the two polynyas. In the ASP, we found that enhanced glacial 486 

melt translates into higher surface chla, but not with NPP (when removing the anomalous 487 

2001/02 summer; Figs. 3a-b; Fig. S7a). Modelling results (Fig. 5) suggest that sediment from the 488 

seafloor is the main source of dFe in the ASP, but this source is also linked to glacial melt. Ice 489 

shelf glacial meltwater drives the meltwater pump, which brings up modified CDW (mCDW) 490 

and fine-grained subglacial sediments to the surface. This result is in agreement with previous 491 

research: Melt-laden modified CDW flowing offshore from the Dotson ice shelf to the central 492 

ASP (Sherrell et al., 2015), and resuspended sediments (Dinniman et al., 2020; St-Laurent et al., 493 

2017; 2019) have been identified as significant sources of dFe to be used by phytoplankton. 494 

Interestingly, both dFe supplied from ice shelves and CDW are most important in front of the 495 

Thwaites and Crosson ice shelves, where the area averaged basal melt rate, and thus likely the 496 

area averaged meltwater pumping (Jourdain et al., 2017) are typically strongest in observations 497 

(Adusumilli et al., 2020; Rignot et al., 2013) and the modelling (Fig. 5). The year 2001/02 does 498 

not stand out as being influenced by any specific parameter in the ASP compared to other 499 

years  (Fig. 7a; Fig. S7a). The anomalously high surface chla observed during this year, as also 500 

reported by Arrigo et al. (2012), may result from exceptional conditions that were not captured 501 

by the parameters analysed in our study - for instance, an imbalance in the grazing pressure. 502 

Interestingly, surface chla and NPP exhibit contrasting trends when averaged across the polynya. 503 

While TVF may explain some of the variance in surface chla, it does not account for the variance 504 

in NPP, whether assessed through direct or multivariate relationships. This decoupling between 505 

chla and NPP in the ASP suggests that ice shelf meltwaters, while enhancing surface 506 

phytoplankton biomass through nutrient delivery, also promote vertical mixing. This mixing 507 

deepens the mixed layer, reducing light availability and constraining photosynthetic rates. These 508 

rates are influenced by fluctuations in the MLD, even in the presence of high biomass and 509 

sufficient macronutrients. Additionally, interannual variability in the composition of the 510 

phytoplankton community may further explain these observations. For example, the occasional 511 

dominance of the small prymnesiophyte Phaeocystis antarctica, a low-efficiency primary 512 

producer (Lee et al., 2017), can contribute to high surface chla but relatively modest and 513 

decoupled NPP. 514 

 515 
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In the PIP, we did not find any long-term relationship between the phytoplankton bloom, NPP 516 

and glacial meltwater. Variability in ice shelf melt rates may not have the same effect on the 517 

surface chla and NPP in the PIP compared to the ASP. Iron delivered from glacial melt process 518 

related in the PIP and west of it could accumulate and follow the westward coastal current, 519 

towards the ASP (St-Laurent et al., 2017). These sources would include dFe from meltwater 520 

pumped CDW, sediments and ice shelves, all of which are higher in front of the Crosson ice 521 

shelf, west of the PIP (Fig. 5). With the coastal circulation, this would make dFe supplied by 522 

glacial meltwater greater in the ASP, thereby contributing to the higher productivity in the ASP. 523 

Recently, subglacial discharge (SGD) was shown to have a different impact on basal melt rate in 524 

the ASE polynyas (Goldberg et al., 2023), where PIG had a lot less relative increase in melt with 525 

SGD input than Thwaites or Dotson/Crosson. Thus, assuming a direct relationship between 526 

meltrate, SGD and dFe sources, the signal in the PIP (fed by PIG melt) will be much weaker than 527 

in the ASP (fed by upstream Thwaites, Crosson and local Dotson due to the circulation), which 528 

might also explain the discrepancies between the PIP and ASP. The model outputs used here are 529 

critical to understand the spatial distribution of dFe in the embayment. They strongly suggest but 530 

do not definitively demonstrate the role of dFe in influencing the phytoplankton bloom 531 

interannual variability. 532 

 533 

Direct observations from Sherrell et al. (2015) showed higher chla in the central ASP while 534 

surface dFe was low weeks before the bloom peak. This suggests a continuous supply and 535 

consumption of dFe in the area. Considering the long residence time of water masses in both 536 

polynyas (about 2 years (Tamsitt et al., 2021)), and the daily dFe uptake by phytoplankton (3-537 

196 pmol l-1 d-1 (Lannuzel et al., 2023)), we also hypothesise that any dFe reaching the upper 538 

ocean from external sources is quickly used and unlikely to remain readily available for 539 

phytoplankton in the following spring season.  540 

  541 

In recent model simulations with the meltwater pump turned off, Fe becomes the principal factor 542 

limiting phytoplankton growth in the ASP (Oliver et al., 2019). However, the transport of Fe-rich 543 

glacial meltwater outside the ice shelf cavities and to the ocean surface depends strongly on the 544 

local hydrography. While Naveira Garabato et al. (2017) suggested that the glacial meltwater 545 

concentration and settling depth outside the ice shelf cavities is controlled by an overturning 546 
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circulation driven by instability, others suggest that the strong stratification plays an important 547 

role in how close to the surface the buoyant plume of said meltwater can rise (Arnscheidt et al., 548 

2021; Zheng et al., 2021). Therefore, high melting years and greater TVF might not necessarily 549 

translate into a more iron-enriched meltwater delivered to the surface outside the ice shelf 550 

cavities, close to the ice shelf edge, as rising water masses may be either prevented from doing 551 

so, or be transported further offshore in the polynyas where the phytoplankton bloom occurs, 552 

before they can resurface (Herraiz-Borreguero et al., 2016). 553 

 554 

Although several Fe sources can fuel polynya blooms, and they depend on processes mentioned 555 

above, Fe-binding ligands may ultimately set the limit on how much of this dFe stays dissolved 556 

in the surface waters (Gledhill & Buck, 2012; Hassler et al., 2019; Tagliabue et al., 2019). 557 

Models of the Amundsen Sea (Dinniman et al., 2020, 2023; St-Laurent et al., 2017, 2019) did not 558 

include Fe complexation with ligands and assumed a continuous supply of available dFe for 559 

phytoplankton. Spatial and seasonal data on Fe-binding ligands along the Antarctic coast remain 560 

extremely scarce and their dynamics are poorly understood (see Smith et al. (2022) for a 561 

database of publicly available Fe-binding ligand surveys performed south of 50°S). Field 562 

observations in the ASP and PIP suggest that the ligands measured in the upwelling region in 563 

front of the ice shelves had little capacity to complex any additional Fe supplied from glacial 564 

melt. As a consequence, much of the glacial and sedimentary Fe supply in front of the ice 565 

shelves could be lost via particle scavenging and precipitation (Thuróczy et al., 2012). This was 566 

also recently observed by van Manen et al. (2022) in the ASP. However, within the polynya 567 

blooms, Thuróczy et al. (2012) found that the ligands produced by biological activity were 568 

capable of stabilising additional Fe supplied from glacial melt, where we observed the highest 569 

productivity. The production of ligands by phytoplankton would increase the stock of 570 

bioavailable Fe and further fuel the phytoplankton bloom in the polynyas. Model development 571 

and sustained field observations on Fe availability, including ligands, are needed to adequately 572 

predict how these may impact biological productivity under changing glacial and oceanic 573 

conditions, now and in the future. 574 

 575 

Overall, the discrepancies observed between the ASP and PIP point to a complex set of ice-576 

ocean-sediment interactions, where several co-occurring processes and differences in 577 
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hydrographic properties of the water column influence dFe supply and consequent primary 578 

productivity. 579 

 580 

4.2 Possible drivers of the difference in phytoplankton surface chla and NPP between the 581 

two polynyas 582 

 583 

The biological productivity is higher in the ASP than the PIP, consistent with previous studies 584 

(Arrigo et al., 2012; Park et al., 2017). In section 4.1, we mentioned the underlying hydrographic 585 

drivers of these differences. We related the higher biological productivity in the ASP to a 586 

potentially greater supply of iron from melt-laden Fe-enriched mCDW and sediment sources, but 587 

this difference in productivity could also be attributed to other local features. The Bear Ridge 588 

grounded icebergs (BRI) on the ASP’s eastern side (Bett et al., 2020) could add to the overall 589 

meltwater pump strength. They can enhance warm CDW intrusions to the ice shelf cavity (Bett 590 

et al., 2020), increasing ice shelf melting and subsequent stronger phytoplankton bloom from the 591 

meltwater pump activity. These processes are weaker or absent in the PIP. Few sources other 592 

than glacial meltwater may influence the bloom in the PIP. For instance, dFe in the euphotic 593 

zone can also be sustained by the biological recycling, as shown in the PIP by Gerringa et al. 594 

(2020). 595 

 596 

Sea ice could also partly explain the difference in chla magnitudes, NPP, and variability between 597 

the ASP and PIP. The strong spatial correlation between SIC and meridional winds (Fig. 6a) 598 

indicates that southerly winds can export the coastal sea ice offshore and play a significant role 599 

in opening the polynyas. In the ASP compared to the PIP, sea ice retreats earlier (IRT = Jan 1st ± 600 

14d vs Jan 18th ± 17d, p-value  = 0.003), the open water period is longer (OWP = 61 ± 16d vs 44 601 

± 22d, p-value < 0.001), and the SIC is lower (Fig. S6c, Table 2). In the ASP, an early sea-ice 602 

retreat leads to an earlier bloom start, but the longer open water period is not significantly 603 

associated with greater bloom mean and max chla (Table 2). On the other hand in the PIP, an 604 

early sea-ice retreat also triggers an early bloom start, but the longer open duration is associated 605 

with warmer water, higher bloom mean chla, max chla, and NPP. These results suggest that 606 

different processes might drive phytoplankton growth in the two polynyas. In the ASP, it is 607 

likely the replenishment of dFe mentioned above that mostly influences the bloom. In the PIP, 608 
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the higher SIC can delay the retreat time and shorten the open water season (Table 2;  Fig. S6), 609 

leading to less light availability and lower phytoplankton productivity compared to the ASP. The 610 

significant negative relationship between IRT, PAR, chla and NPP in the PIP (Table 2;  Fig. S6) 611 

suggests a strong light limitation relief in the polynya. This light limitation hypothesis is further 612 

supported by the high correlation between polynya-averaged chla mean with PAR and SST in 613 

the PIP across the 19 years of study compared to the lack of correlation in the ASP (Table T2; p-614 

value < 0.01 for all relationships in the PIP). Similar results have been reported by Park et al. 615 

(2017). They found that the PIP was dFe replete, potentially from biological recycling  (Gerringa 616 

et al., 2020), compared to an iron-limited ASP. We hypothesise that the connection between ice 617 

shelf meltwater and chla that we found in the ASP is a response to iron input (also observed by 618 

Park et al. (2017) during incubation experiments) compared to the PIP, where light and 619 

temperature seem to play a more significant role in driving the phytoplankton bloom variability.  620 

 621 

Variability in SIC and sea-ice retreat can be influenced by the Amundsen Sea Low (ASL; 622 

Hosking et al., 2013; Turner et al., 2016). We therefore also investigated its potential role on sea-623 

ice variability. We found on average weak spatial negative relationships between SIC and ASL 624 

latitude, longitude, mean sector and actual central pressure in both polynyas during the growing 625 

seasons (Fig. S8), and only slightly significant in the eastern PIP. The weak relationships might 626 

be owing to the seasonal variation of the ASL, where its position largely varies during summer, 627 

and its impact in shaping coastal sea ice is also greater during winter and autumn in the 628 

Amundsen-Bellingshausen region (Hosking et al., 2013). The lack of strong significant 629 

relationships overall does not allow us to conclude that the ASL plays an important role in 630 

shaping the coastal polynyas landscape and influencing chla variability. 631 

 632 

4.3 Limitations and future directions 633 

 634 

While it seems reasonable that the higher ASP productivity could be driven by more iron 635 

delivered through a stronger meltwater pump downstream of the PIP, our data cannot confirm 636 

this hypothesis. To accurately understand the role of iron through the meltwater pump process, 637 

we would need to quantify the fraction of meltwater and glacial modified water (mix of CDW 638 

and ice shelf meltwater) reaching the ocean surface, together with the iron content. Obtaining 639 
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this information is challenging over the decadal time scales considered and the method used in 640 

our study. Here, our intention was to provide insights into the potential drivers of our results, and 641 

highlight the benefit of remote sensing in this poorly observed environment. Our work directly 642 

aligns with Pan et al. (2025), who investigated the long-term relationship between sea surface 643 

glacial meltwater and satellite surface chla in the Western Antarctic Peninsula, and found a 644 

strong relationship between the two parameters, highlighting the importance of glacial meltwater 645 

discharge in regions prone to extreme and rapid climate changes. 646 

 647 

In multimodel climate change simulations, Naughten et al (2018) showed an increase of ice 648 

shelves melting up to 90% on average, attributed to more warm CDW on the shelf, due to 649 

atmospherically driven changes in local sea-ice formation. More recently, Dinniman et al. (2023) 650 

also highlighted the impact of projected atmospheric changes on Antarctic ice sheet melt. They 651 

showed that strengthening winds, increasing precipitation and warmer atmospheric temperatures 652 

will increase heat advection onto the continental shelf, ultimately increasing basal melt rate by 653 

83% by 2100. Compared to present climate simulations, their simulation showed a 62% increase 654 

in total dFe supply to shelf surface waters, while basal melt driven overturning Fe supply 655 

increased by 48%. The ice shelf melt and overturning contributions varied spatially, increasing in 656 

the Amundsen-Bellingshausen area and decreasing in East Antarctica. This implies that, under 657 

future climate change, phytoplankton productivity could show stronger spatial asymmetry 658 

around Antarctica. The increasing melting and thinning of ice shelves will eventually result in 659 

more numerous calving events and drifting icebergs (Liu et al., 2015). Model simulations 660 

stressed the importance of ice shelves and icebergs in delivering dFe to the SO (Death et al., 661 

2014; Person et al., 2019), increasing offshore productivity. As Fe will likely be replenished and 662 

sufficient from increasing melting in coastal areas, it is possible that the system will shift from 663 

Fe-limited to being limited by nitrate, silicate, or even manganese (Anugerahanti & Tagliabue, 664 

2024). while offshore SO productivity will likely remain Fe-dependent (Oh et al., 2022). 665 

 666 

5. Conclusions 667 

 668 

Using spatial and multivariate approaches, our study explored the variability of surface chla and 669 

NPP in the Amundsen Sea polynyas over the last two decades, with a focus on the main 670 
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environmental characteristics of the ASE. We found a potential strong relationship between ice 671 

shelf melting and surface chla in the ASP, which becomes stronger when the anomalous 2001/02 672 

summer was removed, a result in agreement with the ASPIRE field studies and previous satellite 673 

analyses. On the other hand, we did not find clear evidence of such a relationship in the PIP, 674 

where light, sea surface temperature and open water availability seem more important. The 675 

differences between the polynyas may lie in hydrographic properties, or the use of satellite 676 

remote sensing itself, which cannot tell us about processes such as Fe supply, bioavailability and 677 

phytoplankton demand. To gain greater insight, we referred to model simulations that showed 678 

the spatial variability in the magnitude of iron sources. Our results call for sustained in situ 679 

observations (e.g. moorings equipped with trace-metal clean samplers, and physical sensors to 680 

better understand year-to-year water mass meltwater fraction and properties) to elucidate these 681 

long-term relationships. Satellite observations are a powerful tool to investigate the relationship 682 

between glacial ice meltwater and biological productivity on such time scales, which has until 683 

now relied almost exclusively on field observations and modelling. Using such tools, we showed 684 

how the relationship between phytoplankton and the environment varies spatially and temporally 685 

across 19 years. 686 
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Data availability 691 

Satellite surface chlorophyll-a and photosynthetically available radiation were downloaded from 692 

https://www.globcolour.info/. Sea surface temperature (Banzon et al., 2016) can be found here 693 

https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html. Wind re-analysis data 694 
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http://sites.science.oregonstate.edu/ocean.productivity/index.php. Circumpolar surface model 699 

output from Dinniman et al (2020) can be found at https://www.bco-dmo.org/dataset/782848. 700 
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