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Abstract Antarctic continental shelf waters are the most biologically productive in the Southern Ocean.
Although satellite-derived algorithms report peak productivity during the austral spring/early summer,
recent studies provide evidence for substantial late summer productivity that is associated with green
colored frazil ice. Here we analyze daily Moderate Resolution Imaging Spectroradiometer satellite images for
February and March from 2003 to 2017 to identify green colored frazil ice hot spots. Green frazil ice is
concentratedin 11 of the 13 major seaice production polynyas, with the greenest frazil ice in the Terra Nova
Bay and Cape Darnley polynyas. While there is substantial interannual variability, green frazil ice is present
over greater than 300,000 km?® during March. Late summer frazil ice-assodated algal productivity may be a
major phenomenon around Antarctica that is not considered in regional carbon and ecosystem models.

1. Introduction

Antarctic continental shelves are the most biologically productive regions in the Southern Ocean (Arrigo &
McClain, 1994; Arrigo, van Dijken, & Bushinsky, 2008; Arrigo, van Dijken, & Strong, 2015; Smith & Gordon,
1997; Yager et al, 2016) and are disproportionately large atmospheric CO; sinks (Arrigo, van Dijken, &
Long, 2008; Mu et al, 201 4; Sweeney, 2003). During the austral spring, large phytoplankton blooms develop
in polynyas (open water surrounded by sea ice), with peak productivity extending through December or early
January (Long et al,, 2011; Smith & Gordon, 1997; Smith et al, 1996, 2000). Based on satellite chlorophyll
estimation, net primary productivity (NPP) in Antarctic polynyas declines during February and approaches
zero in March (Arrigo, van Dijken, & Strong, 2015).

Recent studies from Antarctic coastal regions have found evidence for substantial late season primary pro-
ductivity during February and March. This water column productivity is associated with algal accumulation
in frazil ice. Lieser et al. (201 5) observed green frazil ice during early March 2012 near Cape Darnley that they
estimated was 30,000 km”. Furthermore, underway fluorometry (5 m depth) showed elevated chlorophyll
underneath the green frazil ice. They hypothesized that there was substantial productivity within and under-
neath the green frazil ice. DeJong et al. (2017) ako observed frazil ice in wind-rows in Terra Nova Bay polynya
in the western Ross Sea during late February and early March 201 3 that over time exhibited green colors from
algal accumulation. Based on a time series of nutrient deficits, mixed layer depths, and surface pCO; measure-
ments, DeJong et al. (2017) concluded that this frazil ice-associated water column algal bloom was very pro-
ductive (net community production = 425 + 204 mmol Cm 2 d ™).

Late season productivity by frazil ice-assodated algal blooms is not captured in satellite-derived NPP esti-
mates (Delong et al, 2017; Lieser et al, 2015). Chlorophyll algorithms using Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite data mask pixels with high ice coverage because ocean color spectral
bands saturate over bright targets such as ice (Esaias et al, 1998; Hu, 2011). The Maximum Chlorophyll
Index based on the MEdium Resolution Imaging Spectrometer satellite data detects chlorophyll in water with
high scatter from suspended sediment or floating ice aystals but also masks pixels with high ice coverage
(Gower & King, 2007; Gower & King, 2013).

Frazil ice with high algal concentrations are observed in true color satellite images across many locations
around the continent, suggesting that late season productivity may be a major phenomenon (Figure 1). For
both Cape Darnley and Terra Nova Bay, frazil ice-assodated algal blooms that have been documented in
the field are also clearly visible in the corresponding true color satellite images (Delong et al., 2017; Lieser
etal, 2015). Here we use daily MODIS visible spectral band satellite images from 2003 through 2017 to identify
green colored frazil ice hot spots and examine interannual variability in green colored frazil ice extent.
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Figure 1. True color (Bands 4, 3, and 2) 30 m resolution Landsat-8 satellite images from (a) Tera Mova Bay polynya on 5
March 2015, (b} Granite Harbor on 5 March 2017, (c) Cape Damley on 29 February 2016, and (d) Mertz polynya on 4
March 2017,

2. Methods
2.1. MODIS Data

All satellite data were processed using ArcGlS and Interactive Data Language. We used the MODIS Surface
Reflectance Daily L2G Global product from both the Terra and Agua satellites (MODO9GA/MYDOSGA
Version 006) (Vermote et al, 2015). Surface reflectance is the ratio of surface radiance (at ground level) to sur-
face irradiation and corrects for Sun angle and for the effects of atmospheric gases and aerosols. Since MODIS
Surface Reflectance is a land product, tiles are only processed if they indude land. We downloaded all MODIS
Surface Reflectance tiles for February and March (2003-2017) that include the Antarctic coast (h14-24, v15
16). These tiles cover the majority of the Antarctic continental shelf (Figure 2). We extracted the 500 m visible
spectral bands, Band 1 (red = 620-670 nm), Band 3 (blue = 459-479 nm), and Band 4 (green = 545-565 nm),
and mosaicked the tiles for each day using a Polar Stereographic Projection.

2.2. Pixel Classification Algorithm

For each day, we determined if a given pixel was green, taken as indicative of algal accumulation in frazil ice.
This interpretation is simplified by the fact that scattering of light in frazil ice can be assumed to be wave-
length independent in the visible spectrum (Grenfell, 1983, 1991; Perovich, 1996). We masked land and ice
shelves with the global, self-consistent, hierarchical, high-resolution shoreline database (Wessel & Smith,
1996) and douds with the internal 1 km cloud algorithm flag. In addition, pixels were masked if Band 3 or
4 surface reflectance was greater than 100%. Finally, we masked pixels if Band 4 was less than 10% to prevent
classifying open water pixels as green and because of the lower signalto-noise ratio for pixels with low reflec-
tance values. We chose the 10% threshold after experimenting with different thresholds and examining Band
4 surface reflectance histograms (Figures 51 and 52 in the supporting information).

Similar to the normalized difference vegetation index (Rouse et al, 1973), we created a Green Index that
ranges from —1 to 1:

Band 4 — Band 3
[P P R o A i 1
* X = Band 4+ Band 3 M
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Figure 2. Map of Antarctica showing the MODIS Surface Reflectance tiles included in this study (light grey). The five geo-
graphical regions (Amrigo, van Dijken, & Bushinsky, 2008) are shown. The major sea ice production polynyas (Tamura et al,
2016) are outlined by the red lines, and the 1,000 m isobath is indicated by the grey line.

We applied the Green Index function to nonmasked pixels for each day. Finally, we dassified a pixel as green
from algal accumulation within frazil ice if the Green Index was greater or equal to a threshold. We present the
results from three thresholds (0,02, 0.04, and 0.06, hereafter called the lower, medium, and higher thresholds).
We combined Terra and Aqua satellite images for each day to maximize the number of doud free pixels A
pixel was dassified as green if that pixel in either Terra or Aqua was green. Similarly, a pixel was classified
as cloud-free if that pixel in either Terra or Aqua was cloud-free.

We qualitatively validated our algorithm with 30 m resolution Landsat-8 true color images (Figures 53-57).
The highest threshold captures regions with the greenest frazil ice (e.g, Cape Darnley; Figure 55) but misses
some regions where Landsat imagery indicates the presence of green colored frazil ice (e.g, Fimbul lce Shelf;
Figure 57). The lower threshold does a better job capturing regions with less green frazil ice (e.g., Fimbul Ice
Shelf; Figure 57).

2.3. Data Analysis

2.3.1. Hot Spot Detection

For each threshold for February and then March of each year, we counted the number of days that each pixel
was classified as green. Similarly, we counted the number of days that each pixel was cloud-free. Using these
counts, we calculated Green Frequency (see Figure 58):

- e _{ number of green days
= o (number of doud free dﬂys)ﬂm =

Mext, we classified pixels as Monthly Green if Green Freguency was 20% or greater for a particular month. Pixels
were masked out if there were fewer than five doud-free days in a given month. We then calculated Monthly
Green Count, the number of times a specific pixel was dassified as Monthly Green between 2003 and 2017
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(calculated separately for February and March). We used Monthly Green Count to calculate Percent Years Green
(also calculated separately for February and March):

Monthly Green Count
15

Percent Years Green = ( )*1 00% (3)

where 15 is the number of years of data that we analyzed (2003-2017).

To examine the location of green colored frazil ice hot spots, we classified a pixel as a hot spot pixel if Percent
Years Green was equal or greater than 40%. Finally, we classified a region as a hot spot if it was composed of
more than 500 km” of connected hot spot pixels (using 8-connected pixel neighborhood criteria).

2.3.2. Interannual Variability

To examine interannual variability, we calculated Green Frozil kce Extent (area of the Monthly Green pixels) for
February and March of each year. We also calculated Green Frazil lce Extent separately for five geographical
sectors (following Arrigo, van Dijken, & Long, 2008; Figure 2). Finally, we evaluated the linear relationship
between Green Frazil Ice Extent and the Southern Annular Mode (SAM) (Marshall, 2003), El Nino-5outhern
Osdillation (EMS0) (Wolter & Timlin, 1993, 1998), and Southern Oscillation Index (SO1, www.ncdc.noaagov/tel-
econnections/enso/indicators/soi/).

3. Results and Discussion
3.1. Green Colored Frazil lce Hot Spots

Green colored frazil ice hot spots are concentrated almost exdusively within the 13 major sea ice production
polynyas defined by Tamura et al. (2016) (Figures 3 and 59). The greenest frazil ice hot spots (higher thresh-
old) are found in Terra Nova Bay and Cape Darnley polynyas (Figures 3a and 3b). Using the medium thresh-
old, green colored frazil ice hot spots are found in seven of the major ice production polynyas (Figures 3c and
3d). Finally, based on the lower threshold, green colored frazil ice hot spots are found in 11 of the 13 major
sea ice production polynyas. In addition, some green colored frazil ice hot spots are found in smaller ice pro-
duction regions mainly along the Antarctic coast (Figures 3e and 3f).

DeJong etal. (2017) abserved high water column net community production (425 + 204 mmal Cm ™ *d ™ ")in
Terra Mova Bay during late February and early March 2013 that was assodated with green frazil ice in wind-
rows. The strongest katabatic winds in the Ross Sea occur in Terra Nova Bay starting mid-February and pre-
vent the formation of more opaque ice (Arrigo, Weiss, & Smith, 1998 Bromwich, 1989; Parish & Bromwich,
1987; Sanz Rodrigo et al., 2013). Delong et al. (2017) hypothesized that these strong katabatic winds mixed
trace nutrients into the surface from below and caused Langmuir circulation that concentrated algae and fra-
zil ice into discrete rows. The buoyant properties of frazil ice crystals may have kept algae near the surface for
longer periods of time, a factor likely to be of greater importance during the late summer when Sun angles
are low. In short, we hypothesize that the green colored frazil ice at other locations also represents active phy-
toplankton growth during the late summer.

The observation of green colored frazil ice hot spots concentrated in the major sea ice production polynya
regions supports the hypothesis by Delong et al. (2017) that late season productivity is ultimately caused
by strong katabatic winds. In most major ice production regions, strong katabatic winds continuously advect
newly forming sea ice away from the coast. We emphasize that the greenest hot spots (Terra Nova Bay and
Cape Darnley/Mackenzie polynyas) occur in regions with some of the highest rates of ice production per unit
area(Tamura et al, 2016). These are also important Antarctic Bottom Water production regions (Jacobs et al,,
1970; Ohshima et al., 2013; Orsi et al, 1993).

3.2. Green Colored Frazil lce Extent

Late summer phytoplankton blooms assodated with frazil ice may account for substantial productivity thatis
not included in regional models. In February, green colored frazil ice covers on average 24,000; 81,000; and
425000 km® (higher, medium, and lower thresholds). In March, green colored frazil ice covers on average
108,000; 338,000; and 1,108,000 km?.

The medium threshold most likely best captures regions with frazil ice-associated algal blooms. During the
late summer of 2013, Delong et al. (2017) found that late season phytoplankton blooms associated with frazil
ice were concentrated in Terra Mova Bay polynya. Since the lower threshold classifies the majority of pixels
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February _ March
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Figure 3. Percent Years Green (February and March 2003-2017) based on the (a and b) higher thresheold, (c and d) medium
threshold, and (e and f) lower threshold. The areas (10° km?) of the green frazil ice hot spots are labeled (white numbers).
The major sea ice production polynyas (Tamura et al, 2016) are outlined by the red lines.

across the Ross Sea during March 2013 as Monthly Green (Figure 58), it likely overestimates the extent of frazil
ice-associated algal blooms. Both the medium and higher thresholds show that Monthly Green pixels are
concentrated near Terra Nova Bay during March 2013. However, the higher threshold misses large regions
where Landsat imagery indicates the presence of green colored frazil ice (eg., Figures 56 and 57).

The medium threshold suggests that green frazil ice is a major phenomenon. Forinstance, if average late sea-
son productivity in green frazil ice regions during the second half of February and the first half of March is
100 mmol Cm > d ™", which is fourfold lower than reported by Delong et al. (2017), total production for these
30 days would be 7.6 Tg C based on the medium threshold (Green Frazil Ice Extent: February = 81,000 km* and
March = 338,000 km?). For comparison, Arrigo, van Dijken, and Strong (2015) estimates with satellite chloro-
phyll that total NPP on Antarctic continental shelves is 456 Tg Cyr . Our results suggest that late summer
productivity is spatially expansive, may be a significant fraction of total shelf productivity, and will provide
substantial food for the ecosystem right before the dark winter. Future studies should measure late summer
net community productivity rates in both the greenest and least green polynyas.

Late summer frazil ice-assodated algal blooms may also substantially enhance the flux of atmospheric CO;
into the Antarctic continental shelf, espedally Antarctic Bottom Water formation regions. Delong and
Dunbar (2017) found that the annual CO, flux rate into Terra Nova Bay polynya (3.2 mol Cm 2 ') is
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Figure 4. Green Frazil lce Extent (February and March 2003-2017) for the total study region based on the (a) higher thresh-
old, (b) medium threshold, and (c) lower threshold.

twice as high as the mean Ross Sea flux (13 mol C m 2 yr '), They attribute the higher €O, flux rates into
Terra Mova Bay polynya to late summer productivity that kept surface pCO; levels low even though strong
katabatic winds deepened the mixed layer and entrained COy-rich water from below. The unigue coupling
of gale force winds and low pCO; led to extraordinary CO, flux rates. If we assume that green frazil ice
covers 223,000 km® of Antarctic coastal waters (medium threshold, average of February and March) and
enhances air to sea CO; flux by 1.5 mol C m_z, total Antarctic margin air to sea CO; flux would be
enhanced by 4 Tg C yr ', For comparison, the entire Ross Sea annual €O, sink is 7.5 Tg C yr ' (Delong &
Dunbar, 2017). While further validation studies are required, back-ofthe-enwelope calculations suggest
that late season productivity assodated with frazil ice may play a significant role in regional carbon cycling.

3.3. Green Colored Frazil lce Interannual Variability

There is high interannual variability in Green Frazil lce Extent for Antarctica as a whole (Figure 4). Based on a
change-point model (PSCBS package for R segmentByCBS function) (Olshen et al, 2004), there is a statisti-
cally significant reduction in March Green Frazil lce Extent after 2012 for the lower and the higher thresholds
(1% confidence level; Figure 4). Since sensors on satellites degrade over time, trends in indices derived from
band ratios (induding our Green Index) must be interpreted with caution. However, we used collection 6
MODIS data (Toller et al, 2013) that have been largely corrected for sensor degradation (Casey et al, 2017;
Lyapustin et al, 2014). Furthermore, the reduction in Green Frazil lce Extent after 2012 is not observed in all
geographical sectors (Figures 510-513). In short, the reduction is Green Frazil e Bctent after 2012 may be real.

The drivers of interannual variability in Green Frazil lce Extent are not dear, There are no significant correla-
tions (at the 1% confidence level) between Green Frazil loe Extent (examined separately for each threshold
and geographical sector) and the SAM, ENSO, and 50| time series between 2003 and 2017. In addition, sea
ice production did not dedine between 2012 and 2013 (Tamura et al, 2016). Green Frazil Ice Extent may be
influenced by stochastic processes. For instance, Tamura et al. (2016) found that stochastic icescape
dynamics (such as configuration of icebergs, fast ice distribution, and extent of first-year ice) had a larger
impact on ice production than large-scale climate modes. These same icescape dynamics, along with kata-
batic wind speeds, upper ocean physical dynamics, and trace nutrient concentrations, may be the main
drivers of Green Frazil lce Extent.

4. Conclusions

Recent studies provide evidence for substantial late summer primary productivity in the Terra Mova Bay and
Cape Darnley polynyas (Delong et al., 2017; Lieser et al, 201 5). This water column productivity is associated
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with algal accumulation in frazil ice. Since satellite-based chlorophyll maps mask areas with frazil ice, it was
previously not known whether frazil ice-assodated algal blooms are a local or regional phenomenon. In this
study we analyzed daily 500 m resolution MODIS visible spectral band satellite images to identify green frazil
ice hot spots and quantify interannual variability in Green Frozil lce Extent. We observed that green frazil ice
was concentrated in 11 of the 13 major sea ice production polynyas, supporting the hypothesis that frazil
ice-associated algal bloom productivity is ultimately stimulated by strong winds (Delong et al, 2017). We
observed that green frazil ice was present over greater than 300,000 km” during March based on the medium
threshold, although there was substantial interannual variability that could not be explined by large-scale
climate modes. In conclusion, late season frazil ice-associated algal blooms are a major phenomenon in
Antarctic polynyas that are not currently accounted for in regional biogeochemical and ecological models.
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