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Abstract Quantifying the distribution and abundance of ice algae is fundamental for understanding
the evolving processes of algal blooms in supraglacial environments, particularly over the Greenland ice
sheet, given the role of algal impurities in modulating surface albedo and meltwater production.
Field observations of ice algae in Greenland are very limited over space and time. Here we show

for the first time the regional variability in algal abundance across the dark zone in southwest
Greenland, derived from Sentinel-3 images acquired during the summertime in 2016 and 2017. We
demonstrate the capacity of Sentinel-3 imagery to characterize the spatial pattern of algal abundance
using the reflectance ratios between 709- and 673-nm bands, highly consistent with field
measurements. The estimated algal abundance reveals a significant linear growth pattern of algal
population with time after the peak of dark ice presence, shown to be tightly linked to surface runoff
and meltwater production.

Plain Language Summary Ice algae bloom plays an important role in enhancing the surface
melting of the Greenland ice sheet. It has been challenging to monitor the development of ice algae at a
regional scale with temporally frequent observations. In this study, we map the time series of algal
abundance over southwest Greenland from space for the first time, by utilizing the advanced capability of
Sentinel-3 satellites in detecting chlorophyll-g, a typical pigment generated by algae. The spatial pattern of
algal abundance characterized by Sentinel-3 imagery is highly consistent with field measurements. Our
analysis reveals the widespread proliferation of algae on bare ice from late July to mid-August, with
increasing algal population over time after the peak of surface runoff and meltwater production.
Incorporating the algal distribution derived from satellite data into regional climate models is expected to
improve the projection of future mass balance over the Greenland ice sheet.

1. Introduction

Increased surface meltwater runoff has recently become the predominant process for mass loss of the
Greenland ice sheet (GrlS; Hanna et al., 2013; Shepherd et al.,, 2012; Smith et al., 2015). Surface albedo,
modulated by snow grain size and light-absorbing impurities (LAl), is a primary control on meltwater
production (Tedesco et al., 2011). Albedo reduction could increase the amount of solar energy absorbed
by snow and ice, thus enhancing surface ablation (Tedesco et al., 2011). Recent studies (e.g., Box et al.,
2012; Stroeve, 2001; Tedesco, Box, et al., 2016; Tedesco, Doherty, et al., 2016) have revealed a significant
decrease in surface albedo over the GrlS, particularly in southwest Greenland with a recurring dark zone every
summer (Shimada et al., 2016; Tedstone et al,, 2017; Wientjes & Oerlemans, 2010).

Surface darkening in Greenland is tightly coupled to the presence of LAl including mineral dust (Wientjes
et al, 2011), black carbon (Goelles & Bgggild, 2017), cryoconite (Chandler et al., 2015), and algal blooms
(Stibal et al.,, 2015, 2017; Williamson et al., 2018; Yallop et al., 2012). These LAl affect the albedo at ultraviolet
and visible wavelengths (Tedesco, Box, et al., 2016; Tedesco, Doherty, et al., 2016; Warren, 1982). Field surveys
indicate that the biologically active impurities caused by ice algal assemblages play a crucial role in darkening
the surface ice in Greenland (Ryan et al., 2018; Stibal et al., 2017; Williamson et al., 2018; Yallop et al., 2012).
Abundant algae from the group Zygnematophyceae were found within the upper few centimeters of surface
ice (Williamson et al., 2018; Yallop et al., 2012). The algae produce a purpurogallin-type phenolic pigment that
absorbs excessive ultraviolet and visible radiation in supraglacial environments and is suggested to be closely
related to the albedo reduction of surface ice (Remias et al., 2012). Given the importance of ice algae in
altering the melting conditions, it is fundamental to understand the spatiotemporal evolution of ice algal
biomass on the GrlS. However, available information on ice algae in Greenland is limited to a few field

WANG ET AL.



nnnnnnnnnnnnnn
'AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2018GL080455

sites (Stibal et al., 2015, 2017; Uetake et al., 2010; Yallop et al,, 2012), and the spatial variability of algal biomass
at a regional scale remains poorly known.

Ancylonema nordenskioldii and Mesotaenium berggrenii of the green microalgae are the primary species
found on bare ice surface in southwest Greenland (Stibal et al., 2015, 2017; Uetake et al., 2010; Williamson
et al, 2018; Yallop et al, 2012). These algae produce typical pigments of green microalgae, such as
chlorophyll-a and chlorophyll-b, beta-carotene, lutein, and xanthophyll. Chlorophyll-a, the dominant
pigment detected in field samples (Williamson et al.,, 2018; Yallop et al., 2012), exhibits unique spectral
signatures in the red and near-infrared (NIR) wavelengths. Strong correspondence of chlorophyll and
carotenoid concentrations with algal biomass has been demonstrated through field measurements
(Williamson et al.,, 2018). In situ spectral and hyperspectral data indicate that the surface ice coupled with a
high algal abundance presents the spectral characteristics of chlorophyll-a (Painter et al., 2001; Stibal et al.,
2017). These features hint at an enormous potential of Sentinel-3 satellites in monitoring the development
of ice algal blooms from space. The successful launch of Sentinel-3A in 2016 signaled the advent of a new
era for studying optically complex aquatic systems (Malenovsky et al., 2012). The satellite is equipped with
the Ocean and Land Colour Instrument (OLCI) to measure the reflected solar radiation in 21 spectral bands.
OLCl has improved capabilities for retrieving chlorophyll content owing to its advanced band designations in
the red and NIR bands, as compared to previous multispectral satellite sensors such as Moderate Resolution
Imaging Spectroradiometer (MODIS), Landsat Thematic Mapper, and Operational Land Imager. Broadband
data are usually inadequate for quantifying chlorophyll content, and narrowband data with a bandwidth
of 10 nm or less are often required (Beck et al., 2016; Blackburn, 2007). The wavelength resolution of those
Sentinel-3 bands designed specifically for chlorophyll retrieval is 7.5 or 10 nm, which is sufficient to identify
chlorophyll-a spectral features.

In this study, we use a time series of Sentinel-3 OLCl images to study the spatiotemporal evolution of ice algal
blooms in southwest Greenland (65-70°N, 46-51°W) during the summer seasons of 2016 and 2017. Note that
we focus on the algal development within the dark ice zone. We first delineate the spatial extent of dark ice
using a thresholding method (Shimada et al, 2016; Tedstone et al,, 2017). We then estimate the algal
abundance over dark ice by combining the spectral characteristics of chlorophyll-a with field measurements.
We also examine the influences of meteorological factors as well as surface melting on the changes of dark
ice and algal abundance using the outputs of a regional climate model.

2. Data and Methods
2.1. Satellite Data

We used a total of 75 Sentinel-3A OLCl images acquired during the summertime in 2016 and 2017. Each OLCI
image has a swath of 1,270 km and a spatial resolution of 300 m. OLCI collects data in 21 bands at the
wavelength range of 400-1,020 nm, with bandwidths between 2.5 and 40 nm (Table S1 in the supporting
information). The red and NIR bands that are sensitive to chlorophyll-a content, including 665, 673, 681,
and 709 nm, have high spectral resolutions of 7.5 or 10 nm. The full resolution level-1B product, containing
the radiometrically calibrated top of atmospheric radiances for 21 spectral bands, was used for our analysis.
The selected 75 images are either cloud-free or minimally contaminated by clouds over the study area. We
performed atmospheric correction to convert the top of atmospheric radiances to surface reflectances using
the MODTRAN-based Fast Line-of-sight Atmospheric Analysis of Hypercubes (Anderson et al., 2002). The
sub-Arctic summer MODTRAN model was selected to correct for the column water vapor effect. The water
vapor content was retrieved using the OLCl 940-nm band as a water absorption channel and the 885-nm
band as a water reference channel. The rural aerosol model was used to remove the aerosol effect. The
spectral filter function required for atmospheric correction was compiled using the OLCI spectral response
functions provided by the European Space Agency (https://sentinel.esa.int/web/sentinel/technical-guides/
sentinel-3-olci/olci-instrument/spectral-response-function-data).

We also used MODIS/Terra daily surface reflectance data product (MODO9GA Version 6) and daily snow cover
data product (MOD10A1 Version 6; https://modis.gsfc.nasa.gov/data/dataprod/). The spatial resolution of
these data sets is 500 m. The MODO9GA data include atmospherically corrected spectral reflectances for
the MODIS bands 1 to 7. The MOD10A1 data were utilized to remove the cloud pixels from the MOD09GA
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images. The MODIS images were resampled to 300 m using the nearest neighbor method to be consistent
with the spatial resolution of Sentinel-3A OLCl images.

2.2, Dark Ice Mapping

We use a thresholding method to map dark ice from the atmospherically corrected Sentinel-3 OLCI data.
Ocean and tundra were excluded using the land and ocean classification mask from the MEaSUREs
Greenland Ice Mapping Project (Howat et al., 2014).

The MODIS bands of 841-876 and 620-670 nm were previously used for dark ice mapping by Shimada et al.
(2016) and Tedstone et al. (2017). They first used Re20-670nm < 0.4 to differentiate bare ice from snow and then
applied the threshold of 0.4 or 0.45 to the band of 620-670 nm to identify dark ice within the bare ice area.
Here we use the Sentinel-3 OLCI bands of 865 and 620 nm to delineate the bare ice and dark ice area. Similar
to the MODIS method, we extracted the bare ice area using Rggsnm < 0.6. To detect dark ice, we considered
the difference of central wavelength and bandwidth between the MODIS 620- to 670-nm band and the
Sentinel-3 620-nm band. We implemented threshold optimization by iteratively comparing the derived time
series of dark ice using different thresholds to the Sentinel-3 620-nm band with the MODIS-derived time ser-
ies (see Text S1). We found that the threshold of 0.48 (applied to the 620-nm band) can best match the
MODIS method.

After applying the thresholds, we found that supraglacial lakes could be misclassified as dark ice due to the
low reflectivity of water. We removed the lakes using a modified normalized difference water index (NDWI;
Yang & Smith, 2013). This index is the normalized ratio of the blue and red bands (Text S2), which has been
proven to be more effective for detecting supraglacial water than the traditional NDWI (Yang & Smith, 2013).
For each Sentinel-3 image, we calculated the modified NDWI using the bands of 490 and 665 nm. By trial and
error, most of the lakes were removed by applying the threshold of 0.15 to the NDWI.

2.3. Spectral Ratio Index

As the primary photosynthetic pigment, the chlorophyll-a content is generally used as a proxy for algal bio-
mass (e.g. Beck et al., 2016; Matthews, 2011). Chlorophyll-a has unique spectral characteristics, with two
absorption valleys around 440 (blue) and 670 nm (red) and two reflection peaks around 550 (green) and
710 nm (NIR). The surface reflectance ratios between the NIR and red bands are commonly used to estimate
the chlorophyll-a concentration in aquatic systems by combining remote sensing data with in situ measure-
ments (Blondeau-Patissier et al., 2014; Gitelson, 1992; Gitelson et al., 2009; Gower et al., 2005; Ruddick et al.,
2001). As the surface reflectances at 709 and 673 nm are highly sensitive to the variations in chlorophyll-a
content, we suggest it is plausible to use the reflectance ratio R;7o9nm/Re73nm as an index to characterize
the relative abundance of ice algae from remote sensing data in the absence of in situ measurements. This
idea is further supported by field data measured over dark ice in Greenland. In this regard, Stibal et al.
(2017) collected in situ measurements of algal abundance (cells/ml) and reflectance spectra at a site in south-
west Greenland during the summer of 2014. The spectral reflectances indicate that the dark ice with a high
algal abundance exhibits chlorophyll-a signatures, with a reflectance peak around 709 nm and an absorption
feature around 673 nm. In our study, we evaluated the statistical relationship between the algal abundance
and reflectance ratio based on the published field data set of Stibal et al. (2017). We tested three chlorophyll-
related ratio indexes, R71onm/Rsesonm: R710nm/Re70nm: aNd R710nm/Regonm. Using the samples collected between
1 July and 8 August by Stibal et al. (2017). The results indicate that the binary logarithm of algal abundance is
positively correlated with the ratio R710nm/Rs70nm, With a Pearson’s r of 0.57 and p value less than 0.001. The
correlations with the remaining two indexes were less significant. Accordingly, we calculated the ratio index
for each dark ice pixel using the OLCl bands 11 (708.25 nm) and 9 (673.25 nm).

2.4. MAR Regional Climate Model

We use meteorological variables and surface mass balance components simulated by the Modele
Atmosphérique Régionale (MAR; Fettweis et al., 2017) to examine the influence of those environmental fac-
tors on the dynamics of dark ice and ice algae. MAR generates regional-scale simulations of surface mass bal-
ance and energy processes over the Greenland and Antarctic ice sheets, with a spatial resolution of 7.5 km
over the GrlS. It combines the atmospheric model of Gallée and Schayes (1994) with the Soil Ice Snow
Vegetation Atmosphere Transfer scheme of De Ridder and Gallée (1998), and the boundary conditions are
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prescribed by the European Centre for Medium-Range Weather Forecasts Interim Reanalysis (Dee et al., 2011)
or global climate model outputs. The model performance has been extensively evaluated over the GrlS (e.g.,
Alexander et al., 2014; Fettweis et al., 2013, 2017). We used the daily simulation outputs for June, July, and
August in 2016 and 2017, including the variables of near-surface air temperature, shortwave downward
radiation, longwave downward radiation, sensible heat flux, latent heat flux, meltwater production, snowfall,
rainfall, and surface runoff of meltwater or rainwater.

3. Results
3.1. Dark Ice Dynamics

Our results indicate the widespread darkening of surface ice in July and August over the ablation zone in
southwest Greenland (Figure 1), consistent with the timing of ice algal colonization (Stibal et al.,, 2017;
Williamson et al., 2018; Yallop et al., 2012). The bare ice (including dark ice zone) was exposed inland from
the ice margin in June and July, reaching its maximum extent between late July and mid-August (Figures 1
and S1). Although the dark ice area is highly correlated with the bare ice area (Pearson’s r is 0.86 for 2016
and 0.88 for 2017), the dark ice area was minimal until 6 July 2016 and 27 July 2017, while bare ice area
increased more gradually through the beginning of the summer months. For both years, the development
of dark ice was characterized by a rapid expansion at the central part of bare ice zone over a few days in
July. Such dramatic pattern also happened in 2011, 2012, and 2014 (Tedstone et al., 2017).

The extents of bare ice and dark ice area were substantially greater in 2016 than in 2017, consistent with the
above-average melting record in 2016 (Tedesco, Box, et al,, 2016; Tedesco, Doherty, et al., 2016) and the
below-average melting in 2017 (Tedesco et al.,, 2017). The exposure of bare ice reached the altitude of
1,900 m in 2016, whereas in 2017, the bare ice zone was limited to the elevations below 1,600 m
(Figures 1a, 1b, and S1). The maximum area of dark ice in 2017 was 109,784 km?, 32% smaller than that in
2016. Similarly, the maximum area of bare ice in 2017 was 28% less than that in 2016. In addition to the spatial
extent, the period with dark ice presence was generally longer in 2016 (Figures 1a-1c), with the peak of dark
ice occurring on 22 July, 5 days earlier than the peaking time in 2017 (Figures S1 and S2).

The notable differences in bare ice and dark ice between the years 2016 and 2017 indicate the importance of
surface melting and meteorological controls on surface darkening. Figures 1d-1g show the strong correspon-
dence of the areas of bare ice and dark ice with surface runoff and meltwater production as simulated by
MAR. The peaking time of bare ice and dark ice area coincided with the maxima of surface runoff and melt-
water production. The areal shrinkage of dark ice and bare ice was closely related to snowfall events
(Figures 1f and 1g). We examined the correlations of bare ice and dark ice area with various variables mod-
eled by MAR (Figures S3 and S4) and found that for both summers, the dark ice and bare ice areas had sta-
tistically significant correlations with surface runoff.

3.2. Ice Algal Distribution

Figure 2a shows that the atmospherically corrected OLCl reflectances are very close to the coincident MODIS
surface reflectances at similar bands. However, the OLCI spectra contain more information at the chlorophyll-
related wavelengths. The OLCI spectral curve for dark ice has a reflection peak at 709 nm and an absorption
feature between 665 and 681 nm. The OLCl spectra are consistent with the in situ data collected by Stibal et al.
(2017) for a dark ice site with highly concentrated ice algae detected in surface ice, suggesting a high algal
abundance at our sampled dark ice site as well.

We calculated the daily ratio index (R7gonm/Re73nm) for each dark ice pixel and the average ratio over the dar-
kening period in each summer (Figure S5). The derived ratio index is highly consistent with field measure-
ments of algal abundance (Figure 2b). Stibal et al. (2015) collected samples of surface ice over 14 sites in
Greenland from May to September 2013. The sites DS, KAN_L, KAN_M, and KAN_U are within our study area
(the locations are shown in Figure 2c). A significant number of algal cells were detected at DS and KAN_M,
with an average abundance of 10,621 + 2,073 and 5,688 + 3,147 cells/ml through the sampling period,
respectively. The algal abundance at KAN_L was much lower, with an average of 66 + 31 cells/ml. The site
KAN_U was dominated by firn, and no significant number of algal cells was found. Correspondingly, the aver-
age reflectance ratios for these sites are 1.028 (DS), 0.970 (KAN_L), and 1.018 (KAN_M) in the 2017 summer,
and 1.033 (DS) and 1.017 (KAN_M) in the 2016 summer. Williamson et al. (2018) conducted field sampling at
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Figure 1. Spatiotemporal variability in dark ice during the summer seasons in 2016 and 2017, along with snowfall, rainfall, meltwater production, and surface runoff
simulated by the Modele Atmosphérique Régionale regional climate model shown in (f) and (g). The darkening duration in (a) and (b) was normalized to the range 0-
1, by dividing the number of days with dark ice present by the number of cloudless days (the number of images used for each year). The background images in (a)
and (b) are the Sentinel-3 OLCI images (false color composite) acquired on 31 July 2016 and 31 July 2017, respectively. The gray lines in (a) and (b) are elevation
contours, showing the upper limits of bare ice and dark ice as indicated by Figure S1. (c) shows the difference of the normalized darkening duration between 2017
and 2016. The time series of the bare ice and dark ice areas during the 2016 and 2017 summer seasons are shown in (d) and (e), respectively.
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Instrument.

four sites along two helicopter transects on 27 July and 5 August 2016, respectively. They measured algal cell
numbers, biovolume, and species diversity. Among their sampled sites, we identified site S3 as dark ice on
both days based on OLCI imagery. The reflectance ratios for this site were 1.024 (27 July) and 1.018 (5
August), corresponding to the algal abundance of 7,656 and 3,906 cells/ml estimated from their Figure 3
(Williamson et al., 2018). Figure 2b shows the field measurements of algal abundance plotted against the
reflectance ratios, revealing a statistically significant exponential relationship (” = 0.989).

Using the fitted exponential equation, we estimated the average algal abundance for the summer in 2016
and 2017 (Figures 2c and 2d). The derived algal abundance ranged from 0 to 2 x 10* cells/ml, similar to
the range of 0-1.6 x 107 cells/ml reported by Williamson et al. (2018). Figure 2d suggests four hot spots that
were most likely to be dominated by ice algal assemblages, including Jakobshavn Isbrae Glacier (zone 1),
Usugdlup Sermia Glacier and Inugpait Quat Glacier (zone 2), Russell Glacier (zone 3), and Marjorgaq Glacier
(zone 4). The extensive occurrence of ice algal blooms at zones 1 and 3 has been confirmed by previous field
observations (Stibal et al.,, 2015, 2017; Williamson et al., 2018; Yallop et al., 2012). Besides, the maps of algal
abundance show an altitudinal variation pattern, with a generally increasing trend with elevation.
However, due to the limited availability of meltwater for algal growth at further higher elevations, this
increasing pattern was limited below the altitude of 1,300 m. Similar patterns were also found on other gla-
ciers such as the Qaanaaq Glacier in northwest Greenland (Uetake et al.,, 2010) and the Gulkana Glacier in
Alaska (Takeuchi, 2001).
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Figure 3. Temporal development of algal abundance (left y axis, blue dots, and fitted linear lines and equations), with meltwater production modeled by Modéle
Atmosphérique Régionale (right y axis and gray lines).

3.3. Ice Algal Development

Figure 3 shows the temporal development of algal abundance over four dark ice sites. We use the dates of
maximum dark ice presence, 21 July 2016 and 27 July 2017, as the beginning time of algal population growth,
considering the impacts of snow burial and hydrological flushing events on algal distribution (Cameron et al.,
2017; Stibal et al,, 2017). According to the MAR time series (Figures 1f and 1g), the selected periods plotted in
Figure 3 were less affected by snowfall or rainfall events. Our results point to a significant linearly increasing
trend of algal abundance with time. This temporal variation pattern is consistent with Stibal et al. (2017)
showing that algal population increases as a function of time since last precipitation event based on
field measurements.

We further estimated the doubling time for algal population using the fitted linear equations. The average
doubling time over the four sites was 11.3 + 5.2 days during the 2016 summer and 7.9 + 2.1 days during
the 2017 summer. As a comparison, an average doubling time of 5.5 + 1.7 days was reported by Stibal et al.
(2017). Williamson et al. (2018) estimated a doubling time of 7.18 + 1.04 days for high biomass ice. The longer
doubling time in 2016 can be attributed to a larger base number of algal cells on 21 July. In this year, the pre-
sence of dark ice at those four sites started before 15 July (Figure S1), suggesting that ice algae had rapidly
colonized before 21 July despite the rainfall events. As the algal proliferation progresses, the colonization
of algal assemblages would slow down due to limited availability of nutrients and water, in contrast with a
rapid growth rate of algal population at the initial stage.

We examined the correlations of algal abundance with surface mass balance and meteorological variables
using the estimated daily algal abundance and MAR outputs over those four sites. Regarding the local
development of ice algae over time, the algal abundance is negatively correlated with meltwater production
and surface runoff (Figure S6), while correlations with other variables are not significant. The negative
relationship appears to contradict the fact that liquid water is a prerequisite for algal proliferation.
Nevertheless, this counterintuitive result can be explained from following perspectives. First, excessive
meltwater and associated high surface runoff could wash out the algal cells or dilute the chlorophyll-a
concentration, as also reported for other glaciers (Takeuchi, 2001; Uetake et al., 2010). This hypothesis is
further supported by the observed altitudinal pattern of algal abundance, that is, the higher elevation areas
with less meltwater experienced a higher algal abundance as well. The anticorrelation with meltwater
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production and surface runoff is consistent with the fact that algae blooms tend to occur in quiescent or
stagnant water (Snoeijs & Prentice, 1989). Second, underestimation of meltwater production by MAR could
possibly play a role in the observed negative correlation. Surface albedo is a key parameter for estimating
meltwater production based on the surface energy balance. In MAR, the albedo values for bare ice are
controlled by the amount of accumulated surface meltwater, whereas the albedo reduction effects caused
by dust and biological impurities are not yet considered. There is a positive bias in bare ice albedo simulated
by MAR as compared to the MODIS albedo products (Alexander et al., 2014). However, this factor is probably
less dominant, given the overall negative trend in insolation and thus the decreasing meltwater production
during the analysis period.

4, Discussions and Conclusions

In this study, we demonstrate the capacity of Sentinel-3 OLCl to map the distribution of dark ice and quantify
the abundance of ice algae. Although previous studies have attempted to use remote sensing data such as
Satellite Pour I'Observation de la Terre multispectral images (Takeuchi et al, 2006) and Airborne
Visible/Infrared Imaging Spectrometer hyperspectral images (Painter et al.,, 2001) to quantify algal biomass
on snow and ice surfaces at large spatial scales, the spectral wavelengths and bandwidths of previous satellite
sensors are insufficient to detect the narrow spectral signals associated with ice algae, and the availability of
airborne hyperspectral data is very limited over Greenland. OLCl is specifically designed for retrieving the
content of chlorophylls, phycocyanin, colored dissolved organic matter, etc. in complex water systems. The
bands of 665, 673,681, and 709 nm with narrow bandwidths are sensitive to the chlorophyll content of algal
assemblages. The 673-nm channel was particularly added to improve chlorophyll fluorescence measurement
as compared to the Envisat Medium Resolution Imaging Spectrometer. Besides, the twin of Senitinel-3A,
Sentinel-3B, was successfully placed in orbit in April 2018, thus providing more frequent observations
for Greenland.

We use a two-band-algorithm based on the reflectance ratios of 709 and 673-nm bands to characterize the
spatial pattern of algal abundance. Through comparison with field measurements, this ratio was
demonstrated to be effective as a proxy for algal abundance. A significant exponential relationship was found
between the reflectance ratio derived from OLCl data and the algal abundance measured in situ (Stibal et al.,
2015, 2017; Williamson et al., 2018). Owing to the recurring nature of ice algae in the same geographic areas
(Takeuchi et al., 2006), we estimated the algal abundance over dark ice using the established relationship. The
bands of 673 and 709 nm were selected because the spectral signatures of chlorophyll-a at these two bands
were both present on the OLCl and in situ spectra (Stibal et al., 2017). The spectral characteristics of
chlorophylls and carotenoid at the wavelength range of 400-640 nm were not utilized for the following
reasons. First, the spatial resolution of OLCI images is 300 m, and each pixel might be mixed with snow,
ice, dirt, algae, water, and so on. The spectral signatures of chlorophylls and carotenoid at this spectrum range
could be contaminated by the high reflectances of snow and ice. Second, dirt resembles the spectral
signatures of carotenoid (Painter et al., 2001; Takeuchi et al., 2006). In contrast, the reflectance features
around 670 and 710 nm are uniquely chlorophyll-related and less influenced by snow and ice than shorter
wavelengths (Painter et al., 2001).

The processes driving GrlS darkening have been extensively analyzed and discussed (Shimada et al., 2016;
Stibal et al., 2017; Tedesco, Box, et al.,, 2016; Tedesco, Doherty, et al,, 2016; Tedstone et al., 2017; Wientjes &
Oerlemans, 2010; Yallop et al.,, 2012). There is growing evidence indicating the ice algal blooms as an
important driver for the surface darkening in southwest Greenland (Ryan et al,, 2018; Stibal et al., 2017;
Williamson et al., 2018). The other processes, including black carbon deposition, outcropping dust in ablating
ice, and cryoconite holes, are inadequate to explain the interannual variability of dark ice (Tedesco, Box, et al.,
2016; Tedesco, Doherty, et al., 2016; Tedstone et al., 2017). Nonetheless, ice algal growth is controlled by
nutrients, liquid water, and sunlight. Phosphorous has been detected from the supraglacial water containing
outcropping dust melted from ancient ice (Stibal et al., 2009; Wientjes et al., 2011), and field sampling analysis
revealed that the microbial abundance was significantly correlated with the dust content (Stibal et al., 2017).
The spatial extent of dark ice and associated algal blooms are very likely to be constrained by the spatial
distribution of dust. Our analyses indicate that the dark ice area has strong correlations with surface runoff,
suggesting that the runoff of meltwater or rainwater could transport or distribute nutrients and liquid
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water required for algal colonization. The linear growth pattern of algal population with time is also
consistent with the nature of ice algal bloom development.

We conclude that the Sentinel-3 satellites can effectively capture the dynamics of dark ice and the
development of ice algal blooms at a regional scale with a high temporal resolution. Future research should
be directed toward (1) combination of Sentinel-3 data with coincident field surveys for more accurate
quantification of algal biomass at large spatial scales, (2) quantification of the impacts on surface albedo
caused by the development of ice algal blooms in ablation area, and (3) incorporation of bio-albedo effect
(Cook et al., 2017) into regional climate models for better projection of future surface mass balance.
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