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Abstract:

Glacier algae are relevant factors in the darkening phenomenon of 
glaciers, especially at the margins of the ice sheets. This study focuses on 
glacier algae variation during summer seasons in the 2016-2023 period 
at Qaanaaq Ice Cap, NW Greenland. Based on ice samples and field 
spectroscopy measurements, an empirical model is proposed to estimate 
glacier algae abundance from a reflectance ratio (695/687 or 695/681 
nm). By applying this method to Sentinel-2 data at high resolution (10 
m), through a phenology approach, algae abundance variation was 
estimated in relation to glaciological parameters and a marked spatial 
and temporal heterogeneity was found. High algae concentrations were 
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found in the 2019, 2020 and 2023 summer seasons (~1 ×106 cells mL-1 
on average) especially at low elevations (< 800 m a.s.l). At the scale of 
an outlet glacier, strong algal blooms were observed with more than one 
month of continuous positive air temperature and hiatus of snowfalls. The 
present research represents one of the first estimations of glacier algae 
phenology for the high latitudes at this high spatial resolution. These 
results could set the stage for future research focused on understanding 
the role of glacier algae at the scale of the Greenland Ice Sheet.
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 13 

ABSTRACT.  14 

Glacier algae are relevant factors in the darkening phenomenon of glaciers, especially at the 15 

margins of the ice sheets. This study focuses on glacier algae variation during summer seasons 16 

in the 2016-2023 period at Qaanaaq Ice Cap, NW Greenland. Based on ice samples and field 17 

spectroscopy measurements, an empirical model is proposed to estimate glacier algae 18 

abundance from a reflectance ratio (695/687 or 695/681 nm). By applying this method to 19 

Sentinel-2 data at high resolution (10 m), through a phenology approach, algae abundance 20 

variation was estimated in relation to glaciological parameters and a marked spatial and 21 

temporal heterogeneity was found. High algae concentrations were found in the 2019, 2020 22 

and 2023 summer seasons (~1 ×106 cells mL-1 on average) especially at low elevations (< 800 23 

m a.s.l). At the scale of an outlet glacier, strong algal blooms were observed with more than 24 

one month of continuous positive air temperature and hiatus of snowfalls. The present research 25 

represents one of the first estimations of glacier algae phenology for the high latitudes at this 26 

high spatial resolution. These results could set the stage for future research focused on 27 

understanding the role of glacier algae at the scale of the Greenland Ice Sheet. 28 

 29 

1. Introduction 30 

The Greenland Ice Sheet (GrIS) has experienced  a significant surface darkening over the past 31 

decades (Dumont and others, 2014; Tedesco and others, 2016) owing to a reduction in surface 32 

albedo, which affects its mass balance (Wientjes and Oerlemans, 2010; Saito and others, 2016; 33 

Cook and others, 2020). This lowering albedo, commonly known as darkening phenomenon, 34 
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has particularly affected south-west Greenland over the so called “dark zone” (Ryan and others, 35 

2018), and it has been ascribed to a combination of factors.  For example, the albedo reduction 36 

has been linked to less frequent snowfalls (caused by atmospheric blockings) and increased 37 

solar radiation, which foster the aging of snow grains (Lewis and others, 2021). Moreover, the 38 

accumulation of different light-absorbing particles (black carbon, mineral dust, volcanic ashes, 39 

Dumont and others, 2014) and biological activities promoted the reduction in albedo (Cook 40 

and others, 2020; Wang and others, 2020). The dark ice extent further correlates with solar 41 

radiation (Shimada and others, 2016). The extent of dark ice is not only controlled by the 42 

abundance of impurities, but also by changes in the surface structures of the bare ice surface, 43 

such as cryoconite holes, which are water-filled small pits hiding the impurities  into the ice 44 

(Shimada and others, 2016). 45 

Over ice, different species of glacier algae reduce surface albedo (Chevrollier and others, 2023; 46 

Feng and others, 2024) thanks to the presence of dark pigments, i.e., phenolic purpurogallin 47 

(purpurogallin carboxylic acid-6-O-b-D-glucopyranoside), which strongly absorbs solar 48 

radiation (Yallop and others, 2012; Remias and others, 2012; Williamson and others, 2019; 49 

Halbach and others, 2022), allowing the algae to bear enhanced radiation level (Williamson 50 

and others, 2020). Their growth is favoured by water and nutrients made available by snow and 51 

ice melting, leading to a positive feedback (the melt-albedo feedback) of increasing 52 

temperature and melting promoting algal blooming (Box and others, 2012; Cook and others, 53 

2020; Halbach and others, 2023; Onuma, Takeuchi, and others, 2023; Halbach and others, 54 

2025). In this context, the formation of a surficial porous layer of white ice, called weathering 55 

crust (Woods and Hewitt, 2023; Traversa and Di Mauro, 2024) retains water and sediments, 56 

providing an ideal habitat for algae growth (Cooper and others, 2018; Takeuchi and others, 57 

2018; Tedstone and others, 2020; Onuma, Takeuchi, and others, 2023). Additionally, specific 58 

cyanobacteria facilitate the creation of organic matter, leading to the formation of dark-59 

coloured aggregates on the ice, commonly known as cryoconite (Uetake and others, 2016; 60 

Takeuchi and others, 2018; Traversa and others, 2024; Dory and others, 2025). The porosity of 61 

this peculiar kind of ice and the dynamics of cryoconite holes also influence the spatial 62 

distribution of glacier algae (Takeuchi and others, 2018). For these reasons, previous studies 63 

found that glacier algae have a stronger role in glacier darkening than mineral particles, making 64 

the biological influence on surface ice melting of particular interest in glaciology (Stibal and 65 

others, 2017; Cook and others, 2020; Chevrollier and others, 2023). 66 

On the GrIS, algal communities are dominated by species adapted to extreme environments, 67 

such as green algae from the Zygnematales order, with evidence of the presence of the 68 
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Ancylonema genre (i.e., A. nordenskioldii, a filamentous species A. alaskana, a unicellular 69 

species) or the Chlamydomonadales order (Sanguina nivaloides), and cyanobacteria such as 70 

Phormidesmis priestleyi and Chroococcaceae cyanobacterium (Onuma and others, 2018; 71 

Williamson and others, 2019; Di Mauro and others, 2020; Onuma, Takeuchi, and others, 2023). 72 

Among these species, the most abundant over glaciers is A. nordenskioldii (Takeuchi and 73 

others, 2015, 2019; Stibal and others, 2017; Lutz and others, 2018). All these algae and bacteria 74 

species present a strong growth during the glacier-melting season, dependent on the length of 75 

the melting period and available mineral dust (Onuma, Takeuchi, and others, 2023). Their 76 

physiology includes mechanisms of protection from UV rays and optimisation of 77 

photosynthesis in low-light environments (Williamson and others, 2019; Di Mauro and others, 78 

2020; Hoham and Remias, 2020). 79 

In order to analyse the glacier algae-driven darkening over the GrIS, different approaches were 80 

carried out, especially by means of remote-sensing, e.g. by creating indices or ratios based on 81 

multi-spectral satellite data. Wang and others, (2018, 2020) analysed the spatiotemporal 82 

variability of glacier algae in Greenland at the ice-sheet scale, by using data from Sentinel-3 83 

OLCI launched by the European Space Agency (ESA) and by the MERIS spectrometer 84 

onboard ENVISAT by applying a ratio of bands 11 (709±10 nm) and 9 (674±8 nm) and band 85 

9 (709±10 nm) and 7 (665±10 nm) respectively, both at 300 m spatial resolution. These ratios 86 

took advantage of the radiation absorption feature located at 680 nm, usually linked to the 87 

presence of Chlorophyll-a (Takeuchi, 2002; Remias and others, 2012). In other regions of 88 

Earth, similar approaches have been applied to retrieve algal abundance from satellite 89 

observations. For example, Takeuchi and others (2006) exploited SPOT-2 satellite data (20 m 90 

spatial resolution) to estimate algae abundance over snow in Alaska by applying the ratio of 91 

the red band (610-680 nm) and the green band (500-590 nm). Additionally, Di Mauro and 92 

others (2020) developed another spectral ratio for the European Alps based on field 93 

spectroscopy data. They proposed a reflectance ratio using Sentinel-2 band 6 (740±40 nm) and 94 

band 4 (665±30 nm). Other approaches included a supervised classification (random forest) on 95 

Uncrewed-Automatic Vehicle (UAV) and Sentinel-2 (Cook and others, 2020) data or spectral 96 

unmixing for discriminating among algae and other surface impurities (Williamson and others, 97 

2019; Di Mauro and others, 2020; Wang and others, 2020; Engstrom and Quarmby, 2023; Di 98 

Mauro and others, 2024a; Roussel and others, 2024). 99 

An area outside of the dark zone which received particular interest in previous research is the 100 

Qaanaaq Ice Cap, located in northwest Greenland, where the darkening phenomenon due to the 101 

presence of glacier algae has been previously described (Uetake and others, 2010; Sugiyama 102 
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and others, 2014; Box and Anesio, 2024). Until now, research over the northwest of the GrIS 103 

has been carried out by means of field observations (Aoki and others, 2014) to analyse samples 104 

of algae and cryoconite (Onuma and others, 2018; Onuma, Takeuchi, and others, 2023; Onuma, 105 

Fujita, and others, 2023) and their effect on ice albedo (Takeuchi and others, 2018). Several 106 

field campaigns have been carried out in the area since 2012 (Aoki and others, 2014; Tsutaki 107 

and others, 2017; Nishimura and others, 2023), mostly over outlet glaciers flowing from the 108 

southern side of the ice cap (e.g., Qaanaaq Glacier). Nevertheless, despite the relevance of 109 

studying such an extreme environment (the ice cap is located at around 77°N), a spatially 110 

distributed analysis of algae abundance on the ice cap in its entirety has not yet been conducted, 111 

and high-resolution remote-sensing data in this region are still underutilized. One of the main 112 

open questions in glacier algae studies is what mechanisms influence algal growth and blooms 113 

on the Greenland glaciers (Di Mauro, 2020; Halbach and others, 2023). Moreover, previous 114 

research has not studied in detail the phenology of glacier algae over the GrIS. The present 115 

research aims at filling these gaps by presenting insights from field and satellite observations 116 

(Sentinel-2 at 10 m spatial resolution) over the past decade by taking advantage of the Qaanaaq 117 

area as a test site. Thus, the phenology of glacier algae was analysed and compared with 118 

variations in meteorological and glaciological parameters (such as albedo, temperature and 119 

snowfall) over the period 2016-2023. 120 

 121 

2. Study area: the Qaanaaq Ice Cap 122 

The study site is the Qaanaaq Ice Cap, one of the ice caps of north-western Greenland located 123 

at 77°N - 69°W and extending for 273 km2 (August 2023, Fig. 1a).  124 

 125 
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 126 

Figure 1. (a) overview of the Qaanaaq Ice Cap (blue star in the overview map of Greenland, Moon and 127 

others, 2023), Sentinel-2 image acquired on 18/Aug/2023 in the background and ice-cap outlines in 128 

light blue and ice sheds in black. (b) study sites from the 2014 and 2023 field campaigns over Qaanaaq 129 

Glacier (black rectangle in a). (c) Zoomed-in aerial view of 2014 study sites as of UAV acquisitions in 130 

August 2023. (d) collection of spectral measurements over the Qaanaaq Glacier in 2023. (e) Light 131 

micrograph of one of the 2023 samples where Ancylonema nordenskioldii cells are clearly visible. 132 

 133 

The ice cap, located on the Piulip Nunaa peninsula, is detached from the GrIS by a few 134 

hundreds of meters on the north-east side and includes eleven ice sheds (RGI 7.0 Consortium, 135 

2023). The village of Qaanaaq is located close to the ice cap, at a distance of about 2 km to the 136 

south-east. Starting from Qaanaaq, several field campaigns were carried out in the past decade, 137 

especially over the Bryant and Qaanaaq Glaciers and the adjacent outlet glaciers for 138 

investigating glacier mass balance and meteorological parameters by means of an automatic 139 

weather stations (SIGMA-B AWS at 944 m a.s.l.; Aoki and others, 2014; Tsutaki and others, 140 

2017; Nishimura and others, 2023). Over the Qaanaaq Glacier (Fig. 1b), with an area of almost 141 

10 km2 (August 2023), previous studies have identified the presence of several phototroph 142 

blooms and cryoconite (Takeuchi and others, 2014, 2018; Onuma, Takeuchi, and others, 2023). 143 

This site is known to host one of the highest concentrations of glacier algae over the northern 144 
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GrIS (Uetake and others, 2010; Box and Anesio, 2024), and thus has been selected as the test 145 

site for the present research. In addition to its glaciological relevance, this glacier is also easily 146 

reachable by feet from Qaanaaq village and it was surveyed in 2014 by a campaign conducted 147 

in the context of SIGMA project (Aoki and others, 2014) and in 2023 within an INTERACT 148 

TA (Horizon 2020) project (Fig. 1d). 149 

 150 

3. Data and Methods 151 

a. Data 152 

i. Field measurements at Qaanaaq Glacier (2014 and 2023) 153 

Surface ice samples and field spectral measurements used in the present research were collected 154 

in two different melting seasons, i.e., summers of 2014 and 2023 (Fig.1b).  155 

In this study, we also used glacier ice samples collected over the Qaanaaq Glacier in 2014 (32 156 

surface-ice samples collected between 20th of July and 3rd of August) at four sites (S1, S2, S3 157 

and S4, respectively at: 247, 441, 672 and 772 m a.s.l.), as published in Onuma and others 158 

(2023). As for 2023, sampling activities were performed on 7-8-9th of August, collecting 21 ice 159 

surface samples over the Qaanaaq Glacier between the glacier terminus and an elevation of 160 

about 800 m a.s.l. (passing by S2, S3 and S4 sites; S1 was in the proglacial area by that time). 161 

Surficial ice (~1 cm) was sampled using a stainless-steel spoon and preserved in Whirl-Pak® 162 

like plastic bags (following the 2014 campaign methodology, Onuma, Takeuchi, and others, 163 

2023). Subsequently, the samples, once melted at room temperature at the DMI Observatory, 164 

were poured into 50 mL falcons and immediately preserved in 1% Lugol’s iodine solution 165 

(solution of potassium iodide with iodine in water). The prepared samples were then shipped 166 

to Chiba University laboratories in order to be analysed.  167 

Simultaneously, in 2014 several spectral measurements were acquired over each sample site 168 

by means of a VIS-NIR (350–1050 nm) spectrometer (MS-720, Eiko Seiki Co., Japan; Onuma, 169 

Fujita, and others, 2023). Field spectroscopy measurements were acquired also in 2023 over 170 

each sampling site by means of a field spectrometer, the Reflectance boX – RoX (Fig.1d), 171 

covering the wavelength range of 400-865 nm with a spectral resolution of ~0.75 nm (Naethe 172 

and others, 2024). For both field observations, broadband albedo (hereafter referred as albedo) 173 

was estimated by calculating the ratio between reflected and incident spectral radiance 174 

integrated in VIS-NIR wavelengths (400-865 nm, Traversa and others, 2024). For consistency 175 

with the 2023 measurements, albedo for measurements acquired in 2014 was estimated over 176 

the same wavelength range. 177 

 178 
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ii. Remote-sensing dataset 179 

Sentinel-2 (ESA, 2025) data (tile area: ∼ 12 000 km2) were used as the main source of satellite 180 

imagery. Images were downloaded from the Copernicus Browser portal for 2016-2018 181 

(https://browser.dataspace.copernicus.eu/, last access: 21 May 2025) and via Google Earth 182 

Engine (GEE) platform for 2019-2023 (since GEE provides atmospherically corrected 183 

Sentinel-2 data for the study area only since 10 June 2018). Sentinel-2 acquires data in several 184 

spectral bands, including visible, near-infrared, short-wave infrared and thermal-infrared 185 

bands, with varying spatial resolution from 10 m to 60 m. We used atmospherically corrected 186 

data (Sentinel2-L2A product in Copernicus Browser) which provides bottom of atmosphere 187 

reflectance after application of atmospheric correction (Sen2Cor processor). In GEE, the 188 

corresponding Harmonized Sentinel-2 MSI Level-2A surface reflectance product was 189 

employed. In this product, pixel values are shifted in the same range as in scenes prior to the 190 

application of PROCESSING_BASELINE '04.00' on 25 Jan 2022 (Traversa and Di Mauro, 191 

2024). 192 

We considered only images acquired during the summer months (1st June - 30th September) 193 

and excluded from our dataset all images with cloud cover > 30 % of land surface. Additionally, 194 

clouds were evaluated on a pixel basis and cloudy pixels were excluded based on the scene 195 

classification layer (ESA, 2025; https://sentiwiki.copernicus.eu/web/s2-processing, last visit: 196 

16/May/2025). A total of 341 images were analysed, distributed as follows: 34 in 2016, 40 in 197 

2017, 37 in 2018, 47 in 2019, 57 in 2020, 43 in 2021, 42 in 2022 and 41 in 2023. At these high 198 

latitudes, the temporal resolution was daily from 2017 onwards, and sub daily (about 66% of 199 

acquired days in a month) in 2016 when only Sentinel-2A was operating.  200 

In order to characterize the ice surface at higher spatial resolution, Qaanaaq Glacier was also 201 

surveyed in 2023 by means of an UAV, model DJI Mini SE (carrying a FC7203 camera, with 202 

a 4.49 mm focal length and a pixel size of 1.76 x 1.76 μm). The UAV was manually flown over 203 

S1, S2, S3 and S4 (Fig.1c) and an additional site in between S2 and S3 at a flying altitude of 204 

30 m above the glacier surface, which led to high-resolution RGB mosaics (~1 cm spatial 205 

resolution) of 27,000 m2 each. We used those data to better interpret the glacier surface. In 206 

particular, we analysed Sentinel-2 time series in the areas surveyed by the UAV to also evaluate 207 

the effect of surface heterogeneity (e.g. accumulation of impurities, presence of bédières). 208 

 209 

iii. Meteorological and topographic datasets 210 

Meteorological and topographic data used in this study were acquired from ERA5-Land 211 

reanalysis and the ArcticDEM. ERA5-Land, produced by the European Centre for Medium-212 
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Range Weather Forecasts (ECMWF), is a reanalysis dataset with 9 km global spatial resolution 213 

and provides more realistic meteorological conditions, compared to a climate simulation, by 214 

means of a data assimilation scheme using observation data (Muñoz-Sabater and others, 2021). 215 

Surface air temperature, surface pressure, dew point temperature, and total precipitation 216 

derived from the ERA5-Land hourly product were used. We derived the terrain elevation with 217 

32 m resolution from the ArcticDEM mosaic v4.1 (Porter and others, 2023). ArcticDEM is the 218 

high-resolution elevation dataset or Digital Elevation Models (DEM) published by The Polar 219 

Geospatial Center (PGC); it is constructed from hundreds of thousands of individual DEMs 220 

extracted from various satellite imagery (Porter and others, 2023). The reanalysis and DEM 221 

products were downscaled spatially using the method described in the Methods section. Two 222 

ArcticDEM strips (Porter and others, 2022) over Qaanaaq Glacier were also utilized to derive 223 

the 2023 (2-4/Jun/2023) slope of the glacier at a high spatial resolution of 2 m. 224 

To validate data from ERA5-Land reanalysis, we used meteorological conditions observed 225 

from the AWS at the SIGMA-B site (Fig. 1a). This AWS was established in 2012 and provides 226 

several semi-real-time data on an hourly frequency (calculated averaging 1 min data), including 227 

air temperature (accuracy ±0.17°C), relative humidity (acc. ±1%), wind speed (acc. ±0.3 m 228 

s−1), wind direction (acc. ±3°), up- and downward shortwave radiation (acc. ±5%), up- and 229 

downward longwave radiation (acc. ±10%), surface air pressure (acc. ±0.30 hPa), snow height 230 

(acc. 1 cm), snow temperature (July 2012 - present; acc. ±0.15°C), and upward and downward 231 

near-infrared radiation (July 2022 - present; acc. ±5%). The surface air temperature, relative 232 

humidity (thermo-hygrometer HMP-155) and surface pressure (barometer PTB210) were 233 

derived from the dataset quality controlled by Nishimura and others (2023). Note that the 234 

dataset does not include precipitation data due to the absence of a rainfall sensor at the SIGMA-235 

B site. Because the period of the dataset is between July 2012 and September 2020, we used 236 

the dataset from January 2013 to September 2020 for the evaluation. 237 

 238 

b. Methods 239 

i. Laboratory analyses for algae abundance and dust weight 240 

estimation 241 

Algal cell concentration was calculated over slides by direct cell counting using an optical 242 

microscope (BX51; Olympus, Tokyo, Japan), after having filtered through a hydrophilized 243 

PTFE membrane filter (pore size 0.45 μm; Omnipore JHWP, Merck Millipore, Japan) (Tanaka 244 

and others, 2016; Onuma and others, 2018; Onuma, Takeuchi, and others, 2023). From each 245 

ice sample, three slides were counted for the cell quantification and the final algal concentration 246 

(cells mL-1) was calculated from the cell mean of the three counts and the filtered sample 247 
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volume. During the counting, different species were detected, with particular attention to 248 

peculiar species already described in previous papers (Onuma, Takeuchi, and others, 2023), 249 

i.e., Ancylonema nordenskioldii (Fig.1e), Ancylonema alaskana, Sanguina nivaloides, 250 

Phormidesmis priestleyi and Chroococcaceae cyanobacterium. On the other hand, mineral-251 

dust abundance was quantified through the combustion method (Takeuchi and Li, 2008; 252 

Onuma and others, 2018). Samples were dried (60°C, 24 h) in pre-weighed crucibles and 253 

combusted at 500°C for 3 h in an electric furnace. This step was useful to remove all organic 254 

material (Di Mauro and others, 2024a). Finally, dust abundance was calculated per liter (g L-255 

1), as a result of the combusted sample weight (only dust remained) and sample volume. 256 

 257 

ii. Reflectance ratio identification 258 

With the aim of defining the most accurate reflectance ratio to quantify the algal abundance 259 

from Sentinel-2 images over the Qaanaaq Ice Cap, correlations (R2) and Root-Mean-Square 260 

Error (RMSE) based on a linear regression between field spectral ratios (model predictions) 261 

and algal concentration (observations) were calculated. This variable selection approach was 262 

applied in order to identify the reflectance ratio showing the highest correlation with algae 263 

concentration through a correlation matrix (Di Mauro and others, 2020). A similar approach 264 

was also followed by Di Mauro and others (2015) to quantify mineral dust abundance. Thus, 265 

we calculated all possible spectral ratios in the 400-865 nm wavelength range using both ASD 266 

and RoX data. 216,225 linear regression models were then created between these ratios and the 267 

concentration of glacier algae. The same was conducted using dust concentration as a target 268 

variable, in order to define a ratio that is correlated with algae and uncorrelated with dust (Di 269 

Mauro and others, 2024a).  270 

 271 

iii. Glacier phenology analysis 272 

 Once the reflectance ratio was identified, the spatial distribution of algae abundance was 273 

estimated by applying the inverse formula calculated as the linear relationship between field 274 

spectrometer measurements and algae abundance from field samples. 275 

Moreover, different parameters were estimated from satellite data, following a similar approach 276 

as proposed by Di Mauro and Fugazza (2022) for Moderate Resolution Imaging 277 

Spectroradiometer (MODIS) data over the Alpine Region. As a starting point, we calculated 278 

the broadband albedo (hereafter referred as albedo) from Sentinel-2 imagery, applying the 279 

Liang broadband-conversion algorithm (Liang, 2001) without anisotropic correction 280 

(directional effect), as suggested in different papers in cryospheric sciences (Naegeli and 281 
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others, 2017; Traversa and Fugazza, 2021; Traversa and others, 2021; Hartl and others, 2025). 282 

Given the interest of the present study in analysing only ice surfaces, Sentinel-2 images were 283 

first masked using Normalized Difference Snow Index (NDSI) values higher than 0.30 to 284 

extract the Qaanaaq Ice Cap (this process was applied once over the most recent bare-ice image 285 

of 2023, i.e., 18/Aug/2023, and all images were masked based on it in order to consider the 286 

same portion of the ice cap in the analysis). This threshold, lower than the more common 0.40 287 

employed for ice detection (Zhang and others, 2019), was adjusted to consider dark ice where 288 

high concentrations of debris or impurities are present (Salomonson and Appel, 2004; Stillinger 289 

and others, 2023), such as the Qaanaaq Ice Cap. Consequently, with the aim of excluding snow 290 

surfaces and only focusing on bare ice, an albedo-based threshold was applied on each image, 291 

only considering values lower than 0.565, which was determined as a threshold for bare-ice 292 

albedo at the ice-ablation onset for the Greenland Ice Sheet (Wehrlé and others, 2021), as it 293 

lies between the typical albedo values for the weathering crust and clean ice (Cuffey and 294 

Paterson, 2010). This threshold was also considered in algae abundance estimation, excluding 295 

pixels which represented snow or surfaces other than ice. Based on the albedo threshold, 296 

different pixel-based glacier phenology parameters (Di Mauro and Fugazza, 2022) were 297 

estimated, i.e.: length of bare-ice season (LOiS), start of bare-ice season (SOS), end of bare-298 

ice season (EOS), minimum of summer albedo (min(α)), mean of summer albedo (mean(α)), 299 

maximum of summer algae abundance (max(AA)), mean of summer algae abundance 300 

(mean(AA)), day of the year (DOY) of summer algae abundance maximum (max(AA)-DOY) 301 

and the length of blooming season (LObS). Unlike in Di Mauro and Fugazza (2022), albedo 302 

data were not filtered as they were found to be less noisy than MODIS. To further exclude 303 

possible noisy data points or transient snow events, we calculated the SOS as the first DOY 304 

when albedo was below 0.565 for three consecutive days; similarly, we defined the EOS as the 305 

first day when albedo exceeded 0.565 for at least three consecutive days. Algae abundance 306 

metrics were calculated only during the bare ice season as defined by these metrics. For each 307 

season among the 2018-2023 period, maps of phenological metrics were thus generated. Tab.1 308 

summarises the specifications of each ice phenological parameter and Fig.2 graphically 309 

represents how the variables were calculated for a certain year and location. 310 

 311 

Table 1: Specifications of glacier phenology variables. 312 

Variable Variable acronym Description 

Mean Albedo (α) mean(α) mean of albedo pixels from 
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all the available Sentinel-2 

images in June-September, 

excluding pixels with albedo 

> 0.565 

Minimum Albedo (α) min(α) 

lowest albedo pixel recorded 

from all the available 

Sentinel-2 images in June-

September  

Start Of bare ice Season SOS 

DOY (Julian Calendar) 

when the pixel has albedo < 

0.565 for the first time in the 

season for at least three 

consecutive days (June-

September period) 

End Of bare ice Season EOS 

DOY (Julian Calendar) after 

the SOS when the pixel has 

albedo > 0.565 for at least 

three consecutive days for 

the first time in the season 

(June-September period) 

Length Of bare ice Season LOiS 

number of days in between 

SOS and EOS (inclusive); 

maximum value = 122 

Mean Algae Abundance mean(AA) 

mean of algae abundance 

pixels from all the available 

Sentinel-2 images in June-

September, excluding pixels 

with albedo > 0.565 

Maximum Algae Abundance max(AA) 

highest value of algae 

abundance recorded from all 

the available Sentinel-2 

images in June-September  

DOY of maximum Algae 

Abundance 
max(AA)-DOY DOY of maxAA 

Length Of blooming Season LObS 

number of days in between 

SOS and max(AA)-

DOY(inclusive); maximum 

value = 122 

 313 
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 314 

Figure 2. Plot of albedo (α) and glacier algae abundance estimated from Sentinel-2 in 2023 over the 315 

Qaanaaq Glacier in a small patch of 5x5 pixels located in the range between 400 m and 500 m a.s.l. 316 

Shaded areas are based on one standard deviation. The plot schematically represents how different 317 

glacier phenology variables were calculated. 318 

 319 

On the basis of the algae abundances thus calculated, we also estimated the equivalent carbon 320 

concentration in mg L-1. The conversion was made possible by assuming the cell biovolume of 321 

1 µL equivalent to dry weight of 0.5 mg, resulting in 1 µL corresponding to 0.25 mg of carbon 322 

(C) (Fogg, 1967; Takeuchi and others, 2006). Here, we calculated the average of the equivalent 323 

carbon from the mean(AA) and the total equivalent carbon at the scale of the ice cap from the 324 

sum of the pixels retrieved by max(AA). 325 

For a better understanding of the factors spatially and temporally controlling the algae 326 

abundance variability in the Qaanaaq area, we decided to move the focus from the ice-cap scale 327 

to a local scale, drawing attention to the Qaanaaq Glacier (Fig. 1b), where the two field 328 

campaigns from 2014 and 2023 were carried out. In this context, for retrieving variations of 329 

the different metrics (algae abundance and atmospheric variables) over the Qaanaaq Glacier, 6 330 

square polygons of 2500 m2 (5x5 Sentinel-2 pixels) each were used. These areas of interest 331 
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(AOI) were manually identified over the glacier extent at different elevations, about every 100 332 

m, from 200 m to 800 m a.s.l., over homogeneous surfaces where UAV surveys were carried 333 

out (e.g., Fig.2). Therefore, these AOI allowed us to evaluate the algae abundance variations 334 

along the Qaanaaq Glacier extent, over surveyed areas, with respect to temperature and 335 

snowfall variability. 336 

 337 

iv. Downscaling of atmospheric reanalysis data 338 

To spatio-temporally assess the relationship between meteorological conditions and glacier 339 

algal blooms, we downscaled the atmospheric variables derived from ERA5-Land using the 340 

ArcticDEM. First, the horizontal resolution of the reanalysis and topographic data were 341 

interpolated to 60 m using a bilinear method before the downscaling processing. Their 342 

coordinate system was adjusted to the Sentinel-2 coordinate system during the interpolation to 343 

compare the downscaled meteorological conditions with Sentinel-2 images directly. In the 344 

paragraphs regarding the downscaling method, the interpolated reanalysis and topographic data 345 

are referred to as E5L and ADEM, respectively. 346 

 Surface air temperature, surface pressure, humidity, and precipitation were downscaled by the 347 

physically based downscaling approach. To obtain surface air temperature with 60 m resolution 348 

for each grid cell, the air temperature was downscaled using Eq. 1 proposed by Rouf and others 349 

(2020): 350 

 351 

𝑇̂ = 𝑇 + 𝛤(𝑍̂ − 𝑍) , (1) 

 352 

where a variable with a hat ( ̂) denotes the downscaled data, and without it the original data. 353 

For example, T and Z are surface air temperature (K) and terrain elevation (m) derived from 354 

E5L, respectively. The air temperature and elevation differences between a target grid cell and 355 

its eight nearest neighbors at each time step are calculated, and a line is fitted to describe the 356 

T–Z relationship. The slope of the fitted line was used as temperature lapse rate Γ for the target 357 

grid cell. Z ̂ indicates terrain elevation derived from ADEM. The downscaling methods for 358 

surface pressure and specific humidity are shown in Eqs. 2 and 3 based on Rouf and others 359 

(2020), respectively: 360 

 361 

𝑃𝑠̂ = 𝑃𝑠 𝑒𝑥𝑝 [−
𝑔(𝑍̂−𝑍)

𝑅𝑇𝑚
] , (2) 

 362 
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𝑞̂ =
0.622𝐸̂

𝑃𝑠̂−0.378𝐸̂
 , (3) 

 363 

where Ps, g, and R are surface pressure (hPa), the gravitational acceleration (9.81 ms-1) and the 364 

ideal gas constant (287 J kg-1 K-1), respectively. Tm is the mean air temperature between the T 365 

and T^. E^ in Eq. 3 is the downscaled water vapor pressure, which was obtained from the dew 366 

point temperature of E5L downscaled by the same method as T (Eq. 1), using the formula of 367 

Bolton (1980). Total precipitation rate Pr (mm s-1) was downscaled using Eqs. 4 and 5 based 368 

on Thornton and others (1997) and Liston and Elder (2006): 369 

 370 

𝑃𝑟̂ = 𝑃𝑟 [
1+𝑓

1−𝑓
] , (4) 

 371 

𝑓 = 𝑋𝑠(𝑧̂ − 𝑧) + 𝑋𝑖 , (5) 

 372 

where f means a factor to correct total precipitation with the elevation difference. Slope Xs and 373 

intercept Xi for each grid cell every time step were obtained from the Pr-Z relationship using 374 

the same method as Eq (1). Although the maximum absolute value of f was 0.95 in Thornton 375 

and others (1997), the value is set to 0.8 in this study. They reported that values too close to 376 

1.0 will result in excessive precipitation at strong elevation gradients. Because the elevation of 377 

ADEM is finer than the elevation data with 500 m resolution they used, the elevation gradient 378 

of ADEM is stronger. For this reason, we set the lower value in the range, so that their research 379 

does not degrade accuracy, to avoid excessive precipitation after downscaling. To obtain 380 

rainfall and snowfall amounts separately, the rain-to-snow ratio was calculated from the 381 

downscaled air temperature, pressure and humidity, and was applied to the downscaled total 382 

precipitation amount. The ratio was calculated using Eqs. 6 and 7 (Yamazaki, 2001): 383 

 384 

𝑠(𝑇𝑤) = {1 − 0.5𝑒𝑥𝑝(−2.2(1.1 − 𝑇𝑤))
1.3

    𝑖𝑓 𝑇𝑤 < 1.1 0.5𝑒𝑥𝑝(−2.2(𝑇𝑤 −

1.1)1.3)           𝑖𝑓 𝑇𝑤 ≥ 1.1  , 

(6) 

 385 

𝑇𝑤 = 0.584(𝑇 − 273.15) + 0.875𝐸 − 5.32 , 
(7) 

 
 

where s and Tw are rain-to-snow ratio and wet-bulb temperature (°C), respectively. The 386 

snowfall and rainfall amounts are given as sPr and (1-s)Pr, respectively. 387 
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The validation results for the downscaled air temperature, surface pressure, and relative 388 

humidity with observational data at the SIGMA-B site in the Qaanaaq Ice Cap are shown in 389 

supplemental material (Fig.S1). The downscaled rainfall and snowfall amounts are also shown 390 

in the figure, although there are no observations at the site. The validation results indicate that 391 

the temporal changes in the downscaled air temperature, surface pressure and relative humidity 392 

agree well with those in the observed conditions at SIGMA-B. 393 

 394 

4. Results and discussion 395 

a. Glacier algae and dust abundance from field observations 396 

The two datasets from 2014 and 2023 feature strong differences in terms of glacier algae 397 

abundance along the Qaanaaq Glacier, despite a comparable elevation range. Both datasets 398 

agree in showing a strong dominance of Ancylonema nordenskioldii (82% and 93% of total 399 

algae in 2014 and 2023 respectively), followed by Ancylonema alaskana (10% and 5% 400 

respectively) and Sanguina nivaloides (5% and 2%, respectively). In general, samples from 401 

2014 revealed an averaged abundance of 2.2±2.4 ×104 cells mL-1, with a peak around the S2 402 

site in August, i.e., 5.4±4.2 ×104 cells mL-1, doubled compared to the 2.6±1.9 ×104 cells mL-1 403 

of July. All the sites present higher values in August than in July with the following 404 

concentrations: S1 with 0.4±0.5 ×104 cells mL-1 in July and 2.3±2.2 ×104 cells mL-1 in August, 405 

S3 with 1.3±0.6 ×104 cells mL-1 in July and 2.6±1.7 ×104 cells mL-1 in August and S4 with 406 

0.9±0.9 ×104 cells mL-1 in July and 1.0±0.3 ×104 cells mL-1 in August. Thus, we observed an 407 

increase in algal presence between S1 (lowest peak) and S2, followed by a decrease in S3 and 408 

S4. The same pattern was observed in 2023, but with significantly higher values of algal 409 

abundance (one order of magnitude higher), leading to an overall average of 8.1±5.5 ×105 cells 410 

mL-1 in August (please note that, in 2023, observations were conducted in August only). Again, 411 

the highest abundances were found in the S2 area, showing an average of 13±0.5 ×105 cells 412 

mL-1. As in 2014, the lowest values were detected in the S1 area, with an average of 2.1±2.0 413 

×105 cells mL-1. S3 and S4 surroundings showed respectively averages of 9.5±5.5 ×105 cells 414 

mL-1 and 7.3±1.7 ×105 cells mL-1. Generally, 2014 samples provided an average abundance of 415 

organic matter of 0.13 g L-1 against 2.91 g L-1 of dust abundance (respectively 4% and 96% of 416 

the total particulate matter). The ratio between organic and inorganic materials tends to remain 417 

temporally and spatially stable, with the highest level of organic abundance in August (6%) 418 

and in S3 area (6%). The same pattern was also observed in 2023, with a generally lower 419 

abundance of organic matter, which, on average, presented 0.13 g L-1 (14%) against 0.75 g L-1 420 

(86%) of dust. Here, the greatest organic content was recorded at the S2 site (18%) and the 421 

Page 16 of 46

Cambridge University Press

Journal of Glaciology



For Peer Review

16 

lowest at the S4 site (11%). These results are consistent with other findings in south-west 422 

Greenland (marginal area of the dark zone), where mineral dust was estimated as 94% of the 423 

total particulate matter (McCutcheon and others, 2021). 424 

Such differences could be ascribed to the weathering crust formation which characterised the 425 

glacier in 2014. In fact, in the 2023 campaign it was observed that surface impurities were 426 

generally spread all over the glacier surface and, conversely, in 2014, due to the weathering 427 

crust formation, surface impurities tended to accumulate in cryoconite holes inside the crust 428 

for its high porous texture (Takeuchi and others, 2018; Woods and Hewitt, 2023). This aspect 429 

could have affected the sampled specimens, which showed a lower concentration of impurities 430 

compared to 2023 in the surficial portion of the ice due to these weathering-crust 431 

characteristics. 432 

 433 

b. Field spectroscopy data and reflectance ratio 434 

As already observed in the previous section about the algae abundance in 2014 and 2023, 435 

differences were found also with regards to the field spectra (Fig.3). 436 

 437 

 438 
Figure 3. Field spectra acquired in 2014 (dotted line) and 2023 (solid line) in the areas of the four 439 

sites of Qaanaaq Glacier. Reddish columns in the plot represent the spectral amplitude of bands 4 and 440 

5 (Red and Red-Edge1) of Sentinel-2. 441 
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 442 

In 2014, an increase in the reflectance was observed between July and August measurements, 443 

in particular in locations S2 and S3 where an average increase of +0.09 and +0.08 was 444 

encountered. Focusing on August measurements, as already observed in algae abundance from 445 

the samples, S2 was the darkest site, with an average albedo of 0.44±0.09 and lowest value 446 

recorded in 2014, i.e., 0.36. The other sites were as follows: S1 averaged 0.66±0.07, S3 447 

averaged 0.52±0.05 and S4 averaged 0.54±0.03. On the other hand, 2023 spectroscopy data 448 

revealed much lower albedo values in August, which is in accordance with a much higher algae 449 

abundance as observed in the cell count. In fact, in the S2 area, which remained the darkest 450 

analysed zone, the average of measured spectra showed an albedo of 0.19±0.04, therefore 0.25 451 

lower on average compared to 2014. All the other sites showed generally lower values in 2023, 452 

as follows: S1 average of 0.41±0.09, S3 average of 0.39±0.16 and S4 average of 0.20±0.06. 453 

Overall, the lowest albedo was observed in the S2 area, with 0.13. Analysing the averaged 454 

spectra of the 2014 and 2023 campaigns, we observed the typical decrease of reflectance for 455 

wavelengths shorter than 750 nm, due to algae presence on bare ice (Dauchet and others, 2015; 456 

Cook and others, 2017). Moreover, an absorption feature located at 680 nm was detected as 457 

well in most spectra. This feature has been usually linked to the presence of Chlorophyll-a in 458 

glacier ice (Takeuchi, 2002; Remias and others, 2012; Di Mauro and others, 2020). These 459 

spectral behaviours were observed in 2023, especially in S2 and S3 areas and secondarily in 460 

S4, as shown in Fig.3 (blue and green solid lines). The higher reflectances observed in 2014 461 

than in 2023 field campaigns could be ascribed to two main aspects: first, a clean weathering 462 

crust was observed to cover large areas of the Qaanaaq Glacier in 2014, brightening the glacier 463 

surface (Traversa and Di Mauro, 2024). This can explain why certain specimens in the S1 area, 464 

despite a lower algae abundance in 2023 (Fig.3), were less reflective than in 2014. Secondly, 465 

as already stated before, during the 2023 campaign, the surface impurities were observed to be 466 

generally spread all over the glacier surface and in 2014 surface impurities tended to 467 

accumulate in cryoconite holes inside the weathering crust (Takeuchi and others, 2018; Woods 468 

and Hewitt, 2023).  469 

With the aim of defining the highest correlations among spectral ratios and algae abundance 470 

based on field observations, the correlation matrix was calculated. The correlation matrix, for 471 

both campaigns, resulted in the highest correlations in the red and far-red portion of the 472 

spectrum (Fig.4a). 473 

 474 
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 475 
Figure 4. Matrices of reflectance ratios coloured on the basis of (a) R2 and (b) RMSE values with algae 476 

abundances from the 2014 and 2023 campaigns. The red rectangle represents the Sentinel-2 ratio of 477 

bands 5 and 4. Scatter plots of (c) algae and (d) dust abundances estimated from field samples, correlated 478 

with corresponding reflectance ratio from field-spectroscopy measurements (averaged on the Sentinel-479 

2 bands). 480 

 481 

Here, the highest correlation (R2) among spectral ratios and algae abundance was detected 482 

between 695/681 or 695/687 nm wavelengths, providing an R2 of 0.90 and among the lowest 483 

RMSE values (Fig.4b), of 163,874 and 161,587 cells mL-1 respectively. Therefore, the 484 

photosynthetic absorption of glacier algae in the red wavelengths can be exploited for their 485 

estimation from satellites. In the Sentinel-2 specific case, this is possible by taking advantage 486 

of bands 5 and 4 (centre wavelengths respectively of 705±15 and 665±30 nm), which are the 487 

closest bands to the identified ratio from field measurements. The identified Sentinel-2 ratio 488 

was then calculated over the field spectroscopy measurements of the 53 samples from 2014 489 

and 2023. The Sentinel-2 ratio presented a high correlation with algae abundances when 490 

estimated from field measurements, showing a R2 of 0.84 (Fig.4c). The identified equation was 491 

then inverted in order to estimate glacier algae abundance (in cells mL-1) from Sentinel-2, as 492 

follows: 493 

 494 
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𝐴𝐴 =  (𝑟𝑎𝑡𝑖𝑜705/665  ∗  8,034,887.96) − 7,564,737.66                  (8) 495 

 496 

with 95% confidence intervals for the intercept (–8.53 ×106 to –6.60 ×106) and the slope (7.06 497 

×106 to 9.01 ×106). Values of the ratio higher than 0.941 will lead to a positive concentration 498 

of glacier algae. Lower values shall be regarded as clean ice or dirty ice with a predominance 499 

of inorganic impurities. 500 

Moreover, this reflectance ratio was tested against dust abundances and a non-significant (p-501 

value > 0.05) correlation (R2) was observed, i.e., 0.03 (Fig.4d). These results support the 502 

application of the ratio of bands 5 and 4 for estimating algae abundance, avoiding dependencies 503 

from dust presence. 504 

It is important to note that this equation can be applied to estimate algae abundance over ice 505 

surfaces when the supraglacial biological community is dominated by Ancylonema 506 

nordenskioldii species, as in the Qaanaaq area. In fact, this reflectance ratio slightly differs 507 

from previous attempts to estimate glacier algae abundance in other regions of the GrIS or other 508 

glacierized areas. In particular, despite being similar to the ratio proposed by Di Mauro and 509 

others (2020) for the European Alps, this new ratio takes advantage of the band 5 of Sentinel-510 

2 instead of band 6, which has a higher wavelength of 740±15 nm. Nevertheless, the present 511 

ratio is in accordance with the ratios proposed by Wang and others (2018, 2020) for Sentinel-512 

3 and MERIS (709/674 nm and 709/665 nm respectively), both based on field measurements 513 

collected in western GrIS. Especially the MERIS ratio was based on the same portions of the 514 

spectrum proposed in this paper, supporting its application at the Greenland scale. 515 

 516 

c. Interannual variability over the Qaanaaq Ice Cap by means of glacier 517 

phenology metrics 518 

The glacier phenology approach allowed us to estimate different metrics over the entire 519 

Qaanaaq Ice Cap per each summer season, from 2016 to 2023 (Fig.5-7; Fig.S2-S7). In general, 520 

for all the analysed metrics, we observed specific patterns in the different years, due to the 521 

varying duration of snow cover over the ice. In fact, we observed that some years presented 522 

only a small portion of the ice cap with bare ice at the surface, due to long-lasting snow cover. 523 

In contrast, in some other years most of the ice cap was snow-free for a long period. In 524 

particular, summer seasons 2017, 2018 and 2021 presented more than 40% of ice-cap area with 525 

winter snow cover lasting from June to September and above all in summer 2018 75% of the 526 

area was characterised by long-lasting summer snow cover, while only marginal glaciers 527 

showed bare ice at the surface. On the other hand, summer seasons 2019, 2020 and 2023 528 
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featured less than 20% of snow-covered area, and the minimum was reached in 2023 where 529 

only portions of the ice cap over 1000 m a.s.l. were characterised by the presence of snow (6% 530 

of the whole ice cap). 531 

This behaviour reflects in the summer albedo of the ice cap, which shows the lowest mean(α) 532 

in 2019, 2020, 2022 and 2023 summer seasons. Particularly, albedo in 2019 shows the lowest 533 

mean(α) from 0 to 800 m a.s.l. (lowest values between 500 and 700 m a.s.l., < 0.30), while 534 

2022-2023 shows the lowest mean(α) from 800 m a.s.l. to the ice-cap top. Similar results were 535 

obtained focusing on the min(α) observed during the summer period (Fig. 5).  536 

 537 

 538 
Figure 5. Phenology maps retrieved from Sentinel-2 images representing the summer (June-September) 539 

minimum albedo from 2016 to 2023 over the Qaanaaq Ice Cap. All the images were masked based on 540 

the August 2023 ice-cap extent. ESRI Light Gray map in the background. 541 

 542 

The lowest values were again observed in 2019 in the first 800 m of elevation, where the darkest 543 

area was observed between 400 and 700 m a.s.l., showing on average min(α) values < 0.20. 544 

The overall lowest min(α) was observed in 2020 though, despite an average higher albedo than 545 

2019 below 800 m a.s.l.. On the other hand, the 2018 summer season was the brightest among 546 

the analysed years, with mean(α) and min(α) always > 0.40, followed by 2017 and 2021. 547 
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 548 

 549 

Figure 6. Phenology maps retrieved from Sentinel-2 images representing the length of the 550 

blooming season (days) from 2016 to 2023 over the Qaanaaq Ice Cap, where 0 means no days 551 

of algal bloom in the summer and 75 means blooming lasting until mid-August. All the images 552 

were masked on the August 2023 ice-cap extent. ESRI Light Gray map in the background. 553 

 554 

The results of the analysis of mean(α) and min(α) are reflected in the LObS (Fig. 6). 555 

In fact, the 2019-summer season shows LObS values for the 0-800 m elevation range longer 556 

than a month, resulting in algal blooms lasting for most of the bare-ice conditions. In this case, 557 

the 2019 season presents the highest LObS values across the entire elevation range of the ice-558 

cap, followed by 2020, 2022 and 2023. In fact, in these seasons the snow cover was 559 

immediately removed from the surface at lower elevations, leaving exposed ice on the surface 560 

since the beginning of June (lowest observed SOS) allowing the algae to start blooming. 561 

However, the blooming season persisted until the end of the summer in 2019 (about two months 562 

below 500 m a.s.l.), but not in 2022 and 2023, when possibly snowfalls occurred in August and 563 

September. In contrast, summer 2017 presents the lowest LObS values: areas at elevations 564 

higher than 200 m a.s.l. showed a length shorter than one month across the entire summer 565 

season, focused between the end of July (SOS) and the beginning of August (EOS). The other 566 
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short bare-ice summers were 2021 and 2016, which always had about or less than one month 567 

of LObS over the ice cap. Finally, 2018 summer presented low LObS values as well (lower 568 

than one month), with the exception of the lowest elevation range (up to 200 m a.s.l.), showing 569 

more than a month of blooming. 570 

What is observed in the spatial variability of albedo and LObS is partially reflected by the 571 

results of algae concentration. In fact, generally mean(AA) (Fig. 7) showed the highest values 572 

in the period from 2019 to 2023 (with the exception of summer 2021), when the lowest albedo 573 

and longest LObS were estimated. 574 

 575 
Figure 7. Phenology maps retrieved from Sentinel-2 images representing the summer (June-September) 576 

mean of algae abundances (cells mL-1) from 2016 to 2023 over the Qaanaaq Ice Cap. All the images 577 

were masked on the August 2023 ice-cap extent. ESRI Light Gray map in the background. 578 

 579 

The highest mean algae abundance was observed in summer 2020. During that summer, 580 

between 100 and 800 m a.s.l., mean(AA) showed values higher than 10.0 ×105 cells mL-1, even 581 

if high variations among spatially close pixels were observed. In contrast, summer 2019 582 

showed a high mean(AA) at different elevations too, but lower spatial heterogeneity, with 583 

concentrations > 9.0 ×105 cells mL-1 between 100 and 700 m a.s.l., exceeding the average 584 

mean(AA) of 10.0 ×105 cells mL-1 between 400 and 500 m a.s.l.. When converted to equivalent 585 
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carbon per L, the results are respectively 270 and 300 mg C L-1. Similar results were also 586 

obtained for the 2022 and 2023 summer seasons. 2017 and 2018 had the lowest mean(AA), 587 

always lower than 8.0 ×105 cells mL-1 (240 mg C L-1) at all the elevations. In this context, the 588 

highest values of algal concentrations (max(AA), mostly higher than 10.0 ×105 cells mL-1) 589 

were observed between the last week of July and the first two weeks of August (max(AA)-590 

DOY) in all the analysed years. In conclusion, the algal abundance results reflect the albedo 591 

behaviour previously described, with the exception of the 2020 summer season, which showed 592 

the highest algal abundances and thus the highest concentration of total equivalent carbon at 593 

the scale of the ice cap (2114 ×103 g C), but not the lowest min(α), which was instead recorded 594 

in 2019. Tab.2 summarises these results. 595 

 596 

Table 2. Spatial averages of mean(AA), equivalent carbon and min(α) and total equivalent carbon at 597 

the scale of the Qaanaaq Ice Cap. 598 

 599 

Another relevant output of the analyses is the geographical distribution of the algae 600 

concentration over the ice cap. In fact, in addition to the elevation differences already observed, 601 

i.e., higher abundances at lower elevations, also geographic differences were encountered. In 602 

general, the Qaanaaq Glacier can be divided into 11 ice sheds (RGI 7.0 Consortium, 2023), 603 

where a major ice divider splits the ice cap from south-east to north-west. Across the different 604 

years, higher abundances were always estimated on the ice divides of the east side and 605 

especially at the margins of the ice cap. In fact, on a spatial average, east ice divides showed at 606 

Year 
mean(AA) average 

(cells ×106 mL-1) 

equivalent carbon 

average (mg C L-1) 

total equivalent 

carbon (kg C) 

min(α) 

average 

2016 1.23 368 818 0.30 

2017 1.01 302 432 0.32 

2018 0.79 234 217 0.40 

2019 1.67 503 1182 0.31 

2020 2.93 885 2114 0.29 

2021 1.34 404 658 0.38 

2022 1.35 406 824 0.30 

2023 1.34 401 1042 0.29 

Page 24 of 46

Cambridge University Press

Journal of Glaciology

https://www.zotero.org/google-docs/?wLYhtj


For Peer Review

24 

least 0.5 ×105 cells mL-1 higher than west side, with a maximum of +1.7 ×105 cells mL-1 in 607 

2020. Outlet glaciers generally present higher algae abundances, even if not at their margins, 608 

but rather in their middle part, as already shown before for the lower elevations, e.g., at 400-609 

500 m a.s.l.. This pattern was observed in most of the Qaanaaq Ice Cap outlet glaciers, even if 610 

more pronounced over the west side. There, as shown in the next subsection, glacier terminus 611 

present brighter surfaces and general lower algae abundances in respect to middle elevation 612 

areas of outlet glaciers. 613 

 614 

d. Role of meteorological and glaciological parameters on the algae 615 

abundance variations at Qaanaaq Glacier 616 

To investigate the role of different parameters in the variability of algae abundance on Qaanaaq 617 

Glacier, we focused on specific locations along the glacier extent, from 200 m to almost 800 618 

m a.s.l., where different UAV surveys were carried out (Fig. 8b).  619 

 620 

 621 
Figure 8. (a) UAV view (about 60 m above the surface) of the Qaanaaq Glacier taken on 09/Aug/2023 622 

as seen from site S4. Images of the Qaanaaq Glacier represented as: (b) RGB Sentinel-2 acquisition 623 

(18/Aug/2023), where trend analyses of algae and meteorological parameters were carried out (black 624 

squares); (c) algae abundance and (d) albedo retrieved from the Sentinel-2 18/Aug/2023 acquisition and 625 

(e) slope derived from strips of the ArcticDEM (02/Jun/2023). 626 
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 627 

Temporally, similar variations as observed at the ice-cap scale were found. In fact, 2017, 2018 628 

and 2021 showed low variability and abundance of algae. Conversely, summer 2019 and 2023 629 

were characterized by an exceptional algal abundance, higher than 10 ×105 cells mL-1 at the 630 

peak of the blooming season. Fig.9 displays two examples of one low algae abundance season 631 

(2018) and one of high algae abundance season (2019). 632 

 633 

 634 
Figure 9. Temporal variation (summer 2018 on the left and 2019 on the right) of algae abundance 635 

(green lines) retrieved from Sentinel-2 acquisitions, air temperature (red lines) and snowfall (light-blue 636 

columns) from downscaled atmospheric reanalysis data. Shaded areas represent one standard deviation. 637 

Each subplot refers to a specific elevation range of the Qaanaaq Glacier, whose locations are represented 638 

in Fig.8b (black squares). 639 

 640 

Especially during the two summer seasons 2019 and 2023, as well as in other years, the pattern 641 

showed a start of the blooming season between the end of June and the middle of July, in 642 

accordance with the observations from the Qaanaaq Ice Cap, and the peak which is mostly 643 

reached close to the middle of August. Generally, the increase in algae abundance between July 644 

and August tends to be gradual, with a sudden decrease after having reached its peak. In 645 

conjunction with this sudden decrease, meteorological observations usually present significant 646 
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snowfall events (Fig. 9), which occur between the end of August and the beginning of 647 

September, possibly halting the algae blooming at the surface. From the meteorological data, 648 

we also observed a correspondence between consecutive days when surface temperature 649 

remained positive (daily averages) and no snowfall events were observed. In particular, we 650 

observed that the bloom of algae is related to a few consecutive days (e.g., five days) of daily 651 

positive temperature, and then strongly increases in abundance in relation to the number of 652 

days of positive temperature and thus length of melting season (Onuma, Takeuchi, and others, 653 

2023; Roussel and others, 2024). In this context, the two years (2019 and 2023) when highest 654 

algae abundances were observed are related to the two longest periods of consecutive positive 655 

temperature in the analysed years, ranging between 57 and 64 days. Other years presented many 656 

consecutive days of positive temperature, such as 2016 (42 days), 2020 (44 days) and 2022 (45 657 

days). However, during these seasons, early snowfalls occurred during the blooming, without 658 

being followed by many days of positive temperature. In 2023, even if a significant amount of 659 

snow (26 mm) fell in five days around the 20th of August, the temperature remained positive 660 

for another 24 days, allowing the snow to melt and the algae to continue blooming. Conversely, 661 

in some other years, such as 2017, 2018 and 2021, few days of consecutive positive temperature 662 

were recorded (around one month) and many snowfall events were recorded all across the 663 

summer. Possibly, the mix of conditions respectively contributed to or opposed algae blooming 664 

over the Qaanaaq Glacier. 665 

In this context, linear regressions (R2) were calculated between algae abundance and air 666 

temperature and algae abundance and surface albedo, using monthly (June-September) 667 

averages of these variables in the period 2016-2023. In particular, in middle range (elevations) 668 

areas, good R2 were found, especially between 400 and 600 m a.s.l. of the Qaanaaq Glacier, 669 

with a maximum R2 of 0.70 (500-600-m a.s.l.) and 0.40 (400-500 m a.s.l.) for albedo and 670 

temperature, respectively (Tab.3).  671 

 672 

Table 3. Linear regression coefficients (R2) between algae abundances (AA) and albedo (α) and air 673 

temperature (T). The regressions are retrieved from monthly means from 2016 to 2023 for summer 674 

months (June-September) over the eight locations represented in Fig.8b. Albedo averages were 675 

calculated by taking into account only those values < 0.565 (Wehrlé et al., 2021). * represents 676 

significant (p-value) regressions at the 99% confidence level; ** represents significant (p-value) 677 

regressions with 95% confidence and *** represents not-significant regressions (p-value > 0.05). 678 

 679 

Elevation range AA vs α AA vs T 
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200-300 m a.s.l. 0.42* 0.18** 

300-400 m a.s.l. 0.30* 0.33** 

400-500 m a.s.l. 0.65* 0.40* 

500-600 m a.s.l. 0.70* 0.22** 

600-700 m a.s.l. 0.59* 0.08*** 

700-800 m a.s.l. 0.09*** 0.03*** 

 680 

However, the R2 of these regressions become much lower moving towards the terminus of the 681 

glacier and at elevations > 700 m a.s.l., where non-significant regressions were calculated. As 682 

for snowfalls, regressions were not significant in all the analysed areas, suggesting the non-683 

linearity of their relation with algae abundances. 684 

Moreover, significant spatial differences were encountered along the glacier extent. In fact, the 685 

highest concentrations of algae were found in the middle portion of the glacier, between 400 686 

m and 700 m a.s.l. (Fig. 8c-9). Conversely, the lowest concentrations were estimated especially 687 

over the terminal portion of the glacier, and also on the highest (elevation) parts of it. In these 688 

latter areas, during the brightest seasons (2017-2018), almost no algae were estimated by the 689 

satellite (Fig. 9). These findings are reflected in the observed albedo by Sentinel-2, which 690 

showed high values over these regions (Fig. 8d). Particularly, bright portions of the glaciers 691 

were observed at its margins especially at the terminus or at the sides of the outlet glacier where 692 

the ice-cap margins are located. This pattern was also observed on other neighbouring outlet 693 

glaciers and is opposite to what was observed over Alpine glaciers (e.g., Morteratsch Glacier), 694 

where the highest concentrations are displayed at the margins (Rossini and others, 2018; Di 695 

Mauro and others, 2020; Millar and others, 2024). Possibly, at Qaanaaq Ice Cap, these areas 696 

are affected by a relatively higher surface slope (>10°, Fig.8e), which favours the flow of 697 

surficial water, washing away the algae from the glacier ice. This behaviour would explain the 698 

reason behind the observed low abundance of algae, above all at the terminus of Qaanaaq 699 

Glacier.  700 

These results are in line with previous observations in the area, where findings demonstrated 701 

that the abundance of glacier algae increases with the length of the melting season (Onuma, 702 

Takeuchi, and others, 2023), as well as in other areas of GrIS (Feng and others, 2024). There, 703 

accordingly, bloom events were found to start from the end of June until August, in relation 704 

with increasing temperature and solar radiation (Shimada and others, 2016) and availability of 705 

liquid water at the surface. Water retention due to glacier surface roughness (depressions) was 706 
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discovered to host useful nutrients (phosphorus) which set up an ideal habitat for algae 707 

development (McCutcheon and others, 2021). The presence of dark depressions was further 708 

confirmed by UAV observations, which identified rough surfaces, especially in the middle area 709 

of the Qaanaaq Glacier, where the highest concentrations of algae were observed. Moreover, 710 

the washing effect of water was previously found to reduce algae abundance (Williamson and 711 

others, 2020), strengthening the hypothesis behind the lower concentrations found at the 712 

margins of the outlet glaciers, where the presence of steeper surfaces can make it  easier for 713 

algae to be washed away. 714 

 715 

e. Limitations on glacier algae abundance estimation 716 

Despite the relevant results obtained in the present research, thanks to the proposed remote-717 

sensing methodology based on field measurements, cautions and considerations are further 718 

needed. First, it is important to highlight that the provided methodology to estimate algae 719 

abundance was developed only for ice surfaces and not for snow. Its application over snow 720 

surfaces could provide unreliable results. Moreover, despite being developed for glacier algae, 721 

the Qaanaaq supraglacial biological community is characterised by a strong dominance of only 722 

one species, i.e., Ancylonema nordenskiöldii. Thus, the application of this approach needs to 723 

be taken with caution when applied over glaciers with a more diversified algal community or 724 

where cryoconite granules have a stronger role in darkening the ice surface. Additionally, the 725 

methodology was based on two datasets taken by two different operators nine years apart and, 726 

despite efforts carried out in 2023 to repeat the sampling procedure, small differences could 727 

have occurred. For example, even small differences in ice sampling depth could have affected 728 

the estimations of algae and dust concentrations.  729 

However, the results obtained in this research are in line with previous attempts in other regions 730 

of the Earth (Wang and others, 2018, 2020; Di Mauro and others, 2020), thus suggesting the 731 

broader applicability of the methodology. In addition, we demonstrated the low dependence of 732 

the model on the presence of dust. Another point which deserves attention is the possible 733 

application of the inverse equation to estimate algae abundance from the satellite band ratio. In 734 

fact, field measurements at Qaanaaq Glacier, especially in 2023, were characterized by a high 735 

concentration of glacier algae, making the estimation less reliable when applied over lower 736 

algae concentrations and values of the band-ratio. For ratios lower than ~0.94, the application 737 

of the inverse formula will provide negative algae abundances; also, note that the model is 738 

based on field-estimated ratios between 0.94 and 1.18, i.e., the lower and upper bounds found 739 

in this study. 740 
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Considering the application of the method to Sentinel-2 and the derived estimated algae 741 

abundance and its variability, the main limitations could be found in the temporal and spectral 742 

characteristics of this dataset. In fact, despite the high temporal resolution of Sentinel-2 at high 743 

latitudes, the high cloud cover persisting over the study area significantly reduced the temporal 744 

resolution of the analyses, providing at best 47% of investigated days between June and 745 

September in the 2020 summer season. Moreover, it is relevant to note that this high temporal 746 

resolution of Sentinel-2 is available only at high latitudes. Therefore, in e.g. ice-sheet-wide 747 

studies, where acquisitions are needed for much lower latitudes (< 60° N), the application of 748 

Sentinel-2 could be limited and a trade-off with its high spatial resolution should be considered. 749 

In this context, the integration of Sentinel-3 products, which share similar spectral 750 

characteristics with Sentinel-2, but a daily temporal resolution even at lower latitudes, could 751 

benefit the research, despite the lower spatial resolution (300 m). Additionally, the accuracy of 752 

derived reflectance from the Sentinel-2 L2A product is relevant to the overall uncertainty in 753 

the estimation of algae abundance. In past studies, the accuracy of Sentinel-2 L2A derived 754 

reflectance was analysed over both dark (land and coastal areas) and bright surfaces (snow and 755 

ice), and a slight positive offset (< 10%) was generally found compared to field measurements 756 

(Di Mauro and others, 2024b; Gorroño and others, 2024; Naethe and others, 2024), as also 757 

observed in the present research (Fig.3). In view of this, the application of a corresponding 758 

ratio to hyperspectral satellite data (e.g., PRISMA and EnMAP satellite missions) could 759 

improve the accuracy of the satellite-based estimations, by taking advantage of narrower 760 

spectral bands as in field spectroscopy, which showed the highest correlation with field-based 761 

algae abundance (i.e., 695/681 nm or 695/687 nm). Finally, the method suggested here could 762 

be applied to other multispectral satellites to further enhance data availability, with the aim of 763 

improving the spatial and temporal analyses (e.g., GCOM-C and MODIS products, Sentinel-764 

3, Landsat and PlanetScope). 765 

 766 

5. Conclusions 767 

The study focuses on glacier algae and their glaciological role over the Qaanaaq Ice Cap, in 768 

north-western Greenland, by means of field and satellite observations. Glacier surface samples 769 

were collected during two field campaigns over the Qaanaaq Glacier, one of the outlet glaciers 770 

of the Qaanaaq Ice Cap, in 2014 and 2023 and then processed in the laboratory to estimate the 771 

algae and dust abundances. Contextually, at each sampling site, reflectance measurements were 772 

collected in the VIS-NIR portion of the spectrum by using different spectrometers. Differences 773 

were found among the two campaign samples: in fact, 2023 measurements provided much 774 
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higher algae concentrations (by an order of magnitude, with overall averages of ~2 ×104 and 775 

~8 ×105 cells mL-1) and much lower reflectances (-20%), when the effect of chlorophyll-a was 776 

evident with absorption at around 680 nm. In general, a strong dominance of Ancylonema 777 

nordenskiöldii species was found in both campaigns (>80%). Based on field observations, we 778 

defined the best reflectance ratio capable of estimating algae abundance, i.e., 695/681 nm or 779 

695/687 nm, close to previous attempts in other areas (Wang and others, 2018, 2020; Di Mauro 780 

and others, 2020). Subsequently, the ratio was applied to Sentinel-2 bands (band 5 / band 4), 781 

allowing us to estimate the glacier algae abundance at the ice cap scale and to analyse their 782 

variation over time from 2016 to 2023 (summer seasons). From this analysis, thanks to a 783 

phenology approach (Di Mauro and Fugazza, 2022), we found strong heterogeneity in algae 784 

variation among the different seasons, where especially summers 2019, 2020 and 2023 785 

revealed exceptional algal growth and abundance (> 1 ×106 cells mL-1). Particularly, it is 786 

noteworthy that in 2020 more than two tons of equivalent carbon (2114 kg C) were estimated 787 

at the scale of the ice cap (~270 km2). At Qaanaaq Glacier scale, we also estimated algae 788 

variability in comparison with meteorological (temperature, snowfall) and topographic (slope) 789 

parameters, observing that algae tend to grow and reach high abundances (in mid-August) when 790 

several consecutive days of positive temperature (ranging from 57 to 64 days) and 791 

corresponding snowfall hiatus take place, especially over relatively flat areas (algae presented 792 

lower concentrations on glacier margins, where steeper surfaces are found). 793 

Further research could focus on different aspects revealed in the present research. First, the 794 

application of a similar approach based on other satellites, to test hyperspectral resolutions 795 

(PRISMA, EnMAP and CHIME) as a possible improvement in remote glacier algae estimation, 796 

or to widen the study area to the entire GrIS, thanks to the application of the identified 797 

reflectance ratio to other multispectral satellites with daily temporal resolution (e.g. GCOM-C, 798 

Sentinel-3 and MODIS products). Moreover, the application of other satellite products having 799 

a longer temporal acquisition history (e.g., MODIS) would allow estimating statistical 800 

correlations among the phenology metrics. In fact, in the present research, these correlations 801 

were not calculated in view of the few available years (eight), which would have strongly 802 

affected the statistics. Finally, given the not-linearity of relations among algae and 803 

meteorological and glaciological parameters found in this research (with few exceptions at 804 

certain elevations), future research should focus on non-linear modelling for simulating algae 805 

abundance and their growth over time. 806 
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Figure 1. (a) overview of the Qaanaaq Ice Cap (blue star in the overview map of Greenland, Moon and 
others, 2023), Sentinel-2 image acquired on 18/Aug/2023 in the background and ice-cap outlines in light 
blue and ice sheds in black. (b) study sites from the 2014 and 2023 field campaigns over Qaanaaq Glacier 
(black rectangle in a). (c) Zoomed-in aerial view of 2014 study sites as of UAV acquisitions in August 2023. 
(d) collection of spectral measurements over the Qaanaaq Glacier in 2023. (e) Light micrograph of one of 

the 2023 samples where Ancylonema nordenskioldii cells are clearly visible. 
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Figure 2. Plot of albedo (α) and glacier algae abundance estimated from Sentinel-2 in 2023 over the 
Qaanaaq Glacier in a small patch of 5x5 pixels located in the range between 400 m and 500 m a.s.l. Shaded 

areas are based on one standard deviation. The plot schematically represents how different glacier 
phenology variables were calculated. 
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Figure 3. Field spectra acquired in 2014 (dotted line) and 2023 (solid line) in the areas of the four sites of 
Qaanaaq Glacier. Reddish columns in the plot represent the spectral amplitude of bands 4 and 5 (Red and 

Red-Edge1) of Sentinel-2. 
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Figure 4. Matrices of reflectance ratios coloured on the basis of (a) R2 and (b) RMSE values with algae 
abundances from the 2014 and 2023 campaigns. The red rectangle represents the Sentinel-2 ratio of bands 
5 and 4. Scatter plots of (c) algae and (d) dust abundances estimated from field samples, correlated with 

corresponding reflectance ratio from field-spectroscopy measurements (averaged on the Sentinel-2 bands). 
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Figure 5. Phenology maps retrieved from Sentinel-2 images representing the summer (June-September) 
minimum albedo from 2016 to 2023 over the Qaanaaq Ice Cap. All the images were masked based on the 

August 2023 ice-cap extent. ESRI Light Gray map in the background. 
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Figure 6. Phenology maps retrieved from Sentinel-2 images representing the length of the blooming season 
(days) from 2016 to 2023 over the Qaanaaq Ice Cap, where 0 means no days of algal bloom in the summer 
and 75 means blooming lasting until mid-August. All the images were masked on the August 2023 ice-cap 

extent. ESRI Light Gray map in the background. 
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Figure 7. Phenology maps retrieved from Sentinel-2 images representing the summer (June-September) 
mean of algae abundances (cells mL-1) from 2016 to 2023 over the Qaanaaq Ice Cap. All the images were 

masked on the August 2023 ice-cap extent. ESRI Light Gray map in the background. 
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Figure 8. (a) UAV view (about 60 m above the surface) of the Qaanaaq Glacier taken on 09/Aug/2023 as 
seen from site S4. Images of the Qaanaaq Glacier represented as: (b) RGB Sentinel-2 acquisition 

(18/Aug/2023), where trend analyses of algae and meteorological parameters were carried out (black 
squares); (c) algae abundance and (d) albedo retrieved from the Sentinel-2 18/Aug/2023 acquisition and 

(e) slope derived from strips of the ArcticDEM (02/Jun/2023). 
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Figure 9. Temporal variation (summer 2018 on the left and 2019 on the right) of algae abundance (green 
lines) retrieved from Sentinel-2 acquisitions, air temperature (red lines) and snowfall (light-blue columns) 

from downscaled atmospheric reanalysis data. Shaded areas represent one standard deviation. Each subplot 
refers to a specific elevation range of the Qaanaaq Glacier, whose locations are represented in Fig.8b (black 

squares). 
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