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Description of methods used for ice-core sampling, optical point-measurements and 

chlorophyll-a analysis: 

Paired under-ice irradiance measurements and ice core samples were collected from 5 

sites on the ice floe under investigation. These bio-optical sampling sites were chosen 

such that their immediate surroundings (5 m) showed no snow-cover disturbances, were 

level, and free of major surface deformations. On each sampling site we deployed a 

TriOS Ramses ACC VIS radiometer (Advanced Cosine Collector, 180° field of view) 

0.15 m beneath the subsurface of the ice floe through an access hole (0.11 m diameter) 

using a retractable L-shaped stainless steel arm. The effect of the hole on the light 

measurements was assumed to be negligible due the position of the radiometer 1.2 m 

north (i.e., directed towards the sun) of the access hole. Under-ice high-resolution (400 - 

700 nm, 3.3 nm band width) irradiance spectra were recorded with a laptop computer 

using TriOS MSDA_XE software version 7.5.1. Results used for further analyses 

represent average spectra calculated from of a minimum of 10 replicate radiometer 

measurements. At each site one ice core was collected directly above the radiometer 

location using a manual Kovacs Mark II ice core system (0.09 m core diameter). The 

sampled ice core was cut into 4 sections which were placed in clean polyethylene 

containers and transported back to the ship’s laboratories. On the ship, sampled ice core 

sections were melted at 4°C in the dark within 24 – 36 hours of collection. After the ice 

cores had melted, the samples were gently mixed and samples taken for the determination 

of ice algal pigment concentration. For pigment analysis, 0.2 to 4.0 litres of melted ice 

core subsamples were filtered onto Whatman GF/F glass fibre filters, extracted with 90% 

(v/v) acetone and analysed for chl-a with a Turner Designs 10AU fluorometer according 

to standard protocols (Melbourne-Thomas et al., 2015). Ice core section data (chl-a in μg 

l-1) were integrated over the entire ice thickness and are expressed as integrated chl-a 

values (mg m−2). 
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Calculation of Normalized Difference Indices: 

The calculation of the Normalized Difference Index (NDI) to integrated ice core chl-a 

relationship exactly followed Melbourne-Thomas et al. (2015) and considered their 

corrigendum to the equations (Melbourne-Thomas et al., 2016). Measured under-ice 

transmitted irradiance spectra were interpolated to consecutive integer (1 nm) 

wavelengths in the range of 400 to 700 nm, and normalised to the integrated under-ice 

irradiance over the 400 to 700 nm wavelength range in order to minimise the amplitude 

component of spectral variability and to focus on differences in spectral shape. The 

Normalized Difference Index for the wavelength pair 479 nm and 468 nm was then 

calculated as: 

NDI (479:468) = [Ed(479nm) – Ed(468nm)] / [Ed(479nm) + Ed(468nm)]  (1) 

In which Ed is the normalized intensity of under-ice irradiance in the specific wavelength 

bands (Mundy et al., 2007; Melbourne-Thomas et al., 2015, 2016; Lange et al., 2016). 

NDI (479:468) values were related to log-normalized integrated chl-a values (SI, Fig. 

S1). 

 

Figure S1: Normalized Difference Index (NDI) to integrated chlorophyll a concentration 

relationships. Black circles, regression line and 99% confidence intervals show the established 

relationship of Melbourne-Thomas et al. 2015 [ln (ChlaROV) = 0.39 + 31.7 x NDI(479:468), R2 = 0.79, 

p < 0.0001). Blue squares indicate measurements taken during this study (n = 5). For details see 

text.  
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Calculation of sea-ice freeboard levels: 

Sea-ice freeboard levels (F) were calculated according to Arndt et al. (2017), as: 

F = (I x (ρw – ρi) – S x ρs) / ρw       (2) 

for positive freeboard. 

Negative freeboard levels (-F), e.g., the flooded snow layer thickness were calculated as: 

-F = S - ((I +S)/(1 +( ρs / (ρw – ρi))).      (3) 

       

The latter equation accounts for a change in density of snow once flooded. In these 

equations, S, I, ρs, ρw and ρi denote snow depth (m), ice thickness (m), density of snow (= 

300 kg m-3), density of water (= 1023.9 kg m-3) and density of ice (= 915.1 kg m-3), 

respectively. 

 

Details on the instrumentation of the Remotely Operated Vehicle (ROV) used for 

under-ice surveys  

Under-ice surveys were carried out using a SAAB SeaEye Falcon ROV instrumented 

with an upward-looking TriOS Ramses-VIS hyperspectral radiometer (320-950 nm) and 

an upward-looking Valeport500 sonar to measure under-ice irradiance and the distance 

between the sensor and the bottom of the ice, respectively. ROV position was determined 

using a long baseline (LBL) acoustic positioning system consisting of a Woods Hole 

Oceanographic Institution (WHOI) FSK micro-modem equipped with an ITC 3013 

transducer (mounted to the ROV) and interrogating four Benthos XT-6001 transponders 

(15 m depth).  

Statistical model results including spatial interaction 

Figure S2 shows output from the GAMxy model that includes a spatial smooth term (full 

tensor product interaction) on the x and y coordinates, in addition to the smooth functions 

for snow depth, ice thickness and ice freeboard. Note that the smooth functions for the 

biophysical terms remain almost identical to those shown in Fig. 4 (main text), with 

slightly widened confidence intervals but no substantive changes to the significance of 

terms. This indicates that even accounting for the strong spatial autocorrelation in the 
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dataset (GAMxy: te(x,y), p < 0.0001, Fig. S2d) the algal relationships with biophysical 

drivers are strong. 

  

Figure S2: Smooths of generalized additive modelling (GAMxy) terms presented as in Figure 4 but 

including also d) the smooth interaction on the spatial x-, and y- co-ordinates. In panel d) the 

black lines indicate the tensor smooth estimate te(x,y), the red and green dashed lines indicate 

±1 S.E, and the points indicate the locations of ROV observations (n = 4425). Note natural log 

scale on x-axis in panel b.  
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