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The role of local-ice meltwater
in the triggering of an under-ice
phytoplankton bloom in an
Arctic fjord
Eugenio Ruiz-Castillo1*, Josefa Verdugo1, Sergei Kirillov2,
Igor Dmitrenko2, Wieter Boone3 and Søren Rysgaard1

1Arctic Research Centre, Department of Biology, Aarhus University, Aarhus, Denmark, 2Centre for
Earth Observation Science, University of Manitoba, Winnipeg, MB, Canada, 3Marine Robotics Centre,
Flanders Marine Institute, Ostend, Belgium
We combined records from moorings, profilers, and CTD transects obtained in

an Arctic fjord (Young Sound, Greenland) to assess the effects of local meltwater

input at the beginning of ice melt while the fjord was still covered by ice. Results

indicate that light penetrated below the ice and was available throughout the

sampling period. Melting began at the mouth, where the ice and snow layers

were thinner. At the mouth, meltwater triggered stratification and the onset of an

under-ice phytoplankton bloom, as shown by an increase in chlorophyll-a (chl-

a), fluorescence-CDOM, and oxygen saturation. Chl-awas highly correlated with

salinity (−0.84) and temperature (0.88), indicating a strong association with the

input of meltwater, while the maximums in chl-a and oxygen matched the

distribution of the meltwater. At the mouth, in the area where the meltwater

occurred, average chl-a increased from 0.27 mg m−3 to 0.40 mg m−3, and by the

end of the record, it was three times greater than the surrounding waters. In the

area of the patch of meltwater on 26–28 May, averaged oxygen increased by

4%–5% during the sampling period. Inside the fjord, patches of meltwater

occurred and were advected from the mouth by an in-fjord flow. Within these

patches of meltwater, chl-a and oxygen saturation increased, and by the end of

the record, they were two times and 5% higher than the surrounding waters,

respectively. This study shows that meltwater and stratification were more

important than light for the onset of the under-ice bloom and suggests a

significant portion of pelagic primary productivity occurs before ice breakup.
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1 Introduction

In the Arctic, the environmental conditions have changed in the

last few decades. Changes include a reduction in the sea ice

thickness and concentration (Carmack et al., 2015; Kwok, 2018;

Stroeve and Notz, 2018), freshening (Carmack et al., 2016;

Proshutinsky et al., 2019), and longer melt seasons (Belchansky

et al., 2004; Stroeve et al., 2014). These changes have driven an

increase in the volume of meltwater in the water column

(Yamamoto-Kawai et al., 2009; Korhonen et al., 2013; Rabe et al.,

2014). In the last decade, considerable attention has been drawn to

the evolution and effects of meltwater on physical and biological

processes (e.g., Brown et al., 2020; Solomon et al., 2021). Meltwater

input triggers stratification and thickens the halocline (Randelhoff

et al., 2017). This stabilizes the upper part of the water column,

enabling phytoplankton to remain in the euphotic layer, which

promotes the development of phytoplankton blooms (Cherkasheva

et al., 2014; Oziel et al., 2019) until nutrients are depleted. With a

thicker halocline, the effects of wind-driven mixing/ventilation are

limited to relatively shallow depths (Lincoln et al., 2016; Polyakov

et al., 2020). This constrains upward entrainment of deeper and

nutrient-rich waters into the euphotic layer, impeding further

phytoplankton blooms and concomitant carbon drawdown

(Slagstad et al., 2015; Brown et al., 2020).

The regional and short-term response to meltwater input

during the transition period from ice-covered to ice-free

conditions is less addressed and remains poorly understood. One

of the main hindrances to this is the fact that melting begins while

the water column is still covered by ice (Boone et al., 2017; Salganik

et al., 2023). This imposes a physical barrier that hinders sampling

of the water column with in situ measurements and obstructs

remote sensing observations. Moreover, the input of meltwater

into the ocean is largely affected by the different ice and snow

conditions. The snow cover acts as an insulating layer that separates

ice from the atmospheric heat, and thus, a thinner layer of snow

might result in an earlier onset of melting (Wagner et al., 2022).

Seasonal melting of snow starts earlier than ice (Geilfus et al., 2023),

and, in permeable ice conditions, snow meltwater may drain into

the water column and freshen the water under the ice cover (Fetter

and Untersteiner, 1998). In principle, after the onset of meltwater

input in spring, the environmental conditions such as light

availability and stability of the water column are ideal for the

development of under-ice phytoplankton blooms (Ardyna et al.,

2020). However, due to the scarcity of under-ice records spanning

throughout the melting period, the effects of meltwater on the water

column structure and the triggering of phytoplankton blooms are

not fully elucidated. The general view is that under-ice blooms

develop once light conditions suffice to maintain phytoplankton

growth. However, the evidence presented here indicates that

meltwater input and consequent stratification play a more

determinant role in the triggering of under-ice phytoplankton

blooms. In this study, we focus on the beginning of the melting

period (May–June), while the water is still covered by ice. We

describe the onset of melting and address the effects of meltwater on
Frontiers in Marine Science 02
the hydrography and the consequent impact on the development of

under-ice phytoplankton blooms.

Our study area is Young Sound Fjord, located in northeast

Greenland (Figures 1A–C). This fjord receives runoff from land-

terminating glaciers located ~90 km from the mouth (Rysgaard

et al., 2003). The width of the fjord varies from ~2 km in the inner

part to 7–8 km at the mouth (Rysgaard et al., 2003). At the entrance

of Young Sound, there is a 45-m sill that separates the relatively cold

waters of the fjord from the warmer waters of the shelf (Boone et al.,

2018). The water column in the fjord and shelf sea is highly

stratified during the ice-free period (Rysgaard and Nielsen, 2006),

while in winter stratification weakens in the top 40 m, leading to

nearly homogenous hydrographic conditions (Rysgaard et al.,

1999). On average, Young Sound is ice-covered 9–10 months a

year between September–October and mid-July (Rysgaard et al.,

1998; Rysgaard et al., 1999; Rysgaard et al., 2003).
2 Method

We used observations from conductivity, temperature, and

depth (CTD) casts, moorings, and a profiler between 30 April

and 10 June 2014 to assess the hydrographic variability and

implications on phytoplankton blooms during the beginning of

ice melting in Young Sound (Figures 1B, C). The location of the

CTD casts and moorings was referenced to their relative distance to

YS5 located at the sill, such that the distance at the sill equals 0 km

and is negative toward the head of the fjord. Along the fjord, a CTD

Sea-Bird 19plus (SBE-19+) was lowered through ice-drilled holes to

sample temperature, salinity, dissolved oxygen, fluorescence

(Seapoint), and photosynthetically active radiation (PAR,

Biospherical, Licor). Most of the CTD casts (>95%) used in this

study were carried out during daylight conditions between 8 and 18

h local time. Fluorescence from CTD casts was calibrated with in

situ samples of chlorophyll-a (chl-a) that were obtained as part of

the Greenland Ecosystem Monitoring and from the Arctic Science

Partnership (ASP) sea ice campaign in Young Sound in 2014. In

addition to the CTD casts, the YS5 time series of temperature and

salinity were recorded with a CTD SBE-52 Moored profiler (SBE-52

MP), and a WetLab ECO triplet was used to record fluorescence

(chl-a and colored dissolved organic matter (CDOM)). These time

series covered the upper 30–35 m and had a temporal resolution of

30 min. Both instruments were mounted on a McLane ice-tethered

profiler (see Boone et al., 2017). We estimated the chl-a

concentration at YS5 using the calibrated fluorescence data from

the CTD casts. Conservative temperature, absolute salinity,

potential density, and oxygen saturation relative to the

atmosphere were computed using the TEOS-10 functions

(McDougall and Barker, 2011). The time series of currents in the

water column were measured along the fjord at different mooring

sites. At YS2 and YS3, currents were recorded using an RDI

Sentinel-300 kHz ADCP at a temporal resolution of 10 min,

while at YS5–YS6, currents were measured with a Nortek

Aquadopp-600 kHz ADCP at a temporal resolution of 5 min. At
frontiersin.org
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the vicinity of the sill (YS5–YS6), only current data spanning

between 2.5 m and 30 m were adequately recorded. Further

details on the data sets can be found in Boone et al. (2017). The

semidiurnal tide was filtered out from the velocity records by the

use of a low-pass band Lanczos filter with a cut-off frequency of

30 h−1. Gaps in the records of absolute salinity, conservative

temperature, chl-a, and fluorescence-CDOM were observed below

25 m and were probably caused by events of strong currents that

hampered the profiler (Boone et al., 2017). For these records, the

semidiurnal tide was removed using a running average window of

30 h. At YS5, filtered velocities were rotated (10°) to coincide with

the along- (u(t)) and cross-fjord (v(t)) directions, where negative

values indicate in-fjord flow and 90° to the left of the in-fjord

direction referred to as southward. Positive values indicate out-fjord

and northward flow. To assess the extension of the ice sheet, we use
Frontiers in Marine Science 03
satellite images obtained from the Danish Meteorological Institute

(https://ocean.dmi.dk/arctic/daneborg.uk.php).
3 Results

3.1 Ice-meltwater input and onset
of stratification

Throughout May 2014, Young Sound was under ice, and the sea

ice cover extended 30-40 km of the sill (YS5) into the Greenlandic

shelf (Figure 2). Below the ice, three patches of fresher water

bounded by the 32.35-g kg−1 isohaline appeared and deepened

into the water column (Figures 3A–D). On 4–5 and 10–12 May, a

patch of fresher water occurred at 2–11 km in the upper 5 m
A B
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FIGURE 1

Map of (A) Greenland and (B, C) Young Sound Fjord. In (A), the red box shows the location of Young Sound. In (B), the blue dots represent the
location of the CTD casts carried out in the period 30 April–10 June, and the red square shows the area in (C). In (C), the light-blue diamonds
indicate the location of the moorings. Photosynthetically active radiation (PAR) for the periods (D) 4–5 May, (E) 10–12 May, (F) 18–19 May, and
(G) 26–28 May. In (D–G), red and black contours represent the 20- and 0.5-mmol photons m−2 s−1 of PAR, respectively. Average velocity (vectors)
and the major and minor axes of the variability of the velocity (blue lines) at 12 m depth for the periods (H) 1–15 May and (I) 15 May–6 June.
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(Figures 3A, B). Afterward, the length and extension of this fresher

patch increased, deepened to 20 m, and extended from −3 km to

14.5 km on 18–19 May (Figure 3C). By 26–28 May, the fresher

water reached ~45 m depth, while the area it covered extended

further into the fjord from −6 km to 14.5 km (Figure 3D).

Interestingly, freshening within the patch occurred at the surface

throughout the record. The lowest salinity on 4–5 May was 32.25 g

kg−1 and decreased to below 32.15 g kg−1 by 26–28 May

(Figures 3A–D). A second patch of fresher water appeared in the

upper 5 m at −10 km on 18–19May (Figure 3C). By 26–28 May, this

patch deepened to ~25 m and extended from −15 km to −6 km

(Figure 3D). At the surface, freshening within this patch occurred as

well. The lowest salinity was below 32.35 g kg−1 on 18–19 May and

was <32.25 g kg−1 on 26–28 May. Between −25 km and −15 km, a

third patch of fresher water occurred on 26–28 May in the upper 10

m and had the lowest salinities below 32.25 g kg−1 at the surface.

Decreases in salinity at the surface throughout the record indicate

continued input of freshwater.

Increases in temperature occurred where freshening was

observed (Figures 3E–H). On 4–12 May, the temperature in the

upper 50 m was near the freezing point (≤1.74°C) (Figures 3E, F).

Later, by 26–28 May, the temperature inside the patches of fresher

water at the mouth of Young Sound and at −10 km increased to an

average of −1.65°C and −1.68°C, respectively (Figure 3H). The

maximum temperatures were above −1.55°C at the mouth of Young
Frontiers in Marine Science 04
Sound, while they reached −1.63°C at −10 km. Within the patch of

fresher water located between −25 km and −15 km, changes in the

average temperature were minimal (<0.01°C), although

the maximum temperature observed was −1.69°C. Outside the

patches of fresher water, the temperature in the upper 50 m

remained relatively constant (~−1.74°C) throughout the record.

Density above the 25.95-kg m−3 contour showed the same

patterns described in the sections of salinity (Figures 3I–L). The

patches of relatively low salinity led to the occurrence of waters with

relatively low density (<25.9 kg m−3). Within the three patches of

lighter water, density decreased from 25.9 kg m−3 on 10–12 May to

<25.8 kg m−3 on 26–28 May, with minimum values of 25.6 kg m-3.

Below the 25.95-kg m−3 contour, changes in density within the fjord

were negligible throughout the record (Figure 3). Nonetheless, the

variability in the depth of the density contours suggests the passing

of internal waves. Above the sill, the deepening of the fresher,

warmer, and lighter waters on 26–28 May interrupted the

continuous distribution of salinity, temperature, and density

between the fjord and shelf sea seen between 4–5 and 18–19 May.

Below 45 m depth, the sill isolated the fresher, colder, and lighter

waters from inside the fjord from the waters with relatively high

salinity (>32.7 g kg−1), temperature (>-1.5°C), and density (>26.4 kg

m−3) from the shelf sea.

At the sill (YS5), in the period 1–15 May, the vertical

distribution of salinity and temperature above the 25.95-kg m−3
A B

DC

FIGURE 2

Satellite images of Northeast Greenland for (A) 03 May 2014, (B) 12 May 2014, (C) 18 May 2014, and (D) 26 May 2014. The light blue diamond
indicates the location of the mooring at YS5. The dashed line shows the distance to the ice edge.
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density contour were nearly homogenous (Figure 4). Vertical

differences in density (0.02 kg m−3) and salinity (0.03 g kg−1)

were barely noticeable (Figure 4A), while differences in

temperature (<0.001°C) were negligible (Figure 4B). After 15

May, substantial changes in salinity, temperature, and density

occurred. In the upper 20 m, salinity decreased to below 32.35 g

kg−1 with the freshest waters (<32.15 g kg−1) occupying the top 10 m

(Figure 4A). Likewise, the temperature increased from −1.75°C to
Frontiers in Marine Science 05
above −1.64°C with the warmest waters (−1.6°C) occurring in the

upper 10 m (Figure 4B). Temperature and salinity were highly

correlated (−0.91), indicating changes resulted from the same

process. The input of fresher and warmer waters strengthened

stratification after 15 May. The vertical difference in density on

18 May between the surface and 30 m was ~0.11 kg m−3, increased

to 0.15 kg m−3 on 23 May, and reached maximum values above 0.2

kg m−3 on 25 and 31 May (Figures 4A, B).
A B D
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FIGURE 3

Along fjord sections of (A–D) absolute salinity, (E–H) conservative temperature, (I–L) potential density, (M–P) chlorophyll-a concentration, and
(Q–T) oxygen saturation relative to the atmosphere. The period each section represents is indicated in the top row. In (A–D), the black and white
contours represent the 32.35-g kg−1 and the 32.15-g kg−1, 32.25-g kg−1, and 32.45-g kg−1 isohalines, respectively. In (E–H), the black contour
represents the −1.7 C isotherm. In (I–L), the black represents the 25.9-kg m−3 density contour and in white the 25.7 kg m−3, 25.8 kg m−3, 25.95 kg
m−3, and 26 kg m−3. In (M–P), chl-a with the 25.9-kg m−3 density contour (black). In (Q–T), the white contours represent 96% and 107%, and the
black contour is the 25.9-kg m−3 density. The light-blue diamonds indicate the location of the moorings.
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3.2 Under-ice variability of PAR, chl-a,
oxygen saturation, and
fluorescence-CDOM

In Young Sound, PAR was available under the ice in May

(Figures 1D–G). The average (+/- std error) PAR at the surface (0–1

m depth) increased from 50 ± 0.5 µmol photonsm−2 s−1 on 4–5May to

118 ± 0.9 mmol photons m−2 s−1 on 10–12 May, decreased slightly to

111 ± 0.8 mmol photons m−2 s−1 on 18–19 May and was the highest

(242 ± 1 mmol photons m−2 s−1) on 26–28 May. In general, PAR was

greater than 20 mmol photons m−2 s−1 in the upper ~2–3m throughout

the record (Figures 1D–G). Noteworthy, in the top 3 m, PAR increased

from an average of 21 ± 3 mmol photons m−2 s−1 on 4–5 May to 106 ±

19 mmol photons m−2 s−1 by 26–28 May. Throughout the record, 1%

(0.5 mmol photons m−2 s−1) of PAR available on 4–5 May reached 15–

25m at themouth and 5–25m inside Young Sound. The highest values

of chl-a occurred within the patches of fresher and lighter water

(Figures 3M–P). In the patch located at the mouth of the fjord, the

concentration of chl-a was on average 0.27 ± 0.004 mg m−3 on 4–5

May, increased to 0.35 ± 0.005 mg m−3 by 10–12 May, remained
Frontiers in Marine Science 06
relatively constant until 18–19 May (0.34 ± 0.003 mg m−3) and by 26–

28 May, the concentration of chl-a reached an average of 0.40 ± 0.005

mg m−3. In the second patch of fresher water located at −10 km, chl-a

was 0.27 ± 0.002 mg m−3 on 18–19 May and increased to 0.33 ± 0.004

mgm−3 by 26–28May.Within the patch between −25 km and −15 km,

chl-a was 0.28 ± 0.002 mg m−3 on 26–28 May. Outside the patches of

fresher water, the concentration of chl-a was on average 0.15 ± 0.0003

mg m−3 throughout the record. At YS5, the concentration of chl-a

mirrored the variability in salinity and temperature (Figure 4C). The

correlation of chl-a with salinity (−0.84) and temperature (0.88) was

relatively high, which indicates a strong association with the input of

the fresher and warmer waters. Before 15 May, the concentration of

chl-a was minimum (~0.15 mg m−3), and from 15 May onwards, the

concentration of chl-a increased. In the upper 30 m, chl-a was on

average 0.26 mg m−3 and 0.34 mg m−3 on 17–18 and 25 May,

respectively. The concentration decreased to 0.22 mg m−3 on 29 May

and afterward, it increased gradually until the end of the record to 0.31

mg m−3. In the top 6 m, the average concentrations accounted for 0.33

mg m−3, 0.43 mg m−3, 0.31 mg m−3, and 0.42 mg m−3 on 17–18 May,

25 May, 29 May, and 7 June, respectively. Changes in the fluorescence-
A

B
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FIGURE 4

Hövmoller diagrams at the YS5 mooring site of (A) absolute salinity, (B) conservative temperature, (C) chlorophyll-a concentration, (D) fluorescence-
colored dissolved organic matter, (E) along-fjord velocity, and (F) cross-fjord velocity. In (A–F), black contours show the potential density. The
dashed line indicates 15 May.
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CDOM signal were noticeable after the increase in chl-a (Figure 4D).

Before 15 May, the highest signal (>104) occurred below the 25.95-kg

m−3 density contour. From 15 May onwards, the signal gradually

increased above the 25.95-kg m−3 density contour and reached the top

30 m maximum values above 106 and 107 on 31 May and 2

June, respectively.

The variability of oxygen saturation relative to the atmosphere

is shown in Figures 3Q–T. In Young Sound, oxygen saturation was

above 107% between ~25 m and 150 m depth, while below 150 m it

was below 96%. In the upper 25 m, the oxygen saturation was more

variable. The highest values (107%–117%) were located at the

mouth of Young Sound and gradually decreased toward the head

of the fjord to 100%–102%. At the mouth, the maximum oxygen

saturation was 114% and 115% on 4–5 and 10–12 May, respectively

(Figures 3Q, R). Later, the maximum oxygen saturation increased to

117% on 18–19 May and slightly decreased to 116% on 26–28 May

(Figures 3S, T). Inside the fjord, the most noticeable increases in

oxygen occurred. Within the patch of fresher water at −10 km, the

oxygen saturation rose from an average of 106% ± 0.14% on 10–12

May to 108% ± 0.3% and 111% ± 0.11% on 18–19 and 26–28 May,

respectively. Likewise, in the patch of fresher water between −25 km

and −15 km, oxygen saturation increased from 106% ± 0.14% on

18–19 May to 111% ± 0.18% on 26–28 May.
3.3 Circulation in Young Sound

In the period between 1 and 15May, the average velocity field at 12

m shows that the waters in the vicinity of the sill (YS5–YS6) were out-

fjord (Figure 1H). Nonetheless, the ellipses of variability indicate the

flow was disorganized. The out-fjord flow was consistent in the upper

30 m at YS5 (Figure 4E). In contrast, in the cross-fjord direction the

flow was in the northern direction above the 25.95-kg m−3 density

contour, while below, velocities were southward (Figure 4F). At YS2,

the average velocity was southward with the variability of the flow

aligned to the along-fjord direction, while at YS3, the average velocity

and variability were consistently in the out-fjord direction (Figure 1H).

From 15 May until the end of the record, a drastic change in the

direction of the flow occurred. At YS5, velocities turned in-fjord in the

upper 20 m, i.e., where fresher and warmer waters were observed

(Figures 4A–E). Likewise, the flow in the cross-fjord direction inverted

and was southward (Figure 4F). The velocity field shows a coherent

average in-fjord flow between YS5 and YS3 after 15 May, with the

ellipses of variability aligned consistently to the average flow (Figure 1I).
4 Discussion

In May, during the late stages of the ice-covered period, fresher

water appeared at the surface under the ice cover in Young Sound

(Figures 2, 3), and, given that in May–June there was no significant

river discharge, the supply of fresher water was melt of snow and sea ice

(Boone et al., 2017). The input of meltwater began at the mouth where

a coastal polynya occurred in the preceding months (Dmitrenko et al.,

2015; Boone et al., 2017). The polynya began in late December, lasted

until early March, and was followed by land-fast ice formation until the
Frontiers in Marine Science 07
ice broke completely in July. At the mouth, the snow thickness (20–25

cm) was half of that inside the fjord (48–49 cm) (Kirillov et al., 2015).

The ice thickness was ~95 cm, that is, about ~40 cm thinner than inside

Young Sound (Kirillov et al., 2015). When melting began in May

(Rysgaard and Nielsen, 2006; Kirillov et al., 2015; Boone et al., 2017),

the thinner layer of snow and ice seemed to ease meltwater input to

occur first at the entrance of Young Sound (Figures 3, 4) (e.g., Oziel

et al., 2019; Salganik et al., 2023).

In Young Sound, the light conditions in May were favorable for

phytoplankton blooms, as light is no longer a limiting factor (Rysgaard

et al., 2001; Holding et al., 2019). The average PAR at the surface (0–1

m depth) was 50 ± 0.5 µmol photons m−2 s−1 on 4–5 May (Figure 1D).

We can consider the euphotic layer to be down to where PAR accounts

for 0.5 mmol photons m−2 s−1, that is, 1% of the light at the surface on

4–5 May. In Young Sound, this threshold indicates the euphotic layer

was down to 15–25 m at the mouth and 5–25 m inside Young Sound

(Figures 1D–G). Thus, we expect phytoplankton growth within these

depths (e.g., Kühl et al., 2001; Rysgaard et al., 2001; Holding et al.,

2019). The increase in chl-a after 15 May described the onset of an

under-ice bloom at YS5 that was advected from the mouth of the fjord,

as shown by the velocity record. In the period marked by the beginning

of the in-fjord flow (15 May) and the occurrence of fresher water (16–

17 May), the average velocity was 1.2 km day−1 (Figure 3). Thus, the

concentration of chl-a along with the fresher water was advected from

1.2 km to 2.4 km west of the sill, i.e., where the meltwater source and

the maximum of chl-a occurred (2–11 km on 10–12 May) (Figure 3).

Interestingly, despite light conditions being favorable for blooms along

Young Sound since earlyMay, the bloomwas triggered at themouth by

the input of meltwater, as indicated by the high correlation of chl-a

with salinity (−0.84) and temperature (0.88) (Figures 4A–C), and the

matching distribution of the highest chl-a with the lowest salinity and

density (Figure 3). Meltwater input provided a stable water column for

phytoplankton to be in the reach of light below the ice (Figures 2, 3)

(e.g., Cherkasheva et al., 2014; Mundy et al., 2014; Oziel et al., 2019;

Castagno et al., 2023). That is, stratification strengthened as shown by

the increase in the vertical differences in the upper 30 m from 0.02 kg

m−3 to >0.2 kg m−3 (Figure 3), which agrees with other studies where

similar differences triggered and maintained phytoplankton blooms

(Oziel et al., 2019; Ruiz-Castillo et al., 2019). Therefore, meltwater input

and the concomitant stratification were more important than light

availability for the triggering of the under-ice bloom. However, in

Young Sound, the nutrient concentration in the upper part of the water

column is extremely low (Holding et al., 2019; Søgaard et al., 2021), and

therefore, the slight increase in the concentration of chl-a from 0.27 mg

m−3 to 0.40 mg m−3 in 22–23 days suggests that low availability of

nutrients constrained further phytoplankton growth. The variability in

the fluorescence-CDOM signal at YS5 provides further evidence of the

onset of a phytoplankton bloom event (Figure 4D). CDOM in the

meltwater from the Greenland ice sheet is negligible (Stedmon et al.,

2015), and there was no hydrographic evidence of upward entrainment

from below the 25.95-kg m−3 isopycnal, suggesting changes in the

fluorescence-CDOM signal were biologically driven (e.g., Sasaki et al.,

2005; Suksomjit et al., 2009). As phytoplankton bloomed,

phytoplankton mortality and bacterial production intensified the

fluorescence-CDOM (e.g., Sasaki et al., 2005; Organelli et al., 2014).

Furthermore, the effects of the onset of the under-ice bloom were
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visible on the oxygen supersaturation relative to the atmosphere

(Figures 3Q–T). In the area of the patch of meltwater at the mouth

of Young Sound on 26–28 May, the average oxygen saturation was

108% ± 0.16% on 4–12 May and increased to 113% ± 0.12% on 18–19

and remained relatively constant (112% ± 0.06%) until 26–28 May,

respectively. Ice-meltwater cannot be the source as sea ice is oxygen-

depleted (Rysgaard et al., 2008; Attard et al., 2018), and therefore, the

increases in oxygen were biologically produced (e.g., Frajka-Williams

et al., 2009).

Inside Young Sound, two patches of meltwater were observed

at −10 km and −20 km (Figures 3A–D). At these locations, the

thickness of the snow and ice were twice and ~1.4 greater than the

thickness on the shelf side of the sill (Kirillov et al., 2015). The

greater insulating effect of the snow coverage to atmospheric heat

and a thicker ice layer suggest melting was not occurring yet

inside Young Sound. Instead, the velocity records indicated the

meltwater was advected by the in-fjord flow (Figure 1I) (Boone

et al., 2017). Nonetheless, the sections of salinity show

discontinuities in the patches of meltwater along Young Sound

(Figure 3). We attribute these discontinuities to variations in the

cross-fjord flow. For instance, at YS2, the average velocity showed

a significant component of the flow heading into the northern

edge of the fjord (Figure 1I). Potentially, the meltwater

introduced by the in-fjord flow turned northward before

reaching YS2, which might explain the absence of meltwater

between 18 and 28 May at this mooring site (Figure 3). The

meltwater propagated along the northern edge of the fjord and

was not sampled by the CTD casts, which at the mouth were

performed closer to the southern edge (Figure 1B). At YS3, the

flow turned southward (Figure 1I) and seemed to transport the

meltwater into this mooring site, which is consistent with the

presence of meltwater on 18–28 May (Figures 3C, D). Inside

Young Sound, the in-fjord advection of meltwater had further

implications for the chl-a and oxygen saturation. In the area

covered by meltwater on 26–28 May, the onset of under-ice

blooms occurred, as shown by the concentration of chl-a and

oxygen saturation being two times (28–33 mg m−3) and 5% higher

than outside the patches of meltwater where chl-a and oxygen

remained relatively constant at 0.15 mg m−3 and below 106%–

107% (Figures 3Q–T). However, it is unclear whether the

increases in chl-a and oxygen saturation occurred at the mouth

and then were advected into Young Sound or if the increase in

chl-a and oxygen occurred inside the fjord between YS5 and YS3

while the patches of meltwater were transported through

relatively high light availability (>0.5 mmol photons m−2 s−1)

(Figures 1D–G). Either way, enhancement of chl-a and oxygen

were constrained by meltwater and concomitant stratified

conditions, which emphasize the role of meltwater input on the

onset of under-ice phytoplankton blooms.

Overall, we expect the amount of under-ice blooms in Arctic

fjords and seas to increase in the last stages of the seasonal ice cover,

i.e., during the transition period to summer ice-free conditions.

Light is no longer a limiting factor; local-ice meltwater input

stabilizes the water column for phytoplankton to be in the reach

of light, and the euphotic layer is nutrient-repleted. This highlights

the possibility that a substantial part of the phytoplankton blooms
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and consequent primary production in the high-Arctic takes place

prior to ice break up. Particularly, productivity in under-ice blooms

has been reported to be an order of magnitude greater than blooms

in ice-free conditions in Young Sound (Holding et al., 2019; Søgaard

et al., 2021) and Arctic Ocean (Arrigo et al., 2014). If the local ice

meltwater input plays a determinant role in the seasonal triggering

of blooms in the high Arctic, as described in this research, then the

melting period and effects of under-ice meltwater on the physical

structure of the water column need to be better understood (and

sampled). With similar characteristics in the Arctic region, we

expect the melt period to be a crucial moment for primary

production and carbon drawdown. Without long-term

observations spanning from ice-cover to ice-free conditions, the

contribution of under-ice blooms to total pelagic primary

production in the Arctic seems to have been greatly underestimated.
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