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Abstract. Subglacial discharge has significant impacts on
water circulation, material transport, and biological produc-
tivity in proglacial fjords of Greenland. To help clarify the
fjord water properties and the effect of subglacial discharge,
we investigated the properties of vertical water mass profiles
of Bowdoin Fjord in northwestern Greenland based on sum-
mer hydrographic observations, including turbidity, in 2014
and 2016. We estimated the fraction of subglacial discharge
from the observational data and interpreted the observed dif-
ferences in subglacial plume behavior between two summer
seasons with the numerical model results. At a depth of 15–
40 m, where the most turbid water was observed, the max-
imum subglacial discharge fractions near the ice front were
estimated to be∼ 6 % in 2014 and∼ 4 % in 2016. The higher
discharge fraction in 2014 was likely due to stronger stratifi-
cation, as suggested by the numerical experiments performed
with different initial stratifications. Turbidity near the surface
was higher in 2016 than in 2014, suggesting a stronger in-
fluence of turbid subglacial discharge. The higher turbidity
in 2016 could primarily be attributed to a greater amount of
subglacial discharge, as inferred from the numerical experi-
ments forced by different amounts of discharge. This study
suggests that both fjord stratification and the amount of dis-
charge are important factors in controlling the vertical distri-
bution of freshwater outflow.

1 Introduction

In recent decades, the rate of ice mass loss from the Green-
land ice sheet has increased from 51± 65 Gta−1 in 1992–
2000 to 211± 37 Gta−1 in 2000–2011 (Shepherd et al.,
2012). The acceleration of ice mass loss has been driven
by increased surface melting and ice discharge from marine-
terminating outlet glaciers (e.g., Enderlin et al., 2014; van
den Broeke et al., 2016). Increased ice discharge has been
potentially induced by increased submarine melting and ice-
berg calving (Catania et al., 2018; Motyka et al., 2011;
Straneo and Heimbach, 2013). At the ice front of marine-
terminating outlet glaciers, surface melt-induced meltwater
discharge drives the rapid submarine melting (e.g., Motyka
et al., 2013) and hence promotes iceberg calving due to un-
dercutting of the ice front (O’Leary and Christoffersen, 2013;
Rignot et al., 2015). Thus, meltwater discharge from marine-
terminating glaciers plays an important role in controlling ice
loss.

Meltwater discharge from marine-terminating glaciers sig-
nificantly affects fjord water circulation, material transport,
and biological productivity (e.g., Carroll et al., 2015, 2017;
Chu, 2014; Lydersen et al., 2014). Meltwater produced at
the ice surface drains through crevasses to the base of the
glacier. The submerged meltwater entrains sediments from a
subglacial drainage system, gaining high turbidity. Once it
flows out from the subglacial conduit, the turbid subglacial
discharge forms an upwelling plume, entraining the ambient
fjord water (Jenkins, 1999, 2011; Sciascia et al., 2013; Xu
et al., 2013). Observations in the Greenlandic shallow fjords
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have revealed that plume surface waters consist of 7 %–
10 % subglacial discharge and∼ 90 % entrained fjord waters
(Bendtsen et al., 2015; Mankoff et al., 2016), indicating that
subglacial discharge plumes transport significant amounts of
ambient deep water to the fjord surface. The plumes have a
higher fraction of subglacial discharge than those in the deep
fjords due to less entrainment of ambient water. Addition-
ally, in the deep fjords, many plumes cannot reach the sur-
face, because the plumes become neutrally buoyant before
reaching the surface (Straneo and Cenedese, 2015). After
upwelling, a substantial fraction of the subglacial discharge
plume submerges and extends offshore at the lower part of
the warm, fresh surface water (SW; Chauché et al., 2014; Xu
et al., 2013). A turbid water layer is observed at the subsur-
face where subglacial discharge spreads after the upwelling
(Chauché et al., 2014; Stevens et al., 2016). Because the am-
bient deep water delivered by the plume is rich in nutrients,
subglacial plume formation can enhance marine biological
productivity (Arendt et al., 2011; Cape et al., 2019; Kanna
et al., 2018; Lydersen et al., 2014; Meire et al., 2017). Con-
versely, high concentrations of suspended sediments near the
fjord surface might reduce light availability (Retamal et al.,
2008). Therefore, it is important to understand the detailed
behavior of subglacial discharge under various conditions of
ambient water properties. However, only a few studies have
described the temporal variations of the vertical distribution
of outflowing plume water and variables such as suspended
sediment.

In situ observations have suggested that changes in the
amount of subglacial discharge control the vertical distribu-
tion of outflowing plume water (Chauché et al., 2014). Sub-
glacial discharge is an intermittent process (e.g., Bartholo-
maus et al., 2015; Gimbert et al., 2016). Although change
in the amount of subglacial discharge can be an important
controlling factor, the relationship with observed subglacial
discharge fraction has not been assessed quantitatively.

In addition to the amount of subglacial discharge, fjord
stratification affects the behavior of subglacial discharge
plume (e.g., Carroll et al., 2015). Warm, salty water of At-
lantic origin (Atlantic Water: AW; e.g., Chauché et al., 2014;
Straneo et al., 2012) occupies the deepest parts of Green-
landic fjords. The oceanic heat from AW can induce fresh-
water supply via melting of the submarine glacier front, pro-
ducing submarine meltwater (e.g., Straneo and Heimbach,
2013). Cold and relatively fresh water of Arctic origin (Polar
Water: PW; e.g., Chauché et al., 2014; Myers et al., 2007;
Ribergaard et al., 2008; Sutherland and Pickart, 2008), car-
ried by the East Greenland Current and West Greenland
Current, overlies the AW layer. The properties of the wa-
ter masses can change on various timescales from intrasea-
sonal to interannual or longer-term timescales, reflecting the
variabilities on much larger spatial scales. Near the surface
of proglacial fjords, significantly warm, fresh, and hence
low-density SW prevails, with properties that are strongly
affected by solar insolation, subglacial discharge, and ice-

berg and sea ice melts (Chauché et al., 2014; Mortensen et
al., 2011). Therefore, fjord stratification, determined by fjord
water properties and density, varies temporally to reflect the
amount of freshwater discharge and ambient water condi-
tions. However, the impact of varying fjord stratification on
the vertical distribution of outflowing plume water remains
poorly understood.

To better understand the properties of vertical water mass
profiles in a fjord under the influence of subglacial discharge,
we performed summer hydrographic and turbidity observa-
tions in Bowdoin Fjord (BF) in northwestern Greenland. We
used the observational data to estimate the fraction of sub-
glacial discharge in fjord water. Results obtained in 2014 and
2016 were compared with those computed with a subglacial
plume model. In the northwestern sector of the Greenland
ice sheet, ice mass loss has increased since 2005 (Khan et
al., 2010; Kjær et al., 2012). Further changes are expected
in the future, but in situ data are relatively sparse, and the
detailed fjord water properties and the effect of subglacial
discharge are poorly understood in this region. We chose the
BF in northwestern Greenland as the study area because of
its proximity to a village as well as field observations con-
ducted on glaciers and the ocean in the area (Kanna et al.,
2018; Sugiyama et al., 2015).

The focus of our measurements in BF was to reveal fjord
water properties and the differences in properties of verti-
cal water mass profiles in 2014 and 2016. The aim of the
study is to determine the factors controlling changes in the
water properties of a proglacial fjord. This study is struc-
tured as follows. We introduce the target area as the BF in
northwestern Greenland (Sect. 2). We explain the details of
conductivity–temperature–depth (CTD) and turbidity obser-
vations and freshwater fraction analysis (Sect. 3). We present
the differences in fjord water properties and the vertical dis-
tribution of outflowing plume water between 2014 and 2016
(Sect. 4). Next, we perform the numerical experiments to
interpret the observed difference in vertical distribution of
plume water (Sect. 5). Finally, we compare the observational
data with model results to interpret the mechanism control-
ling the differences in the fjord water properties (Sect. 6).

2 Study area

This study focuses on BF (77.6◦ N, 66.8◦W; 3–5 km wide
and 20 km long), one of the arms of Inglefield Bredning (IB;
10–15 km wide and 100 km long) in northwestern Greenland
(Fig. 1). In IB, sea ice covers the ocean between October
and May. In June and July, the sea ice melts rapidly. During
the summer melt season, areas of highly turbid ocean surface
water form near the ice sheet and glaciers as a result of glacial
meltwater discharge (Ohashi et al., 2016).

The bathymetry of BF was surveyed with an echo sounder
along the centerline and several profiles across the fjord
(Sugiyama et al., 2015). The water depth is about 600 m at
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Figure 1. Study region in Bowdoin Fjord in northwestern Greenland. (a) Landsat image (6 September 2014) showing northwestern Greenland
(downloaded from http://earthexplorer.usgs.gov, last access: 6 April 2020). The blue box indicates the area shown in (b). The inset shows
the location of the region in Greenland. (b) Locations of the CTD observation sites indicated by dots (blue in 2014; red in 2016, both inside
Bowdoin Fjord; and green in 2016, outside Bowdoin Fjord).

the mouth of BF, shoaling to about 210 m at the ice front of
the Bowdoin Glacier (BG). Hence, it is assumed that sub-
glacial discharge takes place at a depth of 210 m below sea
level, which corresponds to the depth between warm AW
and cold PW cores. Water properties at this depth are ex-
pected to change according to the relative influence of AW
and PW. Therefore, BF is suitable for assessing the impact of
the change in water properties on the vertical distribution of
outflowing plume water.

To help estimate the subglacial discharge conditions for
BG, we used the Regional Atmospheric Climate Model
(RACMO) 2.3p2 runoff data downscaled to 1 km (Noël et al.,
2016, 2018). The catchment of the glacier was determined
from the Greenland Ice Mapping Project digital elevation
model (Howat et al., 2014). In summer (June–August), the
daily mean amount of subglacial discharge estimated from
the RACMO data varied greatly (19±16 m3 s−1 in 2014 and
21± 18 m3 s−1 in 2016). Using the daily mean values of the
5 d prior to the observation dates (Mankoff et al., 2016), we
perform numerical experiments (see Sect. 5 for details). The
daily mean amount of subglacial discharge over 5 d in 2016
(45 m3 s−1) was estimated to be 25 % greater than that in
2014 (36 m3 s−1).

3 Observational data and methods

3.1 Hydrographic observation

We performed CTD observations in BF in the summers of
2014 and 2016. The observations were performed along the
centerline of the fjord at six locations each year: at sta-
tions 14D1–14D6 on 4 August 2014, and at stations 16D1–
16D6 on 29 July 2016 (where the first two digits in the sta-
tion label denote the year; Fig. 1b). Station 16D6 was lo-

cated in IB, approximately 4 km from the mouth of BF. A
CTD profiler (RINKO Profiler ASTD-102, JFE Advantech)
was lowered from a boat to measure the temperature, salinity,
and turbidity profiles from the surface to the bottom of the
fjord (see Kanna et al., 2018, for details). The precision of
the depth, temperature, salinity, and turbidity measurements
were 1.8 m, 0.01 ◦C, 0.01 on the practical salinity scale, and
0.3 formazin turbidity units (FTU), respectively.

We collected 33 water samples at stations 16D2–6 to cal-
ibrate the salinity measurements. Water sampling was per-
formed at depths deeper than 10 m to avoid the influence
of the steep salinity gradient near the surface. The salini-
ties of the water samples were measured using a salinome-
ter (Guideline Autosal 8400B) to correct the in situ measure-
ments based on the CTD. The uncertainty in salinity (∼ 0.01)
made it difficult to compare its absolute value, but the vertical
gradient of salinity should be valid.

3.2 Freshwater fraction analysis

In proglacial fjords, seawater is influenced by freshwaters
from subglacial meltwater discharge (subglacial discharge)
and submarine melting of the ice front (submarine meltwa-
ter). A potential-temperature–salinity (θ–S) diagram can be
used to separate the mixing processes of these waters (see
also Appendix A).

Subglacial discharge mixes with the ambient ocean water
to form an upwelling plume, which subsequently spreads due
to entrainment. The straight line on the θ–S diagram between
the subglacial discharge (θ = θsg =−0.15 ◦C; pressure de-
pendent freezing point at 210 m depth, S = Ssg = 0) and am-
bient ocean water at the conduit depth (θ = θe, S = Se; po-
tential temperature and salinity at the 210 m depth averaged
for all observation sites in each year; hereinafter referred to
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as “entrained fjord water”) is called the runoff line (Straneo
et al., 2011, 2012).

At the ice front, submarine melting of ice is driven by the
heat of ambient seawater. The straight line on the θ–S di-
agram that indicates the mixing caused by submarine melt-
ing is called the melt line (Straneo et al., 2011, 2012). We
defined the effective potential temperature (θmw: ◦C) by cal-
culating the energy required to melt ice when S = 0 (Gade,
1979; Jenkins, 1999; Straneo et al., 2012):

θmw = θf−
Lf

cp
−
ci (θf− θi)

cp
(◦C), (1)

where θf is the pressure-corrected melting point of ice
(−0.1 ◦C), Lf is the latent heat of fusion (334.5 kJkg−1), θi is
ice temperature (−5 ◦C; Seguinot et al., 2016), and ci and cp
are the specific heat capacities of ice and seawater (2.1 and
3.98 kJkg−1 K−1). Thus, the melt line is the line connect-
ing the submarine meltwater (θ = θmw, S = Smw = 0) and
the entrained fjord water.

In this study, the θ–S data of entrained fjord water were
located between the AW and the PW cores, suggesting that
the water property was influenced by the mixing of AW and
PW. Moreover, the characteristics of AW core differed be-
tween 2014 and 2016. Hence, the entrained fjord water prop-
erty used in this study differed between 2014 and 2016. This
entrained fjord water is not necessarily the sole source of
submarine meltwater. However, since the observed tempera-
ture has a similar structure at the depths where the submarine
melt is in effect, we selected the entrained fjord water as the
representative source of submarine meltwater fraction (see
Sects. 4.2 and 6.3 for details). Note that the estimation of the
subglacial discharge fraction is little affected by the above
setting of the source due to the θ–S inclination proximity to
the melt line.

Assuming that the water properties can be described as a
mixture of the three different water masses (subglacial dis-
charge, submarine meltwater, and entrained fjord water), the
fraction of each water component in seawater can be calcu-
lated (Appendix A; e.g., Everett et al., 2018; Mankoff et al.,
2016; Mortensen et al., 2013). In the θ–S space consisting of
the positive fraction of each component (hereinafter referred
to as the “meltwater quadrant”), the water mass properties
can be explained as a mixture of the three components. Note
that water mass properties outside the meltwater quadrant are
affected by other mixing processes, and the calculation men-
tioned above is not applicable.

4 Observational results

4.1 Water properties

From the bottom to the surface, layers of warm, saline AW
(its core represented by potential temperature maximum;
θmax); cold PW (its core represented by the potential tem-
perature minimum; θmin); and specifically warm, fresh SW

Figure 2. (a) Potential-temperature–salinity diagram for the data
from 2014 and 2016. Dots are shown at 5 m intervals. The color
of the markers corresponds to the sampling sites as indicated in
Fig. 1b (blue in 2014, red at stations 16D1–16D5, and green at sta-
tion 16D6). The potential densities are shown by the black isopy-
cnal contours. The gray box indicates the domain shown in Fig. 7.
(b) shows the enlarged region indicated by the gray box in (a).

were observed in 2014 and 2016 (Fig. 2). In 2016, the θ–S
properties were similar at depths deeper than the PW core
inside and outside BF. However, at depths shallower than
the PW core, the θ–S properties differed. Outside BF, tem-
perature monotonically increased from the PW core toward
the surface, suggesting the development of a seasonal pycno-
cline. Inside BF, temperature increased upwards but then de-
creased at about 40 m. This difference was suggestive of lo-
cal characteristics of the fjord water structure. Between 2014
and 2016, there were several differences in water properties,
especially in temperature. The vertical distributions of the
potential temperature, salinity, and turbidity as well as their
differences are described in the subsequent sections.
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Figure 3. Contour plots of potential temperature along the centerline of Bowdoin Fjord as observed in (a) 2014 and (c) 2016. The difference
between the 2 years (2016–2014) is shown in (e). (b), (d), and (f) show the enlarged region from the sea surface to 100 m.

4.1.1 Potential temperature

The AW core was warmer and shallower in 2014 (1.3 ◦C at
∼ 290 m) than in 2016 (1.0 ◦C at∼ 320 m; Fig. 3a–d). At the
deepest part of the fjord, the warm layer (> 0 ◦C) was thicker
in 2014. Moreover, the depth of the PW core was shallower in
2014 with a temperature of −0.8 ◦C in both 2014 and 2016.
Because of the differences in the AW core temperature and
warm layer thickness, the temperature near the BG drainage
conduit (210 m) was up to 0.9 ◦C warmer in 2014 (Fig. 3e).

At depths shallower than 150–170 m (i.e., PW core), the
temperature structure differed significantly between the two
observations. In 2014, a relatively cold temperature maxi-
mum (−0.7 ◦C; hereinafter referred to as “local θ2014

max ”) was
found at a depth of 100 m (Figs. 2, 3a, b). Moreover, the cold-
est water (−1.0 ◦C; hereinafter referred to as “local θmin”)
was observed at a depth of 80 m (Figs. 2, 3a, b), and the tem-
perature at the local θmin was even colder than that at the
PW core. In 2016, a corresponding local θmin was not ob-
served, but a clear temperature maximum (0.2 ◦C; hereinafter
referred to as “local θ2016

max ”) was found at a depth of 60 m and
the temperature of the local θ2016

max was significantly warmer
than that of the local θ2014

max (Figs. 2, 3c, d). Because the in-
crease in temperature from the PW core to the local θ2016

max
in BF was roughly the same as that outside BF, the water
properties below the local θ2016

max layer in the fjord could rep-

resent a seasonal pycnocline over a wider area. In addition,
the difference between local θ2016

max and local θ2014
max suggested

that a more enhanced seasonal pycnocline developed in 2016
compared to 2014.

At depths shallower than 20 m, the water temperature in-
creased rapidly toward the surface in both 2014 and 2016.
However, the temperatures were up to 2.3 ◦C colder in 2016
than in 2014 at depths of 5–20 m (Fig. 3e and f).

4.1.2 Salinity, potential density, and stratification

At depths below 210 m, including the AW core, salinity was
roughly the same between the two observations (Fig. 4a–d),
although the salinity at the AW core differed (2014: 34.2,
2016: 34.3). At a depth of 5–170 m (shallower than the PW
core), salinity was higher in 2016 than in 2014, including the
salinity at the PW core (2014: 33.5, 2016: 33.7) (Fig. 4e and
f). This difference was more significant (0.6–1.6) near the
surface (5–20 m). In contrast, salinity at the surface (0–5 m)
was lower in 2016 except at the outer portion of BF.

The vertical distribution of the potential density was
mainly controlled by salinity; therefore, the differences in
the potential density between 2014 and 2016 were mostly the
same as those of salinity (not shown). At a depth of 5–170 m,
the potential density was higher in 2016 than in 2014, while
at the surface it was lower in 2016.

www.ocean-sci.net/16/545/2020/ Ocean Sci., 16, 545–564, 2020
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Figure 4. Same as Fig. 3 but for salinity.

Behavior of subglacial discharge plume is affected by
salinity and density profiles. The square of the Brunt–Väisälä
frequency (N2) increased toward the surface in both obser-
vations. In particular, N2 was the greatest (> 0.001 s−2) at
depths shallower than 10–15 m, representing the strongest
stratification among all depths (Fig. 5a–d). N2 was higher in
2016 than in 2014 at depths shallower than 10 m but lower by
up to 0.0007 s−2 at depths of 10–50 m (Fig. 5e and f). Thus,
the stratification in 2016 was stronger near the surface (0–
10 m) than in 2014 but weaker at the subsurface (10–50 m).

4.1.3 Turbidity

Turbidity acts as an effective tracer of subglacial discharge
plume. The highest turbidity layer (> 4 FTU) was found not
at the surface but at the subsurface at 15–50 m in 2014 and
10–40 m in 2016 (Fig. 6a–d). Turbidity decreased from the
subsurface to a depth of about 100 m, and it reached almost
zero at depths below 150 m. In addition, turbidity decreased
with distance from the ice front toward the mouth of the
fjord, in contrast to temperature and salinity, which changed
little horizontally.

The distribution in turbidity differed between the two ob-
servations. In 2014, a low-turbidity layer existed further off-
shore at a depth of around 10 m, which was sandwiched by
higher turbidities above and below (Fig. 6a and b). Con-
versely, in 2016, turbidity was nearly homogeneous at the

depth range of 0–15 m, and there was no discontinuity at a
depth of 10 m (Fig. 6c and d). Therefore, turbidity at a depth
of 0–15 m was 1–2 FTU higher in 2016 than in 2014 (Fig. 6e
and f). Meanwhile, at the depth of 40–150 m within 5 km of
the ice front in 2014, turbidity was relatively high (> 1 FTU).
In 2016, no relatively high-turbidity layer existed at depths
below around 60 m. Therefore, turbidity at a depth of 15–
200 m within 5 km of the ice front was lower in 2016 than in
2014. This difference was particularly significant (up to 1.5–
5 FTU) at depths of 20–120 m. These differences in turbidity
could be attributed to the fraction of subglacial discharge, as
will be discussed in Sect. 4.2.

4.2 Freshwater fraction in θ–S diagram and the role of
subglacial discharge

As shown in Sect. 4.1, there were some differences in the
vertical distribution of the θ–S properties between 2014 and
2016. To understand the differences in the mixing processes
controlling the water properties, we estimated the freshwater
fractions in the θ–S diagram (see Sect. 3.2 for details). We
compared a common site nearest the ice front (stations 14D1
and 16D3; approximately 4 km from the ice front) and ex-
amined the difference in the freshwater fractions. The results
were similar for the other stations regardless of distance from
the ice front (e.g., stations 14D4 and 16D4 with∼ 11 km dis-
tance from the ice front).

Ocean Sci., 16, 545–564, 2020 www.ocean-sci.net/16/545/2020/
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Figure 5. Same as Fig. 3 but for square of Brunt–Väisälä frequency (N2).

Figure 6. Same as Fig. 3 but for turbidity.

www.ocean-sci.net/16/545/2020/ Ocean Sci., 16, 545–564, 2020
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Figure 7. Potential-temperature–salinity diagrams of the freshwater fractions in (a), (c) 2014 and (b), (d) 2016 (as shown in Fig. 2b). The
solid and dashed black lines represent the theoretical melt and runoff line, respectively. In (a) and (b), the data are plotted for stations 1–6,
and the color scale indicates the station number. In (c) and (d), the data are plotted for stations with∼ 4 km distance from the ice front (14D1
and 16D3 at depths ≥ 5 m). The color of markers denotes turbidity. The solid and dashed gray lines represent the fractions of submarine
meltwater (where the line intervals are 0.5 %–2.5 %) and subglacial discharge (where the line intervals are 1 %–10 %), respectively. The
black numbers outside the circles indicate the depth.

First, we examined the properties of the entrained fjord
water at the 210 m depth. The θ–S properties obtained in
2014 were closer to those of the AW core than the PW core
(Fig. 7a and c), whereas those in 2016 were closer to the PW
core (Fig. 7b and d). This difference implies greater influence
of AW at the 210 m depth in 2014.

At depths from 210 m to the PW core (∼ 150 m), the θ–
S properties in 2014 showed a similar tendency as those in
2016. In both 2014 and 2016, near the PW core, the θ–S
properties deviated slightly from the melt line and were lo-
cated outside the meltwater quadrant.

The θ–S properties above the PW core (80–150 m) dif-
fered between 2014 and 2016. The θ–S properties in 2014
deviated slightly toward a high temperature from the PW

core to the local θ2014
max (∼ 100 m). This deviation might re-

flect a slightly developed seasonal pycnocline. From the local
θ2014

max (∼ 100 m) to the local θmin (∼ 80 m), the θ–S proper-
ties aligned perfectly along the melt line (solid black lines in
Fig. 7a and c). The submarine meltwater fraction at the local
θmin was estimated to be 1.6 %, which was the largest frac-
tion, indicating the greatest influence of submarine melting
among all depths (Fig. 7c). The estimated submarine melt-
water fraction at the local θmin increased to 2.1 % and 2.5 %
in the case that the source of entrained fjord water was set to
the water at the depth of 250 and 300 m, respectively. Mean-
while, the subglacial discharge fraction was not significant.
By contrast, in 2016, the θ–S properties were indicative of a
seasonal pycnocline above the PW core, and the submarine

Ocean Sci., 16, 545–564, 2020 www.ocean-sci.net/16/545/2020/
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Figure 8. Vertical profiles of the three water mass fractions of
(a) subglacial discharge, (b) submarine meltwater, and (c) entrained
fjord water at stations 14D1 (blue) and 16D3 (red).

meltwater fraction decreased to less than 0.5 % (Fig. 7d). The
estimated fraction increased to 1.1 % and 1.8 % in the case
that the source of entrained fjord water was set to the water
at the depth of 250 and 300 m, respectively, but the subma-
rine meltwater fraction was by far smaller than those in 2014.
On the other hand, the subglacial discharge fraction was es-
timated to be 1.1 %.

At depths of 50–80 m, above the local θmin in 2014,
the seawater consisted of 1.3 %–1.6 % submarine meltwater,
0.1 %–1.4 % subglacial discharge, and 97.3 %–98.3 % en-
trained fjord water (Fig. 7c and blue lines in Fig. 8). This
mixture reflected the substantial influence of submarine melt-
water in this layer. In 2016, the θ–S data were located out-
side the meltwater quadrant, implying that the ocean water
properties could not be explained by the simple mixing of
the three water components (Fig. 7b and d). Near the local
θ2016

max approximately 60 m, turbidity was significantly lower
in 2016 than in 2014, implying a weaker influence of sub-
glacial discharge.

Further upward, we focused on the subsurface at a depth
of 15–40 m where the highest turbidity was observed. The
subglacial discharge fraction was high, with a maximum
around 15 m (Fig. 7c and d). In 2014, the seawater consisted
of 2.5 %–6.0 % subglacial discharge, 0.4 %–1.1 % submarine
meltwater, and 93.6 %–96.3 % entrained fjord water (Fig. 7c
and blue lines in Fig. 8). Although the submarine meltwater
fraction decreased closer to 15 m, the rapid increase in tem-
perature in the θ–S diagram might reflect the influence of the
development of a seasonal pycnocline. In 2016, the seawa-
ter was composed of approximately 2.4 %–4.0 % subglacial
discharge and 96.0 %–97.6 % entrained fjord water, with no
submarine meltwater (Fig. 7d and red lines in Fig. 8). The
subglacial discharge fraction was up to 2.0 % greater in 2014
than in 2016.

Near the surface (depth: 5–15 m) immediately above the
most turbid water layer, the θ–S properties were outside the
meltwater quadrant in both observations. The θ–S properties
in 2014 deviated toward a significantly high temperature and

low salinity above the runoff line (Fig. 7a and c). The θ–S
properties in 2016 showed a similar tendency to 2014, but the
deviation from the runoff line was smaller (Fig. 7b and d).
Therefore, water might have been influenced by subglacial
discharge more strongly in 2016 than in 2014, although it
was difficult to quantify, because this layer was outside the
meltwater quadrant. Turbidity at this depth was also higher
in 2016 than in 2014, supporting the greater influence of sub-
glacial discharge in 2016.

5 Numerical experiments

5.1 Experimental settings

To interpret the observed differences in the vertical distribu-
tion of outflowing plume water between 2014 and 2016, we
perform a set of numerical model experiments. The model
simulates a transient behavior of the subglacial discharge
plume in front of the BG (Fig. 9). We use a three-dimensional
nonhydrostatic ocean model with the Boussinesq approx-
imation, originally developed by Matsumura and Hasumi
(2008). The model domain represents BF and is 3.2 km wide
(from east to west; x direction), 20.5 km long (from north
to south; y direction), and 600 m deep (z direction) (Fig. 9a
and b). The ice front is located at the northern end and the
fjord mouth at the southern end. We simplify the measured
bathymetry of the BF (Sugiyama et al., 2015; Fig. 9a and
b) to set a model geometry. A subglacial drainage conduit
is approximated by a rectangular channel (40 m wide× 10 m
high) at the base (210 m deep) in the center of the glacier
front. The model resolution is 20 m horizontally and 5 m
vertically. The horizontal subgrid-scale viscosity and diffu-
sion are represented by the strain rate-dependent Smagorin-
sky model (Smagorinsky, 1963) following Matsumura and
Hasumi (2010). The vertical viscosity and diffusivity coeffi-
cients are set to 1.0×10−5 m2 s−1. The Coriolis parameter is
set to 1.4× 10−4 s−1.

The initial potential temperature and salinity are set to
be horizontally uniform using the observation data in 2014
(solid lines in Fig. 9c and d). Subglacial discharge (θ =
−0.15 ◦C; pressure dependent freezing point at 210 m depth,
S = 0) is injected into the model domain from the subglacial
drainage conduit at the northern boundary. The velocity pro-
file at the southern boundary is predicted to compensate for
the discharge inflow so that the total water volume is con-
served in the model domain. A virtual tracer, that is assumed
to obey the same advection–diffusion equation as potential
temperature and salinity, is implemented to track the behav-
ior of subglacial discharge. The tracer concentration is ini-
tially zero over the whole domain and exhibits unity for the
subglacial discharge. No heat flux and wind stress are ap-
plied at the surface. Quadratic drag bottom condition is used
for the seafloor, where the non-dimensional drag coefficient
is set to 2.5×10−3. We restore θ and S to the initial profile at
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Figure 9. Numerical model settings. (a) Ocean depth along the centerline of Bowdoin Fjord (from north to south). The space between the
glacier and the sea bed indicates a 10 m high subglacial drainage conduit. (b) Depth across the fjord (from west to east) at 0, 5, 10, 15,
and 20 km from the ice front. The box indicates the subglacial drainage conduit at the center of the fjord (40 m wide× 10 m high; 400 m2).
Initial vertical profiles of (c) potential temperature, salinity, (d) potential density, and the square of Brunt–Väisälä frequency (N2) computed
from (c).

the southern boundary. The model is integrated for 7 d from
a state of rest, which is sufficient time for the subglacial dis-
charge tracer to reach the southern boundary. Note that the
numerical experiment results represent the transitional pro-
cess of the subglacial discharge tracer, and they are not ap-
plicable to a long-term behavior of subglacial plume. Thus,
we do not discuss the response of the fjord stratification to
the water mass transformation due to plume entrainment on
the timescales of months.

As the control case, we perform the experiment given by
inflow velocity at the northern boundary (Vsg) of 0.09 ms−1,
corresponding to the subglacial discharge (Qsg) of 36 m3 s−1

(estimated from the RACMO data in Sect. 2) (hereinafter
referred to as CTRL; Table 1). To investigate the effect
of the amount of subglacial discharge, the experiments are
conducted by changing the inflow velocity by a factor of
10 (Vsg = 0.025, 0.1125, and 0.25 ms−1; Qsg = 10, 45, and
100 m3 s−1; hereinafter referred to as Q10, Q45, and Q100,
respectively). We also perform the experiments with the same

Table 1. List of model runs. Run names, initial stratifications, and
values of inflow velocity (Vsg: ms−1) and flux of subglacial dis-
charge (Qsg: m3 s−1).

Run name Initial stratification Vsg Qsg
(ms−1) (m3 s−1)

Q10 Observed in 2014 0.025 10
CTRL Observed in 2014 0.09 36
Q45 Observed in 2014 0.1125 45
Q100 Observed in 2014 0.25 100
ST16 Observed in 2016 0.09 36
ST16Q45 Observed in 2016 0.1125 45

subglacial discharge as the CTRL and Q45 but with the initial
stratification as observed in 2016 to assess the influence of
the stratification difference (hereinafter referred to as ST16
and ST16Q45, respectively; dashed lines in Fig. 9c and d).
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Although we have implemented the effect of submarine
melting following Holland and Jenkins (1999) and Losch
(2008), the amount of resultant meltwater is less than 0.05 %
of the imposed subglacial discharge. Hence, the effect of sub-
marine melting is negligible on the timescale considered with
the present model settings.

5.2 Experimental results

Numerical experiments are performed to investigate the im-
pact of the 25 % greater discharge (Q45), fjord stratification
(ST16), and their combined impact (ST16Q45) as compared
to the most realistic case (CTRL; see Appendix B for de-
tails). When comparing the results of CTRL with those of
Q45, ST16, and ST16Q45, the results after 41 h are used to
consider the integration time required for the virtual tracer
to reach the southern boundary in the earliest case. A com-
parison of the CTRL and ST16Q45 results is shown in Ap-
pendix C.

In Q45, the subglacial discharge tracer concentration at
a depth of 0–50 m is 10 %–60 % greater than that in CTRL
(Fig. 10a and c). In addition, the tracer concentration shows
a decrease of 10 %–40 % at deeper depths of 50–80 m only in
the vicinity of the glacier front. This indicates that subglacial
discharge plume shifts to the shallower layer as the amount
of discharge increases.

In ST16, the concentration of subglacial discharge tracer
at a depth of 0–25 m is up to 60 % greater than that in CTRL,
except at a depth of 5–15 m in the vicinity of the glacier front
(Fig. 10b and d). In particular, at a depth of 0–5 m, tracer
concentration rate of increase is high. At depths below 25 m,
the tracer concentration decreases by up to 50 %. The strati-
fication in ST16 in the subsurface layer is weaker than that in
CTRL. Weaker stratification favors stronger upwelling. The
plume in ST16 is likely to spread near the surface in higher
concentrations than that in CTRL.

6 Discussion

6.1 Quantitative relationship between the subglacial
discharge fraction and turbidity

In Sect. 4.2, it was shown that high turbidity corresponded
to a high fraction of subglacial discharge. Therefore, we as-
sessed the quantitative relationship between turbidity and
subglacial discharge fraction in both study years (Fig. 11). In
2014, the relationship between the subglacial discharge frac-
tion (Rsg :%) and turbidity (TUR : FTU) in the meltwater
quadrant was expressed asRsg = TUR×0.7–2.0 (R2

= 0.67;
Fig. 11a). In 2016, the data in the meltwater quadrant and that
including the data points close to the runoff line (depth: 15–
40 m) showed a linear relationship of Rsg = TUR×0.6+0.3
(R2
= 0.94), with a roughly similar inclination to that in

2014 (Fig. 11b). Moreover, the low turbidity at the local
θ2016

max (depth: 60 m) in 2016 was consistent with the calcu-

lation that the fraction of subglacial discharge is small in this
layer (Fig. 7b and d). These results indicate that the vertical
distribution of turbidity reflects the mixing ratio of subglacial
discharge near the ice front (Fig. 6).

Recent observations in other regions of Greenland have
qualitatively shown that the high-turbidity subsurface layer
corresponds to the vertical distribution of outflowing plume
water (Chauché et al., 2014; Stevens et al., 2016). The quan-
titative relationship between turbidity and the subglacial dis-
charge fraction presented in this study reveals that measuring
turbidity is an effective tool to investigate the vertical distri-
bution of outflowing plume water into fjords. At the fjord
surface, the quantitative relationship between turbidity and
the subglacial discharge fraction was not investigated in this
study. It should be noted that turbidity at the fjord surface is
only a reasonable proxy if turbid subglacial discharge plume
is able to reach the surface, which depends on the degree of
entrainment.

6.2 Factors controlling the observed vertical
distribution of outflowing plume water

As shown in Sect. 4.2, the estimated subglacial discharge
fraction differed between 2014 and 2016. A likely interpre-
tation of this difference is the amount of subglacial discharge
and fjord stratification in each observation. To test this hy-
pothesis, we compare the numerical model results with the
observational data. It should be noted that the observational
data represent snapshots in summer and not the entire melt
seasons. Thus, we discuss only the difference in the short-
term transitional process of outflowing plume water.

Near the fjord surface (depth: 5–15 m), turbidity was
higher in 2016 than in 2014 (Fig. 6e and f). In Q45, the con-
centration of subglacial discharge tracer near the surface in-
creased by about 30 % from that in CTRL (Fig. 10a and c).
The observation and model were consistent with the assump-
tion that the subglacial discharge in 2016 was greater, as es-
timated from the RACMO data. These results suggest that
turbid subglacial plume extended near the fjord surface more
in 2016 because of a stronger buoyancy forcing exerted by
the 25 % greater discharge. Previous studies have also sug-
gested that a subglacial plume driven by a greater discharge
has a stronger buoyancy forcing, leading to both faster en-
trainment of ambient water and an increase in the fraction of
subglacial discharge (Jenkins, 2011; Straneo and Cenedese,
2015). Chauché et al. (2014) compared the θ–S properties
of fjord water with the amount of subglacial discharge based
on a glacier surface melt estimation using a positive-degree-
day/melt-rate model (Box, 2013). Comparison of results in
CTRL and Q45 showed that a 25 % change in the subglacial
discharge caused an approximately 30 % change in the sub-
glacial discharge fraction near the surface. In ST16, the tracer
concentration increased by a large portion in 5–15 m com-
pared to that in CTRL (Fig. 10b and d). Although the increase
at 5–15 m favored the observed change, the mean increase in
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Figure 10. (a) Cross-fjord averaged difference between subglacial discharge tracer concentrations for Q45 (Qsg = 45 m3 s−1) and CTRL
(Qsg = 36 m3 s−1) using the same initial stratification conditions. The difference after integration for 41 h is shown. (b) Difference between
the results for the same amount of discharge using initial stratifications as observed in 2016 and 2014 (ST16–CTRL). (c) and (d) Percentage
of the results in (a) and (b), respectively.

Figure 11. Scatter plots of turbidity and the subglacial discharge
fraction at stations (a) 14D1 (data in the meltwater quadrant of
Fig. 7c) and (b) 16D3 (data in the meltwater quadrant and that in-
cluding the data points at a depth of 15–40 m in Fig. 7d). The solid
lines represent the linear regression of the data.

the tracer concentration was smaller than that of the increase
in discharge. Therefore, the vertical distribution of outflow-
ing plume water near the surface could be affected more by
a change in the amount of subglacial discharge than the dif-
ference in the observed fjord surface stratification.

Furthermore, a 25 % increase in the subglacial discharge
results in a greater tracer concentration not only at the surface

but also at the subsurface (depth: 15–40 m). The magnitude
of the change was similar between the surface and subsurface
layers (a few tens of percent) (Fig. 10a and c). This implies
the need to consider the vertical distribution of outflowing
plume water at the subsurface in addition to the drone surface
measurement to quantitatively assess the overall impact of
subglacial discharge.

In contrast to the observations near the surface, the fraction
of turbid subglacial discharge at the subsurface (15–40 m)
was greater in 2014 than in 2016 (Figs. 6, 7, and 8a). This
field observation was inconsistent with the numerical experi-
ments of the differences in discharge, showing a smaller con-
centration of subglacial discharge tracer at the subsurface un-
der a smaller amount of discharge (Fig. 10a and c). From
the stratification change experiment, the tracer concentration
at 25–40 m was about 20 % greater in CTRL than in ST16
(Fig. 10b and d). Although the decrease in the shallow por-
tion of subsurface did not favor the observed change, this
was consistent with the observed difference at the subsur-
face, and the rate of change was quantitatively consistent (a
few tens of percent). Thus, in comparison of the change in
the amount of subglacial discharge, variations in stratifica-
tion are a likely explanation for the observed differences in
the subglacial discharge fraction at the subsurface.

Previous studies have shown that strong subsurface strat-
ification in fjords prohibits upwelling of the subglacial dis-
charge plume and results in the dispersion of the plume into
a subsurface layer (Carroll et al., 2015). Furthermore, plumes
extend further over the surface under weaker stratification
(Carroll et al., 2015). The stratification in ST16 in the sub-
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surface layer is weaker than that in CTRL, whereas that near
the surface is stronger. In the case when the plume reached
the fjord surface, our model suggested that strong surface
stratification would prohibit the subduction of the outcropped
plume, likely resulting in a plume that extends to the fjord
surface.

6.3 Difference in the formation process of stratified
structures

Subsurface stratification influences the vertical distribution
of outflowing plume water. The fjord stratification in 2014
and in 2016 differed at a depth of approximately 60–80 m,
which was attributed to the influence of submarine melting
and the broad seasonal pycnocline. In this section, we dis-
cuss the formation process of the stratified structures in each
observation.

In 2014, a warm layer strongly affected by AW was in con-
tact with the ice front, which could enhance the fraction of
submarine meltwater around a depth of 80 m (Figs. 2, 3, 7a,
c, and 8b). Because the submarine meltwater fraction was de-
tected regardless of the distance from the ice front of the BG,
submarine meltwater from other glaciers in IB might have in-
fluenced the water in BF. Moreover, this horizontal distribu-
tion of the submarine meltwater suggests that the submarine
melt does not take place only at the subglacial conduit depth.
However, the relationship that temperature at the deep part of
fjord is generally warmer in 2014 and the relatively warmer
source temperature of entrained fjord water in 2014 should
be robust (Figs. 3 and 7). A warm layer above 210 m ex-
tended further up to the shallower layer in 2014 than in 2016.
The available excess heat was 1.6 times greater in 2014 than
in 2016 when calculated by the difference from the freezing
temperature (Figs. 3 and 7). A previous model study found
that the rate of submarine melting increased proportionally
to the increase in water temperature to the power of 1.3–1.6
(Xu et al., 2013). Porter et al. (2014) revealed that the rates
of ice mass loss at the Tracy Glacier and Heilprin Glacier,
neighboring tidewater glaciers in IB, differed substantially
between 1.63 and 0.53 Gta−1. Since the water depth at the
ice front of the Tracy Glacier (610 m) is deeper than that of
the Heilprin Glacier (350 m), the ice front has wider contact
with warm AW, suggesting a greater glacier mass loss associ-
ated with the greater submarine melting (Porter et al., 2014).
Our study suggests that the difference in the structure of deep
heat storage can alter the development of submarine melting
layer and affects ice mass loss from Greenland glaciers.

In 2016, a simple, but broad, seasonal pycnocline was de-
tected outside BF (Figs. 2, 3, 7b, and d). In the study area
(Qaanaaq Airport; 77.47◦ N, 69.23◦W; 16 m a.s.l.; blue cir-
cle in Fig. 1a), the mean temperature during the previous
winter (December–February) was 1.1 ◦C lower in 2016 than
in 2014. Thus, winter vertical mixing of the fjord was en-
hanced and the mixed layer depth could deepen during the
preceding winter in 2016. In summer, a seasonal pycnocline

could develop above the remnant of the winter mixed layer.
In addition, the PW core in BF was deeper in 2016, support-
ing the possibility of the development of a seasonal pycno-
cline influenced by the enhancement of the winter vertical
mixing. We speculate that the development of the seasonal
pycnocline over a broader area in 2016 is due to the enhance-
ment of winter vertical mixing.

At depths shallower than 60–80 m, where subglacial dis-
charge spreads, fjord stratification could be modified by
subglacial discharge. Fjord stratification is expected to be
stronger after subglacial discharge that exits near the surface
as in this study, because subglacial discharge would lighten
the surface layers. However, this study revealed the transi-
tional processes of subglacial discharge plume over a rela-
tively short timescale. To fully understand the longer-term
interactions of subglacial discharge and fjord stratification
(e.g., seasonal and interannual variations), we need to per-
form long-term oceanic observations and numerical experi-
ments to capture the realistic nature of discharge and subma-
rine melting over a much broader model domain.

7 Conclusions

With a focus on the differences in the vertical distribution of
outflowing plume water and ambient water properties, we in-
vestigated the properties of vertical water mass profiles in BF
in northwestern Greenland. The differences in the subglacial
discharge fraction and water mass properties between 2014
and 2016 are summarized in Fig. 12.

The depths of the temperature minimum and maximum
differed between the two observations. The θmax (AW core)
and the θmin (PW core) were shallower in 2014 (θmax at
∼ 290 m; θmin at ∼ 150 m) than in 2016 (θmax at ∼ 320 m;
θmin at∼ 170 m). The local θmin was observed around 80 m in
2014 but not in 2016. In turn, prominent local θ2016

max was de-
tected around 60 m in 2016, which was significantly warmer
than the local maximum in 2014. The analysis of the θ–S
properties indicated that local θmin in 2014 and local θ2016

max in
2016 could be influenced by the development of a submarine
melting layer and broad seasonal pycnocline, respectively.

Subglacial discharge plume spread at a depth shallower
than local θmin and local θ2016

max . In both 2014 and 2016, the
fractions of turbid subglacial discharge were highest at the
subsurface (15–40 m). The maximum fraction near the ice
front was ∼ 6 % in 2014 and ∼ 4 % in 2016. Near the sur-
face (5–15 m), turbidity was higher in 2016 than in 2014,
suggesting a stronger influence of turbid subglacial discharge
in 2016.

To assess the factors controlling the difference in the ob-
served subglacial discharge fraction, we perform a set of
numerical experiments to simulate the subglacial discharge
plume under different stratification and volume flux of sub-
glacial discharge. The experiments using the different ini-
tial stratifications suggest that the fractional difference in
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Figure 12. Schematic diagram of the possible glacial discharge and properties of vertical water mass profiles of Bowdoin Fjord in (a) 2014
and (b) 2016.

subglacial discharge at the subsurface is likely attributed to
the difference in fjord stratification. Moreover, the numerical
model results based on a 25 % greater discharge suggest that
the difference near the surface is primarily affected by the
increase in discharge.

From the surface to the subsurface, where subglacial dis-
charge spreads, fjord stratification varied between the study
years depending on the layer that developed and the amount
of subglacial discharge. At a depth around 60–80 m, fjord
stratification could be determined by the influences of sub-
marine melting and seasonal pycnocline. Because of the
thicker warm layer strongly affected by AW, a submarine
melting layer was able to develop in 2014.

Our study suggests that observed fjord stratification, to-
gether with the amount of subglacial discharge, can affect
the vertical distribution of outflowing plume water. Given
the current increase in meltwater discharge from Green-
landic glaciers, the buoyancy forcing of the subglacial dis-
charge plume and ambient fjord stratification are expected to
change. To fully capture the behavior of subglacial discharge
plume, further continuous observations and numerical mod-
eling are required over a wider area encompassing northwest-
ern Greenland.
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Appendix A: Freshwater fraction analysis equations

The origins of freshwater in ocean water can be estimated
based on a three-water mass mixing model. To quantitatively
assess the difference in freshwater fractions, we calculated
the volume fractions of subglacial discharge (fsg), subma-
rine meltwater (fmw), and entrained fjord water (fe) from the
observed temperature and salinity (Fig. A1). From the mass
conservation of fsg, fmw, and fe:

fsg+ fmw+ fe = 1. (A1)

The sampled potential temperature (θA: ◦C) and salinity (SA)
are represented in the following equations:

θA = θsgfsg+ θmwfmw+ θefe (
◦C), (A2)

SA = Ssgfsg+ Smwfmw+ Sefe. (A3)

Because Ssg = 0 and Smw = 0, Eq. (A3) is converted into

SA = Sefe. (A4)

Using Eqs. (A1), (A2), and (A4), fsg and fmw are given as
the following respective equations:

fsg =
1

θsg− θmw

(
θA− θmw

[
1−

SA

Se

]
− θe

SA

Se

)
, (A5)

fmw = 1− fsg−
SA

Se
. (A6)

Figure A1. Freshwater fraction analysis in the potential-
temperature–salinity diagram. The black dots represent the data ob-
served at depths ≥ 5 m of station 14D1.
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Appendix B: Validation of the transitional process of
subglacial discharge in the numerical experiment

To validate the transitional process of subglacial discharge
obtained from the numerical experiment, we compare the nu-
merical model results (CTRL, Q100, and Q10) with observa-
tion condition.

In CTRL, the highest tracer concentration is observed at
a depth of 0–5 m within several hundreds of meters from
the ice front and at a depth of 10–15 m beyond several hun-
dreds of meters from the ice front (Fig. B1a). The distribution
roughly coincides with the observed profiles.

In Q100, beyond several hundreds of meters from the ice
front, the highest tracer concentration is observed at a depth
of 10–15 m, approximately the same results as obtained in
CTRL (Fig. B1b). However, the region of the highest tracer
concentration covers up to 1.0× 105 m2 of the fjord surface
(Fig. B1e and h), which is not detected at the BG ice front
during the 2 years of observations.

Figure B1. (a–c) Cross-fjord averaged concentration of the subglacial discharge tracer. Horizontal distribution of the tracer concentration (d–
f) at the fjord surface (depth: 0–5 m) and (g–i) at a depth of 10–15 m. Experimental results are obtained (a, d, g) in CTRL after integration
for 62 h (b, e, h) in Q100 after 33 h, and (c, f, i) in Q10 after 153 h. The integration time in each experiment is equivalent to the time required
for the first arrival of the tracer.

In Q10, the highest concentration of subglacial discharge
tracer is observed at a depth of 50–60 m regardless of the
distance from the ice front (Fig. B1c). This result is signifi-
cantly different from those in CTRL and Q100. The results
indicate that subglacial discharge plume does not reach the
fjord surface, which is inconsistent with the visual observa-
tion of turbid surface plumes in front of BG.

In summary, among the three experiments performed un-
der the same initial stratification, the results of CTRL, using
the subglacial discharge estimated from RACMO data, are
the most consistent with the observed horizontal and vertical
distributions of plume water.
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Appendix C: Comparison of results in CTRL and
ST16Q45

To investigate the combined impact of the 25 % greater dis-
charge and fjord stratification difference (ST16Q45), a nu-
merical experiment is performed. In ST16Q45, the concen-
tration of subglacial discharge tracer at a depth of 0–30 m
is 30 %–60 % greater than that in CTRL, whereas the tracer
concentration decreases by up to 60 % at depths below 30 m
(Fig. C1a and b). The results are consistent with the observed
differences at 5–15 m (near the surface) and 30–40 m (deep
portion of the subsurface), except at the depth of 15–30 m.
This supports the suggestion that the vertical distribution of
outflowing plume water near the surface and at the subsur-
face can be affected by the differences in the amount of dis-
charge and fjord stratification, respectively (Sect. 6.2).

Figure C1. (a) Cross-fjord averaged difference between the results
for the different amounts of discharge, using initial stratifications as
observed in 2016 and 2014 (ST16Q45–CTRL). The difference after
integration for 41 h is shown. (b) Percentage of the results in (a).
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