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ABSTRACT: Meltwater from Greenland is an important freshwater source for the North Atlantic Ocean, released into
the ocean at the head of fjords in the form of runoff, submarine melt, and icebergs. The meltwater release gives rise to com-
plex in-fjord transformations that result in its dilution through mixing with other water masses. The transformed waters,
which contain the meltwater, are exported from the fjords as a new water mass Glacially Modified Water (GMW). Here
we use summer hydrographic data collected from 2013 to 2019 in Upernavik, a major glacial fjord in northwest Greenland,
to describe the water masses that flow into the fjord from the shelf and the exported GMWs. Using an optimum multi-
parameter technique across multiple years we then show that GMW is composed of 57.8% * 8.1% Atlantic Water (AW),
41.0% = 8.3% Polar Water (PW), 1.0% = 0.1% subglacial discharge, and 0.2% = 0.2% submarine meltwater. We show
that the GMW fractional composition cannot be described by buoyant plume theory alone since it includes lateral mixing
within the upper layers of the fjord not accounted for by buoyant plume dynamics. Consistent with its composition, we find
that changes in GMW properties reflect changes in the AW and PW source waters. Using the obtained dilution ratios, this
study suggests that the exchange across the fjord mouth during summer is on the order of 50 mSv (1 Sv=10° m® s 1) (com-
pared to a freshwater input of 0.5 mSv). This study provides a first-order parameterization for the exchange at the mouth
of glacial fjords for large-scale ocean models.

KEYWORDS: Ocean; Arctic; Atlantic Ocean; Glaciers; Ice sheets; Buoyancy; Entrainment; In situ oceanic
observations; Annual variations

1. Introduction et al. 2013; Dukhovskoy et al. 2016). Recent observations, how-
ever, show that Greenland’s freshwater is rapidly diluted
within hundreds of meters from the ice margins and exported
from fjords as part of a more complex fjord/shelf exchange
whose volume fluxes in and out of the fjord are over an order
of magnitude greater than the pure freshwater flux alone
(Beaird et al. 2015, 2017, 2018; Mortensen et al. 2020).

Greenland’s freshwater discharge occurs at the ice sheet—
ocean boundary and consists of both liquid freshwater and
solid ice (Bamber et al. 2018). It is released at the head of
fjords through three different processes: seasonal runoff from
surface melt, calved icebergs, and submarine melting of
marine-terminating glaciers and ice shelves. Van den Broeke
et al. (2016) estimated that on average, during 1991-2015, sur-
face melt runoff amounted to 11 mSv (1 Sv = 10° m® s71; 363
Gt yr™ 1), while the sum of solid ice discharge and submarine
melting amounted to 15 mSv (477 Gt yr™'). While it varies
depending over the period considered, the increase in fresh-
water discharge is partitioned roughly equally between an
increase in runoff or an increase in ice discharge (Enderlin
et al. 2014; Mouginot et al. 2019).

In the case of marine-terminating glaciers, which account
for the drainage of 88% of the Greenland ice sheet area
(Rignot et al. 2012), most of the runoff enters the ocean at the
Corresponding author: Morven Muilwijk, morven@uib.no glacier’s base as subglacial discharge (SGD) often hundreds

During the last three decades, the Greenland Ice Sheet has
been losing mass at an accelerating rate, from —26 * 27 Gt
yr~! between 1992 and 1997 to —244 + 28 Gt yr™! between
2012 and 2017 (Shepherd et al. 2020), and is projected to con-
tinue to do so (Shepherd et al. 2020; Goelzer et al. 2020). The
ice loss from Greenland translates into an increased freshwa-
ter flux into the ocean, which contributes to global sea level
rise, and has the potential to impact the regional and large-
scale ocean circulation, including the Atlantic meridional
overturning circulation (AMOC; Bamber et al. 2012, 2018;
Boning et al. 2016; Frajka-Williams et al. 2016; Shepherd et al.
2020; Le Bras et al. 2021; Caesar et al. 2021). Recent modeling
studies have sought to evaluate the impact of this increased
freshwater discharge (now or in the future), but since the
models do not resolve the fjords or glacier/ocean exchanges,
the excess discharge is typically imposed as a surface or upper
layer freshwater flux around Greenland’s perimeter (Swingedouw
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of meters beneath the surface (Straneo and Cenedese 2015).
This release of freshwater at depth gives rise to turbulent
upwelling, entrainment of deep water masses, and a generally
complex transformation of ambient water masses that provide
the heat for melting ice and/or are made lighter through the
mixing with the meltwater released. Thus, at least in summer,
the release of SGD and submarine melt are tightly connected
(Slater et al. 2015, 2016). In addition, icebergs melt in the
fjords as they transit from the glacier to the open ocean,
releasing much of this meltwater at depth (Moon et al. 2018).
The liquid export from the fjord (excluding the icebergs), is
therefore a mixture of modified ambient waters, iceberg melt,
SGD and glacier melt known as Glacially Modified Water
(GMW) (Straneo et al. 2011; Beaird et al. 2015, 2018; Moon
et al. 2018; Mortensen et al. 2020). Noble gas measurements
from Greenland’s glacial fjords have confirmed that GMW
consists of strongly diluted glacier and iceberg meltwater and
SGD (less than 5% each), upwelled deep fjord waters, and
lighter waters present on the continental shelf (Beaird et al.
2015, 2018). In particular, these studies show that Greenland’s
meltwater is not exported as a surface freshwater flux but
instead as GMW distributed over the upper 100-200 m. For
Sermilik Fjord (southeast Greenland) where velocity meas-
urements exist, furthermore, they suggest that the exchange
flow at the mouth of the fjord is approximately 30 times larger
than the meltwater and runoff discharge into the fjord (Beaird
et al. 2018). This transformation, dilution, and fjord-shelf
exchange must be considered when formulating boundary
conditions for ocean models (Boning et al. 2016; Dukhovskoy
et al. 2019), which might, for example, consist of mass removal
at depth and mass input closer to the fjord surface. Currently,
however, observations of the GMW properties and volumes
are limited, and there is no simple parameterization that can
take the glacial and oceanic inputs and transform these into
ocean model boundary conditions.

Here, we address this gap by deriving GMW properties
using (summer) hydrographic data collected in one major
Greenland glacial fjord over multiple years. Specifically, we
identify GMW by comparing the shelf and fjord water masses.
Furthermore, we investigate how the GMW properties
change in time as a function of the glacial inputs and the prop-
erties of the water masses present on the shelf. Our analysis is
compared to estimates of GMW derived from buoyant plume
theory. Finally, we discuss how results from this study can be
generalized for other glacial fjords.

This manuscript is organized as follows: in section 2 we
describe the study region; in section 3 we document the data-
sets we have used, define the water masses and outline our
methods, including GMW fractional composition analysis and
plume model theory; in section 4 we present the hydrographic
properties of a major Greenland fjord, and the results stem-
ming from our GMW fractional composition analysis and the
investigation of the relationship between the shelf and fjord
water masses; in section 5 we discuss the implications of this
work in a broader context before we summarize our findings
in section 6. A sensitivity study and the uncertainties of our
results are documented in the appendix.
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2. Study region and oceanographic setting
a. Regional oceanographic setting

This study focuses on the Upernavik Isfjord system, a large
fjord in northwest Greenland (72.54°N, 55°W) fed by five
large glaciers. The fjord discharges into Baffin Bay (Fig. 1),
where the hydrography is dominated by relatively warm and
saline Atlantic Water (AW) at depth and colder and fresher
Polar Water (PW) on top (Miinchow et al. 2015; Wood et al.
2021). The AW and PW enter Baffin in the south, through
Davis Strait, and flow northward on the eastern side as the
West Greenland Slope Current and West Greenland Current,
respectively (Fig. 1; Curry et al. 2011; Johnson et al. 2011;
Miinchow et al. 2015; Heuzg et al. 2016; Rysgaard et al. 2020;
Vermassen et al. 2019).

b. Upernavik fjord

Upernavik fjord is approximately 60 km long and 5-7 km
wide. The Rossby radius in this region is approximately the
same as the width of the fjord (Nurser and Bacon 2014), so
we expect the circulation to be weakly geostrophic but do not
expect opposing flows on each side of the fjord. Near the
fjord’s head, we find the Upernavik Isstrgm (Sermeq) ice
stream, which consists of five glaciers (Fig. 2). The fjord
bathymetry (Fig. 2) has been mapped using sonar during a
cruise in 2013 led by the Geological Survey of Denmark
(Andresen et al. 2014) and as part of NASA’s Oceans Melting
Greenland ship survey 2016 (OMG Mission 2020). These data
have been included in the BedMachine Version 3 topographic
dataset (Morlighem et al. 2017) used in this study. The fjord is
characterized by steep walls and a flat bottom at ~900-m
depth (Vermassen et al. 2019). Near the head of the fjord
water, local fishermen report water depths of 600-800 m
(Andresen et al. 2014), but due to ice conditions, no bathy-
metric data were collected near the glacier fronts. In 2019 an
Airborne Expendable Conductivity, Temperature and Depth
(AXCTD) deployed near the front of Upernavik Isstrgm N
(Fig. 2) suggested the water depth may be as large as 1000 m,
indicating high uncertainty about the water depth near the
glaciers and the glacier grounding depths. Based on the
bathymetry available, the deepest channel from the continen-
tal shelf to the Upernavik is at least 600 m deep.

3. Methods
a. Datasets

We use data from yearly (summer) occupations from 2013
to 2019, except for 2014, from which we have no data
(Table 1; Straneo and Muilwijk 2021). For the years 2013,
2015, and 2016 data were collected by ship. In 2013, tempera-
ture, conductivity, and pressure data in and around Uperna-
vik were collected by Sea-Bird SBE19plus and RBR
Concerto CTDs from the research vessel R/V Porsild. Ship
CTD data from 2015 to 2016 was provided by the NASA cam-
paign Oceans Melting Greenland (OMG Mission 2020), and
conducted by the M/V Cape Race and the S/Y [Ivilia, both
commercial vessels equipped with an AML Oceanographic
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FIG. 1. Schematic of the large-scale ocean circulation in (a)
the North Atlantic and Nordic Seas [adapted from Straneo et al.
(2013) and Perner et al. (2019)] and (b) Baffin Bay (adapted
from Curry et al. 2011). The North Atlantic Current brings
warm and saline Atlantic Water (red arrows) northward and
onto the Greenland shelves, and the East Greenland Current
brings colder fresher Polar Water (blue arrows) southward
from the Polar Seas. Our case study fjord “Upernavik” is
marked in yellow.
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Minos X CTD. For 2016-19 we use profiles collected from
AXCTD probes from the OMG project (Fenty et al. 2016),
hereafter referred to as “OMG-AXCTD.” Table 1 gives an
overview of all hydrographic profiles used in this study, and
profile locations are shown in Fig. 2. The year 2013 is the only
year when we have no profile from the shelf, except for some
shallow seal temperature profiles retrieved from World Ocean
Atlas 2018 (WOAIS; Locarnini et al. 2018). Therefore, the
shelf conditions for 2013 are based on a WOAI8 (Locarnini
et al. 2018) climatological profile, which has been adjusted lin-
early in temperature and salinity so that the AW properties at
sill depth match the AW properties in the fjord.

We use the TEOS10 Gibbs-SeaWater Oceanographic Tool-
box (McDougall and Barker 2011) to convert the conductivity
profiles into Absolute Salinity (S4), temperature into Conser-
vative Temperature (CT), and pressure into depth. We here-
after refer to Conservative Temperature as temperature and
Absolute Salinity as salinity. OMG-AXCTD temperature and
salinity data were edited with the removal of occasional noisy
surface data, binned in regular depth intervals, and smoothed
using a low-pass filter. All AXCTD profiles have undergone
careful manual quality control. Their vertical coordinates
(depth) are based on a constant fall rate and are therefore
somewhat less accurate than data collected from a ship-based
CTD, which measure pressure directly.

To investigate regional AW and PW hydrographic variabil-
ity, we use the Estimating the Climate and Circulation of the
Ocean (ECCO) global ocean and sea ice state estimate Ver-
sion 4, Release 3 for the period 2010-17 (Forget et al. 2015).
Khazendar et al. (2019) compare ECCO temperatures with
observations from the Davis Strait mooring array (Curry et al.
2014) for 2009-18 and show that the model captures the tim-
ing and magnitude of the seasonal and interannual variations
in Baffin Bay well. SGD estimates are from Slater et al.
(2019): first, glacier hydrological catchments are delineated by
routing water according to the hydropotential as defined by
the subglacial topography and ice thickness, and second, sur-
face melting over the catchment is estimated using the
regional climate model RACMO (Noél et al. 2018).

b. Water mass definitions

To define the fjord water masses, we build on a general-
ized description of the transformation and circulation of
water masses in a typical Greenland fjord, as shown in
Fig. 3. We assume that there exists a deep (dense) water
mass at sill depth, which also reaches the glacier grounding
line, and a lighter water mass on top, which is also found on
the shelf. In addition, there are two glacial water inputs: sub-
glacial discharge (SGD) from surface runoff and submarine
meltwater (SMW) from basal melt at the glacier terminus and
iceberg melt (Fig. 3a). According to this generalized descrip-
tion [see also review by Straneo and Cenedese (2015)], the
combined SGD and SMW drive turbulent plumes (Carroll
et al. 2015; Slater et al. 2016), which cause the upwelling of
deep fjord waters. This upwelling likely acts to precondition
the fjord for renewal of deep waters (Carroll et al. 2018).
Because of their relatively warm temperatures, both the deep
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FIG. 2. Bathymetric map of the Upernavik fjord (box in Fig. 1) showing locations of hydrographic profiles obtained
by ship (2013, 2015, and 2016) and by airborne AXCTD 2016-19 (OMG Mission 2020), referred to as “OMG-
AXCTD.” (a) Both the shelf region (defined west of 56.2°W) and the deep fjord are shown; (b) a zoom in on the fjord
only. Bathymetry and subglacial topography are based on BedMachine Version 3 (Morlighem et al. 2017). (c) Landsat
satellite image (2020) of the five marine-terminating glaciers in the Upernavik Fjord system: 1) Unnamed, 2) Uperna-
vik Isstrgm N, 3) Upernavik Istrgm C (Sermeq), 4) Upernavik Isstrgm S, and 5) Upernavik Isstrgm SS (Bjgrk et al.
2015). The across-fjord section for 2013 is marked with a red line, and the across-fjord section for 2016 is marked with

a yellow line.

and lighter water masses can drive melting of the glaciers and
icebergs, and are thus mixed with SGD and SMW (Straneo
et al. 2011). Explicitly, the deep fjord waters are modified by
glacier/iceberg interaction; rise as a result of the added melt-
water and reach neutral buoyancy in the upper layer of the
fjord. Here these waters are further transformed via lateral
mixing with water masses present in the fjord’s upper layers
as a result of shelf/fjord exchange (De Andrés et al. 2020).
The resulting modified water mass is what is exported from
the fjord and is what is known as GMW. It is made up of four

TABLE 1. Overview of hydrographic profile data for
Upernavik 2013-19. The number of profiles on the shelf are
given in parentheses and the others are taken inside the fjord.

Year Period Platform Profiles
2013 31 Aug-2 Sep R/V Porsild 29 (0)
2015 16 Sep-17 Sep  M/V Cape Race 11 (1)
2016 15 Sep-17 Sep ~ S/Y Ivilia 14

2016 24 Sep Gulfstream III AXCTD 2(3)
2017 19 Oct C-130 Hercules AXCTD 1(4)
2018 5 Sep Basler BT-67 AXCTD 4 (1)
2019 30 Aug Basler BT-67 AXCTD 34
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different water masses: the fjord’s deep and upper water
masses, which are both sourced from the shelf region, and
two freshwater sources due to glacial inputs, SGD and SMW.
Following this, and consistent with the findings of Beaird
et al. (2015) and Beaird et al. (2018), the properties of GMW
are a combination of properties from four water masses
alone.

To identify GMW from fjord hydrography we propose
the following framework. First, we assume that the proper-
ties of water masses in the fjord are mainly controlled by the
exchange with the shelf and interaction with the glaciers
while the air-sea surface fluxes have a negligible impact.
Surface fluxes would likely be confined to a thin surface
layer, which we argue should be excluded from this type of
analysis. The effect of sea ice growth and melt is also limited
to the surface, and therefore, not expected to have a large
effect on deeper water masses. Wind presumably plays a
role in the fjord renewal and hence in the GMW formation
(e.g., Jackson et al. 2014, 2018) and as such its effect is
implicitly included in GMW formulation. Interannual varia-
tions in wind forcing, presumably, may affect the GMW
composition but here we assume that to first order this vari-
ability can be ignored. Finally, we neglect variability in the
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across- and along-fjord direction. It will be seen from our
results that the variability in properties within the fjord is
much smaller than the contrast in properties between the
fjord and shelf, enabling us to define GMW based on differ-
ences between the fjord and shelf, without worrying about
where in the fjord properties are measured.

By comparing water masses on the shelf with water masses
in the fjord [similarly to what was done in Straneo et al.
(2012)], we identify both the inflowing deep waters and the
shallower outflowing GMW (Fig. 3). Our method relies on
identifying a set of appropriate profiles from the fjord and the
shelf for the same period. We then calculate a temperature
and salinity anomaly on isopycnals of the fjord profiles rela-
tive to the mean shelf profiles (ACT and ASA). In other
words, ACT and AS, are the “along-isopycnal” differences
between the fjord and shelf. The procedure is summarized
in Fig. 3b for a generic fjord in Greenland where the shelf is
characterized by a cold and light water mass overlaying a
warmer and denser water mass. The fjord deep water, which
comes over the sill and is found at the glacier’s grounding
line depth, is defined as a zero anomaly in temperature and
salinity from the shelf to the fjord. GMW is then defined as
the layer with maximum temperature and salinity anoma-
lies. This description of water masses is consistent with the
fact that at intermediate depths (~100-300 m), Greenland’s
fjords with large marine-terminating glaciers are character-
ized by a layer with higher temperature and salinity relative
to fresher and colder water of the same density on the shelf
(Fig. 3b). This is a direct result of the upwelling of warm
and salty deep fjord water driven by the SMW/SGD plume
near the glacial front (Slater et al. 2016). The lower bound-
ary of the GMW layer is therefore defined as the depth
where ACT and ASa reach zero below the maximum (Fig. 3).
The upper boundary of the GMW is defined as where ACT
and AS, first reach zero above the maximum of ACT/ASA
unless this is shallower than 50 m, which we define as the sur-
face layer depth. If the boundary is shallower than 50 m, we
define the upper boundary of GMW to be 50 m to exclude any
surface processes. We note that this GMW definition is pre-
ferred to one based on fixed vertical coordinates. It allows the
GMW layer’s depth to vary in time, for example, due to vary-
ing SGD or inflowing deep water from year to year. Also, a
fixed water mass definition based on temperature, salinity, and
density will not allow for interannual variability of the source
water masses which make up this mixture. We tested our defi-
nition in an extensive experiment where we compared our
result to results from nine different pairs of fixed vertical coor-
dinates (Table A1l). Overall, our varying depth definition is
the only definition that can properly capture the GMW and its
variability.

In Greenland’s major glacial fjords, the deep fjord waters
are often of Atlantic origin (AW), while the upper-layer
waters are often of Arctic origin (PW; Straneo et al. 2012). In
Upernavik fjord, the deep waters are believed to originate
from the south (Vermassen et al. 2019) and enter the area
through a deep cross-shelf trough (Fig. 2) and we therefore
identify these waters as AW. This deep fjord water flows
unmodified from the shelf at sill depth. The lighter, upper
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layer on the shelf is defined as PW. In this study we are partic-
ularly interested in the PW layer that has the same density as
the GMW, and therefore only focus on the PW bounded by
the same isopycnals that defines the GMW. Likely, PW
extends below and above this layer, but we assume that the
relevant water mass is the one that will mix along isopycnals
with the GMW.

c. Properties of SMW and SGD

SMW is the fresh meltwater resulting from submarine melt-
ing of glaciers and icebergs and in mixing processes is charac-
terized by a very low “effective” temperature due to the
latent heat that has to be supplied to melt the ice (Jenkins
1999; Straneo et al. 2011). Assuming conservation of mass and
heat, the temperature and salinity characteristics of an ambi-
ent/SMW mixture will fall along a continuous line (Gade
1979) in temperature/salinity space (Straneo et al. 2011). The
line joins the ambient water mass (AW in our case) with the
effective temperature (6.) of the ice, which is given by
Jenkins (1999):

L G
Tsmw = bet = 65 — ~ — C—’(ef - 6)=-90°C, (1)
P

G

where 0is the freezing temperature of seawater, L is the latent
heat of fusion for ice (3.3 X 10° J kg™ '), C; (2100 J kg™ !) and
C, (3980 J kg™ ') are the specific heat capacities of ice
and water, respectively, and 6; is the actual ice tempera-
ture. Following this, we use Tsyw = —90°C and Ssyw =
0gkg .

SGD is also cold and fresh and represents the subglacial
discharge of runoff (i.e., the runoff that exits at the base of
the glacier). If a water mixture consists of only ambient water
and SGD, it falls along a straight line in temperature/salinity
space, which connects the ambient water properties with the
discharge properties (Ssgp = 0 gkg ™! and Tsgp = 0°C).

d. GMW composition analysis

This study aims to study the composition of the GMW and
how this varies over time concerning the source waters. To
achieve this, we use a technique based on the optimum multi-
parameter analysis (OMP) method (Tomczak and Large
1989), which was also used by Beaird et al. (2015) and Beaird
et al. (2018). The OMP is based on a set of linear mixing
equations that connect water properties (temperature, salin-
ity, helium, etc.) to a set number of water mass endmembers.
For each of the properties a linear mixing equation is written
such that the mixture water mass is given as a sum of fractions
of each of the water mass endmembers multiplied by the
value of the property for each water mass endmember. For
example, if the property is temperature and there are four
water masses (being AW, PW, SGD, and SMW), the mixing
equation is

Tomw = aTaw + BTpw + yTsgp + 8Tsmw. )

The set of all mixing equations can be written as the lin-
ear equation Ax = b, where matrix A = [T S; ... ] contains
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FIG. 3. (a) Schematic representation of the oceanic circulation in a typical Greenland glacial fjord with a marine-ter-
minating glacier at its head (adapted from Straneo and Cenedese 2015). Black boxes indicate the four main sources of
freshwater input to the fjord system which mix with the in-flowing Atlantic Water (AW) and Polar Water (PW) from
the continental shelf, resulting in a buoyancy driven estuarine-type circulation and a diluted water mass mixture called
Glacially Modified Water (GMW). Fjord and sill depths vary from fjord to fjord but typically range between 50 and
500 m and 100 and 1000 m, respectively (Sutherland et al. 2014). (b) Illustration describing how to define the GMW
layer in the fjord using along-isopycnal temperature and salinity differences between the far field (shelf) and fjord. Far-
thest left we show the shape of a typical temperature profile on the shelf of northwest Greenland (e.g., Rysgaard et al.
2020), in the middle we show a typical shape of a temperature profile inside the fjord (e.g., Beaird et al. 2015; Straneo
et al. 2011; Straneo et al. 2012), and farthest right we see the along-isopycnal difference between these two profiles.
We define the GMW layer boundaries where the AT profiles have positive anomalies. Typically, the isopycnic surfaces
match geopotential surfaces very closely in the fjord, but we note that the anomalies are calculated in density
coordinates.

all the variable values of the water masses contributing add the requirement that the sum of the fractions must
to the GMW (section 3b), vector b = [Tgmw Somw -..] equalone (a + B + y + 8 = 1). Supposing we have n water
gives the variable value of GMW and vector x = [« By 8] masses and m measured water properties, then A has
gives the fractions that we are trying to solve for. We also  dimensions m + 1 X n. If m + 1 = n (i.e., A is a square
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matrix), the solution of the linear system exists and is
unique (if A is nonsingular).

While Beaird et al. (2015) and Beaird et al. (2018) had
access to noble gas concentrations, here we have only
observed temperature and salinity (m = 2). In our case, with
n = 4 water masses and given a single year/survey, this gives
rise to an underdetermined system (m + 1 < n). To make
progress, we assume that water mass fractions are constant
across multiple years and use the observed temperature and
salinity from different years as independent parameters. We
have two linear mixing equations for each year and with six
years of observations, this results in m = 12, giving rise to and
overdetermined system (m + 1 > n). For an overdetermined
system, the exact solution can be approximated in the least
squares sense (e.g., Bjorck 1996), i.e., by minimizing the
Euclidean norm of the residual r, that is

x" = argmin ||b — Ax]||, = argmin [[r(x)|,. 3)
X X

We call our adaptation of the OMP method for optimum
multi-parameter multiyear analysis (OMPM), and use a
Monte Carlo method to provide an uncertainty estimate on
this analysis (Fig. A1).

The constant fraction assumption is justifiable on the basis
that the dominant parameters which influence the dilution are
approximately constant in time. Specifically, dilution via
entrainment in the plume is largely controlled by the depth at
which the SGD is released (which can be assumed invariant
barring major glacier retreat). Additionally, the dilution is
controlled by the density difference between the fresh SGD
water and the fjord waters (again largely constant since this
difference is much greater than the interannual variations in
density in the deep fjord waters) and also by the magnitude of
the SGD [which does vary interannually but not sufficiently
to substantially change the degree of meltwater dilution
(Fig. A2)]. The second dilution of the meltwaters is due to lat-
eral mixing within the fjord, which is largely controlled by
fjord geometry which, again, will not change sizably from one
year to the next (Carroll et al. 2017). The validity of the
assumption of constant fractions, furthermore, will be verified
subsequently when we compute the residual in our analysis
(sections 4e and Sc).

e. GMW from buoyant plume theory

Buoyant plume theory from Slater et al. (2016) provides a
complementary model for predicting the properties of
GMW in the region close to the glacier front where one can
assume that the GMW properties are largely controlled by
the plume. Here we first assume an unstratified water col-
umn at the glacier front. The full plume model from Slater
et al. (2016) can be run with a stratified water column as
well, but then it can only be solved numerically. By simplify-
ing the model input to one water mass only, we can solve
the equations analytically. This approximation and the com-
parison to a stratified water column is further examined in
section 4e. In plume theory, the GMW properties are those
of the buoyant upwelling plume once it reaches the surface
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or a level of neutral buoyancy. Buoyant plume theory is
based on classical plume geometry (Morton et al. 1956) and
its application to marine-terminating glaciers by Jenkins
(2011). Assuming that the GMW is a mixture of only AW,
SGD, and SMW, its temperature and salinity are according
to Slater et al. (2016) given by

_ OawTaw + OsopTsgp + Osmw Tsmw
Tomw = ) 4)
Oaw + Oscp + Osmw
_ OawSaw + OsgpSsgp + OsmwSsmw
Semw = (5)

Oaw + Oscp + Osmw ’

where the Q represents the volume fluxes of each of the water
masses. For a linear plume in an unstratified AW column with
conservative temperature 7'aw, absolute salinity Saw, glacier
grounding line depth Ay, SGD QOsgp, and channel width w
(300 m), the entrained volume flux of the plume is (Slater et al.
2016):
’ 1/3
Onw = ahgl(QSGDgo) w ©6)
aw

where a = 0.1 is the entrainment coefficient and g’ = 0.26 m s 2
is the reduced gravity of the plume at the grounding line,
which in general depends on the temperature and salinity but
can be taken to be roughly constant. Usually Tsgp is assumed
to be the pressure melting point of freshwater at the glacier
grounding line, given by Tsgp = A2 + Ashg where A, = 8.32 X
1072°C and A3 = —7.53 X 107*°C m™' are constants for the
freezing point offset and freezing point depth slope, respec-
tively. Slater et al. (2016) also show that the SMW flux can be
approximated as

1/3
Osmw = A1[1 + Ay(Taw — TSGD)](%) why (7
where A; = 1.56 X 107> s~ % and A, = 0.84°C ! are meltwa-
ter flux coefficients.

4. Results
a. Upernavik fjord and shelf properties

Here we present the first description of the water mass
structure in Upernavik fjord from 2013 to 2019. In Fig. 4, we
show along-fjord hydrographic sections and accompanying
shelf properties for four of the six years of observations in
Upernavik (2013-19, excluding 2014). Surveys in 2017 and
2019 do not provide enough spatial coverage for a complete
section. Temperature and salinity profiles for the shelf and
fjord are shown in Fig. 5. From 2013 to 2019, shelf profiles
contain a thick layer of warm (1.7°-2.9°C), salty (34.69-34.74
g kg™') AW, typically at depths below 300 m. The warmest
AW core is at approximately 400 m, and below 500 m, the
waters are slightly cooler. Overlying this AW layer is a colder
(0°-2°C) and fresher (33.8-34.6 g kg~ '), PW layer, with strati-
fication rapidly increasing at the interface between these
water masses. In general, isopycnals move upward from the
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FIG. 4. Along-fjord (a) Conservative Temperature and (b) Absolute Salinity sections for 2013 (ship), 2015 (ship), 2016 (ship), and 2018
(OMG-AXCTD). Overlaid are three fixed density contours (white lines) and profile locations (dashed black lines). (c) The along-isopyc-
nal temperature anomaly relative to the shelf. In these sections, the glacial fronts are located at distance approximately 120 km (right side

of the figure) from the western starting point.

fjord to the shelf. At the surface (0-50 m), we typically find
warmer and fresher waters. Since all profiles are taken during
summer, the properties of this surface layer likely show influ-
ence from sea ice and iceberg melt, runoff from land, and
solar warming. Generally, the water column structure remains
relatively consistent between years (2013-19). However, there
are significant variations in the temperature/salinity proper-
ties of all the water masses observed on the shelf (Table 2).
The year-to-year variations are discussed in detail section 4c.
While the hydrographic structure is slightly more complex
inside the fjord (Fig. 4), it follows the same general features
of colder and fresher water masses overlying warm and salty
AW, consistent also with that observed in other large glacial
fjords in Greenland (Straneo et al. 2012). In contrast to the
shelf surface waters, the fjord’s surface waters are generally
colder and fresher comsistent with the discharge of cold
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surface freshwater (e.g., from tundra melt and runoff). The
along-fjord isopycnals are relatively flat from west to east,
with a slight downward tilt toward the glacial fronts. Overall,
there is limited spatial variability within the fjord, except for
the upper layers in the stations closest to glacier fronts. This
supports the notion that the mean fjord properties can still be
captured in years with limited profiles within the fjord. Three
across-fjord sections were collected in 2013 (one shown) and
one in 2016. These support the assumption of limited across-
fjord variability (Fig. 6). In the cross section closest to the gla-
cier in 2013 and 2016, we see evidence of warmer AW being
entrained above 400 m. In both 2013 and 2016, there is an
across-fjord tilt in the dense 27.5 kg m > isopycnal, sloping
down toward the northern side of the fjord, indicating a rota-
tional effect. This suggests that the AW inflow into the fjord is
more confined to the southern coast, as expected. In the
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FIG. 5. Summer hydrographic profiles from the Upernavik fjord (blue) and shelf region (red) for 2013-19. (a) Conservative Tempera-
ture, (b) Absolute Salinity, (c) ACT, (d) ASa. The upper and lower interfaces of the Glacially Modified Water layer (GMW) are indicated
for each year by thick brown lines and light brown shading in (c) and (d) which correspond to the shading in density space in Fig. 7. Shal-
low green temperature profiles in 2013 are shelf profiles based on seal data. We note that ACT and AS, are the along-isopycnal differences
between the fjord and the shelf profiles and not the difference at the same depth coordinate.
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TABLE 2. Fjord mean Conservative Temperature (°C) and
Absolute Salinity (g kg™') values of all observed water mass
endmembers for each year. Uncertainty estimates used to
perturb the design matrix in the Monte Carlo simulation for
each water mass is given in the bottom row. AW is defined as
the deep water mass in the fjord, which is unmodified from the
shelf AW at sill depth. GMW is defined as the lighter water
mass in the fjord, as described in section 3c. PW is defined as the
light water mass on the shelf bounded by the same isopycnals as
the GMW layer in the fjord.

AW PW GMW

CT  Sa CT Sa 0 Sa
2013 251 3471 072 3398 155 34.05
2015 236 3472 098 3400 151 3401
2016 217 3470 026 3402 142 34.05
2017 221 3474  —-027 3402 093 34.09
2018 170 3469 —-027 3396 072 34.03
2019 179 3469 —-017 3389 1.03 33.96
Uncertainty 0.1 0.05 0.1 0.05 — —

westernmost section occupied in 2013 (not shown), the dense
isopycnals (>27.5 kg m™>) slope slightly downward toward
the southern end. This could indicate potential wind-driven
variability.

A comparison of the annual fjord and shelf profiles (Fig. 5)
shows that, for the period 2013-19, the AW properties are usu-
ally identical at 450-m depth. Within the fjord, the AW prop-
erties below 450 m are entirely uniform, which is different
from those present on the shelf. This might indicate the pres-
ence of a 450-m sill, between the fjord and the shelf, which lim-
its the inflow into the fjord of waters below 450 m. However,
the existence of such a sill is still to be confirmed since it is not
present in the BedMachine V3 gridded product, which has a
sill at the fjord’s mouth at 600 m. Interannual variations in
AW properties in the fjord match those on the shelf, support-
ing the idea that AW flows unmodified from the shelf into the
fjord and is readily replenished on subannual time scales (Fig.
5). Annual mean fjord AW and shelf PW characteristics (fol-
lowing the definitions in section 3b) and their uncertainties for
each year are presented in Table 2. From now on we treat the
AW on the shelf (at 450 m) and in the fjord below 450 m as
the same water mass, and neglect the AW on the shelf below
this depth since it does not enter the fjord.

In summary, Figs. 4-6 and Table 2 provide the first descrip-
tion of the hydrographic structure in Upernavik. The struc-
ture (Fig. 5) and water mass properties (Table 2) vary
moderately from year to year over the period 2013-19, but
the AW is unmodified from the shelf to the fjord in all sur-
veys. The properties of the upper layer differ between the
fjord and the shelf, consistent with the expected transforma-
tion of waters inside the fjord by the glacier. Overall there is
limited spatial variability in the fjord, except for cooling and
freshening closest to the glacier fronts.

b. GMW in Upernavik

Using the framework described in section 3b, we calculate
the along-isopycnal temperature and salinity anomalies (ACT
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and AS,) for all fjord profiles relative to the shelf (Figs. 4
and 5). Based on these anomalies, we identify the lower and
upper boundaries of the GMW layer for each year (Figs. 5
and 7). On average, we find that the GMW is approximately
1°-1.5°C warmer and 0.1 g kg~ ! saltier than the PW on the
shelf, although this varies slightly from year to year (Table 2).
We note that the differences are calculated based on the water
masses bounded by the same isopycnals and not at the same
depth coordinates (Fig. 7). In some year the difference between
GMW and PW is small (e.g., in 2016), whereas in other years
the difference is larger (e.g., in 2019). The difference is smallest
when the PW and AW are warmer and saltier than the mean,
and largest when the AW and PW are colder and fresher than
the mean. In general, the GMW is about 1.0°C colder and
0.7 g kg~ ! fresher than the AW.

The average thickness of the GMW layer is approximately
200 m, with year-to-year variations (Fig. 5). The temperature
and salinity anomalies are largest at 50-200-m depth, suggest-
ing that most of the upwelled water is found at these depths.
Although the magnitude of the temperature and salinity
anomalies vary from year to year, the overall anomaly distri-
bution is constant over time. The temperature anomalies are
largest in 2016, indicating that this could be a year with large
differences between AW and PW characteristics on the shelf.

c¢. GMW and AW variations 201319

Over the study period GMW temperatures have decreased,
with a minimum in 2018 and a slight warming in 2019 (Fig. 8).
Over the period 2013-18, the average GMW temperature
decreased by 0.8°C. AW and PW temperatures have
decreased over the same period, suggesting a close relation-
ship between these water masses and GMW. Between 2013
and 2018, the maximum temperature in the AW observed
within the fjord decreased by 1.0°C. Accompanying this cool-
ing is a slight freshening of GMW (0.04 g kg™'), AW (0.02 g
kg™!), and PW (0.04 g kg™ '). Although somewhat weaker,
the cooling is consistent with the AW core temperature
(200-250 m) upstream in Davis Strait (at 67°N and 58°W)
from the ECCO ocean state estimate (Fig. 8e), and tempera-
ture records from moorings in Disko Bay further south, where
Khazendar et al. (2019) report cooling of 1.5°C in the AW
layer between 2013 and 2018.

In the following two sections, we investigate the relation-
ship between the AW, PW, and GMW in further detail, first
by using an empirical model and second by using a buoyant
plume model.

d. GMW composition

Here we use the OMPM method described in section 3d to
infer the composition of GMW. The fjord mean GMW, AW
and PW temperature vary from year to year (Figs. 7 and 8).
Solving the linear equations reveals that the GMW is made
up of the following fractions: 57.8% * 8.1% AW, 41.0% =
83% PW, 1.0% = 0.1% SGD, and 02% = 02% SMW
(Table 3, Fig. Al). The Monte Carlo tests (Fig. A1) indicate
low sensitivity of the results to variations in the components
in matrix A, supporting the constant fraction assumption.
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FIG. 6. Across-fjord (a),(b) Conservative Temperature and (c),(d) Absolute Salinity sections for 2013 (ship) and
2016 (ship). Overlaid are three fixed density contours (white lines) and profile locations (dashed black lines). See

Fig. 2 for the section location.

Sensitivity tests also show that these results are not sensitive
to excluding one or two years and not dominated by a specific
year (not shown). It remains unclear exactly what determines
the mixing fractions, but we hypothesize that the geometry of
the fjord—glacier system plays an important role; comparison
with other fjord-glacier systems would be helpful.

Using the OMPM-derived composition of GMW we can
then re-estimate the properties of GMW in each year
(GMWcpmpir). By comparing to the observed properties of
GMW in each year we can evaluate the success of the decom-
position. The estimated and observed properties are close in
every year (Fig. 7), validating the decomposition and support-
ing the assumption of constant fractional composition between
years. Note that this exercise is essentially a restatement of the
fact that the residual in the decomposition is small. Since the
AW and PW make up most of the GMW mixture, it is logical
to expect a close relationship between the AW, PW, and
GMW variability. We next consider the extent to which buoy-
ant plume theory is able to capture the properties of GMW.
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e. Reconstructing GMW properties using buoyant
plume theory

Plume theory provides a complementary means of estimat-
ing the properties of GMW from any single survey though we
expect this to only hold within hundreds of meters of the gla-
cier front (Mankoff et al. 2016). Further from the glacier
front, we expect other processes, not accounted for by plume
theory, to further modify the GMW as observed by De
Andrés et al. (2020). Nonetheless, the buoyant plume theory
provides a theoretical foundation for understanding the evo-
lution of GMW.

Following the equations presented in section 3e, we calcu-
late the properties of GMW according to buoyant plume
theory for each year (Figs. 7 and 9a). Even though SGD vol-
ume varies seasonally and interannually (Fig. 9), our calcu-
lations assume a constant SGD of 500 m® s™! (the average
for all five glaciers combined as simulated by RACMO,
Fig. 9b) because the degree of mixing is not very sensitive to
the SGD (Fig. A2). At first, we assume that AW is the only
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FIG. 7. Conservative Temperature and Absolute Salinity diagrams with all fjord (blue) and ambient shelf profiles (red) for the six years
of hydrographic observations in Upernavik. The melting, runoff (black dashed) and freezing temperature (red dashed) lines are overlaid
on all diagrams, along with fixed isopycnals (light gray). Brown shading indicates the isopycnal boundaries that define the GMW layer and
correspond to brown lines in Fig. 5. Orange shapes indicate the average properties of AW, GMW, PW on the shelf, GMW_,;;m¢, Modified-
GMW,jume, and GMW_ ;. Dashed lines indicate the runoff and melting mixing lines, which connect the ambient AW with SGD and

SMW properties, respectively (see section 3c).

ambient water mass present at the glacier front (an unstrati-
fied water column). This has the advantage that we can then
solve the plume model equations analytically. In reality, PW
is also present at the glacier front. However, the presence of
this PW does not significantly affect the properties of GMW
because the majority of the mixing between the plume and
ambient water occurs with AW. This can be seen by running
the numerical plume model with the observed ambient
fjord water masses as initial conditions and seeing that the
results are very similar to running the model with AW only
(Fig. A3). Significant differences are seen only above neu-
tral buoyancy where the presence of PW cools the plume.
Given our focus on neutral buoyancy in this study, it is
therefore sufficient to consider a plume rising through
unstratified AW.

The results (GMW,,ume) lie close to the runoff line in tem-
perature/salinity space and are warmer and more saline than
the observed GMW (Figs. 7 and 9a). This discrepancy is con-
sistent with the notion that the plume theory neglects any
mixing that occurs beyond the entrainment and upwelling
associated with the plume. The average composition of the
GMW predicted by the plume model, GMW_yne, is 98.8%
AW, 1.16% SGD, and 0.04% SMW. If we add PW to the mix-
ture until PW is 41% of the total [as suggested by the OMPM
model (Table 3) and to reflect later mixing in the fjord],
we get a water mass closer to the observed GMW (Fig. 7).
We call this water mass Modified-GMWpjyme. Modified-
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GMW,,;yme properties are closer to those of the GMW
derived from the OMPM but are still too salty. This discrep-
ancy could be explained by underestimating the flux of SGD
from the glacier, overestimating the entrainment of AW into
the plume, or neglecting some other source of freshwater.
Nonetheless, this “modified plume theory” is in overall good
agreement with the empirical mixing model proposed above.
We note, however, that without the OMPM analysis we would
not know how much PW should be added to the plume model
results to derive the modified plume theory.

We can, on the other hand, use the plume model to investi-
gate the sensitivity of GMW,ume properties to SGD volume,
grounding line depth, and plume width (section b of the
appendix). Overall the GMWyme properties are not particu-
larly sensitive to any of these quantities, except for GMW,jume
salinity, which is slightly sensitive (+0.8 g kg™) to variations
in SGD volume (0-1000 m® s™1). It is, however, important
to note that the SGD is critical in triggering the buoyant
plume and hence the transformation associated with GMW
formation.

f- Relationship between GMW, AW, and PW

By definition, in plume theory the properties of GMW
would vary linearly with AW properties (section 3e). In real-
ity, however, GMW properties vary with both AW and PW
properties. Since the properties of SGD and SMW are
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constant (section 3c), and we assume constant fractional com-
position, we may write the expressions:

ACTGMW = OLACTAW + BACTPW (8)

ASA_omw = oASA aw + BASA pw, )
where a and B are the fractions derived in section 4d.
Although GMW consists of roughly equal amounts of AW
and PW, the GMW properties might still be more sensitive
to one or the other because they vary with different ampli-
tudes. Figure 10 shows the GMW properties as a function of
both AW and PW. The variance explained by PW (R?

TABLE 3. Water mass composition fractions that make up
GMW composition in Upernavik. The values correspond to the
constants (a, B, 7y, and 8) in Eq. (2). The uncertainty is
calculated based on the Monte Carlo analysis as described in the
appendix.

AW (%)
08 = 8.1

PW (%)
41.0 £ 83

SGD (%)
1.0 = 0.1

SMW (%)
02 =02
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0.83 for temperature and R* = 0.75 for salinity) is higher
than by AW (R? = 0.69 for temperature and R* = 0.40 for
salinity), even though AW makes up a larger fraction of the
GMW composition. This indicates that the GMW properties
could be more sensitive to changes in PW than in AW,
although the slope of the AW curve shows that a change in
AW has a larger effect then a change in PW. Here we note
that there are only six data points and that these relation-
ships are not statistically significant. Also, both the data and
our understanding of the circulation around Greenland sug-
gests that PW is likely not completely independent from
AW (since PW reaching the Upernavik system is likely to
have already been mixed with some AW as it flows around
Greenland), and we therefore suggest that AW and PW
contribute at roughly equal weight.

5. Discussion
a. Upernavik as a case study for Greenland fjords

We now ask the question to what extent do our results
apply to other glacier—fjord systems in Greenland. This is par-
ticularly important if we want to derive fractional composi-
tions and exchange fluxes as inputs to large-scale ocean
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FIG. 9. Conservative Temperature and Absolute Salinity diagram
with all mean water masses properties 2013-19. Warm and saline
AW (red circles) is mixed with colder and fresher PW (green dots),
SGD and SMW to produce a mixture of GMW (blue dots). (b)
Monthly mean time series of simulated SGD from RACMO for all
marine-terminating glaciers in Upernavik as indicated in Fig. 2.
Dashed lines represent the mean August runoff for the three larg-
est glaciers.

models. We speculate that that our method could be applied
to any fjord with a two layer structure since we expect that
the GMW will mix with a lighter layer after having upwelled
past the layer interface. We base our speculation on the fact
that the hydrographic properties and circulation of five gla-
cier-fjord systems along Greenland’s coast (79 North, Kan-
gerlussuaq, Helheim, Petermann and Jacobshavn) have
similar structures (Straneo et al. 2012). In particular AW at
grounding-line depth and SGD apply to all these glaciers.
Although the hydrographic properties in these fjords depend
on the shelf bathymetry (i.e., presence of canyons) and sill
depth, the overall structure is very similar to that of Uperna-
vik. The fjord profiles studied by Straneo et al. (2012) also
show that properties are usually similar to the shelf profiles at
depth (with the exception of Jacobshavn, which has a shallow
sill). Strong stratification persists in the fjords, but unlike the
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FIG. 10. GMW temperature as a function of AW, temperature
(red dots) and PW (blue dots) temperature. Dashed lines represent
a linear fit based on the six years of observations. Mean values of
AW, and PW have been subtracted to visualize the data on a
comparable scale. (b) As in (a), but for salinity.

AW, the layer with density comparable to the PW layer has
been strongly modified in all fjords (Straneo et al. 2012),
similar to what we observe in Upernavik. In the upper part
of the water column, fjord waters are generally warmer than
the shelf waters, indicating modified AW upwelling at the
glacier fronts and in the ice melange. There is a “runoff”
point in most fjord systems, where the 7/S characteristics
within the fjord veer from the melting toward the runoff
line. We observe this in Upernavik as well, and this point
coincides with the lower boundary of our GMW layer. Simi-
lar hydrographic characteristics were reported by Johnson
et al. (2011) and Heuzé et al. (2016) for Petermann fjord,
Inall et al. (2014) for Kangerlussuaq fjord, and Sutherland
et al. (2014) for Sermilik and Kangerlussuaq fjords. Fjords
with a very shallow sill, such as Jacobshavn and Godthébsf-
jord (Mortensen et al. 2011) are likely to have slightly differ-
ent hydrography.

The similarity in hydrography between Upernavik and
these other fjord systems indicates that the method utilize to
identify GMW and to derive its fractional composition, given
multiple surveys, could potentially work for other fjord sys-
tems. We expect, however, that the fractional composition of
the GMW will vary from one fjord system to the next since it
is likely set by factors such as fjord geometry (such as the
presence of sills), spatial scales, grounding line depth and the
magnitude of SGD.

b. Prospects for parameterizing fjord to shelf exchange

We show that the exported GMW properties may be
expressed as a function of the combined AW and PW on the
continental shelf. This simple relationship could be used to
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form a parameterization for large-scale ocean models that do
not resolve the fjords or glacier/ocean interactions (Boning
et al. 2016; Dukhovskoy et al. 2019). A better representation
of GMW in models is needed to properly understand the
effect of freshwater on the ocean. An ideal parameterization
or the exchange of heat, freshwater, and mass at the margins
of Greenland’s fjords will take as inputs oceanic conditions on
the continental shelf (e.g., AW and PW), geometric con-
straints (e.g., sills), glacier characteristics and glacial inputs
(SGD) and yield melt rates, the volume fluxes, and properties
of both the outflow and inflow at the fjord’s mouth. Our
results indicate that repeat surveys can be used to derive the
fractional composition of GMW, that its fractional composi-
tion can be assumed invariant, and that once we know this,
we can determine the relative roles of PW and AW in the var-
iability of GMW. Future work is needed to establish what sets
these fractions in each fjord system and whether they could
be determined a priori from a knowledge of the external
parameters of the fjord and glacier without observations to
inform their values.

An ideal “glacier-forcing” parameterization (or submo-
del) for ocean models would include not just the exchange
properties but also an estimate of the exchange flow, i.e.,
the volume transport of the diluted meltwater (GMW)
which is compensated by the inflow of shelf water into the
fjord. The exchange flow is not equal to the glacial input
but, similar as in estuarine literature (i.e., MacCready and
Geyer 2010), equal to transport out of the fjord in the upper
layers which is largely balanced by the transport in in the
lower layers. While measurements from Upernavik did not
allow for an estimate of the volume exchange from data, we
can use the mixing model to provide a first assessment of
this exchange. Given the constant fractional composition
assumption and knowledge that SGD makes up 1.0% =
0.1% of the GMW, an average summer SGD of 500 m® s ™!
then translates into an exchange flux of 50 = 5 m Sv GMW
(excluding the surface layer). Given the dimensions of the
fjord and thickness of the GMW layer, this would be
achieved by an outflow of 3 cm s comparable to 5 cm st
found in quantifying the mean summertime exchange flow
in Sermilik fjord by Beaird et al. (2018). The implication is
that if we know the fractional composition for a fjord
system, and can estimate the input of SGD (which is less
uncertain than derivations of the iceberg and submarine
melt), then one can estimate the GMW export even without
current observations. More work is needed to determine to
what extent this method can be generalized to other systems
in Greenland and the extent to which this flux derivation is
valid.

In the same way as ocean models need parameterizations
to represent the ice sheet’s freshwater forcing on the ocean,
ice sheet and glacier models need parameterizations of oce-
anic forcing (Slater et al. 2016; Morlighem et al. 2019). Due to
a lack of observations and time series from within the fjords,
oceanic thermal forcing and melt rates for ice sheet and
regional glacier models are currently mainly based on hydro-
graphic observations from the shelf (Wood et al. 2021).

Brought to you by UNIVERSITETSBIBLIOTEKET | | Unauthenticated | Downloaded 05/30/22 11:06 AM UTC

MUILWIJK ET AL.

377

In these cases, the AW properties and variability are extrapo-
lated from the shelf into the fjords at sill depth. The study in
Upernavik confirms that changes in AW property on the shelf
result in identical changes in AW property in the fjords above
sill depth. However, accurate bathymetry is necessary, as an
error in sill depth would result in large differences in simu-
lated fjord water mass properties and melt rates. Given the
hydrographic similarities with other fjords, it is reasonable to
assume that this holds for other fjords with a deep enough
connection to the shelf.

c¢. Limitations of this study

Our analysis does not allow to distinguish between ice-
berg melting in the fjords (Moon et al. 2018) and submarine
melting, as such, it cannot provide an estimate of submarine
melting to be used to force glacier and ice sheet models. We
also neglect the surface layer, where a significant part of the
export of freshwater occurs (Beaird et al. 2018). This is
because of the larger degree of variability of properties in
this upper layer and the fact that because of air-sea
exchanges and sea ice melt we cannot assume that proper-
ties in this layer are due to glacier/ocean interaction alone.
Still, much of the GMW associated with upwelling driven by
SGD should be represented in our proposed formulation.
Atmospheric conditions are important for the renewal of
fjord waters (e.g., Christoffersen et al. 2011; Jackson et al.
2014; Jackson et al. 2018), but due to limited atmospheric
observations we did not have the possibility to properly
investigate the role of atmospheric forcing on GMW export.

Besides comparing the AW variations observed on the
Upernavik shelf to upstream AW variations in Davis Strait
(section 4c), we do not investigate the mechanisms causing
variations in AW and PW. However, we note that the AW
variability is likely advective (Cuny et al. 2005; Sutherland
and Pickart 2008) and that PW variability is likely not
completely independent from AW. The PW often resides on
the meltwater-mixing line from that year’s AW properties
(Fig. 7), indicating that the PW outside Upernavik may con-
tain meltwater from upstream.

A limitation of our method used to identify GMW is that it
is dependent on comparing shelf and fjord properties. This
requires having both sets of profiles and, also, assuming that
the properties at the shelf profile location do not contain
GMW exported from the fjord. Moreover, we started out
with an assumption that the fractional composition remains
constant in time, which our results suggest works for Uperna-
vik. While further work is required to test the applicability of
this assumption to other fjords, we believe it is quite likely to
hold given the dominant role of fjord-glacier geometry in
controlling the mixing processes, and the fact that interannual
variations in density within the fjord are small compared to
the density difference between SGD and the other water
masses. Additionally, buoyant plume theory indicates that
GMW properties are only moderately sensitive to changes in
SGD.

Finally, we note that there are other ways of calculating
glacial meltwater concentration, such as for example done in
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FIG. Al. Error distribution for the water mass fractions making
up the GMW mixture resulting from a Monte Carlo simulation
with 5000 iterations. Mean values for the various water mass frac-
tions are represented by thick black lines, and their uncertainty is
given by one standard deviation (dashed black lines).

the Petermann Fjord by Heuzé et al. (2016) which provides
an alternative method to determine the depth of GMW
export.

6. Conclusions

Upernavik is a fjord in northwest Greenland that receives a
large (seasonal) freshwater contribution from surface melting
[as subglacial discharge (SGD) and runoff from land], solid
ice flux (calving icebergs), and Submarine Melt Water
(SMW). We here present the first description of water mass
characteristics in Upernavik fjord from summer hydrographic
observations over six years between 2013 and 2019. Dense
Atlantic Water (AW) and lighter Polar Water (PW) found in
Upernavik fjord and on the Upernavik shelf has gradually
cooled (1.0°C) and freshened (0.02 g kg™ ') throughout
2013-19, consistent with AW cooling observed further
upstream (south) in Disko Bay and Davis Strait (Khazendar
et al. 2019). By comparing anomalies on the shelf and in the
fjord, and building on our understanding of the dynamics of
glacial fjords, we have derived the properties of the main
water mass exported from the fjord: Glacially Modified Water
(GMW). The depth of GMW varies from year to year, with a
typical range of approximately 50-200 m. Using a water mass
analysis method called optimum multi-parameter multiyear
analysis we estimate that GMW is composed of approxi-
mately 58% AW, 41% PW, 1% SGD, and 0.2% SMW. These
fractions are similar to those derived from studies based on
noble gases from other fjord systems in Greenland (Beaird
et al. 2015, 2018), and from this follows a rough estimate of a
total (summer) GMW export of approximately 50 mSv. The
change in GMW properties observed is consistent with the
changes in AW and PW on the shelf, in that GMW variability
can be expressed as a linear function of the combined AW
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FIG. A2. Sensitivity of Upernavik GMW (a) temperature and (b)
salinity on changes in grounding depth, plume width and SGD
based on plume theory (Slater et al. 2016). Orange lines represent
the sensitivity to changes in grounding depth (whole lines) and
plume width (dashed lines) as represented by the lower x axis.
Black lines represent the sensitivity to changes in SGD (top x axis
and rightmost y axis).

and PW variability. Comparison with a buoyant plume model
shows that the model alone cannot accurately reproduce
GMW properties. Consistent with other studies, we believe
this is due to the fact that the plume model does not account
for further mixing that occurs after the plume has reached
neutral buoyancy. This study provides the first basis for the
development of a parameterization for the export of GMW
from glacial fjords in coarse resolution models, however, fur-
ther work is required to test the transferability of the conclu-
sions across Greenland’s diverse glacial fjords.
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APPENDIX

Uncertainty and Sensitivity
a. Uncertainty in the fractional composition of GMW

The uncertainty in the solution for the water mass frac-
tions given by vector x in Eq. (6) is evaluated using a
Monte Carlo method following Beaird et al. (2018). The
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TABLE Al. GMW properties (mean and standard deviation
over 6 years) based on various definitions of GMW. The top row
is the definition used in this paper and is the only definition that
captures the whole GMW layer each year. The second row is the
same but has the surface layer (uppermost 50 m) included as
well. Fixed depth definitions (row 5-10) do not capture the
whole GMW layer, as the depth varies from year to year.

CT (GMW) (°C) S (GMW) (g kg™")

GMW definition

Mean  Std dev Mean Std dev
50 m—ACT and 1.191 0.317 34.03 0.04
ASA =0
0 m—ACT and 1.252 0.298 33.77 0.10
ASA =0
max(ACT) =50 m 1.083 0.298 33.94 0.04
max(ACT) =100 m  0.993 0.302 33.84 0.05
50-250 m 1.174 0.337 33.95 0.09
50-150 m 1.045 0.354 33.75 0.12
100-150 m 1.011 0.375 33.91 0.10
100-200 m 1.103 0.379 33.99 0.09
100-250 m 1.205 0.371 34.07 0.08
0-250 m 1.248 0.320 33.75 0.15

5000 perturbed versions of the matrix A and Eq. (6) are
created where all the elements in A are replaced by per-
turbed water mass values selected from a random normal
distribution with mean values from the original matrix A
and standard deviation given by the uncertainty estimates
(e, Table 2) for each parameter in A. The standard devia-
tion of these 5000 solutions (Fig. A1) represents the system-
atic uncertainty in the water mass fractions in Table 3.
Table Al shows the average properties of GMW based on
different definitions, as discussed in section 3b.

b. Sensitivity of GMW properties from plume theory

Figure A2 shows results of a sensitivity test using the plume
model. For shallow grounding-line depths (<200 m) the GMW
temperature and salinity are quite sensitive to changes in
grounding-line depth (£04°C and =5 g kg™, respectively).
For grounding-line depths deeper than 200 m the GMW
properties are not sensitive to changes in grounding-line
depth. Similarly, for wide plumes (>50 m) the GMW prop-
erties are not sensitive to changes in plume width. The
GMW temperature is not very sensitive to changes in SGD
volume (*+0.05°C). The GMW salinity, on the other hand, is
more sensitive to the volume of SGD driving the plume
(0.8 gkg™).
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