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KEYWORDS Summary In this paper, we discuss the first setup of a hydrodynamic model for the fjord-type
Arctic fjord; estuary Kangerlussuaq, located in West Greenland. Having such a high-fidelity numerical model
Hydrodynamic model; is important because it allows us to fill in the temporal and spatial gaps left by in situ data and
MIKE 3; it allows us to examine the response of the fjord to changes in ice sheet runoff. The numeri-
Water masses; cal model is calibrated against in situ data, and a one-year simulation was performed to study
Meltwater runoff; the seasonal variability in the physical oceanographic environment and the fjord’s response to
Kangerlussuaq fjord changing meltwater runoff. The fjord consists of two distinct parts: a deep inner part that is

80 km long with weak currents and a shallow part that covers the outer 100 km of the fjord
connected to the ocean. The outer part has very fast currents (~1.3 m/s), which we suggest
prevents winter sea ice formation. The dominant currents in the fjord are oriented parallel to
the long axis of the fjord and are driven by tides and (during summer) freshwater inflow from
meltwater-fed rivers. Furthermore, mixing processes are characterized by strong tidal mixing
and bathymetric restrictions, and the deep-lying water mass is subject to renewal primarily
in wintertime and is almost dynamically decoupled from the open ocean during summertime.
Finally, a sensitivity study on the changing meltwater runoff was performed, showing that in-

* Corresponding author at: DTU Space, Technical University of Denmark, Lyngby, Denmark.
E-mail address: dmont@space.dtu.dk (D. Monteban).
Peer review under the responsibility of the Institute of Oceanology of the Polish Academy of Sciences.

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.oceano.2020.06.001
0078-3234/© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.oceano.2020.06.001
http://www.sciencedirect.com
http://www.journals.elsevier.com/oceanologia
mailto:dmont@space.dtu.dk
https://doi.org/10.1016/j.oceano.2020.06.001
http://creativecommons.org/licenses/by-nc-nd/4.0/

D. Monteban et al./Oceanologia 62 (2020) 460—477 461

creasing freshwater runoff considerably strengthens stratification in the upper 100 m of the
water column in the inner part of the fjord.

© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The largest ice mass in the Northern Hemisphere, the
Greenland Ice Sheet (GIS), experienced a mass loss of
3,902 + 342 billion tonnes of ice between 1992 and 2018
(Shepherd et al., 2020). The most pronounced effects of
climate change, such as the increase in surface air tem-
perature, occur in the Arctic region due to polar ampli-
fication (IPCC, 2013), which has increased the freshwa-
ter runoff (Trusel et al., 2018). The freshwater discharged
from the GIS mostly transits through fjords, where it can
be significantly modified before reaching the open ocean
(Cottier et al., 2010). Therefore, fjords are considered
to be a vital link between the inland ice and the ocean
(Straneo and Cenedese, 2015), and it is essential to have
a detailed understanding of fjord dynamics. Moreover, an
improved understanding of the drivers of fjord circulation is
required to explain regional climate changes in Greenland
and how the fjord circulation may change in response to
changing boundary conditions (Straneo et al., 2013).

Early studies on Arctic fjords were primarily conducted
because fjords contain information on past ice sheet vari-
ability and sedimentary records (e.g., Storms et al., 2012).
Another motivation was that fjord systems contain complex
marine ecosystems and because local communities are de-
pendent on fjords for fishing and hunting (e.g., Born and
Bocher, 2001). It was relatively recently that the physical
oceanographic environment of fjords has been the main fo-
cus (Cottier et al., 2010), and such knowledge will allow for
a better interpretation of fjord-related research.

The most accurate method to obtain the physical condi-
tions in Arctic fjords is by collecting in situ measurements.
However, the harsh Arctic environment, the scale of individ-
ual fjords, the number of fjords and the range of time- and
space-scales over which important processes occur make it
logistically difficult and expensive to collect large amounts
of in situ data that are representative of the whole fjord.
Therefore, a major limitation in the Arctic is the lack of in
situ data. Another approach to obtain an understanding of
the physical state of a fjord is modelling. Although numer-
ical models are a simplification of reality, they can act as
an additional tool to fill in the spatial and temporal gaps in
in situ data and consequently understand the physical pro-
cesses at work. In addition, numerical models allow one to
examine the fjords response to changes in boundary condi-
tions.

A growing body of literature has studied Green-
landic fjord systems (see e.g., Catania et al. (2020) and
Rignot et al. (2012) for an overview). These studies have
looked at fjords from two different perspectives. The first
perspective is that the fjord is a mixing zone where the rel-
evant flow transports heat into the fjord and directly to-
wards the glacier terminus (Cowton et al., 2016; Holland

et al., 2008; Mortensen et al., 2011; Rignot et al., 2010;
Sutherland et al., 2014), which affects glacial melting. The
other view also regards fjords as mixing zones, but the fo-
cus is on the transformation and export of meltwater runoff
from the GIS towards the ocean (Straneo et al., 2011), po-
tentially influencing shelf circulation (e.g., Murray et al.,
2010).

In this paper, we focus on the fjord Kangerlussuaq
(also called Sendre Stremfjord), located in West Green-
land. This fjord receives large quantities of freshwater from
meltwater-fed rivers each year. Van As et al. (2018) found
that the average discharge of the main meltwater river
flowing into the fjord, i.e., the Watson River, increased
by 46 percent between 2003—2017 compared to the 1949—
2002 average. Moreover, the interannual variability in the
meltwater runoff increased considerably. However, it is not
clear how these variations in meltwater runoff have in-
fluenced the fjord Kangerlussuaq. An increase in the an-
nual volume of freshwater runoff from the GIS influences
the physical structure of the water column, including the
temperature-salinity structure, the strength of the strat-
ification (Kjeldsen et al., 2014; Mortensen et al., 2013)
and the primary production (e.g., Arendt et al., 2010;
Dziallas et al., 2013). To understand the fjord’s response to
changing meltwater runoff and the physical oceanographic
conditions in general, a hydrodynamic model was estab-
lished in this study. Additionally, this model is also used
to perform a sensitivity analysis by changing the meltwater
runoff.

The paper is structured as follows: in Section 2, the study
area is described together with the available measurements
and observations. Datasets of the freshwater input, the at-
mospheric parameters and the sea ice cover are used to
force the model. In Section 3, the setup of the numerical
model is presented, as well as all the model parameters
and parameterizations, the model domain and the bound-
ary conditions. We performed a one-year simulation from
March 2005 until March 2006 with input data that are a com-
bination of data from multiple years and some are some-
what idealized (meltwater runoff). Therefore, the aim is
to determine the seasonal dynamics and the temperature-
salinity structure of the fjord as a whole during the period
of one year. To gain confidence in the model’s performance,
we calibrated the model against in situ data of the water
level and vertical profiles of the temperature and salinity.
This calibration procedure is described in Section 4 and is
divided into a barotropic and baroclinic part. The main out-
puts of the model are presented and discussed in Section 5,
which is divided into three parts: 1) the circulation pat-
tern in the fjord, 2) the seasonal dynamics of the wa-
ter masses and 3) a sensitivity study towards meltwater
runoff. Finally, some concluding remarks are presented in
Section 6.
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Figure 1
meltwater rivers enter the fjord are indicated.

2. Study area and observations
2.1. Regional setting

The fjord Kangerlussuaq is a large fjord located at the Arc-
tic circle in West Greenland (Figure 1) and is classified as
a fjord-type estuary (Lund-Hansen et al., 2010). The fjord
is 180 km long, and there are two branches at the mouth
of the fjord that connect the fjord with the open ocean.
Further west from the mouth of the fjord at the continen-
tal slope, the West Greenland Current is located. The West
Greenland Current is a continuation of the East Greenland
Current and the Irminger Current, which are governed by
the cold and relatively fresh water of Arctic origin and warm
and salty water that originated in the Atlantic, respectively
(Myers et al., 2007; Sutherland and Pickart, 2008).

In Figure 3, the bathymetry of the fjord Kangerlussuaq,
which was surveyed by the Danish Geodata Agency, is pre-
sented. The fjord can be divided into two distinct parts: the
outer 100 km of the fjord is shallow (30—60 m) and narrow
(~1.5 km). The inner part is much deeper (up to 300 m) and
wider (~5 km). A steep slope defines the transition between
the two parts of the fjord where the bottom rises approxi-
mately 215 m over 13 km and is located close to the mouth
of the Sarfartoq River (Figure 1).

2.2. Freshwater sources

The fjord receives freshwater from snowmelt, sea-ice melt,
precipitation, local glaciers and the GIS. Large quantities
of freshwater runoff enter the fjord in the summertime

Watson River g«
)

P

Sentinel-2 true-colour image of the fjord Kangerlussuaq, acquired 31 July 2017. The locations where the three main

primarily from three rivers; the Watson River (66°57'54"N,
50°51'50"W) flows into the northeast head of the fjord, the
Umivit River (66°50'2"N, 50°48'37"W) enters at the south-
east head of the fjord and the Sarfartoq River (66°29'30"N,
52°1'30"W), which enters in approximately the middle of
the fjord. The rivers drain meltwater from the GIS and the
Sukkertoppen ice cap (Figure 1). Hudson et al. (2014) esti-
mated the catchment area of each river based on the ice
surface and basal topography, and this area is 3639 km?,
6320 km? and 5385 km? for the Watson River, the Umivit
River and the Sarfartoq River, respectively. The catchment
area of the Watson River was also determined in multiple
previous studies, and this value differs significantly from
one study to the other. For instance, catchment areas of
9743 km? (Hasholt et al., 2013), 6130 km? (Mernild et al.,
2010), 12547 km? (van As et al., 2012) and 12000 km?
(Lindback et al., 2015) have been reported. Field measure-
ments of the discharge of the Watson River were conducted
by Hasholt et al. (2013) from 2007 to 2010. The peak dis-
charge was usually observed in July/August, and a peak flow
of 1620 m* s~' was measured. The flow in the rivers is almost
zero from October/November until April/May each year, and
during 2007—2010, the average annual total discharge vol-
ume was 3.7 km?3.

2.3. Atmospheric and sea ice observations

Meteorological observations at an elevation of 50 m were
obtained from the Danish Meteorological Institute (DMI)
weather station, located at the airport of Kangerlussuaq
(67°01'N, 50°42'W), which includes the wind speed and
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Figure 2 Observations from the DMI weather station, located at the airport of Kangerlussuag. (a) The relative humidity (gray
line) and the wind speed corrected to a height of 10 m above mean sea level (black line). (b) The cloud cover (gray line) and the
dry bulb air temperature (black line). The data are taken from Cappelen (2016).

direction, relative humidity, cloud cover and air temper-
ature (Cappelen, 2016). The wind measurements were
corrected for height (from 50 m to 10 m above mean sea
level) using the wind profile power law (e.g., Shore Protec-
tion Manual, 1984). The data were sampled every 1 hour,
and the data used to force the model during our one-year
simulation are presented in Figure 2 for the period of March
2005 to March 2006.

The mean corrected wind speed for the one-year model
simulation is approximately 3 m/s, but some relatively
strong winds up to 12.2 m/s were observed. The dominant
wind direction is north-easterly, which corresponds to the
wind blowing out of the fjord. Typical values for the rela-
tive humidity are approximately 70%. The cloud cover varies
substantially with cloud-free days (0%) and days with 100%
cloud cover. The recorded air temperature varied between
approximately +20°C in summer and —38°C in winter. The
air temperature dropped below zero degrees around Oc-
tober and was negative until approximately the start of
May.

Sea ice formation and breakup were studied using op-
tical imagery collected by the Moderate-resolution Imag-
ing Spectroradiometer (MODIS) onboard the Terra and Aqua
satellites from the NASA Worldview application during the
2009—2017 period. The sea ice extent is necessary to force
the numerical model and for the winter of the one-year
model simulation (2005/2006), observations were available
from the Advanced Synthetic Aperture Radar (ASAR) instru-
ment onboard the Envisat satellite. Generally, initial sea ice
formation starts in mid-November, and the fjord is sea ice
free beginning in June. Sea ice only forms in the inner part
of the fjord and reaches up to approximately 1 metre thick
(Hawes et al., 2012; Nielsen et al., 2010). For the winter
of 2005/2006, sea ice formation started in the beginning of
December 2005 and reached its maximum areal extent at
the end of December. The last sea ice floes were observed
on 23 May 2006.

2.4. Water level and CTD measurements

Measurements of the water level at several locations
throughout the fjord (points a, b and c in Figure 3) were
conducted from June 2011 until mid-September 2011 using
Solinst Levelogger Gold recording devices (Solinst Canada
Ltd, Georgetown, Ontario, Canada). These devices were
placed under the waterline during low tide, and they mea-
sured the pressure at 5 min intervals. The water levels are
computed from the pressure difference as the tidal wave
passes, and a mean spring tidal range of 3.5 metres is found.
Moreover, the tidal wave travels in approximately 3.5 hours
from the open ocean (point a in Figure 3) to the head of the
fjord (point c in Figure 3). The tidal character may be de-
fined by the form factor, F, which is the sum of the two main
diurnal components (K;, O;) divided by the sum of the two
main semidiurnal components (S;, M;) and reads as follows
(Courtier, 1939):

(K1 + 01)
M2+ S2)°

Classical harmonic analysis using the tidal fitting toolbox
(Grindsted, 2020) was used to compute the four tidal con-
stituents in Eq. (1). Based on the form factor, four different
types of tides can be distinguished. At the head of the fjord,
the form factor has a value of 0.24, which means that the
tidal character is classified as semidiurnal.

Conductivity, temperature and pressure data were col-
lected during two surveys that were carried out on 3-5
August 2005 and on 26—27 February 2006. These measure-
ments are described in Nielsen et al. (2010). During the
survey in August, a total of 16 vertical profiles were made
along the entire fjord using a 19plus SEACAT Profiler (Sea-
bird Electronics, Bellevue, WA, USA). The survey in February
includes 6 different vertical profiles that were made on the
sea ice-covered part of the fjord; hence, only the inner part
of the fjord was surveyed.

F= (1
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positions of the calibration points for the baroclinic part, and the three magenta dots (points a, b and c) show the calibration points
of the barotropic part. The points P1 and P2 shown in the magnifications of the fjord show the beginning and end of the vertical
cross sections, which are shown in multiple figures in this paper, respectively. Furthermore, the solid light blue line at the mouth of

the fjord depicts the open ocean boundary.

3. Model description

The numerical model of the fjord Kangerlussuaq was imple-
mented using the commercially available three-dimensional
MIKE 3 Flow Model (2016 version) software. The MIKE 3
model is well documented, and a comprehensive descrip-
tion can be found in DHI 2016b. An overview of all the
input parameters, the choice of the different modules in
MIKE 3 and the sources of the boundary and initial condi-
tions used in the simulations are summarized in Table 1. The
model setup is described in detail in the remainder of this
chapter.

3.1. Model setup

The MIKE 3 model numerically solves the Reynolds-averaged
Navier-Stokes (RANS) equations with the assumptions of
Boussinesq and hydrostatic pressure using a cell-centred fi-
nite volume method (DHI, 2017). The RANS equations are
closed with a turbulent scheme by adopting the eddy viscos-
ity concept, where the vertical and horizontal eddy viscosi-
ties are represented by the standard k-¢ model (Rodi, 1984)
and the Smagorinsky formulation (Smagorinsky, 1963),
respectively.

The bathymetry of the modelled fjord, the model do-
main and the horizontal computational mesh are presented
in Figure 3. The computational mesh is a combination of
triangular elements and quadrangular grid cells. We antic-
ipated a pre-dominant water flow direction along the long
axis of the fjord with limited across-fjord variability. There-
fore, we used quadrangular grid cells in the main part of
the fjord that allow for a coarser resolution in the along-
fjord direction than in the across-fjord direction; hence,
the number of elements and the computation time are re-
duced. Moreover, the quadrangular cells simulate the flow
more accurately compared to the triangular elements in this
case because the elongated quadrangular cells favour water
flow along the element, while the triangular elements en-
hance divergence in the water flow (DHI, 2016a). The com-
putational mesh has 1984 elements (computational cells) in
the surface layer. The smallest element has a characteristic
length of approximately 160 m, and the largest cell has a
dimension of approximately 1000 m, which is directed along
the long axis. The vertical domain was discretized using 40
vertical layers with a resolution of 1 m at the surface layer
down to 15 m at the bottom. The first 5 vertical layers start-
ing at the surface are terrain-following sigma layers. The
remaining vertical layers are z-layers, which do not follow
the bottom terrain and are defined at fixed depths.
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Overview of the input parameters and module options used in the MIKE 3 model.

Input Parameter

Value or module option

Horizontal mesh
Vertical mesh

Time period
Maximum time step
Solution technique
Eddy viscosity

Bed resistance
Dispersion

Resolution (min, max) = (160, 1000) m

Combined sigma/z-level; 5 sigma layers to a depth of 10 m and 35 z-layers. Resolution (min,
max) = (1, 15) m

1 March 2005—01 March 2006

300 s

Higher order scheme

Horizontal eddy viscosity: Smagorinsky formulation

Vertical eddy viscosity: k-¢ model

Constant roughness height: 0.05 m

Horizontal dispersion coefficient: 1

Vertical dispersion coefficient: 0.1

Coriolis forcing Constant in domain
Atmospheric forcing
and includes

- Wind speed and direction

- Air temperature

- Cloud cover

- Humidity
Ice coverage
Sea ice roughness: 0.01 m
Water level 0 m
Velocities 0 m s~

Initial conditions

Observations available from the DMI weather station located at the airport of Kangerlussuaq

Sea ice coverage derived from Envisat satellite imagery

Salinity from February 2006 measurements (Nielsen et al., 2010)
Temperature from February 2006 measurements (Nielsen et al., 2010)

Boundary conditions

Rivers average discharge of 2007-2010 observations (Hasholt et al., 2013)

Sea water levels from DTU global tide model
Sea salinity and temperature from the Global Ocean Physics Reanalysis product (Copernicus)
Sea current velocities from the Global Ocean Physics Reanalysis product (Copernicus)

3.2. Initial and boundary conditions

The initial conditions (simulation started on 01 March 2005)
were obtained from the CTD profiles taken on 26 Febru-
ary 2006. Although these measurements are from a dif-
ferent year, we used them because the temperature and
salinity distributions throughout the fjord in wintertime are
very homogeneous and relatively similar from year to year
(Nielsen et al., 2010). The initial conditions in the outer,
shallow part of the fjord were obtained by interpolating be-
tween the measurements of the vertical profiles in the inner
part of the fjord and the values at the open ocean bound-
ary obtained from the E.U. Copernicus Marine Environment
Monitoring Service (CMEMS) Global Ocean Physics Reanalysis
product (CMEMS, 2018). If these initial conditions were not
representative of those in the outer part of the fjord, we
would expect the model conditions in this region to adjust
towards realistic values within a much shorter timescale
than the length of the experiment. Since we do not simu-
late such an adjustment, we argue that this interpolation
provides a close approximation to the real conditions within
the outer part of the fjord. The lateral boundary condi-
tion located outside the mouth of the fjord combines the
water level, current velocities, temperature and salinity.
Two different sources of data for the open ocean bound-
ary were used. The water level was predicted based on

tidal constituents from the DTU10 global ocean tide model
(Cheng and Andersen, 2010). This model includes 10 tidal
constituents and has a resolution of 0.125° x 0.125°. The
output of the DTU10 global ocean tide model compares
well with the water level measurements at the mouth of
the fjord, with the difference generally being less than 10
cm. The sea water velocities, temperature and salinity were
taken from the CMEMS global ocean physics reanalysis prod-
uct (CMEMS, 2018). This product has a horizontal resolution
of 1/12°, 50 vertical layers down to a depth of 5500 metres
and provides daily mean values.The lateral boundary is indi-
cated by the solid light blue line in Figure 3. The barotropic
part of the open boundary was specified using Flather’s
boundary condition (Flather, 1976), which is a combination
of the water level and sea water velocities. The water ve-
locities are not necessary to force the model but are im-
posed for stability reasons. Furthermore, the temperature
and salinity were defined as Dirichlet boundary conditions.

The following atmospheric data were included in the
model: wind speed and direction, dry bulb air temperature,
cloud cover and relative humidity. Observations of these
parameters were obtained from the DMI weather station
(Figure 2), and these observations are taken as represen-
tative values for the entire fjord. The validity of this as-
sumption was checked by comparing the atmospheric data
obtained at the Kangerlussuaq airport with those at the
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Figure 4 Estimated discharge from the Watson River used as input to the model. The solid black line shows the discharge per

second, and the gray solid line shows the accumulated discharge.

Sisimiut airport, which is located further north and closer
to the ocean (the comparison is not shown here). Because
the inland climate is different from the coastal climate,
using values from the Kangerlussuaq airport for the entire
fjord may lead to a loss of realism for the atmospheric in-
put data close to the coast. Precipitation and evaporation
are neglected because they are assumed to be negligible
for our study area. This is because the area of Kangerlus-
suaq is exceptionally dry due to orographic shielding by the
Sukkertoppen ice cap (Box et al., 2006). This dryness, to-
gether with water losses from evaporation, causes the con-
tribution of precipitation to be minimal compared to the ice
sheet runoff (Hasholt et al., 2013). An input file of the ice
concentration was prepared based on Envisat ASAR satellite
imagery during November 2005 to May 2006. This file defines
the location of the sea ice (ice concentration of 100%) and
covers the inner, deep part of the fjord to approximately
the Sarfartoq River from December to May.

3.3. Freshwater input

The three meltwater rivers were represented in the model
as point sources, which are placed in the surface layer. A
‘simple source’ option was used where the source discharge
only contributes to the continuity equation (DHI, 2017).
The salinity was set to 0 psu (practical salinity unit)
(UNESCO, 1987), and the runoff temperature was set to
1°C. The temperature as well as the discharge of the Wat-
son River has some small-scale fluctuations, where the tem-
perature of the Watson River typically varies between 0°C
and 2°C (unpublished data). This is because of the day and
night cycle and the resulting changes in air temperature.
However, because we are interested in the general circula-
tion pattern in the fjord system, we neglected all the high
frequency variations found in the meltwater runoff. Fur-
thermore, we generated an idealised time-series of the dis-
charge, which was based on the average annual discharge of
the Watson River during 2007—2010 (Hasholt et al., 2013),
see Figure 4. The peak discharge is assumed to occur in late
July (Julian day 200) and has a value of 1070 m? s~'. Based
on our idealised time-series of runoff, the average accu-
mulated annual discharge of the Watson River is 3.7 km?3.
There are no data on the discharges of the Umivit and Sar-
fartoq Rivers. Therefore, we assumed the same shape as the
Watson River discharge (Figure 4), but we scaled the values
based on the catchment areas given by Hudson et al. (2014).

Therefore, the discharge of the Watson River is multiplied
by factors (6320/3639) and (5385/3639) for the Umivit River
and the Sarfartoq River, respectively. The resulting total an-
nual accumulated discharge of the Umivit River is 6.4 km?3
and 5.5 km? for the Sarfartoq River.

4. Model calibration

The model calibration was divided into barotropic and baro-
clinic parts. It was not possible to perform a validation pro-
cedure because of the lack of adequate in situ data.

4.1. Barotropic part

For the barotropic part of the calibration, the simulated
surface elevation was calibrated against the water level
measurements. However, these measurements (30 July 2011
to 01 September 2011) are not available for our simulated
time period (March 2005 to March 2006). Therefore, we per-
formed an additional simulation for the period when the
water level measurements were taken. The model setup,
sources of the boundary conditions and sources of the atmo-
spheric forcing for the new time period were all the same
(Table 1). New input data for the boundary conditions and
the atmospheric forcing were generated, but the initial con-
ditions of the salinity and the temperature were kept iden-
tical to the 2006 observations. The potential differences in
the vertical profiles of salinity and temperature between
the simulation periods have a very small influence on the
water level variation. This was checked by running the same
simulation but with a constant initial temperature of 0°C
and salinity of 24 psu. The difference in water level between
these simulations was less than 0.02 &+ 0.025 m averaged
over points a, b and ¢ (see Figure 3).

The resolution of the horizontal computational mesh
was the main parameter altered during the calibration of
the barotropic part. A sufficiently fine mesh was required
to reproduce the observed water levels in the fjord. The
influence of the bed roughness was found to be minor and
therefore kept as the default value. The model simulation
is compared with the observations at points a, b and ¢
in Figure 3. The model simulation is in good agreement
with the observations (Figure 5), with a root mean square
error of 0.12 m at point c. The phase of the tidal wave is
very well reproduced throughout the fjord, meaning we
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Figure 3, for a one-month period.

have a good representation of the bathymetry, as this is
the main contributor to the phase of the simulated tidal
wave. Some discrepancies are present, with a small overes-
timation during spring tide and an underestimation during
neap tide. These minor discrepancies are already observed
when comparing the input of the model (from the DTU10
global ocean tide model) at the open ocean boundary with
measurements taken outside the fjord (results not shown
here). Therefore, the small errors are due to the input of
the model at the open ocean boundary, and the model itself
reproduces the tides very well.

4.2. Baroclinic part

The second step of the calibration involved comparing ver-
tical profiles of density, salinity and temperature at three
points (points 1, 2 and 3 in Figure 3). Two main parameters
were altered during this part of the calibration: the type
and resolution of the vertical mesh and the vertical disper-
sion coefficient. Only a few terrain-following sigma layers
were adopted because using more of these layers resulted in
too much mixing in the deep inner part of the fjord. The rea-
son for this excessive mixing is the very steep slope between
the outer and inner parts of the fjord (see Figure 10 around
cross section length 100,000 m). If such a steep slope is
represented with terrain-following sigma layers, the grid
cells are directed almost vertically, which causes significant
mixing errors and results in unrealistic flows (DHI, 2016b).
Furthermore, we reduced the vertical dispersion coeffi-
cient to a value of 0.1. This low value was required to limit

Aug 15

Aug 22 Aug 29
2011

Observed water level (black line) and simulated water level using MIKE 3 (red line) at points a, b and c, as indicated in

the amount of vertical mixing, which was found to be too
large when using the default value of 1. The necessity of this
low dispersion coefficient suggests that there is too much
vertical mixing by default in the model.

The comparison between the simulated vertical density,
temperature and salinity profiles from the calibrated model
and the measurements at the three calibration points is
presented in Figure 6. In general, there is a good agreement
between the simulation and measurements, which gives us
confidence that the main physics are well captured during
summertime. A very good comparison is obtained at point 2
and point 3. At point 1, however, deviations are observed in
both temperature and salinity. The simulated temperature
is approximately 1—2°C warmer than that of the measure-
ments. Moreover, the salinity in the depth range of 10—45
m is too saline. The reason for the deviation in temperature
at point 1 is most likely because of the applied boundary
condition at the mouth of the fjord. The resolution of the
Global Ocean Physics Reanalysis product is much coarser
than the vertical resolution of our model, which will lead
to some discrepancies. Moreover, we checked the surface
temperature of the applied boundary condition (taken from
the Global Ocean Physics Reanalysis product) against the
measurements made with the Solinst Levelogger recording
devices during June—October 2011. The surface tempera-
ture taken from the Global Ocean Physics Reanalysis product
is generally 0.5—2.5°C warmer than the measurements.
This finding strengthens our suspicion that the observed
deviations in the temperature at point 1 are due to errors in
the applied boundary condition. Overall, the results of the
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Sensitivity runs of varying meltwater runoff scenarios at points 1, 2 and 3, as indicated in Figure 3. The values given

in the legend refer to the catchment area of the Watson River. Note that the value of 3639 km? is the value used in Figure 6. The

profiles were obtained on 3 August 2005.

calibration are satisfactory compared with other modelling
studies of Arctic fjords such as Young Sound/Tyrolerfjord
(Bendtsen et al., 2014) and Hornsund (Jakacki et al., 2017).

4.3. Meltwater forcing sensitivity

As described in Section 2.2, varying Watson River catch-
ment area values were reported in the literature, ranging
from 3639 km? to approximately 12000 km?. Using a larger

catchment area of the Watson River would reduce the
discharges of the Umivit and Sarfartoq Rivers because these
values are scaled with the catchment areas. To test the
accuracy of the imposed runoff forcing, additional simula-
tions were performed using Watson River catchment areas
of 6000 km?2, 9000 km? and 12000 kmZ2. The results of these
simulations are presented in Figure 7 for the salinity. The
temperature is not shown because the deviation between
the different simulations was negligible. From Figure 7, it
follows that using a larger catchment area of the Watson
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(a) Vertical cross section along the fjord showing the time-averaged, absolute current speed for August 2005. The start

and end of the cross section along the fjord are indicated in Figure 3 with points P1 and P2, respectively. Moreover, the vertical
transect follows the centreline of the fjord. Lines Pos | and Pos Il indicate the locations of the vertical profiles showing the temporal
variability in the mean daily currents directed into the fjord from March 2005 until March 2006 in panels (b) and (c), respectively.
Note the differences in the definitions of the current speeds in (a) and (b, c); in (a), the shown values are the absolute values, while
in (b and c), a positive value indicates a flow directed into the fjord.

River (and therefore a smaller discharge of the Umivit River
and Sarfartoq River) results in a salinity that is too high,
especially at point 2, which is close to the Sarfartoq River.
The best agreement with the measurements is obtained
with the used Watson catchment area of 3639 km?, giving
us confidence in the applied runoff forcing.

5. Results and discussion
5.1. Circulation pattern and currents

The circulation pattern in the fjord is primarily in the along-
fjord direction, with currents in the across-fjord direction

being very small. No rotational effects are observed in the
fjord, which is supported by computing the internal Rossby
radius (e.g., Cottier et al., 2010), which has a value of
between 6—12 km at this latitude. The Rossby number is
larger than the width of the fjord (approximately 5 km at its
widest point), and therefore, rotational dynamics only have
a minor influence on the flow. Given that the across-fjord
variations are minor, the general circulation in the fjord is
studied by plotting the time-averaged current speed along
the length of the fjord in Figure 8a for August 2005. The
currents in the deep inner part are slow, with typical time-
averaged values of approximately 0.05 m/s. In the narrow
and shallow middle part of the fjord, averaged values up to
1.3 m/s are observed. Moreover, extremely high instanta-
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neous current velocities up to 3.5 m/s were found close to
the Sarfartoq River (not shown here), where the width and
depth of the fjord are small. The values for the month of Au-
gust are higher than those in the winter months because in
summertime, meltwater inflow from the rivers causes some
additional barotropic currents. To show this difference, we
plotted the temporal variability in the currents at a location
close to the mouth of the fjord in Figure 8b and in the inner,
deep part of the fjord in Figure 8c. At both locations, two
different regimes are visible. From approximately May until
December, there is a net outflow in the upper layer, which is
the lower density freshwater-influenced water flowing out.
During winter, the discharge from the meltwater rivers is
negligible, and no clear vertical gradient in the currents is
observed. Furthermore, the spatial variations in modelled
current speed (Figure 8a) appear to be related to the
spatial variations in sea ice cover in the fjord. Generally,
the sea ice cover extends to the middle of the fjord around
the mouth of the Sarfartoq River (Figure 1), where the
currents are very strong even in winter. Therefore, we
suggest that these strong currents prevent the sea ice from
forming.

5.2. Seasonal dynamics of water masses

A description of the water masses in the fjord Kangerlus-
suaq was given by Nielsen et al. (2010), which was based on
two surveys of the vertical profiles of salinity and tempera-
ture (February 2006 and August 2005) that are used as initial
conditions and for the calibration of the model in this paper.
By using our numerical model, we provide a more compre-
hensive image of the seasonal dynamics of the water masses

because we can study the development of the temperature
and salinity over a period of one year. The simulated sea-
sonal variation in the vertical salinity and temperature pro-
files obtained at points 1 and 3 (see Figure 3) are presented
in Figure 9. Cross sections of the salinity and temperature
along the fjord direction during summer (01 August 2005)
and winter (01 March 2006) are shown in Figure 10.

5.2.1. Mixing processes

Understanding how fjord processes modulate mixing be-
tween meltwater runoff and coastal waters is vital to
understand biological processes such as primary production
(Hopwood et al., 2020) and to parametrize fjords in climate
models (Straneo and Cenedese, 2015). For the fjord Kanger-
lussuaq, the salinity and temperature structure indicate
that mixing is primarily due to internal processes. The fjord
is strongly stratified during summer in the inner part of
the fjord. A clear layered structure of the water column
is present with the salinity and temperature varying from
approximately 5 psu and 7°C at the surface down to 24.5
psu and —0.5°C at the bottom, respectively (Figure 10a and
Figure 10b). Wind mixing is only a relatively small contribu-
tor to mixing in the fjord because there are gradual changes
observed in salinity and temperature in the upper 70 m.
A well-mixed, homogeneous top layer would be present
if there was strong wind-driven mixing. Therefore, the
deep-lying water mass appears shielded from changes in at-
mospheric conditions on the time-scale of our experiments
(Nielsen et al., 2010). This shielding can also be concluded
from the fact that the properties of the deep-lying water
masses hardly change during summer. The limited wind
mixing was also found for the Uummannagq fjord system in
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Figure 10 Vertical cross section along the fjord direction of salinity (panels a and c) and temperature (panels b and d) on 01
August 2005 (panels a and b) and 01 March 2006 (panels c and d). The mouth of the fjord is located on the left side of the figure
at cross section length 0 m. The start and end of the cross section along the fjord are indicated in Figure 3 with points P1 and
P2, respectively. Moreover, the vertical transect follows the centreline of the fjord. Points x, y and z are the locations where the
density is extracted in Figure 11.
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West Greenland (Carroll et al. 2018). Both the Uummannaq
fjord and the fjord Kangerlussuaq are therefore exposed
to much weaker winds compared to the fjords found in
southeast Greenland (Harden and Renfrew, 2012) such as
the Sermilik and Kangerdlussuaq fjords (Sutherland et al.,
2014). Further, the tidal currents are very fast (~1.3 m/s)
over the long, shallow sill of the fjord (Figure 8). The strong
tidal mixing tends to break down stratification, resulting
in a relatively homogeneous water column in the shallow,
outer part of the fjord in both winter and summertime
(Figure 9a). Therefore, the mixing processes in the fjord
Kangerlussuaq are characterized by strong tidal mixing and
bathymetric restrictions (the sill).

The fjord Kangerlussuaq shows less stratified conditions
in wintertime compared to summertime with salinity val-
ues ranging from 23 psu to 24 psu and temperatures from
—0.1°C to 0.5°C (Figure 10c and Figure 10d). According to
the observations made in February, the temperature should
be close to the freezing point throughout the fjord, indi-
cating that sea ice formation and cooling are the dominant
physical processes in the winter (Nielsen et al., 2010). The
MIKE 3 model is currently unable to include these processes
because it does not include a sea ice module. A sea ice cover
can be defined, but it is given as external data. When this
cover is defined, the atmospheric conditions have no effect
on the fjord’s surface (sea ice acts as a barrier), and the
boundary condition of salinity and temperature in the sur-
face is defined as a Neuman boundary condition that reads
as follows:

oX
_ 2
¥4 0, 2)

with X representing either the temperature or salinity, and
Z is the vertical coordinate. Therefore, the sea ice does not
cool the water layers underneath. In addition, freshwater
input due to sea ice melt and the process of brine release
are not included in the model. These factors are the main
drawback of the MIKE 3 model for studying Arctic fjords
(Jakacki et al., 2017).

5.2.2. Water masses

Three different water masses are observed in summertime.
At the mouth of the fjord, the coastal water is found, which
has a salinity of approximately 33 psu and a temperature of
5°C during summer (e.g., Myers et al., 2009). In the inner
deep part of the fjord, a runoff-influenced top layer reach-
ing down to approximately 70 m is found lying on top of
a deep, relatively cold and saline water mass (Figure 10a
and Figure 10b). The top 20 m of this surface layer has

a high temperature of 6°C. Surface insolation may gener-
ate such a small warm surface layer during summer, which
is observed in many other deep Greenlandic fjords (e.g.
Inall et al., 2014; Straneo et al., 2010). The lower part
of the runoff-influenced water layer (depth range of 20—
70 m) is less dense than the deep-lying water mass but
significantly denser than the water found at the surface.
From a visual analysis of Figure 9b it follows that this in-
termediate body of water has a salinity between 15 psu
and 23.5 psu and a temperature ranging from 0°C to 4°C
This water was formed between May and August 2005 in our
model, when the meltwater runoff was still relatively small
(see Figure 9b). The deep-lying water mass has a salinity
of approximately 24 psu (Figure 10a) and a temperature of
—0.5°C (Figure 10b) and is, therefore, notably different
than the water mass found along the coast. This is unusual in
comparison with many other Arctic fjords as the coastal wa-
ter can usually be found in the inner deep basin of the fjord
(Carroll et al., 2018; Gladish et al., 2015; Mortensen et al.,
2018, 2011). The reason for this is that these fjords have a
small sill that allows for a relatively fast exchange between
the ocean and the deep-water basin. The fjord Kangerlus-
suaq, however, has a long shallow sill where the tidal cur-
rents are fast, which results in well-mixed conditions caus-
ing a dampened exchange between the open ocean and the
water mass in the fjord.

5.2.3. Deep-lying water mass

It was suggested by Nielsen et al. (2010) that the dampened
exchange between the open ocean and the water mass in
the fjord causes the deep-lying water mass to be barely
subject to any renewal in summer, which is confirmed by
our model results. To check the density of the inflowing
water over the sill, we plotted the seasonal variations in
density at multiple locations in Figure 11. One point is
located in the shallow part of the fjord (directly over the
sill) at a depth of 50 m (point x in Figure 10a) and two
points in the inner deep part of the fjord at depths of 100
m and 200 m (points y and z in Figure 10a, respectively). All
points are close to the steep slope in the bathymetry near
the Sarfartoq River (Figure 1). There is barely any change
in density at points y and z during the year, while the
density at point x shows a variation between summertime
and wintertime. This variation is because the incoming
water mass of the West Greenland Current at the mouth
of the fjord is significantly modified (i.e., mixed with the
outflowing freshwater) before reaching the deep inner part
of the fjord during summertime. The result is a smaller
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Figure 12  Vertical cross section of the tracer concentration released at the open ocean boundary (a) and (c) and of the tracer
concentration released at the meltwater river sources (b) and (d) along the fjord. Subfigures (a) and (b) were obtained on 01
October 2005, (c) and (d) are from 01 March 2006.
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density at point x than at point y from approximately June
to December, which suggests that there is hardly any mixing
between these layers during summertime. In addition, the
deep part appears to be largely dynamically decoupled
from the open ocean during summertime. In other words,
changes in temperature and salinity of the coastal water do
not propagate into the inner, deep part of the fjord.

To investigate this further, we performed a tracer inves-
tigation using the transport module in MIKE 3 (DHI, 2016c).
Conservative passive tracers with a concentration of 1
were continuously included, with one tracer at the open
ocean boundary and one tracer at the three meltwater
river sources. The along-fjord vertical distribution of the
tracer’s concentration is given in Figure 12. It follows that
the deep-lying water mass is hardly influenced by the wa-
ter mass of the West Greenland Current (Figure 12a) or
meltwater runoff (Figure 12b) during the summertime, with
tracer concentrations of approximately 0 in the deep part.
The deep-lying water mass is (very slowly) renewed by
the West Greenland Current water mass (Figure 12c) and
meltwater runoff (Figure 12d) during wintertime. Moreover,
the meltwater runoff tracer that is present in wintertime
(Figure 12d) originated during summertime. This observa-
tion is in striking contrast to the typical renewal of deep
basin waters, which occurs when the dense coastal wa-
ter flows over the sill and replaces the deep lying-water
mass in fjords (e.g., Carroll et al., 2018; Edwards and Edel-
sten, 1977; Gladish et al., 2015; Skogseth et al., 2005).

5.3. Meltwater runoff sensitivity analysis

We studied the fjord’s response to different meltwater
runoff scenarios by running three additional simulations for
the March-December period. The total volume of meltwater
entering the fjord was either halved, doubled or multiplied
by a factor of four compared to the reference case shown in
Figure 4, and these cases are referred to as the ‘50% case’,
the ‘200% case’ and the ‘400% case’, respectively. In terms
of the total annual discharge, the ‘base case’ has a value
of 15.66 km? (all three meltwater rivers combined). For the
50% case, the total annual discharge is 7.83 km?, the 200%
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Vertical profiles of the salinity (panel a) and temperature (panel b) at point 3, as given in Figure 3, for the four

case has a value of 31.32 km?, and the value for the 400%
case is 62.63 km3. For comparison, the maximum observed
total annual discharge of the Watson River corresponds to an
approximate multiplication of the reference case by a fac-
tor of three (van As et al., 2018); therefore, only the 400%
case lies outside the range of observations.

The vertical profiles of the temperature and salinity at
one location in the fjord are presented in Figure 13. The
surface temperature only shows a small deviation among
the four scenarios (<0.3°C). In contrast, the different runoff
scenarios have a substantial impact on the surface salinity,
where it increases by 1.8 psu for the 50% case and reduces
by 2.3 psu and 5.5 psu for the 200% and 400% cases, re-
spectively. Similar values are found throughout the inner,
deep part of the fjord (not shown here). The stratification
in the inner part of the fjord is considerably strengthened
with an increase in total meltwater runoff in the upper 100
m of the water column. Furthermore, the deep-lying wa-
ter mass (below 100 m) only becomes fresher in the 400%
case, while it is hardly influenced in the 50% and 200%
cases.

It is very likely that the meltwater runoff into the fjord
Kangerlussuaq will increase in the future due to climate
change, which may have a severe impact on primary pro-
duction. Lund-Hansen et al. (2018) found that meltwater
runoff is the main driver of the variations in optical con-
ditions, inorganic nutrients and primary production during
summertime. The increase in meltwater runoff will have
two effects on the fjord because the meltwater supplies
nutrients and particle matter into the fjord. The increase
in nutrient supply will increase productivity, while an in-
crease in particle matter will increase light attenuation,
thereby reducing productivity (Murray et al., 2015). How-
ever, as Arctic fjords without marine terminating glaciers
are generally associated with suppression of primary pro-
duction (Hopwood et al., 2020), we expect that the net ef-
fect of increasing meltwater runoff will reduce primary pro-
duction in the fjord. This is because stratification impedes
the vertical nutrient supply from mixing, and together with
light limitation, a reduction of primary production is ex-
pected.
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6. Conclusions

The commercially available MIKE 3 hydrodynamic model was
set up for the fjord Kangerlussuaq to understand its seasonal
variability and to study the response to changing freshwater
runoff. The model was calibrated against in situ data of the
water level and transects of temperature, salinity and den-
sity. The main findings are described as follows:

o The general circulation pattern is primarily oriented
along the long axis of the fjord, and there is minimal
across fjord variations because the fjord is too narrow
to be influenced by the Earth’s rotational dynamics.

« Two general current regimes are present. The first regime
is observed in the summertime, where there are down-
fjord currents in the upper 20 m of the water column
and up-fjord currents below. The other regime is present
during winter, when the freshwater content is negligible
and small vertical gradients in the currents are observed.

o The tides are semidiurnal with a mean spring tidal range
of 3.5 m.

« The deep inner part of the fjord is characterized by weak
currents (~0.05 m/s) and is sea ice covered during win-
tertime. Very fast tidal currents (~1.3 m/s) are present
in the shallow, outer part of the fjord. We suggest that
these fast currents prevent winter sea ice formation in
the outer part.

« The mixing processes in the fjord are characterized by
strong tidal mixing and bathymetric restrictions.

e The inner part of the fjord is strongly stratified during
summer. In the outer part of the fjord, strong tidal mixing
tends to breakdown stratification, and smaller vertical
gradients in temperature and salinity are observed.

o The deep-lying water mass is hardly subject to any re-
newal during summertime and is almost dynamically de-
coupled from the open ocean. The latter is because the
water of the West Greenland Current flowing into the
fjord over the long shallow sill is heavily modified be-
fore reaching the inner part of the fjord, resulting in a
density smaller than that of the deep-water mass. This
is different compared to many other Arctic fjords, where
renewal of deep basin waters occur when dense coastal
water flows over the sill and replaces the deep-lying wa-
ter mass.

« A sensitivity study on meltwater runoff revealed that the
surface salinity decreases by approximately 2.3 psu and
5.5 psu when the total discharge flowing into the fjord is
doubled or multiplied by a factor of 4, respectively. More-
over, the most severe changes are observed in the upper
100 m in the inner, deep part of the fjord, and shows
significant strengthened stratification when the total vol-
ume of runoff is increased. Therefore, the predicted in-
crease in meltwater runoff will most likely result in a
reduction of primary production.

The main drawback of using the MIKE 3 model to study
Arctic fjords is the lack of a sea ice module. Therefore, pro-
cesses such as cooling, brine release and freshwater release
during sea ice melt cannot be included in the model. For
the fjord Kangerlussuaq, this means that important physics
during wintertime are not captured. For future studies, it is

highly recommended to add a sea ice module to the model,
thereby making the model suitable for studying sea ice-
covered fjord systems during wintertime. Furthermore, it
appears that the model overestimates vertical mixing when
the default parameter values are used, and it is highly rec-
ommended to investigate this further.
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