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3.1 Introduction

The Young Sound/Tyrolerfjord system is a c. 90 km 
long sill fjord in Northeast Greenland, which has been 
monitored regularly since 1995 from the research sta-
tion ZERO (Zackenberg Ecological Research Opera-
tions). Outside the fjord (the inner part of the East 
Greenland Current system) water masses are charac-
terized by relatively low salinity. The East Greenland 
Current is the major coastal-shelf current system in 
the Nordic Seas, transporting relatively fresh water 
from the Arctic Ocean together with “recirculating” 
Atlantic water from the Fram Strait towards the Den-

mark Strait (i.e. Rudels et al., 2002 ; Chapter 1). Thus, 
remote changes in the hydrographic conditions in 
this area will be refl ected in the water masses outside 
Young Sound. For example, due to its role as a major 
pathway for fresh water from various sources in the 
Arctic Mediterranean, such as runoff and melted sea 
ice, a change in the strength and characteristics of 
the East Greenland Current can be an indicator, or 
potentially a measure, of large-scale climatic changes 
in the polar seas. Such changes have been simulated 
in several coupled ocean-atmosphere models, which 
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Abstract 

The Young Sound/Tyrolerfjord system is a 90 km long and 2–7 km wide sill fjord 
in northeast Greenland, with a mean depth of 100 m. Observations of the bottom 
topography are presented from different sections of the fjord system, which has a 
total volume of 40 km3 and a surface area of 390 km2. Hydrographic observations 
from the summer period show the large infl uence from the freshwater discharge 
on the mixed layer depth in the fjord, which, during summer, is less than 5 m, with 
surface salinity increasing from values below 10 in the inner part of Young Sound 
to about 30 above the sill in the outer part of the fjord. The deep and intermediate 
water in the fjord is characterized by a temperature of -1.7 °C and a salinity of 
33.1, corresponding to σt < 26.5. The maximum tidal amplitude is 0.8 m and 0.4 m 
during fl ood and neap tide, respectively, and is dominated by the lunar semi-diur-
nal M2 tidal constituent. New model simulations show the evolution of the mixed 
layer during the summer season. A sensitivity study based on this model is pre-
sented, showing that the mixed layer thickness will decrease by about 20 % if the 
runoff is increased by a factor of two, and the implications for the hydrographic 
conditions in relation to a global warming scenario are discussed.
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have shown the climate in the polar regions to be sen-
sitive to changes in atmospheric greenhouse gas con-
centrations (Roeckner et al., 1999; Houghton et al., 
2001). Analyses of long time series of sea ice cover 
in the Arctic region also indicate signifi cant changes 
in the climatic conditions (Vinnikov et al., 1999). 
Decreasing sea ice cover in the Arctic Ocean could 
change the freshwater content of the East Greenland 
Current. Such changes would also infl uence hydro-
graphic conditions inside Young Sound, and, there-
fore, a description of present hydrographic conditions 
and an understanding of the dynamics in the fjord is a 
prerequisite for assessing future changes and the pos-
sible impact of climate change in the area.
 Large transport of sea ice and frequent calving of 
icebergs make investigation of the East Greenland 
Current diffi cult, which is why the existing dataset of 
the hydrographic conditions in this region is relatively 
limited. In particular, coastal observations are nonex-
istent in many areas, and, consequently, the dynamics 
here are basically unknown. Observations in the Young 
Sound provide the fi rst time series of hydrographic 
conditions from a fjord in this region. 
 A complete description of the exchange to the 
open sea from the fjord requires more data on the 
hydrographic conditions outside the sill than are 
currently available. However, the fjord represents a 
typical deep sill fjord and, therefore, the dynamics 
and hydrography in the fjord can be related to the 
general dynamics of this type of fjord system (Stige-
brandt, 2001). In such systems the water exchange to 
the open sea is a combination of several circulation 
processes: (1) The tidally driven barotropic exchange 
caused by sea level variations outside the fjord, (2) 
the baroclinic exchange caused by density variations 
of the coastal waters outside the fjord or due to up- 
or downwelling inside the fjord due to wind forcing, 
and (3) the baroclinic estuarine circulation driven by 
freshwater supply and mixing inside the fjord. The 
relatively shallow sill at the fjord mouth inhibits the 
exchange of deeper waters, and the water is therefore 
generally characterized by (1) a surface layer result-
ing from the local river discharge and sea ice melt 
kept well mixed by the wind down to a few meters 
depth, where a primary pycnocline can be observed, 
(2) an intermediary layer down to about sill depth 
with a stratifi cation more or less imported from the 
coastal water outside the fjord, and (3) dense basin 
water trapped below sill level. The sill acts as an effi -

cient barrier to ventilation of the deepest water mass 
and a secondary pycnocline usually develops in the 
fjord at about or below sill level. Between renewals 
of deep water the density of the basin water decreases 
slowly due to turbulent diffusion. Internal waves on 
the secondary pycnocline may provide energy for 
turbulent diffusion in the deeper layers of the fjord. 
In the cold season, cooling and ice formation may 
create dense water at the surface, resulting in con-
vection, increased vertical mixing and formation of a 
dense winter water mass contributing to the interme-
diate and deep waters. These general characteristics 
are in accordance with the observed conditions in the 
fjord as shown below.
 Results from moorings and synoptic transects are 
presented together with measurements of the bathym-
etry of the fjord. These provide the input data for a 
numerical study of the physical conditions during the 
summer season in the fjord, where the importance of 
interannual variability of runoff for the formation of 
the surface mixed layer is quantifi ed through a model 
sensitivity study. Finally, the implications of increased 
runoff due to a warmer climate for the surface condi-
tions in the fjord and the exchange between the fjord 
and the East Greenland Current are discussed.

Launching CTD moorings in Young Sound during August 
2001.
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3.2 Methods

3.2.1 Physical conditions
The bottom topography of the fjord system was sur-
veyed along predefi ned transects using a dual-fre-
quency echo sounder and a GPS receiver mounted 
on a rubber dinghy. A total distance of 850 km was 
covered and about 200,000 data points were collected 
(Rysgaard et al., 2003). The data was subsequently 
interpolated on a regular UTM grid using a method 
based on triangulation. 
 CTD measurements were made in the fjord during 
August 2003 and March 2005. Continuous tempera-
ture, salinity and water level measurements were 
taken from August 2003–July 2004 from a SBE 37 
instrument (Sea-Bird Electronics, Inc.) placed at a 
depth of 63 m near the island Sandøen. The water 
level record was analyzed for amplitudes and phases 
for the dominant tidal constituents by the method 
described in Pawlowicz et al. (2002).

3.2.2 Numerical simulations
A three-dimensional primitive equation model based 
on the COHERENS model (Luyten et al., 1999) was 
used for quantifying transports and mixing in the 
fjord system. The model solves the hydrodynamic 
equations on a vertical sigma coordinate system. This 
implies a fi xed number of vertical grid levels in the 
entire model domain, with a logarithmic increase of 
the grid resolution towards the surface. Mixing proc-
esses in the surface boundary layer are parameterized 
by a k-epsilon turbulence closure scheme, so that the 
mixing intensity is explicitly described as a function 
of turbulent diffusive momentum and energy trans-
ports across the air/sea interface. The model has a free 
surface, allowing an explicit description of the tides. 
The model is driven by hourly meteorological fi elds 
of wind, temperature, cloudiness, air pressure and 
relative humidity generated by an operational weath-
erforecast model (Brandt et al., 2001). The model is 
forced with the 8 most signifi cant tidal constituents 
at the open-sea boundaries. River runoff is based on 
annual measurements of the Zackenberg River dis-
charge during 2003 (Chapter 2). Furthermore, river 
runoff from the Zackenberg River, Djævlekløften, 
Lerbugten and the inner part of the fjord (Tyroler-
dal) was quantifi ed during 2005 by monitoring the 
water level (h) in these rivers every 15 min during 
the summer thaw by use of automatic diver systems. 

At each of the localities the amount of discharge (Q) 
was measured on several occasions during summer 
of 2005 to ensure that the absolute amount of fresh 
water from the terrestrial to the marine environment 
could be quantifi ed from Q/h relations for each spe-
cifi c river. These 4 rivers contribute up to 90 % of the 
total freshwater runoff to the fjord and the ratio of 
the discharge from each of them relative to the Zack-
enberg River is: Zackenberg River 100 %, Djæv-
lekløften 100 %, Lerbugten 100 % and the river in 
Tyrolerdal 310 %. These ratios cause the total runoff 
to the fjord to be a factor of 6.1 larger than the runoff 
from the Zackenberg River, corresponding to the 
ratio of the total drainage area to the drainage area of 
the Zackenberg River. The fresh water is assumed to 
enter the fjord in the upper 5 m of the water column 
at the river mouth. The bathymetry of the model is 
based on the gridded data set described above, and 
these data are averaged on a 1×1-km horizontal grid 
in the model domain. Outside the fjord, the bathyme-
try is based on the global 2-minute-gridded elevation 
data ETOPO2 (ETOPO2, 2001) and the landmask is 
based on the GLOBE data set (Hastings & Dunbarr, 
1999). The model has 15 vertical grid levels and it is 
integrated during the period from 1 March to 1 Sep-
tember 2003. The model is initialised with tempera-
ture and salinity fi elds obtained in the deepest part of 
Tyrolerfjord in March 2005 (at the station “Dybet”). 
The open-sea boundary conditions of temperature 
and salinity are linearly interpolated in time between 
observed profi les of T and S from March to August. 
The horizontal diffusion is increased to 500 m2 s-1 in 
a diffusive buffer layer 8 km wide along the open-sea 
boundaries, outside which it is zero. This buffer zone 
smoothes the temperature and salinity gradients close 
to the open boundaries but its infl uence on the condi-
tions inside the fjord is limited. The formulation and 
assumptions of the open-sea boundary conditions are 
discussed further below. 

3.3 Results & discussion

3.3.1 Bathymetry
The Young Sound/Tyrolerfjord system is a sill fjord 
located in Northeast Greenland between 22 °W–20 °W 
and 75.2 °N–74.6 °N. The Tyrolerfjord constitutes the 
narrow innermost part of the fjord system and Young 
Sound the wider outer part towards the open sea and 
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the East Greenland Current system (Fig. 3.1). The 
fjord system is about 90 km long and 2–7 km wide 
and covers an area of 390 km2. The volume of the 
fjord system is 40 km3 corresponding to a mean depth 
of 100 m (Tables 3.1 and 3.2). The sill depth in Young 
Sound is only 45 m and, therefore, more than 60% of 
the water volume in the system is located below the 
sill. The deepest part of the fjord system is located in 
Tyrolerfjord, with a maximum depth of 360 m. The 
Young Sound (areas 1, 2 and 3, Fig. 3.1) and outer part 
of the Tyrolerfjord (area 4) constitute 44 % and 30 % 
of the total volume, corresponding to a mean depth of 
91 m and 183 m, respectively. The inner part of the 
fjord (areas 5 and 6) has a mean depth of 80 m. 

3.3.2 Hydrography and tides
The hydrographic conditions in the fjord system are 
affected by estuarine circulation during the ice-free 
period because of the large freshwater input from 
the melting of snow and ice in the drainage area. 
The shallow sill reduces the exchange with the open 
sea, disconnecting the deepest part of the fjord from 
the East Greenland Current during most of the year. 
During winter, the fjord is covered with sea ice, which 

typically starts to melt in May-June when the surface 
air temperature increases, and complete breakup of 
the sea ice then takes place during mid-summer (see 
Chapter 4). The total drainage area to the fjord system 
is 3109 km2 and the runoff typically starts in June and 
ends in August–September. The Zackenberg River 
drainage area is 512 km2 and runs into Young Sound. 
Measurements show a large interannual variability of 
the discharge into Young Sound with a total runoff 
during the summer period ranging between 174 and 
256 million m3 for the years 1997–1999 (Chapter 2; 
Rysgaard et al., 2003).
 The hydrographic conditions during August 2003 
along a transect from the inner part of the fjord to the 
East Greenland Current shows the separation between 
the upper water masses above the sill depth and the 
deeper part of the fjord (Fig. 3.2). The deepest water 
mass below 300 m depth in the fjord is characterized 
by a temperature below -1.7 °C and a relatively high 
salinity – above 33.15 – corresponding to a density, σt, 
of 26.68. Between the sill depth and 300 m depth the 
salinity increases gradually from 33.1 to 33.15 and the 
temperature is about -1.7 °C. The bottom water masses 
near the sill are modifi ed by water entering from the 
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Figure 3.1 (a) Relief model of Young Sound. (b) Cross-section at the sill in the outer part of Young Sound. (c) The 
Young Sound/Tyrolerfjord system is divided into 7 regions (see Table 3.1). The Tyrolerfjord covers regions 4–6 and 
Young Sound covers region 1–3. (d) Length section of the fjord with marking of regions. Figure adapted from Rysgaard 
et al. (2003).
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Depth
interval (m)

Region
0

Region
1

Region
2

Region
3

Region
4

Region
5

Region
6

Total
(0–6)

0–10 9.827 5.324 1.479 3.521 1.913 3.512 1.473 27.049

10–20 3.958 3.136 1.610 2.578 1.741 2.407 1.424 16.853

20–30 3.427 3.405 1.757 2.465 1.677 2.281 1.469 16.480

30–40 3.288 3.630 1.800 2.509 1.682 2.228 1.528 16.664

40–50 3.828 3.863 1.917 2.558 1.641 2.271 1.585 17.661

50–60 4.668 4.776 2.328 2.308 1.642 2.803 1.680 20.204

60–70 3.868 5.456 2.813 2.452 1.547 2.361 2.063 20.559

70–80 4.078 7.678 3.349 2.770 1.506 1.988 2.098 23.465

80–90 4.139 10.111 5.404 3.036 1.539 1.688 2.052 27.968

90–100 4.214 8.888 3.979 3.425 1.495 1.601 2.320 25.921

100–120 8.263 13.036 6.323 7.574 2.984 2.878 5.083 46.141

120–140 5.274 2.782 7.338 8.724 3.106 3.114 3.761 34.100

140–160 0.929 2.452 7.012 12.600 3.331 3.735 1.299 31.358

160–180 0.000 1.609 6.057 5.026 3.609 2.694 0.172 19.167

180–200 0.000 0.000 0.343 1.706 3.999 2.005 0.010 8.062

200–250 0.000 0.000 0.000 0.305 13.754 4.204 0.000 18.263

250–300 0.000 0.000 0.000 0.000 11.813 0.000 0.000 11.813

300–360 0.000 0.000 0.000 0.000 7.637 0.000 0.000 7.637

Total area 59.759 76.144 53.508 63.556 66.615 41.767 28.016 389.366

Table 3.1 Hypsometric data from each region of the fjord system. The sea-fl oor area in the depth intervals is in units of 
km2. The table is adapted from Rysgaard et al. (2003).

Depth
interval (m)

Region
0

Region
1

Region
2

Region
3

Region 4 Region
5

Region
6

Total
(0–6)

0–10 0.556 0.734 0.529 0.616 0.657 0.399 0.273 3.764

10–20 0.484 0.694 0.513 0.589 0.639 0.372 0.259 3.550

20–30 0.448 0.662 0.496 0.563 0.622 0.348 0.245 3.385

30–40 0.414 0.627 0.479 0.539 0.605 0.326 0.230 3.219

40–50 0.380 0.590 0.460 0.513 0.589 0.303 0.214 3.048

50–60 0.338 0.548 0.440 0.489 0.572 0.278 0.198 2.863

60–70 0.294 0.496 0.414 0.465 0.556 0.252 0.180 2.657

70–80 0.255 0.433 0.384 0.440 0.541 0.230 0.158 2.440

80–90 0.214 0.346 0.342 0.411 0.526 0.211 0.138 2.187

90–100 0.172 0.245 0.291 0.378 0.511 0.195 0.116 1.909

100–120 0.219 0.266 0.478 0.650 0.977 0.345 0.155 3.089

120–140 0.072 0.104 0.349 0.489 0.916 0.288 0.064 2.281

140–160 0.004 0.061 0.196 0.269 0.851 0.214 0.013 1.608

160–180 0.000 0.010 0.066 0.084 0.783 0.151 0.002 1.095

180–200 0.000 0.000 0.001 0.020 0.707 0.104 0.000 0.832

200–250 0.000 0.000 0.000 0.002 1.341 0.079 0.000 1.422

250–300 0.000 0.000 0.000 0.000 0.679 0.000 0.000 0.679

300–360 0.000 0.000 0.000 0.000 0.169 0.000 0.000 0.169

Total volume 3.849 5.816 5.437 6.517 12.240 4.095 2.245 40.199

Table 3.2 Volume (km3) in depth intervals in the Young Sound/Tyrolerfjord system. Table adapted from Rysgaard et al. 
(2003).
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East Greenland Current and, therefore, temperatures 
and salinities are higher here than in the interior of 
the fjord. The salinity decreases towards the surface to 
about 30 and the temperature reaches about 2 °C at 5 
m depth, corresponding to a σt of about 24 (Fig. 3.3). 
The mixed layer is only about 5 m deep in the fjord 
and is separated from the underlying water by a strong 
halocline. In the upper 5 m salinity and temperature 
change signifi cantly from the inner to the outer part of 
the fjord, with temperature decreasing from 9 to 2 °C 
and salinity increasing from about 8 to 30 (Fig. 3.4). 
Due to the action of the Coriolis force the plume of 
relatively fresh water is concentrated in the southern 

part of the fjord, and this causes a slight deepening 
of the mixed layer of about 1 m in the outer part of 
Young Sound (Fig. 3.4a, c). The large horizontal vari-
ations seen in temperature and salinity distribution in 
the interior indicate the presence of internal waves in 
Young Sound between Zackenberg and the sill, with 
an internal wave amplitude of about 5 m (Fig. 3.4b, 
d). At present, no time series exist that confi rm the 
frequency of these waves, so it cannot be determined 
whether they are progressive or not. Progressive com-
ponents dissipate in the fjord, whereby they contrib-
ute to the mixing in the fjord. 
 The tidal amplitude has a maximum of about 0.8 
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Figure 3.2 (a) Tempera-
ture, (b) salinity and (c) 
chlorophyll a in central 
Young Sound/Tyrolerfjord 
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East Greenland Current 
system. The distance to the 
sill (0 km) of Young Sound 
is shown at the abscissa. 
Figure adapted from Rys-
gaard et al. (2005).
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m during spring fl ood at the entrance to the fjord and 
a minimum during neap tide of about 0.3 m (Fig. 
3.5). The dominant constituent is the semi-diurnal 
lunar component M2 with amplitude 0.48 m, and 
the second and third most important constituents 
are S2 and K1 with amplitudes 0.18 m and 0.10 m, 
respectively (Table 3.3). This is in accordance with 
observations from current-meter moorings in the East 
Greenland Current system at 75 °N where analysis of 
currents in the water column showed a similar rela-
tive importance of the tidal constituents (Woodgate 
et al., 1999). Surface currents near Sandøen during 
August have been observed to reach a maximum 
value of 1.20 m s-1 and have a mean of 0.45 m-1 (Rys-
gaard et al., 2003). The long wave phase speed of 
the tidal wave gives a time lag of about 48 minutes 

18 20 22 24 26 28 30 32 34
Salinity

�2

0

2

4

6

8

10

Te
m

pe
ra

tu
re

 (°
C

)

14

16

18

20
22

24
26

Figure 3.3 T-S plot of CTD profi les taken from a transect 
from the inner to the outer part of the fjord during August 
2004. Contour lines of σt are shown.
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between the sill and the inner part of the fjord, and 
only about 17 minutes at the Zackenberg Station, 
which is located approximately 30 km from the sill, 
in accordance with the observed phase lag there.

3.3.3 Simulation of summer conditions
Numerical simulation of the hydrographic condi-
tions during the ice-free summer period described 
the evolution of the three-dimensional distribution 
of temperature, salinity and currents together with 
the two-dimensional fi eld of the water level in the 
fjord. The existing data set of the hydrographic con-
ditions outside the fjord is very limited, so a detailed 
description of the time-varying density fi eld in the 
water column is not yet possible even on a seasonal 
basis. The boundary conditions outside the fjord are 

therefore prescribed from a profi le of temperature 
and salinity taken inside the fjord in mid-March and 
linearly interpolated in time to a profi le taken outside 
the fjord in August. The coarse time resolution of the 
boundary conditions exclude processes potentially 
important for the exchange between the fjord and the 
East Greenland Current system such as short-term 
changes in the density fi eld due to traveling waves 
along the Greenland coast or coastal wind surge 
effects on the water level. The temporal and spatial 
distribution of sea ice is likewise poorly described 
through the spring and summer season and, in par-
ticular, estimates of sea ice import or export from the 
fjord are not available, meaning that the infl uence 
of these processes on the surface salinity can not be 
determined. Therefore, the effect of sea ice is disre-
garded in the analysis below.
 Within these limitations the model describes the 
conditions during the summer season. During this 
period, the salinity distribution is largely controlled 
by the freshwater runoff. The runoff is based on the 
observed river discharge from the Zackenberg River 
in 2003, which starts on 13 June and ends on 30 
August, giving a total accumulated discharge of 172 
million m3 (Fig. 3.6).
 In June, the monthly averaged model solution of 
surface salinity has decreased from the early spring 
value of about 33 to between 20 and 30 in the inner 
part of the fjord due to the large river discharge 
and limited exchange with the rest of Tyrolerfjord, 
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Figure 3.5 Water level measured near the island Sandøen 
in Young Sound in the period 1–31 July 2004.

Tidal component  Period (hours) Amplitude

SSA Solar semi-annual 4382.1 0.0386

MF Lunar fortnightly 327.8 0.0232

O1 Principal lunar diurnal 25.82 0.0802

P1 Principal solar diurnal 24.07 0.0319

K1 Luni-solar diurnal 23.93 0.0958

N2 Larger lunar elliptic 12.66 0.0936

M2 Principal lunar 12.42 0.4786

S2 Principal solar 12.00 0.1824

K2 Luni-solar semi-diurnal 11.97 0.0515

Table 3.3 Tidal components and amplitudes for the 9 most 
important tidal constituents, based on data from an SBE-
logger during August 2003–August 2004.
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Figure 3.6 Freshwater discharge from the Zackenberg 
River in 2003 (blue line) and the accumulated discharge 
(red line). The time axis starts 1 June, and the discharge 
begins 13 June and ends 21 August.
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whereas the salinity distribution in Tyrolerfjord and 
in Young Sound still exhibits salinities above 31 (Fig. 
3.7). In August, the surface salinity has decreased 
to 30-31 in Young Sound, and decreases gradually 
towards the inner Tyrolerfjord. The river discharge 
creates a strong pycnocline in the upper 5-10 m, 
referred to below as the mixed layer. Already in June 
the monthly averaged mixed layer depth, defi ned by 
the depth having the largest vertical density gradi-
ent, is signifi cantly infl uenced by the freshwater dis-
charge, the mixed layer depth being less than 4 m in 
the inner Tyrolerfjord and between 4 and 8 m in the 
central Tyrolerfjord and Young Sound. In August, the 
mixed layer depth has decreased to 4-6 m in Young 
Sound and Tyrolerfjord and between 2 and 4 m in the 
inner part of the fjord. The salinity distribution on 
a transect across Young Sound shows the deepening 
of the shallow low-salinity surface layer toward the 
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Figure 3.7 Model solutions of monthly averaged surface salinity in June (a) and August (b) in 2003. The mixed layer depth 
(m), defi ned by the depth level with the steepest density gradient in June (c) and August (d). The locations of the four rivers 
are indicated by stars and shown in (a) as A) river in Tyrolerdal, (B) Zackenberg, (C) Lerbugten and (D) Djævlekløften. The 
red line along 20.35 °W in (a) shows the transect shown in Figure 3.9. Note that the model solution for June disregards the 
infl uence from sea ice.
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“eastern” coast (Fig. 3.8), i.e. the coast located to the 
right of the outfl owing surface water, in accordance 
with the observed distributions shown in Fig. 3.4. The 
depth of the mixed layer is regulated mainly by the 
salinity distribution, and, therefore, the temperature 
near the surface has a similar distribution.
 Model solutions of a north-to-south transect in 
Young Sound from 18 June show the newly devel-
oped halocline, a mixed layer depth of about 8 m in 
the northern part of the section and warm water in the 
mixed layer (Fig. 3.9a). A time series from a loca-
tion in central Young Sound shows the onset of the 
halocline in mid-June and the gradual heating of the 
water column (Fig. 3.9b). The time series also shows 
propagation of internal waves causing fl uctuations 
on the pycnocline, with small-amplitude oscillations 
associated with the M2 tidal period of about 1 m, and 
larger oscillations with amplitude about 5 m and a 

period of about 4 days, which could be associated 
with an internal seiche in the fjord. 

3.3.4 Sensitivity study in relation to climate 
change
In a warmer climate, the runoff from land would 
increase and this would change the circulation and 
infl uence the biological production in the fjord. The 
sensitivity of the fjord to changing runoff was ana-
lysed by integrating the model in the period from 
June to August with different scalings of the total 
runoff (Fig. 3.10). In the limiting case with no river 
discharge, the mixed layer thickness is about 9–11 m 
during the summer season, due to the weak pycno-
cline in the upper part of the water column (Table 3.4, 
λ = 0). At a runoff corresponding to only 50 % of the 
runoff in 2003 (λ = 0.5), the halocline is established 
quite quickly, and the mixed layer is about 0.7–1.6 m 
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Figure 3.9 (a) Model solu-
tions of temperature (°C, 
red color) and salinity 
(contour) along a transect 
at 20.35 °W on 18 June 
2003, covering the central 
part of Young Sound. (b) 
Time series of the vertical 
distribution of tempera-
ture and salinity (contour) 
at 74.34 °N and 20.35 °W. 
The vertical line in (a) cor-
responds to the location 
used in (b), and the verti-
cal line in (b) corresponds 
to the time for the sec-
tion shown in (a). Contour 
intervals are 0.1.
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deeper in July and August (than in the reference case) 
(λ = 1.0). In the reference case the mixed layer depth 
is 4.0 m and 5.2 m in July and August, respectively. 
At a runoff two times larger than in the reference case 
(λ = 2.0), the mixed layer becomes about 0.3–1.1 m 
shallower during the season than in the reference 
case, and, in an extreme case when runoff is 8 times 
larger (λ = 8.0), the mixed layer depth decreases to 
about 2.2–3.7 m during the season. The standard 
deviation of the monthly averaged mixed layer depth 
in the reference case and in case of a runoff twice as 
large, is 1.6 m to 1.4 m in July, and decreases to 1.3 
m to 1.0 m in August, respectively.
 The sensitivity study shows the importance of the 
runoff for controlling the depth of the mixed layer. 
In the case without runoff the mixed layer is control-

led solely by wind-induced mixing and buoyancy 
fl uxes at the surface. Even at a moderate runoff of 
only 50 % of the present level, a freshwater-control-
led mixed layer is established quite early by the end 
of June (Fig. 3.10), and is only slightly deeper than 
in the reference case. In the other extreme, when 
runoff is large, the mixed layer depth is controlled 
by the strength of the surface forcing on the system, 
i.e. wind and air temperature. Thus, the case with no 
runoff puts an upper limit on the mixed layer depth 
of about 11 m in Young Sound during the summer 
season, and, correspondingly, the case when runoff 
is 8 times the current level puts a lower limit on 
the mixed layer depth of about 2 m. The reference 
case lies between these extremes, and, therefore, a 
change in runoff can infl uence the mixed layer depth 
distribution in the fjord. Doubling of the runoff will 
decrease the mixed layer by about 1 m or about 20 %. 
An increase in runoff also reduces the variability of 
the mixed layer because of the weaker mixing across 
the stronger vertical pycnocline. In a warmer climate, 
reduced variability could reduce new production due 
to further nutrient limitation above the pycnocline 
during the summer period. However, reduced sea 
ice cover in the early summer period could increase 
wind-induced vertical mixing which would have the 
opposite effect on new production.
 In a future, warmer, climate scenario the runoff 
period might increase signifi cantly, and this would 
prolong the period in which the surface conditions 
are controlled by freshwater discharge. However, this 

Table 3.4
Monthly averaged mixed layer depth and standard devia-
tion for model solutions with different freshwater discharge 
Qf. The mixed layer depth is calculated at the position 
20.68 °W, 74.44 °N, corresponding to a locality near the 
entrance to Tyrolerfjord. The freshwater discharge is scaled 
with λ in 6 different model runs, such that λ = 1 corresponds 
to the reference case with a total discharge based on the 
Zackenberg river discharge observed in 2003.

λ 0 0.5 1.0 2.0 4.0 8.0

June 10.7±5.9 8.5±6.3 4.6±2.8 4.3±2.8 4.0±2.8 3.7±2.8

July 8.7±3.8 4.7±1.9 4.0±1.6 3.5±1.4 2.8±1.2 2.2±0.7

August 11.2±3.1 6.6±2.1 5.2±1.3 4.1±1.1 3.3±1.0 2.5±1.0
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Figure 3.11 (a) Bathymetry and land mask (resolution 2 and 0.5 nm, respectively) along the East Greenland coast off 
Young Sound (ETOPO2, 2001, Hastings et al., 1999). Hydrographical distributions of salinity and temperature (°C) 
(contour) along 74 °N, based on World Ocean Atlas 2001 (Conkright et al., 2002) for February (b) and August (c).
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would not be expected to decrease the mixed layer 
depth below the solutions shown in Figure 3.10 signif-
icantly, as the balance between runoff and atmospheric 
forcing is established within a few weeks.

3.3.5 Exchanges with the East Greenland Current
During the summer season, the water masses in 
Young Sound have a relatively low σt, between 
13 and 26.6 (cf. Fig. 3.3), and transports from the 
fjord therefore primarily infl uence the upper water 
masses of the East Greenland Current system. The 
East Greenland Current extends across the 100 km 
wide shelf outside the sill, with typical depth levels 
of less than 500 m (Fig. 3.11a). The water masses 
outside the sill in the depth range 50-300 m show 

large interseasonal changes. During summer, water 
above 200 m can be characterized as Polar Surface 
Water (PSW: σt < 27.70, ≤ 0 °C) with low temperature 
and salinity (Rudels et al., 2005; Chapter 1). This 
water originates from the surface waters in the Arctic 
Ocean where runoff and meltwater from sea ice 
cause salinity and temperature to be low. Below 200 
m a relatively warm (θ > 1 °C) and saline (S > 34.5) 
water mass can be identifi ed (Fig. 3.11c, Fig. 3.2). 
This water mass consists of Arctic Atlantic Water 
(AAW: 27.70 < σt < 27.97, 0 < θ ≤ 2), which also orig-
inates in the Arctic Ocean but may be modifi ed by 
mixing with warmer and more saline recirculating 
Atlantic water from the Fram Strait. During winter, 
the density structure of the East Greenland Current 

Research boat “Aage V. Jensen” in Young Sound at midnight, August 2004.
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system changes due to a decrease in low-salinity sur-
face water, and, consequently, the warm and denser 
AAW moves to depth levels between 100 and 200 
m. This water mass will therefore have a larger infl u-
ence on the characteristics of the deep water enter-
ing the fjord from autumn to late winter. Due to the 
relatively low salinity in the fjord (S < 33.2), there is 
probably no signifi cant exchange of deep water from 
the fjord to the East Greenland Current. Even during 
winter when sea ice formation can increase salinity, 
the density of the bottom water will remain below 
the AAW. Density changes outside the sill on shorter 
time scales, i.e. days to weeks, can have a signifi cant 
infl uence on the exchange of water across the sill, 
but these features can not be resolved from the cur-
rent observational data set. Current-meter moorings 
at 74.5–75 °N across the continental shelf and slope 
show that the core of the East Greenland Current is 
located above the slope relatively far from the coast 
with an annual mean southward velocity of 0.16 m 
s-1 in the surface layer. The observed currents are 
intensifi ed during winter due to the wind-driven gyre 
transport in the Greenland Sea being stronger during 
this period of the year (Woodgate et al., 1999). 
 Apart from the transport associated with the den-
sity fi eld, tides (barotropic exchange) and runoff 
from land contribute signifi cantly to the exchange. 
The large barotropic exchange associated with the 
tidal wave corresponds to about 1–2 % of the volume 
in the fjord twice a day, a relatively high value com-
pared with the runoff from land, which corresponds 
to about 0.5 % over a 3-month period. However, the 
estuarine circulation caused by river runoff is ampli-
fi ed by about an order of magnitude due to the rela-
tively small salinity difference between the surface 
and intermediate layer at the sill, and, therefore, the 
estuarine circulation becomes a signifi cant part of 
the exchange. An estimate of the estuarine exchange 
through Young Sound during a 3-week period in 
August 2000 shows that transport in intermediate 
layers results in a net transport of organic carbon into 
Young Sound of about 15–50 t C day-1 (Rysgaard 
et al., 2003). Calculation of the transport due to the 
barotropic mode would require a higher spatial reso-
lution of the organic carbon distribution than is avail-
able at present, because this transport is controlled to 
a large extent by the interplay between the horizon-
tal gradients across the sill and the internal vertical 
mixing in the fjord.
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