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Abstract 21 

A high resolution numerical ocean circulation model has been used to investigate exchange mechanisms 22 

and transport of thermal energy towards the inner part of Kongsfjorden, Svalbard; a location where 23 

tidewater glaciers expose large calving fronts to the ocean water and sea ice has been a regular winter 24 

feature until recently. Comparison of model simulations against a large set of observational data shows 25 

that the model captures the main features of seasonality and geographical distribution of hydrography. The 26 

model is able to simulate inflow of Atlantic Water although the timing, strength and depth of inflow 27 

events are not always the same in the model as in mooring records. The model shows water entering via 28 

the shelf consistently penetrating deep into the fjord, and volume transport toward the interior parts are 29 

large even under winter conditions. Heat transports are smaller in winter than in summer due to generally 30 

lower winter temperatures. Results indicate that glacial freshwater discharge in the surface layer is not a 31 

necessary factor for driving sub-surface exchange; rather, along-fjord winds stand out as important for the 32 

circulation and hence water exchange in the inner part of the fjord. The combination of inflow of Atlantic 33 

Water from the outer shelf into the central part of the fjord, and further transport of mixed water masses 34 

with intermediate heat content toward the inner part, constitutes a significant transfer of thermal energy 35 

from the outer shelf and deep into the fjord. The potential for glacier front melting is larger in summer 36 

than in winter as heat transports are larger this time of year, while even modest heat transports in the upper 37 

part of the water column may influence the sea ice cover in winter.  38 

  39 
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1 Introduction 40 

Kongsfjorden, an Arctic fjord on the west coast of Svalbard, connects the adjacent open ocean with large 41 

tidewater glaciers that have been retreating in recent decades (Schellenberger et al., 2015). This study 42 

describes the connection between the warm Atlantic Water (AW) in the West Spitsbergen Current (WSC) 43 

and the inner part of the fjord where oceanic heat influences local sea ice cover and glacier front melting. 44 

The main tool is a nested numerical sea ice and ocean circulation model, and results are compared with 45 

available data from long-term moorings and a large number of cruises.  46 

The WSC, one of the main inflow branches of Atlantic Water to the Arctic, follows the continental shelf 47 

slope as it flows northwards on the eastern side of the Fram Strait (Walczowski and Piechura, 2007). 48 

Walczowski et al. (2012) describe a pattern of temperature variability with 5-6 year periods based on a 15-49 

year long record of summer hydrography in the area. On the continental shelf, a coastal current transports 50 

fresher water along the coast (Svendsen et al., 2002). This is a continuation of the East Spitsbergen 51 

Current, bringing Arctic Water (ArW) and, periodically, drift ice, from the Barents Sea northwards along 52 

the west coast of Svalbard. The front between the WSC AW and the fresher ArW of the coastal current is 53 

usually located near the shelf edge. Kongsfjordrenna is a trough crossing the full width of the shelf, 54 

providing a conduit between the shelf edge and the fjord (see map in Figure 1), allowing for 55 

topographically steered AW inflow to the fjord (Inall et al., 2015, Nilsen et al., 2016, Svendsen et al., 56 

2002). Kongsfjorden itself consists of a 350 m deep basin in the outer part, which gradually becomes 57 

shallower and narrower toward the inner part of the fjord. South of Blomstrandhalvøya the bottom depth 58 

decreases more abruptly and the inner part of the fjord is mostly less than 100 m deep. Five large 59 

tidewater glaciers are found in the fjord, and another five are found in the adjacent Krossfjorden, which 60 

shares a common mouth with Kongsfjorden.  61 

The interannual variability in AW content of Kongsfjorden has been referred to in terms of ‘warm’ and 62 

‘cold’ years (Cottier et al., 2005). The year 2006 was exceptionally warm, due to large inflow of AW 63 

(Cottier et al., 2007), which increased the annual mean temperature in the fjord by 2°C. This year also 64 
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stood out as record warm in the WSC data series (Walczowski et al., 2012), coinciding with low AW 65 

density which could contribute to reduced stability of the shelf edge front. Substantial sea ice melting was 66 

observed around Svalbard that winter, following a trend of increased winter sea ice melting in the region 67 

(Onarheim et al., 2014).  68 

A number of mechanisms that can lead to exchange of AW across the shelf edge front have been 69 

suggested in previous studies (Cottier et al., 2007, Inall et al., 2015, Nilsen et al., 2016, Teigen et al., 2010, 70 

Teigen et al., 2011, Tverberg and Nøst, 2009), illustrating the complexity of inflow to Kongsfjorden. The 71 

front between the WSC and the coastal current is, when stable, a barrier to transport of AW onto the shelf. 72 

Along-slope wind will tend to tilt the sloping front. Southerly winds will make the front more vertical 73 

while northerly winds will flatten it. If sufficiently strong, northerly winds produce enough off-shelf 74 

Ekman-transport to drive coastal upwelling and associated inflow of AW; this was likely the cause of the 75 

large AW inflow observed in the winter of 2006 (Cottier et al., 2007), often seen as a turning point after 76 

which Kongsfjorden became more Atlantic-like in terms of hydrography and ecosystem composition 77 

(Berge et al., 2015, Willis et al., 2008).  78 

Apart from such large episodic events, frontal instabilities can be an efficient mechanism for cross-front 79 

exchange. Along-front waves that become unstable can transport water across the front and onto the shelf. 80 

Instabilities caused by horizontal current shear, in the absence of significant horizontal cross-front density 81 

gradients, are referred to as barotropic (Teigen et al., 2010). When horizontal density gradients trigger 82 

cross-front exchange they can be referred to as baroclinic instabilities (Teigen et al., 2011). The shelf edge 83 

front outside Kongsfjorden has been found to be dominated by barotropic instability, at least in the 84 

summer season (Saloranta and Svendsen, 2001).  85 

For AW to enter the mouth of the fjord, the innermost branch of the WSC must be located sufficiently 86 

high in the water column, and sufficiently close to the trough. Large-scale wind systems can force warm 87 

AW from the WSC onto the shelf by changing the sea surface elevation on the shelf and the tilting sea 88 

surface in conjunction with the WSC. It appears that part of the inner WSC branch in recent years has, 89 



Page 5 of 47 
 

periodically, been brought closer to the shelf. Nilsen et al. (2016), based on an analytical model supported 90 

by field data, argue that in periods with sustained southerly winds accompanied by northward cyclones 91 

along the west coast of Spitsbergen, a separate sub-branch of the WSC can be established. This branch , 92 

named the Spitsbergen Trough Current in Nilsen et al. (2016), is a topographically steered current that can 93 

be found in all the fjord troughs indenting the west Spitsbergen Shelf. While their model and data focus on 94 

Isfjorden, south of Kongsfjorden, their model domain extends sufficiently far north to indicate that this 95 

shoaling of the WSC is likely to occur also in Kongsfjorden under the right circumstances. 96 

In addition to the factors controlling the shelf edge front stability, the timing and magnitude of inflow thus 97 

depends on mechanisms internal to the fjord (Cottier et al., 2005); freshwater runoff, surface heat fluxes, 98 

vertical mixing and wind forcing. In autumn and winter the fjord water is strongly cooled at the surface, 99 

leading to densification of the surface water. In periods when the surface layer reaches the freezing point, 100 

sea ice will begin to form and brine will be released. The combination of cooling and salinity increase can 101 

lead to deep convection. In spring, when sea ice melts and the surface water is heated by solar radiation, a 102 

low-density surface layer forms. Later, freshwater from glaciers and rivers will increase the freshwater 103 

content and thus the vertical stability. Low-density surface water will flow out of the fjord. In response, 104 

there will be seasonally varying inflow of AW from the WSC and coastal water of intermediate salinity, 105 

typically following the southern shore into the fjord (Svendsen et al., 2002). This seasonal cycle is typical 106 

of Arctic fjords in general (Cottier et al., 2010), where advection of water from the open ocean into the 107 

fjord is expected to be important primarily during the summer (their Figure 3). However, observations 108 

(Berge et al., 2015, Cottier et al., 2007) indicate that influx of AW from the WSC can be significant also 109 

during winter.  110 

At times AW advection is blocked at the fjord entrance due to geostrophic control (Nilsen et al., 2008) and 111 

AW that has entered the shelf along Kongsfjordrenna will recirculate back out across the shelf. Our results 112 

indicate, however, that it is common for advected AW to pass the mouth and reach the interior fjord. In 113 

the present study we examine the simulated occurrence of exchange and inflow towards the interior fjord, 114 
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in order to describe the potential for oceanic influence on sea ice evolution and glacier front melting. To 115 

investigate mechanisms for AW inflow to the fjord in the model, we look at response in temperature to the 116 

off-shore wind field, and identify signals of enhanced currents with sub-tidal frequencies that could be 117 

related to topographically steered waves. Furthermore we look at the role of glacier runoff and wind in 118 

driving circulation in the inner and upper part of the fjord, and investigate seasonality and inter-annual 119 

variations in volume and heat transports. 120 

Warm oceanic waters are recognized as having important impacts on local sea ice cover (Cottier et al., 121 

2007, Gerland and Hall, 2006)  and glacier dynamics in the Arctic (Holland et al., 2008, Luckman et al., 122 

2015). For glacier front melting the sub-surface temperature of the water appears to be of critical 123 

importance. A number of studies have used numerical models of varying complexity to simulate these 124 

effects in Greenland fjords (Cowton et al., 2015, Jenkins, 2011, Xu et al., 2013, Xu et al., 2012, Sciascia et 125 

al., 2013). While the underlying processes may be similar, there are important differences between 126 

Greenland and Svalbard, with the former having longer and deeper fjords, deeper AW inflows, and taller 127 

glacier fronts. Ocean-glacier interactions have also been implicated as drivers of local feeding hotspots for 128 

different marine species, potentially affecting local ecosystems (Lydersen et al., 2014). 129 

 130 

The main purpose of this paper is to increase our understanding of exchange mechanisms and circulation 131 

internally in the fjord, for different seasons including the winter when field data are scarce. In Section 2 132 

the numerical circulation model is described, along with environmental forcing, the observational data 133 

used to evaluate model performance, and some analytical procedures. To establish whether the model is 134 

able to simulate realistic conditions and varying exchanges with the outer shelf, simulation results are 135 

extensively compared with observational data in Section 3. Section 4 contains simulation results that are 136 

not part of the validation analysis, including transports toward the largest glacier; these are discussed 137 

along with forcing mechanisms in Section 5. A summary is given at the end of Section 5. 138 
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2 Model, data and methods 139 

2.1 Ocean model systems 140 

We use the coupled ocean and sea ice model version of the Regional Ocean Modeling System (ROMS) 1 141 

(Budgell, 2005, Haidvogel et al., 2008, Shchepetkin and McWilliams, 2005, Shchepetkin and McWilliams, 142 

2009) with three different horizontal resolutions. The coarsest configuration is a pan-Arctic domain with 4 143 

km resolution (hereinafter called A4) containing a nested 800 m resolution domain covering Svalbard and 144 

a large part of the Fram Strait (referred to as S800). The Kongsfjorden-Krossfjorden system and the shelf 145 

outside is simulated with a 160 m grid (called K160) nested into S800 (Figure 1). 146 

Bathymetry for the two coarser models was based on the ETOPO1 1 arc-minute topography (National 147 

Geophysical Data Center) 2. After interpolation to the A4 and S800 grids, bathymetries were smoothed by 148 

applying an r-factor<0.35 (Haidvogel and Beckmann, 1999). For K160 we used a bathymetric dataset 149 

comprising 1) high-resolution echo sounder data collected in Kongsfjorden and Krossfjorden by the 150 

Norwegian Mapping Authority Hydrographic Service in 2000 (using EM 1002 multi-beam echo sounder) 151 

and 2007, 2010 and 2011 (EM 3002); and 2) low-frequency (5-MHz) ice-penetrating radar data acquired 152 

over glaciers in the inner part of Kongsfjorden (Lindbäck et al, paper in preparation).  153 

                                                            
1 www.myroms.org 
2 http://www.ngdc.noaa.gov/mgg/global/global.html 
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 154 

The vertical grid was defined by 35 S-coordinate layers, with different layer configurations for A4, S800 155 

and K160 (see Table 1). A minimum depth hmin was defined for each model domain (Table 1), and all 156 

depths shallower than hmin were set to that value. 157 

 158 

  

Figure 1. Map showing part of the S800 model domain (left panel) with bathymetry (gray isolines), 

surface temperature for an arbitrary date in Sep 2009 (color scale), and the area covered by the 160 m 

Kongsfjorden model (black box). The northward flowing WSC and coastal current are illustrated by 

red and blue flow fields, respectively, with embedded arrows indicating their flow direction. The 

typical position of the front between them is given by the 300 m isobath (dark gray). The right panel 

shows the domain of the 160 model , with bathymetry (blue color scale), glacier runoff positions 

(black circles), mooring locations (red filled symbols, deployment year in legend) and standard 'Kb 

transect' CTD stations (red stars). Green lines show transects used for model transport calculations. 

Abbreviated placenames: KO = Kongsbreen, KR = Kronebreen, BL = Blomstrandhalvøya, Ny-Å = 

Ny-Ålesund. 
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 159 

At the surface both A4 and S800 applied atmospheric fields (mean sea level pressure, winds, surface air 160 

temperature and humidity, cloud cover and precipitation) from ECMWF’s ERA-Interim reanalysis (Dee et 161 

al., 2011). K160 used ~10 km fields from Met Norway (NORA10 (Reistad et al., 2011)) for simulations 162 

2005-2008. From 2009 finer-scale (3 km resolution) wind fields from WRF (The Weather Research and 163 

Forecasting model, developed by National Center of Atmospheric Research, NCAR, (Skamarock et al., 164 

2008)) became available and these were used in the last 1.5 year of the K160 runs. Further information on 165 

the setup and forcing of the A4 and S800 models are given in (Hattermann et al., 2016). Climatological 166 

river input from all the major rivers in the model domain was included, except along the East Greenland 167 

coast in the A4-model. Missing freshwater input in this region likely influenced the surface branch of the 168 

East Greenland Current significantly, but not our main focus area since that is dominated by fluxes from 169 

the eastern North Atlantic and the Barents Sea. The main features of currents in the Fram Strait based on  170 

simulations with the two coarser setups have been compared against mooring observations from west of 171 

Kongsfjorden (Hattermann et al., 2016). The K160 model was nested into the S800 model with daily 172 

averages from this at the open boundaries, along with tidal forcing from the global TPXO tidal model 173 

(Egbert and Erofeeva, 2002). K160 was run from January 2005 to July 2010. The first six months of this 174 

simulation have not been analyzed to avoid artifacts stemming from initial adjustments during spin up.  175 

Table 1. Vertical grid definitions applied in the A4, S800 and K160 models. 

ROMS abbreviation Name A4 S800 K160 

N Number of vertical levels 35 35 35 

Vtransform Coordinate transformation 2 1 1 

Vstretching Stretching function 2 1 1 

theta_s Control parameter for the surface layer 6.0 8.0 8.0 

theta_b Control parameter for the bottom layer 0.1 0.1 0.1 

hc Width of the surface/bottom layer (m) 100 10 10 

Hmin Minimum depth (m) 20 10 5 
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 176 

For the S800 and K160 models, runoff from land was estimated with in situ data and a glacier surface 177 

mass balance (SMB) model, and runoff was distributed using a flow accumulation grid derived from a 178 

Digital Elevation Model (DEM). We used a 90 m resolution smoothed version of the ASTER GDEM v2 179 

(Nuth et al., 2013) to generate flow directions for each pixel, and then calculated a flow accumulation grid 180 

using ArcGIS. Outflow points along the coast were derived from the model coastline, and their associated 181 

drainage areas calculated from the flow accumulation grid. We estimate the amount of melt in drainage 182 

basins using a Svalbard-wide average specific summer mass balance of -0.75 m yr-1, estimated from the 183 

2004-2014 average for four Svalbard glaciers (Midtre Lovénbreen, Kongsvegen, Holtedahlfonna, 184 

Etonbreen) whose mass balance is monitored by the Norwegian Polar Institute (WGMS). This total 185 

summer amount was distributed over the months of May-November using a roughly Gaussian distribution 186 

centered on the first week of July, whose distribution was informed from the output of a degree-day SMB 187 

model (Nuth et al., 2012). The average specific summer mass balance value used is not a definitive 188 

estimate, but at the time of the fjord modeling there were no Svalbard-wide model data available. A recent 189 

coupled WRF-SMB model run (Aas et al., 2016) for all of Svalbard covering the period 2003-2013 gave a 190 

specific average summer balance of -0.78 m yr-1, similar to the value used in the present study. This is the 191 

first glacier runoff data set available for numerical ocean models on Svalbard. 192 

 193 

These glacier discharges are parameterized in ROMS as standard V-shape profiles with maximum flow in 194 

the upper level and not as a submerged plume as is often the case for melt water discharge from tidewater 195 

glaciers, particularly after the first part of the melting season. This means that most of the flux enters at the 196 

surface and gradually less - but not zero - towards the bottom. The V-shape formulation thus implies that 197 

the model runoff occurs also at depth for deep glacier runoff points, which in the case of K160 are 198 

between 30 and 110 m (mean depth 55 m). The V-shape glacier runoff distribution should be reasonable 199 

for the early part of the melting season, when a large part of the glacier runoff occurs at the surface and 200 
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through shallower cracks and crevasses, but will not equally well represent the runoff later in the season 201 

(first and foremost July to September), when deep plumes represent a larger fraction of the total runoff.  202 

Peak summer fluxes for the three largest glaciers in Kongsfjorden (Kronebreen, Kongsbreen, Kongsvegen) 203 

are 75.4, 45.3, and 38.4 m3/s, respectively. The other seven glaciers have peak fluxes between 7.5 and 24.2 204 

m3/s. The drainage areas of those three largest glaciers are 371, 288 and 103 km2. The total drainage area 205 

providing runoff to Kongsfjorden is 1,400 km2, of which nearly 75% is routed via the tidewater glaciers. 206 

No diffuse surface runoff from land is specified in the model; this is done to maximize the fraction of sub-207 

surface runoff entering via the partially sub-surface glacier runoff points, to some degree ameliorating the 208 

lack of a proper plume model in the late melting season. 209 

No data assimilation or any kind of surface relaxation was used in these model runs. 210 

2.2 Observational data 211 

2.2.1 Mooring data 212 

Scottish Association for Marine Science (SAMS), in conjunction with UNIS and University of Tromsø, 213 

has had instrumented moorings in outer Kongsfjorden from summer 2002 to 2016. Moorings were 214 

typically deployed each summer with one year duration before recovery. In this study we use data from 215 

mooring deployments in the period 2006-2010. In 2006-2007 the mooring was located at the northern side 216 

of the fjord over relatively flat bottom topography. In 2007-2008 and 2009-2010 the moorings were 217 

deployed over the slope at the southern side of the fjord, and in 2008-2009 in the mouth of the fjord (see 218 

Figure 1). 219 

 220 

The moorings were equipped with Minilog temperature sensors at five or more depths. Seabird SBE37s 221 

covered an additional two or three levels, providing temperature and salinity data. From 2007 a Seabird 222 

SBE16plus-V2 was also deployed, measuring temperature and salinity in the upper layer. An RDI Sentinel 223 

300 kHz ADCP was positioned at approximately 100 m depth, providing velocity profiles in the layers 224 
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above, with bin size 4 m. Further details on the moorings and sensors are listed in Table S1 in the 225 

Supplementary Materials. Instrument sensors were calibrated by either full factory calibrations or against 226 

known references and later processed by SAMS. For the comparisons with model results, observation data 227 

were resampled to hourly frequency. 228 

2.2.2 Ship based data and interpolation methods 229 

The hydrographic data from Kongsfjorden and the shelf outside is a subset of data from the UNIS 230 

Hydrographic Database (UNIS HD), which is a collection of hydrographic data from UNIS cruises, the 231 

Norwegian Marine Data Centre (NMDC), the PANGAEA database, the ICES database, and the NISE 232 

database (Nilsen et al., 2008), in addition to all available data in Kongsfjorden and the shelf outside from 233 

the Norwegian Polar Institute (NPI), the Institute of Oceanology Polish Academy of Science (IOPAS) and 234 

SAMS. Duplicate data and outliers have been removed before analysis. The data were mostly collected 235 

with Sea-Bird Electronics SBE911+ conductivity, temperature and depth (CTD) system, or a towed 236 

SBE49 CTD. 237 

Summer average temperature and salinity sections are constructed from all available hydrographical 238 

profiles within  ±0.02° latitude from the widely used Kongsfjorden transect (stations referred to as Kb0-239 

Kb5), in July, August and September (JAS) from 2005 until 2009. In total, data from 356 profiles were 240 

used to produce these transects. The profiles are first bin averaged with the bin centers at the positions of 241 

the Kongsfjorden transect producing weighted sections of temperature, salinity and potential density 242 

anomaly with 1 m vertical resolution. These sections are then interpolated onto a 500 m × 1 m resolution 243 

grid using the kriging interpolation method from Golden Software Surfer 12. Cruises outside the summer 244 

season are scarce; transect plots have been made as above based on cruises in March, April and May 245 

(2007, using data from 24 profiles) and April and May (2008, 8 profiles) to represent late winter/spring 246 

conditions. 247 
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2.3 Water mass definitions 248 

We apply water mass definitions from Svendsen et al. (2002) and references therein. In addition to AW 249 

(temperature T >3.0 °C, salinity S>34.9), we define Local Water (LW, T<1.0 °C));  a broad low-250 

temperature product of winter cooling, and Winter-cooled Water (WCW, T<-0.5 °C, S>34.4); similar to 251 

LW, but colder and more saline as it has been influenced by sea ice formation, and Cooled Atlantic Water 252 

(CAW) as 1 °C > T > 3 °C, S > 34.9. 253 

2.4 Fresh water content and dynamic implications 254 

Based on observational data (Sec 2.2.2) the equivalent freshwater content 𝐹𝐹𝐹 =  ∫ �max (𝑆𝑟𝑟𝑟−𝑆,0)
𝑆𝑟𝑟𝑟

�0
−𝐷 𝑑𝑑 255 

(using definitions in Björk et al. (2001)) is estimated from all available salinity profiles in July, August 256 

and September from 2005 until 2009 (771 profiles), over the full profile depths (D) and with a reference 257 

salinity Sref = 34.8. From this, weighted bin averaged freshwater content is horizontally distributed on a 258 

0.2° latitude × 0.04° longitude grid. This freshwater content, where only bins with all years represented in 259 

the bin average are accepted, is further interpolated onto a four times finer grid using the same 260 

interpolation method as above (Sec 2.2.2). In both grids the land points are excluded. The same equation 261 

was used to calculate freshwater content also on the model simulation fields.  262 

2.5 Observations of sea ice cover 263 

Systematic observation and mapping of sea ice cover in the inner part of Kongsfjorden started in 2003 (see 264 

Gerland and Renner, 2007, for further details).  Ice cover area is calculated from digitized maps (ArcGIS) 265 

made on the basis of visual observations and photography from Zeppelinfjellet, located south of the 266 

central part of the fjord. Since 2004, sufficient observations have been made to represent the inter-annual 267 

variability based on the average ice covered area from all observations done within the month of March of 268 

each year; we use this period as representative of winter conditions for comparison with model output.  269 
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2.6 Off-shore wind data 270 

In the analysis we use a global atmospheric reanalysis produced by the European Centre for Medium-271 

Range Weather Forecasts (ECMWF), the ERA-Interim dataset (Dee et al., 2011). This is the same source 272 

as the forcing for the A4 and S800 models. The six-hourly 10-m wind vector is converted to surface wind 273 

stress and gridded on a 75km x 75km grid covering the eastern Fram Strait; the hindcast grid established 274 

by the Norwegian Meteorological Institute (MET Norway; (Reistad and Iden, 1998)). A time series of the 275 

along-coast wind stress on the shelf (79.3N, 10.3E) outside the common mouth of the Kongsfjorden-276 

Krossfjorden is used together with time series from the ocean model in an air-ocean interaction correlation 277 

analysis. 278 

3 Comparison between model simulations and observations 279 

In the following we compare model output with a comprehensive set of relevant observational data. The 280 

purpose is to evaluate whether the model is able to reproduce the fjord hydrography and circulation, both 281 

in summer when glacier runoff is greatest and in winter when the oceanic influence on sea ice is more 282 

important. Inter-annual variability is also investigated; this is of interest when assessing how the model 283 

responds to external forcing by initiating exchange between the open ocean and the central fjord basin and 284 

further towards the head of the fjord.  285 

 286 

Along-fjord transects of measured and modeled mean summer (July-September) vertical distribution of 287 

temperature and salinity for the years 2005-2009 are shown in Figure 2. Common general features 288 

include temperatures exceeding 5 °C in the surface layer and around 2 °C in the deep basin (model 2.5, 289 

observations 1.5 °C). Both model and observations show a horizontal gradient with cooler water at around 290 

100 m depth in the interior part, with the model biased low by about 1°C. Model salinity is higher than the 291 

observed values, but with similar vertical increase. 292 
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Figure 3. Observed (left) and modeled (right) mean horizontal distribution of freshwater content 

(FWC) from July-September 2005-2009. Color scale denotes freshwater content [m]. 

 293 

The late-summer distribution of freshwater (as represented by equivalent freshwater content, see Section 294 

2.4) in the model is quite similar to that observed during cruises (Figure 3). But field measurements show 295 

larger freshwater content in general and in particular near the mouth of Krossfjorden. Fewer cruises have 296 

 

 

Figure 2. Comparison of mean modelled (top) and observed (bottom) temperature (left) and salinity 

(right) along the standard Kb section in Kongsfjorden for summer (July-September) 2005-2009. See 

Figure 1 for transect location.  
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taken place in that part of the fjord, introducing larger uncertainty and possibly causing part of the 297 

discrepancy. The model being biased low in fresh water content could indicate that the prescribed 298 

freshwater input is too low or that the freshwater residence time is too short in the model, possibly as a 299 

result of a large fraction of the runoff being released near the surface and not as submerged plumes.  300 

 301 

A prominent seasonal cycle in temperature, with significant increase in summer and cooling in winter is 302 

seen in all years. Figure 4 shows co-located modelled and observed (mooring) temperature time series for 303 

the period September 2006 to September 2007. Surface temperature increases in summer, and the interior 304 

water column gradually heats from above. In winter, temperature becomes vertically homogeneous, 305 
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apparently driven by surface cooling, until surface warming starts in the following spring. 306 

 307 

Despite surface cooling the water column remains warm, with temperatures well above freezing 308 

throughout winter. The model reproduces this seasonal variation well both in time and depth. In winter 309 

2007, three cruises covered the late winter/spring period (March, April and May). These data (not shown) 310 

are consistent with and expand the picture from the mooring data; the upper layer was warm (T>2.5 °C) 311 

 

Figure 4. Modelled (top panel) versus observed (second panel) temperature profile time series at 

location of mooring deployed from 2006-2007 (location given in Figure 1). Middle panels show 

modelled (red line) and observed (blue) salinities at two depths where the mooring had conductivity 

cells; 19 and 198 m. Bottom panels show modelled (left) versus observed (right) current scatter plots 

(colored dots) and resulting ellipses (black circle), with colors indicating water temperature 

distribution at 30 m depth. Currents are given in [ms-1]. 
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from the innermost station to the mouth (beyond the mooring site), and above 1.0 °C throughout the water 312 

column. Model results (not shown) show a very similar picture; the upper 250 m, except in the shallower 313 

inner part, are occupied by CAW, i.e. >1.0 °C.  314 

 315 

Model salinity is not equally consistent with the observations from 2006-2007 (Figure 4). The variability 316 

of the mooring salinity time series is higher than that in the model, and there is discrepancy in mean 317 

values with model salinity being higher, particularly in summer and autumn. The model does reflect the 318 

gradual decrease measured in the upper layer in summer and a more abrupt increase in September, but not 319 

the magnitude of these changes. At greater depth there is only very little change in model salinity and the 320 

significant decrease observed in September and October is not reproduced in the model. Correlation 321 

coefficients between modelled and observed temperatures are generally quite high also for the other 322 

mooring comparison periods (2007-2008, 2008-2009, 2009-2010) (Table S2), while salinity correlation is 323 

reasonably good in the upper part of the water column and poorer at depth (Table S3). 324 

 325 

Modelled and observed currents at the mooring location are shown as current ellipsis in Figure 4. These 326 

indicate that the major current direction is northwest-southeast in both model and observations in 2006-327 

2007, reflecting that the current is parallel to the local coastline. The model velocity tends to be less uni-328 

directional and there is more westward transport of warm water in the model than in the observations, but 329 

overall the model reproduces the scale and main direction of the current well. The modelled versus 330 

observed distribution of current speed and direction are consistent at most of the locations and depths also 331 

for the other comparison years (Table S4).   332 

 333 

In the following, the major inter-annual differences and model-observation discrepancies are highlighted 334 

to illustrate strengths and weaknesses of the model. Features are discussed in the text but not shown in 335 

figures; we refer to Figures 2-4 for comparison. 336 

 337 
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In summer 2006 there was cold water present at depth in the inner part of the fjord in the model but not in 338 

the observations (not shown). In summer 2007 colder and saltier water, resulting from local production of 339 

WCW, remained in the inner part both in the observational data and in the simulations. The very warmest 340 

water in the summer cruise data was near the fjord mouth while the model showed maximum temperatures 341 

in the surface in the inner part. 342 

 343 

The seasonal cycle from 2007-2008 was similar to the previous year, with winter cooling dominating but 344 

intermittent events of warm water entering over large depth ranges both in model and observations, 345 

keeping water temperatures at the mooring site well above the freezing point. These pulses did not occur 346 

at the same time in the model as in the mooring records. Spring and summer heating was stronger in the 347 

model than the mooring data. Winter cruises (April and May 2008) show a general cooling compared with 348 

the winter before, but with temperatures still remaining above zero in the entire fjord and values above 349 

1.0 °C all the way to the surface in the inner part of the transect (from Kb5 and beyond Kb4, see Figure 1). 350 

The model shows large volumes of CAW (T>1.0 °C) throughout winter and spring; not only in the very 351 

inner part but all the way from the head to the mouth. 352 

 353 

In summer 2008 the observed water column was generally about 1 °C cooler in the model, and again the 354 

model had a colder, high-salinity lens over the bottom of the inner part, not seen in the measurements. 355 

Mooring observations covering the period summer 2008 to summer 2009 show stronger autumn and 356 

winter cooling than in previous years. The model also shows cooling in the first part of this period but 357 

instead of reaching freezing temperatures at the mooring location, the model shows temperatures in excess 358 

of 0 °C throughout winter, and a large episode of surface inflow of warm water (CAW) in February. In 359 

2009, summer heating is again stronger in the model. A cold, salty lens (not WCW but LW) is found at 360 

depth in the inner part, both in model and observations.  361 

 362 

Observations from the seasonal cycle covering 2009-2010 shows a more layered water column at the 363 
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mooring site, with surface cooling gradually penetrating deeper into a warm deep layer and finally a 364 

vertically homogeneous temperature profile by April. Model results show a more homogeneous water 365 

column in autumn, with more rapid ventilation of the deeper layer and thus slower cooling at the surface. 366 

But this winter, sub-zero temperatures are reached also in the model. The early summer heating in 2010 367 

was very slow and shallow both in model and observations, with measurements being lower and later than 368 

the model.  369 

 370 

To summarize, the comparison of model results with observations shows that the model reproduces 371 

seasonality and the main features of interannual variability quite well. The overall stratification is similar, 372 

although model salinities are biased high. The model is able to produce a near-bottom lens of cold and 373 

salty water in the interior fjord, although it does not always occur at the same time as in the observations. 374 

Similarly, the horizontal temperature distribution and timing of summer heating and episodic inflow of 375 

AW or CAW is not always the same in the simulations as in the field data. The most important features can 376 

thus be simulated, although exact match in timing or absolute temperature and salinity values cannot be 377 

expected. 378 

 379 

The extent of the sea ice cover varies significantly between years. Observed fast-ice covered area in 380 

Kongsfjorden for each March in the period 2006-2010 has been compared with model averages for the 381 

period February to April each year (Figure S1). The model is not able to simulate a significant fraction of 382 

fast-ice. Since fast-ice does not move in response to wind unless it breaks up,  high-frequency variations in 383 

ice covered area due to wind episodes are likely to occur more often in the model than in reality. We 384 

therefore used averages for a longer part of the ice covered period (February to March) to get 385 

representative values for annual model sea ice cover. The pattern of inter-annual changes is similar in 386 

observations and simulations, but observed sea ice cover is much larger than that in the model. Part of the 387 

difference between modeled and observed ice cover can be due to the model not producing a stable fast 388 

ice cover, thus facilitating ice transport out of the fjord - likely due to the rheology not being optimized for 389 
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fjord use. On the positive side we note that the simulated sea ice heat balance appears to vary in concert 390 

with the real forcing of local sea ice production; the years of maximum and minimum ice cover are the 391 

same in the model and observations. 392 

4 Results 393 

Modeled mean summer surface and intermediate currents are shown in Figure 5. Due to the freshwater 394 

runoff in the inner part of the fjord there is strong outflow in the surface layer, both along the northern and 395 

southern shorelines of Kongsfjorden. When reaching the mouth of Krossfjorden, interaction with the 396 

coastal current and rotational effects make the outflow turn north and follow the northern coastline out of 397 

the fjord. Intermediate circulation shows stronger topographic control; a strong inflow is partially 398 

recirculating (cyclonically) in the common fjord mouth area, another portion of the inflow enters the deep 399 

central basin where it partially recirculates and in addition feeds a smaller branch entering the narrower, 400 

innermost deep part. There is no comprehensive set of measurements with which to compare this, but the 401 

main features are consistent with previously published results from coarser models (Cottier et al., 2005, 402 

Svendsen et al., 2002, Tverberg and Nøst, 2009) and snapshots from shipborne ADCPs (Cottier et al., 403 
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2003).404 

 405 

The simulated horizontal and vertical distribution of currents is similar also in winter and spring, but with 406 

surface currents considerably weaker as runoff ceases between autumn and spring (not shown).  407 

Forcing the model with runoff from glaciers introduces an important freshwater content in the entire fjord 408 

and along the coast northwest of Kongsfjorden. This drives relatively strong surface currents adjacent to 409 

the fresh water point sources, as seen in Figure 6, and in addition enhances the outflow at the northern side 410 

of the fjord mouth and further north along the coast, compared with control simulations made without 411 

freshwater runoff. Note that precipitation was always applied as surface forcing; some freshwater was 412 

present in both scenarios.  413 

 

Figure 5. Modeled surface (mean of 0-5 m) (left panel) and intermediate (100 m) (right panel) mean 

currents during summer (July-September 2005-2009) (scaled arrows), along with mean salinity 

distribution (color scale, right).  
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 414 

Summer-mean (July-September 2005) model currents for a transect crossing the inner part of the fjord, 415 

near the front of Kronebreen glacier (location given in Figure 1), are shown in Figure 7. The figure 416 

compares simulations with and without freshwater runoff to illustrate the effect of runoff on circulation in 417 

the inner fjord. The model simulation with runoff shows the expected strong signal of surface outflow and 418 

a significant compensating inflow in the upper 15-20 m. Below this there is only a modest change in 419 

circulation pattern and strength. While noting that only a minor part of the model runoff is released at 420 

depth, this indicates that surface-released runoff plays a lesser role in driving sub-surface circulation in 421 

this part of the fjord, at least in the early part of the melting season when a large fraction of the runoff 422 

enters near the surface.  423 

 

Figure 6. Modeled surface current (uppermost model cell) with (left panel) and without (right panel) 

freshwater runoff from glaciers. Mean of July-September 2005. 
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 424 

The main pattern of flow towards and away from the terminus of Kronebreen is similar in all years of the 425 

simulation period. In summer, freshwater discharge drives strong outflow in a thin surface layer, balanced 426 

by a ~10 m thick layer of enhanced inflow directly below the outflow. There is persistent inflow over the 427 

fjord bottom in the southern part of the transect, and outflow along the northern slope. Perhaps more 428 

surprising is the significant outflow found over the deep southern inflow core; this is evident not only in 429 

summer 2005 but also in average plots both from summer (July-August-September) and winter (January-430 

February-March) in all years except winter 2010 (not shown). The subsurface inflow that appears to be a 431 

compensation for the surface outflow in summer is present also in winter, albeit weaker. A simplified 432 

picture of the circulation in the inner part of the fjord can thus be described as follows; outflow in the 433 

upper half of the southern side, above an inflow layer. Outflow also over the deeper northern part of the 434 

 

Figure 7. Cross-fjord transect of modeled mean currents near Kronebreen with (left panel) and 

without (right) freshwater runoff from glaciers (mean July-September 2005). South is to the left, 

north to the right in both panels. Positive values are outflow, negative toward the glaciers. Note that 

the near-surface outflow in the left panel exceeds the color scale by nearly 3 cm/s. Location of 

transect is given in Figure 1.  
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fjord, overlain by an inflow layer. At times with significant freshwater runoff there is enhanced surface 435 

outflow and a strengthening of the inflow below it.  436 

Volume transports have been calculated based on daily averaged currents normal to the defined transects. 437 

Every current vector is multiplied with the area it represents, and in-/outflow is estimated by summing 438 

every contribution according to direction. Heat transports are found using the same procedure, with a 439 

reference state equal to the freezing temperature for water with salinity 34.5 subtracted with the actual 440 

temperature in every grid point. Note that we do not attempt to close the volume or heat budget for any 441 

part of the fjord; these transports are calculated in order to illustrate event-driven and seasonal changes in 442 

relative transports. 443 

Volume flux calculations across the cross-section in the inner part of Kongsfjorden show that mean 444 

volume transport is larger in winter than in summer. The mean transport of water toward the glaciers is 445 

about 2,000 m3s-1  in summer and 2,700  m3s-1  in winter. Because of the significantly lower temperatures, 446 

the heat transport toward the glaciers is nevertheless much lower in winter; 10-25 GW compared with 40-447 

70 GW in summer. 448 

Figure 8 shows volume transport towards the glacier front in the inner part of Kongsfjorden in relation to 449 

local wind forcing in July-September 2005. During periods of weak wind forcing (< 2 ms-1) the inflow is 450 

in the range 1,000-1,500 m3s-1.When wind speed increases above 5 ms-1 the transport roughly doubles, 451 

with a time lag of around two days, and for wind >8 ms-1 the peak transport is typically 3-4 times larger 452 

than for the low wind values. The effect of wind direction is not clear; the out-fjord wind episode on 28 453 

July is somewhat weaker than the in-fjord wind around 11 Sept, but the peak transport following the 454 

former is higher. However, the duration of both the enhanced wind forcing and circulation events must be 455 

considered to draw conclusions about differences in effect of wind direction on transports. Our purpose 456 

here is to illustrate the relative effect of local wind on circulation in the inner part of the fjord, and no 457 

detailed analysis of the individual events or longer time series has been done. Effects of increased 458 
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horizontal resolution and hence more accurate strength and distribution of topographically influenced 459 

wind are discussed in the following section. 460 

 461 

5 Discussion – AW exchange, near-surface circulation and fluxes near the glacier fronts 462 

5.1 AW exchange 463 

In this section we look at how off-shore wind might facilitate AW inflow in the model, and look more 464 

closely at topographically trapped waves as an agent for episodic inflow. Using model temperature data 465 

Figure 

8. Main panel: daily modeled volume transport (blue) toward the terminus of Kronebreen and wind speed 

(orange) from the central part of the fjord (south of Blomstrandhalvøya, see Figure 1) for July-September 2005. 

The top panel denotes periods of out-fjord (blue) and in-fjord (red) wind , defined by 60°-wide sectors around 

the fjord axis in the inner part of Kongsfjorden (roughly NNW to SSE, or 120° clockwise from north). Location of 

transect is given in Figure 1. 
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from a location in the inner part of the deep basin in Kongsfjorden (near Blomstrandhalvøya, see Figure 1) 466 

and ERA interim wind data from an off-shore location (Sec. 2.6), we investigate time lags between 467 

changes in off-shore wind stress and response in fjord temperature. Similar to Nilsen et al. (2016) we look 468 

for time lagged maximum correlations in the winter period, starting in September and ending in May each 469 

winter. After a small initial negative response (indicating the expected on-shelf Ekman transport which 470 

leads to downwelling of low-temperature coastal water), a slow but strong and sustained positive signal is 471 

seen, indicating that the AW is approaching the fjord via the deep trough. The simulations from 472 

Kongsfjorden show significant cross-correlation coefficients (using the same threshold as (Nilsen et al., 473 

2016)) in three of the five investigated years (Table 2), similar to the results of Nilsen et al. (2016) and 474 

with the highest correlation in 2005-06 as they did. The time lags found here for Kongsfjorden are longer 475 

than those found by Nilsen et al. (2016) for Isfjorden. We speculate that the response in Kongsfjorden 476 

could be delayed compared with that seen in Isfjorden further south; the build-up of the inner, shallower 477 

branch of WSC begins in the south and gradually progresses northwards. The picture is very similar when 478 

doing this analysis for a model point along the southern inflow pathway further out in the fjord; a few 479 

more depths/years are assigned with significant response in temperature to wind, with similar time lags. 480 

 481 

Table 2. Correlation (r) and associated time lag between along-shore wind stress and model 

temperature at 50 m depth in the inner part of the deep basin in Kongsfjorden (see Figure 1) from the 

end of September to beginning of May each winter of the model simulation period. Significant cross-

correlation coefficients using the same threshold as in Nilsen et al (2016) are given in bold face.  

Year Depth [m] Correlation r Time lag [days] 

2005-2006 50 107 187 0.43 0.49 0.43 99 96 91 

2006-2007 50 107 187 0.29 0.30 0.34 104 105 106 

2007-2008 50 107 187 0.28 0.29 0.32 114 116 115 

2008-2009 50 107 187 0.32 0.34 0.35 144 143 143 

2009-2010 50 107 187 0.24 0.23 0.19 156 154 154 
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To bring AW into the interior part of the fjord, i.e. the central deep basin and further, another exchange 482 

agent is needed. Inall et al. (2015) discuss and quantify different mechanisms that can initiate and 483 

accomplish significant exchange between the interior fjord and the offshore region. They find that coastal 484 

steered waves, with periods in the band 30-60 hours, are responsible for the majority of water exchange 485 

below the surface layer in Kongsfjorden. Through analysis of mooring data from 2003-2005 they find that 486 

there is a broad peak in power spectral density, with anticyclonic (CW) rotation being predominant, at the 487 

mouth of the fjord. Applying the same analysis on simulation results from a location near the mooring 488 

denoted 'SAMS 2'  by (Inall et al., 2015) , we find that the energy associated with the anticyclonic 489 

component is enhanced relative to the cyclonic in the period range 30 to 80 hours, with particularly high 490 

levels in the range 55 to 75 hours (Figure S2). This shows that the model is able to simulate currents with 491 

similar properties to the internal waves identified by Inall et al. (2015), which may entail episodic inflow 492 

of AW from outside.  493 

Episodic pulses of water entering Kongsfjorden, as identified by the spectral analysis, can be looked at 494 

more closely by visual inspection of the model fields. As an example, a horizontal view of the temperature 495 

distribution shows how one such intrusion takes place. On January 21, 2007, a tongue of relatively warm 496 

water approaches Kongsfjorden from the shelf outside (Figure S3). Its vertical extent is from surface and 497 

to  >100 m (not shown). Two days later, a narrow flow of relatively warm water is established along the 498 

southern side of the fjord. By January 25 the signal has reached the inner part, and the inflow ceases. The 499 

episode thus lasts for ~3 days, in line with the spectral analysis. Looking at a longer time series from a 500 

model grid cell at the mouth of the fjord versus inside the main basin, temperature increases of 0.5-1.0 oC 501 

at 50 m depth travel into the fjord every second to third week in winter 2007 (Figure S4). Inspection of a 502 

longer time period from the fjord mouth indicates that the duration and heat content of the inflow pulses 503 

increase later in winter (not shown). The signal that is seen to reach the inner part of Kongsfjorden is 504 

somewhat reduced in temperature due to mixing along the way. 505 

 506 
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Comparison between model results and available observations from cruises (i.e. snapshots of limited 507 

numbers of points in space) and moorings (single locations covering longer time periods) shows that the 508 

model broadly reproduces the mean distribution of water masses in the fjord, and typical seasonality. The 509 

model does however not replicate individual AW exchange episodes exactly, and especially winter AW 510 

inflow in the model in winters 2008/2009 and 2009/2010 overrules the local cooling which dominates the 511 

heat content and vertical structure seen in the mooring data. Limited inflow events are seen in the 512 

observations also in these years, but mostly in subsurface layers while the model produces larger 513 

exchanges from the surface and deep down. Observations that can shed light on exactly when and where 514 

the model begins to deviate from reality are not available. We note that preconditioning of the fjord water 515 

column during winter to some extent controls the inflow of AW the following summer and autumn, which 516 

in turn preconditions the fjord for the next winter's sea ice formation and dense water production (similar 517 

to findings by (Nilsen et al., 2008) for Isfjorden). In winter 2008 the model produces WCW in the inner 518 

part, enough that its signature is still present in the hydrography the following summer. This is not seen in 519 

the CTD transects. As the dense WCW slowly flows out of the fjord it will, through mixing, increase the 520 

density of the deeper part of the water column. AW inflow will therefore tend to be "forced" to take place 521 

higher in the water column than it would if the near-bottom waters had lower density. Indeed it is only 522 

well into autumn (October) that inflowing AW is observed near bottom in the model in 2008. The 523 

mooring record shows a deep inflow of AW at the same time, not extending to the surface layer. This 524 

difference appears to be a separating point between model and observations; from this point in time the 525 

model continues to advect warm water into the fjord in the upper and intermediate part of the water 526 

column while the observations show a period of intermediate and deep inflow, gradually ceasing as winter 527 

progresses. With the model upper ocean still being warm in the following spring, the fjord remains in a 528 

characteristic warm state also through the next autumn and winter period while the observations show 529 

similar deep inflow of AW in autumn as in 2008, again ceasing in winter. Winter 2009 had the largest sea 530 

ice cover in the period of investigation, both in model and observations. This shows that local winter 531 

cooling still is able to compete with the effect of warm inflow in the inner part. 532 
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Generally, the model-mooring data comparison shows that the model fjord is more saline than the 533 

observations. This is particularly so in the upper part of the water column in the winter season, and the 534 

discrepancy increases in the last years of simulation. A fresher surface layer, as seen in the observations, 535 

would force AW exchange to take place below the surface. The lower salinity in the observations could 536 

thus explain the continued difference in exchange levels. Once such a difference is established it can 537 

constitute a feedback mechanism whereby the surface layer stays saltier in the model due to continued 538 

inflow. The discrepancy, first seen strongly in autumn, could be an effect of model freshwater supply 539 

being too low and/or ceasing too early in the autumn. It could also be an effect of larger exchange rates 540 

giving shorter freshwater retention times in the model. 541 

5.2 Circulation and fluxes in the inner part of the fjord 542 

In the inner, shallower part of the fjord, exchange events driven by external forcing (Inall et al., 2015) as 543 

discussed in the previous section, will be of lesser importance, and locally wind-driven circulation and 544 

freshwater exchanges become relatively more important. As was shown in the Results section, there was 545 

substantial circulation in the inner part of the fjord also in the winter season, when there is no runoff, and 546 

in the test case with runoff switched off in a summer period. While this, and the following discussion on 547 

wind effects, show that runoff is not a necessary driver for circulation in the fjord, the lack of proper 548 

plume representation introduces two caveats to our results. Firstly, in the late-summer period when a large 549 

fraction of the glacier runoff enters the fjord as buoyant plumes, strong turbulent entrainment of ambient 550 

water in the rising plume will necessarily enhance sub-surface inflow. Secondly, the water reaching the 551 

surface will have lower salinity and thus produce a thicker, less well-defined outflowing surface layer. 552 

This could influence both freshwater retention time and the depth intervals in which AW exchange occurs. 553 

Such effects will be underestimated in the present model and results from the late-summer period must be 554 

interpreted with caution. For further details on this we refer to papers on glacier plumes elsewhere, see e.g. 555 

references in the Introduction.  556 
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  Volume and heat transports in the model are larger during the last two winters (2009 and 2010) and the 557 

last summer (2009). This period (from Jan 2009) was forced with WRF 3km instead of NORA 10 km 558 

winds (see Section 2.1). A comparison has been made between WRF 3 km and NORA 10 km winds at a 559 

selected location in the central part of the fjord (south of Blomstrandhalvøya, i.e. well inside the mouth 560 

and a good distance from the glacier fronts). There is somewhat more frequent occurrence of very weak 561 

winds in WRF 3 km, possibly due to more accurate representation of topographic blocking of cross-fjord 562 

winds. But for stronger winds (>5 ms-1) WRF 3 km gives higher values than NORA10 km (maximum ~25 563 

ms-1 versus <14 ms-1). Overall means for a full annual cycle show that the finer resolution wind speed is 564 

on average 25% higher. Mean wind work - the cubed product of wind speed - is a better measure of 565 

potential energy transfer from wind to ocean surface. This is a factor three higher for WRF 3km than 566 

NORA 10 km. Comparison shows that modeled volume and heat transports toward the glacier front 567 

(across the inner transect discussed above) were 38 % and 87% higher, respectively, in 2009 than the 568 

mean of the preceding years (2005-2008). 569 

Flux calculations across a transect further north in the inner part of the fjord (see map in Figure 1) show 570 

similar results; the volume transport is nearly twice as large in winter as in summer, while heat transport is 571 

2-5 times larger in summer. Also here the last 1.5 year has larger fluxes than the first part of the period, 572 

likely due to more wind energy directed along the fjord axis. 573 

Moving further out in the fjord (transect west of Blomstrandhalvøya, see Figure 1), winter volume 574 

transports toward the inner part of the fjord are about 50 % larger than in summer. Here, heat transports 575 

are 40-50 % larger in summer than in winter. At this transect, comparison of the 2005 summer simulations 576 

with and without glacier runoff show that runoff increases both volume and heat transport by about 10%. 577 

The effect of high-resolution winds is smaller here, with volume and heat transports increasing by 6 and 578 

20 % respectively, in 2009 compared with preceding years. 579 

Wind strength is significantly higher in winter than in summer (72% for 10 km and 96 % for 3 km 580 

resolution winds).  In analogy to the increase in transport starting with stronger, finer-resolution winds in 581 
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2009, the much stronger winter winds could explain a large part of the increase in volume transport in 582 

winter compared with summer - both before and after 2009. While other factors than wind and freshwater 583 

do contribute to the exchanges also in the inner part of the fjords, our results strongly suggest that wind is 584 

the more important driver for exchanges near the glacier fronts, at least outside the peak period of 585 

submerged glacier runoff. 586 

5.3 Conclusions  587 

Analysis of simulations with a high resolution numerical ocean circulation model of Kongsfjorden shows 588 

inflow of warm off-shore water reaching the inner parts of the fjord. While heat transport, and hence 589 

potential for oceanic glacier front melting, is larger in summer, volume transports are substantial also in 590 

winter, providing enough heat to affect local sea ice production. Experiments with seasonal runoff from 591 

glaciers show that a strong surface outflow and sub-surface compensating inflow near the glacier fronts is 592 

established in summer. However, circulation is strong also without runoff, indicating that other 593 

mechanisms are also important for exchange between the interior fjord and the shelf. Experiments with 594 

wind forcing from models applying different horizontal resolution, and different mean wind strength, 595 

show that volume transports are strongly influenced by local winds. Model simulations where the glacier 596 

runoff is in the form of a submerged plume instead of a river must be undertaken to more realistically 597 

evaluate the effect of seasonal glacier freshwater supply on circulation and oceanic heat transports. This 598 

can be done by fine-resolution non-hydrostatic modeling of the inner part, two-way coupled with the 599 

model covering the remaining part of the fjord (similar to e.g.Sciascia et al. (2013)) or by running a 600 

dedicated plume model and feed results from this into the circulation model (Cowton et al., 2015).  601 
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Supplementary material 764 

Table S1. Mooring details. 765 

station lat lon water depth instr.depth instrument variables interval 

KF_2006 79.02 11.77 209 12:4:96 ADCP UVW 20 min. 

  

   

16.5 Minilog T 16 min. 

  

   

29 Minilog T 16 min. 

  

   

39 Minilog T 16 min. 

  

   

59 Minilog T 16 min. 

  

   

79 Minilog T 16 min. 

  

   

100 Minilog PT 24 min. 

  

   

147.5 Minilog T 16 min. 

  

   

168 Minilog T 16 min. 

  

   

19 Microcat TSP ca.12 min. 

  

   

198 Microcat TSP ca.12 min. 

KF_2007 78.96 11.83 178 8.5:4:104.5 ADCP UVW 20 min. 

  

   

30 Minilog T 15 min. 

  

   

39 Minilog TP 20 min. 

  

   

49 Minilog T 15 min. 

  

   

69 Minilog T 15 min. 

  

   

89 Minilog T 15 min. 

  

   

110.5 Minilog T 15 min. 

  

   

34 Microcat TSP ca.12 min. 

  

   

166.5 Microcat TSP ca.12 min. 

        31.5 SBE16 TSP 1 hour 

KF_2008 78.99 11.35 209 7:4:95 ADCP UVW 20 min. 

  

   

74:4:190 ADCP UVW 20 min. 

  

   

9.5 Minilog TP 80 min. 

  

   

30 Minilog T 20 min. 

  

   

40 Minilog T 20 min. 

  

   

50 Minilog T 20 min. 

  

   

60 Minilog T 20 min. 

  

   

70 Minilog T 20 min. 
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80 Minilog T 20 min. 

  

   

90 Minilog T 1 hour 

  

   

115 Minilog T 1 hour 

  

   

145 Minilog T 1 hour 

  

   

170 Minilog T 1 hour 

  

   

25 Microcat TPS ca.12 min. 

  

   

105 Microcat TPS ca.12 min. 

  

   

201 Microcat TPS ca.12 min. 

        24 SBE16 TPS 1 hour 

KF_2009 78.96 11.76 225 6:4:82 ADCP UVW 20 min. 

  

   

14.5 Minilog T 20 min. 

  

   

37 Minilog T 20 min. 

  

   

47 Minilog T 20 min. 

  

   

57 Minilog T 20 min. 

  

   

72 Minilog T 20 min. 

  

   

88 Minilog T 20 min. 

  

   

136 Minilog T 20 min. 

  

   

188 Minilog T 20 min. 

  

   

27 Microcat TPS 12 min. 

  

   

213 Microcat TPS 12 min. 

        37 SBE16 TPS 1 hour 

 766 

 767 

 768 

 769 

 770 

 771 

 772 
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Table S2. Correlation coefficients and standard deviation of modeled and observed temperature.  773 

Year depth correlation 

coefficient 

standard 

deviation 

2006 29m    0.91 0.78 

  59m 0.73 1.17 

  79m 0.59 1.31 

2007 30m 0.92 0.65 

  69m  0.85 0.84 

  111m 0.80 0.9 

2008 30 m   0.78 1.45 

  90m 0.81 1.34 

  170m 0.75 1.52 

2009 37m 0.84 1.03 

  88m 0.77 1.49 

  188m 0.59 1.53 

  774 

Table S3. Correlation coefficients and standard deviation of modeled and observed salinity.  775 

Year depth correlation 

coefficient 

standard 

deviation 

2006 19m 0.75 0.52 

  198m 0.10 0.33 

2007 34m 0.87 0.16 

  166m 0.78 0.07 

2008 25m 0.87 0.16 

  201m -0.25 0.18 

2009 27m 0.75 0.24 

  213m -0.17 0.15 

 776 

 777 

Table S4. Statistics for current ellipses for model and observations. Ellipse amplitude is the square of the 778 

half of the sum of the square root of the major and minor axes, linearity is an indication of the roundness 779 
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of the ellipses (linearity = 1 : unidirectional, linearity = 0 : round) and the angle of the major axis is given 780 

as degrees from east.   781 

Period 

Depth  Depth Ellipse  amplitude    Linearity 

  

Orientation of 

major axis 

  

model 

[m] 

obs 

[m] 

model observation model obs model obs 

2006-07 28m 29m 7.47 6.28 0.48 0.62 -37.7 -36.5 

  56m 59m 5.86 4.68 0.53 0.67 -33.8 -32.1 

  75m  79m 5.23 4.22 0.55 0.68 -33.4 -32.9 

2007-08 28m 30m 6.6 7 0.69 0.75 -15.9 -32.9 

  66m 69m 5.67 5.33 0.72 0.74 -19.3 -33 

  85m  89m 5.32 4.87 0.75 0.76 -20.9 -33.3 

2008-09 29m 30m 10.2 6.66 0.7 0.44 35.4 11.8 

  76m 80m 8.59 4.8 0.79 0.39 29.7 17.8 

  178m 170m 9.99 5.01 0.89 0.66 26 5.33 

2009-10 28m 27m 6.28 6.62 0.77 0.79 -11.1 -21.4 

  57m 57m 5.26 5.35 0.81 0.83 -8.13 -18.5 

  78m 72m 4.73 5.3 0.81 0.84 -7.14 -18.2 

 782 

 783 

 784 
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Figure S1. Modelled (red) ice cover averaged for the period February to April each year and from March 785 

observations (black), 2006-2010. See Section 2.5 for further information on the observations. 786 

 787 

Figure S2. Frequency analysis of modeled current components at fjord mouth; CW=anticyclonic, CCW = 788 

cyclonic. Note that the inertial period is nearly identical to the M2 tidal period. For location see Figure 1. 789 
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 790 

 

Figure S3. Horizontal view of the temperature (colors) and current (arrows) at 50 m depth for 21 

(upper panel), 23 (middle) and 25 January 2007 (lower).  
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 791 

Figure S4. Time series of temperature at 50 m depth for positions at the mouth of Kongsfjorden (blue line) 792 

and further into the fjord (red) along the southern bank, between January 1 and March 11, 2007. The dark 793 

arrows indicate episodes of inflowing warm water.  794 

 795 
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