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Abstract 19 

The North Icelandic Irminger Current (NIIC) is an important component of the Atlantic Water 20 

(AW) inflow to the Nordic Seas. In this study, both observations and a high-resolution (1/12°) 21 

numerical model are used to investigate the seasonal to interannual variability of the NIIC and its 22 

forcing mechanisms. The model-simulated velocity and hydrographic fields compare well with 23 

available observations. The water mass over the entire north Icelandic shelf exhibits strong 24 

seasonal variations in both temperature and salinity, and such variations are closely tied to the 25 

AW seasonality in the NIIC. In addition to seasonal variability, there are considerable variations 26 

on interannual time scales, including a prominent event in 2003 when the AW volume transport 27 

increased by about 0.5 Sv. To identify and examine key forcing mechanisms for this event, we 28 

analyzed outputs from two additional numerical experiments: using only the seasonal 29 

climatology for buoyancy flux (the momentum case), and using only the seasonal climatology 30 

for wind stress (the buoyancy case). It is found that changes in the wind stress are predominantly 31 

responsible for the interannual variations in the AW volume transport, AW fraction in the NIIC 32 

water, and salinity. Temperature changes on the shelf, however, are equally attributable to the 33 

buoyancy flux and wind forcing. Correlational analyses indicate that the AW volume transport is 34 

most sensitive to the wind stress southwest of Iceland.   35 

  36 

 37 

 38 



1 Introduction 39 

    The transport of warm and saline Atlantic Water (AW) over the Greenland-Scotland Ridge 40 

(GSR) into the Nordic Seas is an essential component of the Atlantic Meridional Overturning 41 

Circulation (Dickson et al. 2008).  A total transport of about 8.5 Sv of AW is distributed among 42 

three branches across the GSR: about 0.8 Sv through the Denmark Strait; about 3.8 Sv between 43 

Iceland and the Faeroe islands (IF), and about 3.8 Sv through the Faroe-Shetland Channel (FSC) 44 

(Østerhus et al. 2005; Hansen et al. 2015). The AW inflow results in considerable fluxes of heat, 45 

salt and nutrients into the Nordic Seas and ultimately the Arctic Ocean, affecting the high-46 

latitude climate, water transformation, and ecosystem (Dickson and Brown, 1994; Hansen and 47 

Østerhus, 2000; Dickson et al. 2008; Hansen et al. 2003; 2010, 2015).   48 

The northward transport of the AW through the Denmark Strait occurs mainly via the North 49 

Icelandic Irminger Current (NIIC), whose origin can be traced to the Irminger Current in the 50 

subpolar North Atlantic Ocean. The NIIC flows northward on the eastern side of the Denmark 51 

Strait (Fig. 1). The warm and saline AW in the NIIC meets the cold and low-salinity Polar Water 52 

(PW) off Iceland’s northwest coast. A mixture of AW and PW is further fluxed onto the north 53 

Icelandic shelf. The NIIC, even with a relatively small volume transport, is also a main source of 54 

heat and salt to the Iceland Sea and thus strongly influences the convection processes there. Våge 55 

et al. (2011) suggested that the AW in the NIIC is fluxed offshore by eddies and cooled by air-56 

sea flux to form a dense water mass that feeds the North Icelandic Jet (NIJ) – an upstream branch 57 

of the Denmark Strait Overflow. The existence of this local overturning loop has been supported 58 

by numerical simulations (Behrens et al. 2017). North of Iceland the NIIC continues to flow anti-59 

cyclonically over the outer part of the shelf. The flow is favorable for the migration of larval cod 60 

from the main spawning grounds south of Iceland to the nursery places on the north Icelandic 61 



shelf (Jónsson and Valdimarsson 2005). The relatively high nutrient content in the AW is also 62 

important for primary productivity around Iceland (Thordardottir, 1984).  63 

Given the importance of the NIIC to the local climate and ecosystem, considerable efforts 64 

have been devoted to monitor the NIIC variability using both ships and long-term moorings. The 65 

Hornbanki section on the north Icelandic shelf is the most well maintained mooring array that 66 

has been continuously measuring the NIIC since 1994. As a result, the mean structure and 67 

variations of the current are well documented at that location (e.g., Kristmannsson 1998; Jónsson 68 

and Valdimarsson 2005; 2012; Østerhus et al. 2005).  The long-term mean volume flux of AW 69 

in the NIIC has been estimated to be 0.88 Sv and displays substantial variability on multiple time 70 

scales (Jónsson and Valdimarsson 2012). In addition, the NIIC volume transport has been shown 71 

to co-vary with the transports of the other two branches of the AW inflow. For instance, a 72 

negative correlation between the NIIC and the FSC transports was detected in both model and 73 

observational data (Nilsen et al., 2003; Østerhus et al., 2005). 74 

Among the three branches of the AW inflow to the Nordic Seas, the NIIC is by far weakest in 75 

terms of volume transport, and arguably the least studied (e.g. Nilsen et al. 2003; Olsen and 76 

Schmitch. 2007; Richter et al., 2009; Sandø et al. 2012). There remains considerable uncertainty 77 

regarding the processes and mechanisms that are responsible for its variability. To date, several 78 

mechanisms have been identified that appear to influence the overall the overall transport of the 79 

AW across the GSR, including: wind-induced wave propagation from the Atlantic Ocean into the 80 

Nordic Seas (Orvik and Skagseth, 2003; Sandø and Furevik, 2008); local wind forcing driving 81 

the transport in the FSC (Sherwin et al. 2008; Richter et al., 2012); and the AW inflow 82 

compensating the overflow (Hansen et al. 2010; Sandø et al. 2012). Among these processes, the 83 

large-scale wind forcing, especially the North Atlantic Oscillation (NAO), has been shown to 84 



play a key role (Nilsen et al. 2003; Olsen and Schmitch. 2007; Richter et al. 2009). In addition, 85 

changes in the pattern and strength of the subpolar gyre have also been linked to the AW 86 

transport into the Nordic Seas (Hátún et al. 2005; Hakkinen et al. 2011).  87 

The seasonal cycle for the AW transport carried by the NIIC is distinct, with a minimum in 88 

late-spring and maximum in summer (Jónsson and Valdimarsson 2012). This seasonal variability 89 

is considerably different from that in the FSC and IF. For instance, the AW inflow in the IF is 90 

strong in early-spring and weak in late-summer to early-fall (Hansen et al., 2008). This indicates 91 

that the dynamics for the NIIC may be different from the other two branches. The model 92 

simulations of Logemann and Harms (2006) showed that most high-frequency (time scales 93 

ranging from days to months) and seasonal NIIC variability are linked to the local wind around 94 

Iceland. It is unclear whether the same processes and forcing are responsible for interannual 95 

variability, such as the large anomalous transport observed in 2003 (Jónsson and Valdimarsson, 96 

2012). The measurements analyzed by Logemann and Harms (2006) spanned the period between 97 

May 1997 and June 2002, and therefore excluded the anomalous event in 2003.  98 

      This study investigates the structure and variability of the NIIC using a high-resolution 99 

(1/12°) numerical model. Several model runs have been conducted to examine the causes for 100 

interannual changes in the NIIC. Our experiments are designed to separate the relative 101 

contributions from wind stress and buoyancy forcing to the seasonal and interannual variability. 102 

The model setup, including the boundary conditions and forcing fields, are explained in section 2. 103 

The model simulations and analyses are presented and discussed in section 3.  Further discussion 104 

and a summary are then presented in Section 4.   105 

 106 



 107 

Figure 1. Schematic circulation in the region north of Denmark Strait and geographic place 108 

names, after Våge et al. (2013). The 500 m and 1,000 m isobaths are contoured in gray. EGC, 109 

East Greenland Current; NIIC, North Icelandic Irminger Current; NIJ, North Icelandic Jet. 110 

 111 
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2 Data and model 116 

2.1 Observations 117 

The mooring data used in this study come from a series of deployments of the Hornbanki array 118 

(Fig. 2). The reader is referred to Jonsson and Valdimarsson (2012) for a description of the 119 

configuration of moorings, the instrumentation employed, and the data coverage. Here we use 120 

the AW transport timeseries, which is the fraction of the total transport associated with warm and 121 

salty AW, computed using an end-member analysis (see Jonsson and Valdimarsson (2012) for 122 

details).  123 

The shipboard data come from a series of 10 occupations of the Hornbanki section that included 124 

both conductivity-temperature-depth (CTD) measurements and lowered acoustic Doppler 125 

profiler (LADCP) measurements. In all instances the CTD conductivity data were calibrated 126 

using in-situ water samples, and the LADCP data were de-tided. The reader should consult 127 

Pickart et al. (2017) for details of this, including measurement accuracies. The occupations 128 

occurred in Oct. 2008, Aug. 2009, Aug. 2010, Feb. 2011, Sep. 2011, Feb. 2012, Aug. 2012, Aug. 129 

2013, Aug. 2015 and Aug. 2017.We constructed mean vertical sections of potential temperature, 130 

salinity, and absolute geostrophic velocity (perpendicular to the section
1
) to be compared with 131 

the model output.  132 

Satellite data are used to further validate the model and to supplement our analyses. They include 133 

the Absolute Dynamic Topography (ADT) and surface geostrophic velocity fields between 1992 134 

and 2015. The Ssalto/Duacs altimeter products are produced and distributed by the Copernicus 135 

Marine and Environment Monitoring Service (CMEMS) (http://www.marine.copernicus.eu).  136 

                                                            
1 Since the section is oriented north-south, the absolute geostrophic velocity is zonal.  

http://www.marine.copernicus.eu/


 137 

Figure 2. Mean surface geostrophic circulation from satellite altimetry observations and the 138 

HYCOM control experiment. The long-term mean (1993-2015) absolute dynamical topography 139 

(ADT) observed by the satellite altimetry (color) is shown in a).  The mean sea surface height 140 

simulated by HYCOM is displayed in b). The surface geostrophic currents calculated from 141 

altimetry and HYCOM and are shown by the gray vectors. The bathymetric contours (white lines) 142 

indicate isobaths of 200m, 500m, 1000m, 1500m, 2000m and 2500m. DS denotes Denmark 143 

Strait. F and S represent Faroe and Shetland, respectively.  The magenta lines denote the 144 

Hornbanki section.  145 

 146 



2.2 Numerical Model 147 

Numerical simulations were performed using an eddy-resolving high-resolution (1/12°) 148 

configuration of the HYbrid Coordinate Ocean Model (HYCOM). The model was originally 149 

configured by Xu et al. (2010) and used in several studies in both the Atlantic Ocean and Nordic 150 

Seas (Xu et al. 2010; 2012; 2013).  The model domain spans from 28°S to 80°N and has 32 151 

vertical layers. The horizontal resolutions range from 3-5 km in the subpolar North Atlantic. 152 

Along the northern and southern boundaries we apply the no-normal flow condition in the 153 

velocity field and restore the temperature and salinity to their monthly climatological fields. 154 

Further details of the model setup are explained by Xu et al. (2010; 2012) and therefore not 155 

repeated here. 156 

The 1/12° HYCOM simulations were found to successfully reproduce both the long-term 157 

mean and variations of the subpolar North Atlantic circulation, particularly the AMOC, the 158 

boundary currents in the Labrador Sea, and the North Atlantic Current (Xu et al. 2012; 2013).  159 

We used the climatological simulation E026 by Xu et al. (2012) as an initial condition, from 160 

which our regional HYCOM model was further integrated for 25 years by repeatedly using the 161 

daily 1992 atmospheric forcing from National Centers for Environmental Prediction (NCEP) 162 

Climate Forecast System Reanalysis (CFSR) data. After this 25-year spin-up, three experiments 163 

were performed. In the control run, the HYCOM was integrated from 1992 to 2015 with daily 164 

forcing fields from NCEP CFSR data. In the momentum run, the HYCOM was forced by 165 

climatological buoyancy flux, but interannually varying momentum fluxes. In the buoyancy run, 166 

the model was driven by climatological momentum flux, and interannually varying buoyancy 167 

flux. The two sensitivity experiments are designed to evaluate the relative contribution from each 168 

forcing field – buoyancy or wind stress – to the interannual variations of the NIIC.   169 



3 Results 170 

3.1 Mean and seasonal cycle  171 

The HYCOM control experiment reproduces reasonably well the surface circulation in the 172 

subpolar North Atlantic (Fig.2). In addition to the topographic-following cyclonic circulation and 173 

the East Greenland Current (EGC), the model also simulates reasonably well the three AW 174 

inflow branches to the Nordic Seas in the Faroe-Shetland Channel, over the Iceland-Faroe Ridge 175 

and on the eastern part of the Denmark Strait. The simulated circulation is broadly consistent 176 

with that derived from available observations (e.g. Valdimarsson  and Malmberg, 1999; 177 

Jakobsen et al. 2003). The warm and saline water masses are clearly present along the pathways 178 

of the three inflow branches (Fig.3), indicating their origins from the Atlantic Ocean. Once in the 179 

Nordic Seas the AW is either transformed to dense waters or further transported into the Arctic 180 

Ocean.   181 

 182 



 183 

Figure 3. Mean fields at 110 m simulated by HYCOM for (a) Temperature (℃) and (b) Salinity. 184 

The LB6 (station 6 on the Látrabjarg transect) and KG6 (station 6 on the Kögur section) sites are 185 

indicated. These are the AW and PW end member locations (see text). Isobaths (white contours) 186 

are the same as in Fig. 2.  187 

 188 

 189 

 190 



This study focuses on the NIIC which separates from the Irminger Current in the region to the 191 

southwest of Iceland and flows northward then eastward over the outer north Icelandic shelf.  We 192 

now compare the modeled NIIC at the Hornbanki section to the observations. The measured 193 

velocity field along the Hornbanki section indicates that the shelf region with water depths 194 

shallower than 300 m is occupied by eastward flow (Fig. 4a). The eastward current has a strong 195 

barotropic component inshore of the shelfbreak with significant flow extending from the surface 196 

to the bottom. Farther offshore, there is a branch of westward flow toward the Denmark Strait 197 

centered near the 600 m isobath. This is the NIJ, which transports overflow water denser than 𝜎𝜃 198 

=  27.8 𝑘𝑔/𝑚3 (see also Jónsson 1999; Jónsson and Valdimarsson 2004; Våge et al. 2011; 199 

Pickart et al. 2017).  200 

The model output, subsampled to the cruise periods, shows consistent structure with the 201 

observed velocity fields (Fig. 5a). The model has a well-defined velocity core near the shelfbreak 202 

where the density front is located.  The maximum velocity in both the observations and the 203 

model is more than 0.2 m/s, suggesting that the NIIC is a relatively strong current. While there 204 

are no observations south of 66.7°N, the numerical results reveal another branch of eastward 205 

velocity in the coastal region. The model also reproduces the westward NIJ on the continental 206 

slope, but its amplitude is weaker than the observations. It should be mentioned that the long-207 

term mean fields, averaged over all monthly model outputs between 1992 and 2015, are very 208 

similar and not shown here. As such, the fields displayed here accurately reflect the long-term 209 

pattern.  210 

     The warm and salty AW can be easily identified between the coast and shelfbreak in both the 211 

observations and model (Fig.4 and Fig. 5). A layer of low salinity water is located near the 212 

surface, likely due to the fact most cruises were performed in summer. The front between the 213 



AW and the relatively colder and fresher water offshore is bounded by the 𝜎𝜃 levels 27.6 and 214 

27.9 and is collocated with the eastward flow. Following the method employed by Jónsson and 215 

Valdimarsson (2012) and Pickart et al. (2017), we computed the AW fraction across the 216 

Hornbanki section for the model output. In particular, we chose the AW and PW end member 217 

sites to be at the same geographical locations as those used in the observational studies, denoted 218 

by LB6 and KG6, respectively
2
, in Fig. 3. The simulated temperature and salinity maps at 110m 219 

indicate that indeed the LB6 site is embedded in the AW, and the water mass at KG6 is 220 

characterized by the cold and fresh PW (Fig. 3 and Fig. 6). Furthermore, the amplitudes of both 221 

the seasonal and interannual variations at KG6 are larger than at LB6 (Fig. 6), which is 222 

consistent with observations (Jónsson and Valdimarsson 2012). We then computed the fraction 223 

of AW at each depth along the Hornbanki section using the corresponding end member 224 

temperature and salinity values at LB6 and KG6. Finally, the AW transport across the Hornbanki 225 

section was calculated by multiplying the AW fraction, velocity and spatial area for each grid 226 

cell in HYCOM.  227 

                                                            
2 LB6 is station 6 on the Látrabjarg line and KG6 is station 6 on the Kögur line [Jonsson and Valdimarsson, 2012]. 



 228 

Figure 4. Mean vertical sections along the Hornbanki section from the observations. Zonal 229 

velocity (a, unit: m/s), temperature (b, unit:  ℃) and salinity (c). The potential density (𝜎𝜃, unit: 230 

kg/m
3
) are denoted by black contours. The average positions of the CTD stations are indicated by 231 

asterisks. The average station distance is about 18.5 km on the shelf and about 8 km offshore the 232 

shelfbreak. 233 

 234 



 235 

Figure 5. Same as Fig. 4 except for the Hornbanki section from the HYCOM control experiment.  236 

The model outputs are between 1992 and 2015 and the fields correspond to the cruise periods, 237 

except the shipboard occupation in Aug. 2017.   238 

 239 



 240 

Figure 6. Temperature (a) and salinity (b) at 110m for the LB6 (red) and KG6 (blue) stations in 241 

the HYCOM control run. The black lines denote the temperature and salinity at 110m at the 242 

Hornbanki section (67°N).     243 

 244 

 245 

 246 

 247 



  The monthly-averaged total NIIC transport (i.e. not just the AW portion) for the model time 248 

period of 1992–2015 reveals a significant amount of variability (Fig. 7a). The long-term mean 249 

value is 1.36±0.40 Sv. A 2-year low-pass filter is applied to isolate the interannual signal, which 250 

has a range of 1.00 Sv to 1.86 Sv.  Fig. 7a also shows the monthly time series of the AW 251 

transport in the HYCOM control experiment compared with the observations analyzed by 252 

Jónsson and Valdimarsson (2012). The mean model AW transport is 0.81 Sv compared to the 253 

measured value of 0.88 Sv. The correlation coefficient between the model and data is 0.72, 254 

which is significant at the 95% confidence level of Student’s t test. The standard deviation in the 255 

model is 0.40 Sv, slightly larger than that from the measurements, 0.34 Sv. It should be 256 

emphasized that the total NIIC transport is about 0.55 Sv higher than the AW volume transport. 257 

While both of them have similar standard deviations (0.40 Sv), we now show that their seasonal 258 

and interannual characteristics are different.   259 

      The monthly climatological seasonal cycle for the total simulated NIIC transport, as well as 260 

the AW portion, are presented in Fig. 7b. The total transport reaches a minimum in late-winter 261 

and maximum in late-fall. However, the AW component has a more pronounced seasonal cycle 262 

which peaks earlier in the fall. This is because the seasonal variation of the AW component 263 

reflects the changes in both the velocity and the AW fraction. The seasonal range in AW 264 

transport is about 0.75 Sv in HYCOM compared to 0.45 Sv for the total NIIC transport. 265 

Therefore, the AW fraction is an important factor to modulate the seasonal variation of the AW 266 

transport in the NIIC. The percentage of AW along the model section exhibits a minimum of 50% 267 

in March and a maximum of 95% in September. 268 

The observed seasonal cycle for the AW transport is similar to that in the HYCOM control 269 

experiment (Fig. 7b). Both model results and observations show that the minimum transport 270 



occurs in late winter and the maximum takes place in early-fall. However, there are some 271 

differences most notably that the seasonal range is greater in the model (0.75 Sv in HYCOM 272 

compared to 0.68 Sv for the observations), and that the measured AW transport decreases more 273 

markedly after September. The difference between the modeled and observed seasonal cycles for 274 

the AW properties and transports is likely due to the model’s deficiency in representing the 275 

mixing between AW and PW. For example, the observed maximum proportion of AW occurs in 276 

July with a value of 85% (Jónsson and Valdimarsson 2012), compared to September with a 277 

percentage of 95% in the model. Observational biases may also contribute to the model-data 278 

inconsistency. We note that the KB6 and LB6 stations were sampled four times annually, and 279 

occasionally missing instruments or moorings on the Hornbanki section cause about 10% - 15% 280 

error in the estimation of the AW transport (Jónsson and Valdimarsson 2012). 281 

 282 

 283 



 284 

Figure 7. a) Monthly (blue thin line) and 2-year low-pass filtered (blue thick line) time series for 285 

the total model NIIC transport (without being weighted by the AW fraction). Also shown are the 286 

monthly AW transports of the NIIC across the Hornbanki section in the HYCOM control 287 

experiment (gray thin line) and the observation (magenta thin line). The 2-year low-pass time 288 

series are indicated as well (black thick line for HYCOM and red thick line for observation).  b) 289 

Climatological seasonal cycles of the AW transport from HYCOM (black line) and the 290 

observation (red line), and that for the total NIIC transport (blue line). The standard deviations 291 

are denoted by the thin vertical bars.   292 

 293 



      The spatial structure associated with the seasonally varying NIIC can be identified from the 294 

satellite altimetry data (Fig. 8). When the NIIC reaches its minimum and maximum transports in 295 

March and September, respectively, the ADT exhibits corresponding negative and positive 296 

anomalies along the Iceland coast.  The ADT in March is anomalously low over the entire north 297 

Icelandic shelf and extends southwestward to about 63.5°N. The ADT away from the shelf has 298 

positive anomalies, and this gradient helps set up a westward anomalous geostrophic current. 299 

The anomaly of the surface geostrophic current matches the pattern of the anomalous ADT quite 300 

well, suggesting that the NIIC seasonality has a broad spatial scale and coherent variability 301 

around Iceland. The maximum anomalous velocity is found to be near the shelfbreak 302 

(approximately the 200 m isobath) where the core of the zonal velocity along the Hornbanki 303 

section is located. Therefore, the seasonal cycle identified at the Hornbanki section is 304 

representative for flows all along the North Icelandic shelf.  305 

The horizontal patterns of the temperature and salinity anomalies at 110 m in HYCOM 306 

suggest that the North Icelandic shelf has coherent hydrographic changes in March and 307 

September (Figs 9 and 10). The peak to peak seasonal change has amplitudes of 8°C in 308 

temperature and 0.40 in salinity. The most significant changes in temperature and salinity mainly 309 

occur shoreward of the 200-m isobath where the mean hydrographic front is located. The 310 

seasonal change in velocity at 200 m from HYCOM is qualitatively similar to that seen in the 311 

surface satellite data. The largest variations in velocity at 200 m are found to be near the 312 

temperature and salinity front, suggesting that the heat and salt advection by the NIIC may 313 

modulate the intensity of the density front and hence affect the baroclinic current near the 314 

shelfbreak.     315 

 316 



 317 

Figure 8. The anomalous absolute dynamical topography (Unit: m) in March (a) and September 318 

(b) corresponding to the minimum and maximum months in the climatological seasonal cycle 319 

constructed from the altimetry data. The corresponding surface geostrophic current anomalies are 320 

indicated by the vectors. Isobaths are shown in gray lines.  321 

 322 



 323 

Figure 9. Temperature anomalies (Unit: ℃) at 110m in March (a) and September (b) from the 324 

climatological cycle in the HYCOM control run. The corresponding velocity anomalies are 325 

indicated by the vectors. Isobaths are shown in gray lines. 326 

 327 



 328 

Figure 10. Same as Fig. 9 except for Salinity anomalies (color shading).   329 

 330 

 331 

 332 

 333 

 334 

 335 



3.2 Interannual variability  336 

   The most prominent change in the NIIC over the last two decades is the increase of the AW 337 

transport in 2003 (Figs 7a, 11a). The AW volume transport reached a peak value of 1.30 Sv, 338 

significantly above the long-term average transport of 0.88 Sv. The event began in late 2002 and 339 

lasted until spring 2003, when the climatological AW volume transport should be seasonally low. 340 

This event is well simulated in the control experiment with a relatively high correlation 341 

coefficient of 0.67 between the model and observations. Notably, there is only a small increase in 342 

2003 for the low-pass filtered full NIIC transport (Fig. 7a). The enhancement in the AW 343 

transport was accompanied by an increased proportion of AW in the NIIC water, which reaches 344 

about 82% in the model and 76% in observations (Jónsson and Valdimarsson 2012). For 345 

comparison, the proportion of AW for other years is 65%-75% in the HYCOM control run and 346 

53%-67% in the measurements.  Thus, the 2003 event clearly stands out from all other years in 347 

both AW volume transport and water mass composition.   348 

The elevated proportion of AW resulted in increases in both temperature and salinity of the 349 

NIIC water. This is confirmed by the 2-year low-pass filtered temperature and salinity time 350 

series at 110 m at 67°N along the Hornbanki section (black curves in Fig.11 b, c). The vertical 351 

sections for the temperature and salinity anomalies in 2003 indicate that the most prominent 352 

changes took place in the upper 200 m (Fig. 12a and Fig.13a). Similar anomalies in both 353 

temperature and salinity are found at the LB6 station (see Fig. 3) where the core AW is located.  354 

However, no significant increase in either temperature or salinity is detected at the KG6 station 355 

(see Fig. 3) which is predominantly characterized by PW. In addition, the warming event in 2003 356 

was also detected downstream of the Hornbanki section (Jónsson and Valdimarsson 2012). 357 

Therefore, our analyses indicate that changes observed in 2003 at the Hornbanki section resulted 358 



from an increased AW transport along the north Icelandic shelf. The characteristics of this event 359 

have been well simulated in our control experiment. Therefore, we are confident that our model 360 

is suitable for examining the overall interannual variability. 361 

 362 

 363 

Figure 11.   Interannual anomalies of the AW transport (a), Temperature (b) and salinity (c) at 364 

110 m along the Hornbanki section in the control (black), buoyancy (green), and momentum 365 

(blue) experiments.  The observed AW transport is illustrated by magenta line in panel a). 366 

 367 



 368 

Figure 12. Temperature anomaly for the Hornbanki section in April 2003 when the largest AW 369 

transport in the NIIC occurs (Unit: ℃). The anomaly is calculated from the 2-year low pass 370 

filtered data in Control (a), Momentum (b), and Buoyancy (c) runs. The superposition of the 371 

anomalies in momentum and buoyancy experiments are displayed in (d) which recover the 372 

control results.  373 

 374 



 375 

Figure 13. Same as Figure 12 except for the salinity field. 376 

 377 



 378 

Figure 14, Same as Figure 12 except for the zonal velocity. (Unit: m/s) 379 

 380 

 381 

 382 

 383 

 384 

 385 



     To identify the causes for year-to-year changes in the HYCOM control run, outputs from the 386 

momentum and buoyancy experiments are analyzed. Note that the seasonal cycles in all three 387 

expeirments are quite similar because they share the same climatological seasonal foricng. Their 388 

differences are due to interannual forcings.The  momentum case uses interannually changing 389 

wind stress forcing whereas the  buoyancy experiment is forced by interannually change 390 

buoyancy fluxes. The long-term averaged AW transport in the momentum run is about 0.87 Sv, 391 

virtually identical to 0.88 Sv in the control experiment. The buoyancy run generates a mean AW 392 

transport of 0.78 Sv. The 2-year low-pass filtered AW transport shows that the momentum 393 

experiment produces interannual changes that closely resemble the control run (Fig.11a). In 394 

contrast, the AW transport in the buoyancy run is relatively steady. Specifically, the intensified 395 

AW transport in 2003 reaches a maximum of 1.15 Sv in the momentum experiment, but only 396 

about 0.90 Sv in the buoyancy run. Therefore, the interannual variations in the AW transport are 397 

predominately due to the interannually varying momentum fluxes.     398 

     The low-pass filtered temperatue time series demonstrate that both the momentum and 399 

buoyancy experiments produce a temperature increase in early 2003. In both experiments, the 400 

temperature anomalies at 110 m along the Hornbanki section at 67°N are about 0.6-0.7 ℃  during 401 

the 2003 event, which is about half of the 1.4  ℃ in the control run. Over the whole simulation 402 

period from 1992 to 2014, neither experiment alone can account for the overall interannual 403 

changes in temperature that were simulated in the control run. The statistical correlation is 0.69 404 

between momentum and control experiments and is 0.75 between buoyancy and control runs, 405 

both significant at the 95% confidence level.  406 

The temperature anomalies along the Hornbanki section during the maximum AW transport in 407 

2003 show rather different patterns between the momentum and buoyancy experiments (Fig.12). 408 



More significant changes in the momentum run are found to be primarily near the shelfbreak and 409 

offshore. The temperature anomaly in the momentum experiment reveals a localized region of 410 

warming near the shelfbreak that co-locates with the core of the NIIC, indicating that it is likely 411 

associated with an intensified AW volume flux.These temperature anomalies help to strengthen 412 

the mean temperature front, resulting in a stronger eastward flow. By contrast, the warming 413 

generated by the buoyancy experiment increases from the outer shelf towards the inner shelf. It is 414 

thus evident that changes in buoyancy flux do not significantly affect the AW volume flux and 415 

are not responsible for the increased transport in 2003 (Fig. 11a). However, they are partly 416 

attributable to temperature anomalies in the shallow waters offshore, which is seen in Figure 12c.         417 

    The response in salinity is rather different than that in temperature. The low-pass filtered 418 

salinity time series simulated by the momentum experiment closely follows that in the control 419 

run and their correlation is about 0.72, significant at the 95% confidence level (Fig. 11c). The 420 

salinity anomalies in both experiments range between -0.1 and 0.14. In contrast, interannual 421 

variations in salinity are weak in the buoyancy experiment and do not correlate with those in the 422 

control run (0.05). The vertical section for the salinity anomaly in 2003 reveals that large 423 

anomalies are found on the north Icelandic shelf in both the control and momentum experiments 424 

(Fig. 13). In addition,  the salinity anomalies in both experiments help to intensify the front near 425 

the shelfbreak . The salinity anomalies in the buoyancy run are very small almost everywhere 426 

along the section, suggesting that the surface buoycancy flux has little impact on the interannual 427 

salinity changes.  River run-off is included in the model’s forcing field. Its freshwater input is 428 

only about  0.0048 Sv, and its role in salinity variability is negligible compared with the oceanic 429 

transport in this region (Jonsdottir 2008).  Based on the AW volume fluxes in the momentum and 430 

buoyancy experiments and the salinity pattern shown in Figure 13, we conclude that the 431 



interannual changes for salinity along the Hornbanki section are primarily due to the advection of 432 

AW within the NIIC.     433 

 The zonal velocity anomalies along the Hornbanki section reveal the spatial structure for the 434 

maximum AW transport in 2003 (Fig. 14). Both the control and momentum experiments generate 435 

significant velocity changes over the upper 300 m with elevated amplitude on the shelf, 436 

shelfbreak and offshore part of the section. The velocity anomaly in the buoyancy run is mostly 437 

confined to the shelf break, which is induced by the buoyancy-forced warming signals over the 438 

shallow waters. Overall, the velocity responses are consistent with patterns in the temperature 439 

and salinity anomalies. 440 

As discussed above, another important factor modulating the AW transport across the Hornbanki 441 

section is the relative proportion of AW and PW in the NIIC water.  The AW percentages in 442 

early 2003 are about 82% and 80% in control and momentum experiments, respectively. In 443 

contrast, the NIIC water in the buoyancy run only includes about 68% of the AW, which is the 444 

same level as in the climatological state. Therefore, the AW transport in the buoyancy run does 445 

not have an obvious increase in early 2003 (Fig. 11a).  446 

    The premise for comparing the control, momentum and buoyancy experiments is that the 447 

physics for the AW interannual variability can be separated into “momentum -driven” and 448 

“buoyancy-driven” parts. Despite the inherently nonlinear nature of the ocean circulation, a 449 

linear superposition of changes from buoyancy and momentum forcing largely replicates the 450 

temperature, salinity and velocity anomalies in the control experiment (Fig.12d, Fig.13d and 451 

Fig.14d). This indicates that the dynamics governing the AW transport are predominantly linear. 452 

    453 



3.3 Atmospheric forcing in 2003 454 

     To further identify regions where the momentum flux has the largest impact on the AW 455 

interannual variability, we computed the statistical correlation between the low-pass filtered AW 456 

transport in the control run and surface wind stress used in the model. The biggest interannual 457 

change, i.e. the 2003 event, only lasted for several months, so that it is difficult to reveal any 458 

time lags between the atmospheric forcing and oceanic response using monthly time series. This 459 

study is therefore trying to identify the important regions to affect the NIIC and its AW transport. 460 

The long-term mean surface wind stress exhibits a cyclonic circulation associated with the 461 

Icelandic Low (Fig. 15a). The regressions of zonal and wind stress onto the AW transport leads 462 

to a spatial pattern that is quite similar to the long-term field (Fig. 15b). The statistically 463 

important regions can be found from the correlation between the AW transport and the wind 464 

stress magnitude. The regions passing the 95% confidence level of the Student’s t test are the 465 

eastern coast of Greenland, the northern Irminger Sea, as well as the area adjacent to southwest 466 

Iceland. Since the PW at the KG6 station does not show substantial interannual variability in 467 

temperature and salinity, the wind forcing off Greenland is less likely to be responsible for 468 

changes of the AW transport across the Hornbanki section. The increased southeasterly wind 469 

parallel to the southwest coast of Iceland leads to onshore Ekman transport and consequently 470 

produces northward geostrophic flow. The changes in pressure gradient and geostrophic velocity 471 

would propagate to the Hornbanki section and enhance the AW transport. These processes either 472 

in barotropic or baroclinic occur on relatively short time scale, usually less than 1 month (Richter 473 

et al. 2009). It is therefore difficult to capture them by lead-lag correlations of monthly data. In 474 

addition, the intensified easterly wind in the northern Irminger Sea would enhance the Irminger 475 

Current and hence increase the part that feeds the NIIC. Therefore, it appears more likely that the 476 



wind forcing southwest of Iceland and in the northern Irminger are responsible for the 477 

interannual variability of AW transport along the Hornbanki section.   478 

To further elucidate the role of the wind field in the 2003 anomaly of AW transport in the NIIC, 479 

we examined the Sea Level Pressure (SLP) field from the monthly NCEP-CFSR dataset. The 480 

climatological mean SLP from January to April is constructed from the monthly data between 481 

1992 and 2015. As shown in Fig.16a, the Icelandic Low is centered in the Irminger Sea, and in 482 

the Nordic Seas there is a signature of the Lofoten Low (in the northeastern-most part of the 483 

domain). In contrast, the mean SLP between January and April in 2003 indicates that the 484 

Icelandic Low deepened considerably and expanded into the Labrador Sea (Fig. 16b). The low 485 

pressure in the Nordic Seas also weakened. Taking the difference between the mean SLP in Jan.-486 

Apr. 2003 and its corresponding climatological field yields the SLP anomaly pattern in early 487 

2003 (Fig.16c). The SLP anomaly reveals a strong dipole, with a low centered near the southern 488 

tip of Greenland and a high located in the eastern Norwegian Sea. This large scale SLP anomaly 489 

is associated with strengthened southeasterly winds off the southwest coast of Iceland, which in 490 

turn would result in more AW advected onto the north Icelandic shelf.  491 

 492 



 493 

 494 

Figure 15.  a) Mean (1992-2015) surface wind stress from the CFSR dataset is displayed in 495 

vectors and its magnitude is in color shading.  b) Regression of low-pass filtered wind stress onto 496 

the low-pass filtered AW transport in the control run. The correlation between the AW transport 497 

and the wind stress magnitude is displayed in color shading. The green lines mark the region 498 

where the confidence level exceeds 95% in the Student's t-test. 499 

 500 



 501 

 502 

Figure 16. a) Climatological mean sea level pressure (SLP) from January to April for the time 503 

period  1992 – 2015. b) Mean SLP field between January and April 2003.  c) The 2003 mean 504 

field minus the climatological mean field. In panels a) and b), a reference value for the mean sea 505 

level pressure (1.01325 × 105 Pa) is removed from the original data.  Unit: Pa. 506 

 507 

  508 

 509 



4 Summary and Discussion 510 

    In this study we have used the high-resolution HYCOM numerical model, together with 511 

various data sources, to investigate the seasonal to interannual variability of the North Icelandic 512 

Irminger Current (NIIC) and its AW transport. The mean hydrography and velocity structure 513 

along the Hornbanki section north of Iceland are well reproduced by HYCOM. Consistent with 514 

observations, the model shows that the warm and salty water in the NIIC occupies the north 515 

Icelandic shelf and helps maintain a hydrographic front near the shelfbreak. The NIIC velocity 516 

profiles have both strong barotropic and baroclinic components. The core of the current is near 517 

the shelfbreak, corresponding to the density front.   518 

    The water mass in the NIIC is a mixture of Atlantic water (AW) and polar water (PW) and 519 

their ratios at the Hornbanki section were estimated using two end-member hydrographic profiles, 520 

as has been done in previous observational studies. The fraction of AW ranges from 50% to 95%, 521 

yielding a mean value of 72%. This value is slightly higher than the 66% obtained from the 522 

observations of Jónsson and Valdimarsson (2005). The mean AW transport in the model, as well 523 

as the simulated seasonal cycle and interannual variability, compare well with that from 524 

observations. This reveals that the essential dynamics governing the flow of AW are well 525 

represented in the model.  526 

The volume flux of AW in the NIIC varies considerably with season, from a minimum in late 527 

winter and early spring to a maximum in early fall. Variability in the relative percentages of the 528 

AW and PW contributes significantly to the NIIC seasonal cycle. The AW fraction changes 529 

seasonally in coherence with the AW volume transport. The seasonal changes of the 530 



hydrographic structure over the entire north Icelandic shelf are in turn strongly modulated by this 531 

transport.  532 

  The most significant interannual change along the Hornbanki section in the two decades 533 

considered here occurred in 2003 and was related to the enhancement of the AW transport by the 534 

NIIC. This event is captured well in our control experiment. Two additional experiments were 535 

conducted to separate the impacts of buoyancy and momentum fluxes on the NIIC. Changes in 536 

wind stress alone, as shown in the momentum experiment, are largely responsible for the 537 

interannual variations in the AW volume transport and salinity. Variations in temperature, 538 

however, are attributed almost equally to changes in surface wind stress and buoyancy fluxes. 539 

Our analyses show that the two forcing fields affect the temperature through different processes. 540 

The wind-driven AW transport brings warm water onto the shelf and consequently impacts the 541 

temperature near the shelfbreak. The buoyancy forcing generates a temperature anomaly through 542 

surface forcing, with signals mainly located on the shelf and in the surface layer offshore.  543 

Further statistical analyses between the AW volume transport and surface wind stress reveal 544 

that it is the wind stress southwest of the Iceland that seems to be primarily responsible for the 545 

interannual variability of the AW transport. Intensified southeasterly winds strengthen the NIIC 546 

transport of the AW to the north Icelandic shelf. This is consistent with the composite analyses 547 

conducted by Richter et al. (2009) who showed that the NIIC transport correlates positively with 548 

southerly wind anomalies around Iceland.  549 

Previous studies pointed out that the wind-stress forcing is primarily responsible for salinity 550 

anomalies entering the Nordic Seas (Hátún et al. 2005; Häkkinen et al. 2011). Weakening 551 

cyclonic wind stress curl in the subpolar North Atlantic renders a westward shift of the subpolar 552 



front, so that more warm and saline subtropical waters penetrate farther north in the eastern sub-553 

basin and hence increase the salinity in the inflow to the Nordic Seas. The most striking feature 554 

for the wind-stress curl over the subpolar gyre is a decreasing trend starting from the 1990s. It 555 

qualitatively agrees with the increasing trend detected from the observed salinity time series 556 

along the Kögur section to the west of the Hornbanki line (Pickart et al. 2017). The numerical 557 

results in this study do not generate a long-term trend, at least not along the Hornbanki section. 558 

Instead, the most important interannual changes are the increased AW transport and 559 

hydrographic signals in 2003. They are attributed to the wind forcing southwest of Iceland 560 

generated by the strengthening and westward shift of the Icelandic Low in early 2003. Although 561 

the local wind around Iceland is affected by the large scale atmospheric pattern in the subpolar 562 

gyre, the different behaviors in the salinity time series suggest that the interannual variability 563 

discussed here is different from the long-term trend in the large-scale forcing.  564 

 565 
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