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3Università Ca’ Foscari di Venezia
4Consiglio Nazionale delle Ricerche - Istituto di Scienze Polari
5University of Bologna
6University of L’Aquila
7CONSIGLIO NAZIONALE DELLE RICERCHE

June 23, 2023

Abstract

Kongsfjorden is an Arctic fjord in Svalbard, which is largely influenced by the West Spitsbergen Current (WSC), transporting

warm and salty Atlantic Water (AW) into the Arctic. The geostrophic control typically prevents AW from entering the fjord in

winter, whereas energetic wind events develop the Spitsbergen Trough Current (STC), ultimately flooding fjords facing the West

Spitsbergen Shelf with AW. However, an exhaustive understanding of the interplay between these two opposite mechanisms

and a clear knowledge of conditions leading to AW winter intrusions are still lacking. In this study, observational and reanalysis

data show that wind reversal events trigger AW intrusions, while the ocean density is a key preconditioning factor limiting

the occurrence of AW intrusions to specific winters only. Wind reversals are strong southerly wind events linked to the setup

of a high pressure anomaly over the Barents Sea, followed by a circulation reversal with northerly winds. Winters with AW

intrusions feature fresher and less dense fjord waters compared to AW, resulting in the breakdown of the geostrophic control

mechanism at the fjord mouth, which opens the fjord to waters advected from the WSC by wind reversals. The low salinity

signal is consistent with a large freshwater production through summer Arctic sea-ice melting in the Barents Sea. Another

mechanism is observed only in winter 2014: southern winds blew continuously for two months and transported surface AW

from the WSC to the fjord, eventually forcing AW to intrude near the surface, on top of denser local waters.
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Key points: 13 

● Sudden intrusions of Atlantic Water in Kongsfjorden during winter are triggered by 14 

abrupt reversals of local meridional winds 15 

● The geostrophic control is disrupted by the advection of anomalously low salinity 16 

waters in the fjord, opening the fjord to AW intrusions 17 

● The 2014 Atlantic Water intrusion was triggered by long-lasting southerly winds, 18 

transporting warm surface waters toward the fjord  19 
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Plain Language Summary 20 

Kongsfjorden is an Arctic fjord in Svalbard, which is largely influenced by the West 21 

Spitsbergen Current (WSC), transporting warm and salty Atlantic Water (AW) into the Arctic. 22 

In the fjord, occasional winter intrusions of AW occur, leading to abrupt warming events. We 23 

found that such intrusions are triggered by wind reversals, i.e., energetic winds from the 24 

south followed by winds from the north, which uplift AW from the WSC and guide it toward 25 

Kongsfjorden. However, AW can enter the fjord only in those winters characterized by a fjord 26 

density lower than that of the WSC, which typically follows a large freshwater production 27 

through summer Arctic sea-ice melting in the Barents Sea. Hence, the atmosphere initially 28 

triggers the AW intrusion, while ocean conditions defining each winter are a key 29 

preconditioning factor opening the fjord to the intrusion. A second mechanism is observed 30 

only in 2014: winds from the south blew continuously for two months and transported surface 31 

AW from the WSC to the fjord, eventually forcing AW to intrude near the surface, on top of 32 

denser local waters.  33 

 34 

 35 

Abstract 36 

Kongsfjorden is an Arctic fjord in Svalbard, which is largely influenced by the West 37 

Spitsbergen Current (WSC), transporting warm and salty Atlantic Water (AW) into the Arctic. 38 

The geostrophic control typically prevents AW from entering the fjord in winter, whereas 39 

energetic wind events develop the Spitsbergen Trough Current (STC), ultimately flooding 40 

fjords facing the West Spitsbergen Shelf with AW. However, an exhaustive understanding of 41 

the interplay between these two opposite mechanisms and a clear knowledge of conditions 42 

leading to AW winter intrusions are still lacking. In this study, observational and reanalysis 43 

data show that wind reversal events trigger AW intrusions, while the ocean density is a key 44 

preconditioning factor limiting the occurrence of AW intrusions to specific winters only. Wind 45 

reversals are strong southerly wind events linked to the setup of a high pressure anomaly 46 

over the Barents Sea, followed by a circulation reversal with northerly winds. Winters with 47 

AW intrusions feature fresher and less dense fjord waters compared to AW, resulting in the 48 

breakdown of the geostrophic control mechanism at the fjord mouth, which opens the fjord to 49 

waters advected from the WSC by wind reversals. The low salinity signal is consistent with a 50 

large freshwater production through summer Arctic sea-ice melting in the Barents Sea. 51 

Another mechanism is observed only in winter 2014: southern winds blew continuously for 52 

two months and transported surface AW from the WSC to the fjord, eventually forcing AW to 53 

intrude near the surface, on top of denser local waters.   54 
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1. Introduction 55 

The Arctic is acknowledged as a “climatic hotspot” by the scientific community (Meredith et 56 

al., 2019). Arctic surface temperatures are increasing at a higher rate compared to the global 57 

average since the 1960s, a process named Arctic amplification (Chylek et al., 2009; Serreze 58 

& Barry, 2011; Richter-Menge and Druckenmiller, 2020), sustaining the loss of Arctic sea-ice 59 

volume (Carmack et al., 2015; Comiso, 2012) and the ice-albedo feedback (Curry et al., 60 

1995). The Eurasian Arctic is subjected to Atlantification, i.e., the propagation of the Atlantic 61 

domain toward the Arctic (Lind et al., 2018; Polyakov et al., 2017). The stability of the water 62 

column, featuring fresh and cold Arctic Water (ArW) on top and warmer and saltier Atlantic 63 

Water (AW) at intermediate/deep layers is being eroded by an enhanced upward flux of heat 64 

and salt. Principal consequences are sea-ice melting, warming of the lower atmosphere, a 65 

change in air-ocean interactions and in the ecosystem structure (Ingvaldsen et al., 2021).  66 

The Svalbard archipelago is set in the Eurasian Arctic and surrounds the eastern side of the 67 

Fram Strait, the main gateway of AW to the central Arctic basin. The largest island, i.e., 68 

Spitsbergen, presents different broad fjords on its western side: Kongsfjorden, Isfjorden, 69 

Bellsund and Hornsund. The hydrography and climate of these fjords are largely influenced 70 

by the two main currents of the region: the West Spitsbergen Current (WSC) and the 71 

Spitsbergen Polar Current (SPC) (Helland-Hansen & Nansen, 1909). The barotropic and 72 

topographically steered WSC transports AW northward along the continental slope. The 73 

WSC is characterized by a strong seasonality, with the largest AW transport in late autumn 74 

and early winter (Beszczynska-Möller et al., 2012b; Walczowski & Piechura, 2011). WSC 75 

properties and structure undergo large interannual variability linked to the general oceanic 76 

and atmospheric circulation pattern over the North Atlantic (Chatterjee et al., 2018; Muilwijk 77 

et al., 2018; Raj et al., 2018; Wang et al., 2020). The SPC flows northward on the West 78 

Spitsbergen Shelf (WSS), parallelly to the WSC, and is identified by cross-shelf sloping 79 

isopycnals, revealing its geostrophic nature (Svendsen et al., 2002). It carries ArW and sea-80 

ice from Storfjorden and the Barents Sea, and travels on the shallowest layers close to the 81 

West Spitsbergen coast. Figure 1 illustrates a map of Spitsbergen and its fjords, along with 82 

main currents flowing in the area.  83 

 84 
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Intermediate Water and Transformed Atlantic Water. Different mechanisms have been 99 

proposed to explain AW intrusions in Kongsfjorden. A geostrophic control mechanism 100 

prevents shelf waters from entering the fjord, especially during the winter season (Cottier et 101 

al., 2005; Klinck et al., 1981; Svendsen et al., 2002). The degree of control is determined by 102 

the strength of the SPC, depending primarily on the shelf-fjord density gradient. When the 103 

coastal current faces larger densities on the right, i.e., when the density in the fjord is larger 104 

than that on the shelf, its strength will increase with increasing depths. This condition is 105 

typical of winter months when fjord heat loss to the atmosphere and sea-ice production 106 

increase density in the deep fjord basin. As a result, AW advected near the bottom through 107 

Kongsfjordrenna will join this current at the fjord mouth, making a detour northward. On the 108 

opposite, when shelf waters are denser than fjord waters, typically in summer months, during 109 

which large amounts of freshwaters are released from local glaciers, the speed of the 110 

coastal current will decrease with depth. The geostrophic control mechanism breaks down 111 

and WSC waters are free to enter the fjord at intermediate and large depths, while the 112 

coastal current is confined in the upper layers. Density variations on the shelf develop 113 

horizontal pressure gradients between the fjord and the shelf driving baroclinic currents 114 

(Klinck et al., 1981; Stigebrandt et al., 1981; Svendsen et al., 1980). Such variations are 115 

generated by wind convergence and divergence near the coast, causing downwelling and 116 

upwelling, or by advection of horizontal density gradients along the coast. Strong southerly 117 

winds and a negative wind curl over the WSS can stack up less dense surface waters along 118 

the coast. Once the wind ceases, the water column on the shelf returns to a normal 119 

stratification state and the fjord adjusts to it with an outflow near the surface and an inflow 120 

near the bottom. Episodes of this “intermediary circulation” have been observed also in 121 

Greenland fjords (Jackson et al., 2014; Straneo et al.; 2010). Wind events on the shelf can 122 

also lead to geostrophic advection of WSC waters into West Spitsbergen fjords through the 123 

development of the Spitsbergen Through Current (STC) (Nilsen et al., 2016). Water 124 

convergence near the coast enhances the positive gradient in the surface tilt over the shelf 125 

break. As a result, both the WSC and the SPC are strengthened (Teigen et al., 2010), and 126 

the WSC is moved on shallower isobaths on the WSS, generating the topographically guided 127 

STC. Once the wind turns northerly, upwelling of the STC starts on the shelf. Nilsen et al. 128 

(2016) and Cottier et al. (2007) suggest that the resulting offshore surface current on the 129 

shelf opposes the SPC and can break down the geostrophic control mechanism, allowing 130 

the STC to intrude in West Spitsbergen fjords. The strong southerly wind events described 131 

by Nilsen et al. (2016) are the so-called winter cyclones. Strong blocking conditions 132 

developing over Scandinavia and Europe stretch the Atlantic storm track over the Greenland 133 

Sea to the Arctic, including Svalbard (Häkkinen et al., 2011; Rogers et al., 2005; Ruggieri et 134 

al., 2020), generating southerly winds over the eastern Fram Strait and the arrival of warm 135 
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and humid air masses over Svalbard. Other effective means of shelf-fjord exchanges are 136 

instabilities at the WSC-SPC front, developing topographic waves (Nilsen et al., 2006; 137 

Teigen et al., 2010, 2011). Stable topographic waves are generated by wind events at the 138 

shelf-edge front and can develop coastally trapped waves traveling along isobaths on the 139 

steep southern side of Kongsfjordrenna (Inall et al., 2015).  140 

Atlantification is leaving its footprint on West Spitsbergen fjords by increasing their water 141 

temperatures and salinities (Bloshkina et al., 2021; Cottier et al., 2019; De Rovere et al., 142 

2022; Skogseth et al., 2020; Strzelewicz et al., 2022; Tverberg, et al., 2019). After 2006, 143 

winters became more Atlantic-like with no sea ice and occasional shallow AW advection 144 

(Tverberg et al., 2019). Furthermore, the occurrence of intense winter cyclones passing over 145 

Svalbard in winter is increasing (Zahn et al., 2018), potentially boosting winter AW advection 146 

on the WSS and adjacent fjords. An increasing heat content in the fjord affects also the 147 

stability of ecosystem’s structure (Hegseth and Tverberg, 2013; Payne and Roesler, 2019; 148 

Vihtakari et al., 2018) and tidewater glaciers (Holmes et al., 2019; Luckman et al., 2015). 149 

Henceforth, the dynamics of AW winter intrusions should be interpreted to fully understand 150 

ongoing changes in Kongsfjorden and its future evolution, especially under the influence of 151 

Atlantification and Arctic amplification. To the best of our knowledge, a clear examination of 152 

AW winter intrusion events in the fjord after the 2006/2007 event is lacking. In addition, there 153 

is a need to robustly define common traits, especially the large-scale atmospheric and 154 

oceanic settings leading to AW winter intrusions. In particular, the relation and interplay 155 

between the two most important mechanisms, i.e., the STC and the geostrophic control 156 

mechanism, are not clearly defined. Despite being a very important factor driving dynamics 157 

on the WSS, a complete understanding of the SPC’s influence on winter water masses 158 

variability in Kongsfjorden is still to be defined (Tverberg et al., 2019). The scientific 159 

community now has access to in-situ continuous measurements acquired over the 2011-160 

2020 decade from several mooring lines in the West Spitsbergen area. Exploiting the 161 

availability of such an extensive dataset and high-resolution reanalysis products (ERA5), a 162 

deep joint examination of the typical mechanisms leading to AW winter intrusions in 163 

Kongsfjorden can now be performed. Oceanographic observations in Kongsfjorden are not 164 

just describing current conditions and ongoing changes in the fjord itself, but can be 165 

indicators for the other West Spitsbergen fjords as well as for similar shelf-fjord systems in 166 

the Arctic.  167 

The aim of this work is to investigate winter (January to March) AW intrusions in 168 

Kongsfjorden during the 2011-2020 decade by jointly examining local and large-scale 169 

atmospheric and oceanic dynamics, combining in-situ and reanalyzed observations. The 170 

specific objectives are: to give a concise overview of winter AW intrusions occurred in the 171 
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2011-2020 decade in Kongsfjorden and to assess the dynamics of such events, particularly 172 

the large-scale atmospheric and oceanic conditions.   173 

This paper is organized as follows: Section 2 provides an overview of the data utilized in this 174 

study and the methods for data analysis. Section 3 combines the presentation of the results 175 

with a discussion. Section 4 provides a summary and illustrates the main conclusions of this 176 

study.  177 

  178 
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2. Data and Methods 179 

2.1 Data 180 

2.1.1 In-situ data 181 

In-situ oceanic observations in Kongsfjorden are retrieved by two mooring lines: MDI and 182 

KF. The former is managed by the Institute of Polar Sciences of the National Research 183 

Council of Italy (CNR-ISP). MDI is anchored at approximately 105 m depth in inner 184 

Kongsfjorden and has been monitoring temperature and salinity at 85 m since September 185 

2010 (D’Angelo et al., 2018; De Rovere et al., 2022). KF is located in the mid fjord at 186 

approximately 260 m depth, and is managed by the University of Tromso (UiT) in 187 

collaboration with the Scottish Association for Marine Sciences (SAMS). Two continuous 188 

temperature and salinity records are available from 2006 to 2018, except for 2012, at the 189 

near surface (circa 30 m depth) and the near-bottom (circa 230 m depth). KF has also been 190 

supplied with several thermistors at different depths, allowing for the representation of 191 

temperature along the water column. Furthermore, KF is equipped with two ADCPs 192 

providing current data. Ocean current observations are averaged in the vicinity of 193 

temperature and salinity sensors, at 20-30 m (near-surface) and 200-210 m (near-bottom) 194 

depth, and their tidal frequencies removed. The University Centre in Svalbard (UNIS) is 195 

maintaining the I1 mooring, situated in the southern end of Isfjorden’s mouth. Temperature 196 

and salinity observations at 190 m depth are assessed to depict conditions on the shelf 197 

adjacent to Isfjorden. The Alfred Wegener Institute, Helmholtz Center for Polar and Marine 198 

Research (AWI) ran a monitoring program composed of a mooring array positioned in the 199 

Fram Strait from late 1990s to 2016 (Beszczynska-Möller et al., 2012b). We selected one 200 

mooring, i.e, F3, positioned at the shelf break and whose temperature and salinity data 201 

collected at 250 m depth describe the properties of the WSC. In-situ local atmospheric 202 

observations in Kongsfjorden as air temperature, relative humidity and winds, are retrieved 203 

from the Climate Change Tower (CCT) located in the village of Ny-Alesund, on the southern 204 

side of the fjord.  205 

 206 

2.1.2 Reanalysis datasets 207 

Winds at 10 m height and geopotential height fields at 850 hPa over the Arctic and Fram 208 

Strait regions are utilized to describe large-scale atmospheric conditions. Data are retrieved 209 

from ERA5 reanalyses. Wind and wind curl data are averaged over an area representative of 210 

the WSS adjacent to Kongsfjorden (A1, black rectangle reported in Figure 1; 7-12 °E, 78-211 

79.5 °N). We also use salinity fields at 50 m depth from the CMEMS Arctic Ocean Physics 212 

Reanalysis to define the large scale oceanic conditions in Svalbard and the Barents Sea.  213 

Data regarding the main northern Atlantic hemispheric teleconnection patterns are retrieved 214 

from the NOAA Climate Prediction Center and are: the North Atlantic Oscillation, the Arctic 215 
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Oscillation, the East Atlantic Pattern, the East Atlantic/Western Russia pattern, Scandinavia 216 

Pattern. 217 

 218 

2.2 Methods 219 

All data were averaged at a daily frequency, except for climate indices. We choose the onset 220 

date (t = 0) of AW intrusion events by selecting the time of a large and sudden increase in 221 

temperature and salinity in Kongsfjorden in-situ oceanic observations from MDI and KF (see 222 

Section 3.1 and Figure 2 for more details). We determine the peculiar atmospheric 223 

conditions characterizing AW intrusion events through a Superposed Epoch Analysis (SEA) 224 

(Chree, 1912; Chree, 1913; Singh, 2006). This technique allows to detect common features 225 

shared by target events against background noise. We select the onset dates (t = 0) of the 226 

AW intrusion and we average conditions over the previous week (-7 <= t <= -1) and the 227 

following week (0 <= t <= 6). The two weekly means calculated for each event are then 228 

averaged into two single averages in the case of punctual time series, or two maps as in the 229 

case of two-dimensional atmospheric fields.   230 
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3. Results and discussion 231 

3.1 Definition of Atlantic Water intrusion events 232 

 233 

 234 
Figure 2: Definition of AW intrusion events as from MDI observations. a) Daily averaged 235 

temperature at 85 m depth with dashed red lines indicating the selected onset of AW 236 

intrusion events. b) Potential temperature and c) salinity daily anomaly series at 85 m depth 237 

around the AW intrusions. Anomalies are calculated by subtracting the temperature and 238 

salinity value of the onset day from the two series, respectively. The two series have been 239 

lagged so that the onset of each event corresponds to lag=0. d) T-S diagrams representing 240 

85 m depth observations acquired from day -10 to day +9 for each event.  241 

 242 

Figure 2a reports the ocean temperature observed by MDI at 85 m depth in inner 243 

Kongsfjorden, from 2011 to late 2020. We identified 6 winter AW intrusion events occurring 244 

in 2011, 2012, 2014, 2016, 2018 and 2020. The events feature large and sudden increases 245 

in water temperature and salinity, as reported in Figure 2b-c. Onset dates (see section 2.2) 246 

are labeled by vertical dashed red lines in Figure 2a and the zero lag vertical line in Figure 247 

2b-c, and are the following: 2011-03-07, 2012-02-11, 2014-02-24, 2016-01-06, 2018-03-01, 248 

2020-02-04. The largest temperature change takes place within the first 5 days from the 249 

onset. In this time range, the greatest temperature growth occurred in 2018 (2.51 °C), while 250 

the lowest in 2014 (1.1 °C). Figure 2d reports a T-S diagram showing the temperature and 251 

salinity evolution in the neighborhood of each event. LW is present in inner Kongsfjorden in 252 
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the days before the event are then replaced by variable dilutions with AW. This represents a 253 

clear signal of an AW intrusion event from the WSC to Kongsfjorden. The winter 2016 event 254 

is peculiar since it is not characterized by a single intrusion event but by several short-lived 255 

events.  256 

 257 

3.2.1 Mechanism for upwelling events 258 

AW intrusions occurred in 2011, 2012, 2016, 2018 and 2020 shared common dynamics, 259 

where warmer temperatures propagate from the fjord’s bottom toward the surface, in a few 260 

days. Winter 2018 is reported in Figure 3 as an emblematic example of these “upwelling” 261 

events, while the others are reported in supplementary Figures S1 to S4. In these figures, 262 

besides MDI data, we make use of the oceanographic observations from mooring KF, as 263 

well as in-situ and reanalysis atmospheric data, to examine the local oceanic and 264 

atmospheric variability.  265 

 266 
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from the CCT; (i) KF temperature profile with gray horizontal lines identifying sensors’ 271 

depths. 272 

 273 

The warming signal at KF (Figure 3b) precedes MDI (Figure 3a) by approximately 3-4 days 274 

in each intrusion event by upwelling. Another weaker warm water intrusion occurred near 275 

mid-February 2018 near the bottom, which does not propagate toward the surface, as it is 276 

detected only at 230 m depth and not at 85 m. The AW intrusion is accompanied by large 277 

outflowing current velocities near the surface (Figure 3c) and large inflowing current 278 

velocities at depth (Figure 3d), both along the main fjord axis. Instead, days preceding the 279 

intrusion’s onset feature inflowing currents near the surface and very low velocities near the 280 

bottom. Shelf winds are primarily southerly in the week before the onset and then turn 281 

northerly in the week after the onset. We name these atmospheric events as reversals. 282 

Winds in the fjord reflect the main evolution observed on the shelf (Figure 3f). Southerlies 283 

bring very warm and humid air, rising air temperatures in Kongsfjorden even above zero for 284 

some days, then replaced by cold and dry air brought by northerlies after the onset date 285 

(Figure 3h). The average wind curl is largely negative before the onset, turning to positive 286 

when KF temperature increases. This atmospheric evolution over the West Spitsbergen area 287 

appears to be the key common mechanism triggering upwelling warming events in 288 

Kongsfjorden (see also Figure S1 to S4). This dynamic is consistent with the development of 289 

the STC on the WSS (Nilsen et al., 2016) and the intermediary circulation between 290 

Kongsfjorden and Kongsfjordrenna (Stigebrandt et al., 1981). Southerly winds and the 291 

negative wind curl force surface waters to stack up along the West Spitsbergen coast. The 292 

resulting increase in the cross-shelf sea surface tilt forces the WSC on shallower isobaths on 293 

the shelf, developing the STC. Once southerly winds cease, the sea-surface tilt relaxes and 294 

surface waters tend to flow offshore, compensated by an inflow from the shelf break on the 295 

lower levels. AW now can flow at the deepest levels on the shelf toward the fjord. Northerly 296 

winds further drive surface waters off Kongsfjorden, which are compensated by the inflow of 297 

AW from the STC near the bottom. AW is uplifted by upwelling and reaches the near 298 

surface.  299 

 300 

3.2.2 Atmospheric triggering: “reversal” events 301 

This section examines the occurrence of wind reversal events and the associated large-302 

scale atmospheric patterns. We define wind reversals as those events featuring strongly 303 

southerly winds (V > 3 m/s) blowing on the WSS (area A1) in the week before and northerly 304 

(V < 0 m/s) in the week after the onset of AW intrusion events. The occurrence of wind 305 

reversal events in the 2011-2020 decade, irrespective of their association with an AW 306 
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time period as climatology. In Figure 4d-e, areas marked with gray crosses are non-316 

significant anomalies (see Appendix A for a complete description of the significance 317 

analysis).  318 

 319 

Reversal occur throughout the year and are not confined to the winter season, as reported in 320 

Figure 4a-b, with two local maxima in February and October. Reversals occurred almost in 321 

every winter of the decade, up to three events per season (Figure 4c), for a total of 18 winter 322 

events. We further examine reversal’s characteristics using this larger pool instead of only 323 

the five upwelling events to increase the robustness and significance of our results. 324 

Atmospheric conditions before and after the onset of reversal events reflect two strongly 325 

different large-scale/synoptic circulations. Strong southerly wind events in the week before 326 

the onset are generated by the setup of a high pressure anomaly centered over the Barents 327 

Sea and a low pressure anomaly over north-eastern Canada and Greenland (Figure 4d). 328 

This geopotential dipole sets up strong geostrophic winds blowing from the south over the 329 

Fram Strait, moving waters toward the physical barrier represented by the West Spitsbergen 330 

coast (Figure 4f). In addition, wind stress curl indicates upwelling in the central Fram Strait 331 

and strong downwelling on the WSS, this being driven by the slower winds interacting with 332 

the terrain over the Svalbard archipelago. The situation changes suddenly in a few days, 333 

from daily southerlies of 10 m/s to northerlies of 6-7 m/s. The restoration of a low pressure 334 

anomaly over the north pole (Figure 4e), the Svalbard archipelago and the northern Barents 335 

Sea triggers northerly winds initiating upwelling on the WSS (Figure 4g), especially on the 336 

northern WSS. Note that these negative geopotential anomalies are not significantly different 337 

from typical pressure conditions characterizing winter months. The link of these reversals 338 

with the general atmospheric circulation is further examined through a correlation analysis 339 

between the number of winter reversal events per year and the winter average of several 340 

teleconnection indices (see Section 2.1.2). The only significant (p-value=0.01) correlation (-341 

0.4) is found with the Arctic Oscillation (AO). A negative phase of the AO is associated with a 342 

weaker jet stream in the northern hemisphere, characterized by large meanders propagating 343 

high pressure anomalies as north as the Barents Sea and Fram Strait and negative pressure 344 

anomalies toward the mid-latitudes. A negative AO phase can thus set up a pressure 345 

anomaly field at high latitudes characterized by large zonal gradients, a feature consistent 346 

with the geopotential dipole observed in Figure 5a, hence increasing the probability of large 347 

meridional winds over the Fram Strait.  348 

In conclusion, reversals are common phenomena occurring throughout the decade, and are 349 

not associated to just one season and neither to specific years. An important question arises 350 

from this observation: why do AW intrusions occur only in some winters and do not follow 351 

every reversal event? We hypothesize that reversals are not the only key aspect initiating 352 
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AW intrusions, despite they develop the STC and set off the movement of AW toward 353 

Kongsfjorden. Another key factor opens and closes the fjord to AW intrusion in specific 354 

winters, and this role is played by the ocean.  355 

 356 

3.2.3 Oceanic preconditioning 357 

The ocean opens and closes Kongsfjorden to AW intrusions through the geostrophic control 358 

(Klinck et al., 1981; Cottier et al., 2005). Here we will demonstrate that this mechanism 359 

contributes to explain the inter-annual variability in AW winter intrusions in Kongsfjorden, and 360 

how the SPC and large-scale oceanic conditions play a key role in preconditioning the fjord 361 

in winter. 362 

Figure S5 reports the oceanic conditions in Kongsfjorden in the week before and after the 363 

onset of all 2011-2020 winter atmospheric reversals from observations acquired by KF and 364 

MDI. Three clear features stand out. First, not all reversals are followed by a large positive 365 

temperature change, as in the case of AW intrusion events by upwelling. Second, the five 366 

AW intrusion by upwelling show the largest difference in potential density between fjord 367 

bottom waters and inflowing waters (Figure S5a-b), a feature consistent with the disruption 368 

of the geostrophic control. Third, the five AW intrusion by upwelling are characterized by low 369 

density bottom fjord waters in the week before the onset. These low density waters result 370 

from the presence of low salinity waters (2011, 2012, 2018, 2020 events) or very warm 371 

waters (2016 event). The autumn and winter inter-annual variability in potential density, 372 

potential temperature and salinity at KF and MDI is examined in Figure 5.  373 

 374 

 375 
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 376 
Figure 5: Potential density (a, b), potential temperature (c, d), salinity (e, f) at KF (230 m) and 377 

MDI (85 m) between November of the previous year and June of the current year (see 378 

legends). Time series are smoothed with a 7-days moving average. Dots indicate the onset 379 

of AW intrusion events at MDI, as identified in section 3.1. 380 

 381 

Figure 5a-b indicates that low density waters are not confined just within the period 382 

preceding the warming, but characterizes the whole winter season of those years with AW 383 

intrusions by upwelling in Kongsfjorden: 2011, 2016 and 2018 for KF (Figure 5a); 2011, 384 

2012, 2018 and 2020 for MDI (Figure 5b). Note here that KF has no measurements for 385 

winters 2012, 2019 and 2020. The low density is linked to the low salinity signal (Figure 5e) 386 

characterizing those winters, apart from 2016. At 230 m depth, salinity in 2011 and 2018 387 

drops right before the beginning of the new year to a local minimum around February. A 388 

similar behaviour is observed for MDI (Figure 5f). Here, low salinities characterize January 389 

and February of those years with AW intrusion by upwelling, i.e., 2011, 2012, 2018 and 390 

2020, even though here in the inner fjord there is not a clear salinity drop as in the mid fjord. 391 

Winter 2016 is a peculiar event as it features several different but frequent AW intrusions 392 
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associated with AW intrusions. The lower side of each panel reports the difference between 404 

F3 and KF potential densities. 405 

 406 

The potential density of the WSC tends to increase from September to May, except for 407 

winter 2016. Fjord density generally grows over the winter season, but the timing of the 408 

growth can change from year to year, some in early winter, as 2013, 2014 and 2015, and 409 

some other later as 2011 and 2016. This large inter-annual variability in fjord density is a key 410 

element affecting the cross-shelf density gradient. Reversals occurred in 2011 and 2016 411 

found a positive off-shore density gradient (Figure 6a,e), indicating a disrupted geostrophic 412 

control, eventually allowing the AW from the STC to flood the fjord. On the contrary, 413 

reversals occurring in the other winters (Figure 6b,c,d) found a negative off-shore density 414 

gradient. This is associated to an active geostrophic control which blocks the AW convoyed 415 

by the STC directed toward Kongsfjorden. In this case, northerly winds upwell fjord deep 416 

waters. 417 

Results indicate that the occurrence of AW winter intrusions in Kongsfjorden is principally 418 

linked to winter density conditions, whose inter-annual variability largely depends on the 419 

arrival of fresher waters at the fjord near-bottom (2011, 2012, 2018 and 2020). Observations 420 

from mooring I1, located on the shelf adjacent to Isfjorden, are investigated to examine the 421 

origin of this freshwater signal. Both density and salinity at 160 m depth shows an inter-422 

annual variability consistent with KF and MDI data, featuring lower values during winters 423 

characterized by upwelling events (Figure S6). I1 observations also show that winter 2012, 424 

which was not recorded by KF, features a low potential density at the beginning of the 425 

season, with values comparable to those of 2011 and 2018 winters. Low density waters in 426 

years with AW intrusion by upwelling are thus found both in Kongsfjorden and Isfjorden, 427 

suggesting a common freshwater source for these two locations. The main freshwater 428 

source in winter in the West Spitsbergen area is the SPC, which transport ArW and sea-ice 429 

from the Barents Sea through Storfjorden to the WSS. The SPC is thus the primary factor 430 

driving the peculiar inter-annual variability in the shelf and fjords’ winter density, eventually 431 

opening Kongsfjorden to AW winter intrusions once triggered by atmospheric reversals. The 432 

large-scale salinity conditions in the Eurasian Arctic is examined in Figure 7 to investigate 433 

the source of this freshwater signal. 434 

 435 
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summer season. Indeed, the upper ocean in the northern Barents Sea in winter is very 451 

sensitive to the freshwater input from melting sea ice in the previous summer season 452 

(Lundesgaard et al., 2022). The region at the edge between the Barents Sea and the central 453 

Arctic basin, corresponding roughly to the summer sea-ice transition zone, features a 454 

positive salinity anomaly. This could be associated to the absence of large freshwater 455 

volumes concentrated in that location as in the other years, or the footprint of larger AW 456 

inflows in summer/autumn from the WSC to the area north of Svalbard and the Western 457 

Nansen Basin (Duarte et al., 2020), which could intensify sea-ice melting.  458 

Another important mechanism which could drive the inter-annual variability in winter density 459 

on the WSS and adjacent fjords may be related to the occurrence of extensive AW advection 460 

in the previous summer/autumn. As the case of summer/autumn 2016 featuring one of the 461 

strongest AW intrusions in Kongsfjorden of the decade (De Rovere et al., 2022), these 462 

events may leave a denser water column at the end of the year. Then, the freshwater carried 463 

by the SPC in the following months could not be enough by itself to significantly lower the 464 

density in the fjord, leaving the geostrophic control at the fjord mouth unaffected.  465 

 466 

 467 

3.3 Downwelling event: 2014 468 

The AW intrusion event in 2014 shows a different dynamic compared to the other years, i.e., 469 

through downwelling. Figure 8 reports the main oceanic and atmospheric physical 470 

parameters describing the event. 471 

 472 
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 473 
Figure 8: Winter 2014 AW intrusion: a) temperature and salinity at MDI; b) temperature and 474 

salinity at KF; c) near-surface currents from KF; d) near-bottom currents from KF; e) average 475 

winds over the shelf (area A1) from ERA5 ; f) average wind curl over the shelf (area A1) from 476 
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ERA5; g) cumulative net onshore displacement (XEk) calculated using average winds in A1 477 

(see appendix C); i) KF temperature profile, gray horizontal lines identify sensors’ depths. 478 

 479 

In the downwelling event, warming starts from above and slowly reaches the near-bottom 480 

(Figure 8i). Near-bottom sensors at KF experienced a gradual warming and salinification 481 

from January to March (Figure 8b), while at mid-depth MDI detected a sudden increase in 482 

temperature and salinity (Figure 8a). Currents show inflowing velocities and higher values 483 

are seen in the near-surface (Figure 8c) compared to the near-bottom (Figure 8d). Shelf 484 

winds have blown almost constantly from the south from the end of January to the end of 485 

February (Figure 8e), instaurating downwelling conditions (Figure 8f). Winds in the fjord blew 486 

constantly from the south, bringing warm and humid air in Kongsfjorden (not shown). A 487 

peculiar difference with the previously described upwelling mechanism is the absence of 488 

wind reversals in this winter (Figure 4). We hypothesize that long-lasting, constant southerly 489 

winds transported the shallowest WSC layers toward the fjord, which were eventually forced 490 

to enter on top of fjord waters. The cumulative net onshore displacement (XEk, see appendix 491 

C) shows that the theoretical Ekman layer covers the total distance between the shelf break 492 

(F3 location), where the WSC flows, and Kongsfjorden (KF location) in 64 days, thus arriving 493 

in the fjord at the beginning of February 2014 (see red dashed lines in Figure 8g). This result 494 

is in line with the first arrival of warm waters at the near-surface in KF in the same days 495 

(Figure 8i). Another critical point in this winter are the properties and the vertical extension of 496 

the WSC at the shelf break. 2014 is the second warmest winter at 70 m depth as well as the 497 

winter with the highest temperature difference between 70 and 250 m depth, according to 13 498 

years of F3 measurements from 1999 to 2015 (Figure S7). This indicate that the core of the 499 

WSC is shallower in winter 2014 compared to the other years, and warm waters could have 500 

been more easily transported toward the coast of Spitsbergen. Figure 9 illustrates the 501 

specific atmospheric conditions of winter 2014. 502 

 503 
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positive meridional wind stress, reaching the highest positive cumulative values of the 517 

decade.   518 
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4. Summary and Conclusions 519 

This paper examines the mechanisms of AW winter intrusions in Kongsfjorden through 520 

continuous mooring observations as well as atmospheric and oceanic reanalysis products. 521 

AW winter intrusions in the 2011-2020 decade are relatively common events, leading to a 522 

temperature and density increase of at least 1°C and 0.03 kg/m3, respectively, in just a few 523 

days, and leaving a warmer and denser water column for a few weeks. Five events took 524 

place in winters 2011, 2012, 2016, 2018 and 2020 by means of upwelling. Intrusions are 525 

activated by energetic wind reversal events blowing over the WSS, causing strong southerly 526 

winds and downwelling conditions, followed by northerly winds and upwelling conditions. 527 

According to Nilsen et al. (2016), reversals move WSC waters on the shallower isobaths on 528 

the WSS, setting up the STC transporting AW toward Kongsfjorden. Southerlies are 529 

developed by the setup of a strong pressure dipole, with a high pressure center over the 530 

Barents Sea and a low pressure center over Greenland and Northern Canada. Afterwards, 531 

northerly winds are generated by the restoration of the normal low pressure conditions over 532 

the Central Arctic and the Svalbard archipelago. The occurrence of winter reversal events is 533 

significantly correlated to the mean winter AO conditions. Accordingly, the large meanders in 534 

the jet stream associated with the negative AO phase are more likely to trigger the 535 

geopotential dipole associated with atmospheric reversals. Reversals occurred almost every 536 

winter in the 2011-2020 decade, and thus are not the only key aspect driving AW intrusions. 537 

The ocean is a crucial preconditioning factor, limiting intrusions only to those winters 538 

characterized by a negative on-shore density gradient, i.e., when fjord waters are less dense 539 

than WSC waters, which disrupts the geostrophic control mechanism (Cottier et al., 2005). 540 

That is the case of all winters with AW intrusions by upwelling, where low density bottom 541 

waters in the fjord are linked to the external advection of fresher (2011, 2012, 2018, 2020) or 542 

warmer (2016) waters before the onset of the intrusion. We identified the SPC as the key 543 

driver of the freshwater input, which transport anomalously low salinity waters from the 544 

northern Barents Sea to the WSS, produced by the melting of large Arctic sea-ice volumes in 545 

the previous summer. We foreseen the Arctic sea-ice melting cycle to drive the variability in 546 

the SPC properties, which eventually freshens the WSS in some winters and allow the 547 

development of AW intrusions by upwelling. Instead, the warmer conditions seen in 2016 are 548 

the footprint of an extensive AW intrusion occurred in the second half of 2015. Winter 2014 549 

AW intrusion occurred by means of downwelling, driven by the particular atmospheric 550 

pattern and oceanic conditions characterizing this winter. On the WSS, southerly winds have 551 

blown almost continuously during January and February, transporting waters from the top 552 

layers of the WSC toward Kongsfjorden. AW then intruded on top of fjord waters. Southerly 553 

winds have been induced by the set up of a long-lasting high pressure anomaly over the 554 
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Barents Sea and the Eurasian Arctic region, which contrasted a low pressure anomaly over 555 

the north-eastern Atlantic Ocean.  556 

The different AW intrusion mechanisms examined in this study relates to the winter 557 

scenarios proposed by Tverberg et al. (2019), which link the character of the winter AW 558 

intrusion in Kongsfjorden to the water column’s structure in the following summer. The 559 

upwelling mechanism is consistent with the Winter Intermediate scenario, where the AW 560 

intrusion occurs at depth and, depending on the magnitude of the upwelling, it can reach the 561 

fjord surface. Differently, the downwelling mechanism is consistent with the Winter Open 562 

scenario, where the AW intrudes on top of fjord waters and spreads toward the bottom, likely 563 

by cooling and densification. Finally, those winters characterized by the absence of an AW 564 

intrusion are consistent with the Winter Deep scenario, where the fjord’s water column 565 

undergoes convection and densification, closing the fjord to the AW. Here, the larger fjord 566 

densities are also benefiting from the extensive AW intrusion occurring in the previous 567 

autumn season, leaving a saltier water column. 568 

This study improved the understanding of winter AW intrusion mechanics by discussing the 569 

dynamical aspects of two types of AW intrusion events. The emerging picture shows that 570 

both the atmospheric and oceanic components are relevant in determining the timing and 571 

inter-annual variability of upwelling events and, more generally, of Kongsfjorden’s winter 572 

conditions. Indeed, winters characterized by a negative AO phase and following a summer 573 

with intense sea-ice melting have a very high chance to see the occurrence of an AW 574 

intrusion. Furthermore, the SPC is revealed to play a critical role by transmitting the low 575 

density signal from the northern Barents Sea over the WSS to the adjacent fjords. Given the 576 

uttermost importance of the SPC for AW intrusions in Kongsfjorden, future studies should 577 

focus on describing its seasonal and interannual variability, as well as identify the most 578 

important factors regulating its properties.   579 
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Appendixes 608 

Appendix A: Significance analysis for Figure 4d and 4e 609 

Figure 4d,e are an average of the geopotential anomalies observed in the week before and 610 

after the onset of reversals occurred in winters over the 2011-2020 decade, for a total of 18 611 

events. We assess the significance of these mean anomalies as follows: 18 casual dates 612 

over 2011-2020 winters are selected as onsets. The associated mean geopotential 613 

anomalies of the week before and after these 18 casual dates are calculated. We repeat this 614 

step 100 times to produce a distribution of geopotential mean anomalies observed in the 615 

week before and after casual dates. In Figure 4d,e, gray crosses identify locations with non-616 

significant geopotential anomalies, i.e., with a mean geopotential anomaly calculated over 617 

the 18 selected reversals falling within the 10th-90th percentiles interval of the casual 618 

distribution of geopotential mean anomalies. Those locations without gray crosses feature 619 

locations with significant geopotential anomalies, i.e., with a mean geopotential which is 620 

either <10th or >90th percentile of the casual distribution of geopotential mean anomalies. 621 

 622 

Appendix B: Significance analysis of Figure 7 623 

Figure 7 reports the difference between the averages of two pools of salinity fields from the 624 

CMEMS Arctic Ocean Reanalysis. The statistical significance of this difference is examined 625 

at each location by performing a non-parametric test (Mann-Whitney-Wilcoxon) on the two 626 

pools defining the two averages, to verify if they come from the same distribution at the 99% 627 

confidence level. Locations whose differences are associated to non-significantly different 628 

pools are marked in gray. 629 

 630 

Appendix C: Calculation of the Cumulative Net Onshore Displacement (XEk) reported in 631 

Figure 8 632 

XEk is calculated using the following formula, from Cushman-Roisin and Beckers (2011):  633 𝑋 =   634 

where f is the coriolis parameter and I is the wind impulse, represented as: 635 𝐼 ≃ 1𝜌 𝐻 𝜏  𝑑𝑡 
 

where 𝜌  is the initial density (here set to 1027.85 Kg/m3), H the depth of the Ekman layer 636 

and  𝜏  the daily meridional wind stress average over A1 (from ERA5 data). H is estimated 637 

as the theoretical Ekman layer depth:  638 𝐻 = 2𝐾 /|𝑓| 
 639 
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where Km is the turbulent diffusivity, assumed to be 0.1 m2/s and f the Coriolis parameter. At 640 

78.8 °N, dEk is equal to 11.8 m.  641 
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