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Abstract Kongsfjorden, an Arctic fjord in Svalbard, is largely influenced by the West Spitsbergen Current
(WSC), transporting warm and salty Atlantic Water (AW) into the Arctic region. Despite the geostrophic
control preventing AW from entering the fjord in winter, AW intrusions occasionally occur during energetic
local wind events in this season. However, recent intrusions remain poorly characterized, and the underlying
mechanism(s) and large-scale precursors are only partly understood. This study uses in-situ oceanographic and
atmospheric measurements, alongside reanalysis data covering 2011-2020, to describe recent wintertime AW
intrusions in Kongsfjorden. By discerning common traits in the observed events, the main triggering factors and
controls of the phenomenon are described. Our results indicate that AW intrusions are typically triggered by
wind reversals over the shelf, consisting of the sudden transition from a strong southerly to a northerly
circulation linked to the setup and damping of a high-pressure anomaly over the Barents Sea. Ocean density is a
critical preconditioning factor influencing the nature of the intrusion: when fjord waters exhibit a lower density
compared to WSC waters, wind reversals induce AW intrusions by upwelling; in contrast, when fjord waters
present higher or similar densities compared to WSC waters, reversals force AW inflows near the surface or at
intermediate depths, respectively. Another mechanism was observed only in winter 2014: southerly winds
prevailed for 2 months, transporting surface AW from the WSC into the fjord, promoting its intrusion near the
surface, on top of denser local waters.

Plain Language Summary Kongsfjorden, an Arctic fjord in Svalbard, is largely influenced by the
WSC, which carries warm and salty Atlantic Water (AW) into the Arctic region. Occasionally, the fjord
experiences sudden wintertime warming events due to intrusions of AW, whose underlying mechanism(s) and
large-scale precursors remain only partly described. By examining events observed in the 2011-2020 decade,
we found that changes in wind direction typically trigger such intrusions, precisely when energetic winds from
the south are followed by winds from the north. These episodes lead to abrupt warming events, but AW
intrusions occur only when the density of the fjord is lower than that of the WSC. When fjord waters have a
similar or larger density than WSC waters, wind events generate AW inflows at intermediate or near-surface
depths, respectively. Hence, the atmosphere triggers the AW intrusion, but its dynamics are determined by
oceanic conditions, acting as a critical preconditioning factor. Additionally, a second intrusion mechanism was
observed: prolonged winds from the south force AW from the WSC to intrude in the near-surface layers of the
fjord, on top of denser waters.

1. Introduction

The Arctic is acknowledged as a “climatic hotspot” by the scientific community (Meredith et al., 2019). Since the
1960s, Arctic near-surface air temperatures are increasing at a higher rate compared to the global average, a
process named Arctic amplification (Chylek et al., 2009; Richter-Menge & Druckenmiller, 2020; Serreze &
Barry, 2011), sustained by the loss of Arctic sea-ice volume (Carmack et al., 2015; Comiso, 2012) and the ice-
albedo feedback (Curry et al., 1995). The Eurasian Arctic is subjected to Atlantification, that is, a gradual
transition toward conditions proper of the Atlantic domain (Lind et al., 2018; Polyakov et al., 2017). An enhanced
upward flux of heat and salt is deteriorating the stratification of the water column, which features fresh and cold
Arctic Water (ArW) at the near-surface and warmer, saltier Atlantic Water (AW) at intermediate layers. This

DE ROVERE ET AL.

1 of 22


https://orcid.org/0000-0002-0945-5584
https://orcid.org/0000-0001-5929-6983
https://orcid.org/0000-0003-1996-7206
https://orcid.org/0000-0002-0998-6473
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.ARCTICJOINT
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.ARCTICJOINT
mailto:francescoderovere@cnr.it
mailto:leonardo.langone@cnr.it
https://doi.org/10.1029/2023JC020095
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JC020095&domain=pdf&date_stamp=2024-06-29

NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2023JC020095

process has significant implications, including enhanced sea ice melting, warming of the lower atmosphere,
modifications in air-ocean interactions and ecosystem structure (Ingvaldsen et al., 2021).

The Svalbard archipelago is located in the Eurasian Arctic at the eastern side of Fram Strait, the main gateway of
AW to the central Arctic Ocean. The hydrography of Svalbard is predominantly influenced by two key currents in
the region: the West Spitsbergen Current (WSC) and the Spitsbergen Polar Current (SPC) (Figure 1). The WSC
exhibits a strong seasonality, with peak AW transport occurring in late autumn and early winter (Beszczynska-
Moller, Fahrbach, Schauer, & Hansen, 2012; Walczowski & Piechura, 2011). This current comprises two
branches: the eastern branch is barotropic, while the flow in the western branch is more baroclinic. The barotropic
branch is confined to the upper continental slope, on the shelf break, and conveys AW northward (Walczowski &
Piechura, 2007). Properties and structure of the WSC undergo significant inter-annual variability linked to
oceanic and atmospheric circulation patterns over the North Atlantic (Chatterjee et al., 2018; Muilwijk
etal., 2018; Raj et al., 2018; Wang et al., 2020). The SPC (Helland-Hansen & Nansen, 1909) flows northward on
the West Spitsbergen Shelf (WSS), parallelly to the WSC, and is characterized by cross-shelf sloping isopycnals,
revealing its geostrophic nature (Svendsen et al., 2002). The SPC travels close to the West Spitsbergen coast and
carries ArW and sea ice from Storfjorden and the Barents Sea.

Several broad fjords, that is, Kongsfjorden, Isfjorden, Bellsund, and Hornsund, are located along the western side
of Spitsbergen. Kongsfjorden (Hop & Wiencke, 2019), the northernmost broad fjord in West Spitsbergen, is
connected with WSC waters through a deep trough named Kongsfjordrenna. During autumn and winter, Local
Water (LW) is produced in the fjord through surface heat loss, surface water densification, and convection,
resulting in temperatures smaller than 1°C. ArW flows on the shelf and mixes with AW to form Transformed
Atlantic Water (TAW) (Tverberg et al., 2019). In the fjord, occasional winter intrusions of AW and TAW occur,
causing large positive temperature and salinity anomalies. Tverberg et al. (2019) defined AW in Kongsfjorden as
water with temperature and salinity larger than 3°C and 34.9, respectively.

A geostrophic control mechanism prevents shelf waters from entering the fjord, especially during the winter
season (Cottier et al., 2005; Klinck et al., 1981; Svendsen et al., 2002). The degree of control is determined by the
strength of the SPC, depending primarily on the shelf-fjord density gradient. When the density in the fjord is
larger than that on the shelf, the strength of the coastal current increases with depth. This condition is typical of
winter months when heat loss to the atmosphere and sea-ice production increase density in the deep fjord basin.
As aresult, AW advected near the bottom through Kongsfjordrenna joins this coastal current at the fjord mouth,
making a detour northward. On the opposite, when shelf waters are denser than fjord waters, typically in summer
months due to large amounts of freshwaters discharged from local glaciers, the speed of the coastal current
decreases with depth. The geostrophic control mechanism breaks down and WSC waters are free to enter the fjord
at intermediate and large depths, while the coastal current is confined in the upper layers.

Density fluctuations on the shelf develop horizontal pressure gradients between the fjord and the shelf, driving
baroclinic currents (Klinck et al., 1981; Stigebrandt, 1981; Svendsen, 1980). Such fluctuations result from water
convergence and divergence near the coast generated by wind stress curl and Ekman transport, causing down-
welling and upwelling, or by advection of horizontal density gradients along the coast. Strong southerly winds and
anegative wind curl over the WSS can stack up low-density surface waters along the coast. Once the wind ceases,
the water column on the shelf returns to a normal stratification state and the fjord adjusts to it with an outflow near
the surface and an inflow near the bottom. Episodes of this “intermediary circulation” have been observed also in
Greenland fjords (Jackson et al., 2014; Straneo et al., 2010). Wind events on the shelf may also lead to geostrophic
advection of WSC waters into West Spitsbergen fjords through the development of the Spitsbergen Through
Current (STC) (Nilsen et al., 2016). Water convergence near the coast reinforces the positive gradient in surface
tilt over the shelf break. Consequently, both the WSC and the SPC strengthen (Teigen et al., 2010), causing the
WSC to shift toward shallower isobaths on the WSS, generating the topographically guided STC. Subsequent
northerly winds initiate upwelling of the STC on the shelf. Nilsen et al. (2016) and Cottier et al. (2007) suggest
that the resulting southward surface current on the shelf opposes the SPC, potentially disrupting the geostrophic
control mechanism and allowing the STC to intrude into West Spitsbergen fjords. The strong southerly wind
events described by Nilsen et al. (2016) are generated by the passage of the so-called winter cyclones. Strong
blocking conditions developing over Scandinavia and Europe stretch the Atlantic storm track over the Greenland
Sea toward the Arctic (Hakkinen et al., 2011; Rogers et al., 2005; Ruggieri et al., 2020), generating southerly
winds over the eastern Fram Strait and the arrival of warm and humid air masses over Svalbard. Other effective
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Figure 1. (a) Map of West Spitsbergen showing the main Arctic (blue) and Atlantic (red) water currents. The four colored points indicate the location of the four

moorings used in this study: MDI (purple), KF (blue), I-S (yellow), and F3 (orange). The black box highlights area A1, where ERAS wind data are evaluated.

(b) Kongsfjorden and locations of MDI, KF and Climate Change Tower. The color scales illustrate the bathymetry. This figure was generated using the PlotSvalbard R

package (Vihtakari, 2020).
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means of shelf-fjord exchanges are instabilities at the WSC-SPC front, developing topographic waves (Nilsen
et al., 2006; Teigen et al., 2010, 2011). Stable topographic waves are generated by wind events at the shelf-edge
front and can develop coastally trapped waves traveling along isobaths on the steep southern side of Kongsf-
jordrenna (Inall et al., 2015).

Tverberg et al. (2019) differentiate the character of the wintertime AW intrusion in Kongsfjorden in three Winter
Scenarios. The Winter Intermediate scenario exhibits winter convection limited to intermediate depths, with AW
advection occurring near the seafloor. Furthermore, shelf waters tend to spread westward above the denser WSC.
The Winter Open scenario involves the convection of advected AW near the surface throughout the water column.
Moreover, Winter Open features the WSC reaching the surface and spreading on the shelf at shallow levels, due to
its lower density compared to shelf waters. The Winter Deep scenario presents winter convection extending
throughout the whole water column, with no or limited AW advection in the intermediate layers. Winter Deep is
characterized by a narrow WSC confined to the shelf edge and little exchange with the shelf.

Atlantification is leaving its footprint on West Spitsbergen fjords by increasing their water temperatures and
salinities (Bloshkina et al., 2021; Cottier et al., 2019; De Rovere et al., 2022; Skogseth et al., 2020; Strzelewicz
et al., 2022; Tverberg et al., 2019). After 2006, winters became more Atlantic-like with no sea ice and occasional
shallow AW advection (Tverberg et al., 2019). Furthermore, the occurrence of intense winter cyclones passing
over Svalbard is increasing (Zahn et al., 2018), potentially boosting winter AW advection on the WSS and
adjacent fjords. Increasing heat content in Kongsfjorden affects also the stability of the ecosystem's structure
(Hegseth & Tverberg, 2013; Payne & Roesler, 2019; Vihtakari et al., 2018) and tidewater glaciers (Holmes
etal., 2019; Luckman et al., 2015). Henceforth, unraveling the dynamics of wintertime AW intrusions is essential
to fully understand ongoing changes in Kongsfjorden and the future evolution of this system, especially under the
influence of Atlantification and Arctic amplification.

To the best of our knowledge, a clear examination of wintertime AW intrusion events in the fjord after the 2006/
2007 event is lacking. In addition, there is a need to robustly define common traits, especially the large-scale
atmospheric and oceanic settings leading to AW winter intrusions. Despite being a very important factor
driving dynamics on the WSS, a profound understanding of the SPC's influence on the variability of winter water
masses in Kongsfjorden is still to be achieved (Tverberg et al., 2019). The scientific community now has access to
in -situ continuous measurements acquired over the 2011-2020 decade from several mooring lines in the West
Spitsbergen area. Exploiting the availability of such an extensive data set and high-resolution reanalysis products
(ERADS) allows us to perform a comprehensive study of the typical mechanisms leading to AW winter intrusions
in Kongsfjorden. Furthermore, oceanographic observations in Kongsfjorden are not just describing current
conditions and ongoing changes in the fjord itself but can be indicators for the other West Spitsbergen fjords as
well as for similar shelf-fjord systems in the Arctic (Bischof et al., 2019).

This work aims to investigate winter (January—March) AW intrusions in Kongsfjorden during the 2011-2020
decade by jointly examining local and large-scale, atmospheric and oceanic dynamics, combining in-situ and
reanalysis data. The specific objectives are: to provide a concise overview of winter AW intrusions that occurred
in the 2011-2020 decade in Kongsfjorden and to assess the dynamics of such events.

This paper is organized as follows: Section 2 provides an overview of the data utilized in this study and the
methods for data analysis. Section 3 presents the results and Section 4 discusses the main findings. Section 5
provides a summary and illustrates the main conclusions of this study.

2. Data and Methods
2.1. Data
2.1.1. In-Situ Data

In-situ oceanic observations in Kongsfjorden are retrieved by two moorings: MDI and KF. MDI, managed by the
Institute of Polar Sciences of the National Research Council of Italy (CNR-ISP), is anchored at approximately
105 m depth in inner Kongsfjorden (78° 55'N-12° 15’E). Since September 2010, it has been monitoring tem-
perature and salinity at 85 m with a SeaCat SBE16 (D'Angelo et al., 2018; De Rovere et al., 2022). KF is located in
the mid-fjord on the southern side (78° 57.75'N-11° 48.30°E) since 2010, anchored at approximately 260 m depth
and managed by the University of Tromso (UiT) in collaboration with the Scottish Association for Marine

DE ROVERE ET AL.

4 of 22

85U807 SUOWWIOD BAIER.D 3(eot[dde auy Aq peusenob ae sajole YO ‘8sn JO Sanu Joj ARIqITaUIIUO A8|IM UO (SUONIPUOO-PUR-SWLBIALIOD A8 | 1M A1 1 [Bu [UO//:Sty) SUORIPUOD pue SWLB | 38U} 88S *[7202/60/12] Uo Aleidi8ulluO AB|IM eizeUB A 11e3S04 D BISIAIIN Ad S600200rE202/620T OT/I0pAL0o" A8 |1 AReiqjpuluo'sgndnBe;/sdny wouy pepeojumod 'L ‘v202 ‘16266912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2023JC020095

Sciences (Sundfjord et al., 2017). KF is situated approximately 10 km far from MDI. A continuous temperature
and salinity record from a Seabird SBE37 MicroCAT sensor is available from 2010 to 2018, except for 2012, at
the near-bottom (the sensor's depth ranges from 201 to 238 m). Additionally, KF has been supplied with a Seabird
16plus sensor and Minilog temperature sensors at five or more depths, enabling the representation of temperature
along the water column. Furthermore, KF features two ADCPs providing current data. Ocean current observa-
tions acquired at 30-minute intervals are vertically averaged in the near-surface (20-85 m) and near-bottom (140—
210 m) layers at an hourly interval. A tidal model was fitted to these current averages, with sine and cosine
components corresponding to the “standard” tidal frequencies indicated in Foreman (1978), and then removed
from the two series. The resulting de-tided hourly series were averaged at a daily interval and then filtered with a
3-day moving average. In this work, we utilize MDI and KF oceanographic data to define and compare the
characteristics of AW intrusions in the mid-fjord and inner-fjord environments.

The University Center in Svalbard (UNIS) maintains the I-S mooring, located at the southern end of Isfjorden's
mouth and anchored at approximately 205 m depth (Skogseth et al., 2020). Temperature and salinity observations
obtained from a SeaGuard instrument in the near-bottom layer (179-200 m depth interval) were examined to
depict conditions on the shelf adjacent to Isfjorden.

The Alfred Wegener Institute, Helmholtz Center for Polar and Marine Research (AWI), has been running a
monitoring program composed of a mooring array positioned in Fram Strait since the late 1990s (Beszczynska-
Moller, Fahrbach, Schauer, & Hansen, 2012). The F3 mooring, positioned near the shelf break (78.83°N-8°E) at
1,000 m depth, provides temperature and salinity data collected by an SBE37 sensor in the intermediate layer
(250-300 m depth), describing properties of the western off-shore WSC edge.

Meteorological conditions in Kongsfjorden were inspected through observations acquired by a Vaisala thermos-
hygrometer and a Young Marine wind sensor installed at 10 m height on the Climate Change Tower (CCT) in the
village of Ny-Alesund (Mazzola et al., 2016), on the southern side of the fjord.

All in-situ observations were acquired at frequencies of 10, 20, 30 or 60 minutes. Raw data were checked to
remove spikes and inaccurate observations. Eventually, all observations were averaged at a daily interval.

2.1.2. Reanalysis Data Sets

Winds at 10 m height and geopotential height fields at 850 hPa over the Arctic and Fram Strait regions were
analyzed to describe large-scale atmospheric conditions. Hourly data were retrieved from ERAS reanalyses
(Hersbach et al., 2023a, 2023b) and then averaged at a daily interval. In addition, monthly average products of
geopotential heights were utilized (Hersbach et al., 2023c). Wind and wind stress curl data were averaged over an
area representative of the WSS adjacent to Kongsfjorden (A1, black rectangle reported in Figure 1a; 7-12°E, 78—
79.5°N), and smoothed with a 3-day moving average. Wind stress and wind stress curl were calculated as in
Goszczko et al. (2018) and through the oce R package (Kelley & Richards, 2022), respectively. Daily salinity
fields at 50 m depth from the CMEMS Arctic Ocean Physics Reanalysis (TOPAZ4) (Sakov et al., 2012; Xie
et al., 2017) with a spatial resolution of 12.5 X 12.5 km were used to define the large-scale oceanic conditions in
the Eurasian Arctic region.

Monthly time series of climate indices for the main northern Atlantic hemispheric teleconnection patterns
(Barnston & Livezey, 1987) were retrieved from the NOAA Climate Prediction Center (NOAA, 2012). These
include the North Atlantic Oscillation, Arctic Oscillation, East Atlantic pattern, East Atlantic/Western Russia
pattern, and Scandinavia pattern.

2.2. Methods

A wintertime AW intrusion event was identified through MDI temperature and salinity data. MDI is used as a
reference station for two reasons. First, MDI is strategically positioned within the inner fjord, thus effectively
capturing the most significant AW intrusion events. Second, MDI acquired data continuously in the 2010—
2020 decade, while KF has no data for winter 2012 and from 2018. We defined such an event as an increase in
temperature (T) and salinity (S) by at least 1°C and 0.1 in one week. The onset date of an AW intrusion event was
defined as that day featuring a difference in temperature and salinity equal to or larger than our thresholds
compared to those values observed 7 days after. We refer to the onset date as #,. Quantitatively, the set of
conditions satisfying our definition are:
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T =T, 21°C
Sis7 =S, 20.1

Only the event leading to the largest temperature change each winter (from January to March) was considered.
The dates of such events are reported along the MDI temperature series. For each intrusion event, time series plots
illustrate MDI temperature and salinity anomalies in the interval [, — 10, #, + 20]. Anomalies are calculated by
subtracting the temperature and salinity values of #, from the two series. In addition, a T-S diagram displays
observations in the interval [z, — 10, #, + 9].

The local oceanic and atmospheric variabilities in the interval [#, — 30, #, 4+ 30] around the onset of wintertime AW
intrusions in Kongsfjorden were examined using MDI and KF temperature and salinity observations; local
meteorological measurements from the CCT, that is, air temperature, relative humidity and winds at 10 m height;
average wind and wind stress curl over Al; vertical temperature at KF approximated through linear interpolation
among temperature observations from available depths.

Results indicate that wind reversals are the key factor triggering wintertime AW intrusions (see Sections 3.2 and
4.2). The meridional component of the mean wind vector, V, was calculated as the spatial average of ERAS daily
meridional wind data over the area A1. We defined wind reversals as a 14-day event featuring strong southerly
winds in the first week (V > 3 m/s), followed by northerly winds in the subsequent week (V < 0 m/s). Wind stress,
wind stress curl and geopotential height characterizing reversals were assessed through a Superposed Epoch
Analysis (SEA) (Chree, 1912, 1913; Singh, 2006), as it allows to detect common features shared by target events
against background noise. The SEA was applied to a pool of 18 reversals instead of considering only reversals
associated with the observed AW intrusion (5 events) to increase the robustness and significance of our results.
We created this larger pool by applying the reversal's definition in the 2011-2020 winters (from January to
March). Superposed Epoch Analysis calculations were performed by averaging two-dimensional daily atmo-
spheric fields observed in each reversal's first and second week. For the geopotential height, averages were
calculated over daily anomalies, and anomalies were computed by subtracting the 2011-2020 winter climatology
from the daily fields. The significance of geopotential height anomalies was calculated as follows: 18 casual dates
over the 2011-2020 winters were selected, and the associated mean geopotential anomalies in the subsequent first
and second weeks were calculated. We repeated this step 100 times to produce a distribution of geopotential mean
anomalies observed in the first and second weeks after casual dates. We defined significant geopotential mean
anomalies calculated from the pool of 18 real reversal events as those anomalies smaller or greater than the 10th
and 90th percentile of the casual distribution of geopotential mean anomalies, respectively. The geopotential
height mean anomaly is referred to as z850. z850 significance is illustrated for areas spanning 15° longitude and
5° latitude. Non-significant areas reported in the results comprise more non-significant ERAS grid points than
significant ones.

The link between reversals and the general atmospheric circulation was examined using a correlation analysis. A
Pearson correlation coefficient was calculated between the number of winter reversal events per winter and the
winter average (from January to March) of those monthly teleconnection indices listed in Section 2.1.2.

We assessed the fjord's oceanic response to wind reversals through MDI and KF measurements. Average po-
tential temperature and potential density conditions in the first and second weeks of reversals were calculated,
their difference computed (80 and dp) and illustrated in a scatterplot. Similarly, average potential temperature (0)
and salinity conditions in reversals' first and second weeks were calculated and reported in a T-S diagram.

We used daily TOPAZ4 fields to examine the large-scale oceanic conditions in the Eurasian Arctic. Two subsets
of salinity fields in January-February were selected, and their average was calculated at each grid point. The first
subset comprises data in years with upwelling-driven AW intrusions (2011, 2012, 2018, 2020), whereas the
second subset is composed of data in the other years of the decade, excluding 2014 (2013, 2015, 2017, 2019).
Winter 2014 is excluded because it features a peculiar AW intrusion, assessed separately (see Sections 3.3 and
4.3). The difference between the two subsets was calculated at each grid point. The statistical significance of this
difference was examined by performing a non-parametric test (Mann-Whitney-Wilcoxon) on the two subsets
defining the two averages to verify if they come from the same distribution at the 99% confidence level. Locations
whose differences are associated with non-significantly different subsets are marked in the results.
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Monthly geopotential anomalies from ERAS data and the Cumulative Net Zonal Displayment (X, ) were used to
investigate the AW intrusion event in 2014. Monthly anomalies in December 2013 and January, February and
March 2014 were calculated by subtracting the monthly climatology over the 2011-2020 time period from
monthly values. X, represents the zonal distance covered by the surface Ekman layer over a certain amount of
time, forced by the wind observed over the WSS. X, was computed using the following formula from Cushman-
Roisin and Beckers (2011):

1
Xy =7

where f'is the Coriolis parameter and / is the wind impulse, represented as:

where p, is the initial density (here set to 1027.85 kg/m>), H is the depth of the Ekman layer, and 7, the daily
meridional wind stress over Al. 7, was calculated as in Goszczko et al. (2018) from ERAS wind data. H is
estimated as the theoretical Ekman layer depth:

H =~2K,/|f]

where K, is the turbulent diffusivity, assumed to be 0.1 m?/s, and f is the Coriolis parameter. X £ 1s compared
against the distance between the WSC and Kongsfjorden, and we used the geographical location of F3 and KF
moorings as a reference for this distance.

As X varies according to the magnitude and sign of t,, to compare the multi-annual variability in the WSS near-
surface atmospheric winter conditions, we compared the cumulative t,, observed in the 2011-2020 winters.

3. Results
3.1. Identification of Atlantic Water Intrusion Events

Six main wintertime AW intrusion events occurring in 2011, 2012, 2014, 2016, 2018, and 2020 were identified in
MDI observations. These events feature large and sudden increases in water temperature and salinity (Figures 2b
and 2c). 1, dates are marked by vertical dashed red lines in Figure 2a and the zero lag vertical line in Figures 2b and
2c, and are the following: 2011-03-03, 2012-02-12, 2014-01-21, 2016-01-06, 2018-02-28, 2020-02-03. The
largest temperature change takes place within the first 5 days from ¢,. In this time range, the greatest temperature
rise occurred in 2018 (2.51°C), while the lowest in 2014 (1.1°C). Figure 2d reports a T-S diagram showing the
temperature and salinity evolution in the neighborhood of each event. LW was present in inner Kongsfjorden the
days before the event and was replaced by water with increasing admixture of AW.

3.2. Upwelling-Driven AW Intrusions

AW intrusions in 2011, 2012, 2016, 2018 and 2020 shared analogous dynamics, discussed in Section 4, where
warmer temperatures propagate from the fjord's bottom toward the surface in a few days through upwelling.
Winter 2016 features several short-lived events and peculiar conditions. The winter 2018 event is reported as an
emblematic example of upwelling-driven events, while the others are illustrated in Figures S1 to S4 in Supporting
Information S1. The warming signal at KF (Figure 3b) precedes MDI (Figure 3a) by approximately 3—4 days in
each intrusion event. Another weaker warm water intrusion occurred near mid-February 2018 near the bottom,
which does not propagate toward the surface (Figure 3i) and is not visible in MDI (Figure 3a). The AW intrusion
is accompanied by large outflowing current velocities near the surface (Figure 3c) and large inflowing current
velocities at depth (Figure 3d), along the main fjord axis. Instead, days preceding #, feature inflowing currents
near the surface and very low velocities near the bottom. Shelf winds are primarily southerly in the week before 7,
and then turn northerly in the week after ¢, (Figure 3e). The average wind stress curl is largely negative before 7,
shifting to positive when KF temperature increases (Figure 3g). We name these atmospheric events wind
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Figure 2. Wintertime AW intrusion events recognized from MDI observations at 85 m depth. (a) Daily temperature (black line) and identified onsets of AW intrusion
events (t,, vertical red dashed lines). Daily anomalies of (b) potential temperature and (c) salinity in the interval [z, — 10, #, 4+ 20]. (d) T-S diagrams of measurements

acquired in the interval [z, — 10, #, + 9].

reversals, and Section 2.2 reports their definition. Winds in the fjord reflect the main evolution observed on the
shelf (Figure 3f). Southerlies bring warm and humid air, rising air temperatures in Kongsfjorden even above 0°C,
which is then replaced by cold and dry air brought by northerlies after 7, (Figure 3h).

We consider all wintertime wind reversals that occurred in the 2011-2020 time period (18 events), selected
according to our definition (see Section 2.2), to delineate their main characteristics. The first week of wind re-
versals features strong southerly winds over the Fram Strait, resulting in upwelling in the central Fram Strait and
strong downwelling on the WSS, the latter driven by the slower winds interacting with the terrain over the
Svalbard archipelago (Figure 4c). In addition, this period features a high-pressure anomaly centered over the
Barents Sea and a low-pressure anomaly over northern Canada and western Greenland (Figure 4a). Conversely,
the second week of wind reversals exhibits northerly winds over the Fram Strait, initiating upwelling on the WSS
(Figure 4d). This period shows negative geopotential anomalies over the north pole, the Svalbard archipelago and
the northern Barents Sea, even though they are not significantly different from typical pressure conditions
characterizing winter months (Figure 4b).

Oceanic conditions in Kongsfjorden during wind reversals reveal three noticeable features. First, not all reversals
are followed by a significant positive temperature change, as in the case of upwelling-driven AW intrusion events.
Second, the five upwelling-driven AW intrusions show the largest difference in potential density between old
local waters and new inflowing waters originating from the AW intrusion (Figures 5a and 5b). Third, low-density
bottom fjord waters characterize the five upwelling-driven AW intrusions in the first week of reversals
(Figures 5c and 5d). These low-density waters result from the presence of low salinity waters (2011, 2012, 2018,
2020) or warm waters (2016) (Figures 5c and 5d).
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Figure 3. Winter 2018 as representative of upwelling-driven AW intrusion events: temperature and salinity at MDI (a) and KF (b); near-surface (c) and near-bottom
(d) currents from KF; average winds (e) and wind stress curl (g) over Al from ERAS; winds (f), air temperature (AirT, red line) and relative humidity (RH, blue line)
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represent f, dates.
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Figure 4. (a, b) Average geopotential anomalies at 850 hPa (z850) and (c, d) average wind stress and wind stress curl in the
first and second weeks of wind reversals occurred in the 2011-2020 decade. Gray crosses in panels (a, b) identify non-
significant areas (see Section 2.2 for details).

3.3. Downwelling-Driven AW Intrusion

The 2014 AW intrusion event shows different dynamics than the other years, that is, forced by downwelling.
Warming starts from above and slowly reaches the near bottom (Figure 6i). Near-bottom sensors at KF expe-
rienced gradual warming and salinification from January to March (Figure 6b), while at mid-depth, MDI detected
a sudden increase in temperature and salinity (Figure 6a). Near-surface and near-bottom currents are consistent
with the arrival of shelf waters from the northwest flooding the fjord, with higher velocities at the near-surface
(Figure 6¢) compared to the near-bottom (Figure 6d). Shelf winds have blown predominantly from the south from
January to the end of February (Figure 6e), resulting in downwelling conditions (Figure 6f). Winds in the fjord
blew constantly from the south, bringing warm and humid air to Kongsfjorden (not shown). X, shows that the
theoretical Ekman layer covers the total distance between the WSC (F3 location) and Kongsfjorden (KF location)
in 64 days, thus arriving in the fjord at the beginning of February 2014 (Figure 6g).

4. Discussion
4.1. Events of AW Intrusion

We identified six main AW intrusion events through MDI mooring data, representing the advection of variable
mixtures of WSC waters into Kongsfjorden. Consequently, winter conditions in the inner fjord shifted from being
more Arctic to more Atlantic in less than 7 days, and these conditions persisted for a few weeks. Among the six
events, those in winters 2011, 2012, 2016, 2018 and 2020 exhibited consistent dynamics, with the warming signal
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Figure 5. Near-bottom ocean conditions in mid (KF) and inner (MDI) Kongsfjorden during all 18 reversals identified in the
2011-2020 winters. A change in potential density (5p) between the first and second weeks of reversals is shown against a
change in potential temperature (80) for (a) KF and (b) MDI measurements. Triangles distinguish reversals associated with
upwelling-driven AW intrusions. T-S diagrams representing average conditions during the first week of reversals as well as
80 at (c) KF and (d) MDI (see color bar). Black labels display dates (month-year) of reversals. Red labels indicate dates of
reversals associated to upwelling-driven AW intrusions.

forced by upwelling. This signal reached higher temperatures and arrived 3—4 days earlier in the mid-fjord than
the inner-fjord. Furthermore, MDI captured only the most prominent upwelling-driven AW intrusions, whose
AW signal reached intermediate depths in the fjord. However, the distinction between years with and without AW
intrusions still holds for KF. Indeed, identifying AW intrusions through KF near-bottom temperature and salinity
time series reveals the same events with consistent timing as MDI (Figure S5 in Supporting Information S1).
Winter 2014 exhibited an intrusion event characterized by a downwelling-driven mechanism, where the warming
signal spread from the near-surface to the near-bottom.

4.2. Mechanism of Upwelling-Driven Events

Atmospheric conditions in the first and second week during a wind reversal reflect two different large-scale/
synoptic circulations. The strong geopotential dipole characterizing the first week sets up strong geostrophic
winds blowing from the south over Fram Strait. Surface waters are moved through Ekman transport toward the
physical barrier represented by the West Spitsbergen coast, generating upwelling in the central Fram Strait and
strong downwelling on the WSS. The situation changes suddenly in a few days, typically from daily southerlies of
10 m/s to northerlies of 6-7 m/s. The restoration of a low-pressure anomaly triggers northerly winds, initiating
upwelling on the WSS, especially on the northern WSS.

Wind reversals over the West Spitsbergen area are the key common factor triggering upwelling-driven events in
Kongsfjorden. This dynamic is consistent with the development of the STC on the WSS (Nilsen et al., 2016) and
the intermediary circulation between Kongsfjorden and Kongsfjordrenna (Stigebrandt, 1981). Southerly winds
and the negative wind stress curl force surface waters to stack up along the West Spitsbergen coast. The resulting
increase in the cross-shelf sea surface tilt forces the WSC on shallower isobaths on the shelf, developing the STC.
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Figure 6. Winter 2014 downwelling-driven AW intrusion: temperature and salinity at MDI (a) and KF (b); near-surface (c) and near-bottom (d) currents from KF;
average winds (e) and wind stress curl (f) over the shelf (area A1) from ERAS; (g) Xg, (black line); the horizontal red dashed line highlights the geographical distance
between the West Spitsbergen Current (F3 location) and Kongsfjorden (KF location), while the vertical red dashed line highlights the date at which X, reaches this
distance (see Section 2.2 for details); (h) KF temperature profile, gray horizontal lines identify sensors' depths. Vertical gray lines represent ¢, dates.
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Once southerly winds cease, the sea-surface tilt relaxes, and surface waters tend to flow offshore, compensated by
an inflow from the shelf break on the lower levels. AW can now flow toward the fjord at the deepest levels on the
shelf. Northerly winds further drive surface waters off Kongsfjorden, compensated by the inflow of AW from the
STC near the bottom. AW is uplifted by upwelling and reaches the near surface. Nilsen et al. (2016) found the
highest cross-correlations between southerlies and Isfjorden temperature on lags around 50 days. Even though the
Kongsfjorden trough is shorter than the Isfjorden trough, KF captures the warming signal just a few days after the
outset of southerly winds. This shorter lag may indicate the presence of AW on the shelf already at the time of the
reversal, the latter generating only fjord-shelf exchanges. Northerly winds upwell fjord deep waters, which are
replaced by waters on the shelf, thus disrupting the geostrophic control.

The link of wind reversals with the general atmospheric circulation is further examined through a correlation
analysis (see Sections 2.1.2 and 2.2 for details). The only significant correlation (—0.4, p-value = 0.01) is found
with the Arctic Oscillation (AO). A negative phase of the AO is associated with a weaker jet stream in the northern
hemisphere, characterized by large meanders propagating high-pressure anomalies as far north as the Barents Sea
and Fram Strait and negative pressure anomalies toward the mid-latitudes. A negative AO phase can thus set up a
pressure anomaly field at high latitudes characterized by large zonal gradients, a feature consistent with the
geopotential dipole observed in Figure 4a, increasing the probability of large meridional geostrophic winds over
the Fram Strait.

Reversals occur throughout the year (Figure S6a in Supporting Information S1), and their occurrence peaks in
February and October (Figure S6b in Supporting Information S1). Reversals occurred almost every winter of the
decade, up to three events per season (Figure S6¢ in Supporting Information S1). Thus, why do upwelling-driven
AW intrusions occur only in some winters and do not follow every reversal event? Reversals are not the only
essential aspect determining the characteristics of the AW intrusions, even though they set off the movement of
AW toward Kongsfjorden.

The presence of low-density near-bottom waters in the fjord is the critical local oceanic aspect during reversals
generating upwelling-driven AW intrusions (Figures 5c and 5d). These low-density waters are not confined just to
the period preceding the warming, but characterize the whole winter season in years featuring AW intrusions
forced by upwelling: 2011, 2016 and 2018 for KF (Figure 7a); 2011, 2012, 2018 and 2020 for MDI (Figure 7b).
The low density is linked to a low salinity signal in all these winters, except for 2016 (Figures 7e and 7f). At KF,
salinity in 2011 and 2018 dropped right before the beginning of the new year to a local minimum around February
(Figure 7e). A similar behavior is observed for MDI (Figure 7f). Here, low salinities characterize January and
February of those years with upwelling-driven AW intrusion, that is, 2011, 2012, 2018 and 2020, even though in
the inner fjord there is not a clear salinity drop as in the mid-fjord. Winter 2016 features several different AW
intrusion events already from the end of 2015 (De Rovere et al., 2022), leaving continuous warm and low-density
conditions in the mid-fjord for the whole winter.

The potential density of the AW layer in the WSC exhibits a seasonal pattern, generally increasing from
November to May, except for winter 2016 (Figure 8). Fjord density increases over the winter season, but the
timing of the inception shows some inter-annual variability, for example, early winter as in 2013, 2014 and 2015,
or late winter as in 2011 and 2016. This inter-annual variability in fjord density plays a crucial role in influencing
the density difference between incoming WSC waters and fjord waters, ultimately preconditioning the dynamics
of AW intrusions.

Reversals triggering AW intrusions (indicated by vertical red lines in Figure 8) are associated with AW that is
denser than fjord's bottom waters (Figures 8a and 8e). Conversely, when AW is not denser than fjord's bottom
water, reversals do not trigger upwelling-driven AW intrusions (vertical blue lines in Figure 8). Our interpretation
is that denser AW intrudes the fjord beneath lower-density waters. In contrast, when fjord waters have higher or
similar densities compared to WSC waters (vertical blue lines in Figure 8), reversals generate AW inflows at
near-surface or intermediate depths, as in February 2017 (Figure S7 in Supporting Information S1) and March
2015 (Figure S8 in Supporting Information S1), respectively. In such cases, northerly winds may move part of the
intruded AW offshore through surface Ekman transport, thus limiting the warming in the fjord. If northerly winds
do not follow prolonged southerly winds, then an AW intrusion by downwelling may occur (see Section 4.3 for
further details). It is important to note that there are reversals leading to inflowing waters colder than fjord waters,
as in February 2015 (Figure S9 in Supporting Information S1), indicating the presence of a cold water mass other
than AW on the shelf at the time of these events. Unfortunately, we are not aware of any available measurements
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Figure 7. Near-bottom potential density (a, b), potential temperature (c, d), and salinity (e, f) at KF (left-side) and MDI (right-side) between November and June. Time
series are smoothed with a 7-day moving average. Dots indicate ¢, dates of upwelling-driven AW intrusions at MDI. Note that KF has no measurements for winter 2012,

2019 and 2020.

in Kongsfjordrenna during these events. Such measurements would provide a more comprehensive understanding
of the ongoing dynamics and help distinguish water masses present on the shelf.

The occurrence of winter upwelling-driven AW intrusions in Kongsfjorden is principally linked to the fjord's
winter density conditions, whose inter-annual variability largely depends on the arrival of fresher waters at the fjord
near-bottom (2011, 2012, 2018 and 2020 events). Near-bottom density and salinity from mooring I-S, positioned
on the shelf in front of Isfjorden, show an inter-annual variability consistent with KF and MDI data, featuring lower
values during winters characterized by upwelling-driven events (Figures S10a and S10c in Supporting Informa-
tion S1). I-S observations also show that winter 2012, which KF did not record, features a low potential density at
the beginning of the season, with values comparable to those of the 2011 and 2018 winters. Hence, low-density
waters in years with upwelling-driven AW intrusions are found in both Kongsfjorden and Isfjorden, suggesting
a common freshwater source for these two locations. The primary freshwater source in winter in the West Spits-
bergen area is the SPC, which transports ArW and sea ice from the Barents Sea through Storfjorden to the WSS,
ultimately influencing water masses in Kongsfjorden (Svendsen etal., 2002; Tverberg etal.,2019). The SPC is thus
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Figure 8. (a—e) Potential density at KF (fjord's near-bottom, blue lines) and F3 (intermediate West Spitsbergen Current layer, red lines) between November and May for
years with simultaneous measurements. Dates of reversals are represented with vertical blue lines, while vertical red lines identify reversals associated with AW
intrusions (all events are considered and not only the ones leading to the greatest temperature change during a single winter; see methods). Dates of reversals are 2013-
02-13 (b), 2015-01-12 (d), 2015-02-04 (d), 2015-03-07 (d), 2016-03-13 (e). Dates of reversals associated with AW intrusions are 2011-02-18 (a), 2011-03-02 (a), 2016-
01-06 (e) and 2016-01-26 (e). The lower side of each subplot reports the difference between F3 and KF potential densities.
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Figure 9. January-February mean salinity difference at 50 m depth between winters with and without upwelling-driven AW
intrusions as recognised in this study (see Section 2.2 for details). Blue (red) areas are characterized by lower (larger)
salinities during years with upwelling-driven AW intrusions in Kongsfjorden. Gray areas identify locations where the
salinity difference is not significant. Data come from daily TOPAZ4 reanalyses.

the primary factor preconditioning the inter-annual variability in the shelf and fjords' winter density, eventually
determining the characteristics of AW intrusions once triggered by atmospheric reversals.

Significantly lower salinities in the WSS at 50 m depth are seen for those years featuring an upwelling-driven AW
intrusion (2011, 2012, 2018, 2020) compared to the other winters (2013, 2015, 2017, 2019) (Figure 9). Besides the
WSS, this negative salinity anomaly characterizes Storfjorden and the region south of the Svalbard archipelago, the
northern Barents Sea and the central Arctic basin. Low-salinity waters in the northern Barents Sea feed the SPC,
which redistributes the freshwater signal along the WSS. This large-scale salinity structure might be produced by a
significant freshwater export from strong sea ice melting during the previous summer season, a lack of sea ice
production in the present autumn/winter and freshwater advection from Siberian rivers. The occurrence of pro-
longed AW advection in the previous summer/autumn may also leave a denser water column on the WSS and
adjacent fjords at the end of the year, conditioning the winter density as well. Future research efforts should focus on
understanding the causes of such large inter-annual variability in the density of the WSS and adjacent fjords.

4.3. The Downwelling Mechanism

The winter 2014 AW intrusion showed an initial warming in the upper layer of the water column, which then
propagated toward the bottom, likely due to heat loss and densification. We hypothesize that long-lasting,

DE ROVERE ET AL.

16 of 22

85U807 SUOWWIOD BAIER.D 3(eot[dde auy Aq peusenob ae sajole YO ‘8sn JO Sanu Joj ARIqITaUIIUO A8|IM UO (SUONIPUOO-PUR-SWLBIALIOD A8 | 1M A1 1 [Bu [UO//:Sty) SUORIPUOD pue SWLB | 38U} 88S *[7202/60/12] Uo Aleidi8ulluO AB|IM eizeUB A 11e3S04 D BISIAIIN Ad S600200rE202/620T OT/I0pAL0o" A8 |1 AReiqjpuluo'sgndnBe;/sdny wouy pepeojumod 'L ‘v202 ‘16266912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2023JC020095

constant southerly winds transported the shallowest WSC layers toward the fjord, which were eventually forced to
enter on top of fjord waters. The timing in which the theoretical Ekman layer arrives in the fjord supports this
hypothesis (Figure 6g), which is concurrent with the arrival of warm waters near the surface (Figures 6a—6i). A
significant difference with the upwelling mechanism described in Section 4.2 is the absence of sustained northerly
winds, which could have limited the fjord's warming by moving the near-surface AW offshore through Ekman
transport. Furthermore, winter 2014 is the second warmest winter at the near surface (70 m depth), as well as the
winter with the highest temperature difference between 70 and 250 m depth, according to 13 years of F3 mea-
surements from 1999 to 2015 (Figure S11 in Supporting Information S1). This evidence indicates that the core of
the WSC was shallower in winter 2014 than in other years, and southerly winds could have easily transported
warm waters toward the coast of Spitsbergen through Ekman transport.

Winter 2014 is characterized by a strong positive geopotential height anomaly centered over the Barents Sea,
developing in January (Figure 10b) and persisting until February (Figure 10c), while a strong negative geo-
potential anomaly develops in the northeastern Atlantic region, between Iceland and Great Britain. Consequently,
winter 2014 features a continuously rising cumulative meridional wind stress, reaching the largest cumulative
values of the decade (Figure 10e). This particular atmospheric setting generates southerly winds over the Fram
Strait persistently for 2 months.

4.4. Relation With Winter Scenarios

The different AW intrusion mechanisms proposed in this study are linked to the Winter Scenarios introduced by
Tverberg et al. (2019), describing the character of the wintertime AW intrusion in Kongsfjorden (see Section 1).
The upwelling mechanism fits the Winter Intermediate scenario, where the AW intrusion occurs at depth and,
depending on the magnitude of the upwelling, it can reach the fjord surface. The downwelling mechanism fits the
Winter Open scenario, where the AW is forced eastward by persistent southerly winds and intrudes on top of fjord
waters. Winters characterized by the absence of substantial AW inflows are consistent with the Winter Deep
scenario, where the fjord's water column undergoes convection and densification. In the case of Winter Open and
Deep, large fjord densities could also be related to the occurrence of extensive AW intrusion in the previous
autumn season, which leaves a denser water column for the subsequent winter.

5. Summary and Conclusions

Wintertime AW intrusions in Kongsfjorden are relatively common events in the 2011-2020 decade. These events
lead to a temperature, salinity and density increase in the fjord of at least 1°C, 0.1 and 0.03 kg/m?, respectively, in
just a few days, leaving a warmer and denser water column lasting for a few weeks after their occurrence. Five
major events took place in winter 2011, 2012, 2016, 2018 and 2020 by means of upwelling. AW intrusions are
triggered by energetic wind reversals blowing over the WSS, consisting of strong southerly winds leading to
downwelling conditions, followed by northerly winds and upwelling conditions. Reversals activate intermediary
circulation and move WSC waters on the shallower isobaths on the WSS, setting up the STC transporting AW
toward Kongsfjorden. Southerlies are developed by the setup of a strong pressure dipole, with a high-pressure
center over the Barents Sea and a low-pressure center over Greenland and Northern Canada. Afterward, the
restoration of the typical low-pressure conditions over the Central Arctic and the Svalbard archipelago generates
northerly winds. The occurrence of wind reversals is significantly anti-correlated with the AO, as a negative AO
phase is more likely to trigger the pressure dipole associated with such wind events.

The ocean is a crucial preconditioning factor, limiting upwelling-driven AW intrusions only to those periods
when fjord waters are less dense than WSC waters. External advection of fresher (2011, 2012, 2018 and 2020
events) or warmer (2016 event) waters before the intrusion lowers the fjord's bottom density. The SPC is the key
driver of the freshwater input, which transports anomalously low salinity waters from the northern Barents Sea to
the WSS. In contrast, when fjord waters have higher or similar densities compared to WSC waters, reversals
generate AW inflows at near-surface or intermediate depths. The 2014 intrusion event occurred by means of
downwelling. On the WSS, southerly winds blew almost persistently during January and February, transporting
AW from the top layers of the WSC toward Kongsfjorden, which then intruded on top of fjord waters. Southerly
winds were generated by a long-lasting high-pressure anomaly over the Barents Sea and the Eurasian Arctic
region, which contrasted with a low-pressure anomaly over the northeastern Atlantic Ocean.
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March 2014 (d). Climatology is computed over the 2011-2020 decade. (¢) Cumulative meridional wind stress from December to April for winters in the 2011-2020
decade. The thick green line highlights winter 2014.
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This study improved the understanding of winter AW intrusion mechanisms by discussing the dynamical aspects
of several observed events. The emerging picture shows that both the atmospheric and oceanic components are
relevant in determining the timing and characteristics of the intrusions and, more generally, of Kongsfjorden's
winter conditions. Furthermore, the SPC plays a critical role by transporting the low-density signal from the
northern Barents Sea over the WSS to the adjacent fjords, which allows for the development of upwelling-driven
AW intrusions.
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org/10.24381/cds.bd0915¢6 and doi.org/10.24381/cds.6860a573, respectively. CMEMS Arctic Ocean Physics
Reanalysis data from the E.U. Copernicus Marine Service Information (CMEMS — Copernicus Marine Ser-
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