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The variability of
wind-driven currents
in the Norwegian Trench
Anna Enge*, Julie D. Pietrzak and Bram C. van Prooijen

Department of Hydraulic Engineering, Faculty of Civil Engineering and Geosciences, Delft University
of Technology, Delft, Netherlands
The Norwegian Trench (NT) is the main pathway for North Sea water into the

Atlantic Ocean and for Atlantic Water (AW) into the North Sea. The processes that

determine the cross-shelf exchange through the NT are key to understanding the

variability of the salt budgets in the North Sea. Here, high-resolution numerical

simulations from Copernicus Marine Services (CMEMS) for two recent years

(2022, 2023) reveal new sources of variability of the flows in the NT. We find that

wind regulates the flows in the NT, particularly in enabling the outflow of the

fresh-water river plume, the Norwegian Coastal Current (NCC), in the Skagerrak

during easterly wind conditions. Strong NCC outflows are associated with

transport in a northward direction into the Atlantic Ocean. Furthermore,

intensified eddy activity at the surface is found during strong NCC flows,

causing high velocity surface currents sometimes exceeding magnitudes

of 1 m/s. AW inflows partly compensate the northward outflows, keeping the

net transport of 2–3 Sv constant over both years. However, the magnitudes of

the AW inflows are small compared to the NCC. AW inflows that are comparable

to the NCC outflows only occur during northerly winds in winter. We show that

the variability of surface flows in the NT is wind induced, but that the effects of the

canyon-like shape of the NT and seasonality of winds and river discharges

introduce more variable deep flows than previously considered.
KEYWORDS

Norwegian Trench, CMEMS, Norwegian coastal current, wind, North Sea
1 Introduction

The North Sea in northern Europe (Figure 1A) is one of the best-studied shelf seas

worldwide (Huthnance et al., 2022). Disproportional to its small size, the North Sea is of

large ecologic importance (Van Der Molen and Paetsch, 2022; Huthnance et al., 2022).

Overall the North Sea is a shallow sea with an average depth of approximately 100 m.

However, the Norwegian Trench (NT), a deep canyon along the Norwegian coast, has an

average water depth of 300 m (Hovland and Indreeide, 1980). The NT plays a key role in

the exchange with the Atlantic Ocean by channelling the outflow of the North Sea waters

(Huthnance et al., 2009; Hordoir et al., 2013; Christensen et al., 2018). Davies and Heaps

(1980) showed that the NT influences the wind-driven circulation of the North Sea, in
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2025.1600994/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1600994/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1600994/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2025.1600994&domain=pdf&date_stamp=2025-10-27
mailto:A.Enge@tudelft.nl
https://doi.org/10.3389/fmars.2025.1600994
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2025.1600994
https://www.frontiersin.org/journals/marine-science


Enge et al. 10.3389/fmars.2025.1600994
particularly in forcing inflows over the shelf into the North Sea as a

compensation for intensified outflows through the trench. The NT

emerges from the Skagerrak, extends northward coast-parallel to

Norway, and ends in the Norwegian Sea (Johannessen et al., 1989).

The conceptual overview in Figure 1A is based on previous studies

about the NT, e.g. McClimans and Lonseth (1985); Furnes et al.

(1986); Sætre et al. (1988); Johannessen et al. (1989) and Hordoir

et al. (2013). Mork (1981) summarized first insights about the

dynamics in the NT based on the data that was collected during

“The Norwegian Coastal current” project, which started in 1975.

The Norwegian Coastal Current (NCC) is a baroclinic coastal

trapped current composed of fresher waters from the North Sea,

the Baltic Current (BC), the Jutland Current (JC) and from the

many fjords and rivers, e.g. Glomma, around Norway (Christensen

et al., 2018; Skagseth et al., 2011). The water of the NCC is

characterized by salinities below 35 PSU, however freshening due

to fjord outflows can reduce the salinity below 32 PSU

(Johannessen, 1986). The magnitude of the contribution and the

principal source of freshwater is spatially and temporally variable,

changing along the Norwegian coastline and over the seasonal cycle

(Skagseth et al., 2011). Formed in the Skagerrak, the NCC flows

northward along the coastline of Norway on the eastern side of the

NT. Due to its lower density, the NCC flows in the upper 50–100 m

of the water column and stratifies the system (Ikeda et al., 1989;

Albretsen et al., 2012). Partly, underneath the NCC the recirculating

waters of the North Sea flow northward out of the North Sea into

the Atlantic Ocean (Winther and Johannessen, 2006). Outflows of

the NCC are related to westerly and easterly wind conditions in the

Skagerrak, which result in blocking and outbreak conditions,

respectively (Mork, 1981; Christensen et al., 2018; Hordoir et al.,

2013). The seasonality in prevailing winds strongly affects the width,

depth, and strength of the NCC (Mork, 1981; Sætre et al., 1988). A

typical observation is that a branch of the NCC deviates westwards

at 58°N, before turning eastwards farther North (Ikeda et al., 1989).

Multiple studies observed that intense winds over autumn and

winter increase the wind-driven transport of the NCC, whereas over

summer when winds weaken, the transport decreases (Davies and

Heaps, 1980; Skagseth et al., 2011; Winther and Johannessen, 2006).

Along-shore and cross-shore winds can favour upwelling and

downwelling conditions, thus widening and shallowing the NCC

or deepening and narrowing it, respectively (Davies and Heaps,

1980; Huthnance et al., 2009).

The Atlantic Water (AW) branching from the North Atlantic

Current (NAC), flows southwards along the western side of the NT

as NT Inflow (NTI), see Winther and Johannessen (2006) and

Johannessen et al. (1989). The AW is classified by salinities equal to

or higher than 35 PSU (Furnes et al., 1986). As the NAC carries heat

from the subtropics, the NTI is warmer than the North Sea waters

(Albretsen et al., 2012). In the NT, the currents at higher depth are

influenced by the shape of the trench and its topography (Mork,

1981). Approximately, half of the inflowing AW is redirected

eastwards at 58.5°N – 59°N and continues northwards

underneath the NCC, see Figure 1A (Furnes et al., 1986; Ikeda

et al., 1989). Along these latitudes, a steep change in topography acts

like a barrier to the AW flow as it restricts the width of the trench
Frontiers in Marine Science 02
and the southward flows through the NT. In previous studies, the

eastward redirection of AW, is referred to as retroflection (Furnes

et al., 1986). Additionally, southward shoaling causes a deflection of

the currents to the east by topographic steering already at higher

latitudes (Johannessen et al., 1989; McClimans et al., 2000). AW

inflow events that reach farther south into the NT and renew the

bottom water are rare and are only observed under very cold winter

conditions (Mork, 1981). These AW inflow events are the main

source of salinity and heat for the North Sea in winter (Albretsen

et al., 2012). Whether these events are wind or density driven is not

clear yet.

Within the NT, mesoscale eddies, sharp fronts, and meanders

are the result of baroclinic instabilities caused by the interaction of

the NCC and the AW (Ikeda et al., 1989; McClimans et al., 2000).

On short time scales, eddies can cause flow velocities at the surface

that exceed magnitudes of 1 m/s. McClimans et al. (2009) found

that surface eddies impact the entire water column and can be

measured down to the bed of the NT. Anticyclonic eddies with large

baroclinic contributions are present on the eastern side, while

cyclonic eddies from barotropic instabilities are found in the

northwestern part of the NT (Ikeda et al., 1989; Johannessen

et al., 1989). Due to mixing and the lack of sufficient freshwater

sources to sustain the low salinity of the NCC, the salinity of the

NCC increases northwards (Skagseth et al., 2011). Horizontal and

vertical density gradients weaken, such that the generation of eddies

is suppressed.

Various studies suggest that the net cross-shelf transport

through the NT ranges between 1–3 Sv (1 Sv = 10e6 m3/s) and is

constant over annual time scales (Christensen et al., 2018;

Huthnance et al., 2009; Akpınar et al., 2022; Mork, 1981; Winther

and Johannessen, 2006). However, the wind-driven variability on

daily to weekly time scales is just as large or even larger, leading to

transports between 1–6 Sv. On longer time scales, the North-

Atlantic Oscillation (NAO) can explain much of the variability of

the currents in the NT (Akpınar et al., 2022; Winther and

Johannessen, 2006). The NAO describes the pressure systems in

northern Europe and is the main cause of decadal variability in

wind-driven flows in the North Sea and North Atlantic.

The overview above shows the wealth of previous studies in the

region, but knowledge about the processes controlling the cross-

shelf exchange through the NT is still lacking. Until now there is no

detailed overview which describes the spatial and temporal

variability of the flow field in the NT. Publications from the 90’s

present detailed observations (although limited by the then

available instruments), theoretical models or laboratory

experiments of the NT (Davies and Heaps, 1980; Mork, 1981;

McClimans and Lonseth, 1985; Furnes et al., 1986; Sætre et al.,

1988). However, the simplifications and temporal and spatial

restrictions of the models and data, did not allow for

understanding of the range and cause of variability in the flows.

Some more recent publications looked at the results from numerical

simulations of isolated parts of the system, e.g. the Skagerrak

(Christensen et al., 2018), the surface circulation (Akpınar et al.,

2022), AW pathways (Winther and Johannessen, 2006), while

others focussed on a full spatial coverage of the North Sea, but
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missing the details of the NT, e.g. Huthnance et al. (2009);

Suendermann and Pohlmann (2011). However, the dynamics in

the NT cannot be understood in isolation. Here, we present a new

conceptual picture of the flows over the entire water column in the

NT. By accounting for the interconnection of flows and winds, we

show the variability of the flow field over two recent years. We use

high-resolution numerical simulation outputs to explore the 3-

dimensional flow structure in the NT and how it varies over time.

In doing so, we present a new picture of the responses of the flow

field in the NT, for example to wind and seasonal forcing.
2 Materials and methods

2.1 Data

We use the output products from the Atlantic - European

Northwest Shelf - Ocean Physics Analysis and Forecast

(NWSHELF_ANALYSISFORECAST_PHY_004_013) (CMEMS_1)

provided by Copernicus Marine Services (CMEMS_1, 2025).

CMEMS model outputs are obtained from simulations using the

Atlantic Margin Model (AMM15) with an eddy-resolving

configuration and the Nucleus for European Modelling of the Ocean

(NEMO 3.6) numerical code (Tonani et al., 2019; Aznar et al., 2025).

The regional forecast model resolves the North-Western Shelf domain

(16°W-10°E; 46°N – 61.3°N) on a regular grid with a horizontal

resolution of 1/36° (~1–3 km) (Aznar et al., 2025). The vertical

dimension is resolved in 50 geopotential vertical levels of high

resolution near the surface (~ 1 m) and low resolution at higher

depth. The model is forced by hourly atmospheric conditions provided

by the European Centre for Medium-Range Weather Forecasts

(ECMWF). Boundary conditions and initial conditions are given by

the global eddy resolving model of 1/12° resolution (GLOBAL

ANALYSIS-FORECAST_PHY_001_024). Freshwater discharges are

represented by 33 rivers and by coastal runoffs from all around the

North Sea. The model contains 11 tidal harmonic constituents,

however for daily outputs the de-tided outputs, averaged over 25 h,

are available. The bathymetric information is provided by GEBCO

(GEBCO Bathymetric Compilation Group, 2024). Both vertical and

horizontal mixing is parametrized in the model by the k-e
parametrization. The data is assimilated with altimeter, in situ

temperature, salinity and satellite sea surface temperature

observations. In this configuration, the model is validated to produce

reliable high-resolution results for the surface flows in the study area

(Akpınar et al., 2022). Deep flows were not validated in previous

studies. However, we find sufficient similarities to previous observation

data, e.g. Furnes et al. (1986); Winther and Johannessen (2006) and

Johannessen et al. (1989), to state that the model simulates the main

processes with sufficient accuracy. Our study area extends from 57°N to

61.28°N, and 2.03°E to 9.97°E. We use daily meridional (v) and zonal

(u) flow velocities (m/s) (de-tided), salinity (S in PSU), temperature (T

in °C) and density defined ocean mixed layer depth (MLD in m) from
FIGURE 1

(A) Map of schematized mean currents in the northern North Sea:
The Jutland Current (JC) and the Baltic Current (BC) meet in the
Skagerrak and form the Norwegian Coastal Current (NCC). The NCC
flows alongshore and northwards following the Norwegian
coastline. From the north, the Atlantic Water (AW) branching from
the North Atlantic Current (NAC) flows southward along the western
side into the trench as NT Inflow (NTI). The discharge of the
Glomma River contributes to the freshwater body of the NCC. The
topographic map generated with MATLABs M_Map package shows
bathymetry data in metres (Pawlowicz, 2020). (B) Topographic map
showing the study area of the NT, the four transect (T1.1, T1.2, T2.1
and T2.2) and the two locations of the wind time series. The two
wind roses show the daily mean wind speeds and directions from
01-01–2022 to 31-12–2023 for wind site 60°N and the Skagerrak.
The wind roses display the direction of origin of the wind.
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01 January 2022 to 31 December 2023.This study uses the CMEMS

outputs of the forecasting model which resolves the study area in the

highest resolution available (1.5 km horizontal resolution). However,

these outputs are not stored. To reproduce the years 2022-2023, the

reanalysis product for the North-West European Shelf can be used. The

horizonal resolution of 7 km is lower than in the forecast product, but

the results are remarkably similar (Akpınar et al., 2022).

We use wind data from the outputs of the CMEMS product

Global Ocean Hourly Reprocessed Sea Surface Wind and Stress from

Scatterometer and Model (WIND_GLO_PHY_L4_MY_012_006)

(CMEMS_2, 2024) (Giesen et al., 2024). Two output locations are

selected to gather hourly wind data, namely 1) 60.48°N/3.80°E, 2)

58.71°N/10.34°E. In the following the stations are called 60°N (1) and

Skagerrak (2), see Figure 1B and Figures 2A, B. The outputs are

averaged over 24 h, to simplify the comparison to the oceanographic

model data. Eastward and northward wind data (m/s) is resolved on a

horizontal grid with 0.125° resolution. Daily wind data from 01

January 2022 to 31 December 2023 is used in the study. River

discharge data from Glomma is used to show the influence of

seasonal river discharge (Figure 2C). The data is provided by the

Global Runoff Data Centre and provides daily mean discharges from

01 January 2022 to 31 December 2023.
2.2 Analysis

We analyse time series of daily mean model outputs of 2022 and

2023 along four zonal transects extending from 3.9-5.5°E (T1.1) and

2.3-3.9°E (T1.2) at 58.9°N and from 3.9-5.5°E (T2.1) and 2.3-3.°E
Frontiers in Marine Science 04
(T2.2) at 61.28°N (Figure 1B). The location of T1.1 is chosen to

capture the NCC without it being strongly entrained by AW. T1.2 is

used to capture AW inflow as well as the westwards displacement of

the branch of the NCC. The location of T2 is chosen to estimate the

cross-shelf exchange based on the data of the northern most flows

in the model outputs. T2.1 is selected to capture the NCC outflow

towards the north and T2.2 to capture the AW inflow. The total

zonal extent of 2.3-5.5°E covers the entire area of the trench but

excludes the flows in the North Sea. All parameters are averaged

over the zonal extent of the transects which is approximately 100

km. Daily averaged zonal and meridional flow velocities,

temperature, salinity, and Eddy Kinetic Energy (EKE) are used in

this study. Eddy Kinetic Energy (EKE) is used to identify temporal

and spatial distributions of eddies that impact the flow. EKE is

defined as “the kinetic energy of the time-varying component of the

velocity field” (Martinez-Moreno et al., 2019) and calculated as

EKE =
1
2
(u02 + v02) =

1
2
((u − ua)

2 + (v − va)
2)   (1)

where u
0 2 and v

0 2 are the deviations of daily mean flow

velocities (u, v) from the annual mean velocities (ua, va) : To

identify the influence of wind on the flow, we correlate the

averaged zonal and meridional flow velocities to the wind time

series of 2022 and 2023 at the locations Skagerrak and 60°N. The

correlation coefficients (r) of daily averaged wind and flow vectors

are calculated based on the Pearson Correlation. We use p = 0.05 as

significance threshold, so that r is significant when p < 0.05 and |r| >

r (p = 0.05). For the correlation, the averaged velocities over depths

from 0 to 400 m are used.
FIGURE 2

Daily mean wind speed and direction (A) at 60°N and (B) in the Skagerrak over 2022 and 2023. (C) shows the time series of daily mean river
discharge from Glomma.
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Meridional volumetric transports (Qnet) (m
3/s or in Sv) for 2022

and 2023 are calculated by integrating the averaged velocities in

northward (vn) and southward (vs) direction along all four transects

over depth as

Qn  = 
1
Ta

   
Z
A

Z
Ta

vndAdt  ; Qs  = 
1
Ta

   
Z
A

Z
Ta

vsdAdt   (2)

   Qnet  = Qn − Qs   (3)

with A the cross-sectional area for the transects (T1.1, T1.2,

T2.1 and T2.2) and Ta a period of one year (2022 and 2023). Zonal

flows are not considered as the dominant exchange flows are in

northward and southward direction.
3 Results

3.1 Flow velocities and directions over
2022-2023

We visualize current velocities and directions at 6 locations

within the NT for the time span of two years by plotting current

roses, see Figure 3. The locations are chosen to cover large parts of

the trench and include the outflow area of the NCC as well as the

NTI area. The current roses are plotted from the surface data and

from data at 150 m depth to show the variation of flows over depth.

According to Albretsen et al. (2012), the upper 100 m capture the

NCC. The 150 m depth output is well below the 100 m transition

and thereby representative for the deeper flow dynamics. The

individual time series of flow velocities of all locations are

provided in the supplementary material (Supplementary

Figures 1, 2). At the surface (Figure 3A), the north-westward flow

of the NCC is captured in Station 1. The primarily northward flow

of the NCC, following the Norwegian coastline contour in the east,

is shown at Stations 3 and 6. These three stations show largest

current velocities, exceeding 0.9 m/s. In the West, opposite of the

stations which capture the NCC, Stations 2 and 4 show the

southward inflow of AW into the trench. In general, the western

stations show much lower current speeds than the eastern stations,

indicating that the southward inflow of AW is less energetic than

the northward outflow of the NCC. At Station 2, the most frequent

flow regime is a flow in southeastern to southwestern direction.

However, Station 2 also captures strong north-eastward flows with

speeds up to 0.45 m/s. Such flows are not present at a depth of 150

m at Station 2; thus, we deduce that they are restricted to the surface

only and most probably originate from a westward deviation of a

branch of the NCC (Figure 3B). This is further called the westward

displacement of the NCC. We do not capture a northward

component of the flow at Station 4, but we do at Station 5. At

Station 4, the flows are south-eastwards and indicate AW

propagation. At Station 5, a strong north-westward flow

component is captured, which might result from the western

branch of the NCC merging with the more eastern coast parallel

branch of the NCC again. At the surface, Stations 3, 4 and 6 show

the lowest variability, indicating separate flow pathways of
Frontiers in Marine Science 05
southward directed AW in the west and northward directed

coastal waters in the east. Station 1 is slightly more variable

compared to Stations 3 and 6, as the extension of the NCC

towards the west can vary. At Station 5, the flows are northward

across the shelf, but more variable than in the two neighbouring

stations. We expect that the variability at Station 5 is due to the

alternating occurrence of AW and NCC.

The current roses at the surface and at 150 m depth show

similarities, but also differences. All stations, except Station 5, show

low variability at 150 m depth. The variability in the currents is

lower at 150 m compared to the surface flows, as the currents are

less influenced by winds, topographically steered and restricted by

the shape of the canyon itself. The southward inflow of AW is

captured in the West (Stations 2 and 4) and the northward outflow

of North Sea water in the East (Stations 3 and 6). At Station 1, the

flow follows the topography of the trench pointing westwards. At

Station 2, the direction of the flow at a depth of 150 m is steered by

the topography of the trench, thus only showing the southwards

directed AW inflow. At Station 5, the strong variability in eastward

direction indicates inflow of AW which is in agreement with the

theory of topographic steering at that location. Although the surface

and the flows at 150 m depth show similarities in flow direction at

Station 5 the mechanisms that steer the flow are very different. At

150 m depth, the NCC does not influence the flow, such that the

variability is only related to the redirection of AW and North Sea

waters at higher depth. At Station 3, the flow at 150 m depth is

mostly northwards, but with some exceptions of strong southward

currents. These southwards flows are likely to result from AW

inflows which deviate south-eastwards and flow southwards along

Station 3. In general, the current roses show that the flow regimes in

the NT can be locally very variable and that the forcing of the

currents varies over depth.
3.2 Two-year variations along four
transects in the NT

Time series of flow velocities and direction, temperature,

salinity and EKE (Equation 1) are analysed at the transects T1.1,

T1.2, T2.1 and T2.2 (Figures 4, 5) together with wind data from two

locations (Figures 2A, B) and river discharge information of

Glomma (Figure 2C). As the wind speed and direction are not

uniform over our study area, we consider the wind conditions at

two locations: Skagerrak and 60°N. We chose 60°N as this

represents the upper boundary of our study area and Skagerrak to

represent the wind forcing at the location of generation of the NCC.

We use three wind events, highlighted with rectangles in Figures 4

and 5, to stress the effect of winds on the flows over two consecutive

years. These three main wind conditions are further discussed in

Section 3.4.

3.2.1 Eastern part of the NT – NCC outflow
The eastern part of the NT shows the north-westward

propagation of the NCC and the deeper north-westward outflow

of North Sea water in the lower water column (Figures 4A, B, F, G).
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At both transects, north-westward flow in the upper water column

is related to the NCC which flows along the coast of Norway. The

NCC, which is visualised by the low surface salinities, is confined to

the upper 50 to 100 m of the water column (see MLD in C, H).

MLDs in winter extend to a maximum of 50 m and reduce in
Frontiers in Marine Science 06
summer to less than 20 m in both transects. Below the NCC, North

Sea water and AW of higher salinity (35 PSU) are flowing north-

westwards. However, and especially in winter, south-eastward flow

events are happening. At T1.1, south-eastward flows are

constrained to the lower water column (> 50 m) and are only
FIGURE 3

Daily mean current velocities and directions (A) at the surface and (B) at 150 m depth at 6 locations of CMEMS outputs from 01-01–2022 to 31-12
2023. The coordinates are the following: (°N/°E) 1) 58.47/4.81, 2) 59.87/3.42, 3) 59.88/4.81, 4) 61.25/2.86, 5) 61.25/3.42 and 6) 61.25/3.92. For each
station, the flow velocity time series has been aggregated into a current rose, indicating the magnitude, direction, and occurrence of flow magnitude
and direction in percentage over 2 years. The direction indicates where the flow is going, in contrast to wind roses, which indicate the direction of
origin of the wind. We assign North to 90° to point 0° in x-direction.
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rarely visible at the surface where north-westward currents

dominate. At T2.1, north-westward flows dominate and are

intensified, compared to the southern transect. At T2.1, south-

eastward flow events in winter extend over the entire water column.

Both transects show intensified flow velocities in winter (October-

April) with magnitudes of up to 0.5 m/s whereas in summer (April-
Frontiers in Marine Science 07
October) flow velocities are much lower (< 0.2 m/s). This

seasonality coincides with the seasonality of winds, which

strengthen over winter and weaken over summer (see Figure 2A,

B). At T1.1, large north-westward velocities in the upper 50 m occur

during north-easterly winds in the Skagerrak (WS1). These

northward velocities are attributed to an outflow of the NCC and
FIGURE 4

Daily (A) meridional and (B) zonal flow velocities, (C) salinity with MLD (line), (D) temperature and (E) EKE over depths along transect T1.1 (upper) and
of (F) meridional and (G) zonal flow velocities, (H) salinity with MLD (line), (I) temperature and (J) EKE over depths along transect T2.1 (lower) for
2022-2023. The small map indicates the location of both transects with green arrows (see Figure 1 for better reference). We present the Wind
Scenarios (WS1-3), which are analysed in more detail in Chapter 3.4.
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are strongest over winter time. At T2.1 maximum north-westward

velocities fall together with southerly winds in October 2022-

January 2023 and September-October 2023. The strengthening of

the flow can either indicate a strengthening of the NCC due to

downwelling, or due to flow and wind direction being aligned and

thus intensifying the flow (WS2). Largest AW inflows, which extend
Frontiers in Marine Science 08
over the entire lower water column, happen in winter, for example

in December 2022 and December 2023, and align with northerly

wind conditions (WS3).

In winter, increased flow velocities fall together with increased

EKE in both transects (E, J). In winter, high EKE patches extend

over the entire water column, whereas in summer, they are
FIGURE 5

Daily (A) meridional and (B) zonal flow velocities, (C) salinity with MLD (line), (D) temperature and (E) EKE over depths along transect T2.2 (upper) and
of (F) meridional and (G) zonal flow velocities, (H) salinity with MLD (line), (I) temperature and (J) EKE over depths along transect T1.2 (lower) for
2022-2023. The small map indicates the location of both transects with green arrows (see Figure 1 for better reference). We present the Wind
Scenarios (WS1-3), which are analysed in more detail in Chapter 3.4.
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restricted to the very shallow surface layers as the water column is

stratified, and mixing is suppressed. Increased EKE in summer

coincides with increased flow magnitudes and minimal surface

salinities (C, H), which are related to fjord or river discharges, for

example of Glomma (see Figure 2C). Strong horizontal gradients in

sea surface salinity favour the generation of eddies along the eastern

side of the trench, whereas strong vertical gradients suppress

vertical mixing and confine the influence of wind and

atmosphere-ocean exchange to the upper water column. Both

transects show surface waters to warm up to 16 °C in summer

and cool down to 6 °C in winter (D, I). Increased temperatures in

the lower water column over winter could result from the strong

AW inflow which brings warmer water into the trench or from

convective mixing. Increased MLD over winter in both transects

suggest increased vertical mixing, a weakening of the stratification

and thus increased heat transport into the lower water column. As

the northern transect shows slightly higher temperature over winter

in the deep layers but similar MLD, we relate increased temperature

over winter to the influence of AW inflow. In December 2022, a

strong AW inflow event is detected at T1.1 by south-eastward flows

which align with increased MLDs. For depths larger than 100 m

there is no seasonality in salinity detected in any of the transects.
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3.2.1.1 Correlation at T1.1

Figure 6 shows the correlations between the wind conditions

and current velocities over the entire water column at T1.1. We

distinguish the wind conditions at the two wind stations Skagerrak

(A, B, E, F) and 60°N (C, D, G, H). Each subplot indicates the

correlation between the flow velocities in four directions and the

given wind direction. Westerly winds at both locations show a

positive correlation with all four flow directions, with the eastward

flows showing the largest correlation of 0.5 for the westerly wind

condition at 60°N and with all correlations increasing with depth

(B, D). Easterly winds in the Skagerrak show a peak of positive

correlations (0.3-0.4) with all velocities at 50 m (F), while easterly

winds at 60°N show maximum correlations at 50 m depth with

northward and eastward flows but minimum correlations with

southward and westward flows (H). In the Skagerrak, southerly

winds correlate with north-westward flows in the lower water

column but show no correlation with surface flows (A). At 60°N,

southerly winds correlate with positive with eastward flows in the

upper water column, following the Ekman profile, and with

westward flows in the lower water column (C). At 60°N, northly

winds show a negative correlation with northward flows in the

upper 50 m and a weak positive correlation with westward flows at
FIGURE 6

Correlation coefficients over depths are visualized for 8 wind conditions (A-H). The correlation is conducted for eastward (green), northward (blue),
westward (red) and southward (magenta) flow velocities over all depth at T1.1. Missing correlation coefficient points indicate that the correlation was
not significant.
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depths of 120–220 m (E, G). For northly winds in the Skagerrak, the

correlations are similar for northward and eastward flows, both

being positive and largest in the upper 50 m, while southward

flows show a positive correlation which strengthens with

increasing depth.

3.2.1.2 Correlation at T2.1

In Figures 7A-H we show the correlations of winds and flows at

T2.1. Westerlies and southerlies at both locations have similar

correlations to flows (A-D). Northward and westward flows show

low positive correlation at the surface, an increase until 50 m depth

and a gradual positive correlation of 0.4-0.5 over the entire water

column for westerlies. For southerlies, the profiles are similar, but as

depth increases, the correlations stay equal or decrease. For

southerly winds, the correlation of the westward velocities is

weaker and the peak at 50 m depth for the northward flows is

more pronounced. Westerly winds in the Skagerrak and southerly

winds at both locations show a negative correlation with southward

flows at the surface. For southerly winds in the Skagerrak, the

correlation is weak but positive at 150 m. Southerly winds at 60°N

show a weak positive correlation with eastward flows in the upper

50 m of the water column. For northerly winds, northward flow
Frontiers in Marine Science 10
shows a negative correlation of -0.2-0.3 over the entire water

column at 60°N and over the lower water column (150 m – 400

m) in the Skagerrak (E, G). Southward flows correlate positively

with a maximum at 100 m depth. The correlation vanishes with

increasing depth in the Skagerrak, but increases at 60°N. At both

locations, westward flows show positive correlations with northly

winds at the very surface and eastward flows show positive

correlations of 0.2-0.3 over the entire water column with northly

winds and easterly winds. Easterlies in the Skagerrak correlate

positively (0.2-0.3) with southward, northward, and eastward

flows (F). The correlation with northward flows is confined to the

upper 80 m while southward and eastward flows show correlations

until 200–300 m depth. Easterlies at 60°N correlate positively with

eastward flows, but show a negative correlation for northward flows

at 150–400 m depth (H).

3.2.2 Western part of the NT - AW inflow
In Figure 5, we show the western transects, which resolve the

inflow of AW into the NT. At T1.2, the shallow North Sea shelf is

captured, such that when averaging over the transect, the vertical

profile of T1.2 only extends to 150 m water depth (F-J). In both

transects, the main current direction is south-eastward (A, B, F, G).
FIGURE 7

Correlation coefficients over depths are visualized for 8 wind conditions (A-H). The correlation is conducted for eastward (green), northward (blue),
westward (red) and southward (magenta) flow velocities over all depth at T2.1. Missing correlation coefficient points indicate that the correlation was
not significant.
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At the southern transect T1.2 (A, B), the south-eastward flows

extend over the entire water column. In the north, at T2.2 (F, G), the

water column shows multi-directional flows. Different flow

directions at the surface and at higher depth are enabled by the

strong salinity stratification (C). In summer (April-October) the

currents are southward from the surface down to 350 m depths, and

below that north-westwards again. In winter, the surface flows are

north-westwards at the surface until 50–100 m depth. Below that

depth, the flow either continues in north-westwards direction or

changes to a south-eastward direction. At 350 m depth, the

direction of flow is north-westward or north-eastward. At T2.2,

strong north-westward currents are related to NCC outflows,

aligning with low salinity events at the surface (H). In November

2023, while southerly wind conditions predominate (WS2), the

westward branch of the NCC is captured at T1.2 by north-westward

velocities, which extend over the entire water column. In summer,

the water column at T2.2 is stratified by a fresher surface layer and

MLDs of 20–50 m indicate a very shallow stratification with low

mixing. Below that, the water column is filled with AW and North

Sea water. In the two-year time series, there are three events at T2.2

where the surface is not stratified and the MLD deepens to 150–200

m: March-April 2022; winter 2022-2023; and November-December

2023. During these events, EKE increases, but by far not as strongly
Frontiers in Marine Science 11
as observed in the eastern transects (Figure 4E). At T1.2 the MLD is

shallow over summer but deepens to 100 m over winter in both

years, showing the same seasonality as T2.2. High EKE events

happen in winter and align with convective mixing of the water

column (I, J). In both transects the seasonality in temperature is

remarkably similar to what we observe in Figure 4. However, at T2.2

the lower water column is warmer than elsewhere in the trench (D),

which can be related to the proximity of T2.2 to the shelf edge and

consequently increased water contribution from the NAC.

3.2.2.1 Correlation at T1.2

Figures 8A-H shows the correlation of winds and current speeds

averaged over T1.2. Southerly winds at both locations show a

positive correlation of 0.2 with eastward flows over the upper 25–

40 m of the water column (A, C). For southerly winds at 60°N, we

see a negative correlation with southward flows in the upper meters

of the water column. Besides this, any other correlation is absent.

Westerly winds at both locations correlate with southward and

eastward flows (B, D). The correlation is strongest with 0.6 at the

surface and decreases to 0.2-0.3 with increasing depth, showing the

shallowness of the surface layer which feels the direct wind impact.

Easterly winds show positive correlations with northward and

westward flows, both showing strongest correlations of 0.6 at the
FIGURE 8

Correlation coefficients over depths are visualized for 8 wind conditions (A-H). The correlation is conducted for eastward (green), northward (blue),
westward (red) and southward (magenta) flow velocities over all depth at T1.2. Missing correlation coefficient points indicate that the correlation was
not significant.
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surface and decreasing correlations with depth (F, H). There is a

negative correlation of about -0.3 between easterly winds and

southward flows, which decreases with depth. In the Skagerrak,

northerly winds show positive correlations with northward and

westward flows (0.2), where the latter one only shows a correlation

in the upper 40 m of the water column (E, G). Negative correlations

with northerly winds are calculated for eastward flows (-0.2) in the

upper 40 m and for southward flows in the lower 40–100 m of the

water column. At 60°N, northerly winds correlate positively with

southward flows throughout the entire water column, with eastward

flows at 50–130 m depth and negatively with northward flows in the

upper 20 m of the water column.

3.2.2.2 Correlation at T2.2

The correlations of flows and winds at T2.2 is shown in

Figures 9A-H. In the Skagerrak and at 60°N, westerly winds show

similar correlations with all four flow directions (B, D). Southward

flows show largest correlations with westerlies in the surface layer

(0.4), a maximum correlation at 50 m depth and a strong decrease of

correlation with depth. Compared to that, northward and eastward

flows show a minimum in the correlation at 50 m depth. Westward
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flows in the Skagerrak show a similar correlation profile as the

southward flows, only weaker. Easterly winds in the Skagerrak

show a positive correlation to southward and eastward flows, with

a maximum of 0.4 at 100 m depth (F). Easterly winds at 60°N show a

positive correlation with eastward flows in the upper 150 m, but a

negative and only very scattered surface correlation to southward

flows. Southerly winds in the Skagerrak correlate positively with

north-, east- and southward flows, where the latter one shows largest

correlation at 30 m depth. Southerlies at 60°N correlate negatively

with southward and westward flows at the very surface (A, C).

Northward flows show a positive correlation, increasing with depth,

while eastward flows a strong positive surface correlation of 0.3,

decreasing until vanishing at 100 m depth. Northerly winds at 60°N

only show correlations in the upper 50 m of the water column, which

are negative for eastward flows, and positive for northward,

southward, and westward flows (G). In the Skagerrak, northerlies

correlate positively over the entire water column, with all flow

directions showing largest correlations at the surface, especially for

westward flows with 0.3. All correlations decrease at 50 m but

continue between 0.1-0.3 until 200 m for northward and eastward

flows, and until 300–400 m for southward and westward flows (E).
FIGURE 9

Correlation coefficients over depths are visualized for 8 wind conditions (A-H). The correlation is conducted for eastward (green), northward (blue),
westward (red) and southward (magenta) flow velocities over all depth at T2.2. Missing correlation coefficient points indicate that the correlation was
not significant.
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3.3 Transports in 2022 and 2023

Net volumetric transports are calculated at each transect for 2022

and 2023 over the upper 400 m of the water column (Table 1;

Equations 2, 3). In Figure 10 we show the daily transports at each of

the transects (A-D) but separated for transport above and below the

MLD. Table 1 shows that in- and outflows at T1 (T1.1 and T1.2)

compensate, such that the net transports in 2022 and 2023 are low

across the southern transect T1. T1.1 shows positive northward

transports for both years, while transports at T1.2 are of the same

magnitude but southwards. In Figure 10, largest transport magnitudes

are calculated in winter and are in northward direction at T1.1 (A),

whereas at T1.2 (B), southward directed transports dominate, except in

winter where largest magnitudes are northwards. We show that at the

eastern side of the NT (T1.1 and T2.1) the surface transports are
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northwards, but that below the MLD, in-and outflows in southward

and northward direction balance. At T1.2, the southward transports

above and below the MLD contribute to the net southward transport

and are only compensated for by northward transports in winter. At T2

(T2.1 and T2.2) northward transports dominate. At T2.1 the

northward transport is much larger and not compensated by the

inflow at T2.2 (Table 1). At T2.1 the large contribution of positive

meridional transport below the MLD is the main source of the large

transport volume (C). Transports above the MLD are small in

comparison. Both northern transects show a strong seasonality, with

increased winter transports in both directions, especially for transports

above theMLD. At T2.1, the seasonality in northward transports below

the MLD is largest with a maximum of 10 Sv in winter 2022. The

transport profile of T2.2 is very similar to that of T1.1, showing

balanced conditions for in- and outflows below the MLD. Taking all

transects into account, the net meridional transports over both years

are 2–3 Sv.
3.4 Flow and wind scenarios in the NT

From the relations identified in Section 3.2, we create scenarios

that capture the largest wind-induced variability of the flows in our
TABLE 1 Net transports (Qnet ) calculated with equation 3 at all transects
over 2022 and 2023.

Transect T1.1 T1.2 T2.1 T2.2

Qnet   (2022) [Sv] 0.44 -0.6 3.43 -0.13

Qnet   (2023) [Sv] 0.44 -0.46 2.58 0.17
FIGURE 10

Daily transports for all transects (A-D) over 2022 and 2023. Transport above the MLD (< MLD) is contributed by the NCC, whereas transport below
the MLD (> MLD) is related to North Sea and AW transport.
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study area over winter. Wind Scenario WS1 (Figure 11) shows the

NCC outflow during north-easterly winds in the Skagerrak. Wind

Scenario WS2 (Figure 12) captures strong northward currents during

southerly winds and Wind Scenario WS3 (Figure 13) reveals the deep

AW inflow during northerly winds in wintertime. These scenarios

illustrate the most energetic inflow and outflow conditions of the NT

and can therefore be used to explain the short-term variations in

cross-shelf exchange flows. The response of the hydrodynamics to

these wind conditions is presented for characteristic days (see

Figures 4, 5). We acknowledge that there are other wind scenarios

and that seasonality in flow patterns is large, but a full discussion of all

possible wind scenarios is beyond the scope of this study. Instead, we

selected wind conditions during some days in winter 2023, to show the

influence of wind under the same year and seasonal circumstances.

For WS1, we selected a representative day in 2023, where north-

easterly winds dominate in the Skagerrak and northerly wind

conditions at 60°N (Figure 11). These two wind conditions often

occur together, especially in winter (see Figures 2A, B). Increased

inflow during northerly winds and outflow during north-easterly

winds might be one of the main reasons why transports above and

below the MLD mostly compensate (Figure 10). During WS1, the

NCC enters the trench as a large freshwater plume with current

speeds of 1 m/s at the surface from the Skagerrak in the East (A). A

clockwise rotating eddy (anticyclone) is generated in the NCC at 58°

N. The horizontal salinity gradient between the NCC and AW in

zonal direction, is largest in the south of the trench and weakens

towards the north. Due to mixing of the NCC with the AW and the

lack of sufficient freshwater input, eddies are not generated frequently
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at higher latitudes. On that day, the NCC is displaced towards the

west, which is very typical during easterly and southerly winds. At

266 m depth current velocities are weaker with a maximum velocity

magnitude of 0.5 m/s (B). Large velocity magnitudes are induced by

the inflow of AW in the northwest of the NT and around the

topographic barrier at 58.5°N. This is a frequently occurring velocity

distribution. The direction of flow is northward in large parts of the

trench, except for the southward directed AW inflow in the

northwest. NTIs that do not propagate far south in the NT but are

redirected eastwards, explain averaged annual transport conditions.

The southward flowing water is deflected to the east before reaching

58°N and merges with the northward flow of the North Sea water on

the eastern side of the trench, contributing to a net northward

transport across the shelf (see Figure 10). As the topographic

barrier confines the northward flow, it intensifies the North Sea

flows and blocks the AW from flowing southwards.

WS2 shows the response of the surface currents to southerly

winds (Figure 12). Southerly winds are dominant in summer (April-

October 2022 and 2023) but can also happen in winter. In Figure 12,

we see that the NCC is narrow and confined against the coast in the

north of the NT. Current velocities reach maximum velocities of 1

m/s. In the rest of the NT the NCC is meandering and the largest

velocities of just less than 1 m/s occur at the edges of mesoscale

eddies. The strong and confined NCC at the surface indicates

downwelling conditions which are induced by onshore/eastward

Ekman transport (see Figure 7C). We do not show the flows at

higher depth here as they fall into the category of the conditions

described in Figure 11, with dominant northward outflow of North
FIGURE 11

Contour plots of (A) surface salinity and (B) temperature at 266 m depth for WS1 (December 1st, 2023). Current velocities (arrows) have maximum
velocity at the surface of 1 m/s and of 0.5 m/s at depth. (C) We schematize the flows and the prevailing wind direction on a topographic map
provided by GEBCO (GEBCO Compilation Group, 2024).
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Sea waters in the east of the trench and southward inflowing AW in

the northwest of the trench.

In Figure 13, we show large NTIs which occur rarely, and only

in winter during northly wind (WS3). These inflow events can be

identified by an increase of temperature due to inflow of new AW

from the NAC (A). Under strong NTI conditions the AW

propagates until 58°N and is either redirected eastward by the

topographic barrier or overflows it in southward direction. The

magnitude of the southward directed current increases as it flows

around the sill, often triggering cyclonic vortices nearby (B). The

northward flow around the sill is suppressed. At the northern edge

of the NT, an anticlockwise (cyclonic) eddy can be seen for some

days of the simulation outputs, especially during AW inflows. Flow

velocities in the vicinity of the eddy and of the topographic barrier

reach magnitudes of 0.3 m/s close to the bed. The diameter of the

eddy is restricted by the width of the trench, which at 61°N

approximates 100 km. The location of the eddy and its diameter

do not change over the two years of simulation output, yet its

intensity changes in proportion to the strength of the inflow and

outflow at higher depth. In the Skagerrak, another cyclonic eddy is

captured, this one smaller with a diameter of around 50 km.
4 Discussion and conclusion

The results of our two-year analysis provide new insights into

the flow dynamics of the NT. Our analysis shows that the NT is a

very dynamic system, with wind and seasonality driving flows at the
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surface and at larger depths. In the East, the NCC flows northwards

in the upper 50–100 m of the water column (Figure 3, Stations 3 and

6). The westward displacement of the NCC which is discussed in

Ikeda et al. (1989), is captured in the current roses, as well as along

the western transect T1.2 in Figure 5. Westwards propagation of the

NCC coincides with easterly wind conditions (Figures 9, 11), which

are also identified to be the main wind direction to cause strong

NCC outflows in the Skagerrak (Figure 4). In the West, the NTI of

AW is captured at the surface and at higher depth (Figure 3,

Stations 2 and 4). The retroflection of AW, first described by

Furnes et al. (1986), is identified in the model outputs in

Figures 4 and 11. At T1.1 flows in south-eastward direction

indicate the eastward retroflection of southward flowing AW. The

current rose of Station 5 shows the topographically steered flow in

the North, resulting in an eastward redirection of the flow, as

described in Johannessen et al. (1989) (Figure 3).

From this two-years analysis we see that the intra-annual

variation is low. This finding is supported by studies that

calculated similar transports in very different years. In agreement

with others, e.g. Winther and Johannessen (2006); Christensen et al.

(2018) and Huthnance et al. (2009), we calculated the net transport

through the NT to be 2–3 Sv. We identify that seasonal variations

are much larger than intra-annual variations (Figure 10) which

agrees with Winther and Johannessen (2006). Largest transports

happen over winter, in both, northward and southward direction,

below and above the MLD. In general, this indicates an

intensification of flows over the entire North Sea domain during

winter time.
FIGURE 12

Contour plots of (A) surface salinity and (B) surface current velocities for WS2 (September 27th, 2023). Current velocities (arrows) have maximum
velocity at the surface of 1 m/s. (C) We schematize the flows and the prevailing wind direction on a topographic map provided by GEBCO (GEBCO
Compilation Group, 2024).
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Several studies related the transports in the NT to the large-scale

meteorological forcing of the NAO. The NAO is known to impact

the flows of the North Sea and North Atlantic in a seasonal cycle,

especially strengthening them over winter (Winther and

Johannessen, 2006; Christensen et al., 2018; Albretsen et al.,

2012). Aagaard (1970) observed that the spatial pressure

distribution over the Norwegian Seas varies over seasons and the

flows are to a substantial extent wind-driven. For weekly to monthly

time scales, Winther and Johannessen (2006) show significant

correlation between the transport of the NCC and the NAO.

Albretsen et al. (2012) show correlations of AW inflow into the

North Sea and winter NAO (NAO index from December to March).

Strong westerly wind conditions, which are predominant during

positive winter NAO, intensify the NAC which carries warmer

water into the North Sea. Our results also show warmer deep-water

inflows over winter during northerly and north-westerly winds

which we classify as intensified AW inflows, as presented in WS3

(Figure 13). We acknowledge that convective mixing could also be

responsible for increased water temperatures at higher depth in

winter. In Figures 4 and 5, we show increased MLD over winter,

indicating intensified mixing. However, the contribution of one or

the other process is not quantified here. A connection of the NTIs to

the NAO is reasonable, as the relation of NAO is strongest over

longer (yearly, decadal) time scales and often used as a predictor of

North Atlantic flows (Winther and Johannessen, 2006). What we

explore here are NTIs that reach southward but are not as strong as

to reach the Skagerrak. However, we expect these inflows to

contribute to the salt budget of the North Sea and to its bio-

chemical system (Van Der Molen and Paetsch, 2022).
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For the first time, we discuss a deep cyclonic eddy, which is

captured by the model at the mouth of the NT during WS3. This eddy

is strongest during large AW inflows, as shown by the coinciding

increases of flow magnitude and temperature (Figure 13). We doubt

that its generation is solely caused by topographic steering

(Johannessen et al., 1989) but that it might be created by the

canyon-like shape of the NT. Mork (1981) already mentioned that

the role of the bottom topography needs to be explained in more detail

to understand the presence of trapped vortices at high depth. His

suggestion is based on the study of Eide (1979) who discusses the

topographically induced eddy generation along the Norwegian

coastline. However, the eddy visible in the model has not been

discussed before and neither has its generation. In the North, the

topography of the NT is similar to a canyon, as the slopes towards the

shelf in the West and towards Norway in the East function as barriers

to the flow. Inflows into the NT are redirected either by the topographic

barrier (Furnes et al., 1986) or by topographic steering, creating a

cyclonic circulation at the mouth of the canyon. We suggest that these

two effects might be further influenced by dynamics inherent to canyon

flows. The generation of large eddies at the mouth of or within canyons

is described in Allen et al. (2001). Christensen et al. (2018) investigated

the cyclonic eddy, which is present in the Skagerrak under certain

conditions, however without attributing its generation to canyon flows.

Davies andHeaps (1980) could simulate the cyclonic eddy in the North

in a very simplified model. They related its generation solely to the

wind-driven currents in the North Sea.

In our study we use EKE to identify surface eddies. Increased EKE

coincides with outflows of the NCC (Figures 4, 5). Hence, we conclude

that the generation of eddies, caused by the density difference of the
FIGURE 13

Contour plots of (A) temperature and (B) current velocity at 266 m depth for WS3 (November 25th, 2023). Current velocities (arrows) have maximum
velocity of 0.5 m/s at depth. (C) We schematize the flows and the prevailing wind direction on a topographic map provided by GEBCO (GEBCO
Compilation Group, 2024).
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NCC and AW is resolved in the model (Tonani et al. (2019); Ikeda et al.

(1989); Akpınar et al. (2022)). Largest density differences of AW in the

West and fresher water in the East happen in summer. Increased river

discharges, for example from Glomma, contribute to a freshening of the

surface waters in the eastern part of the NT and can cause baroclinic

instabilities, which result in eddy generation. Based on the findings of

Johannessen (1986), fjord outflows are seasonal, such that the effect

might be very similar to the one of river discharge presented in this

study. Johannessen (1986) suggests that during summer, fjord

discharges with salinities of less than 32 PSU contribute to a

freshening of the NCC. The very fresh surface waters, which are

mostly visible at 58°N, might discharge from the Stavanger fjord, and

might be one of the main reasons why the most stable eddies are

generated at that latitude. We suggest that further research should

include the contribution of eddies to the total net transport of the NT,

and a more detailed investigation of the influence of eddies on the

deeper water column.

Finally, our research findings in Section 3.2 show that the flows

in the NT are wind-driven. These findings agree with previous

studies. Davies and Heaps (1980); Mork (1981); Huthnance et al.

(2009); Hordoir et al. (2013) and Christensen et al. (2018) discussed

wind as the dominant forcing to explain the variability of flows in

the NT. However, the question of how wind influences the flow

under consideration of other variables, such as the topography of

the NT or seasonal changes, remained unanswered. We state that

the effect of wind is significant, also under consideration of the

deepening of the trench towards the North (Mork, 1981), the

seasonality of the flow (Johannessen et al., 1989) and a more

complex model (Davies and Heaps, 1980). As shown by Akpınar

et al. (2022), the wind is not uniform over the NT area, often

showing a dipole pattern. To capture the effect of wind forcing, we

suggest that at least two stations are needed, for example Skagerrak

and 60°N. Some of the correlations presented in Figures 6, 7 and 8, 9

show different patterns depending on the wind location that was

chosen. Figure 6 (T1.1) shows the wind-driven onset of the NCC via

a positive correlation of north-eastward flows during easterly winds

in the Skagerrak and at 60°N. The correlation is of r=0.3 at 20–40 m

depths, which corresponds to the depths of the NCC. As the

correlation decreases with increasing depth, the results show that

it is really the surface layer which is impacted by NCC outbreaks in

the Skagerrak. In agreement with Winther and Johannessen (2006)

and Hordoir et al. (2013), the results show that easterly winds are

the main wind direction enabling large freshwater plumes to leave

the Skagerrak and form the NCC. On the other hand, westerly

winds show high correlations of r=0.4-0.5 with all flow directions

below 50 m depth, but low correlations at the surface. Both, AW

and North Sea water are influenced by westerly wind conditions.

We believe that a proportion of the deeper water in the NT is AW

coming from the North Sea shelf, as the correlation for westerlies

and south-easterly flows is large in T1.2. The decrease of impact of

easterly winds towards the North, agrees with Christensen et al.

(2018) and Davies and Heaps (1980). We observe large correlations

of north-eastward flows with westerly and southerly winds at the

surface. As shown in WS2, the NCC is confined against the coast

during south-westerly wind conditions which is in agreement with
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Huthnance et al. (2009). Furthermore, they identify that during

westerly winds, eastward flows cause downwelling conditions along

the Norwegian coast. Hordoir et al. (2013) identified that during

coast parallel winds (southerlies), increased flow velocities are

related to the fact that Kelvin waves propagate in the same

direction as the wind is forcing the flow. Our results agree with

that, showing intensified northward flow during southerly winds. In

Figure 9 (T2.2) the AW inflows at the surface are visualized by a

positive correlation of southward flows during westerly winds

which is in agreement with Winther and Johannessen (2006),

who suggest that the AW inflow is driven by westerly winds.

Overall, we found that the cross-shelf exchange through the NT is

driven by the prevailing wind system over the North Sea. We show

that that the sensitivity of both the AW inflow and the NCC outflow

to wind forcing determines the chaotic nature of the currents in the

NT. Since inflow and outflow impact each other, wind forcing on

either the inflowing or outflowing currents causes a reaction

throughout the NT. The seasonality in wind and river discharge,

make the currents in the NT respond to the seasonal cycle over both

years. The average annual transports for 2022 and 2023 suggest net

northward outflows of 2–3 Sv into the Atlantic Ocean. Over annual

time scales, these transports are constant, but variations over days,

can be more than three times as large. On daily timescales, surface

eddies play a significant role in increasing surface velocities, which

consequently lead to increased transport through the NT.
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SUPPLEMENTARY FIGURE 1

Supplementary plot of flow velocities timeseries for all six current rose
stations presented in Figure 3A.

SUPPLEMENTARY FIGURE 2

Supplementary plot of flow velocities time series for all six current rose

stations presented in Figure 3B.
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