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(Manuscript Received 14 July 2020; in final form 22 January 2021)

ABSTRACT
Wintertime sea level variability over the northern European continental shelf is largely wind-driven. Using
daily gridded sea level anomaly from altimetry, we examine both the spatial and the temporal relationship
between northern European sea level variability and large-scale atmospheric circulation patterns as represented
by the jet cluster paradigm. The jet clusters represent different configurations of the eddy-driven jet stream and,
therefore, provide a physical description of the atmospheric variability in the North Atlantic. We find that each
of the four jet clusters is associated with a distinct northern European sea level anomaly pattern whose
magnitudes are comparable to those of typical sea level variations on the shelf. In certain locations, such as the
German Bight and the east coast of England, sea level anomalies are mainly associated with one single jet
cluster. In other locations, such as the interior and the northern part of the North Sea, sea level anomalies are
found to be sensitive to at least two jet configurations. Based on these regional sea level variations, we map out
the locations on the shelf where each jet cluster or combination of clusters is most active before discussing the
role of Ekman transport in inducing the resulting patterns. Through a multiple linear regression model, we also
find that the jet clusters reconstruct up to 50% of the monthly mean sea level anomaly variance over the
northern European continental shelf. The model best performs in the interior and the western part of the
North Sea, suggesting that wind direction rather than wind speed plays a more prominent role over these
regions. We conclude that the jet cluster approach gives valuable new insights compared to linear regression
techniques for characterising wind-driven sea level variability over the northern European continental shelf.

Keywords: northern European sea level, jet clusters, wind forcing, eddy-driven jet stream, satellite altimetry

1. Introduction

Local winds contribute to sea level variability over the
northern European continental shelf from hourly up to
interannual timescales. At timescales shorter than a few
days, local winds can generate storm surges that severely
affect the coastal regions of northern Europe, most of
which are low-lying and densely populated (e.g. Wahl
et al., 2013; Gill, 1982; Lamb and Frydendahl, 1991). At
longer timescales, they modify the height and frequency
of storm surges and partly explain the departure of
northern European sea level rise from the global average
(e.g. Dangendorf et al., 2012). An in-depth knowledge of
sea level variations at different timescales would thus

benefit both climate scientists in understanding the proc-
esses involved and coastal planners in decision making.

Previous studies showed a relationship between north-
ern European sea level and the North Atlantic Oscillation
(NAO), the leading mode of atmospheric variability over
the North Atlantic (e.g. Wakelin et al., 2003; Yan et al.,
2004; Jevrejeva et al., 2005; Richter et al., 2012). The
NAO is a simple index that allows for a compact descrip-
tion of North Atlantic atmospheric conditions (e.g.
Hurrell, 1995) and, as such, has been widely used in the
past to investigate the variability of the climate system. It
has been found that the positive and the negative phases
of the NAO are, respectively, associated with high and
low sea level over the entire northern European continen-
tal shelf (e.g. Wakelin et al., 2003; Richter et al., 2012;�Corresponding author. e-mail: fabio.mangini@nersc.no
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Chafik et al., 2017). Moreover, the sea level variability
connected to the NAO has been found to be strongest at
annual and interannual timescales (e.g. Yan et al., 2004)
and in specific locations such as the southern North Sea
(e.g. Wakelin et al., 2003).

There remains, however, a substantial portion of
North Atlantic atmospheric variability that is unre-
lated to the NAO, and this has been found to contrib-
ute to the spatial and the temporal sea level variability
over the northern European continental shelf. For
example, Chafik et al. (2017) showed that additional
patterns of atmospheric variability, defined via empir-
ical orthogonal function (EOF) analysis, contribute
significantly to regional sea level variations across the
North Sea and the Norwegian shelf. Dangendorf et al.
(2014) focused on one region, the German Bight, and
built a bespoke atmospheric index to reproduce the
contribution of both wind and pressure to the sea level.
Their index explains �80% of the sea level variance at
this specific location, compared to 30–35% from a
standard NAO index. In summary, sea level variability
may be better explained by accounting for atmospheric
variability beyond the NAO.

While these approaches give insight into wind-driven
sea level variability, there is some uncertainty as to
whether the wind patterns they identify correspond to
real (observed) large-scale atmospheric conditions. EOFs
must satisfy symmetry and orthogonality constraints and,
therefore, do not necessarily describe patterns that occur
in nature. Moreover, the method proposed by
Dangendorf et al. (2014) yields only one atmospheric pat-
tern associated with either high or low sea level values at
one selected location. Therefore, their approach is not
designed to identify the atmospheric conditions respon-
sible for coherent sea level patterns over a large area like
the northern European continental shelf.

Here, we study how northern European sea level
variability relates to wind patterns using the jet cluster
paradigm (Madonna et al., 2017), an approach that
provides a physical description of large-scale atmos-
pheric variability and has so far not been used in sea
level research. The jet clusters represent observed con-
figurations of the eddy-driven jet stream which are
associated with a set of well-known weather regimes
that characterise Euro-Atlantic climate. We start with
a brief description of the datasets used (Section 2). We
then describe the sea level patterns associated with the
jet clusters and explore where the jet clusters account
for a substantial portion of the interannual sea level
variability (Section 3). We discuss the balance of forces
on the shelf and the role of Ekman transport as a
mechanism for creating the observed sea level patterns
(Section 4). We then examine how the jet clusters and

the northern European sea level co-vary at daily and
monthly time scale (Section 5) and conclude with some
final remarks (Section 6).

2. Data

2.1. Time-mean barotropic circulation on the shelf

We use the barotropic streamfunction (w) from the
TOPAZ4 ocean reanalysis (Xie et al., 2017) to derive the
barotropic currents over the northern European continen-
tal shelf and parts of the Nordic Seas. The dataset is pro-
vided daily from 01 January 1991 and covers the North
Atlantic and the Arctic oceans on a Cartesian grid of
0.25� � 0.25�. The ocean model data is only used for
illustration of the current patterns.

To calculate the time-mean barotropic circulation, we
first select the period between 01 January 1993 and 31
December 2014, common to the time series of the sea
level anomaly and of the jet clusters (see Sections 2.2 and
2.4). Then, we remove the linear trend and the seasonal
cycle (daily climatology) from the barotropic streamfunc-
tion, and we average the result over the period under
consideration. Finally, we compute the time-mean baro-
tropic current using the formula:

u ¼ � 1
H

ow
oy

; v ¼ 1
H

ow
ox

(1)

where u and v are the zonal and meridional components
of the currents, and H is the ocean depth.

In Fig. 1A, we recognise the main features of the time-
mean barotropic circulation over the northern European
continental shelf and the Nordic Seas. Along the northern
European continental slope, we identify the slope current
which flows northward at a speed of a few cm s�1. In the
North Sea, we recognise the Dooley current, which fol-
lows the 100m isobath, and the coastal current, which
flows along the southern coast of the North Sea. Both
cross the North Sea from west to east and converge into
the Skagerrak. From the Skagerrak, the flow continues
northward in the Norwegian Trench along the
Norwegian coast as the Norwegian Coastal Current. This
description of the main ocean currents on the shelf will
be helpful in the discussion later in the study.

2.2. Sea level

We use the absolute dynamic topography (ADT), which is
the sea surface height relative to the geoid, of the DUACS
reprocessed multi-mission altimetry products DT2014 ver-
sion (Pujol et al., 2016). The ADT is provided daily from
01 January 1993 and globally on a Cartesian grid of 0.25�

� 0.25�. A number of geophysical corrections have been
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Fig. 1. Spatial sea level statistics from satellite altimetry: (A) annual mean absolute dynamic topography (shading, in cm) over the
1993–2014 period, (B) linear trend (cm/year), (C) range of the seasonal cycle of the sea level anomaly (cm), and (D) standard deviation of
the winter-mean sea level anomaly, after removing the linear trend and the seasonal cycle (cm). Mean depth-averaged current from the
TOPAZ4 reanalysis (arrows, in m s�1) over the 1993–2014 period (A). The solid/dashed/dotted black/white lines indicate the 500m/100 m/
50 m isobaths, respectively. In B, C and D, the grid points over the open ocean are masked and the continental shelf is delimited by the thick
black line.
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applied to the altimetry data, such as the removal of astro-
nomical tides and the inverse barometer effect, which is the
pressure contribution to sea level. Sea level variability with
periods shorter than 20 days has been removed as it may
lead to aliasing of the satellite data.

We use the ADT to calculate the sea level anomaly
(SLA), which is the sea surface height relative to the
time-mean (1993–2014) sea level. We focus on the period
between January 1993 and December 2014 for the ADT
time series to overlap with that used for the calculation
of the jet clusters (see Section 2.4). The domain of inter-
est is 15�W–30�E and 50�N–66�N (Fig. 1), which includes
the northern European continental shelf and parts of the
Nordic Seas (the region located north of the northern
European continental slope). To calculate the SLA, we
remove the average of the daily ADT over the 21-year
period between January 1993 and December 2014 at each
grid point within the domain (Fig. 1A). We exclude all
grid points whose time series of the ADT have gaps,
most of which are concentrated in the northern part of
the Baltic Sea and the Gulf of Finland, and appear in
white in the figures below. Next, we remove the linear
trend (Fig. 1B) and seasonal cycle (daily climatology; Fig.
1C). As a measure of the interannual variability of the
winter SLA, which is the season of interest in this study,
we also show the standard deviation of the winter-mean
(December to February) SLA, after removing both the
linear trend and the seasonal cycle (Fig. 1D).

Briefly, we note that the mean ADT (Fig. 1A) shows a
meridional gradient in the North Sea (with values of �12 cm
near the northern boundary and values of 4 cm in the south)

and a zonal gradient in the southern part of the North Sea
(with values ranging from approximately 4 cm in the south-
west to 16 cm in the German Bight). Trends in sea level (Fig.
1B) are on the order of 1.5 to 3.3mm year–1, with the highest
values being comparable to global mean sea level trends
(Cazenave et al., 2018). The range of the seasonal cycle in
ADT (Fig. 1C) depends strongly on the considered region,
with smaller variations (�15 cm) close to the continental slope
and larger variations (�20–30 cm) over the rest of the contin-
ental shelf. Finally, the standard deviation of the winter-mean
SLA (Fig. 1D) ranges from 0 to 18 cm and has its minimum
in the Norwegian Trench and the Norwegian shelf, and its
maximum in the German Bight and the Baltic Sea.

2.3. Atmospheric data

We use the daily 10m wind and mean sea level pressure
(MSLP) fields from the ERA-Interim reanalysis dataset
(Dee et al., 2011) of the European Centre for Medium-
Range Weather Forecast (ECMWF) with a spatial reso-
lution of 0.75� � 0.75�. We focus on the North Atlantic-
European sector and December–January–February (DJF)
winter seasons between 1993 and 2014 (21 winters in
total) to overlap with the time period over which the jet
clusters are calculated (see Section 2.4). Anomalies are
calculated for all fields by removing the linear trend and
the seasonal cycle (daily climatology).

We also use surface wind stress from satellite scatter-
ometers merged with the ERA-Interim 6-hourly reanalysis
dataset (Bentamy et al., 2017). Data are provided at a
spatial resolution of 0.25� � 0.25� from January 1992

Fig. 2. Frequency (in days) of the jet clusters for each winter between December 1979 and February 2014.
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onwards. This dataset provides more reliable wind stress
values over the northern European continental shelf com-
pared to ERA-Interim, which tends to underestimate
wind speeds associated with winter storms (A. Bentamy,
personal communication). Similar to the 10m wind and
MSLP fields, we remove the linear trend and seasonal
cycle (daily climatology) from the wind stress, and we
consider only the winter seasons between December 1993
and February 2014.

The surface wind stress dataset contains gaps over the
ocean west of the prime meridian. At any grid point, the
gaps jointly comprise less than 20% of the days between
January 1993 and December 2014, and mainly occur
between 1996 and 2001. The presence of the gaps is a
source of error for Fig. 6 (see Section 4) since it creates a
band of anomalously high/low rate of change of the sea
level along the prime meridian. Therefore, to produce
Fig. 6, we identify and exclude all the days when the
number of gaps over the ocean was anomalously high.

2.4. Jet clusters

We classify the winter-time large-scale variability of the
atmosphere according to four North Atlantic jet clusters
(Madonna et al., 2017). The jet clusters represent differ-
ent configurations of the eddy-driven jet stream: northern
(N), central (C), southern (S), and ‘mixed’ (split or
strongly tilted; M). They are defined from the daily low-
pass filtered zonal wind field between 900 and 700 hPa
over the North Atlantic (60�W–0�, 15�N–75�N) using a
k-mean clustering algorithm (see details in Madonna
et al., 2017) and correspond directly to the four classical
Euro-Atlantic weather regimes (e.g. Vautard, 1990;
Michelangeli et al., 1995).

The relationship between the jet clusters and the wea-
ther regimes gives confidence that the jet clusters repre-
sent physical states of the atmosphere. Previous studies
(e.g. Michelangeli et al., 1995; Cassou et al., 2011; Barrier
et al., 2013, 2014) confirmed that the same North
Atlantic regimes emerge robustly when the analysis is
repeated with different variables (e.g. MSLP, 500 hPa
geopotential height), different methods (e.g. k-mean clus-
tering, hierarchical clustering), and different reanalysis
products covering different periods. A sufficiently long
record is needed, however, to properly sample the large
internal variability of the atmosphere, especially in the
largely eddy-driven North Atlantic sector (Li and
Wettstein, 2012). Therefore, to calculate the jet clusters,
we use 35 winters from 01 December 1979 to 28
February 2014 (as in Madonna et al., 2017), even if for
sea level analysis we only consider the period starting
from December 1993. Even though the frequency of
occurrence exhibits a large interannual variability (Fig.

2), we expect not to under-represent any jet cluster by
selecting this period of time. Indeed, the jet clusters occur
with similar frequency over the periods 1993–2014,
1979–1993 and 1979–2014 (Table 1), in agreement with
Madonna et al. (2019) (their Fig. 6). When compared to
the NAO, Madonna et al. (2017) showed that the nega-
tive phase of the NAO resembles the Southern jet cluster,
whereas the positive phase of the NAO does not clearly
relate to any jet cluster and, therefore, corresponds to dif-
ferent jet configurations.

Figure 3 shows composites of the daily 10m wind and
MSLP anomalies for each jet cluster. The Northern jet
cluster (Fig. 3N, blue frame) is characterised by a zonal
eddy-driven jet stream directed towards Scandinavia (con-
tours at �55�N) and a MSLP dipole with positive values
over the subpolar gyre and negative values over the
Nordic Seas. During Central jet cluster events (Fig. 3C,
black frame), the eddy-driven jet stream is located at
�45�N, directed towards France and the UK, with a low
MSLP anomaly over the North East Atlantic and the
North Sea. The Southern jet cluster (Fig. 3S, yellow
frame) has a zonally oriented eddy-driven jet stream
located at approximately 35�N over the mid-latitude
North Atlantic and is characterised by an atmospheric
high pressure anomaly over Greenland. The Mixed jet
cluster (Fig. 3M, red frame) is characterised by a split or
strongly tilted jet stream. Its main features are strong
westerly winds over the Nordic Seas and a high pressure
anomaly over northern and central Europe that is linked
to Scandinavian blocking (Madonna et al., 2017).

3. Spatial relationship between the northern
European sea level and the jet clusters

3.1. Sea level patterns and jet clusters

Each jet cluster is associated with a distinct sea level pat-
tern over the northern European continental shelf (Fig.
4). We identify each pattern through composite analysis,
by averaging the SLA over all the days of occurrence of
each jet cluster. This approach does not account for the
time needed for the sea level to adjust to variations in
the wind field and, therefore, does not consider that the
sea level pattern over the northern European continental
shelf might not be representative of the dominant jet
cluster during its first few days of occurrence. To check
whether this might affect the results in Fig. 4, we repeat
the composite maps, this time selecting only those cases
when the jet clusters persist for four days or longer (Fig.
S1). We find that the results in Fig. 4 are robust. In fact,
Fig. S1 shows the same patterns as in Fig. 4, but the for-
mer are slightly more pronounced than the latter (by 1
to 2 cm).

EDDY-DRIVEN JET STREAM AND NORTHERN EUROPEAN SEA LEVEL VARIABILITY 5



The sea level patterns associated with the jet clusters
are particularly strong in the North Sea and the Baltic
Sea. In the German Bight and the Baltic Sea, extremely
low SLA values (less than �8 cm) are associated with the
Southern jet cluster, whereas, along the east coast of
England, they are associated with the Central jet cluster.
Extremely high SLA values (exceeding 8 cm) are also
found in the German Bight and the Baltic Sea, but are
associated with the Northern jet cluster. Over the rest of
the North Sea, anomalous sea level values are not related
to one single jet cluster: negative SLA values are associ-
ated with both the Southern and the Central jet clusters,
whereas positive SLA values are associated with both the
Northern and the Mixed jet clusters. We note that the
lowest (�6 cm circa) and the highest (6 cm circa) SLA val-
ues in the middle and the northern part of the North Sea
are associated with the Central and Mixed jet cluster,
respectively.

Sea level anomalies over the Norwegian shelf are
generally small compared to the rest of the study area.
This is to be expected to some extent, as the
Norwegian shelf also exhibits a weaker seasonal cycle

(Fig. 1C) and weak overall sea level variability (Fig.
1D, see also Section 3.2). In fact, SLA is statistically
different from zero (at a 0.05 significance level) only
for the Southern jet cluster. Despite it being relatively
small, the SLA pattern associated with the Southern
jet cluster is still of interest since it is comparable in
magnitude to the interannual SLA variability over the
Norwegian shelf (Fig. 1D), meaning that the Southern
jet cluster contributes meaningfully to the interannual
SLA variability in the region.

The amplitude of the SLA patterns associated with
each jet cluster is smaller but not negligible relative to the
amplitude of the seasonal cycle, which is one of the most
pronounced features of sea level variability (Fig. 1C). In
fact, the magnitude of the SLA associated with the
Northern and the Southern jet clusters is approximately
one fourth the amplitude of the seasonal cycle in the
southern North Sea and approximately one third in the
Baltic Sea. Similarly, in the southwest part of the North
Sea, the SLA associated with the Central jet cluster is up
to one third the amplitude of the seasonal cycle.
Therefore, the wind-driven sea level variability associated

Table 1. Frequency of occurrence of each jet cluster over the entire period considered (December 1979–February 2014), between
December 1979 and February 1993 and over the period covered in the paper (December 1993 and February 2014).

December 1979–February 2014 December 1979–February 1993 December 1993–February 2014

Northern jet cluster �25% �26% �25%
Central jet cluster �25% �25% �25%
Southern jet cluster �22% �19% �23%
Mixed jet cluster �28% �29% �27%

Fig. 3. Composite maps of daily mean sea level pressure anomaly (shading, in hPa) and 10m zonal winds (black contours, 3m s�1

intervals from 3m s�1) for each jet cluster: (N) Northern jet cluster, (C) Central jet cluster, (S) Southern jet cluster, (M) Mixed
jet cluster.
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with the jet clusters accounts for interannual variability
of the seasonal cycle in sea level over a large portion of
the northern European shelf, which, in turn, can affect
both the height and frequency of occurrence of storm
surges in the region (Dangendorf et al., 2012).

Finally, a longer term perspective shows that the SLA
patterns associated with the jet clusters are of the same
order of magnitude as the sea level rise from 1993 to
2014. Indeed, over the period considered, northern
European sea level has risen from approximately 3 cm in
the northern North Sea up to 6 cm in the Baltic Sea and
the German Bight (Fig. 1B). A comparison between Figs.
1B and 4 can help identify the regions of the shelf where
the computed rate of change of sea level is most subject
to errors. For example, the error associated with the rate
of sea level change is likely to be higher for the southern
Baltic Sea and the interior of the North Sea than over
the Norwegian shelf. Indeed, compared to the former
regions, the latter experiences a similar sea level trend but
a weaker atmospheric component of the sea level
variability.

3.2. Variability in jet-based sea level anomalies

To better identify the locations of the northern European
continental shelf where the SLA variability is most
strongly associated with the jet clusters, we compare the
composite maps of the SLA (Fig. 4) to a measure of total
sea level variability on the shelf. At each grid point, we
standardise the composite map of the SLA associated

with each jet cluster (SLAjc ) by dividing it by the stand-
ard deviation of the daily SLA over the 21-winter record
(sSLA):

SLAjc

sSLA
(2)

When complemented with Fig. 4, Fig. 5 helps identify
smaller scale features in the sea level patterns associated
with the Northern, the Central, and the Southern jet clus-
ters. From Fig. 5, we learn that the Northern jet cluster
explains a higher fraction of the SLA variability in the
German Bight than in the Baltic Sea, despite the corre-
sponding composite values of the SLA exceeding 8 cm in
both regions (Fig. 4). In addition, we note that, for the
Northern jet cluster, the standardised SLA does not sig-
nificantly change in the southern North Sea, meaning
that the Northern jet cluster describes a similar fraction
of the SLA variability in the region, even though the
composite of the SLA shows lower values along the coast
of England than in the German Bight. From Fig. 4, we
also know that the lowest sea level values (<�8 cm)
occur along the east coast of England during Central jet
cluster events, and in the German Bight and the Baltic
Sea during Southern jet clusters events. However, when
we compare the corresponding standardised values of the
SLA, we note that the Central jet cluster describes a
larger fraction of the SLA than the Southern jet cluster
(the Central jet cluster explains more than 70% of the
variability there). In addition, we also note that, opposite
to the Northern jet cluster, the Southern jet cluster

Fig. 4. Composite maps of daily sea level anomaly (shading, in cm) and 10m wind anomaly (arrows, in m s�1) for each jet cluster:
(N) Northern jet cluster, (C) Central jet cluster, (S) Southern jet cluster, (M) Mixed jet cluster. The black dots denote regions where the
sea level anomaly composite is significantly different from zero at a 0.05 significance level. The grey line shows the location of the
continental slope, depicted by the 500m isobath.
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describes a higher fraction of the SLA variability in the
Baltic Sea than in the German Bight.

Additionally, one interesting message emerges for the
Norwegian shelf. For the southern jet cluster, Fig. 5S
shows similar values over the Norwegian shelf and in the
German Bight. Therefore, even though the actual SLA
over the Norwegian shelf is much smaller than in the
German Bight (Fig. 4S), the southern jet cluster gives a
similar contribution to sea level variability in the
two regions.

3.3. Attribution of sea level variability

We now summarise the results in the previous sections by
showing, into two maps, the jet clusters that are mostly
associated with anomalously high and anomalously low
SLA values across the northern European continental
shelf. At each grid point, we compute the frequency of
occurrence of the jet clusters during the days when the
SLA is particularly high and during the days when it is
particularly low. Then, at each grid point, we count the
frequency of occurrence of the jet clusters on days when
the SLA departs from the mean by more than �1.5 and
by more than 1.5 standard deviations. In the end, we col-
our each grid point according to the frequency of occur-
rence of the jet clusters, to highlight the jet clusters that
are most strongly associated with anomalous sea level
values at that location (Fig. 6). If one of the jet clusters
occurs at least 50% of time the SLA is anomalously high
or low, the point is assigned to this jet cluster. If no

single jet cluster satisfies this condition, we consider all
possible combinations of two jet clusters amounting to at
least 50% frequency and assign the point to the combin-
ation with the highest frequency (see the caption of Fig. 6
for more information on the corresponding colours). If
the frequency of occurrence associated with each combin-
ation is lower than 0.5, we colour the grid point grey.

The results in Fig. 6 mostly agree with those in Fig. 4,
even though the former are partly contaminated by the
SLA variability within each jet cluster. Both figures show
that the Northern and Mixed jet clusters are important for
anomalously high SLA values in the North Sea (Fig. 6A),
and that the Central jet cluster is important for anomal-
ously low SLA values in the North Sea (Fig. 6B). At the
same time, however, anomalously low SLA values in the
German Bight correspond both to the Central and the
Southern jet clusters, despite the composite of the SLA for
the Central jet cluster showing values close to zero in the
region (Fig. 4). This suggests that, in the German Bight,
over individual Central jet cluster events, the SLA can sig-
nificantly depart from the composite value of the SLA
associated with the Central jet cluster. We reach a similar
conclusion for the Baltic Sea. In fact, Fig. 6 relates anomal-
ously high SLA values to the Northern and the Mixed jet
clusters, and anomalously low SLA values to the Southern
and the Central jet clusters, even though Fig. 4 only associ-
ates the Northern and the Southern jet clusters with par-
ticularly high and low SLA values in the region. Over the
Norwegian shelf, we only focus on the negative SLA values
since Fig. 4 has already shown that positive values are not

Fig. 5. Standardised maps of the composite of the daily sea level anomaly for each jet cluster: (N) Northern jet cluster, (C) Central jet
cluster, (S) Southern jet cluster, (M) Mixed jet cluster. To standardise the maps in Fig. 4, we divide them by the standard deviation of
the daily sea level anomaly over the 21-winter record. The grid points over the open ocean are masked and the continental shelf is
delimited by the thick black line (the 500m isobath).
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clearly associated with any jet cluster. We note that Fig. 6
only partly agrees with Fig. 4. In fact, Fig. 6 shows that
particularly low SLA values in the region correspond to
the Northern, the Central, and the Southern jet clusters,
even though we note that only the Southern jet cluster is
associated with anomalously low SLA values over the
entire Norwegian shelf.

4. Dynamic considerations

In this paper, we have adopted the jet cluster perspective
of the winter-time atmospheric circulation in the North

Atlantic to document the contribution of local winds to
the sea level variability over the northern European con-
tinental shelf. As a result, we have identified four patterns
of SLA, each corresponding to a different configuration
of the eddy-driven jet stream over the North Atlantic. In
this section, we briefly discuss the dynamics of the ocean
over the northern European continental shelf to investi-
gate the role of local winds in driving the sea level pat-
terns associated with each jet cluster. We start the
discussion by identifying the main forces operating on the
shelf. We conclude it by discussing the ability of the sim-
ple Ekman theory to explain the sea level patterns associ-
ated with each jet cluster.

Fig. 6. Maps of jet clusters most strongly associated with anomalously high (A) and with anomalously low (B) sea level anomaly.
Colours correspond to: Northern jet cluster (blue), Central jet cluster (black), Southern jet cluster (yellow), Mixed jet cluster (red),
Northern and Central jet clusters (light blue), Northern and Southern jet clusters (lilla), Northern and Mixed jet clusters (purple),
Central and Southern jet clusters (green), Central and Mixed jet clusters (brown), Southern and Mixed jet clusters (orange), otherwise
(‘no jc’, grey). The grid points over the open ocean are masked and the continental shelf is delimited by the thick black line (i.e. the
500m isobath).
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To describe the barotropic response of the ocean over
the northern European continental shelf to each jet clus-
ter, we use the depth-averaged momentum equation
which, based on considerations found in previous studies,
reduces to the balance of only three forces: the depth-
averaged Coriolis force, the depth-averaged pressure gra-
dient force and the depth-averaged force exerted by the
winds. The ocean in the North Sea needs approximately
two days to adjust to changes in the winds (e.g. Weenink,
1956; Pingree and Griffiths, 1980): since the jet clusters
persist on average five days (Madonna et al., 2017), we
expect the sea level pattern associated with each jet clus-
ter (Fig. 4) to be approximately in steady state and, con-
sequently, the term du=dt in the depth-averaged
momentum equation to be negligible. Through scaling
considerations, Pingree and Griffiths (1980) showed that
the vertically averaged advection and bottom friction can
also be neglected. Therefore, the depth-averaged momen-
tum equation becomes:

f k̂ � u ¼ �grðSLAÞ þ 1
qw �H sw (3)

where the term on the left-hand side of Eq. (3) is the
depth-averaged Coriolis force, the first term on the right-
hand side is the depth-averaged pressure gradient force,
and the second term is the depth-averaged force exerted
by the wind stress; f ¼ 2X sin ð/Þ is the Coriolis param-
eter, k̂ is the vertical unit vector, u is the depth-averaged
current, g ¼ 9.8m s�2 is the gravitational acceleration, qw
is the density of seawater, H is the water depth, and sw is
the wind stress.

It is not possible to simplify Eq. (3) further, as all three
forces have similar magnitudes over the northern
European continental shelf (Table 2). Table 2 shows, for
each jet cluster, the magnitude of the depth-averaged
Coriolis force, of the depth-averaged pressure gradient
force, and of the depth-averaged force exerted by the
winds, all averaged over the northern European continen-
tal shelf (more precisely, over the region of the shelf
delimited by the coordinates 3�W–30�E and 51�N–66�N).
We note that the three forces are comparable in magni-
tude on the shelf. This result is robust since we reach a

very similar conclusion when we compare the magnitude
of the three forces at each grid point on the shelf
(not shown).

Since both the wind stress term and the Coriolis force
are important, the relationship between local winds and
sea-level patterns associated with each jet cluster can be
partly explained in terms of Ekman transport. To show
its contribution, we compute the Ekman transport associ-
ated with each jet cluster and the rate of change of the
sea level that it induces (Fig. 7). To calculate the Ekman
transport, we use the formula for the volume transport
generated by a stable wind blowing over an infinitely
deep ocean (e.g. Gill, 1982; Cushman-Roisin and Beckers,
2010):

Uek ¼ � 1
qwf

k̂ � s (4)

where Uek is the Ekman volume transport, qw is the
mean density (chosen equal to 1030 kg m�3), f is the
Coriolis parameter, k̂ is the vertical unit vector, and s is
the wind stress at 10m above the sea surface.

We find that Ekman transport explains well the sea
level pattern associated with the Mixed jet cluster, it
partly explains the sea level patterns associated with the
Central and the Southern jet clusters, but it cannot
explain the sea level pattern associated with the Northern
jet cluster (Fig. 7). During Mixed jet cluster events, the
anticyclonic winds over northern Europe cause water to
converge into the middle and the northern parts of the
North Sea and onto the Norwegian shelf (Fig. 7M).
Indeed, the south-westerly winds over the Nordic Seas
generate a south-eastward Ekman transport, whereas the
easterly winds over the southern North Sea generate a
northward Ekman transport. As a result, local winds
drive water into the interior and the northern North Sea
and, therefore, sustain the positive SLA in the region
(Fig. 4M). Through Ekman transport, the winds over the
Nordic Sea also push water onto the Norwegian shelf
and, therefore, explain the positive SLA in the area.
During Central jet cluster events, the southerly winds
over the North Sea induce an eastward Ekman transport,
which drives water from the UK to the coasts of

Table 2. Magnitude of the depth-averaged Coriolis force, of the depth-averaged pressure gradient force and, of the
depth-averaged force exerted by the winds, all averaged over the entire northern European continental shelf (more
precisely, over the region of the shelf delimited by the coordinates 3�W–30�E and 51�N–66�N). Units are m s-2.

Coriolis force Pressure gradient force Force exerted by the winds

Northern jet cluster 1:7� 10�6 1:3� 10�6 2:0� 10�6

Central jet cluster 2:0� 10�6 1:5� 10�6 1:7� 10�6

Southern jet cluster 1:8� 10�6 1:7� 10�6 1:3� 10�6

Mixed jet cluster 1:7� 10�6 1:5� 10�6 1:4� 10�6
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Denmark and Norway (Fig. 7C) and, therefore, explain
the eastward sea level gradient in the basin (Fig. 4C).
Similarly, during Southern jet cluster events, the easterly
winds generate a northward Ekman transport, which
pushes water into the open ocean and, in turn, decreases
the sea level over the entire northern European continen-
tal shelf (Fig. 4S). As previously stated, Ekman transport
does not explain all the features of the composite maps in
Fig. 4 such as the meridional sea level gradient associated
with the Northern jet cluster. As a possible explanation,
we need to remember that the effects of the winds are
highly affected by the bathymetry and the coastline
geometry. As an example, Davies and Heaps (1980)
showed how the presence of the Norwegian trench modi-
fies the wind driven circulation and, therefore, the sea
level pattern in the North Sea.

We would like to conclude this section with a note on
the ocean circulation over the northern European contin-
ental shelf. By relating the wind stress, the SLA, and the
depth-averaged currents, Eq. (3) suggests that the jet clus-
ters might not only relate to sea level patterns, but also to
ocean circulation patterns on the shelf (Fig. 1A). Figure 4
suggests this hypothesis: since the SLA gradient associated
with each jet cluster is comparable with that of the mean
ADT (Fig. 1A), the jet clusters could alter the geostrophic
component of the circulation on the shelf. As an example,
we note that the meridional SLA gradient associated with
the Northern jet cluster is approximately half that of the
mean ADT, meaning that the geostrophic component of
the circulation in the North Sea might be strengthened by
circa 50% during Northern jet cluster events.

5. Temporal relationship between the northern
European sea level and the jet clusters

While in the previous sections, we have considered the
spatial relationship between the northern European SLA
and the jet clusters, we now address their temporal co-
variability at daily and monthly time scales. At first, we
focus on the relationship at a few days’ time scale, and
we describe the evolution of the northern European SLA
as the jet clusters persist for a few consecutive days.
Then, we focus on the relationship at monthly time scale,
and we assess to what extent the jet clusters reconstruct
the monthly mean SLA variation over the northern
European continental shelf.

5.1. Daily sea level evolution

The SLA from altimetry contains information on how
the northern European sea level approaches equilibrium
as the jet clusters persist for a few consecutive days. To
analyse the adjustment process, we identify those cases
when the jet clusters persist five days or longer and, for
each jet cluster, we composite the SLA over the first and
the fifth day of persistence, respectively (Fig. 8). We set
the threshold at five days because we expect the northern
European SLA to reach the equilibrium within this
amount of time (e.g. Pingree and Griffiths, 1980; Saetre
et al., 1988; Lepp€aranta and Myrberg, 2009) and also
because it ensures a sufficiently large number of cases for
a robust composite analysis (see Table 3).

Figure 8 shows a clear evolution of the SLA in relation
to the Central and the Mixed jet clusters. If, on its first day

Fig. 7. Ekman transport associated with each jet cluster (arrows, 1 Sv ¼ 10–6 m3 s�1) and rate of change of the sea level anomaly as a
result of Ekman transport (m day�1) for each jet cluster: (N) Northern jet cluster, (C) Central jet cluster, (S) Southern jet cluster, (M)
Mixed jet cluster. Positive values indicate regions of convergence, whereas negative values indicate regions of divergence.
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of persistence, the Central jet cluster is associated with
weak winds, on its fifth day of persistence, winds are south-
erly/south-easterly and their intensity exceeds 5m s�1 over
most of the continental shelf. Over the same period of time,
the SLA drops by a few centimetres both in the western
side and in the interior of the North Sea. Likewise, as the
Mixed cluster persists for five consecutive days, the anti-
cyclonic wind pattern over northern Europe intensifies,
and the SLA rises in the interior of the North Sea.

On the contrary, the evolution of the SLA in relation
to the Northern and the Southern jet clusters is less evi-
dent. We still see a slight increase of the SLA in the
German Bight and the Baltic Sea during Northern jet
cluster events and a few centimetres drop in the Baltic
Sea during Southern jet cluster events. However, contrary

to our expectations, the SLA in the German Bight rises
as the Southern jet cluster persists for a few consecutive
days. Moreover, on their first day of occurrence, both jet
clusters are already associated with well developed
SLA patterns.

5.2. Interannual sea level variability

The atmospheric circulation over Europe is linked to the
configuration of the jet stream over the North Atlantic
(e.g. Madonna et al., 2017). Therefore, we expect the fre-
quency of occurrence of different jet configurations to
explain part of the monthly mean sea level variability
over the northern European continental shelf. To estimate
the strength of this relationship, at each grid point of the

Fig. 8. Composite maps of daily sea level anomaly (shading, in cm) and 10m wind anomaly (arrows, in m s�1) over the first days (left
column) and the fifth days (right columns) of persistence of each jet cluster: (N) Northern jet cluster, (C) Central jet cluster, (S)
Southern jet cluster, (M) Mixed jet cluster. The black dots denote regions where the sea level anomaly composite is significantly
different from zero at a 0.05 significance level. The grey line shows the location of the continental slope, depicted by the 500m isobath.
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northern European continental shelf, we build the follow-
ing multiple linear regression model:

SLA ¼ aþ b � freqN þ c � freqC þ d � freqS þ e � freqM (5)

where SLA is the monthly mean SLA in winter, and
freqN, freqC, freqS, freqM are the monthly frequency of
occurrence of the Northern, the Central, the Southern,
and the Mixed jet clusters. We expect the regression
model based on the jet clusters to explain a lower frac-
tion of the monthly mean SLA variance when com-
pared to a model based on the EOFs since this, by
design, would maximise the explained variance of the
SLA. However, the model above is still valuable: it
can help quantify the contribution of the wind direc-
tion to the northern European sea level variability
since the jet clusters determine the spatial pattern of
the daily wind field over the North Atlantic, rather
than its intensity.

Figure 9 shows that the temporal co-variability
between the jet clusters and the northern European sea
level varies considerably over the northern European con-
tinental shelf. We find the strongest covariance in the
interior and in the western part of the North Sea, where
the model explains between 40 and 50% of the SLA vari-
ance. The fraction of the variance explained by the model
decreases in the Baltic Sea and the eastern part of the

North Sea, where it mostly ranges between 20 and 30%,
and reaches its lowest values in the Norwegian Trench,
over the Norwegian shelf and along the continental slope,
where it does not exceed 20%.

6. Conclusions and outlook

The jet cluster approach helps identify a number of loca-
tions (�40% of the northern European continental shelf)
where a single jet cluster induces either high or low sea
level values and therefore sheds new lights on the atmos-
pheric control on the North European sea level. For
example, negative SLA values along the east coast of
England are mainly associated with the Central jet clus-
ter, whereas positive SLA values in the German Bight are
mainly associated with the Northern jet cluster. The case
of the German Bight offers an interesting comparison
with Dangendorf et al. (2014), who used both a correl-
ation map and a composite analysis approach to deter-
mine the single atmospheric pattern responsible for
anomalously high sea level values in the region. Indeed,
we note that the approach based on the jet clusters and
the one developed by Dangendorf et al. (2014) return
partly different results: while the spatial structure of the
atmospheric pattern in Dangendorf et al. (2014) resembles
the Northern jet cluster, its centres of actions are located

Table 3. Number of cases when each jet cluster persists at least five consecutive days.

Northern jet cluster Central jet cluster Southern jet cluster Mixed jet cluster

Number of cases 38 32 28 43

Fig. 9. At each grid point, fraction of the monthly mean sea level anomaly variance in winter that is explained by the multiple linear
regression model.
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eastward with respect to those of the Northern jet cluster
(Fig. 3N). This discrepancy might result from the linear
regression approaches mixing different jet clusters since
high sea level in the German Bight is not uniquely associ-
ated with the Northern jet cluster. An additional study
that focuses on the sea level variations in the German
Bight could help clarify whether the atmospheric index
by Dangendorf et al. (2014) is accurate enough to recon-
struct the wind component of the sea level variability in
the region.

In other parts of the shelf, the sea level responds to
more than one jet cluster. In Fig. 4, we note that positive
SLA values along the east coast of England are associ-
ated with both the Northern and the Mixed jet clusters.
Similarly, in the interior of the North Sea, negative SLA
values are associated with both the Southern and the
Central jet clusters. In addition, Fig. 6 shows that, in the
Baltic Sea, anomalously low sea level values are associ-
ated with both the Southern and the Central jet clusters,
whereas positive sea level values are associated with both
the Northern and the Mixed jet clusters. Therefore, even
though a composite analysis would return a single atmos-
pheric pattern associated with either high or low sea level
at these locations, this would not correspond to any typ-
ical atmospheric condition since it would result from a
combination of several jet clusters.

The jet cluster approach can only partly describe the
evolution and adjustment of northern European sea level
to wind variations over the North Atlantic and northern
Europe. In this regard, while the Central and the Mixed
jet clusters are associated with an intuitive evolution of
the northern European SLA, with the corresponding SLA
patterns intensifying with the days of persistence, the
Northern and the Southern jet clusters are not. Indeed,
the SLA patterns associated with the Northern and the
Southern jet clusters already reach the equilibrium on the
first day of occurrence.

Considering longer timescales, the jet clusters frame-
work provides new insights on the contribution of the
winds to interannual sea level variability over the north-
ern European continental shelf. Applying a multiple lin-
ear regression model, we show that the jet clusters can
explain up to 50% of the SLA variance. The explained
variance varies regionally and suggests that in some
regions (e.g. the interior and western side of the North
Sea), the large-scale flow (i.e. the wind direction) rather
than the strength of the winds (i.e. the wind speed) affects
the SLA variability, but further studies are required to
investigate this in more details.

Future works might further explore the relationship
between the jet clusters and the ocean circulation over the
northern European continental shelf. An in-depth investi-
gation of the link between the jet clusters and the two

EOFs of surface circulation identified by Kauker and von
Storch (2000) would be a follow-up of this study. In add-
ition, the jet cluster perspective suggests that approxi-
mately 25% of the winter days are characterised by
blocking conditions over northern Europe. We believe that
a reference study that describes the ocean response to an
anticyclonic wind pattern over northern Europe would be
of interest since, to the authors’ knowledge, it does not
exist. Finally, the jet clusters could also be used to extend
the work by Winther and Johannessen (2006), who used
the NAO to investigate the atmospheric contribution to
the exchange of water between the open-ocean and the
North Sea. However, the NAO explains only a fraction of
the atmospheric variability in the North Atlantic and might
give an incomplete description of the atmospheric contri-
bution to inflow and outflow of the northern European
continental shelf. The jet clusters might provide a more
complete and more realistic description of the exchange of
water between the Nordic Seas and the shelf since they rep-
resent physical patterns of the atmosphere.
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