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Abstract: The Baltic Sea is an intercontinental marginal sea that is vertically stratified with a strong
halocline isolating the saline bottom layer from the brackish surface layer. The surface layer is
eutrophic and abiotic zones lacking oxygen are common in the deeper regions. While freshwater is
constantly flowing into the North Sea, oxygen-rich bottom waters can only occasionally enter the
Baltic following a special sequence of transient weather conditions. These so-called Major Baltic
Inflow events can be monitored via the sea level gradients between the Kattegat and the western
Baltic Sea. Innovative interferometric altimetry from the Surface Water and Ocean Topography
(SWOT) mission give us the first opportunity to directly observe the sea level signal associated with
the inflow in December 2023. In addition, we use observations from recent high-rate multi-mission
nadir altimetry. For scales larger than 50 km, SWOT and nadir altimetry are in very good agreement.
The SWOT observations are compared to the simulations with the regional 3-D HBMnoku ocean
circulation model operated by the German Federal Maritime and Hydrographic Agency (BSH). Both
agree very well for most aspects. The north-south gradients of the two data sets differ by about 10%
of the total value. Comparison with tide gauges suggests that there may be model deficiencies on
daily to sub-daily time scales. In addition, the SWOT data have many fine scale structures such as
eddies and fronts that cannot be modelled adequately.

Keywords: major baltic inflow; sea level; SWOT altimetry; coastal altimetry; regional ocean model
Hiromb-BOOS (HBM); tide gauge

1. Introduction

The Baltic Sea is an intra-continental marginal sea situated in northern Europe, which is
connected to the Atlantic Ocean via the North Sea. Both, physical and biological conditions in the
Baltic Sea are critically governed by the salinity distribution, which arises from large-scale energy
and water cycles [1,2]. The vertical salinity distribution is characterized by a distinct estuarine-like
two-layer structure, where a fresh surface layer fed by river runoff is constantly draining out of the
Baltic Sea into Kattegat, Skagerak, and subsequently the North Sea and North Atlantic. The much
more saline deep-water layer is fed by occasional inflow events from the Kattegat through the Danish
Straits (Little Belt, Great Belt, The Sound), with major bathymetric flow obstacles being Darss Sill (18
m) and Drogden Sill (7 m) (cf. Figure 1). Those inflow events are the major source of oxygen for the
bottom water and thus critically govern the marine productivity in the central basins of the Baltic Sea.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Map showing the geographical terms used in this paper. The Danish Straits include: Little Belt, Great
Belt and The Sound. Tide gauges in the Danish Straits are shown in orange, those in the Western Baltic in yellow.

Baltic inflow events have been studied in great detail for many decades, revealing important
insights into their dynamics [3-6]. During the summer season, baroclinically-driven inflow events
advect water masses of higher salinity and temperature over those sills into the Arkona Sea. Summer
events typically involve comparably small water masses of intermediate density, which stratify in the
halocline. These are not able to substitute bottom water and thus to ventilate the deepest layers. On
the other hand, strong westerly winds associated with winter storms are able to move greater
amounts of cold and saline surface waters from the Kattegat into the Baltic, which are dense enough
to evolve into bottom gravity currents that might extend well to the deepest parts of the Baltic Sea.
Particularly important are so-called Major Baltic Inflow (MBI) events, which are characterized by the
transient barotropic inflow of saline water over the sills lasting for more than 5 days. They are
preconditioned by the succession of strong easterly wind followed by strong westerly gales. During
the pre-inflow period the easterly winds cause outflow of Baltic Sea water through the Danish Straits.
Subsequently, the westerly winds for a period of more than a week force the inflow of substantial
amounts of North Sea water over either Darss or Drogden Sill, which can subsequently spread into
the bottom layer to the deep Eastern Basins of the Baltic Sea. The exact sequence of meteorological
conditions is relatively rare and not all MBIs ventilate the deep central Baltic. The last very strong
MBI event was observed in 2014, the last moderate MBI in 2016 [7].

The water exchange across the Danish Straits has been studied successfully with numerical
ocean circulation models [8,9]. A prominent example for such a numerical model is BSH-HBMnoku
which is operationally run by the German Federal Maritime and Hydrographic Agency (BSH) [10].
By means of multiple nesting steps, BSH-HBMnoku provides particularly high spatial resolution in
the western Baltic Sea.

For many decades, satellite altimetry has been a indispensable observation tool to study offshore
ocean dynamics. Since the launch of Topex/Poseidon (T/P) in 1992, the sea-surface height directly
underneath the satellite in nadir direction is measured every 10 days on a dedicated repeated track
pattern. This pattern samples all ocean basins at all latitudes lower than 66° [11]. However, between
the tracks large areas (~130 km at 55°N for T/P) of the ocean surface remain unsampled and the
temporal sampling is not adequate for processes with synoptic time scales. Since 1992, 16 radar
altimetry missions have been launched with different inclinations and repeat periods. Combining
data from all ten radar altimeters active in 2023 allows to resolve scales down to a few days and 50
km. Accuracy issues close to the coast have hampered the use of satellite altimetry in coastal areas
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for many years. However, based on dedicated coastal altimetry processing [12-15], and taking
advantage of the improved accuracy and along-track resolution of recent synthetic-aperture radar
(SAR) altimeter missions radar altimetry is nowadays used frequently in coastal areas. Nadir
altimetry has been successfully used to study oceanic processes in the Belt Sea and Western Baltic Sea
before [16-21].

The potential to monitor transient processes on mesoscale and synoptic scales by satellite
altimetry has improved tremendously with the launch of the Surface Water Ocean Topography
(SWOT) mission [22] in the year 2022, roughly 30 years after the first T/P measurements. With its
innovative Interferometric Synthetic-Aperture Radar (InSAR) system, SWOT is able to provide 2-D
scans of the instantaneous sea-surface height, thereby not only providing along-track information at
discrete ground-tracks, but also cross-track information that characterize the sea-surface elevation
gradients and its associated geostrophic ocean currents in a much more complete fashion.

In the article at hand, we aim to assess the potential value of nadir altimetry and especially the
novel SWOT observations for studying MBI events. By utilizing the latest available data releases, we
discuss the transient sea level signature of a moderate MBI event that took place during a series of
storm events in the Western Baltic in December 2023. The SWOT-derived sea level is compared to
classical nadir altimetry and tide gauge data. The corresponding sea level signatures are studied
using tide gauges, nadir and SWOT altimetry and model simulations from the BSH-HBMnoku. The
north-south sea level differences observed by SWOT are contrasted by the ones observed by nadir
altimetry and tide gauges. Focus is on the extra information provided by SWOT altimetry especially
on eddy scales and on potential modelling deficits during such dynamic situations that are
characterized by rather high wind stress curl in the area.

2. Data and Processing

This study focuses on the new Ka-band Radar Interferometer (KaRIn) observations from the
SWOT mission during the recent MBI event. The observations are compared with the sea level output
of a numerical regional ocean circulation model. For comparison, we use independent data from in-
situ tide gauges as well as measurements from all available nadir altimetry missions. These data sets
and the processing applied are described below.

2.1. SWOT Observations

The SWOT Radar Altimetry Mission, which was launched in December 2022, combines an
innovative wide-swath Ka-band Radar Interferometer (KaRIn) instrument with a conventional Ku-
band nadir altimeter. While conventional altimetry missions provide 1-D measurements below the
satellite’s orbit, the SWOT mission provides 2-D measurements along two parallel swaths of about
50 km width with a 20 km nadir gap. Compared to nadir altimetry, the spatial resolution is improved
tremendously to 2 by 2 km for the low-resolution ocean product. We use the KaRIn Level 2 Expert
ocean products, version C [23], which provide already corrected sea surface height anomalies as well
as all applied instrumental and geophysical corrections. The set of corrections selected for our
analysis from the original Level 2 dataset is shown in Table 1.

Since we are interested in subdaily to weekly time scales we base our analyses primarily on
instantaneous sea level (SLi), which includes ocean tides and barotropic signals. SLi is provided by
the BSH'’s operational forecast model BSH-HBMnoku, and can be derived from altimeter range
measurements by applying several corrections:

SLi = orbit height — (range + Iono + DTropo + WTropo + solid_earth + SSB) — (MSS -

@ MDT)

for the ionosphere (Iono), dry (DTropo) and wet (WTropo) troposphere, solid earth effects and the
sea state bias (SSB). The SLi is referenced to the geoid, which in our case is implemented as the
difference between the mean sea surface (MSS) and the mean dynamic topography (MDT). However,
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when comparing SWOT and various nadir overflights, which are typically hours to days apart, we
rely on the Sea Level Anomaly (SLA) data:

@) SLA = SLi — MDT - ocean_tides - DAC

where ocean tides and the Dynamic Atmospheric Correction (DAC) are subtracted for dealiasing and
the reference is the MSS.

For comparisons with tide gauge data, SWOT KaRIn data contaminated by echoes from land need to
be excluded. We therefore use the median of all valid data within 5 km of the gauge locations and
more than 1 km offshore. During the moderate MBI event in December 2023, measurements are
available from four SWOT overflights between Kattegat and the Western Baltic (18 to 30 December
2023).

2.2. Nadir Altimetry

High-rate nadir radar altimetry is used to validate the KaRIn data and to highlight the additional
information provided by the novel KaRIn instrument. In 2023, ten nadir altimetry missions were
active and providing data in the region: Cryosat-2, Saral, Sentinel-3A, Sentinel-3B, Jason-3, Sentinel-
6 MF, HaiYang-2B, HaiYang-2C, HaiYang-2D, and SWOT nadir [11]. High-rate Level 2 range data for
these missions are available for further processing and inter-mission harmonisation in the Altimeter
Data System (ADS) of the GFZ [24]. In analogy to the SWOT KaRIn data, we extract and process the
two quantities SLA and SLi from the ADS system based on intercalibrated high-rate Level 2
processing standard F data using the product standard ocean retrackers. The comparisons with the
BSH operational forecast model are based on SLi (cf. Equation 1) and the comparisons with SWOT
KaRIn are based on SLA (cf. Equation 2). The applied geophysical correction models are as close as
possible to those chosen for the SWOT KaRIn processing and are listed in Table 1. The main
differences between the missions are for the sea state bias correction, where we use the values
provided with the original Geophysical Data Records (GDR). Intermission biases are applied which
were derived from a global cross-over analysis carried out within the ADS system of the GFZ.

Table 1. Correction models applied to SWOT KaRIn and high-rate multi-mission nadir altimetry data.
Corrections in gray are used for the calculation of SLA only.

Correction Model
orbit CNES-SSALTO, POE-F
ionosphere GIM model [25]
wet troposphere ECMWF model (GDR internal)
dry troposphere ECMWF model (GDR internal)
Earth tide IERS [26]
pole tide Desai [27]
ocean loading tide FES 2014b [28]
sea state bias GDR internal
vertical reference (SLi) CLS_CNES 2022 (MSS & MDT) [29,30]
ocean tide (SLA) FES 2014b [28]
DAC (SLA) MOG2D-G [31]
vertical reference (SLA) CLS_CNES 2022 (MSS) [29]

The use of the high-rate data allows more valid data to be retrieved in coastal regions than is
possible with the standard low-rate 1 Hz data. The high-rate data are provided at 20 Hz, for the Saral
mission at 40 Hz. This corresponds to a nominal along-track resolution of 350 m (175 m for Saral). To
reduce the inherent noise, the along-track data are boxcar-filtered to scales of ~2 km after outlier
removal. However, the effective horizontal resolution of the nadir altimeters is much lower. Due to
the size of the nadir altimeter footprints, the resolvable wavelengths are estimated to be closer to 55
km for the conventional pulse -limited Ku-band altimeters (Jason-3, HaiYang-2B/C/D, SWOT), 40 km
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for the Ka-band mission Saral and 35 km for SAR altimeters (Cryosat-2, Sentinel-3A/B and Sentinel-
6 MF) [15]. Due to the high number of active radar altimeter missions in December 2023, overflights
occur almost every day, reaching up to eight overflights on 19 and 29 December. For comparison
with the SWOT data, we cluster all nadir data available the day before and after the respective SWOT
overflights.

2.3. Tide Gauges

All water exchange between the Baltic Sea and the Kattegat takes place through the Danish
Straits. During inflow events the flow through the Straits is hydraulically controlled and the north-
south height differences along the Danish Straits are good proxies for the meridional flow conditions
[8,32]. In contrast, the zonal flow through the Western Baltic is rather geostrophically balanced, so
we use the south-north sea level differences as proxies for the inflow. In order to characterize the flow
conditions during the SWOT overflights, we present near real time tide gauge data provided by
Copernicus Marine Service (CMEMS) [33] for the Little Belt (Bogense, Fynshav), the Great Belt
(Slipshavn, Bagenkop), The Sound (Viken, Klagshamn), near Darss Sill (Gedser, Warnemuende) and
across the Arkona Sea (Ystad, Sassnitz). The stations are operated by the Danish Meteorological
Institute (DMI), the Swedish Meteorological and Hydrological Institute (SMHI), the German
Waterways and Shipping Office Stralsund (WSA) and provide sea level heights above the Baltic Sea
Chart Datum 2000 (BSCD2000) [34].

The SMHI data is available hourly, whereas the WSA and the DMI data is available every 10
minutes. After the elimination of outliers, the 10 min data is sub-sampled every hour for consistency.
Since we compare to SLi derived from SWOT the data is not detided.

2.4. BSH-HBMnoku Model

The High-Resolution Model for the Baltic Sea - Baltic Operational Oceanography System
(Hiromb-BOOS model - HBM) is a baroclinic 3-D ocean circulation model which was jointly
developed by the German Federal Maritime and Hydrographic Agency (BSH) and European
partners. For operational forecasts of ocean state, currents, sea ice and sea levels of the North Sea and
the Baltic Sea the BSH uses the model configuration BSH-HBMnoku which has a horizontal resolution
of ~5 km and a nested high-resolution zone (~0.9 km) along the German coastline (6°- 15° E, 53°- 56.5°
N) and up to 36 vertical layers. The model is forced by 10 m-wind, air pressure and additional
parameters from the operational regional atmospheric model provided by the German Weather
Service (DWD) as well as by river runoff. At the open boundaries monthly climatological temperature
and salinity values, 19 partial ocean tides, and wind surge from BSH’s North East Atlantic model are
prescribed [10].

For comparison to the observational data, we use the high resolution (~0.9 km) sea level elevation
provided every hour. For the validation of the model versus tide gauge readings the model time
series are extracted for the grid point next to the tide gauge station which results in distances of up
to 1 km maximum. For the comparison of model and altimeter data we interpolate the hourly sea
level values from the model linearly to the time of satellite’s overflight. Finally, the model data is
bilinearly interpolated to the SWOT KaRIn postings and the positions of the high-rate nadir altimetry.
To center the difference maps between SWOT and model an offset of 15 ¢cm is applied, which
compensates the difference between the geometrical and physical references of both sources.

3. Sea Level Signatures of the Major Baltic Inflow Event

The weather conditions leading to the moderate MBI in December 2023 as well as the
corresponding volume and salt transports at Fehmarn Belt, Darss Sill and the Arkona Sea have been
described by [7]. Sea level readings from the Landsort Norra tide gauge in the Central Baltic Sea
indicate that the mean Baltic sea level rose by almost 60 cm between 15 and 29 December, which
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corresponds to a volume increase of almost 200 km3. According to their analysis almost 40% (75 km?)
of this was salty and oxygen-rich waters originating from the North Sea.

In Figure 2a, we show the sea level differences derived from tide gauges between Kattegat and
Western Baltic Sea along the Danish Straits, where the flow is assumed to be hydraulically controlled
[8,32]. The differences in sea level (Ah) between the three Danish Straits are in good agreement, with
closer agreement between the Great Belt and The Sound than with the Little Belt. On 16 December
the sea level in the north was by about 30 cm higher than in the south, marking the beginnig of the
MBI. Maximum differences of about 150 cm occurred on 22 December at all three Straits. A second
pronounced inflow event indicated, by sea level differences of up to 120 cm in the Little Belt, occured
from 25 to 27 December. On 28 December the sea level difference changed sign again suggesting the
end of the inflow from the Kattegat through the Danish Straits into the Baltic Sea. The higher
frequency signal clearly distinguishable throughout the time series is related mainly to the half-daily
tides in the Kattegat.

a b
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Figure 2. Sea level difference (Ah) based on tide gauges, (a) hnorth-hsouth along the Danish Straits, where positive
values imply transport to the south. (b) hsout-hnorth across the Western Baltic near Darss Sill and across the
Arkona Sea, where positive differences imply barotropic transport to the East. The time series are 3 h boxcar
filtered. SWOT overflights are indicated by light gray vertical lines, the Sentinel-6 MF overflight is indicated by

a gray vertical line, periods where nadir altimetry is compared with SWOT overflights are shaded gray.

The sea level differences (Ah) across the Western Baltic at the Darss Sill and across the Arkona
Sea are shown in Figure 2b. Assuming geostrophic flow, the south-north sea level differences
correspond to eastward geostrophic currents associated with MBI events. Sea level differences near
the Darss Sill reached more than 50 cm, suggesting an eastward barotropic transport from 21 to 23
December. This is consistent with observations from an autonomous offshore station at Darss Sill,
which recorded the arrival of saline water on 21 December [7]. Sea level differences across the Arkona
Sea reached ~30 cm on 22 and 23 December, indicating an eastward barotropic transport. However,
since the Arkona Sea is much deeper and vertically stratified, barotropic transports cannot be
estimated directly from the sea level differences. The 1-2 days signal visible in the time series is most
probably related to Baltic seiches which have periods from 23 to 27 hours in this region [16,35,36].

A proven technique for monitoring sea level changes on spatial scales of more than 50 km is the
classic nadir altimetry. During the course of the MBI event the area has been overflown almost every
day by a variable number of altimeter missions (up to 7). Figure 3a shows the instantaneous sea level
SLi on 22 December as observed from the Sentinel-6 MF mission equipped with a Ku-band SAR
altimeter and as simulated by the BSH-HBMnoku model. This overflight is right at the peak of the
MBI event and features strongly positive sea level in the Kattegat area and negative between Darss
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Sill and Arkona Sea. The agreement between observation and model is excellent. The total along-
track sea level difference from altimetry amounts to more than 130 cm. At the same time the sea level
differences observed by tide gauges along the Danish Straits range between 100 - 120 cm which is in
good agreement taking into account that the measurements are from different locations. The
differences between the nadir altimetry and BSH-HBMnoku are shown in Figure 3b. The north-south
sea level differences observed by the nadir altimeter are by 10 cm larger than the ones simulated for
this extreme situation. Even though the nadir measurement monitors the large-scale sea level
gradient very well it is obvious that it is not possible get an insight on the flow conditions based on
the 1-D sea level observations only.

22 December
56.5°N

\ b N
56.0°N - Sea Level Nadir -

il Model
55.5°N" .° | \‘%w

55.0°N ~ ~
~
54.5°N 5
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Figure 3. (a) Instantaneous sea level (SLi) on 22 December 17:05 UTC observed by Sentinel-6 MF and simulated
by BSH-HBMnoku based on tide gauges. (b) Sea level differences between nadir altimetry and model.

In the following, we will focus on the four SWOT overflights during the course of the 2023 MBI
event (cf. vertical lines in Figure 2). Two overflights took place at the beginning of the MBI event
simultaneously with distinct sea level gradients in the Danish Straits as observed by the tide gauges.
The other two are right at the end of the MBI event with only slightly positive sea level gradients.

The instantaneous sea level SLi derived from KaRIN und Ku-nadir for the two SWOT overflights
at the beginning of the MBI event on 18 and 19 December are shown in Figure 4, together with the
corresponding model data and the differences between the two sets of data. While the first overflight
highlights the situation in The Sound and the Arkona Sea, the second overflight is farther to the west
at the Great Belt and Darss Sill region. The extreme sea level values observed by SWOT close to the
coast indicate processing errors or signal land contamination in these challenging regions.

On 18 December, the sea level gradient between Kattegat and Western Baltic builds up and the
north-south sea level difference (Ah) along The Sound is moderately positive and close to the tide
gauge observations (20 cm). On 19 December, the SWOT data from KaRIn as well as from Ku-nadir
suggest anomalous sea level differences between Kattegat and Western Baltic of ~60 cm. The
corresponding BSH-HBMnoku model fields show a very similar situation with north-south sea level
differences increasing from 18 December to 19 December. However, according the SWOT KaRIn data
the north-south sea level differences (Ah) are by ~10 cm smaller than the modeled ones. In comparison
to the model-predictions SWOT observations suggest lower sea levels in the Kattegat area, higher sea

levels at the northern part of the Little Belt and a slightly stronger eastward transport across Darss
Sill.
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Figure 4. Instantaneous sea level (a, d) from SWOT (KaRIn and nadir) measurements, (b, e) from the BSH-
HBMnoku model and (¢, f) difference SWOT minus BSH-HBMnoku (a, b, ¢) on 18 December 2023 16:26 UTC (d,
e, f) and 19 December 2023 16:27 UTC.

The next available SWOT overflights are right at the end of the MBI event and cover The Sound
and the Little Belt area. The SLi for the two SWOT overflights on 29 and 30 December are shown in
Figure 5, together with the corresponding model data and the differences between the two sets of
data. For these overflights the sea level in the Western Baltic has increased by 40 - 60 cm and
decreased by 10 - 20 cm in the Kattegat since the last overflights 10 days before and the north-south
sea level differences (Ah) have reversed to negative values (~-20 cm). On 29 December, both SWOT
and model suggest sea level gradients oriented rather west-east than north-south and sea level
differences along The Sound are only slightly negative. SWOT observed lower sea levels in the
Kattegat and higher in the Western Baltic than simulated by BSH-HBMnoku. On 30 December, the
sea level patterns observed by SWOT in the Little Belt area are similar to the simulated, even though
there might be an offset of about 5 cm. The exception is the region just south of the Little Belt where
SWOT observed lower sea level (~5 cm) than simulated (cf. Figure 5f).
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Figure 5. Instantaneous sea level (a, d) from SWOT (KaRIn and nadir) measurements, (b, e) from the BSH-
HBMnoku model and (¢, f) difference SWOT minus BSH-HBMnoku (a, b, ¢) on 29 December 2023 14:49 UTC (d,
e, f) and 30 December 2023 14:50 UTC.

4. Comparison of SWOT to Independent Data

The analyses have revealed large-scale sea level differences of ~10 cm between SWOT
measurements and BSH-HBMnoku model simulations. These have a considerable effect on the north-
south sea level differences which might be used to characterize the inflow conditions. In order to
explore the consistency of the along- and across-track sea level gradients from SWOT KaRIn data we
use independent nadir altimetry and tide gauge data.

A direct comparison of the instantaneous sea level SLi from SWOT and nadir altimetry is
complicated by the ubiquitous sea level changes between the mission overflights, which are typically
hours to days apart from each other. Instead, we use SLA observations which are referenced to the
long-term mean and are dealiased for transient sea level signals of less than 20 days (ocean tides and
dynamic atmospheric effects subtracted). Figures 6a and 6b show all SLA observations derived from
KaRIn and nadir sensors for two 3-day periods at the beginning and the end of the MBI event. At the
beginning of the MBI event SLA from SWOT KaRIn as well as from most nadir altimeters are about
30 cm above the long-term mean in the Kattegat and about 30 cm below in the Western Baltic. At the
end of the MBI event the SLA is 10 to 30 cm above the mean and close to the temporal mean in the
Kattegat area. For this period, several nadir tracks observe a lower SLA than SWOT KaRIn in the
eastern part of the region. This could be related to an offset in the SWOT KaRIn measurements or to
inaccurate regional mission biases of the respective nadir altimeter missions. The prominent high
track, marked by an arrow in Figure 6d, belongs to the HaiYang-2D (HY-2D) mission, which does not
provide sufficiently stable data to accurately estimate the intermission bias.
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Figure 6. (a,b) Sea level anomalies (SLA) from SWOT KaRIn and all available nadir altimetry for two 3-day
periods (a) inflow (17-20 December 2023 16:30 UTC) and (b) post-inflow (28 -31 December 2023 14:50 UTC). (c,
d) Difference of instantaneous sea level (SLi) from altimetry (all nadir and SWOT KaRIn) vs. BSH-HBMnoku

model for (c) inflow and (d) post-inflow. Tide gauge locations are indicated by green stars.

To further investigate the similarities and differences of the transient sea level signal captured
by SWOT KaRIn and by nadir altimeters, we contrast the SLi of both altimeter datasets with the
corresponding BSH-HBMnoku simulations. Although the SLi can change considerably over the
course of these three days, we can still investigate possible systematic differences between model and
observations. The SLi differences of SWOT KaRIn and nadir versus the BSH_HBMnoku model are
shown in Figures 6¢c and 6d for the same 3-day periods as before. For the first period at the beginning
of the MBI event, the nadir altimeter data confirm the large-scale differences between the SWOT
observations and BSH-HBMnoku. The largest positive differences come from the same HaiYang-2D
track, as already discussed with Figure 6b. For the second period at the end of the MBI event the
agreement is very good in the Kattegat region and less consistent in the Western Baltic in the region
between Darss Sill and Arkona Sea. It is not clear whether this is more indicative of SWOT errors or
of varying model performance during the three days considered for the comparison. Again, the
largest positive differences come from the same HaiYang-2D track as in Figure 6b. A very close
agreement between KaRIn and nadir data is found south of the Little Belt off the German coast. This
suggests that the local dynamics (e.g., related to wind surge or flow along the Little Belt) are not
adequately simulated.

There are only very limited SWOT overflights at the tide gauges during the MBI event, which
hampers a sound comparison between those two sensors. In the following, we examine the
characteristic differences between tide gauge readings and model simulations of the north-south SLi
differences. The statistical values are compared with the differences between tide gauge and SWOT
KaRIn observations.

The tide gauge observations and the BSH-HBMnoku simulations of the north-south sea level
difference (Ah) along the Danish Straits agree well. The largest differences between the two Ah
estimates occur during the maximum sea level gradients along the Straits. In addition, they differ
frequently on sub-daily to daily time scales (not shown).

The mean and 2 o range of the difference Ahgauge - Ahmodel is shown in Figure 7a for the Danish
Straits, Darss Sill and Arkona Sea. The corresponding Ahgauge - Ahmodet and Ahgauge — Ahswot differences
are indicated by diamonds and circles, respectively. The mean offset of Ahgauge - Ahmode is close to zero
for most straits. Exceptions are The Sound and the region across the Arkona Sea. A closer analysis
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shows that the model levels are by more than 5 cm higher than the gauge readings at Viken and
Sassnitz and by almost 3 cm at Ystad. The reason for this could be either inconsistent vertical datums
of these stations or deficiencies in the circulation simulated by BSH-HBMnoku. The corresponding
differences between the model and SWOT are consistent for the Arkona Sea, but less consistent for
The Sound. This might be an indication that the differences at The Sound are more model related and
in the Arkona Sea rather related to the gauge datums. The Ahgauge - Ahswot differences are within the 2
o range of the Ahgauge - Ahmoder differences and are close to each other in most cases. Exceptions are the
Great Belt on 19 December and the Little Belt on 30 December. On 19 December, the sea level gradient
along all Danish Straits seems to be overestimated by the model. On 30 December, the high levels
recorded by SWOT in the northern part of the Little Belt are most probably not realistic.
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Figure 7. Comparison of north-south height difference (Ah) from gauge, model and SWOT. (a) Mean and 2 ¢
range of Ahgauge-Ahmodel in December 2003 for Little Belt (LBe), Great Belt (GBe), The Sound (Sou), Darss Sill (Dar)
and Arkona Sea (Ark). Symbols show the values during SWOT overflights, diamonds for Ahgauge-Ahmodel, circles
for Ahgauge-Ahswot. Overflights are colour coded. (b) Power spectra averaged over the three Danish Straits. Spectra
of Ah from gauges (blue), model (light blue) and of Ahgauge-Ahmodet (red), and of SWOT/model height difference
in the Kattegat (brown) and in the Western Baltic (orange).

There are not enough SWOT data available to study spectral differences between SWOT and
tide gauge time series. However, many aspects related to systematic differences between coastal tide
gauges and mean sea level over larger offshore areas should be similar for model and SWOT data.
The power spectrum of the north-south height differences Ahgauge, Ahmodel and Ahgauge - Ahmodel is
shown in Figure 7b. The model diverges from the tide gauges mainly on the half-daily and daily
bands. Analysis of the height differences shows that the differences in the Kattegat (North) are mainly
in the half-daily band, while the differences in the Western Baltic are mainly in the daily band. This
suggests that the main differences between SLi from tide gauges and model are due to quarter and
half daily ocean tides in the Kattegat area and are most likely related to Baltic seiches in the western
Baltic area.

5. Conclusions

The recently launched SWOT mission provides a new set of spatial sea level observations for
small-scale studies. During the course of the moderate MBI event in December 2023, there have been
six SWOT overflights in the Kattegat - Western Baltic Sea area. Unfortunately, the KaRIn data are not
available for two overflights and the maximum of the MBI event was not covered. Nevertheless, there
are two snapshots showing the large-scale sea level gradients at the beginning of MBI event and two
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right at the end, which exhibit the sea level patterns related to the concurrent moderate MBI event in
December 2023 with unprecedented detail.

In general, MBI events can only be monitored by sparsely distributed tide gauges and by salinity
and ocean current measurement at a few moorings [5,7]. Large-scale altimetry has previously been
used to study the occurrence of MBI events [37]. However, as far as we are aware, high-rate nadir
altimetry has not yet been used for observing MBI events. With currently ten active nadir altimetry
missions in orbit, the area is covered almost daily allowing to monitor the dominant flow processes
in the area [38] and to provide additional information for spatial scales larger than 50 km. On 22
December, during maximum sea level gradients in the Danish Straits, Sentinel-6 MF observed a large-
scale sea level difference of more than 130 cm between the western Kattegat and the western Arkona
Sea, which is by almost 10% larger than simulated. However, not all missions provide stable and
valid data in coastal regions, and the spatial resolution of the 1-D sea level measurements is not
sufficient to resolve and understand the transient processes in this area [29,32]. The good agreement
between the nadir and SWOT KaRIn altimetry provides confidence in the KaRIn data, especially
considering that the observations may be separated by up to two days. Finally, tide gauge data can
be used to detect unreliable SWOT KaRIn data.

SWOT KaRIn observations and the simulations with the regional 3-D BSH-HBMnoku ocean
circulation model are in good agreement for most aspects. However, there are long wavelength
differences that appear to be related to model deficiencies on daily to sub-daily time scales. In
addition, the SWOT data have many fine scale structures like eddies and fronts that are not
adequately modelled. Validation of these features is beyond the scope of this study, but the features
appear to be plausible. This study shows that SWOT KaRlIn altimetry provides valuable additional
information about the transient processes in the region. Although the 2003 MBI event was only
moderate, the underlying processes are the same as for very strong MBI events. The temporal
sampling rate is not adequate for the process under consideration, but the SWOT observations
together with high-rate nadir altimetry can significantly improve the existing in-situ monitoring.
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The following abbreviations are used in this manuscript:

GDR Geophysical Data Record

HBM High-Resolution Model for the Baltic Sea - Baltic Operational Oceanography System
KaRIn Ka-band Radar Interferometer

MBI Major Baltic Inflow

SAR Synthetic Aperture Radar

SLA Sea Level Anomaly

SLi Instantaneous Sea Level

SWOT Surface Water and Ocean Topography Mission
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