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Abstract. Current and sea-level observations in the 2.4 km-
long, 300 m-wide channel between Varna Lake and the Black
Sea, conducted by three novel Hydromast stations with a
1 min resolution, revealed that moderate sub-hourly dynam-
ics were occasionally interrupted by high-amplitude oscilla-
tions with a period of a few tens of minutes. The resonant ex-
citation of the events was studied using barotropic 1D analyt-
ical and numerical methods. Basic features of high-intensity
sub-hourly variations can be interpreted as linear barotropic
long waves in a sea-channel-lake system with resonant and
damped forcing. The observed 37 min oscillations, identified
from the power spectra, spectrogram, and wavelet analysis,
can be explained as the first mode of the channel-lake system.
Another period of 19 min resembles the zero, quarter-wave
mode of the channel and the second mode of the channel-lake
system. During the measurement period, two high-amplitude
events were highlighted. One of the events is interpreted as
having been caused by a meteotsunami; moderate meteoro-
logical conditions prevailed; strong channel oscillations be-
gan abruptly and lasted for a few cycles. The second event
occurred more than 5 h after landward winds up to 20ms~".
The observed maximum changes in current and sea level —
up to 0.8ms~! and 0.8 m, respectively, over 10 min — are
harmful to ship navigation, harbor operations, and coastal
management. Building on these observations, approaches for
detecting and forecasting strong sub-hourly oscillations are
discussed.

1 Introduction

Coastal embayments and channels respond to forcing from
the open sea, under the control of weather variability, in a
multitude of physical mechanisms. It was discovered a long
time ago that coastal dynamics, encompassing waves, cur-
rents, and turbulence, may include tidal effects, barotropic
and baroclinic self-oscillations (seiche) excited in topograph-
ically bounded domains, and different transformations of
wind waves. An important component of variability arises
from waves, which can be divided into short, non-hydrostatic
waves with periods typically less than a minute, and long
waves that are vertically in a hydrostatic balance and may
be influenced by the Earth’s rotation (LeBlond and Mysak,
1981).

Oscillations in semi-enclosed basins and channels (Miles,
1974; Rabinovich, 2009) include Helmholtz-type oscillations
of a basin connected to the sea by a narrow channel (Miles
and Munk, 1961; Méhauté et al., 1962), and seiche in elon-
gated semi-enclosed basins (Giese and Chapman, 1993; see
also the textbook by Cushman-Roisin and Beckers, 2011).
The seiches often have half-wave (Cummins et al., 2010) or
quarter-wave (Cerralbo et al., 2014; Zheng et al., 2024) char-
acter. Both wave types may exhibit resonant responses to ex-
ternal forcing (Miles and Lee, 1975) and include nonlinear
effects (Maas, 1997; Doelman et al., 2002). The resonant
modes are often associated with the diurnal or semidiurnal
tides (Maas, 1997; Luettich et al., 2002). Sub-hourly oscilla-
tions with a period of a few tens of minutes may be excited
during atmospheric low-pressure events when stronger high-
frequency atmospheric pressure disturbances occur (Sam-
martino et al., 2014). At sub-hourly periods, moving atmo-
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spheric pressure systems can generate coastal edge waves
on the ocean side of channels and river mouths (Sun and
Niu, 2021) and form meteotsunamis through Proudman res-
onance, when the transient speed of weather patterns equals
the phase speed of long gravity waves (Williams et al., 2021;
Vilibi¢ et al., 2025).

Ocean state observations and forecasts are usually ex-
changed at 1h intervals, which is sufficient for detecting
the main features of tides and storm surges. However, the
need for sub-hourly resolution in routine meteorological and
oceanographic data was recognized as early as the 1950s
(Van der Hoven, 1957), who showed spectral peaks in wind
data at about 1 min. In coastal oceanography, water levels are
recorded at 1 min intervals in many locations since the 1980s
(Miller and Luscher, 2019). Presently, there are initiatives to
manage high-resolution water level data, such as SHELDA
(Sub-hourly European Quality Controlled Sea Level Dataset;
Bali¢ and gepic’, 2025), but standard data exchange for now
and forecasts, such as in Copernicus Marine Service, uses a
1 h resolution.

Sub-hourly water dynamics contribute to the (1) extremely
high water levels during the storm surges (Medvedev et al.,
2022; Rui€ et al., 2023), (2) anatomy of seismic tsunamis
(Catalan et al., 2025), (3) events of high currents at topo-
graphic constrictions (even when water level disturbances are
small), disturbing navigation and/or impacting the sediments
and coastline (Seo et al., 2024; Kanarik et al., 2025).

Detection and analysis of sub-hourly dynamics are en-
abled by recent developments in observation techniques that
make high-frequency current observations available at mod-
erate costs. Among the applications of these new methods,
we note the first presentation of the Varna Port Case Study
(Egerer et al., 2025), which used Hydromast observations to
study the hydrodynamic patterns in the area.

The purpose of this work is to gain a better understand-
ing of flow dynamics in channels to aid pilots in navigating
ships, with a long-term goal of predicting strong flows and
promptly informing pilots of changing currents. The study
was designed to advance knowledge of water movement pat-
terns, which could support port management and navigation
safety and contribute to environmental impact assessments.
The study aims to explore events with high current speeds
associated with resonant sub-hourly sea-level dynamics in
the harbor system comprising a sea bay and narrow channels
connecting to the upstream lake and river. The study uses the
same data from the Varna Harbor area as analyzed by Egerer
et al. (2025).

The paper is organized as follows. After the introduction,
Sect. 2 presents the data and methods, beginning with a de-
scription of the study area. The presentation of observations
includes dedicated current and sea-level observations using
the Hydromast system, as well as background sea-level and
meteorological observations conducted by the Bulgarian re-
search authorities. Data used from the EU Copernicus Ma-
rine Service are also outlined. Further sections present the
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data analysis. Section 3 on results presents the observed
water-level and current time series, together with meteo-
rological data, and analyzes sub-hourly variability. A de-
tailed analysis of high-current-speed events follows oscilla-
tory analysis. The observed variability is subject to interpre-
tation using the 1D shallow-water equations outlined in the
Appendix. In Sect. 4, the results are discussed with respect
to the mechanisms driving high-current-speed events and the
prospects for predicting them in the interests of port authori-
ties and ship captains. Conclusions are presented in Sect. 5.

2 Data and Methods
2.1 Study area

The focus of the study is the marine area of the city of
Varna, Bulgaria, located in the western part of the Black Sea
(Fig. 1). Port of Varna, extending from the seaside through
the navigational channels to Lake Varna and the upstream
Lake Beloslav, is the largest seaport complex in Bulgaria and
an important transport hub of the Black Sea. It handles more
than 8.4 million t of cargo annually, specializing in container
freight. The East and West Terminals, together with special-
ized harbors, have a total of 71 berths, with a length that ex-
ceeds 100 m (ORDER No Z-160/VARNA, 2026); they can
handle ships up to 50000 GT (gross tons). It is anticipated
that larger vessels, about 200 m in length and 10 m in draft,
may cause significant hydrodynamic disturbances in the nav-
igation channels.

The Black Sea is a deep (maximum depth about 2200 m)
semi-enclosed sea in which freshwater input, together with
restricted water exchange with the Mediterranean, forms an
estuarine basin. The water masses have distinct vertical strat-
ification; together with river input in coastal areas, density
gradients and wind stress create cyclonic circulation of the
sea, consisting of coastal rim current and unsteady circula-
tion cells within the deep basins. Tides are rather weak in the
Black Sea, with diurnal and semidiurnal periods having am-
plitudes typically less than 0.2 m in the sea level time series.
There are spectral signatures of large-scale self-oscillations
(seiche) at periods 10.7, 5.8, 4.9, and 4.1 h (Medvedev, 2022).

On the seaside, the region of interest includes Varna Bay,
the second-largest Bulgarian bay, with an approximate width
of 3km and a length of 5 km, defined by coastal capes. The
currents and sea level of the western coastal region of the
Black Sea are impacted by the hydrodynamics of the whole
sea area (Stanev, 2005). West of Varna Bay lies Varna Lake,
an 11 km-long, 2 km-wide lake that receives freshwater from
upstream Beloslav Lake and the rivers (Fig. 1b). The lake is
connected to the sea by two navigation channels (Fig. 1c).
The Varna Lake-Varna Bay system facilitates freshwater in-
flow into Black Sea and saline seawater flow into Varna Lake
(Yakushev et al., 2026). The depths of the region are shallow,
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Figure 1. (a) Location of the study area, shown on the map of the Black Sea. The western coastal stations where data are shared within the
Copernicus Marine Service data © European Union, 2026 are indicated on the map. (b) Map of the Varna region. (¢) Map of the study area
displaying the locations of the observation sites. Details of observation points are given in Table 1.

up to 20 m in the Varna Bay and Varna Lake, and less in the
navigation channels.

The study site is in a humid subtropical climate zone. The
mean wind is oriented alongshore in the coastal sea area to
the south (Stanev and Ricker, 2019). Regarding wind vari-
ability (mainly due to the passage of synoptic weather sys-
tems), the wind rose (Panaitescu et al., 2023) shows mainly
alongshore winds in either southerly or northerly direc-
tions. The winds are modified in the land-bound Varna Bay-
Varna Lake system, located in a valley between the north-
ern and southern hills. Orographic steering, combined with
sea breezes, guides the winds cross-shore along the valley
(Barantiev et al., 2011; Trukhchev et al., 2025). Storms are
usually observed during winter, when cold air masses come
from the north. Sea breezes occur during the warmer seasons;
they may create strong diurnal signals in cross-shore winds
and air temperature.

The area of interest has been largely influenced by inten-
sive human activity for coastal protection and urban socio-
economic development. The northern channel (Channel 3,
also known as the Old Canal) is older (commenced in 1906)
and narrower. It serves multiple terminals in Port Varna —
East, including Multipurpose terminal Odesos PBM — Varna,
and plays a crucial role in managing large-ship traffic. The
southern channel (Channel 1) is newer (1976) and wider and
is the main waterway connection between the Black Sea’s
Varna Bay and Lake Varna. The Channel 2 connects Lake
Varna to Lake Beloslav and forms the primary connection be-
tween the Black Sea and the Port of Varna — West connection.
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The channels 1 and 3 have a bending shape: they are rotated
clockwise by about 20° from the west-east direction along
the seaside and by about 40° near the lake. The Varna Lake-
Varna Bay system facilitates freshwater inflow into Black
Sea and saline seawater flow into Varna Lake (Yakushev
et al., 2026). Typical salinity at the lakeside is 12 gkg™!, and
on the adjacent Black Sea side is 17 gkg~!. The average river
discharge to the lake area is 3 m>s~!. Using the Knudsen salt
and water budget for stationary flows, this freshwater input
is balanced by a seawater inflow of 7.2 m>s~'and a lake wa-
ter outflow of 10.2 m3 s~! . Therefore, long-term freshwater-
induced currents are well below 0.01 ms™—!, and they should
not interfere with current oscillations. A salinity difference
of 5gkg™! creates a density difference of about 4kgm~3,
which, at a depth of 10 m, is balanced by a sea level differ-
ence of 0.04 m. This sea-level threshold is easily exceeded
by diurnal and semidiurnal oscillations and storm surges, in-
dicating a dominant barotropic flow regime in the channels.

2.2 Observations

The study was conducted in Channel 3. The experimental
setup involved installing flow measurement devices, called
Hydromasts (Egerer et al., 2024), at three locations in the
port area, with the measurement sites shown in Fig. 1 and
exact data presented in Table 1.

The Hydromast is a flow-monitoring device that uses a
3D Hall-effect sensor to measure direction and velocity at
a fixed point. The Hydromast operates via a positively buoy-
ant mast connected to a flexible membrane, allowing it to
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Table 1. List of observation points and data availability for the experimental period starting from 18 February 2025.

Station Coordinates Data log start Data log end Comments

Stn. 0 43.1920°N, 27.9110°E Not applicable Not applicable Water level, a mareograph station by
the Bulgarian authorities, named also
“Copernicus”

Stn. 1 43.1897°N, 27.9101°E 18 Feb 2025 17 Jul 2025 23:59 Currents and water level, Hydromast

12:00 UTC installed during the experiment

Stn. 2 43.1977°N, 27.8934°E 18 Feb 2025 11:00 16 Jul 2025 23:59 Currents and water level, Hydromast
installed during the experiment

Stn. 3 43.2004° N, 27.8898°E 6 Mar 2025 00:00 23 Jun 2025 11:59 Currents and water level, Hydromast
installed during the experiment

PBM Odesos  43.2006° N, 27.8902° E Not applicable Not applicable Meteorology, a weather station by the
Bulgarian authorities at Port Odesos

RK Varna 43.1926°N, 27.9211°E Not applicable Not applicable Meteorology, a weather station by the

Bulgarian authorities at Varna East
Port

respond freely to the surrounding flow. The instantaneous
mast deflection is measured using a 3D Hall-effect sensor,
from which current velocity and direction are determined.
In addition, it is equipped with absolute pressure and tem-
perature sensors. These devices have been shown to provide
accurate measurements across various marine applications
(Egerer et al., 2025; Eelsalu et al., 2025).

Measurement locations were chosen to avoid interfering
with port activities and to minimize the risk of damage. Sta-
tion 1 (labeled Stn. 1) was positioned near the sea boundary
of the Port of Varna channel, under a floating dock, allow-
ing flow measurements with minimal obstructions. Station 2
(Stn. 2) was in the middle of the narrow port channel con-
necting the Black Sea’s Varna Bay to Varna Lake, and Sta-
tion 3 (Stn. 3) was next to the lake boundary of the chan-
nel. At Stn. 1, the installation is in a free-flow area, whereas
at Stn. 2 and Stn. 3, the sensors are installed next to a con-
crete pier protruding about 40 cm from the pier. All sensors
were placed 0.5 m above the bottom at depths of approxi-
mately 3.5 m.

Water level data were also obtained from the near-real-
time (NRT) in situ quality-controlled Copernicus Marine ser-
vice. In the study area, the “Varna station” of the Black Sea in
situ network provided standard hourly observations; upon re-
quest, 1 min-resolution data were also obtained at a location
labeled Stn. 0. Meteorological data (wind speed and direc-
tion, atmospheric temperature, and pressure) were obtained
with a resolution of 10 min from the Port Varna meteorologi-
cal stations, RK Varna and PBM Odesos, as shown in Fig. 1.

The experimental period started on 18 February 2025,
when stations 1 and 2 came online, followed by Stn. 3 on
6 March 2025 (Table 1). Among the datasets with different
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lengths and gaps, the three-month period from 18 February
to 18 May 2025 was selected for the data analysis.

The Hydromast records all data at 50 Hz. The collected
raw data is processed following Egerer et al. (2024) to get ve-
locity and direction estimates. The Hydromast devices with a
mast length of 500 mm were used at all three sites, providing
reliable velocity estimates ranging from 0.06 to 0.6ms™ .
For this work, the data is downsampled to 0.0166 Hz (1 min).

The pressure logger records absolute pressure. The abso-
lute pressure readings are corrected for atmospheric pressure
using the RK Varna and PBS Odesos weather stations at the
Varna port. In addition, correction with respect to the tem-
perature is done using the following equation:

Pam = [Phmo — (@Thm + D) — Prer, (D

where Ty, is the temperature reading for the Hydromast in
the water, a and b are empirically determined constants, and
Prer is a pressure sensor bias value ensuring that in air at the
same temperature, Phy, and atmospheric pressure Py are
equal.

2.3 Analysis methods

The 1 min average velocity, water column height, and direc-
tion were calculated by grouping the data into 1 min bins
and computing the arithmetic means for each bin. The false
data recordings, identified by data quality assurance filters,
were removed and replaced with NaN (Not a Number) val-
ues for further analysis. Shorter-scale processes lasting less
than 1 min were not considered relevant to this study.

To find the dominant oscillation frequency in the chan-
nel, the power spectral density (PSD) was calculated using
the Welch method. The main analysis was performed using
a window length of 10d (14400 min) and a window over-
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lap of 5d (7200 min) for all 4 stations (3 Hydromast and
1 Copernicus). The large window length was chosen to en-
sure the diurnal and semidiurnal cycles are included. How-
ever, given the extended duration and broad range of peri-
odicities of interest, we tested multiple segment lengths and
overlap parameters to evaluate the sensitivity of spectral fea-
tures to analysis settings. For each configuration, the time
series was partitioned into overlapping windows, and each
window was tapered with an appropriate window function.
Only those frequency peaks that consistently appeared across
varying window sizes and overlap choices were retained for
further analysis. This procedure ensures that detected spec-
tral features are not artifacts of specific parameter settings.
Furthermore, we required that consistent peaks be present
across all measurement sites before inclusion in the final in-
terpretation.

In addition, a comparison between pairs of stations in the
frequency domain was performed using coherence analysis.
The comparison included coherence calculations between all
stations using 5d segments and a 2d overlap. Coherence
quantifies the strength of the linear relationship between two
time series as a function of frequency. Its values range from 0
to 1, where values close to 1 indicate a similar variability at
a given frequency, while values close to 0 indicate little or
no linear relationship. Hence, high coherence suggests that
the stations respond to the same physical forcing at a given
timescale.

Sub-hourly variations were analyzed using a monthly
spectrogram over a period that covered the intense sub-
hourly events. Furthermore, wavelet analysis was performed
on the high-current-speed events. Wavelet transforms decom-
pose a signal into components representing different fre-
quency bands while preserving temporal localization, mak-
ing them suitable for analyzing non-stationary signals whose
frequency content varies over time. As the data span long
periods and our interest includes high-frequency compo-
nents during shorter events, we applied the discrete wavelet
transform using the Daubechies wavelet (db4). This analy-
sis examined how dominant frequency components evolve
and identified frequency bands present at multiple measure-
ment stations along the channel. To quantify the similarity of
two selected water level signals at different frequency bands,
the cosine correlation of wavelet coefficients was calculated
across corresponding decomposition levels.

3 Results

3.1 Observed meteorological, water level, and current
time series

The analyzed period of observations spanned three months,
from the end of winter (18 February 2025) to the end of
spring (18 May 2025), during which the mean air pres-
sure was 1016 hPa (min 997, max 1038 hPa), equal to the

https://doi.org/10.5194/0s-22-2471-2026
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long-term spring average. Mean wind speed was 4ms~! as

usual for the region; its instantaneous maximum amounted to
20ms~!. The mean wind vector was 0.62ms~! directed to
the west-southwest.

In this sub-section, we consider variability based on hourly
time series, filtered from the original, higher-resolution data
using the Tuckey filter with a 2 h length (Fig. 2). Hourly res-
olution is also widespread in the dissemination of metocean
observation and forecast data. We note that the variance of
hourly changes in wind and water level exceeded 80 % of
the total variance, including the high-resolution sub-hourly
data. In the time series of currents, hourly changes covered
only 30 % of the total variance.

Air temperature (Fig. 2a) generally reflected seasonal
warming, ranging from —5 to 420°C. Still, the weekly
course depended on weather patterns over the area. High-
temperature events above 420 °C were observed as early
as the middle of March, during relatively low air pressure
(Fig. 2a) and the strongest southerly winds (Fig. 2b).

Strong diurnal variations in temperature and the zonal
(cross-shore) wind component developed during periods of
stable air pressure, with temperature amplitudes up to 10 °C
and zonal wind component amplitudes up to 10ms~!. Over
the whole study period, deviations from daily mean zonal
temperature and air temperature remained uncorrelated. Dur-
ing the seasonal warming period, from 20 April to 18 May,
their correlation was 0.62. Nightly lower temperatures at the
Varna meteorological station were associated with a land
breeze (an offshore wind). Daytime faster heating over land,
compared to that over the sea, corresponded to sea breeze
(onshore wind). Therefore, differences in diurnal heat cy-
cles over land and sea result in a drop in air temperature
and associated winds (Abbs and Physick, 1992). Such breeze
events were studied on the Bulgarian coast by Barantiev et al.
(2011). The breeze caused an imprint on the water-level vari-
ations as well. Starting 27 April, usual semidiurnal oscilla-
tions at all four observation sites were suppressed, and di-
urnal oscillations became dominant (Fig. 2¢), with daily ex-
treme water levels observed during minimal zonal wind.

Water level variations occurred on top of the average sea
level. Mean sea levels at Stn. 1 and Stn. 3 were 0.727 and
0.700 m, respectively, with the difference being within da-
tum uncertainty. Water level variability during the study
period, including the semidiurnal and diurnal oscillations
noted above, was characterized by a standard deviation. It
was 0.064 m in the seaside location and decreased to 0.058 m
near the lake. The hourly water-level changes at all four sta-
tions were highly correlated, with Pearson correlation coeffi-
cient r > 0.96.

The highest hourly water level (0.92 m; Fig. 2c) was ob-
served on 28 March. This high-water-level event is explained
by the strongest winds, up to 20ms~!, blowing onshore
from the east and northeast. Another local water-level maxi-
mum of 0.80 m was observed on 18 March; it has no obvious
link to local wind forcing. The lowest water level of 0.52m
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was observed on 12 April, when easterly onshore winds of
about 6ms~! turned to southerly winds. The water-level
minima and maxima in Varna were consistent with those
at the standard coastal station in Istanbul (not shown), lo-
cated 250 km away (data distributed by the Copernicus Ma-
rine Service), indicating the influence of large-scale atmo-
spheric forcing over the Black Sea.

Currents at Stn. 1 and Stn. 3 were constrained by the
flow mainly oriented along the channel. Looking from the
lake downstream towards the sea (Fig. 1c), Channel 3 is ori-
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ented along 130° (geographical direction of currents) near
the lake (Stn. 3) and along 110° near the sea (Stn. 1); land-
ward directions are 310 and 290°, respectively. Near the
seashore, at Stn. 1, 38 % of the time the currents had a di-
rection around 110° (£ 30°) and 25 % around 310°. At Stn. 3
near the lake, the directions around 190° covered 40 % of
the time, and 34 % around 310°. The alongshore currents
(Fig. 2d), aligned at 110° at Stn. 1 and 130° at Stn. 3,
were rather well correlated, with a Pearson correlation coeffi-
cient r & 0.67. Both high-water-level events on 17—18 March
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and 28 March were associated with landward (negative)
along-channel hourly flows up to 0.17ms~!. At the lake-
side Stn. 3, the landward current speed was about 0.04 m s~
larger than at the seaside Stn. 1. Regarding hourly scalar cur-
rent speeds, events of higher current speed (up to 0.25ms™!)
were observed coherently at both stations on around 17 and
28 March, and 7 and 11 April, in association with higher
wind speeds (Fig. 2b).

3.2 Sub-hourly variability

High-frequency 1 min time series of currents and water levels
had a larger variation range than hourly data. Current speed
amounted to 0.75ms~!, compared to 0.25ms™! in hourly
data. The water level range was 0.27-1.16 m, compared to
0.50-0.91 m for the hourly data. The largest changes were
found at Stn. 1 in the seaside part of the channel.

Intensity of sub-hourly variations is described by the stan-
dard deviation of sub-hourly values over one-hour inter-
vals (Fig. 3). Average of the sub-hourly standard deviations
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(background) of scalar current speed and water level, calcu-
lated over a 1 h interval, had values of 0.03 ms~! and 0.03 m,
respectively (Fig. 3a). The intensities of along-channel cur-
rents and water level (Fig. 3a) as well as the along-channel
water-level difference (not shown) were highly correlated
(r >0.85).

Notably, two high-amplitude events were observed, on 16—
18 March and on 28-29 March 2025, when a 5-fold increase
from the background was found. These events are labeled
Event 1 and Event 2 (Fig. 3). Several smaller events occurred,
including those on 7 and 11 April.

The sub-hourly water level deviations from their low-
passed counterparts had gradually decreasing correlation
from sea towards lake: correlation with seaward Stn. O de-
creased from r = 0.74 for seaside Stn. 1 to r =0.21 for lake-
side Stn. 3. While the 1 min-resolution currents at Stn. 1 and
Stn. 3 were uncorrelated, their hourly standard deviations
were strongly correlated with r = 0.87.

Considering the typical time scale of 10 min for sub-hourly
oscillations, given in Fig. 3b and c, the maximum changes
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(double the oscillation amplitude) in current and sea level —
up to 0.8 ms~! and 0.8 m, respectively — are harmful to ship
navigation, harbor operations, and coastal management.

3.3 Oscillatory analysis

Water level oscillations in the channel were studied using
spectral analysis (Fig. 4) and coherence analysis (Fig. 5).
Spectral analysis was performed using the Welch method
to estimate the power spectral density over a specified
frequency range. The basic analysis over a broad fre-
quency range corresponding to periods from 6 min to 14.5h
(Sect. 2.3) revealed that the semidiurnal peak (period
about 12h) had the highest amplitude. This oscillation pe-
riod is dominant over the whole Black Sea (Medvedev and
Kulikov, 2016; Medvedev, 2022) due to tidal forcing. Note
that historical spectral estimates lack the high-frequency part
of the spectrum due to the 1 h interval of the available obser-
vational data.

Fourteen spectral peaks, P1-P14, have been identified in
the 3-month dataset using the objective procedure described
in Sect. 2.3. In contrast, frequency components that were
consistently observed across varying Welch window and
overlap settings and present at all measurement sites were
retained. They are presented in Table 2 and marked in Fig. 4.
Among the 14 peaks, determination of 12 longer periods is
robust, but 2 shorter periods were somewhat more uncer-
tain, depending on the selection of the calculation window.
Most of the frequency peaks were “flat” in space, with the
spectral peaks at four locations being nearly equal. Such flat
spectral peaks occurred at longer periods, from 12h (P1) to
4.2h (P3), at 92 min (P6), at 37 min (P9), and at the shorter
periods 24 and 19min (P11 and P12). Coherence analysis
(Fig. 5) revealed high levels for all the identified spectral
peaks, meaning nearly synchronous oscillations along the
channel. Coherence reduction was evident between the sea-
dominant peaks P5 (141 min) and P8 (52 min), but it peaked
high again at the flat modes of 92 min (P6) and 66 min (P7).
In the shorter periods, reduced coherence became evident be-
tween the flat 37 min (P9) and sea-dominant 27 min (P10)
modes.

Further insight into the time-dependent character of oscil-
lation amplitudes was gained through spectrogram analysis,
which used the short-time Fourier transform (STFT) with
a 12h window and 6h overlap over successive segments.
An example of a spectrogram is given in Fig. 6 based on
data from Stn. 1. In the nearly monthly spectrogram, sub-
hourly oscillations were concentrated at periods of 36 and
16-17 min (slightly variable in time), corresponding to the
peaks P9 and P12-P13 in the 3-month spectra. The oscilla-
tions were amplified on 17 and 29 March. These intervals
were noted earlier as Event 1 and Event 2 (Sect. 3.2), based
on the descriptive graphs of sub-hourly variability (Fig. 3).

The identified 12 “robust” oscillatory peaks P1-P12 and
their spatial patterns — flat in four observation stations
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(7 peaks), sea dominant (4), and lake dominant (1) — will
be further analyzed in Sect. 3.5 by interpreting the dominant
oscillation patterns using the seiche concept, relying on the
approach of barotropic long waves in the channel.

3.4 Analysis of high current speed events

The Events 1 and 2 of high-amplitude water level and current
oscillations are visualized by twelve-hour snapshots shown
in Figs. 7 and 8, respectively. Correlation of 721 values of
1 min water levels had rather high values of 0.87 inside the
channel between Stn. 1 and Stn. 2 for both events; it reduced
to 0.53 and 0.61 between seaside and lakeside stations Stn. 1
and Stn. 3, for Events 1 and 2, respectively. The mean periods
of most intensive oscillations, measured between sequential
maxima and minima, were 18 and 27-40 min for Event 1,
and 33-37 and 15-17 min for Event 2. These periods agree
with the results from the spectrogram (Fig. 6).

Event 1 was characterized by decreasing westward winds
within a diurnal breeze cycle. Regarding possible mecha-
nisms of wind forcing (local, remote, resonant), we note
that a short pulse of strong southerly wind occurred 4 d be-
fore the event. Just before the highest water level, the zonal
wind had a 2 h variation (between consecutive maxima) with
an amplitude of 8 ms~!. Shorter period wind speed oscilla-
tions were rather weak, less than 1 ms™!. During Event 2,
the zonal wind had a westward component with a maximum
of —14ms™!; superimposed variations of 4ms~! amplitude
had a time scale from 50 to 80 min, shorter-period wind pul-
sations of 2ms~! had a time scale of about 20 min, close to
the period of sub-hourly water level oscillations.

During Event 2, wind was variable on a time scale of a few
tens of minutes. At the near-lake Stn. 3, water level oscilla-
tions were mostly of a 36 min period but were slightly mod-
ulated by about a 17 min period. After the peak water level
at seaside Stn. 1, the periods changed from 36 to 16—17 min.
In Event 1, which had a 2 h zonal wind variation before the
water-level maximum, the periods increased from shorter to
longer values.

Signal delay from the sea towards the lake was detected
in several instances, but statistically, the best correlation for
both events was obtained with zero time lag. There was a
smaller correlation decay in the case of signal propagation
from the sea towards the lake, in comparison to the opposite
direction. Event 1 had a more compact water-level maxima
pattern than Event 2; it had 8 versus 14 higher local max-
ima, measured by the 80 % value of the event maximum.
Also, the water level standard deviation of Event 1 was about
20 % smaller than that of Event 2.

Along-channel currents of Stn. 1 and Stn. 3 are presented
in Figs. 7b and 8b for Events 1 and 2, respectively. In many
cases, the current fluctuations at seaside and lakeside loca-
tions are out of phase. The current time series, unshifted in
time, were uncorrelated in both events; a moderate correla-
tion (0.5-0.6) was observed for time shifts of 16—17 min.
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Figure 4. (a) PSD of water level at the four measurement sites of the channel in the range of periods from 2 min to 15h using a 6 d Welch
segment. (b) PSD for periods from 2 min to 1h, computed using a 1 d Welch segment length to better resolve higher-frequency variability.
Marked are the peak periods, starting from the longest period, P1, to the shortest period, P14. Main features of the oscillation peaks are given
in Table 2.
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Figure 5. Coherence of water level variability in the channel between Stn. 1 and Stn. 3. The frequency band is from 0.1 to 10 cph (cycle per
hour). Marked are the spectral peaks from P2 to P14 shown in Fig. 4.
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Table 2. Summary of the spectral analysis of water level time series

J. Elken et al.: High current speed events in a harbor channel

, with properties of 14 identified spectral peaks. The spectral peaks (given

by frequency and period) are characterized by average and maximum intensities in dB and by coherence between Stn. 1 and Stn. 3.

Peak  Freq Period Average intensity Max Coherence  Notes on along-channel structure
[cph] [min] [dB] Stn. 1, Stn. 3
P1 0.08 720 21.03  143.65 0.995 Flat, 12 h semidiurnal
P2 0.21 287 2.54 2.79 0.924  Flat
P3 0.24 249 3.09 3.64 0.932  Flat
P4 0.29 206 7.17 10.13 0.944  Lake dominant
P5 0.43 141 8.00 10.13 0.928 Sea dominant
P6 0.65 92 7.35 8.10 0.985 Flat
P7 0.91 66 6.70 8.10 0.302  Sea dominant
P8 1.16 52 6.50 7.37 0.844  Sea dominant
P9 1.63 37 6.04 6.04 0.978 Flat
P10 2.21 27 3.86 5.64 0.287  Sea dominant
P11 2.46 24 341 5.64 0.811 Flat
P12 3.12 19 0.49 1.27 0.830 Flat
P13 3.46 17 0.49 1.27 0.951 Sensitive to window selection
P14 4.25 14 —-2.32 0.65 0.850  Sensitive to window selection
a) —
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Figure 6. Water level variability at Stn. 1 from 9 March to 5 April 2025 with a 12h window and 6 h overlap over successive segments.

(a) The original data, (b) power spectrum density (PSD) integrated

Wavelet analysis was also applied to study water-level os-
cillations at both events. The wavelet components in differ-
ent frequency bands are presented in Fig. 9 for the seaward
harbor site Stn. 0 and the seaside channel site Stn. 1. Cor-
relations (similarities) between the wavelet component time
series of Stn. 0 and all the other three observation sites are
summarized in Table 3. At longer periods (more than 8.5 h),
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over time, and (c¢) PSD spectrogram as a function of time and period.

all the channel observations showed high similarity (correla-
tion of 0.99) with the data from Stn. 0. The seaside Stn. 1 had
high similarity with outside Varna observations at Stn. 0, also
in the shorter periods down to 16 min, for both events. The
shorter periods from 16 min to 1.1h covered the resonance
periods of long barotropic gravitational waves in a system of
a sea-channel-lake (see the next section). At these periods, a
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Figure 7. (a) Water level and (b) along-channel current speed during 12 h of the high-current-speed event on 16—17 March 2025. Initial data
with a 1 min resolution.
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Figure 8. (a) Water level and (b) along-channel current speed during 12 h of the high-current-speed event on 28-29 March 2025. Initial data
with a 1 min resolution.

higher similarity with Stn. 0 also occurred at Stn. 2, located Event 2 had a longer duration, involving several oscillations,

in the middle of the channel. including also longer 36 min period oscillations, likely gen-
Based on the above, Event 1 involved a few high-peak erated by short-period (including sub-hourly) meteorological
16—17 min oscillations, observed within about an hour, not forcing.

directly related to the local meteorological forcing. Such a
short pulse is typical of meteotsunamis (Vilibi¢ et al., 2021).
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Figure 9. Anatomy of the high-current-speed event from 27 to 29 March, based on 8 frequency bands shown in the sub-figure legends,
identified by wavelet analysis. Shown are the results for Stn. 0 (Copernicus) and Stn. 1 (Hydromast), “sim” presents the similarity between

the wavelet coefficients in these two stations.

Table 3. Cosine similarity (correlation) of the wavelet amplitudes at Stn. 1 to Stn. 3 with Stn. 0 at different intervals of periods during Event 1

and Event 2.

Interval of periods

Event 1, 16-18 March 2025 | Event 2, 28-29 March 2025

from to Stn. 1 Stn. 2 Stn. 3 ‘ Stn. 1 Stn. 2 Stn. 3
long 8.5h 0.99 0.99 0.99 0.99 0.99 0.99
43h 8.5h 0.64 0.32 0.28 0.53 0.25 0.23
2.1h 43h 0.73 —0.15 —0.18 0.69 0.49 0.35
1.1h 2.1h 0.83 0.45 0.35 0.79 0.27 0.09
32min  1.1h 0.78 0.61 0.47 0.91 0.55 0.31
16 min 32 min 0.7 0.52 0.25 0.81 0.58 0.22
8 min 16 min 0.27 —0.06 —0.31 0.3 0.02 —-0.22
4 min 8 min —0.03 —0.09 —-0.24 0.04 -0.2 —-0.32

3.5 Interpretation of variability by long barotropic
waves

The basic question is which hydrodynamic processes cause
the observed high-current-speed events. The dynamics of
channels and their networks are frequently treated using
shallow-water theory, which considers along-channel flow

Ocean Sci., 22, 2471-2490, 2026

variations averaged over depth and width and employs con-
servation laws for mass, momentum, and energy expressed
as differential equations. A broad spectrum of problems in-
cludes flooding and flow routing, long-wave dynamics for
transient waves, their reflection, transition, and damping de-
pending on the degree of nonlinearity (e.g., Lighthill and
Whitham, 1955). In narrow, elongated basins, where the
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Table 4. Periods of eigenoscillations (seiche) of the first 5 modes, based on 7 experiments with different calculation methods, number of
included basins, and type of basin geometry. For comparison, observational peak periods P4, P9, and P12 are taken from Table 2.

Exp. Mode number

0 1 2 3 4 5

Calculation  No.of Type of geometry Oscillation period (min)

method basins
1 Analytical 1 Channel only 19.3 6.4 39
2 Analytical 1 Lake only 740 247 148 10.6
3 Analytical 1  Channel and lake, equal depth, length summed 974 325 195 139 108 89
4 Analytical 2 Equal width of channel and lake, different depths 982 327 196 140 109 89
5 Analytical 2 Different depths and widths of the channel and the lake | 195.9 36.1 18.7 13.0 115 9.2
6 Numerical 2 Different depths and widths of the channel and the lake | 196.0 36.1 18.6 13.0 114 9.2
7 Numerical 3 Sea basin added before channel, different depths and 184.6 358 185 126 105 9.1

widths

Present observations Peak number

| P4 P9 PI2

(Table 2) period (min)

| 206 37 19

width is much less than the length, the transverse flow com-
ponent is damped, thereby decreasing also the influence of
Earth’s rotation. This results in a 1D model.

In the case of small disturbances of motion from rest
(water-level deviations are much smaller than the depth), the
flow follows the linear shallow-water equations. For the an-
alytical and numerical solution of the waves, primarily for
estimation of the resonant periods, the navigation channels 3
and 1 were approximated by rectangular basins with length
L =2400m, constant depth H=7m, and a total width
B =300m (merging both of the channels); the lake was ap-
proximated with length L = 11000 m, depth H = 10m, and
width B =1900m. The widths are much smaller than the
lengths; therefore, the conditions for 1D dynamics are sat-
isfied in the first-order approach for both the channels and
the lake. Regarding the assumption of linearity, the observed
water-level amplitude up to 0.4 m and current-velocity am-
plitude up to 0.4ms~! over a half-period of 10 min suggest
that in the momentum equation the non-linear advection is
less than 10 % of the acceleration term. The linear barotropic
(with density variations considered small) shallow-water
equations (Eq. A1) and related oscillation modes are outlined
in Appendix A. Comparison of the “amplitudes” of current
speed and water level revealed a ratio consistent with that of
long linear barotropic waves, thereby independently justify-
ing the use of a 1D shallow-water approach.

The first interpretations based on quarter-wave resonance
used a channel of constant depth, with prescribed water-level
oscillations at one end and a closed boundary at the other.
Further refinement of the interpretations included a larger
study area, idealized as a network of connected 1D channels
with small but distinct widths. The two parallel navigation
channels (Channels 1 and 3), approximately the same length
and depth, were handled in the lake-channel-sea system as
a single channel by summing their widths. Note that for a

https://doi.org/10.5194/0s-22-2471-2026

1D channel, the results are independent of the channel width;
width comes into play for connected and/or branching chan-
nels, determining transmission and reflection of long waves
in individual branches.

Seiche (standing wave) periods were studied using ana-
Iytical and numerical experiments, labeled Exp. 1 to Exp. 7
(Table 4). Already, the simplest approaches in Exp. 1 and 2
revealed an approximate match to the observed oscillation
periods in the range of a few tens of minutes (Table 2). Sub-
sequent refinements from Exp. 3 to Exp. 7 included different
configurations of the connected sea, channels, and lake, us-
ing analytical and numerical methods. In this interpretation
study, detailed consideration of topography and coastline, as
well as of non-linear and frictional effects on the flow pat-
terns, was deferred to future studies.

Analytical treatment (from Exp. 1 to Exp. 5) of shal-
low water equations includes, as a special case, the spa-
tial modes (oscillation patterns) depending on the applied
boundary conditions. When outer-basin water-level oscilla-
tions drive the water level in a channel, the appropriate condi-
tion for calculating the spatial modes is to impose a zero wa-
ter level at the open boundary. The other boundary is consid-
ered closed, which makes the velocity zero, equivalent to set-
ting the spatial gradient of the water level to zero. When the
basin is “glued” from different parts, with different depths,
lengths, and widths, conditions of continuity are applied at
the connection point. In the simplest case of one basin of con-
stant depth and width, the “quarter-wave” modes take place
as given by Eq. (A2).

Three basic one-basin experiments, Exp. 1 (channel only,
forced in the sea, closed at the connection to the lake), Exp. 2
(lake only, forced at the connection to the channel, closed at
the western end of the lake, and Exp. 3 (joint channel and
lake, mean depth, equal widths, lengths summed) provided
self-oscillations (seiche) in the range of periods 13—40 min,

Ocean Sci., 22, 2471-2490, 2026
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Figure 10. Amplification factor (relative amplitude) of oscillations forced on the seaward side of the channel-lake system with unity am-
plitude but different periods. Calculations were performed using a numerical time-stepping method with a linear friction coefficient of
R=10"%s"!. The resonance periods are 184.6, 35.8, 18.5, 12.6, 10.5, 9.1, and 7.3 min (Table 4, Exp. 7).

involving the observed spectral peaks from 37 min (P9) to
14 min (P14). At Exp. 4 and 35, introducing more details of
basin geometries, based on Eqgs. (A3) and (A4) did not sig-
nificantly change the periods of modes from 1 to 5. Sub-
experiments with a channel width of 80 m (not shown), cor-
responding to a single channel 3, revealed approximately the
same resonant periods as with merged channels 1 and 3 of
total width 300 m. The largest period changes occurred for
the longest mode O period, which increased with more com-
plex basin configurations, from 98 min in Exp. 3 and 4 to
196 min in Exp. 5, corresponding to the lake-amplified ob-
served peak period P4 of 206 min. These free, frictionless
oscillation modes just yield the resonant periods. When vari-
able forcing by water level and/or wind stress is applied, the
amplitude of the response oscillations is maximal (local max-
imum of the amplification factor) when the period of forcing
is close to the resonant period.

Modes of standing waves were further studied using time-
stepping numerical calculations with the 1D barotropic equa-
tions as outlined in the Appendix. The spatial grid step was
set to 12 m in the channel and 30 m in the lake, based on
sensitivity experiments with different grid sizes. Both basins
used a linear friction coefficient of R = 10~*s~! that ensured
reasonable amplification coefficients (mostly less than 10) at
resonant periods. Using Eq. (AS5), the water-level forcing was
provided by prescribed oscillations at the seaside boundary.
Numerical experiments Exp. 6 and 7 were run over a suffi-
ciently long period (10-30d) to achieve the regime of per-
sistent forced oscillations. The calculations were conducted
over a range of external oscillation periods from 6 to 330 min.
For each different oscillation period, 1000 calculation cycles
were made. The attainment of oscillations in the persistent
pattern was determined using cumulative analyses of peak
time series at selected locations. “Steady” oscillations were
selected by a backward cycle of the peak heights being within
8 % difference from the cumulative mean peak height. The
resulting amplitudes for each forcing period with unity am-
plitude were collected. The results are presented in Fig. 10,
whereas the numerical values of resonant periods are given in

Ocean Sci., 22, 2471-2490, 2026

Table 4. The origin of each numerically determined resonant
period is determined analytically using the mode numbers.

Observations revealed a sea-dominant peak, P5, at 141 min
(Table 2), which was absent from the numerically calculated
resonant wave excitation periods (Table 4) but is in good
agreement with the resonant frequency of the Helmholtz
oscillator (Eq. A6). Note that an equal forcing amplitude
was used for all calculated periods due to the lack of high-
resolution open-sea data; the observed spectra reflect the ac-
tual variability in forcing over the broad range of periods.

The high-amplitude events, presented earlier in Sect. 3.4,
do not fit the concept of superposition of standing modes with
“saturated” amplitudes. Experiments with forced oscillation
patterns in the initial and saturated phases are presented in
Fig. 11 over three periods. When forcing starts at the seaside
of the channel, part of the signal is reflected at the channel-
lake junction. Another part, transferred to the lake, accumu-
lates over time until a stationary oscillation pattern is estab-
lished throughout the channel-lake system. For the oscilla-
tion periods of the forcing at 66 min (sea dominant peak P7
in Table 2) and 24 min (flat peak P11), the water-level signal
was initially confined within the channel. It did not propa-
gate significantly into the lake from initial (Fig. 11a and b)
to the saturated phase (Fig. 11c and d). The numerical setup
was adopted from Exp. 7; these periods were found to be
peaks in the observations but were not resonant in the numer-
ical calculations (Fig. 10), due to limitations of the model.
The third selected period, 18 min, corresponds to the obser-
vational “flat” peak P12 and second mode of Exp. 5-7, devel-
oped after initial adjustment into the resonant mode covering
both the channel and the lake (Figs. 11e and f). Indeed, the
pattern in Fig. 11f has two zero crossings, characteristic of
the second mode.

Water level changes in the western Black Sea at the
coastal stations of Constanta, Varna (Stn. 0), Igne, and Is-
tanbul (Fig. 1) were well correlated during the study period
(r =0.7-0.8) when hourly values from the Copernicus Ma-
rine Service were used. However, using hourly data to drive
the channel model yielded smooth variations in water level
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Figure 11. Propagation of sea level oscillations forced on the seaward side of the channel-lake system, with unity amplitude but different
periods: 66 min (a, b), 24 min (c, d), and 18.5 min (e, f). Time-distance diagrams cover 3 h during the start of forcing (a, ¢, e) and during the
period of established stationary oscillations (b, d, f). The 300 m-wide channel is connected to a 1900 m-wide lake at the distance of 3 km.

The channel has a 600 m-long entrance with a width of 600 m. The

across the hourly values. Sub-hourly forcing data were not
available over the larger Varna Bay area, including the adja-
cent Black Sea stations Igne and Constanta (Fig. 1); there-
fore, simulation and forecast studies were not conducted.
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color scale “jet” ranges from —1.5 to 1.5.

4 Discussion
4.1 Physics of channel variability

Oscillatory time series from a few points in natural water-
bodies are interpreted using wave processes. During resonant
forcing of the water level with one or another eigenoscillation
period, the initial amplitude growth follows the linear regime
used in the present study. In shallow-water Boussinesq equa-

Ocean Sci., 22, 2471-2490, 2026



2486

tions, at growing amplitudes, non-linear effects, expressed by
the cubic non-linearity and quadratic friction, as well as fre-
quency detuning due to finite water-level variation relative
to the mean depth, induce slowly evolving subharmonic os-
cillations of longer periods (Hill, 2003). Assuming the main
resonance period in our study was 19 min, the first subhar-
monic could be 38 min, nearly the same as the observed pe-
riod. In the pilot study, to interpret the observed sub-hourly
water-level and current oscillations, non-linear effects (Teng
and Wu, 1992) and variable topography (Valiani and Caleffi,
2024) were not included. For the same reason, full numeri-
cal modelling at very high resolution was reserved for future
studies.

Sub-hourly current and water-level oscillations have been
reported as very important for extreme water levels in the
seas with low tidal activity. Recently, Ramos-Alcantara et al.
(2025) showed that in the microtidal Mediterranean, sub-
hourly periods account for 8 %—24 % of the water-level peak
values. At channels and river mouths, this external variabil-
ity is transferred into coastal embayments, where resonant
forcing may occur. In the Klaipeda Strait of the Baltic Sea,
which has geometric dimensions comparable to those of the
Varna harbor channels, sub-hourly water-level spectral peaks
at 14 and 26 min were observed (Nesteckyte et al., 2024).
Our study included current observations that are rare in stud-
ies of sub-hourly dynamics, which allowed us to demonstrate
the long-wave dependence between maximum water levels
and currents. However, the main limitation in our study was
the lack of sub-hourly forcing data for the identified high-
current-speed events.

Meteotsunamis, generated by Proudman resonance of
weather patterns moving at the speed of long gravity waves,
are well distinguishable in microtidal seas like the Mediter-
ranean and Black Sea (§epié et al., 2015; Vilibi¢ et al., 2021)
and the Baltic Sea (Pellika et al., 2022; Nesteckyte et al.,
2024). After the forcing event ceases, oscillations usually de-
cay rapidly. In some cases, seiches persist for long periods
(Park et al., 2016). Among the resonance drivers, infragrav-
ity waves with periods of 0.5-5 min play a role (Gao et al.,
2016). In Varna Bay, with depths up to 20 m, the long-wave
phase speed reaches 14ms~!, which is comparable to the
typical speed of cold atmospheric fronts. A review of me-
teotsunami processes is given by Vilibi¢ et al. (2025).

Another possible short-term forcing comes from wind
gusts, including sub-hourly intense air pressure and wind
perturbations. For example, intensive wind gusts occur dur-
ing convective thunderstorms (Mohr et al., 2017). Short-term
local atmospheric changes occur due to the passage of fronts
(Steinheuer et al., 2025).

It is anticipated that Event 1, presented in the Results sec-
tion, was generated by a meteotsunami, and a rapid change
of weather conditions created Event 2.
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4.2 Forecasting high current speed events

The need for sub-hourly resolution in routine meteorologi-
cal and oceanographic data was recognized as early as the
1950s (Van der Hoven, 1957), who showed spectral peaks in
wind data at about 1 min. With the evolution of observation
techniques, high-resolution observations have become more
widespread, but the dominant data exchange interval in me-
teorology remains 1h. In coastal oceanography, water lev-
els are recorded at 1 min intervals in many locations since
the 1980s (Miller and Luscher, 2019). Presently, there are
initiatives to manage high-resolution water level data, such
as SHELDA (Sub-hourly European Quality Controlled Sea
Level Dataset; Bali¢ and gepié, 2025), but standard data ex-
change for now- and forecasts, such as in Copernicus Marine
Service, uses a 1 h resolution.

The hourly gridded data for the Black Sea, generated with
a NEMO v3.4 model at 3km resolution, are already reli-
able (Ciliberti et al., 2022). In another microtidal waterbody,
the Baltic Sea, operational sea-level predictions have reached
high performance (Kirni et al., 2021). Observed sea levels
can be extended from the coastal stations to unmonitored
coastal and/or offshore locations using the statistical patterns
generated from the model results (Elken et al., 2024). Sea
level predictions at coastal sites can be fine-tuned using ma-
chine learning (Barzandeh et al., 2025).

High-speed current events may be harmful for shipping
and harbor operations, but so far, no published operational
limits have been identified for the Port of Varna. Naviga-
tion restrictions at the port are primarily based on vessel
characteristics and environmental conditions, such as wind
and visibility, with maneuvering decisions made by the Har-
bor Master and Traffic Control based on prevailing condi-
tions. Therefore, the observed peak current velocities are re-
ported as hydrodynamic observations rather than compared
with fixed operational thresholds.

Prediction of local dynamics, such as flows and water lev-
els, in the Varna Harbor Channels is a typical “downstream”
forecast problem, and the following steps should be taken.

1. Setting up a specific, very-high-resolution model, prob-
ably of a shallow-water Boussinesg-equation model.

2. Creating a parametrization interface, linking the “core”
Black Sea data to the local forcing, with a proper de-
scription of sub-hourly variability. Implementing ma-
chine learning might be useful.

3. Conducting an extended observation campaign to cali-
brate and validate the local model’s performance.

4. Running the “downstream” forecast model with a mini-
mum set of observations to fuse the model and observa-
tional data at minimal costs.

5. Disseminate the forecast data, along with “what-if”
guidelines for potential harmful situations.
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5 Conclusions

Currents and water levels were studied at 1 min resolution
in the Varna Port navigation channel, which connects the
Black Sea to an upstream lake. While water levels were
strongly correlated (r ~0.83-0.94) along the 2.4 km-long
channel during a 3-month study period, currents revealed low
correlation.

Spectral analysis of the water level identified 14 spectral
peaks ranging from 14 min to 12 h. Coherence and wavelet
analysis revealed nearly synchronous motions on the peri-
ods longer than 14 min; however, coherence was reduced be-
tween some of the observed spectral peaks.

Background sub-hourly variability of currents and water
levels, with standard deviations of 0.03ms™! and 0.03 m,
respectively, was occasionally interrupted by events of sig-
nificantly higher variability. Hourly intensity of sub-hourly
variations, quantified by standard deviation, showed strong
agreement between water levels and currents (r =0.86)
along the channel. The 2d events revealed dominant oscil-
lation periods of about 19 and 37 min, resulting in a 5-fold
increase in standard deviation compared to the background.

Basic features of high-intensity sub-hourly variations can
be interpreted as linear barotropic long waves in a system
sea-channel-lake with resonant and damped forcing. The
37 min oscillations can be explained as the first mode of the
channel-lake system. Another period of 19 min corresponds
to the zero, quarter-wave mode of the channel and the second
mode of the channel-lake system.

Events of high current speed can cause changes
of 0.8ms™! in current velocity and 0.8 m in water level
over 10 min, which are sufficient to pose problems for ship
navigation, harbor operations, and environmental protection,
especially for coastal management and sediment transport.

These high-speed current events can be reliably detected
using low-cost observation techniques such as Hydromast,
which was used in the present study. Regarding event pre-
dictions, the Copernicus Marine Service provides reliable
background condition forecasts. The parametrization of the
forcing factors for sub-hourly variability — including the ef-
fects of meteotsunami generated by moving weather patterns,
wind gusts, sub-hourly intense air pressure, and wind pertur-
bations — needs further study to establish their relations with
background conditions for the forecast of high-amplitude
event occurrence.

Appendix A: Using shallow water equations

Consider long barotropic gravity waves of small amplitude,
where the vertical displacement of the water level is much
less than the depth of the basin, and the speed of the wa-
ter particles is significantly lower than the speed of the long
waves, within a narrow, elongated basin. The fundamental
equations for momentum and volume conservation are out-
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lined in works such as those by Leblond and Mysak (1981)
and Cushman-Roisin and Beckers (2011)

ou an R d a a H Al
or = 8py Ruoand 5= W, (A
where u is the current velocity along the basin, 7 is the water
level elevation, H is the depth of the basin, g is the gravity
acceleration, and R is linear friction coefficient.

Adopting constant depth, we may search for the solution
in the form u = uge! ®*=®" and 5 = noe! * ) where k is
the along-basin wave number and the frequency w = w;+iwj
is complex, where the real part w; describes the oscilla-
tions and the imaginary part w; describes their decay in
time. The frequency of oscillations is found from the for-
mula w2 = g Hk?> — R? /4. Oscillatory motions are possible
when R < 2ck, where ¢ = /gH is the phase speed of long
gravitational waves without friction.

Assume a semi-enclosed basin of length L, forced by os-
cillations of the water level of the outer large basin 1(0,¢) =
nosinwt, and closed at the other end u(L,t) = 0. For the
free, frictionless R = 0 modes we use 7(0, #) = 0. The closed
basin end follows the condition u, (L,t) =0 that becomes
equal to cosk,L =0ork, = (n+ %)n/L. Here n is the mode
number of eigenoscillations (seiche mode). Frequencies of
all the modes are calculated in the frictionless case in the
form

wp=——|n+3 (A2)

VeH I
b (e3)
In the basic mode n =0, a quarter wavelength Ay/4 =L
interpretation is valid (Leblond and Mysak, 1981), where
A =27/ k. Then the longest period is To = 4L//gH.
Elaborate now the approach to the case of two connected
basins with different depth, length and width, notated by the
indexes 1 and 2. The first basin extends in x € [0...L ] and
the second one x € [Lj...(L1 + L3)]. A joint standing wave
mode has the same frequency, therefore ki/H| = ky«/H;.
At the connection point of the basins x = L1, there is conti-
nuity of water levels n1(L1,t) = n2(L1,t) and volume trans-
ports HyBiu1(L1,t) = HyBous(L1,t), where By and B; are
the width of the basins. Let us denote a = /H;/H> and
b = B1/B>, then after some mathematical transformations,
the wavenumber of the joint mode »n in the basin 1 is deter-
mined from the implicit equation

kiaLy + tan~'[tan(k L1)/(ab)]

—<n+m+%)n=0, (A3)

where the number m is to account for the periodicity of the
tan~! function which is selected for each mode n to yield
the last continuous intersection point between the growing
values of the tan—! function and kL. When ab ~ 1, leading
to tan~! [tan(k1L1)/(ab)] =~ k1 L1, then the eigenfrequencies
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are found as

gH H)
=

1 1
i I P (A4)
2 LivHy+ Ly H < 2)

When forcing occurs on the resonant seiche period, then in
the frictionless case, the amplitudes go to infinity; therefore,
friction must be included in the time-series modelling.

To consider the dynamics of the coupled elongated basins
(sea-channel-lake) with variable time-dependent forcing, we
used a traditional option of 1D numerical equations (e.g.,
Cushman-Roisin and Beckers, 2011). To capture the effects
of variable basin width, the continuity equation (the second
equation of Eq. A1) has been rewritten, reaching the equa-
tions

ou an an d
— = and B— =——(BHu). (AS)
ot ox ot ox

In addition to the horizontally resolved motions described
by the shallow-water equations (Egs. Al and A4), an in-
tegrated Helmholtz oscillator approach (e.g., Leblond and
Mysak, 1981) was used. The basin with a surface area A
is connected to the outer sea by a channel which is consid-
ered uniform along the axis. Mean water level of the basin
is calculated from the volume flow in the channel. The chan-
nel flow is driven by a sea-level difference along the channel
length between the forcing external water level and the re-
sponse water level in the basin. The resonant eigenfrequency
is given by

HB R?
szgA—L‘T- (A6)

Code availability. The calculations were made using Python and
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signal processing. Larger codes were not used.
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