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Abstract

This study, for the first time, presents comprehensive analysis of ice cover phenol-
ogy, thickness distribution, as well as impact on the aquatic environment of the largest
lagoon in Europe — the Curonian Lagoon. Combination of advanced remote sensing
imaging techniques, conventional in situ observations, and numerical modelling tech-
niques enabled the exploration of new approaches in the monitoring and forecasting
of the ice cover. Using satellite data in the numerical modeling framework SHYFEM
revealed the importance of high resolution ice observations for describing the physi-
cal processes during the ice cover season, such as circulation, water exchange capa-
bilities, saltwater intrusions, water residence time, and suspended sediment dynamics.
The incorporation of an advanced sea ice thermodynamic model in the modelling
framework SHYFEM, together with remote sensing and ground observations, serve
as an important tool for the analysis and representation of ice thickness over the whole
lagoon surface, testing the impact of different climate change scenarios on the ice
cover, and further improve the numerical description of this freshwater lagoon.

Key words

Ice phenology, Satellite observations, Ice thickness, Thermodynamic ice model,
Climate change



Reziumé

Siuo tyrimu pirmg kartg pateikiama i§sami Kursiy mariy ledo dangos fenologijos,
storio pasiskirstymo, taip pat poveikio povandeninei aplinkai analizé. PaZangiy
nuotoliniy tyrimy, jprasty in sifu stebéjimy bei skaitinio modeliavimo metody derinys
leidzia istirti naujas ledo dangos stebéjimo ir prognozavimo galimybes. Palydoviniy
duomeny panaudojimas skaitinio modeliavimo sistemoje SHYFEM atskleidé didelés
skiriamosios gebos ledo stebéjimy svarba apibiidinant fizinius procesus ledo dangos
sezono metu, tokius kaip cirkuliacija, vandens mainy pajégumas, druskingo vandens
prietaka, vandens uzsilaikymo laikas ir suspenduoty nuosédy dinamika. Pazangaus
ledo termodinaminio modelio jtraukimas | modeliavimo sistemg SHYFEM Kkartu su
nuotoliniais ir antZeminiais stebéjimais yra puikus jrankis analizuoti ir vaizduoti ledo
stor] visame KurSiy mariy pavirsiuje, tirti skirtingy klimato kaitos scenarijy jtaka ledo
dangai bei patobulinti skaitinj $iy gélavandeniy mariy apibtidinima.

ReikSmingi Zodziai

Ledo fenologija, Palydoviniai stebéjimai, Ledo storis, Termodinaminis ledo mo-
delis, Klimato kaita
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Abbreviations

Abbreviation Explanation

CL Curonian Lagoon

EOM Earth Observation Mission

FF Full Freezing

FO Freeze Onset

ISD Ice Season Duration

LoOI Last Observation of Ice

MO Melt Onset

MODIS Moderate resolution imaging spectroradiometer
NAO North Atlantic Oscillation

NID Number of ice days

RCP Representative Concentration Pathways
RMSE Root Mean Square Error

RS Remote Sensing

SAR Synthetic Aperture Radar

SHYFEM Shallow water Hydrodynamic Finite Element Model
SsC Suspended Sediment Concentration

WRT Water Residence Time
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1

Introduction

Ice phenology evolution in the scope of climate change and its implications to the
society. Ice phenology is undergoing extreme changes during the past decades, which
is evident in the Arctic (Post et al., 2019) as well as smaller waterbodies in the north-
ern hemisphere, such as the Baltic Sea (Luomaranta et al., 2014) and the Curonian
Lagoon (Jakimavicius et al., 2019). Ice season duration, thickness, coverage, and ice
phenology parameters (freeze-up, break-up, melt-off) are the main elements that have
been investigated in polar and temperate zones. One of the main factors driving the
ice growth and decay patters is air temperature, which is evidently increasing globally
(Hu et al., 2018), thus the loss of ice is a clear and early indicator of warming climate
(Kumar et al., 2020; Woolway et al., 2020; Haustein et al., 2017). Although many of
the ice studies are focusing on Polar Regions (Notz and Stroeve, 2018; Stroeve and
Notz, 2015; Meier et al., 2014), research of ice in the smaller water bodies, such as
lakes in the northern hemisphere, also show undergoing dramatic changes (Woolway
et al., 2020). It is recognized that the ice cover season in the northern temperate lakes
has shortened at a rate of 7 to 17 days per century (Sharma et al., 2019; EEA, 2017)
with warmer air temperatures contributing to the later freeze-up and sooner melt-off,
but rates of ice cover loss are not the same in all places (Sharma et al., 2019).

The overall ice cover phenology is closely linked to the ecosystem services, having
many socio-economic impacts to the regional environment — particularly transportation,
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1. Introduction

shipping, fishing, tourism, and recreational activities. An important ice impact on many
northern region communities and environments is the frequent ice jam events (Prowse et
al., 2007). By blocking the discharging river water of reaching the nearby water bodies,
the large surrounding areas can become flooded, altering the wildlife habitat, damag-
ing the infrastructure, and disrupting the daily commute and way of life of the residents
in the affected area (Kolerski, 2018). The shorelines of the big lakes and lagoons also
suffer from massive ice block drift induced by high winds, damaging the infrastructure,
cultural heritage sites, contributing to the coastal erosion. Accurate predictions of ice
thermodynamic, dynamic, and other characteristics are crucial for designing the off-
shore and coastal structures, i.e., wind power stations, oil platforms, quays, breakwaters,
etc. (Wu et al., 2020; Marchenko, 2018; Heinonen and Rissanen, 2017). While the ice
cover tends to be more and more unstable due to the changing climate, the recreational
activities on ice will likely disappear. The present-day situation of many water bodies
subjected to the ice cover reveal that the winter leisure activities, such as ice fishing, are
becoming more unsafe, occasionally also needing dangerous and costly rescue missions.

While the ice cover provides many negative environmental consequences, €.g.,
threats to good ecological status (anoxia risk, fish kills, changes in chemical and com-
munity composition), there are many new opportunities arising due to the shortening
ice cover season, too. The above-mentioned ice jam events will probably become
less frequent or not as extensive (Das et al., 2020). In the Arctic, the ice melting will
open new passages for shipping, fishing, and natural resource extraction (Meier et
al., 2014). However, these new opportunities might not all be so sustainable (Linden-
schmidt et al., 2018). The topic of the changing ice phenology and its impact to the
overall environment requires an interdisciplinary approach for evaluation and man-
agement of the opportunities and threats to socio-economic and ecological elements
of the system (Das et al., 2018; Crépin et al., 2017).

Ice cover impact on the aquatic environment. The under-ice physical processes
that many studies focus on are underwater light climate, temperature, salinity, and
overall mixing capabilities. The onset of the ice cover highly diminishes the light pen-
etration to the water column (Cooper et al., 2020). However, the scale of it depends on
the ice type, with white ice blocking most of the light transmission or black ice nearly
transparent to the incoming solar radiation. Although, if the snow cover is present on
the top of ice the transmission highly decreases or becomes absent (Warren, 2019;
Nicolaus et al., 2012; Perovich, 2003). The main temperature regulator in the surface
layers of the water is incoming solar radiation. Temperature regulates the vertical mix-
ing (Bengtsson, 2012), with a possible stratification in the deeper water bodies (Cabhill
et al., 2005). The heat exchange with the sediments is a slow process able of lasting
the whole ice cover season (Golosov and Kirillin, 2010) and even suitable for use as
a renewable heat source for low energy networks (Mikiranta et al., 2018). Another
point regarding sediments is their transport, which is strongly diminished with the ice
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1. Introduction

cover present on the water surface, due to the blocked wind stress and water exchange
capabilities (Jiang et al., 2020; Chubarenko et al., 2019).

Water bodies connected to the sea, such as lagoons, can be prone to saltwater intru-
sions (Miiller et al., 2018; Zemlys et al., 2013), which can become increasingly more
frequent due to the decreasing ice season duration and water level rise (Vargas et al.,
2017; Mimura, 2013). The most fundamental ice implication to physical processes is
diminished water circulation due to the limited wind stress on the water surface by
the ice cover (Danilov et al., 2015), especially when the ice is landfast. For bodies of
water that are not only influenced by the seawater, but also affected by the freshwater
inflow from the rivers, this input is also highly diminished, having only a local effect
on the circulation (Kirillin et al., 2012), resulting in increased water residence time
(Umgiesser et al., 2016). These physical processes (through various chemical pro-
cesses) have strong impacts on aquatic ecosystem structure, productivity, and dynam-
ics (Hampton et al., 2017).

The most important element regulating the chemical processes and biological ac-
tivity in aquatic ecosystems is dissolved oxygen. Thick and opaque ice cover highly
diminishes the natural aeration, even leading to anoxia risk and winter fish kills, es-
pecially in shallow water bodies (Granados et al., 2020; Fang and Stefan, 2012). With
sufficient light in the surface water just under the ice cover, the aquatic plants produce
oxygen through the process of photosynthesis (Obertegger et al., 2017; Yang et al.,
2017; Hampton et al., 2015). However, as microorganisms continue to decompose
material in the lower water column and in the sediments, they consume oxygen, and
the dissolved oxygen is depleted without the ability to be replenished from the at-
mosphere (Lindenschmidt et al., 2018). Since the ice season duration is expected to
shorten in the future, this will have a lower impact on dissolving oxygen from the
atmosphere, although other risks might arise due to the increasing temperature and
biological productivity (Winder and Sommer, 2012).

Ice cover impact on phytoplankton seasonal succession and community structure
is extensively investigated in lake ecosystems (Oterler, 2017; Beall et al., 2016; Wind-
er et al., 2012). The succession has been well described in many northern temperate
lakes and is strongly linked with ice phenology records (Riihland et al., 2015; Prowse
et al., 2011). The most observed effects of ice phenology changes is the intensity
(Dong et al., 2020; Petechata et al., 2015) and regime shifts of spring phytoplank-
ton blooms (Hjerne et al., 2019; Alvarez-Fernandez et al., 2012; Kromkamp and Van
Engeland, 2010; Adrian et al., 1999), with higher phytoplankton numbers recorded in
the growing seasons after more severe winters and advanced maximal total algal bio-
mass — after shorter milder winters. Due to the climate change the onset of the spring
phytoplankton bloom will occur earlier, likewise altering the zooplankton community
structure (Beaver et al., 2019; Grosbois et al., 2017). In some cases, understanding
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1. Introduction

winter conditions can help to foresee summer conditions (Warner et al., 2018; Hamp-
ton et al., 2017; Jahan and Choi, 2014).

Ice observations and their limitations. The conventional ice measurements taken
in situ are usually spatially sparse, because travelling on ice can be very time consum-
ing, dangerous, and costly (Block et al., 2019), thus it is not spatially representative.
Additionally, the network of the ground observation stations is slowly decreasing due
to the maintaining costs or budget cuts. The measurements are done using different
tools and instruments, thus the internationally accepted standards and guidelines are
needed to be implemented for the extended analysis of ice and snow cover changes
worldwide (Jindrova et al., 2017).

Remote sensing (RS) methods in recent decades play an increasingly important
role in monitoring the ice cover, being the only practical method to obtain consistent
continuous records of ice with wide geographical extent (Du et al., 2019; Zhang and
Pavelsky, 2019; Cui et al., 2018; Murfitt et al., 2018). There are different types of
sensors operating in various spectral bands used for ice and snow cover observations;
there is no all-purpose sensor and each of them has its advantages and disadvantages
(Emery and Camps, 2017). The most suitable RS instrument for ice cover observa-
tions is Synthetic Aperture Radar (SAR), being able to operate under all-weather con-
ditions and, most importantly, independently of daylight (Jawak et al., 2015). Its wide
swaths and high spatial resolution makes this sensor suitable for regional and local
ice cover observations (Murfitt and Duguay, 2020; Engram et al., 2018; Wang et al.,
2018). RS sensing provides an important insight of ice formation and decay stages,
evaluating the ice drift, type, concentration, etc. (Mékynen et al., 2020; Aulicino et
al., 2019; Sumata et al., 2015). To get the maximum benefit of the RS observations
it has to be used in conjunction with in situ data, thus ground observations cannot be
eliminated. Although RS is a very good approach for describing ice phenology over
a wide area, the accurate ice thickness data cannot be directly retrieved from SAR
images (Zakhvatkina et al., 2019), and temporal resolution of satellite data is still not
high enough to capture the important ice parameters.

Numerical modelling of ice conditions. The solution for dealing with drawbacks
of ice observation methods is numerical modelling. Incorporating in situ and RS ob-
servations into modelling can highly improve the predictive capabilities of the ice
models for analyzing ice thickness and phenology (Allard et al., 2018; Karvonen et
al., 2012). Modelling of the ice cover has become increasingly active since the second
half of the last century (Hunke et al., 2011). The development of sophisticated sea-ice
models is an ongoing process and with improved ice observation methods and climate
change awareness, the ice modeling is advancing by encompassing better physics and
resolution (Blockley et al., 2020; Roach et al., 2019; Hunke et al., 2011).

The main processes that are being modelled are ice thermodynamics and dynamics
(Hu et al., 2018; Herman et al., 2011; Hunke et al., 2011). Initially, ice models were
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1. Introduction

based on regular computations grids due to the limited computing power (Losch et
al., 2010; Vancoppenolle et al., 2009). Nowadays, the grid structure is more refined,
described by unstructured meshes able of dealing with complex coastlines and ba-
thymetry (Danilov et al., 2015; Wang et al., 2014; Gao et al., 2011; Timmermann et
al., 2009), which are easier applicable for regional and local studies. The processes
controlling the freshwater ice formation and growth are much less complicated than
that of sea-ice (Wiese et al., 2015), e.g., freezing at a constant temperature, higher
than the freezing point of sea-ice, thus ice is forming faster, further, the brine-pocket
physics can be eliminated (Marchenko and Lishman, 2017).

Modelling not only allows forecasting of past, present, future states of ice and investi-
gating its feedback to changing climate, but also inspecting the response of physical and
ecological processes occurring during the ice cover period (Meier et al., 2014). The biologi-
cal processes in the aquatic environment highly depend on the physical conditions, thus it
is necessary to incorporate at least ice thickness computations in the coupled hydrodynamic
and biogeochemical modelling frameworks (Ganju et al., 2016). Excluding ice from the
advanced modelling frameworks could alter the results of ecological and hydrodynamic
simulations and make them less reliable, as in some cases, understanding of winter ice dy-
namics and how the living organisms respond to the changes of the ice cover, can facilitate
prediction of summer conditions (Hampton et al., 2017).

Ice studies in the Curonian Lagoon. Ice phenology records and the overall scale
of the ice cover impact on the underwater environment are varying depending of the
location of the water body, thus it is important to evaluate each domain separately. The
Curonian Lagoon is subjected to freezing for several months during the winter period;
it is beneficial to investigate the dynamics of ice cover properties. Considering the
shallow nature of this waterbody, a smaller volume of water beneath the ice is pres-
ent and the freezing occurs faster than in deeper waters, leading to a stronger impact
on physical and ecological processes in it. Thus far, ice in the Curonian Lagoon was
investigated only using the conventional in situ measurements, statistical modelling
or analyzing its impact on other processes and regimes within it (Jakimavicius et al.,
2019; Umgiesser et al., 2016; Ruk§éniené et al., 2015; Dailidiené, 2007), with one
recent study employing RS products for ice thickness estimation (Kozlov et al., 2020).
However, so far there have been no comprehensive studies combining ice cover ex-
tent, phenology, thickness, season duration, and their dynamics over the whole lagoon
surface, derived through the application of advanced analytical methods — remote
sensing and numerical modelling. The projections of forthcoming ice cover condi-
tions, foreseen by the presented ice thermodynamic model and meteorological data
from regional climate models, shows what to expect in the future under changing
climate. Furthermore, an ice model integrated in the hydrodynamic modelling frame-
work can be further used for coupling it with the ecological model for evaluating ice
cover effect on the entire ecosystem of the Curonian Lagoon.
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1. Introduction

1.1. Aim and objectives

The aim of this study is to investigate ice cover phenology and dynamics in the
Curonian Lagoon using remote sensing techniques and numerical modelling ap-
proaches in the scope of climate change and analyze ice cover impact on the hydrody-
namic properties in the lagoon.

The following objectives were addressed:

1. To evaluate the dynamics of ice phenology, derive ice growth and decay pat-
terns from satellite images, and assess ice season duration relationship with air
temperature variability.

2. To apply satellite ice cover data in the numerical model and analyze the ice
cover effect on the circulation, saltwater intrusions, water renewal capabilities,
and suspended sediment transport.

3. To perform model computations of ice thickness, validate the obtained results
with in situ data, integrate ice thermodynamic model in the hydrodynamic
modelling framework SHYFEM for assessing the ice thickness distribution
over the entire lagoon surface, and investigate the future projections of the
climate change scenarios RCP4.5 and RCP8.5.

1.2. Novelty

This study, for the first time, presents the combined knowledge of the ice cover
phenology in the Curonian Lagoon. It explores new approaches in the monitoring
and forecasting of the ice cover by comparing conventional in situ observations with
advanced remote sensing imaging techniques, and accentuates the benefits of the lat-
ter. The application of satellite data in the shallow water hydrodynamic finite element
model (SHYFEM) shows the importance of high-resolution ice observations for ad-
equately describing the physical processes during the ice season, which is consider-
ably improved by this study. So far there have been no working high-resolution ice
model applied to the Curonian Lagoon, which has been developed as a part of this
research project. The incorporation of the advanced sea ice thermodynamic model in
the modelling framework SHYFEM, in combination with in situ and remote sensing
observations, serve as an important tool for analyzing different ice parameters and
likewise improving the numerical description of this freshwater lagoon.

Summarizing, the novel aspects of this thesis deal with ice cover in the Curonian Lagoon
with regard to 1) an advanced description of ice phenology and dynamics; 2) an evaluation
of hydrodynamic properties under ice; 3) the establishment of ice thermodynamic model
in the hydrodynamic modelling framework; 4) long-term projections of ice thickness. The
created subroutines and code structure of the ice model provides a possibility for future
coupling with other modules in the SHYFEM modelling framework.
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1. Introduction

1.3. Scientific and applied significance of the results

The results of this study broaden our knowledge of ice cover phenology and dynam-
ics over the entire surface of the Curonian Lagoon, as well as the alteration of the hy-
drodynamic processes beneath ice. The assessment of remote sensing data demonstrated
that in many cases it has a better performance over ground observations regarding ice
phenology records over the whole lagoon surface, therefore it could be advocated for
the use in the regional ice monitoring programs. The usage of satellite ice data in the
hydrodynamic model provided a more advanced insight into the ice cover impact on
physical processes, since RS data have a much wider coverage than in situ observations,
providing an opportunity to study areas far from the coast as well. Numerical model-
ling of the ice itself allows predicting the evolution of ice thickness and distribution, as
well as testing the impact of different scenarios of changes in atmosphere forcings on
ice phenology in the scope of climate change. The proposed ice thermodynamic model
showed to fit very well with the ground observation data of the Curonian Lagoon. Its
further integration in the numerical modelling system SHYFEM enable us to not only
thoroughly examine ice thickness over the whole area of the lagoon, but it will also be
highly useful for other shallow lagoons or lakes in the northern region, where both the
shallow nature and the possible ice cover have to be addressed. Through this research
project, the created model setup and code base can be further integrated with an ecologi-
cal model of the same SHYFEM modelling framework. All this will support a progress
in describing and understanding the ecosystem of the Curonian Lagoon.

1.4. Scientific approval

Results of this study were presented in 3 international and 2 regional conferences:

1. Juros ir kranty tyrimai, Klaipéda, Lithuania, May 2018.

2. 7th IEEE/OES Baltic Symposium: Clean and Safe Baltic Sea and Energy Se-
curity for the Baltic countries, Klaipéda, Lithuania, June 2018.

3. Jiros ir kranty tyrimai, Klaipéda, Lithuania, May 2019.

4. ESA Living Planet Symposium, Milan, Italy, May 2019.

5. AGILE Conference 2019, Limassol, Cyprus, June 2019.
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2

Materials and methods

2.1. Study site

The Curonian Lagoon (Fig. 1) is a shallow (average depth — 3.8 m, greatest natural
depth — 5.8 m) estuarine freshwater body; nevertheless, it is the largest coastal lagoon
in Europe (area ~1600 km?, volume 6.3 km®) (Gasitinaité et al., 2008; Zaromskis,
1996). 1t is located in the southeastern corner of the Baltic Sea (between 54.9°N and
55.9°N), connected to it by a narrow artificially deepened (up to 15.5 m) Klaipéda
Strait and separated from it by the sandy Curonian Spit. During the suitable wind
regimes, northern part of the lagoon is prone to saline seawater intrusions (Zemlys et
al., 2013). Saltwater flows along the western shoreline, due to the outflowing fresh-
water from Nemunas River, which is the largest river discharging in the lagoon, be-
ing the main water renewal source, especially in the northern part (Umgiesser et al.,
2016). Every year all the discharging rivers deliver fresh water of nearly 4 times the
lagoon volume (Dailidiené¢ and Davuliené¢, 2008). Since the saltwater does not reach
the southern part of the lagoon, it is considered freshwater.

Historical observational data analysis (BaukSys, 1978) showed that during the pe-
riod of 1948—1972 the ice in the Curonian Lagoon would start to form in the begin-
ning of December and disintegrate on average in the end of March, after 613 days
the lagoon would be free of ice. Ice cover lasted on average for 110 days (ranging
from 12 to 169 days), while ice thickness varied from 10 to 70 cm. Due to the ongo-
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Figure 1. Location of the Curonian Lagoon (right) with respect to the Baltic Sea (left). The
legend indicates the areas and points for the analysis. In the text, the northern part of the
lagoon is considered as the area northward of the LithuanianRussian boundary, southern

part — southward (green line), the Nemunas Delta area is eastward of Nemunas Delta cross

section (blue line). Basemap source: ESRI.

ing climate change and the forecasts of increasing air temperature the ice parameters
will likely change towards shorter duration and thinner ice. Indeed, the resent study
of future projection of ice phenology and thickness in the lagoon using a statistical
model (Jakimavicius et al., 2019) shows that in the near future (2021-2040) the aver-
age ice thickness will only be 13—15 cm and by the end of the century it will decline
to 0—13 cm. The change can already be observed in the western part of the lagoon,
where the ice season duration decreased by half, comparing the periods of 1961-1975
and 1991-2005 (Dailidiené, 2007; Jarmalavi¢ius, 2007).
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2.2. Data

2.2.1. Ice remote sensing data

Satellite data of C-band synthetic aperture radar (SAR) were acquired from three Earth
observation missions (EOM): Envisat Advanced SAR (ASAR), RADARSAT-2, and Sen-
tinel-1A and 1B (bottom row in Fig. 2). The analyzed period was from 2002 to 2017 (15
winters). Since the frequency of SAR images during some winters was insufficient for
describing ice cover dynamics, the additional available cloud-free images from moderate
resolution imaging spectroradiometer (MODIS, on board the Terra satellite) were used.
Overall, 514 SAR and 101 MODIS images were obtained and processed (top and bottom
rows in Fig. 2). The data of ASAR observations was acquired approximately every 3 days,
with even occasional two images per day. RADARSAT-2 had the highest frequency —every
2 days, while the lowest was of Sentinel-1A and 1B — only 2—3 images per week.

SAR
Al 27
EOM | | [ | I | | [ [ — [ [ | |

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Figure 2. Representation of number of images and Earth observation missions (EOM) of
which the satellite data were analyzed. Top (SAR) and middle (All) rows indicate number of
SAR and SAR+MODIS images, respectively. Bottom row shows EOM with yellow colored
boxes indicating ASAR, green — RADARSAT-2, and blue — Sentinel-1A and 1B, underlying

red lines indicate MODIS data. Modified from Paper L.

Since water, ice, and snow cover on top of it have different strength of backscattered
signal, the edge of the ice cover can be distinguished from the open water rather effec-
tively (Muckenhuber et al., 2016; Dierking, 2013). While the Curonian Lagoon is not
a particularly large waterbody, the visual identification of the ice edge was used in this
study. SNAP EO processing software was applied for deriving an orthorectified subset
of each SAR image in GeoTIFF format for further processing in the ArcGIS software
(ArcMap). The manually digitized ice polygons were converted to a raster format and
summed up by considering the time intervals between the consecutive satellite obser-
vations and measured air temperature. This way, for each winter spatially detailed maps
of the ice season duration were acquired. Based on these maps, a maximum, Dsgg,
and spatial-mean (averaged over the lagoon area), Dsar, were defined for each winter
season, which were then then classified into three categories: short ( Dsar < 50 days),
intermediate (50 days < Dsar < 100 days), and long winters ( Dsar > 100 days).
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The dates of the ice freeze onset (FO), full freezing (FF), melt onset (MO), and
last observation of ice (LOI) were defined by the dates of the acquired images hav-
ing these ice formation and decay stages. Air temperature measurements were also
taken into account for defining the FO and MO dates. The statistical significance of
inter-annual variability linear trends of these characteristics was determined by the
Mann-Kendall test (Kadyhko et al., 2015; Kendall and Gibbons, 1990) at a 0.05 signifi-
cance level with a 95% confidence level.

The correlation coefficient between the ISD and Hurrell’s winter (December through
March) NAO,, ., index (provided by the Climate Analysis Section, NCAR, Boulder,
USA) was calculated to determine the dependency of changes in the ISD on the inten-
sity of the North Atlantic Oscillation (NAO). The dependency of ISD and cumulative
negative air temperature (derived from coastal observations), T<", was analyzed to bet-
ter understand ice cover properties in the Curonian Lagoon. Everything regarding the
used data and applied processing methods are thoroughly described in Paper I.

The satellite data derived from this thesis were used in the numerical modelling frame-
work SHYFEM for analyzing ice cover effect on physical processes, which are described
in section 2.3.4 Simulation setup and scenarios section, as well as Papers Il and III. Remote
sensing data was also used for validating the modelled ice thickness extent.

2.2.2. Ice ground observations

The satellite images were validated with data from three coastal stations in Nida,
Juodkranté, and Venté (Fig. 1). Ground data consists of daily observations of ice forma-
tion stages, coverage (on a scale from zero —no-ice to 10 — fully ice-covered), state, den-
sity, thickness, and drift, as well as air and water temperature, wind speed, and visibility.
For Nida and Venté, in situ data covers the whole study period (2002—2017), however, in
Juodranté the ice observation program was discontinued in 2012. The measurement data
were provided by the Environmental Protection Agency (EPA) of Lithuania.

Ice cover extent derived from satellite images was validated by considering the ice
concentration in circular buffers centered on the ground station points. The radius of
each buffer was set to the visibility value recorded each day when the ice measure-
ments were taken. Parts of the buffers were removed based on the overlap with the
coast. All computations were done by running a custom python script using ArcPy
module. The dates of the ice FO, FF, MO, and LOI of ice were defined also for in situ
observations and compared to those of remote sensing data by computing the differ-
ence between them in days. The dates of in situ data were defined when a given ice
stage was observed at least at one coastal station. ISD was also defined for the coastal
observations, Ds;.

The ice thickness records were used for ice thermodynamic model calibration. The re-
sults were evaluated by computing the average of RMSE and Pearson correlation coef-
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ficient (R) between the modelled and observed values of the ice thickness of three points
in the lagoon corresponding with the ice observation stations. The correlation coefficient
is accompanied by the sample size (n) and significance p-value, computed with 95% con-
fidence level. Ice season duration of the calibrated ice model was also compared with the
observations from the coastal stations, based on the same FO and LOI dates.

2.2.3. Meteorological data

Meteorological forcings, i.e. cloud cover, downward shortwave radiation, precipita-
tion, humidity, air temperature, atmospheric pressure, and wind speed, were obtained
from the forecasts of operational numerical weather prediction model HIRLAM pro-
vided by the Lithuanian Hydrometeorological Service and operational forecasts from
European Centre for Medium-Range Weather Forecasts (ECMWF, Table 1). As well as
data from ERAS — the fifth generation ECMWF reanalysis for the global climate and
weather hourly data on single levels data (Hersbach et al. 2018) were used for ice thick-
ness modelling. EPA of Lithuania provided the measurements of air temperature in all
three stations (Nida, Juodkranté, and Venté, Fig. 1), and Lithuanian Hydrometeorologi-
cal Service provided the precipitation measurement data in Nida, which were used to
correct the bias in the climate data.

Table 1. Summary of the data sourced used in the numerical modelling framework SHYFEM.

Name Period Moc.lel. Institution
abbreviation

2004-2006 MIKE21 | Danish Hydraulic Institute

Salinity, tempera- | 2007-2009 HIROMB Swedish Meteorological and Hydrological
ture, water level 2014-2016 Institute
Leibniz Institute for Baltic Sea Research

in Warnemiinde, Germany

2010-2013 MOM

River discharge 2004-2016 Lithuanian Hydrometeorological Service

2009-2010 | HIRLAM | Lithuanian Hydrometeorological Service

Meteorological 2004-2008 0.1°x0.1° | European Centre for Medium-Range
data 2009-2016 | resolution | Weather Forecasts

European Centre for Medium-Range
Weather Forecasts reanalysis

20042017 ERAS
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2.2.4. Hydrological data

There are five open boundaries defined in the model study domain — one for the
Baltic Sea, and four for the discharging rivers: Nemunas, Minija, Matrosovka, and
Deima (Fig. 1). Salinity, temperature, and water level data for the Baltic Sea open
boundary were acquired from the forecasts of the operational hydrodynamic models
MIKE21 and High Resolution Operational Model for the Baltic Sea (HIROMB), as
well as Modular Ocean Model (MOM). The Lithuanian Hydrometeorological Service
under the Ministry of Environment provided daily river discharge data. The source of
the data and periods are shown in Table 1.

2.2.5. Climate data

For the analysis of climate change impact on ice thickness in the Curonian Lagoon,
a historical period (1986—-2005) was compared to the future period (2006-2100) based
on two Representative Concentration Pathway (RCP) scenarios: RCP4.5 and RCP8.5.
Meteorological data for these projections was acquired from CORDEX (Coordinated
Regional Downscaling Experiment) scenarios for Europe from the Rossby Centre re-
gional climate model (RCA4), which consists of 5 sets of simulations (downscaling)
driven by the five global climate models described in Table 2. The computations were
done for three point locations corresponding with measurement stations.

Table 2. Summary of the sources of regional climate model data.

Model abbreviation | Model Institution

ICHEC EC-Earth Irish Centre for High-End Computing

CNRM CNRM-CMS5 Centre National de Recherches Météorologiques
IPSL IPSL-CM5A-MR | The Institut Pierre-Simon Laplace

MOHC HadGEM2-ES | Met Office Hadley Centre

MPI MPI-ESM-LR Max Planck Institute for Meteorology

The air temperature data from climate models revealed some bias compared with
the measurements, thus it had to be corrected. This was done by applying a basic bias-
correction method by simply adding the difference between the observed ( Tp) and
modelled (T) average air temperature computed for the November-April period of
1993-2005 (Lenderink et al., 2007):

Tpc(t) = T (6) + (T — T (1
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Precipitation ( Prgc ) was corrected by multiplying the ratio between the observed
( Prp) and modelled ( Pry) values, computed for the same period as for air tempera-
ture corrections:

Prac(t) = Prin(t) 22 @

m

The trend significance of the air temperature and ice thickness was assessed using
Mann-Kendall test at a significance level of 0.05 with a 95% confidence level, the
tendency rate (for the period 2006-2100) was evaluated by taking the slope parameter
from linear regression equation.

2.3. Numerical modelling

The processed remote sensing data was used in the finite element hydrodynamic
model SHYFEM for analyzing the ice cover effect on physical processes and suspended
sediment concentration in the Curonian Lagoon. Further, a separate enhanced sea ice
thermodynamic model was tested for the Curonian Lagoon (CL) case and integrated
in the same hydrodynamic model. Everything regarding the models, data, simulation
setups, and applied processing methods are thoroughly described in Papers I1-1V.

2.3.1. Hydrodynamic model

SHYFEM is an open source unstructured-grid finite-element hydrodynamic mod-
el for shallow water bodies. This model was developed at ISMAR-CNR (Institute
of Marine Sciences — National Research Council, http://www.ismar.cnr.it/shyfem)
in Venice, Italy, where it is operationally implemented for forecasting storm surges
(Cavaleri et al., 2019; Zampato et al., 2016). The calibration and validation of the
model was already done for the Curonian Lagoon (Zemlys et al., 2013; Ferrarin et
al., 2008a) and model application for studying hydrodynamic processes was already
successful for numerous lagoons throughout Europe including the CL (Maicu et al.,
2018; Molinaroli et al., 2014; Umgiesser et al., 2014; Ferrarin et al., 2010).

The model solves 3D hydrodynamic equations, vertically integrated over each
layer. The equations are integrated in time using a semi-implicit discretization scheme
and spatial discretization is achieved using a partially modified finite element method
(Umgiesser et al., 2004). The irregular triangular computation grid makes the model
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suitable for applications to the waterbodies with complicated geometry and bathym-
etry (e.g., lagoons, coastal seas, estuaries, and lakes).

The satellite ice cover data in the model is interpolated to cover the whole ice
season and represented by numbers between 0 — water and 1 — fully ice-covered, and
with this value the wind drag coefficient is weighted. This way the momentum input
through the surface is scaled by the area free of ice. The ice-ocean stress is not con-
sidered. Ice value is also used for albedo calculation for using the heat flux model.
However, the model takes into account just a fraction of the ice cover, not the thick-
ness or the snow cover on top of it. This might be a good approach for momentum, but
less correct for light penetration.

The hydrodynamic model is able to provide 2D as well as 3D computations. A
3D setup was used for the application of remote sensing ice cover data for the analy-
sis of circulation, saltwater intrusions from the Baltic Sea, water residence time in
the lagoon, mass fluxes through sections shown in Fig. 1, and suspended sediment
concentration (SSC) under the ice, while 2D setup was used for ice thermodynamic
modelling.

2.3.2. Ice model

An enhanced sea-ice thermodynamic model ESIM2 by Tedesco et al. (2010) was
used for studying the ice thickness and its integration in SHY FEM modelling system.
The initial version of the model showed satisfying results for predicting the seasonal
changes of the ice and snow thickness in the Baltic Sea. The ice model computes
three layers of the snow, adopting a new parametrization for snow compaction using
a “bucket model” for solid precipitation, two intermediate layers (meteoric ice — snow
ice and superimposed ice), and two layer of sea ice.

The formation of the snow ice is initiated every time the ice draft exceeds the
thickness of the ice, while the superimposed ice in the model is formed when the
melted snow refreezes being in contact with the ice layer. Ice layer is divided in bio-
logically active and biologically inactive parts for simulating salinity evolution in the
sea-ice and being compatible with the biogeochemical flux model (Tedesco et al.,
2010). The model also computes the temperature at the interface of each snow and
ice layer, and at the surface. In previous model applications the oceanic heat flux was
set to a constant value, however, here a bulk formulation by Omstedt and Wettlaufer
(1992) is incorporated:

Fy = pwCyChAU(To — Tf) 3)
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where Pw is water density, C, — specific heat of water, Cp — heat transfer coeffi-
cient, AU — relative velocity between the ice drift and the current at a reference level,
To — far field temperature (here it is called mixed layer temperature), and Ty — freez-
ing temperature. The full description of ice thermodynamic model, its evolution, and
applications can be found in Tedesco (2009), Tedesco et al. (2010, 2009).

The ice thermodynamic model was coupled with a hydrodynamic model to fur-
ther enhance the SHYFEM modelling system. The main part of the SHYFEM code
is composed in FORTRAN. The source code of the ice model, kindly provided by
M. Vichi, is written in MATLAB, thus it had to be rewritten and restructured to fit the
main modelling framework. The coupling was done by taking the salinity, water tem-
perature, and depth of the mixed layer produced by SHYFEM and passing as inputs
to the ice module. The varying salinity values were also used to adjust the freezing
temperature. The output of the mixed layer temperature from the ice module is passed
back to the hydrodynamic model.

2.3.3. Sediment model

The sediment transport rate model SEDTRANSO5 was used for studying the sedi-
ment dynamics under the ice cover. This model also belongs to the same SHYFEM
modelling framework, working on the same computational grid. At each model time
step the erosion and accumulations rates are computed based on the wind induced waves
and currents, likewise, the depth is updated based on the erosion and deposition for
computing the hydrodynamics at the next time step. The velocity in the bottom layer
computed by the hydrodynamic model is used for computing the bed shear stress.

The initial bottom sediment composition was derived from maps (Gelumbauskaité
et al., 1999; Gulbinskas and Zaromskis, 2002) and used in the model by constructing
the nine-class regular sediment grid, ranging from clay to coarse sand and represented
as a percentage of total suspended sediment concentration (SSC) for each class. The
SSC at the open sea boundary was set to zero, due to the absence of data. A more
thorough description of the model and its applications can be found in (Ferrarin et al.,
2016, 2010b, 2008b; Neumeier et al., 2008) and Paper I1.

2.3.4. Simulation setup and scenarios

Computation grid, corresponding to the Curonian Lagoon domain, consisted of
1309 nodes and 2027 triangular elements with a much finer resolution in the Klaipéda
Strait area, and 10 sigma layers have been used for the vertical discretization. A part
of the Baltic Sea is included for preventing the disturbances in computations of the
exchanges through the Klaipéda Strait area. For the application of satellite ice cover
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data in the hydrodynamic model SHYFEM, the Baltic Sea and Klaipéda Strait were
considered ice-free. The simulation period was from 2004-01-01 to 2015-12-31 and
the first year was discarded as model spin-up time. Three types of simulations have
been carried out — without ice (“no-ice”), with satellite ice cover data (“real ice”),
and with ice fully covering the lagoon for each ice season (“idealized ice”, Table 3).
Comparison of the simulation results of the latter two allows a better understanding of
the ice cover role in the hydrodynamic processes.

Table 3. Summary of model simulations for the analysis of hydrodynamic properties
under the ice cover.

Abbreviation Description
No-ice Ice cover artificially switched off in the model
Real ice With ice cover data obtained from the satellite data

The lagoon is completely covered by ice during the ice cover season, in-

Idealized ice cluding the Klaipéda Strait area

For the analysis of ice cover impact on the circulation, salinity, and water residence
time (WRT), the above mentioned simulation results were averaged over the meteo-
rological seasons of the year: winter (December, January, February), spring (March,
April, May), summer (June, July, August), and autumn (September, October, Novem-
ber), as well as over the ice cover seasons (each of them having different durations).
The impact of ice was evaluated by computing the average difference of simulation
results obtained with ice switched on and off in the model (“real ice” minus “no-ice”
and “idealized ice” minus “no-ice”). The number of hours per year of salt concentra-
tion exceeding the 1 and 3 g kg™! thresholds in Klaipéda Strait (marked yellow in Fig.
1) was identified by computing the salinity time series difference between the bottom
and top layers of the water column. The number of days when the salt concentration
exceeds the 2 g kg! threshold in Juodkranté was computed from vertically averaged
salinity time series. WRT was computed for the ice cover season and every meteoro-
logical season of the year defined above (Table 4). WRT was computed separately for
northern and southern parts of the lagoon (separated by LT-RU boundary in Fig.1),
and for the total lagoon area.
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Table 4. Summary of Water Residence Time (WRT) computation periods
in different model setup types described in Table 3.

Abbreviation Computation period
WRTTe During the ice cover season in simulation with satellite (real) ice
ice
cover data
WRT deal During the ice cover season in simulation with idealized ice cover
ice
data
W RTno-ice During the ice cover season in simulation without ice cover
wee (“no-ice”
WRTTeal Every meteorological season in simulation with satellite (real) ice
season cover data
W RTo=ice Every meteorological season in simulation without ice cover
season (13 LSRR}
(“no-ice
WRTTeal During winter (Dec, Jan, Feb) in simulation with satellite (real) ice
winter cover data
W RTo-ice During winter (Dec, Jan, Feb) in simulation without ice cover
winter (“no-ice”

For the analysis of ice cover impact to the sediment distribution and transport a different
grid was used, consisting of 2033 nodes and 3294 elements with five sigma layers for the
vertical discretization. Two sets of short-term simulation runs (from 15 January 2014 until
7 March 2014) were computed (“real ice” and “no-ice”). The comparison of these simula-
tion runs was done by computing the average suspended sediment concentration (SSC)
values of the whole lagoon and by looking at the time series of SSC in the water column of
two monitoring stations in the northern part of the CL (S1 and S2 in Fig. 1). The difference
between simulation setup types is evaluated by applying t-Test with 0.05 significance level.

The ice thermodynamic model was calibrated for the period 2004—2017. For this,
two types of simulation are presented: 1) with initial model set-up as described in
Tedesco et al. (2010) (hereafter Presgyig), and 2) with increased densities of all snow
types by 50 kg m? (hereafter Pres, ). The results were compared with in situ ice
thickness observations in Nida, Juodkranté, and Venté (Fig. 1) by computing the av-
erage root-mean-square error (RMSE) and Pearson correlation coefficient (R). The
correlation coefficient is accompanied by the sample size (n) and significance p value,
computed with 95% confidence level.

In order to make future predictions of the ice cover thickness, the meteorological
data from five regional climate models were chosen (Table 2) based on two climate
change scenarios, termed Representative Concentration Pathways (RCP). The RCP4.5
and RCP8.5 were chosen for being the most realistic outcome. The simulations were
carried out for two periods: 1) historical, and 2) future estimations, analysis for the
future period was divided in near and far future (Table 5).
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Table 5. Summary of simulations for climate change analysis. The data for the near and far
future was extracted from RCP4.5 and RCP8.5 simulation results.

Name Period Description
Hist 1986-2005 Historical period
RCP4.5 2006-2100 Stabilization scenario
RCP8.5 2006-2100 “Business as usual” scenario
RCP4.5p¢qr 2021-2040 RCP4.5 scenario in the near future
RCP4.5¢4;, 2081-2100 RCP4.5 scenario in the far future
RCP8.5ncar 2021-2040 RCP8.5 scenario in the near future
RCP8.5¢4, 2081-2100 RCPS8.5 scenario in the far future
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Results & Discussion

3.1. Ice cover phenology and dynamics

Ice cover phenology and dynamics is presented in this section. All the results and
analysis are summarized with reference to Paper I, where a thorough explanation can
be found.

3.1.1. Ice phenology based on remote sensing and in situ observations

Ice concentration derived from satellite images correspond very well to the one
observed in the ground stations (R = 0.92, n = 1014, p = 0). Most of the remaining
inconsistencies arise from the limitations of deriving ice type from RS. In reality,
ice observations in the coastal stations can be of several types: slush, frazil, grease,
broken, etc., and it will gradually receive lower observation values during the melting
period (from 10 to zero). However, in this study the pixels in the satellite images are
not categorized by the ice type, but rather a binomial classification is applied: ice-free
(zero) or ice-covered (10), and in some cases the thin or low concentration ice can-
not be detected in the RS images. Still, the chosen image processing method allowed
investigating the spatial extent, seasonal and inter-annual variability of the ice cover
properties in the Curonian Lagoon comprehensively.
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The comparison of the dates of the freeze onset (FO), full freezing (FF), melt onset
(MO), last observation of ice cover (LOI), and ice season duration (ISD) between sat-
ellite and in situ observations also showed some discrepancies (Fig. 3). The average
difference of FO dates is only half a day, with ice formation being firstly observed at
the coastal stations. The frequency of the RS images is not high enough to observe the
rapid ice formation, nevertheless in 38% of the cases FO was observed in satellite im-
ages earlier than at the coastal stations. The similar average difference is observed in
the FF case, however, here in 62% of the cases when FF is observed in the coastal sta-
tions, the satellite images still show open water regions further away from the coast.
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Figure 3. Dates of the freeze onset, full freezing, melt onset, last observation of ice, and ice

season duration (Ds¢ and Dsar, €) derived from satellite images (green solid lines) and coastal
observation (red dashed lines), and the difference between them (in situ minus satellite, black
solid lines). Please pay attention to the winter of 20142015 in full freezing and melt onset
graphs, where it was excluded from the analysis due to unstable ice cover conditions not
allowing an identification of these dates from ground observations. Modified from Paper I.

The highest difference between RS and in sifu observations is observed in defining
the melt onset date. It is detected on average five days earlier in satellite images than
at the coastal stations (75% of all cases), denoting the fact that the ice break-up first
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occurs further away from the coastal stations, likewise, the last ice cover traces. LOI
is on average two days later than it is recorded at the coast (so much as 82% of all
the cases). These results clearly emphasize the role of RS for providing a high spatial
overview of the ice cover on the entire lagoon surface for defining the key stages of
ice cover formation and the overall ice season duration. The latter is shown to be lon-
ger by an average of four days in 57% of the cases.

The mean success rate of the satellite observations is 63% for all five parameters
shown in Fig. 3. The comparison of freeze onset and last observation of ice dates
derived from RS and coastal observations allows establishing a corrected ISD value
(Dcorr), taking the earlier FO dates frequently observed at the coastal stations and
later the LOI dates usually recorded in the satellite images. The updated ISD in 73%
of the cases is longer by up to 10 days than the one derived from in situ observations,
thus it is the most adequate record to describe the overall period of the ice season.

3.1.2. Ice cover extent, its progression and decay

It takes on average six days (ranging from zero to 35 days) after the freeze onset
for the Curonian Lagoon to be completely covered by ice. Satellite images often show
a very rapid freezing — the first received image already displaying full freezing of the
lagoon. This occurs during the periods of low negative air temperature. However,
if the temperature is unstable during the freezing period, then ice formation can be
traced in several consecutive satellite images. Ice formation starts all along the eastern
and southern shoreline of the lagoon, as well as a slightly earlier freezing in the Ne-
munas Delta area (Fig. 4a). The latest ice formation occurs along the southern section
of the Curonian Spit and over the deepest (natural depth of around 5 m) southwestern
part of the lagoon.

All analyzed ice seasons in 2002—-2017 display a full freezing of the lagoon, which
lasts on average for 40 days (ranging from 10 to 90 days). Several melting events can
occur in various parts of the lagoon between the full freezing and final melt onset
dates (when the ice starts melting after the last full freezing period), due to the rise of
air temperature above 0 °C. On average ice cover starts to decay at the end of Febru-
ary, while the whole melting period lasts on average for a month (ranging from 6 to
60 days). Ice usually starts to decompose in the northern part of the lagoon (Fig. 4b),
due to the interaction with inflowing warmer water from the Baltic Sea and further
spreads along the western coastline. The dominant factor shaping the ice retreat pat-
terns is a prevailing wind direction. During the melting season, frequent westerly
winds push the drifting ice towards the southeastern part of the lagoon and in the
Nemunas Delta, thus ice can be observed to stay there the longest.

33



3. Results & Discussion

B . E 1Km
100% 30% 0 10 20

Figure 4. Distribution of ice cover extent during the freezing (a) and melting (b) periods.
Colored maps depict the percentage of ice observations during these periods — blue color
in (a) shows the initial ice formation areas, red color in (b) represents the initial ice melting
areas. Redrawn from Paper 1.

Out of all four ice cover formation and decay stages, only the dates of the final melt
onset and last observation of ice have a clear decreasing pattern. This means that ice
cover is starting to break up and dissolve earlier during the last years. However, only
the trend of the melt onset dates is statistically significant (p = 0.02).

3.1.3. Variability of ice season duration

With this study of remote sensing ice cover data of the Curonian Lagoon, spatially
detailed ice season duration (ISD) maps for the period of 2002-2017 are presented
for the first time, displaying a very pronounced inter-annual variability. Here, in Fig.
5, the average ISD of all the analyzed ice cover seasons is demonstrated. The ice
cover remains longest in the southeastern limnic part of the lagoon and along the
eastern shore, as well as Nemunas Delta area (15-year average ISD is 75-85 days),
opposed to the ISD in the western and southwestern parts of the lagoon (average ISD
is 65-70 days). However, the shortest ISD is observed in the northern part of the la-
goon (average ISD is <65 days), due to the turbid nature of this area — inflowing saline
water from the Baltic Sea and outflowing fresh Nemunas River water. The overall
15-year spatially-averaged average ISD is 71432 days.
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Figure 5. Average ice season duration in the Curonian Lagoon for the period of 2002-2017,
derived from remote sensing data. Basemap source: ESRI. Redrawn from Paper I.

Fig. 6 shows the inter-annual variability and decreasing trends of various ISD
types. The average ISD value derived from the coastal records Dy = 86+30 days,
while corrected ISD, Doy, is slightly longer — 89431 days. The corrected ISD is ob-
served to decrease at a rate of 1.6 days year' during 2002-2017. However, these two
ISD definitions lack the spatial properties offered by remote sensing. The spatial-mean
ISD, Dy, , provides a better representation of the spatial variability of the ice cover
conditions in the Curonian Lagoon. Dssr is lower than other ISDs, because of the
changing ice cover properties in the CL, e.g., the multiple melting and refreezing
periods during the ice season, having a more pronounced decreasing trend than other
ISDs with a shortening rate of 2.3 days year'. Similar results of shortening ice cover
season were reported for the Baltic Sea over the past century (Haapala et al., 2015).
The inter-annual variability of the ISD in the CL correlates very well with similar
results obtained for the Gulf of Riga (Siitam et al., 2017) along the coast of Latvia
(Klavins et al., 2016), and the Vistula Lagoon (Chubarenko et al., 2019).
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Figure 6. The variability of ice season duration (ISD) derived from satellite data

(spatial-mean, Ds,p ) and ground observations (Ds; ), as well as overall corrected ISD (Do pr
) over the period 2002-2017. Redrawn from Paper 1.

All 15 ice cover seasons can be classified in three categories based on their
spatial-mean ISD (Dsar ): short, intermediate and long (Table 6). Ice formation during
the short winters starts nearly a month later than that of long winters. The ice cover ex-
tent during the short winters is not steady with prevailing melting events. Furthermore,
short winter are not only short in their ISD, but they are also characterized having a
very short period of the ice cover extent above 80% of total lagoon area compared to
intermediate and long winters. The longest ISD over the study period was observed
in 2005-2006 (138 days) and 2010-2011 (134 days), while the shortest in 2006—-2007
(51 days) and 2007-2008 (47 days). It has to be noted that on 18 September 2007 the
first registered minimum ice extent in the Arctic Ocean was observed (Comiso et al.,
2008). The second minimum ice extent in the Arctic (Petty et al., 2018) likewise cor-
relates with a shorter ice seasons in the CL in 2015-2016 (2016-2017) lasting 58 (63)
days. It is believed that the decreasing Arctic sea ice cover could weaken the Atlantic
Meridional Overturning Circulation leading to harsher winters and a stormier weather
in Europe (Sévellec et al., 2017; Francis and Skific, 2015), however the impact on the
colder European weather is still questionable (Screen, 2017).
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Tuble 6. Classification of ice cover seasons based on their spatialmean ice season duration ( Dsag ).

Name Condition List of winters
Short Dear < 50 days ig(l)gigg(l);, 2007-2008, 2014-2015, 2015-2016,
Intermediate | 50 < Dgar < 100 days gg(l)gigg(l)j, 2004-2005, 2008-2009, 20112012,
Long Dssr > 100 days ig(l)g:gg(l)g, 2005-2006, 2009-2010, 20102011,

In turn, the regional climate fluctuations over the Curonian Lagoon are known to be re-
lated to the North Atlantic Oscillation (Dailidiené et al., 2012). The correlation between the
NAO winter index (NAOp;ry) and ISD derived from the coastal records (Ds: ) is negative
and strong with R =-0.71 (p = 0.003, here and further in this section n = 15, Fig. 7a). Simi-
lar relationship is observed between NAOpry and Deorr (R =-0.73, p=0.002). Although,
much better results are obtained when considering the correlation between NAOp;ry and
spatial-mean ISD, Dsar (R =-0.83, p = 0.0001), indicating the richness of remote sensing
data for better understanding the basis of ongoing ISD changes in the Curonian Lagoon.
Further, the ISD shows a clear dependency on locally measured cumulative negative air
temperature, T¢" (Fig. 7b), having a clear tendency to increase resulting in warmer and
shorter winters in the CL. The correlation between T4 " and Ds; along with Dcorr is nega-
tive and strong R =-0.81 (p = 0.0002). However, the best results are achieved when com-
paring TeN with spatially-rich Dsar (R =-0.92, p = 0.000002).
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Figure 7. Scatterplots of the ice season duration (ISD) values derived from the coastal
records (Ds¢ ), corrected values based on coastal and satellite data ( Dcorr), and

spatially-averaged satellite data (ESAR ) compared to the NAO winter index (a) and
cumulative negative air temperature (b). Redrawn from Paper I.
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3.2. Ice impact on water column characteristics

In this section ice cover effect on the aquatic environment is presented. The analy-
sis of under-ice circulation, saltwater intrusions, water residence time, and suspended
sediments is thoroughly presented in Paper I and II1.

3.2.1. Circulation and fluxes

Water circulation in the Curonian Lagoon has different patterns throughout the
meteorological seasons of the year. The highest current speed throughout the year is
recorded in the northern part of the CL, where the outflow from the Nemunas River
travels northward to the Klaipéda Strait. In the southern part, the current speed nota-
bly decreases during the ice cover season, due to this area being sheltered from wind
induced movement for a longer period compared to the northern part.

Since the ice season duration (ISD) usually does not correspond to the winter season
months, it is more accurate to analyze the residual currents averaged only over the ice
cover seasons. Under the real ice cover a two-gyre systems in the southern part of the
lagoon can be observed, which is similar to the results averaged over the winter season.
However, they are less pronounced and there is a third anticlockwise gyre next to them,
as well as only one gyre in the middle of the lagoon (Fig. 8a). Considering the no-ice
model setup (Fig. 8b), there are four gyre systems in the lagoon — two anticlockwise
along the eastern shoreline, one clockwise in the middle, and a small anticlockwise gyre
in the southeastern part of the lagoon. The distribution of the gyres slightly differs from
similar study done by Umgiesser et al. (2016), where they used spatially unrepresenta-
tive ice data interpolated from coastal stations and limited to 4 years of observations.

The difference of real ice and no-ice simulation results show that circulation under
the ice cover becomes weaker by up to 0.03 m s (Fig. 8¢). When considering the
idealized ice cover case (lagoon completely covered by ice during the whole ISD), the
water flows slower along the western and slightly faster along the eastern shoreline in
the northern part of the lagoon, compared to the flow during the real ice cover season
(see Fig. 3 in Paper III).

Out of four sections for the computations of water fluxes (colored lines in Fig. 1),
it is clearly seen that the ice cover has a higher impact on the water fluxes in the Ne-
munas delta area and through the Lithuanian-Russian border, where the difference of
real ice and no-ice simulation results is nearly twice higher than in the Klaipéda Strait
and north of Nemunas sections. The comparison of idealized ice and real ice cover
seasons show that the prolonged full ice cover (idealized ice) also has greater impact
in this area (see Fig. 4 in Paper I1I), because the water mass exiting the Nemunas Delta
becomes more steady, not cycling between the delta and the lagoon as much compared
to the ice-free simulation, thus less water is diverted to the south.
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Figure 8. Water circulation (vectors are colored by the current speed in m s™') averaged over
ice cover seasons in simulation with “real ice” (a) and “no-ice” model set-up (b), as well as
the current speed difference in m/s between simulations: “real ice” minus “no-ice” (c). White
circles with arrows in a and b show gyre systems and their direction, colors in these maps
show positive (blue), negative (green) and neutral (gray) vorticity. The numbers indicate the

minimum ( Vmin ), maximum ( Ymax ), and average (Vavg ) velocity of the residual currents.
Modified from Paper I11.

3.2.2. Saltwater intrusions

The salinity concentration is highest in the northern part of the lagoon, which is
prone to saltwater intrusions from the Baltic Sea during the northerly wind events.
Simulation results show, that in Klaipéda Strait the salinity difference between bot-
tom and top layers of the water column exceeds the 1 g kg! threshold on average for
130447 hours year' when considering real ice cover in model computations, while
for “no-ice” computations it is on average for 114+35 hours year' (p = 0.04). In
Juodkranté, which is approximatelly 15 km soutward from Kiaulés Nugara Island, sa-
linity averaged over the water column exceeds the 2 g kg™! threshold on average nearly
90+17 days year! when the real ice cover is considered in the model computations,
which is on average 13.9+£7.3 days less than “no-ice” simulation results (p = 0.0002).
When the lagoon is completely covered by ice during the whole ISD (“idealized ice™),
it is on average 16.3£7.2 days less than no-ice computations (p < 0.001). This clearly
shows the importance of full ice cover on decreasing the salinity concentration in the
very northern part of the Curonian Lagoon.
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The highest maximum salt concentration is observed during the autumn sea-
son while the lowest — in spring. Salinity during spring and summer is very similar
(spatial-mean of 0.23+0.23 and 0.26+0.38 g kg™, respectively), likewise during au-
tumn and winter season when ice cover is not taken into account in model computa-
tions (spatial-mean of 0.41+0.62 and 0.32+0.34 g kg, respectively). However, model
computations using real ice cover data show that spatial-mean salinity averaged over
winter season is only 0.31+0.29 g kg™!, with the main difference, compared to no-ice
computations, occurring in the northern part of the lagoon, while salinity difference in
the southern part is negligible.

Salinity during the real and idealized ice cover season does not show a very high
difference (spatial-mean of 0.31+£0.29 and 0.27+0.26 g kg'!, respectively, p = 0). The
spatially averaged salinity of the differences between simulations with real ice cover
and without it (Fig. 9) show that under the real ice cover salinity can decrease by up to
1.02 g kg'. During the idealized ice cover season, salinity under the ice can decrease
by up to 1.18 g kg!. This shows the importance of ice presence and the duration of its
full cover for decreasing the intensity of saltwater intrusions from the Baltic Sea into
the Curonian Lagoon.
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Figure 9. Salinity averaged over ice cover seasons in simulation with “real ice” (a) and
“no-ice” model setup (b), as well as the difference between simulations: “real ice” minus

“no-ice” (¢). The numbers indicate the minimum (D, ), maximum (Dmqayx ), and average

(Davg) of salinity over the total lagoon area. Modified from Paper III.

3.2.3. Water residence time

In the northern part of the CL (northward of LT-RU boundary in Fig.1) average
water residence time is around 55 days, and in the southern (southward of LT-RU

boundary in Fig.1) — 150 days under the real ice cover (WRTe | Table 7), which
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are ~1.5 days (p = 0.13) and ~ 24 days (p = 0.003) longer than it would be if the
ice cover would not be present (WRT{;g“'“). Considering the WRT during the ide-
alized ice cover season (WRT%4!) in the southern part it increases by ~63 days
(p = 0.008), while in the northern part — it is lower by 3 days (p = 0.005), comparing
with WRT/2* (WRT[X27%®), due to the decreased exchanges between the northern
and southern part of the CL. The WRT results averaged over the winter season with ice
cover (WRTL¢4L, ) is very similar to the value of WRT~i€ in the northern part of
the lagoon, due to the variability of the ice season duration (ISD) in this area, although
it is not statistically significant (p = 0.44). The overall WRT in the CL (averaged
over all meteorological seasons through all 11-year simulation period, WRTZ 2%

is around 130 days under the ice cover, which is a ~1.5 days longer compared to the

theoretical period without ice (WRTX:55¢, p = 0.07).

Table 7. Averaged water residence time (WRT) computed for the northern (WRT},y¢5, ), sout-

hern (WRTsgytn ) parts and for the total ( WRTyo.q;) lagoon area. Subscript indicates diffe-

rent WRT computation periods (ice — ice cover season, winter — Dec, Jan, Feb, and season —
every meteorological season), superscript indicates the model setup type (real — satellite ice
cover data, ideal — idealized ice cover data, no-ice — without ice). Redrawn from Paper II1.

Simulation WRT, . (days) | WRT__ (days) | WRT,_ (days)
WRT] e 55.48+13.72 150.54+41.10 | 113.79+28.68
WRT/deal 50.01+13.16 190.10497.92 | 124.22+43 .85
WRTice 53.09+14.53 126.52+28.79 | 99.67+23.97
WRTirCial correlation with ISD: | (0.71 0.79 0.84
WRTreal 53.81+9.94 152.47+50.16 112.15+26.33
WRTRO ice 56.44+7.60 135.62£33.91 | 106.43+22.20
WR Tﬁfﬁfer correlation with ISD: | 0.09 0.79 0.75
WRTIe 66.66+18.93 170.53+52.67 | 129.96+36.09
WRT]kce 67.24+18.39 166.60+52.07 | 128.58+36.49

The correlation coefficient between ISD and different WRT computation periods
ranges from 0.71 to 0.84 (n = 12, p ranging from 0.001 to 0.01), indicating the sig-

nificance of the ice cover impact on the WRT. Although, only WRTJ¢%,, does not
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show any relation to the ISD in the northern part of the lagoon, as mentioned before
due to ice cover being more dynamic in this area during the winter season. The WRT
increase is particularly apparent after the long and severe winters in the southern part
of the lagoon, where the ice stays the longest.

WRT slightly varies during the ice-free meteorological seasons, although the overall
pattern is the same — high WRT values in the southern part of the lagoon, especially
in the southwestern section of it where the data of the inflowing smaller rivers is not
available for using in the modelling studies. The highest WRT of the ice-free period is
observed in summer, due to the decreased wind speed and water inflow from the rivers,
and lowest during spring. The longest WRT is observed during the ice cover season —
the average WRT is nearly twice as long as it would be if the ice would not be present
(Fig. 10). The average WRT distribution derived from “no-ice” simulation is similar to
the one of spring season (p = 0). The difference between simulations with and without
ice also shows higher values in the southeastern corner of the lagoon and in Nemunas
Delta (areas next to the main river outlets), compared to the results using the real ice
cover data, meaning that under the ice water is renewing faster. The comparison of the
results from “real ice” and “idealized ice” model setups shows that the prolonged full ice
cover has a much higher impact on the WRT in the southwestern part of the CL.
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Figure 10. Water residence time (WRT, in days) averaged over ice cover seasons in the
simulation with “real ice” (a), and “no-ice” model set-up (b), as well as the difference
between the simulations: “real ice” minus “no-ice” (c). The numbers indicate the spatial

average (WRT,,, ) of WRT. Contour lines indicate the zero-value threshold (no difference).
Modified from Paper III.
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3.2.4. Suspended sediments

Ice cover takes a very important part regulating the sediment dynamics in the Curoni-
an Lagoon. The comparison of two simulations — with ice cover and without it — shows
that average suspended sediment concentration (SSC) differs from 1.5+1.8 mg L' to
2.8£2.7 mg L' (p = 0.002), respectively, with a significant increase observed during
the strong wind events, when the absent ice cover caused the increased bed shear stress
boosting the SSC in the water column. The SSC time series showed that the influence
of ice cover in the deeper and muddier northern point of the lagoon (S1 in Fig. 1) is
observed only with the very high eastern, south-eastern, or southern winds (>10 m s).
The shallower and sandier point (S2 in Fig. 1) time series showed that ice cover starts to
impact the SSC already with winds of >6 m s, blowing from south-west to north-west.
This shows the importance of ice for water exchange capabilities causing the increase of
SSC in the water column. However, this can change due to the forecasted extreme altera-
tion of the ice cover phenology (Jakimavicius et al., 2019; Haapala et al., 2015), together
with the projected increase of winter sediment load from the Nemunas River (Cerkasova,
2019). For more detailed description of the results see section 5.4.1 in Paper I1.

3.3. Ice thickness

This section combines the results and analysis from Paper IV regarding the ice
thermodynamic model calibration, validation, and its application for the climate
change impact analysis, as well as some new unpublished material of ice model ap-
plications — coupling with the numerical modelling framework SHYFEM in section
3.3.2. A thorough explanation of subsections 3.3.1 and 3.3.3 is given in the Paper IV.

3.3.1. Ice thermodynamic model calibration and validation

Out of several simulation runs, ice model setup with increased snow density values
(Pres,, ) gave better ice thickness results having higher correlation coefficient value
(Table 8). However, the fitness of model results highly depends on the accuracy of
forcing data, e.g., ERAS reanalysis datasets gave better results than using meteoro-
logical data described in Table 1. The snow thickness correlation with the observa-
tions was strong in Nida and Juodkranté, while in Venté it was moderate. A study by
(Cheng et al., 2008) demonstrated that an increased model vertical resolution can lead
to improved results, however, the authors also found that the accuracy of forcing data
was much more important than the vertical resolution. This was also true for the study
presented in this dissertation — the applied ice thermodynamic model’s ability to ac-
curately simulate snow thickness increased with higher resolution of meteorological
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forcing data. The model application with local weather observations produced much
better results. More detailed explanation of the results can be found in Paper I'V.

Table 8. Ice and snow thickness calibration statistics, based on the model set-up types:

Presorig — original setup from Tedesco et al. (2010), and Pres,, — increased densities of all
snow types by 50 kg m*. RMSE is in meters. Redrawn from Paper I'V. Correlation coefficient
significance of all stations is p = 0. Sample size is n.

Nida (n = 383) Juodkranté (n = 436) Venté (n = 388)
Presorig | Presy, Presgyig Pres,, Presgyrig Pres,,
| R 0.89 0.92 0.95 0.96 0.87 0.89
ce
RMSE 0.08 0.07 0.06 0.04 0.06 0.06
R 0.69 0.73 0.62 0.63 0.56 0.56
Snow
RMSE 0.05 0.05 0.07 0.07 0.04 0.04

Overall, the model describes the ice thickness evolution rather well (Fig. 11), al-
though ice season duration was highly overestimated (on average by 1 month). This
was due to the short sporadic freezing events in the beginning of the ice season an
occasionally after continuous ice season in the modelling results, which were not re-
corded in observation data. After elimination of these freezing events, the ISD values
become much more similar to observation data (three station mean R=0.98, compared
to R=0.78, of uncorrected ice seasons, n =33, p =0).
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Figure 11. Scatterplots of measured and modelled ice thickness and ice season duration in
Nida, Juodkranté, and Venté for the period of 2004-2017. Redrawn from Paper IV.
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3.3.2. Ice thickness distribution

As described in the previous section, ice thickness evolution is simulated very
well, although the lack of the dynamical component in the ice modelling becomes ap-
parent when looking at the results of the coupled ice and hydrodynamic model simu-
lations. During the beginning and ending of the ice season, when the ice is very thin
and easily transferrable by the wind, the ice model is not capable to reproduce the real
conditions as seen in remote sensing images (Fig. 12). The ice thermodynamic model
results depict the setting of a fictional situation — without wind stress on the surface,
allowing for the ice to continuously grow and thicken. In this way, it takes more time
to melt during the occasional temperature increases during the ice cover period. In
2005-2006 a melt-off in the beginning of the ice season was observed. Although it
was too thick to completely disappear from the modelling results, the overall thick-
ness highly decreased.

-’i e
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Figure 12. Ice thickness distribution during the freezing period on 24 and 27 December,
2005. Satellite data and modeling results. Ice cover from Envisat Advanced SAR images is
displayed in horizontal hatch pattern. Unpublished results.

It is clear, that during unstable air temperature (fluctuating around the freezing
temperature) during the freezing period, predictions of the ice thickness are unreliable
using only the ice thermodynamic model. However, in the northern part, where the
water is more saline due to the saltwater intrusions, it affects the distribution of thin
ice (up to 5 cm), due to altered freezing temperature.

When air temperature is continuously low, i.e., during the winter of 2013-2014
(Fig. 13), allowing fast and full freezing of the lagoon, the thicker ice forms along
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the eastern and southern parts of the lagoon. Ice in the western shoreline is thinner
(as seen in profile graphs in Fig. 13), presumably due to the slightly warmer air tem-
perature, wind blowing from the Baltic Sea. The difference between the most eastern
and western values is ~4 cm. The north-south profile line indicates a thinner ice in the
middle of the lagoon, with thicker ice forming in the southern part of the CL.
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Figure 13. Four ice thickness profile lines (shown in graphs) and average ice thickness

(coloured map) during 2013-2014. Profile lines are plotted for the 2014-02-07 snapshot,
when the total ice thickness maximum of this ice season was reached; W-E profile lines
(distance) go from west to east, N-S profiles — from north to south. Unpublished results.

In the future, ice cover characteristics are likely to change, as it is described in the
next section of this dissertation — leading to shorter ice seasons with much thinner ice.
Thus, it might become difficult to simulate ice thickness distribution based solely on
the thermodynamic model setup, without inclusion of the dynamic processes in the
sea ice modelling.

3.3.3. Ice thickness future projections

The five model mean/max ice thickness of 94+3/20 cm during the historical pe-
riod will likely decrease to 6+£3/15 cm and 6+2/16 cm in the near future (~30/25%
and ~30/20% less compared with the historical period) under RCP4.5 and RCP8.5
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scenarios, respectively. In the far future the average ice thickness is likely to be
4+1/9 cm and 1+1/4 cm (~60/55% and 85/80% less compared with the historical pe-
riod) under RCP4.5 and RCPS.5 scenarios, respectively (Fig. 14). The percentage of
change for RCP4.5¢4, is similar to that from the study of applying statistical methods
(Jakimavicius et al., 2019), although the authors projected that under RCP8.5¢,, ice
would form once every five years reaching 4-11 cm thickness.
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Figure 14. Five model (ICHEC, CNRM, IPSL, MOHC, and MPI) mean maximum ice
thickness (left) and ice season duration (right), during the historical (Hist, 1986-2100),
near (2021-2040) and far (2081-2100) future periods under RCP4.5 and RCP8.5 scenarios.
Circles denote the outliers, black line indicates the median, and symbol “x” is the mean.
Adapted from Paper IV.

The number of ice days (Fig. 14) is likely to decrease by ~15% in the near future
under both RCP scenarios, compared with the historical period, while in the far future
this change is much higher — 30% under RCP4.5 and 57% under RCP8.5. That is on
average 110+9 days in the near future and 92+11 days in RCP4.5;4, and 56+13 days
in RCP8.5¢4,, compared with 130+11 days during the historical period. However,
these values have to be taken cautiously, because the ice model overestimates the ISD,
thus it is more likely that these numbers are lower. These numbers differ from those
in Jakimavicius et al. (2019) study, although they also used data from the Klaipéda
Strait, where the ice is usually very thin, not land locked, and lasts for a shorter period,
due to the more saline water and intensive shipping.

The trend analysis showed that the maximum ice thickness will decrease at a rate
of 0.11-0.18 cm year' under RCP4.5 and 0.11-0.30 cm year' under RCP8.5 sce-
narios, while the statistical data of trends in the Baltic sea, the area outside the Bay of
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Bothnia, project that the mean annual maximum ice thickness will decrease at a rate
of 0.1-0.34 and 0.08-0.76 cm year' under RCP4.5 and RCP8.5, respectively, with
higher values northward (Luomaranta et al., 2014). In this study the ISD is projected
to decrease at a rate of ~0.41 days year! under RCP4.5, and ~0.83 days year! under
RCPS8.5 scenario.
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Conclusions

1. Multi-mission remote sensing data of spatially detailed ice cover conditions in
the Curonian Lagoon revealed a good performance in defining the key ice phenology
elements regarding the whole lagoon surface (mean success rate of the satellite obser-
vations is 63%) and could be advocated for its exploitation in regional ice monitoring
programs.

2. The initial ice formation in the Curonian Lagoon starts along the eastern and
southern shoreline with slightly earlier freezing observed in the Nemunas Delta area.
Ice formation is latest in the deepest southwestern part of the lagoon. Occasional
melting events can occur during the full freezing period before the final melt onset,
due to the air temperature increase above the freezing threshold. Ice cover starts to de-
compose in the northern part of the lagoon continuing along the western coastline and
slowly retreating towards the eastern shoreline due to the prevailing westerly winds.

3. High-resolution ice season duration (ISD) maps reveal a high inter-annual vari-
ability, however on average ice resides the longest in the limnic southern, south-eastern
part of the Curonian Lagoon, especially along the eastern coast (including Nemunas
Delta). The shortest ice season is observed in the northern part of the lagoon, due to
the turbid nature of this area and saltwater intrusions. The ice season duration over the
2002-2017 period is 86 days, based on the ground observations. Combining the ben-
efits of satellite and in situ data, a corrected ice season duration record was presented,
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increasing the average ISD up to 89 days. Although, the best parameter to describe
the ice season variability in the whole lagoon domain is the spatial-mean ISD, being
much lower — 71 days on average. The ice season duration is shortening at a rate of
1.6-2.3 days year! during this period. While the dates of the freeze onset and full freez-
ing have not changed much, the timing of final melt onset and last observation of ice
display a clear decreasing trend, leading toward an earlier ice break-up and melt-off.

4. The ice season duration is closely linked to the predominant air temperature,
which is increasing and leading to warmer and shorter winters in the Curonian La-
goon. The cumulative negative air temperature has a very close relationship to the
spatial-mean ISD (R=-0.92), revealing the benefit of satellite data, compared to spa-
tially constrained in situ observations (R=-0.81). Since the regional air temperature
fluctuations are closely linked to the North Atlantic Oscillation (NAO), the variability
of spatial-mean ISD is much closer related to the NAO winter index records (R=0.83)
than that of coastal records (R=0.71) or corrected ISD (R=0.73).

5. Numerical modelling studies revealed that ice cover changes the formation and
location of gyre systems in the Curonian Lagoon. Water exchange capabilities also
decrease due to the diminished circulation under the ice, especially in the cross sec-
tion in the middle of the lagoon where the suppressed wind forcing has a bigger im-
pact on the water movement. Ice cover decreases the salinity in the northern part of
the lagoon, as well as the time and distance of saltwater intrusions by nearly 14 days
year!. Water residence time increases prominently after long ice cover periods, espe-
cially further away from the river outlets and in southern part of the lagoon, where
wind also plays a major role for water renewal. Ice cover significantly decreases the
average suspended sediment concentration (SSC). This is especially prominent during
the strong wind events, due to the increased bed shear stress. If the ice would not be
present in the CL, the waves induced by strong winds and increased water exchange
capabilities would lead to a higher SSC in the water column.

6. The proposed ice thermodynamic model gives satisfactory results for simu-
lating ice thickness evolution in the Curonian Lagoon (three station mean R=0.92,
RMSE=6 cm). Although the model’s capability to produce good results highly de-
pends on the accuracy of the forcing data, it is suitable for further applications. How-
ever, the overall number of ice days is overestimated by on average 1 month, due to
the sporadic short freezing event produced by the model, which were not recorded
in coastal stations. Thus, this parameter has to be taken into account cautiously. Ad-
ditionally, the coupled ice and hydrodynamic modelling system is not fully able to
represent the real ice cover distribution as seen in the remote sensing images. During
thin ice formation or decay events, the wind forcing plays a significant role in distrib-
uting the ice. Using only ice thermodynamics in the modelling framework will not be
enough to simulate ice thickness distribution, especially under changing climate and
projected ice thinning.
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7. The future projection of the ice thickness in the scope of climate change estimate
that compared to the historical period, the maximum ice thickness could decrease by
20-25% in the near future, while in the far future it could decrease by up to 55% under
RCP4.5 and 80% under RCP8.5 scenario. The mean number of ice days could de-
crease by 15% in the near future, while by the end of the century it could decrease by
30% under RCP4.5 or 57% under RCP8.5 scenario. The projected decreasing trend of
ice thickness and phenology records will not only affect the underwater environment,
but also fisheries, and recreational activities in the Curonian Lagoon.
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IVADAS

Temos aktualumas

Ledo danga blokuodama j vandenj prasiskverbiancig Sviesa, nattraly aeravima ir
vandens cirkuliacija per jvairius cheminius procesus modifikuoja visa vandens tel-
kinio ekosistema, jos struktiirg, produktyvuma ir dinamika (Hampton ir kt., 2017).
Uzsalimo pradzia, trukmé ir ledo storis daro didelj socioekonominj poveiki, t. y. ribo-
ja laivyba, eisma, zvejyba, rekreacing veikla ir kt. Tikslios ledo storio, dreifo ir kity
savybiy prognozés yra labai svarbios projektuojant saugius molus, jliroje esancius
véjo jégainiy parkus, planuojant saugias operacijas, poveikio vertinimus ir kt. (Hei-
nonen ir Rissanen, 2017; Marchenko, 2018; Wu ir kt., 2020). Ledo stebéjimai, atlikti
in situ, paprastai yra erdviskai nereprezentatyviis — matavimai yra atliekami keliose
pavienése pozicijose, nes keliavimas ledu yra neretai daug laiko reikalaujantis, pavo-
jingas ir brangus procesas (Block ir kt., 2019). Pastaraisiais deSimtmeciais nuotolinio
steb¢jimo metodai vaidina vis svarbesnj vaidmenj stebint ledo dangg ir yra vieninte-
lis praktiskas metodas, leidziantis gauti nuosekly tegstinj didelés geografinés apimties
ledo dangos registrg (Cui ir kt., 2018; Du ir kt., 2019; Murfitt ir kt., 2018; Zhang ir

67



Summary in Lithuanian

Pavelsky, 2019). Nors nuotoliniai tyrimai ir yra labai geras metodas apibiidinant ledo
fenologija placiu mastu, tokio tipo duomeny skiriamoji geba vis dar néra pakankamai
didele, kad biity galima uzfiksuoti svarbius ledo parametrus, tokius kaip uzsalimo, tir-
pimo pradzia ar ledo storis (Zakhvatkina ir kt., 2019). Sis trikumas gali bati i§sprestas
skaitiniu modeliavimu.

Antzeminiy ir nuotoliniy stebéjimy derinimas su modeliavimu gali labai pagerinti
ledo modeliy prognozavimo galimybes analizuojant ledo storj ir fenologija (Allard ir
kt., 2018; Karvonen ir kt., 2012). Skaitinis modeliavimas leidzia ne tik prognozuoti
buvusias, dabartines bei blisimas ledo busenas atsiliepiant j kintantj klimata, bet ir
tirti fizinius ir ekologinius procesus, vykstancius ledo dangos laikotarpiu (Meier ir
kt., 2014). Ledo dangos nejtraukimas j pazangias modeliavimo sistemas gali pakeisti
ekologiniy ir hidrodinaminiy modeliy rezultatus ir padaryti juos maziau patikimus,
nes kai kuriais atvejais supratimas apie ledo dinamikg Ziemos periodu ir tai, kaip
gyvas organizmas reaguoja i ledo dangos pokycius, gali palengvinti vasaros salygy
prognozavima (Hampton ir kt., 2017).

Tobuléjant ledo steb¢jimo metodams, skaitinio modeliavimo galimybéms bei au-
gant supratimui apie klimato ir aplinkos poky¢ius, ledo salygy tyrimai tampa vis ak-
tyvesni. Nors dauguma ledo tyrimy yra sutelkti j poliarinius regionus (Meier ir kt.,
2014; Notz ir Stroeve, 2018), nes ilgalaikiai jo pokyciai yra globalios klimato kaitos
indeksas (Haustein ir kt., 2017; Kumar ir kt., 2020; Woolway ir kt., 2020), vietinio
masto ledo parametry tyrimai spartéja (Woolway ir kt., 2020). Siaurés pusrutulyje
esanciy ezery ledo fenologiniai duomenys taip pat jau rodo dramatiskus Siltéjancio
klimato pozymius, taciau ledo dangos tirpimo greicio rodikliai ne visose vietose yra
vienodi (EEA, 2017; Sharma ir kt., 2019).

Kadangi ziemos laikotarpiu KurSiy marios uzsala keletai ménesiy, naudinga istirti
ledo dangos savybiy dinamika. Atsizvelgiant j tai, kad marios yra seklus vandens tel-
kinys ir vandens turis po ledu yra mazas, uzSalimas jvyksta grei¢iau nei gilesniuose
vandenyse, o tai daro didesnj poveikj mariose vykstantiems fiziniams ir ekologiniams
procesams. ki Siol ledas KurSiy mariose buvo tiriamas tik naudojant jprastus in situ
matavimus, statistinj modeliavima arba analizuojant jo poveikij kitiems mariy proce-
sams (Dailidienée, 2007; Jakimavicius ir kt., 2019; Rukséniené ir kt., 2015; Umgiesser
ir kt., 2016). Taciau vis dar nebuvo atlikti iSsamus tyrimai, susijuse su ledo dangos
apimties, fenologijos, storio, sezono trukmés dinamika, taikant pazangius analitinius
metodus — nuotolinius tyrimus ir skaitinj modeliavima. Busimy ledo dangos salygy
prognozes, apskaiciuotos naudojant pateiktg ledo termodinaminj modelj, naudojant
meteorologinius duomenis i§ regioniniy klimato modeliy rodo, ko tikétis ateityje kei-
¢iantis klimatui. Be to, hidrodinaminio modeliavimo sistemoje integruotas ledo mo-
delis gali biiti toliau naudojamas kartu su ekologiniu modeliu, siekiant jvertinti ledo
dangos poveikj visai Kur§iy mariy ekosistemai.
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Tyrimo tikslas ir pagrindiniai uzdaviniai

Sio tyrimo tikslas yra istirti Kursiy mariy ledo dangos fenologija ir dinamika kli-
mato kaitos kontekste, naudojant nuotoliniy stebéjimy ir skaitinio modeliavimo meto-
dus, ir iSanalizuoti ledo dangos poveikj mariy hidrodinaminéms savybéms.

Pagrindiniai uzdaviniai:

1. jvertinti ledo fenologijos dinamikg ir i§ palydovo vaizdy nustatyti ledo augimo
ir irimo désningumus bei jvertinti nuotolinio stebéjimo duomeny panaudojamuma re-
gioniniam ledo dangos stebéjimui,

2. pritaikyti palydovinius ledo dangos duomenis skaitiniame modelyje ir iSanali-
zuoti ledo dangos poveikj cirkuliacijai, druskingo vandens prietakai, vandens uzsilai-
kymo galimybéms ir suspenduoty nuosédy koncentracijai,

3. atlikti ledo storio modelinius skaiCiavimus, patvirtinti gautus rezultatus in situ
duomenimis ir iStirti biisimas klimato kaitos scenarijy RCP4.5 ir RCP8.5 prognozes,

4. integruoti ledo termodinaminj modelj | hidrodinaminio modeliavimo sistema
SHYFEM ir jvertinti ledo storio pasiskirstymg visame KurSiy mariy pavirsiuje.

Darbo naujumas

Sis tyrimas pirma karta pateikia jungtines Zinias apie Kur$iy mariy ledo dangos
fenologija. Joje nagrinéjami nauji ledo dangos steb¢jimo ir prognozavimo metodai,
lyginant su jprastais iz situ matavimais ir pazangiais nuotolinio steb¢jimo metodais,
bei pabréziami pastaryjy privalumai. Palydoviniy duomeny panaudojimas sekliy van-
deny baigtiniy elementy hidrodinaminiame modelyje (SHYFEM) rodo didelés skiria-
mosios gebos ledo stebéjimy svarbg tinkamai apibiidinant fizinius procesus ledo sezo-
no metu. Iki Siol Kursiy marioms nebuvo taikomas veikiantis ledo skaitinis modelis,
tai taip pat buvo atlikta Sio tyrimo metu. Pazangaus ledo termodinaminio modelio
jtraukimas ] modeliavimo sistema SHYFEM Kkartu su in sifu ir nuotolinio stebé&jimo
duomenimis yra puiki priemoné ledo termodinamikai analizuoti visame mariy pavir-
Siuje bei patobulinanti skaitinj iy gélavandeniy mariy apraSyma.

Apibendrinant galima teigti, kad nauji Sio darbo aspektai yra susij¢ su 1) iSpléstiniu
Kursiy ledo fenologijos ir dinamikos aprasymu; 2) hidrodinaminiy savybiy vertinimu
po ledu; 3) ledo termodinaminio modelio integravimu i hidrodinaminio modeliavimo
sistema; 4) ilgalaikémis ledo storio prognozémis. Sukurtos ledo modelio paprogramés
ir kodo struktiira suteikia galimybe ateityje ji susieti su kitais modeliais SHYFEM
modeliavimo sistemoje.
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Rezultaty moksliné ir praktiné reik§mé

Sio tyrimo rezultatai papildé miisy Zinias apie ledo dangos fenologija ir dinamika
visame Kur$iy mariy pavirsiuje, taip pat fiziniy procesy pokycius po ledu. Atlikus pa-
lydoviniy duomeny vertinima paaiskéjo, kad daugeliu atvejy jie yra geresni, palyginti
su antZzeminiais stebéjimais, nustatant ledo parametrus visame mariy pavirsiuje. Pa-
lydoviniy ledo duomeny panaudojimas hidrodinaminiame modelyje suteiké galimybe
giliau pazvelgti | ledo dangos poveik]j fiziniams procesams Kur$iy mariose. Skaitinis
paties ledo modeliavimas leidzia prognozuoti mariy ledo storio ir pavirSiaus paden-
gimo ledu raida, taip pat iSbandyti skirtingy klimato kaitos scenarijy jtaka ledo feno-
logijai. Pasiiilytas ledo termodinaminis modelis labai gerai sutampa su Kursiy mariy
antzeminiy ir nuotoliniy stebéjimy duomenims. Tolesné $io modelio integracija j skai-
tinio modeliavimo sistemg SHYFEM leidzia mums ne tik nuodugniai istirti ledo storj
visame tyrimy rajone, bet ir bus labai naudinga modelio pritaikymui kitiems sekliems
vandens telkianiams, kuriems biidinga ledo danga. Sio darbo metu sukurta ledo mo-
delio programing¢ integracija su hidrodinaminiu modeliu (paprogramés ir kodo struk-
tiira) gali buti toliau vystoma susiejant jj su kitais SHYFEM modeliavimo sistemos
modeliais. Visa tai bus geras zingsnis i priekj apibadinant KurSiy mariy ekosistemga.

Rezultaty aprobavimas

Sio tyrimo rezultatai buvo pristatyti 3 tarptautinése ir 2 regioninése konferencijose:

,Jiros ir kranty tyrimai®, Klaipéda, Lietuva, 2018 m. geguzés mén.

7-ajame IEEE/OES Baltijos 3aliy simpoziume ,,Svari ir saugi Baltijos jiira ir energeti-
nis saugumas Baltijos Salims®, Klaipéda, Lietuva, 2018 m. birzelio mén.

,»Jiros ir kranty tyrimai®, Klaipéda, Lietuva, 2019 m. geguzé.

ESA ,,Living Planet* simpoziume, Milanas, Italija, 2019 m. geguzés mén.

AGILE konferencijoje 2019 m., Limasolis, Kipras, 2019 m. birZelio mén.

Sios disertacijos rezultatai buvo paskelbti mokslinése publikacijose:

Idzelyté R., Kozlov I.E., Umgiesser G. 2019. Remote Sensing of Ice Phenology and
Dynamics of Europe’s Largest Coastal Lagoon (The Curonian Lagoon). Remote
Sensing, 11, 2059, doi: 10.3390/rs11172059.

Meéziné J., Ferrarin C., Vaiciaté D., Idzelyté R., Zemlys P., Umgiesser G. 2019. Sedi-
ment Transport Mechanisms in a Lagoon with High River Discharge and Sediment
Loading. Water, 11, 1970, doi: 10.3390/w11101970.

Idzelyté R., Méziné J., Zemlys P., Umgiesser G. 2020 Study of ice cover impact
on hydrodynamic processes in the Curonian Lagoon through numerical modeling.
Oceanologia, 62, 428-442, doi: 10.1016/j.0cean0.2020.04.006.
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Idzelyté R., Umgiesser G. 2020. Application of an Ice Thermodynamic Model to a
Shallow Freshwater Lagoon. Boreal Environment Research, 26, 6177, ISSN 1797-
2469.

TYRIMU MEDZIAGA IR METODAI

Tyrimuy rajonas

Siame darbe analizuojama tyrimo sritis yra pietrytinéje Baltijos jiiros dalyje
esancios Kursiy marios. Nors ir esantis seklus gélavandenis vandens telkinys (vidu-
tinis gylis — 3,8 m, didziausias nattralus gylis — 5,8 m), marios yra didziausia lagtina
visoje Europoje (plotas ~ 1600 km?, taris 6,3 km?) (Gasitnaité ir kt., 2008; Zaromskis,
1996). Kursiy marios yra sujungtos su jura siauru Klaipédos sgsiauriu ir esant tinka-
mam véjo rezimui Siauriné mariy dalis pasizymi druskingo vandens prietaka (Zemlys
ir kt., 2013), kuris teka palei vakaring kranto linija dél dominuojancio gélo vandens
nuotekio 1§ Nemuno, kuris yra pagrindinis mariy vandens atsinaujinimo Saltinis (Um-
giesser ir kt., 2016).

Istoriniai ledo stebé¢jimo duomenys rodo, kad 1948-1972 m. ledo sezono trukmé
buvo vidutiniskai 110 dieny (svyruojant nuo 12 iki 169 dieny), o ledo storis svyravo
nuo 10 iki 70 cm (Bauksys, 1978). D¢l vykstanciy klimato poky¢iy ir oro temperatii-
ros kilimo prognoziy ledo dangos storis ir fenologijos parametrai grei¢iausiai pasikeis
pesimistinés pusés link (Jakimavicius ir kt., 2019). Pokytis jau pastebimas vakarinéje
mariy dalyje, kur ledo sezono trukmé sumazéjo perpus, lyginant 1961-1975 ir 1991—
2005 m. laikotarpius (Dailidiené, 2007; Jarmalavicius, 2007).

Duomeny rinkmenos

Palydoviniai ledo stebéjimai. Palydoviniai C dazniy juostos sintetinés aperttiros
radaro (angl. Synthetic Aperture Radar, SAR) duomenys buvo gauti i§ trijy Zemés
stebé&jimo misijy: Envisat Advanced SAR (ASAR), RADARSAT-2 ir Sentinel-1A ir
1B (apatiné eilute, 2 pav.). Analizuojamas 15 ziemy laikotarpis nuo 2002 iki 2017 m.
SAR duomenys buvo papildyti debesy neturin¢iomis vidutinés skiriamosios gebos
vaizdavimo spektroradiometro (MODIS, Terra) nuotraukomis. IS viso buvo gauti ir ap-
doroti 514 SAR ir 101 MODIS vaizdai (virSutiné ir apatiné eilutés, 2 pav.). Siame tyri-
me buvo naudojamas vizualus ledo krasto identifikavimas naudojant SNAP ir ArcGIS
programine jrangg. Ledo sezono trukmé buvo apskaiciuota susumuojant i$ kiekvienos
palydovinés nuotraukos nuskaitmenintam ledo plotui priskyrus jo galiojimo reikSme,
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paremtg dieny skirtumu tarp gauty nuotrauky ir oro temperatiira. Remiantis Siais duo-
menimis i$skirti du ledo sezono trukmés parametrai: maksimalus ( Dsag) ir vidutinis
erdvinis ( Dgag ). Pastarasis buvo suskirstytas j tris kategorijos: trumpas ( Dsar < 50 d.),
vidutinis (50 d. < Dsar < 100 d.) ir ilgas (Dsar > 100 d.). I§ palydoviniy nuotrauky
taip pat buvo nustatytos pirminio ir visisko uzsalimo, paskutinio tirpimo bei paskutinés
ledo dienos datos. Siy parametry kintamumo tendencijos jvertintos naudojant Manno—
Kendallo testa 0,05 reik§mingumo lygyje su 95% patikimumo lygiu.

Norint nustatyti ledo sezono trukmés priklausomybe nuo Siaurés Atlanto svyra-
vimy intensyvumo (angl. North Atlantic Oscilation, NAO), apskaiciuotas koreliaci-
jos koeficientas tarp ledo trukmés ir Hurrello ziemos (nuo gruodzio iki kovo mén.,
NAO, ., indekso, kurj pateiké Klimato analizes skyrius, NCAR, Boulder, JAV. Tuo
paciu jvertintas ir ledo sezono trukmés rySys su sumine neigiama oro temperatira,
iSmatuota Kursiy mariose. Palydoviniai ledo duomenys taip pat panaudoti vizualiai
ledo modelio rezultaty validacijai.

Antzeminiai ledo matavimai. Ledo duomenis 1§ Nidos, Juodkrantés ir Ventés matavi-
mo sto¢iy pateiké Lietuvos aplinkos apsaugos agentiiros jiiriniy tyrimy departamentas.
Nidos ir Ventés duomenys apima visa tyrimo laikotarpj (2002—-2017 m.), taciau Juodran-
téje ledo stebéjimo programa buvo nutraukta nuo 2012 m. Duomenis sudaro ledo riiSys
ir formos, ledy kiekis balais (skaléje nuo nulio — be ledo, iki 10 — visiskai padengta ledu),
bukleé, tankis, storis ir dreifas bei oro ir vandens temperatiira, véjo greitis ir matomumas,
i§ kuriy nustatytos pirminio ir visiSko uzsalimo, paskutinio tirpimo bei paskutinés ledo
dienos datos, kartu nustatant ledo sezono ilgj (D). Si informacija lyginta su palydo-
viniais duomenimis, skai¢iuojant dieny skirtuma tarp Siy daty. Ledy kiekis lygintas su
ledo koncentracija palydovinése nuotraukose apibréztame plote, kuris atitinka bufering
zong aplink matavimo stotis (spindulys — kintantis pagal iSmatuotg kiekvienos dienos
matomuma). Ledo storio matavimai naudoti termodinaminio modelio kalibracijai.

Meteorologiniai duomenys. Debesuotumo, trumpyjy bangy spinduliuotés, krituliy,
drégmés, oro temperatiiros, atmosferos slégio ir véjo grei¢io duomenys buvo gauti
i§ Lietuvos hidrometeorologijos tarnybos (operatyvinio skaitinio oro prognozavimo
modelio HIRLAM) ir Europos vidutinio nuotolio ory prognoziy centro (1 lentelé).

Hidrologiniai duomenys. Baltijos jiiros druskingumo, temperatiiros ir vandens ly-
gio duomenys gauti i$ operatyvinio hidrodinaminiy modelio MIKE21 ir didelés ski-
riamosios gebos Baltijos juros operatyvinio modelio (HIROMB) bei modulinio van-
denyno modelio (MOM) prognoziy (1 lentelé). Lietuvos hidrometeorologijos tarnyba
prie Aplinkos ministerijos pateiké kasdienius upiy nuotékio duomenis.

Klimato duomenys. Analizuojant klimato kaitos poveikj ledo storiui Kursiy mario-
se, istorinis laikotarpis (1986-2005) buvo lyginamas su biisimuoju laikotarpiu (2006—
2100), remiantis dviem tipiniy koncentracijy keliy (angl. Representative Concentration
Pathway, RCP) scenarijais: RCP4.5 ir RCP8. 5. Siy prognoziy meteorologiniai duome-
nys gauti i§ CORDEX (angl. Coordinated Regional Downscaling Experiment) scena-
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rijy Europai i§ Rossby centro regioninio klimato modelio (RCA4), kurj sudaro penki
modeliavimo rinkiniai, pagrjsti penkiais pasauliniais klimato modeliais (2 lentel¢). Siy
modeliy oro temperatiiros duomenys buvo pataisyti pridéjus vidutinj skirtuma tarp ste-
bétos ir modeliuotos lapkri¢io—balandZzio mén. oro temperatiiros, apskai¢iuotos 1993—
2005 m. laikotarpiui. Oro temperatiiros ir ledo storio tendencijos jvertintos naudojant
Manno—Kendallo testg 0,05 reikSmingumo lygyje su 95% patikimumo lygiu.

Matematinis modeliavimas

Hidrodinaminis modelis. Tyrimui buvo naudojamas atviro kodo baigtiniy elemen-
ty hidrodinaminis modelis sekliems vandens telkiniams SHYFEM. Modelis sprendzia
3D hidrodinamines lygtis, vertikaliai integruotas kiekviename sluoksnyje. Lygtys in-
tegruojamos laike naudojant pusiau neisreiksting diskretizavimo schema, o erdviné
diskretizacija pasiekiama naudojant i§ dalies modifikuotg baigtiniy elementy meto-
da (Umgiesser ir kt., 2004). Netaisyklingy trikampiy skaiciavimo tinklelis leidzia
modelj pritaikyti sudétingos geometrijos ir batimetrijos vandens telkiniams. Siame
modelyje palydovinio ledo dangos duomenys yra interpoliuojami, kad apimty visa
ledo sezong, ir pateikiami skaiciais tarp 0 — vanduo ir 1 — visiskai padengta ledu, ir
§ia verte pasveriamas véjo pasiprieSinimo koeficientas, taip sumazinant judesio kiekio
impulsg | vandens pavirsiy. Ledo verté taip pat naudojama skaiciuojant albedg. Mode-
lyje atsizvelgiama tik j ledo dangos dalj, o ne | jos storj ar sniego dangg. Modelio 3D
konfigtiracija buvo naudojama palydoviniy ledo dangos duomeny pritaikymui anali-
zuojant hidrodinaminius procesus ir nuosédy pernesima po ledu, o 2D — ledo dangos
storio visame mariy pavir§iuje modeliavimui.

Ledo modelis. Patobulintas ledo termodinaminis modelis ESIM2 (Tedesco ir kt.,
2010) buvo naudojami ledo storio tyrimams ir ledo modelio integravimui | SHYFEM
modeliavimo sistema. Modelyje skai¢iuojami trys sniego sluoksniai (iSkrites sniegas su-
renkamas ] ,,virtualiy kibirg®, o kai jis prisipildo, iStustinamas ir sniegas sutankinamas),
du tarpiniai sluoksniai (uzsales istirpgs sniegas ir ledas, susidarantis uzsglant vandens
prisotintam sniegui) bei du sluoksniai ledo (biologiskai aktyvus ir biologiSkai neak-
tyvus). Sioje studijoje analizuojamas bendras ledo storis susumuojant tarpiniy ir ledo
sluoksniy storius, taip pat modelis papildytas Silumos srauto i§ vandens Omstedto ir
Wettlauferio (1992) lygtimi. Modelis taip pat apskaiciuoja temperatiirg kiekvieno snie-
go ir ledo sluoksnio sgsajoje bei pavirsiuje. Integracija j hirodnaminj modelj SHYFEM
atlikta nustatant abipusj rysi tarp modeliy skai¢uojamos vandens temperatiiros bei hi-
drodinaminio modelio druskingumas naudojamas apskaic¢iuoti uzsalimo temperattira.

Sedimenty modelis. Nuosédy pernasos modelis SEDTRANSOS (priklausantis tai pa-
¢iai SHYFEM modeliavimo sistemai) buvo naudojamas tiriant ledo jtakg suspenduoty
nuosédy koncentracijai. Kiekviename modelio laiko zingsnyje erozijos ir akumuliacijos
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greiciai apskai¢iuojami remiantis véjo sukeltomis bangomis ir srovémis, taip pat atnau-
jinamas gylis hidrodinaminiy procesy reik§miy skai¢iavimui sekan¢iame modelio laiko
zingsnyje. Priedugnio vandens sluoksnio greitis, apskaiciuotas hidrodinaminio modelio,
naudojamas apskai¢iuojant dugno Slyties jéga. Pradiné dugno nuosédy struktiira buvo
gauta i§ (Gelumbauskaités ir kt., 1999; Gulbinskas ir Zaromskis, 2002) zemélapiy ir pa-
naudota modelyje sukonstravus devyniy klasiy taisyklingg nuosédy tinklelj, kiekvienai
klasei priskiriant suspenduoty nuosédy koncentracijos procenta.

Modeliavimo nustatymai ir scenarijai. Ledo dangos poveikiui hidrodinaminiams
procesams analizuoti naudojamas skaiciavimo tinklelis, atitinkantis Kurs$iy mariy teri-
torija, susideda i§ 1309 mazgy ir 2027 trikampiy elementy, o vertikaliai diskretizacijai
panaudota 10 sigma sluoksniy. Dalis Baltijos jtiros yra taip pat jtraukta j skai¢iavimo
tinkelj tam, kad biity iSvengta trikdziy skaiCiuojant vandens mainus per Klaipédos
sgsiaurj. Taikant palydovinius ledo dangos duomenis hidrodinaminiame modelyje,
Baltijos jira ir Klaipédos sasiauris buvo laikomi be ledo. Modeliavimo laikotarpis
buvo nuo 2004-01-01 iki 2015-12-31. Atlikti trijy tipy modeliavimai: be ledo, su pa-
lydoviniais ledo dangos duomenimis ir su idealizuota ledo danga, kai mariy pavirSius
yra visiSkai padengtas ledu viso ledo sezono laikotarpiu (3 lentel¢). Cirkuliacijos,
druskingumo ir vandens uzsilaikymo duomenys buvo suvidurkinti pagal kalendori-
nius sezonus bei ledo sezono laikotarpiu (kiekvienais metais skirtingas). Ledo jtakai
jvertinti skai¢iuojamas vidutinis skirtumas tarp modelio skai¢iavimy naudojant ledo
duomenis ir ne. Taip pat skaiciuotas valandy skai¢ius per metus, kai druskos koncen-
tracijos skirtumas tarp pavir$inio ir priedugnio vandens sluoksniy virsijo 1 ir 3 g kg™
ribas Klaipedos sasiauryje (1 pav., pazyméta geltona spalva), bei dieny skaicius, kai
vertikaliai suvidurkinta druskos koncentracija virsija 2 g kg™! ribg Juodkrantéje. Van-
dens uzsilaikymo laikas buvo atskirai apskaiCiuotas Siauriniam, pietiniam ir visam
mariy plotui.

Ledo dangos poveikis suspenduoty nuosédy koncentracijai analizuojamas naudo-
jant 2033 mazgy ir 3294 elementy skaiciavimo tinklelj su penkiais sigma sluoksniais
vertikaliai diskretizacijai. Skaiciavimo laikotarpis nuo 2014-01-15 iki 2014-03-07,
skai¢iavimus atliekant panaudojus ledo palydovinius duomenis ir ne. Siy skai¢iavimy
palyginimas buvo atliktas apskaiciuojant visy mariy viduting suspenduoty nuosédy
koncentracija ir zZvelgiant | koncentracijos vandens storymeéje laiko eilutes dviejose
steb¢jimo stotyse Siaurinéje mariy dalyje (1 pav., S1 ir S2).

Ledo termodinaminis modelis buvo sukalibruotas 2004-2017 m. laikotarpiui,
skai¢iavimams naudojant modelio nustatymus i§ Tedesco ir kt. (2010) () ir padidinus
visy sniego tipy tankj 50 kg m” (Pres, ). Rezultatai buvo palyginti su ledo storio
matavimais Nidoje, Juodkrantéje ir Ventéje (1 pav.), apskaiciuojant $aknj i$ vidutinés
kvadratinés paklaidos (RMSE) ir Pirsono koreliacijos koeficientg (R).

Ateities ledo storio prognozéms naudoti RCP4.5 ir RCP8.5 scenarijais paremti
penkiy klimato modeliy duomenys. Rezultatai suskirstyti j istorinj perioda (1986—
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2005) bei artimg (2021-2040) ir tolimg ateitj (2081-2100), skai¢iuojant pasirinkty
modeliy vidutines ledo storio, sezono ilgio ir oro temperatiiros lapkri¢io—balandzio
ménesiais reikSmes (5 lentelé).

REZULTATAI IR DISKUSIJA

Ledo fenologija ir dinamika

Palydoviniai ledo stebéjimy lyginimas su in situ. Ledo dangos koncentracija, gauta
i$ palydoviniy vaizdy, puikiai sutampa su antZzeminiais stebéjimais (R = 0,92), like ne-
atitikimai atsiranda dél palydovinése nuotraukose sunkiai atpazjstamy plono ir mazos
koncentracijos ledo. Skirtumas tarp uzsalimo pradzios daty, nustatyty i$ palydoviniy
nuotrauky ir pakrantés stociy, yra tik 0,5 dienos, pirmiau pastebint pakrantés stotyse.
Nors nuotoliniy vaizdy daznis néra pakankamai didelis, kad biity galima pastebéti greita
ledo formavimasi, vis délto 38% atvejy jis buvo pastebétas palydovinése nuotraukose
anksciau nei pakrantés stotyse. PanasSus vidutinis skirtumas pastebimas visisko uzsalimo
metu, tik ¢ia 62% atvejy, kai jis jau uzfiksuotas stebéjimy stotyse, palydovinés nuotrau-
kose vis dar matomi atviro vandens plotai toliau nuo pakrantés. DidZiausias skirtumas
tarp nuotoliniy ir in situ stebéjimy yra apibréziant paskutinio tirpimo data, kai palydovi-
nése nuotraukose jis aptinkamas vidutiniskai 5 dienomis anks¢iau nei pakrantés stotyse
(75% visy atvejy). Paskuting ledo diena fiksuojama vidutiniskai 2 dienomis véliau nei
pakrantéje (net 82% visy atvejy). Sujunge nuotoliniy ir antzeminiy stebéjimy ledo fo-
romavimosi ir i§tirpimo datas gauname pataisyta ledo sezono trukme (Dcorr ), kuri 73%
atvejy yra iki 10 dieny ilgesné, nei gauta i$ in situ stebéjimy.

Ledo dangos plotas, jo augimas ir irimas. Po ledo formavimosi pradzios praeina
vidutiniskai 6 dienos (nuo 0 iki 35 dieny), kol KurSiy marios pilnai pasidengia ledu,
priklausomai nuo vyraujancios neigiamos oro temperatiiros. Ledo formavimasis pra-
sideda iSilgai mariy rytinés ir pietinés pakrantés, taip pat Siek tiek anksciau uzsala
Nemuno deltos teritorija (4a pav.). Véliausiai ledas formuojasi palei pieting Kursiy
nerijos atkarpa ir virs§ giliausios pietvakarinés mariy dalies. 2002-2017 m. kiekvieng
ziema pastebimas visiskas mariy uzsalimas, trunkantis vidutiniskai 40 dieny (nuo 10
iki 90 dieny). Tarp visisko uzsalimo ir paskutinio tirpimo daty pastebimi keletas ledo
tirpimo atvejy dé¢l pakilusios, teigiamos oro temperatiiros. Vidutiniskai ledo danga
pradeda nykti vasario pabaigoje, o visas tirpimo laikotarpis vidutiniskai trunka méne-
si (nuo 6 iki 60 dieny). Tirpimas prasideda Siaurinéje mariy dalyje, kur yra aktyvesné
vandens cirkuliacija ir druskingo vandens prietaka i§ Baltijos juros, ir t¢siasi pagal va-
karing pakrante. Vyraujanti véjo kryptis yra pagrindinis faktorius reguliuojantis ledo
atsitraukimo désningumus. Dazniausiai vakary véjai dreifuojantj ledg stumia rytinés,
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pietrytinés mariy dalies link. Ledo danga per pastaruosius metus pradeda irti ir nutirp-
ti vis anksciau, taciau statistiSkai reik§minga yra tik paskutinio tirpimo daty ankstéji-
mo tendencija (p = 0,02).

Ledo sezono ilgis. Sio tyrimo metu pirma karta pristatyti detalis ledo sezono
trukmés zemélapiai. Vidutiné 15-os sezony ledo danga ilgiausiai matoma mariy pi-
etrytingje limniskoje dalyje ir palei ryting pakrantg, taip pat Nemuno deltos rajone
(75-85 dienos), trumpiau — vakarinéje ir pietvakarinéje mariy dalyje (65—70 dieny), o
trumpiausias — Siauringje dalyje (<65 dienos), dél aktyvios hidrodinamikos ir siiraus
vandens prietakos. Vidutiné 15-os mety erdviné ledo sezono trukmé yra 71 diena, ma-
tavimy stotyse ji yra 86 dienos, o pataisytoji ledo sezono tukmé — 89 dienos. Pastaroji
trumpéja apie 1,6 dienos per metus 2002—2017 m. periodu. Erdvinis ledo sezono ilgis
geriau atspindi ledo dangos salygy KurSiy mariose erdvinj kintamuma, jis taip pat
turi ryskesne trumpéjimo tendencijg (2,3 dienos per metus). Panasiis ledo dangos se-
zono sutrumpéjimo rezultatai buvo uzfiksuoti ir per pastarajj Simtmetj Baltijos juroje
(Haapala ir kt., 2015). Ledo sezono daugiametis kintamumas turi panasias tendencijas
kaip ir Rygos jlankoje (Siitam ir kt., 2017) Latvijos priekrantéje (Klavins ir kt., 2016)
ir Aistmarése (Chubarenko ir kt., 2019). Ledo sezonus suskirs¢ius j trumpus, viduti-
nius ir ilgus, pastebéta, kad ledo formavimasis trumpomis ziemomis prasideda beveik
meénesiu véliau nei ilgomis, bei periodas, kai ledas mariy pavirsiy dengia >80%, yra
trumpesnis.

Regioniniai klimato svyravimai vir§ Kursiy mariy yra susije su Siaurés Atlanto
svyravimais (Dailidiené¢ ir kt., 2012). Pastebéta stipri koreliacija tarp NAO . ir ledo
sezono trukmés (-0,71, -0.73 ir -0,83 atitinkamai lyginant su Dg;, Dcorr it Dsar ). Be
to, ledo trukmeé rodo aiskig priklausomybe nuo lokaliai iSmatuotos suminés neigiamos
oro temperatiiros (R = -0.81 lyginant su Dy ir Deorr bei R =-0.92 lyginant su Dsar),
kuri tendencingai kyla vedant prie Siltesniy ir trumpesniy zZiemy. Kaip pastebite, ge-
riausi rezultatai gaunami atsizvelgiant j vidutinj erdvinj ledo sezono ilgj, jrodant nuo-
toliniy stebéjimy privalumus ledo dangos sezono trukmés svyravimy supratimui.

Ledo poveikis

Cirkuliacija ir vandens srautai. DidZiausias vandens srovés greitis pastebimas
Siauringje mariy dalyje, kur Nemuno vanduo teka link Klaipédos sasiaurio. Pietingje
dalyje po ledo danga sroviy greitis pastebimai sumazéja, nes véjas yra pagrindinis jy
generatorius. Srovés suvidurkintos kiekvienam kalendoriniam sezonui rodo skirtin-
gus stkuriy iSsidéstymus, bégant sezonams pasislenkant j skirtingas mariy vietas ir
formuojantis naujoms stikurinéms sistemoms. Po ledu siikuriai yra labiau susispaude
pietinéje mariy dalyje, jei ledo dangos nebiity, dauguma jy biity mariy viduryje. Sis-
temy pasiskirstymas Siek tiek skiriasi nuo panasaus tyrimo, kurj atliko Umgiesser ir
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kt. (2016), kur jie naudojo 4 mety teritoriskai nereprezentatyvius ledo duomenis i$
pakranciy stociy. Analizuojant idealizuotos ledo dangos atveji (kai viso ledo sezono
metu marios yra visiSkai padengtos ledu), vanduo teka léciau palei vakaring ir Siek
tiek greiciau palei ryting kranto linijg Siaurinéje mariy dalyje, lyginant su tekéjimu po
tikraja ledo danga. IS keturiy pasirinkty sekcijy (1 pav., spalvotos linijos) aiskiausiai
matoma, kad ledo danga daro didesn¢ jtaka vandens srautams Nemuno deltos rajone ir
per Lietuvos—Rusijos sieng, kur skirtumas tarp modeliavimo rezultaty su ledu ir be jo
yra beveik dvigubai didesnis nei Klaipédos sasiauryje ir j Siaure nuo Nemuno. UZsite-
susi pilna ledo danga (idealizuotas ledas) taip pat turi didziausig jtaka Sioje srityje, nes
vandens masé, iSeinanti i§ Nemuno deltos, yra pastovesné, necirkuliuoja tarp deltos ir
mariy palyginti su modeliavimu be ledo, todél maziau vandens nukreipiama j pietus.

Siraus vandens prietaka. Druskingumo koncentracija yra didziausia mariy Siau-
ringje dalyje, kur dél Siauriniy véjy yra biidinga siiraus vandens prietaka i§ Baltijos
juiros, pietinéje dalyje druskos koncentracija yra itin maZza ir nereikSminga. DidZiausia
druskos koncentracija yra rudens sezono metu, o maziausia — pavasarj. Druskingumas
pavasar] ir vasarg yra labai panaSus (erdvinis vidurkis atitinkamai 0,23 ir 0,26 g kg
1, o tikrojo ir idealizuoto ledo dangos sezono metu neparodo labai didelio skirtumo
(erdvinis vidurkis atitinkamai 0,31 ir 0,27 g kg'). Taciau tikros ledo dangos metu
druskingumas gali sumazéti iki 1,02 g kg™!, o idealizuoto — iki 1,18 g kg™'. Tai parodo
pilnos ledo dangos ir jos trukmeés svarba mazinant druskingo Baltijos jiiros vandens
prietakos intensyvumga j KurSiy marias.

Modeliavimo rezultatai rodo, kad Klaipédos sgsiauryje druskingumo skirtumas
tarp vandens priedugnio ir pavirSiaus virSija 1 g kg' ribg vidutiniskai 130 valandy
per metus, kai modelio skai¢iavimuose naudojama tikra ledo danga, o jei ledas skai-
¢iavimuose nenaudojamas, tai Sis skirtumas yra vidutiniskai 114 valandy per metus.
Juodkrantéje vidutinis vandens stulpo druskingumas virsija 2 g kg™' ribg vidutinikai
beveik 90 dieny per metus, kai modelio skaiciavimuose atsizvelgiama j tikraja ledo
danga, taciau j ja neatsizvelgus Sis periodas pailgéja vidutiniskai 13,9 dienomis.

Vandens uzsilaikymo laikas. Siaurinéje mariy dalyje vidutinis vandens uZsilaiky-
mo laikas (VUL) yra apie 55 dienos, o pietuose — 150 dieny po tikra ledo danga, o tai
yra ~ 1,5 dienos ir ~ 24 dienomis ilgiau nei visi§kai nebanant ledo. Zvelgiant j VUL
idealizuotos ledo dangos atveju, pietinéje dalyje jis padidéja ~40 dieny (~63 dienos),
lyginant su tikrojo ledo (be ledo) modelio rezultatais, taciau Siaurinéje mariy dalyje
jis yra 5 dienomis (2 dienomis) mazesnis, dél sumazéjusiy vandens mainy tarp Siauri-
nés ir pietinés mariy dalies. Bendras VUL po ledo danga Kursiy mariose per 11 mety
modeliavimo laikotarpj yra apie 130 dieny, tai yra ~ 1,5 dienos ilgesnis, palyginti su
teoriniu laikotarpiu be ledo (7 lentelé). Koreliacijos koeficientas tarp ledo sezono ilgio
ir skirtingy vandens uzsilaikymo skaic¢iavimo laikotarpiy yra nuo 0,71 iki 0,84. Ledo
dangos poveikio reikSmingumas vandens atsinaujinimui akyvaizdus, ypac po ilgy ir
atSiauriy ziemy pietin¢je mariy dalyje, kur ledas iSlieka ilgiausiai. Meteorologiniais
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sezonais VUL S$iek tiek skiriasi: ilgiausias — vasarg, dél sumazéjusio véjo greicio ir
vandens srauty i$ upiy, o trumpiausias — pavasarj, taciau bendra schema yra ta pati —
didelés laiko vertés pietinéje mariy dalyje, ypac pietvakarinéje jos puséje, kur ma-
Zesniy upiy nuotékio duomenys nebuvo prieinami modeliavimo studijoms. Ilgiausias
laikas stebimas ledo dangos sezono metu — vidutiniSkai beveik dvigubai ilgesnis nei
nesant ledui (10 pav.).

Suspenduotos nuosédos. Dviejy modeliavimy rezultaty — su ledo danga ir be jos —
palyginimas rodo, kad vidutiné suspenduoty nuosédy koncentracija skiriasi atitinka-
mai nuo 1,5 + 1,8 mg L' iki 2,8 £ 2,7 mg L, o reikSmingas padidéjimas pastebétas
stipriy véjy metu. Laiko eilutés rodo, kad ledo dangos jtaka gilesniame ir dumblétame
Siauriniame mariy taske (1 pav., S1) pastebima tik esant labai stipriam ryty, pietryCiy
ar piety véjui (> 10 m s), o seklesniame ir smélingame taske (1 pav, S2) — jau esant
> 6 m s! véjui, puéianéiam i§ pietvakariy j Siaurés vakarus. Tai rodo ledo svarbg blo-
kuojant stipriy véjy sukeltas bangas ir vandens mainy galimybes, dél kuriy vandens
stulpe padidéja suspenduoty nuosédy koncentracija.

Ledo storis

Ledo modelio kalibracija ir validacija. Skirtingi modeliy nustatymo tipai parodé,
kad Pres, duoda geresnius ledo storio prognoziy rezultatus. Ledo termodinaminis
modelis gana gerai apibiidina ledo storio raida (11 pav.), trijy stociy vidutinis korelia-
cijos koeficientas yra 0.92 (8 lentel¢). PrieSinga situacija yra su ledo sezono trukme.
Ledo modelis pervertina sezono trukme vidutiniSkai 1 mén. dél modelyje skaiciuoja-
mo labai plono ledo, kuris realyb¢je yra labai judrus ir gali biiti lengvai perneSamas
véjo toléliau nuo matavimo stociy. Deja, modelio nasumas tinkamai jvertinti sniego
storio dinamikg nebuvo toks aukstas (R = 0,64), lyginant su ledo storiu.

Ledo storio pasiskirstymas mariy plote. Dinaminio komponento triikkumas ledo
modelyje tampa labai akyvaizdus atliekant skaiciavimus su integruotu ledo modeliu |
hidrodinaminj modelj. Ledo sezono pradzioje ir pabaigoje, kai ledas yra labai plonas
ir lengvai pernesamas véjo, ledo modelis negali atkurti realiy salygy, matomy nuo-
tolinio stebéjimo vaizduose (12 pav.). Taciau, kai oro temperatiira yra nuolat zema
(13 pav.), leidzianti marioms greitai ir visiskai pasidengti ledu, ledo modelis yra tin-
kamas anlizuoti ledo storio kintamuma visame Kur$iy mariy pavirsiuje. Tokiu atveju
jis susidaro storesnis palei ryting ir pieting mariy dalis. Ledas vakary pakrantéje yra
plonesnis (kaip matyti profiliy grafikuose 13 pav.) dél Siek tiek Siltesnés oro tempera-
turos, atkeliaujancios nuo Baltijos jliros pusés.

Ledo storio ateities prognozés. Modelio rezultatai rodo, kad vidutinis/maksimalus
9/20 cm ledo storis istoriniu laikotarpiu artimiausiu metu greiciausiai sumazes iki
6/15 cm ir 6/16 cm, o tai yra 30/25% ir 30/20% maziau pagal ir scenarijus atitin-
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kamai. Tolimoje ateityje vidutinis ledo storis tikétina pasieks 4/9 cm ir 1/4 cm, o tai
yra 60/55% ir 85/80% maziau pagal RCP4.5;4, ir RCP8.5¢,, scenarijus atitinkamai
(14 pav.). Ledo sezono trukmé tikétina sumazés ~15% artimoje ateityje pagal abu
scenarijus lyginant su istoriniu periodu, t.y. nuo vidutiniskai 110 dieny artimiausioje
ateityje ir 92 dieny (56 dieny) tolimesnégje ateityje pagal RCP4.5 (RCP8.5). Taciau
Sias vertes reikia vertinti atsargiai, nes ledo modelis pervertina sezono trukme, todél
labiau tikétina, kad Sie jverciai bus bent ~30 dieny mazesni.

ISVADOS

1. Pristatytas pirmasis iSsamus erdvinis ledo dangos salygy pasiskirstymas Kur-
§iy mariose tiriant nuotoliniy tyrimy duomenis, davusius gerus rezultatus nustatant
pagrindinius ledo fenologijos reiskinius (vidutinis palydoviniy stebé&jimy pranasumo
rodiklis yra 63%), taip iSryskinant $iy duomeny naudojimo galimybe regioninése ledo
stebéjimo programose.

2. Ledas pradeda formuotis palei ryting ir pieting Kurs$iy mariy kranto linija, Siek
tiek anksCiau pradedant Salti Nemuno deltos teritorijoje. Pastebéta, kad ledas véliau-
siai susidaro giliausioje pietvakarinéje mariy dalyje. Dél oro temperatiiros pakilimo
kartais gali pasitaikyti keletas tirpimo reiskiniy nuo pirmojo pastebéto visisko mariy
uzsalimo iki paskutinio tirpimo uzfiksavimo. Ledo danga pradeda irti Siaurinéje mariy
dalyje, tesiasi palei vakaring pakrante ir dél vyraujanciy vakariniy véjy létai traukiasi
rytinés pakrantés link.

3. Didelés skiriamosios gebos ledo sezono trukmés zemélapiai rodo didelj kinta-
muma per 15 mety laikotarpj, taciau vidutiniskai ledas ilgiausiai uzsilieka limniskoje
pietinéje, pietrytingje KurSiy mariy dalyje, ypac palei ryting pakrante (jskaitant Ne-
muno deltg). Trumpiausias ledo sezonas pastebimas Siaurinéje mariy dalyje dél akty-
vios vandens pernasos $ioje vietoje ir druskingo vandens prietakos i§ Baltijos jiiros.
Remiantis antZeminiais stebéjimais, vidutiné 15 mety ledo sezono trukmé yra 86 die-
nos. Derinant palydoviniy ir in situ duomeny pranasumus, buvo pateikta pataisyta
ledo sezono trukme, padidinanti viduting sezono trukme iki 89 dieny. Nors geriausias
parametras, apibtidinantis ledo sezono kintamuma visoje mariy teritorijoje, yra vidu-
tin¢ erdviné ledo sezono trukmé, kuri yra daug mazesné — vidutiniskai 71 diena. Ledo
sezono trukmé trumpéja 1,6-2,3 dienomis per metus, analizuojant 2002—-2017 m. lai-
kotarpj. Nors uzsalimo pradzios ir visisko uzsalimo datos mazai pasikeité, paskutinio
ledo tirpimo ir steb&jimo datos rodo aiskia ankstéjimo tendencija — ledas anksciau
suskyla ir iStirpsta.

4. Ledo sezono trukmé yra glaudziai susijusi su vyraujancia oro temperattra, kuri
kyla ir linksta j Siltesnes ir trumpesnes ziemas. Suminé neigiama oro temperatiira turi
labai glaudy rysj su vidutine erdvine ledo sezono trukme (R = -0,92), atskleidziant
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palydoviniy duomeny privalumus lyginant su erdviskai apribotais in situ stebéjimais
(R = -0,81). Kadangi regioninio klimato svyravimai yra glaudZiai susije su Siaurés
Atlanto svyravimais (NAO), vidutinés erdvines ledo sezono trukmes kintamumas yra
daug artimesnis NAO ziemos indekso jrasams (R = 0,83) nei priekranciy steb¢jimy
(R=0,71) arba in situ ir palydoviniy duomeny kombinacijos (R = 0,73).

5. Skaitinio modeliavimo tyrimai atskleide, kad ledo danga keicia vandens stku-
riniy sistemy formavimasi ir vietg KurSiy mariose. Vandens mainy galimybés taip
pat sumazéja del sumazéjusios cirkuliacijos po ledu, ypac iSilgai mariy vidurio, kur
slopinamas véjo poveikis daro didesne jtaka vandens judéjimui. Ledo danga sumazi-
na druskinguma Siaurinéje mariy dalyje, taip pat druskingo vandens prietakos atstu-
mg ir laika beveik 14 dieny per metus. Vandens uzsilaikymo laikas pastebimai ilgéja
po ilgy ledo dangos periody. Tai ypac pastebima toliau nuo upiy iStaky ir pietinéje
mariy dalyje, kur véjas taip pat vaidina svarby vaidmenj atnaujinant vandenj. Ledo
danga Zenkliai sumazina viduting suspenduoty nuosédy koncentracija. Tai ypac aki-
vaizdu stipriy véjy metu padidéjus dugno Slyties jégoms. Jei ledo mariose nebiity,
bangos, kurias sukelia stiprus véjas, ir padidéjusios vandens mainy galimybés, sukelty
aukstesng suspenduoty nuosédy koncentracija vandens stulpe.

6. Pasitilytas ledo termodinaminis modelis duoda patenkinamus ledo storio raidos
Kursiy mariose rezultatus (vidurtinis R = 0,86, RMSE =9 cm). Nors modelio rezultaty
tikslumas priklauso nuo jvesties duomeny tikslumo, jis yra tinkamas kitoms modelio
pritaikymo reikméms. Taciau bendra ledo sezono trukmé pervertinama vidutiniskai
vienu ménesiu dél modelio rezultatuose matomo trumpy uzsalimo epizody, kurie ne-
buvo uzfiksuoti pakranciy stotyse. Taigi i §] parametrg reikia atsizvelgti atsargiai. Be
to, sujungta ledo ir hidrodinaminio modeliavimo sistema negali visiSkai atspindéti
tikrojo ledo dangos pasiskirstymo, kaip matyti nuotolinio stebé&jimo vaizduo-
se. Plono ledo susidarymo ar tirpimo metu vé¢jas turi ry$ky vaidmen;j lemiantj ledo
pasiskirstymg. Kintant klimatui ir numatomam ledo plon¢jimui, nepakaks imituoti
ledo storio pasiskirstyma naudojant tik ledo termodinamika modeliavimo sistemoje.

7. Ateities ledo storio prognozeé, remiantis klimato kaitos scenarijais, rodo, kad maksi-
malus ledo storis (sezono ilgis) artimiausiu metu sumazés (sutrumpés) 20-25% (15%)
artimoje ateityje ir 55-80% (30-57%) tolimoje ateityje, lyginant su istoriniu laikotarpiu.
Numatoma ledo storio ir fenologiniy parametry maz¢jimo tendencija paveiks ne tik van-
dens ekosistema, bet ir zuvininkyste bei rekreacine veiklag Kurs§iy mariose.
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Abstract: A first-ever spatially detailed record of ice cover conditions in the Curonian Lagoon (CL),
Europe’s largest coastal lagoon located in the southeastern Baltic Sea, is presented. The multi-mission
synthetic aperture radar (SAR) measurements acquired in 2002-2017 by Envisat ASAR, RADARSAT-2,
Sentinel-1 A/B, and supplemented by the cloud-free moderate imaging spectroradiometer (MODIS)
data, are used to document the ice cover properties in the CL. As shown, satellite observations
reveal a better performance over in situ records in defining the key stages of ice formation and decay
in the CL. Using advantages of both data sources, an updated ice season duration (ISD) record is
obtained to adequately describe the ice cover season in the CL. High-resolution ISD maps provide
important spatial details of ice growth and decay in the CL. As found, ice cover resides longest in
the south-eastern CL and along the eastern coast, including the Nemunas Delta, while the shortest
ice season is observed in the northern CL. During the melting season, the ice melt pattern is clearly
shaped by the direction of prevailing winds, and ice drift velocities obtained from a limited number
of observations range within 0.03-0.14 m/s. The pronounced shortening of the ice season duration
in the CL is observed at a rate of 1.6-2.3 days year! during 2002-2017, which is much higher than
reported for the nearby Baltic Sea regions. While the timing of the freeze onset and full freezing has
not changed much, the dates of the final melt onset and last observation of ice have a clear decreasing
pattern toward an earlier ice break-up and complete melt-off due to an increase of air temperature
strongly linked to the North Atlantic Oscillation (NAO). Notably, the correlation between the ISD, air
temperature, and winter NAO index is substantially higher when considering the lagoon-averaged
ISD values derived from satellite observations compared to those derived from coastal records.
The latter clearly demonstrated the richness of the satellite observations that should definitely be
exploited in regional ice monitoring programs.

Keywords: ice cover; remote sensing; synthetic aperture radar (SAR); mapping; ice drift; Curonian
Lagoon; NAQO; climate change

1. Introduction

Ice cover is a natural barrier between the water and atmosphere. It is of great importance to
the hydrodynamic and biogeochemical processes in all seasonally ice-covered water bodies as it
significantly alters the sea level oscillations, transfer of momentum and heat, and gas exchange with
the atmosphere. In the shallow coastal waters, like semi-enclosed bays or estuarine lagoons, ice
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formation occurs very rapidly and any small changes in the ice regime clearly reflect the changes in the
regional climate.

Nowadays, many studies of ice conditions are focused on polar oceans because long-term changes
in the Arctic and Antarctic sea ice play an important role in the global climate [1,2]. Nonetheless,
ice phenology records from lakes in the Northern Hemisphere also show a dramatic evidence of the
warming climate and more frequent extreme events. However, rates of ice cover loss are not the same
in all places [3,4] with the shift in timing of the ice freeze-up and break-up, and shortening of the ice
season serving as key indicators of ongoing changes [5].

In the Baltic Sea, the ice cover phenology is also an important aspect for marine traffic, which
makes investigation of the current and future trends of sea ice conditions very important for the
economies of its nine surrounding countries [6-8]. The annual ice cover extent in the Baltic Sea is
highly variable and there are numerous studies describing its characteristics [9-11]. Some of these
works make use of the satellite remote sensing, in particular measurements taken by synthetic aperture
radars (SARs), to infer various aspects of the sea ice regime over the Baltic Sea, including the retrieval
of different sea ice types [12], operational SAR-based monitoring of the ice drift [13], estimates of ice
concentration and thickness [14,15], degree of ice ridging [16], etc. Indeed, SAR appears to be the most
suitable remote sensing instrument for this purpose [17], as it is able to operate under all weather
conditions independently of daylight, has a high spatial resolution order of 10-100 m, and swath
widths of 100-500 km, large enough to observe regional and local variations of the ice cover state [18].

The Curonian Lagoon is the largest coastal lagoon in Europe with high nutrient loadings from
the surrounding rivers [19], thus it is a highly eutrophic water body. Not mentioning the obvious ice
cover implications on the hydrodynamic processes (water residence time [20], mixing, etc.), it has a
considerable impact on the ecological status of the entire lagoon. For example, a shorter ice season
duration (ISD) can lead to earlier spring phytoplankton blooms [21,22] and, hence, induce the dissolved
oxygen (DO) depletion. In turn, a longer ISD can lead to lowering the under-ice DO concentration
due to the decay of the organic matter [23]. The ice season duration plays a major role in the tourism
sector too. During wintertime, the Curonian Lagoon becomes famous for ice fishing, being, however,
a dangerous leisure, since strong winds can break off the ice fields and drift them away from the
shore together with the fishermen. With the changing climate resulting in warmer weather and more
unstable ice cover, such incidents might increase in the future and require detailed information on the
ice cover to plan rapid rescue missions.

In the south-eastern Baltic (SEB), where the Curonian Lagoon (CL) is located, spaceborne SAR
observations have been already used before to study the coastal upwelling and its environmental
implications [24,25], monitoring of cyanobacteria blooms [26], and short-term mapping of ice conditions
for planning potential zebra mussel farms [27]. However, the comprehensive use of spaceborne SAR
data for detailed analysis of ice conditions in the Curonian Lagoon and the SEB is still lacking.
The attention of local researches was primarily focused on studying the ice phenology in rivers and
lakes [28,29], and observations and prediction of ice jams in the larger rivers [30,31]. Existing studies of
ice conditions in the SEB and in the CL are not comprehensive, because they still rely on conventional in
situ records based, for the most part, on the spatially-limited visual observations made at several coastal
stations [32-34]. Some other studies [20,35] have considered the recent changes in the CL hydrology
and water renewal with only modest links to its ice regime. Lastly, the authors of [34] used different
statistical models in the attempt to predict the ice cover formation in the CL based on observational
data. They concluded that the available in situ measurements are sparse and irregular, and do not
describe the ice conditions over the entire lagoon, pointing out that an additional spatially-detailed
information about the ice regime is critical to solve this task.

The aim of this study is, therefore, to use high-resolution multi-mission SAR observations,
supplemented with cloud-free visible-band MODIS data, to reveal, for the first time, detailed spatial
and temporal characteristics of ice cover properties in the Curonian Lagoon during a 15-year period
in 2002-2017.
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2. Study Area

The Curonian Lagoon (Figure 1) is a large estuarine coastal freshwater body with an area of
approximately 1586 km? and a volume of 6.3 km®. The lagoon is relatively shallow with a mean
depth of approximately 3.8 m, the greatest natural depth of 5.8 m, and artificially deepened in the
Klaipéda Strait (the only lagoon outlet) to a depth of up to 16 m [36,37]. It is an open system, influenced
by the saline water from the Baltic Sea and discharge of the fresh water from the Nemunas River
and other smaller rivers. Every year the rivers carry the amount of fresh water about four times
the lagoon volume, thus it is the main water renewal source for the lagoon [20]. The southern and
central parts of the lagoon are considered to be fresh since the average annual water salinity is less
than 0.5%o. The Klaipéda Strait located in the northern CL has an annual average water salinity of
around 3%o0-5.5%o0 due to the water intrusion from the Baltic Sea having an average salinity of 7%,
and decreases toward the south [38].
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Figure 1. Location of the study area—the Curonian Lagoon, with respect to the Baltic Sea. The red frame
in the smaller map shows the location of the lagoon in the southeastern part of the Baltic Sea, while the
red points indicate the locations of the coastal stations. The contour lines inside the lagoon indicate
the bathymetry.

A historical study of ice observational data done by [32] shows that a 10-70 cm thick ice cover
is forming every year in the lagoon. As described, the ice cover usually forms in the beginning of
December, and the lagoon is completely frozen about 12 days after the freeze onset. The northern part
of the lagoon usually freezes later due to the influence of saline seawater and inflow from the Nemunas
River basin. In spring, the ice break-up starts on average in the end of March in the northern part of
the lagoon, and in the Nemunas Delta. The ice completely melts within 6-13 days after the melt onset.
The average length of the ice season is reported to be 110 days (minimum—12 days, maximum—169
days) with the ice cover thickness varying throughout the winter season. The ice cover usually forms
and disintegrates two or more times during the season [39].

Due to the climate change and projected air temperature increase, winters are expected to get
warmer thus the ice cover period in the lagoon will get shorter leading to the increased probability
of thaws and even more unstable ice cover [5,40]. This can already be observed in Nida (a station in
the western part of the lagoon), where the number of days with ice phenomena decreased by 50%,
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comparing the periods of 1961-1975 and 19912005 [33,41]. However, this and the above-mentioned
historical studies are based on solely point-wise observational data, lacking the overall view of the
entire lagoon surface.

3. Materials and Methods

3.1. Satellite Data

In this study, the ice cover in the Curonian Lagoon is investigated in the period between 2002
and 2017 (15 winters in total). Satellite data were the C-band (~5.6 cm) synthetic aperture radar
measurements from three Earth observation missions: Envisat Advanced SAR (ASAR), RADARSAT-2,
and Sentinel-1A and 1B. ASAR operating in a wide swath mode has a 400 km by 400 km image with a
spatial resolution of 150 m by 150 m, at a VV or HH polarization. After 10 years of service, Envisat
finished its mission on 8 April 2012. As a result, there was a two-year gap in the SAR data prior to
the planned launch of the Sentinel-1A on 3 April 2014. Fortunately, the Earth observation (EO) data
from commercial satellite missions was made available during that period under the COPERNICUS
program of the European Union and European Space Agency (ESA). The data used for this period was
taken from the DWH_MG1_CORE_11 dataset and consisted of observations from the RADARSAT-2
mission, operating in a ScanSAR Wide Beam mode with a 500 km swath size, a dual polarization
(HH and HV), and a spatial resolution of 100 m by 100 m. The Sentinel-1A and 1B operating in
an interferometric wide swath and extra-wide swath modes provide higher resolution (see Table 1)
dual polarized images with a swath width of 250 km and 400 km, respectively. The revisit time for
each of the above satellites is 12 days. The Sentinel-1B was launched almost two years later after the
Sentinel-1A. With both satellites operating, the repeat cycle over the study site is six days. In this study,
we also make use of the visible band 250 m resolution imagery from the moderate resolution imaging
spectroradiometer (MODIS) on board the Terra satellite. These data were used to determine the ice
extent in the Curonian Lagoon for the cloud-free days when the frequency of available SAR images
was low. The summary of the actual satellite data analyzed in this study is given in Table 2.

Table 1. The list and technical characteristics of Earth observation (EO) missions used for the analysis of
the ice cover in the Curonian Lagoon. Colors mark specific data sets used during the study period and
shown at the bottom of the table, the underlying red lines indicate the available moderate resolution
imaging spectroradiometer (MODIS) images.

- . Pixel Swath
Mission Image Mode Resolution (m) Spacing (m) Width (km) Data Coverage
Envisat Wide swath
Advanced SAR ode (WSM) 150 x 150 75 %75 400 2002-2012 April
(ASAR)
RADARSAT-2 ScanSAR 100 x 100 50 x 50 500 20122014 April
Interferometric
Sentinel-1A Wldelfl‘;;tgl aw 5% 20, 10 x 10, 250 November
Extra-Wide swath 93 %87 40 x40 400 2014-2017
(EW Medium)
Interferometric
S W‘deﬁlvi?;)h w 520, 1010, 250 December
Extra-Wide swath 93 % 87 4040 400 2016-2017
(EW Medium)
2002-2007,
MODIS 250 x 250 250 2330 oS

I
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Opverall, 514 SAR images were processed during the study (see Table 2). This number consists of
both full and partial views of the Curonian Lagoon. The mean frequency of the ASAR observations
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was about 1-3 images per week with an average interval between the consecutive images of three
days. Yet, sometimes two ASAR images were available per day. The frequency of the RADARSAT-2
observations was higher with the average interval equal to two days—-the highest frequency among
all single SAR sensors. The dataset of winter 2011-2012 consists of both ASAR and RADARSAT-2
images (Table 1) resulting in the increased number of observations with the shortest interval between
the images equal to 1.4 days. In contrast, the frequency of the Sentinel-1A was only 1-2.5 images
per week with an average interval of 2.8 days similar to the ASAR. Combined with the Sentinel-1B,
it increased up to 2-3 images per week with an average interval of 2.6 days for the winter 2016-2017.
Despite only 2-3 SAR images per week were available on average, this was still enough to observe
the ice cover dynamics in the CL quite well. However, when the data gap between the SAR images
was more than three days, the cloud-free visible-band MODIS images were additionally considered
(overall 101 images, Table 2).

Table 2. Summary of the processed satellite data and ice season duration (ISD). Dgar is a maximum
value of the ISD, 55 AR —spatial-mean ISD, Dg; —maximum value of the ISD observed at the coastal
stations, and D,y is a corrected ISD, TaCN is a cumulative negative air temperature.

Year Icrziiet S?fr ivn?egkes [gi/;l:] [gSAR] [ d[;;fs] [32;:;] TN o]
(+MODIS)  (with MODIS) ays
2002-2003  14(+ 34) 0-2(1-5) 118 113 123 123 ~591.9
20032004  12(+ 14) 0-3(0-5) 88 72 86 90 —2847
20042005 31(+ 15) 1-3(2-8) 7 64 74 74 —248.4
20052006  51(+ 15) 1-3(1-7) 138 113 136 138 ~586.8
20062007 20( +5) 1-4(2-4) 48 39 50 51 ~169.4
2007-2008  17(+5) 23 45 2 47 47 ~460
2008-2009 50 1-3 94 76 84 94 -170.3
2009-2010 53 23 112 105 107 114 5617
2010-2011 55 1-3 134 116 127 134 ~497.0
2011-2012 16 24 64 52 63 65 3460
2012-2013 56 1-3 125 115 127 129 —483.1
2013-2014 32 23 57 50 57 57 —214.0
20142015 27(+5) 1-2(1-4) 93 41 94 95 —125
20152016  26(+5) 1-2(1-5) 55 37 53 58 ~1855
20162017 24(+3) 2-3(2-4) 63 49 60 63 ~145.0

3.2. Ground Observations

The ice thickness and ice cover area in the Curonian Lagoon are being measured since the second
half of the 20th century. Since 1992, the lagoon is monitored by the Marine Research Department of the
Environment Protection Agency of Lithuania, and since 1993 the observations are carried out only in the
economic zone of Lithuania [42]. Up to 2011 there were four ground stations in the Curonian Lagoon
(in the Klaipéda Strait, Juodkranté, Nida, and Venteé, see Figure 1) that measured the ice formation
stages, coverage, state, density, thickness, and drift. The observations were taken once per day using a
scale from zero (no ice) to 10 (fully ice-covered). Currently, the ice thickness measurements are carried
out only at two stations in Venté and Nida. The data on the ice properties and air temperature used in
this work were provided by the Marine Research Department of the Environmental Protection Agency
of Lithuania.
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3.3. Methods of Data Analysis

SAR is an active microwave device, which emits its own microwave signal and then records
the amplitude and phase of the return signal scattered back from the ice or sea surface. The level
of the backscatter depends on the surface roughness, dielectric properties of the medium, and the
incidence angle of the radar signal. An object with a higher surface roughness produces a stronger
radar backscatter and appears bright in the SAR images and vice versa. The strength of the backscatter
is also governed by the media dielectric constant. Water has higher dielectric constant compared
to ice, and most of the radar signal is reflected at the very water surface. For the ice, radio waves
can penetrate to some depth depending on the radar frequency, incidence angle, temperature, and
conductivity that, in turn, depends on salinity [43]. The low salinity ice, i.e., freshwater or multiyear
ice, has a larger penetration depth of the radar signal resulting in a volume scattering and an overall
higher backscatter as compared to the new or first year ice that has higher salinity and lower porosity.

Although the sea ice, snow cover on top of it, and open water, all have different levels of signal
backscatter, the ice edge can still be distinguished from the open water rather effectively [18,44].
The main factor influencing the determination of the ice edge in the SAR images is wind. During
the freezing/melting periods, the ice can appear as very dark slick-like zones due to the grease ice
dampening the short wind waves. Further, the ice edge can be compact or diffused depending on the
wind direction. When considering matured ice, the level of the backscatter highly depends on the
wind speed. If the wind is low, the ice will have a stronger backscatter (especially if it has a rough
surface). When the wind is moderate to high, the open water zones will be covered by intensive wave
breaking in addition to the resonant scattering from the Bragg waves, making the backscatter similar to
or higher than that of ice. Nevertheless, it is still possible to distinguish the two using an experienced
specialist [43].

Since the ice cover extent can be identified in the SAR data visually [45] and the Curonian Lagoon
is not a very large water body, we use a visual identification of the ice-open water boundary in this
work. Firstly, the subset of every image taken over the lagoon area was created to minimize the
computational loads. Then, for every SAR image, the range-Doppler terrain correction was applied.
The received outcome of the SAR and MODIS images was exported to the GeoTIFF format for further
processing in the ArcGIS software, where ice polygons were manually digitized. Next, the ice polygons
for a given winter season were converted to a raster format and summed up using the cell statistics
function of the ArcGIS software by considering the time intervals between the consecutive satellite
observations. As a result, spatially detailed maps of the ice season duration (ISD) were obtained for
every winter season during the study period. Based on these spatial ISD maps, a maximum value of the
ice season duration, Dg4g, and a spatial-mean (averaged over the lagoon area), Dsag, were defined for
every winter season. The analyzed 15 winter seasons were then classified into three categories using
the spatially-mean ISD values: Short (Dgar < 50 days), intermediate (50 days < Dsar < 100 days), and
long winters (Dgar > 100 days).

In addition to ISD, the dates of the ice freeze onset (FO), full freezing (FF), melt onset (MO), and
last observation of ice (LOI) were defined. An inter-annual variability of these characteristics was then
analyzed with the statistical significance of linear trends determined by the Mann—Kendall test (also
called Kendall’s tau; [46—48]) at a 0.05 significance level with a 95% confidence level. This nonparametric
test is insensitive to outliers contrary to the parametric test [49]. In the test, the null hypothesis is tested,
which states that there is no trend in the data series, and the alternative hypothesis, that the trend exists.
The trend significance was calculated in Excel using the XLSTAT statistical software (www.xlstat.com).
As has been already proven in the literature, the Mann-Kendall test is an appropriate method to
test the significance of trends in the ‘ice freeze/melt onset, ice thickness, season duration, and air
temperature [49-53].

In order to determine the dependency of changes in the ice season duration on the intensity of
the North Atlantic Oscillation (NAO), the correlation coefficient between the ice cover duration and
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Hurrell’s winter (December through March) NAOpjry index was calculated. The NAO data were
obtained from the Climate Analysis Section, NCAR, Boulder, USA [54].

For the comparison of the ice cover extent detected from the satellite data and measured in situ
we used observations from the three coastal stations in Nida, Vente, and Juodkranté until 2011, and
from Nida and Venté onwards. Measurements from the Port of Klaipéda located in Klaipéda Strait
(see Figure 1) were not included, since the full ice cover is not forming in this area due to higher
water depths, inflow of warmer and more saline water from the Baltic Sea, and active ship navigation.
Satellite data were compared against the ground observations by considering the ice concentration
in circular buffers centered around the ground station. The radius of each buffer was set to the
visibility value recorded on each day during the time when the ice observations were taken. Since the
stations are located onshore, a part of each buffer contained land that was removed during the analysis.
The calculations were done by running the custom python script in the ArcGIS software.

For the observational records from coastal stations, the dates of FO, FF, MO, LOI, as well as ISD
(Dst) were also derived. The dates of FO, MO, and LOI were defined when a given ice stage was
observed at least at one coastal station. Exceptions were the sporadic days of short ice formation
before the continuous ice cover season when defining the FO date. The FF date was defined when the
ice cover was observed at all stations. These values were then compared to those obtained from the
satellite data, and the difference between them was evaluated in a number of days.

The air temperature measurements were taken at the same time the ice observations were done in
the coastal stations. A correlation between the ISDs derived from the satellite data and cumulative
negative air temperature, hereinafter T$N, derived from the coastal records is then used to better
understand the ice cover properties in the Curonian Lagoon.

4. Results

In this section we first present the results of the comparison of satellite observations with the in
situ records made at the coastal stations. Next, a general description of the ice cover conditions in
2002-2017 is provided with an emphasis on the most important features observed during the various
winter seasons. Lastly, a detailed description of the spatial ice cover properties, some peculiarities of
the ice formation and decay during the freezing and melting seasons, as well as the ice season duration
in the Curonian Lagoon is presented and discussed.

4.1. Satellite versus Coastal Observations

Comparison of the remotely sensed ice cover extent in the circular buffers around the coastal
stations with that defined from the in situ observations shows a great similarity between these two
properties with a correlation coefficient of R = 0.92. However, some inconsistencies arise during the
melting period due to the limited visibility of coastal observations and a much wider spatial coverage
of the satellite sensors, providing a better view of the ice cover extent over the Curonian Lagoon.
Further, ice can be observed in several types at the coastal stations: Slush, frazil, grease, broken, fast
ice, etc. However, in this study, all these ice types are not distinguished from the satellite images,
but are considered either as an ice-free (zero) or fully ice-covered (10) pixels. Moreover, the ground
observations consist of two different values for the landfast ice and drifting ice fields both scaled
from zero to 10. During the melting period, the ice types will gradually receive lower ice type values,
contrary to processing of the satellite images, where the ice pixels over the specified buffer area would
get just a constant value equal to the pixel full of ice. In some cases, when the ice cover is thin or has a
low concentration it cannot be effectively detected in the SAR images. While there are methods to
retrieve the ice concentration [14,55] and different ice types [56-58] from the SAR images, they were not
applied here, as our main purpose is primarily to examine the spatial extent and interannual variability
of the ice season duration in the Curonian Lagoon. Given that each of the methods has its own pros and
cons, it seems to be very practical to assess the performance of satellite retrievals compared to standard
coastal observations in defining the timing of key stages of the ice formation in the Curonian Lagoon.
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The dates of the freeze onset (FO), full freezing (FF), melt onset (MO), last observation of ice cover
(LOI), and ice season duration (ISD) were compared between the coastal records (T;) and satellite
observations (Ts;) for every winter season, and the time difference (in the amount of days) between
them (T;) was defined as T; = T¢ — Tss and plotted in Figure 2. Below we also present a measure of a
‘success rate’ of satellite observations (SSR) defined here as a ratio of the number of times the FO, MO
(FE, LOI, ISD) dates were observed earlier (later/longer for ISD) in the satellite data compared to the
ground stations, and a total number of all non-zero differences (Table 3). Here, we assume that positive
(negative) differences for the FO, MO (FF, LOI, ISD) dates shown in Figure 2 and Table 3 mean that
satellite observations have a better performance over the in situ records. The winter of 2014-2015 was
excluded from the FF and MO analysis, because these dates could not be identified from the in situ
data due to the very unstable ice cover conditions during that year.

Freeze onset Full freezing

Date
Days

Melt onset
R e P o T e

- = Insiu == D,

— Satellite == Dg,p

Difference

Figure 2. Intercomparison of the (a) freeze onset (FO), (b) full freezing (FF), (c) melt onset (MO), (d)
last observation of ice cover (LOI) dates, and (e) ice season duration (Ds and Dgag ) derived from the
satellite observations (solid lines) and in situ records (dashed lines), and the time difference between
them (black solid line).

The mean FO date for the period of 2002-2017 as derived from the satellite observations is
27 December, being one day later than that derived from the coastal records, 26 December. The mean
time difference in defining the FO between the coastal records and satellite observations is just half a
day, and the sum of all differences during 2002-2017 is ), Tf;o = —6 days (Table 3), meaning that the
very first signatures of the ice formation are more often observed at the coastal stations and a little
later in the satellite images. This is often caused by a fast ice freezing in the CL occurring within just
1-2 days and a relatively low frequency of satellite observations during the FO phase. Nevertheless,
satellite observations allowed defining the FO date earlier than at the coastal stations in 38% of the
cases (see Figure 2a and Table 3).

For the FF date, the performance of satellite observations is somewhat better than that of the in
situ records (Figure 2b). The mean FF date observed in the satellite images is 4 January, the same as for
the coastal stations (Table 3). The mean time difference between the ground observations and satellite
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data for the FF date is —0.62 days and the sum of all differences is also negative, }, T'I;F = —8 days, i.e,
in 62% of the cases FF is recorded at the coastal stations when the open water regions still exist in the
lagoon and are clearly seen in the satellite data.

Table 3. Statistics in defining the timing of the key stages of the ice formation in the Curonian Lagoon
from the satellite observations and coastal records.

FO FF MO LOI I1SD
Date from in situ 26 December 4 January 1 March 21 March 86

Date from satellite data 27 December 4 January 24 February 23 March 87
Average difference (days) —-0.46 —-0.62 5 -2.18 -1.29
Sum of all differences (days) -6 -8 60 -24 -18
Max difference (days) -5/5 -7 23 -8 -10
Satellite success rate (SSR) 38% 62% 75% 82% 57%
Mean SSR 63%

The largest differences (up to 23 days) between the satellite and coastal observations are found
when defining the melt onset date (Figure 2c). Here, the satellite data are three times more effective
than the coastal records (SSR = 75%) with the MO usually detected five days earlier than at the coastal
stations (Table 3). The sum of all the differences }, Tyo = 60 days, which results from the ice break-up
first occurring far away from the coastal stations and, hence, not recorded there. The average MO date
is observed in the satellite images on 24 February, while at the coastal stations it is recorded on 1 March.
The maximum difference when defining the MO date was observed in the winter of 2012-2013, when
the satellite detected the melt onset in the northern part of the lagoon 23 days prior to its detection
from the coast (Figure 2). This example illustrates quite well the spatial capability of the satellite data
to cover the entire lagoon at once.

The satellite observations also show that the last ice traces survive on average two days longer
than it is recorded at the coastal stations, i.e., the average satellite LOI date is 23 March, while the coastal
records indicate it a day earlier on 21 March (Table 3). The sum of all the differences ), T’gOI = —24 days,
meaning that quite often there is still some ice left in the lagoon and not detected at the coastal stations.
The satellite success rate for deriving the LOI date is 82% (Table 3), clearly emphasizing the role of the
satellite observations to provide an unabridged record of the ice season duration.

When considering the ISD, satellite data show a four-day (mean value) longer ice season in 57%
of the cases (eight out of 14 non-zero differences), which is thanks to their wide coverage and ability to
observe the ice cover far from the coastal stations, especially during the melting season. The difference
in the ISD between the coastal and satellite observations varies from year to year (Figure 2e) with
Y TLIiSD = —18 days, meaning that the longer ISDs derived from the satellite data clearly dominate in
the record with the average difference equal to 1.29 days (Table 3).

To summarize, the mean success rate of the satellite observations is 63% for all five parameters
listed in Table 3. Apart from the FO dates, satellite data have a better performance over the in situ
records in defining the key stages of the ice formation in the Curonian Lagoon and should be definitely
exploited in the ice monitoring programs. A comparison between the coastal and satellite observations
for the FO and LOI dates allows using the advantages of both data sources and establishing a corrected
ISD value, D¢ (Table 2), that includes the earlier FO dates typically observed at the coastal stations
and later the LOI dates usually registered from the satellite observations. As obtained, the updated
ISD record is longer than the original in situ-based by 1-10 days in 73% of the cases with the average
difference of three days. D¢ is then the most adequate record to describe the overall length of the ice
cover season in the CL, but it does not account for the spatial ice cover inhomogeneities occurring
during a particular winter. The ISD of such kind obtained from averaging the spatial ice cover maps
derived from the satellite observations for a given winter season will be presented in Section 4.3 below.
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4.2. Ice Cover Conditions in The Curonian Lagoon During 2002-2017

In this section, we will shortly describe some peculiar features of ice cover conditions in the
Curonian Lagoon between 2002 and 2017. Although the Klaipéda Strait is considered to be ice free in
this study, this area is covered by ice for some short periods, e.g., when the drifting ice is flowing out
from the lagoon to the Baltic Sea (Figure 3).

20°30'0"E 21°0'0"E
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0:1.2 %24 6

Ice outflow

%

55°0'0"N

mw——mw——— Kilometers : e e Kilometers
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20°30'0"E 21°0'0"E

Figure 3. Sentinel-1B image of ice outflow from the Curonian Lagoon to the Baltic Sea (taken on the
January 6 2017). The light blue arrow indicates the magnitude of the ice outflow from the port gates.

The SAR dataset of winter of 2002-2003 is relatively sparse. The firstimage received on 7 December
shows the lagoon completely covered by ice, and this state lasts for nearly three months until 18 March
2003, when the ice cover starts to retreat along the eastern shoreline in the northern part of the
lagoon. However, the gap between the SAR image of 18 March and a previous one is almost one
month, and the date of the melting onset cannot be evaluated properly from the SAR images alone.
Fortunately, there were a few cloud-free MODIS images during this period that show a start of the
ice melt in the north-western part of the lagoon led by prevailing northwesterly wind of 4-5 m/s
(Figure 4). Coastal records show that the winter of 2002-2003 is characterized by low air temperatures
dropping down to —25.7 °C, and the cumulative negative air temperature has a record lowest value,
TSN = —591.9 °C. The ice season duration for the winter of 2002-2003 is also one of the longest during
the study period—123 days (Table 2). It is much shorter for the next winter of 2003-2004—90 days, as
it started 20 days later and the TSN is twice as small than that of the previous winter (Table 2).

The winter of 2004-2005 has a better data coverage with a high number of full views of the lagoon.
The ice formation starts quite late on 27 January 2005 and is observed all over the lagoon apart from
its southwestern part. The final melting stage occurs very rapidly—the southern part of the lagoon
is fully ice-covered on 4 April, while it becomes almost entirely ice-free on 7 April apart from a few
drifting ice floes. The 4th of April is notable of having two consecutive SAR images acquired nearly
12 h apart showing clear signatures of the two drifting ice floes (Figures 5a,b, and 6a). The linear
distances between the polygon centroids of these ice floes are 5730 m (A1-B1) and 2590 m (A2-B2) that
translates to the ice drift velocities of 0.14 m/s and 0.06 m/s, correspondingly. The smaller ice floe (A2,
shown in yellow in Figure 6a) drifts westward along the wind direction together with a freshwater
outflow current from the Nemunas River. Its movement is accompanied by a slight clockwise rotation
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and breakage of its upper right corner when passing the Vente Cape (Figure 5b). The larger ice floe
(A1 shown in red in Figure 6a) is also directed along the freshwater current that goes northward in this
location, and thaws along its northern border while flowing northeast (Figure 5b).

2003-03-06 2003-03-1 24 1% 2003-03-29 [§=1

SCa T Kilometers
0510 20 30 40

Figure 4. MODIS images of the ice cover retreat in the northern Curonian Lagoon during the winter of
2002-2003. Labels and arrows indicate the wind speed and direction.

2015-02-28 16719:21 1 2015-03-02 04:51:06

w1 Kilometers
0255 10

Figure 5. Examples of the ice drift in the Curonian Lagoon observed in the SAR images. Envisat ASAR
images of the two ice floes in the Lithuanian part of the Curonian Lagoon taken on 4 April 2005 at
8:48:44 UTC (a) and at 20:13:50 UTC (b). Sentinel-1A images of the ice floes in the Russian part of the
lagoon acquired on 28 February 2015 at 16:19:21 UTC (c) and 2 March at 04:51:06 UTC (d).
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Figure 6. SAR-derived parameters of the ice drift in the Curonian Lagoon. (a) Drift of two ice floes
observed on 4 April 2005; (b) drift of an ice floe on 28 March 2009; (c) drift of the first ice floe on
28 February and 2 March 2015; (d) drift of the second ice floe on 28 February and 2 March 2015. Labeled
points indicate the polygon centroids, lines represent the linear distance between them, and the arrows
indicate an average wind speed and direction.

The ice season duration for the winter of 2005-2006 is the longest throughout the study period,
Deorr = 138 days, while the spatially-mean ISD is somewhat smaller, Dsag = 113 days, which accounts
for multiple melting periods during the season. The cumulative negative air temperature for this
season is the second lowest with TSN = -586.8 °C.

The ISD values in 2006-2007 and 2007-2008 are the shortest during the entire study period, lasting
for 51 and 47 days, respectively (Table 2). Nonetheless, the full ice cover is still able to form during such
a relatively short period. The winter of 20072008 has a very pronounced decrease of air temperature
in the beginning of the season when T, drops from 1 °C down to —11.8 °C between 29 December 2007
and 5 January 2008 (Figure 7). Full freezing of the lagoon is recorded on 4 January 2008, while in a
few days the air temperature rises again above zero. The ice break-up and final melting starts on 20
January 2008 lasting for 28 days out of 47 days of the total ice season duration. The last ice traces
are observed on 15 February 2008. The cumulative negative air temperature for this season is only
TSN = —46 °C, while the spatially-mean ice season duration, Dsag, is only 22 days—record low values
over the entire study period.

The duration of the ice cover period during the winter of 2008-2009 increases two times as
compared to the previous season due to longer periods of negative air temperatures, TSN = ~170.3.
The freeze-up starts on the eastern side and eventually covers the entire lagoon. The melting starts
from the northern part, spreading to the south-west. In the last two SAR images taken on the
28 March with the time difference of 11.5 h, the drifting ice floe can be observed (Figure 6b). The linear
distance between the polygon centroids is 1140 m that equals to the mean ice drift velocity of 0.03 m/s.
The observed temporal changes of the ice extent during this season correspond quite well to the air
temperature variations measured at the coastal stations.
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Figure 7. Variations of the average air temperature (blue line) and percentage of the ice cover (gray
bars) in the Curonian Lagoon during the shortest winter season of 2007-2008.

The winter seasons of 2009-2010 and 2010-2011 are remarkable for having long ice season duration
values, 114 and 134 days (Table 2). The winter of 2010-2011 also has the earliest start of the ice season
dated on 26 November 2010. The thermal conditions between these two winters are somewhat similar,
yet the winter of 2009-2010 is slightly colder than that of 2010-2011 with the TSN values of ~561.7 °C
and —497.0 °C, respectively.

The ice season duration in 2011-2012 is more than twice shorter than that of the previous winter
(65 days) and has a very late start at the end of January 2011. Nevertheless, the lagoon has frozen quite
rapidly and remained such for more than a month due to the very low air temperatures dropping
down to =23 °C (TSN = —346.02 °C). The high temporal resolution of the SAR images of the lagoon
allows observing how graciously the ice retreats from the western shoreline to the eastern one, and
then finally disappears in the southeastern corner (Figure 8). As one may note, the ice melt direction
and its overall pattern are clearly shaped by the direction of the prevailing moderate-to-strong westerly
and northwesterly winds. The duration of the melting period is similar to the previous years and lasts
about 28 days.

‘ 2012-03-11 2012-03-12 2012-03-14 2012-03-15 2012-03-20
MEON - N N ~
NW WSW NW NW WNW
12 m/s 7m/s 11 m/s 8m/s 11 m/s
2012-03-21 2012-03-23 2012-03-24 2012-03-26 2012-03-28
- - { N -
w w N NW w
12 m/s 6 m/s 4m/s 6 m/s 7 m/s

) Kilometers

0

20 40 80

Figure 8. The ice cover retreat in the Curonian Lagoon in the winter of 2011-2012 under the prevalence

of northwesterly winds. The red color indicates the ice cover boundary, the blue color shows water,

the labels and arrows show the wind speed and direction.
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The consecutive winter (2012-2013) is nearly twice longer and has multiple freezing and melting
periods. The final melting duration lasts for more than 50 days, while the overall ISD is one of the
longest, 129 days (Table 2). In 2013-2014 ice covers the lagoon for about one month only. The ice melt
starts from the eastern shoreline in the northern part of the lagoon. The observed melting pattern
matches exactly one of the prevailing winds. As seen in Figure 9, the moderate easterly wind acting for
about two weeks after the melt onset makes the melting pattern spread first along the north-eastern
coast and finally opening the entire northern part two weeks later. Once the wind changes to the NW
direction, the ice cover starts melting in the southern part and accumulates in the central eastern part
of the lagoon, where it stays longest until the final retreat. The total duration of the ice season was
57 days (Table 2), i.e., about two months shorter than during the previous season.

2014-02-18 2014-02-22 2014-02-25 2014-03-01
NI 4 S \ S
WSW ESE ESE ESE
5m/s 3 m/s 6 m/s 6 m/s
2014-03-04 2014-03-07 2014-03-11 2014-03-14
E ESE NNW NwW
5.7 m/s 2.7m/s 4 m/s 6.5 m/s
0 20 40 80

mw—mw————Kilometers

Figure 9. The ice cover retreat in the Curonian Lagoon in the winter of 2013-2014 under the prevalence
of easterly and northerly winds. The red color indicates the ice cover boundary, the blue color shows
water, the labels and arrows show the wind speed and direction.

The ice season of 2014-2015 starts with nearly full freezing of the entire lagoon on 1 December 2014.
However, on the SAR image acquired ten days later southern and southeastern parts of the lagoon are
seen ice-free, and the lagoon is never again fully covered by ice during this season. The Sentinel-1A
dataset for this winter season is rather sparse, but still capable of capturing a very unstable ice formation
with multiple partial freezing of the lagoon. A very uncommon feature is that the southern part
is ice-free most of the time, while the northern part is mostly ice-covered This winter season was
very warm, relative to others, with the record high value of the cumulative negative temperature
TEN = —42.5 °C. However, there were still a few days with the air temperature dropping down to about
—10.1 °C. The ice season lasted for 95 days. The high-resolution Sentinel-1A images provide a very
detailed view of the drift and degradation of two large ice floes moving northward at the end of the
ice season (Figure 5¢,d). Consecutive SAR images acquired on 28 February 2015 with an 11 h time
difference show the linear distances between the polygon centroids are 1060 m and 840 m, equal to the
ice drift velocities of 0.03 m/s and 0.02 m/s (Figure 6¢,d). Another image acquired 36.5 h later shows
these floes being twice smaller and travelled 8340 m and 10780 m further northward with a mean
speed of 0.06 m/s and 0.08 m/s, respectively.

The winter seasons of 20152016 and 20162017 are quite similar in all aspects. They are rather
short, about 60 days long (Table 2). The melting duration lasts for nearly a month, starting in the north,
while the melting patterns follow those of preceding winters—ice remains longest along the eastern
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shoreline. The cumulative negative air temperature values for both seasons were not exceeding —200
°C.

4.3. Spatial Properties of Ice Cover Extent in The Curonian Lagoon

The analysis of satellite data presented above allowed, for the first time, to build up the spatially
detailed ice season duration maps of the Curonian Lagoon for 2002-2017 (Figures 10 and 11). Note
that all the maps in Figures 10 and 11 also contain the spatially-mean ice season duration value, Dsag.
The latter is usually lower than an overall ice season duration, Dgar, because of the changing ice
cover properties (e.g., the multiple melting periods) during a single winter season over the different
locations of the CL. Figure 10 shows a yearly-mean ice season duration map obtained by averaging all
the satellite-derived ISD maps from the fifteen winter seasons in 2002-2017 (Figure 11).
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Figure 10. Yearly-mean ice season duration in the Curonian Lagoon as derived from the satellite data
in 2002-2017.

As seen from Figure 10, the ice cover resides longest in the southeastern limnic part of the lagoon
and along the eastern coast. The yearly-mean ice season duration reaches 75-85 days per winter season
in these regions. Such high ISD values are also observed in the Nemunas Delta. In contrast, about ten
days shorter the ice season duration (65-70 days) is observed in the western and southwestern parts
of the lagoon (see Section 4.4. Freezing and Melting Seasons). Yet, the shortest ice season is clearly
observed in the northern (transit) part of the lagoon where D values are below 65 days. Here, the ice
breaks and melts faster due to an interaction of ice cover with the warmer and saltier waters coming
from the Baltic Sea, and movement of the riverine waters passing northward. The lagoon-averaged
multi-year Dgsg value is 71 days. As shown below, this value is not a constant and has a very
pronounced interannual variability.

Figure 11 shows the ice season duration maps for every winter season in 2002-2017. To repeat
shortly, the longest (shortest) ice season duration is observed in 2005-2006 (2007-2008). One can note
that most often the lagoon is partitioned into two main parts in terms of the ice season duration.
There are six winter seasons with a clear south-north asymmetry of this parameter in 2002-2003,
2004-2005, 2008-2009, 2009-2010, 2012-2013, and 2013-2014 with the northern part having a shorter
ice season duration, and longer Dsar over the southern part. Yet, there are also another six years
when this asymmetry has an east-west orientation (2003-2004, 2006-2007, 2007-2008, 2010-2011,
2011-2012, and 2016-2017) with a much longer ice season observed along the eastern coast of the
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lagoon. The most rarely occurring situation (2005-2006, 20142015, and 2015-2016) is when Dgap is
low in the southwestern part of the lagoon and higher over the rest of it, including its northern part,
usually having a shorter ice season. As seen, the noted reversal in the spatial properties of the ice
season duration is observed mostly during the last years, and, perhaps, is attributed to the changes in
the predominant wind conditions during the melting season.
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Figure 11. Yearly maps of the ice season duration in the Curonian Lagoon obtained from satellite data

in 2002-2017.
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In general, Figure 11 clearly exhibits a pronounced shortening of the ice season duration in the CL
during the last years. This is shown and explained in more details below in Section 4.4. Freezing and
Melting, Figure 14. One may also note that starting from 2014 the ice cover season becomes much
shorter over the southern part of the lagoon reaching only 20-50 days compared to 60-80 days as
observed before.

All fifteen winter seasons can be divided into three categories based on their Dgar values (listed
in Table 2): Short winters with Dgag < 50 days (2006-2007, 2007-2008, 2014-2015, 2015-2016, and
2016-2017), intermediate winters with 50 < Dgag < 100 days (2003-2004, 2004-2005, 2008-2009,
20112012, and 2013-2014), and long winters with Dsag > 100 days (20022003, 2005-2006, 20092010,
2010-2011, and 2012-2013). Notably, the interannual variability of the ice season duration in the
Curonian Lagoon correlates very well with similar results obtained for the Gulf of Riga [59].

The time variability of the ice cover extent averaged over a 10-day period for the three winter
categories defined above are shown in Figure 12. As seen, the ice formation usually starts in the
beginning of January during the short winters, while for the intermediate winters it starts a bit
earlier—in late December. During the long winters, the ice season usually starts in late November
to early December. Figure 12 also shows that the ice extent is not steady during the season. This is
especially prominent during the short winters, when a noticeable drop down to 50% of the ice extent is
seen in the middle of February. Moreover, the short winters are not only shorter, but they also have a
very short period of the ice cover extent above 80% (of the total lagoon area) observed in January. Later
on, the ice cover is constantly decreasing until the full decay in late March. For the intermediate (long)
winters, the lagoon becomes ice-free by the middle (end) of April.

100 1 r
80|

60}

40}

= Short winters = Long winters
= Intermediate winters = Mean 2002-2017

Figure 12. The 10-day averaged percentage of the ice cover extent in the Curonian Lagoon for the three
winter categories.

4.4. Freezing and Melting Seasons

The ice cover in the Curonian Lagoon starts to form on average on 27 December. The earliest
date of the freeze onset (FO) was recorded on 26 November 2010, and the latest—on 28 January 2007.
The lagoon is fully covered by ice on average six days after the FO (ranging from zero to 35 days).
The satellite images, however, show that the freezing usually starts very quickly with the first received
image being fully or nearly fully covered by ice. The fast freezing occurs during the periods of the low
negative air temperature. If the negative air temperature is unstable, the formation of the ice cover
might be not very fast and, therefore, traceable in several consecutive images.

Figure 13a provides a generalized view of the spatial behavior of the ice cover during the ice
growth period. As seen, the ice cover starts to form all along the eastern shore of the lagoon with
a slightly earlier occurrence in its southern part and in the Nemunas Delta. Note also an early ice
formation in the very southwestern corner of the lagoon. For the northern part of the CL, the ice forms
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earlier along the eastern coast. The latest ice formation is observed along the southern part of the
Curonian Spit and over the deepest southwestern limnological part of the CL having a mean depth of
about 5 m.
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Figure 13. The spatial variations of the ice cover extent during (a) ice formation and (b) ice melting
periods. The colors represent the percentage of ice observations during these periods, i.e., blue color in
(a) shows the areas where the ice starts to form first, while the red color in (b) shows the areas where
the ice melts first.

All analyzed winter seasons exhibit a full freezing (FF) of the lagoon, which usually occurs very
fast, in a matter of days. On average, the lagoon is fully ice covered on 4 January, while the earliest
(latest) day of the FF observed in the satellite images was 2 December 2010 (10 February 2007). During
the period between the FF and final MO, several melting episodes can occur in different parts of the
lagoon due to the short-term air temperature rise above 0 °C. The ice cover regime of the CL was
exceptionally unstable during the winter of 2014-2015 when it had several occasions of a strong melt
off followed by a nearly fully restored ice cover over the entire lagoon. The average period of the full
ice cover in the CL is 40 days, ranging from around 10 to 90 days.

The final melt onset in the CL, counted after the date when the lagoon is fully ice-covered for the
last time during the given winter season, is observed on average on 24 February. The earliest date of
the final MO is recorded on 20 January 2008, and the latest—on 2 April 2006. The average period of
the ice cover decay usually takes about a month (ranging from six to around 60 days) after the final
MO. As clearly seen in Figure 13b), the melting season usually starts in the northern part of the lagoon,
where it is connected to and interacts with the warmer water of the Baltic Sea, and continues along the
western coast. In general, prevailing winds appear to be the dominant factor shaping the ice cover
retreat patterns (see Figures 8 and 9 for reference). The ice cover stays longest in the southeastern part
of the lagoon and in the Nemunas Delta owing to the westerly winds typically prevailing during the
melting season and pushing the drifting ice towards these areas. The last traces of the ice cover in
the lagoon are observed on average on 23 March, while the earliest and the latest dates of the last
observation of ice (LOI) were recorded on 16 February 2008 and 18 April 2006, correspondingly.

Figure 14 shows an interannual variability of the several key parameters describing the timing of
the ice cover properties in the Curonian Lagoon. As seen, the fluctuations of the FO inferred from
the satellite data does not show any significant trend (p = 0.84). The FF date possesses some slight
decrease over time but it also does not show a significant trend (p = 0.55). In turn, the dates of the final
MO and LOI have a clear decreasing pattern, meaning an earlier ice break-up and decay observed
during the last years, however, only the final MO has a significant decreasing trend (p = 0.02). One
may also note a rapid drop both in the MO and LOI values observed in the winter of 2007-2008.
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Figure 14. The interannual variability of the ice freeze onset, full freezing, final melt onset, and last
observation of ice dates determined from the satellite data (solid lines) and their trends (dashed lines).

4.5. Ice Season Duration

Figure 15a shows an interannual variability of various ISD types over the Curonian Lagoon
obtained both from the satellite data and coastal records between 2002 and 2017. As seen, all the ISD
types possess a very significant interannual variability and a clear mark of a decrease over the years.
The shortening of the ice season duration in the CL assessed from the corrected ISD record, Do, is
observed at a rate of 1.6 days year™! during the last 15 years.
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Figure 15. The interannual variability of the various ice season duration types (a), NAO winter index,
and cumulative negative air temperature during the 15 winter seasons (b) in 2002-2017.

The mean value of Dgsr (not plotted in Figure 15a) is 87 days, similar to the average ISD value
evaluated from the coastal records, Ds; = 86 days. D is slightly longer than Dy and Dgag, with the
mean value of 89 days (Table 2). However, all these ISD types lack spatial details of the ice season
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duration offered by the satellite data. Instead, Dsag should better represent the spatial variability of ice
cover conditions in the CL. It has a lower mean value of 71 days, and a more pronounced decreasing
trend than the other ISDs (Figure 15a) with a shortening rate of 2.3 days year™.

According to D, the longest ice season was observed during the winter of 2005-2006 lasting up
to 138 days (Dsar = 113 days, see Table 2). However, this winter had a week-long ice-free period in the
beginning of the season resulting in 131 days of the ice-cover in the lagoon. In turn, the longest period
of continuous ice cover in the CL was observed in 2010-2011 and lasted up to 134 days (Dsar = 116).
The shortest ice season durations in the Curonian Lagoon were observed in 2006-2007 and 2007-2008
having only 51 and 47 days of the ice cover presence, respectively.

The regional climate fluctuations over the study site are known to be related to the North Atlantic
Oscillation [60,61]. There were many studies aimed at displaying its effect on the variability of the ice
cover in the Baltic Sea [62-64]. The comparison between the three ISD types in the Curonian Lagoon,
winter NAO index (NAOpjgy), and cumulative negative air temperature (TEN ) during 2002-2017 is
further shown in Figure 15. One can clearly see a very good agreement between all these properties.
During a negative NAO phase, the ice cover duration is markedly longer and TSN is notably lower
(Figure 15b). The situation is opposite during a positive NAO phase, when all the ISDs are distinctly
shorter than their average values, and the level of TSN is high. However, please note that Dy and
Dg; do not correlate very well with the NAO index on the right side of the graph (starting from 2013),
especially for the winter of 2014-2015. As already mentioned, the latter was exceptionally warm and
had an unstable ice cover formation.

The correlation between the ISD derived from the coastal records (Ds;) and NAOpyry is negative
and strong with R = —0.71 (Figure 16). This is very similar to the results of a long-term (1961-2005)
study by [60] showing a negative correlation of R = —0.69 between the ice season length observed
at the stations and NAO index. The corrected ISD (D) obtained from the joint use of the satellite
and coastal observations, as well as Dsag, have a slightly higher negative correlation with NAOpjrv,
R = -0.73. However, much better results are obtained when considering the correlation between
NAOpjpym and Dgagr that account for varying ice cover properties in the CL. The resulting correlation
is more pronounced with R = —0.83, denoting the richness of the satellite data for better understanding
the causes of ongoing changes in the ice cover extent over the Curonian Lagoon. In general, one can
clearly see a very good agreement between all these properties, while somewhat a higher correlation
between the NAO and ISD is observed during the positive NAO phase (see Figure 16 for details).

NAO winter index
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Figure 16. Scatterplots of the ice season duration values derived from the coastal records (Ds, green
points), joint use of the coastal and satellite data (Do, blue points), and spatially-averaged satellite
data (Dggr, red points) compard to the NAO winter index.
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So far, from Figure 15a one can clearly see that the ice season duration is becoming shorter in the
CL. Similar results were reported over the past century for the Baltic Sea ([9] and references therein).
In the Baltic Sea, ISD is highly variable and depends on the region, with the longest one observed in
the Bothnian Bay and decreasing southward [9]. Studies of the ice regime of the Gulf of Riga and along
the coast of Latvia [59,65] gave results very similar to our study. The severity of winters in 2002-2003,
2005-2006, 2009-2010, and 2010-2011, and milder winters observed in 20062007 and 2007-2008 over
these regions correspond well with our results. A similar variability of the ice season duration was
also described over the nearby Vistula Lagoon [66] located southwestward from the CL.

Analysis of the air temperature time series for every winter season shows that the ISD clearly
depends on the cumulative negative air temperature (TSN) for a given winter season. As seen in
Figure 15b, the values of the locally measured air temperature have a clear tendency to increase over
the last decade resulting in warmer and shorter winters in the Curonian Lagoon. Notably, the air
temperature over the entire Baltic Sea area is also increasing and the major trends are observed in spring
and winter south of 60 °N (the Curonian Lagoon is located between 54.9 °N and 55.7 °N) [67]. Figure 17
further shows the scatterplots between TaCN and the three ISD types—Ds;, Dcorr, 55 AR- As seen, the
correlation between TaCN and Ds; (as well as D¢oyyr) is strong and negative, R = —0.81 (Figure 17b). Here,
one should keep in mind that the in situ records are spatially constrained, while the satellite-derived
estimates have a much better spatial representation of the ice cover conditions over the entire Curonian
Lagoon. Indeed, the best results are obtained when considering the spatially-rich estimate of the ice
season duration, Dgag. In this case the correlation between TaCN and Dg g is highest with R = —-0.92
(Figure 17¢). The dependency between TSN and Dgag can then be approximated by a regression
function:

Dsag = 0.16 TSN 4 22.83 (days), (1)

which could be used elsewhere for predicting the spatial-mean ice season duration Ds4g in the
Curonian Lagoon from the coastal records of TSN.
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Figure 17. Scatterplots of the cumulative negative air temperature compared to the ice season duration
(ISD) obtained from the coastal observations (a), maximum (b) and spatial-mean (c) ISD from the
satellite data.

5. Discussion

Until now, there were not many investigations of the ice conditions in the Curonian Lagoon, the
large seasonally ice-covered coastal lagoon located in the SE Baltic Sea. The previous knowledge based
entirely on in situ records was obviously lacking the spatial information of the ice cover extent in the
lagoon due to a limited number of measurement stations. In this work, the use of high-resolution
spaceborne C-band SAR observations combined with the visible-band MODIS data has enabled to
effectively solve this task.
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Here, we used a visual identification of the ice cover extent in satellite images. We should
acknowledge that the human supervised method could potentially contain various biases, which could
be diminished upon further automatization of the method. The automated SAR algorithm, enabling to
distinguish the various ice types, would certainly help to make more consistent comparisons with the
in situ data. Nonetheless, our method allowed examining the spatial extent, seasonal and interannual
variability of the ice cover properties in the Curonian Lagoon in detail.

According to [68], the ice cover extent is one of the most important freshwater ice variables, which
is not easily studied because the freezing and melting can be rapid events requiring a high temporal
and spatial resolution to represent them with a sufficient precision. Indeed, a detailed comparison
between the satellite observations and coastal records shows that the temporal resolution of the satellite
data was not high enough to fully resolve the freeze onset in the Curonian Lagoon. Moreover, in some
cases the thin ice forms can be well-seen in the MODIS/in situ observations, but may not be detected
by SAR. The FO was defined earlier in the satellite observations than at the coastal stations only in
38% of the cases. However, the temporal resolution of different SAR sensors was not similar—the
highest frequency of image acquisitions over the CL was that of RADARSAT-2 (two days), while the
combination of the Sentinel-1 A/B performed only a little bit better (2.6 days) than the ASAR alone
(three days). Nevertheless, we believe that a relatively low performance of the SAR data during the FO
phase will improve in the future with the launch of new non-commercial SAR missions. Additional
analysis of the MODIS data has also improved the overall frequency of satellite observations despite
the frequent cloud cover over the study region in winter.

Yet, all other important ice formation/decay stages, including the full freezing, melt onset, and last
observation of ice are better captured from the space. The most critical differences were found for the
identification of the melt onset date and the end of the ice season, where the satellite observations were
much more effective due to their spatial capability to cover the entire lagoon at once and observe the
ice conditions far away from the coastal stations.

As found, the longest ice seasons were observed during the winter of 2005-2006 (138 days) and
2010-2011 (134 days). The shortest ISDs were observed in 2006-2007 and 2007-2008 having only 51
and 47 days of the ice cover presence, respectively. Notably, the year of 2007 is well known for being
the first registered minimum ice extent in the Arctic Ocean observed on 18 September 2007 [69]. The
correlation between the ISD in the Curonian Lagoon and the ice extent in the Arctic Ocean is also
observed for the year of 2016, when the second minimum ice extent was recorded in the Arctic [70]
and only 58 (63) days of the ice cover were registered in the lagoon in winter of 2015-2016 (2016-2017).
It also seems to work for the record-low Arctic ice extent observed on 17 September 2012. The duration
of the ice season in the Curonian Lagoon during the preceding winter of 2011-2012 was also low, 65
days. It is believed that the loss of the Arctic sea ice could weaken the Atlantic Meridional Overturning
Circulation and this could lead to harsher winters and a stormier weather in Europe [71,72]. Our
record suggests that a shorter winter season is usually observed before and/or after the minimum
September sea ice extent in the Arctic Ocean. However, the influence of the decreasing Arctic sea ice
cover on the colder European weather is still questionable [73].

In turn, the North Atlantic Oscillation is a very important phenomenon affecting the variations of
the climate in Europe [61]. For example, [65] showed that processes over the North Atlantic are the
driving force for the sea ice regime along the nearby coast of Latvia. Our results also show a strong
negative correlation between the ISD and winter NAO index. During the negative NAO phase, the ice
season duration in the Curonian Lagoon is prominently longer with lower air temperatures, and vice
versa. As further shown, the ice season duration in the CL clearly depends on the cumulative negative
air temperature for a given winter season that have a clear tendency to increase over the last decade
resulting in warmer and shorter winters in the Curonian Lagoon.

Notably, the correlation coefficients between the ISD and NAO index (R = —0.83), as well as the ISD
and air temperature (R = —0.92) are substantially higher when considering the lagoon-averaged ISD
values derived from the satellite observations compared to those derived from the spatially constrained
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coastal records. This proves the merit of the satellite data for better understanding the causes and
consequences of ongoing changes in the ice cover extent in the Curonian Lagoon. As suggested,
such a high correlation between the ISD and air temperature may be used for the prediction of the
lagoon-averaged ISD values from the coastal air temperature records.

6. Conclusions

Here, we present the first detailed record of spatial and temporal ice cover properties in the
Curonian Lagoon over 15 winter seasons from 2002-2017 based on the analysis of the multi-mission
satellite data. As observed, the ice cover starts to form along the eastern shore of the CL, in particular
in its south-eastern part and in the Nemunas Delta. Later on, ice forms along the southern and in
the deepest southwestern parts. The ice cover usually lasts from 10 to 90 days (40 days on average).
Multiple melting occurrences may take place in different parts of the lagoon before the final melt onset.

The ice cover resides longest in the south-eastern limnic part of the lagoon and along the eastern
coast owing to the westerly winds prevailing during the melting season and pushing the drifting ice
toward these areas. Surprisingly, a long ice season is also observed in the Nemunas Delta, where one
might expect a shorter ice season due to the destroying effect of the river discharge on the ice cover.
The shortest ice season is clearly observed in the northern (transit) part of the lagoon where ice breaks
and melts faster due to an interaction with the warmer Baltic Sea water and the movement of the
riverine water passing northward. The lagoon-averaged multi-year ice season duration is 71 day.

As further shown, the ice cover decay usually lasts for a month and starts in the northern CL.
It continues along the western coast and gradually moves to the eastern and south-eastern shores.
Our analysis of a limited number of consecutive SAR image pairs during the melting season shows ice
drift velocities of 0.03-0.14 m/s with a drift direction mostly coinciding with the background currents
and wind.

Analysis of the interannual variability of various ice season duration types in the Curonian Lagoon
derived from the satellite and coastal data shows a clear mark of the decrease over the years, which is
mostly attributed to an earlier ice melting. The shortening of the ice season duration in the CL assessed
from the updated ISD record amounts to a rate of 1.6 days year™! during the last 15 years, while the
lagoon-averaged ISD shows an even stronger tendency of 2.3 days year~'. These values are much
higher than 0.64 days year™! as reported by [60] along the Lithuanian Baltic Sea coast for the period of
1960-2006, by [65] along the Latvian coast (0.3 days year™!) and in the Gulf of Riga (0.05 days year™!),
or 0.6 days year! as reported by [74] for the eastern Gulf of Finland. While the length of our record is
shorter than those mentioned above and the ISD trends reported here were not significant, it seems
feasible to expect that a semi-enclosed coastal lagoon may experience more pronounced ice regime
changes than other parts of the larger Baltic Sea, especially during the recent years.

The overall results obtained in this study clearly show the high potential of the satellite observations,
particularly spaceborne SAR measurements, to reveal critical spatio-temporal information of ice cover
variability and dynamics over the largest coastal lagoon of the Baltic Sea that should be definitely
exploited in regional ice monitoring programs.
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Abstract: The aim of this study was to investigate the sediment dynamics in the largest lagoon in
Europe (Curonian Lagoon, Lithuania) through the analysis of in situ data and the application of
a sediment transport model. This approach allowed to identify the propagation pathway of the
riverine suspended sediments, to map erosion-accumulation zones in the lagoon and calculate the
sediment budget over a 13-year-long simulation. Sampled suspended sediment concentration data
are important for understanding the characteristics of the riverine and lagoon sediments, and show
that the suspended organic matter plays a crucial role on the sediment dynamics for this coastal
system. The numerical experiments carried out to study sediment dynamics gave satisfactory results
and the possibility to get a holistic view of the system. The applied sediment transport model with a
new formula for settling velocity was used to estimate the patterns of the suspended sediments and
the seasonal and spatial sediment distribution in the whole river-lagoon-sea system. The numerical
model also allowed understanding the sensitivity of the system to strong wind events and the presence
of ice. The results reveal that during extreme storm events, more than 11.4 x 10° kg of sediments
are washed out of the system. Scenarios without ice cover indicate that the lagoon would have
much higher suspended sediment concentrations in the winter season comparing with the present
situation with ice. The results of an analysis of a long-term (13 years) simulation demonstrate that
on average, 62% of the riverine sediments are trapped inside the lagoon, with a marked spatially
varying distribution of accumulation zones.

Keywords: sediment transport; numerical modeling; SHYFEM; Curonian Lagoon

1. Introduction

Sediment transport is an important process for all aquatic environments, especially lagoons where
the amount and transport directions of the suspended matter have a direct effect on the water turbidity
and can cause changes in primary production or other ecological processes in the system [1]. Lagoons
are the most productive water bodies in coastal environments, but are vulnerable to human activity,
sensitive to climate change [2], and must be monitored and managed for saving the good environmental
status. The processes in such complex systems at the land—sea transitional zone are extremely dynamic
and require a holistic approach in which the river-lagoon—sea continuum should be considered [3].
Sediments have a crucial role in shaping the landscape in areas where the river enters the sea. Deficiency
of sediments reaching the sea may cause coastal erosion, with the consequent loss of land and tidal
wetlands, resulting in the necessity of coast protections and saltmarsh or beach nourishment strategies.
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Moreover, human intervention sometimes alters the coastline, giving rise to often unintentional changes
in the unknown sediment transport pathways and coastal morphodynamics [4,5].

Sediment transport is a process of sediment erosion, transportation, and deposition due to currents
and waves. These mechanisms can be influenced by physical, chemical, and biological processes that
complicate the system and increase the difficulties to describe the sediment dynamics [1]. In shallow
systems, many studies have identified wave energy as the main driver for sediment resuspension [6-9],
though it can be influenced by other parameters as well (e.g., grain sizes, erosion and settling rates,
biological material). Research on sediment transport mechanisms is essential for pollutant and bacteria
dynamics [10], and biogeochemical processes as well [11]. The sediment balance in a semi-enclosed
coastal basin is the result of a complex interaction of the above-mentioned processes occurring inside
the basin, and is also regulated by the interactions between the tidal motion at the inlets and the
longshore transport (see [12], and references therein). Main variables that describe the sediment
transport mechanisms are the distribution of suspended sediment concentration, erosion-accumulation
zones, bottom shear stress, and grain size distribution. It is difficult to obtain all these parameters from
in situ measurements due to temporal and spatial heterogeneity. Therefore, numerical models can be
powerful tools to estimate the sediment transport mechanisms in complex systems such as lagoons.

On the southern and southeastern Baltic Sea coast, large coastal water bodies such as bays and
lagoons are common. Some of the lagoons are separated by sandy strips (Curonian and Vistula
lagoons) and have one or more connections to the Baltic Sea (Darss-Zingst and Szczecin (Oder)
lagoons). The Szczecin Lagoon and Curonian Lagoon are dominated by the discharge of the Odra
(Oder) River and the Nemunas (Neman) River, respectively. It is important to mention that all of these
lagoons are transboundary areas and monitoring programs are carried out by each state independently.
There are not many studies done on the sediment dynamics in this region, especially in the past
years. A few studies were carried out in the Kaliningrad bay in the Vistula Lagoon [13-15], based on
field measurements and investigation on the total suspended sediment concentrations under the ice.
The Kaliningrad bay is a similar waterbody to the Curonian Lagoon, which has a strong input from the
Pregolya River with salinity close to the river mouth of about 2.

The sediment transport in the Curonian Lagoon, the largest freshwater lagoon in Europe, is still
very little explored. Previous studies [16-18] were mostly focused on experimental methods to
investigate sediment properties, but not the transport mechanisms in the lagoon. These studies
provided only a very general understanding of the sediment dynamics in the system and its influence
on the ecological processes. The mean sedimentation rate of about 3.2 mm y~!, and for areas deeper
than 3 m a higher sedimentation rate up to 3.6 mm y~!, were estimated by [19]. A detailed study on
the Curonian Lagoon bottom sediment distribution is presented in [20].

The modeling studies for the Curonian Lagoon were mostly focused on hydrodynamics.
The horizontal and vertical circulation patterns were studied in [21] and [22], and the water renewal
time in [23]. For sediment dynamics investigations, the numerical models were applied only in a few
studies. The first time the SHYFEM modeling system for sedimentation processes was applied was
by [24], when the two-dimensional hydrodynamic model coupled with the spectral wave model was
used to investigate the variability of the combined (current and wave) bed shear stress. More detailed
studies of the sediment transport for Klaipeda strait, which is the harbor area and connects the Curonian
Lagoon with the Baltic Sea, using the DHI 2-D numerical modeling system MIKE-2 were carried out
by [25] and by [26]. Nevertheless, these studies are not sufficient to accomplish a holistic view of the
sediment transport and morphological changes in the system.

This study aims to identify the propagation of the suspended sediments from the Nemunas River
to the lagoon, to map the erosion-accumulation zones in the lagoon due to the sediment dynamics
and calculate the sediment budget changes over a 13-year-long simulation. The obtained information
about possible pathways of the sediments will be useful not only for the comprehension of the
current sedimentation status, but also for future studies of the sediment influence on ecological and
other processes.
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2. Study Site

The Curonian Lagoon (Figure 1) is a shallow water body placed in the southeastern coasts of the
Baltic Sea, separated from the sea by the Curonian Spit and connected to the open sea through only
one narrow inlet in the north (Klaipéda Strait). The Klaipéda Strait is a harbor area where the depths
vary from 8 to 14.5 m. The total lagoon surface area is about 1584 km? (with 413 km? in Lithuania),
the volume 6.3 km?, the maximum length 93 km, the maximum width 46 km (in the southern part),
and the mean water depth 3.8 m [27].

Itis a heavily eutrophic lagoon, with cyanobacteria blooms in the late summer [28,29]. The shallow
and weakly stratified lagoon is very turbid due to local winds and intensive primary production [16].
The Secchi disk depth varies from 0.3 to 2.2 m [30].
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Figure 1. The study site with the calibration stations and bottom sediments in the Curonian Lagoon
(the bottom sediment data acquired after [31,32]).

The Curonian Lagoon is a terrestrial runoff-dominated system, with its hydrology strongly related
to the discharge of its catchment area. The main rivers which enter the lagoon are Nemunas (Neman),
Minija, Deima, and Dané. The total drainage area of the Curonian Lagoon is 100,458 km? and covers
four countries: Belarus (48%), Lithuania (46%), and 6% lies in Kaliningrad Oblast of Russia and Poland
together [33]. The catchment area of Nemunas river only is 98,200 km? (47.5% in Lithuania) and
on average brings about 21.8 km® of water per year to the lagoon (~700 m3 s7! calculated for the
monitoring station Smalininkai, about 112 km from the river mouth) [34]. The Nemunas River enters
the lagoon in the middle of the eastern coast and, every year, carries a big amount of fresh water that
exceeds the water volume of the lagoon itself by about 3.6 times. Therefore, the southern and central
parts of the lagoon are freshwater (average annual water salinity is 0.08), while the northern part
is oligohaline (average annual water salinity is 2.45), with irregular salinity fluctuations of up to 7
due to the Baltic Sea water intrusions [35]. Previous studies [21] have shown that this lagoon could
formally be divided in two sub-basins—a northern area influenced by both the freshwater flow and the
lagoon-sea exchange, and a southern basin where hydrodynamics is mostly influenced by the wind.

The bottom of the Lithuanian part of the Curonian Lagoon is covered by medium sand
(0.5-0.25 mm), fine sand (0.25-0.1 mm), coarse silt (0.1-0.05 mm), and fine silty mud (0.05-0.01 mm) [20].
In the northern part of the lagoon, the sandy sediments dominate. In the west, near the shore part of the
lagoon, the medium sand has been accumulated as a result of aeolian activity (from wind-blown dunes),
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whereas the central and eastern parts are dominated by the Nemunas drift material (fine sand) [20].
The dominant sediment fraction size in the Klaipeda Strait is 0.05-0.01 mm [36]. The southern part of
the lagoon is covered mainly with silty and muddy sediments.

Different estimates exist about the source of the material input into the lagoon. According to [18],
87.4% of the total amount of all incoming terrigenous material comes from the rivers, 1.6% comes
from the atmosphere and the sea, and 11% from the bottom and shore erosion and aeolian processes.
The authors of [17] found that 59.3% of the total amount of incoming material comes from the rivers,
17.8% comes from the atmosphere and the sea, and 14.5% comes from other sources. Part of the
incoming dragged and suspended sedimentary matter mostly deposits in the southern part of the
lagoon, whereas another part is carried through the narrow Klaipéda Strait into the Baltic Sea [37].

3. Materials and Methods

3.1. In Situ Suspended Sediment Concentration (SSC) Data Collection

Several field campaigns for data sampling were carried out in 20142015 in the Curonian Lagoon.
For the total suspended solids (TSS) and suspended sediment concentration (55C), water samples
were taken once or twice per month in the Nemunas River (Rusné village) and a few times per season
at station S1 near Nida and station S2 in the Northern part of the lagoon (see Figure 1). The selected
stations represent the sites of the Curonian Lagoon with different sediment properties (Table 1). Station
S1 is 3.35 m deep with a bottom covered by muddy sediments (percentage of mud 77%), while station
S2 has a depth of 1.9 m and is mostly covered by the fine sand sediments (percentage of mud 1.6%).
In total, 24 samples for Nemunas river station, 25 samples for the S1 station. and 20 for the S2 station
were taken, covering all seasons, including the flood period.

Table 1. The main characteristics of the monitoring stations.

Stion  Location Depth,m  MediBotom - Percentageof - Number of
S1 52?%)2613%)2 I}\EI 3.35 35 77 25
S2 5224;;‘;4;23; II\EI 1.90 210 1.6 20
Nemunas 525123(;%251% 1}\3] 2.00 350 1.8 24

Depending on the season, from 20 to 40 L of water was transported to the laboratory for further
investigation. From 300 to 1500 mL of sample was filtered in triplicate through combusted (4 h
at 550 °C) and pre-weighed Whatman GF/F (47 mm in diameter, pore size of 0.7 um) glass fiber
filters (tare weight). After filtration, samples were dried at 60 °C until they reached a stable weight.
The TSS concentration was determined gravimetrically by the difference between dry weight and
tare weight [38]. The inorganic part of the sample was determined after the 4-h filter muffling at the
temperature of 550 °C in the NOBERTHERM mulffler furnace. The SSC was determined gravimetrically
by the difference between mulffled filter weight and tare weight.

The rest of water sample was used for the analysis of suspended particles. Water tanks were left for
4 days until suspensions settled down. The suspensions were concentrated to a 1 L glass. Suspensions
were centrifuged and concentrated to 2 X 50 mL tubes for grain size analysis. Two types of analysis
were done: i) Grain size analysis of total suspension composition (not used in this article), and ii) grain
size analysis without organic material. To eliminate the organic matter from the sample, 30% H,0O, was
added to the concentrated material and boiled until 80 °C. The granulometric analysis was done from
the liquid/wet sample by laser diffraction method using laser particle analyzer Analyzette 22 MicroTec
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Plus, Fritsch (FRITCH GmbH, Idar-Oberstein, Germany) (measuring range 0.08-2000 pm). These
results were used to calculate the percentage of concentration for each grain class used in the model.

Chlorophyll a concentration (Chl-a) was analyzed spectrophotometrically using a dual-beam
SHIMADZU UV-2600 UV/VIS spectrophotometer (SHIMADZU, Tokyo, Japan) [39,40]. Prior to the
analysis, water samples were filtered through GF/F glass fiber filters (Whatman, diameter 0.47 mm,
poresize 0.7 um) and extracted with 90% acetone for 24 h at 4 °C. Phytoplankton community composition
was qualitatively assessed with a multi-spectral fluoroprobe (FluoroProbe II, bbe Moldaenke GmbH,
Schwentinental, Germany). The probe measures fluorescence emitted by Chl-a following excitation of
photosynthetic accessory pigments specific to each ‘color” phytoplankton group, allowing estimation
of the proportional contribution of cyanobacteria, green algae, cryptophytes, and diatoms plus
dinoflagellates. These contributions are expressed as mg m~ of Chl-g, following factory calibration
of the Chl-a fluorescence yield against Chl-a concentrations [41]. These assessments do not take into
account the environmentally variable production rates of accessory pigments, diurnal variation in
fluorescence yield due to non-photochemical quenching, or state transitions in cyanobacteria, and are
therefore only considered as qualitative estimates of the cyanobacteria percentage from the total
abundance of phytoplankton.

A second dataset was collected in August and September 2016 over the Lithuanian part of the
Curonian Lagoon during five different sampling campaigns. In total, 25 samples from 15 stations
with suspended sediment concentration data were collected (yellow dots in Figure 2C). Samples were
analyzed with the methodology described above.

oCalibration stationk 7
“Validation station

Depth [m] i Fraction of mud [%]

147 9 1215 10 50

. Matrosovka

Deima River mlm River

Figure 2. (A) Initial bathymetry; (B) initial bottom sediment composition; (C) computational grid
with validation stations and calibration stations (S1 and S2); (D) the flux section for the sediment
budget calculation.
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3.2. The Modeling System

To investigate the estuarine systems as a river-sea continuum, a framework of open source
numerical models (SHYFEM, http://www.ismar.cnr.it/shyfem) was applied to the domain that
represents the Curonian Lagoon, the Nemunas Delta, and coastal area of the Baltic Sea. In this
study, the three-dimensional (3D) hydrodynamic model, a transport and diffusion model, a wind
wave model, and a sediment transport model (including a bed model) were used. SHYFEM has been
successfully applied to many coastal environments such as river deltas, lagoons, and seas [3,22,42].
The standard model equations for hydrodynamic and sediment transport used herein have been
previously published in [43] and [44], respectively.

The hydrodynamic part of the model have been applied to the Curonian Lagoon in previous
studies. The reader can refer to [21,22] and [23] for further details on model equations, set-up, and
validation for the Curonian Lagoon. The presence of ice cover has been accounted for by weighting the
wind drag coefficient by the fractional ice concentration. This corresponds to scaling the momentum
input through the surface by the area free of ice. The ice concentration is a value between 0 (ice free) and
1 (fully ice covered) and can be a fractional number. Where ice concentration equals 1, the momentum
transfer to the sea is inhibited. No ice-ocean stress was considered in this study. Ice concentration was
also used to properly calculate the albedo to be used in the heat flux model [23].

The sediment transport model SEDTRANSO5 [44] was applied to study sediment dynamics in the
lagoon. This sediment transport model has been successfully applied for investigating the sediment
dynamics in the Venice Lagoon [45,46] and the Marano-Grado Lagoon [47]. The model computes
erosion and accumulation rates for each time step according to wind waves and currents. A parametric
wave module was used here to calculate the wave height and period from wind speed, fetch, and depth
using an empirical shallow water equation [48].

The morphological behavior of estuaries and coastal areas often depend on non-cohesive, as well
as cohesive, sediments. The sediment bed model uses a three-dimensional grid underneath the
hydrodynamic grid. Sediment within each class is exchanged between the bed and the overlying water
column through erosion and deposition. In the model, the bed is divided into many homogeneous
layers that are characterized, as well as mixed layers, with its own grain size distribution, dry bulk
density, and critical stress for erosion values. The linear relationship is assumed between two levels.
Based on laboratory and field experiments, several researchers have identified a transition from
non-cohesive to cohesive behavior of bottom sediments at increasing mud content in a sand bed [49].
A sand bed with small amounts of mud shows increased resistance against erosion. When the amount
of mud (sum of fraction of sediment classes below 63 um) is above a predetermined threshold (set in
this study to 15%, [50]), the sediment behaves as cohesive and the cohesive sediment algorithm is used
to compute the eroded mass. Otherwise, the sediment behaves as non-cohesive and the multiple sand
grain size classes are considered to behave independently. An explicit combined-flow ripple predictor
is included in the model to provide time-dependent bed roughness prediction [51]. The model assumes
that total bed roughness is composed of grain roughness, bedform (ripple) roughness, as well as
bedload roughness when sediment is in transport. For non-cohesive sediments, the friction factor
and the bed roughness is computed from the grain size and the predicted bedform (ripple), while for
cohesive sediments, the default values of 0.0022 for friction factor and 0.0002 m for bed roughness
proposed by [52] is used. Bed roughness effects on boundary layer parameters are included in the
computation of friction factor and effective bed shear stress. The model takes into account time
and spatial dependent sediment distribution, bed armoring that gives bed evolution, and sediment
grain size distribution changes for each time step. The updated water depth was used further in the
hydrodynamics computation.

3.3. Model Set-up

The simulations were carried out using a grid with variable size elements (Figure 2). The numerical
grid consisted of 2033 nodes and 3294 elements, with the finer elements in the Nemunas Delta, western
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part of the lagoon, and the Klaipeda Strait. The spatial resolution varies from 100 m in the areas
where hydrodynamic processes are more active to 3 km in the southern part of the lagoon and open
sea. The model was applied in its 3D version, where the water column was discretized into five
terrain-following sigma layers.

The open sea boundary water temperature (°C), salinity, and water levels (m) were obtained
from three different sources. For the years 2004-2006, the boundary data were taken from the
operational hydrodynamic model MIKE21 provided by the Danish Hydraulic Institute (DHI).
For the years 2007-2009 and 2014-2016, the data were obtained from the operational hydrodynamic
model HIROMB [53] provided by the Swedish Meteorological and Hydrological Institute by a
spatial interpolation of 1 nautical mile. For the years 2010-2013, the data were taken from the
model MOM (Modular Ocean Model) provided by the Leibniz Institute for Baltic Sea Research in
Warnemiinde, Germany.

The meteorological forcing of rain (mm day‘l), solar radiation (W m~2), air temperature (°C),
humidity (%), cloud cover (O—clear sky, 1—sky completely cloudy), 10 m high wind velocity in x
and y directions (m s71), and atmospheric pressure (Pa) were used as surface forcing. For the years
2009-2010, the meteorological forcing fields were provided by the Lithuanian Hydrometeorological
Service under the Ministry of Environment from the operational meteorological model HIRLAM
(http://www.hirlam.org). For the other years (2004-2008 and 2011-2015), the meteorological data from
European Centre for Medium-Range Weather Forecasts (ECMWE, http://www.ecmwf.int) were used.
The modeled and measured air temperature and wind speed for station S1 are shown in Figures 3B
and 3C, respectively. The statistical analysis shows a substantial relationship between measured and
modeled air temperature data (R? = 0.97). The analysis of wind data is more complicated. Results
show that the ECMWF model overestimates wind speed close to the Curonian Spit by 30%, but in
Klaipéda station, the R? between measured and modeled values was equal to 0.75.

Daily discharge data (m3 s~!) for the rivers were provided by the Lithuanian Hydrometeorological
Service under the Ministry of Environment. The Nemunas River discharge was measured for the
Smalininkai monitoring station about 90 km from the model boundary. Therefore, the Nemunas
River discharge for the open boundary conditions near Silininkai (see Figure 1) was considered as the
discharge sum from the Nemunas near Smalininkai, éeéupé, Jira, and Sesuvis rivers, minus Gilija
branch discharge (Gilija discharge is accounted for as a separate river input in the model, assumed to be
29% of Nemunas discharge near Smalininkai) [34]. The time necessary for the water to reach Silininkai,
starting from Smalininkai, was calculated from flow velocity obtained from the Manning equation [54].
It is known that during the spring, flood water coming from the Smalininkai station overflows before
reaching the model boundary [55]. The real riverbed becomes wider compared with the riverbed in the
model grid, because the model does not simulate the overflow of the water. Therefore, the calculated
Nemunas River discharge was limited to 1300 m? s™! to avoid the overestimation of the current speed
in the riverbed. In order to conserve the total discharged water volume, the flood period was extended
from two weeks to one month, depending on the water amount. The final river discharge for the model
boundary is presented in Figure 3E.

The satellite ice cover data (Figure 3B) were acquired from the synthetic aperture radar (SAR)
measurements from three Earth observation missions: Envisat ASAR, RADARSAT-2, and Sentinel-1A
and 1B, complemented by cloud-free Moderate Imaging Spectroradiometer (MODIS) images. For the
period 2004-2015, in total, 475 SAR and 64 MODIS images were processed by manually digitizing ice
polygons using ArcGIS software, which were then validated with ground observations, showing that
satellite data in many cases has better performance than in situ data for defining the key stages of ice
cover formation and decay [56]. These polygon datasets were converted to regular grid points and
then used to spatially interpolate onto the finite element grid. The ice cover presence in the model
input file is set to a value of 0 (no ice) or 1 (ice cover). In all simulations, the Baltic Sea was considered
as an ice free area.
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Figure 3. Time series of (A) differences between measured water levels in the Klaipeda Strait and
Nida; (B) measured/modeled (ECMWF) air temperature in Nida and ice cover (grey band) presence in
the lagoon from satellite data; (C) measured/modeled (ECMWF) weekly averaged wind speed for S1;
(D) daily measured/modeled only for the year 2014 (ECMWF) wind speed in Klaipeda; (E) fresh water
discharge into the lagoon.

The suspended sediment concentration data from the Nemunas River available for one year (see
Section 4.1) were used for regression analyses to estimate the relationship between water discharge
and suspended sediment concentration. The power law formula suggested by [57], called the sediment
rating curve, to predict the suspended sediment concentration for intervals without samples according
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to water river discharge was used for that purpose. This relationship was used to produce the
continuous input data for all model simulation periods. The open boundary data for the suspended
sediment concentrations coming from Matrosovka and Deima rivers were obtained from the study
of [17]. The average SSC values for different seasons were calculated close to the river mouths that
were used as an open river boundary for the sediment model. The daily SSC open boundary data are
presented in the model as a matrix of sediment class concentrations.

The initial bottom sediment compositions for this study were compiled from two data sources:
(i) a map of [31] for the southern part of the lagoon and the sea, and (ii) a map of [32] for the northern
part of the Curonian Lagoon. As an input file for the initial bottom sediments, the regular grid was
constructed with nine sediment classes (clay: <0.002 mm and 0.002-0.005 mm; fine silt: 0.005-0.01 mm;
coarse silt: 0.01-0.063 mm; very fine sand: 0.063-0.1 mm; fine sand: 0.1-0.25 mm; medium sand:
0.25-0.5 mm; coarse sand: 0.5-1.0 mm; and very coarse sand: 1.0-2.0 mm) that were considered ranging
from clay to coarse sand. The initial bottom sediment composition in the model was divided into nine
sediment classes, which were presented as a percentage of total suspended sediment concentration for
each class. The initial percentage distribution of mud fraction and the computational grid is shown in
Figure 2. The critical shear velocity for erosion of non-cohesive sediment that initiates the sediment
transport as bedload and in suspension was computed following the Van Rijn method [50]. The initial
critical shear stress value of 0.3 N m~2 for erosion of cohesive sediments was calculated from the
measured wet bulk density in the S1 monitoring station according to the proposed formula by [58].

Table 2 summarizes the dataset used in the model applications.

Table 2. The summary of the model set up data.

Data Period Description

2004-2006 DHI model MIKE 21
2007-2010 SMHI model HIROMB
2011-2013 IOW model MOM
2014-2016 SMHI model HIROMB

2004-2008 ECMWEF model data
Meteo forcing 2009-2010 Lithuanian hydrometeorological service model HIRLAM
2011-2016 ECMWEF model data

Open sea boundary

River discharges 2004-2016 Lithuanian hydrometeorological service
Ice coverage 2004-2016 Satellite data provided by KU MRI
Initial bottom sediment ~ Gelumbauskaite et al. [31] and Gulbinskas and Zaromskis
composition [32]

The following numerical simulations were carried out in this study (Table 3):

e  CAL: Simulation for model calibration for the period from 1 January 2013 until the end of 2015.
Only the results for the year 2014-2015 were analyzed. The year 2013 was used as a spin up period.

e  VAL: Simulation for model validation for the period 1 January 2015 until the end of 2016. The year
2015 was used as a spin up period.

e  NoICE: Three-year-long simulation for analysis of ice influence on the sediment transport
mechanisms in the Curonian Lagoon. Simulation period and set-up are the same as simulation
CAL, but without ice cover data.

e LONG: Long-term simulation (13 years) for analysis of the sediment transport mechanisms in the
Curonian Lagoon. Simulation period 2004-2016.
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Table 3. Summary of numerical experiments carried out in this study.

Name Period Description
CAL 2013-2015 Simulation for sediment model calibration (also used for sensitivity tests)
VAL 2015-2016 Simulation for model validation
NoICE 2013-2015 As CAL, but without ice cover data
LONG 2004-2016 13-year simulation
4. Results

4.1. In Situ Suspended Sediment Observations

The observations of the monitoring stations are presented in Figure 4. The analysis of measured
suspended sediment (S5C, mg L) showed that in spring, summer, and autumn at the Nemunas
station, the concentration varies from 4 to 13 mg L~! with the maximum values (>20 mg L71) at the
end of winter, beginning of spring, when the river flooding season starts. The flood season starts when
the ice and snow cover melts and shows the highest values of total suspended solids (TSS) as well.
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Figure 4. The time series of total (TSS), mineral sediment (SSC), and Chl-a concentrations and percentage

of the cyanobacteria from the total phytoplankton community for monitoring stations Nemunas, S1,
and S2. Columns without SSC values indicate field campaigns where only TSS were measured.

The highest concentrations values off TSS = 57 mg L~! and SSC = 31 mg L™! were found in summer
and autumn during the algal bloom, when chlorophyll-a concentration peaked up to 300 mg m=>.
As is typical for the Curonian Lagoon in summer and autumn, the phytoplankton community was

dominated by blue-green algae (cyanobacteria).
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In general, the measured SSC varied form very low values (1-2 mg L™1) to 30 mg L™1. The TSS
varied from 11 to 57 mg L™!. It is important to mention that the sampling campaigns in the lagoon were
planned when the weather conditions were calm and did not show the possible highest concentrations
due to wind waves that could have a strong influence for the resuspension and sediment transport.
Therefore, more observations are needed for better understanding of the system dynamics.

The results of the regression analysis for the relationship between SSC and water discharge based
on the data sampled in 2015 are shown in Figure 5. On the model boundary, the averaged recalculated
Nemunas River discharges in 2015 was 320 + 171.3 m® s7!, while the average discharge for the all of
modeling period was 424.4 + 217.4 m® s~1.The power law function is a sediment rating curve that was
used to estimate the missing SSC data for the river open boundary conditions.
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Figure 5. Relationship between SSC and Nemunas River discharge.

4.2. Model Calibration and Validation

The sediment transport model has several parameters that can be varied during the calibration
process. Default model parameter values were obtained for the Venice Lagoon and could not be directly
used for this study site [44,46]. The Van Rijn method for prediction of the non-cohesive sediment
transport was chosen for the Curonian Lagoon. The initial critical shear stress value for erosion was set
to 0.3 N m~2 according to the method mentioned above. The density for the freshly deposited mud
was set to 775 kg m ™.

The model performance quality criteria for calibration and validation were expressed in terms of
the relative discrepancy defined as the ratio between measured and modeled SSC values (Figures 6
and 7). The model performance quality index was calculated as a percentage of points falling into the
range of 0.5-2 (further called double relative discrepancy interval) of all values. It was assumed that the
model performance quality is satisfactory if the model performance quality index exceeds 50% [44,59].
It means that predicted values should not be less than half or more than twice the observed values.

The first simulation for the period 2013-2015 was carried out with the real forcing data and
sediment transport model parameters mentioned above. The measured and modeled SSC values in the
water surface were compared in two Curonian Lagoon stations (S1 and S2) with different characteristics.
Analysis of the results showed that the sediment model performance quality index was only 12.5% in
station S1 (RMSE = 0.013 kg m?) and 15% in station S2 (RMSE = 0.009 kg m®). The highest discrepancies
were observed in the summer and autumn seasons. Unsatisfactory calibration results obliged to
analyze the processes that could influence the sediment transport mechanisms in the Curonian Lagoon
in more details.

As highlighted above, SSC observations showed that in the lagoon, higher values were found
during the summer—autumn period. Indeed, in late summer and beginning of autumn, modeled SSC
values were lower compared with the measurements. The authors of [60] found that in the Curonian
Lagoon, the settling velocities of total suspended solids (TSS) decrease in the summer months when
positively buoyant cyanobacteria are present. Their calculated settling velocity for TSS in the summer
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was about 0.3 m day~! and the TSS concentrations in the lagoon correlated with Chl-a concentrations.
There was no relationship found between river discharge and Chl-a that indicated the autochthonous
origin of the suspended material. Also, it is known that diatoms and cyanobacteria scums can act as a
trap for sediments because of the adhesive surface of their biofilms [61]. In Figure 4, it is shown that
in the summer and autumn seasons, cyanobacteria were dominating in the Curonian Lagoon and
especially in S1 station, where concentrations were very high. According to [62], one of the factors
controlling the phytoplankton blooms is water temperature. Based on these studies a new formula (1)
for fine sediment settling velocities as a function of water temperature was introduced into the model.
The following new settling velocity equation was used for water temperature higher than 8 °C:

wwsy =axT+b, 1)
where wws), is the settling velocity in m day™', T the water temperature in °C. After calibration,
the values a = —0.03443 and b = 1.251117 were used and, with the introduction of these changes,
the model performance increased to 40% (RMSE = 11.5 mg L) in station S1 (Figure 6A,B) and to 60%
(RMSE =5.7 mg L) in station S2 (Figure 6C,D).
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Figure 6. Comparison of the predicted and observed values after sediment model calibration for station
S2 (A,B) and S1 (C,D). Scatterplots (B,D) are made using a logarithmic scale, where the solid line
indicates absolute agreement with the measurements; the green lines correspond to the endpoints of
double relative discrepancy intervals.
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Figure 7. Scatterplot of the sediment transport model validation plotted on a logarithmic scale.
Solid line indicates absolute agreement with the measurements, dashed lines corresponds to the
endpoints of double relative discrepancy intervals. Data are sampled in 15 different places during
August-September, 2016.

The results of the second simulation for the period 2015-2016 (VAL) were used for the model
validation. The measured data for the end of August and first days of September in 2016, from the
second dataset, were used (yellow dots in Figure 2C). Validation results show that modeled SSC values
were in a good agreement with the measured data, with a model performance quality index (as defined
above) of 72% (Figure 7).

4.3. Long-Term Simulation Results

Long-term simulation results gave us the possibility to analyze general sedimentation dynamics
of the Curonian Lagoon, focusing on the suspended sediments distribution in the water column and
erosion-accumulation zones. The year of 2004 was eliminated from the analysis as a spin up time, and 12
years of data were analyzed. The transition between smooth and rough hydrodynamic conditions of
the flow near the bed depends on the friction velocity and the bottom roughness. According to the
general characteristics of the seabed composition and the prevailing circulation dynamics, smooth
turbulent flow predominates in the central and southern parts of the basin (muddy sediments, stagnant
flow condition, accumulation zone), while transitional to rough conditions are expected to characterize
the northern lagoon (sandy bottom, active flow conditions, erosion zone).

The averaged seasonal suspended sediment concentrations are shown in Figure 8. It can be seen
that the lowest SSC values are found in the winter season, with an average value of 3 + 1 mg L.
In spring, the highest SSC values were in the Nemunas Delta (average 23 + 10 mg L™!) and the
Lithuanian part of the lagoon (average 12 + 6 mg L™1). The average spring concentration for all of the
lagoon were 6 + 6 mg L™1. In the summer, the concentrations varied from 40 mg L' on the eastern
coasts to 10 mg L1 in the western part of the lagoon, with an average value of 19 + 18 mg L™ for all of
lagoon. The SSC values in the autumn were more homogeneous, with the average concentration of
20 mg L1 in the southern part and lower concentration on the eastern coast. The average autumn
season value was 19 + 15 mg L.
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Figure 8. Seasonal distribution of SSC in the water column (A) winter, (B) spring, (C) summer,
(D) autumn. (E) Erosion—-deposition patterns after 12 years.

The erosion-accumulation zones after 12 years are presented in Figure 8E. Results show that the
lagoon functions as a sediment sink with accumulation zones in the southern and central part of the
lagoon and erosion zones in the north. On average, after 12 years, the southern and central parts
became 6 mm shallower compared to the initial model bathymetry. Maximum (>+700 mm) bathymetry
changes were in the Nemunas Delta. In the north, the averaged erosion was 3 mm after the whole
simulation period.

The long-term simulation let us calculate the sediment budget for the Curonian Lagoon. It is
important to remember that a value of zero for the SSC concentration was assumed on the model open
sea boundary, because of the absence of measured suspended sediment data. The amount of sediments
outgoing from the lagoon to the sea was calculated on the section shown in Figure 2D in Klaipeda
harbor. The sediment input was considered as a sum of the sediments in the river mouths, directed
into the lagoon, and the input of sediments from the sea on the Klaipeda harbor gates. Results show
that there was no trend for the sediment input from the rivers to the system. It differed each year and
depended on the rivers’ discharges (Figure 9). The highest sediment input occurred in spring with the
river flood period. The biggest calculated amount of riverine sediments was for the years 2010 and
2013, and was equal to 1.192 x 10° kg and 1.275 x 10° kg respectively. The average annual amount of
sediment coming to the system was equal to 4.844 x 108 + 3.780 x 108 kg y~!. The computed sediment
transport to the sea never exceeded the sediment input and had a strong correlation with the sediment
input (R? = 0.77). The average annual amount of sediments flushed out of the system was equal to
1.858 x 108 + 1.782 x 108 kg y~!. On average, about 62% of the riverine sediments was trapped in
the lagoon.
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Figure 9. The cumulative amount of sediments coming into the system.

5. Discussion

5.1. In Situ Data and Sediment Rating Curve

The first part of the study, where the sampled suspended sediment data were analyzed, showed
that the SSC trends in the rivers and lagoon are different. The highest riverine concentrations are in the
winter-spring season when the flood period starts. In the lagoon, the highest TSS (20-57 mg L™!) and
SSC values were found in the summer—autumn season, together with the algal bloom or when the
cyanobacteria were dominant. This is in agreement with other Curonian Lagoon studies, where the TSS
were measured for the ice-free season [60,63], and the highest concentrations were found by [64] with
the maximum TSS of 304 mg L~! (in the article called particulate matter) during the summer-autumn
season, due to high plankton concentrations. In most of the analyzed studies for the Baltic Sea lagoons
and other regions, only the TSS values were measured. Similar trends with lower values in winter
(TSS = 5-10 mg L) and higher in summer (TSS = 20-35 mg L~!) were found in the similar Vistula
and Szczecin lagoons [13,65]. In comparison with the biggest lagoon in the world—the Patos Lagoon
in Brazil—where the freshwater and wind are the main drivers, the TSS values variy from 50 until
150 mg L7! (in the article called as Suspended Particulate Matter, g m~3) with the recorded maximum
of 1000 mg L~! [66]. In the Patos Lagoon, a strong interannual variability of TSS was found, with the
highest concentrations in austral spring and summer and the lowest in autumn and winter.

The closest permanent monitoring station in the Nemunas River is about 90 km from the model
boundary, where only the TSS values are measured a few times per season. According to Bukaveckas
et al. [60], there was no relationship found between TSS and river discharge in this station. Therefore,
the one-year sampling campaign was organized to collect samples close to the model boundary.
The developed sediment rating curve for 2015 was used for all the simulation period to estimate the
Nemunas River suspended load according to the water discharges. The sediment curve is a useful
tool for SSC prediction [67], but it should be used with care since different years can have different
sediment supply rates depending on natural or human-caused changes in the watershed. In this study,
there were no other data available; therefore, a sediment rating curve based on one-year data was used
for the longer simulation periods.
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A moderate relationship was found between the measured SSC and Nemunas River discharge.
The SSC values predicted by the sediment rating curve during the flood period were lower than the
measured values. With respect to the specific features of the Nemunas River, the lower SSC for the
high river discharges can cause only minor uncertainties for the model results. Firstly, during the
floods, especially large ones, in the delta region, the flow velocities hardly decreases because of the
water overflow to the valley [68]. Secondly, it is known that during a flood, big amounts of sediments
(about 35% of the suspended sediment input) are deposited in the delta meadows, due to favorable
conditions for deposition, and do not reach the Curonian Lagoon [69]. The applied sediment transport
model does not take into account the flooded areas and sedimentation in the meadows; as a result,
the lower SSC values on the model river boundary should be in good agreement with the possible
amounts of sediment that enter the Curonian Lagoon.

5.2. An Introduced Formula for Settling Velocity

In the second part of the study, a numerical model for the Curonian Lagoon was applied to
understand the sediment transport mechanisms. First, simulations that were carried out for sediment
model calibration show that in warm season, the riverine sediment loads were not sufficient to
reproduce the measured SSC values in the lagoon waters. This suggests that the biological components
in such complex lagoons like the Curonian Lagoon could be vital for the sediment dynamics and
need to be analyzed in more details. The authors of [60] showed that settling velocities for the total
suspended sediments in the Curonian Lagoon are very low when positively buoyant cyanobacteria are
present. Pilkaityté and Razinkovas [62] showed a strong relationship between cyanobacteria biomass
and water temperature, while the authors of [70] found a moderately strong relationship between
Chl-a concentrations and water temperature. These studies were a starting point for the development
of a new formula for settling velocity. It is important to mention that the water temperature is not
the only driver forcing cyanobacteria blooms, and only a moderately strong relationship was found.
However, there were no other parameters in the sediment transport model that could be used to
compute settling velocities. With the newly introduced formula for settling velocity, the measured and
modeled SSC values were in better agreement than before. However, more adequate observations are
necessary for settling velocities, especially for the cyanobacterial bloom period in late summer and at
the beginning of autumn, especial in the areas with cohesive sediments where the developed model
underestimates the measured values (Station S1). In addition, the organic material in suspensions is
not the only factor that can affect the suspended sediment concentration and sediment dynamics in the
system. For example, the benthic vegetation can influence the bed roughness and bottom sediment
erodibility [58,71], which was not considered in this study.

5.3. Analysis of Model Calibration and Validation Results

After the calibration of the sediment transport model for the Curonian Lagoon with the new
settling velocity, the S1 station showed lower than 50% model performance quality index that can
be explained with the wider knowledge of the entire system. According to seasonal maps of the
water currents in Umgiesser et al. [23], the S1 station has a minor influence of the Nemunas River,
indicating that other source of the input material should be taken into account. Stronger currents on
the western coasts of the lagoon can cause coastline erosion and increase the SSC values. The Curonian
Spit is covered with sandy dunes open to aeolian processes, where part of the sand can be blown
into the lagoon waters [20]. According to Galkus and Jok3as [17], 37% of the total sediment input
(lithogenous income material) can enter the Curonian Lagoon from other sources such as precipitation,
shore erosion, aeolian processes, waste waters, etc. All of these processes are not carefully estimated
in this region and cannot be taken into account by the sediment transport model; as a result, it may
cause model discrepancies. Overall, the applied model showed correct SSC fluctuations in station
S1 according to different hydrodynamic conditions, with higher SSC values during the flood period,
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and the summer—autumn season when the possible cyanobacteria bloom is present and when higher
waves are dominant.

Despite the uncertainties in the S1 station, the model calibration results in the S2 station and
validation results show satisfactory agreement between modeled and measured values, where 60%
and 72% of the measured values, respectively, fall into the double relative discrepancy interval. Station
52 is located exactly on the way of the river water flow, while validation stations are spread in the
northern site of the lagoon with different sedimentation properties.

In general, the model performance showed correct behavior of the SSC values; that is, the main
property of the models in the sediment transport research stated in the [59]. There is a big variety of
sediment modeling studies where values lower than 50% are accepted during the model calibration or
validation processes because of the complexity of the study area and observation errors [6,45,59].

5.4. Factors Controlling Suspended Sediment Distribution

The analysis of the 12-year simulation results (scenario LONG) shows a strong seasonality in
the distribution of the suspended sediments. The lowest SSC values were in the winter due to no
waves under the ice. In spring, the influence of rivers was evident. The highest concentrations were
on the river mouths because of the big amount of sediments transported during the flood period.
The Nemunas River entering the lagoon in the central part of the lagoon divides the system into
two parts. The northern part, strongly influenced by the river discharge and transport directed
northward, had higher SSC values compared with the more stagnant southern part. The southern
part depends on meteorological conditions [21,23] and can have considerably varying concentration
values depending on the wind speed and direction within different years, with averaged concentration
in the water column from about 5 mg L1 in the years 2011 and 2015, until 25-35 mg L' in 2009
and 2010. In summer, the suspended sediment concentration gradient was formed from east to west
due to the water circulation and low river discharges. In this season, the main factor influencing
water column mixing and exchange between the southern and the northern part of the lagoon was
the wind force [23]. The autumn season showed the biggest part of the lagoon with concentrations
>25mg L~!. This can be explained as the result of high water temperatures in September and lower
settling velocities introduced into the model.

Two factors can cause higher concentrations in the southern and eastern parts of the lagoon in
autumn season. First, compared with spring and summer, stronger wind events are observed in
autumn (see Figure 3C) that cause resuspension. Secondly, the higher water temperature in September
decreases the particle settling velocity that leads to higher concentrations in the water column.

5.4.1. Impact of Ice Cover

Additionally, the 3-year short-term simulations were used to investigate the impact of ice cover
and strong wind to the sediment distribution and transport running the model with and without
ice cover data. The reproduction of ice cover by the model for the winter period reproduced the
sheltering of the water from wind and changed the hydrodynamic conditions, described also by [13,23],
that influenced the sediment transport in the whole lagoon and changed suspended sediment
concentrations. To evaluate the influence of ice cover, the model results from two simulations were
used (CAL and NoICE) for the period from 15 January 2014 until 7 March 2014. This was the period
when the lagoon was covered in ice. The simulation where ice cover was taken into account gave an
averaged SSC value for all of the Curonian Lagoon of 1.50 + 1.79 mg L~!. Without ice cover, this value
increased to 2.8 + 2.7 mg L™!. A significant increase (>10 mg L™!) appeared when the strong wind
events were present in the region. A one-day event with the southeasterly winds and wind speeds of
more than 10 m s™! is shown in Figure 10. The absence of ice cover produced much higher bottom
shear stress values that caused a bigger suspended sediment concentration in the water column.
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Figure 10. One-day (1 February 2014) event of the influence of ice cover on the sediment transport
simulation (wind speed 10 m 571, SE direction). (A) SSC with ice; (B) bottom shear stress with ice;

(C) SSC without ice; (D) bottom shear stress without ice.

The time series of SSC in the water column for stations S1 and S2 with and without ice cover are
presented in Figure 11. In the deeper muddy station S1, the influence of ice cover was visible only with
wind speeds higher than 10 m s™! and wind blowing from the east, south-east, or south directions.
In the shallower station S2 with sandy sediments, the influence of the ice cover was visible with winds
blowing from south-west to north-west, already with wind speeds of more than 6 m s™!. There were

no northerly winds in the analyzed season.
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Figure 11. Simulated suspended sediment concentration with and without ice cover at monitoring

station S1 (A) and S2 (B) during the first part of 2014.
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This demonstrates that ice cover plays a crucial role for sediment transport as well. The authors
of [23] already showed that incorporation of ice coverage data into the model gives much better results
in terms of salinity and water renewal time. The use of satellite ice cover data gave us the possibility
to analyze the performance of the system in a longer time window and with higher detail. Ice cover
sheltered wind forcing over the lagoon surface and stopped the sediment resuspension due to waves
induced by the strong winds, which are very common in winter period (Figure 3C,D). The ice cover
decreases water exchange between the north and the south of the lagoon, and less fresh water from the
Nemunas goes to the south [23]. These factors decreased the suspended sediment concentration in the
water column in the winter compared to the concentrations simulated without ice cover. Analysis of
13 years of ice cover data did not show a clear trend for the ice cover presence in the lagoon (Figure 3B).
Nevertheless, taking into account the climate change scenarios that predict a decreasing number of
days with ice cover in the future [72], higher SSC values in the winter season could be expected due
to the wind wave action on resuspension. Therefore, it is expected that the Curonian Lagoon will
decrease its capacity to retain sediments in the future. However, it also has to be considered that
an increase of the Nemunas sediment load for winter is forecasted in a climate change perspective
(emission scenarios RCP4.5 and RCP8.5 [73]), with a probable associated enhancement of the winter
sediment load into the lagoon.

5.4.2. Impact of Stormy Wind

The wind effect on the sediment dynamics in the lagoon was investigated for the whole CAL
simulation period (3 years). The analysis of strong storm events shows that big amounts of sediments
can be washed out of the system in a short period and the time to recover is from few days to seasons.
A single storm event on 6 December 2013 with SW winds and wind speed higher than 20 m s~ was
analyzed in more detail (Figure 12), which shows that in a one or two days, a great amount of sediments
can be resuspended, and part of these sediments can be washed out of the system, forming erosion
zones in the lagoon.
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Figure 12. Time series of sediment input and output from the Curonian Lagoon to the sea. Black
rectangle indicates the discussed storm event.
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The model simulates the sediment fluxes through the given sections, thus it was possible to
estimate the sediment input and output to the system (see Section 4.3). An amount of 11.4 x 10° kg
was transported outward through the harbor gates in two days (6th and 7th). Taking into account
the sediment input on these days, after a storm, the loss of 4.7 X 10° kg of sediments was calculated
and big erosion zones in the south-eastern side and central part of the lagoon were formed. This was
8% of all sediment output and 3% of total input in 2015, but only 0.7% of the total output and 0.4%
of input in 2013. 2015 and 2013 are the years with minimum and maximum input in the period of
2004-2016. respectively. Comparing these numbers with the average daily sediment riverine input
(about 1.10 x 10° + 8.6 x 10* kg day '), 42 days would be necessary to refill the basin.

The results show that strong storm events are important factors in analyzing the distribution of the
suspended sediments and can have a strong influence for the sediment budget calculation or analysis
of erosion-accumulation zones in the region, especially if the short period is analyzed. The effect of the
strong wind events on sediment erosion in coastal lagoons has received a lot of research attention in
the past years (e.g., [74] and references therein), possibly due to climate change forecast on increasing
storminess [75]. High wind speeds lead to increased bed shear stress values in function of waves and
currents that causes suspension of the sediments.

5.5. Erosion-Accumulation Zones in the Curonian Lagoon

The erosion accumulation zones were in good agreement with [21], where the southern part with
a resident time of more than 120 days was classified as an accumulation zone. The northern part,
characterized by strong riverine influence, was limited for accumulation of suspended matter and
acted as a transitional zone. According to [8], the wind wave impact in the lagoon counteracts the
accumulation of suspended material transported by the Nemunas River in the north, which thereby
maintains the deeper regions in this lagoon.

The averaged accumulation rate in the southern part was about 0.5 mm year~!, and the averaged
erosion rate in the north was about 0.23 mm year~!. When analyzing results in smaller areas, higher
erosion and accumulation rates can be found, e.g., in the Nemunas Delta and in the Klaipeda Strait with
accumulation rates of about 7 mm year‘lA Pustelnikovas [37] measured the accumulation rates in five
points (four point in the western site and one close to the Matrosovka River), and it was concluded that
the accumulation is 3.2 mm year~! or 3.4 mm year~! in the deeper areas. The measurements were done
in the areas where muddy sediments, rich with organic particles, are dominant. The developed model
did not include organic particles, and as a result, the estimated sedimentation rates for total suspended
material in the southern part should be higher than the ones modeled for inorganic particles only.

5.6. Model Results for Sediment Budget Calculation

The sediment budget for the Curonian Lagoon was calculated through the difference between
incoming and outgoing sediments. The estimated averaged annual sediment input to the system,
which consisted of riverine input and the input from the sea, was 4.844 x 10° + 3.790 x 10% kg year™'.
The annual output to the sea was 1.858 x 10% + 1.782 x 10% kg year™! and 2.986 x 108 + 2.381 x 108
kg year™! stayed in the lagoon in suspensions or on the bottom. It is clear that the Curonian Lagoon
acts as a sink for the sediments and differs from similar lagoons in the Baltic area, where the Vistula
lagoon is losing sediments [76] and the Szczecin lagoon is transporting sediments to the sea [65].
The sediment budget for the Curonian Lagoon, calculated by other studies, was in range with our
study. The total budget calculated by [18] was +4.542 x 108 kg year~! and by [17] £4.508 x 108 kg
year~!. The biggest disagreement in these studies was between the amounts of sediment that exit to
the sea and accumulate in the lagoon. In Pustelnikovas research [18], it was calculated that the lagoon
accumulates 3.372 x 108 kg year~! and in [17], the accumulation of 1.328 x 108 kg year~! was found.
The different amounts of accumulated sediments can be explained by our study, which shows that
the budget for different years can vary by more than 5 times. We found strong correlation between
incoming and outgoing annual amounts of sediment.

130



Publications

Water 2019, 11, 1970 21 of 24

It is important to mention that in the model, at the open sea boundary, the suspended sediment
concentration was set to 0 because of the absence of data. This can decrease the simulated sediment
input to the Klaipéda Strait area and influence the sediment budget. However, the sediment transport
model could be a valuable tool for optimizing the dredging activities in the Klaipeda Strait and harbor.
For such specific tasks, the numerical model could be applied with higher resolution in order to
reproduce, within the use of the unstructured mesh, both the sediment transport in the lagoon and the
small-scale dynamics around the artificial structures of the harbor area. In conclusion, the simulations
that have been carried out to study the sediment transport mechanisms in the Curonian Lagoon gave
satisfactory results and the possibility to get a holistic view of the system. This was the first study
where the sediment transport model was applied for the Curonian Lagoon, but more observations and
studies are still necessary to understand the sediment dynamics in such a complex system with rich in
organic material and high riverine inflow.
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KEYWORDS Summary In this study, we present an analysis of the hydrodynamic processes under ice cover
Ice cover impact; in the largest lagoon in Europe — the Curonian Lagoon. By applying a finite element numerical
Water circulation; modelling system (SHYFEM) and remote sensing ice cover data, the residual circulation, wa-
Numerical modelling; ter fluxes through specific areas of the lagoon, saltwater intrusions, and water residence time
SHYFEM; (WRT) were investigated. The results, taken over an 11 year period, show that ice cover affects
Curonian Lagoon the circulation patterns in the lagoon by forming and shifting different gyre systems. Different

circulation patterns are observed throughout all the meteorological seasons of the year. Since
ice decreases circulation, water fluxes also decrease, especially in a cross-section in the mid-
dle of the lagoon, where the ice-cover suppressed wind-stress has a higher impact on the water
movement rather than it has in the north. The presence of ice cover also decreases the salinity
of the water in the northern part of the lagoon. In general, the salinity in the water column
averaged over different periods is vertically uniform, however, a slight increase of salt concen-
tration can be observed at the bottom layers in the Klaipéda Strait, where the difference of
>1 PSU between bottom and top layers shows up on average 130 hours per year. The ice cover
also decreases the saltwater intrusions into the lagoon by nearly 14 days per year. The increase
of WRT is most prominent after long ice cover periods, away from the river inlets, especially
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in the southern part of the lagoon, where without the help of the wind action, water takes a
longer time to renew than in the northern part.

© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Changing ice cover conditions have a strong impact on the
hydrodynamics, exchange processes, and overall ecosystem
of the water body, including the fisheries and tourism sec-
tor. Ice cover formation is controlled by variations in heat
exchange and mixing, as well as the heat storage capacity
of the water body (Bengtsson, 2012). The initial ice forma-
tion can be rather complex with many freezing and break-up
events depending on the strength of the heat loss and wind
stress at the water surface.

Ice cover affects a water body in several ways. It sup-
presses the direct wind stress to the water surface and sig-
nificantly alters the circulation and mixing (Wang et al.,
2010). The movement of the water is highly regulated by
thermal processes and by the vertical motion of the ice
cover (Bengtsson, 2012). Convective mixing is induced when
there is enough light penetrating through the ice and by
heat exchange with the sediments. The latter is a very
slow process capable to last throughout the whole winter
(Bengtsson, 1996). Inflowing water from the rivers induce
circulation near the inlets, thus it may only have a local ef-
fect on the overall circulation (Cushman-Roisin, 2019).

Freshwater bodies connected to the sea by a strait,
such as the Curonian Lagoon, are prone to saltwater in-
trusions (Miller et al., 2018; Zemlys et al., 2013, and
references therein). Although it is a natural process, it
can likewise be induced by human activity, e.g., dredg-
ing in the strait area (Yuan and Zhu, 2015). This process
not only alters the ecosystem of the freshwater environ-
ment (Canedo-Argielles et al., 2019), but also affects the
freezing and melting of the ice (ldzelyté et al., 2019). It
can be an increasingly more serious issue due to the cli-
mate change with increasing air and water temperatures
(Jakimavicius et al., 2018; Wolanski et al., 2019), rising
sea level (Carrasco et al., 2016), and the escalating num-
ber of extreme weather events (Jankovi¢ and Schultz, 2017;
Ummenhofer and Meehl, 2017).

Lagoons are influenced not only by salty marine water
but also by freshwater input from the rivers. The average
time a water parcel stays in a domain before leaving it is
called water residence time (Ambrosetti et al., 2003). Ice
highly affects the ability of the water to be renewed by
fresh water from the river inlets, thus its residence time
tends to increase, affecting the water chemical composition
(Vincent, 2009), and thus affecting the time and intensity
of algal blooms in early spring (Nguyen et al., 2017; Twiss et
al., 2014).

Ice cover not only alters the physical properties of the
water body, but it also has ecological repercussions. The
magnitude of solar radiation entering the water body is
highly diminished by ice and snow cover on top of it. This
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way, lowered temperature affects all the chemical and bi-
ological processes (Hampton et al., 2017; Wotton, 1995).
In general, light provides radiation for primary production
and in particularly productive water bodies, the limited
light penetration causes dissolved oxygen depletion due to
increased respiration of aquatic organisms and microbial
decomposition (Vincent, 2009). The addition of the oxy-
genated water and transfer of oxygen from the atmosphere
replenish its levels in the water column. Water motion is
primarily responsible for reaeration. When the ice cover
blocks the wind stress, there is no motion on the surface,
thus oxygenated water can only come from the water inflow
areas.

As the climate is changing, leading to increased temper-
atures, the ice cover season duration is shortening in the
Curonian Lagoon (Dailidiene, 2007; Idzelyté et al., 2019).
This may lead to the increased coastal erosion, because ice
on the coast is a natural breakwater, protecting the shore
from winter storms, and preventing the deflation of the
sand (Jarmalavicius, 2007). On the other hand, when the
ice breaks up and starts drifting, ice heap has a great im-
pact on abrasion of the shoreline, which depends on the
mass of the ice, direction and speed of the wind, and wa-
ter currents. The ice drift affects water level fluctuations
in the lagoon by damming the rivers, thus significantly in-
creasing flooded land areas and partially or sometimes even
completely changing the riverbed. In the north of the Curo-
nian Lagoon floe clutters cause an increase of the overall
water level, reducing the outflow to the sea. Moreover, the
lagoon would have much higher suspended sediment con-
centrations in the water column if the ice cover would not
be present during the winter season (Mézineé et al., 2019).

The circulation patterns, saline water intrusions, and
water residence time (WRT) in the Curonian Lagoon have
been of high study interest. Ferrarin et al. (2008) showed
that the main forcing affecting the circulation patterns
in the northern part of the lagoon is the Nemunas River
discharge and in the southern part, it is largely driven by
wind forcing. The study by Zemlys et al. (2013) revealed
that saline water intrusions from the Baltic Sea through
the Klaipéda Strait into the lagoon are gradually decreasing
and become negligible at a 20 km distance to the south
of Kiaulés Nugara Island. Additionally, the results showed
that the model performance during the winter season was
worse, presumably because ice cover was not included in
that model set up. This was improved by Umgiesser et al.
(2016), producing better results by using the interpolated
data of ice observations from four ground stations. Their
study of water renewal time demonstrated that, overall,
it is changing only slightly, although a notable increase in
WRT is observed during long winters. The above-mentioned
study used in situ ice observations from a limited number of
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Figure 1 Location of the Curonian Lagoon with respect to
the Baltic Sea. The irregular triangular network represents the
computational grid, colors throughout the domain indicate the
bathymetry of the lagoon, yellow triangles denote ice cover ob-
servation stations, the green circle shows a point in Klaipéda
Strait for the salinity analysis, and red lines indicate cross-
sections for the computation of the fluxes in the Klaipéda
Strait (S1), North of Nemunas (S2), Nemunas Delta (S3), and
at Lithuanian-Russian border (S4).

stations in the northern part of the lagoon, which were
shown by Idzelyté et al. (2019) to not truly represent
the real ice cover dynamics in the Curonian Lagoon.
Furthermore, only 4 years of ice cover data were available.

With a complete set of ice data for 11 winters, it is now
possible to carry out a much more complete study of the ice
impact on the hydrodynamic process occurring in the Curo-
nian Lagoon. Therefore, the aim of this paper is to analyze
the ice cover effect on the circulation, water exchange ca-
pabilities, saltwater intrusions, and water residence time
for the period of 2004—2015 using remote sensing ice cover
data in the numerical model SHYFEM, simulating the hydro-
dynamics of the Curonian Lagoon.

2. Material and methods
2.1. Study site

The Curonian Lagoon is located in the southeastern corner
of the Baltic Sea (between 54.9°N and 55.9°N) separated
from it by a sandy spit, called Curonian Spit and connected
to it by the narrow Klaipéda Strait (Figure 1). By occupying
an area of around 1584 km? (volume 6.3 km?) (Zaromskis,
1996), it is the largest coastal lagoon in Europe with the
northern part belonging to Lithuania, and the larger south-

ern part — to Russia. The Curonian Lagoon is a shallow water
body having a mean depth of roughly 3.8 m, the maximum
natural depth of 5.8 m in the southern part of the lagoon
(Gasitinaité et al., 2008) and dredged areas in the Klaipéda
Strait up to 15.5 m deep. The southern part is character-
ized by being freshwater, which is due to the river discharge
into the lagoon of approximately 21.8 km? yr—', mainly
supplied by the Nemunas River (Dailidiene and Davuliene,
2008; Jakimavicius, 2012). River water is the main water re-
newal source, especially in the northern part of the lagoon
(Umgiesser et al., 2016); however, this area is characterized
by a higher salinity due to the Baltic Sea water intrusions,
which are determined by the water level difference of the
Baltic Sea and the Curonian Lagoon. Saline water inflows
along the western shoreline where the influence of Nemu-
nas discharge is weaker (Zemlys et al., 2013). The variability
of circulation patterns depends mainly on seasonal changes
in hydrographic forcing and on the dominant wind regimes
(Umgiesser et al., 2016). The latter are responsible also for
the internal mixing and redistribution of the water masses.

Every year the Curonian Lagoon is covered by ice, how-
ever, the duration of the ice cover season is displaying a
tendency to decrease with the lagoon becoming ice-free
sooner. The variability of the ice cover extent throughout
the season highly depends on the air temperature. If it is
very low for a longer period, then a thick ice cover is able
to form, which is capable to withstand positive air temper-
ature events. However, if the negative air temperature is
not very low or unstable throughout the ice season, a lot
of break-up and refreezing can occur. Historical ice obser-
vation data (Bausys, 1978) show that a 10—70 cm ice thick-
ness used to form in the lagoon, but it is steadily decreasing
and is projected to be 13—15 cm or thinner by the end of
the century due to the climate change (Jakimavicius et al.,
2019). There is a significant trend in the final melt onset
dates, denoting that ice is starting to melt sooner. Firstly,
ice starts breaking in the northern part of the lagoon due
to the turbid nature of this area — inflowing saline Baltic
Sea water and outflow from the Nemunas River. The south-
ern more limnic part of the lagoon is covered by ice longer
than in other areas and melting there is affected more by
higher temperatures and wind. Typically, ice cover starts to
retreat from the western shoreline to the eastern part of
the lagoon due to the prevailing westerly winds during win-
tertime (ldzelyte et al., 2019).

2.2. Data

For the ice cover data, we used Synthetic Aperture Radar
(SAR) images received from three remote sensing missions:
Envisat ASAR, RADARSAT-2, and Sentinel-1A and 1B, as well
as data from spectroradiometer MODIS. Overall, 11 winter
periods from 2004 to 2015 were analyzed and a total of 511
images were processed, with a frequency of 2—5 images
per week. The ice polygons were manually digitized from
satellite images using ArcGIS software (more about data
processing techniques and results see Idzelyté et al., 2019),
converted to points in the numerical model grid, and inter-
polated to fill in the gaps between the dates of received
satellite images. The satellite data were validated with
ground observations taken once per day in three coastal sta-
tions in Juodkranté, Nida, and Venté. Ice observation data

138



Publications

R. Idzelyté et al./Oceanologia 62 (2020) 428—442 431

was provided by the Marine Research Department of the
Environment Protection Agency of Lithuania. Both datasets
(satellite images and ground observations) agree quite well,
giving a correlation coefficient of 0.92. Some inconsisten-
cies arise in defining the freeze onset in the lagoon, due
to the temporal resolution of satellite images being not
high enough to capture the fast ice formation. Nonetheless,
during the melting period when ice is drifting and break-up
occurs far away from the coastal stations, it is firstly de-
tected in satellite images, likewise, the last observation of
ice in the lagoon. Therefore, in most cases, satellite data
are superior with respect to in situ observations for defining
the key stages of ice cover formation and decay.

There are five open boundaries defined in the study do-
main — one for the Baltic Sea, and other four for the dis-
charging rivers: Nemunas, Minija, Matrosovka, and Deima.
Salinity, temperature and water level data at the open sea
boundary for the period of 2004—2006 were obtained from
the forecasts of operational hydrodynamic model MIKE21
provided by the Danish Hydraulic Institute, for the period
of 2007—2009 and 2014—2016 from forecasts of the opera-
tional hydrodynamic model HIROMB (High Resolution Opera-
tional Model for the Baltic Sea) provided by the Swedish Me-
teorological and Hydrological Institute, and for the period
of 2010—2013 from the forecasts of MOM (Modular Ocean
Model) provided by Leibniz Institute for Baltic Sea Research
in Warnemiinde, Germany. Lithuanian Hydrometeorological
Service (LHS) under the Ministry of Environment provided
the daily river discharge data.

Meteorological forcings for the period of 2009—2010
were obtained from the forecasts of operational numerical
weather prediction model HIRLAM (High Resolution Limited
Area Model) provided by LHS, and for the rest of the years
data obtained from ECMWF (European Centre for Medium-
Range Weather Forecasts) were used.

2.3. Hydrodynamic model

The open source hydrodynamic finite element model for
shallow water bodies SHYFEM was used to simulate ice cover
effect on circulation, saltwater intrusions from the Baltic
Sea, water residence time in the lagoon, and mass fluxes
through sections shown in Figure 1. The model was de-
veloped at ISMAR-CNR (Institute of Marine Sciences — Na-
tional Research Council, http://www.ismar.cnr.it/shyfem)
and has been already successfully applied for studying hy-
drodynamic processes of numerous lagoons in Europe (De
Pascalis et al., 2011; Ferrarin et al., 2010a, 2010b, 2013;
Molinaroli et al., 2014), as well as the Curonian lagoon
for which the calibration and validation of the model was
done (Ertiirk et al., 2015; Ferrarin et al., 2008; Zemlys et
al., 2008, 2013). The results obtained by Umgiesser et al.
(2016) showed that the model with a simple ice module gave
much better results compared to the reference (ice-free)
simulation.

SHYFEM consists of several modules: hydrodynamic,
transport and diffusion, sediment transport, wave, and
an ecological module. It is based on an unstructured grid,
which makes it suitable for application to lagoons, coastal
seas, estuaries, and lakes with complicated geometry and
bathymetry. This model is able to provide 2D as well as
3D simulations; for this study we used a 3D set-up. The

equations are integrated in time using a semi-implicit dis-
cretization scheme and spatial discretization is achieved us-
ing a partially modified finite element method. For salinity
and temperature computations, a transport diffusion model
is used that takes into account the heat fluxes from the at-
mosphere and input from rivers. The water residence time
computation is done by transforming the near exponential
decay of a conservative tracer with a logarithm application
to a straight line that then can be used for estimating the
WRT through linear regression (Cucco and Umgiesser, 2006).

The ice cover data in the model is represented by a num-
ber with values between 0 and 1, where marginal value 0
denotes the absence of ice and value 1 denotes water sur-
face completely covered by ice. The presence of ice was
accounted for in the model by weighting the wind drag co-
efficient by the fractional ice value. This is done to scale
the momentum input through the surface by the area free
of ice. For the areas having ice concentration equivalent
to 1, the momentum transfer to the sea is completely
suppressed. This study does not consider ice-ocean stress
(Umgiesser et al., 2016). More explanation about the model
and its equations can be found in Bellafiore and Umgiesser
(2010), Ferrarin et al. (2017), Maicu et al. (2018), and
Umgiesser et al. (2004).

2.4. Modelling set up and scenarios

The computational grid of the study area consists of 1309
nodes and 2027 triangular elements (Figure 1). The resolu-
tion is much finer in the Klaipeda Strait. For the vertical
discretization, 10 sigma layers have been used. A part of
the Baltic Sea in front of the lagoon is also included into the
numerical grid, preventing the disturbances for computa-
tions of the exchanges through the Klaipeda Strait area. The
Baltic Sea and Klaipéda Strait were considered ice-free for
all simulations since naturally there is no landlocked ice due
to intensive shipping, higher depths, and inflowing warmer
water from the Baltic Sea.

Three types of simulations have been carried out: 1) ice
cover artificially switched off in the model (hereafter no-
ice); 2) with ice cover data obtained from the satellite ob-
servations (hereafter real ice); 3) an additional set of sim-
ulation run where the lagoon is completely covered by ice
during the ice cover season, including the Klaipéda Strait
area (hereafter idealized ice). The comparison of the ice
and idealized ice season simulations allows a better under-
standing of the role of ice cover in the hydrodynamic pro-
cesses in the Curonian Lagoon.

The simulation period was from 2004-01-01 to 2015-12-
31. Only 11 years were analyzed as the simulation of the
year 2004 was used for the model spin-up. For the analy-
sis of ice cover impact on the velocity and direction of the
water currents, water fluxes, salinity, and water residence
time, the simulation results were averaged over the mete-
orological seasons of the year: winter (December, January,
February), spring (March, April, May), summer (June, July,
August), and autumn (September, October, November), as
well as over the ice cover seasons, each of them having dif-
ferent durations (different beginning and ending dates of
the ice season).

The average differences of simulation results obtained
with ice switched on and switched off in the model (real
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Figure 2 Water circulation (vectors are colored by the current speed in m/s) averaged over the whole simulation period of
simulations with ice data in: (a) spring, (b) summer, (c) autumn, and winter seasons (d), without ice in winter (e), and the current
speed difference of these winter computations (ice minus no-ice, f). White circles with arrows show gyre systems and their direction,
colors in the map show positive (blue), negative (green), and irrotational (gray) vorticity, and numbers indicate the maximum (Vinax)

and average (vayg) velocity of the residual currents.

ice minus no-ice and idealized ice minus no-ice) were cal-
culated to analyze the impact of the ice cover to the above-
mentioned hydrodynamic properties of the lagoon. This was
done for the averaged ice cover seasons. The salinity time
series difference between the bottom and top layers of the
water column in Klaipéda Strait (green circle in Figure 1)
were analyzed to identify the number of hours per year of
salt concentration exceeding the threshold of 1 and 3 PSU.
The vertically averaged salinity time series in Juodkranté
were analyzed to count the number of days when the salt
concentration exceeds the 2 PSU threshold.

Simulation results of 2004—2015 period were also used
for computing the water residence time (WRT) switching
its calculation on in the model for the different periods:
1) for the ice-free part of the year and the ice cover season
(WRTe for the real ice cover and WRT/% for the ideal-
ized ice cover season); 2) for every meteorological season
of the year defined above (WRTseason)- All calculations were

done twice — considering ice cover data and without it. The
water residence time for the winter season (WRTyinter) Was
compared with WRT ¢ and the results from Umgiesser et
al. (2016). Since the northern and southern part of the Curo-
nian Lagoon has different hydrodynamic properties, WRT
was computed separately for both of these areas, as well
as for the total lagoon area.

3. Results
3.1. Circulation

The behavior of water motion can be inferred through the
analysis of the residual currents, which are currents aver-
aged over a longer period, in our study, averaged over every
meteorological season of the year (Figure 2). Residual cur-
rents indicate the mean flow of the water, even if much
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Water circulation (vectors are colored by the current speed in m/s) averaged over ice cover season in simulation with

(a) real ice cover, (b) idealized ice cover, and (c) no-ice season set-up, as well as the current speed difference in m/s between
simulations: (d) real ice cover minus no-ice, (e) idealized ice cover minus no-ice, and (f) real minus idealized ice cover. White
circles with arrows in a, b, and ¢ show gyre systems and their direction, colors in these maps show positive (blue), negative (green)
and irrotational (gray) vorticity, and numbers indicate the minimum (Vpin), maximum (Vimax), and average (vayg) velocity of the

residual currents.

higher and lower instantaneous values can be detected. In
the Curonian Lagoon, we can observe a strong flow from
the Nemunas River northward to the Klaipéda Strait, having
the highest speed throughout the year. During spring season
(Figure 2a) in the southern part of the lagoon a two gyre
circulation system is observed, one — anticlockwise in the
southwestern corner of the lagoon, and the second — clock-
wise along the eastern shoreline. In summer, the latter one
shifts towards the middle part of the lagoon and a third an-
ticlockwise gyre system forms in the Nemunas Delta area
(Figure 2b). In summer the current speed is much slower
than in spring, with a slightly more pronounced flow along
the western shoreline. In autumn (Figure 2c), the current
speed slightly increases and the gyre in the southwestern
part of the lagoon is not as apparent as during the previous
seasons. In addition to this, another anticlockwise gyre sys-
tem is observed to form in the middle of the lagoon, near
the eastern shore. During the winter season under the ice
cover (Figure 2d) the same gyre systems remain in the cen-
tral part of the lagoon and in Nemunas Delta, however, the
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anticlockwise gyre in the southwestern part of the lagoon
becomes more apparent and another clockwise system can
be observed to form next to it. The water flow along the
western part of the lagoon slightly decreases during winter
and it becomes more chaotic near the eastern shoreline,
where ice cover stays the longest.

The difference of the simulation results of winter cir-
culation with and without the ice cover (Figure 2f) was
computed to investigate how ice cover affects the veloc-
ity of the residual currents during the winter season. The
results show that circulation under the ice cover becomes
weaker by up to 0.03 m/s. Water during the winter sea-
son flows slower along the perimeter of the lagoon, es-
pecially near the eastern shoreline. As mentioned above,
in the simulation with ice cover one can observe a more
chaotic water movement along the southeastern shoreline
(Figure 2d), compared to simulation results when the ice
cover was omitted (Figure 2e). Additionally, there is a dif-
ference in gyre systems in the southern part of the lagoon,
being more pronounced under ice cover.



Publications

434

R. Idzelyté et al./Oceanologia 62 (2020) 428—442

S1: Klaipeda Strait, RMSE: 115.48

S2: North of Nemunas, RMSE: 113.68

2500 F - T T 1 2500 F T
200043 g - R ] 2000

— 1500 1500

'» 1000 1000

& 500 500

- 0 0
-500 -500 - - : : e
—1000 —1000 - L - L
2500 2500
2000 2000

— 1500 1500

'w 1000 1000

& 500 500

- 0 0 v
-500 - ; - : =500} ------ree 0 8 ; -
_1000 Il Il Il Il Il _1000 Il 1 1 Il 1

Nov Dec Jan Feb Mar Apr May Nov Dec Jan Feb Mar Apr May

Figure 4  Average water fluxes through cross-sections at Klaipéda Strait (S1), north of Nemunas (S2), Nemunas delta (S3), and
Lithuanian-Russian border (S4). The location of each cross-section is shown in Figure 1. Green solid lines indicate water fluxes of
simulation with real ice, blue dashed lines — simulation without ice, the black solid line denotes the difference of these simulations
(real ice minus no-ice), the red solid line shows the results of simulation with idealized ice, and the magenta solid line indicates
the real ice and idealized ice simulation difference (real ice minus idealized ice). Negative values denote higher southward fluxes

in the simulation without ice.

Concerning the average residual currents during the real
ice cover season (Figure 3a), two gyre systems in the south-
ern part of the lagoon, which are similar to the results av-
eraged over the winter season, can be found (Figure 2d).
However, there is a third gyre next to it and only one gyre
in the middle of the lagoon during the real ice cover season.
For the idealized ice cover (Figure 3b), when the lagoon is
completely covered by ice throughout the whole ice season
duration, only one gyre forms in the southwestern part of
the lagoon. The distribution of the gyre systems in the sim-
ulation without ice (averaged over the ice season duration,
Figure 3c) is similar to the results averaged over the win-
ter season (Figure 2e), with only one gyre missing near the
southern shoreline. The difference of current speed in sim-
ulations with real ice and without it (Figure 3d) is similar
to the one averaged over the winter season (Figure 2f). The
difference of idealized ice cover and no-ice seasons is more
pronounced near the western shoreline (Figure 3e). In the
idealized case, when the lagoon is completely covered by
ice water flows slower along the western shoreline and it is
slightly stronger along the eastern shoreline in the northern
part of the lagoon, compared to the flow during the real ice
cover season (Figure 3f).

By looking at the residual currents of each ice cover sea-
son separately (not shown here), it can be seen that in the
southern part of the lagoon, the current speed noticeably
decreases. This is due to this area being sheltered from the
wind by ice cover for a longer period compared to the north-
ern part. When the ice cover is more variable, meaning that
it decomposes and refreezes several times throughout the
season, it leads to slightly higher current speeds. During
each ice-cover season, in the Klaipéda Strait area and ap-
proximately 5 km southward from Kiaulés Nugara island, the
current speed is always higher compared to the rest of the
lagoon. However, if this area is fully covered by ice for a
longer period, then the current speed slightly decreases.

3.2. Fluxes

For the computation of the fluxes, four cross-sections were
set — in Klaipéda Strait, north of Nemunas River, Nemu-
nas delta, and along Lithuanian-Russian border (red lines in
Figure 1). Although the water fluxes through each of the
specified sections are rather the same (fluctuating around
1000—1500 m* s~'), one can clearly see the difference be-
tween simulations with ice and without it. The results show
that the ice cover has a higher impact on the water fluxes in
the Nemunas delta area (S3 in Figure 4) and through the bor-
derline of the two countries (S4). The difference between
simulation results with and without ice is nearly twice as
high in these sections than it is in Klaipéda Strait and north
of Nemunas sections. The difference is only observed during
the ice cover season.

The comparison of idealized ice (fully ice covered lagoon
during the ice cover season) and real ice season (ice cover
from remote sensing data) simulation results shows that the
prolonged full ice cover (idealized ice) has the greatest im-
pact only in middle of the lagoon (at the cross-section along
the Lithuanian-Russian border). The changes of the fluxes in
the rest of the sections are much smaller.

3.3. Saltwater intrusions

Throughout the meteorological seasons of the year
(Figure 5), higher salinity concentration is always ob-
served in the northern part of the lagoon. It is especially
prominent in autumn (Figure 5c), while the lowest concen-
tration is observed in spring (Dmex in Figure 5a). For the
spatial average of the salinity over the whole lagoon area,
one can see that during winter it is lower under the ice
than it would be if the ice cover would not be present (Dgyg
in Figure 5d and e, respectively). The difference between
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Salinity averaged over ice cover season in simulation with (a) real ice cover, (b) idealized ice cover, and (c) no-ice season

set-up, as well as the difference between the simulations: (d) real ice cover minus no-ice, (e) idealized ice cover minus no-ice, and
(f) real minus idealized ice cover. The numbers indicate the minimum (Dpi,), maximum (Dpax), and average (Dayg) of salinity over

the total lagoon area.

simulations considering ice and no-ice (ice minus no-ice)
is negligible in the southern part of the lagoon, but in the
north the salinity can be lower by up to 0.81 PSU under the
ice cover (Figure 5f) than it would have been if the ice had
not been present during the winter season.

The duration of the ice covering the northern part of the
lagoon does not have a high impact on salinity when compar-
ing the real and idealized ice seasons (Figure 6a, b, and f).
The spatially averaged salinity of the differences between
simulations with real ice cover and without it (real ice minus
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no-ice, Figure 6d) shows that during the real ice cover sea-
son salinity can decrease by up to 1.02 PSU, which is higher
than the value averaged over the winter season (Figure 5f).
During the idealized ice-cover season (Figure 6e), when the
lagoon is completely shut off from the atmosphere by ice,
salinity under the ice can decrease by up to 1.18 PSU, com-
pared to a situation where ice cover is not present. It is the
highest difference compared with values averaged over win-
ter and real and idealized ice cover season, indicating that
the presence of the ice and the duration of its full cover
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Figure 7 Vertically averaged salinity time series in Juodkranté. Graph title indicates the year of plotted values, as well as the
number of days when the salinity exceeds the threshold of 2 PSU (red solid line) when computations are done using real (real ice,
blue solid line) and idealized (idealized ice, magenta solid line) ice cover data, as well as without ice (no-ice, dashed green line).
Grey areas show the percentage of ice covering the lagoon, the duration of every ice cover season can be seen in Figure 8.

decreases the intensity of saline water intrusions from the
Baltic Sea through the Klaipéda Strait further into the Curo-
nian Lagoon.

The difference of salinity between the bottom and top
layers of the water column in the Klaipéda Strait area (green
point in Figure 1) shows a high variability throughout the
years. In Table 1, the number of hours when this difference
exceeds 1 PSU and 3 PSU are shown. The average number of
hours is seen to be much higher when the salinity difference
exceeds 1 PSU threshold in simulation with ice cover.

In Juodkranté salinity surpasses the 2 PSU threshold
nearly 90 days on average per year when the ice cover is
switched-on in the model (Figure 7), this is 13.9 days less
on average than in the model results of the simulation with-
out the ice, and the difference between idealized ice cover
season and no-ice simulation results is 16.3 days, clearly de-
noting that the highest impact is observed when the lagoon

is fully covered by ice. In Klaipéda Strait salinity is exceed-
ing the 2 PSU threshold on average for 237 days per year,
when real ice cover data is used in the model, which is 10.5
days less than the records of model computations without
ice. Further in the lagoon, in Nida and Venté, differences
are much lower — less than 1 and 3 days per year, respec-
tively.

3.4. Water residence time

The average WRT values for the specified areas (north,
south, and whole lagoon domain) are shown in Table 2.
These values indicate that in the northern part of the la-
goon the WRT is around 55 days, and in the southern — 150
days, considering the real ice cover conditions (WRT/),
which are very similar to the ones averaged over the

meteorological winter season (WRT/¢% ). The difference
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Figure 8 Water residence time in the northern (WRT,,), southern (WRT,,,n) parts, and in the whole lagoon area (WRTota()
computed with and without the real ice cover: (a) for the ice-free period of the year and the real ice-cover season, (b) seasonally

every 3 months. Grey columns indicate ice cover percentage over t

he lagoon. At the bottom of the graph, the ice season duration

(ISD) in days is shown. Please note that in panel (a) only two values per year were available due to the way the WRT was computed.

In figure b four values per year were computed.

Table 1 The number of hours per year when salinity
difference between bottom and top layers of the water
column in the Klaipéda Strait exceeds the threshold of 1
and 3 PSU in simulations with ice and without ice.

Year  Number of hours with salinity [PSU] above

threshold

>1with >1without >3 with >3 without

ice ice ice ice
2005 170 138 24 15
2006 190 107 20 12
2007 135 134 18 18
2008 116 114 8 7
2009 112 122 17 27
2010 156 119 12 7
2011 42 32 1 1
2012 75 90 0 12
2013 85 83 9 11
2014 202 172 15 22
2015 149 145 33 27
Mean 130 114 14 14

between WRT values in the simulations with and without
real ice cover (WRT/¢? and WRT2"¢) is around 1.5 days
in the northern part and around 24 days in the southern

part. Results of simulation with the idealized ice cover
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(WRT;deal) show that in the southern part of the lagoon
the WRT increases by around 40 and 63 days compared
with WRT/9% and WRT2°-"¢, respectively. However, in the
northern part of the lagoon WRT,9d! is lower.

The differences of the results averaged over the meteo-
rological winter season (WRT<%!, and WRT"> i) are slightly
higher in the northern part, due to the variability of the ice
season duration (ISD) in this area, and the difference in the
southern part is slightly smaller, compared to WRT; ¢ and
WRT_na—r’ce_

ice

ISD and different WRT computation periods show a high
correlation (from 0.71 to 0.84), denoting a significant ice
cover effect on water residence time. However, when con-
sidering water residence during the meteorological winter
season (WRT/<% ), there is no correlation with ISD in the
northern part of the lagoon, as mentioned, due to the fact
that the ice is more dynamic in this area during the winter
season.

The 11-year average water residence time in the Curo-
nian Lagoon (averaged over all meteorological seasons,
WRT/2a ) is around 130 days when the ice cover is switched
on in the model, which is a ~1.5 days longer compared to
the theoretical period without ice (WRT/22ic¢). Higher WRT
values can be found in the southern part of the lagoon. In
the north, the difference between ice and no-ice simula-
tions is rather small.

The variability of the WRT computation periods can be
seen in Figure 8, where the difference between simulation
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Table 2 Averaged water residence time (WRT) computed for the northern (WRT o), southern (WRTsouen) parts and for the
total (WRToqr) lagoon area as well as correlation between the ice season duration (ISD) and WRT during the ice cover and
winter seasons computed in simulations with real ice cover. Subscript indicates different WRT computation periods (ice — ice
cover season, winter — December, January, February, and season — every meteorological season), superscript indicates the

model set-up type (real — satellite ice cover data, ideal — idealized ice cover data, no-ice — without ice), all described in
Section 2.4.

Simulation WRT ot [days] WRTsouth [days] WRTiota [days]
WRT,.;@"’ 55.48+13.72 150.54+41.10 113.79+28.68
WRT ideal 50.0113.16 190.10+97.92 124.22+43.85
WRTo-ice 53.09+14.53 126.52:+28.79 99.67+23.97
WRT,.;;‘“‘ correlation with ISD: 0.71 0.79 0.84
WRTeal 53.81+9.94 152.47+50.16 112.15+26.33
WRTTo ice 56.44+7.60 135.62+33.91 106.43+22.20
WRTee correlation with ISD: 0.09 0.79 0.75
WRT/al 66.66--18.93 170.53+52.67 129.96+36.09
WRT[9 ice 67.24+18.39 166.60+52.07 128.58+36.49
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Figure 9  Seasonal water residence time maps (in days) averaged over the whole simulation period of computations with ice data
(WRTseason real) in (a) spring, (b) summer, (c) autumn, (d) winter, and (e) without ice in winter, as well as the difference of winter
simulations (ice minus no-ice, f). Contour lines in the difference map indicate the zero value (no difference) and numbers indicate
the maximum (WRTnax) and average (WRT,y,) water residence time.
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Figure 10  Water residence time distribution in days averaged over the all ice cover seasons in simulation with (a) real ice cover,
(b) idealized ice cover, and (c) no-ice season set-up, as well as the difference between the simulations: (d) real ice cover minus no-
ice, (e) idealized ice cover minus no-ice, and (f) real minus idealized ice cover. Contour lines indicate the zero value (no difference).
The numbers indicate the spatial average (WRT,) of water residence time.

with and without ice is higher after the long and severe win-
ters, e.g., in 2006, 2009, 2010, 2011 and 2013, when the ice
season duration was the longest over the analyzed period
(on average 122 days). Again, the higher difference is visi-
ble in the southern part of the lagoon, where the ice cover
is less dynamic compared to the northern part.

The water residence time throughout the seasons of the
year is displayed in Figure 9 (a—d). The values slightly differ
throughout the ice-free season, being highest in summer,
when the wind and water inflow from the rivers decrease.
However, the same overall pattern is observed — high WRT
values in the southern part of the lagoon and especially in
the southwestern corner. During winter (Figure 9d) in the
model runs with real ice the water residence time values
are observed to be much higher in the southwestern corner
of the lagoon (Figure 9f) than in the reference simulation
without ice (Figure 9e), which is much more similar to the
spring WRT distribution (Figure 9a). The residence time of
nearly 2 years during the winter season means that if the ice

conditions had been prolonged to two years, then the water
circulation in 2 years would have renewed only 1/e of the
initial concentration.

The simulation results of idealized ice cover (Figure 10b)
show that the prolonged full ice cover has a much higher
impact on the WRT in the southwestern corner of the la-
goon compared with the simulation with real ice cover data
(Figure 10a). In this area, there are no inflowing rivers, and
therefore there are no additional sources of fresh water.
Overall, ice affects WRT over the majority of the lagoon
area. In the southeastern corner and in Nemunas Delta,
where the main river outlets are situated, simulation with-
out ice (Figure 10d and e) shows higher values, meaning
that under the ice water is renewing faster than it would
be if ice were not present. This difference in the north-
ern part stretches further along the eastern shoreline com-
pared to the no-ice simulations with the idealized ice cover
(Figure 10e) than compared to the simulation with the real
ice cover (Figure 10d).
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4, Discussion and conclusions

The most important drivers of the hydrodynamic processes,
when no ice is covering the Curonian Lagoon, is a combina-
tion of wind force and Nemunas discharge. However, when
ice is present, only the Nemunas River discharge is primarily
responsible for accelerating the water masses. Throughout
the seasons of the year, we can observe different circula-
tion patterns in the lagoon. In spring, a two-gyre system is
observed in the southern part of the lagoon, of which one
of them during summer shifts further to the center of the
lagoon and another system is observed to form in Nemu-
nas Delta, however, with much lower current speed. The
increased wind conditions in autumn force one additional
gyre to form near the delta area. However, the highest num-
ber of gyre systems are observed during the winter period,
when the water surface is sheltered by the ice cover from
the wind forcing. The rotation of the gyre systems in and
near the Nemunas Delta (along the southeastern shoreline)
is anticlockwise, the gyre in the central part of the lagoon
is clockwise, and in the southwestern part of the lagoon it
is anticlockwise. During the winter season, another clock-
wise gyre in the south can be observed. These results do not
precisely match with the previous study of Umgiesser et al.
(2016), because of the ice cover data used, which previously
was interpolated from four ground observation stations and
available for only for 4 years. In our study, we have used
ice data from satellite images, which covered the whole 11-
year simulation period.

The comparison of circulation during the real and ideal-
ized ice cover seasons reveals that the prolonged full ice
cover can diminish the development of gyres in the lagoon.
Ice does not only alter the structure of the circulation of
the water masses, but also the speed of the currents. When
ice cover decomposes and refreezes several times through-
out the winter season, it leads to slightly higher current
speeds, due to the wind-stress on the ice-free water sur-
face. In the Klaipeda Strait area and approximately 5 km
southward from it, the current speed is always higher com-
pared to the rest of the lagoon, however, if this area is fully
covered by ice for longer, then this difference slightly de-
creases.

Since the circulation decreases under the ice cover, there
is less exchange between different parts of the lagoon.
Therefore, all the water fluxes through the specified four
cross-sections are affected by the presence of the ice cover.
However, there is a lower impact observed in the north-
ern part of the lagoon contrary to the southern part. It
is noticeable that, in the northern part, the fluxes stay
nearly the same, just wind is making them fluctuate. In the
Klaipéda Strait area, the exchanges are mainly driven by
water level fluctuations in the Baltic Sea and are much less
wind-driven. However, the situation in the cross-section of
Nemunas Delta and along Lithuanian-Russian border is dif-
ferent. Water exits the Nemunas Delta more steadily, with-
out cycling between the delta and the lagoon and less water
is diverted to the south, because, during the ice cover sea-
son, wind-driven circulation is inhibited and the prolonged
full ice cover has the biggest impact on fluxes through the
Lithuanian-Russian border.
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In the southern part of the lagoon, salinity is small and
negligible throughout the year. In the northern part, the
concentration is higher, but highly depending on the season.
The lowest salinity concentration is observed during spring
and the highest during the autumn season when the west-
erly winds increase allowing for the Baltic Sea water to in-
flow into the Curonian Lagoon. During the period when ice
is covering the lagoon, salinity decreases by up to around
1 PSU. Overall, the highest differences between the results
of simulations with ice and without it are observed in the
northern part of the lagoon where salinity decreases dur-
ing the ice cover season, reducing the saltwater intrusion
events. For instance, in Juodkranté (approximately 20 km
southward from Klaipéda Strait) saltwater intrusions (over-
passing 2 PSU threshold) can be found on average around
90 days per year, which is on average nearly 14 days less
when the ice cover was not considered in the model sim-
ulations. The simulation results of idealized ice cover show
that this difference is even higher — 16.3 days. Thus, we can
conclude that when there is ice, it markedly decreases the
frequency of saltwater intrusions into the Curonian Lagoon.

The water column is uniform, however, in Klaipéda Strait
a slight salt concentration increase is observed in the bot-
tom layers. The difference of bottom and top layers of the
water column can exceed the 1 PSU threshold for 130 hours
per year on average, which is 16 hours more than it would
be if the ice would not be covering the lagoon. Zemlys et al.
(2013) have already shown that in the Klaipéda Strait area
strong salinity gradients create conditions for three types of
water flow: one-directional freshwater outflow to the Baltic
Sea, one-directional saline water inflow into the Curonian
Lagoon, and two-directional flow with a lagoon water out-
flow in the surface layers and saline water intrusion in the
bottom. However, in their study ice cover was not taken
into account, Umgiesser et al. (2016) later did this, show-
ing the more accurate results for salinity validation; yet,
they concluded that a high-resolution model used in Zemlys
et al. (2013) does a better job in describing salinity vari-
ations, even if the ice cover is not included. Since in our
study we wanted to present the long-term analysis of model
simulation results, we also used a coarser resolution model
grid, thus in the future, for a fully updated analysis of salin-
ity variations in the Klaipéda Strait area, including the ice
cover data in the model computations, a finer grid should
be used.

Ice cover and its duration likewise affect the water res-
idence time (WRT) in the Curonian Lagoon. When ice is
present, it takes longer for the water to be renewed. This
is especially evident after the long ice cover seasons (e.g.,
in 2006, 2009, 2010, 2011, and 2013) in the southern part of
the lagoon. WRT computations during the ice cover season
(WRT,{.’;"‘), show a high correlation with ice season duration
(from 0.71 to 0.84), however, when computing it only dur-
ing the winter season (WRT¢%, ) there is no correlation in
the northern part of the lagoon. This is due to the fact that
the ice season duration in this area is shorter than in the
southern part and the computation of WRT during the win-
ter season is limited to only three months (Dec, Jan, Feb),
while ice can be observed to start forming, often only in the
middle of January and can last much longer than February.
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The increased WRT under the ice is true for analyzing
water residence in the whole area of the Curonian Lagoon
(north, south, and the whole domain) for the real ice cover
conditions (WRT/ ). However, computations for the mete-
orological winter season (WRT< ) show that it is not the
same in the northern part of the lagoon, where simulation
results with no ice cover show longer WRT than simulation
results with ice. However, the difference is quite small (just
4%), and probably does not exceed the uncertainty of the
evaluation of WRT by the model. Comparing the real and
idealized ice cover simulation results shows that prolonged
full ice cover can lead to an increase of WRT in the southern
part of the lagoon. However, in the north, it decreases due
to the cutting-off the exchanges between the northern and
southern part. Therefore, more water from the Nemunas
River stays in the north and does not mix with water in the
southern areas. This mechanism contributes to a decrease
of WRTs in the northern part.

Our computed WRT values slightly differ from those de-
scribed in Umgiesser et al. (2016), supposedly as a result
of satellite ice cover data used in the model representing
more realistic ice distribution with respect to the data in-
terpolated from the observations from coastal stations. The
melt-off occurrences during the ice cover season observed
in satellite images have a small, but noticeable impact on
the WRT by slightly increasing it in the norther part, and
decreasing the WRT in the southern part compared to the
previous study results with ice.

WRT throughout the seasons is varying. During the ice-
free period, the longest time required for water to renew
is in summer, due to the decreased wind speed and river
water input. The pattern in summer and spring are simi-
lar, with the highest WRT being in the southern part of the
lagoon. During the winter period, the WRT increases much
more in the southwestern corner of the lagoon, which is far
away from the rivers inflowing the lagoon, hence the wa-
ter renewal is very slow. The model results with the ideal-
ized ice cover (lagoon fully covered by ice during the entire
ice cover season) show that it has a much higher impact to
the WRT in the southwestern part of the lagoon. Water near
the river outlets — in the southeastern corner of the lagoon
and in Nemunas Delta, tends to renew faster under the ice
cover and the prolonged full ice cover in the northern part
stretches this area further along the eastern shoreline. If ice
would not be present during the ice cover season, then the
WRT distribution would be much more similar to the situa-
tion during the spring.

To conclude, with this study we show how the ice data
derived from satellite observations improve the represen-
tation of the real conditions of the circulation, saltwater
intrusions, and water residence time in the Curonian La-
goon. Currently, an ice model is still not yet integrated in
the modelling system SHYFEM, which will be done and will
be presented in future publications.
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In this study, we apply an ice thermodynamic model to a shallow freshwater lagoon in
the south-eastern part of the Baltic Sea — the Curonian Lagoon. The model results were
compared with the measurement data from three near-shore stations during the period of
2004-2017. The simulation data showed the model to be capable of replicating ice thick-
ness dynamics rather well (mean R = 0.92, RMSE = 6 cm). Although the model overesti-
mated the number of ice days (NID) on average by one month (ranging from 3 to 40 days),
the overall pattern was very similar to observations (R = 0.95). We further assessed the ice
thickness and NID projections in the near (2021-2040) and far (2081-2100) future under
two climate change scenarios (RCP4.5 and RCP8.5). The results showed that the mean
(max) ice thickness could decrease by 10-49% (6-34%) in the near and 41-75% (22-55%)
in the far future under RCP4.5, and by 2-52% (2-30%) in the near and 75-88% (50-71%)
in the far future under RCP8.5 compared to the baseline period of 1986-2005. The NID
will shorten by 9-19% (9-22%) in the near and 15-36% (46-57%) in the far future under
RCP4.5 (RCP8.5) scenarios, compared with the baseline period.

Introduction

Many places in the world are experiencing
extreme events of precipitation or droughts,
rising water level and air temperature, changing
ice phenology (Fallis 2018, IPCC 2019). The
latter, ice, is an important and early indicator of
climate change for which accurate sea ice cover
observations are needed. As it is already evident
in the polar regions (Stroeve ef al. 2012, Yadav
et al. 2020), the reduction of the Arctic sea ice
can accelerate global warming in the long run
(Wunderling et al. 2020), and weather extremes
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in the northern hemisphere (Borgel et al. 2020,
Simon et al. 2020).

Sea ice has been of high interest for studies in
the Baltic Sea region, where its systematic obser-
vations started in the 19th century (Jevrejeva et
al. 2004). During that period, navigation was the
main motivation for sea ice observations; whilst
nowadays, the interest in climate change impact is
increasing (HELCOM 2013). Although the maxi-
mum sea ice extent, thickness, season duration
and its severity in the Baltic Sea has a large inter-
annual variability, the decreasing trend of it has
accelerated since the 1980s (Vihma and Haapala
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2009, Haapala et al. 2015) and future modelling
projections under different climate change sce-
narios reveal that this pattern will persist (Luoma-
ranta et al. 2014). These changes are largely
determined by the atmospheric circulation pro-
cesses in the North Atlantic, such as North Atlan-
tic Oscillation (Girjatowicz 2005, Yu Karpechko
et al. 2015, Klavins ez al. 2016, Idzelyté et al.
2019). It is clear that climate change will modity
ice characteristics in the future and numerical
modelling can evaluate the magnitude of it.

The importance of ice in the polar regions to
the global climate, e.g., oceanic and atmospheric
circulation (Vihma 2014, Pedersen et al. 2016),
has led to a progressive large-scale modelling of
the sea ice. Global climate models are capable of
reproducing the observed present and past climate
variations and are suitable for making plausible
projections of its future changes by taking into
account different climate change scenarios (Ran-
dall et al. 2007). As global modelling results often
do not describe adequately small scales, local
scale model applications are needed for better
representation of ice parameters.

Freshwater ice phenology is driven by solar
radiation, snow accumulation on top of its sur-
face, and mostly by the air temperature (George
2010), which is increasing worldwide (IPCC
2019). The ice season in the northern temperate
lakes shortens at a rate of 7 to 17 days per cen-
tury (EEA 2017), the future projections estimate
a similar reduction rate (Sharma et al. 2019).
Since the formation of sea ice is a very fast pro-
cess governed mainly by the exchange of heat at
the air-water interface and mixing characteristics,
along with the overall capacity of the water body
to store the heat (Martin and McCutcheon 1999),
the smaller and shallower domains tend to freeze
faster, due to a much smaller water volume under-
neath the ice cover.

Although real knowledge comes from study-
ing ice in situ, it is often expensive, complicated,
and in many cases dangerous to do winter field
sampling campaigns. Numerical modelling is a
good tool for assessing the changing processes
in the water body. It not only helps filling in the
gaps in observational data, but also projects future
states of the studied object, e.g., the formation
and evolution of ice (Peng et al. 2020). Three
processes have to be taken into account to model
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the ice cover: thermodynamic processes, dynamic
processes, and the processes that couple these two
components (Chassignet and Verron 1998, Hunke
et al. 2011). Modelling studies of Baltic Sea ice
are extensive (Vihma and Haapala 2009), ranging
from simulations of thermodynamic ice growth in
the fast ice zones along the coast (Tedesco et al.
2009) to ridging in the drift zones needing combi-
nation of both thermodynamic and dynamic pro-
cesses (Leppéranta and Myrberg 2009, Herman
et al. 2011, Pemberton et al. 2017, Jakacki and
Meler 2019).

Since many of the physical and ecological
processes depend on ice thickness, in this paper
we focus on ice thermodynamics only, disregard-
ing the variability of ice thickness due to the
dynamic processes of ice rafting and ridging. The
Curonian Lagoon (Fig. 1) is a large but shallow
freshwater body (greatest natural depth: 5.8 m,
mean depth: 3.8 m, area: ~1600 km?) in the south-
eastern part of the Baltic Sea, connected to it
by a narrow strait. The lagoon is influenced by
freshwater input from the rivers (mainly from
the Nemunas River) and saline water from the
sea. During strong northerly winds, the saltwater
intrusion events affect the northern part of the
lagoon (Zemlys et al. 2013). The increase of
salinity, shorter water residence time compared
to the rest of the lagoon (Umgiesser et al. 2016,
Idzelyté et al. 2020), and the overall turbid char-
acteristics of this area lead to a shorter ice cover
season (Idzelyte et al. 2019).

In this study, to complement the recent statis-
tical models (Jakimavicius et al. 2019) with new
methods, we present a case study of determinis-
tic ice thermodynamic model application for the
simulation of ice cover thickness in the Curonian
Lagoon. Although the numerical description of
this lagoon is attracting more interest, this study
is a new approach on estimating ice thickness.
We evaluated the suitability of calibrated and
validated model for other modelling studies and
applications for this freshwater environment. Fur-
ther, since the recreational activities, e.g., ice fish-
ing, during the ice cover season in the Curonian
Lagoon are of high relevance, we apply the model
to investigate the ice cover response to differ-
ent climate change scenarios and compare with
already present knowledge regarding the Curo-
nian Lagoon and the Baltic Sea region.
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Material and methods
Ice in the Curonian Lagoon

Historical ice thickness data (BaukSys 1978)
show that during the beginning of the second half
of the 20th century, every winter, a 10-70 cm
thick ice cover formed in the lagoon. The ice
measurements in the lagoon have been taken
every season since then, however, comparing
with the magnitude of sea ice research in the
Baltic Sea, the investigation of ice cover (thick-
ness, extent, duration, and their dynamics) in the
Curonian Lagoon (CL) has not been undertaken
properly. Only in recent years has this type of
research emerged, e.g., a study of remote sensing
data evaluating the variability of ice cover extent,
phenology, and season dynamics (Idzelyté et al.
2019). It revealed that in many cases the satellite
data perform better compared to the conventional
in situ measurements for defining the ice cover
phenology. Furthermore, the spatially detailed
data of ice season duration allowed indication
of locations where the ice remains the longest/
shortest. Likewise, it revealed that the overall ice
duration is closely linked to the air temperature.
However, this study did not assess ice thickness.
Another study by Kozlov et al. (2020) revealed
that satellite products of ice thickness perform
rather well for the periods of gradual ice growth,
although in case of rapid growth it is underesti-
mated by 20-50%.

Two other studies were based on statistical
methods. The first investigated the dependency of
ice cover formation on changes in air temperature,
water surface temperature, and salinity by com-
paring multivariate linear regression and regres-
sion kriging methods, of which latter showed
better performance (Rukséniené¢ er al. 2015).
However, here, the correlation of the results with
observational data was very low, and ice thick-
ness was not addressed separately. The second
study looked at future projections of different
ice indices, including thickness, using statistical
methods and regression analysis in the scope of
different climate change scenarios (Jakimavicius
et al. 2019), called representative concentration
pathways (RCPs). Those are greenhouse gas
concentration trajectories adopted by the Inter-
governmental Panel on Climate Change (IPCC)
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Fig 1. Location of the Curonian Lagoon (right)
with respect to the Baltic Sea (left). Green trian-
gles indicate the location of coastal ice observa-
tion stations. Image of the Baltic Sea provided by
the MODIS Rapid Response team (taken from
https://visibleearth.nasa.gov/), image of the Curonian
Lagoon acquired from the Copernicus Sentinel-2B mis-
sion (taken from https://scihub.copernicus.eu/).

and identified by their approximate total radia-
tive forcing in year 2100 relative to year 1750:
2.6 W m? for RCP2.6 (limits the increase of
global mean temperature to 2°C, called mitigation
scenario), 4.5 W m for RCP4.5 (stabilizes radia-
tive forcing at 4.5 W m 2 in the year 2100 without
ever exceeding it, called stabilization scenario),
and 8.5 W m™ for RCP8.5 (continuously grow-
ing greenhouse gas emissions, called "business as
usual" scenario) (IPCC, 2013). Jakimavicius et al.
(2019) concluded that the annual mean ice thick-
ness in the CL by the end of this century could
decline to 13 cm (under RCP 2.6), or 9 cm (under
RCP4.5), or even form only once every five years
reaching 4-11 cm thickness (under RCP8.5). Sta-
tistical models perform very well if the predictors
do not change, although if they would, the model
cannot project the studied parameters accurately,
thus in this article we explore the deterministic ice
thermodynamic model results.

Data

The input data required for model calibration
consists of cloud cover, downward shortwave
radiation, precipitation rate, specific humidity,
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air temperature, and wind speed. We obtained
these data for the period of 2004-2017 from
ERAS — the fifth generation ECMWEF (Euro-
pean Centre for Medium-Range Weather Fore-
casts) reanalysis for the global climate and
weather hourly data on single levels, available
in the Climate Data Store developed by the
Copernicus Climate Change Service (C3S) at
the ECMWF (Hersbach et al. 2018).

We validated the model output data with
snow and ice thickness observation data in three
coastal stations (Nida, Juodkranté, and Venté;
Fig. 1) provided by Marine Research Depart-
ment of the Environment Protection Agency
(MRD of EPA) of Lithuania. The observation
data covered the whole study period in Nida and
Venté, however in Juodkranté ice observation
program was discontinued in 2012.

For the analysis of climate change impact
on ice thickness, we acquired the meteorologi-
cal data from CORDEX (Coordinated Regional
Downscaling Experiment) scenarios for Europe
from the Rossby Centre regional climate model
(RCA4), which consisted of five sets of simula-
tions (downscaling) driven by the following
five global climate models: EC-Earth (ICHEC),
CNRM-CMS5  (CNRM), IPSL-CMS5A-MR
(IPSL), HadGEM2-ES  (MOHC), and
MPI-ESM-LR (MPI). These datasets spanned a
period from 1970 to 2100, divided in two parts,
one from 1970 to 2005 (baseline, BS), and one
from 2006 to 2100 (future), according to two
Representative Concentration Pathway (RCP)

scenarios: RCP4.5 — stabilization scenario,
and RCP8.5 — "business as usual" scenario
(IPCC 2013).

MRD of EPA of Lithuania provided the air
temperature measurement data in all three sta-
tions (Nida, Juodkranté, and Venté; Fig. 1), and
Lithuanian Hydrometeorological Service pro-
vided the precipitation measurement data, how-
ever measurements were taken only in Nida.

Ice thermodynamic model

Here, we used the improved version of the
enhanced sea-ice thermodynamic model ESIM2
by Tedesco et al. (2010). The first version of
this 0D model was already applied for study-
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ing landfast sea ice in four different areas of the
Baltic Sea (Tedesco et al. 2009). This applica-
tion showed that model is capable to adequately
represent the growth, decay, and overall sea-
sonal changes of the ice, meteoric ice (A, con-
sisting of snow ice and superimposed ice), and
snow thickness.

The prognostic variables of ESIM2 are three
layers of snow and three layers of ice (Fig. 2,
Table 1). Snow thickness (%) in the model con-
sists of new fallen snow ((h),), "bucket snow"
((h),,) — initial snowfall collected in a virtual
bucked, which after fully filled is emptied, and
snow is compacted ((hs)cp). Ice layers consist of
snow ice (h,), superimposed ice (h ), and sea
ice (h,). The model initiates snow ice formation
every time the ice draft exceeded the thickness
of the ice. If the melted snow is in contact with
the layer of ice, then it refreezes and superim-
posed ice forms. Finally, sea ice is divided into
two layers: biologically active ((4,),,) and bio-
logically inactive ((%),, ). The latter two were
added for the model to be capable of simulating
salinity evolution in sea ice and to be compatible
with the biogeochemical flux model (Tedesco et
al. 2010). Since the Curonian Lagoon is con-
sidered mainly freshwater, salinity is set to be
constant and equal to zero (Table 1).

The model also simulates temperature at
the surface and at the interface of each snow
and ice layer. Melting is initiated every time
when the surface temperature is at the melting
point, while the rate of it depends on the net
heat flux balance between the surface (sensi-
ble, F, latent, F,, shortwave, F, and long-
wave radiation, £, ) and conductive (F) fluxes
(Fig. 2).The heat flux from water to the bottom
of the ice (oceanic heat flux, F,) in previous
model applications (Tedesco ez al. 2009, 2010)
was represented by a constant value, for our
study, we incorporated a bulk formulation by
Omstedt and Wettlaufer (1992):

FW:prpChAU(TociTF)’ )

where C, is specific heat of water, C, — heat
transfer coefficient, AU is the relative veloc-
ity between the ice drift and the current at a
reference level (we consider it to be constant
and equal to 0.05 m s'), 7 — mixed layer
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T(Fc)cp

I(fals

Fig 2. Schematic representation of the ice thermodynamic model structure during the freezing and melting periods
(adapted from Tedesco 2009).

temperature, and 7, — freezing temperature. In order to properly simulate the ice freeze
Since the Curonian Lagoon is shallow and has onset and melt-off, the ice thermodynamic
a well-mixed water column, the water tempera- model is coupled with a slab ocean model,
ture beneath the ice is mostly equal to the freez-  which is an approximation of the ocean mixed
ing temperature throughout the ice cover season,  layer. During ice-free periods, this slab ocean
which results in £, = 0 W m™. model computes a temperature of the mixed

Table 1. Ice thermodynamic model parameters that differ from Tedesco et al. (2009; 2010).

Parameter Value Unit
Mixed layer depth, h_ 1.5 m
Water density, p,, 1000 kg m=
Water salinity, S, 0.0 g/kg
Snow precipitation density, (), 300 kg m=
Density of cold new snow, (ps)y 300 kg m=
Density of warm new snow, (p,), 350 kg m=3
Density of cold “bucket” snow, (o), 350 kg m=
Density of warm “bucket” snow, (o ), 400 kg m=
Density of cold compacted snow, (p,),, 350 kg m=
Density of warm compacted snow, (o), . 400 kg m=
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layer based on the depth and surface energy
fluxes.

Simulations’ set-up and scenarios

We carried out several simulations for the model
calibration and sensitivity using different snow
density values. However in this study, only two
types of simulations are presented: 1) with the
original model set-up as described in Tedesco
et al. (2010) (hereafter Presoﬁg), and 2) with
increased densities of all snow types by 50 kg m™
(hereafter Pres ) (Table 2). We ran the ice model
for each of the three stations (Fig. 1) for the
period of 2004-2017, with a one-hour model
time step, and selected the best model set-up by
evaluating the root-mean-square error (RMSE)
and Pearson correlation coefficient (R) between
measured and observed values of the ice thick-
ness.

We also compared freeze onset (FO) and
melt-off (MO) dates derived from coastal obser-
vations (FO, and MO,) with the ones of the
ice model, by computing the difference in days.
The latter we analysed in two parts: 1) the date
of first (last) ice, FO,; (MO,), and 2) the date of
first (last) ice before (after) the continuous ice
cover, FO,, (MO, ), this way eliminating the
sporadic very thin ice formation events before
and after the continuous ice season. Additionally,
we compared the total number of ice days (NID),
denoting the exact period that ice was observed in
the coastal stations and computed by the model.

To investigate the sensitivity of ice model
to the air temperature and precipitation rate, we

Table 2. Summary of the simulations.
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set-up a test case of one ice season in Nida during
2011-2012 when the model gave the best results
compared with observation data. For this, we ran
the ice thermodynamic model increasing air tem-
perature by 2°, 4°, and 6°C, and decreasing it by
1° and 2°C, as well as increasing and decreasing
the precipitation rate by 50% and 100% at every
time step. The mean snow and ice thickness were
computed for the Nov.—Apr. period, as well as the
maximum thickness and number of ice and snow
days.

To compute the climate change impact on ice
thickness, we used input data from five climate
models: CNRM, ICHEC, IPSL, MOHC, and MPI
averaged over three points in the lagoon (Nida,
Juodkranté, and Venté; Fig. 1). For the climate
change simulations, we shortened the baseline
period starting from 1986 (as suggested in IPCC,
2019) and divided the future period in two sec-
tions for near and far future for both RCP sce-
narios (Table 2).

Since air temperature and precipitation data
from the ERAS and climate models have bias
comparing to the observations, we corrected
it. The air temperature was corrected (7,.)
by simply adding the difference between the
observed, T, and modelled average air tempera-
ture, 7,,, respectively (Lenderink ez al. 2007):

Ty (1) =T () +(To =T\, ). @)

Precipitation (PR ) was corrected by multi-
plying the ratio between the observed (PR ) and
modelled (PR,) values:

PRo

PR’ ®

PRBC(I) = PRM(t)

Name Period Description

PresOrig 2004-2017 Present-day period with original model
set-up as described in Tedesco et al. (2010)

Pres, 2004-2017 Present-day period with increased densities
of all snow types by 50 kg m=

BS 1986—-2005 Baseline period

RCP4.5 2021-2040 RCP4.5 scenario in the near future

RCP4.5 2081-2100 RCP4.5 scenario in the far future

RCP8.5 . 2021-2040 RCP8.5 scenario in the near future

RCP8.5,, 2081-2100 RCP8.5 scenario in the far future
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Ty,Ty:PRy,and PR were computed for the
period of Nov.—Apr. of 1993-2005, for which the
observation data were available. The bias correc-
tion was applied for both — baseline and future
datasets. The scenario runs were corrected based
on the bias from the corresponding baseline
period datasets.

We compared the future projections with the
BS by computing the average and maximum ice
thickness and number of ice days for the period
of Nov.—Apr. of each winter season. The future
change was evaluated by computing a percent-
age of change from the baseline period. The trend
significance of the ice thickness during the base-
line (1986-2005) and the whole future period
(2006-2100) under RCP4.5 and RCP8.5 scenarios
was evaluated using the Mann-Kendall test at a
0.05 significance level with a 95% confidence level
(Kendall and Gibbons 1990). We evaluated the
decrease rate by taking the slope parameter from
linear regression equation generated for the same
periods.

Results
Model calibration and validation

We calibrated the model by testing several den-
sity values of all snow types. The statistics of the
results (Table 3) showed that the model achieved
the best results when using increased densities
of all snow types by 50 kg m, Pres , in con-
trast to the original model set-up described in
Tedesco et al. (2010). This was especially true
for the station in Nida, for which both the air
temperature and precipitation ERAS data were
corrected with the measurements, thus the ice
model gave higher correlation coefficient values

Table 3. Calibration statistics of ice and snow thickness. Model set-up types (Pres

not only for the ice, but for snow thickness as
well.

The comparison of ice model results and
observations from the coastal stations (Fig. 3)
showed that the model largely underestimated
snow thickness in all three stations. Although, the
overall snow growth pattern in Venté is moderate,
in Nida and Juodkranté the correlation is strong.
Nonetheless, the model described the ice thick-
ness formation and evolution very well (Fig. 4),
and in all three stations correlation with the meas-
urement data is high (R is 0.92, 0.96 and 0.89 in
Nida, Juodkranté, and Venté, respectively).

The average difference of freeze onset dates
(Table 4) revealed that in the model initial ice
formation (FO,,) started very early, which was
not recorded in the coastal stations (FO,)). There
usually were very short freezing events with ice
thickness in a matter of millimetres, this way
leading to a very large initial freeze onset differ-
ence. The model data fit the observations much
better with eliminated sporadic freezing events
in the beginning of the ice season (FO,; ). The
same was with melt-off dates (Table 4);mlhere in
many cases, the model still indicated ice pres-
ence, although it was already not visible in the
coastal stations.

The model overestimated the total number
of ice days (NID) in all three stations (Fig. 4) by
more than one month in Nida and Juodkranté, and
19 days in Venté. Nonetheless, the overall pattern
of NID was very similar to that of coastal obser-
vations, having a very strong correlation (three
station mean R = 0.95). The elimination of short
thin ice formation events in the beginning and
occasionally at the end of the ice season revealed
an even higher correlation with the observed ice
duration (three station mean R = 0.98), while the
RMSE decreased by 10 days.

i, and Pres ) are described in
g Ps’

the section Simulations' set-up and scenarios. RMSE values are in meters.

Nida Juodkranté Vente
Pres,. Pres Presg,, Pres, Presg,, Pres,_
Ice R 0.89 0.92 0.95 0.96 0.87 0.89
RMSE 0.08 0.07 0.06 0.04 0.06 0.06
Snow R 0.69 0.73 0.62 0.63 0.56 0.56
RMSE 0.05 0.05 0.07 0.07 0.04 0.04
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Fig 3. Observations and modelled snow and ice cover thickness in three coastal stations: Nida, Juodkranté, and
Venté in 2004-2017. Snow and ice thickness layers are grouped together in two groups: snow — positive ordinate,

and ice — negative ordinate.
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Fig 4. Scatterplots of measured and modelled ice thick-
ness and a number of ice days in Nida, Juodkranté,
and Venté for the period 2004—2017.

Sensitivity to air temperature and
precipitation rate

During the 20112012 winter season in Nida,
the model produced very good ice (R = 0.94) and
snow (R = 0.90) thickness results, allowing to
test the model sensitivity to air temperature and
precipitation rate changes in a controlled envi-
ronment. The results using increased air tem-
perature showed that the average ice thickness
decreased by 2 ¢cm/°C, while the maximum ice
thickness decreased by 3 cm/°C (Fig. 5). Higher
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Fig 5. Ice and snow thickness sensitivity due to varying air temperature: in (a) Nida during 2011-2012, computed
using measured air temperature (Ta, blue), increased by 2°C (Ta+2, green), 4°C (Ta+4, red), and 6°C (Ta+6,
yellow), and decreased by 1°C (Ta—1, black) and 2°C (Ta—2, purple); and (b) Ice (upper panel) and snow thickness
(lower panel) of each air temperature change. Light colour indicates maximum and dark colour average thickness
(labelled at the left axis). Also inserted is the red line, labelled on the right, indicating the number of ice and snow
days. Average values were computed for a five-month period (Dec. 2011-May 2012).

air temperatures did not have a considerable
impact on the average snow thickness, although
the maximum of it decreased by 1 cm/°C. The
number of ice days decreased by 11 days/°C
and snow days by 4 days/°C. The decreasing
temperature results showed that the average ice
thickness increased by 6 cm/°C, while the maxi-
mum ice thickness increased by 4 cm/°C. The
maximum snow thickness increased only by
1 cm/°C, while the average by 2 c¢cm/°C. The
overall number of ice days increased by 28 and
snow by 22 days/°C.

The model is less sensitive to the changes
in precipitation rate compared to air tempera-
ture. Decreased precipitation rate led to like-
wise decreased snow thickness (Fig. 6), although
while increased rate did not have major effects
on the maximum snow thickness and number of
days, it increased the average thickness. A pre-
cipitation rate decrease of 50% led to 4 cm higher
maximum ice thickness, and to 5 cm higher

when there was no precipitation. Increased pre-
cipitation rate by 50% (100%) led to a maxi-
mum ice thickness decrease by 2 cm (3 cm).
The increased precipitation rate did not have
major effects on overall number of snow days,
while number of ice days slightly decreased. The
decreased precipitation rate likewise reduces the
number of snow days, although the number of
ice days stayed the same.

Climate change

The average Nov.—Apr. air temperature during
the 1993-2005 period was higher in all cli-
mate model datasets by ~1.3°C compared with
the measurements, apart from CNRM, which
had the most similar air temperature data —
the difference being only ~0.16°C. The average
Nov.—Apr. air temperature during the baseline
period of CNRM, ICHEC, and IPSL climate

Table 4. The difference of freeze onset (melt-off) dates between observation, FO, (MO,), and modelling, FO,,

(MO, and FO

Mcorr

(MOMcm ), data in three coastal stations. Dash indicates subtraction. Negative numbers indicate

that ice thermodynamic model produced ice data longer than it was recorded in the coastal stations.

Nida Juodkranté Venté
mean  min max mean min  max mean min  max
FO,~FO,, 27 1 81 28 1 66 17 1 63
FOO—FOMW 4 0 13 5 1 12 3 0 9
MO,-MO,, -21 -39 -12 -20 -31 -9 -10 -19 -5
MOO—MOMW -20 -39 —6 -15 -25 -3 -10 -19 -5
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Fig 6. Ice and snow thickness sensitivity due to varying precipitation rate: in (a) Nida during 2011-2012, computed
using measured precipitation rate (Pr, blue), increased by 50% (Pr+50, green), 100% (Pr+100, red), and decreased
by 50%°C (Pr-50, black) and 100% (Pr—100, purple); and (b) Ice (upper panel) and snow thickness (lower panel)
of each precipitation rate change. Light colour indicates maximum and dark colour average thickness (labelled at
the left axis). Also inserted is the red line, labelled on the right, indicating the number of ice and snow days. Average
values were computed for five-month period (Dec. 2011-May 2012).

model data was lower compared to the present-
day period, while for MOHC and MPI it was
higher (Fig. 7), which all became lower com-
pared to the present-day period after the bias cor-
rection, and the model produced better results.
The precipitation rate was close to the observa-
tions, apart from ICHEC and IPSL datasets,
having slightly larger values.

The mean ice thickness (averaged over
Nov.—Apr.) in the near future, derived using
ICHEC, IPSL, and MOHC model data showed

a large decrease compared to the baseline period
(Table 5), while the model that fit the obser-
vations the best (CNRM) showed a mean ice
thickness decrease by 10.4—-12.7%. The highest
change was in the far future, when mean ice
thickness decreased by 41-75% under RCP4.5,
and 75-88% under RCP8.5, . The maximum ice
thickness is likely to steadily decrease through-
out the century (Fig. 8). In the near future it
is not likely to change drastically, by 6-34%
under RCP4.5  and 2-30% under RCP8.5

near’

Table 5. Percentage of a decrease of mean and maximum ice thickness and number of ice days (NID) in the near
(2021-2040) and far (2081-2100) future compared to the baseline period (1986-2005) under different climate
change scenarios of data from five climate models: ICHEC, CNRM, IPSL, MOHC, and MPI.

CNRM ICHEC IPSL MOHC MPI
Mean
RCP4.5 10.4 39.3 49.0 33.9 271
RCP8.5 12.7 52.4 36.5 31.3 1.7
RCP4.5 68.6 59.7 74.5 54.2 40.7
RCP8.5,, 85.9 88.2 87.8 85.8 75.4
Max
RCP4.5 6.3 13.9 33.7 24.9 13.6
RCP8.5 2.8 29.6 17.6 13.5 1.8
RCP4.5 455 30.9 55.2 40.7 22.3
RCP8.5,, 60.3 60.2 71.4 64.0 50.3
NID
RCP4.5 8.5 124 19.3 16.2 17.7
RCP8.5 . 8.7 21.9 1.5 18.3 17.6
RCP4.5_ 35.5 34.7 29.9 31.4 15.5
RCP8.5, 55.7 60.2 67.0 57.3 46.0
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Fig 7. Average Nov—Apr. air temperature during the baseline (1986—2005) period of data from five climate models:
ICHEC, CNRM, IPSL, MOHC, and MPI, compared with the present-day period (Pres, 2004—2017). Circles denote
the outliers, red line indicate the median, and green "x" is the mean. Please note that the bias correction was done
using the available observation data for the period of 1993-2005.
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Fig 8. Maximum ice thickness and number of ice days during the baseline (1986—-2006), present (2004—2017), near
(2021-2040) and far (2081-2100) future periods under RCP4.5 and RCP8.5 scenarios using data from five climate
models: ICHEC, CNRM, IPSL, MOHC, and MPI. Circles denote the outliers, red line indicate the median, and green

"X" is the mean.

although in the far future it could decrease
by 22-55% and 50-71% under RCP4.5,  and
RCP8.5, respectively (Table 5).

The ice thickness distribution (Fig. 9)
shows that the five-model mean/max ice thick-
ness was 9/20 cm during the baseline period. In
the near future mean thickness could decrease
to 6 cm under both RCP scenarios, and the
maximum thickness could decrease to 15 cm
under RCP4.5 and 16 ¢cm under RCP8.5 .
In the far future, mean/max ice thickness could
reach 4/9 cm under RCP4.5, and 1/4cm under
RCP8.5, .

The mean and maximum ice thickness from
all the models over the 2006-2100 period display
statistically significant decreasing trend (p <0.05),
while the trends during the baseline period
were not significant. During the baseline period
mean/max ice thickness was decreasing with
0.30-0.91/0.63-1.32 cm year”', while MOHC
and MPI showed an increasing rate of 0.09/0.36
and 0.34/0.79 cm year, respectively (Table 6).
The decreasing tendency of mean/max ice thick-
ness varied from 0.04-0.07/0.11-0.18 cm year
under RCP4.5 and 0.05-0.12/0.11-0.30 cm year
under RCP8.5 climate change scenarios.
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The decreasing number of ice days (NID)
pattern is similar to that of maximum ice thick-
ness (Fig. 8). Since the ice model overestimates
the NID, it is more suitable to evaluate its change
by computing a percentage compared to the
baseline period. The NID can be expected to
decrease by 9-19% under RCP4.5 and 9-22%
under RCP8.5 _ (Table 5). The highest differ-
ence is computed using the data of ICHEC under
RCP8.5 ., while the model that fit the observa-
tions the best (CNRM) showed a shortening NID
by ~8.6% in the near future. In the far future the
NID can be expected to shorten by 16-36% under
RCP4.5, compared with the baseline run, while
the highest change can be seen under RCP8.5, ,
ranging from 46% to 67% less ice days.

In all climate model cases, the NID dis-
played a statistically significant decreasing trend

Idzelyté and Umgiesser - BOREAL ENV. RES. Vol. 26

Fig 9. Ice thickness during the baseline (BS, 1986—2005),
present (Pres, 2004—2017), and near (2021-2040) and far
(2081-2100) future periods under RCP4.5 and RCP8.5
scenarios using data from five climate models: ICHEC,
CNRM, IPSL, MOHC, and MPI. Black line is the average
thickness of all models.

(p < 0.05) for the period of 2006-2100, while
during the baseline period it was not signifi-
cant, apart from ICHEC (p = 0.01). During the
baseline period the NID was decreasing with
0.55-2.39 days year', while MPI showed an
increasing rate of 0.22 days year™ (Table 6). The
decreaseranged from0.17t00.53 days year 'under
RCP4.5, and 0.66-1.07 days year' under RCP8.5
scenario.

Discussion

In this paper, we presented a deterministic
numerical modelling application for the ice
thickness projections in the shallow freshwater
lagoon, the Curonian Lagoon (CL). Our chosen
ice thermodynamic model (by Tedesco et al.

Table 6. The decrease rate of mean and maximum ice thickness (cm year™'), and number of ice days (NID, days
year™) during the baseline period (BS, 1986-2005) and under RCP4.5 and RCP8.5 climate change scenarios of
data from five climate models: ICHEC, CNRM, IPSL, MOHC, and MPI, over the period of 2006—-2100.

CNRM ICHEC IPSL MOHC MPI
Mean
BS -0.30 -0.91 -0.41 0.09 0.34
RCP4.5 -0.07 —-0.06 —-0.04 —-0.07 —0.06
RCP8.5 -0.12 -0.05 —0.06 —-0.08 —-0.10
Max
BS —-0.63 -1.32 -1.06 0.36 0.79
RCP4.5 -0.18 -0.13 -0.12 -0.15 -0.11
RCP8.5 -0.30 -0.11 -0.19 -0.23 -0.24
NID
BS —-0.49 -2.39 -1.22 —-0.55 0.22
RCP4.5 -0.53 —-0.51 -0.36 -0.47 -0.17
RCP8.5 -0.92 -0.73 -1.07 -0.79 —0.66
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2009, Tedesco et al. 2010) showed being suitable
for ice thickness projections in a freshwater envi-
ronment. We calibrated the ice thermodynamic
model by testing various classes of snow density
values, of which the best results gave the higher
density model set-up. Higher snow density leads
to higher heat conductivity of snow, resulting in
an increased ice thickness (Zhao et al. 2019).
The ice growth and melt patterns as well as
thickness were simulated rather accurately in all
three stations in the CL (mean RMSE = 0.06 m,
R = 0.92). The average snow thickness correla-
tion with the observations was strong in Nida
and Juodkranté, while in Venté it was moderate.
The model’s ability to adequately simulate snow
thickness highly depends on the meteorological
forcing data. Model runs using local weather
observations produced much better results.

Since snow is a very good insulator, the
model sensitivity tests showed that thicker snow
cover leads to slower ice growth, thus the bias in
the snow thickness can lead to the bias of maxi-
mum ice thickness. However, precipitation rate
is highly dependent on the air temperature. Over-
all ice parameters and air temperature have a
linear relationship — decreasing air temperature
extends the number of ice and snow days due to
prolonged freezing period, likewise increasing
the average ice and snow thickness.

Overall, the model represents the total ice
thickness very well, and the number of simulated
ice layers appears to be enough. Some other
studies (Cheng et al. 2008, Lecomte ef al. 2011)
suggest that the increased vertical resolution
of the model, e.g., by up to 15-20 layers, can
improve the results. However, the same study of
Cheng et al. (2008), stated that the accuracy of
model forcing was much more important than
the vertical resolution.

The number of ice days was highly overesti-
mated by the model (on average by one month,
ranging from 3 to 40 days), while the correlation
with the observations was very strong (mean
R = 0.95). The computation of common ice
season duration from the freeze-up and melt-off
dates, did not give good results compared to
the observation data, due to short and very thin
ice freezing events early in the beginning and
sometimes at the end of the continuous ice cover,
which were not recorded in the coastal observa-

tions. Eliminating these sporadic freezing events
in the model data lead to the ice season duration
values being much closer to that of observation
data (mean R = 0.98, compared to R = 0.78 of
uncorrected ice seasons).

The application of global climate model
(GCM) projections in ice thermodynamic model
revealed that global scale climate data have a
very coarse resolution considering the small size
of the Curonian Lagoon, and are not entirely
suitable for such small-scale applications. Due to
the higher air temperature the ice model during
the baseline period mostly underestimated ice
thickness compared to the present-day period
(computed using observation data), thus GCM
require downscaling and bias correction to fit the
local climate. The downscaling approach is also
often carried out for the modelling studies of
larger domains, such as the Baltic Sea (Wibig et
al. 2015), denoting the importance and benefits
of high-resolution forcing data (Hermans et al.
2020).

The mean ice thickness in the CL could be
expected to decrease by ~30% in the near future,
having similar results under both RCP scenarios.
By the end of the century, the average ice thick-
ness will undergo drastic changes compared with
the baseline period, decreasing by on average
60% under RCP4.5 and 85% under RCPS8.5
scenarios. The maximum ice thickness can be
expected to decrease by 40% in RCP4.5, and
60% in RCP8.5, , while only 13—18% in the near
future.

Our results correspond with another study of
ice thickness projections using statistical meth-
ods by Jakimavicius et al. (2019), which showed
that in the far future (RCP4.5, ), the average ice
thickness will decline by 53% compared to the
reference period of 1986-2005. However, they
project that for RCP8.5, , ice will form once
every five years reaching 4-11 cm thickness,
while in our projections the ice will form every
year but the mean/max ice thickness would be
only ~1/4cm. Although, this difference between
our study and Jakimavicius et al. (2019), could
also be due to different averaging periods (we
averaged over Nov.—Apr. period) since the aver-
aging period in their study is not specified.

The ice thickness around the Baltic Sea
coastal areas does not show any consistent
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trend in the baseline observations (Jevrejeva
et al. 2004, Haapala et al. 2015). In the far
future under RCP8.5, the area outside the Bay
of Bothnia could be ice free and the mean
annual maximum ice thickness is projected to
decrease with a rate of 0.1-0.34 cm year' and
0.08-0.76 cm year' under RCP4.5 and RCP8.5,
respectively, with higher values northward
(Luomaranta et al. 2014). In our study, we pro-
ject a decrease of maximum ice thickness with
a rate of 0.11-0.18 cm year!' under RCP4.5 and
0.11-0.30 cm year' under RCP8.5.

The NID can be expected to decrease by
~15% (five-model mean) in the near future under
both RCP scenarios compared to the baseline
data. Whilst in the far future this change could
increase up to 30% under RCP4.5 and even
57% under RCP8.5. Translated to days this is
decreasing from the average 130 days during the
baseline period to 110 days in the near future and
92 days in RCP4.5, and 56 days in RCP8.5, .
However, since ice model overestimated the NID
during the present-day period, these values are
likely be lower.

The study of Jakimavicius et al. (2019) pro-
posed that ice season would last 35-45 days and
3-34 days in the near and far future, respec-
tively. Their study showed that ice duration is
on average 55 days during the reference period
(1986-2005), ranging from 17 to 87 days. How-
ever, the study of Idzelyté e al. (2019) showed
that during 2002-2003 the ice season duration
in the Curonian Lagoon was 123 days based
on observation data, which is longer than the
specified range of Jakimaviius et al. (2019).
Jakimavicius et al. (2019) also used data from
the station in Klaipéda Strait, where the ice usu-
ally does not form or is very thin and not land
locked, due to the more saline water and inten-
sive shipping. Therefore, it could be implied
that the inclusion of data from the strait lead to
underestimated values.

In the Baltic Sea, it is expected that the length
of the ice season can decrease by 1-2 months
in the northern parts and 2-3 months in the
central parts (HELCOM 2007). Based on the
baseline observations, the decrease is observed
from east to west, and from the inner waters
towards the sea areas (Haapala et al. 2015).
In the small sheltered areas in the southern
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Baltic, e.g., Vistula lagoon, the duration of ice
phenomenon is constantly decreasing, however
with large irregularities (Majewski 2011). The
decrease rate of NID during baseline period
in our study is 0.88 days year! (five-model
mean), which is higher than that reported in the
study of Jakimavicius et al. (0.2 days year),
along the Lithuanian Baltic Sea coast (0.64 days
year'; Dailidien¢ et al. 2012), along the Latvian
coast and in the Gulf of Riga (~0.3 days year)
(Klavins et al. 2016), the eastern Gulf of Finland
(0.6 days year'; Ronkainen 2013), or in the
lakes of northern Poland (0.54 days year™'; Bar-
tosiewicz et al. 2020).

Although with our study we do not project
the ice cover to completely disappear from the
Curonian Lagoon, the whole phenology will
evidently undergo drastic changes to a shortened
ice season duration and loss of thickness. These
changes will affect the underwater environment
by changes in the hydrodynamic (Idzelyté et al.
2020) and ecological (Potyutko 2018) regimes,
the living conditions of the residents in coastal
areas by decreasing the flooding events caused
by ice jams, as well as disappearing winter
recreational activities. The applied ice thermo-
dynamic model still requires work to fit the
overall observed ice season duration, e.g., inclu-
sion of the varying speed of under-ice currents,
mixed layer temperature, salinity data, likewise
adjusting the freezing temperature, with possible
additional experiments, such as application of a
first-order analysis using simple analytic meth-
ods (Karetnikov et al. 2017). However, the ice
thickness corresponded very well to the meas-
urements and could be used as a guideline for
future investigations.
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