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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 et 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 

in the northern hemisphere (Börgel 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, Kļaviņš et al. 2016, Idzelytė et al. 
2019). It is clear that climate change will modify 
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 

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 (Leppäranta 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 km2) 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, 
Idzelytė et al. 2020), and the overall turbid char-
acteristics of this area lead to a shorter ice cover 
season (Idzelytė et al. 2019).

In this study, to complement the recent statis-
tical models (Jakimavičius 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 (Baukšys 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 (Idzelytė 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 (Rukšėnienė et 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 (Jakimavičius 
et al. 2019), called representative concentration 
pathways (RCPs). Those are greenhouse gas 
concentration trajectories adopted by the Inter-
governmental Panel on Climate Change (IPCC) 

and identified by their approximate total radia-
tive forcing in year 2100 relative to year 1750: 
2.6 W m–2 for RCP2.6 (limits the increase of 
global mean temperature to 2°C, called mitigation 
scenario), 4.5 W m–2 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–2 for RCP8.5 (continuously grow-
ing greenhouse gas emissions, called "business as 
usual" scenario) (IPCC, 2013). Jakimavičius 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, 

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/).
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air temperature, and wind speed. We obtained 
these data for the period of 2004–2017 from 
ERA5 — the fifth generation ECMWF (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, Juodkrantė, and Ventė; 
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 
Ventė, however in Juodkrantė 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-CM5 (CNRM), IPSL-CM5A-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, Juodkrantė, and Ventė; 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-

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 (hmi, 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 (hs) in the model con-
sists of new fallen snow ((hs)n), "bucket snow" 
((hs)bk) — 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 (hsi), superimposed ice (hss), and sea 
ice (hi). 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 ((hi)bio) and bio-
logically inactive ((hi)abio). 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, FSE, latent, FLA, shortwave, FSW, and long-
wave radiation, FLW) and conductive (FC) fluxes 
(Fig. 2).The heat flux from water to the bottom 
of the ice (oceanic heat flux, FW) in previous 
model applications (Tedesco et al. 2009, 2010) 
was represented by a constant value, for our 
study, we incorporated a bulk formulation by 
Omstedt and Wettlaufer (1992):

 FW = ρw Cp Ch ∆U (T∞ – TF ), (1)

where Cp is specific heat of water, Ch — heat 
transfer coefficient, ΔU 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–1), T∞ — mixed layer 
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temperature, and TF — freezing temperature. 
Since the Curonian Lagoon is shallow and has 
a well-mixed water column, the water tempera-
ture beneath the ice is mostly equal to the freez-
ing temperature throughout the ice cover season, 
which results in FW ≈ 0 W m–2.

In order to properly simulate the ice freeze 
onset and melt‑off, the ice thermodynamic 
model is coupled with a slab ocean model, 
which is an approximation of the ocean mixed 
layer. During ice-free periods, this slab ocean 
model computes a temperature of the mixed 

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

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

Parameter Value Unit

Mixed layer depth, hmix 1.5 m
Water density, ρw 1000 kg m–3

Water salinity, Sw 0.0 g/kg
Snow precipitation density, (ρs)prec 300 kg m–3

Density of cold new snow, (ρs)y 300 kg m–3

Density of warm new snow, (ρs)y 350 kg m–3

Density of cold ‘‘bucket” snow, (ρs)bk 350 kg m–3

Density of warm ‘‘bucket” snow, (ρs)bk 400 kg m–3

Density of cold compacted snow, (ρs)cp 350 kg m–3

Density of warm compacted snow, (ρs)cp 400 kg m–3
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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 PresOrig), and 2) with 
increased densities of all snow types by 50 kg m–3 
(hereafter Presρs) (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 (FOO and MOO) 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, FOM (MOM), and 2) the date of 
first (last) ice before (after) the continuous ice 
cover, FOMcorr

 (MOMcorr
), 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 

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, 
Juodkrantė, and Ventė; 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 ERA5 and climate models have bias 
comparing to the observations, we corrected 
it. The air temperature was corrected (TBC) 
by simply adding the difference between the 
observed, TO, and modelled average air tempera-
ture,  , respectively (Lenderink et al. 2007):

  (2)

Precipitation (PRBC) was corrected by multi-
plying the ratio between the observed (PRO) and 
modelled (PRM) values:

  (3)

TM

Table 2. Summary of the simulations.

Name Period Description

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

 2004–2017 Present-day period with increased densities
  of all snow types by 50 kg m–3

BS 1986–2005 Baseline period
RCP4.5near 2021–2040 RCP4.5 scenario in the near future
RCP4.5far 2081–2100 RCP4.5 scenario in the far future
RCP8.5near 2021–2040 RCP8.5 scenario in the near future
RCP8.5far 2081–2100 RCP8.5 scenario in the far future
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                  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–3, Presρs, 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 ERA5 data were 
corrected with the measurements, thus the ice 
model gave higher correlation coefficient values 

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 Ventė is moderate, 
in Nida and Juodkrantė 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, Juodkrantė, and Ventė, respectively).

The average difference of freeze onset dates 
(Table 4) revealed that in the model initial ice 
formation (FOM) started very early, which was 
not recorded in the coastal stations (FOO). 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 (      ). The 
same was with melt‑off dates (Table 4); here 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 Juodkrantė, and 
19 days in Ventė. 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.

T T PR and PR
O M O M

, , ,

Table 3. Calibration statistics of ice and snow thickness. Model set-up types (PresOrig and Presρs
) are described in 

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

 Nida Juodkrantė Ventė

   PresOrig Presρs PresOrig Presρs PresOrig Presρs
 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

FO
M

corr
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Fig 3. Observations and modelled snow and ice cover thickness in three coastal stations: Nida, Juodkrantė, and 
Ventė in 2004–2017. Snow and ice thickness layers are grouped together in two groups: snow — positive ordinate, 
and ice — negative ordinate.

Fig 4. Scatterplots of measured and modelled ice thick-
ness and a number of ice days in Nida, Juodkrantė, 
and Ventė for the period 2004–2017.

Sensitivity to air temperature and 
precipitation rate

During the 2011–2012 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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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 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, FOO (MOO), and modelling, FOM 
(MOM) and FOMcorr

 (MOMcorr
), 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 Juodkrantė Ventė

  mean min max mean min max mean min max
 FOO–FOM 27 1 81 28 1 66 17 1 63
 FOO–FOMcorr

 4 0 13 5 1 12 3 0 9
 MOO–MOM –21 –39 –12 –20 –31 –9 –10 –19 –5
 MOO–MOMcorr

 –20 –39 –6 –15 –25 –3 –10 –19 –5

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).
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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
 RCP4.5near 10.4 39.3 49.0 33.9 27.1
 RCP8.5near 12.7 52.4 36.5 31.3 1.7
 RCP4.5far 68.6 59.7 74.5 54.2 40.7
 RCP8.5far 85.9 88.2 87.8 85.8 75.4
 
 Max
 RCP4.5near 6.3 13.9 33.7 24.9 13.6
 RCP8.5near 2.8 29.6 17.6 13.5 1.8
 RCP4.5far 45.5 30.9 55.2 40.7 22.3
 RCP8.5far 60.3 60.2 71.4 64.0 50.3
 
 NID
 RCP4.5near 8.5 12.4 19.3 16.2 17.7
 RCP8.5near 8.7 21.9 11.5 18.3 17.6
 RCP4.5far 35.5 34.7 29.9 31.4 15.5
 RCP8.5far 55.7 60.2 67.0 57.3 46.0

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 RCP4.5far 
and 75–88% under RCP8.5far. 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 RCP4.5near and 2–30% under RCP8.5near, 
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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.

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 RCP4.5far and 
RCP8.5far 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 RCP4.5near and 16 cm under RCP8.5near. 
In the far future, mean/max ice thickness could 
reach 4/9 cm under RCP4.5far and 1/4cm under 
RCP8.5far.

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–1, while MOHC 
and MPI showed an increasing rate of 0.09/0.36 
and 0.34/0.79 cm year–1, respectively (Table 6). 
The decreasing tendency of mean/max ice thick-
ness varied from 0.04–0.07/0.11–0.18 cm year–1 
under RCP4.5 and 0.05–0.12/0.11–0.30 cm year–1 
under RCP8.5 climate change scenarios.
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Table 6. The decrease rate of mean and maximum ice thickness (cm year–1), and number of ice days (NID, days 
year–1) 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

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 RCP4.5near and 9–22% 
under RCP8.5near (Table 5). The highest differ-
ence is computed using the data of ICHEC under 
RCP8.5near, 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 
RCP4.5far compared with the baseline run, while 
the highest change can be seen under RCP8.5far, 
ranging from 46% to 67% less ice days.

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

(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–1, while MPI showed an 
increasing rate of 0.22 days year–1 (Table 6). The 
decrease ranged from 0.17 to 0.53 days year–1 under 
RCP4.5, and 0.66–1.07 days year–1 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. 

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.
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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 Juodkrantė, while in Ventė 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 et 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 RCP8.5 
scenarios. The maximum ice thickness can be 
expected to decrease by 40% in RCP4.5far and 
60% in RCP8.5far, while only 13–18% in the near 
future.

Our results correspond with another study of 
ice thickness projections using statistical meth-
ods by Jakimavičius et al. (2019), which showed 
that in the far future (RCP4.5far), the average ice 
thickness will decline by 53% compared to the 
reference period of 1986–2005. However, they 
project that for RCP8.5far, 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 Jakimavičius 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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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–1 (five‑model 
mean), which is higher than that reported in the 
study of Jakimavičius et al. (0.2 days year–1), 
along the Lithuanian Baltic Sea coast (0.64 days 
year–1; Dailidienė et al. 2012), along the Latvian 
coast and in the Gulf of Riga (~0.3 days year–1) 
(Kļaviņš et al. 2016), the eastern Gulf of Finland 
(0.6 days year–1; Ronkainen 2013), or in the 
lakes of northern Poland (0.54 days year–1; 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 (Idzelytė 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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