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Abstract 

This paper studies the ice formation in the Caspian Sea using HYCOM model which is applied for 18 years to simulate the 

ice f0rmation in this basin. The vertical layers of 25 are considered, while the horizontal gride is 0.04⁰ . The atmosphere 

forcing, initial condition, and river runoff were some from input files for the whole periods of simulations. The simulation 

show that the water begins to convert to ice in the middle of December. The maximum ice coverage is recorded in January 

with a thickness roughly 50 cm. The ice formation begins in the vicinity of the Volga and Ural rivers because of low 

salinity.  
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1. Introduction  

The Caspian Sea is the largest completely enclosed inland body of water which is located between 36.5° -

47.2° N and 46.5°- 54.1°E. This sea has unique features of a large lake. This basin is divided into three basins 

northern, middle, and southern, based on its morphological features (Aubrey et al., 1994; Aubrey, 1994). Where 

the mean depth for depth is 10 m in the northern basin, and the mean depthes are 200 m and 788 m for the 

middle and southern ones respectively (Gunduz and Özsoy, 2014). The Iranian coast which is located in the 

southern basin is separated from the middle part through the Apsheron strait. In general, the temperature effect 

is much more important to the formation of the vertical structure of the water column density, as compared to 

the salinity. The differences in atmospheric temperatures are much higher between that of southern and northern 

basins, particularly in the cold season. In the winter, ice is formed in the northern part as the weather 

temperature decrease down to below zero. In the northern part, the sea surface temperature varies from below 

zero in the winter as compared to 25-26 °C in summer. However, the moderate variability occurs in the southern 

parts of the Caspian Sea, from 7-10 °C in winter to 25-29 °C in summer (Ibrayev et al., 2010).  

Meteorological conditions in the winter play a pivotal role in ice covering features of the northern parts of 

this sea. In the northern part, initially, the ice starts to appear in November and it spreads where the water depth 
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is under 5 m. After that, areas with a depths between 5 and 10 are covered by ice in January (Kouraev et al., 

2003). Estimation shows that the mean thickness of ice varies between 40-50 cm in the north eastern part 

compared to 20-30 cm in the vicinity of the Volga River (Kitazawa and Yang, 2012). Due to the importance of 

ice formation, many papers try to study the ice in the northern basin.  Although there are many methods to 

investigate ice formation in the Caspian Sea, most papers applied remote sensing and a few used numerical 

modeling to carry out such research. When it comes to remote sensing techniques, Kouraev et al (2003) 

investigated the variability of the ice cover when using active and passive microwave satellite data 

(TOPEX/Poseidon) for a decade from 1992 to 2002. This remote sensing data showed a significant decrease in 

both seasonal ice and ice extent that has occurred in the last four winters (1998–2002). 

Lavrova et al (2019) studied ice in the Caspian Sea utilizing remote sensing images in the optical range. They 

showed that during the period of (1998-2019) the maximum coverage of ice with over 90,000 m
2
 was recorded 

in winter 2011/2012. Similar to them, geostationary satellite data was also applied by Temimi et al (2011). They 

employed a two end-member linear-mixture approach with a neural-network-based method to handle this 

research. In addition, the Caspian Sea ice coverage and surface daily air temperatures are analyzed from 1978 to 

2009 by Tamura‐ Wickset et al (2015). Also, some few researchers used numerical modeling to study the ice 

formation mechanism and its effect on the circulation of the Caspian Sea. Among them, Kitazawa and Yang 

(2012) studied water circulation and thermohaline structures as they added ice in their model. They used the 

Marine Environmental Committee (MEC) Ocean Model and the model was run for 20 years. The result 

indicated that the icing phenomena maintained the water temperature from decreasing to an unrealistic value. 

Also, Ibrayev et al (2010) studied seasonal variability and ice formation in this water region when applying a 

numerical model. The outputs showed that the mean ice thickness is approximately 20-60 cm while in February, 

for example, the thickness of 50 cm was recorded between 45-47°N and 51-53 °E. In their work, to consider the 

effects of sea-ice, the thermodynamic of sea-ice sub-model of Schrum and Backhaus (1999) was used. In other 

water basins, many ice–ocean coupled model (Mellor and Kantha, 1989; Schmidt et al., 2004) and ice forecast 

model (Rheem et al., 1997; Fujisaki et al., 2007) have also been utilized.  

In this paper, we study the ice formation of the Caspian Sea using HYCOM model. Initially, the model set-up 

will be discussed and then the result of output will be shown. Also, the effects and mechanism of the ice 

formation will be interpreted in the conclusion section. Finally, some suggestions will be presented to expand 

this research in the future. 

2. Model set-up  

The HYCOM (Hybrid Coordinate Ocean Model) is developed based on the Miami Isopycnic-Coordinate 

Ocean Model (MICOM) which has been used in recent decades. Bleck et al (1992) presented MICOM as they 

tried to solve defects of the previous model. HYCOM can be considered as a primitive equation ocean general 

circulation model that is compatible with all three z-level, sigma, and isopycnal coordinate systems 

(Rahnemania et al., 2019). As a result of this capability, this model can be applied in both shallow and deep 

water. While the vertical coordinates are used in HYCOM remain isopycnic in the open and stratified ocean, 

these coordinates have smoothly changed to coordinates in the weakly-stratified upper-ocean mixed layer to 

terrain-following sigma coordinate in deeper parts of shallow water basins, and then back to z-level coordinates 

in very shallow water. This model includes five prognostic equations where two of them are used for the 
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horizontal velocity components compared to a mass continuity or layer thickness tendency equation. In addition, 

two conservation equations are applied for a pair of thermodynamic variables (Kara et al., 2010). Although both 

models are used the same equations, HYCOM considers nonzero horizontal density gradient through all layers, 

not only for the top layer which was used in MICOM (Chassignet et al., 2007).  

Here simulation domain is selected for all basins in the Caspian Sea. After downloading data from GEBCO 

(General Bathymetric Chart of the Oceans) with 30 seconds resolution, we applied cubic-spline technique to 

interpolate topography data to our domain. We overlooked the depth below 0.5 as it may lead to an integration 

error in the model. The horizontal resolution of the model is estimated at approximately 0.04° which is roughly 

3.2 km based on the Mercator projection. Barotropic and Baroclinic time steps are 18 and 180 s respectively. 

Herein one-hourly NCEP-CFSV2 meteorological forcing is used with a resolution of 0.2° whereas cubic-spline 

and piece-wise bicubic techniques are employed to interpolate data for fluxes and wind forcing respectively. To 

minimize the error in the border of land and sea, an extrapolation method is utilized. 25 vertical layers are 

considered which can be appropriate as the stratification is weak in the most pf the northern, middle and 

southern parts. The simulations used the Mellor-Yamada level 2.5 turbulence closure schemes which was first 

used in the Princeton Ocean Model (Mellor and Yamada, 1982; Mellor, 1998). Due to the importance of fresh 

water, the average monthly inflow of the three large rivers (Volga, Ural, and Kura) is considered. The model ran 

for 18 years from 1992 to 2009, approximately 18 years.  Figure 1 shows that processes that have be done to 

prepare data for the model. For instance, figure 2 illustrates some atmosphere forcing in October, and the 

bathymetry that is used in the model to simulate water circulation and ice formation. Based on this figure, the 

range of Sea Surface Thermal Radiation downward (STRD) varies from 2.8 to 3.4 MJm-2 and eastward wind 

component has a range of -9.7-3.6 m/s for the area. The warm-up for the model was approximately 5 years, 

which is calculated based on salinity time series for all years. The energy loan (thermodynamic ice) is applied to 

boost the accuracy of the outputs.  

Fig. 1: Schematic diagram of the processes that have been done to prepare initial, bathymetry, river runoff, and 

atmosphere forcing from different data centers. For better understanding, the details of atmosphere 

forcing parameters are shown at the bottom of the figure. Here the accuracy of the model in 

terms of ice coverage is compared with satellite images. 

 [
 D

ow
nl

oa
de

d 
fr

om
 jp

g.
in

io
.a

c.
ir

 o
n 

20
23

-0
5-

23
 ]

 

                             3 / 10

http://jpg.inio.ac.ir/article-1-613-en.html


Rahnemania et al. / Study of ice formation in the Caspian Sea using numerical simulations 
 

28 

 

Fig. 2: Some typical input data that are applied to the model to start the simulation. 

a) Bathymetry of the Caspian Sea is in meter which is extracted from GEBCO, 

b) STRD (Surface Thermal Radiation Downward) is for October as a forcing variable based on Jm-2, 

c) the eastward wind component for October which is a forcing file in m/s.  

 

3. Results 

Here is firstly we concentrate on temperature and salinity fields when studying the sea ice. This is because ice 

formation has an effect on these physical parameters of oceanography both in formation and melting times. 

Some thermodynamic process has been evoked for formation (or melting) of ice, and temperature can be an 

important parameter to understand these thermodynamic phenomena. Also, salinity is another factor which 

broadens our horizon about how ice forms. 

Initially, to evaluate the physical features of water under seasonal changes, salinity, and temperature fields 

are plotted in the whole basins (Fig. 3 and 4). Sea surface temperature shows a dramatic change as a result of 

seasonal changes. While the mean basin temperature is 18 °C in autumn, it is 4 °C for the mean value for the 

northern part. The maximum differences between temperatures can be estimated roughly15 °C in winter 

between the northern and southern basins. Interestingly, fresh water front is observable while this salinity front 

has a drop of approximately 5 PSU. Although this front covers all northern part in autumn and winter, in other 

season this front is very small in terms of the covered area. The changes in salinity in different seasons are 

negligible in the Caspian Sea. The model outputs confirm that the effect of temperature in the water column 

density structure of this domain is much larger compared to that due to salinity. As a consequence of that, the 

pattern of pycnocline is very similar to thermocline (rather than halocline) in all parts except for in ice formation 
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time. In general, two factors of river runoff and evaporation have a strong effect on the salinity which can be 

observable from the model output.   

 

 
 

Fig. 3: The sea surface salinity in different seasons in PSU in the whole domain in the year 2009 

 

 

 
 

Fig. 4: The sea surface temperature in different seasons in Celsius in the whole domain in the year 2009 
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Due to the main aim of this paper, the ice coverage, location and time of ice formation are some concepts that 

are very important for this study.  To address all of them, many figures are plotted from December to March of 

2009. For example, figure 5 illustrate the ice coverage in the northern part in some selected month. The 

concentration of ice coverage is classified between 0 (no ice coverage) and 1 (maximum 100% coverage). The 

results show that the ice stars to appear where the depth is below 1 m. This area is particularly located near the 

coast of Kazakhstan. Based on the model outputs, 15 December is the first day in which ice is formed with ice 

coverage and ice thickness 0.3 and 10-20 cm respectively. After that, the ice coverage increases to 0.9 in 29 

December although the changes in thickness are negligible. In January, ice coverage boosts up to its maximum 

point in 25 January, which is located above 44.5 °N. The ice thickness can be estimated up to 40-50 cm. In 

general, January is the month with the maximum thickness and ice coverage. In January, most part of the 

northern part is covered with fixed ice particularly in the vicinity of Volga and Ural while floating ice with an 

area of 15-25 km can be observable in the area locating at lower latitude. However, in February when the 

temperature increase, the ice coverage decreases. This trend continues as gradually the ice disappears in this 

basin. It seems that at the end of February some breakup of ice begins but this process accelerates at the end of 

March up to April. It can be concluded that wind-driven currents carry some ice float towards Apsheron Strait.  

 

 
 

Fig. 5: The ice coverage in the northern part of the Caspian Sea for some months in 2009. 

The ice coverage is classified between 0 and 1. The 1 is for total ice coverage, indicating the ice formed 

covers the surface completely. The data is plotted based on the monthly average output of the model result. 

Some parts of ice coverage in February are magnified as it will be used in figure 6 to compare with the satellite data.  

 

To evaluate the accuracy of the model in terms of ice formation, we compare the model outputs with some 

satellite images. For example, in figure 6 a snapshot of the ice coverage in February (Fig. 5) compares with the 

image acquired from Aqua MODIS. This image is processed and classified based on remote sensing techniques 

(please see, Lavrova and Kostianoy, 2019). The red color indicates the region with high ice coverage. This 
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comparison shows that the accuracy of the model prediction is rather acceptable. Similar to our simulation, the 

most coverage of ice is located close to the Volga and Ural rivers. This coverage decreases when moving 

towards the middle part of the northern basin.  

To understand how ice forms and its effect on the water column beneath the ice, time series of temperature 

and salinity are plotted for all months of 2009. Based on this figure, the temperature varies from 5 to 13 degree 

while the salinity changes from 8 to 13 PSU. Interestingly, the salinity fluctuations are remarkable in the cold 

season below the ice. From December, salinity increase from 8 PSU to 13 PSU up to the beginning of January 

and then begin to decrease in other months. This fluctuation may be due to brain rejection process below the ice 

that can form cold dense saline water which can sink to the bottom. However, this trend for temperature follows 

a specified pattern which is predictable based on increasing atmospheric temperature in spring and summer. 
 

 

Fig. 6: The comparison of the ice coverage between satellite image (a), 

and the model prediction (b) (see Fig 5 for colour legend), for February. 

The image is based on Aqua MODIS which is presented by Lavrova and Kostianoy, 2019.  

Here the red colour shows the high ice coverage. 

 

4. Summary and discussion  

 This paper investigated the ice formation in the Caspian Sea using the HYCOM numerical model.  The 

outputs show that the ice stars to appear in the middle of December and disappear in the middle of March. 

Compared to other work, we try to boost running time for better understanding of the model warm-up period. 

This is mainly because the ventilation time can be estimated up to 18 years in the Caspian Sea (Peeters et al., 

2000, Babagoli Matekalaie et al. 2019). Hence the authors with this background information set-up their model. 

The most important point is that ice is formed in higher latitude than 46 °N. In December, the mean thickness of 

ice can be estimated at roughly 10 cm. It is mainly because this process is on the initial stage of ice formation. 

Generally, ice formation includes some complex stages which initiate with forming some small needle-like ice 

crystals which are named frazil.  This stage is considered as a grease ice and then these small crystals can freeze 

together into a thin layer which are named nilas with thickness of up to 10 cm (Webb, 2019). This process 

occurs in December in the northern part of the Caspian Sea. This formation process continues with pancake ice, 

ice floes (Webb, 2019). In January, after completing ice formation, the maximum thickness can reach up to 40-

50 cm. The most coverage of the ice is located in the vicinity of the Volga and Kura rivers. This is mainly 

because in this area the salinity is low, and the ice formation is speedier. Here some process occurs when water 
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converting to ice. One of them can be brine rejection. This is due to the fact that in the structure of crystals, salts 

do not fit. As a result, the salt is expelled when ice is forming (Killworth, 1983). For this reason, the authors 

tried to study changes of salinity and temperature when ice begins to form. The result shows that under the ice 

in the northern part salinity increase particularly in the cold season. If we look at Fig.7, we can see the 

interesting behaviors in February and March which are time of forming and melting respectively. In March, in 

the salinity time series, the salinity decrease with large fluctuations. When the ice starts to form with a thin 

layer, so the salt is release into water. After that with more thickness of ice, salinity increase up to 13 PSU. This 

salt flux increase density and the water sink on the deeper water. In the oceanography, in this area with ice 

coverage, the stability of the stratified environment is affiliated with a halocline, a layer with rapidly changes in 

salinity, compared to a thermocline (Knauss, 2016).  
 

 
 

Fig. 7: The time series of temperature (red) and salinity (blue) under the ice for the year of 2009. 

The location of this point is 46⁰ N, 51⁰ E.  

 

Although we study the ice formation for one year, with climatologist vision, we can classify ice coverage 

based on warm winter, moderate and sever winter in the Caspian Sea (Kostianoy et al., 2005). In warm winter, 

ice formation in the vicinity of the near-shore zone begins 10-day later compared to moderate winter while this 

mechanism in sever winter that occurs 20-30 days earlier than moderate winter. Based on the present result, we 

can conclude that the weather condition for the considered ice formation in this study, can be considered as a 

moderate winter due to the duration of ice coverage.  

In this paper, the authors intended to develop their methodology in the deep-water circulation of the Caspian 

Sea (Babagoli et al., 2019; Babagoli and Bidokhti, 2019) as they do not consider the impact of ice in the sinking 

process in the northern part of this domain in their previous research. The ice can accelerate the sinking process 

as salinity expulsion, when forming ice, leading to boost in the volume of overflow and its speed in Apsheron 

Strait. Although it can be predictable, the extra investigation should have been done as this process is very 

complex. 

Although the authors with a background in physical oceanography handle this paper and discuss the effects of 

ice in thermohaline circulation and water structure, we need compressive research with many backgrounds to 

understand in-depth the effects of ice formation in this basin. For example, some papers show that ice melting in 

the northern part can remarkably increase phosphate and nitrate, leading to a significant enrichment of nutrient 
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of water (Kostianoy et al., 2005). Understanding of this effect can be possible with chemical oceanography 

interest. On the other hand, the problem of global warming is another issue which is associated directly to ice 

coverage. We can see this issue on the Iranian coast when we experience a decrease in the sea level of this sea. 

With environmentalist vision, the ice sheets are the refuge for the Caspian seal which is under danger of 

extinction as the coverage of the ice has decreased in recent years (Harkonen et al., 2012). Based on what was 

mentioned, the authors suggest that using some model with capabilities of simulating biological, chemical, 

physical oceanography simultaneously like ROMS (Regional Ocean Modeling System) can be suitable in this 

area to broaden our horizon about ice formation mechanism and its effects. Another suggestion can be 

establishing an Institute to collect observation data regularly with the cooperation of countries locating in the 

neighborhood of the Caspian Sea.  
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