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Abstract 
Purpose. The work is aimed at studying the response of the Black Sea upper layer to the intrusion of 
cold air in January 23–25, 2010. 
Methods and Results. The NOW coupled mesoscale sea – atmosphere model with the 1 km resolution was 
used to study the sea fields numerically. The change in sea surface temperature in January 23–25, 2010 
resulted from the cold intrusion was reproduced. The basic factors which had influenced the change in 
the upper layer temperature, namely horizontal advection, cooling of the sea surface due to the sensible 
and latent heat fluxes and the impact of vertical turbulent mixing were considered and quantitatively 
assessed. The main changes that took place in the cold intermediate layer were investigated. 
Conclusions. The change in vertical distribution of the monthly average temperature, salinity and 
density is considered based on the Copernicus reanalysis data for 2009–2010. The presence of a cold 
intermediate layer at the average depth 60 m in all the months except for the transitional winter-spring 
period is shown. The results of NOW modeling reveal the fact that decrease in the surface temperature 
over the most sea area occurred as a result of heat and mass exchange with the atmosphere. 
The influence of horizontal advection and mixing through the lower boundary of the cold intermediate 
layer was manifested only in certain small areas, in other words, it produced a local effect. Convective 
cooling spanned the upper mixed layer up to the depths about 40–45 m and amounted to ~ 1°С. Besides, 
it is shown that during the cold air intrusion, the depth of cold intermediate layer increased. The notion 
that the local cold waters in the shallow northwestern part of the sea are secondary as a source of 
formation of the cold intermediate layer has been confirmed. The density of colder, but less saline 
coastal water prevents its sinking to the upper boundary of cold intermediate layer. 
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Introduction 
Seasonal cooling of the Black Sea in the autumn-winter period is sometimes 

accompanied by episodes of sharp decreases in air temperature as a result of 
intrusions of cold air masses through the northern and northeastern boundaries of 
the region. Cold intrusions are usually associated with the formation of such an 
interesting and important feature of the sea thermohaline structure as cold 
intermediate layer (CIL): it is believed that the minimum water temperature at depths 
of 50–90 m is the result of deep convection of cold-water masses in winter in 
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the centers of cyclonic gyres [1]. This process is facilitated by the development of 
cyclonic circulation in the atmosphere above the sea leading to a water rise in 
the central regions of the sea, a decrease in the thickness of the upper mixed layer 
there and its more intense cooling 1 [2]. 

The second mechanism for the CIL development is considered to be the slope 
advection of cold water from the shallow northwestern part of the sea to 
the southwestern and further to the southern and southeastern coastal parts of the sea 
by the Rim Current (RC). In this case, part of these coastal cold waters is captured 
by mesoscale anticyclonic eddies in the Rim Current region and then spreads to 
the entire Black Sea region [1, 3–7]. 

The study of CIL formation mechanisms in the Black Sea has intensified in 
the last two decades. This was facilitated by the implementation of the ARGO ocean 
monitoring program which made it possible to supplement significantly the existing 
database of long-term, though rather scattered, data on shipboard measurements of 
temperature, velocity and salinity [8]. In addition, modern numerical models of 
circulation in the atmosphere – sea system provide the solution of the problem of 
reconstructing the thermohydrodynamic fields and their variability in a wide range 
of spatio-temporal scales [9, 10]. Without dwelling on a detailed analysis of 
the current state of knowledge of thermodynamic processes in the Black Sea and, in 
particular, the CIL formation, we note [11, 12] in this regard. In [11], a sea 
circulation modeling on a climatic time scale was carried out using realistic 
meteorological forcing and the above-mentioned idea about the mechanisms of CIL 
formation in the Black Sea was confirmed. In [12], the results of an analysis of 
the accumulated array of measurement data from subsurface buoys are presented; 
this made it possible to study the details of the CIL structure formation, its 
interannual variability and confirm the trend towards a decrease in its depth observed 
in the last decade. 

As a rule, periods of cold air masses intrusion across the northern and northeastern 
boundaries of the region are associated with such extreme weather phenomena as 
the Novorossiysk bora [13], icing of roads in the steppe part and a significant decrease 
in air temperature in the usually warm region of the Southern Coast of Crimea. 
In practice, cold air intrusions are accompanied by cases of heavy fog over bays in 
coastal cities, disruption of ferry service and formation of characteristic cloud “tracks” 
in the atmosphere above the sea [14, 15]. At the same time, the reaction of the sea itself 
to these cases of intrusion has not been studied sufficiently. 

One of such cases considered in this paper refers to January 23–25, 2010. 
Previously, we considered it in [14, 15] in order to study the convection rolls (two-
dimensional convection) in the atmosphere using the WRF numerical atmospheric 
circulation model. The work is purposed at studying the reaction of the Black Sea 
upper layer to this cold air intrusion using a coupled model that makes it possible to 
reconstruct the interaction processes in the atmosphere – sea system numerically. 

1 Blatov, A.S., Bulgakov, N.P., Ivanov, V.A., Kosarev, A.N. and Tuljulkin, V.S., eds., 1984. 
Variability of the Black Sea Hydrophysical Fields. Leningrad: Gidrometeoizdat, 240 p. (in Russian). 
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Numerical model 
NOW coupled model consists of well-known WRF atmospheric model, NEMO 

marine model latest version 4 and OASIS application that exchanges data between 
WRF and NEMO [16]. This model is described in more detail in our previous 
works [17, 18]. 

The modeling used two nested grids with a resolution of 3 and 1 km. Data 
exchange took place both between main and nested domains. Every two hours, sea 
surface temperature and surface current velocity are transmitted from NEMO to 
WRF and short-wave and long-wave radiative heat fluxes, sensible and latent heat 
fluxes, wind friction stress as well as the difference between evaporated moisture 
and precipitation are transmitted from WRF to NEMO. 37 vertical levels were 
applied in the atmospheric model and 75 ‒ in the sea model. 

Yonsei University Scheme was used to parameterize the planetary boundary 
layer in WRF. To parameterize vertical turbulent mixing in NEMO, the Generic 
Length Scale scheme was applied. Output interval of the modeling results was 1 hour. 
In WRF and NEMO, the modeling time step was 15 and 300 s, respectively, for 
a computational grid with a resolution of 3 km and 5 and 100 s for a grid with 
a resolution of 1 km. As in our previous work [18], the initial conditions for 
the marine model as well as the bottom topography were taken from the global 
Copernicus 2 reanalysis with a resolution of 1/12° and the initial and boundary 
conditions for the atmospheric model were taken from ERA5 reanalysis. Since 
the Copernicus reanalysis is derived from NEMO model with observational data 
assimilation and sea surface atmospheric forcing taken from ERA5 reanalysis, this 
reduces significantly the time required to adapt NEMO and WRF to each other 
during the coupled modeling. 

The calculation began at 00:00 on January 22, one day before the start of 
the intrusion episode which lasted about 4 days, and the total duration of modeling 
was 5 days. Due to the short duration of modeling, the river runoff effect was not 
taken into account in the marine model. In the atmospheric model in 
the computational domain with a resolution of 3 km we used spectral “nudging” – 
a method in which during the modeling the atmospheric fields are adjusted every six 
hours, i.e. “nudged” to the large-scale reanalysis fields. 

Results and discussion 
Features of the cold air intrusion episode 
As a rule, the cold air intrusion into the Black Sea through the northern, 

northeastern boundaries develops on the southeastern periphery of the anticyclone 
with its center above the Baltic States [13]. Moreover, the duration of such intrusion 
episodes is relatively short and amounts to 2–4 days. The case we are considering 
lasted about 3 days, during which the strong northerly wind changed to northeasterly 

2 Copernicus Marine Service. Global Ocean Physics Reanalysis. [online] Available at: 
https://resources.marine.copernicus.eu/product-detail/global_multiyear_phy_001_030/information 
[Accessed: 20 February 2024]. 

PHYSICAL OCEANOGRAPHY  VOL. 31   ISS. 1   (2024) 122 



with maximum velocities in the central and southwestern parts of the sea. Without 
considering the details of wind field variability during the entire intrusion episode, 
we give an example of wind speed variability at two points in the sea as well as 
the main forcing that determined the reaction of the sea – sensible heat fluxes, shf, 
and latent heat fluxes, lhf, through the surface (radiative fluxes in winter can be 
neglected for this period). 

Fig. 1 shows wind speed values at a height of 10 m at two points in 
the northwestern and eastern parts of the sea. Fig. 2 demonstrates total heat flux from 
the surface averaged over the cold intrusion (January 23–25), shf + lhf. It is clearly 
seen that for the entire sea the episode under consideration can indeed be considered 
a three-day cold air intrusion. During this period, the sea cooling was heterogeneous: 
the western and eastern halves of the sea are separated by a small area of reduced 
fluxes which is naturally explained by a wind speed decrease behind the leeward 
slope of rather high Crimean Mountains [13]. At the same time, heat loss from 
the surface in the northern part of the sea was 500–600 W/m2, wind speed was about 
10–14 m/s. In the southern half of the sea, heat loss through the surface is smaller 
than in the northern half since cold air warmed up when moving above a warmer sea. 

F i g.  1. Surface wind speed, m/s, at the points with coordinates 31°E, 44.5°N (1) and 37.5°E, 43°N 
(2) in January 22–26, 2010. The point positions are shown in Fig. 2 
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F i g.  2. Total heat flux directed from the sea surface, W/m2, averaged for January 23–25, 2010 

Changes in sea surface temperature 
Fig. 3, a shows the distribution of sea surface temperature (SST) and surface 

current velocity at the beginning of the cold invasion. A well-known climatic feature 
of the SST distribution – increased temperature values in the southeastern part and 
decreased in the northwestern one and Rim Current along the entire boundary area 
of the sea – is presented well. Fig. 3, b demonstrates the SST variations for the entire 
period of intrusion, from 00:00 on January 23 to 00:00 on January 26. As expected, 
the SST decrease is heterogeneous in area reflecting both synoptic heterogeneity of 
atmospheric forcing and mesoscale structure of eddy and jet currents in the sea upper 
layer. On average, the SST decreased during the intrusion by 1.5 °C (in the deep sea) 
and even more in the coastal region of the northwestern shelf, where heat loss from 
the surface reached 500–600 W/m2. A comparison of current velocity fields 
immediately before and after the cold intrusion showed that on January 23–25 
the Rim Current intensity increased, and in some areas near the Crimean coast, in 
the southwestern and southeastern corners of the sea, the velocity of alongshore 
surface current increased by ~ 0.2 m/s. 

The SST decrease during winter cooling is determined by turbulence in 
the upper mixed layer, thickness of the upper mixed layer (UML) and advective heat 
transfer. All these processes are reproduced in detail in NEMO. 

Fig. 3, c – e shows separately the contribution of the main factors to the SST 
variation: a decrease in the SST due to sensible and latent heat fluxes from the sea 
surface ΔThf (Fig. 3, c), the SST variation due to horizontal advection ΔTadv 
(Fig. 3, d) and vertical turbulent mixing ΔTdif (Fig. 3, e). The values given in 
Fig. 3, c – e are calculated using the following simple formulas: 
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where H is UML thickness; T is water temperature; u and v are zonal and meridional 
current velocities; K is coefficient of vertical turbulent heat diffusion (calculated in 
the model); ρ and Cp are density and specific heat capacity of water; Δt is time period 
(equal to 1 h). The details of numerical calculation by these formulas are given in 
[17]. H value in formulas (1)–(3) was assumed to be equal to the upper layer 
thickness with small (< 0.02 °C/m) vertical gradient T or to the sea depth if the water 
temperature at a given point does not almost vary with depth (near the coast and in 
the Sea of Azov). 

 

 
 

F i g.  3. Sea surface temperature (SST) at 00:00 on January 23 (a); change of SST for the period from 
00:00, January 23, to 00:00, January 26, based on the results of modeling (b) and calculation using 
formulas (1) (c), (2) (d) and (3) (e). Arrows show the current velocity on the surface (m/s) at 00:00, 
January 23 (a), and the average one for the period from 00:00, January 23, to 00:00, January 26 (b). 
For clarity, the number of arrows is reduced along the longitude and latitude with the increments 15 
and 12, respectively 
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Continuation of Fig. 3. 

PHYSICAL OCEANOGRAPHY   VOL. 31   ISS. 1   (2024) 126 



 

 
Continuation of Fig. 3. 

 
Fig. 3, c shows the SST variation during the cold intrusion period due to heat 

fluxes. A significant SST decrease in the northern part of the sea is associated not 
only with high surface wind speed there, but also with shallow depths. Fig. 3, c 
distinguishes the region stretching from the Crimea to the south and the region near 
the Caucasian coast, eastwards of 39°E, where |ΔThf| value is smaller than in the deep 
sea. This is obviously due to the effect of the coastal Crimean and Caucasus 
mountains. Without providing illustrations, we note that in the atmospheric model, 
in the surface wind field averaged over January 23–25, qualitatively similar 
local features are observed – an area with reduced wind speed in the central part of 
the sea southwards of Crimea and low-velocity area near the high-mountainous 
Caucasian coast. 

Fig. 3, d demonstrates temperature decrease averaged over depth H due to 
the horizontal transport of cold waters in the sea upper layer. As can be seen from 
Fig. 3, b, an area of the reduced SST arose southwards of Crimea despite the relatively 
small heat flux from the sea surface. Fig. 3, d shows that this occurred due to 
the transfer of cold waters from the northeastern part where heat exchange with 
the atmosphere was stronger, and as a result cooling was stronger as well. The Rim 
Current velocity increases as it goes around the Crimean Peninsula (Fig. 3, a) and, as 
a consequence, horizontal advection effect on the SST in this place increases. 
The advective Rim Current effect on the SST field is also manifested near the western 
coast where warmer water is transported from the central part of the sea and near 
the southwestern coast where colder water is transported from the northwestern part 
(Fig. 3, b). Note that the vertical transport effect on the SST field variation was 
insignificant and is not reflected in the figures. 

As can be seen from Fig. 3, e, except for a small area near the Caucasian coast, 
the vertical mixing effect on the SST in the deep part of the sea was relatively small. 
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In the shallow part of the sea, e.g. near the Kerch Peninsula, owing to sharp sea 
surface cooling, convective instability could lead to the SST increase due to 
temperature equalization in the entire layer down to the bottom. 

Thus, the Black Sea response to the cold intrusion consisted of the SST decrease 
mainly by 1–2 °C under effect of large sensible and latent heat fluxes (Fig. 3, c). 
The effect of horizontal advection (Fig. 3, d) and vertical turbulent mixing (Fig. 3, e) 
on the SST, as expected, led only to local inhomogeneities in the temperature field. 

 
Changes in the sea upper layer temperature 

As mentioned in the introduction, a characteristic feature of temperature 
distribution in the Black Sea upper layer is CIL – a relatively thin intermediate layer 
between the thermo- and halocline at depths of about 60 m. The current state of 
knowledge on the CIL is presented well in [12]. 

Fig. 4, a, b shows the vertical structure of temperature, salinity and density fields 
at vertical sections drawn along 31°E and 44°N before the start of the cold intrusion. 
Fig. 4, a, b confirms the idea that local cold waters in the shallow northwestern part 
of the sea are secondary as a source of CIL formation. Indeed, neither Fig. 4, a, b, 
nor other zonal and meridional vertical sections demonstrate signs of cold waters 
propagation from the coast towards the open part of the sea. The density of colder, 
though less saline, coastal water prevents it from sinking to the upper boundary of 
CIL, and its isolation from CIL is clearly visible. 

The pattern of fields at vertical sections confirms the idea of CIL presence 
throughout the entire sea area except for certain local areas associated with coastal 
orography, river mouths and circulation features 1. Fig. 4, b demonstrates clearly 
the rise of CIL following the rise of UML and thermocline in the central part of 
the sea as a result of development of large-scale cyclonic circulation and the Rim 
Current [1]. Local deepening of CIL in the area of 33°–34°E is associated with 
a local effect – the proximity of the Southern Coast of Crimea which affects the Rim 
Current displacement and creates meridional heterogeneity of the density and 
temperature fields. Consideration of the features of CIL distribution throughout 
the sea as well as taking into account the CIL interannual temporal variability and 
its disappearance in individual years is beyond the scope of the work since 
the circulation was reproduced only for a relatively short time interval of the cold 
intrusion. 

In Fig. 4, c, temperature and salinity variations during the cold intrusion are 
given at the same vertical section as in Fig. 4, b. In the near-surface layer, water 
cooling by up to 1.5–2 °C is clearly visible; this corresponds to the SST decrease in 
Fig. 3, b. In the CIL layer and below, the temperature varied insignificantly from 
− 0.5 to 0.5 °С. To distinguish such a small reaction of the CIL temperature, we 
constructed vertical temperature profiles averaged over a large area (30°–38°E, 
42.5°–44°N) and considered the period of cold intrusion in the annual cycle of CIL 
variation for 2009–2010. 
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F i g.  4. Fields of density ρ, kg/m3, temperature T, ℃ (black isolines), and salinity S, ‰ (white isolines), 
at 00:00, January 23, at the meridional section along 31°E (a) and the zonal section along 44°N (b); 
change in temperature, ℃, and salinity, ‰ (isolines), for the period from 00:00, January 23, to 00:00, 
January 26, at the section along 44°N (c). For clarity, not the very value of ρ, but the difference 
(ρ – 1000), kg/m3, is shown in Fig. 4, a, b 
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Continuation of Fig. 4 

Fig. 5 shows vertical profiles of temperature, density, and salinity averaged 
over the deep-sea part for several months of 2009–2010 and constructed using 
Copernicus data set. As can be seen, our cold intrusion episode occurred in mid-
winter, when seasonal cooling brought the upper seasonal thermocline close to 
disappearing, although with the existence of CIL. Without dwelling on the features 
of seasonal variations in the vertical profiles of the main hydrophysical 
characteristics in the sea upper layer, we will only note well-pronounced 
temperature fluctuations in the annual cycle, a salinity decrease in summer in 
the upper layer associated with increased evaporation and a corresponding 
decrease in density. No deviations from the monotonic decrease in density and 
salinity were observed in the entire upper layer from August 2009 to February 
2010. In all seasons except for the transitional winter-spring season we observe 
CIL with a minimum temperature value at an average depth of 60 m in 
the temperature profiles for our annual period of 2009–2010. 

Taking into account that the cold air intrusion occurred when the sea upper layer 
had almost completely cooled, we will consider in more detail the development of 
this process according to our modeling results in which CIL was reproduced with 
a fairly high vertical resolution of ~ 2 m. Note that vertical resolution in Copernicus 
data set is about 5 m which smoothes out small-scale features of temperature profile 
variations in CIL. 

PHYSICAL OCEANOGRAPHY  VOL. 31   ISS. 1   (2024) 130 



F i g.  5. Averaged over the deep-sea part (30°–38°E, 42.5°–44°N) monthly average vertical profiles of 
temperature T, ℃ (solid line), salinity S, ‰ (dashed line), and density ρ, kg/m3 (dotted line), based on 
the Copernicus reanalysis data. For clarity, not the very values of S and ρ, but the differences 
(S – 8), ‰, and (ρ – 1000), kg/m3, are shown 

Fig. 6 shows temperature and salinity profiles before, during and after the cold 
intrusion episode. The temperature field reaction is clearly visible: over 3 days 
the temperature of the entire upper layer decreased by ~ 1 °C – this is consistent with 
the SST decrease shown in Fig. 3, b. It is interesting to note that the temperature 
decrease at the CIL upper boundary has a characteristic feature known for the UML 
evolution in the summer-autumn period – the entrainment of water from the seasonal 
thermocline into the UML associated with the penetration of turbulent pulsations 
from the UML into the thermocline. 

It can be clearly seen from Fig. 6 that temperature decrease and salinity increase 
are accompanied by deepening of the CIL upper boundary. As a rule, summer mixed 
layer occurs as a result of dynamic instability associated with wind stress at the sea 
surface and wave orbital motions. In our case, they do not penetrate to depths of 
more than 30–40 m and shear instability effects associated with thermohaline 
currents can probably be also neglected. Unlike the summer mixed layer, 
the turbulence in our case is of a convective nature and the entrainment is limited to 
the region of the CIL upper boundary. Fig. 6 shows that in the CIL and below both 
temperature and salinity profiles can be considered unchanged during the intrusion 
period. This indicates directly the smallness of dissipative effects at these depths 
which explains the long lifetime of CIL after its development during winter 
convection. 
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F i g.  6. Vertical profiles of temperature T, ℃ (solid line), and salinity S, ‰ (dashed line), at the point 
with coordinates 32°E, 44°N at 00:00 on January 23, 12:00 on January 24 and 00:00 on January 26, 
2010. For clarity, not the very value of S, but the difference (S – 8), ‰, is shown 

Conclusion 
Numerical modeling of the extreme case of cold air intrusion into the Black Sea 

using the coupled WRF-NEMO model with regard to the atmosphere-sea interaction 
made it possible to calculate the structure of thermohydrodynamic fields with 
a horizontal spatial resolution of 1 km. The intrusion itself lasted about three days 
during which wind speed reached 15 m/s and the total flux of sensible and latent heat 
was about 500 W/m2. The reaction of the sea directly to this cold atmospheric 
intrusion was distinguished. It was demonstrated that convective cooling influenced 
the upper mixed layer to the depths of about 40–45 m and amounted to ~ 1 °C. 

It was demonstrated that the SST decrease over most sea occurred as a result of 
heat and mass exchange with the atmosphere. The effect of horizontal transport and 
vertical turbulent mixing on the SST appeared only in certain small areas, i.e. it had 
a local effect. 

The case under study is of interest because it falls on the final lifetime stage of 
previously formed CIL: deepening of the CIL upper boundary (defined by the level 
of 8 °C) due to autumn-winter cooling from the surface ended up with the example 
we considered. This is illustrated well by the temperature and salinity vertical 
profiles at the final stage of CIL lifetime as an intermediate layer between 
the thermo- and halocline. Small values of vertical diffusion and viscosity 
coefficients in CIL indicating the smallness of dissipative processes represent 
a characteristic feature. 
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CIL spatial distribution over the sea area is uneven. Nevertheless, in our case 
local areas of CIL absence are quite limited. At least, the given latitudinal section 
across the entire sea area and other sections (not presented here) do not manifest its 
development only in rare coastal areas. The corresponding climate analysis of CIL 
spatio-temporal structures as well as the statistics of cold intrusion cases in the Black 
Sea region (similar to the previously obtained statistics of Novorossiysk bora cases) 
are beyond the scope of this work and are proposed for the future. 
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