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Ab stract—The reanalysis of three-dimensional fields of wa ter tem per a ture and ve loc ity of cur rents in
the Black Sea in Jan u ary–March in 1971–1991 is used for study ing the spa tial dis tri bu tion of sea sur face 
tem per a ture, heat con tent of the up per layer, and heat fluxes on the sea sur face near the Cau ca sian coast
and the south ern coast of Cri mea. It is dem on strated that a warm cur rent in the up per layer of the sea and 
the high val ues of the heat flux from the sea to the at mo sphere are ob served in these ar eas in win ter. The
pos si ble ef fect of the above fea tures on the interannual vari abil ity of win ter air tem per a ture in Sochi and 
Yalta is as sessed.  
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1. IN TRO DUC TION

The cre ation of op er a tional sys tems for the di ag no sis and fore cast ing of the state of seas and oceans
based on the use of nu mer i cal mod els of ocean cir cu la tion with the as sim i la tion of all avail able ob ser va -
tional data on ma rine en vi ron men tal con di tions was the cul mi na tion of the de vel op ment of meth ods of op -
er a tional ocean og ra phy [9]. In 2008–2014 such sys tem was de vel oped for the Black Sea as an el e ment of
the pro to type of the pan-European ma rine fore cast ing ser vice in the frame work of pro jects “MyOcean” and
“MyOcean2” of the EU Sev enth Frame work Programme. It is main tained by the Black Sea Ma rine Fore -
casting Cen ter cur rently op er at ing in the au ton o mous mode at the Ma rine Hydrophysical In sti tute (MHI) of 
Rus sian Acad emy of Sci ences [8]. One of the prod ucts of the Black Sea Ma rine Fore casting Cen ter is the
ret ro spec tive anal y sis (reanalysis) of cir cu la tion and thermohaline fields of the Black Sea for the pe riod of
1971–1991. The de scrip tion of the Black Sea cir cu la tion model and as sim i la tion al go rithm used for com pu -
ta tions is pre sented in [7, 10]. 

The fields of tem per a ture and ve loc ity of cur rents ob tained in the pro cess of reanalysis have a high spa -
tial and tem po ral res o lu tion. Using such dataset, it is possible to study the specific fea tures of heat ex change 
be tween the Black Sea and the at mo sphere in the east ern part of the ba sin in win ter and to discuss its ef fects
on the cli mate of the Cau ca sian and Cri mean coasts.  

The first stud ies of sea sonal vari a tions in sea wa ter tem per a ture re trieved by the as sim i la tion of
long-term hy dro log i cal datasets in the Black Sea cir cu la tion model dem on strated that a warm cur rent re -
lated to the advective trans port of wa ter with the Black Sea Rim Cur rent is ob served near the Cau ca sian
coast [14] and the south ern coast of Cri mea [3] in win ter. Then papers [1, 2, 5, 11] noted that a tongue of
warm wa ter stretched along the Black Sea Rim Cur rent ex ists close to the south ern coast of Cri mea. This
con clu sion was based on the anal y sis of sea sur face tem per a ture (SST) from in situ and sat el lite data. In the
south, this area is sep a rated from the cold wa ter of the cen tral part of the sea by the clearly pro nounced front 
char ac ter ized by the neg a tive val ues of me rid i o nal tem per a ture gra di ents [1].

The above fea tures of wa ter tem per a ture field both on the sea sur face and in the up per wa ter layer are
also man i fested in the reanalysis data. The ob jec tive of the pres ent pa per is to an a lyze the fields of SST and
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heat con tent of the ac tive sea layer and the spa tial dis tri bu tion of heat fluxes in the east ern part of the Black
Sea. We also aim to as sess the pos si ble ef fects of the warm cur rent on the cli mate soft en ing in the area of
the Cau ca sian coast and the south ern coast of Cri mea. 

2. DATA AND METHODS

The pres ent study is based on reanalysis data on tem per a ture and ve loc ity of cur rents in the Black Sea
in 1971–1991. The hor i zon tal res o lu tion of the data is 5 ́  5 km, the ver ti cal res o lu tion var ies from 2.5 to
12.5 m in the up per 100-meter layer of the sea, and the time step is 1 day. 

The reanalysis data on SST were used for study ing its spa tial dis tri bu tion along the Cau ca sian coast and
the south ern coast of Cri mea (sea ar eas 1 and 2 in Fig. 2 be low). The val ues of the Black Sea heat con tent
were ad di tion ally com puted from the wa ter tem per a ture fields at 10 depths in the layer of 0–62.5 m. The
anal y sis of the spa tial dis tri bu tion of heat con tent was used for cor rob o rat ing the spe cific fea tures of dis tri -
bu tion of SST and heat ex change be tween the Black Sea and the at mo sphere in win ter which are re lated to
the pres ence of warm wa ter on the sea sur face near the Cau ca sian coast and the south ern coast of Cri mea.

To in ves ti gate the spatiotemporal fea tures of heat ex change be tween the Black Sea and the at mo sphere,
heat fluxes were com puted by the heat bud get method us ing the fields of wa ter tem per a ture and ve loc ity of
cur rents. The heat fluxes cal cu lated for ev ery year were av er aged within ev ery win ter month and were com -
pared with the data of pre vi ous stud ies [4] and with the data on heat fluxes from [13] av er aged for a month. 

To assess the interrelation between the processes of heat exchange intensification and the climate of the
Caucasian coast and the southern coast of Crimea, information on monthly mean values of air temperature
at Yalta (the data were obtained during joint studies with the Hydrometeorological Service of Ukraine in
1996–2002) and Sochi weather stations [12] in February was additionally used as well as data on heat
fluxes from the ERA-40 dataset. These data were used for analyzing the linear regression dependence
between air temperature and heat fluxes in the local areas of the Black Sea under study. For this purpose,
data on monthly mean heat fluxes obtained by the heat budget method were averaged for two areas under
study. The ERA-40 data were averaged for February of every year in 1971–1991 and for the whole Black
Sea area.

3. RE SULTS AND DIS CUS SION

3.1. Spa tial Dis tri bu tion of SST and Heat Con tent of the Up per Sea Layer

The spa tial dis tri bu tion of SST in win ter in 1971–1991 based on the reanalysis data has a typ i cal pat tern. 
Fig ures 1a, 1c, and 1e pres ent the ex am ples of the fields of de vi a tion of wa ter tem per a ture from its mean
val ues com puted for the sea area for Jan u ary 16, Feb ru ary 14, and March 16, 1977, re spec tively. It is clear
that the tongue of warm wa ter with the max i mum de vi a tion from the av er age tem per a ture (cal cu lated for
the Black Sea area) equal to 0.5–0.7°C is ob served near the south ern coast of Cri mea. Such SST anom a lies
in win ter are ob served in all years and on all days of this sea son. The tongue of warm water near the Cau ca -
sian coast and south ern coast of Cri mea is ob served within the whole wa ter layer from 0 to 62.5 m that is in -
di cated in the spa tial dis tri bu tion of heat con tent anom a lies. The examples of the spa tial pat tern of the Black 
Sea heat con tent anom a lies for the sea area where the depth ex ceeds 62.5 m, are also pre sented for the win -
ter of 1977 in Figs. 1b, 1d, and 1f. The com par i son of the fields of heat con tent anom a lies with the re spec -
tive SST fields re veals that they are char ac ter ized by a sim i lar spa tial pat tern. 

As clear from Fig. 1, the source of warm wa ters trans ported with the Black Sea Rim Cur rent along the
Cau ca sian coast and the south ern coast of Cri mea is the south east ern part of the Black Sea. In this part of
the sea a pos i tive anom aly of wa ter tem per a ture oc cu py ing the sig nif i cant area is formed from the sur face to 
the depth of sev eral tens of me ters in au tumn.

The ac cu mu la tion of warm wa ter in the south east ern part of the ba sin is sche mat i cally ex plained by the
changes in the Black Sea Rim Cur rent re gime in au tumn. In au tumn the Black Sea sur face tem per a ture be -
comes higher than air tem per a ture. The lo cal heat ing of the at mo sphere leads to the de vel op ment of a lo cal
cy clone over the sea [6] which in duces the field of sea sur face drag that has cy clonic vorticity. Such sea sur -
face drag causes the wa ter rise on the lower bound ary of the Ekman’s fric tion layer and, hence, the move -
ment of warm wa ter heated dur ing sum mer to wards the shore and the in ten si fi ca tion of the Black Sea Rim
Cur rent. The anal y sis of wa ter tem per a ture dis tri bu tion at dif fer ent depths in au tumn re veals that the most
in tense ac cu mu la tion of warm wa ter oc curs along the north ern and north west ern bound aries of the Black
Sea. Then warm wa ters are trans ported by the cur rent along the coast and are ac cu mu lated in the south east -
ern ar eas un der the in flu ence of the Batumi an ti cy clone. The pos i tive anom aly of SST in the south east ern
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part of the Black Sea is main tained for a cer tain pe riod of time due to the rel a tively less in ten sive cool ing in
this area. Af ter that ex ces sively warm wa ters are par tially cap tured by the Black Sea Rim Cur rent in the
mid dle and end of au tumn and are trans ported along the coasts of the Cau ca sus and Cri mea. The pro cess of
warm wa ter trans port from the south east ern part of the sea along the coasts of the Cau ca sus and Cri mea
lasts till the end of March–the be gin ning of April, when the next cy cle starts of the Black Sea heat ing and
Black Sea Rim Cur rent weak en ing. 

3.2. Anal y sis of Spatiotemporal Vari abil ity of Heat Fluxes from the Black Sea
to the At mo sphere in Win ter in 1971–1991

Heat fluxes on the sea–air in ter face were cal cu lated from the heat bud get equa tion for the liq uid col umn:

F F F F F F FS Th H BH a= + + + - +u v (1)

where FS is the variation in the heat content of the water column with the specified horizontal section from
the sea surface to the depth of 62.5 m; Fu and Fv are the zonal and meridional components of advective heat 
flux divergence for the separated water volume, respectively; FTh is the integral horizontal turbulent heat
flux; FH is the sum of convective and vertical turbulent heat fluxes for the separated water volume at the
depth of 62.5 m; FBH is the flux of shortwave photosynthetically active radiation at the depth of 62.5 m or 
at the sea bottom, if the depth is less than 62.5 m; Fa is the total turbulent and radiative heat flux from the
sea to the atmosphere. The value of Fa can be determined from (1) taking into account the values of FS, Fu, 
Fv, FTh, FH, and FBH. All parameters were determined so that the flux Fa was positive when the heat
comes from the atmosphere to the sea, and negative in the opposite case. 

The fluxes of FS, Fu, and Fv were calculated from the reanalysis data on temperature and velocity of
currents in each vertical box with the base of 5  ́ 5 km and with the height of 62.5 m. The additional
assumptions were made for estimating the remaining three parameters needed to compute Fa.  

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 42   No. 8   2017 

SPE CIFIC FEA TURES OF HEAT EX CHANGE BE TWEEN THE BLACK SEA 505

Fig. 1. The anomalies of (a, c, e) sea surface temperature and (b, d, f) heat content of the Black Sea in the layer of 0–62.5 m
relative to the sea-averaged values on (a, b) January 16, (c, d) February 14, and (e, f) March 16, 1977. The article with colored
figures is available at the site http://link.springer.com.



It was assumed that FBH » 0 for the depth of 10 m and more in the coastal areas and in the sea areas
where the depth exceeds 50 m. The contribution of integral horizontal and vertical turbulent fluxes FTh and 
FH could be computed from the reanalysis data. However, according to the estimates of these parameters
presented in [4], they  contribute insignificantly to the heat flux from the sea to the atmosphere; therefore,
they were neglected in the present calculation of sea–air heat exchange. After computing Fa for each
separate box, these values were normalized to its base area. 

Based on the computation of the daily fields of the heat flux from the sea to the atmosphere, monthly
mean values for January, February, and March of every year were calculated. An example of the monthly
mean heat flux from the sea to the atmosphere Fa for February 1985 (one of the most severe winters in
1971–1991) is presented in Fig. 2a. It is clear that the zones of Fa high values are observed near the
Caucasian coast and the southern coast of Crimea. In January similar features are registered for monthly
mean fields, and the intensity of heat exchange is slightly higher than in February. In March heat fluxes
from the sea to the atmosphere are smaller than in February. In some years there were situations when heat
came from the atmosphere to the sea near the southern coast of Crimea. Nevertheless, the high values of the
heat flux from the sea to the atmosphere are observed in the eastern and northeastern parts of the sea in the
coldest winters and in 1971–1991 on average. 

Thus, the anal y sis of vari abil ity of the heat flux from the sea to the at mo sphere near the Cau ca sian coast
and the south ern coast of Cri mea re veals high heat emis sion from the sea in win ter.   

3.3. Anal y sis of Re la tion ship be tween Air Tem per a ture and Heat Fluxes
from the Sea to the At mo sphere

As the above zone of high heat emission is located close to the part of the Black Sea coast with subtropi-
cal climate, it is interesting to estimate quantitatively the impact of the Black Sea Rim Current warm water
on the variations in winter air temperature near the Caucasian coast and the southern coast of Crimea. For
this purpose, let us analyze how monthly mean values of air temperature Ta calculated from the results of
continuous observations at  two weather stations in Yalta and Sochi in February in 1971–1991 depend on
the heat flux from the sea to the atmosphere.

First of all, it should be noted that the Black Sea heats the lo cal at mo sphere in win ter. The interannual
vari abil ity of the heat flux from the sea to the at mo sphere as well as of air tem per a ture on the sea coast is
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Fig. 2. The heat flux from the Black Sea to the at mo sphere (MJ/(m2 month)) in Feb ru ary 1985 from the data of (a) ma rine
reanalysis and (b) ERA-40 reanalysis; (c) the time se ries of monthly mean val ues of the heat flux av er aged over the Black Sea
area ac cord ing to the data of (1) ma rine reanalysis and (2) ERA-40 at mo spheric reanalysis; (d) the two-dimensional dis tri bu -
tion of heat fluxes FREA and FE40. In fig ures a and b: 1 is the area of the south ern coast of Cri mea; 2 is the area of the Cau ca sian
coast; in fig ure d: (3) the isoline of val ues of FREA and FE40; (4) the re gres sion FREA(FE40). 



driven by global at mo spheric pro cesses, for ex am ple, by the in va sions of cold air masses. There fore, the
mean heat flux from the sea to the at mo sphere av er aged for the sea sur face may be an in di ca tor of con tri bu -
tion of global at mo spheric pro cesses to air tem per a ture vari abil ity in Yalta and Sochi. There is a heat flux
from the sea to the at mo sphere in the part of the Black Sea Rim Cur rent that ad joins the Cau ca sian coast and 
the south ern coast of Cri mea; let us choose it as the other in di ca tor char ac ter iz ing the lo cal ef fects of warm
wa ters on air tem per a ture vari a tions in this area in win ter. 

In accordance with the above, let us consider two time series for studying the relationship between air
temperature and the heat flux. The first time series FREA is formed of monthly mean values of heat flux Fa

which are calculated from (1) and averaged over one of the areas under study (1 or 2, Fig. 2a). This time
series contains the most precise information on the spatial features of the heat flux in these areas. The
problem of construction of the series of heat fluxes averaged over the sea surface is more difficult. The
insufficient volume of in situ observations assimilated during the reanalysis of water temperature and
velocity of currents in the Black Sea for the period of 1971–1991 should result in the higher temporal
smoothness of heat fluxes estimated from (1). Figures 2c and 2d present the comparison of time series of
average daily and monthly mean heat fluxes from the Black Sea to the atmosphere averaged throughout the
sea surface for the period of 1971–1991 and obtained from the data of MHI marine reanalysis and ERA-40
atmospheric reanalysis. It is demonstrated that both time series indicate the typical features of variations in
global heat fluxes. However, the variations obtained from the marine reanalysis data are in fact more
smoothed as compared to the similar variations derived from the ERA-40 data. This feature is most strongly 
pronounced in winter, when the high frequency of cyclones is observed over the Black Sea. 

There fore, the sec ond time se ries FE40 is formed of monthly mean val ues of the heat flux from the
ERA-40 reanalysis data av er aged over the whole Black Sea area. It re flects better the tem po ral re li abil ity of 
the heat flux over the Black Sea. It should be noted that the lo cal fea tures of heat ex change in the area of the
Cau ca sian coast and the south ern coast of Cri mea can not be as sessed from the ERA-40 data due to their low 
spa tial res o lu tion (1.125° along the lat i tude and lon gi tude) as clear from Fig. 2b. The de scribed cir cum -
stances make it rea son able to use two dif fer ent datasets for as sess ing the sea-averaged and lo cal val ues of
heat fluxes. 

To estimate the contribution of the warm branch of the Black Sea Rim Current to air temperature
variations, the regression dependence of air temperature Tar on two time series of heat fluxes was computed:

Tar REA= + +a a a1 2 3F FE40 . (2)

The interrelation between heat fluxes and air temperature is characterized by the correlation coefficient
R(Ta, Tar) and coefficients a1 and a2. The squared correlation coefficient characterizes the fraction of the
variance of air temperature variability explained by regression (2); coefficients a1 and a2 describe the
impact of each factor (FREA and FE40) on air temperature. 

The correlation coefficient R(Ta, Tar) = 0.79 was obtained as a result of the estimation of regression
dependence (2) for the  southern coast of Crimea. Thus, the proposed regression explains about 62% of
variance of air temperature variability in Yalta. The respective time series of parameters Ta and Tar are
presented in Fig. 3a. It should be noted that the coefficients of correlation between separate time series of
heat fluxes FREA and FE40 and air temperature Ta are equal to R(FREA, Ta) = 0.52 and R(FE40, Ta) = 0.64,
respectively; this is much smaller than if both time series are simultaneously used in regression (2). The
temporal variations in Ta in Yalta and in fluxes FE40 and FREA are compared in Figs. 3c and 3e. In
1974–1976 the variations in FE40 better than variations in FREA agree with variations in Ta. Nevertheless,
the graph presented in Fig. 3c demonstrates that the heat flux variations for the time series FE40 indicate
incorrectly the relationship between the heat flux and air temperature in 1978–1981 and 1985–1986. 

The correlation coefficient for the Caucasian coast is R(Ta, Tar) = 0.67, and the respective time series of Ta

and Tar are presented in Fig. 3b. It should be noted that the values of correlation coefficients R(FREA, Ta) = 
= 0.56 and R(FE40, Ta) = 0.49 are much smaller than the correlation coefficient for regression (2). The same
features as on the Crimean coast are registered in temporal variations in Ta in Sochi and variations in fluxes 
FE40 and FREA in the area of the Caucasian coast. 

Thus, the rel a tively high val ues of cor re la tion co ef fi cients al low consideration that the warm branch of
the Black Sea Rim Cur rent fa vors the soft en ing of cli mate on the east ern and north east ern coasts of the
Black Sea in clud ing the south ern coast of Cri mea. 
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4. CONCLUSIONS

The re sults of the investigations dem on strate that the ab nor mally warm cur rent spread ing to the lower
bound ary of the ac tive layer along the vertical was ob served near the Cau ca sian coast and the south ern
coast of Cri mea in win ter in 1971–1991. The high val ues of the heat flux from the sea to the at mo sphere are
caused by this warm cur rent. The shape and po si tion of the ar eas of ab nor mal heat ex change near the Cau -
ca sian coast and the south ern coast of Cri mea agreed well with the shape and po si tion of the warm wa ter
tongue in this area.

The re sults of the com par i son of monthly mean val ues of heat fluxes from the sea to the at mo sphere with 
monthly mean val ues of air tem per a ture from the data of two weather sta tions for two ar eas of the Black Sea 
near Sochi and Yalta in di cate the cor re la tion be tween these pa ram e ters. 

However, along with local heat fluxes, monthly mean values of temperature in the area of Yalta and
Sochi are also affected by global atmospheric processes. The results demonstrate that a part of air tempe-
rature variability in Yalta and Sochi may be caused by the variability of the sea-averaged heat flux from the
atmosphere to the sea driven by global atmospheric processes. The total variability of heat fluxes related
to the warm current and sea-averaged heat fluxes explains 62% of variance of air temperature variabi-
lity during the marine winter season in Yalta and 45% of variance of air temperature variability at Sochi
weather station. 
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Fig. 3. The time series of (1) Ta, (2) Tar, (3) FE40 and (4) FREA in the area of (a, c, e) the southern coast of Crimea and (b, d, f)
the Caucasian coast in February 1971–1991.  
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