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Numerical experiments on producing regional projections of climate changes in the Black Sea region 
in the end of the XXI century are performed. The regional numerical climate model HadRM3P and 
input data of the atmosphere-ocean general circulation global model INMCM4 (Institute of Numerical 
Mathematics, Russian Academy of Sciences) are used. Application of the regional model permits to 
reproduce mesoscale climate processes and to obtain new numerical estimates of regional climate 
changes with high spatial resolution which supplement large-scale assessments with new values. 
Changes of temperature and precipitation seasonal values in the future 2071 – 2100 period are com-
pared with those of the control period in 1971 – 2000. According to the INMCM4 model, temperature 
in the Black Sea region will increase by 2.5 – 3 °C in winter and 4 – 4.5 °C in summer. In summer it 
will be accompanied by precipitation decrease up to 40 %. For the territory of Ukraine and the central 
European part of Russia, the regional model produces more pronounced temperature growth in sum-
mer: up to 25 – 30 %. The regional model forecast of summer precipitation changes in Ukraine and in 
the Balkan Peninsula is 30% lower than the analogous forecast of the global model. The obtained 
projections of climate changes in the Black Sea region can be considered as quite unfavorable for the 
agricultural sector. 
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Introduction. Over the past 100 years global temperature on the Earth in-
creased by 0.8 – 1.0 °С. Nowadays it is ascertained that the cause of global warm-
ing is an anthropogenic factors impact (primarily the increase of greenhouse gases 
concentration) [1, 2]. At the present time the numerical assessments (scenarios) of 
the Earth climate changes, obtained by means of up-to-date global climate models, 
which describe an atmosphere – ocean – glaciers – the land upper layer interrelated 
system and take into account the impact of external nature factors (volcanic activi-
ty, changes of solar constant and so on), and also of anthropogenic impact, are 
known. Besides, the anthropogenic impact is considered by the assignment of 
probable greenhouse gases and other chemical components emission scenarios de-
termining total greenhouse effect. However, the assessments of XXI century sup-
posed climate changes calculated by the global atmosphere-ocean general circula-
tion models (GAOGCM) sufficiently differ in some areas of the world.  

Existing global climate numerical models still have insufficient spatial resolu-
tion (in general, more than 100 km) and that’s why they do not take into account 
the effect of local features determining the local climate (such as seas, mountains, 
underlying surface properties). It is fully applicable to the Black Sea region, which 
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has a complicated shoreline and the high Caucasian, the Crimean and the Pontic 
Mountains. The Crimean Mountains were not considered in the existing climate 
models, the Caucasian Mountains altitude did not exceed 2 km, and the whole 
Black Sea was determined by less than 10 points of computational domain. So, 
within the framework of climate change general problem study an important aim is 
the regionalization, i. e. a shift from large-scale global field calculation to the re-
gional assessments, which are performed to obtain the characteristics of regional 
climate (temperature, precipitation, humidity, wind velocity etc.) considering the 
effect of regional factors. 

 
Methodology. Among all known regionalization methods the most developed 

is a dynamical method based on the usage of atmosphere circulation numerical 
models with high spatial resolution and input data of large-scale global modeling. 
Thus, our aim is to recalculate the data obtained in atmosphere circulation models 
with large-scale resolution to the spatial grid with higher resolution by means of 
numerical model where all small-scale features of underlying surface (which are 
absent in the basic global climate model) are considered. Necessary condition of 
such approach is a high quality of global modeling input data and of the regional 
atmosphere circulation numerical model itself.  

Recently, it could be observed the increasing number of works on regional 
projections of climate change. Particularly, for the European continent the most 
well-known projects are Prediction of Regional scenarios and Uncertainties for 
Defining EUROPEAN Climate change risks and Effects (PRUDENCE) [3], En-
semble-Based Predictions of Climate Changes and Their Impacts (ENSEMBLES) 
[4], A Coordinated Regional Downscaling Experiment (CORDEX) [5]. However, 
the climate change in the Black Sea region, as a rule, is beyond the attention of the 
authors. Nevertheless, we should mention some of the work where such data are 
presented. In the works [6, 7] the numerical assessments of the regional climate 
changes in Ukraine and the Black Sea region for the end of XXI century using the 
regional climate model HadRM3P [8] and the data of HadАM3Р large-scale at-
mosphere circulation model [9] with ~200 km resolution are presented. Spatial dis-
tributions of temperature and precipitation changes for winter and summer periods 
were obtained. As the basic results for the territory of Ukraine a sufficient increase 
of air temperature climatic values in all seasons and a sufficient decrease of sum-
mer precipitation were noted.  In a series of works [10 – 12] there are represented 
the assessments for the Black Sea region, the Caucasus and the Anatolian Peninsu-
la, but the territory of Ukraine is located on the boundary of spatial domain and it is 
difficult to make clear conclusion about climate change in this region.   

In this work the results of climate change numerical modeling in the Black Sea 
region using the same regional atmosphere circulation model and the new large-
scale modeling data obtained from the new GAOGCM model – INMCM4 of Insti-
tute of Computational Mathematics, Russian Academy of Sciences [13] are given. 
INMCM4 numerical model is the only fourth-generation model developed in the 
CIS, which is a part of international project Coupled Model Intercomparison 
Project Phase 5 (CMIP5) [14]. Climate model consists of two main blocks – gen-
eral atmosphere circulation and general ocean circulation models. In the atmos-
phere model three-dimensional hydrothermodynamic equations are solved using 
the finite-difference method in hydrostatic approximation. In finite-difference 
scheme the mass, humidity and momentum preservation law is implemented. Spa-
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tial resolution in the atmosphere module is 2×1.5°. The atmosphere model is verti-
cally divided into 21 σ-levels with 10 hPa upper limit and 5 min time-step. The 
model includes the schemes of radiation parameterization, deep and shallow con-
vection, turbulent mixing in the boundary layer, orographic and non-orographic 
gravity-wave resistance and also the schemes of soil and vegetation processes [15].   

INMCM4 model also includes an up-to-date ocean circulation block, which is 
especially important for sea climate reproduction and particularly for the Black Sea 
region. Spatial resolution in the ocean model is 1×0.5° by longitude and latitude 
and 40 levels vertically. Time step is 2 hrs and the internal step for temperature and 
salinity advection is 30 min. During the interaction of models the heat flows, fresh 
water flows and friction induced stress are transferred from the atmosphere to the 
ocean, and surface temperature and sea ice area – from the ocean to the atmos-
phere. Flow correction is not used.  

To construct the climate change projections the time-slice approach was used. 
The changes of climate characteristics had been calculated as the difference be-
tween their values in two model periods (both with 30 years duration). For 2071 – 
2100 years future period model parameterization schemes were formulated taking 
into account the concentration changes of greenhouse gases (CO2, CH4, N2O, O3) 
and sulfate aerosol according to one of the common scenarios of greenhouse gas 
emissions – "adverse" scenario RCP8.5 [16]. For 1971 – 2000 check period the 
concentrations were set in accordance with observations.  

 
Large-scale climate changes. At first we should consider the large-scale 

changes of European climate for 2071 – 2100 years period in relation to 1971 – 
2000 years check period. These changes are described by the INMCM4 modeling 
data, which are the input data for HadRМ3P regional model. Besides, we should 
focus on two principle climate parameters – near-surface air temperature averaged 
by 30-years period and precipitation.  

Air temperature. Temperature changes of near-surface air layer in 2071 – 2100 years 
period and 1971 – 2000 years check period for two seasons are represented in Fig. 1.  

 

 
 

Fig. 1. Near-surface air temperature change (°С) according to INMCM4 model data in 2071 – 2000 
years future climate according to 1971 – 2000 check period for summer (a) and winter (b) 

 
They are characterized by a significant warming in summer (June, July and Au-
gust) and in winter (December, January, February) seasons. At the same time, these 
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temperature change distribution patterns on European continent significantly differ 
for summer and for winter. In winter the maximum warming occurs in central and 
northern parts of Russia (up to 5 °С). In summer, on the contrary, the most inten-
sive warming may be observed in the Balkan Peninsula, the Anatolian Peninsula 
and the Middle East. Temperature increase over the land is much more than warm-
ing over the sea in both seasons. Generally, the temperature change distributions 
correlate well with the assessments obtained by the ensemble of global models [1, 
2]: INMCM4 model belongs to the series of models with close-to-average sensitivi-
ty (by the ensemble) to external perturbations. The given assessments are rather 
close to ones represented in the work [6]. 

Precipitation. In Fig. 2 large-scale changes of precipitation values for the same 
period of summer and winter are represented. Comparing the shown distributions 
with multi-model data [1] we are able to make a conclusion about their qualitative 
correspondence (they differ quantitatively because the precipitation distributions in 
[1] are given for “adverse” RCP4.5 emission scenario and instead of three months 
seasons there were used six months periods). In Fig. 2, a in summer period the 
well-marked Mediterranean precipitation decrease area (more than 50 % decrease) 
and the area of small increase for several regions of the Northern Europe land part 
(up to ~30 % increase) are visible. We should mention that such pattern of precipi-
tation changes in Europe is also typical for the results obtained by many other 
models [1, 2]. More dry and arid climate of the Mediterranean region was men-
tioned by many authors [17 – 20]. For winter period (Fig. 2, b) the Mediterranean 
precipitation decrease area and the area of increased precipitation in the land part 
of Northern Europe (~10 % increase) are marked out lesser. 

 

 
 

Fig. 2. Precipitation quantity change (%) according to INMCM4 model data in 2071 – 2100 years 
period in comparison with 1971 – 2000 control period for summer (a) and winter (b)  

 
The represented distributions of temperature and precipitation climatic 

changes for late XXI century obtained using the global numerical model don’t de-
scribe more small-scale processes of climatic variability. They may be considered 
as a background against which the regional features should appear during the mod-
eling using a regional numerical model.  

 
Regional features of climate change. As it was mentioned, the increased spa-

tial resolution of regional model allows us to reproduce the effect of mountains, 
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small-scale features of sea basins, underlying surface properties on atmospheric 
processes. The distinguishing of their contribution could be considered as the main 
expecting result of regional modeling. Though, even afar from coast and mountains 
the calculating atmospheric fields may differ from the input large-scale models. 
The cause of this process are differences in physical processes parameterization in 
global and regional models or the possibility of  more small-scale  motion in re-
gional model with increased resolution in comparison with the global one. For in-
stance, in the work [21] it was pointed out that the regionalization on an average 
leads to the weakened warming and to greater quantity of precipitation (in those 
regions where the precipitation quantity increases) in comparison with the results 
by the global models.  

Now we should logically examine the calculation results of regional climatic 
changes, i. e. difference fields between the future and check periods for two sea-
sons and for the same parameters – temperature and precipitation. Besides, we will 
also calculate the regional modeling climatic effects (RMCE) determined as a dif-
ference of change fields for 2071 – 2100 years towards 1971 – 2000 control period 
obtained by INMCM4 large-scale model (an input data of regional model) and the 
same change fields calculated by regional model. The RMCE fields, determined 
this way, allow us to evaluate the result of regional model usage during the calcula-
tion of future climate in comparison with its evaluation by the global model, i. e to 
distinguish clearly the effects of climatic changes of regional modeling.  

Air temperature. In Fig. 3 the average near-surface air temperature distribu-
tions in the Black Sea region are represented. In summer (Fig. 3, a) the maximum 
temperature increase is observed in central and western parts of domain. In the 
most part of the region, except the Crimea and the southern coastal area, it is 4.5 – 
5 °С. Above the water areas of the Black Sea, the Caspian Sea and in coastal areas 
the warming is less noticeable (within 3 – 3.5 °С). This fact is explained by the 
impact of water basins, which play the role of stabilizing factor. In the area of the 
Asia Minor and in land area, which is located westward of the Black Sea (Balkan 
Peninsula) the calculations by the model show the most intensive warming, up to 
5.5 – 6 °С.  

 

 
 

Fig. 3. Near-surface air temperature change (°С) according to data of HadRM3P model in 2071 – 2100 
years future climate in comparison with 1971 – 2000 check period for summer (a) and winter (b) 
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For winter season (Fig. 3, b) the warming assessments are more moderate. The 
most intensive warming is observed in the north-east part of the domain, maximal 
value is 4 °С. Above the sea and in the southern part of domain it is ~2.5 – 3 °С.  

Thus, the warming value in winter is greater than in summer. Such an asym-
metry may be explained by the effect of positive feedback between the snow man-
tle and the air temperature in a climatic system: as a result of earlier snow thaw, in 
summer the soil dampness and reflectance (albedo) decrease, and properly increas-
es the air temperature. Without giving the data, we just point out that the number of 
winter days with positive air temperature increases.  

In Fig. 4 distribution features of RMCE fields, i. e. the effects distinguishing as 
the result of regional model usage are given. It is obvious that there were appeared 
some features, which are absent in Fig. 1, 2. In summer the Balkan Peninsula and 
almost the whole northern part of spatial domain are occupied with the area of in-
creased temperature values – up to 1.4 °С. The usage of the model for coastal areas 
of the Black Sea and the Caspian Sea leads, on the contrary, to the reduced signal 
of temperature increase. The usage of regional model allows us to obtain other re-
sults. For mountainous regions of Turkey and Transcaucasia the greatest RMCE 
values are obtained in temperature fields – up to 2°С, i. e., under 40 % of summa-
rized warming in this area. Positive anomalies were distinguished also at the 
Northern Caucasus and the Balkans – their values are ~1 °С. In spacious zones of 
northern parts of calculated area RMCE values are, on the contrary, negative, in 
some areas a cold spell reaches –1.4 °С.  

 

 
 

Fig. 4. Difference of near-surface air temperature (°С) in 2071 – 2100 years future climate in compar-
ison with 1971 – 2000 control period according to the data of HadRM3P and INMCM4 models for 
summer (a) and winter (b) 
 

The causes of such regional modeling effects are closely connected with para-
meterization features of physical processes in HadRM3P, which differ from ones in 
INMCM4 model. Giving no illustrations, we just notice that one of the main indica-
tors of precipitation field changes and, lesser, of air temperature are features of 
cloudiness reproduced in accordance with the model. At the same time, cloudiness 
is not the only cause of RMCE occurrence because the differences in reproduction 
of climatic effects and feedback of physical mechanisms in global and regional 
models are, obviously, quite significant. Their study requires special analysis and 
additional calculations by sensitivity.  
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Precipitation. In Fig. 5 the seasonal changes of precipitation quantity obtained 
according to regional modeling data are shown. Unlike the temperature, the preci-
pitation rate change in annual cycle is more complicated. In summer (Fig. 5, a) the 
precipitation quantity decreases all over the spatial domain i. e., the summer be-
comes more arid: precipitation quantity decreases by 50 – 60 % (more than accord-
ing to INMCM4 data).  

In winter (Fig. 5, b) a considerable precipitation decrease is observed only for 
the Anatolian Peninsula and surrounding areas of the Mediterranean Sea. In other 
parts of the region the precipitation change is less pronounced. There are distin-
guished several small-scale areas related to the relief inhomogeneity or coastline 
contours.  Maximum precipitation increase (up to 25 %) is observed in the region 
of the Caspian Sea basin. Generally, it could be noted a close relative precipitation 
change in winter period according to regional model and INMCM4 model data.  

 

 
 
Fig. 5. Change of precipitation quantity (%) according to HadRM3P model data in 2071 – 2100 future 
climate comparing with 1971 – 2000 years control period for summer (a) and winter (b)  
 

In Fig. 6 the seasonal RMCE values for the projection of precipitation quantity 
change are represented. In this case the RMCE fields had been calculated as abso-
lute values of precipitation quantity change difference by regional and global mod-
els. RMCE values for precipitation in summer period (Fig. 6, a) by the absolute 
value is generally lesser, than in winter. The usage of regional model for the territo-
ries of Ukraine, the Crimea and the Balkans leads to additional precipitation quan-
tity decrease, up to 10 mm·month–1. It makes 30 – 40 % of the precipitation de-
crease according to INMCM4 data. In the rest part of spatial domain there are dis-
tinguished several RMCE local maximums, but in general, their values are small. It 
is interesting to mention that, despite of the small RMCE absolute values, relative 
precipitation changes according to HadRM3P data are substantially larger than ac-
cording to the global modeling data, even where the RMCE values are positive 
(Fig. 5, a). Without introducing the data, we just mention that it can be explained 
by some precipitation underestimation by regional model in control and future pe-
riods.  

In the winter months (Fig. 6, b) the RMCE values are more heterogeneous, 
but, nevertheless, sufficient in comparison with global model signal. A slight addi-
tional precipitation decrease takes place in the northern areas of the spatial domain 
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in the regional model. At the mainland part of the Anatolian Peninsula and in the 
western Black Sea region precipitation decrease is less pronounced. It can be seen 
also in Fig. 5, b – in several mentioned areas the precipitation decrease in regional 
model is practically leveled. Maximum RMCE values are distinguished in moun-
tainous regions where high resolution of regional model allows to consider the lo-
cal features of orography. Thus, both large-scale and regional atmospheric 
processes contribute to the precipitation change in summer and winter. RMCE val-
ues in both seasons have a significant spatial inhomogeneity, which manifests itself 
in a noticeable impact mesoscale processes.  

 

 
 

Fig. 6. Difference of precipitation quantity change (mm·month–1) in 2071 – 2100 years future climate 
in comparison with 1971 – 2000 control period according to HadRM3P and INMCM4 for summer (а)  
and winter (b) 
 

There were considered only two major climate parameters – air temperature 
and precipitation, which are of the greatest interest. The given work presents only 
general assessments of the results. The detailed analysis of all the regional features 
of temperature and precipitation change requires separate consideration. During the 
numerical experiments there were obtained the change assessments by the end of 
the XXI century and other climate characteristics such as pressure, wind, humidity, 
cloudiness, heat and radiation flows etc. The changes for some of them for Ukraine 
in the XX century are given in the work [22]. Comparison of changes calculated 
for the XX century and for the end of the XXI century shows that future climate 
changes generally correspond to the climate shifts, which took place in the second 
part of XX century, but they are several times greater. For example, during the 
second half of the XX century the average winter temperature in Ukraine has in-
creased by 1 – 1.5 °С, which is 2 – 3 times less than obtained numerical assess-
ments of future changes. A significant decrease of average seasonal summer preci-
pitation, amounting ~50 % in the late XXI century, simultaneously with 5 – 6 °C 
air temperature increase are particularly unfavorable.   

The results of our numerical regional experiments generally correlate with 
known published data of climate regional modeling for Central and Western Eu-
rope. In accordance with most models, the tendency of climate warming in the end 
of XX century will continue also in the XXI century and in European region it is 
more intensive than on the average in the world [1, 2]. As it was mentioned, the 
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models are consistent in the tendency of precipitation increase in winter in North-
ern Europe and their decrease in summer in Southern Europe. Possible causes of 
such a difference are associated with the increase of temperature contrasts between 
the land and the ocean, shear of large-scale circulating systems, feedback in the 
atmosphere – the land system [23, 24]. The Black Sea region usually went beyond 
the framework of known numerical calculations. The feature of our experiments 
consists in the fact that there were performed the numerical calculations of climate 
change scenarios and the quantitative assessments were obtained directly for the 
Black Sea basin.  

 
Conclusion. The numerical assessments of climate change in the Black Sea 

region for the end of XXI century using HadRМ3P regional climate model and the 
input data of the atmosphere-ocean general circulation global model INMCM4 (In-
stitute of Numerical Mathematics, Russian Academy of Sciences) were obtained. 
The regional model allowed us to reproduce the atmospheric circulation in the 
Black Sea region with increased spatial resolution and to obtain regional projec-
tions of climate changes. New numerical assessments of these changes consider 
mesoscale processes in the Black Sea region thereby making a contribution to 
large-scale fields obtained according to INMCM4 model data.  

Thus, according to INMCM4 model and RCP8.5 scenario temperature mode 
change in the end of the XXI century in the Black Sea region is characterized by 
sufficient warming: by 2.5 – 3 °C in winter and 4 – 4.5 °C in summer. In summer 
period precipitation quantity decreases all over the Black Sea region and Southern 
Europe (up to 50 %) and increases in Northern Europe (up to 30). In winter season 
the precipitation change is less pronounced. In its turn, regional model introduces 
significant changes to these fields. First of all, due to the integration of mesoscale 
circulation and interaction with the underlying surface features, regional modeling 
allowed us to obtain more detailed projections of climate change in areas with a 
complicated relief and coastline, with distinguishing the effects which are absent in 
the input data. As a result, a considerably greater warming was obtained for the 
summer period in the Balkan region, in Ukraine and in the center of the European 
part of Russia, where the anomalies were under 1.4 °С i. e., ~ 25 – 30 % of the total 
warming in this region; on the contrary, according to the regional model, winter is 
characterized by smaller warming in the northern parts of calculated domain and by 
more intensive warming (up to 2 °С) – in the Anatolian peninsula. Precipitation 
change projections also change: in summer due to the usage of regional model pre-
cipitation in some regions decrease much greater (up to 30 %) than according to 
data of global model; inhomogeneous regional anomalies in general are observed 
precipitation change fields in winter. The obtained projections of climate changes 
in the Black Sea region can be considered as quite unfavorable for the agricultural 
sector. 
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