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Abstract: This study analyses the wind conditions over complex terrain and evaluates wind resources 
based on synoptic weather patterns. The wind direction showed a pronounced north-south bi-
directionality. The cut-out speed occurs infrequently and is mainly limited to the north-east and south-
south-east winds. The observed wind speeds at location Krnovo (Nikšić) verified the wind forecast of the 
Weather Research and Forecasting Non-Hydrostatic Mesoscale Model (WRF NMM). The model slightly 
underestimated the lower average hourly wind speeds; the errors were greatest during the winter season. 
The best forecast was for one day ahead. The correlation coefficients between the observed and 
predicted winds at 90 m height for one, two, and three days ahead were 0.85, 0.83, and 0.82, respectively. 
The synoptic situations were analyzed to identify the underlying weather patterns that favour maximum 
and minimum energy production lasting most of the day. Maximum energy production was associated 
with a deep trough over western Europe extending in a northwest-southeаst direction and a pronounced 
meridional meandering jet stream. A ridge or anticyclone over the Balkan Peninsula, a more or less zonal 
jet stream and strong warm air advection over Montenegro characterized the atmosphere during the 
periods of minimum energy production. Together with reliable wind forecasts, these results can improve 
the use of renewable energies in the future and make them more efficient. 
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1. Introduction 
According to projections of the US Energy Information Administration (EIA, 2021), the share of 
renewable energies in electricity generation in the USA will double by 2050, from 21% today to 
42%. It is assumed that renewable energy sources will account for 47% of total consumption 
by 2050, with the greatest growth in solar and wind energy sources (EIA, 2021). This means that 
the use of energy sources closely related to atmospheric conditions is likely to increase in the 
future and meteorological research will play a key role in the field of environmental 
sustainability. A high-quality prediction of meteorological variables will consequently provide a 
high-quality projection for electricity generation at different locations. On 4 February 2025, 
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Montenegro was between 20 top countries in Europe by the wind power share in the country’s 
electricity mix with 24.7% (Association for Wind Energy in Europe, 2025). In 2023, wind power 
in Montenegro contributed 7.7% to the country's electricity production (Ministarstvo 
energetike i rudarstva, 2024). 

Wind power is proportional to the third power of wind speed, which means that 
аccurately predicting the power output of wind farms could significantly reduce the cost of 
operating the electricity grid (Đurišić & Mikulović, 2012). Therefore, wind speed is a very 
important parameter for verifying wind power (Lazić et al., 2010). Burlando et al. (2009) 
suggested that Montenegro (orig. Crna Gora), together with neighboring countries, has a 
high potential for the development of significant wind energy production. Numerous studies 
have analyzed the geospatial potential for using wind energy in Serbia (Đurišić & Mikulović, 
2012; Potić et al., 2021). The need for an accurate wind power forecast, which depends on the 
quality of the numerical weather prediction model (NWP), is understandable from the point 
of view of ensuring a stable energy supply. Two main sources of error in forecasts are the 
imperfection of the prediction models and the uncertainties in the observations. Despite the 
enormous progress that has been made in this field, reliable predictions are limited to a 
forecasting period of less than ten days (Krishnamurthy, 2019). In Lazić et al. (2010), the 
regional NWP model Eta was applied and the wind forecasting for wind turbines in Sweden 
was validated. In a later study, the authors proposed to improve the wind prediction of the 
NWP Eta model with the newly proposed Model Output Statistics method (Lazić et al., 2014). 
The Weather Research and Forecasting (WRF) model has recently been used for wind farm 
planning (Bilal et al., 2016; Cuevas-Figueroa et al., 2022; Souza et al., 2023; Tan et al., 2021). 

The complex topography significantly influences the wind field in the lower layer of the 
atmosphere and causes strong turbulent flow due to frictional force. This adjusts the air pressure 
field relative to the topography (Wood & Mason, 1993). As a result, the wind patterns differ 
between the mountain regions and the prevailing wind directions. A large part of Montenegro is 
covered by high and extensive mountain massifs, characterized by mountains higher than 2,000 
m along the Dinaric Alps, cut by river gorges and deep valleys (Frank et al., 2016). 

There is a close relationship between atmospheric circulation and wind power production, 
which means that the most frequently recurring large–scale atmospheric patterns could be used 
as a tool to understand atmospheric variability. Studies on synoptic situations that favor the 
optimal production of wind energy at a certain location are rare. Steiner et al. (2017) investigated 
wind energy production in Germany and looked at the errors in forecasting wind power for the 
day and their link to the underlying weather situations. The authors concluded that the greatest 
errors in wind power forecasts occur when cyclones and lows move across the North Sea, Baltic 
Sea, or Germany. In addition, Köhler et al. (2017) investigated the effects of forecasts of low 
cloud cover on the quality of the photovoltaic power prediction and concluded that fog and a 
stratus cloud cause one-third of the days with the highest forecast errors. 

This study has several objectives. The intention was to determine the characteristics of the 
wind field based on the special wind measurements in the Krnovo Mountain in Montenegro. 
By comparing the wind speed predictions with the observed wind field, it could be estimated 
how reliably the regional Weather Research and Forecasting Non-Hydrostatic Mesoscale 
Model (WRF NMM) can predict the wind over complex terrain. Through the analysis of wind 
data, this study seeks to identify atmospheric circulation patterns that promote optimal (MxEP) 
and minimal (MnEP) energy production at our site. Achieving these goals would greatly 
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enhance the ability to manage wind energy production effectively. By evaluating the 
anticipated synoptic conditions, it is possible to ascertain the potential maximum energy 
output at a specific location. This analysis will provide valuable insights for management, 
enabling more effective optimization of energy generation strategies. This study is the first of 
its kind in Montenegro and the entire region. 

2. Data and methods 
2.1. Study area: Geographical and climate characteristics 
The Krnovo wind farm is located on the plateau of the same name in the central part of 
Montenegro (λ = 19.11°E, φ = 42.89°N), about 20 km north-east of Nikšić (λ = 18.94°E, 
φ = 42.77°N). The farm comprises 26 wind turbines and is the first wind farm in Montenegro 
and one of the largest wind parks in the region (Figure 1). Krnovo is a plateau with an average 
altitude of 1,500 m a.s.l., the highest point of which is called Krnovska glavica (1,608 m a.s.l.). It is 
rectangular with a length of 12 km from north-west to south-east and 10 km from north-east to 
south-west (Zorić, 1976). The area is characterized by a mountainous climate with short 
summers and long, cold, and snowy winters with frequent frosts and low temperatures (Burić et 
al., 2012). The Krnovo area has an average wind speed ranging from 5.5 to 6.5 m/s. Additionally, 
the area is equipped with road and electricity network infrastructure. These factors contributed 
to the decision to select this location for the wind farm that was installed in 2017 (Italian Ministry 
for the Environment, Land and Sea, 2007). In 2023, wind power in Montenegro contributed 7.7% 
to the country's electricity production (Ministarstvo energetike i rudarstva, 2024). 

 

 
Figure 1. Location of Krnovo wind farm (19.11°E, 42.89°N) in the northern part of Montenegro, northeast 

of Nikšić (18.94°E, 42.77°N). The inner rectangle indicates the locations of wind turbines in Krnovo. 
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2.2. Wind analysis 
The standard height for measuring wind speed in meteorology is 10 m. However, for the 
analyses here, 10-minute averaged values of wind speed and direction were used measured at 
the hub height of a wind turbine at 90 m for two years from 2019 to 2020. Acuoenergy Firm, 
the company that manages the Krnovo wind farm (Masdar, n.d.), has provided us with the 
observed wind data. Promoting innovation in solar, wind, energy storage, waste-to-energy, 
and geothermal energy, the company has developed projects in more than 40 countries across 
six continents with a combined capacity of more than 31.5 GW. A total of 104,303 
measurements were taken into account, corresponding to 99.09% of all possible data. A 
Weibull distribution provides a good approximation to a histogram of wind speed and is often 
used when analyzing wind energy resources (Carta et al., 2009; Đurišić & Mikulović, 2012; 
Romanić et al., 2018). The Weibull distribution (Weibull, 1951) visualizes the probability of a 
particular mean wind speed occurring at a particular location at a specific time: 
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where f(u) is the frequency of occurrence of a certain wind speed u (m/s), A (m/s) and k 

are the scale and shape parameters, respectively. The values of k are between 1 and 3, with 
small values representing very variable winds, while large values correspond more to 
constant wind values. The value A is proportional to the mean wind speed. The values for A 
and k were calculated by adjusting the actual distribution of wind speed values (Burlando et 
al., 2009; Romanic et al., 2018). 

2.3. Power curve, cut-in, and cut-out speed 
The power curve shows the relationship between the output of the wind turbine and the 
average wind speed at hub height. It is usually determined based on field measurements 
(Tong, 2010). The turbine starts to produce usable energy when the wind speed reaches a 
certain threshold, the so-called cut-in wind speed (Landberg, 2016). If the wind speed is very 
high, the turbine switches off to avoid excessive loads (cut-out wind speed). The cut-in and 
cut-out wind speeds of many commercial turbines are 3 and 25 m/s, respectively, which is 
also the case here. The maximum (MxEP) energy production at the site is defined with the 
wind speeds in the interval (14, 25 m/s). The minimum or no energy production (MnEP) is for 
the wind speeds v ≤ 3 m/s. 

2.4. Verification of the WRF NMM  
Analytically unsolvable non-linear differential equations are an obstacle to calculating the 
future state of the atmosphere. However, this problem can be overcome using numerical 
methods. Since the atmosphere is a deterministic chaos that depends on numerous 
variables that are variable in time and space and influence each other directly and indirectly, 
even a small initial error can cause large future errors. Against this background, NWP 
models and parametric schemes describing the processes in the subgrids at the existing 
model resolution, as a set of equations and various numerical and interpolation techniques, 
cannot provide perfectly accurate solutions. The WRF NMM developed at National Centers 
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for Environmental Prediction (NCEP), version 3.9.1, was used in this analysis as the 
atmospheric model for wind forecast (Janjic, 2003; Janjic et al., 2001). A vertical coordinate in 
the model is a hybrid sigma coordinate that follows the terrain. This approach allows a more 
accurate simulation of the airflow over complex terrain. The model solves compressible non-
hydrostatic dynamical equations. The global model of the European Centre for Medium-
Range Weather Forecasts (ECMWF) with a global resolution of dx = dy = 0.125 degrees was 
used for the initialization of the WRF model. Subsequently, the model was run with a 
resolution of 3 km and the results were used as boundary conditions for the WRF NMM with 
a horizontal resolution of 1 km. For the planetary boundary layer, the parameterization 
according to Janjić (1994) was used. The model is operational at the Institute for 
Hydrometeorology and Seismology in Montenegro. The model has been utilized for a 
variety of forecasting and verification purposes (Fonseca et al., 2020; Valappil et al., 2020). 

There is the significant bias in wind speed found in WRF simulations for areas with 
complex topography (Jiménez & Dudhia, 2013; Wyszogradzki et al., 2013). The wind 
forecasts over forecast periods of 24, 48, and 72 hours were verified using the observed 
winds at a height of 90 m at the specified location Krnovo for the first time as far as we 
know. Verification of forecasted wind speeds by WRF NMM at a height of 2 m was 
previously done (Zečević et al., 2023). In the current study, the model started at 00 UTC with 
a horizontal resolution of 1 km. The vertical resolution from the surface to a height of 50 hPa 
is sixty sigma levels. The model verification was performed only for the year 2020, as the 
Institute's memory resources were limited and only GRIB files for one year could be stored. 
Nevertheless, it is a respectable number of predicted–observed pairs of hourly wind speed 
for 363 days. For comparison, Lazić et al. (2010) made verification of the Eta model for three 
summers, 333 days in total. Lee et al. (2022) evaluated wind speed and power prediction for 
only 2 and 7 days. 

There is a variety of verification techniques, all of which concern the relationship between 
a prediction or a set of predictions and the corresponding observation or observations to 
which they refer (Wilks, 2006). Currently, three common scalar measures of prediction 
accuracy are used for continuous variables: the mean absolute error (MA), the mean error 
(ME), and the mean squared error (MSE) or the root mean square error (RMSE). The 
calculation of the mean difference provides an estimate of the model. It shows how often and 
to what extent the model underestimates or overestimates a forecast of a certain variable. 

3. Results and discussion 
3.1. Analysis of the measured wind field 
The measured data on wind speed and direction is statistically analyzed. This includes 
frequency of occurrence, probability density function, wind rose and annual statistics. Some 
basic statistics on the observed 10-minute mean wind speeds can be found in Figure 2D and 
Appendix A, Table A1. The wind speed production potential at the wind farm was the highest 
in winter when the demand for electrical energy was the greatest. The most important 
findings are as follows. 

Figures 2A and 2B show a wind rose with 16 directions and the frequency distribution of 
wind speeds, which show a Weibull–like distribution at the wind farm site. As it can be seen 
from the diagram in Figure 2A, the concentric circles represent the frequency of 16 wind 
directions. The prevailing winds are northerly (N, NNW, NNE) and southerly (SSE, SE, S) with 
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an overall frequency of 65%. The most common wind direction among the 16 is north (N), 
accounting for 13% of the total. This can also be observed from the concentric circle 
representing this frequency. South-southeast winds were observed almost in 13% of the 
time. Winds from the west and east (west-southwest, west-northwest, east-southeast, and 
east-northeast) were rarely observed, totaling less than 13% of the time. The different colors 
of the wind rose mark different intervals of wind speeds. The radius of the concentric circles 
with a step size of 2.0% represents the frequency of the wind speed. The most frequent wind 
speeds were in the interval from 4 to 12 m/s. The prevailing wind directions at this location 
are indeed the strongest and the northerly winds were somewhat stronger than the 
southerly ones. The interval of the highest wind speeds above 16 m/s was most pronounced 
in the south-easterly (0.56%) and south-south-easterly directions (0.59%). This distribution of 
the most frequent winds was very favorable from the point of view of wind resources. 

To determine the days with the most favorable wind conditions, the wind data measured 
at a height of 90 m was used for two years, 2019 and 2020. However, the use of data from 
only two years is a limitation of the study: the more data analyzed, the more representative 
the conclusions. These data suggest the prevailing winds come from the northern and the 
southern quadrant. Krnovo is located on a mountain ridge and such an air flow has been 
typical for Nikšić for years. Indeed, Burić et al. (2012) suggested that significant winds in 
Montenegro are always associated with certain characteristic weather situations: the 
approach and passage of the cyclone from the Gulf of Genoa and the presence of an 
anticyclone northeast of Montenegro, as well as a combination of their mutual positions. 
This leads to the fact that the prevailing winds in Montenegro come from northern and 
southern directions, which is also concluded on the basis of two years of data. Accordingly, it 
is expected that this short period data will be sufficient to carry out a representative analysis. 
 

 
Figure 2.  Wind rose (A), the relative frequency (B), seasonal (C), and monthly (D) distribution of wind 

speeds at the Krnovo wind farm, for 2019 and 2020. 
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The most frequently recorded wind speed was 5 m/s (Figure 2B). The data show that 
weak wind speeds between 0 and 3 m/s (when there is no energy production) occurred 
almost 16% of the time. This means that for more than 84% of the year, wind speeds were 
higher than 3 m/s, so the wind turbines were in operation for more than 7,380 hours per 
year (strong winds, higher than 25 m/s, were rare with occurrence of 0.05%, so the turbines 
were not frequently out of operation). Wind speeds suitable for MxEP (between 14 and 25 
m/s) occur less frequently, in 6.14% of the time. The wind rose with highlighted significant 
wind speed intervals is given in Appendix A, Figure A2. Figure 2C shows the power output in 
the relationship of wind speeds by seasons. The season in which wind speeds associated 
with MxEP occurred most frequently was winter. These wind speeds were not only the most 
frequent but also the highest. Conversely, the events responsible for MnEP were the most 
frequent in summer and autumn. The winds exceeding 25 m/s occur with a total frequency 
of 0.051% and are observed only in autumn and winter. 

Another insightful way to analyze the relationship between wind speeds and wind 
directions is to plot one against the other, as shown in Figure 3. Each point in the figure 
represents the pair of speed and direction at a particular date and time. The figure clearly 
shows that the cut-out wind speed was mainly limited to the specific wind direction at 50° 
and around 150°, corresponding to winds from the north-east and south-south-east. 
However, there was only a limited number of these events, indicating that they were short-
lived and isolated extreme weather events. As there was a predominant direction, these 
events were caused by similar weather conditions, be it an isolated instability in summer or a 
snowstorm in winter blizzards. The diagram shows that blizzards in winter were responsible 
for these extreme wind speeds (blue dots denote winter events). 

 

 
Figure 3. Speed (m/s) versus direction (°) of wind data for the specified location for four seasons.  

In winter, late autumn and early spring, the average daily wind speeds were at their 
highest, decreasing slightly and steadily toward summer, when the lowest mean daily wind 
speeds were measured in June, July, and August. To determine the synoptic situation 
associated with the peaks in energy production, the weather on the day corresponding to 
the months and days when the MxEP (maximum energy production) lasted the longest was 
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analyzed. The frequency of MxEP events 
was the highest in winter months in both 
years. In July and August, there were 
only isolated MxEP events, which can be 
attributed to short-term summer 
instabilities. Two peaks were recorded 
where wind speeds of a selected 
strength were blowing for most of the 
day: 134 10-minute intervals, or 22.3 
hours to be exact (a single day has 144 
10-minute measurements). In 2020, the 
wind speeds in the interval of interest 
had their longest duration on December 
28. The synoptic situation for this day will 
be described in more detail later. All the 
synoptic situations in which MxEP and 
MnEP lasted longer than 60% of the 
length of the entire day were analyzed. 

Table 1 shows the first 15 such dates. The columns MnEP and MxEP represent the number 
of 10-minute intervals with wind speeds v ≤ 3 m/s and 14 m/s ≤ v < 25 m/s, respectively. The 
values are sorted in descending order. Of the 15 dates on which the MxEP was generated, 
73% occurred in the winter season (December, January, February), while 13% occurred in 
spring or autumn. Not a single date was recorded in the summer season. As for the MnEP, 
60% of the days were recorded in the summer season, while about 20% were recorded in the 
autumn and winter seasons. Not a single MnEP event was recorded in spring. 

3.2. Analysis of synoptic situations for MxEP and MnEP 
The reanalysis is a weather analysis that is not performed in real-time. The background field 
(i.e. a forecast from the previous analysis period) is generated by the NWP model and 
remains constant throughout the reanalysis period (American Meteorological Society, 2018). A 
reanalysis produces complete, globally gridded data that is as homogeneous as possible in 
time and provides a retrospective record of the global analysis of the atmospheric fields. All 
data were quality-controlled and assimilated using a data assimilation system that remained 
unchanged during the reanalysis period. Reanalysis is considered the best weather analysis. 

The identification of days with optimal wind speeds for maximum energy production was 
based on the data of the observed wind speeds. These favorable days are then associated 
with corresponding synoptic conditions, which can usually be predicted more accurately 
than hourly wind speed values for a specific location. To achieve this, reanalysis data were 
used for 30 days listed in Table 1 to identify similarities in synoptic conditions based on two 
important and predictable meteorological parameters: geopotential at 500 mb and 
temperature at 850 hPa. The winds, air temperatures, and geopotential heights are from 
reanalyses by the NCEP, part of the National Oceanic and Atmospheric Administration. 
Characteristic situations for dates with MxEP and MnEP are described below. 

Table 1. Dates and frequency of MnEP and MxEP 

Date MnEP 
(v ≤ 3 m/s) Date 

MxEP 
(14 m/s ≤ v 
< 25 m/s) 

12/12/2020 120 02/23/2019 134 
06/26/2020 119 12/21/2019 134 
12/21/2020 110 12/28/2020 130 
08/13/2019 107 03/12/2019 127 
06/16/2020 106 02/02/2019 123 
07/21/2019 104 11/03/2019 120 
08/18/2019 103 02/12/2019 116 
09/16/2019 103 02/12/2019 115 
01/15/2020 102 02/13/2019 110 
08/29/2019 102 01/06/2020 110 
10/23/2019 101 02/06/2020 110 
06/21/2019 100 04/05/2020 105 
09/02/2019 99 01/05/2020 101 
08/28/2019 98 11/05/2019 99 
07/31/2020 97 02/15/2019 98 
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3.2.1. MxEP 
It has been decided to describe the analysis of the synoptic conditions on February 23, 2019, 
as wind speeds in the optimal range for MxEP were measured for 22.3 hours as on this day. 
Two troughs were recognized in the upper level height field of 500 hPa (Figure 4A). The first 
had a weaker intensity and crossed the Balkan Peninsula in the early hours of the morning. 
The strong low-pressure system with axes over Iceland, the south of Great Britain, the east of 
France, and the Gulf of Genoa, moved over Montenegro for the rest of the day. Stormy 
weather and colder air at the surface are usually the result of strong troughs caused by 
atmospheric fronts in the shallow layers of the atmosphere. On this particular day, there was 
a relatively warm air mass in the temperature field at 850 hPa over central, southeastern, 
and part of eastern Europe. However, a synoptic analysis of the surface map of Europe 
shows that precisely in those parts of the continent there was a well-defined anticyclone 
with cold air, which means that there was a temperature inversion that is characteristic of the 
winter months. This had the effect that over the ridge of the Dinarides mountain massif, 
which includes the mountainous part of Montenegro, cold air from the north was transferred 
to the Adriatic Sea and caused a strong north and northeast wind. At the site of Krnovo 
(1,500 m a.s.l.) there were favorable conditions for MxEP due to the strong northerly wind. 
Above that height, the wind changed direction to the southwest. The position and strength 
of the jet stream influence weather patterns at the Earth's surface. The jet stream refers to 
strong high-altitude winds that are concentrated in a narrow stream in the atmosphere. On 
the particular day, the jet stream was at 300 hPa and had a pronounced north-south 
direction over Central Europe and the Apennine Peninsula (Figure 4B). This type of synoptic 
situation was characteristic of all but one date (28.12.2020) of the MxEP. Therefore, 
conclusion is that the presence of a deep trough over Western Europe and the Bay of 
Genoa, together with a meandering jet stream, has created favorable weather conditions for 
the MxEP in the Krnovo wind farm. In all the cases of MxEP, the jet stream had a meandering 
character with a pronounced meridional component. The meridional component in Figure 
4B is strongly noticeable from the Apennine Peninsula via Germany to the North Sea. The 
deep trough over Western Europe and the Gulf of Genoa and the meandering jet stream 
were responsible for the weather conditions that led to MxEP in the wind farm. 
 

 
Figure 4. Geopotential at isobar surface of 500 hPa in gpdm and air temperature at 850 hPa in °С (A); 

wind at the height of 300 hPa in m/s (B) for 23.2.2019 in 12 UTC. Wind barbs indicate the wind direction 
and wind speed. 
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The second date from the list in Table 1 that was analyzed was December 28, 2020 
(Figure 5). On this day, the wind speed remained in the optimal range for 130 intervals of 10 
minutes each. Further analysis of the synoptic map showed the presence of a deep cyclone 
over the North Sea, with a closed isohypse of 488 gpdm in the centre. The cyclone affected the 
Mediterranean region in its periphery circulation, causing an advection of warm air from North 
Africa over the Balkans and creating a pronounced temperature gradient over Montenegro, 
although not an extreme one. The pressure gradient is most pronounced over the Western 
Mediterranean and Iberian Peninsula. However, the condensed isohypses over Montenegro 
also show a strong pressure gradient, which leads to strong winds in the region. This is 
supported by observed wind speeds ranging from 14 to 25 m/s (50–90 km/h) during 130 ten-
minute intervals, totaling over 21 hours of data collected in one day. The jet stream had a 
pronounced zonal component over North Africa and the Mediterranean to the eastern 
Mediterranean. In this region, the jet stream changed direction and acquired a meridional 
component, which south-west winds over Montenegro confirms. Therefore, the jet stream had 
a meandering character with strong winds reaching up to 40 m/s directly over the Balkan 
Peninsula. This was a unique situation in the series of all the selected synoptic situations for 
MxEP, as the cyclone was located over the UK. It was a deep cyclone that exerted a strong 
peripheral influence on the region in question with the help of a meandering jet stream. This 
resulted in the best weather conditions for power generation, regardless of distance. During 
the recording of the MxEP, it was observed that on all other days, a cyclone was present over 
the Apennine Peninsula or a deep trough area extending northwest-southeast. The position of 
this cyclone allowed the formation of strong air pressure and temperature gradients, which led 
to strong winds from the south-west at 300 hPa. In all the cases of MxEP, the jet stream had a 
meandering character with a pronounced meridional component. The situation on February 
23, 2019 is similar to the current situation regarding the trough of low pressure over the 
Ligurian and Tyrrhenian Sea. This suggests that the deep trough over Western Europe and the 
Gulf of Genoa and the meandering jet stream were responsible for the weather conditions that 
led to the MxEP at the Krnovo wind farm. 
 

 
Figure 5. The same as Figure 4, but for 28.12.2020 in 12 UTC. 
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3.2.2. MnEP 
In both years studied, the conditions with prolonged periods of low wind speeds, which made 
it impossible for the wind turbines to generate enough energy (i.e. when wind speeds were 
below 3 m/s), occurred most frequently during the summer season, which can be seen from 
Table 1 and in Appendix A, Table A1, that shows the lowest mean wind speeds for three 
summer months. During the summer months, a ridge with its axis over Africa or anticyclones 
with closed isohypses over the Ionian Sea or the Greek mainland were observed. In winter, 
the area of Montenegro was under the influence of a ridge or saddle aloft, together with a 
very pronounced warm air advection at the 850 hPa surface. The lower atmosphere was cold 
due to the increased radiation. The warm advection created a lid of warm air above, resulting 
in stable stratification with weak or no winds. The fifteen dates with the most favorable 
conditions for MnEP (the absence of the wind) were caused by an anticyclone or a ridge and 
the lack of a jet stream or an interrupted jet stream on the 300 hPa surface. In 80% of all 
cases were synoptic situations in which the jet stream was either far to the north of 
Montenegro or intermittent and disorganized. High-pressure situations in the saddle between 
two cyclones were characteristic of the remaining 20% of cases. Figure 6 illustrates a typical 
weather situation on June 26, 2020, when a strong ridge was located over the Balkan 
Peninsula. During this period, 119 10-minute intervals with wind speeds of less than or equal 
to 3 m/s were recorded. The center of the cyclone was located over the Pyrenees. The warm 
sector of the cyclone is above the Balearic Islands and in the direction of Corsica, Sardinia, 
and the South Adriatic. According to the wind measurements at the Krnovo site, the cyclone 
did not have such a large impact that it could influence the weather in Montenegro 
significantly. In addition, the axis of the jet stream was located north of Montenegro. The goal 
of the research was to recognize similarities between the synoptic situations in which energy 
production either reached its maximum or its minimum. For this reason, the wind at 300 hPa 
was analyzed and not the wind at 850 hPa, as this is nearly the altitude of the Krnovo site and 
the analysis would be strongly affected by the influence of the surface/drag. 

 

 
Figure 6. The same as Figure 4, but for 26.06.2020 in 12 UTC. 

A comparison of Figures 5 and 6 suggests that it is not important whether the jet stream 
is north or south of Montenegro, but its position in relation to the jet stream's trough and 
ridge is important. In Figure 5, the trough of the jet stream is located just west of 
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Montenegro, which is associated with low pressure over Montenegro and locally strong 
winds, while in Figure 6, a jet stream ridge is located directly west of Montenegro, which is 
associated with high pressure over Montenegro, with light winds and mostly clear skies. 
 

 
Figure 7. The same as Figure 4, but for 12.12.2020 in 12 UTC. 

A typical saddle weather situation at the 500 hPa level on December 12, 2020 is shown in 
Figure 7: two centers of low pressure, over Great Britain and the Black Sea, and two areas of 
high pressure, over North Africa and northern Scandinavia. The saddle has formed between 
these pressure patterns, as a region of nearly stationary air. What the weather will be like in 
the saddle depends on the characteristics of the surface. Winter is imminent here, so cold air 
masses with light winds on the surface will lie over Central Europe and the Balkan Peninsula. 
The wind speed at the Krnovo wind farm site remained below 3 m/s on this day for 20 hours 
(or 120 10-minute intervals) . During this time, there was a strong zonal flow at high altitudes, 
but the jet stream was intermittent over the Ukraine (Figure 7B). Despite the strong pressure 
gradient in the middle of the atmosphere (500 hPa), the wind over Montenegro is weak 
because a jet stream ridge was located immediately west of Montenegro, which is 
associated with a high pressure and light winds on the surface. 

3.3. Verification of wind forecasts with the WRF NMM 
The WRF NMM wind forecast was compared with the observed winds at a height of 90 m. 
The model error (ME, MA and RMSE) was larger in the early morning hours, which were 
characterized by the lowest mean wind speeds (see Appendix A, Figure A1). The numbers 24, 
48, and 72 next to the error marks indicate the time interval of the forecast in hours. The 
magnitude of ME was highest at midnight and early in the morning, indicating that the 
model underestimated wind speeds more when they were weaker. MA24 was between 1.77 
and 2.12 m/s, with the highest value measured in the early morning hours. It had the lowest 
values compared to MA48 and MA72. The RMSE24 were in an interval of 2.21 to 2.72 m/s. 
Two peaks occurred: a larger one in the early morning and a smaller one in the afternoon. 
This indicates a major modeling error in situations where abrupt changes in wind speeds 
occur at shorter time intervals. The analysis shows that the WRF-NMM model has a lower 
error in predicting higher wind speeds, which is confirmed by the minimum RMSE in the 
midday hours. This means that the prediction error is lower at higher and longer-lasting 
wind speeds. Therefore, the model is more accurate when forecasting higher wind speeds. 
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The model underestimated wind speeds throughout the year, except in May, September, 
and December. The RMSE showed the smallest error in spring and summer and the largest 
in winter. The extent of the error depends on the specific synoptic situations during the year. 
In October, March, and April, the efficiency of energy production was particularly high. This 
was due to the long periods with wind speeds of 14–25 m/s which occurred during these 
months. The model used to predict these wind speeds was very efficient, with relatively low 
RMSE values. This efficiency is particularly useful for estimating the MxEP. 

The correlation coefficients (CC) for the hourly wind speed values were high for all 
forecast periods. For forecast periods of one, two, and three days, the coefficients were 0.85, 
0.83, and 0.82, respectively (Figure 8). These values show that the WRF NMM is very efficient 
in predicting wind speeds up to three days in advance for the Krnovo wind farm site. These 
values were slightly higher than the correlation coefficient of the wind forecast of the Eta 
model at a similar height (98 m), which was 0.81 (Lazić et al., 2010). Figure 8 shows an 
underestimation of the wind speeds between 3–6 m/s, while the wind speeds in the range of 
4–25 m/s show a strong correlation with the predicted values. 
 

 

Figure 8. Correlation coefficient (CC) for forecasting periods of 24, 48 and 72 hours. 

Table 2 shows the summarized results of the scalar measures for the accuracy of the 
wind forecast. Negative and relatively small ME values indicate that the model slightly 
underestimated the average hourly wind speeds. The smallest underestimation was for the 
24-hour forecast period. 
 
Table 2. Summary results of the verification parameters in comparing the WRF NMM forecast valid for 
24, 48, and 72 hours against wind speed measurements. 

ME24 ME48 ME72 MA24 MA48 MA72 RMSE24 RMSE48 RMSE72 
–0.28 –0.33 –0.35 1.95 2.05 2.07 2.49 2.63 2.63 

4. Conclusion 
Two important contributions of this work are the verification of wind forecast over complex 
topography and the determination of a suitable synoptic situation for the maximum and 
minimum production of wind energy at the given location. A statistical analysis of the winds 
recorded in Krnovo (Nikšić) at a height of 90 m during the years 2019 and 2020 indicated that 
northerly and southerly winds were the most frequent in the area. They were present for most 
of the year (almost 65% of the year) and were the strongest. Wind speeds of 5 m/s were the 
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most frequent. More than 84% of the year, the wind speeds were higher than 3 m/s, so the 
wind turbines were in operation for over 7,380 hours per year. The wind was the strongest 
during the winter season, resulting in the highest electricity generation. The occurrence of the 
cut-out speed was rare and limited to two wind directions: North-East and South-South-East. 
This was due to occasional and isolated extreme weather conditions. These speeds were most 
likely caused by blizzards since they were recorded during the winter season. 

The characteristic synoptic situations that lead to MxEP and MnEP over the complex terrain 
in the mountainous part of Montenegro have been identified. The most favorable weather 
situations for the MxEP were characterized by the existence of a deep trough at high altitudes 
over Western Europe, propagating in a northwest-southeast direction, together with a strongly 
pronounced meandering jet stream. Another favorable, but less frequent, synoptic situation 
was the occurrence of a strong cyclone over the UK. A particular weather pattern most typical 
of the MnEP is associated with a ridge or anticyclone over the Balkan Peninsula, a zonal jet 
stream on the 300 hPa surface and warm air advection over Montenegro at higher altitudes. 
The identification of synoptic situations characteristic of the MxEP and MnEP could improve 
the projection of power generation. 

The WRF NMM model tended to underestimate the wind speeds at 90 m, especially 
when the speeds were low. However, the model performed better when predicting higher 
wind speeds, which are important for power generation. The accuracy of the wind forecast 
varies depending on the time of year. The prediction errors are greatest in winter, while they 
are comparatively smaller in spring and summer. However, the errors are not too significant 
and the correlation coefficients for all the three forecast periods are high. For lead times of 
one, two and three days, the correlation coefficients are 0.85, 0.83, and 0.82 respectively. 

The results obtained from the early detection of the characteristic weather patterns for 
minimum and maximum energy production, together with reliable wind forecasts, are a very 
important contribution to the wind energy sector. They can help to improve the utilization of 
renewable energy in the future and make it more efficient. If the decision-makers at the 
wind farm know the synoptic situation a few days in advance, they can create a more 
efficient energy utilization system. The construction of further wind farms is planned in the 
wider vicinity of the investigated site, so the results of this study could be useful. 

This is the first research of its kind in our region. However, the study has its limitations. 
Firstly, the analysis was carried out based on wind measurements from only two years. 
Secondly, due to the limited computer resources for generating, storing, and processing 
meteorological data, the model verification was only carried out for one year. For the same 
reason, the hodographs and thermodynamic diagrams could not be produced. However, 
the objective of the work was achieved, and typical synoptic situations leading to maximum 
or minimum energy production were identified. In future work, when much more data is 
available, a more comprehensive analysis should be carried out. 
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Appendix A 

Table A1. Summary results of the verification parameters and correlation coefficient in comparing the 
WRF NMM forecast against wind speed measurements 
 Max Mean Min Std 25% 50% 75% 
January 24.58 7.80 0.25 4.23 4.61 7.16 10.35 
February 31.51 9.22 0.35 5.23 4.85 8.30 13.04 
March 23.50 7.55 0.32 3.74 4.90 7.07 9.73 
April 24.72 7.05 0.43 3.67 4.38 6.60 8.83 
May 20.39 6.86 0.22 3.47 4.24 6.54 8.84 
June 20.47 5.30 0.00 3.17 3.02 4.79 7.01 
July 16.39 5.51 0.00 3.08 3.24 5.17 7.31 
August 17.42 4.85 0.00 2.67 2.90 4.57 6.45 
September 25.28 5.78 0.00 3.53 3.34 5.23 7.65 
October 23.48 5.86 0.00 3.51 3.37 5.16 7.66 
November 22.90 7.25 0.00 4.47 4.17 6.25 9.85 
December 29.53 8.41 0.00 4.88 4.74 7.50 11.9 

 

 

Figure A1. Hourly and monthly variations of the mean error (ME), the mean absolute error (MA) and the 
root mean square error (RMSE) of the NMM WRF model forecast compared to the wind observations. 
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Figure A2. The wind rose with indicated significant wind speed intervals of 0, 3, 14, 25 m/s. 


	ENHANCING WIND ENERGY PRODUCTION ESTIMATION OVER MONTENEGRO USING MODELED AND OBSERVED WIND SPEEDS AND SYNOPTIC WEATHER PATTERNS
	1. Introduction
	2. Data and methods
	2.1. Study area: Geographical and climate characteristics
	2.2. Wind analysis
	2.3. Power curve, cut-in, and cut-out speed
	2.4. Verification of the WRF NMM

	3. Results and discussion
	3.1. Analysis of the measured wind field
	3.2. Analysis of synoptic situations for MxEP and MnEP
	3.2.1. MxEP
	3.2.2. MnEP
	3.3. Verification of wind forecasts with the WRF NMM

	4. Conclusion
	Appendix A

