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Analysis of the characteristics of wind power and topography influence on it, with an 1 

approach to renewable energy generation 2 

(Synoptic meteorological stations of Mazandaran Province - Northern Iran) 3 

 

Abstract 4 

There has been a growing demand for energy in the province of Mazandaran in recent years. 5 

Considering the capabilities of the province to generate new energy, recognizing and 6 

consuming wind energy as a source of renewable energy should be a planning priority. In this 7 

study, a statistical analysis of daily wind speed and direction at a height of 10 m in15 synoptic 8 

meteorological stations of Mazandaran Province over a 12-year period (2006 to 2017) was 9 

conducted to provide a preliminary estimate of the extractable energy and spatial capacity of 10 

wind flow. In addition, the characteristics of wind speed and direction, Weibull probability 11 

distribution parameters and wind power potential and density of the stations were also 12 

determined. ArcGIS interpolation method (IDW) was used to prepare the calculated layers of 13 

the average speed, speed continuity, and power density of the wind at 10, 30, and 50 m heights. 14 

Furthermore, to examine the influence of topography on the wind variables, the Pearson 15 

correlation coefficient was used to evaluate the relationship between altitude, hillslope aspect, 16 

and slope indicators with each of the wind variables. A map of wind speed zones at 50 m height 17 

reveals that Baladeh station, with an average monthly wind speed of 5.98 m/s, has a maximum 18 

wind speed of 7.78 m/s in July. About 7 months of the year (April to October), the station 19 

records wind speeds of more than 6 m/s, especially during the warmer months. The study of 20 

spatial distribution of wind speed at different altitudes of the province shows that the average 21 

wind speed increases by 0.96 m/s to 2.91 m/s with increasing altitude from less than 200 m to 22 

over 5000 m. 23 

 

Keywords: Renewable energy, Topography, Wind power density, Wind turbine, Mazandaran 24 

Province 25 

 

1. Introduction  26 

Energy sources, which supply 70% of the world's needs as fuel and uranium fission models, 27 

will run out by the end of this century and could clearly cause numerous concerns for humans 28 

(Yue and Wang 2006; Strantzali and Aravosis 2016). The depletion of fossil and nuclear energy 29 

sources has long stimulated the scientists and authors interest. As a result, extensive researches 30 

are being carried out all over the world to replace new and cleanly-sources of energy (Baban 31 

and Parry 2001; Kenisarin 2007; Caralis et al. 2008; Ajayi et al. 2011; Chong et al. 2016; 32 

Gandomkar 2010; Heydari et al. 2009; Esfandiari et al. 2011; Entezari et al. 2012). Moreover, 33 

rising carbon dioxide and other greenhouse gases released by the burning of fossil fuels has 34 

threateningly caused unprecedented changes in the earth climate (IPCC 2013). Consequently, 35 

there is a widespread agreement to reduce carbon emissions to zero in long-term.  36 

More than a billion people, about 15% of the world's population, still have no access to 37 

electricity (REN21 2015). The population of the world is expected to double by the end of the 38 

twenty-first century, leading to a two-to-fourfold increase in energy consumption. Currently, 39 

the challenge is to meet this enormous energy demand with clean, safe, and sustainable energy 40 

sources. Governments are spending a lot of resources to generating just one kilowatt of 41 

https://doi.org/10.1016/j.enpol.2004.07.003
https://doi.org/10.1016/j.rser.2015.11.021
https://doi.org/10.1016/S0960-1481(00)00169-5.
https://doi.org/10.1016/S0960-1481(00)00169-5.
https://doi.org/10.1016/j.rser.2006.05.005
http://dx.doi.org/10.1088/1748-9326/3/1/015003
https://link.springer.com/article/10.1007/s11708-011-0167-5
https://doi.org/10.1016/j.apenergy.2014.12.061
https://www.sid.ir/fa/journal/ViewPaper.aspx?ID=124599
15.%09Heydari%20M%20(2009)%20Solar%20power%20plant%20zoning%20in%20Iran.%20Journal%20of%20Heat%20Converters,%202(17):%2060-71.
13.%09Esfandiari%20A,%20Rangzi%20K,%20Saberi%20A,%20%20Phattahi%20Moghadam%20M%20(2011)%20Potential%20measurement%20of%20solar%20power%20plants%20construction%20by%20studying%20climatic%20parameters%20in%20Khuzestan%20province%20using%20GIS.%20Geomatic%20National%20Conference,%20Tehran,%20Iran.
12.%09Entezari%20A,%20Amir%20Ahmadi%20A,%20Erfani%20A,%20%20Borzuie%20A%20(2012)%20Evaluation%20of%20wind%20energy%20potential%20and%20feasibility%20of%20wind%20power%20plant%20construction%20in%20Sabzevar.%20Geographical%20Studies%20of%20Arid%20Regions,%203(9-10):%2033-46.
17.%09Intergovernmental%20Panel%20on%20Climate%20Change%20(IPCC),%20Report%202013,%20ipcc.ch%20site,%20Report%20Section.
29.%09REN21%20(Global%20Status%20Report)%202015.%20Annual%20reporting%20on%20renewables:%20ten%20years%20of%20excellence.%20Renewable%20Energy%20Policy%20Network%20for%20the%2021st%20Century.


3 

 

electricity, so the question is how to reduce consumption and provide cheaper energy. Despite 42 

the fact that new energy sources are virtually carbon-free and typically more sustainable than 43 

fossil and nuclear fuels, not all of their technologies have developed, and some are still 44 

prohibitively expensive (Partovi 2012; Entezari et al. 2012; Rezaei Banafsheh et al. 2014; 45 

Ahmadi and Dadashi Roudbari 2015; Maryanaji et al. 2016). In general, renewable energy 46 

sources play an important role in climate change adaptation. Consequently, they contribute to 47 

increase the flexibility of current energy systems and ensure the supply of energy services 48 

under changing climatic conditions (Ajayi et al. 2011; Ilkilic and Aydin 2015; Allouhi et al. 49 

2017; Kruyt et al. 2018; Chen et al. 2018; Salam et al. 2018). One of the most cost-effective 50 

sources of renewable energy is wind power. In addition to low price fluctuations, it offers 51 

minimal environmental impact, abundance, and permanence, among other benefits. The first 52 

step in expanding the use of wind energy is to identify areas where wind energy can be 53 

optimally exploited and which offer the necessary conditions for the construction of power 54 

plant (Allouhi et al. 2017; Kim and Lim 2017; Baker and Sovacool 2017; Shahriari and 55 

Blumsack 2017; Bryne et al. 2020; Chen et al. 2018; Salam et al. 2018). It is important to pay 56 

special attention to all the features and environmental conditions that affect the airflow in wind 57 

power generation (Promsen et al. 2014; Aien et al. 2014; Ilkilic and Aydin 2015).  58 

The behavior of meteorological phenomena under environmental constraints leading to 59 

complicated mechanisms has received less attention in the research of Iranian meteorologists 60 

and meteorologists, especially in mountainous regions. Environmental characteristics such as 61 

altitude, slope, and hillslope aspect have an important influence on the behavior and 62 

atmospheric elements. Wind, as the most influential meteorological phenomenon, has an 63 

impact on topographic landscapes. This is evident in the different behavior of winds in 64 

mountainous and topographic systems, and in the effect of mountain topography on the 65 

generation of different types of winds (Whiteman 2000; Azizi et al. 2017). The annual average 66 

of net energy achieved and the capacity factor, which have significant variations in the 67 

distribution of wind speed, are indicator parameters for indicating wind energy potential in 68 

specific geographical locations (Azizi et al. 2017; Janbaz Ghobadi 2019; Kruyt et al. 2018; 69 

Negash 2020; Rehman et al. 2020).  70 

Notwithstanding the economic development of the country and the improvement of public 71 

welfare in Iran, the way energy resources are exploited has raised concerns about the level of 72 

energy consumption and greenhouse gas emissions. Therefore, it is desirable to promote the 73 

use of renewable energy sources for the development process of Iran. Due to wind resources 74 

and topographical conditions, wind energy occupies a special place as a form of renewable 75 

energy in Iran. Therefore, this study investigated the spatial capacity of wind power in 76 

Mazandaran Province as a case study. In this contribution, the aim of the research is to assess 77 

the energy and evaluate the wind potential as well as to create zone maps with indicators of 78 

speed and energy production in order to find a suitable places for building power plants in the 79 

windy regions of Mazandaran Province. 80 

 

2. Study area 81 

Mazandaran Province, with an area of 23,756 km2, occupies about 1.46% of Iran, ranking 18th 82 

in land area. It lies between latitudes 35° 47′ to 36° 54′ N and longitudes 50° 34′ to 54° 10′ E 83 

(figure 1). According to the world solar atlas data, the province receives an average of 4 84 

26.%09Partovi%20A.%202012.%20New%20energies:%20energy%20for%20a%20sustainable%20future.%20First%20Edition,%20Institute%20of%20Printing%20and%20Publishing,%20University%20of%20Tehran,%20Iran,%20599%20p.
12.%09Entezari%20A,%20Amir%20Ahmadi%20A,%20Erfani%20A,%20%20Borzuie%20A%20(2012)%20Evaluation%20of%20wind%20energy%20potential%20and%20feasibility%20of%20wind%20power%20plant%20construction%20in%20Sabzevar.%20Geographical%20Studies%20of%20Arid%20Regions,%203(9-10):%2033-46.
30.%09Rezaei%20Banafsheh%20M,%20Jahanbakhsh%20S,%20Dinpazhooh%20Y,%20%20Esmaeli,%20M%20(2014)%20Feasibility%20study%20of%20using%20wind%20energy%20in%20Ardabil%20and%20Zanjan%20Provinces.%20Natural%20Geography%20Research,%203(46):%20261-274.
Magiran.com/p1540243
https://dx.doi.org/10.22131/sepehr.2018.30534
https://link.springer.com/article/10.1007/s11708-011-0167-5
doi:%2010.1016/j.rser.2014.12.010
https://doi.org/10.1016/j.rser.2017.01.047
https://doi.org/10.1016/j.rser.2017.01.047
10.3389/fenrg.2018.00102
https://doi.org/10.1029/2017JD028212
https://doi.org/10.1007/s11708-018-0528-4
https://doi.org/10.1016/j.rser.2017.01.047
https://doi.org/10.1016/j.renene.2016.11.020
https://doi.org/10.1016/j.polgeo.2017.03.003
10.1016/j.apenergy.2017.03.073
10.1016/j.apenergy.2017.03.073
https://doi.org/10.3390/en13082086
https://doi.org/10.1029/2017JD028212
https://doi.org/10.1007/s11708-018-0528-4
28.%09Promsen%20W,%20Janjai%20S,%20%20Tantalechon%20T%20(2014)%20An%20analysis%20wind%20energy%20potential%20of%20Kampot%20Province%20Southern%20Cambodia.%20International%20Conference%20on%20Alternative%20Energy%20in%20Developing%20Countries%20and%20Emergency%20Economics,%20Energy%20Prosedia,%2052:%20633-641.
https://doi.org/10.1016/j.rser.2014.05.063
10.1016/j.rser.2014.12.010
36.%09Whiteman%20C.D%20(2000)%20Mountain%20Meteorology,%20Fundamental%20and%20Applications.%20Oxford%20University%20Press,%20372pp.
https://dx.doi.org/3-6
https://dx.doi.org/3-6
https://dx.doi.org/10.30488/gps.2020.121201.2742
10.3389/fenrg.2018.00102
https://doi.org/10.3390/en13071846
https://doi.org/10.1177%2F0144598719875276
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kWh/m2/day sunshine hours, which is equivalent to 1460 kWh/m2/year. If we compare this 85 

amount of energy with the wind power potential of Germany, which receives an average of 3.2 86 

kWh/m2/day of sunshine in the best conditions, this can be concluded that Mazandaran 87 

Province has a high potential for extractable energy and spatial capacity of wind flow. This 88 

province is characterized by a particular topography (from 26 to over 5000 m altitude), a 89 

northern hillslope aspects and prevailing winds from west to northwest to north, all of which 90 

provide the conditions for wind energy evaluation and spatial capacity. The increase of 91 

population in Mazandaran Province as well as its development as the first tourism hub in Iran 92 

have drastically reduced the capacity of the province in terms of environmental resources 93 

utilization. Therefore, it is necessary to zone different regions of the province, focus on 94 

topographical conditions and identify areas suitable for wind turbine construction in order to 95 

exploit the wind power potential and meet the replacement demand for cheap renewable energy 96 

instead of expensive fossil fuels. 97 

 

 98 

Fig. 1. Geographical location of Mazandaran Province; (A) Topographic map of Iran shows various physiographic 99 

regions (www.worldofmaps.net). (B) Map of Iran with boundaries of provinces. (C) Mazandaran roads map 100 

(https://www.mapsof.net/uploads/static-maps/mazandaran_road_map.png). 101 

  

http://www.worldofmaps.net/


5 

 

3. Methodology 102 

A descriptive, analytical and field approach is used in this study. The spatial capability of wind 103 

energy in Mazandaran Province was evaluated using spatial and quantitative data. Wind speed 104 

and direction data from 15 synoptic meteorological stations in the province were examined to 105 

determine the spatial capability of wind energy. These stations (table 1; figure 2) include 106 

Ramsar, Nowshahr, Siahbisheh, Kojoor, Baladeh, Amol, Babolsar, Gharakhil-e Ghaemshahr, 107 

Pol-e Sefid, Alasht, Firoozkooh, Sari, Kiasar, and Bandar-e Amirabad. Due to vector variable 108 

behavior of wind and the influence of local and atmospheric parameters on its direction and 109 

speed, reconstruction of wind data is either impossible or fraught with uncertainty. Since the 110 

windy statistical periods were not the same at all stations, the range of years with a common 111 

statistical period was considered over the 12 years (2006 to 2017). The wind speed and 112 

direction characteristics and Weibull probability distribution function parameters, were 113 

evaluated after quantitative and qualitative data control. Then, the wind power potential and 114 

density of the studied stations in the province were calculated at different heights. 115 

 

 116 

Fig. 2. Geographical location of synoptic meteorological stations in Mazandaran Province 117 

 

The Weibull probability distribution function: this function is used to calculate wind energy 118 

due to its random nature with extended measurements at different time intervals (equation 1). 119 

Eq. 1. f(v) = kc (vc)k−1 exp (− (vc))k , (k > 0, v > 0, c > 1)  
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Where the parameters V is the wind speed, and c and k are the scale and shape, respectively. 120 

These are calculated using the maximum likelihood method (equations 2 and 3; Akpinar et al. 121 

2005). 122 

Eq. 2. k = (δv)−1.086 (1 ≤ k ≤ 10) 
Eq. 3. c = v̅r (1 + 1k) 

where the average wind speed is (equation 4): 123 

Eq. 4. v̅ = 1n∑vin
i=1  

 

Table 1. Location and characteristics of synoptic meteorological stations in Mazandaran Province 124 

No. Station Longitude (E) Latitude (N) Altitude (m) Statistical period (year) 

1 Ramsar 50ᵒ 40´ 36ᵒ 54´ -20 1955-2017 

2 Nowshahr 51ᵒ 30´ 36ᵒ 39´ -20.9 1977-2017 

3 Siahbisheh 51ᵒ 19´ 36ᵒ 13´ 2165 1999-2017 

4 Kojoor 51ᵒ 44´ 36ᵒ 23´ 1550 2006-2017 

5 Baladeh 51ᵒ 48´ 36ᵒ 12´ 2120 2006-2017 

6 Amol 52ᵒ 23´ 36ᵒ 28´ 23.7 2001-2017 

7 Babolsar 52ᵒ 39´ 36ᵒ 43´ -21 1951-2017 

8 Gharakhil Ghaemshahr 52ᵒ 46´ 36ᵒ 27´ 14.7 1984-2017 

9 Alasht 52ᵒ 51´ 36ᵒ 05´ 190 2003-2017 

10 Firoozkooh 52ᵒ 50´ 35ᵒ 55´ 1975.6 1993-2017 

11 Pol-e Sefid 53ᵒ 05´ 36ᵒ 08´ 610 2003-2017 

12 Sari 53ᵒ 36ᵒ 33´ 23 1999-2017 

13 Kiasar 53ᵒ 32´ 36ᵒ 14´ 1294.3 2002-2017 

14 Amirabad 53ᵒ 22´ 36ᵒ 51´ -20 2005-2017 

15 Galoogah 53ᵒ 49´ 36ᵒ 47´ -10 2005-2017 

 

Calculation of wind power potential: the power of wind energy is directly related to the cube 125 

of wind speed (equation 5). 126 

Eq. 5. p(v) = 12 pv3 
Where p is the standard air density at sea level with an average temperature of 15 °C and a 127 

pressure of one atmosphere (1.225
𝑘𝑔𝑚^3), and v is the average wind speed (Selic, 2003). Equation 128 

6 provides the calculated wind energy power at a height of 10 m.  129 

Eq. 6. p10 = 12pv3̅̅ ̅̅ ̅( wm2) 
Wind speeds at upper hights are estimated using equations 7 and 8 (a height of 40 m is suitable 130 

for building wind turbines, for example). 131 

Eq. 7. 
vvref = ( zzref)a 

Eq. 8. v = v0 ( zz0)a 
Where v nad vref are the wind speed at height z above the ground (wind speed at the desired 132 

height), the wind reference speed measured at height zref (wind speed at a height of 10 m), 133 

respectively, and α is as a function of the degree of unevenness of the earth's surface (calculated 134 

using equation 9). 135 
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Eq. 9. a = [0.37 − 0.088lnv10][1 − 0.088ln(z10/10)] 
Average wind power potential: is calculated with equation 10 during the windy period. 136 

Eq. 10. WPD = ∑ 1/2pvi3ni=1 N  

Where i is the measured 3 hours wind speed, ρ is the standard air density (1.225
𝑘𝑔𝑚^3), v is the 137 

wind speed (m/s), W is the amount of energy in joules and N is the total data per year, 138 

respectively. In addition, based on the measured wind speed, the wind power or energy 139 

potential can be calculated by analyzing the Weibull distribution and equation 11. 140 

Eq. 11. 
PA = ∫ 12pV3f(V)dV = 12pc3τ (k + 3k )∞

0  

Wind power density: the amount of it can be calculated using equation 12 for a given site. 141 

Eq. 12. 
EA = 12pc3τ (k + 3k ) T 

Extractable energy estimation: given the threshold of the 660 kW, (4 m/s) turbines and 142 

considering the threshold of wind speed at a height upper than 40 m, the amount of extractable 143 

energy and its confidence percentage are calculated and estimated. 144 

Wind variability: since the continuity and stability of wind crucial for electricity power 145 

generation, the wind variability is calculated using equation 13. 146 

Eq. 13. CV = σx × 100 

In this equation, CV, x̅, and ϭ are the percentage of variability, data average and standard 147 

deviation of the data obtained from equation 14, respectively. 148 

Eq. 14. σ = √1n∑(xi − x̅)2 
Where, ϭ, xi, x̅ and n are the standard deviation, individual data, data average and the number 149 

of data, respectively. 150 

 

4. Results and discussion 151 

4.1. Changes trend of the wind speed and direction 152 

The study examined wind data from 15 synoptic meteorological stations over a 12-years period 153 

(2006 to 2017). It was found is 6 stations, February has the highest average daily wind speed. 154 

Afterwards, March has the highest value of maximum daily wind speed at the studied stations 155 

with 4 frequencies (table 2). However, west direction is the prevailing wind in Mazandaran 156 

plain and its coastal strip and generally in all seasons and even during most months of the year. 157 

The main wind direction changes several times due to local pressure center. However, eastern 158 

to northeastern winds generally tend to prevail. Meanwhile, the northern wind has the lowest 159 

frequency of wind flows (figure 3). This shows that the impact of lands and other geographical 160 

factors due to temperature fluctuations is more than the Caspian Sea. In different seasons, a 161 

local and relatively limited low pressure center is formed in the central areas of the Caspian 162 

Sea, which acts as a suction center for wind flows from the surrounding area. Consequently, 163 

winds from the north are weak. While the winds flow from the sea to the land, under local 164 

conditions, can only be perceived only as local winds with a limited intensity of penetration 165 

into the Mazandaran plain. 166 
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Table 2. Average the minimum and maximum daily wind speed in synoptic meteorological stations of 167 

Mazandaran Province 168 

Station 
Average the minimum 

wind speed (m/s) 

Date/ 

abundance 

Average the maximum 

wind speed (m/s) 
Date 

Ramsar 0.125 16 abundances 9.75 2010/02/05 

Nowshahr 0.25 9 abundances 9.5 2010/02/05 

Siahbisheh 0.125 2011/10/29 16 2006/02/09 

Kojoor 0.2 29 abundances 12.4 2008/03/14 

Baladeh 0.4 35 abundances 16.2 2011/04/13 

Amol 0.125 5 abundances 11 2007/03/07 

Babolsar 0.125 7 abundances 12.125 2007/03/07 

Gharakhil 0.125 4 abundances 7.75 2012/03/17 

Alasht 0.4 21 abundances 8.8 2006/02/04 

Firoozkooh 0.67 December 2005 4.63 September 2006 

Pol-e Sefid 0.2 3 abundances 12 2016/01/18 

Sari 0.125 16 abundances 6.75 2010/02/05 

Kiasar 0.125 2013/02/04 12.25 2016/01/18 

Amirabad 0.25 28 abundances 9.875 2012/02/02 

Galoogah 0.2 13 abundances 14.6 2006/07/30 

 

 169 

Fig. 3. The wind rose spatial map of a number of synoptic meteorological stations in Mazandaran Province (based 170 

on wind data 2006 to 2017) 171 

 

In winter, the pattern of wind flow in Mazandaran coastal plain is mainly influenced by western 172 

currents, which account for 17.93% of the total. Moreover, the second prevailing wind flows 173 

from the east, accounting for 11.65% of all data. Wind frequency in other geographical aspects 174 

is generally insignificant in winter. In the spring, the frequency of calm wind is 29.62%, while 175 

the western wind prevails with a frequency of 14.66 %. The second prevailing winds are 176 

northeast currents. Also, the strongest and highest winds accompanied by northwest winds 177 

direction with speeds between 5 and 7 m/s. In this season, the southeast wind has the lowest 178 

frequency of 3.68 %. In summer, the wind flow pattern is such that there is an average of 34.88 179 

% calm air. As to frequency, the western and southern winds are the prevailing and second 180 
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prevailing winds. Accordingly, the strongest wind flows from the west at a speed of 5 to 7 m/s. 181 

In most cases, there is calm wind in autumn, with a frequency of 37.87 % compared to other 182 

seasons. In autumn, the prevailing and strongest winds are western, while the second prevailing 183 

winds are from the south. Moreover, the autumn is the season with the lowest frequency of 184 

northern wind flows, with a frequency of 2.79%. According to the daily wind data, the air 185 

condition of coastal plains is calm with a frequency 34.21% of the year and other times winds 186 

flow from different directions. Two groups of winds produce a breeze with a weak flow, one 187 

with an average speed of 1 to 3 m/s and a frequency of 15.4 %, and the other with an average 188 

speed of 3 to 5 m/s and a frequency of 39.8 %. About 10.58 % of the winds have an average 189 

speed of 5 to 7 m/s which includes a series of relatively strong winds. Throughout the year, 190 

western winds were the prevailing wind direction and southwestern winds were the second 191 

prevailing wind direction, with a frequency of 14.48 % and 9.0 %, respectively. Southeast 192 

winds, on the other hand, had the lowest flow amount with the frequency of 3.99%. 193 

Figure 4 shows the wind rose of a number of synoptic meteorological stations in Mazandaran 194 

Province. The prevailing winds at Amirabad and Galoogah stations, which are located in the 195 

coastal and plain regions and are influenced by the general currents of the region, have western 196 

and southwestern currents. In Amirabad station, there is calm air in 29.8% of the year, while 197 

for the rest of the time, there is wind flow. Due to the northern wind currents, Amol station, 198 

which is located in coastal plain area, has the northwestern wind prevailing. At Baladeh station, 199 

which is located on a high and mountainous area, the northeastern wind direction is prevail. 200 

Moreover, the air is calm in 19.83% of the year and the wind does not flow, but 80% of the 201 

year the wind flows, which is one of the positive properties of Baladeh region. 202 

 

4.2. Frequency and continuity of the wind speed values 203 

The average hourly continuity values of monthly and annual winds in different speed categories 204 

were calculated. It is obvious that the total hours of wind continuity in different speed 205 

categories in each year also as an average in each statistical period will be equal to 206 

24×365=8760 hours. The curves and histograms of wind frequency distribution refer to a height 207 

of 10 meters above the ground. Figure 5 shows the frequency histogram and plot of Weibull 208 

distribution curve with the k and c parameters of wind speed mean values in Mazandaran 209 

Province synoptic meteorological stations from 2006 to 2017. Frequency - speed histograms 210 

are primarily characterized by their positive skewness. A positive skewness indicates a low 211 

frequency of high speed winds, which is unfavorable for the exploitation of wind energy. 212 

Values of skewness that are close to zero or negative indicate a higher frequency of high speed 213 

winds, which can be considered more suitable for wind energy exploitation. Therefore, the 214 

highest skewness is calculated for Ramsar, Nowshahr, Kiasar, Amol, and Babolsar stations, 215 

and the lowest for Baladeh and Kojoor stations. Baladeh station has the highest frequency of 216 

wind values with speeds above 3 m/s and the highest values of parameters k and c among the 217 

15 stations studied in Mazandaran Province. The conditions at Baladeh station are favorable 218 

for turbine installation, which makes it an ideal site for the construction of a wind power plant. 219 

Accordingly, Kojoor, Pol-e Sefid, Sari, Amirabad, Siahbisheh, and Firoozkooh stations with 220 

the abundance of wind speed values in the categories more than 3 m/s are considered as other 221 

suitable locations for the construction of small wind turbines that could be used for special 222 

activities. However, due to the abundance of low winds and lack of suitable wind conditions, 223 
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other stations such as Alasht, Amol, Babolsar, Galoogah, Kiasar, Nowshahr, and Ramsar 224 

cannot be considered for the construction of a power plant on a priority basis. 225 

 

 226 

Fig. 4. The wind rose of a number of synoptic meteorological stations in Mazandaran Province (based on wind 227 

data 2006 to 2017) 228 

 

The map was prepared using the total continuous wind hours at a speed of 3 m/s ore more (table 229 

3), which is considered the minimum threshold speed for wind turbine construction (figure 6). 230 

Accordingly, an optimal condition for wind turbine construction was observed at Baladeh 231 

station with wind continuity at a height of 10 m above the ground (5548 hours and a frequency 232 

of 63.3%) and a speed equal to or greater than the mentioned threshold. Kojoor, Pol-e Sefid, 233 

Sari, and Amirabad stations also have relatively favorable conditions for the construction of 234 

some wind turbines, with duration of 4048, 3932, 3868 and 3640 hours, and frequency of 46.2, 235 

44.9, 44.2, and 41.6 %, respectively. On the other hand, Alasht, Gharakhil-e Ghaemshahr, 236 

Amol, Babolsar, Firoozkooh, Galoogah, Kiasar, Nowshahr and Ramsar stations have low 237 

abundance values of winds continuity of more than 3 m/s, which makes them unsuitable for 238 

wind turbine installation and power plant construction. 239 
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 240 

Fig. 5. Frequency histogram and plot of Weibull distribution curve, where the parameters k and c are the mean 241 

values of wind speed in Mazandaran Province synoptic meteorological stations based on wind data 2006 to 2017. 242 

 

Generally, Mazandaran Province can be spatially divided into two parts in terms of suitable 243 

conditions for the use of wind energy. One is unsuitable area for wind turbine installation due 244 

to constant winds with a minimum threshold, include: the western parts of the province such 245 

as Ramsar, Tonekabon, and Chaloos Townships, the east of Behshahr, Neka, and Sari 246 

Townships, the coastline strip of the province in the townships of Nowshahr, Noor, 247 

Mahmoudabad, Babolsar, and Jooybar and the plain parts of the province in townships of 248 

Ghaemshahr, Babol, and Amol. On the other hand, the foothills and highlands of Nowshahr, 249 

Noor, and Amol Townships, as well as the nearby areas of Ghaemshahr and Savadkooh and 250 

the western parts of Sari, Neka, and Behshahr Townships are in a relatively favorable condition 251 

in terms of sustained winds of 3 m/s and more. According to these results, the optimal 252 

conditions for installing wind turbines are in the mountainous and highland areas of Noor 253 

Townships (especially Baladeh region). 254 
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Table 3. Wind speed characteristics of Mazandaran Province meteorological synoptic stations by speed categories 255 

at a height 10 meters above the ground 256 

Station 

Number of continuous wind hours by speed categories (m/s) 
Skewness 

coefficient 

Hours of useful 

speed continuity 

(<3m/s) 

0-1 1-2 2-3 3-4 4-5 5-4 6-7 7-8 8-9 Sum 
Percentage 

by year 

Alasht 2324 3652 2110 438 126 56 28 6 16 1.64 678 7.7 

Amirabad 554 2004 2566 1954 976 476 142 66 18 1.09 3640 41.6 

Amol 1662 3686 2100 834 294 126 34 16 2 1.8 1316 15 

Babolsar 1622 3620 2362 832 224 78 16 4 2 1.7 1158 13.2 

Baladeh 222 976 1896 2134 1670 872 516 202 106 0.85 5548 63.3 

Firoozkooh 558 1980 3720 2040 360 0 0 0 0 1.76 2400 27.4 

Galoogah 2336 3190 1868 700 324 156 92 40 40 1.48 1368 15.6 

Gharakhil 1598 3586 2508 830 170 50 12 6 0 1.66 1068 12.2 

Kiasar 646 2964 3474 1034 328 144 80 46 28 1.82 1678 19.2 

Kojoor 858 1554 2184 2076 1176 504 180 64 34 0.83 4048 46.2 

Pol-e Sefid 366 1600 2866 2360 1164 298 64 24 10 1.27 3932 44.9 

Nowshahr 386 3728 3070 1064 374 84 44 6 4 1.88 1580 18 

Ramsar 1286 4462 2058 588 256 76 24 10 2 2.34 958 10.9 

Sari 414 1888 2590 1816 992 524 296 134 66 1.17 3868 44.2 

Siahbisheh 1014 2524 2628 1424 560 294 188 84 24 1.3 2592 29.6 

 

 257 

Fig. 6. Annual continuous map of the number of wind speed hours equal to or more than 3 m/s at a height of 10 258 

meters above the ground 259 
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4.3. Changing monthly and annually trend of wind speed average with increasing height 260 

The trend of the increase in wind speed changes with increasing altitude as a function of surface 261 

roughness; thus, it is more pronounced on rough surfaces than on smooth ones. Equations 7 262 

and 8 are used to calculate wind speed at heights greater than 10 meters above the ground. 263 

Various heights for wind turbine masts are given in scientific publications. Most commercial 264 

wind turbines have an axis height of 30 to 80 meters (Mohammadi et al. 2012; Mojarrad and 265 

Hemati 2013), and are often 50 meters above the ground. However, heights of 120, 150, and 266 

sometimes even 200 meters have also been reported. The average monthly and annual speed 267 

values of synoptic meteorological stations in the province up to a height of 100 meters above 268 

the ground were calculated using wind speed calculations at different heights. These 269 

calculations more accurately identified areas with high and low potential for wind power 270 

generation. Table 4 shows the average monthly wind speed of the stations at a height of 10 271 

meters above the ground. In most months of the year, the stations studied clearly do not have 272 

the wind speeds required for the installation of wind turbines. At the stations of Firoozkooh, 273 

Siahbisheh, Kojoor, Baladeh, Amirabad, and Pol-e Sefid, wind speeds of more than 3 m/s as 274 

the minimum threshold for turbine movement were measured only in some months of the year. 275 

The months number with an average wind speed of 3 m/s or more at the stations of Baladeh 276 

Kojoor, Pol-e Sefid, Firoozkooh, Amirabad and Siahbisheh is 8, 6, 5, 4, 3 and 1, respectively. 277 

Therefore, Baladeh station has the highest monthly wind speeds. Moreover, the months of 278 

March, April, May, June, July, and August have the highest average wind speeds in the study 279 

area. 280 

 

Table 4. Average monthly wind speeds (m/s) of Mazandaran Province meteorological synoptic stations at a height 281 

10 m above the ground 282 

Month/ Station JAN FEB MAR APR MAY JUNE JULY AUG SEP OCT NOV DEC 

Baladeh 2.42 2.72 3.57 4.10 4.14 4.50 4.73 4.42 4.09 3.80 2.84 2.24 

Kojoor 1.83 2.57 3.21 3.59 3.62 3.50 3.46 3.45 2.84 2.47 2.02 1.53 

Pol-e Sefied 2.55 2.83 3.17 3.02 2.95 3.18 3.23 3.22 2.88 2.48 2.17 2.36 

Amirabad 2.32 2.77 2.93 2.88 2.96 3.30 3.54 3.00 2.85 2.47 2.34 2.41 

Siahbisheh 3.06 2.97 2.94 2.86 2.38 2.05 1.76 2.10 1.99 2.23 2.44 2.95 

Firoozkooh 1.18 1.80 2.31 3.04 3.09 3.81 3.45 2.88 2.73 2.31 1.75 1.18 

Kiasar 2.49 2.63 2.56 2.31 2.08 2.35 2.36 2.38 2.18 1.91 1.99 2.32 

Nowshahr 2.01 2.34 2.51 2.40 2.36 2.21 2.25 2.20 2.02 2.03 1.92 1.94 

Amol 1.72 2.13 2.38 2.32 2.07 1.71 1.68 1.92 1.83 1.57 1.50 1.62 

Babolsar 1.52 1.94 2.12 2.19 2.20 2.17 2.19 1.91 1.75 1.49 1.27 1.39 

Gharaakhil 1.65 1.91 2.13 2.12 2.13 1.98 1.76 1.73 1.87 1.56 1.46 1.58 

Gagloogah 1.37 1.93 2.19 2.21 2.06 2.47 2.35 1.79 1.63 1.25 1.17 1.28 

Ramsar 1.61 1.77 2.08 2.00 1.82 1.95 2.08 1.87 1.78 1.62 1.55 1.53 

Alasht 1.08 2.79 2.08 2.29 1.32 1.79 1.23 2.02 1.71 1.94 1.35 0.52 

Sari 1.30 1.60 1.79 1.74 1.75 1.64 1.59 1.42 1.40 1.31 1.15 1.11 

 

In the following, the variations in wind speed are calculated by increasing the height above the 283 

ground level to 100 meters as shown in table 5. The minimum wind speed to start small 284 

turbines, which is usually between 3 and 4 m/s, varies depending on the type and design of 285 

turbine. Accordingly, there is only Baladeh station that has a limited possibility of extracting 286 

wind power at different heights. Firoozkooh, Siahbisheh, Kojoor, Amirabad and Pol-e Sefid 287 

stations from 20 meters above, Nowshahr and Kiasar stations from 30 meters above and Amol, 288 

24.%09Mohammadi%20H,%20Rostami%20S,%20Taghavi%20F,%20%20Shamsipoor%20A%20(2012)%20Wind%20energy%20potential%20measurement%20in%20Kermanshah%20Province.%20Physical%20Geography%20Quarterly%20Journal,%2044(2):%2019-32.
25.%09Mojarrad%20F,%20Hemmati%20S%20(2013)%20Evaluation%20of%20wind%20energy%20capabilities%20in%20Kermanshah%20and%20Kurdistan%20provinces.%20Applied%20Research%20in%20Geographical%20Sciences,%2013(29):%20137-157.
25.%09Mojarrad%20F,%20Hemmati%20S%20(2013)%20Evaluation%20of%20wind%20energy%20capabilities%20in%20Kermanshah%20and%20Kurdistan%20provinces.%20Applied%20Research%20in%20Geographical%20Sciences,%2013(29):%20137-157.
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Babolsar and Gharakhil-e Ghaemshahr stations from 40 meters above have limited conditions 289 

for using wind energy. Moreover, a minimum wind speed of 6 m/s, corresponding to the 290 

category IV in the classification of wind turbines based on the international standard 291 

IEC61400-1, should be considered to determine the minimum wind speed. From this point of 292 

view, only in Baladeh station, from a height of about 40 meters onwards, there is suitable 293 

conditions for the use of wind energy, and in all months of the year, the average wind speed is 294 

equal to or greater than the required threshold.  295 

 

Table 5. Average monthly wind speeds (m/s) of Mazandaran Province meteorological synoptic stations at height 296 

above the ground level to 100 m 297 

Hieght/ Station 10 20 30 40 50 60 70 80 90 100 Station height (m) 

Alasht 1.57 1.94 2.20 2.41 2.58 2.73 2.86 2.98 3.09 3.20 190 

Amirabad 2.81 3.49 3.96 4.33 4.64 4.91 5.15 5.36 5.56 5.75 -20 

Amol 1.87 2.32 2.63 2.87 3.08 3.26 3.41 3.56 3.69 3.81 23.7 

Babolsar 1.84 2.29 2.59 2.83 3.04 3.21 3.37 3.51 3.64 3.76 -21 

Baladeh 3.65 4.52 5.13 5.60 6.01 6.35 6.67 6.95 7.21 7.45 2120 

Firoozkooh 2.47 3.07 3.48 3.80 4.07 4.31 4.52 4.71 4.89 5.05 1975.6 

Gagloogah 1.81 2.24 2.54 2.78 2.98 3.15 3.31 3.44 3.57 3.69 -10 

Gharaakhil 1.82 2.26 2.56 2.80 3.00 3.18 3.33 3.47 3.60 3.72 14.7 

Kiasar 2.29 2.84 3.22 3.52 3.78 4.00 4.19 4.37 4.53 4.68 1294.3 

Kojoor 2.86 3.54 4.02 4.39 4.71 4.98 5.23 5.45 5.65 5.84 1550 

Nowshahr 2.18 2.71 3.07 3.35 3.59 3.80 3.99 4.16 4.31 4.46 -20.9 

Pol-e Sefied 2.84 3.52 3.99 4.36 4.67 4.94 5.19 5.40 5.61 5.79 610 

Ramsar 1.81 2.24 2.54 2.77 2.97 3.15 3.30 3.44 3.57 3.69 -20 

Sari 1.48 1.84 2.08 2.28 2.44 2.58 2.71 2.82 2.93 3.02 23 

Siahbisheh 2.48 3.07 3.48 3.80 4.08 4.31 4.52 4.72 4.89 5.05 2165 

 

Figures 7, 8 and 9 show maps of average annual wind speed for the study area at heights of 10, 298 

30 and 50 meters. According to the prepared maps, the maximum wind speed at different 299 

heights corresponds to the southern and mountainous parts of Noor, Amol, Nowshahr, 300 

Savadkooh and to some extent of Chaloos, which the highest amount is in the southern parts 301 

of Noor Township. The average annual wind speed is the lowest in the plain and coastal areas 302 

of Mazandaran Province, especially in Jooybar, Babolsar, Mahmoudabad, Sari, Gharakhil-e 303 

Ghaemshahr Townships, the northern parts of Savadkoohand, Babol and Amol, also the 304 

western parts of the province (Ramsar and Tonekabon) as well as the eastern parts of Behshahr 305 

and Neka Townships. Based on the map of wind speed zones at a height of 10 m in Mazandaran 306 

Province, Baladeh station has the highest wind speed compared to other stations in the 307 

province, with an average annual wind speed of 3.65 m/s and an average monthly maximum 308 

wind speed of 4.43 m/s in July. Therefore, the wind speed at a height of 10 meters is greater 309 

than 4 m/s for about 6 months of the year, indicating a favorable location wind turbine 310 

installation. Meanwhile, Firoozkooh and Kojoor stations are in the next phase in June and May 311 

with maximum monthly average wind speeds of 3.81 and 3.62 m/s, respectively. In terms of 312 

average monthly wind speed, Kojoor, Pol-e Sefid and Amirabad stations are in more favorable 313 

situation than other stations in the province after Baladeh station with 2.84, 2.84, and 2.81 m/s, 314 

respectively. Sari, Alasht, Ramsar, Galoogah, Gharakhil, Babolsar and Amol stations have the 315 
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lowest average monthly wind speeds. The lowest average monthly wind speeds were recorded 316 

at Alasht station in December with 0.52 m/s and in June with 1.08 m/s. Accordingly, Sari 317 

station with 1.11 m/s in December and Galoogah station with 1.17 m/s in November have the 318 

lowest average monthly wind speeds (figure 7). 319 

 

 320 

Fig. 7. Map of the average annual wind speed of Mazandaran Province at a height of 10 meters above the ground 321 

 

Zoning of wind speed in Mazandaran Province at height of 30 meters above the ground shows 322 

that Baladeh station with an average wind speed 5.13 m/s has the highest average wind speed 323 

(6.64 m/s) in July, which is a good reason for windy conditions and turbine site installation. 324 

During about 8 months of the year, wind speeds of more than 5 m/s at 30 m are recorded at 325 

Baladeh station, especially during the warmer months (June to September). Winds with speeds 326 

greater than 4 m/s are measured at Pol-e Sefid and Amirabad stations for about 7 months 327 

(March to September), at Kojoor station for about 6 months (March to August), and at 328 

Siahbisheh station for about 5 months (January to April and December). During most months 329 

of the year, the average wind speed at height of 30 meters is less than 3 m/s in Sari, Alasht, 330 

Ramsar, Galoogah, Gharakhil, Babolsar and Amol stations (figure 8). 331 
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 332 

Fig. 8. Map of the average annual wind speed of Mazandaran Province at a height of 30 meters above the ground 333 

 

The zoning map of wind speed at a height of 50 meters in Mazandaran Province indicates that 334 

Baladeh station has a maximum wind speed of 7.78 m/s and an average monthly wind speed 335 

of 5.98 m/s in July. Wind speeds of more than 6 m/s are recorded at the station in about 7 336 

months of the year (April to October), especially in the warmer months. Consequently, year-337 

round wind speeds of more than 3 m/s at a height of 50 meters above the ground at Baladeh 338 

station could indicate the presence of suitable conditions for power plant instalisation and 339 

power extraction. These results are consistent with previous studies by Janbaz Ghobadi (2017), 340 

that Baladeh station has the highest wind power density in Mazandaran Province. After 341 

Baladeh, Kojoor, Pol-e Sefid, Amirabad, Siahbisheh, and Firoozkooh stations have better 342 

conditions for exploiting wind power potential than other stations with average monthly wind 343 

speed of more than 4 m/s. Especially, Kojoor, Pol-e Sefid, and Amirabad have wind speeds of 344 

more than 4 m/s in about 9 months of the year (February to October). Siahbisheh and 345 

Firoozkooh stations have wind speeds greater than 4 m/s in 6 and 5 months, respectively. The 346 

frequency of wind speeds of more than 4 m/s in the cold months of the year is a suitable feature 347 

for the construction of wind turbines at the above-mentioned stations. Moreover, the lowest 348 

winds with speeds of more than 3 m/s indicate the lack of suitable wind conditions and 349 

exploitation of wind power potential at Sari, Alasht, Ramsar, Galoogah, Gharakhil, Babolsar, 350 

and Amol stations (figure 9). 351 

 

https://dx.doi.org/10.30488/gps.2020.121201.2742
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 352 

Fig. 9. Map of the average annual wind speed of Mazandaran Province at a height of 50 meters above the ground 353 

 

4.4. Wind power density  354 

Wind power density (WPD) is the quantitative amount of wind energy available at a given 355 

location. In addition to wind speed, WPD also depends on the air density at the desired height 356 

relative to sea level, which is a function of atmospheric pressure and temperature. WPD relative 357 

to wind is an important feature in the introduction and comparison of power plants because air 358 

density decreases with increasing altitude and air molecules collide less. The wind density 359 

values of the stations calculated by equation 12 and presented in table 6 are considered as one 360 

of the parameters defining the degree of proportionality in the utilization of wind power 361 

potential. According to the data in the table also figure 10, Baladeh station has the highest wind 362 

energy density among the studied stations. This station has a wind energy density of 51 W/m2 363 

at a height of 10 m above the ground, 142 W/m2 at a height of 30 m above the ground and 228 364 

W/m2 at a height of 50 m above the ground during a statistical period. After the Baladeh station, 365 

Kojoor station has better conditions in terms of wind power density, with densities of 28, 79 366 

and 103 W/m2 at heights of 10, 30 and 50 m above the ground, respectively. Amirabad, 367 

Siahbisheh and Pol-e Sefid stations follow in Mazandaran Province in terms of wind power 368 

density. Sari station has the lowest wind power density calculated at 10, 30 and 50 m height 369 

with 4, 8 and 12 W/m2 respectively. Moreover, the WPD values at Alasht, Gharakhil, Ramsar 370 

and Amol stations are also low. 371 
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Table 6. The values of wind power density (W/m2) in Mazandaran Province meteorological synoptic stations at 372 

a height above the ground up to 100 m 373 

Hieght/ Station 10 20 30 40 50 60 70 80 90 100 

Alasht 7 13 20 26 32 37 43 49 55 60 

Amirabad 25 48 70 92 113 134 154 175 195 215 

Amol 10 19 28 36 45 53 61 69 77 85 

Babolsar 8 16 23 31 38 44 51 58 65 72 

Baladeh 51 97 142 185 228 270 312 353 394 435 

Firoozkooh 13 25 36 47 58 69 79 90 100 111 

Gagloogah 14 26 38 50 62 73 84 95 106 117 

Gharaakhil 7 14 21 27 33 39 45 51 57 63 

Kiasar 16 30 44 57 70 83 96 108 121 133 

Kojoor 28 54 79 103 126 150 173 196 218 241 

Nowshahr 11 21 31 40 50 59 68 77 86 95 

Pol-e Sefied 23 43 63 83 102 121 139 158 176 194 

Ramsar 8 15 22 29 35 42 48 54 61 67 

Sari 4 8 12 15 19 22 26 29 33 36 

Siahbisheh 23 44 63 83 102 121 140 158 176 195 

 

The study area is located in the lowest category in terms of wind power, namely category 1, 374 

according to the wind power classification and 7-category classification of the National 375 

Renewable Energy Laboratory of the USA (NREL). In the first category, the average annual 376 

wind speed is less than 4.4 m/s2 and the wind power density is less than 100 W/m2 at a height 377 

of 10 m. At a height of 50 m, the average annual wind speed is less than 5.6 m/s2 and the wind 378 

power density is less than 200 W/m2. Except Baladeh station, all stations in the study area 379 

belong to the first category (tables 5 and 6). Regarding Baladeh station, it is worth mentioning 380 

that the average wind speed at a height of 50 m above the ground is more than 5.6 m/s2 and the 381 

wind power density is more than 200 W/m2, which places it in the second category. However, 382 

with a height of 10 m above the ground, Baladeh station, like other stations in Mazandaran 383 

Province, belongs to the lowest category in terms of wind power (table 7).  384 

 

Table 7. Classification of Mazandaran Province meteorological synoptic stations based on wind power density 7-385 

category classification of the National Renewable Energy Laboratory of the USA (NREL) 386 

Station 

Height 10 m Height 50 m 

Average wind 

speed (m/s) 

Wind power 

density (W/m2) 

Wind power 

category 

Average wind 

speed (m/s) 

Wind power 

density (W/m2) 

Wind power 

category 

Alasht 1.57 7 

first 

2.58 32 

first 
Amirabad 2.81 25 4.64 113 

Amol 1.87 10 3.08 45 

Babolsar 1.84 8 3.04 38 

Baladeh 3.65 51 6.01 228 second 

Firoozkooh 2.47 13 4.07 58 

first 

Galoogah 1.81 14 2.98 62 
Gharakhil 1.82 7 3 33 

Kiasar 2.29 16 3.78 70 

Kojoor 2.86 28 4.71 126 

Nowshahr 2.18 11 3.59 50 

Pol-e Sefid 2.84 23 4.67 102 

Ramsar 1.81 8 2.97 35 
Sari 1.48 4 2.44 19 

Siahbisheh 2.48 23 4.08 102 
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 387 

Fig. 10. Plot of wind power density and its obtained energy based on the ground height in Mazandaran Province 388 

meteorological synoptic stations 389 

 

Based on the calculations of wind power density and comparison of annual isodensity maps of 390 

wind power at 10, 30 and 50 m above ground with the zones of wind speed maps, wind power 391 

density is directly dependent on wind speed. Moreover, the highest values of wind density are 392 

recorded at Baladeh, Kojoor, Amirabad, Pol-e Sefid, Siahbeisheh and Firoozkooh stations 393 

while the lowest values are found at Sari, Alasht, Gharakhil, Ramsar, Babolsar, Amol and 394 
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Nowshahr stations. Figure 11 shows the zonal map of wind power density of meteorological 395 

stations in Mazandaran Province. Baladeh station has a maximum wind power density of about 396 

51 W/m2 and wind speed of more than 4 m/s during 6 months of the year (especially in the 397 

warm months of June and July). Kojoor, Amirabad, Siahbisheh and Pol-e Sefid stations are in 398 

the next categories of wind power density in the province with 28, 25, 23 and 23 W/m2 399 

respectively. Sari, Alasht, Gharakhil, Ramsar and Babolsar stations have the lowest wind 400 

power density at 10 m height with 4, 7, 7, 8 and 8 W/m2 respectively in the studied statistical 401 

period (2006-2017). 402 

 

 403 

Fig. 11. Annual wind power density (WPD) of Mazandaran Province at a height of 10 meters above the ground 404 

 

Zonation of wind power density of stations in Mazandaran Province at a height of 30 m above 405 

the ground (figure 12) shows that Baladeh station has the highest value of wind power density 406 

(~140 W/m2) compared to the other stations in the province with wind speed more than 6 m/s 407 

in 7 months of the year. In addition, Kojoor, Pol-e Sefid, Amirabad and Siahbisheh stations 408 

have wind power density of 79, 70, 63 and 63 W/m2 respectively with more than 5 months of 409 

wind and speed more than 4 m/s in a year. On the other hand, Sari, Alasht, Gharakhil, Ramsar 410 

and Babolsar stations have wind power densities of 12, 20, 21, 22 and 23 W/m2 with wind 411 

speeds less than 3 m/s during most months of the year. From this point of view, they account 412 

for a relatively modest share of wind power generation from turbines in the province. 413 
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 414 

Fig. 12. Annual wind power density (WPD) of Mazandaran Province at a height of 30 meters above the ground 415 

 

According to the map of wind power density at 50 m above the ground (figure 13), Baladeh 416 

station has a wind power density of about 228 W/m2 with a wind speed of more than 5 m/s and 417 

the highest frequency of wind speed values in the range of 3 to 5 m/s. Baladeh station is in the 418 

second category (average) in terms of classification by turbine height and using the American 419 

Energy Union Wind Atlas. Moreover, the highest wind power density of up to 200 W/m2 is 420 

associated with the warm months of the year, which provide favorable conditions for turbine 421 

installation and power generation. Kojoor, Amirabad, Siahbisheh and Pol-e Sefid stations have 422 

wind power densities of 126, 113, 102 and 102 W/m2, respectively with wind speeds of about 423 

2 to 5 m/s. The lowest wind power densities are assigned to Sari, Alasht, Gharakhil, Ramsar 424 

and Babolsar stations with values of 19, 32, 33, 35 and 38 W/m2, respectively. 425 
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 426 

Fig. 13. Annual wind power density (WPD) of Mazandaran Province at a height of 50 meters above the ground 427 

 

4.5. Wind power extraction 428 

The amount of wind power that can be extracted by wind turbines depends not only on the 429 

speed and continuity of the wind but also on factors such as the efficiency of the turbine, the 430 

hub height, the rotor sweep height and blade radius. Currently, turbines with a capacity of 3 to 431 

5 MW are available in the world market. However, transportation and installation of these 432 

turbines require the use of special equipment and infrastructure. The turbines installed in Iran 433 

with Vestas technology from Denmark have a height of 40 m and a speed range of 4 to 25 m/s. 434 

Table 8 shows the results of the calculations of extractable wind power at a height of 40 m at 435 

each of the synoptic meteorological stations in Mazandaran Province. Baladeh station has the 436 

highest percentage of electrical energy in the province with an average annual wind power of 437 

58.4 kW, an annual produced electricity of about 511452 kWh/year and a network capacity of 438 

17.7% (table 8). Therefore, this area is a suitable place for the installation and construction of 439 

wind turbines in Mazandaran Province. Kojoor, Amirabad, Pol-e Sefid and Siahbisheh stations 440 

belong to the next categories of wind power potential. Due to lower wind speeds, Sari, Alasht, 441 

Gharakhil, Ramsar and Babolsar stations are not considered as suitable places for wind power 442 

extraction. Figure 14 shows the map of annual produced electrical energy of the stations in 443 

Mazandaran Province at a height of 40 m above the ground. 444 
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Table 8. Estimation of wind power and output energy production at a height of 40 meters in synoptic 445 

meteorological stations of Mazandaran Province by Enercon E33 / 330kW torbine 446 

Station Wind speed (m/s) Wind power (kW) 
Average of produced 

energy (kWh/yr) 

Network capacity 

(%) 

Alasht 2.41 7.1 62073 2.15 

Amirabad 4.33 30.8 269427 9.32 

Amol 2.87 11.1 97658 3.38 

Babolsar 2.83 9.4 82236 2.84 

Baladeh 5.6 58.4 511452 17.69 

Firoozkooh 3.8 15.5 136039 4.71 

Galoogah 2.78 14.3 125435 4.34 

Gharakhil 2.8 8.4 73549 2.54 

Kiasar 3.52 17 149047 5.16 

Kojoor 4.39 33.8 295763 10.23 

Nowshahr 3.35 12.9 112842 3.9 

Pol-e Sefid 4.36 27.3 239183 8.27 

Ramsar 2.77 8.8 77235 2.67 

Sari 2.28 4.4 38410 1.33 

Siahbisheh 3.8 25.2 220690 7.63 

 

 447 

Fig. 14. Zoning map of annual produced electrical energy in Mazandaran Province at a height of 40 meters above 448 

the ground 449 

 

4.6. Topography effect on wind variables 450 

To investigate the influence of topography on wind variables such as wind speed, continuity, 451 

and wind power density, the relationship between height and slope indicators was evaluated 452 
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with each of the aforementioned factors. Table 9 shows the Pearson correlation coefficient 453 

between wind variables and topographic indicators. The correlation coefficient between wind 454 

speed and altitude above sea level was 0.677, indicating a 95 percent positive correlation (P-455 

value 0.05). Accordingly, as the altitude of the meteorological stations in the province above 456 

sea level increases, the wind speed increases at a height of 10 meters above the ground. 457 

Considering this correlation coefficient, the effect of altitude on the change of wind speed is 458 

shown in equation 15 and figure 15. 459 

 

Table 9. Findings of Pearson correlation test of wind variables in synoptic meteorological stations of Mazandaran 460 

Province with altitude index 461 

Variable Correlation coefficient P-value 

Wind speed at a height of 10 meters 0.677 0.001 

Wind power density at a height of 10 meters 0.647 0.012 

Number of wind speed hours equal to or more than 3 m/s 0.392 0.165 

 

Eq. 15. 𝑤𝑖𝑛𝑑𝑠𝑝𝑒𝑒𝑑(𝑚/𝑠) = 0.0015 × 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛(𝑚) 
 462 

 463 

Fig. 15. Plot of wind speed at a height of 10 meters above ground with the synoptic meteorological stations altitude 464 

 

Examination of the spatial distribution of wind speed at different altitudes shows that as the 465 

altitude increases, the average wind speed also increases. This increase results in the average 466 

wind speed increasing from 2.05 m/s at altitudes less than 200 m to 2.91 m/s at altitudes above 467 

than 5000 m. The general trend of increase in wind speed with increasing altitude in 468 

Mazandaran Province is shown in table 10. 469 
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Table 10. Average wind speed at different altitudes of Mazandaran Province 470 

Altitude category (m) Average wind speed (m/s) 

< 200 2.05 

200 - 500 2.19 

500 - 1000 2.3 

1000 - 1500 2.35 

1500 - 2000 2.41 

2000 - 2500 2.52 

2500 - 3000 2.53 

3000 - 3500 2.66 

3500 - 4000 2.72 

4000 - 4500 2.72 

4500 - 5000 2.79 

5000 < 2.91 

 

The correlation coefficient between wind power density and altitude is 0.645, indicating 95% 471 

positive correlation (P-value 0.05). Thus, like wind speed, wind power density also increases 472 

with by increasing the altitude. Considering this correlation coefficient, equation 16 and figure 473 

16 show the influence of altitude variations on wind power density at the stations in 474 

Mazandaran Province. However, due to a P-value greater than 0.05, the correlation between 475 

wind hour continuity with a speed 3 m/s and more was not significant at 95% level. Therefore, 476 

changes in altitude have no significance effect on the continuity of wind hours. 477 

 

Eq. 16. 𝑤𝑖𝑛𝑑𝑝𝑜𝑤𝑒𝑟𝑑𝑒𝑛𝑠𝑖𝑡𝑦(𝑤/𝑚2) = 0.0149 × 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛(𝑚) 
 478 

 479 

Fig. 16. Plot of wind power density at a height of 10 meters above ground with the synoptic meteorological 480 

stations altitude 481 

 

Table 11 shows the correlation coefficients of the wind speed variable, continuity of wind hours 482 

with speeds greater than 3 m/s, and wind power density with the slope index. According to P-483 
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values greater than 0.05, none of the wind variables is correlated with the slope index. 484 

Therefore, changes in the slope values have no noticeable effect on the wind variables and the 485 

correlation between them cannot be investigated. 486 

 

Table 11. Findings of Pearson correlation test of wind variables in synoptic meteorological stations of 487 

Mazandaran Province with slope index 488 

Variable Correlation coefficient P-value 

Wind speed at a height of 10 meters 0.374 0.188 

Wind power density at a height of 10 meters 0.326 0.255 

Number of wind speed hours equal to or more than 3 m/s 0.124 0.674 

 

Table 12 shows the correlation coefficients of the wind speed variables, the continuity of wind 489 

hours with speeds greater than 3 m/s and the wind power density with the hillslope aspect 490 

index. After P-values greater than 0.05, among the wind variables, only the number of hours 491 

of wind with speeds greater than 3 m/s shows a strong positive correlation with the hillslope 492 

aspect. Thus, changes in the aspect of hillslopes have a discernible effect on the continuity of 493 

wind hours with speeds greater than 3 m/s at the 95% confidence level (P-value = 0.039), 494 

indicating that the hillslope aspect variable affects the number of wind hours with high speeds 495 

in the region. 496 

 

Table 12. Findings of Pearson correlation test of wind variables in synoptic meteorological stations of 497 

Mazandaran Province with hillslope aspect index 498 

Variable Correlation coefficient P-value 

Wind speed at a height of 10 meters 0.38 0.18 

Wind power density at a height of 10 meters 0.278 0.335 

Number of wind speed hours equal to or more than 3 m/s 0.499 0.039 

 

Considering this correlation coefficient, the effect of the hillslope aspect on the continuity 499 

variations of the number of wind hours with speeds greater than 3 m/s at the stations of 500 

Mazandaran Province is shown in equation 17 and figure 17. This effect results in the 501 

maximum number of wind hours with speeds greater than 3 m/s occurring in the southwestern 502 

hillslopes with 2950 hours. The southern and southeastern hillslopes, with 2897 and 2740 503 

hours, respectively, are in the next categories with the highest number of wind hours with the 504 

minimum suitable speed threshold for wind turbine operation and installation. Hillslopes with 505 

no direction (flat) and those with northwestern direction, with 2336 and 2628 hours, 506 

respectively, have the least wind speeds greater than 3 m/s, (table 13). The correlation between 507 

the wind speed and density variables with the hillslope aspect index cannot be investigated 508 

because there is no meaningful correlation between them. 509 
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 510 

Fig. 17. Plot of the number of wind hours with speeds greater than 3 m/s at the stations of Mazandaran Province 511 

with hillslope aspect index 512 

 

Eq. 17. 𝑤𝑖𝑛𝑑𝑠𝑝𝑒𝑒𝑑ℎ𝑜𝑢𝑟𝑠 = 16.629 × 𝑎𝑠𝑝𝑒𝑐𝑡 
 

Table 13. The number of wind hours with speeds greater than 3 m/s at the stations of Mazandaran Province at 513 

different hillslope aspect 514 

Hillslope aspect Number of wind speed hours equal to or more than 3 m/s 

Flat 2336 

North 2690 

Northeast 2718 

East 2656 

Southeast 2740 

South 2897 

Southwest 2950 

West 2732 

Northwest 2629 

 

5. Conclusion 515 

Among renewable energy sources, the use of solar and wind energy seems to be more 516 

economical and cost-benefit in Iran. Due to the high cost of converting solar rays into electrical 517 

energy, several countries around the world, including Iran, have turned their attention to wind 518 

energy. Given the enormous resources needed to generate one kilowatt of electricity, the 519 

question is what should be done to reduce consumption and provide cheaper energy. Wind 520 

energy is one of the most cost-benefit renewable energy sources for power generation, which 521 

is not only polluting the environment and being abundant and permanent, but also has the 522 

lowest price fluctuations. The objective of the study was to determine the spatial capability of 523 

wind power in Mazandaran Province, with emphasis on topography. With the increase of 524 

altitude of meteorological stations of the province, the wind speed and power density of the 525 
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station increases at a height of 10 meters above the ground. Although there is no significant 526 

correlation between the number of wind speed hours equal to or more than 3 m/s and it cannot 527 

be assumed that variations in altitude affect wind hour continuity values. Examination of the 528 

spatial distribution of wind speed with increasing the altitude showed that the average wind 529 

speed increases from from 2.05 m/s in the altitude less than 200 m to 2.91 m/s in the altitude 530 

above 5000 m. The effect of the hillslope aspect on the changes in the number of the continuity 531 

wind hours with a speed greater than 3 m/s in Mazandaran Province, is such that its maximum 532 

value occurs in southwestern hillslope with 2950 hours. This may be influenced by the general 533 

pattern of air current in the region, where west and southwest winds are considered to be the 534 

prevailing winds at all seasons of the year and during most months of the year. The western, 535 

coastal strip, as well as the plain areas of Mazandaran Province have poor wind continuity 536 

conditions, which are a minimum threshold for wind turbine installation. The foothills and 537 

highlands, on the other hand, are in a relatively favorable position in terms of the persistence 538 

of winds with speeds of 3 m/s or more. The mountainous and highland areas in Noor Township 539 

are generally considered the best locations for wind turbine installation. The maximum wind 540 

speed occurs at different heights above the ground, in the southern and high parts of Noor, 541 

Amol, Nowshahr, Savadkooh and to some extent in Chaloos, with the highest wind speed in 542 

the southern parts of Noor. The plains and coastal areas of Mazandaran Province, particularly 543 

the townships of Jooybar, Babolsar, Mahmoudabad, Sari, Ghaemshahr, the north of 544 

Savadkooh, Babol, Amol and the western parts of Ramsar and Tonekabon, and the eastern parts 545 

of Behshahr and Neka, have the lowest average annual wind speed. 546 
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