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To address the issue of extrapolation inaccuracy when the hub height of offshorewind turbines exceeds the measurement height of meteorological masts, thisstudy proposes an offshore wind profile model based on neutral equivalent windspeed by comprehensively considering the Monin-Obukhov similarity theory andsea surface dynamic roughness. First, the effects of wind shear exponent, atmo-spheric stability, and turbulence intensity on offshore wind resources were inves-tigated. Then, the proposed model was validated using measurement data froman offshore meteorological mast in Dalian. Compared with traditional extrapo-lation methods, the model yields annual average wind speed and wind powerdensity at hub height that are closer to measured values, with root mean squareerror and mean absolute error of wind speed being 0.43 m/s and 0.28 m/s re-spectively. Moreover, the model effectively reflects the influence of sea surfacedynamic roughness and atmospheric stability variations on vertical wind speeddistribution, overcoming the limitations of conventional wind shear power law.This provides a scientific basis for offshore wind resource assessment and prelim-inary planning of wind farms.Keywords:atmospheric stability; wind speed of hub height; extrapolation; wind re-source assessment

1. Introduction
China possesses abundant and stable offshore wind resources, with the added advantage of prox-imity to major load centers and minimal land occupation requirements[4]. These favorable conditionshave positioned offshore wind power as a key focus area in China’s renewable energy developmentin recent years. However, the feasibility assessment of such projects remains challenging due to twoprimary factors: the complex meteorological characteristics of offshore wind patterns and the currentdevelopmental stage of evaluation technologies[10]. Consequently, enhancing the accuracy of off-shore wind resource assessment has become crucial for mitigating investment risks in offshore windprojects while strengthening their core competitiveness.The underlying surface of the marine atmospheric boundary layer is the complex sea surface, andthe study of parameterized models of ocean surface conditions is helpful to understand the physicalprocesses of the offshore atmospheric boundary layer in depth, so as to improve the accuracy of off-
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shore wind resource assessment. Charnock[2] and Smith[13] first proposed a parameterized modelof ocean surface roughness, and established a linear model between friction velocity and roughness.Literature[1] studied the influence of different sea surface dynamic roughness parameterized modelson the numerical simulation of vertical profiles of meteorological elements such as wind and tempera-ture. Atmospheric stability is an important factor affecting the distribution of offshore wind resources.Literature[12] studied the influence of atmospheric stability on the spatial and temporal distributionof wind resources. Literature[17] analyzed and compared the applicability of different classificationstandards of atmospheric stability to the calculation of wind shear index in coastal areas, and reachedthe conclusion that there is a high correlation between wind shear index and atmospheric stability.Literature[6] found that atmospheric stability has a great influence on wind farm power output ac-cording to modeling of wind farms. In Literature[18], the characteristics of turbulence intensity in thenorth coast of Bohai Bay were analyzed based on the observation data of wind tower, and sugges-tions for adjusting anti-turbulence parameters of wind turbines were put forward. However, whenstudying the characteristics of offshore wind resources in the above literatures, a single parameteris used to describe them, and some studies directly use the parameterized model of sea surface dy-namic roughness to fit the offshore wind profile, ignoring the assumption that the atmosphere in themodel is always in neutral stratification. In fact, the state of the ocean surface changes all the time,and the period of atmospheric neutral stratification rarely occurs. This approximation method willbring errors in wind resource assessment, resulting in the deviation between the design value of thewhole field power generation and the actual operating value[9]. This paper introduces the concept ofneutral equivalent wind speed, which converts the instantaneous wind speeds under both stable andunstable atmospheric conditions into equivalent wind speeds under neutral conditions, combining M-O similarity theory and kinetics of ocean surface roughness parametric model to describe the verticaldistribution of the offshore wind resources, to enhance offshore wind resource assessment accuracy,reduction of offshore wind power project investment risk.
2. Research on offshore wind resource assessment parameters and
models

2.1 Atmospheric stability parameter model

Both Monin-Obukhov length L and Gradient Richardson number Ri are parameters of atmo-spheric stability. The gradient Richardson number is calculated with the discrete data obtained fromactual observations as follows [5]:
Ri =
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Where, z1z2 is different heights, ∆T is the absolute temperature difference between two heights,

Γd is the dry adiabatic temperature reduction rate, ∆ū is the wind speed difference between twoheights, and T̄ is the average absolute temperature of two heights.
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2.2 Parametric model of friction velocity

Friction velocity is an important factor when studying the interaction between ocean and atmo-sphere, and , it can be obtained based on the Reynolds stress relationship by using the average wind
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speed at the height of 10 m and drag coefficient[15, 16, 19]:
u2∗ = CdU

2
10 (3)

The drag coefficient determines the momentum transfer rate between the atmosphere and ocean,which varies with the wind speed, and is related to the surface roughness and atmospheric stability[3]. The parameterized model of drag coefficient considered in this paper is Largeand Pond model[8]:
Cd =


1.2× 10−3, 0 < U10 ≤ 11 m/s
(0.49 + 0.065U10)× 10−3, 11 < U10 < 25 m/s
2.1× 10−3, U10 ≥ 25 m/s

(4)

2.3 Parametric model of ocean surface dynamic roughness

Charnock[2] first proposed the relationship between sea surface roughness and friction velocity:
z0 = α

u2∗
g

(5)
Where, α = 0.0185. Charnock model has been widely used, and subsequent studies on parameter-ization schemes are basically carried out on this basis. Smith[13] adds the influence of smooth seasurface current to the Charnock model:

z0 = α
u2∗
g

+ 0.1
v

u∗
(6)

Charnock model is adopted in this paper for it can simulate the physical process of the maritimeboundary layer well.
2.4 Wind profile model at different levels of stability

The integral form of flux-profile relationship of wind speed near the surface layer obtained by theMonin-Obukhov similarity theory is as follows:
u(z) =

u∗
k

(
ln
z

z0
− ψm

)
(7)

Where, ψm is the correction function of wind profile stability, z0 is the ocean surface dynamicroughness, u∗ is the friction velocity, k is the von Karman coefficient, 0.4.
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Among, x =
(
1− 16z

L

)1/4.
3. Offshore wind profile model based on neutral equivalent wind
speed

Both the existing parameterized model of sea surface dynamic roughness and wind resource as-sessment software assume that the atmosphere always keep neutral state due to the limitation of
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modeling difficulty and calculation speed, which limits the further improvement of assessment ac-curacy to some extent[7]. At present, the hub height of onshore wind turbines even has exceeded160 meters, which is higher than the wind mast height, and the consequence is that hub height windspeed has to be extrapolated from measurement height at the wind resource assessment stage. Forthe above reasons, in order to satisfy the assumptions of some models and evaluation software on theatmospheric state, an offshore wind profile model based on neutral equivalent wind speed is proposedin this paper.
3.1 Offshore wind profile model based on neutral equivalent wind speed

Assume uzn is the wind speed at wind measurement height z under neutral condition, then:
uzn =

u∗
k

ln
z

z0
(9)

Joint Equation (7) and (9),
uzn = u(z) +

u∗
k
ψm (10)

Where, u(z) is the measured wind speed at the wind measurement height z, andψm is the stabilityfunction.Considering the convenience of calculation and data availability, this paper with two layers by thewind speed, temperature data calculation gradient Richardson number and mo the length, judge theatmospheric stability classification and time by time ψm into Equation (10), the time into the neutralequivalent wind speed, the equivalent wind speed of the neutral equivalent transformation by time,can satisfy some model and the evaluation software assumption of the atmospheric state.It is assumed that u1n is the equivalent wind speed under neutral state corresponding to height
z1, and z2, u2 are respectively the hub height and corresponding wind speed which need to be ex-trapolated. Since the equivalent transformation of wind speed at lower height layer has been done,logarithmic rate under neutral state is used for extrapolation in this paper, namely:

u2 =
u1n (ln z2 − ln z0)

ln z1 − ln z0
(11)

Joint Equation (10),
u2 =

(
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k
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)
(ln z2 − ln z0)

ln z1 − ln z0
(12)

In the above formula, z0 adopts Charnock model, that is:
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∗
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(13)
Equation (13) is the offshore wind profile model based on neutral equivalent wind speed. As thewind speed at the height z1 adopts the neutral equivalent wind speed, the atmospheric state andthe dynamic roughness of the sea surface have been considered as the factors at the lower heightlayer, so the extrapolated wind speed at the height is close to the actual state. Compared with themethod of extrapolating hub height wind speed directly using the lower height wind speed, the modelcomprehensively considers the influence of atmospheric stability and sea surface dynamic roughnesson the offshore wind profile, and the result is more close to the actual situation, which reduces thecalculation error caused by extrapolation. Fig. 1 is the flow chart of the offshore wind profile modelbased on neutral equivalent wind speed.
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Fig. 1. Flow chart of proposed model
3.2 Model evaluation index

In practical application, root mean square error(RMSE) and mean absolute error(MAE) can beused to measure the deviation between the predicted value and the true value. Therefore, these twoindexes are used in this example to evaluate the accuracy of the model. The calculation formula is asfollows:
RMSE =

√∑n
i=1 (vreal,i − vettrapolation,i)

2

n
(14)

MAE =
1

n

n∑
i=1

|vreal,i − vextrapolation,i| (15)
Where, vreal,i is the measured wind speed value for the first time, vextrapolation,i is the extrapolatedwind speed value for the second time, and n is the total number of measurements.

4. Case analysis

4.1 Offshore mast information

The wind mast data of an offshore wind farm in China is taken as an example to verify the offshorewind profile model based on neutral equivalent wind speed proposed in this paper. The wind toweris located near Da Nan Island in the north of the Yellow Sea. The data collection time series is fromJanuary 1th, 2016 to December 31th, 2016, and the sampling period is 10min. The data includes themean, maximum, minimum, and variance within each channel. The integrity rate of the original datais reaching more than 95%. According to the national standard GB/T18710-2002 and the industry
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standard NB/T 31147-2018, the integrity rate reaches 100% after data interpolation. Tab.1 shows thebasic information of the wind tower.
Table 1Information of wind mast

Variable Value
Latitude 39◦35′NLongitude 123◦19′EStart date 2016/1/1 00 : 00End date 2016/12/31 23 : 50Length of time step 10 minutesMean temperature 10.2◦CMean air density 1.232 kg/m3

Power law exponent 0.0532

4.2 Distribution of offshore wind resources

4.2.1 Atmospheric stability parameters and classification

Atmospheric stability is the main thermal factor that causes the vertical variation of wind speed.According to Equation (1) and (2), the hourly gradient Richardson number and Monin-Obkhov lengthare calculated, and the atmospheric state is classified by using the classification standard in Tab.2.
Table 2Standard of atmospheric stability classification

Stability L

Unstable −500 ≤ L < 0Neutral L > |500|Stable 0 < L ≤ 500

The classification of atmospheric state is counted in order to verify the accuracy of the classificationof atmospheric stability and ensure the accuracy of extrapolation. Fig. 2 shows the hourly classifica-tion of atmospheric stability, and Fig. 3 shows the classification of atmospheric stability in differentseasons. It can be seen that the proportion of neutral state is not high at any time scale. In Fig.1, theproportion of unstable condition at noon and stable condition at night are higher than that at othertimes. Generally speaking, the proportion of unstable state in the atmosphere is larger throughoutthe year.In general, the temperature in the surface layer decreases with the increase of height, and thephenomenon that the temperature increases with the increase of height is called temperature inver-sion. An inversion layer can form over the sea when warmer air from land flows in advection overthe cooler sea. The existence of inversion layer prevents the vertical movement of airflow and keepsthe atmosphere in a stable state, and the thicker the inversion layer, the greater the influence. Thestable state proportion is significantly higher than other seasons in Fig.3. The moment of temperatureinversion phenomenon occurring in the distribution of each season has been counted up in Tab.3 toanalysis the reason for the above phenomenon. The result show that the temperature inversion phe-nomenon in spring is significantly higher than other seasons, which indicates that higher percentage
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of stable condition in spring may be caused by the temperature inversion phenomenon, and showsthat the atmospheric stability classification is accurate.
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Fig. 2. Classification of atmosphericstability by hour

S p r i n g S u m m e r A u t u m n W i n t e r T h e  w h o l e  y e a r0

2 0

4 0

6 0

8 0

1 0 0

Fre
qu

en
cy 

(%
)

S e a s o n

 U n s t a b l e
 N e u t r a l
 S t a b l e

Fig. 3. Classification of atmosphericstability by season
Table 3Proportion of temperature inversion
Season Spring Summer Autumn Winter The whole year

Proportion 7.85% 3.08% 1.20% 3.22% 15.35%
Fig. 4 and Fig. 5 show measured wind speed at different heights and wind speed correlationanalysis at 70 m and 90 m respectively. As can be seen from Fig. 4, the wind speed at 10 metersis significantly different from that at other heights, and the wind speed difference at other heights,especially above 60 meters, is small. It can be seen that the change of offshore wind energy resourceswith height is small. This law also indicates that when extrapolating the wind speed, the wind speedof the near altitude layer should be taken as the reference wind speed as far as possible. Fig.5 is thecorrelation of wind speed between the reference height of 70 meters and the extrapolation height of90 meters to be adopted in this paper.
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4.2.2 Wind shear exponent

Wind shear exponent reflects the variation of wind speed with the increase of height, which causedby turbulence viscosity and underlying surface friction. It is an important basis for determining thetype selection and hub height of wind turbines in wind farms.The wind shear exponent of different height intervals has been calculated and shown in Fig. 6. Theaverage wind shear exponent of the whole wind farm is 0.0532, which is significantly lower than mostvalues of onshore wind farms. The vertical wind shear exponent variation trends remained consistentacross different height layers, though negative shear occurred at certain altitudes during Decemberand January. Due to stable atmospheric conditions, significant discrepancies in wind shear exponentswere observed between altitude levels.
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Fig. 6. Wind shear exponent at different height interval

4.2.3 Turbulence intensity

Turbulence intensity is the magnitude of random variation of wind speed within 10min, reflectingthe fluctuation of wind speed[14]. There are two main reasons for turbulence. One is the friction orretardation of sea surface roughness during airflow, and the other is the vertical movement of airflowcaused by the difference between air density and atmospheric temperature[11]. These two reasonsexactly correspond to the influence of sea surface dynamic roughness and atmospheric stability. Fig. 7shows the wind profiles under different atmospheric stability and Fig. 8 shows the turbulence intensityunder different atmospheric stability.
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The annual average wind speed and annual average turbulence intensity of the wind farm of 90mare 6.122m/s and 0.108, respectively. It can be seen from Fig. 7 and Fig. 8 that atmospheric stabilityaffects the vertical distribution of wind speed and turbulence intensity. In summary, the variation ofwind speed and turbulence intensity with height is opposite, and both are affected by atmospheric sta-bility. Under the stable condition, the change of turbulence intensity is not completely consistent withthe change rule that the higher the height is, the smaller the turbulence intensity is because of the lessvertical exchange between the layers. The vertical distribution of wind speed and turbulence intensityunder neutral condition is closest to the annual average level, which is the basis for traditional windresource assessment to assume that atmospheric state is neutral. However, in order to further im-prove the economy and stability of wind power project landing, the influence of atmospheric stabilityon various parameters of wind resource assessment should be fully considered.
4.3 Model calculation results

In order to verify the practical application effect of the offshore wind profile model based on theneutral equivalent wind speed proposed in this paper, two methods were used to extrapolate the windspeed at the hub height respectively, and compared with the actual wind speed at the hub height.The accuracy of the different methods was evaluated by the selected evaluation indexes, and the hubheight was set as 90m and the wind speed was extrapolated from 70m.Method 1: The conventional extrapolation approach in wind resource assessment, that applies thesite-wide average wind shear exponent to extrapolate hub-height wind speed.Method 2: The offshore wind profile model based on neutral equivalent wind speed (as proposedin this study) is employed for hub-height wind speed extrapolation.Tab.4 shows the average wind speed obtained by the two methods respectively and the Weibulldistribution parameters of wind speed fitted by the least square method. Fig.9 show the root meansquare error and mean absolute error of wind speed and wind power density.
Table 4Offshore wind resource parameters by different extrapolations

Mean windspeed (m/s) Wind powerdensity (w/m²) Shape parameter k Scale parameter
Method 1 6.085 282.0 2.013 6.812Method 2 6.092 287.0 1.998 6.815Measured 6.123 287.8 1.984 6.856

As can be seen from the data in Tab.4, the annual average wind speed extrapolated from Method1 and Method 2 is close to the measured value, while that from Method 2 is closer, but the differenceis small. Method 2 advantage is mainly manifested in the wind power density and the calculationof the wind speed distribution parameters, compared with the annual average wind speed, method2 average wind power density is calculated and measured values fitting degree is higher, and in theoffshore wind farm capacity calculation, the wind power density is the more important factor, so themethod 2 can be well simulated sea wind vertical distribution of resources. The main reason for theunsatisfactory result of method 1 is that the effect of atmospheric stability and sea surface dynamicroughness is ignored by the whole-field mean wind shear exponent.As evidenced in Fig.9, the proposed neutral equivalent wind speed-based offshore wind profilemodel demonstrates superior accuracy in hub-height wind speed extrapolation compared to conven-tional methods. Both the time-series RMSE and MAE metrics for wind speed and wind power densityare consistently lower than those of Method 1. Specifically, the annual average RMSE and MAE for
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wind speed reach 0.43 m/s and 0.28 m/s respectively, indicating closer alignment with measured val-ues than traditional approaches.
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Fig. 9. RMSE and MAE of wind speed and wind power density
These results confirm that the neutral equivalent wind speed model achieves optimal computa-tional performance in practical extrapolation scenarios, establishing a reliable reference frameworkfor enhanced precision in offshore wind resource assessment.

5. Conclusions
Aiming at the problem that the hub height of offshore wind turbine is higher than the height ofwind tower and the extrapolation accuracy is difficult to guarantee, based on the actual wind measure-ment data of offshore wind tower, the evaluation parameters and model of offshore wind resourcesare comprehensively analyzed and studied, and the offshore wind profile model based on neutralequivalent wind speed is proposed, and the following conclusions are drawn:1) The characteristics of offshore wind resources are obviously different from those of onshore windresources, mainly manifested in high average wind speed, low wind shear, and continuous change ofocean surface dynamic roughness. Therefore, the research method of temporal and spatial distribu-tion of onshore wind resources is not applicable to offshore, and it is not suitable to use onshore windshear model to fit offshore wind profiles.2) In the offshore wind measurement stage, in addition to measuring the wind speed and directionat different heights, the temperature at least two altitude levels should also be measured to calculatethe atmospheric stability parameters and improve the accuracy of wind resource assessment.3) The atmospheric state is changing all the time, and the proportion of neutral state is small. Theproportion of temperature inversion will also affect the distribution of atmospheric stability, and then
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affect the distribution of offshore wind resources.4) An offshore wind profile model based on neutral equivalent wind speed is proposed. The rootmean square error and mean absolute error of extrapolated hub height are 0.43m/s and 0.28m/s,respectively, which are lower than the traditional extrapolation method, and provide a reference forthe practical application of wind resource assessment engineering.
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