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Chapter 7

Vertical wind speed profiles in
atmospheric boundary layer flows

Sukanta Basu
Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, the Netherlands

7.1 Introduction

The vertical profile of wind speed, extending up to a few hundreds of meters above ground or sea level, is a critical

meteorological variable for several application arenas, including (but not limited to) wind resource assessments [1,2],

wind engineering [3,4], air pollutant dispersion [5,6], aviation [7], and bird migration studies [8]. Such profiles are typi-

cally measured by tall meteorological masts, sodars, lidars, wind profilers, aircraft, balloons, and kites [9�13]. Given

the high cost of the instruments/infrastructures and other logistical issues, in general, there is a dearth of tall wind pro-

file measurements around the world. In the absence of observational wind data, high-resolution atmospheric models

(e.g., mesoscale models) are often utilized to generate synthetic wind data. Even though this numerical approach has

been showing significant promise, there is room for improvement in terms of increasing the accuracy and reliability of

the simulated wind data. In the absence of either observed or reliable atmospheric model-generated wind profiles, a

wide range of similarity theory-based and empirical equations of varying complexity have been proposed as viable

alternatives for wind profile estimations. These equations utilize near ground/sea level wind data (either measured by

automated weather stations, mesonets, ocean buoys, or estimated via satellite remote-sensing) and other ancillary data

to estimate winds at higher altitudes.

In this chapter, we first provide some examples of vertical wind speed profiles based on field observations from

around the world. These examples provide a glimpse into the diversity of wind speed profiles in our atmosphere. Next,

we discuss various similarity theory-based and empirical wind profile equations. None of these profiles are generic in

nature; rather they are only applicable for specific atmospheric conditions (e.g., neutral stability), suitable for specific

locations (e.g., surface layer), or only valid for certain phenomena (e.g., hurricane). Throughout this chapter, we provide

numerous illustrative examples from offshore wind energy literature.

7.2 Diversity of wind speed profiles

Wind speed profiles in the atmospheric boundary layer (ABL; the lowest part of our atmosphere) exhibit a myriad of

shapes. Sometimes the profiles are approximately logarithmic in nature; other times they can portray somewhat linear

trends. There are specific meteorological conditions when wind speeds are more-or-less uniform with height. Certain

other conditions can promote “jet” shapes with low-level wind maxima. Some of these shapes can be seen in Fig. 7.1.

The well-known “Leipzig wind profile” is shown in the left panel of Fig. 7.1. The wind data were measured by

Mildner [14] using pilot-balloons more than ninety years ago. This specific profile played a pivotal role in early ABL

studies (e.g., [15]). Two wind profiles from the well-known Wangara field campaign [16] are documented in the middle

and right panels of Fig. 7.1. This campaign was conducted in July and August of 1967 at Hay, Australia [16]. The land-

scape was flat and almost homogeneous. Given the ideal site condition, the observed wind profiles and other meteoro-

logical data have been used for model validation over the years (see [17] and the references therein). The middle panel

of Fig. 7.1 represents a daytime unstable condition. Due to strong turbulent mixing, the wind profile is close to being

uniform with height. In contrast, the right panel of Fig. 7.1 shows the presence of a low-level jet (LLJ); the nose of the
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LLJ is around 200 m above ground level. This profile was measured during nighttime stably stratified condition. Under

such a scenario, turbulent mixing is weak and various atmospheric layers can be partially decoupled from each other

and from the underlying surface. As a result, a low-level wind maximum can form; the physical mechanism associated

with this phenomenon is called inertial oscillation. More information on LLJs can be found in standard textbooks of

ABL (e.g., [18,19]).

A few years ago, Peña et al. [20] attempted to identify canonical wind profiles measured at a coastal onshore loca-

tion in Denmark. Based on visual inspection, they identified ten different shapes from an extensive observational data-

base composed of sonic anemometers and lidar measurements. Instead of laborious manual identification, Durán et al.

[21] proposed an automated wind profile classification approach by using self-organizing feature maps [22]. The readers

are encouraged to peruse Peña et al. [20] and Durán et al. [21] to appreciate the diversity of wind profiles.

At present, only atmospheric models [23] with appropriate physical parameterizations [24] have the ability to cap-

ture the rich diversity of wind profiles. However, these models are computationally expensive and often suffer from dif-

ferent biases and errors. Instead, for certain applications, one can make use of similarity theory-based and/or empirical

equations. In the following section, we delve into various types of similarity theories.

7.3 Similarity theory

Arya [5] defined similarity theory in a succinct manner:

A similarity theory, based on dimensional analysis, provides a means of grouping the variables into some dimensionless simi-

larity parameters and organizing the experimental data in the most efficient manner to derive universal similarity

relationships.

In the ABL literature, a wide range of similarity theories have been proposed over the past century (see [9,18,19]).

We only discuss the ones which are relevant for wind energy applications.

7.3.1 Logarithmic law of the wall

The logarithmic law of the wall (henceforth ΠLOG) is quite often used in wind energy applications:

U5
u�
κ
ln

z

z3

� �
; (7.1)

FIGURE 7.1 Observed wind profiles at Leipzig, Germany (left panel) and at Wangara, Australia (middle and right panels).
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where z3 is the so-called aerodynamic roughness length. Surface friction velocity is represented by u�. von Kármán con-

stant is denoted by κ. Eq. (7.1) could be re-written as follows:

UH

Ur

5
ln H

z3

� �

ln zr
z3

� � ; (7.2)

where Ur is the reference (or measured) wind speed at a given height (zr), UH is the estimated wind speed at hub-height

(H).

ΠLOG has a firm physical basis. It can be derived by a dimensional analysis as well as by more formal approaches

(e.g., Millikan’s approach). In theory, ΠLOG is only applicable in the surface layer1 for neutrally stratified atmospheric

conditions (the regime where the buoyancy effects are virtually insignificant). However, in various wind resource

assessment projects, ΠLOG has been (quite inappropriately) utilized for the extrapolation of nonneutral (aka diabatic)

wind speed profiles.

For example, Pimenta et al. [25] created an offshore wind map (H5 80mÞ of southeastern Brazil by extrapolat-

ing satellite remote-sensing (QuikSCAT)-based wind data using ΠLOG (Fig. 7.2). Even though this wind map shows

heterogeneous spatial distribution of wind speeds, the omission of atmospheric stability makes this wind map less

than useful.

FIGURE 7.2 Offshore wind

resource map of southeastern

Brazil. This map was created by

extrapolating QuikSCAT wind data

using ΠLOG with z3 5 0.2 mm.

Dates: August 1999�June 2007.

Reproduced with permission from

Pimenta F, Kemptona W, Garvinea

R. Combining meteorological sta-

tions and satellite data to evaluate

the offshore wind power resource

of Southeastern Brazil. Renew

Energy 2008;33:2375�87.

1. The lowest part of the ABL is called the surface layer. In this layer, the Coriolis effects can be neglected. Turbulent fluxes of momentum, heat,

moisture, and other scalars are assumed to be invariant with height in the surface layer.
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7.3.2 Monin�Obukhov similarity theory

Differentiating Eq. (7.1) with respect to z leads to the following equation:

κz
u�

� �
@U

@z

� �
5 1: (7.3)

This equation is only valid for neutrally stratified conditions. For nonneutral cases, based on dimensional analysis,

Monin and Obukhov [26] hypothesized that:

κz
u�

� �
@U

@z

� �
5φm

z

L

� �
; (7.4)

where L is the Obukhov length [18,19]. The ratio z=L is called the stability parameter (ζ). The function φm is commonly

known as the gradient stability function. By definition, φmð0Þ equals to 1 (neutral condition).

The exact form of φm
z
L

� �
cannot be derived solely based on a dimensional analysis; rather, observational (or simu-

lated by high-fidelity models) datasets are needed to derive these functions. In the literature, numerous φm
z
L

� �
functions

have been proposed; please refer to Table 3 of Ref. [27] for some examples.

Eq. (7.4) can be integrated to yield:

U5
u�
k

ln
z

z3

� �
2ψm

z

L
;
z3

L

� �� 	
; (7.5)

where ψm
z
L
; z3
L

� �
5

Ð z=L
z3=L

12φm ζð Þ
ζ dζ and ζ5 z

L
. The function ψm is widely known as the stability correction term. In this

chapter, Eq. (7.5) will be referred to as ΠMO. It can be re-written as follows:

UH

Ur

5
ln H

z3

� �
2ψm

H
L
; z3
L

� �
ln zr

z3

� �
2ψm

zr
L
; z3
L

� � : (7.6)

Since z3{zr ,H, it is a common practice to neglect the effect of roughness in the stability correction terms. In other

words, Eq. (7.6) can be simplified to:

UH

Ur

5
ln H

z3

� �
2ψm

H
L

� �
ln zr

z3

� �
2ψm

zr
L

� � : (7.7)

By convention, the stability correction terms (ψm) are “subtracted” from the log-law. Thus, with respect to the neu-

tral condition, the wind speeds are supposed to increase (decrease) for stable (unstable) conditions. Several formulations

for ψm exists in the literature akin to φm functions. For example, Barthelmie [28] and Holtslag et al. [29] utilized the

so-called Businger-Dyer correction terms [30�32]:

ψm 5 2
5z

L
; for

z

L
$ 0 (7.8a)

ψm 5 2 ln
11 x

2

� �
1 ln

11 x2

2

� �
2 2 tan21x1

π
2
;

for
z

L
# 0

(7.8b)

where

x5 12
16z

L

� �1=4

:

It should be noted that Monin-Obukhov Similarity Theory (MOST, ΠMO) is strictly valid in the surface layer. For

typical stably stratified conditions (i.e., z
L
$ 0), hub-heights of 100�150 m are much higher than the top of the surface

layer. Under this scenario, the applicability of ΠMO; Eqs. (7.4�7.7), is highly questionable.

Holtslag et al. [29] analyzed offshore wind data from the Ijmuiden tower in the North Sea (close to the Dutch coast-

line). They plotted the ratio U92=U58 as a function of the stability parameter (z=LÞ; see Fig. 7.3. In addition to the
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Businger-Dyer functions [i.e., Eqs. (7.8a) and (7.8b)], they overlaid other empirical stability correction formulations.

For example, the ψm function proposed by Beljaars and Holtslag [33] was invoked. Based on Fig. 7.3, one can conclude

that for unstable conditions, the scatter of the observed data is marginal. More importantly, all the empirical formula-

tions are more-or-less in-line with the observations. However, for stable conditions, the scatter increases tremendously.

The empirical formulations performed reasonably well for weakly stable conditions; however, they were not able to

capture the observed decrease of wind shear for very stable conditions.

Capps and Zender [34] compared ΠLOG and ΠMO for the estimation of the global ocean wind energy at 80 m above

sea level. They used QuikSCAT-based 10 m wind data and other data sources (e.g., NCEP-DOE AMIP-II Reanalysis).

In Fig. 7.4, Uð80mÞΠMO
2Uð80mÞΠLOG

values are shown for eastern North America. The extrapolated wind profiles are

nearly logarithmic during the winter months (left panel). However, during the summer months, when stability effects

are generally more important, ΠLOG underestimates the 80 m wind speed values substantially (3 m/s or more) in

extended regions. This figure clearly underscores the need for stability correction functions in the extrapolation method-

ologies, which have been historically neglected in wind resource estimation projects.

7.3.3 Extension of Monin�Obukhov similarity theory

As mentioned earlier, MOST is strictly valid in the surface layer. Gryning et al. [35] extended the MOST-based wind

profiles for the entire boundary layer. In conventional MOST, only a surface layer length scale (lS) is involved. Gryning

et al. [35] hypothesized that an integrated length scale (l) for the entire boundary layer can be written as:

1

l
5

1

lS
1

1

lM
1

1

lU
; (7.9)

FIGURE 7.3 Left panel: the ratio of wind speeds at 92 and 58 m as a function of the stability parameter. Observational data from the IJmuiden tower

were used for making this plot. Several empirical formulations (e.g., Businger-Dyer functions) for wind shear are overlaid for direct comparison. Right

panel: same as left panel; except, filtered data are used in this plot. Basically, for stable conditions, cases with u� , 0:2 m/s were removed. In these plots,

z
0
5 13.5 m. Reproduced with permission from Holtslag MC, Bierbooms WAAM, van Bussel GJW. Validation of surface layer similarity theory to

describe far offshore marine conditions in the Dutch North Sea in scope of wind energy research. J Wind Eng Ind Aerodyn 2015;136:180�91.

FIGURE 7.4 ΠMO-based 80 m

wind speed minus ΠLOG-based

80 m wind speed (m/s). (A) The

winter months (DJF) of 2000�06.

(B) The summer months (JJA) of

2000�06. Reproduced with permis-

sion from Capps SB, Zender CS.

Global ocean wind power sensitiv-

ity to surface layer stability.

Geophys Res Lett 2009;36:L09801.
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where lM and lU represent middle and upper boundary layer length scales, respectively. For neutral conditions, they

assumed lS 5 z and lU 5 h2 zð Þ; where the variable h denotes boundary layer height. For nonneutral conditions, they

followed the MOST prescription of lS 5
z
φm
; where, φm is the gradient stability function described earlier.

Gryning et al. [35] made another crucial assumption regarding the dependency of friction velocity (u�Þ with height;

for simplicity, they assumed that u� decreases linearly with height and goes to zero at the top of the boundary layer.

With all these assumptions, they arrived at the following equations for wind speed profiles for different stability condi-

tions (see also [36]):

U5
u�
κ

ln
z

z0

� �
1

z

lM
2

z

h

z

2lM

� �� 	
; for

z

L
5 0 (7.10a)

U5
u�
κ

ln
z

z0

� �
2ψm

z

L

� �
12

z

2h

� �
1

z

lM
2

z

h

z

2lM

� �� 	
; for

z

L
, 0 (7.10b)

U5
u�
κ

ln
z

z0

� �
2ψm

z

L

� �
1

z

lM
2

z

h

z

2lM

� �� 	
; for

z

L
. 0 (7.10c)

Collectively, these wind speed profile equations are termed as ΠMOX in this chapter. The stability correction terms

(ψm) were discussed in the context of ΠMO. Identical formulations are also used by [35]. However, in contrast to

ΠMO, the ΠMOX equations require additional parameterizations for h and lM . Please refer to [35] for further technical

details.

Sathe et al. [36] analyzed observational data from a 116 m tall meteorological mast near the Egmond aan Zee off-

shore wind farm (OWEZ), the Netherlands. They compared ΠMO and ΠMOX for the OWEZ case under a range of stably

stratified conditions (see Table 7.1). Given the complexity of the lM parameterization in ΠMOX , they also explored a

slightly simplified formulation in which the length scale lM is neglected. From Table 7.1, it is evident that ΠMO per-

forms quite poorly in the case of very stable condition at upper elevations (i.e., at 70 m and 116 m). The ΠMOX formula-

tion with or without lM performs much better for these scenarios. In the case of near-neutral stability, the performances

of ΠMO and ΠMOX are nearly identical.

We would like to note that Sathe et al. [36] used Businger-Dyer’s ψm functions [i.e., Eqs. (7.8a) and (7.8b)] in their

study. It will be worthwhile revisiting their study with a diverse suite of ψm parameterizations (e.g., [33]) in conjunction

with ΠMO.

TABLE 7.1 Root mean squared error (m/s) between observed and various extrapolated wind profiles.

21 m 70 m 116 m

Near-neutral stable

ΠMO 0 1.47 2.66

ΠMOX 0.02 1.46 2.62

ΠMOX , neglecting lM 0.03 1.47 2.62

Stable

ΠMO 0 2.36 5.71

ΠMOX 0.08 2.50 4.35

ΠMOX , neglecting lM 0.03 2.62 4.39

Very stable

ΠMO 0 8.48 21.97

ΠMOX 0.48 5.91 9.22

ΠMOX , neglecting lM 0.62 6.06 9.24

Observational data from OWEZ in the wind sector of 225�315 degrees are utilized here.
Source: Sathe A, Gryning S-E, Peña A. Comparison of the atmospheric stability and wind profiles at two wind farm sites over a long marine fetch in the
North Sea. Wind Energy 2011;14:767�80.
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7.3.4 Geostrophic drag laws

Following the seminal work by Kazanski and Monin [37], various wind profile relationships were proposed in the atmo-

spheric science literature [38�40]. These relationships make use of various boundary layer scaling hypotheses and are

collectively known as geostrophic drag laws (ΠGDL). In principle, they are applicable in the outer part of the ABL (i.e.,

above the surface layer) and asymptotically match with ΠMO in the surface layer. Unfortunately, due to the lack of reli-

able high-altitude wind data, ΠGDL formulations have not been properly validated and their accuracy remains question-

able. Furthermore, their usage requires the availability of different meteorological variables as input: geostrophic wind

speed, boundary layer height, Brunt-Väisälä frequency, Obukhov length, friction velocity, roughness length, and

Coriolis parameter. Since some of these variables are not routinely available, it is not surprising that ΠGDL formulations

have not been popular in practical applications (including wind energy). In this respect, the papers by Cvitan et al. [41]

and Emeis [42] are worth mentioning as they utilize simplified versions of ΠGDL formulations.

7.4 Empirical formulations

In parallel to the development of various similarity theories, a number of empirical formulations of wind speed profiles

have been proposed in the literature. In this section, we summarize a few of them.

7.4.1 Power law

Even though ΠLOG; ΠMO, and ΠMOX formulations have been used by the wind energy industry, they are much less popu-

lar than the following power-law relationship (ΠPL):

UH

Ur

5
H

zr

� �α

; (7.11)

Here α is the so-called shear exponent or the Hellmann exponent [43]. If a reference wind speed is available (e.g.,

from an ocean buoy), the only unknown in Eq. (7.11) is α. It is well-established in the literature that α strongly varies

with atmospheric stability and surface roughness [44�47]. Thus, α is expected to exhibit diurnal, seasonal, and interan-

nual variations. The value of α may also depend on advection and nonequilibrium conditions, which are common in the

coastal zone. Nevertheless, constant values of α are often used in wind energy projects. Without any doubt, α5 1=7 or

0.14 is the most commonly used value in wind resource estimations. Please note that α5 1=7 does not have any physi-

cal basis for turbulent boundary layers. It is empirically estimated and has been found to approximately hold under

near-neutral conditions over flat terrains with low roughness [43].

Intuitively, a parameterization for α which reliably takes into account the effects of atmospheric stability and surface

roughness should yield an improvement over the traditional constant α-based extrapolation approach. Keeping this in

mind, Hsu [48] created a simple lookup table for α (Table 7.2) based on a field study on the flat southern coast of St.

Croix, U. S. Virgin Islands. To the best of our knowledge, the errors and uncertainties associated with this lookup

table for other locations have never been evaluated.

Instead of using the aforementioned lookup table and/or other ad-hoc parameterizations, a far better option is to estimate α
from near-surface wind data and utilize it in ΠPL for vertical extrapolation. For example, if wind speed measurements (U1 and

U2) corresponding to two observational levels (z1 and z2) are available, α can be easily estimated by inverting Eq. (7.11):

α5
ln U2=U1

� �
ln z2=z1
� � : (7.12)

TABLE 7.2 Approximate values of α as functions of various coastal environments and atmospheric stabilities.

Stability Offshore waters Flat, open coast Towns or cities

Unstable 0.06 0.11 0.27

Neutral 0.10 0.16 0.34

Stable 0.27 0.40 0.60

Source: Hsu SA. Coastal meteorology. San Diego, CA: Academic Press, Inc.; 1988.

Vertical wind speed profiles in atmospheric boundary layer flows Chapter | 7 81



However, if more than two levels of wind data are measured, it is statistically more robust to utilize a standard (ordi-

nary least squares-based) linear regression approach between lnðUkÞ and lnðzkÞ; where the subscript k refers to different

sensor levels. Please note that, in this regression approach, one implicitly assumes that α remains invariant with height

which may not be physically very realistic.

Whether ΠLOG can be approximated by ΠPL was investigated by Sedefian [49] and Emeis [50]. By matching local

slopes, it is straightforward to derive:

α5 ln
z

z3

� �� 	21

: (7.13)

Hsu et al. [51] utilized this equation in an offshore setting. If one assumes z5 10 m and z3 5 23 1024 m (commonly

used in offshore wind energy literature, for example, [52]), α becomes approximately equal to 0.09 ({0:14).
Corrigan and Matthiesen [53] analyzed offshore wind data taken over lake Erie in Canada. A ZephIR lidar system

was deployed between May 2 and June 10 of 2013 to measure wind speeds and directions at heights of 40, 80, 120,

160, and 200 m, respectively. Even though the lidar’s sampling frequency was 15 s, Corrigan and Matthiesen [53] aver-

aged the wind data over 10 min intervals to reduce inherent fluctuations and noise. Then, using Eq. (7.12) in conjunc-

tion with wind data from the 80 and 200 m levels, they estimated α. The histogram of estimated values is shown in

Fig. 7.5. The mean value of α was only 0.09, much smaller than the conventional value of 0.14. They also reported

strong dependence of α on the prevalent wind direction.

7.4.2 Profiles for strong winds

In the wind engineering community, the Deaves and Harris equation [54,55] is quite popular. According to this formula-

tion (ΠDH):

U zð Þ5 u�
κ

ln
z

z3

� �
1 5:75

z

h

� �
2 1:88

z

h

� �2

2 1:33
z

h

� �3

1 0:25
z

h

� �4
� 	

: (7.14)

Here h is the ABL height parameterized by u�=6f . The Coriolis parameter is denoted by f : Even though the ΠDH formu-

lation was originally proposed for strong wind and neutral condition, it has been used for other meteorological condi-

tions (see [56]).
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FIGURE 7.5 Histogram of estimated α from wind measurements taken over lake Erie, Canada. Reproduced with permission from Corrigan D,

Matthiesen DH. Analysis of the power law exponent applied to Lake Erie wind shear. Wind Eng 2017;41:103�13.
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Li et al. [57] analyzed wind data from a 325 m tall tower during twelve windstorms. The measured mean wind speed

profile is shown in Fig. 7.6. They compared ΠLOG;ΠPL; and ΠDH against observations. The performance of ΠPL and

ΠDH is comparable. However, ΠLOG significantly underestimates the observed wind speeds.

Vickery et al. [58] parameterized wind profiles in hurricanes as follows:

U zð Þ5 u�
κ

ln
z

z3

� �
2 a

z

H�

� �n
� 	

; (7.15)

where a and n are free parameters. H� is the boundary layer height (or jet height) in a hurricane. Recently, an alternate

formulation has been proposed by [59]:

U zð Þ5 u�
κ

ln
z

z3

� �
1 η0sin

z

H�
� �

exp 2
z

H�
� �� 	

; (7.16)

where η0 is equal to 9.026.

7.5 Concluding remarks

In this chapter, we have discussed various similarity theory-based and empirical wind profile formulations. In terms of

model complexity (loosely based on the input data requirements), one can write:

ΠPLCΠLOGCΠMOCΠMOXCΠGDL

FIGURE 7.6 Comparison of measured and predicted wind speeds dur-

ing windstorms [57]. Reproduced with permission from Li Q, Zhi L, Hu

F. Boundary layer wind structure from observations on a 325 m tower. J

Wind Eng Ind Aerodyn 2010;98:818�32.
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Even though each of these formulations has its own strengths and weaknesses, some of them are clearly more

suitable than others for practical applications.

We recommend that the usage of ΠLOG should be limited as it is only applicable for neutral conditions; such condi-

tions are rarely present over land and offshore regions. On the same token, ΠPL should also not be used with constant α
values. As a poor man’s approach to account for stability, one can use ΠPL with variable α; in this strategy, wind data

from the lowest two sensor levels can be utilized to estimate α as a function of time. If more sensor levels are available,

one can utilize a more accurate linear regression approach.

ΠMO should be utilized for most situations for wind profile estimation within the surface layer. However, the selec-

tion of stability correction functions (ψm) will be extremely important. For unstable, neutral, and weakly

stable conditions, the formulations by Businger and Dyer are adequate. However, for stronger stability conditions, one

should experiment with alternative ψm formulations.

ΠMOX formulation performs better than ΠMO for heights above the surface layer. However, ΠMOX is much more

complicated than ΠMO and includes ad-hoc parameterizations (with tuning parameters). Furthermore, by construction,

ΠMOX cannot be used for heights above the ABL. Thus, for moderately stable and very stable conditions, this approach

cannot be used beyond tens of m above the surface.

Arguably, ΠGDL are the most suitable formulations for the entire ABL and for a wide range of stability conditions.

However, they require numerous inputs and are quite uncertain due to the lack of rigorous validation. With the advent

of long-range lidars, reliable high-altitude wind data are becoming more and more readily available. We encourage the

wind community to leverage these new datasets and perform comprehensive validation of ΠMOX and ΠGDL

formulations.
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