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PREFACE 

When I was studying meteorology in Uppsala at the Department of Meteorology, Uppsala 

University (MIUU) I decided to broaden my knowledge in boundary layer meteorology 

abroad. Dr. Ann-Sofi Smedman helped me to get in contact with Dr. Peter Duynkerke at the 

Institute for Marine and Atmospheric Research Utrecht (IMAU). Peter presented several 

issues which could be a subject for my master thesis research, and I thought that studies on 

stable boundary layers seemed most interesting. Peter helped me a lot with paperwork 

necessary for foreign students, and I am very grateful for that. 

When I came down to the Netherlands in the beginning of February, 1997, I got a chair, a table 

and a computer of my own placed in the room of two PhD students, Margreet van Zanten and 

Stephan de Roode. It was a great honour for me to share room with them and I have had a lot 

of help from both Margreet and Stephan during my time of five months that I stayed in 

Utrecht. Having a place in a room at the university gave me a good opportunity to come in 

contact with people from other research groups which feels important to me. 

I thought it was a good idea to combine the study of both measurements and modelling of 

turbulent characteristics in the stable boundary layer, but my experience in programming was 

somewhat limited. I am very grateful to Dr. Piet Jonker who helped me several hours with 

both programming FORTRAN 90 and with the Unix-system. The measuring part of my thesis 

was only possible with help of the technicians. Harm Jonker made me understand the 

importance of mathematics for the physical description of turbulent motions. But nothing of 

this would have been possible without my supervisor Peter, who's enthusiasm for research 

and trust in me have inspired and helped me much in my work. My knowledge in this area has 

increased considerably. I would also like to thank Dr. Michael Tjemstrom who has given me 

constructive comments on the manuscript of the thesis. My father, Dr. Bengt Larsson, has 

contributed to the improvement of the English language in my thesis which I really appreciate. 

My time in the Netherlands has been very good, both regarding the social life and the scientific 

work. This is mainly due to my boyfriend Gustav van den Bussche, the new friends I have 

met including the people at the department, and also my family in Sweden who always gives 

me a good support. 

Tot slot, wil ik alle mensen bedanken die met mij Engels hebben willen praten, maar op mijn 

volgende bezoek zal ik Nederlands praten. 

Footnote: A few minor alterations were made in the manuscript after that it \Vas printed as a 
master thesis at IMAU. 
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ABSTRACT 

Measurements collected at Cabauw, the Netherlands, during the period November 1996 to 

May 1997, have been evaluated. The study was focused on the calculation of turbulence 

characteristics and profiles of wind speed and temperature under stable and near neutral 

conditions in the atmospheric surface-layer. Results from a I-dimensional second-order 

closure model was compared with the outcome from the present observational data. 

The Monin-Obukhov similarity was applied for calculating the non-dimensional wind (<Pm) 

and temperature gradients (<!>h), the obtained result are: <Pm = 0.9 + 4.4z/L and <!>h = 0.9 + 
3.6z/L. We suggest to replace the length scale kz, in the length scale of the definition of the <!>

functions, with the integral length scale, Aw, since Aw is more related to the length scale of the 

most energetic turbulent motions. On basis of the measurement campaigns performed, it was 

not possible to verify unique functions for these non-dimensional profiles, and therefore it is 

suggested that another length scale besides kz must be of importance. 

Furthermore, the balance between shear production, viscous dissipation and the buoyancy in 

the turbulent kinetic energy budget were investigated. The values of the non-dimensional 

standard deviations of horizontal and vertical velocities are constant with regard to stability 

and in good agreement with figures reported in the literature. 

By using a I-dimensional second-order closure model it has not been possible to describe the 

turbulence characteristics of the stable atmospheric surface-layer. Three different 

combinations of constants are shown in this report, and they indicate problems that occur 

companng closure model results with experimental data from a 

atmosphere. 

stratified 
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1. INTRODUCTION 

The present thesis deals with the turbulence in the stable boundary layer (SBL), which has 

been studied in less detail than neutral. The limited understanding of the turbulence in the SBL 

raises a number of specific questions, for example, is there a universal function for the non

dimensional wind and temperature gradients, <l>m and <)>h, respectively, and what will these 

universal functions look like? What length scale is most suitable for use in the SBL? Which 

variables, related to the turbulent kinetic energy budget, are of importance? What is the value 

of the critical gradient Richardson number? These questions need to be answered in order to be 

able to parameterize the turbulence in the SBL in numerical models, and also because the SBL 

constitutes an important phase in the daily evolution of the planetary boundary layer. Since 

the physical processes in the SBL are suppressing the turbulent motions, measurements in the 

SBL are notoriously difficult to perform, mainly due to the small vertical velocities and length 

scales involved. Moreover, because the surrounding terrain affects the turbulence motions in 

the SBL quite easily, the measuring site should be chosen extremely carefully. 

The data presented in this study were collected at Cabauw, the Netherlands. The surrounding 

terrain at Cabauw is horizontally homogeneous in specific directions and therefore it is a good 

site for measuring the three fluctuating velocity components and the temperature T. The 

turbulence was measured with a three-dimensional sonic anemometer which was successively 

placed at two different heights: 3 and 4.75 meters. To calculate gradients for wind and 

temperature, a 10 meter high profile mast was equipped with instruments at five different 

heights. 

To describe turbulence characteristics in the surface layer of the atmosphere we have been 

using the generally accepted Monin-Obukhov similarity theory. The theory predicts that 

variables normalised with the two most important scaling variables, the friction velocity and 

the temperature scale, are universal functions of the stability parameter z/L where z is the 

height over the ground and L the Monin-Obukhov length. 

From the measurements it is possible to evaluate all terms of the turbulent kinetic energy 

(TKE) budget, except the pressure transport term. This makes it possible to investigate the 

balance between the shear production, the viscous dissipation and the buoyancy, which often 

is typically assumed in numerical models of the SBL. Some recent results, e. g. Hagstrom 

(1990), Oncley et al. (1996) and Frenzen and Vogel (1992), demonstrated an imbalance 

between the production and dissipation of TKE under near neutral conditions. In addition, we 

could verify the empirical functions for the non-dimensional wind and temperature gradients, 

<l>m and <)>h, respectively. A critical gradient Richardson number, was calculated with help of 

the expressions for <l>m and <)>h. Another issue addressed in this report is the use of the integral 
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length scale instead of kz as a normalisation length scale for the non-dimensional wind and 

temperature gradients. 

We have compared the present observational data with a I-dimensional second-order closure 

model. In the model a parameterization of the interaction between the pressure and velocity 

components, described by Yamada (1985), was applied. 

The present report starts with a review of the theory of turbulent motions in the stable 

atmospheric boundary layer (chapter 2), including the theory of the 1-d second-order closure 

model. In chapter 3 the measuring site and instrumentation is described, and the selection 

criteria of the data and filtering methods will be given. The results are presented in chapter 4. 

Finally, in chapter 5 the discussion and conclusions are given. 
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2. THEORY 

2.1 Governing equations 

The planetary boundary layer is formed due to the interaction between the atmosphere and 

the earth surface. In this layer energy will be transported from the surface layer to the 

atmosphere and vice versa in form of water vapour, heat and momentum. The motions that 

form the boundary layer may be described by a set of equations. The motions are viscous, 

compressible and Newtonian fluids in a rotating system, and they are approximately described 

by the equations (1 - 6), which are the continuity equation, conservation of momentum, 

conservation of moisture and conservation of heat in boundary layer approximation (Stull, 

1988). All symbols below, and on the following paper, are defined in the Appendix. 

Ju+ av + aw = 0 
dx dy az 

(1) 

Du= -f(v -v)- a(l(;') 
Dt g ()z 

(2) 

Dv _ ( _) a( v'w') --! u -u ----
Dt g di 

(3) 

Dw Bv -80 1 ( dpl dw'2 

Dr = g 80 - Po l di )-~ 
(Li.\ 
\ '/ 

Dq a(w'q') (5) 

Dt dz 

D8v 1 dRn a(w'e:) (6) 
------

Dt PoCp Jz dz 

2.2 Turbulent kinetic energy balance 

The conception of turbulent kinetic energy (TKE) balance gives better understanding of the 

physical processes that are responsible for the production, transport and dissipation of 

turbulent kinetic energy. The equation that describes how the mechanisms are related to one 

another is (Stull, 1988): 
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v-e de - a-e (-, ')du (-, ') a-v g (-,-a,) i a (-, ') a (-, ) -=-+Uj-=-uw --vw -+-wuv ---wp --we-£ 
Dt at Jxj az az 80 Po az az 

1 2 3 4 5 6 7 

- 1(- - -) where e = l u'2 + v'2 + w'2 

Term 1: tendency of TKE 

Term 2: advection of TKE by the mean wind 

Term 3 and 4: shear production of TKE 

Term 5: buoyant production of TKE 

Term 6: 

Term 7: 

describes how TKE is transported by pressure perturbations 

represents the turbulent transport of TKE 

Term 8: viscous dissipation 

8 (7) 

If one assumes steady state and horizontal homogeneity, the two terms at the left hand side, 1 

and 2, will disappear. To make the TKE balance dimensionless we multiply the remaining 

terms with kz/u.3 where k is the von Karman constant; u. will be defined below. Equation (7) 

then becomes: 

0 Z; kz () (-, ') kz () (-, ) =<Pm -IL ---3 - w P --3 - we -</J£ 
p0 u. dz u. ()z 

(8) 

where <l>i: is the non-dimensional viscous dissipation ( kuJ u;) and <l>m the non-dimensional 

gradient Lis Monin-Obukhov will defined 

2.3 Monin-Obukhov similarity 

Monin-Obukhov similarity (Monin and Obukhov, 1954) is often called the surface-layer 

similarity because it is usually applied to the surface layer. The surface layer depth depends 

on stability but is usually less than 10% of the total boundary layer depth. It should be 

noticed, however, that the flux has to be constant in the surface layer to make the Monin

Obukhov similarity valid. With the Monin-Obukhov similarity one can describe turbulence in 

the surface layer with only a few parameters. Two derivable scaling variables, of crucial 

importance for describing the surface layer, are the friction velocity U• and the temperature 

scale T., which are defined as (Nieuwstadt, 1984): 

[(~)2 (~)2]~ u. = u'w' + v'w' (9) 

-( w'e:) 
T. = ---'---'-- (10) 
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With these variables it is possible to express non-dimensional parameters for the description 

of the surface layer, such as gradients for wind and temperature. When making the gradients 

dimensionless by these scaling variables the gradients become functions of the stability 

parameter z/L, where L is the local Monin-Obukhov length scale. This length scale is defined 

as the height where buoyancy production of turbulence balances shear production. The 

Monin-Obukhov length is given by: 

(11) 

The non-dimensional gradients for wind (<Pm) and for temperature ( <jlh) were given the 

following expressions: 

~.(YL)= ~[(~)' +(:Jr (12) 

<Ph(YL) = ~ a~v (13) 

The only way to determine the shapes of the functions <Pm and <Ph is through experiments. 

These functions must be universal to make the theory valid. Through the years many 

experiments have been made to determine the empirical functions. One can conclude that the 

relationship bev.veen <Pm and <j}h and the stability parameter z/L in a stationary near neutral to 

stable boundary layer are typically assumed to be linear functions: 

- z -l+a -(Yr) z 
</Jm,h - </Jm,h £ - m,h L (14) 

where Uni and ah are constants. 

The von Karman's constant, k, should be given a value so that <Pm=l under neutral conditions. 

For the moment we assume the value to be about 0.4. 

2.4 Spectral characteristics 

Like the white light consists of many frequencies superimposed on one another, the turbulence 

is a superposition of eddies. These eddies interact continuously with the mean flow as well as 

with each other. The spectrum of the boundary layer fluctuations covers a wide range of scales 

from mm's to km's (by using Taylor's frozen turbulent hypothesis we are able to express the 

wave number scales (n) in terms of frequency scales (f); n = 2'% ). The peak in the spectrum 

gives the size of the eddies which contribute most to the turbulent kinetic energy. From Figure 
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1 one can see that the eddies of the size of the integral length scale (see equation (19)) are 

usually the most intense. The smaller eddies are much weaker. The larger eddies generate 

smaller eddies, which gives a net transfer of turbulent kinetic energy from the larger to the 

smaller eddies. At the smallest eddies the energy is dissipated into heat by molecular 

viscosity. 

I II 

nE;{n) 

nocl/A 

log n 

Figure 1. General energy spectrum of turbulence in the atmospheric boundary layer. Region I is 
the energy production range with A (the integral length scale), region II the inertial subrange and 
region III is the dissipation range. 

The measurements are typically generating a discrete time series of data points, corresponding 

to the three components of the velocity and to the temperature. When applying the fast 

Fourier transform (FFT) to the discrete time series a discrete spectrum for the parameters is 

produced. To obtain the discrete spectral intensity of the eddies one uses the following 

definition (Stull, 1988): 

(15) 

where f is the frequency and F A(f) is the complex Fourier transform for any frequency. 

Usually the spectral energy density is used (Stull, 1988): 

SA(f) = E~;) (16) 
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where 8.f is the difference between neighbouring frequencies which is constant. The unit of the 

spectral energy density is A squared per unit frequency. To obtain a maximum energy at a 

special frequency it is common to multiply the spectral energy with the frequency in a log

linear plot: fSA(t). 

2.4.1 Dissipation 

The energy spectrum in Figure I is divided in three different parts, because they represent 

three different physical behaviours. Region I is the energy-containing range, where energy is 

produced by shear and/or buoyancy. The second region II is the inertial subrange, where 

energy cascades from larger to smaller scales. The last region III is the dissipation range, where 

kinetic energy is converted to internal energy. 

Kolmogorov (1941) pointed out that the energy spectrum of the inertial subrange should be 

proportional to E213n-513 where Eis dissipation and n is the wave number. The one-dimensional 

spectrum of the wind in the x-direction is expressed by: 

(17) 

This is the well known -5/3 power law for the inertial subrange, where ak is the Kolmogorov 

constant (ak = 0.55 ± 0.05; Hagstrom (1990)). We used the value 0.55 as the Kolmogorov 

constant which is consistent with k = 0.4 (Kaimal and Finnigan, 1994). The dissipation may 

be calculated from equation (17). In the inertial subrange, r513 SA(t) will be constant because the 

central part of the energy cascade is conservative as described above (Tennekes and Lumley, 

1980). The equation that will be used to calculate £ is: 

(18) 

The highest frequency that can be resolved in a Fourier transform is the Nyquist frequency, 

which is half the sampling frequency (in our case 20 Hz). If energy is present in frequencies 

higher than the sampling frequency, then the energy of frequencies higher than 10 Hz will be 

folded (or alaised) into lower frequencies. This introduces an error in the spectral shape. But 

because the Nyquist frequency is in the region where the spectral energy is decreasing rapidly 

with frequency, the effect of alising will only be apparent in the high-frequency region. A 

solution to the problem is the use of a low-pass filter with half-power point at the Nyquist 

frequency. This procedure is described by Kaimal et al. (1968). 
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2.4.2 Integral length scale 

One way to estimate the characteristic length scales of the energy-containing eddies is to use 

the integral length scale (A). The inverse integral length scale, A-1, corresponds roughly to the 

maximum of the energy spectra SA(n) which makes it a good indicator of the size of the eddies 

that dominate the turbulence spectrum. The integral length scale of the vertical velocity is 

defined as (Kaimal and Finnigan, 1994): 

(19) 

where Pw(~) is the autocorrelation function as defined above, and~ the time lag with respect to 

time t. The integral length scale is defined in one dimension with the use of Taylor's 

hypothesis. Aw is derived from the integral time scale 'tw, which is a rough measure of the 

interval over which w' (t) is correlated with itself. 

2.4.3 Ogives 

In an article written by Oncley et al. (1996) a cumulative integral is introduced, called the 

ogive, which is defined as: 

(20) 

where a and b are any variables, and Coab(f) is the cospectrum of a and b. Below, \Ve will 

calculate ogives for both spectra and cospectra. The ogives clearly show whether significant 

low-frequency fluctuations are present. 

2.5 The 1-dimensional second-order closure model 

To describe the boundary layer motions with a 1-d second-order closure model one starts from 

the momentum equations. But these equations are non-linear and consequently impossible to 

solve. One way to solve the problem is to describe the statistical characteristics of motion. To 

make this description, the motion is divided into a slowly varying mean flow and a rapidly 

varying turbulent component, which is called Reynold's averaging. When applying Reynold's 

averaging to the momentum equations we can derive equations for second-order moments. 

These equations read (Nieuwstadt and van Dop, 1981 ): 
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au;u; u a -,, [--,--,au; -,, au1c J a --,--,-., 1 [ , ()p' , ()p'] --=- .-u.u - uu.-+u.u.-- --u.u.u -- u -+u.- -
'). J '.L 1 k k J J., 1 J J., J., J t k k J., 1 J., 

m oA-j oA-j o.A-j oA-j Po UA-; OA-k 

1 2 3 4 5 

Term 1: 

Term 2: 

Term 3: 

Term 4: 

Term 5: 

Term 6: 

Term 7: 

Term 8: 

6 7 

rate of change of the covariance u;u; 

advection terms 

production terms 

transport terms 

8 

indicate the interaction of pressure and velocity components 

buoyant production 

viscous effects 

effect of the Coriolis force 

Equation (21) gives variance and covariance of the momentum flux. 

(21) 

A similar equation for covariances involving scalar quantities, like the temperature, can be 

derived (Nieuwstadt and van Dop, 1981 ): 

a- a - r-d2J -au1 a - 1 ~ 8' 2 
-u'e' = -U-u~e' - u'u'-+ u'8'--; --u'u'e' -~e'_vp ___ R'· + 
dt' fJx. J L 'lJx. J Jxj Jx. 'J Po Jx. e~' 

Term 1: 

Term 2: 

Term 3: 

Term 4: 

Term 5: 

Term 6: 

Tellu 7. 

J I J J ' 

1 2 3 4 5 

advection terms 

production terms 

transport terms 

pressure temperature interaction term 

buoyancy production term 

molecular terms 

effed of the Coriolis force 

The equation for the variance of temperature reads (Nieuwstadt and van Dop, 1981 ): 

(22) 
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..!_ ae'2 = _..!.u. ae'2 -u~e,ae _}:__i_u'0'2 -1((ae'J2 

2 at 2 I dxj I dxi 2 dx; l dx j 

Term 1: 

Term 2: 

Term 3: 

Term 4: 

1 2 3 4 

advection terms 

production terms 

transport terms 

molecular terms 

(23) 

The assumptions now made are that the flow is stationary and horizontally homogeneous and 

that one can neglect the Coriolis force and the 3rd order terms. We can also neglect the 

molecular terms in equation (22). To parameterize the pressure interaction terms the 

expressions of Yamada (1985) are used. The non-dimensional set of equations we obtain and 

use for the model are: 

Non-dimensional conservation equations: 

Velicity and temperature variances : 

u'2: 

v'z: 

w'2 : 2 8 </J£ ( 2 ' 2 -(a -2a )m __ r -C - r --e )--"' = 0 
3 l 3 'f'm 5 '::> 2 et 33 3 I 3 'f'£ 

8'2: 

Fluxes: 

u'w': (a1 - I)r33<Pm + J_S'ie + Cz <P£ + a3'i1</Jm -a2e1<Pm = O 
10 et 

- 1 tfo 
u'8'· m +-m -CY.!:...r. =0 • 'f'h 5 'I'm I 18 

et 

where o:'s and C's are constants. 

Turbulent kinetc energy : 

1 
e1 = -(r.1, + r02 + r,,) 2' ... ,.(,, _,_,,/ 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 
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Momentum and temperature dissipation: 

From the turbulent kinetic energy one can scale the momentum dissipation as the energy 

divided by the time scale "C. The time scale can be defined as r = ; 1 where 11 is the length 
en 

scale. The temperature dissipation can be scaled from the equation of heat conduction as 

£ 88 = 812 . The non-dimensional expression then becomes: 
'C 

(32) 

(33) 

Turbulence length scale: 

k 
T/= Yi 1£20 

i+-1 (YL<t\J 2 

kC B T33 

(34) 

To calculate the values of the constants, three more expressions are necessary (Launder and 

Reece, 1974): 

c +8 
- 3 ai---

11 

30C -2 
- 3 !'.Xz--~-

55 

8C -2 
- 3 !'.X3-

11 
(35) 

All the constants were determined by fitting the equations to the neutral limit (see section 4.3) 

on the basis of experimental data. 

2.6 Theoretical principles of a sonic anemometer 

The turbulent fluctuation of the three velocity components and the absolute temperature are 

recorded by using a sonic anemometer (see Figure 3 for a picture of the instrument). It 

measures acoustic signals travelling in opposite direction along fixed paths. In Figure 2 the 

principles of the sonic anemometer are illustrated. The sound pulses are send in both 

directions and because of wind velocity the two acoustic signals will obtain different transit 

times. The transit times in the two directions are t 1 and t2: 
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d 
tl = 

ccosy + vd 

d 
(36) 

t2=----
ccosy-Vd 

where dis the path length, c is the velocity of sound, Vd the wind component along the path 

and y= arcsin(Vn/c), Vn being the wind component along the normal of the path. By using the 

difference in transit time it is easy to derive an expression for Vd: 

vd = d (_!_ - !J 
2 t1 t2 

(37) 

This expression is free of temperature dependency and since the sonic has three pairs of 

sensors it is possible to calculate the three orthogonal velocity components. 

By using expression (36) and substitute the velocity of sound with: 

(38) 

it is possible to deduce an expression for the calculation of the temperature Ts, which is the 

temperature given of the sonic: 

(39) 

where cpd(= 1005 J/kg K) and Cvd (= 718 J/kg K) are the specific heat at constant pressure and 

constant volume, respectively, and Ri (= 287.05 J/kg K) is the gas constant for dry air. The 

temperature Ts is related to the real temperature through Ts = T(l + dqv), where d = 0.51. 

Strictly speaking one should use the virtual potential temperature, Tv = T(l + 0.6lqv), in all 

calculations, but since we use the Boussinesq approximation (Stull, 1988) and observe a 

specific humidity, qv, which is typically less than 0.01 kg/kg, it is reasonable to use T8 • 

Starting from the thermodynamically equation for moist conditions one can write an 

expression that relates the virtual temperature flux with the temperature flux by the Bowen 

ratio. When the Bowen ratio is large enough, we can use the Ts instead of Tv when calculating 

temperature fluxes. 



"' I I "\ ,"\;/ t -....._/ ci--
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y 

/ --
1£'.::.~d t2 -i1"'11----- d 

Figure 2. Schematic sketch showing of the theoretical principals of measuring with a some 
anemometer. 
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3. GENERAL DESCRIPTION OF TIIE MEASUREMENTS 

3.1 The site 

The measurements used in this study were performed at Cabauw, located 23 km south-west 

of De Bilt in the Netherlands. The landscape is a mixture of small villages, meadows, tree lines, 

bushes, rivers and dikes. Near the mast carrying the instruments, the terrain is absolutely 

uniform and unobstructed for at least 400 m in all directions and in the WSW direction for 2 

km. Even further away the surface is topographically flat over several tens of kilometers. The 

most favourable conditions for surface-layer measurements at this site are when the wind 

comes from the sector 180° - 300°. A more detailed description can be found in a report of 

Monna and van der Vliet (1987). 

3.2 Instrumentation 

For measuring the wind velocity, wind direction and temperature, a 10 meters high mast was 

used. Temperature and humidity were measured at 5 different heights, 0.84, 1.83, 2.85, 5.76 

and 8.80 meters, and wind speed at 1.03, 2.02, 3.04. 6 and 9 meters. The wind direction was 

measured at two heights, 2 and 9 meters. The instruments used for temperature, wind speed 

and wind direction measurements were, respectively, a ventilated Vaisala thermometer, cup 

anemometer from Campbell and a wind vane also manufactured by Campbell. Gradients of 

mean wind speed and temperature are required at the height of the turbulence instrument. The 

vertical profiles were calculated by fitting a smooth curve of the form: 

X(z) = a0 +Gi_z+£1iin(z) (40) 

where ao, a1 and a2 are constants. Figure 3 shows the three dimensional sonic anemometer that 

was used to measure the turbulent fluctuations of the three wind components and the 

temperature. The sonic was sampled at a frequency of 20 Hz. Two measuring periods were 

used, one at 3 meters height and one at 4.75 meters height. 
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Figure 3. A photograph of the three dimensional Campbell sonic anemometer. 

3.3 The experiment 

The measurements used in the present study were performed during the period November

May, 1996-1997. After the data selection and filtering (see below) 335 hours remained for the 

final analysis. The selection is based on the following criteria: 

• wind direction from the sector 180° - 300° 

• friction velocity u. > 0.1 m/s 

• temperature fluctuation I wT I > 0.01 Km/s for calculating <1>11 

• z/L2".0 

To improve the analysis of the turbulent flux data further, a filtering technique was used which 

is described in more below. Usually one calculates (co)-variances by summing energy 
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contributions from all frequencies (up to an half hour). A problem that can occur by this 

procedure is that energy from low-frequent motions also may be included in the summation. 

The similarity theory is not valid when energy contributions from motions others than 

turbulence are included. To investigate the presence of low-frequent motions, we have used 

the cumulative integral, the ogive. By using the ogive (see section 2.4.3) it is possible to 

calculate (co)-variances that are less influenced by low frequency fluctuations, such as gravity 

waves or long-term trends. The ogive shows the total energy contribution of all frequencies 

larger than a certain frequency f0 (see equation 20). Note that the integration is taken from high 

to low frequencies. To eliminate the motions with long term trends one can choose a cut-off 

frequency fc. One kind of trend that can occur in the low-frequent part is, for example, a 

slowly increasing temperature. If one detrend the ogive in the low-frequent area, it will obtain 

other values where the frequency is low. We have chosen fc where the value of the ogive does 

not differ, independently of the ogive being detrended or not. The value of the cut-off 

frequency used is fc=0.0021 Hz (life is about 8 minutes). 
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Figure 4. Characteristic ogives for velocity (co)-variances: •is a converging ogive and x is a non-
• 0 

convergmg ogive. 

When waves are present in the atmosphere, the ogive will not converge at all in the low

frequent range, instead the ogive will continue to increase (or decrease). In Figure 4, two 

different situations are depicted, one ogive that converges and indicates that there are only 

turbulent motions registered by the instrument, whereas the other ogive does not converge 

which indicates that slow fluctuations are present. Since we did not know a correct way to 

separate these kinds of motions from the true turbulence we excluded measurements 
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containing non-converging ogives. To investigate the occurrence of this phenomena we only 
-- --

used those hours for which the ogives of u'w' and w'T' satisfied the following condition: 

Og(fc = 0.0021Hz)-Og(f = 0.0042Hz) < O.l 

Og(fc = 0.0021Hz) 

When the data is filtered, i.e. by using a suitable cut-off frequency and by controlling that the 

condition described above is fulfilled, the value of the variances and covariances will be similar 

to the value of the ogive at the cut-off frequency fc. The value of variances and covariances in 

the unfiltered data is the sum of all energy contributions over one hour. 
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4. RESULTS 

4.1 Surface-layer similarity 

In this section the surface-layer similarity theory will be tested for neutral and stable stratified 

boundary layers. Firstly, empirical functions for the non-dimensional wind and temperature 

gradients will be presented. Then the gradient Richardson number will be calculated and finally 

the turbulent kinetic energy budget will be studied. 

4.1.1 Non-dimensional wind and temperature profiles 

The shape of the non-dimensional wind and temperature profiles <Pm and <h can only be 

determined through experiments as noted in the theory section. The functions are expected to 

be linear for both <Pm and <!>h when the stability is not too important (z/L << 1). Many 

attempts have been made during the last 20 years to obtain unique functions for both <Pm and 

<Ph (see Hagstrom, 1988 and Dyer, 1974 for review). In the present study the flux-profile 

relationship will be presented and the result will be compared with other measurement 

campaigns. In Table 1, the results from five different experiments are presented. The results 

are rather different, which for instance can be due to differences in instruments employed, 

different ways in which the data were filtered and different values of the von Karman 

constant. The value of the von Karman constant is much discussed, and typical values range 

from 0.35 to 0.45. 

TABLE l 

Constants for flux-profile relati?,!,lship~""'"',,, 

References vonKarman <Pm in neutral ~ ah 

constant conditions 

Oncley et al. (1996) 0.365 1 8.1 8.1 

King (1990) 0.41 0.85 8.0 5.4 

Dyer (1974) 0.41 1 5 5 

Businger et al. (1971) 0.35 1 4.7 4.7 

Bouwman (1990) 0.40 0.9 3.1 2.1 

Regarding our data it does not make much difference for the non-dimensional gradients 

whether the data are filtered or not, and therefore only the filtered data are presented (Figure 

5). A least-square quadratic fit for both <Pm and <!>h will give the functions: 
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</Jm = 0.9+4.4;{ <Ph = 0.9 + 3.6 ;{ 

The stability range of both functions is 0 < z/L < 0.5. The scatter in the measured data is quite 

low, and slightly larger for <l>h (probably mainly due to error in d8/m ). The number of points 
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Figure 5. Dimensionless wind (a) and temperature (b) gradients as functions of z/L. The linear 

curve in each plot is a least-square fit to the data: <l>m === 0.9 + 4Az/L and <l>n === 0.9 + 3.6z/L. 
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for <l>h is less than for <l>m because the temperature gradient was rather small for the data 

measured in March and April and as a result the uncertainty in the measured values was too 

large. The first thing to note for the flux-profile relationships ( <l>m and <!>h) is that they attain a 

value of 0.9 under neutral conditions, but they are both supposed to be l according to the 

theory. The experimental uncertainty in determining <l>h at z/L = 0 is large because T* 

approaches zero when the stability gets close to neutral, which means that it can not be 

expected to be exactly 1 under neutral conditions. A way to increase the value of <l>m under 

neutral conditions to I is to increase the von Karman constant to 0.44, which is higher than 

0.40 that Hogstrom (1988) strongly suggests in his article. Oncley et al. (1996) and Businger et 

al. (1971) obtain values even lower values (i.e. less than 0.40) for the von Karman constant, 

see Table 1. Obviously, different investigations claim different von Karman constants. 

The slopes of the linear fits, Um and ah, obtain the values 4.4 and 3.6, respectively. This is 

slightly less compared with what others have reported (see Table 1) except Bouwman (1990) 

who obtained even lower values. The uncertainties in the values of the constants Um and a 11 are 

± 0.5 and± 1 respectively, but the slopes are still in the lower limit of what one expects. 

Compared with the results of Bouwman (1990), we have obtained higher slopes for both <l>m 

and <l>h· Bouwman's (1990) experimental data were also collected at Cabauw, which should 

give better concordance of the results. It seems to be a problem to verify a unique function for 

the non-dimensional wind and temperature gradients. In section 4.4 a different approach is 

suggested. 

4.1.2 Gradient Richardson number 

Another widely used stability indicator in laboratory and early atmospheric work is the 

gradient Richardson number (Rig). This non-dimensional parameter, which represents the 

relative importance of buoyancy and shear production of turbulence, is defined as: 

(41) 

The gradient Richardson number is positive for stable stratification, negative for unstable 

stratification and zero for neutral stratification. By using the expressions of <l>m and <l>h one can 

write Rig as: 

. z </Jh z 0.9+3.65{ 
Rl = -- = -------

g L</J~ L(o.9+4.45{)2 
(42) 
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When the stability increases (z/L-7=) Rig approaches a value of 3.6/(4.4)2 ~ 0.19, which is 

comparable to the value obtained by Businger et al. (1917): 0.21. As the stability increases the 

flow will change from turbulent to laminar and we can interpret this limiting value of Rig as a 

critical Richardson number. In linear theory it is possible to show mathematically (Cushman

Roisin, 1994) that the value of the critical Richardson number is at maximum 0.25. The 

Richardson number, computed from equation (42), is plotted as a function of z/L in Figure 6. 

It is interesting to note that the value of the critical Richardson number, calculated from <Pm 

and <1>1i obtained by Oncley et al. (1996), becomes 0.12. This value is much lower than what 

the theory suggests. 
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Figure 6. Gradient Richardson number (Rig) as a function of z/L. The line is equation (42). 

4.1.3 Turbulent kinetic energy balance 

The classical assumption for the stable boundary layer is that the TKE balance comprises the 

shear production, viscous dissipation and buoyancy (Garratt, 1992). However, recent 

measurements reveal deviations from this classical assumption suggesting that shear 

production does not balance the viscous dissipation and buoyancy (e.g. Hagstrom, 1990 and 

Oncley et al., 1996). Hagstrom (1990) suggested that the so-called 'inactive' turbulence is 

imported from a region above the surface layer with the aid of the pressure transport term. 

Hagstrom speculates that the 'inactive' turbulence is a consequence of an existing pressure 

gradient in the boundary layer. 

From the measurements it is possible to calculate all terms of the normalised TKE except the 

pressure transport term. Firstly, the result for the viscous dissipation (cf. section 2.4.1) will 

be presented, and after that the TKE balance will be examined. 
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while the slope of a linear fit is about 3. The corresponding values reported by Hogstrom 

(1990) are 1.24 and 4.7, respectively. So the slope is again a bit smaller compared with other 

experiments. To some extent, the large scatter is probably due to the fact that r513Su(f) is not 

always constant at the highest frequencies, which it should be according to the theory, see 

section 2.4.1. This may be due to measurement inaccuracy or to inadequate sampling rate. We 

have not corrected for that in our results but we have only used data that are filtered. 

Next topic is to examine if the classical assumption is valid, i.e. that the transport terms are 

negligible. This is done by plotting the difference between shear production, viscous 

dissipation and buoyancy as a function of the stability parameter z/L, as demonstrated in 

Figure 8. The scatter is quite large which is mainly due to the spread of the viscous 

dissipation. Because of the large scatter it is difficult to make a conclusion whether there is a 

balance between the three variables or not. The mean value of the imbalance is -0.1 with a 

standard deviation of± 0.1 which is fairly close to zero. Another uncertainty is the dissipation 

(we have used~= 0.55 as the Kolmogorv constant) but if this value is changed to 0.5 or 0.6 

the result of the dissipation will differ with about 15%, giving a change in the balance in 

neutral conditions of± 0.15. There does not seem to be trend; the data are instead scattered 

around the mean value over the whole stability range. This confirms the idea that the three 

variables <l>rn' <!>£and z!L balance each other. 
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Figure 9. Variable of the turbulent transport term of the turbulent kinetic energy budget. 

We have also estimated the magnitude of the turbulent transport term which gives -l.4z/L (see 

Figure 9), and thus determines the transport term source. In Figure 10, the difference between 

the variables, <Pm, <)> 0 z/L and the turbulent transport term T, is plotted as a function of z/L. A 

trend in the data may be observed which indicates that these four variables do not balance each 



other. The pressure transport term, which has not been included, might of course balance the 

turbulent transport term but that is just speculations which we are unable to verify. 
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Figure I 0. The difference between the variables shear production (<\>m), dissipation ( <jl,), buoyancy 

(z/L) and turbulent transport term (T) as a function of z/L. 

4.2 Non-dimensional velocity variances 

The velocity variances are the sums of energy on all scales that we measure. Together they 

will contribute to the turbulent kinetic energy ( e = ±( u'2 + v'2 + w'2)). They can be used as a 

check of second-order closure models which we have done, see below. They can also give an 

indication of low-frequency fluctuations in the stable boundary layer. Figure 11 displays the 

standard deviations normalised by u. as a function of the stability parameter z/L. The figure 

shows both filtered and unfiltered data and demonstrates that the filtered data are much less 

scattered. This is due to the fact that the unfiltered data contain more energy at low

frequencies than the filtered data (King, 1990). The vertical velocity fluctuations ( crw) are least 

influenced by the low-frequency motions. This also can be noted in the ogive, see section 3.3, 

because the ogives for the u and v components do not converge as nice as the ogives for the 

vertical wind component. 

King (1990) called attention to the fact that crufu. and avfu. have clearly defined lower bounds, 

with values of 2.2 and 1.5, respectively. Moreover, his data do not show any dependence on 

z/L. King (1990) found that awfu. was also independent of z/L and that the values were 

scattered around a mean value of 1.42. Nieuwstadt (1984) also examined awfu. as a function of 

z/L and made the conclusion that awfu. is independent of stability, with a mean value of 1.4. 

A closer examination of Figure 11 shows that we obtain the values 2.1 and 1.6 for the lower 

bounds of aufu., aJu. and the mean value of <>wfu. was found to be 1.3. These values agree re-
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asonably well with the results of King (1990) and Nieuwstadt (1984). The scatter in our data 

is small compared ¥1ith these two studies and the values also remain fairly constant with 
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increasing stability. Therefore, our results are apparently determining the constants in the 

second-order closure model. 

4.3 The 1-dirnensional second-order closure model 

In this section we will examine the model's capability to describe turbulence characteristics of 

a stable boundary layer. Firstly, the values of the constants will be determined and after that 

the model results will be presented. We have used three different set ups to initiate the model, 

one being based on wind tunnel data used by Yamada (1985). The other two are based on our 

measurements at Cabauw. 
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Figure 12. In (a) the equation (32) has been plotted against <l>e and in (b) the equation (33) is 

plotted against <j>h, in order to check the accuracy of the parameterization and to determine the 
constant CB = 0.8. The line in each plot is a linear fit to the data points. 

To analyse the turbulent length scale Tl we used the parameterization of the two non

dimension gradients, equations (32) and (33). We used observed data of cpe, <Pee (= <Ph from 
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(27)) and equations (32) and (33) for the parameterization. In Figure 12 the comparison of the 

Parameterization with the measurements is presented. The comparison shows that cp and "' 
E 'I' ee 

claim the same turbulent length scale 11 and that the value of CB is 0.8. This value of CB was 

applied on the two data sets we used (presented below). The turbulent length scale Yamada 

(1985) used was constant, i.e. 11=k(CB~ 00), where k is the von Karman constant. 

To determine the rest of the constants in the model equations we used experimental data under 

neutral conditions. The values of the constants depends on how big the anisotropy 

( u'2 : v'2 : w'2 ), the dimensionless turbulent kinetic energy ( ei = e/u* 2) and the dimensionless 

variance of temperature (roe = 8'2/T}) in neutral conditions are. We have chosen three 

different combinations of the variables and they are presented in Table 2. 

In the first row the measured results from Cabauw are presented, and in the second row the 

values Yamada (1985) used based on wind tunnel measurements. The two last sets are used in 

the 1-d model based on the measurements at Cabauw. Set 1 is an attempt to be as close to the 

measured result as possible, while set 2 is a compromise between the wind tunnel 

measurements and measurements from Cabauw. The difference between the data measured in 

the stable atmospheric boundary layer and the wind tunnel data shows that the anisotropy 
and the dimensionless turbulent kinetic energy (e/ u; )are much higher in the atmosphere than 

what is obtained in the wind tunnel. There is another set of data included in Table 2 which has 

been presented in an article of Grant (1992). These data were obtained on two joint flights of 

MFR and DFVLR. The measurements were done at different heights but the minimum height 

was 30 m above the surface. As shown in Table 2 the anisotropy is still high while the 

dimensionless turbulent kinetic energy has dropped, although not down to the level of the 

wind data. it seems that the anisotropy is high 

boundary layer. The dimensionless temperature variance is also higher in the atmosphere 

compared to the wind tunnel. 

TABLE2 

=== === = : =· ===:!:: su~~~!X ?f==~e~~ set~ 
Set r11/ei r22/ei ~ fee 

Cabauw 1.1 0.6 6.1 7 

Yamada (1985) 0.8 0.6 3.16 2.8 

Grant (1992) 1.14 0.6 4.54 

1 1.0 0.76 6.4 7 

2 0.8 0.7 4.7 4 
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The values of the constants are calculated in neutral limit and starting from one of the three 

sets of data in Table 2. The obtained values for the constants are given in Table 3. 

TABLE 3 

A summary of constants use4,, in the diff eren~ sets 

Set a1 U2 CX3 C1 C2 C3 C4 Cs 

Yamada (1985) 0.75 0.1 0 5.9 2.5 0.25 0.18 0.18 

1 0.80 0.42 0.43 10.6 1.6 0.8 0.06 0.06 

2 0.80 0.4 0.4 11.6 4.0 0.8 0.1 0.1 

In Figure 13, a comparison between measured data from Cabauw and the results of the model 

with the three different data sets has been made for the non-dimensional wind <Pm and the 

temperature cph gradients. In Figure 14 the non-dimensional velocity variances are plotted. 

As shown in Figure 13, both <Pm and <h are reasonably represented by the model when the 

constants of Yamada (1985) are used: <Pm and <h obtains a slope of 1.9 and 4.3, respectively. 

However, this set of constants is not able to represent the variances very well, since the 

modelled horizontal velocity variances are too low and the variance of the vertical velocity is 

too high. The horizontal velocity variances are fairly constant while the vertical velocity 

variances decrease with stability. Moreover, the temperature variance (not shown) was 

predicted to be too low through the whole stability range. 

For set 1, <Pm is not well represented by the model. The model's <Pm starts from 1 for the 

neutral limit as prescribed, but when the stability increases <Pm becomes too large compared 

with measured data. The value of <!>h is also predicted to be too high but the slope is less then 

for <!>m. The variances of momentum are not constant as obtained from the measurements; 

instead they increase with stability. The temperature variance is better represented by set 1 

than by the constants of Yamada. 

In set 2 we tried to obtain a reasonable result for both <Pm and cph with slightly higher 

anisotropy and dimensionless turbulent kinetic energy than in the Yamada set of constants. <Pm 

is better represented by the model when the stability increases than by set I, but not good 

enough compared by our measurements. The slope of <l>h is 9 which is too high. The horizontal 

velocity variances improved while the vertical velocity variance deviates even more compared 

with results obtained by the set of Yamada. The temperature variance starts from a too low 

value due to our choice of a lower r99. 
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We have also calculated the dimensionless horizontal heat flux (lie = u'%r.) and it is 

poorly represented by all three sets of constants, all predicting values much lower than the 

measured values which are about 4. 
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Figure 14. Comparison between measured filtered data from Cabauw and results obtained by the I -
dimensional second-order closure model: "Y" is the set of Yamada, "l" is set l and "2" is set 2 
from Table 3. Plot (a), (b) and (c) shows non-dimensional velocity variances for u, v and w, 
respectively. 

The model appears to be unable to produce a good representation for both <Pm and <!>h when 

the anisotropy and dimensionless turbulent kinetic energy ( ~) is high, as it is in the 
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atmosphere. Even for the set of constants where we made a compromise between set 1 and the 

set of Yamada the model was unable to produce reasonable results for both <l>m and <l>h· The 

bad representation of <l>m when using set 1 is due to the fact that ei does not remain constant 

when the stability increases. The value of ei, when using set 1, is 20.4 when z/L is 1. For the 

set of Yamada and set 2 the turbulent kinetic energy remained fairly constant when the 

stability increased. The behaviour of r11, r22 and r33 is due to the same mechanism. The 

behaviour of <l>h is not as obvious as that of <l>m· The reason for this is that <l>h is a function of 

the temperature variance, the non-dimensional gradient for momentum and dissipation, ei and 

the turbulent length scale rt. It is therefore much harder to estimate how all these variables 

affect <l>h· 

4.4 Integral length scale 

The integral length scale represents the size of the eddies that dominate the turbulence 

spectrum (Figure 1). We have studied how the integral length scale of the vertical velocity 

behaves as a function of the stability function z/L. 
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Figure 15. The integral length scale for the vertical velocity (Aw), normalised by the measuring 
height z, as a function of z/L. 

In Figure 15 the integral length scale, normalised with the measuring height of the sonic, is 

plotted against z/L. According to the figure the integral length scale is strongly related to 

stability. It nicely shows that the length scale of the turbulence decreases when the stability 

increases. Kaimal (1973) also has investigated the behaviour of the integral length scale for 

different stratifications, but he used the Richardson number as the stability parameter instead 
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of z/L. He found that the integral length scale of the vertical velocity component divided by 

the measuring height had a value of 0.3 under near neutral conditions (Rig= 0.05). For neutral 

stratification we obtain a value of about 1. Kaimal (1973) calculates the integral length scale in 

a different manner than we do, but the result should still be comparable. 

Since it is hard to prove the existence of unique functions for <Pm and <l>h we would like to 

suggest to change the length scale kz in <l>m,h by Aw. The expressions for the non-dimensional 
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length scale, as a function of z/L. 
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wind and temperature gradients then becomes: 

~~til<~[(:r +(~rr ( 43) 

q;;(;{) = ~~ ~· (44) 

The integral length scale should be a more relevant scaling parameter than z because it is 

related to the turbulent motions. z is simply the height over the ground while the integral 

length scale describes scales of the most energetic eddies. This seems to be in agreement with 

the idea of local scaling, which was introduced by Nieuwstadt (1984), in the sense that we 

now may be able to find a universal function for the non-dimensional gradients at different 

measuring sites. In Figure 16, the non-dimensional wind ( <)>' m) and temperature ( <!> 'h) gradients 

are plotted. The scatter is quite high but the data seem to be constant with stability, which 

holds for both <l>' m and<)>' h· The mean value of the dimensionless wind gradient is 2.2 and 2.1 

of the dimensionless temperature gradient. It is difficult to make a conclusion from these 

results because we have no access to results from earlier investigations for comparison. If the 

von Karman constant (k = 0.4) is included, <fl' m will obtain the value 0.9 and <1> 'h the value 0.8, 

in the neutral limit. 



5. DISCUSSION AND CONCLUSIONS 

In the present study, measurements of fluctuating velocity components and temperature were 

made by a three-dimensional Campbell sonic anemometer at Cabauw. The investigation was 

focused on stable boundary layers and the measurements mainly covered stabilities in the 

range 0 $ z/L $ 0.5. Wind and temperature profiles were measured at five heights along a 10 

meter high profile mast. A I-dimensional second-order closure model was tested and compared 

with the observational data from Cabauw. 

When testing the model, we tried various combinations of constants and we picked out three 

of them, shown in Table 3, to illustrate the difficulties. The result showed that the model is 

capable of predicting the two <!>-functions reasonably well for low anisotropy conditions. 

However, under realistic atmospheric conditions with a high anisotropy and high turbulent 

kinetic energy the model fails to produce good predictions. However, it might be possible to 

partly improve the model, i. e. in region close to the ground, by using a parameterization of the 

wall effect as introduced by Gibson and Launder (1978). Andren (1990) included this 

parameterization in the pressure redistribution term and found that the anisotropy become 

higher; the horizontal variances obtained higher values while the vertical variance became 

smaller. Andren (1990) did not, however, investigate the behaviour of the non-dimensional 

gradients for wind and temperature. It would be interesting to see what the outcome would be 

if such a parameter was included in the model we have used. But bearing the data of Grant 

(1992) in mind, including the parameterization of the wall effect will probably not solve the 

whole problem with the high anisotropy since this effect is limited close to the ground. 

The surface-layer similarity appears to be valid for the non-dimensional gradients for wind and 

temperature. The slopes for <l>m and <!>h are slightly smaller compared to earlier investigations. 

The results obtained are: <l>m = 0.9 + 4.4z/L and <!>h = 0.9 + 3.6z/L. Even if these results and 

results obtained in earlier investigations are in the same range, the differences seem to be too 

large to give unique functions for <l>m and <l>h· These differences are probably not only due to 

measuring errors but may also indicate that the turbulence behaves different at different sites. 

A fact that makes this assumption plausible is that an earlier investigation at IMAU (van der 

Avoird, 1997), using the same instrumentation and the same selection of data and filtering 

methods as we did in the present study, gave totally different results. The earlier investigation 

was carried out at Iceland on an ice cape with a low wind maximum present and sloping 

terrain. The <!>-functions showed a linear behaviour only in near neutral limits. Smedman et al. 

(1995) also have presented measurements that showed a non-linear behaviour. When they 

carried out their measurements a low-level jet was present as well. This calls for a length scale 

that is more related to the turbulence than the measuring height z. The integral length scale 
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described in section 4.4 estimates the size of the most energetic turbulent motions and could 

therefore be the length scale we are looking for. We obtained specific values for both <!> 'm and 

<)>' h, and it would be interesting to see if other investigations are giving the same results. 

The Richardson number, which is calculated by the <jl-functions, shows a dependence on the 

stability parameter z/L, and approaches a limit of about 0.19 as z/L~oo, which is quite good 

considering that the theoretical critical Richardson number is 0.25. Compared with other 

results in the literature, e.g. 0.2 by Nieuwstadt (1984) and 0.21 by Businger et al. (1971), this 

result is quite consistent. 

The scatter of the data for the non-dimensional viscous dissipation <!>E is quite considerable 

which makes it difficult to conclude ifthere is a balance between the variables in the turbulent 

kinetic energy budget (TKE). However, if we plot the difference between the shear 

production, dissipation and buoyancy as a function of stability there appears to be a close 

balance between them. If we include the turbulent transport term, the imbalance increases. The 

remaining term is probably the pressure transport term, which according to Hagstrom (1990) 

is a result of 'inactive' turbulence. This term might restore the balance but we do not have 

measurements of it. The conclusion is that more work is necessary to investigate whether a 

balance exists between the local shear production, viscous dissipation and buoyancy in the 

TKE budget, or whether other terms are of importance as well. 

When the velocity variances are calculated, using the filtered data, the scatter was noticeably 

reduced. The filtering method with ogives seems to be a promising way to exclude low

frequency energy from the measured data. The values for the normalised standard deviations 

obtained in this study are of the same magnitude as normally found in the literature 

(Nieuwstadt, 1984; King, 1990). Consequently, these figures are a good representation of how 

much turbulent energy exists in a stable stratified atmosphere and how the production of the 

energy is distributed between the three velocity components. One can therefore use these 

results as a basis for checking the I-dimensional second-order closure model's capability to 

reproduce the turbulent characteristics in typical stable boundary layers. 
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APPENDIX 
List of symbols 

arbitrary variable 

constants 

cospectrum of a and b 

velocity of sound 

specific heat at constant pressure for dry air 

specific heat at constant volym for dry air 

sonic path length 

discrete spectral intensity for variable A 

turbulent kinetic energy ~ ( u'2 + v'2 + w'2 ) 

e 
= 

u? 

complex Fourier transform for variable A 

frequency 

cut-off frequency 

acceleration of gravity, gi =(0,0,-g) 

von Karman constant (k=0.4) 

Monin-Obukhov length 

wave number 

cumulative integral, ogive 

atmospheric pressure 

specific humidity 

gas constant for dry air 

gradient Richardson number 

net radiative flux 



t 

u,v,w 

w'(t) 

U ,z v'2 ,z , ,w 

u'w' 

v'w' 

w'e 

w'q' 

w'p' 

u' (}' 

'(}' WV 

x 

y 

Z, Z1 

a 

tlf 
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u~(}' 
--'-

u.T. 

spectral energy density for variable A 

temperature scale 

time 

wind component 

geostrophic wind component in the x-direction 

friction velocity 

mean wind speed in x, y and z direction 

geostrophic wind component in they-direction 

perturbation in wind velocity in z-direction 

variances of the Eulerian velocity fluctuations 

kinematic flux of u-momentum in the vertical 

kinematic flux of v-momentum in the vertical 

vertical turbulent transport of TKE 

kinematic moister flux in the vertical 

pressure correlation 

kinematic potential temperature flux in the horizontal 

kinematic virtual potential temperature flux in the vertical 

variance of potential temperature 

space variable 

space variable 

Cartesian coordinate up, relative to local sea-level horizontal 

surface 

various constants 

Kolmogorov constant (ak=0.55) 

difference between neighbouring frequencies 
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viscous dissipation 

permutation tensor: Eijk = 1 when i, j, k are even permutations of 1, 2, 3, and -1 

for an odd permutation. Otherwise it is zero. 

temperature dissipation 

d. . 1 d" kz aev non- imens10na temperature gra 1ent ---
T* az 

d. . I I . d" kz JU non- 1mens10na ve oc1ty gra ient ---
u. az 

d. . 1 d" . . kz non- 1mens1ona momentum 1ss1pat1on - 3 £ 

turbulent length scale 

thermal diffusivity 

u;. 

integral length scale of the vertical velocity 

kinematic viscosity 

mean potential temperature 

virtual potential temperature 

reference potential temperature 

reference density of air 

autocorrelation function 

standard deviations of horizontal and vertical velocity components, 

respectively 

time scale 

integral time scale 

earth rotation vector 

time lag with respect to time t 
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