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Abstract. Vertical profiles of the structure parameter of temperature Cg in the stable, nocturnal 
boundary layer (NBL) have been obtained with the analytic models described by Nieuwstadt (1984, 
1985) and Sorbjan (1986) and the numerical model of Duynkerke and Driedonks (1987). These 
theoretical profiles are compared with observed profiles from the meteorological mast at Cabauw, 
The Netherlands. From the observations, it is found that C$ is large in the surface layer and small at 
the top of the NBL. Observations during nights with moderate geostrophic winds or during the first 
few hours of nights with a high geostrophic wind show a continuous decrease of C2, from the surface 
layer to the top of the NBL. Observations made later on nights with a high geostrophic wind show the 
development of a maximum of Cc at about three quarters of the NBL. From the comparison with the 
models, we conclude that the observed profiles are most satisfactorily described by the model of 
Duynkerke and Driedonks. 

1. Introduction 

The temperature structure parameter, which is a measure of temperature fluctu- 
ations in a turbulent atmosphere, is of interest for several reasons. It can be used 
as a diagnostic tool, such as sensing the height of the turbulent layer with an 
acoustic radar, or inferring the surface heat flux either acoustically (Coulter and 
Wesely, 1980) or from in-situ observations of C’, (Champagne et al., 1977). It 
may also be applied to study the influence of atmospheric turbulence on the 
propagation of electromagnetic and acoustic waves, such as the effect on stellar 
imaging (Coulman, 1985) and on satellite-earth communication links (Herben, 
1983). The atmospheric phenomenon, known as scintillation, is exploited in 
so-called scintillometers, instruments by which line-averaged surface fluxes of 
heat, moisture and momentum may be measured by means of the influence of the 
atmosphere on the propagation of a usually horizontal beam of light or radiation 
(Hill and Ochs, 1983; Ochs and Hill, 1985). In this paper we present obser- 
vations of vertical profiles of the structure parameter of temperature obtained 
from the meteorological mast at Cabauw, The Netherlands, during clear nights 
and we compare them with the analytic models described by Nieuwstadt (1984, 
1985) and Sorbjan (1986) and the numerical model of Duynkerke and Driedonks 
(1987). 

During clear nights, the atmospheric boundary layer usually is stably stratified 
due to radiative cooling at the land surface. Vertical motion is restricted and 
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turbulence is weak. Moreover the dynamics of the stable boundary layer may be 
influenced by more processes than continuous turbulence alone. Internal gravity 
waves (Finnigan and Einaudi, 198 l), longwave atmospheric radiation (Garratt 
and Brost, 1981) and intermittent turbulence (Kondo et al., 1978) may be 
important and can complicate the structure of the stable boundary layer. We 
selected nights that are characterized by continuous turbulence and that did not 
show the presence of significant gravity wave activity. 

Observations of turbulence variables in general and of the structure parameter 
of temperature in particular in a stable boundary layer are not as abundant as in 
convective circumstances, e.g., Wyngaard and LeMone (1980) and Fairall 
(1987). Except for the data shown by Caughey et ul. (1979), which are based on 
runs during early evening, we are not aware of other observations of vertical 
profiles of the temperature structure parameter. 

2. Observations 

Between September 1977 and February 1979 and in August 1983, experiments 
were conducted on the meteorological mast at Cabauw during clear stable nights 
(Nieuwstadt, 1984). The observations were begun about 2-3 hours after sunset to 
avoid the transition period during which turbulence is dominated by non- 
stationary effects. 

The mast at Cabauw is 213 m high and the surrounding terrain is flat and 
homogeneous on a scale of approximately 20 km (Monna and van der Vliet, 
1987). At height intervals of 20 m, booms are installed in three directions. The 
instruments and measuring heights used during the experiments are given in 
Table I. 

Turbulent wind fluctuations were measured with a trivane (Wieringa, 1967 and 
1972). A trivane consists of a propeller attached to one end of a rod, that can 
turn around two axes and is kept in the wind direction by means of an annular fin 
at the other end. The azimuth and elevation angle of the rod are determined by 
potentiometers. 

Turbulent temperature fluctuations were measured from September 1977 to 
February 1979 with a pair of 100 pm copper-constantan thermocouples, mounted 

TABLE I 

The experimental set-up during nocturnal boundary-layer experiments. 

Parameter Instrument Measuring height (m) 

Turbulence Trivane, fast thermocouple 20, 40, 80, 120, 160, 200 
Wind speed Cup anemometer 10,20,40, 80, 120, 160, 200 
Wind direction Wind vane 20, 40, 80, 120, 160, 200 
Temperature Ventilated thermocouples 10, 20, 40, 80, 120, 160, 200 
Boundary-layer height Acoustic sounder 
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Fig. 1. Temperature traces at several heights as a function of time, 20 February, 1978, 22: OO- 
22: 30 GMT. Temp in “C. (Geostrophic wind = 11 m/s). 

on both sides of the trivane (1 m apart). In August 1983, only one fast-response 
thermocouple was used. In Figure 1, examples of traces of temperature as a 
function of time are shown for different heights. Observed vertical profiles of 
half-hourly mean potential temperature, wind speed and wind direction for the 
same period as in Figure 1 are shown in Figure 2. 

All turbulent data were sampled with a frequency of 5 Hz and stored on 
magnetic tape. Variances and covariances of the velocity and temperature 
fluctuations were calculated over a time period of 30 min after removing a linear 
trend from the time series. By this procedure, only fluctuations with time scales 
~15 min contribute to the (co)variances. The average wind speed, wind direction 
and temperature were determined over concurrent 30 min periods. 

Because only situations with continuous turbulence will be considered, half- 
hour runs with a geostrophic wind speed b 5 m s-l were selected. In such cases, 
the wind shear is large enough to maintain a continuous turbulent state. By using 
only observations for which the vertical velocity variance decreases continuously 
with height, we excluded boundary layers which are dominated by gravity waves 
(Driedonks and de Baas, 1983). Finally, we demanded that h/L b 1 (stability 
criterion), where h is the boundary-layer height determined with an acoustic 
sounder and L the Monin-Obukhov length. After this selection procedure, 62 
half-hour runs remained for analysis of the structure parameter of temperature 
(Table II). 



114 J. W. M. CUIJPERS AND W. KOHSIEK J. W. M. CUIJPERS AND W. KOHSIEK 

2 2 4 4 6 6 8 8 10 10 &Jj,1”M &Jj,1”M 

I I I 1 I I I I 1 I ; 'p ; 'p 
200- 200- 

2(m) 2(m) 

160- 160- 

120- 120- 

80- 80- 

40- 40- 

20- 20- 

11 11 I I , I , I I I I I I I , , , , , , , , , , , , 
-5 -5 -4 -4 -3 -2 -3 -2 -1 -1 0 0 100 100 120 140 120 140 

0 ("Cl 0 ("Cl 4') 4') 

Fig. 2. Measured vertical profiles of half-hourly mean potential temperature 0, wind speed [UI and 
wind direction (I at Cabauw, 20 February, 1978, 22 :00-22: 30 GMT. The height of the boundary 

layer was 150 m. 

TABLE II 

Half-hour runs used to determine structure parameter of temperature. 

Date Observation period 
begin (GMT) end (GMT) 

Number of half-hour runs 

20121 Feb 1978 19:oo 06:OO 17 
19 May 1978 0o:oo 03:30 8 
29130 May 1978 23:00 01:oo 4 
31 May/l Jun 1978 22:30 02:oo 8 
26 Sep 1978 01:oo 04:oo 7 
9 Feb 1979 04:30 08:OO 7 
30/31 Aug 1983 20:oo 01:30 11 

3. The Structure Parameter of Temperature 

The temperature structure function D T is defined as the mean-square tem- 
perature difference between two microthermal probes: 

DT = [T(x) - T(x + R)]2, (1) 

where T(x) is the temperature at position x, and T(x + I?) that at x + R. The 
overbar indicates an ensemble average, which in practice is replaced by time 
averaging. On the assumptions of an inertial subrange and local isotropy and 
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homogeneity, the relation between D T and the structure parameter of tem- 
perature is given by (Tatarski, 1961): 

c2 = r T(x) - T(x + WI2 = DT(R)R-2/3 
T (R (2’3 

C’, is independent of R if the separation ) R ( is within the inertial subrange. 
C”, can be measured with two temperature sensors separated by a distance R, 

or with one sensor using measurements at different instants of time. In the latter 
case, T(x, t+ 7) is put equal to T(x + R, t) with R = CJr; U is the mean wind 
speed and 7 is the time delay. 

The spectrum for temperature fluctuations is given by (Hinze, 1975): 

FT( k) = 0.25 C”, k-5’3 . (3) 

In this study, we used (3) to infer the temperature structure parameter C’, from 
observed spectra. The error in the values of C’, is estimated at 20%. Comparing 
(3) with Corrsin’s inertial subrange form for temperature (Corrsin, 1951): 

FT( k) = 0.8 Ne-‘13 k-‘13, (4) 

leads to: 

C’, = 3.2Ne-‘13, (5) 

where E is the dissipation of turbulent kinetic energy and N is the dissipation of 
temperature variance. So, a fourth way to determine the structure parameter C’, 
is by these molecular destruction terms. This method will be used in the models, 
to be described in the next section. 

4. The Vertical Profile of the Temperature Structure 
Parameter: Models 

Several models have been developed to describe the nocturnal boundary layer. 
The model of Nieuwstadt (1984, 1985) is a steady-state second-order closure 
model to study the vertical structure of the stable boundary layer. In Section 4a 
we shall discuss this model and focus on the vertical profile of the structure 
parameter C $. Another approach is offered in Section 4b: once the vertical 
profiles of the Reynolds stress 7 and the turbulent heat flux ~‘0’ have been 
determined, one can determine the vertical profile of C’, using similarity theory. 
Thirdly, Duynkerke and Driedonks (1987) developed a multilevel ensemble- 
averaged E-l model to study the cloud-topped atmospheric boundary layer. With 
this model, the structure parameter C”, can be calculated as a function of height. 
A discussion of this model will be given in Section 4c. 

4a. THE MODEL OF NIEUWSTADT 

To solve the equations that describe the evolution of the mean temperature 0 
and the mean wind speed vector U = (U, V) in a horizontally homogeneous 
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boundary layer, Nieuwstadt (1985) added as a closure hypothesis that the 
gradient Richardson number, Ri, and the flux Richardson number, Rir, are 
constant: 

Ri G g do 

/I I 

aU 2 = constant - 

Ta.2 a2 (64 

Ri,--$,/(r.g)=constant, 0-W 

where 7 is given by: 7 = [(-u’w’), (-v’w’)]. It is further assumed that there is a 
stationary, stable boundary layer. 

With this model, the production terms of turbulent kinetic energy and tem- 
perature variance become: 

-au -av - u'w'z- v'w - = 
a.2 &(1-z/h), 

f 

--a@ Ri T _ w’*‘z=--‘~ 
kRi, L 

W’& > 

(74 

(7b) 

where u* is the friction velocity and w’& is the surface heat flux. The tem- 
perature scale T* and the Obukhov-length L are defined by: 

T.+=-w’8b/U*, 

L = - u;/(kglT&?%), (W 

with k the von Karman constant. With (7), the molecular destruction terms E and 
N in Equation (5) can be found from the complete turbulent kinetic energy and 
temperature variance budgets (Businger, 1982) and neglecting the time variation, 
advection and flux divergence terms (Brost and Wyngaard, 1978): 

khN Ri h =-- 
T$u* Rif2L’ Pb) 

Note that the temperature dissipation N is independent of height. 
Now we can use Equation (5) to find the vertical profile of the structure 

parameter of temperature: 

C%kh)*‘” = 3 2 Ri 
T: ’ Ri;‘3(1 -Rif)1’3 

(1 - z/h)p”3 . (10) 

It follows that towards the surface, C’, approaches a constant value. This value 
and consequently the whole profile is a function of the stability parameter h/L. 
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Fig. 3. The Richardson number as a function of non-dimensional height. Each point indicates the 
average of all observations within a given height interval. The horizontal bar indicates the standard 

deviation of the data (from Nieuwstadt, 1985). 

The values for Ri and Ri, are taken equal to 0.2, which seems to be a reasonable 
assumption for a major part of the boundary layer (Figure 3). Equation (10) also 
predicts that C’, increases with height. The profile of C’, is determined by the 
profile of E solely, because, as noted above, N is constant with height. Figure 4 
(thin lines) shows the calculated profiles of the dimensionless structure parameter 
CTN = (C$(kh)2’3/Ta) for different values of the stability parameter h/L. Note 
that for z/h+ 1, CTN becomes infinite. 

0 10 20 30 40 50 
CTN 

Fig. 4. Calculated profiles of the dimensionless structure parameter for different values of the 
stability parameter h/L. The thin lines are according to Nieuwstadt’s model (10). The thick lines 

accord to (18) with the constants a, and a2 of Nieuwstadt, i.e., a, = 1.5 and a2 = 1. 
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4b. THE MODEL OF SORBJAN 

In the Monin and Obukhov (1954) similarity theory of 
non-dimensional wind shear and temperature gradients 
[ = z/L only: 

the surface layer, the 
must be functions of 

(114 

(1 lb) 

The theory is a great help in the analysis of the mean flow in the atmospheric 
boundary layer. However, similarity theory does not predict the shapes of the 
functions & and &, which can only be determined by experiments. See Yaglom 
(1977) for a review of the many formulas for &, and & that have been proposed. 
A generally used version of the functions &, and +, is (Dyer, 1974): 

&=&=lZ5<. (12) 

Nieuwstadt (1984) introduced the idea of local scaling for the stable boundary 
layer. Dimensionless combinations of variables which are measured at the same 
height (therefore the term local is used) can be expressed as a function of a single 
parameter z/A solely, where A is the local Obukhov-length: 

A = - r3”/( k g/T ~‘0’) . (134 

The local values of the Reynolds stress ~(2) and the turbulent heat flux w’@(z) 
define the local friction velocity V*(z) and temperature scale t*(z): 

112 U*(z)=7 , (13b) 

t*(z) = -w’6’/r1’2. (13c) 

Nieuwstadt showed that the Cabauw observations support local scaling. 
Using these local variables, one can define the following similarity functions: 

(144 

U‘W 

(14c) 

where 2 = z/A. These functions must approach the Monin-Obukhov functions 
for z -+ 0. Therefore, Sorbjan (1986) introduced the next hypothesis: “The form 
of the similarity functions @ of 2 in the outer layer (the part of the boundary 
layer above the surface layer) is identical to the form of Monin-Obukhov 
similarity functions 4 of 5 in the surface layer”. This leads to: 
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Qm=@h=1+5z, (154 

a,=1+4z. W-4 

Sorbjan assumed that the vertical profiles of stress and heat flux are given by: 

7 = uZ(1 - z/h)“1 ) (164 

w’8’=w’(l-z/h)% (16b) 
The constants o1 and (Y~ depend infer alia on the state of the stable boundary 
layer and terrain slope and must be determined empirically. Observations give 
values between 1 and 2 for (Y~ and values between 1 and 3 for o2 (Lacser and 
Arya, 1986). One further expects that the gradients of temperature and wind 
speed will remain finite throughout the boundary layer. With (14), (15) and (16), 
this leads to the following restriction for the vertical profiles: cr2 2 al. Because of 
large scatter in the data, the constants czl and a2 are rather difficult to obtain for 
one single night. Using all his observations, Nieuwstadt (1984) found czl = 1.5 
and (x2 = 1, so the restriction o2 2 (Y~ was not confirmed by his data set. The fact 
that these values are overall means might have caused this result. 

Using (13) and (16), we find the following relations between local quantities 
and surface quantities: 

u* = u*(l - z/h)+ ) 074 

t* = T*(l - z/h)P2-@ ) (17b) 

A = L(l - Z/h)3/2al-5 . (I7c) 

With these relations and (14), (15) and (5), we obtain the vertical profile for the 
structure parameter of temperature in dimensionless form: 

C%Wd2’3 = 3 2 (5~ z/h + (1 - z/h)3’2”1-aZ) 

T: * (4~ z/h + (1 - z/h)3’2ul-a+‘3 

where p = h/L is the stability parameter. 
In Figure 4, we show by the thick lines the profiles of the dimensionless 

structure parameter CTN for different values of the stability parameter h/L and 
the constants (Y~ and a2 of Nieuwstadt. For z/h B 0.35, (18) gives the same results 
as Nieuwstadt’s model, which is only valid for z/L % 1. Using this restraint and 
the constants of Nieuwstadt in (18), we obtain: 

C’,(kh)2’3 

T: 
= 3.2C(h/L)2’3(1 - z/h)-1’3, (19) 

where the constant C = 5/41’3 = 3.15 equals the factor Ri/(Ri;‘3 (1 - Rif)‘13) in 
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Fig. 5. The profiles of the dimensionless structure parameter using Equation (18) with at = crz = 1 

for three values of h/L. 

(10) with Ri = Ri, = 0.2. It now becomes clear that it is the closure hypothesis 
Ri = Ri, = constant that caused the structure parameter following from (10) to 
become constant near the surface. However, observations show that near the 
surface the values of Ri and Ri, deviate from 0.2 (Figure 3). Here, by using 
similarity functions, the influence of the surface layer is better represented. So, 
we expect that the shape of the structure parameter profile in that part of the 
boundary layer will be better described by (18) than by Nieuwstadt’s model. 

We note further that CTN always increases towards the surface irrespective of 
a2 > crl or (Y~ < al. However, for larger z/h, the shape of the profile does depend 
on the value of 02/~I. For CY~ > $ cyl, CTN + 0 at the top of the boundary layer, 
whereas for cr2 < ial, the structure parameter of temperature goes to infinity. 
With the earlier restriction of (Y 2 b al, it follows that (18) describes a structure 
parameter decreasing with height (Figure 5), whereas, adopting Nieuwstadt’s 
values (Y~ = 1.5 and a2 = 1, CTN + m at the top of the boundary layer (Figure 4). 

412. THE MODEL OF DUYNKERKE AND DRIEDONKS 

To study the cloud-topped atmospheric boundary layer, Duynkerke and Drie- 
donks (1987) developed a multilevel ensemble-averaged model. Tjemkes and 
Duynkerke (1989) show that this model can simulate the structure and evolution 
of the nocturnal boundary layer as well. In this type of model, the combined 
effect of all eddy sizes has to be parameterized. For this purpose, several 
turbulent closure hypotheses have been developed, which are mainly based on 
observational data from the clear-sky atmospheric boundary layer. In the model 
of Duynkerke and Driedonks, turbulence closure is formulated by using an 
equation for the turbulent kinetic energy and a diagnostic formulation for the 
length scale. 

The ensemble-averaged equations describing the dynamics of the atmospheric 
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boundary layer in horizontally homogeneous conditions are a more complete 
version of the set used by Nieuwstadt. Duynkerke and Driedonks added to these 
equations an equation that describes the evolution of total water, i.e., water vapor 
and liquid water. We adopted a low humidity in order to prevent cloud formation. 
Moreover, the humidity is taken independent of time and no evaporation has 
been considered. 

The fluxes in the equations are expressed as: 

84 -&W’=K,h-, 
’ az 

where 4 is either a horizontal velocity component (K, is used), or temperature 
or specific humidity (K,,). The exchange coefficients are calculated with: 

K m.h = cl,,,,,,E”* , (21) 

where c is a constant, I+ a length scale and E the turbulent kinetic energy, 
determined with the complete turbulent kinetic energy budget (Businger, 1982). 
In the stable boundary layer, the length scale I,,,,,, is determined by a suitable 
interpolation between two length scales; viz., a length scale for the surface layer: 

l= k.dhn,h , (224 

with (bm,h = 1 + 5 z/L, and a length scale for the stable layer: 

1, = c,E~‘~/ N , Wb) 

where c, = 0.36 and N is the Brunt-Vlislli frequency given by: 

pp&P? 
01, az . WC) 

Longwave radiative cooling of the atmosphere is calculated with the band- 
model of Tjemkes and Duynkerke (1989), the surface temperature with a model 
of Deardorff (1978). For the roughness length, a value of 0.15 m is adopted, 
which is typical for the Cabauw surroundings. The calculations were started with 
a neutral temperature profile. 

Two situations, with geostrophic winds of 6 and 10 m/s have been simulated. In 
Figure 6, the curves are shown after 4, 6, 8 and 10 hr. 

With a geostrophic wind of 6 m/s, there is a continuous decrease of the 
structure parameter with height. The stability parameter h/L for this case is 
about 3. With a geostrophic wind of lOm/s, only in the beginning of the night 
there is a continuous decrease of the structure parameter. After about 6 hr, the 
structure parameter decreases with height in the lower half of the boundary layer, 
while in the upper half it reaches a maximum at z/h = 0.7, decreasing again down 
to a small value at the top of the boundary layer. During the night, the whole 
curve above z/h = 0.1 moves to the right. This implies an increase of the 
structure parameter in the entire boundary layer, which is most pronounced 
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6. Profiles of the dimensionless structure parameter calculated with 
Driedonks. Curves are shown after 4 hr (+), 6 hr (*), 8 hr (0) and 10 hr 

speeds of 6 and 10 m/s. 

the model of Duynkerke 
(V), for geostrophic wind 

around z/h = 0.6 - 0.7. However, there is also a slight decrease of the stability 
parameter h/L from 2.5 to 2.0. We thus observe that CTN increases with 
decreasing h/L. In contrast, Nieuwstadt’s model predicts an increase of the 
structure parameter with increasing h/L (Equation (10)). Moreover, the profiles 
of Nieuwstadt’s model disagree with the model of Duynkerke and Driedonks. On 
the other hand, there is reasonable agreement between the profiles of the model 
of Duynkerke and Driedonks at a geostrophic wind speed of 6 m/s and the profile 
based on Sorbjan’s hypothesis, Equation (18), with (Y~ = (Y~ = 1. However, the 
profiles with geostrophic wind U, = 10 m/s do not agree with (18) for any value 
of (Y~ and LYE. 
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Fig. 7. Observations of the dimensionless structure parameter with data taken during the whole 
night for moderate geostrophic wind periods and only during the beginning of nights with a high 
geostrophic wind. The wind speed is the mean of the low geostrophic wind periods only. Each point 
indicates the average of all observations within a given height interval. The bar indicates the standard 
deviation of the data and the number represents the number of data points within each height 

interval. 

5. Results and Discussion 

In Figures 7 and 8, we show observations of the dimensionless structure 
parameter CTN for the periods mentioned in Table II. The mean geostrophic 
wind speed during the observation periods is indicated. From these figures it 
appears that the structure parameter is large near the surface and small at the top 
of the boundary layer. The profiles between surface layer and inversion layer can 
roughly be divided into two classes. First, there are observation periods when 
CTN decreases continuously with height. In these periods, the geostrophic wind 
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Fig. 8. As Figure 7, but for high geostrophic wind periods later at night. The mean geostrophic wind 
speed in these periods is indicated. 
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speed is about 7 m/s or there is a higher geostrophic wind speed but observations 
were made early at night (Figure 7). Second, in the other periods (with U, = 
11 m/s and observations made later at night), CTN decreases in the lower half of 
the boundary layer, but shows an increase about z/h -0.7, after which it 
decreases again (Figure 8). 

In Figure 9, we show observations of CTN as a function of z/h where only 
those values of CTN were used with the stability parameter either in the interval 
1.0 G h/L < 1.5 or 5.5 G h/L < 7.0. According to Nieuwstadt’s expression (lo), 
CTN should be about three times as large in the latter case as in the first case 
(Figure 4). However, the observations do not show such behaviour. The observed 
structure parameter does not seem to depend on the stability parameter. 

In Section 4a, we concluded that according to Nieuwstadt’s theory, the 
temperature structure parameter approaches a constant value at the surface and 
increases with height. The observations on the contrary show that the structure 
parameter increases near the surface and is small at the top of the boundary layer. 
The reason for the discrepancy in the surface layer is that Ri and Ri, were 
assumed to be constant (0.2). Near the surface, Ri and Ri, are smaller than 0.2 
due to the high shear. At the top of the boundary layer, the assumption seems 
correct. The second assumption in Nieuwstadt’s theory, that of stationarity, is 
likely to cause the theoretical profile to become infinite, which is not supported 
by the observations. As a consequence of this assumption, aO/ez is proportional 
to (1 - z/h)-‘. Because ~‘0’ is found to be proportional to (1 - z/h), the dis- 
sipation of temperature variance N= - w’#(L@/az) is independent of height and 
consequently, the profile of CTN is determined by the profile of the dissipation of 
turbulent kinetic energy E only (Section 4a). However, if a@/az is proportional to 
(1 - z/h)-‘, then 0 should increase continuously with height to become infinite at 
the top of the boundary layer. Figure 10 shows that this does not occur. So, aO/az 

Fig. 9. Observations of the dimensionless structure parameter with the stability parameter either in 
the interval 1.0 6 h/L < 1.5 (x) or 5.5 c h/L < 7.0 (O), 
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Fig. 10. Potential temperature profiles computed for two values of the geostrophic wind after 4 hr 
(+), 6 hr (*), 8 hr (0) and 10 hr (V). The boundary-layer height, defined as the altitude where the heat 

flux is 5% of its surface value, is indicated by an arrow. 

is not proportional to (1 - z/h)-‘. Therefore, N must be a function of height and 
the profile of CTN is determined by the profiles of E and N. 

Next, we turn to the model of Sorbjan. We first examine the dimensionless 
profiles of the temperature and wind gradient (14). Observations of these 
so-called similarity functions a,,, and $, are shown in Figures lla and llb. The 
line 1 + /3 z/h with /3 = 5 seems to fit reasonably well although close to the 
surface, p might be larger (Yaglom, 1977; Wieringa, 1980; Zhang et al., 1988). 

The profile of the structure parameter in the surface layer is described 
acceptably by using similarity functions of Sorbjan. However, above this layer the 
profile is sensitive to the specific values of czl and a2 of the stress and heat flux 
profiles, Equation (16). For a single night, these values could not be determined 
because of large scatter in the data. But whatever choices of (Y~ and a2 are made, 
the profile of CTN above the surface layer either continuously increases or 
decreases. So, even if one were able to determine these constants, one could only 
expect good agreement in moderate geostrophic wind speed cases. The model 
can not generate the maximum of CTN observed in the upper mixed layer for the 
high wind speed cases. Moreover, like the model of Nieuwstadt (Section 4a), the 
profile of CTN is also a function of h/L. The more stable the atmosphere, the 
larger is CTN. As mentioned earlier, the observations do not show such 
behaviour (Figure 9). 

The best agreement with observations is found with the profiles calculated 
from the model of Duynkerke and Driedonks (1987). The calculated profiles 
show an increase near the surface. For medium geostrophic winds (-6 m/s), there 
is a continuous decrease of CTN towards the top of the boundary layer. 

In the situation of a strong geostrophic wind, the model shows that, after a few 
hours, a local maximum of CTN develops about z/h - 0.7. This behaviour can 
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Fig. 1 l(a). Dimensionless profile of wind gradient a,,, as a function of the dimensionless height z/A. 
Each point indicates the average of all observations within a given height interval. The bar indicates 
the standard deviation of the data and the number represents the number of data points within each 

height interval. Also shown is the function @ = 1 + p z/A with j3 = 5. 
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Fig. 1 l(b). As Figure 1 l(a), but for the dimensionless temperature gradient a,,. 
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roughly be understood by using the profiles of potential temperature (Figure 10). 
There is a large temperature gradient close to the surface. In that region, there is 
considerable mechanical turbulence and CTN is large. At the beginning of the 
night, the vertical temperature gradient decreases continuously with height and 
so does CTN, which depends on it. However, after a few hours, we see an 
increase of the temperature gradient at larger height. This causes the increase of 
CTN at z/h = 0.7. 

So, the shapes of the calculated profiles agree qualitatively with observed 
profiles. The reason why the values of CTN obtained from the model are about 
2-3 times as high as those observed is not clear to us. We found that adopting a 
value larger than 5 for p makes the discrepancy only greater. 

6. Conclusions 

We have examined the structure parameter of temperature in the stable, noctur- 
nal boundary layer with continuous turbulence. The data were gathered during 
clear nights from the meteorological mast at Cabauw, The Netherlands. 

The vertical profile of the temperature structure parameter depends on the 
geostrophic wind speed. On nights with a moderate geostrophic wind speed and 
in the first few hours of nights with a high geostrophic wind speed, the structure 
parameter is large near the surface and decreases continuously to become small 
at the top of the boundary layer. On nights with a high geostrophic wind speed, 
the observations show, a few hours after transition, the development of a 
maximum of the structure parameter at about three quarters of the boundary- 
layer height. 

Comparing these observations with three theoretical profiles leads to the 
following conclusions: 

Because of the assumptions of stationarity and constant Ri and Rir, the model 
of Nieuwstadt (1985) is not suited to describe the profile of the structure 
parameter. 

Using similarity functions following Sorbjan (1986), we found qualitative 
agreement between observations and model in the lower part of the boundary 
layer. Because the constants (Y~ and a2 in the stress and heat flux profiles could 
not be determined experimentally separately for each night, we can not simulate 
the profiles in the rest of the boundary layer. However, calculations with assumed 
values of (Y~ and a2 show that the maximum at z/h = 0.7 observed on nights with 
a high geostrophic wind can not be explained. Like the model of Nieuwstadt, the 
model using similarity functions shows that the profile of CTN is a function of the 
stability parameter. The observations do not show such a dependency. 

The model of Duynkerke and Driedonks shows the right shape of the profile in 
moderate and high geostrophic wind speed situations. However, the computed 
value of the structure parameter is 2-3 times higher than observed. 
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