
October 1982 K. Kai 1117

The Budget of Turbulent Energy Measured 

 at the ERC 30-m Meteorological Tower

By Kenji Kai

The Environmental Research Center, the University of Tsukuba, lbaraki, 305 Japan 

     (Manuscript received 31 October 1981, in revised form 15 June 1982)

                              Abstract 

   Turbulence measurements of wind and temperature were made by sonic anemometer-

thermometers in the first thirty meters of the atmosphere. Turbulent statistics obtained by 

direct measurements were analyzed, using the Monin-Obukhov similarity theory. 
   The behaviors of the terms in the turbulent energy budget were examined, together 

with the relation of turbulent statistics to the measured parameters such as mean wind speed, 

stability and height. A model of the turbulent energy budget was derived from the results. 

Under near neutral conditions, mechanical production and viscous dissipation are dominant 

and essentially in balance, while turbulent transport and buoyant production are not impor-

tant. In unstable conditions, each term in the budget is important. Buoyant production is 

a gain and turbulent transport is a loss. In stable conditions, all terms except turbulent 

transport are significant. Mechanical production and the imbalance are the sources of tur-

bulent energy and the others energy sinks. For both stable and unstable conditions, the 

imbalance increases with the magnitude of stability.

1. Introduction 

 The structure of atmospheric turbulence re-
flects the budget of production, transport and 
dissipation of turbulent energy. So, the budget 
of turbulent energy is of special importance. In 

the surface boundary layer, production of tur-
bulent energy by both wind shear and buoyancy 

plays a primary role, and is concentrated in the 
region very near the ground. 

 The equation for the turbulent energy budget 
may be written for the case of horizontally 
homogeneous turbulence (see Lumley and Panof-
sky, 1964),

spectively; *2=*2+*2+*a is twice the turbulent 
energy per units mass; T and * are the means of 
temperature and density of the air; * is the ac-
celeration due to gravity; and * is the rate of 
viscous, dissipation of turbulent energy. The 
terms in Eq. (1) can be identified as (from the 
left) the rate of change of turbulent energy TE, 
mechanical production MP, buoyant production 
BP, turbulent transport TT, pressure transport 
PT, and viscous dissipation VD. Fig. 1 shows 
a schematic diagram of the turbulent energy

where *, *, * are the three components of the 
wind fluctuation (*=*=*= 0) in directions x, y, 
z, respectively; U is the mean wind speed; *, * 
are the fluctuating temperature and pressure, re-

Fig. 1 Schematic diagram of the turbulent 

   energy budget.
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budget. 
  The main purpose is to investigate the turbu-
lent energy budget over a wide range of stability 
conditions in the surface boundary layer. In 
order to carry out the purpose, turbulence 
measurements of wind and temperature were 
made in the first thirty meters of the atmosphere. 
Four sonic anemometer-thermometers were used 
for turbulence measurements. In the present 
study it is possible to specify relative magnitudes 
of the terms in the turbulent energy budget. 

  Over the past two decades, there have been 
several experimental studies of the turbulent 
energy budget in the surface boundary layer, as 
summarized in Table 1. In spite of these studies, 
there is still not complete agreement on the rela-
tive importance of each term in the turbulent 
energy budget. 

  Panofsky (1962) suggested that the flux of tur-
bulent energy was upward and that turbulent 
transport was an important term in the budget 
equation under unstable conditions. Busch and 
Panofsky (1968), however, concluded that vis-
cous dissipation was balanced by mechanical and 
buoyant production and that turbulent transport 
was unimportant in the case of homogeneous 
terrain. 

  Instrumented aircrafts were used to estimate 
directly the budget of turbulent energy in the 

planetary boundary layer by Lenschow (1970, 
1974). Lenschow (1970) reported that viscous 
dissipation was almost constant with height be-
tween the lowest flight level of 100 m above the 

ground, and the highest flight level of 1000 m, 
which was just below the top of the planetary 
boundary layer, while turbulent transport in-
creased with height to balance the decrease in 
buoyant production. Lenschow (1974) proposed 
a model of the height variation of the turbulent 
energy budget in the unstable planetary bound-
ary layer. 

  In 1968, the Boundary Layer Branch of the 
Air Force Cambridge Research Laboratories car-
ried out an extensive and systematic study of 
the surface boundary layer at a site in Kansas 
(Haugen, 1973; Wyngaard and Cote, 1971). 
Based on the Kansas experiments, Wyngaard and 
Cote (1971) made a detailed study of the turbu-
lent energy budget. They concluded that for 
unstable conditions, viscous dissipation is bal-
anced by mechanical production and an im-
balance, and that buoyant production and tur-
bulent transport are approximately in balance.

They suggested that the imbalance may be 
ascribed either to pressure transport (which was 
not measured) or to experimental difficulties such 
as horizontal inhomogeneity. 

  Recent studies of the turbulent energy budget 
confirmed the existence of the imbalance and 
relate this to pressure transport (McBean and 
Elliott, 1975; Champagne et al., 1977; Caughey 
and Wyngaard, 1979). Pressure transport has 
been measured directly by Elliott (1972). His 
results indicated that pressure transport was 
about one-tenth of mechanical production for 
near neutral conditions, but no measurements 
were made for stable and unstable conditions. 
McBean and Elliott (1975) examined the trans-

port of turbulent energy by turbulence and pres-
sure for a surface boundary layer over a dry 

prairie grassland. They found that for unstable 
conditions turbulent transport was about equal 
to minus buoyant production, and that pressure 
transport was of opposite sigh and of about 
equal magnitude to turbulent transport. 

  McBean et al. (1971) reported that for slightly 
unstable conditions the total production was bal-
anced by viscous dissipation and that for more 
unstable conditions viscous dissipation exceeded 
the production. Garratt (1972) found that vis-
cous dissipation and turbulent transport was 
significant on occasions but small on the average. 
From the standpoint of the budget relations of 
turbulent energy and temperature variance, 
Monji (1973) discussed the transition from the 
surface layer to the free convection layer of 
the unstable planetary boundary layer. Maitani 
(1977) showed the characteristics of the turbu-
lent transport and viscous dissipation were the 
main loss terms under unstable conditions and 
that these terms increased in magnitude with in-
stability. 
  Theoretical studies have shown qualitative 
characteristics of turbulence to a certain degree, 
but not for quantitative ones. Experimental 
studies are necessary for acquiring information 
with regard to the quantitative characteristics. 
The results by Wyngaard and Cote (1971) was 
unique in providing direct measurements of all 
terms except pressure transport in the turbulent 
energy budget. Wyngaard and Cote established 
the model of the turbulent energy budget for 
unstable conditions, but a general specification of 
the turbulent energy budget including the case 

of stable conditions has not yet been achieved. 
The emphases in this study will be on the be-
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Fig. 2 Location of the experimental site. A=Grass field, B=Build-

   ings, C=Coniferous wood.

havior of the turbulent energy budget under 
stable conditions as well as under unstable con-
ditions. 

2. Experimental methods 

2.1 Experimental site and instrumentation 
 The site is the hydrometeorological observa-

tion field of the Environmental Research Center 

(ERC), the University of Tsukuba, at Sakura-
mura, Ibaraki-ken, Japan (36*06'N, 140*06'E; 
see Fig. 2). The field is circular in shape with 
a radius of 80m and is covered by grass about 
50cm tall. The neighboring area is not com-

pletely homogeneous due to some buildings and 
forests, which are about 10m in height. The 
30m tower was built at the center of the circu-
lar field. Fig. 3 shows a horizontal cross section 
of the 1 m square lattice-type tower with boom 
arrangements for the sonic anemometers and the 

resistance thermometers at the levels of 1.6, 4.3, 
12.3 and 29.5m above the ground. The booms 
for the four sonic anemometers extended 2.0m 
to southeast. The desired wind direction for 
data collection was from southeast, to avoid dis-
torting influences of the tower structure on the 
wind sensors. The booms for the resistance ther-

mometers extended 2.0m to northeast. 

 Fluctuating velocity components and tempera-
ture fluctuations were measured with three com-

Fig. 3 30m tower and the arrangement of 

    sensors.

ponents sonic anemometer-thermometers (Kaijo 
Denki Model PAT 311). The sensing head of 
the anemometer has three 20cm sound paths to 
measure the wind, one for the vertical compo-
nent and two for the horizontal components. 
The frequency response of the sensors is about 
20Hz. The output signals from these sensors 
were transmitted through cables to a building 
outside the field and recorded on a computer-
controlled data acquisition system (Kaijo Denki 
Model GP-1100). The signals were continuously 
monitored on chart recorders. 

2.2 Data collection and reduction 
 The experimental runs are listed in Table 2.
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Table 2 Selected runs for analysis.

Data collection was restricted to periods when 
the wind was mainly from southeast and con-

stant in speed and direction. An experimental 

period was terminated when either wind speed 
or direction became unfavorable, to avoid the 
tower influence on wind speed measurements and 
the effect of nonstationarity. 

 A typical run length was 90min, occasionally 
shortened to 10, 30 or 60min during the actual 
experiment, or during subsequent analyses. The 
basic averaged period used for the statistical 

analyses was 10min. The mean and linear trend 
were removed from the turbulent velocity and 
temperature signals in order to reduce the effect 
of ultra-low-frequency fluctuations. Unless other-
wise noted, the results to be presented will be 

based on the basic 30min-averaged data which 
is the average of three consecutive 10 min-aver-
aged groups of data. 

  Analog signals from the sonic anemometer-
termometers were sampled 20 times a second, 
digitized and stored on magnetic tapes by means 

of the data acquisition system. The data were 
filtered with a band-pass digital filter with a 
frequency range from 0.0024 to 10Hz in order 
to give good spectral resolution and to minimize 
the effect of aliasing. 

  Turbulence statistics, such as variances, co-

variances, triple moments and their gradients 
were computed directly from the simultaneously-
sampled time series of *, *, * and *, which 
represent the departures of the longitudinal, 
lateral and vertical velocity components and tem-

perature from their respective means. The power 
spectra of the turbulent velocity and temperature 
were obtained using the Fast Fourier Transform 

(Hino, 1977). They were used to estimate the 
dissipation rate. 

3. Theoretical relations and methods . of analysis 

3.1 Basic parameters 
  The Reynolds stress * and the sensible heat 

flux H were determined by the eddy-correlation

method, respectively:

 The estimates of viscous dissipation s were 

calculated from the spectra of the velocity com-

ponents, by fitting the -5/3 power law, accord-
ing to the Kolmogorov's theory for the inertial 

subrange,

where * is the wavenumber, n is the frequency 
and Si(*) is the spectra of the velocity compo-
nents (i=*, *, *). 

 The following velocity, temperature and length 

scales were used as the basic paramter,

where u* is the friction velocity, T* is the fric-
tion temperature, L is the Monin-Obukhov length, 
k is the Karman constant and cp is the specific 
heat of air at constant pressure. 

 According to the Monin-Obukhov similarity 
theory, the results have been analyzed in dimen-
sionless form, using the dimensionless quantities: 

   z/L 

Monin-Obukhov stability parameter

dimensionless viscous dissipation of turbulent 

energy

dimensionless term of mechanical production of 

turbulent energy
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dimensionless term of buoyant production of 

turbulent energy

dimensionless term of turbulent transport of tur-

bulent energy

dimensionless term of the imbalance 

3.2 The equations for the turbulent energy 
    budget 

  The assumptions of horizontal homogeneity 
and stationarity are primarily responsible for the 
simplification of Eq. (1) In the present study 
the pressure transport term was not measured 
because of the difficulty in measuring the fluc-
tuating pressure. Errors in neglecting the pres-
sure transport term and in assuming homogeneity 
and stationarity are combined in an imbalance 
term IM. 

  Incorporating these assumptions, we take as 
our model of the turbulent energy budget

 In the surface boundary layer, Eq. (6) may 

be conveniently be expressed in dimensionless 
form, by multiplying through by kz/u*3,

or

The Monin-Obukhov similarity theory predicts 
that the terms in the turbulent energy budget 
should be universal function of z/L, which will 

be determined experimentally and tested in the 
following section.

4. Results and discussion 

  Turbulent statistics were measured at the four 
levels (1.6, 4.3, 12.3, 29.5m) of the tower. Table 
3 gives the resulting data with respect to the 
90-min mean. Six runs were selected as repre-
sentative of typical conditions during the experi-
ment and were classified into three stability

groups; Run 760 and 770, which represent un-
stable conditions, and Run 780 and 980, which 
represent almost neutral conditions, and Run 790 
and 830, which represent stable conditions. 

  As evident from the site description in Section 
2, the surface roughness up-wind of the tower 
was not completely homogeneous. This affected 
the measurements of wind profiles at the tower; 
the wind profiles showed the double-logarithmic 
structure. The air close to the ground was 
strongly influenced by this effect, so that the 
values at the lower level were omitted from the 
budget of turbulent energy. The values of each 
term in Eq. (7) were evaluated in the following 
two layers; 

  (1) a layer between the levels of 12.3 and 
     29.5m 

  (2) a layer between the levels of 4.3 and 
     29.5m 

In all cases we refer to the terms on the left on 
Eq. (7), and if a term represent an energy gain, 
it is positive. 

  We now proceed to a discussion of the be-
havior of the terms in Eq. (7) at all stabilities. 
The results are summarized by the Monin-
Obukhov similarity theory for comparison with 

previous studies. 

4.1 Viscous dissipation and spectra 
  The spectra were computed using the Fast 

Fourier Transform. The resulting spectra were 
obtained by dividing each 90-min record into 9 
consecutive 10-min blocks of data and construct-
ing composite spectra by averaging the 9 sepa-
rate spectra. The composite spectrum was then 
smoothed by averaging spectral estimates over 
frequency band. 

  The results of this experiment provide an op-

portunity to examine Kolmogorov's hypothesis 
for the behavior of the spectra in the inertial 
subrange. Fig. 4 shows the spectra for the longi-
tudinal component * and for the vertical com-

ponent * at the four levels of the tower, which 
are plotted in a log-log representation against 
frequency n (Hz) and divided into three groups 
according to the stability parameters z/L indi-
cated in the figure. The broken line in the figure 
has a slope of -5/3 corresponding to Kolmo-

gorov's hypothesis. The levels of the u- and *-
spectra for near neutral conditions are higher 
than those for stable conditions. The spectra 
of u and * show a well-developed - 5/3 slope 
of the inertial subrange on the high-frequency 
side. The u-spectra are found to obey the - 5/3
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Table 3 Turbulence statistics (with respect to the 90-min mean) at the four levels of 
   the tower. Each run is classified into three stability groups according to z/L.

power law at much lower frequencies than the 
*-spectra. The position of the inertial subrange 

shifts to lower frequencies as increasing height. 
These results indicate that the horizontal scale 
of turbulence is larger than the vertical one and 
that the scale of turbulence increases with height. 

  Viscous dissipation is most important among 
the terms in the budget equation. As mentioned 
above, the estimates of viscous dissipation were 
obtained by assuming that Kolmogorov's hypo-
thesis was valid. The -5/3 power law was fit-
ted to u, v, w spectra and is evaluated for each 
with A*=0.50 and A*=0.67 (Haugen, 1973). 
Fig. 5 compares the estimate *u obtained from 
the u-spectrum with the estimate e* from the *

spectrum. As can be seen in the figure, the 

agreement between ** and **, is good, so that 

** is used as the estimate of *. 

  Fig. 6 shows viscous dissipation as a function 

of mean wind speed at the four levels. From 

the figure, viscous disssipation increases with the 

third power of mean wind speed at a given 

height, but decreases with increasing height along 

the tower. The relation between * and U at 

each level is expressed as follows:

e =16.5U3 at 1.6m 

 = 8.3U3 at 4.3 m 

 = 4.7U3 at 12.3m 

e = 1.2U3 at 29.5m
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 Assuming the neutral case of Eq. (6), the fol-
lowing equation may be obtained:

where *M is a function of stability z/L, and is 
unity when z/L = 0. Eq. (9) leads the approxi-

mate result that for neutral conditions viscous 
dissipation equals mechanical production. Fig. 7

shows the relationship between and u*3/ kz. It 

may be seen that there is some scatter in the 
figure because of the difference of stability, but 
one-to-one relationship exists between * and 
u*3/kz for the cases of near neutral conditions. 
In near neutral conditions, mechanical produc-
tion is a good measure of viscous dissipation. 

  In order to examine the scatter seen in Fig. 7, 
e normalized by u*3/ kz is plotted against stability 

z/L in Fig. 8. The solid curve is fitted to the 
data, and the dashed curve was obtained by 

Wyngaard and Cote (1971). The fitted through

Fig. 4 Spectra of the velocity components, 
   Si(n) (i=u, w) at the four levels of the 

   tower. Each run is classified into three 
   stability groups according to the stability 

   parameter z/L as follows: *=unstable 
   conditions, *=neutral conditions, *= 

   stable conditions. Each point represent a 
   90-min average.

Fig. 5 Comparison of the estimate of vis-

   cous dissipation obtained by the u-spec-

   trum in the inertial subrange with that 

   obtained by the w-spectrum.

Fig. 6 Viscous dissipation as a function of mean wind speed at the 

    four levels of the tower.
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Fig. 9 Dimensionless rate of mechanical 

    production of turbulent energy 
   plotted against the stability para-

    meter z/L.

Busch and Panofsky (1968)

Fig. 7 Comparison of the measured viscous 
   dissipation * under various stabilities with 

   the mechanical production of turbulent 
   energy for neutral conditions, u*3/kz. 

   Symbols are the same as those in Fig. 4.

Garratt (1972)

  Results for viscous dissipation are generally 
consistent with the previous results. The relation 
for unstable conditions is approximated by the 
formula as obtained by Wyngaard and Cote 

('1971) from the Kansas results. On the stable 
side, viscous dissipation is slightly small as com-

pared with Wyngaard and Cote's results. 

4.2 Mechanical production 
  Measurements of the dimensionless rate of 

mechanical production are shown in Fig. 9. The 
average properties of this curve should be those 

of the dimensionless wind shear *M(z/L), where

Fig. 8 Dimensionless viscous dissipation 

   plotted against the stability parame-
   ter z/L.

The curve fitted through the unstable data has 

the form

the unstable data has the form

The curve had been assumed to go through 1.0 

at z/ L = 0. The curve fitted through the stable 

data has the form

 The other investigators proposed the equations 
for viscous dissipation as follows: 

 Wyngaard and Cote (1971)

Under stable conditions, the form of the curve 

1s

These interpolation formulas are shown in Fig, 
9 as well as those obtained by Businger et al. 

(1971). 
  It may be seen that the relation on the un-

stable side is approximated by the formula as 

obtained by Businger et al. (1971). But mechan-
ical production on the stable side is systemati-
cally small by a factor of almost two. This 
difference may be explained by the fact that the
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wind profiles at the tower are influenced by 

more or less inhomogeneous terrain. 

4.3 Buoyant production 

 Buoyant production is simply normalized as

and is a gain under unstable conditions and a 
loss under stable conditions. 

4.4 The flux o f turbulent energy and turbulent 
     transport 

  In this section we examine the flux of turbu-
lent energy and its divergence, or tubulent trans-

port. Fig. 10 shows the relation between *q2/ 2 
and * for the case of *q2/ 2>0. This shows 
that *q2/ 2 increases rapidly with the third power 
of u*. 
 The dimensionless flux of turbulent energy 

*q2/2u*3 is plotted against the stability parame-
ter z/L in Fig. 11. The results show a marked 
trend with z/L for unstable conditions, though 
there is no trend in stable conditions. The flux 
of turbulent energy is positive in most unstable 
cases. This feature implies upward energy trans-

port, particularly in unstable conditions. In Fig. 
11, the results are compared with the results 
from three other studies (Garratt, 1972; Wyn-

gaard and Cote, 1971; Banke and Smith, 1973). 
 Turbulent transport were estimated by ap-

proximating the vertical derivative of *q2/ 2. 
The results show some evidence of obeying simi-
larity on the unstable side, although the scatter 

is large (Fig. 12). The solid line in the figure 
is a fit to the data on the unstable side. For 
unstable conditions, turbulent transport behaves 
approximately as

Some of the scatter in the figure is probably due 
to the crude derivative approximation. Also, part 
of the scatter is probably caused by the inherent-
ly large uncertainty in the third moments. 

 Turbulent transport on the stable side of Fig. 
12 does not show any clear trend. There is 
scatter around zero for small z/L. At large z/L, 
almost all the estimates  are smaller in magnitude

Fig. 11 Dimensionless flux of turbulent 

   energy plotted against the stability para-

    meter z/L. Symbols are the same as 

   those in Fig. 10.

Fig. 10 Flux of turbulent energy plot-

   ted against the friction velocity. Fig. 12 Dimensionless rate of turbulent 

   transport of turbulent energy plot-

   ted against the stability parameter 

   z/L.
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than z/L. It appears that turbulent transport is 
small compared to the dominant terms in the 
budget of turbulent energy. 

4.5 The imbalance 
 The imbalance was calculated from the re-

sidual of the budget equation of turbulent energy. 
The dimensionless imbalance term is plotted 
against the stability parameter z/L in Fig. 13. 
Also plotted in the figure are the curves fitted 
to the data and the relation obtained by Wyn-
gaard and Cote (1971). As can be seen from 
the figure, the imbalance is zero for near neutral 
conditions (z/L*0). As the magnitude of z/L 
increases, the imbalance becomes considerably 
larger. 
  As mentioned above, the assumptions on which 
the budget equation of turbulent energy (7) is 
based are not fully met by the ERC data. The 
imbalance shows the net contribution of the 
terms omitted from the equation. The accumu-
lated errors of the measured terms, horizontal 
inhomogeneity, nonstationarity and pressure 
transport are involved in the imbalance. The 
result of the experiments indicates that the rate 
of change of turbulent energy is two order of 
magnitude too low, so that nonstationarity can 
be eliminated from consideration. 

  The large imbalance among the measured 
terms in the budget equation of turbulent energy 
under unstable conditions is discussed. The data 
show that with increasing instability there is an 
increase in the imbalance, and the imbalance is 
substantial. Wyngaard and Cote (1971) and 
Maitani ('1977) had similar results. This implies 
that pressure transport is significant under very 
unstable conditions. The imbalance at z/L= 
- 0.5 is about twice that of Wyngaard and Cote 
(1971). The horizontal inhomogeneity may ac-

count for this excess. 
 For very stable conditions, the imbalance is 

of the same order of magnitude as viscous dis-
sipation, and larger than any of the other terms. 
As discussed above, mechanical production is un-
derestimated because of horizontal inhomogen-
eity. This error could account for some of the 
imbalance under very stable conditions. 

4.6 Vertical structure of the turbulent energy 
    budget 

  Each term in Eq. (6) was computed for the 
data runs, and examples are shown in Fig. 14 
for unstable conditions and Fig. 15 for stable 
conditions. 
  From Fig. 14, it is clear that for unstable 
conditions buoyant production and turbulent 
transport are approximately balanced, and also 
mechanical production decreases with increasing 
height and the absolute value of viscous dissipa-

Fig. 14 Vertical structure of the turbu-

   lent energy budget in unstable condi-

   tions.

Fig. 13 Dimensionless imbalance of the 

   turbulent energy budget plotted against 

   the stability parameter z/L.

Fig. 15 As in Fig. 14 except for stable 

    conditions.
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  tion decreases with height. Mechanical and 
  buoyant productions are sources of turbulent 

  energy. The former is much larger than the 
  latter. Viscous dissipation and turbulent trans-

  port are energy sinks. The fact that turbulent 
  transport is an energy sink means that near the 

  surface, energy is exported upward by turbulence 
  at double the rate it is produced by buoyancy. 
  Viscous dissipation and mechanical production 

  decrease markedly with height. This is caused 
  by the effect of the surface boundary. 

    For stable conditions, each term of the turbu-
  lent energy budget is very small as compared 

  with that for unstable conditions, and is almost 
  constant with height (Fig. 15). Mechanical pro-

  duction and the imbalance are energy sources 
  and the others sinks. 

    It can be concluded from Fig. 14 and Fig. 15 
  that mechanical production and viscous dissipa-

  tion are a main energy source and sink, respec-
  tively. They decrease with height. Turbulent 

  transport is an energy sink to approximately 
  balance buoyant production which may be a 

  source or sink depending on stability. Viscous 
  dissipation exceeds the sum of mechanical and 

  buoyant productions, and the imbalance is a gain 
  and of the same order of magnitude as mechani-

  cal production. For stable conditions, the magni-
  tude of each term is very small and almost 
  constant with height. 

  4.7 Model 
   The model of the turbulent energy budget was 

  deduced from the results. Fig. 16 shows the 
  trend lines of all terms in the budget equation 

  (7) against z/L. In neutral conditions, mechani-
  cal production and viscous dissipation are ap-

  proximately in balance, while turbulent transport 
  and buoyant production are not important. The 

  imbalance is zero. In unstable conditions, each 
  term in the budget equation is significant, and 
  buoyant production is a gain. In this case the 
  imbalance increases with the magnitude of ab-
  solute stability. Mechanical production becomes 

  less important as instability increases, and buoy-
  ant production assumes a dominant role as the 

  energy source. In addition, energy is exported 
  upward by turbulence (turbulent transport) at 

  triple the rate it is produced by buoyancy. In 
  stable conditions, all terms except turbulent 

  transport are significant, and buoyant production 
  is a loss. For both stable and unstable condi-

  tions, the imbalance increases with the magni-
  tude of absolute stability.

Fig. 16 A proposed model of the turbu-

   lent energy budget. Each term is 

   dimensionless through multiplication 

   by kz/u*3.

 The general features of the model on the un-
stable side correspond approximately to those 
obtained by Wyngaard and Cote (1971). Some 
departures from them may be due to the surface 
roughness upwind of the tower. 

 Although the assumptions on which the budget 
equation of turbulent energy based are not fully 
met by the ERC data, the budget equation holds 
at the ERC tower under near neutral conditions, 
but fails during very stable and unstable condi-
tions. The unmeasured term, which reflects pos-
sible horizontal inhomogeneity and pressure 
transport, may cause the large imbalance for 
very stable and unstable conditions. The inves-
tigation of this possibility must be the subject 
of further research.

  Turbulence measurements of wind and tem-

perature were made by sonic anemometer-ther-
mometers in the first thirty meters of the atmos-

phere. This experiment has a detailed study of 
the turbulent energy budget in the surface bound-
ary layer. 

 The behavior of each term in the budget equa-

tion of turbulent energy was examined in relation 
to stability and other parameters. The results are 
summarized as follows: 

  (1) Viscous dissipation increases with the third
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power of mean wind speed, and decreases with 
height. For near neutral conditions, viscous dis-
sipation is balanced with mechanical production. 

 (2) The flux of turbulent energy has a posi-
tive value, and increases with height. This trend 
is obvious for neutral and unstable conditions, 
but the flux is almost constant with height for 
stable conditions. The flux increases with the 
third power of friction velocity. The divergence 
of this flux, or turbulent transport shows some 
evidence of obeying similarity on th° unstable 
side, although the scatter is large. Turbulent 
transport does not show any clear tendency on 
the stable side. 

  (3) The behavior of the imbalance can be ex-
pressed as a function of stability. The imbalance 
is zero for near neutral conditions. As the 
magnitude of stability increases, the imbalance 
becomes considerably large. The imbalance may 
be attributed to pressure transport (which was 
not measured) and/or to experimental difficulties 
such as horizontal inhomogeneity. 

  (4) The vertical structure of the turbulent 
energy budget was examined. For unstable con-
ditions, mechanical production and viscous dis-
sipation are a main energy source and sink, 
respectively. They decrease with height because 
of the surface boundary. Buoyant production is 
an energy source, and is smaller than mechanical 
production in the surface boundary layer. Tur-
bulent transport is an energy sink. This means 
that near the surface, turbulent energy is ex-

ported upward by turbulence. For stable condi-
tions, each term of the budget is very small as 
compared with that for unstable conditions, and 
is almost constant with height. 

  (5) A model of the turbulent energy budget 
was deduced from the results. A general speci-
fication of turbulent energy budget including the 
case of stable conditions has been achieved 
through the present model. Under near neutral 
conditions, mechanical production and viscous 
dissipation are dominant and essentially in bal-
ance, while turbulent transport and buoyant 

production are not important. In unstable con-
ditions, each term in the budget is important, 
and buoyant production is a gain. In stable 
conditions, all terms except turbulent transport 
are significant, while buoyant production is a 
loss. Mechanical production and the imbalance 
are sources of turbulent energy and the others 
energy sinks. For both stable and unstable con-
ditions the imbalance term increases with the

magnitude of stability. 
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             接地層にお ける乱流 エネル ギー収支

                   甲  斐  憲  次

                   筑波大学水理実験セソター

筑波大学水理実験セソターの気象観測塔の4高 度(1.6,4.3,12.3,29.5m)に 設置した超音波風速温度計に

よる3次 元の風速変動および温度変動の測定結果に基づき,乱 流エネルギー収支式の各項を評価した。収支式は

乱流の生成 ・消滅を原因別に分類したものであ り,風 速 シアーによるエネルギ._..の生成項,浮 力によるエネルギ

ーの生成項,乱 流輸送項,粘 性消散項,残 差項(圧 力項を含む)よ りなる。Monin-Obukhovの 相似則を用い

て収支式の各項 と大気安定度 との関数関係を実験的に求め,乱 流エネルギー収支モデルを導いた。

 乱流の統計的性質と乱流エネルギー収支を考察した結果,判 明した事実は次の通 りである。

 1.粘 性 消散項は平均風速の3乗 に比例して増加し,高 さと共)iYYL..減少する。中立の場合,粘 性消散項 と風速 シ

ァー項は,ほ ぼパラソスする。

2.乱 流エネルギー ・フラックスは不安定の場合には正で高さと共に増加するが,安 定の場合には高さと共に

ほぼ一定である。乱流輸送項は不安定の場合には浮力項の約2倍 であるが,安 定の場合にはほぼ零 となる。

 3.測 定できなかった圧力項のふるまいを示しているものと推察される残差項は,相 似則に従い,大 気安定度

の関数 として表わすことができる。中立の場合には残差項は零になるが,不 安定および安定の場合には大気安定

度の絶対値が増すにつれて残差項は増大する。

 4.乱 流 エネルギー収支の鉛直構造を調べた結果,大 気安定度が不安定の場合には,風 速シアー項 と粘性消散

項がそれぞれ主要な乱流エネルギーのソースとシソクである。両者は地表面の影響を受け,高 さと共にその絶対

値を減少する。浮力項もまたエネルギー ・ソースであるが,そ の大きさは風速シアー項 よりも小さい。乱流輸送

項はエネルギー・シンクであるが,こ れは下層で生成された乱流エネルギーが上層に輸送されているものと考え

られる。大気安定度が安定の場合)'YY1.,..は,収支式の各項は非常に小さくなり,高 さと共にほぼ一定である。

 5.以 上 の結果より得られた乱流エネルギー収支モデルの概要は,次 の通 りである。大気安定度が中立の場合
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には,乱 流エネルギー収支は風速 シアー項 と粘性消散項のみで説明される。両者はほぼバ ランスし,他 の収支項

は零となる。安定領域では,浮 力項は負に転じ,乱 れを止めるように働く。エ ネルギー ・ソースとしては,風 速

シアー項のみになる。安定度が増す と,乱 流輸送項以外の収支項はその絶対値を増す。不安定領域では,不 安定

の度合が増すにつれて風速 シアー項以外の収支項はその絶対値を増大し,浮 力項がしだいにエネルギー ・ソース

として重要になる。乱流輸送項はエネルギー ・シンクとして重要にな り,そ の 大きさは 浮力項の3倍 程度であ

る。


