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Abstract. Turbulence characteristics of convectively mixed layers over rugged and homogenous terrain 
are presented, and their differences are sought. The data used in the study were obtained from aircraft- 
borne instruments. Apart from statistics related to the mixing ratio q, there does not seem to be a 
marked difference between the two sets of data. This lack of difference is attributed to the degree of 
ruggedness of the terrain and the dominant wind direction. The behaviour of some statistics related 
to q is attributed to the entrainment effect of the unstable layer of the moist, cool air above the mixed 
layer. 

1. Introduction 

Although the investigation of the turbulence structure in the atmospheric boundary 
layer over homogeneous terrain has had a long history, it is only recently that 
similar work over rugged terrain has been carried out (Panofsky et al., 1982; 
Kaimal et al., 1982; Druilhet et al., 1983a). Considering that most terrain is rugged 
to some extent, the investigation of the atmospheric boundary layer over complex 
terrain is somewhat overdue. In this paper, we report some turbulence character- 
istics in boundary layers in convective conditions. The data were collected by 
an instrumented aircraft over both homogeneous and rugged terrain. A parallel 
presentation of data will be made so that any dissimilarity, or lack of it, between 
homogeneous and rugged terrain cases can be identified. We present our data 
against the background of some published results by other workers. 

’ This work was initiated and a large part of it was completed while all three authors were with CSIRO 
(Commonwealth Scientific Industrial Research Organisation), Australia. 
* Formerly at: Division of Atmospheric Research, CSIRO, Epping. NSW, Australia. 
** Formerly at: Division of Mathematics and Statistics, CSIRO, Lindfield, NSW. Australia. 

Boundary-Layer Meteorology 51: 229-254, 1990. 
0 1990 Kluwer Academic Publishers. Printed in the Netherlands 
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2. The Observation Program 

2.1. GENERALITIES 

The observation program was carried out on board the CSIRO research aircraft, 
an F-27. This aircraft is fitted with a 6.5 m long nose boom, and the instruments 
for measuring air motion and temperatures are fitted on the front part of this 
boom, relatively free from the aircraft-induced effects. Table I shows further 
details about the instruments used. 

A total of four days worth of observations are studied in this report. On two 
of these days (involving 32 runs), the observations were obtained over rugged 
terrain. On the other two days (19 runs) they were obtained over relatively 
homogeneous terrain. These four days are designated as C12, C13, M23 and M29 
as shown in Table II. The days and times chosen for observation - usually between 
mid-day and early afternoon - are such that fairly steady convective conditions are 
ensured to be dominant. Table II shows some more details about the observation 
program, meteorological and ground conditions. 

Each aircraft ‘production’ run was done at a constant altitude and in a straight 
line about 15 km long. Each run lasted about 3 min. The altitudes, however, varied 
among the runs, so that the boundary-layer mid-region of between 0.04~~ and 
0.8zi, where Zi is the mixed-layer height, was covered. Spiral soundings over the 
centre parts of the investigated regions were carried out immediately before the 
first run and after the last run of the observation ‘day’, to determine the instan- 
taneous values of z i. The values of zi at intermediate times were then interpolated 
from these two readings. For M29, however, due to the short time involved, only 
one sounding was made at the end of the series of runs, and the zi value thus 
determined was used for all the runs. 

To obtain zi’s from the spiral soundings, plots of the virtual potential tempera- 
ture 0, and mixing ratio Q versus altitude were produced. The zi)s can be fairly 
accurately determined as the top levels of the well-mixed layers. Figure l(a) shows 
a typical plot, with the two corresponding soundings used for C12. It is noted, 
however, that Figure l(a) shows a characteristic feature for all but one of the 
aircraft spiral soundings, namely that immediately on top of the mixed layer is an 
inversion layer which is composed of dry air. The one exception is the afternoon 
sounding for day M23, shown in Figure l(b). This sounding was done immediately 
after the last ‘run’ on that day. This figure shows that there is an unstable layer 
composed of moist, cool air, residing on top of the warmer mixed layer. The effect 
of this instability will be discussed later when we deal with the covariance between 
0 and q, the fluctuations of potential temperature and of vapour mixing ratio, 
respectively. 

2.2. DESCRIPTION OF SITES 

The rugged-terrain site is centred over the Callide reservoir (24” 22’ S, 150” 38’ E) 
in Queensland, Australia; and the homogeneous site is over farm land (29” 53’ S, 
149” 27’ E) to the southwest of Moree in New South Wales, Australia. 



Q
ua

nt
iti

es
 

TA
B

LE
 

I 

In
st

ru
m

en
ts

 
us

ed
 

M
et

ho
ds

 
of

 
m

ea
su

re
m

en
t 

S
am

pl
in

g 
ra

te
s 

M
ax

im
um

 
fre

qu
en

ci
es

 
(s

am
pl

es
/s

ec
on

d)
 

re
ta

in
ed

 
af

te
r 

nu
m

er
ic

al
 

fil
te

rin
g 

(fa
st

 
re

sp
on

se
) 

or
 

av
er

ag
in

g 
(s

lo
w

 
re

so
ns

e)
 

(H
z)

 

R
ef

er
en

ce
 

Te
m

pe
ra

tu
re

s 
- 

D
ry

 
bu

lb
 

- 
W

et
 

bu
lb

 

Fa
st

-re
sp

on
se

 
Te

m
pe

ra
tu

re
s 

- 
D

ry
 

bu
lb

 
- 

W
et

 
bu

lb
 

M
ix

in
g 

ra
tio

 

Ai
r 

ve
rti

ca
l 

ve
lo

ci
ty

 
flu

ct
ua

tio
n 

(a
rti

fic
ia

lly
 

de
-m

ea
ne

d)
 

Ai
r 

sp
ee

d 

Pr
es

su
re

s 
(fo

r 
he

ig
ht

s)
 

- 
St

at
ic

 
- 

D
yn

am
ic

 

H
ei

gh
t 

ab
ov

e 
gr

ou
nd

 
le

ve
l 

Su
rfa

ce
 

te
m

pe
ra

tu
re

 
(n

ot
 

us
ed

 h
er

e)
 

‘R
os

em
ou

nt
’ 

P
la

tin
um

 
el

em
en

t. 
0 

1.
3 

m
m

 
‘R

os
em

ou
nt

’ 
P

la
tin

um
 

el
em

en
t, 

0 
1.

3 
m

m
 

N
ic

ke
l 

w
ire

, 
0 

12
.5

 p
m

 
N

ic
ke

l 
w

ire
, 

0 
25

.0
 p

m
 

D
er

iv
ed

 
nu

m
er

ic
al

ly
 

fro
m

 
m

ea
su

re
m

en
ts

 
of

 
dr

y 
an

d 
w

et
 

bu
lb

 
te

m
pe

ra
tu

re
s 

Tw
o 

an
gl

e-
of

-a
tta

ck
 

fix
ed

 
va

ne
s,

 
fit

te
d 

w
ith

 
‘M

ic
ro

-m
ea

su
re

m
en

t’ 
st

ra
in

 
ga

ug
es

 

Pi
to

t 
tu

be
, 

co
nn

ec
te

d 
by

 
a 

3 
m

 p
la

st
ic

 
tu

be
 

to
 

a 
‘S

ta
th

am
’ 

pr
es

su
re

 
tra

ns
du

ce
r-a

m
pl

ifi
er

 
un

it 

‘K
is

tle
r’ 

un
it,

 
m

od
el

 
31

4A
 

‘K
is

tle
r’ 

un
it,

 
m

od
el

 
31

4D
 

R
ad

io
m

et
er

 

5 5 

10
0 

10
0 5 

an
d 

10
0 

lo
o 

10
0 5 

10
0 5 5 

0.
25

 
0.

25
 

10
 

10
 

0.
25

 
an

d 
10

 

10
 

0.
25

 
an

d 
10

 

0.
25

 
10

 

0.
25

 

2.
5 



232 

s”owpuos 

punat) 

s”oyp”o~ 

P”Ol.3 

a1ep 

pus “o!laso~ 



W
at

er
 

Va
po

ur
 

M
ixi

ng
 

Ra
tio

 
Q 

1 
7 

W
W

 
(a

) 
4 

29
0 

29
5 

30
0 

30
5 

31
0 

Vi
rtu

al
 

Po
te

nt
ia

l 
Te

m
pe

ra
hI

re
 

@
,, 

(K
) 

Fi
g.

 
l(a

), 
Ty

pi
ca

l 
ve

rti
ca

l 
pr

of
ile

s 
of

 
vir

tu
al 

po
te

nr
jal

 
te

m
pe

ra
tu

re
 

0,
. 

an
d 

m
ixi

ng
 

ra
tio

 
Q 

ob
ta

ine
d 

fro
m

 
air

cr
af

t 
sp

ira
l 

so
un

di
ng

s.
 

Th
e 

he
ig

ht
s 

of
 

th
e 

m
ixe

d 
lay

er
 

zi 
ca

n 
be

 
re

ad
ily

 
re

ad
 

of
f 

as
 s

ho
wn

 
ab

ov
e.

 
Th

e 
tw

o 
cu

rv
es

 
on

 
th

e 
le

ft 
ar

e 
O,

.; 
th

e 
Q 

cu
rv

es
 

ar
e 

sh
ow

n 
on

 
th

e 
rig

ht
. 

Th
e 

so
un

di
ng

s 
we

re
 

m
ad

e 
ab

ov
e 

Ca
llid

e 
re

se
rv

oir
 

at
 

11
.4

0 
(0

,. 
- 

11
.4

0,
 

Q 
- 

11
.4

0)
 

an
d 

14
.3

7 
(0

, 
- 

14
.3

7,
 

Q 
- 

14
.3

7)
. 



234 B. P. HUYNH ET AL. 

R 



CONVECTlVELY MIXED LAYERS OVER RUGGED AND HOMOGENEOUS TERRAIN 235 

The Callide site is the western foothills of the Callide mountain range which 
runs NW-SE, with peaks rising to a maxium of about 900 m in the vicinity of the 
site. The Callide reservoir is at an altitude of 210 m AMSL; and all “heights above 
ground level” at the Callide site are measured relative to this altitude. To the 
West of the reservoir is the Bannana-Cooper mountain range, composed of more 
isolated hills with peaks rising to a maximum of about 500 m, and running parallel 
to the Callide range. The valley between the ranges, which is about 20 km wide 
near the reservoir, has its lowest altitude contour at about 140m AMSL. The 
vegetation covering the area is typically scattered forest in the valley and on the 
Bannana-Cooper range, and medium to dense forest on the Callide range. Figure 
2(a) shows a coarse contour map of the region and Figure 2(b) shows a coarse 
view of the Callide site. 

The Moree site was typically flat, extensive farm land at various stages of 
cultivation and harvesting. Isolated patches of forest can also be seen but there is 
no significant land mark in the region. The average altitude is 180 m AMSL. Some 
more details about the ground conditions can be seen in Table II. 

2.3. DATA PROCESSING 

Measurements were collected in situ on magnetic tapes at the rates of 100 samples/s 
for ‘fast’ data, and 5 for ‘slow’ data. Because the various instruments were mounted 
at different locations, and have different response time delays, care has been taken 
to ensure that all relevant signals are synchronised. The fast data have been 
numerically filtered via a Fast Fourier Transform (FFT) scheme to give a maximum 
frequency of 10 Hz. Most of the slow data are, however, averaged to give 2-s 
averages. Table I gives some further details about the variables involved. The 
10 Hz time series after being linearly detrended were used to obtain various 
statistics. The computers involved were a ROLM for data collection, a Cyber 76 
for processing and a VAX 11/750 for statistical analysis. 

As shown in Table II, each ‘run’ lasted about 3 min. Assuming Taylor’s hypoth- 
esis of frozen turbulence, and with a typical aircraft airspeed of 80 m/s, this gives 
maximum wavelengths of about 14 km. The number of useful data points per time 
series is, however, only about 3300, corresponding to 165 s of data sampling in 
the mid-section of the time series. 

For computations involving spectra, such as those for the peak wavelengths of 
the vertical velocity fluctuations or tne dissipation rate of kinetic energy, a FFT 
scheme is used. 

The computation of co-variances and variances are performed by the eddy 
correlation method. The variance of air speed fluctuation v is treated differently, 
however. In this case, due to the resonant effect in the 3 m long plastic tube 
connecting the Pitot tube and the transducer-amplifier unit, there is a significant 
lifting at the high frequency end of the response curve of the probe. Therefore, 
the variance of v is calculated from 
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3= Sv(f) df 2 
fmin 

where f is the frequency and S, is the corrected spectra of v. The corrected 
variance is, however, only about 11% lower than the uncorrected one at the high 
frequency end. 

For temperatures, on the other hand, there are some attenuations in the probes’ 
frequency response at frequencies above 3 Hz. The errors involved are, however, 
small, and the temperature variances are expected to be low by less than 5% for 
the Callide data, and less than 2% for the Moree data. Assuming no significant 
phase shifts between the relevant parameters, the heat fluxes and temperature- 
mixing ratio co-variances are also expected to be fairly accurate. 

3. Results 

3.1. SCALING FACTORS 

In a steady convective mixed layer, it has been amply shown (Deardorff, 1970; 
Kaimal et al., 1976; Wyngaard et al., 1978; Guillemet et al., 1983; etc.) that the 
appropriate scaling factors are (for notation, see Appendix) 

zi 8, = (wQJlw* 
(1) \ I 

w* = (g( we)ozJ@y3 q* = (wq)o/w* , 

We adopt (1) in this report. Here, the ground fluxes (we), and ( wq)o are obtained 
by extrapolation from the values obtained at higher levels. 

In the following, we show our results, often against the background of results 
published by other workers. Extensive comparison is made with the data of 
Druilhet et al. (1983a,b); therefore, a note should be made: their data were 
collected in more rugged terrain, under stronger wind conditions. 

3.2. CO-VARIANCES AND CORRELATION COEFFICIENTS 
-- 

The vertical profiles of the normalised co-variance we/( we), representing normal- 
ised sensible heat flux are shown in Figure 3(a). There seems to be no discernible 
difference between the rugged terrain profile and that over homogeneous terrain. 
Our values are similar to the AMTEX data of Wyngaard et al. (1978), and the 
Ashchurch-Minnesota data of Caughey and Palmer (1979), but somewhat lower 
than those obtained by Lenschow (1974), or Druilhet et al. (1983a) for homogene- 
ous terrain conditions. Our rugged terrain data also lack the irregularities shown 
in Druilhet et aZ.‘s rugged terrain data. 

The correlation coefficients rwe between w  and 8 are shown in Figure 3(b). Like 
the normalised sensible heat flux, there is no recognisable difference between the 
cases for rugged and smooth terrain. Also, our data seemed to show a tendency 
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for T,@ to stay constant up to zIzi A 0.1 only, compared to 0.3 as suggested by the 
results of Druilhet et al. (1983a). Our rwe value at ground level is, however, similar 
to the homogeneous terrain ground level value of Druilhet et al., namely about 
0.6. 

Figures 3(a) and 3(b) also show that, from our data, zero heat flux occurs at a 
level of zIzi G 0.7. This level is comparable to that obtained by Wyngaard et al. 
(0.67), but lower than those of Lenschow (0.87), or Druilhet et al. (0.81). -- 

Profiles of the normalised moisture flux wql(wq)o are shown in Figure 3(c). 
Despite large scatter, the data still show recognisable decreasing trends with 
height. The trends for the rugged and smooth terrain are perhaps similar, but 
steeper than that obtained from AMTEX data (Wyngaard et al., 1978). In Figure 
3(d), it can be seen that the correlation coefficient r,,,4 also shows similar trends 
over rugged and smooth terrain, but with rugged terrain values slightly higher. 
Our data do not show the constancy of r,V4 with height, as found by Druilhet et 
al. (1983). Also, our projected ground values of rwq are somewhat higher (0.4 for 
smooth terrain, and 0.5 for rugged terrain) than those shown in the paper of 
Druilhet et al. 

Figures 3(ej and 3(f) show the vertical profiles of the normalised co-variance 
8ql&q, and the correlation coefficient rgq. The smooth-terrain data of M23 show 
a strong anti-correlation between 0 and q for most of the upper part of the mixed 
layer. In fact, a positive correlation occurs only for zIzi < 0.2. This value is much 
smaller than the value 0.5 obtained from the observations of Druilhet et al. (1983a) 
or the value 0.6 obtained by Deardorff’s (1974) numerical simulation. It should 
be noted, as shown in Table II, that on day M23, the observational site was 
covered with extensive cumulus cloud, and there were even some short showers. 
The result is that, as revealed in the afternoon sounding for day M23 shown in 
Figure l(b), there was an unstable layer composed of moist, cool air residing on 
top of the warmer mixed layer. It is the entrainment of the moist, cool layer of 
air into the mixed layer that causes such deep penetration and results in negative 
values of req being observed down to such low levels. This mechanism is more 
effective than and different from the ‘normal’ entrainment where dry, warm air 
in the stable inversion layer is entrained into the cooler mixed layer. This latter 
mechanism is found in the works of Druilhet et al., Deardorff, and in our data 
over rugged terrain. 

Over rugged terrain, the values of @l( O,q*) seem to collapse well, and stay 
positive, although small, for most of the lower part of the mixed layer. The cross- 
over point to negative values occurs probably at about 0.7~~. This rather high 
level, when compared with homogeneous terrain data of Druilhet et al. (0.5~~) 
and Deardorff’s simulation (0.6zi), is thought to be due to the advective effects 
of the underlying topography, which preserve the long wavelength components of 
the convective structures associated with warm, moist air rising from the ground, 
and limit the entrainment effect to the top 30% of the mixed layer. The correlation 
coefficient req, on the other hand, seems to stay fairly constant at about 0.55, up 
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to z/zi = 0.3, then decreases linearly with height. This is in contrast to the data 
of Druilhet et al., which show req over rugged terrain to be small, negative, and 
nearly constant for the whole of the mixed layer (req = - 0.1). 

3.3. VARIANCES 

Figure 4(a) shows vertical profiles of the normalised variance of the vertical - 
velocity fluctuation w2/w$ 

There does not seem to be any significant difference between the rugged terrain 

0 
. 

1 

N 
d 

0. 31 

(a) 

Fig. 4(a). Normalised variance of the vertical velocity fluctuation z/w: versus z/z,. 
free convection formulation for the surface layer, T/y*, * = 1.8 (zlzi)“‘, by Wyngaard et al. (1971): 
------: The average of the .S1 and Sz cases in W~lhs and Deardorff’s (1974) laboratory results, 

as presented by Caughey and Palmer (1979). Other symbols are the same as in Figure 3(a). 
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(b) 

I I I -.-.--u 

0 .5 1 5 10 

Fig. 4(b). Normalised variance of the potential temperature p/e: versus z/z,. : free 
convection formulation, @‘/8: = I.~(z/z,)~~” by Wyngaard et al. (1971); ------: The 51 case 

in Willis and Deardorff’s (1974) laboratory results. Other symbols are the same as in Figure 3(a). 

and the homogeneous terrain data, except in the upper part of the mixed layer, 
where the few data points available seem to suggest that the homogeneous terrain 

-2 values are smaller. Overall, w  /wi increases quickly with height near the ground, 
reaches a maximum value of about 0.5 at z/zi~0.5, before starting to decrease 
again. The homogeneous terrain data follow well the free convection prediction 
of Wyngaard et al. (1971) which is 1.8( z/z~)~‘~, up to z/z; b 0.1. In the middle part 
of the mixed layer, all data seem to agree with the laboratory average results of 
Willis and Deardorff (1974) as presented by Caughey and Palmer (1979) whose 
own data, however, have lower values than ours. 

Profiles of the normalised variance of potential temperature, @i/e:, are shown 
in Figure 4(b). Again, rugged terrain and homogeneous terrain data do not show 
any substantial difference, except that the rugged terrain values are perhaps slightly 
larger than the homogeneous terrain ones for z < 0.4~;. Compared to the data 
obtained by Caughey and Palmer (1979), and the aircraft data assembled by Willis 
and Deardorff (1974) (not shown), our data agree well in the surface layer 
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4 
. 

0 

m 
0 

. 
0 

VI 
0 

. I I I I 

O1 5 lo- 50 100 500 
q* /,* * 

Fig. 4(c). Normalised variance of the mixing ratio F/q: versus z/z,; -- -- -: free convec- 
tion formula ?5/qi = 2.59(z/zi)- 213, by Smedman-HiigstrCim (1973). Other symbols are the same as in 

Figure 3(a). 

(z/zi< O.l), but become slightly larger at higher levels. In the surface layer, the 
data follow the (z/z~)-~‘~ law, but with a coefficient of about 1.5 instead of 1.8 as 
predicted by the free convection formulation (Wyngaard et al., 1971). The mini- 
mum value for @loa is about 0.3, and occurs at zl~~~O.5, the same level as the 
maximum value of S/w 1 

Figure 4(c) shows that the variance of the mixing ratio q does not seem to follow 
a simple scaling scheme, as used here. An attempt at using an interfacial scaling 
scheme similar to the one proposed by Tuzet et al. (1983) did not seem to help 
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0 
. 

0”. 

Fig. 4(d). Normalised variance of the aircraft airspeed fluctuation ;If/w: versus z/z,. ------: 
the average of the S1 and Sz cases in Willis and Deardorff’s (1974) laboratory results, as presented by 

Caughey and Palmer (1979). Other symbols are the same as in Figure 3(a). 

very much in collapsing the data either, perhaps because of uncertainties in the 
values of 6OlSz and 6Ql6z immediately above zi in some data. However, the 
smooth-terrain data M23 show that an entrainment effect can be felt as far down 
as zIzi A 0.2, consistent with the 8 - q covariance result shown in Figure 3(e). The 
Cl3 and M29 sets of data, taken together, seem to be the only ones which 
have some similarity with the free convection formulation of Smedman-Hogstrom 
(1973). The Cl2 data, however, do not show significant variation with height. 
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On most of the data collection runs, the aircraft flight paths were either at small 
angles to, or perpendicular to the wind directions. Therefore the fluctuations v, 
in airspeed approximately correspond to the longitudinal or transversal fluctuations 
in the wind speed, u and v, respectively. Figure 4(d) shows the normalised variance 
z/w,‘. Again, there does not seem to be any significant difference between the 
rugged-terrain and homogeneous terrain. The M23 homogeneous-terrain data, 
however, seem to indicate some slight decrease with height. Taking all data 
together, z/w: seems to be constant with height and to fluctuate about 0.55. 
Caughey and Palmer (1979) also obtained a similar distribution of glu,Z and 
T/w: with height, but on average, their data are smaller, having a mean of 0.4. 

3.4. PEAK WAVELENGTHS 

The peak wavelengths are defined here as the wavelengths corresponding to the 
maximum values of kS,(k) in the x variable. Here, Taylor’s frozen turbulence 
hypothesis has been asumed, so that k = f/Va, where f is the frequency measured 
in the aircraft’s frame of reference, and V, is the aircraft air speed. 

The peak wavelengths (A,), from the spectra of the vertical velocity fluctuation 
w  are shown in Figure 5(a). Again, there does not seem to be any substantial 
difference between homogeneous-terrain and rugged-terrain data, except that the 
latter show more scatter due to the interaction of turbulence with the underlying 
terrain. Despite the scarcity and large scatter of the rugged-terrain data in the 
upper region, the tendency for (A,), to decrease with height above zIzi + 0.5 is 
still recognisable. Our data therefore seem to be similar to those obtained by 
Caughey and Palmer, and to the lower part (zlzi<0.5) of the results of Kaimal 
et al. (1976). Druilhet et al. (1983a) also obtained similar results over homogeneous 
terrain; however, our data do not seem to show smaller values over rugged terrain 
as theirs do. Figure 5(a) shows that the maximum value of (A,), is about 1.5 zi 
and occurs at Z/Z: 10.5. 

For the potential temperature fluctuation 8, the peak wavelengths (A,)e are 
more difficult to obtain, due to low frequency variations from run to run. However, 
approximate peaks in the kSe( k) plots can still be identified to give (A,)@ as shown 
in Figure 5(b). Despite large scatter, it still can be seen that (A,), increases quickly 
with height in the surface layer, then approaches a steady value of about 2zi for 
z/z;> 0.5. There does not seem to be a tendency for (Am)@ to decrease at higher 
levels, as (Am),, does. This is to be compared with the data of Kaimal et al. 
(1976) which show that as t approaches 0.1 zi, (IL,.,)~ approaches the characteristic 
wavelength 1.5 ti, the same as the maximum value of (A,),. Thus, the vertical 
profile of (A,)e from our data changes more gradually than that of Kaimal et al. 
(see Figure 5(b)). 

Again, there does not seem to be any systematic difference between the rugged- 
and homogeneous-terrain data shown here, except that the rugged-terrain data 
show more scatter. 
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Fig. 5(a). Normalised peak wavelength (h,,,),lz, of the w spectra, versus z/z,. : free 
convection formulation (A,,,)Jz, = 5.9 z/z,, z <O.lz,, by Kaimal et al. (1976): -----: the 

results of Kaimal et al. for the region 0.1 <z/z, < 1.0. Other symbols are same as in Figure 3(a). 
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Fig. 5(b). Normalised peak wavelength (h,)e/z, of the 0 spectra versus z/z!; : curve 
fitting of data by eye; -----: the results of Kaimal et al. Other symbols are same as in 

Figure 3(a). 
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3.5. DISSIPATION RATES 

The rates of dissipation of turbulent kinetic energy E, temperature variance Ne, 
and mixing ratio variance Nq, are estimated from the inertial subrange of one- 
dimensional spectra of fluctuations in vertical velocity, temperature and mixing 
ratio, respectively. Assuming the frozen turbulence hypothesis, the useful relations 
are 

f5’” . S,(f) = ; au( gp; CY, = 0.5 

f’” . s,(f) = a( k)U?e-llZN,; a0 = 0.8 

f"".,y,(f> = aq(2,"'e-1i3Nq; a,=O.8. 

Here, we adopt the numerical values of (Y,, (Y@ and q from Druilhet et al. (1983b). 
Figure 6(a) shows the vertical distribution of normalised E, defined here as E* 

= E. ZilW~. The rugged and homogeneous terrain data do not show any significant 
difference. Our data show a rapid decrease of E* with height, up to ZlzisO.2, 
then an almost constant value at about 0.24, right up to z G 0.8 Zi which is the 
highest level in our data set. In this way, Guillemet et al. (1983), and Caughey 
and Palmer (1979) have obtained similarly constant results, but with large values. 
For the bulk of the mid-section of the mixed layer, the data of Guillemet et al. 
are between 0.35 and 0.65, while the data of Caughey and Palmer are between 
about 0.51 and 0.77, as shown in Figure 6(a). On the other hand, the homo- 
geneous-terrain data of Druilhet tit al. (1983a) show that E* decreases at a much 
larger, and constant, rate with respect to height. Below z G 0.7zj, their rugged- 
terrain data also show similar, but somewhat weaker behavior. 

The vertical profile of the normalised dissipation rate of the temperature vari- 
ance, defined here as (No)* = Nezilw,B~, is shown in Figure 6(b). Here the rugged 
terrain values are slightly larger than those over homogeneous terrain, for z below 
about 0.42,; but overall, there is no substantial difference between the two sets of 
data. This is similar to the behaviour of v/e: shown in Figure 4(b). Our data 
seem to follow closely the profile of data obtained by Caughey and Palmer (1979), 
except that our value of (No).+ is smaller, as shown in Figure 6(b). Also, in the 
lower levels (Z/Z, < 0.5), our data seem to agree fairly well with the (zl~~)-~‘~ law 
predicted under the local free convection similarity hypothesis (Wyngaard, 1973). 
The dashed line in Figure 6(b) represents the relation: 

(No)* =A,,(zIz,)-~'~ 

where the constant A, = 0.4 is estimated by eye-fitting the observational points. 
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The present value of A0 is somewhat smaller than the 0.55 value given by Guillemet 
et al. (1983). 

Figure 6(c) shows the vertical profile of the normalised dissipation rate of the 
mixing ratio variance, (N,), = iVqZilW*q **. Some similarity can be seen with the 
profiles of g/q: shown in Figure 4(c). The entrainment effect in the M23 set of 
data can still be seen to be effective as far down as z G 0.2Zi; and the Cl3 set of 
data, together with the data points below z + O.lZi in the homogeneous terrain 
cases show the free convection behaviour of A,(z/z~)-~‘~. However, our value of 
A, = 0.5, obtained by eye-fitting the data points, is smaller than the 0.9 value 
given by Guillemet et al. (1983). 

4. Concluding Remarks 

Overall, our data do not show any marked difference in the turbulence statistics 
between homogeneous and rugged terrain, except for those related to the mixing 
ratio q as shown in Figures 3(e), 3(f), 4(c) and to a milder degree in Figure 3(d). 
The differences between homogeneous and rugged-terrain data shown in these 
figures are, however, believed to be due to the entrainment effects from the layers 
above zi, and thus dependent more on the conditions in these layers, than on the 
underlying terrain. In this way, our results are very different from those obtained 
by Druilhet et al. (1983a), who have shown substantial variations between data 
collected over homogeneous and rugged terrain. One way to explain the differ- 
ences between our results and Druilhet et aI.% is that on the two days in which 
the Cl2 and Cl3 sets of data were collected, the wind was light and was mainly 
from the SW to WSW (see Table II). Since to the west and south of the obser- 
vational site, as shown in Figures 2(a) and 2(b), the terrain is somewhat less 
rugged than that studied in the paper of Druilhet et al. (see Noilham et al. (1983) 
for a description of their experimental site), the terrain-induced turbulence in our 
data is not strong enough to cause any large deviation from the homogeneous- 
terrain cases, except for larger scatter in the data points. Thus, our data show that 
results from homogeneous-terrain experiments are still valid for terrain with some 
degree of ruggedness, at least to the extent encountered in this report. 

Appendix 

Noration 
0 mean potential temperature of the mixed layer (K) 
0 potential temperature fluctuation (K) 
w vertical velocity fluctuation (m/s) 
1, aircraft airspeed fluctuations, along the flight direction (m/s) 
Z height above ground level (m) 
Z, height above ground level of the mixed layer (m) 

9 water vapour mixing ratio (g/kg) 

g gravitational constant (m/s*) 

sx spectra of variable x 
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f frequency (Hz) 
k wave number (cycle/m) 
rx.” correlation coefficient between variable x and y  
(A,), maximum wavelength of variable X, i.e. the wavelength at the maximum value of S,(f) (m/cycle) 

Subscripts 
0 at ground surface 
* for normalising factors 
a for aircraft 
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