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Abstract. A comprehensive experiment for turbulence and profiles has been carried out over a very 
rough natural mallee bushland. In Part I, the large inherent structures of the turbulence are presented. 
Short-period space-time correlations of wind and temperature indicate that periodic fluctuations per- 
vade the lower surface layer above the canopy. These are associated with the appearance of large 
turbulent structures. Prominent peaks in the spectra are identified with the arrival of these structures, 
which show that they have a relatively large length scale over rough surfaces. These findings suggest 
a different mechanism for the enhancement of turbulent diffusivity over rough surfaces from that by 
the simple generation of turbulence by plant wakes. 

Analysis via conditional sampling of the turbulent components has revealed that 'bursts' make almost 
the same contributions as 'gusts' (at the measurement height of 8.4 m above ground) for either 
momentum or temperature under neutral conditions; for unstable conditions and high 'hole' size H 
(see Equation (3)), gusts dominate for momentum while bursts dominate for heat transfer. This implies 
that the mechanisms for momentum and heat transfer are different. 

1. Introduction 

Much work during the last ten years (Garratt, 1978; Raupach, 1979; Denmead 
and Bradley, 1985) has shown that there are distinct anomalies in flux-gradient 
relationships over forest. In a recent experiment, Chen (1987) and Chen and 
Schwerdtfeger (1989) have made detailed investigations of the roughness transition 
layer in the atmospheric surface boundary layer over a rough natural bushland. 
They found that violations of the conventional flux-gradient relationships may be 
related to turbulent structures. 

Large coherent turbulent structures have been extensively studied in laboratory 
boundary layers (see for example the reviews by Willmarth, 1975 and Kovasznay, 
1977). Conditional sampling (e.g., Kovasznay et al., 1970), together with flow 
visualization and long-established space-time correlation techniques, have shown 
that within the apparent chaos of a turbulent boundary layer, there exist large, 
coherent structures distributed randomly in time and in the horizontal plane, with 
length scales ranging from some surface-defined scale Is to the boundary-layer 
thickness 8, and with finite lifetimes long enough for coherence to be preserved 
over streamwise distances of 106 to 208. 

It has been shown that the smooth-wall region is characterized by a randomly 
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recurring 'burst cycle' in which low-speed fluid near the wall is ejected violently 
into the overlying flow, immediately followed in time by a downsweep of higher- 
speed fluid into the region close to the wall (e.g., Kim et al., 1971; Nychas et 
al., 1973); also, intense, intermittent Reynolds-stress contributions and turbulent 
production rates are associated with these 'ejection' (or 'burst') and 'sweep' events 
(e.g., Wallace et al., 1972; Lu and Willmarth, 1973). For rough surfaces, there 
are only a few published studies (e.g. Grass, 1971; Nakagawa and Nezu, 1977; 
Raupach et al., 1980), which show that (close to rough surfaces or within canopies) 
sweeps account for most of the stress while bursts are more influential through 
most of the rest of the boundary layer. 

Although there are even fewer results, such structures undoubtedly also occur 
in the atmospheric boundary layer, and their interaction with the underlying 
surface is central to the nature of canopy turbulence. In the studies of Allen (1968) 
and Isobe (1972), it is suggested that air motions with length scales much larger 
than those typical of the canopy might make important contributions to the velocity 
field. Finnigan (1979) has shown that canopy turbulence is strongly influenced by 
large-scale coherent motions in the overlying boundary layer. 

Part 1 presents the results of a study of the structures of turbulence over the 
rough natural surface of the Hincks mallee-bushland. Spectra and space-time 
correlations are used to exhibit the different scales of the eddies. Contributions 
of different parts of the turbulence spectrum to momentum and heat transfer are 
investigated by means of conditionally sampled quadrant analysis. 

2. Experimental Site and Instrumentation 

The experiments were performed in the western part of the Hincks Conservation 
Park in the central Eyre Peninsula of South Australia. The climatology of this 
area has been described by Schwerdtfeger (1985). The Hincks Park has a width 
of 40 km in the east-west direction and extends 25 km from north to south, thereby 
providing a 12-20 km flat and uniform fetch around the site within the directional 
range of 32-270 °. The vegetation is characteristic of natural mallee bushland 
(dominant species Euc. diversifolia). The ground cover consists of low bushes and 
kangaroo grass (Themeda Australia) about 0.5-1.0 m high. The overall canopy 
structure was determined mainly by aerial photography, using a ground-based 

TABLE I 

Surface characteristics at Hincks Park 

Mean canopy height, h 2.3 m 
Mean spacing, D 5.0 m 
Mean width, l 3.5 
Mean density, A 0.32 m 
Roughness length, z0 0.435 m 
Zero-plane displacement, d 1.8 m 
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survey around the site for reference. The estimated values of canopy structure 
parameters are shown in Table I. 

2.1. EDDY COVARIANCE MEASUREMENTS 

Instantaneous vertical and horizontal wind speeds were measured with a Gill 
propeller anemometer manufactured by the R. M. Young Company. Fluctuations 
in temperature were measured by unshielded tiny thermistor beads of type U-23 
manufactured by STC. Although a small error due to lack of radiation shielding 

was expected because of the minute physical size of the beads, this was considered 
to be insignificant in view of the main purpose of the temperature sensor, viz., to 
measure fluctuations in air temperature, with slow trends filtered out. The absolute 
error was found to be about 0.3°C under test conditions of strong sunlight (Rau- 
pach, 1976; Coppin, 1979). Since changes in radiative intensity are generally 
confined to frequencies well below the flux-carrying range, the absence of a 
radiation shield introduces no significant errors in an eddy correlation context. 
Fluctuations in humidity were measured by an infrared hygrometer (Raupach, 
1978). The eddy covariances were determined at a height of 8.4 m above the 
ground and sampled at a rate of 10 Hz. Corrections to these covariances have 
been made for possible errors in eddy correlation measurements arising from such 
factors as tilt error, sensor deficiencies and high frequency loss. 

2.2. P R O F I L E  M E A S U R E M E N T S  

The 3-cup miniature anemometers designed by Bradley (1969) were used for wind 
profile measurements and set at heights of 2.9, 4.1, 6.7, 9.6, 13.1, 21.1 m above 
the ground. Temperatures were measured by means of thermistor beads of 
type RA53 with ventilated radiation shields of the type described by Schwerdtfeger 
(1976) and set at heights of 2,8, 3.9, 6.3, 9.1, 12.7, 20.7 m above the ground. The 
outputs of these instruments were sampled and stored every 2 sec to give almost 
instantaneous profile data. The linearized bridges, careful calibrations and high 
resolution of the analogue-digital converter ensured that the uncertainty of the 
temperature measurements was within 0.02 °C. In order to avoid any systematic 
errors involved in the profile measurements due to different characteristics be- 
tween individual sensors, the wind and temperature sensors were interchanged 
three times during the 21 day period of observations; thus it was ensured that 
each sensor was used representatively over the full range of heights. 

2.3. O T H E R  M E A S U R E M E N T S  

The improved net-radiaometer designed and built by Swissteco (type S1) was used 
for measuring net radiation and mounted on a separate mast of about 10 m in 
height. Soil heat flux was directly measured by heat flux plates, manufactured by 
Middleton Instruments. Three identical sensors were connected in series and 
buried 1 cm below the surface in locations offering contrasting exposures. 
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Further details regarding the site, instrumentation and corrections have been 
given by Chen (1987). 

The energy budget equation was used to examine the reliability of the eddy 
measurements by comparing the eddy heat fluxes (sum of the sensible and latent 
heat fluxes) with the independently measured available energy (sum of the net 
radiant and soil conducted energy). A reasonable overall agreement between the 
two was obtained. 

3. Statistical Characteristics of  Turbulence over the Rough Surface 

3.1. SPECTRAL ANALYSIS 

Spectral analysis for runs 100 and 120 are plotted in Figures 1 and 2, which 
represent neutral and unstable conditions, respectively. The stability parameter ~:, 
defined as ( z -  d ) / ~ ,  where z is the height above ground, d the zero plane 
displacement of the canopy, and ~ the Monin-Obuhkov length scale, was -0.035 
and -0.461 for run 100 and run 120, respectively. Both spectra have distinct peaks 
in the range of 0.03 to 0.1 Hz. The predominant peaks are at higher frequencies 
in the neutral case, and lower frequencies in the unstable case. However, these 
peak frequencies are much lower than others which have been observed previously. 
For instance, Finnigan (1979) found a predominant peak frequency of 0.35 Hz 
over a wheat canopy. This discrepancy indicates that the 'active eddies' over the 
very rough mallee-bush surface may have an inherently large length scale. If this 
means that their influence extends upward a considerable distance from the rough 
surface that generates them, it may suggest a mechanism for the enhancement of 
eddy diffusivity over rough surfaces. 

3.2. S P A C E - T I M E  C O R R E L A T I O N S  

Space-time correlation coefficients have often been used to investigate the depen- 
dence of velocity or temperature structure on height, and from this, information 
about eddy features can be obtained, e.g., the periodicity in the turbulence, or 
length scales ranging from some surface-defined scale 1s to the boundary-layer 
thickness 6, space and time scale of the eddies. The space-time correlation coef- 
ficient, R . . . .  (z, r), for velocity of uz and ur, is defined as 

R ..... (z, ~') = u~(z ,  t - 7/2). u'r(z,., t + ~:/2) (1) 
(u'2(z, t - ~-/2) • u '9(zr ,  t + 7/2))L/2 

where u" is the wind speed fluctuation at height z, U'r is the wind speed fluctuation 
at a reference height Zr, and z is the time delay. The space-time correlation 
coefficient for temperature is similar to (1). In the computation, the reference 
height zr was regarded as the top level of the six heights in the profile measure- 
ments. Three examples of wind and temperature for neutral and unstable con- 
ditions were selected to compute the correlations for a maximum time delay of 
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Fig. 2. Normal ized power-  and cospectra against f requency in unstable condition Run  120. 



T U R B U L E N T  C H A R A C T E R I S T I C S  O V E R  A R O U G H  N A T U R A L  S U R F A C E  1 157 

200 sec (the duration of the time series data is 15 min), as shown in Figures 3 and 
4. In each graph, the top curve is the auto-correlation at the reference height, 
and the other five curves are the space-time correlations for the reference height 
and the other five heights. Figures 3 and 4 show high space-time correlations for 
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Fig. 3. Long-term space-time correlations coefficients of wind (A) and temperature (B) with a 
maximum time delay of 200 sec under neutral conditions for different wind speeds. Stability parameter 

= -0.035,  -0.065,  and -0.060,  and U = 7.8, 5.9 and 3.5 m/s, for run 100, 302 and 217, respectively. 
The top trace is the auto-correlation of the 6th level and all others are the cross-correlations of the 
6th level with lower levels in descending order from Figures 3 to 6, and from Figures 8 to 9. the vertical 

axes of each are staggered for clarity. 
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Fig. 4. The long-term space-time correlation coefficients of wind (A) and temperature (B) with a 
maximum time delay of 200 sec in unstable conditions for different wind speeds. ~'= -0.112, -0.461 

and -1.577, and U = 6.3, 3.0 and 2.1 m/s, for run 264, 120 and 210, respectively. 

both  wind and  t empera tu re  unde r  ei ther  neut ra l  or uns tab le  condi t ions.  For  in- 

stance,  the corre la t ions  for wind be tween  the reference height and the lowest level 

have values above 0.4. For  a closer cons idera t ion  of the peaks  of m a x i m u m  

correla t ions ,  the data of Figures 3 and 4 are re -computed  with a m a x i m u m  time 

delay of 40sec  as shown in Figures 5 and 6. It can be seen that  the peaks 
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shift with height,  which indicates that  there  is a p ropaga t ion  process of  vertical 

convect ion.  For  wind in Run  302, variat ions of  the t ime delay ~'p of  the peak  of  
the max imum correla t ion with height  are shown in  Figure 7. If  the vertical convec-  
t ion velocity of  the peak  corre la t ion is defined as 1/(a~'p/OZ), the speed with which 

a s t reamwise velocity f luctuation at the top  level p ropaga tes  towards  the surface,  
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Fig. 6. The long-term space-time correlation coefficients of wind (A) and temperature (B) with a 
maximum time delay of 40 sec in unstable conditions for different wind speeds. ~ = -0.112, -0.461 

and -1.577, and U = 6.3, 3.0 and 2.1 m/s, for Run 264, 120 and 210, respectively. 

it can be  seen  that  the  convec t ion  veloci ty  d iminishes  close to surface.  The  curve  

of  F igure  7 is c o m p a r a b l e  to s imi lar  da t a  o b t a i n e d  ove r  and in a whea t  c a n o p y  

(F inn igan ,  1979) and  in a l a b o r a t o r y  wind- tunne l  m o d e l  (Seg iner  et al., 1976 and  

Seginer  and  M u l h e a r n ,  1978). 
The  s econda ry  p e a k s  in F igures  3 and 4 imply  some pe r iod ic  s t ruc tures  with 
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very long period cycles (typical period 100 sec). The length scales, L, of corre- 
sponding eddies could be computed from the wind velocity, U, and the time lags, 
r, of secondary peaks, shown in Table II. 

It seems that eddies at our site have consistent length scales of 1000-1200 m 
and 300--400 m for neutral and unstable conditions, respectively. Motions of this 
scale are probably too big to be regarded as eddies in the surface layer. They are 
probably a low-level manifestation in the surface layer, or mixed-layer convection 
cells, or possibly atmospheric gravity waves rather than turbulent phenomena on 
this surface-layer scale. 

Thus, these shorter time period cycles in the range from 0.03 to 0.1 Hz, indicated 
from the spectral analysis, cannot be found in Figures 3 and 4. Their contributions 
must have been smoothed out  in the long-time averaging involved in computing 
the correlations, as also pointed out by Finnigan (1979). Accordingly, the time 
series data have been pre-processed before re-computing space-time correlations. 
The time series data were divided into 30 segments; each segment had a time 
period of 30 sec. The fluctuation components of wind or temperature were derived 
by subtracting the segments' means rather than the whole time series' mean. In 
such a case, the short-period space-time correlations were defined as 

1~ . . . .  (z ,  r) = u'~(z, f - r / 2 ) .  u ' ( z r ,  f + r/2) (2) 

(u 2(z,f- u 2(zr, f + 
where u z and U'r' are fluctuating components of Uz and u~ derived by subtracting 
the short-time mean obtained by averaging over the periods of segments of the 
correlation, and the double bar '= '  denotes the short-time average. As shown in 
Figures 8 and 9, the short-time period cycles are distinct, and the secondary peaks 
are located at time lags of around 20 sec under all circumstances, indicating that 
the predominant frequency of active eddies is around 0.05 Hz, which is expected 
by the spectral analyses. 

3.3. CONDITIONAL SAMPLING ANALYSIS 

Turbulence has often been characterized by its intermittency and periodicity, 
which results from large structures. Dramatic changes of wind and temperature, 
and significant transfer of momentum, heat and mass could occur whenever these 

TABLE II 

Length scales of the eddies 

Neutral Unstable 

Run No. U (m/s) r (s) L (m) Run No. U (m/s) r (s) L (m) 

100 7.5 130 1014 264 6.3 60 378 
302 5.9 180 1062 120 3.0 130 390 
217 3.5 320* 1120 210 2.1 160 336 

* This number is twice the time lag of  the negative peak. 
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large structures arrive. The parameter  H,  defined as 

H = ~ u ' w ' l u ' w '  for momen tum,  

L w' O'/w' 0~' for temperature ,  (3) 

is used as an indicator of an instantaneous momen tum and heat contribution. 
Thus, the large structures may be defined as the events whose value of H is greater  
than specified values. For data of Run 100 and Run 120, the time proport ions and 
contributions of large structures, whose value of H is greater  than 4 (a value used 
in the present  study), have been computed and listed in Table III .  

Table I I I  shows that most of the heat and momen tum is transferred in a small 
fraction of the time. To obtain further information about the instantaneous fea- 
tures of the velocity and tempera ture  fields that contribute to average shear stress 
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or heat flux, quadrant analysis using the conditional sampling technique (Lu and 
Willmarth 1973) has been introduced, in which the contributions to u'w' or O'w' 
are sorted into four groups depending upon the quadrant of the u'w' or O'w' 
plane in which the correlation occurs. The four conditional averages are given 
below and shown in Figure 10. 
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T A B L E  lII 

Time partition and contributions of large structures 

Run  No. M omen t um Heat  

Time (%)  M o m e n t u m  (%)  Time (%)  Heat  flux (%)  

100 9.3 54.2 9.3 52.3 
120 17.3 83.1 5.1 44.5 



T U R B U L E N T  CHARACTERISTICS  O V E R  A R O U G H  N A T U R A L  SURFACE 1 165 

/ w~ 
a. Wind 

s= sl 
Burst Outward 

interact ion 

w':p O! u °< 0 w%.O ; u °P 0 

Up 
luwl constant 

S3 ~ S4 
Inward Gust 
intaractLon 

w,~.O; u'~.O w'¢ .O;  u" > 0  

b. Temperature 
W 

S2 ~ SI 
Outward Burst 
interact ion 

w' :pO;8"<O w'~O; 0 ~ ' 0  

l i b e l  ©onl, tont 

Sz ~ S4 
Gust Inward 

interaction 

w '<O;  0 " ' tO w ' , : O ; 8 "  > 0  

Fig, 10. Schematic drawing of the five regions of the 'quadrant' and hole' representation in u'w' 
space (a) and O'w' space (b). 



166 FAZU CHEN 

For momentum: 

s~ = ( ~ ) 1 ,  
s2 = (~'- '~)2, 
s3 = (u-~w')3, 
3 4 = ( U ~ - ' ~ ) 4 ,  

for temperature: 

s, : (o'---~'),, 
$2 ( O' w-"-'> )2 , 
s3 = (o'-~w)~, 
& = (o'--~w)4, 

when u' > 0, w' > 0 outward interaction; 
when u' < 0, w' > 0 burst; 
when u' < 0, w' < 0 inward interaction; 
when u' > 0, w' < 0 gust; 

when O' > 0, w' > 0 burst; 
when O' < 0, w' > 0 outward interaction; 
when O' < 0, w' < 0 gust; 
when O' > 0, w' < 0 inward interaction. 

where the angle bars denote a conditional average. These four conditional averages 
are usually normalized as 

= so ~ S,, = 1. (4) 

Moreover,  a fifth region, known as the 'hole',  is added to the quadrant representa- 
tion to achieve more information about the relative intermittency of the various 
contributions. The hole is delimited by the curves [u'w'l = constant. With this 
scheme, contributions to u'w' from each quadrant for events with H greater than 

some specified value can be extracted by defining (u'w')*(H) such that 

~;*(H) =-1 ~ ~ .  r(k,H) (5) 
m k = l  

where u'w~k is the kth member  of the m digitized values of u'w'i in the ith quadrant, 
and the angle bars denote a conditional average with regard to H,  and Y(k, H) 
is an indicator function defined as 

~1 if I ~ 1  >~ H" Iu'w'l 
Y(k,H) (6) 

l0  if I ~ 1  </-/. lu'w'l " 
Figure 11 plots these four quadrant representations as functions of hole sizes, 

H, for momentum and temperature,  for neutral and unstable conditions, respec- 
tively, and Figure 12 gives their H value contours in the four quadrant planes. It 
can be seen that for momentum, under neutral conditions (Run 100), gusts and 
bursts are almost equal in strength, and the outward and inward interactions are 
always small; for unstable conditions (Run 120), gusts are also equal to bursts at 
H = 0; bursts vanish at H = 15 or so while gusts last even when H is more than 
30. For  the case of temperature,  the structure is different; for neutral conditions, 
it appears that gusts are equal to bursts too, but, as instability increases, bursts 
exceed gusts significantly (Run 120). 

So far, there are not many published results with which to compare these 
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Fig. 11. 
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observations. Finnigan (1979) analyzed the four quadrant distributions and their 
variations with height up to 2 m, from below to above the canopy in a 1.2 m high 
wheat crop field. He found that within and above the canopy, the resultant u'w' 
is a relatively small difference between large negative and positive contributions 
from gusts and outward interactions, respectively. Within the canopy, bursts and 
inward interactions are negligible; above the canopy, bursts start to increase in 
importance; large values of $4 and $1 reflect the increased intermittency of Rey- 
nolds stress arrivals, associated with a low mean wind speed. In the laboratory, 
Lu and Willmarth (1973) have established that the average frequency of gust 
arrival at the surface in a smooth-wall turbulent boundary layer can be scaled with 
mean velocity and boundary-layer thickness. Weiss and Allen (1976) measured 
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the flux angle distribution of momentum above 2 m high vine rows, and showed 
the relative intensity of gusts compared to bursts over their surface. 

Some wind tunnel experiments show that gusts replace bursts as the principal 
mechanism of momentum transfer as a rough wall is approached and that this 
effect is more pronounced as the surface roughness increases (Nakagawa and 
Nezu, 1977). Raupach et al. (1980) also obtained similar results in a wind tunnel 
experiment in rough-wall and smooth-wall turbulent boundary layers. They found 
that bursts occupied most of the boundary layer, but gusts accounted for most of 
the stress close to rough surfaces. The relative magnitude of the gust component 
increased both with surface roughness and with proximity to the surface; and the 
gust-dominated region delineated the roughness sublayer to a depth of up to 
several roughness element heights. This implies that the equality of gusts and 
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bursts should appear near the top of the roughness sublayer. In the present study 
over the mallee-bush rough surface, the equality of gusts with bursts was observed 
for both momentum and temperature under neutral conditions, and this result 
was obtained at a height of 8.4 m above ground, where the eddy correlation 
measurements were made. Coincidently, this height was just around the top of 
the roughness sublayer, 8--10 m (about 4 times the canopy height), under neutral 
conditions as demonstrated by Chen (1987), and Chen and Schwerdtfeger (1989). 
However, temperature bursts predominate over gusts most of the time in unstable 
conditions, which implies that heat transfer has a different mechanism than mo- 
mentum. 

As a quantitative measure of the relative importance of these two types of event, 
Raupach (1981) suggested consideration of only the differences of contribution S: 

A S H , M  = S4 ,H -- S2 ,H  for momentum (7) 
A S H ,  T : $3,  H - S1,  H for temperature, 

where ASH,N is the difference of contributions S between quadrants 4 and 2 for 
momentum at a hole size of H, while ASH, r is the difference of contributions S 
between quadrants 3 and 1 for temperature at a hole size of H. Obviously, for a 
dominance of gusts, it would be expected that AS > 0, and for bursts, AS < 0; 
Raupach (1981) also demonstrated that AS for momentum is closely related to the 
third moments of the streamwise and normal velocity fluctuations, u' and w', 
which can be derived by a cumulant-discard method (Antonia and Atkinson, 1973; 
Nakagawa and Nezu, 1977); in the case of H = 0, specifying the difference between 
all stress contributions in the gust and burst quadrants, ASH,M can be expressed 
a s  

_ 1 + / ~ (  2 C 1  

ASo,M /3V~-~2~\(1Vfl) 2 + 1 7 / 3 )  (8) 

where, 
1 

Ct = (1 + fl)(~(M03 - M30) + (M2t - M,2)) (9) 

C2 = -(~(2 - fl)(M03 - M3o) + (M21 - MI2)) (10) 

where /3 is the correlation coefficient, defined as u'w'/(o-,o-w); here o- denotes a 
standard deviation, and M represents the third moments (M3o=U'U'U ', 
Mo3 = w'w 'w ' ,  M12 = u 'w 'w ' ,  M21 = u' u 'w ' ) .  Figure 13 shows ASo, M against the 
third moment for the entire experimental data set. Obviously, ASo,M is well 
correlated with M03, M~2 or M31 ; however, the relation with M30 is more scattered. 
To verify these relationships, observed values of ASo,M have also been plotted 
against the computed values from formula (8) for the 250 runs (Figure 14). Though 
a good linear relationship is found, the computed values are about 8 times greater 
than the observed ones. 

The observed ASo,M and ASo,r have also been plotted against stability ~" for the 
250 runs, as shown in Figures 15a and b, respectively; for momentum, the points 
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are almost equally distributed around the line ASo.M = 0 throughout the range of 
stability; this is not surprising in the light of the results of Figure l l a  where the 
behaviour of $4 matches that of $2 both in neutral and unstable conditions; for 
temperature, ASo.T decreases with increasing instability and becomes negative, 
which implies a predominance of burst events as also shown in Figure l lb .  

The joint probability density functions of u' or O' with w', P(u', w') or P(O', w') 
are also presented, because they are related to the behavior of the quadrant 
contribution Si.n, i .e. ,  the contribution fraction in the ith quadrant with a specified 
hyperbolic hole region of size H, defined as 

S i . .  = ( u ' w ' ) i , H / u ' w '  for momentum 

ScH = ( O'~7~) i .H/u 'w ' for temperature. 
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Here ,  the angle bars denote a conditional average. For momentum Si,~ can be 
precisely written as (Raupach, 1981) 

if; Si,, = } a.  ~,. P(a, ~) .  I~.,(a, ~,). da d~ (11) 

where fi is the correlation coefficient as defined before,  a, ~, are the re-scaled 
velocity components:  

a = u'lo', and ~, = w'/ow; 

o" denotes the standard deviation, and the indicator function Ii,H obeys the relation- 
ships: 

1, if (u' ,w')  is in the ith quadrant 

li,H(a,l~) = and if ]u'w'l >~ n .  l u~--~l, 
0, otherwise. 

Relationships similar to the above can be derived for temperature.  
Figure 16 shows contours of P(a,~,) and P(O, ff) for wind and temperature,  

respectively. The contours of Run 100 for wind give a representative example 
that resembles the concentric ellipses of the joint Gaussian distribution and in 
which sweeps match bursts. As wind weakens and the atmosphere becomes more 
unstable, the most favored location for large values of - u ' w '  tends to shift to the 
sweeps quadrant (Run 120). For the temperature case, the contours are not 
symmetrical about the origin in most conditions and bursts seem to outweigh 
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sweeps; only for weak winds in neutral conditions do sweeps tend to match bursts 
or dominate  slightly over  them. 

4. Conclusion 

Large structures (bursts and sweeps) have been identified by means of spectral 
analyses and short-period space-time correlation methods,  and it is found that 
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they have time scales of 10-30 sec. Comparison with other results over relatively 
smooth surfaces indicates that the turbulent structures over rough surfaces have 
an inherently larger length scale. These length scales also increase with instability. 
It is, therefore, expected that this could result in much stronger turbulent mixing 
over rough surfaces, and the effects become even higher under unstable conditions. 
This has also been demonstrated by the finding that the depth of the roughness 
sublayer increases with instability. These effects also reach a very deep air layer 
(about 10 times the canopy height), which is much higher than expected from 
laboratory wake diffusion eXperiments (in general, only of the same order as the 
roughness height); wake diffusion has been widely considered as the main mechan- 
ism for the enhancement of turbulent mixing over rough surfaces. Thus, the 
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inherently larger structures over  rough surfaces may result in a different process 
than that of  simple generation of turbulence by plant wakes. 

It was also noted that gusts or bursts often appear  in a repeated sequence, 
rather than a gust immediately followed by a burst, which is often found in the 
laboratory.  

The major  fractions of heat and momen tum fluxes are transferred by these large 
structures in a small fraction of the total time. The partition of the quadrant  

contributions of  momen tum and heat demonstrates  that at the measurement  height 
of the study (8.4 m, about four times the canopy height), bursts are approximately 
equal in strength to gusts under neutral conditions for either momen tum or temper-  
ature transport.  This should occur at the top of the roughness sublayer according 
to previous laboratory studies. 

However ,  in unstable conditions the mechanisms for momen tum transfer and 

for temperature  transfer are different; in that case, gusts tend to be dominant for 
momen tum transfer and bursts for heat transfer. This implies that the equilibrium 
level of bursts and gusts (the alternative definition of the depth of the roughness 
sublayer) should be lifted to a higher level; this has also been demonstrated by 
the Hincks experiment  (Chen, 1987; Chen and Schwerdtfeger, 1989). 

The dependence of the quantity AS, introduced to describe the predominance 
of gusts or bursts in the near-surface layer, upon the third moments  has been 
verified with the experimental  data in the case of momentum;  predicted values of 
AS are well-correlated with observed ones. The behaviour of ASo,M for momen tum 
as a function of stability is found to be different from that of  AS0, r for temperature .  
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