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ABSTRACT 

This paper presents some new wind-tunnel observations on flux-gradient 
relationships for momentum and heat just above a slightly heated rough 
surface, with emphasis on the implications for evapotranspiration measurement. 
The dimensional arguments leading to the concept of a flux-gradient relation- 
ship are shown to be valid only within a limited region, the inertial sub- 
layer, which is separated from the surface by a roughness sublayer in which 
the dimensional arguments no longer apply. The wind-tunnel results show that 
the observed turbulent diffusivity for heat in the roughness suhlayer is 
greater than the value expected from inertial-sublayer theory by a factor Yu 
which is about 2 near the surface and exceeds I throughout a layer of depth o~ 
about I0 h (h being the roughness element height). No such enhancement is 
seen for momentum. 

INTRODUCTION 

Vertical f luxes of water  vapour ,  heat ,  momentum and trace const i tuents  

are commonly measured in the atmospheric surface  layer  by severa l  micro- 

meteorological techniques ,  including eddy corre la t ion,  profi le ,  Bowen ratio and 

bulk aerodynamic methods.  Except  for eddy corre la t ion,  all these are based 

on assumptions about relat ionships between ver t ica l  f luxes and ver t ica l  

g rad ien ts .  For momentum, heat  and water  vapour ,  for example, the f lux-  

gradient  relat ionships take the familiar forms: 

u'w' = -Ilp = -KMDulDz , (I) 

w'0' = Hl(0Cp) = -KH301Dz , (2) 

w'q' = E/p = -KEDq/3z , (3) 

where u is the streamwise and w the vertical wind component, 0 potential 

temperature, q specific humidity, ~ Reynolds shear stress, H sensible heat 

flux, E water vapour flux, p air density, Cp specific heat of air at constant 
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p re s su re ,  z height ,  and KM, K H and K E are t u rbu l en t  diffusivit ies for 

momentum, heat and water vapour ,  respect ively.  Overbars  denote time 

averages and primes depar tures  therefrom. 

The f lux-grad ien t  relat ionships are fixed by specifying the t u rbu l en t  

diffusivit ies KM,H, E. Different f lux-measur ing  techniques require  different  

degrees of specification: for example, the profile method requires  complete 

determination of KM,H,E, whereas the Bowen ratio method for measur ing 

water vapour  or heat fluxes requires  only the assumption K H = K E (Thorn, 

1975). Whatever assumption is involved,  it is clearly important in crop micro- 

meteorology to have reliable knowledge about f lux-g rad ien t  re lat ionships ,  and 

their  limitations, for the flow above plant  canopies and roughness  ar rays  in 

general .  

This paper  p resen t s  some wind- tunne l  observat ions on f lux-grad ien t  

relat ionships for momentum and heat jus t  above a rough surface.  The impli- 

cations for evapotranspi ra t ion  measurement of these observat ions ,  and of 

related field data, are discussed.  As a prel iminary,  the arguments  leading to 

Eqns.  (1),  (2) and (3) are briefly recalled from a slightly wider viewpoint 

than usual .  

GRADIENT-DIFFUSION THEORIES IN BOUNDARY LAYERS 

Gradient-Diffusion Theories and Their  Limitations 

Consider a t ranspor ted  species S, such as momentum heat or water 

vapour ,  with concentrat ion s (per  uni t  volume of air)  and vert ical  f lux 

densi ty  F S. A tu rbu l en t  diffusivi ty K S for this species may be defined by 

the relat ionship : 

F s = w's '  = -Ksas/az (4) 

which involves only the local t u rbu len t  flux and the local mean gradient  in 

the same (ver t ical)  direction.  Although K S always exists in a mathematical 

sense,  it general ly depends both on past  his tory of the flow and on the 

behaviour  of the flow in a region su r round ing  the point  of in te res t ;  in other  

words, it is a non-local  p roper ty  of the tu rbu len t  velocity field. However, if 

K S at a par t icular  point  is assumed to depend only on known geometrical 

propert ies  such as the height  of the point ,  and on simple mean local flow 

propert ies  such as u 'w'  or at~/~z at that  same point ,  then Eqn. (4) becomes a 

simple gradient -d i f fus ion  model of t u rbu l e n t  t ranspor t .  F lux -g rad ien t  

relat ionships are examples of such models. 
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It  is well known (Cor rs in ,  1974) that  g rad ien t -d i f fus ion  models can only 

be jus t i f ied when the length scale of the tu rbu lence  is much smaller than the 

length  scale ove r  which mean grad ien ts  change appreciably .  In inhomo- 

geneous tu rbu lence ,  which includes almost all tu rbu len t  flows in na tu re ,  these 

two length scales are of the same o rde r  (Tennekes  and Lumley, 1972). 

Hence, there  are no genera l  g rounds  for bel ieving that  K S can be specified in 

the way requ i red  to cons t ruc t  a useful  g rad ien t -d i f fus ion  model. Indeed,  

there  are severa l  cases where Eqn. (4) can only be sat isf ied with a negat ive  

K S. For example, Bradley et al. (1983) found that  this occur red  for ver t ica l  

heat  and water  vapour  t r anspor t  within a fores t  canopy. The implied 

coun te r -g r ad i en t  t r anspor t  is evidence for the fai lure of g rad ien t  diffusion 

models in si tuations where their  under ly ing  assumptions no longer  hold. 

In spite of the lack of a genera l  just i f icat ion,  g rad ien t -d i f fus ion  models 

are still  useful  in limited c i rcumstances .  If the only ex te rna l  parameters  

control l ing the tu rbu len t  veloci ty and concentrat ion stat is t ics  are a single 

length scale L, a single velocity scale U and a single concentrat ion scale S, 

then any tu rbu lence  s tat is t ic  must be express ib le  as a dimensionally consis tent  

funct ion of only L, U and S. For KS, this implies: 

Ks/(U L) = constant (5) 

where the dimensionless constant  is the same throughout  the flow region 

control led only by U and L (if this were not so, some o ther  ex te rna l  para-  

meter  would have to be involved) .  However,  the constant  is not necessar i ly  

the same for  d i f ferent  species S, such as momentum and heat .  

We now consider  which regions in the atmospheric boundary  layer  are 

suff ic ient ly r e s t r i c t ed  in thei r  control l ing parameters  for  Eqn. (5) to be 

applied.  

Bounda ry -Laye r  S t ruc tu re  

A wel l -developed tu rbu len t  boundary  layer  consists  of an ou te r  layer  and 

a surface  layer  (usual ly the inner  154 or so of the overal l  boundary  layer)  in 

which ver t ica l  f luxes do not va ry  signif icantly with height .  Consider ing only 

the neut ra l  surface  layer  for the moment, a control l ing velocity scale is 

p rovided  by the fr ict ion velocity u ,  = (z /p )  ½, which scales the constant  

momentum flux.  Possible length scales are the ef fec t ive  he ight  z -d  (d being 

the zero-plane  displacement of the rough sur face)  and surface  scales such as 

the roughness -e lement  height  h,  breadth  £, separat ion D, and perhaps  o thers .  

It  is necessa ry  to define d, which has often been r ega rded  as no more than a 

f i t t ing  parameter  in the logarithmic mean wind profile 
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u. z-d 
5(z) = ~ -  in [ - i - ]  , (s) 

O 

where k(~ 0.4) is the yon Karman constant  and z the roughness  length  of o 
the surface .  Thorn (1971) sugges t ed  that  d is the mean he igh t  of momentum 

absorpt ion by the rough surface.  This physical  definition was suppor ted  

recent ly  by Jackson (1981), who argued  that  jus t  as the veloqity scale u ,  is 

set by the amount of momentum absorbed by the sur face ,  so the length  scale 

z -d  is determined by the mean height  of that  absorpt ion.  

Provided that  the effect ive  height  z -d  is large compared with the length  

scale h, £, D of the surface  roughness ,  these sur face-def ined  scales are not 

dynamically s ignif icant  and the only scales remaining to cont ro l  the flow are 

u ,  and z -d  i tself .  Hence,  Eqn. (5) is applicable,  showing that  K S ¢c u , ( z - d ) .  

The region where this is t rue  is called the iner t ia l  sublayer  (Tennekes  and 

Lumley, 1972; p. 146). At smaller he ights  the length scales of the surface  

roughness  become dynamically s ignif icant  and no simple dimensional conclusion 

can be made about K S . This lower region is called the roughness  sublayer  

(Fig.  1). 

N 

E: o~ z 

-1- 

Outer layer  

Inertial sublayer 
Surface layer 

- -  ( constant f lux ) 

Roughness sublayer 

0 

Fi 8. 1. The surface layer  and i t s  sublayers .  

In non-neu t ra l  condit ions,  the extension of this dimensional analysis is 

the Monin-Obukhov similarity theory  (Monin and Yaglom, 1971; Chpt.  4).  

The end resu l t  for  K S is the same except  that  the "constant"  in Eqn. (5) is a 

function of a single dimensionless stabil i ty parameter ,  conventionally taken as 

z-d -kg w'O'(z-d) 

- - 3 (7) 
L T O u.  
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where L is the Monin-Obukhov length, k(~ 0.4) the von Karman constant, g 

gravitational acceleration and T o a reference absolute temperature. The 

dimensional requirement for inertial-sublayer flow is now 

K S = KS(t) = ku,(z-d) /0S(~ ) , (8) 

where 0S(~) is an inf luence funct ion which must be determined empirically. 

Star supersc r ip t s  denote diffusivit ies and influence funct ions  applicable in the 

inert ia l  sublayer  only. For momentum, heat and water vapour ,  the funct ions 

O:(~) are experimentally defined fairly well in uns table  conditions (~ < 0) and 

less well defined in uns table  condit ions (~ < 0), the consensus  for neu t ra l  

conditions (~ = 0) be ing that 

1 = OM(0) = 0H(0) : ¢E(0) (9) 

(Dyer,  1974; Yaglom, 1977; Bradley et a l . ,  1981a,b). Note that OM(0) = 1 

is requi red  so the Eqns.  (8) and (1) give the logarithmic wind profile, Eqn. 

(6) ,  in the inert ia l  sublayer .  

In the roughness  sublayer ,  dimensional analysis  does not lead to simple 

resul ts  because the effects of roughness  geometry are dynamically s ignif icant .  

An observed character is t ic  of this layer  is that  the t u r bu l e n t  diffusivi ty K S 

tends to be grea te r  than the Value K S expected from the ine r t i a l - sub layer  

predict ion,  Eqn. (8).  A convenient  descr iptor  of this enhancement  is the 

ratio 

e¢ 

¥S = Ks/Ks ' (10) 

which is un i ty  in the iner t ia l  sublayer  and grea ter  than un i ty  in the rough-  

ness  sublayer .  The upper  height  limit Z,s  of the region where Ys # 1 is also 

an important  p roper ty ,  as it determines where the simple t u rbu l en t  dif fusivi ty ,  

Eqn.  (8) ,  can be applied. 

A WIND-TUNNEL EXPERIMENT ON TURBULENT DIFFUSIVITIES IN THE 

SURFACE LAYER 

We now describe a wind- tunne l  experiment  in which measurements were 

obtained of ¥S and Z,s  for momentum and heat in a n e a r - n e u t r a l  boundary  

layer  over  a typical  rough surface.  The heat  was supplied from a plane 

source close to the t o p  of the roughness  elements,  thus  simulating the day- 

time si tuat ion in a plant  canopy.  The data p resen ted  here were obtained 

dur ing  a recent  series of experiments  on the t u r b u l e n t  dispersion of trace 

heat in a simulated atmospheric surface layer (Raupach and Legg, 1983). 
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Experimental  Details 

F igure  2 shows the experimental  layout in the Pye Laboratory wind- 

tunnel  (CSIRO Division of Environmental  Mechanics, Canber ra ) ,  the working 

section of which is 11 m long, 1.8 m wide and 0.65 m high.  The experimental  

rough surface was dense ly -packed  7 mm road grave l ,  glued to baseboards .  

With the aid of an upstream t r ip ,  this surface genera ted  a deep,  near -  

equilibrium tu rbu len t  boundary  layer  in which the maximum wind speed was 
-1 about 11 m s Except  near  the sides of the tunnel ,  the flow was homo- 

geneous in the lateral  direct ion.  

Contraction 
section 

Curved roof adjusted for zero 
pressure gradient 

. - / / ~  Thermal 
J / / . /  layer 

Gravel / 
I ' ~  ~ ~ - ~  . . . . . . . . . . . .  t . ~ . .  m n 

Tripping . Heated . 
fence section 

x=O x=2.88m 

Fig. 2. Experimental arrangement in the wind-tunnel, with vertical axis not 
to scale. 

Part of the rough surface was made into a plane heat source by running 

wires laterally over the gravel, with a spacing of 2 cm between wires. The 

wires rested on the gravel and provided an effective plane heat source of 

strength H ° ~ 200 W m -2, nearly spanning the tunnel width and extending 

2.88 m in the streamwise direction. Careful checks showed that almost all the 

heat supplied electrically to the heating wires was transferred to the air, the 

losses by conduction through the floor (1.4~o) and radiation (5.5%) being small 

and subsequently removed by subtraction to give an accurate measure of H 
O 

as (electrica] power) - (losses). 

The instantaneous wind components u and w, were measured with an 

X-wire anemometer, and the tempera ture  0 with a f ine-wire  (1.2 pro) res i s tance  

thermometer;  these sensors  being posit ioned close toge ther  on a t r a v e r s i n g  

mechanism. The data were digitiged on-l ine at 2.5 kHz, enabling tu rbu len t  

f luxes and o ther  s ta t is t ics  to be subsequent ly  calculated.  
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Wind a n d  T e m p e r a t u r e  S t a t i s t i c s  

F i g u r e  3 shows  some wind  s t a t i s t i c s  in  v e r t i c a l  p r o f i l e  ( t h e  h e i g h t  z 

b e i n g  m e a s u r e d  f rom an  o r i g i n ,  z = 0, a t  t h e  b a s e b o a r d  s u r f a c e )  a t  two 

s t r e a m w i s e  s t a t i o n s  ( x  = 0 .96  m a n d  x = 2 .88 m, w h e r e  x = 0 is t h e  s t a r t  of 

t h e  h e a t e d  s e c t i o n ) .  T h e  mean  w ind  u a t  b o t h  s t a t i o n s  o b e y s  t h e  l o g a r i t h m i c  

w ind  p r o f i l e ,  E q n .  ( 6 ) ,  w h e n  d is 6 ram, a n d  impl ies  a r o u g h n e s s  l e n g t h  z ° of 

a b o u t  0 .15  ram. T h e  k i n e m a t i c  R e y n o l d s  s t r e s s  ~ /p  = - u ' w '  is c o n s t a n t  wi th  

h e i g h t  u p  to z z 150 ram, g i v i n g  a m e a s u r e d  f r i c t i o n  v e l o c i t y  u .  = 0 .50  m s -1 

a n d  a m e a s u r e d  y o n  K a r m a n  c o n s t a n t  k of 0 .37  ( e s t i m a t e d  e r r o r  -+ 0 . 0 2 ) ,  f rom 

E q n .  ( 6 ) .  T h i s  is p e r f e c t l y  a c c e p t a b l e ,  g i v e n  t h e  c o n t i n u i n g  c o n t r o v e r s y  

a b o u t  t h e  v a l u e  of k .  T h e  s t a n d a r d  d e v i a t i o n s  of u a n d  w, a u a n d  ~w '  a lso 

h a v e  m e a s u r e d  v a l u e s  w h i c h  a r e  c o n s i s t e n t  w i th  k n o w n  a t m o s p h e r i c  s u r f a c e  

l a y e r  b e h a v i o u r .  None  of t h e  w ind  s t a t i s t i c s  v a r y  s i g n i f i c a n t l y  in  t h e  s t r e a m -  

wise  d i r e c t i o n .  All of t h i s  s h o w s ,  a n d  o t h e r  s t a t i s t i c s  no t  p r e s e n t e d  h e r e  

c o n f i r m ,  t h a t  t h e  w i n d - t u n n e l  b o u n d a r y  l a y e r  is a good  r e p r e s e n t a t i o n  of t h e  

n e a r - n e u t r a l  a t m o s p h e r i c  s u r f a c e  l a y e r .  

F i g u r e  4 shows  some p r o p e r t i e s  of t h e  t h e r m a l  l a y e r  a t  e a c h  s t a t i o n .  

T h e  mean  t e m p e r a t u r e  § ( r e l a t i v e  to t he  u p s t r e a m  a i r  t e m p e r a t u r e ,  {~ = 0 ) ,  

a n d  t h e  s t a n d a r d  d e v i a t i o n  of t e m p e r a t u r e  a~,  b o t h  h a v e  v e r t i c a l  p r o f i l e s  
0 .8  

w h i c h  g r o w  wi th  i n c r e a s i n g  x as  t h e  h e a t e d  l a y e r  d e e p e n s ,  r o u g h l y  as  x 

An i m p o r t a n t  c o n s i s t e n c y  c h e c k  on  t h e  m e a s u r e m e n t s  of u ,  § a n d  H o is 

p r o v i d e d  b y  t h e  i n t e g r a t e d  h e a t  c o n s e r v a t i o n  e q u a t i o n :  

= pCp J~o (u (} + u ' 6 ' )  dz , (11) HoX 

w h i c h  s t a t e  t h a t  t h e  h e a t  p o w e r  HoX p u t  i n to  t h e  t h e r m a l  l a y e r  u p s t r e a m  of x 

m u s t  p a s s  as an  i n t e g r a t e d  f l u x  t h r o u g h  a v e r t i c a l  p l a n e  a t  x .  D i r e c t  c h e c k s  

of  E q n .  (11)  a t  s e v e r a l  s t a t i o n s ,  f rom x = 0 .48  m to x = 2 .88  m, show t h a t  

t h e  l e f t -  a n d  r i g h t - h a n d - s i d e s  a lways  a g r e e  to w i t h i n  5~. T h e  c o n t r i b u t i o n  of 

t h e  t u r b u l e n t  s t r e a m w i s e  f l ux  pCp u ' 0 '  to t h e  r i g h t - h a n d - s i d e  of E q n .  (11)  is 

a b o u t  - 0 .1  xH o, d e c r e a s i n g  s l i g h t l y  wi th  i n c r e a s i n g  x ;  t h u s ,  t h e  t u r b u l e n c e  

t r a n s p o r t s  h e a t  u p s t r e a m  a g a i n s t  t h e  d o m i n a n t  a d v e c t i v e  h e a t  f l u x  pCpU{~. 

T h e  v e r t i c a l  h e a t  f l u x  pCpW'e' was m e a s u r e d  in two w a y s :  f i r s t l y  f rom 

t h e  w a n d  0 s i g n a l s  as  a n  e d d y  c o v a r i a n c e  ( s h o w n  as p o i n t s  in  F ig .  4 ) ,  a n d  

s e c o n d l y  f rom t h e  c o n s e r v a t i o n  e q u a t i o n  f o r  mean  t e m p e r a t u r e ,  w h i c h  is f o r  a 

~ +  ~ ÷  ~ =  o (12) 
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s t a t i o n a r y ,  t w o - d i m e n s i o n a l  f low. B y  i n t e g r a t i n g  m e a s u r e d  v a l u e s  of t h e  f i r s t  

two t e r m s  in  E q n .  (12)  o v e r  z ,  w i th  t h e  lower  b o u n d a r y  c o n d i t i o n  w 'e '  = 

HoPCp, we o b t a i n  t h e  h e a t  f l ux  p r o f i l e s  s h o w n  as c u r v e s  in  F ig .  4. T h e s e  

a r e  p r o b a b l y  a c c u r a t e  to w i t h i n  +10% o v e r  t h e  b u l k  of t h e  p ro f i l e  b u t  a r e  more  

a c c u r a t e  c lose  to t h e  g r o u n d ,  w h e r e  H o p r o v i d e s  an  a c c u r a t e l y  k n o w n  p o i n t .  

T h e  two m e t h o d s  a g r e e  well  w h e n  z > 60 ram, b u t  be low t h i s  l eve l  t he  e d d y  

c o v a r i a n c e  s y s t e m a t i c a l l y  u n d e r e s t i m a t e s  w'O ' b e c a u s e  of a c o m b i n a t i o n  of h i g h  

f r e q u e n c y  loss  a n d  loss  due  to t he  s e p a r a t i o n  of t h e  wind  a n d  t e m p e r a t u r e  

s e n s o r s .  S p e c t r a l  a n a l y s e s  c o n f i r m e d  t h a t  t h e  u n d e r e s t i m a t i o n  is d u e  to t h e s e  

c a u s e s ,  a n d  also v e r i f i e d  t h a t  u 'w '  is  n o t  s i g n i f i c a n t l y  in  e r r o r .  

Wi th in  t h e  t h e r m a l  l a y e r ,  b u o y a n c y  was n e g l i g i b l e  a n d  t h e  h e a t  a c t e d  as  

a p a s s i v e  a d d i t i v e .  At  z - d  = 100 ram, E q n .  (7 )  shows  t h a t  ~ = ( z - d ) / L  = 

- 0 . 0 0 1 ,  a v a l u e  so c lose  to ze ro  t h a t  t h e  b o u n d a r y  l a y e r  c an  b e  a s s u m e d  

n e u t r a l  w i th  c o n f i d e n c e .  

T u r b u l e n t  D i f f u s i v i t i e s  f o r  Momentum a n d  Hea t  

T h e  t u r b u l e n t  d i f f u s i v i t i e s  

- U t W  ' - W t O  t 

K M - , K H - (13) 
(a~/az) (~/~z) 

w e r e  c a l c u l a t e d ,  a t  a n u m b e r  of h e i g h t s  w i t h i n  t h e  t h e r m a l  l a y e r ,  f rom local  

m e a s u r e d  f l u x  v a l u e s  ( f o r  h e a t ,  u s i n g  v a l u e s  f rom t e m p e r a t u r e  c o n s e r v a t i o n  

e q u a t i o n )  a n d  local  g r a d i e n t  v a l u e s  o b t a i n e d  f rom p a r a b o l i c  f i t s  to small  s e g -  

m e n t s  of u a n d  0 p r o f i l e s .  T h e s e  d i f f u s i v i t i e s  were  e x p r e s s e d  as  r a t i o s  YM 

a n d  YH to t h e  i n e r t i a l  s u b l a y e r  fo rms  K M = K H = k u , ( z - d ) ,  as  in E q n .  ( 1 0 ) .  

T h e  m e a s u r e d  w i n d - t u n n e l  v a l u e s  of k ( =0 .37 )  a n d  u ,  (=0 .50  m s -1 )  w e r e  u s e d  

F i g u r e  5 shows  t he  r e s u l t s  f o r  ~/M a n d  ~H a t  f o u r  s t a t i o n s  f rom 

x = 1.44 m to x = 2 .88 m. S ince  YM is c lose  to 1 t h r o u g h o u t  t h e  r a n g e  of 

m e a s u r e m e n t ,  t h e r e  is no  d i s c e r n i b l e  l a y e r  of e n h a n c e d  d i f f u s i v i t y  f o r  

momen tum.  T h e  d e p t h  z,M of a n y  s u c h  l a y e r  m u s t  o b e y  Z ,M-d  < 5 ram. 

H o w e v e r ,  f o r  h e a t ,  YH is 2 n e a r  t h e  s u r f a c e  a n d  d e c r e a s e s  to 1 t h r o u g h o u t  a 

l a y e r  w h o s e  d e p t h  is g i v e n  b y  Z , H - d  --- 70 mm. In  t e r m s  of s u r f a c e  s c a l e s ,  

t h i s  is 10 h o r  500z o. T h e  b e h a v i o u r  of ~H does  no t  d e p e n d  in a n y  o b v i o u s  

way u p o n  s t r e a m w i s e  p o s i t i o n .  T h e r e  is e v i d e n t l y  a s u b s t a n t i a l  l a y e r  of 

e n h a n c e d  d i f f u s i v i t y  f o r  h e a t .  
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DISCUSSION 

Experimental  Limitations 

There  is no nea r - su r f ace  layer  of constant  heat  f lux in this exper iment  

(Fig.  4) ,  in cont ras t  with the substant ia l  cons tan t - f lux  layer  for  momentum 

(Fig.  3). The absence of a cons tan t - f lux  layer  for  heat  is consis tent  with 

the p resence  of a s ignif icant  advection term t~a§/Dx in Eqn. (12), as 

sugges t ed  by the § profi les in Fig. 4. In the context  of wind- tunne l  studies 

on developing thermal layers  within tu rbu len t  boundary  layers ,  this is not a 

su rp r i s ing  resul t .  Similar behaviour  has been obse rved  for thermal layers  

ove r  smooth walls (Antonia et a l . ,  1977), and has been pred ic ted  theoret ical ly 

with the assumption that  the thermal layer  is approximately s e l f - p r e s e r v i n g  

(Townsend,  1965a,b). These  considerat ions ,  toge ther  with our  confidence in 

the value of H ° (which is suppor ted  by Eqn. (11)) lead us to bel ieve that  the 

d ive rgen t  heat  f luxes found from the tempera ture  conservat ion equat ion,  and 

r ep re sen t ed  by the curves  in Fig. 4, are cor rec t .  Accordingly ,  the "/H 

values in Fig.  5 are based on these f luxes.  

The presence  of f lux d ivergence  raises  the possibi l i ty that  the depar tu re  

of •H from uni ty  close to the surface  is caused by f lux d ivergence  ra the r  

than by rough - su r f ace  influence.  Two pieces of evidence sugges t ,  however ,  

that  f lux d ivergence  is not the dominant inf luence on YH" Fi rs t ly ,  similar 
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studies on thermal layers  over  s l ightly heated smooth walls (Orlando et a l . ,  

1974; Antonia et a l . ,  1977) show no systematic depar tu re  of YH from uni ty  

near  the surface  even though heat  f lux d ivergence  and tempera ture  advect ion 

were jus t  as marked in the smooth-wall exper iments  as in the p r e sen t ,  rough-  

wall case. (Note that  the smooth-wall resul t s  are exp re s sed  in terms of the 
-1 

tu rbu len t  Prandt l  number Pr = KyI/K H. In neut ra l  conditions Pr = YH , from 

Eqns.  (8) to (10)) .  

Secondly,  an exper iment  on tt~e dispersion of heat  from a t r an sve r se  

e levated line source (Raupach and Legg,  1983) has been car r ied  out in the 

same tu rbu len t  flow as used in the p resen t  work. The source he ight  was 

z -d  = 60 ram. For an e levated source,  simple grad ien t -d i f fus ion  theory  is 

expec ted  to apply only in the " far - f ie ld"  par t  of the plume (here ,  x > 0.5 m 

where the source is at x = 0); in the "near - f i e ld" ,  tu rbulence  memory effects  

reduce  the ef fec t ive  tu rbu len t  d i f fus ivi ty  below its fa r - f ie ld  value.  Calcul- 

ations of •H in the far - f ie ld  par t  of the plume gave resul t s  similar to those in 

Fig.  5, with ¥H = 1 over  the bulk of the plume, but  YH > 1 close to the 

surface  ( z -d  < 50 ram). However,  the sca t t e r  was g r ea t e r  than in Fig. 5 

because of the g rea t e r  complexity of the § and w'0' profi les .  This comparison 

sugges t s  that  the behaviour  of ~H in Fig. 5 is independent  of the specific 

source geometry,  and in par t icu lar  would still be obse rved  for g round  sources  

ex tend ing  to large dis tances  upwind.  F u r t h e r  wind- tunnel  exper imental  work 

on this quest ion is desirable .  

Comparison with Atmospheric Results  

The enhancement  of YH near  the surface is in accord with severa l  atmos- 

pher ic  resul t s  which have found that  ~H z 2 close above fores ts  and savannah 

(Gar ra t t ,  1978; Raupach,  1979; Raupach and Thorn, 1981; Bradley et a l . ,  

1983). In the p resen t  experiment, enhancement of K H occurs  over  a 

su rp r i s ing ly  large ef fec t ive  depth ,  Z ,H-d,  of about 10 h or  500 z o. This is 

about twice the depth in fe r red  by Garra t t  (1980) by upward extrapolat ion of 

measured KH values over  savannah,  al though Garra t t ' s  r esu l t  must depend on 

the form he assumed for the he ight  dependence of YH' It  is conceivable that  

the behaviour  of K H found here  is typical  of all atmospheric sur faces ,  as the 

exper imental  evidence for the "accepted" formula, K H = k u , ( z - d ) ,  in neut ra l  

conditions comes ent i re ly  from surfaces  with v e r y  small r oughness - to -  

measurement he ight  rat ios.  

There  is no reason to r e s t r i c t  this conclusion to heat .  In the exper i -  

ment r epor t ed  here ,  the heat  was pass ive  and acted simply as a t r ace r  so 

that  any o ther  pass ive  scalar would have behaved identically if re leased from 

the same source.  This implied, in par t icu lar ,  that  K H = K E, a sugges t ion  
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confirmed by limited observat ions  over forests  which give YH ~ YE m 2 

(Raupach,  1979; Bradley et a l . ,  1983). Hence, provided the source-s ink  

d is t r ibut ions  for heat and water vapour  are similar, as they are over  most 

closed canopies, the Bowen-ratio method for measur ing E should be reliable 

even though the height  of observat ion is usual ly  well within the roughness  

sublayer .  

For momentum, the situation is not as clear because previous  "results are 

not easily reconciled. The p resen t  resul t ,  that  z.M-d < h, is broadly 

cons is tent  with previous wind tunne l  work, which found little or no enhance-  

ment of K M close to a var ie ty  of surfaces (O'Loughlin and Annambhotla,  1969; 

Mulhearn and Finniffan, 1978; Raupach et a l . ,  1980). However, field resul ts  

from a savannah surface with widely separated elements ' (Gar ra t t ,  1980) 

suggested  that Z,M increases with element separation D. 

In general ,  g rad ien t -d i f fus ion  theories and the associated f lux-ffradient  

relat ionships become progress ive ly  less reliable as one approaches a rough 

vegetated surface un t i l  they fail ent i re ly  within the canopy,  where negat ive 

t u rbu l en t  diffusivit ies are observed (Bradley et a l . ,  1983). Considerable 

effort  is being made to find phys ica l ly-based ,  reliable models for vert ical  

t u rbu l en t  t r anspor t  in these s i tuat ions.  Among the promising avenues are 

h ighe r -o rde r  closure methods, Markov-chain simulations of scalar dispersion 

by a known wind field, and "clean-sweep" models in which the large,  

coherent  motions responsible  for much of the t r anspor t  are modelled 

separately from the small-scale diffusion. 

ACKNOWLEDGEMENTS 

B.J .  Legg wishes to thank the Agricul tura l  Research Council, U . K . ,  the 

Royal Society, London, and the CSIRO, Austral ia ,  for f inancial  suppor t  

dur ing  the period of this work. Mr. O.A. Simakoff assis ted in the 

construct ion of the rough surface and heat source.  We thank Mr. E.K. Webb 

for his careful criticism of the manuscr ip t .  

REFERENCES 

Antonia, R.A., Danh, H.Q. and Prahbu, A., 1977. Response of a turbulent 
boundary layer to a step change in surface heat flux. J. Fluid Mech., 
80: 153-177. 

Bradley, E.F., Antonia, R.A. and Chambers, A.J., 1981a. Turbulence Reynolds 
number and the turbulent kinetic energy balance in the atmospheric 
surface layer. Boundary-Layer Meteorol., 21: 143-197. 

Bradley, E.F., Antonia, R.A. and Chambers, A.J., 1981b. Temperature structure 
in the atmospheric boundary layer I. The budget of temperature variance. 
Boundary-Layer Meteorol., 20: 275-292. 



131 

Bradley, E .F . ,  Denmead, O.T. and T h u r t e l l ,  A.W., 1983. Measurements of the 
turbulence and heat  and moisture t ranspor t  in a f o r e s t  canopy. Q.J.R. 
Meteorol.  Soc. ( in  p repara t ion) .  

Corrs in,  S . ,  1974. Limita t ions  of gradient  t r anspor t  models in random walks 
in turbulence.  Adv. Geophys., 18A: 25-60. 

Dyer, A . J . ,  1974. A review of f l u x - p r o f i l e  r e l a t i o n s h i p s .  Boundary-Layer 
Meteorol., 7: 363-372. 

Garratt, J.R., 1978. Flux profile relations above tall vegetation. Q.J.R. 
Meteorol. Soc., 104: 199-212. 

Garratt, J.R., 1978. Surface influence upon vertical profiles in the atmos- 
pheric near-surface layer. Q.J.R. Meteorol. Soc., 106: 803-819. 

Jackson, P.S., 1981. On the displacement height in the logarithmic velocity 
p r o f i l e .  J .  Fluid Mech., I I i :  15-25. 

Monin, A.S. and Yaglom, A.M., 1971. Statistical Fluid Mechanics: Mechanics 
of Turbulence, Vol. 1 (Editor Eng. Trans. J.L. Lumley). M.I.T. Press, 
Cambridge, Mass., U.S.A. 

Mulhearn, P.J. and Finnigan, J.J., 1978. Turbulent flow over a very rough, 
random surface. Boundary-Layer Meteorol., 15: 109-132. 

O'Loughlin, E.M. and Annambhotla, V.S.S., 1969. Flow phenomena near rough 
boundaries. J. Hydraul. Res., 7: 231-250. 

Orlando, A.F., Moffatt, R.J. and Kays, N.M., 1974. Turbulent transport of 
heat and momentum in a boundary layer subject to suction, deceleration 
and variable wall temperature. Report No. HMT-17, Thermosciences 
Division, Dept. of Mech. Eng., Stanford University, Stanford, California, 
U.S.A. 

Raupach, M.R., 1979. Anomalies in flux-gradient relationships over forest. 
Boundary-Layer Meteorol., 16: 467-486. 

Raupach, M.R. and Legg, B.J., 1983. turbulent dispersion from an elevated 
line source: measurements of wind-concentration moments and budgets. 
J. Fluid Mech. (in press) 

Raupach, M.R. and Thom, A.S., 1981. Turbulence in and above plant canopies. 
Ann. Rev. Fluid Mech., 13: 97-129. 

Raupach, M.R., Thom, A.S. and Edwards, I., 1980. A wind tunnel study of 
turbulent flow close to regularly arrayed rough surfaces. Boundary-Layer 
Meteorol., 18: 373-387. 

Tennekes, H. and Lumley, J.L., 1972. A first course in turbulence. M.I.T. 
Press, Cambridge, Mass., U.S.A., 300 pp. 

Thom, A.S., 1971. Momentum absorption by vegetation. Q.J.R.'Meteorol Soc., 
97: 414-428. 

Thom, A.S., 1975. Momentum, mass and heat exchange of plant communities. In: 
J.J. Monteith (Editor), Vegetation and the Atmosphere. Academic Press, 
London, I: 57-109. 

Townsend, A.A., 1965a. Self-preserving flow inside a turbulent boundary 
layer. J. Fluid Mech., 22: 773-797. 

Townsend, A.A., 1965b. The response of a turbulent boundary layer to abrupt 
changes in surface conditions. J. Fluid Mech., 22: 799-822. 

Yaglom, A.M., 1977. Comments on wind and temperature flux-profile relation- 
ships. Boundary-Layer Meteorol., 11: 89-102. 


